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Chapter 1

Introduction

Ever since their invention in 1960 [1], lasers have been exciting the curiosity of physicists
by their strange dynamics: in spite of a constant excitation, they delivered a spiking out-
put [2]. At that time also, oscillatory chemical reactions were observed [3], contradicting the
firmly established belief that chemical reactions should always end up in steady state. These
misbehaviors with respect to the general rule of equilibrium called for explanations and stim-
ulated rapid developments in the theory of dynamical systems [4]. While the unstable laser
output was still largely attributed to device imperfections and parasitic noise only, some phys-
icists soon suggested that it might result from a fundamental nonlinearity in its equations of
motion. In particular, various kinds of multimode operations were put forward as possible
causes for the undamped laser pulsations (for a detailed historical account, see [5]). Grasnyuk
and Oraevskii, after a numerical study of the equations governing a monomode laser with
zero detuning from the atomic resonance, reported on the observation of irregular behavior
[6]. Because of the important discrepancy between computed and experimentally observed
thresholds for the onset of pulsations, this result went almost unnoticed in the physics com-
munity. Much more sensational was Lorenz notice of aperiodic motion in a weather model.
His paper [7] marked the beginning of an intense research activity on what is now called
“deterministic chaos” [8]. A decade later, Haken showed [9] that the laser equations studied
by Grasnyuk and Oraevskii were actually isomorphic to the Lorenz model. However, these
equations were considered by many as too simple to describe lasers. Moreover, the range of
parameter values corresponding to chaotic dynamics seemed unrealistic. Some ten more years
later, a NHj laser was built that finally behaved in good qualitative and quantitative agree-
ment with the Lorenz-Haken equations [10]. This, together with other experimental and
theoretical achievements [5], definitely established the relevance of a dynamical approach to
the functioning of lasers. Understanding the laser instabilities and finding ways to control
them is now becoming a routine problem for the applied physicists. Several monographs
appeared during the last decade which underlined several of these aspects [11].

In this vein, the present thesis is an investigation of some nonlinear phenomena that occur
in laser systems. Aside from the fundamental interest of the matter, such a study might help
designing better optical sources for the engineer and the experimentalist. By “laser systems”,
we mean both cavities and open systems where stimulated emission of radiation is used to
amplify light.

While they are often regarded as a nuisance, dynamical instabilities sometimes give rise
to useful applications. For instance, repetitive trains of powerful light pulses are of practical
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interest in high-precision optical ranging or efficient nonlinear conversion. Promising optical
sources of such pulses are the microchip lasers with saturable absorbers (LSA). They spon-
taneously generate pulsed output via a mode of operation called Passive Q-switching. Recent
experimental studies of these microchip systems reveal unusual parameters values, which mo-
tivates us to reexplore the LSA theory in the first Chapter of this thesis. In these lasers, the
onset of pulsations does not follow the usual scenario: instead of emerging directly at the
first lasing threshold, pulsating intensity oscillations arise for larger pumping strengths after a
Hopf bifurcation from the steady lasing state. It is known, however, that a Hopf bifurcation
generally gives rise to harmonic oscillations. The fact that a pulsating output develops over a
very narrow range of pump parameter is an indication that the Hopf bifurcation is singular.
Examples of this dynamical behavior is documented in chemistry and biology [12], but has
never been found in the laser context. Similarly to Haken with the Lorenz equations, we
will note in the course of this study that the LSA problem is connected to the Lotka-Volterra
model, used to describe chemical oscillations [13] as well as predator-prey ecology [14]. These
equations received considerable attention as a general model of nonlinear oscillations [15].

The knowledge gained with the LSA will prove to be very useful in our second Chapter.
We wish to determine how a smooth spatial variation of the pump profile along the cavity
axis can influence the dynamics of a multimode laser. Previous studies, based on the recently
derived TSD™ model [16], have indicated that this may induce self-pulsations in two-mode
lasers. Encouraged by this result, we will analyze the three-mode case, which is more realistic
if the spectral gain curve is symmetric. We will find that the underlying mechanism of this
self-pulsing is very similar to that of the LSA: the spatially inhomogeneous excitation leaves
some regions of the cavity unpumped, hence absorbent. This, together with the multimode
operation, turns out to be the clue for the onset of pulsation. Moreover, we will discover
memory effects associated to these spatial pump variations. Finally, we will examine a state
of synchronization between modal intensities that is typical of these lasers and known as
antiphase dynamics.

The issue of synchronization will reappear when we consider in Chapter III the dynamics
of semiconductor laser (SCL) arrays with a global coupling. In these devices, it is required to
lock the field phases emitted by each SCL in order to improve the beam and spectral qual-
ities of the total output. We will deal with this question by regarding the lasing elements
as oscillators, thus recasting the problem in a wider context: many other systems, such as
arrays of Josephson junctions, reaction-diffusion systems, neural networks in the brain and
even rhythmic applause in concert halls are also covered by the concept of coupled oscillat-
ors. Recently, much attention has also been paid to the synchronization of chaotic systems,
with application to encryption. In the case of a global coupling, many theoretical results
are already available, through the generic Kuramoto model [17]. Beside the theoretical diffi-
culties associated to the numerous degrees of freedom, the SCL problem contains additional
complications: the global coupling being achieved by an optical feedback, it is affected by
a non negligible time delay. The influence of such a time delay on the synchronization of
coupled oscillators is currently a subject of intense research, which makes SCL arrays even
more relevant to investigate. Furthermore, the optical feedback is known to destabilize the
continuous output of SCLs by inducing undamped relaxation oscillations. We will have
therefore to examine the synchronization not only with respect to the optical oscillations of
the electric field, but also with respect to the relaxation oscillations.

In the end of the 1980’s, two papers [18] broke new grounds in the theory of light-matter



interaction. They showed independently and almost simultaneously that a population inver-
sion was not necessary to achieve light amplification by stimulated emission of radiation.
This dramatic conclusion rested on the consideration of more general quantum systems than
the usual two-level scheme in the semi-classical approximation. In these system, the atoms
can be prepared in special quantum superpositions of states where light absorption is sup-
pressed. Such a quantum preparation amounts to create a quantum coherence between these
states. Many new effects were found as a result of this quantum coherence, among which the
spectacular Electromagnetically Induced Transparency [19]. Recently, experimental results
indicated that quantum coherence effects were at play in the microchip LiNdP4O1; crys-
tal (LNP in short) laser. This laser emitted a time periodic intensity when it was multimode.
Experimental investigations further showed that these undamped relaxations oscillations were
directly connected to simultaneous operation on multiple atomic transitions. The periodic
behavior was not immediately detected because the associated relaxation oscillations were
almost purely antiphased, so that the sum of the modal intensities remained practically con-
stant. E. Viktorov directly recognized the A scheme behind this multi-transition operation.
Together with P. Mandel proposed a model of the experiments carried out on the LNP laser.
The theory, valid for two transitions, also included TSD™ features, thereby taking account
of the fact that the cavity was end-pumped. Its success leads us to resume and reformulate
the problem for an arbitrary number of transitions in Chapter IV. Our primary concern is to
assess the actual role played by atomic coherence in this laser. Therefore, we will disregard
the variations of the pump profile along the cavity axis. Indeed, from our previous study on
the TSD™ model, we know that end-pumping can not be the cause of intensity oscillations.
By carefully analyzing the multimode field phases inside the cavity, we will demonstrate that
quantum coherence results in an enhancement of the stimulated absorption in the crystal.
This effect is nonlinear, as it is generated by the electromagnetic field itself. Moreover, we
will show that these nonlinear losses are sufficient to destabilize the steady state output of the
LNP laser. In addition, we will demonstrate the antiphase character of the oscillations, in
agreement with the experimental observation.

In the frame of the Interuniversity attraction pole program, we were involved in a joint
research with the Instituut voor Kern- en Stralingsfysica (IKS). Our aim was to apply the
principles of amplification without population inversion to nuclear transition. It is indeed
technically impossible to achieve such an inversion in the nuclear domain, which has pre-
vented the construction of a gamma ray laser so far. With the ideas of [18] in mind, the
IKS team had already proposed to couple a radio-frequency electromagnetic field with the
Hyperfine levels of a nuclear ground state [20]. However, it was later realized that, due to
the equal population of all Hyperfine levels for a sample at room temperature, the necessary
quantum coherence could not be achieved, so that the extension of the principles of atomic
amplification without inversion to nuclear transitions remained problematic. In response
to this problem, Rustem Shakhmuratov, while in visit in the IKS, proposed an alternative
elecro-nuclear scheme, in which the RF field was replaced by a laser beam. In Chapter V,
we will study this system and will find ranges of parameters that do allow the inversionless
amplification of a weak gamma field. This positive result will however be moderated by the
observation that part of the optical field energy is dissipated in the amplification process.
Consequently, considering the propagation of a bichromatic optical-gamma field, there must
be a limit distance beyond which the optical field is not sufficiently intense anymore to induce
quantum coherence. This distance is a crucial piece of information to set up an experiment,
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since it marks the transition from amplification to absorption of the gamma-field. We will
therefore devote the second part of this research to its determination.

The diversity of subjects treated in the present work reflects the vitality of research in laser
dynamics. Rather than focusing on a single question, we chose to participate in the multiple
projects carried out in the ONT group. We were thus continuously in close contact with
some of the most relevant topics in the field. This gave us the possibility to touch many
facets of the nonlinear interaction of light with matter but also explains the generality of the
title of this thesis.

A common and important feature to the studied physical systems is dissipation. Dissip-
ative processes determine the timescales of the dynamics and play therefore a decisive role
in it. It will often appears that some variables relax faster than others, which suggests the
use of asymptotic techniques. Throughout this work, we will emphasize the analytical ap-
proach, completing it by numerical analysis. Whenever possible, we will try and interpret
our mathematical results in physical terms, in order to extend our comprehension beyond
the particular details of the models we use.
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Chapter 2

Lasers with a weakly saturable absorber

2.1 Introduction

Microchip lasers with saturable absorbers (LSA) are promising tools for applications in which
short and intense light pulses on monomode emission are needed and small size is required.
They spontaneously generate pulsed output via a mode of operation called Passive Q-switch-
ing (PQS). Contrarily to other devices for which the cavity quality factor Q is suddenly
changed, these devices do not require switching electronics. Their complexity is therefore
much reduced compared to other microchip systems such as coupled-cavity Q-switched mi-
crochip lasers [1]. As noted in [2], their production is simplified by the fact that no interfer-
ometric control of the cavity dimension is necessary. This also relaxes the tolerance on the
temperature stability during their use. They are therefore potentially inexpensive and robust
lasers. With a pulse width below 100 ps and a peak power exceeding 5 kW [3], they are in-
teresting for applications in medicine, light detection and ranging, and nonlinear frequency
conversion [4]. The experimental study of these microchip systems revive the theoretical
interest of LSA because they are characterized by unusual values of the relative saturability
@ between the absorber and the amplifier. This parameter is typically larger than one for
gas [5, 6] and semiconductor lasers [7] with saturable losses while @ is smaller than one for
microchip lasers. As a result, qualitatively different responses may appear for these lasers.
We should mention that the authors in [8] already considered this situation when studying
PQS in a CO; laser with saturable losses. Motivated by the recent experiments on micro-
chip lasers, the present chapter can therefore be viewed as an analytic continuation of [8].
From a mathematical viewpoint, our problem is a singular Hopf bifurcation, by which nearly
harmonic periodic oscillations emerge in the intensity output but rapidly become pulsat-
ing. Such singular bifurcation problem have been studied in the past to describe pulsating
chemical or biological oscillations [9]. We apply the method developed in [9] to analyze the
microchip LSA. On this occasion, we find that that the problem is connected to the Lotka-
Volterra equations used in the previous century to model chemical oscillations [10] as well
as predator-prey ecology [11]. These equations received considerable attention as a general
model of nonlinear oscillations [12].

This chapter is organized as follows. In section 2.2, we review the process of PQS caused
by nonlinear losses. In addition, we present the model equations and summarize their linear
stability analysis as performed in [13]. In section 2.3, we determine the size of the “bifurc-
ation layer”, i.e. the small range of pump values over which pulsating oscillations develop.
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With the help of the Lotka-Volterra equations, the analytic description of the bifurcation
layer is performed in section 2.4. In the next section, we use a composite asymptotic expan-
sion to describe and characterize the intensity pulse over the bifurcation layer. Finally, we
conclude in Sec. 2.6.

2.2 Pulse generation by saturable losses

The resonant interaction of an electromagnetic field with a two-level system can lead either
to absorption or amplification of light, depending on the incoherent excitation. In both
cases, however, saturation effects arise for large intensities. This results from the fact that the
same Einstein coefficient characterizes stimulated absorption and emission. As the number
of photons becomes very large, these stimulated processes dominate the incoherent excitation
and spontaneous emission. Consequently, the number of atoms in the ground and excited
states tend to equalize and the medium becomes nearly transparent [14]. In a laser with
saturable absorber, two separated cells are placed in the laser cavity. One of them is “active”
or amplifying. It consists of two-level atoms with a positive population inversion, achieved by
means of an external pump. The second cell is left with a negative inversion and is therefore
absorbent, or “passive”. The coexistence of amplification and absorption makes the laser
highly unstable and capable of avalanche effect. To be more specific, let us suppose that the
laser is pumped above the lasing threshold. From a vanishing value, the intensity starts to
grow with time. Eventually, one of the two cells becomes saturated. If it is the absorber that
is bleached first, the overall cavity losses diminish. Consequently, as the intensity increases,
it becomes more efficiently amplified. The growth of the intensity thus accelerates in an
explosive manner until the amplifier becomes saturated in its turn. Finally, the linear cavity
losses overcome the gain and the intensity falls to zero. This sustained generation of intensity
pulses is called Passive Q-Switching. At first sight, PQS seems to require that the passive cell
saturate for a smaller intensity than the active one. This condition is actually not necessary if
the absorber has a faster dynamic than the amplifier because what actually matters is that the
former saturates before the latter in the course of time.

In the simplest model of a LSA, passive and active media interact only with one cavity
mode. Furthermore, the radiation is tuned in perfect resonance with the transition of both
systems. Implicitly, we thus assume that the amplifying and absorbing atomic transitions have
the same frequency and that they are homogeneously broadened. Three variables describe
such a system. First, | is the laser intensity. It is rescaled in such a way that it starts to
significantly saturates the amplifying cell when it is equal to one. The second variable is the
gain. It is proportional to the average population difference on the amplifying transition
and is noted D. Similarly, we define D as the normalized averaged population difference
on the absorbing transition. This leads to the following three rate equations, proposed by
Yamada [7]:
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di

G - |(-1+D-D), (2.1)
O('j_'t) = y[A-D@+1)], (2.2)
dD _x =

o y[A-D@ +a)]. (2.3)

In these equations, A and A are the pump parameters of the amplifying and absorbing media,
respectively, and the parameter @ represents their relative saturability. Time is measured in
units of the cavity photon lifetime T';*. In Eq. (2.2), ¥ = /T is the normalized decay rate
of D towards equilibrium. Similarly, the relaxation rate 7y of the saturable losses D is rescaled
asy = y)/T'c. The parameters y and 7 are typically very small, ¥, << 1 [15]. An exhaustive
study of the Yamada model was presented in [16] for the case y = y. Of particular interest
is the parameter @ because its value controls the mechanism by which pulses are produced.
In general, @ > 1 for gas and semiconductor lasers. This is the most documented case in the
literature. However, recent experiments with microchip lasers correspond to @ < 1 [3, 13].
We assume in the present analysis that @, 7, and A are independent parameters, although a
more precise modelization of the system [13] indicates that this is only an approximation.
The lasing threshold, above which the non lasing solution is unstable, is given by

A=An=A+1 (2.4)

Above this threshold, laser action takes place and the population variables in the active and
passive media are related to the intensity by

A - A
= — ’ D - — ’
1+1 1+al
which shows directly the saturation of the gain and absorption with respect to the intensity.

Moreover, since D = D+1 in steady state, the pump parameter A is connected to the intensity
by the relation

(2.5)

A
A_(1+I)(1+1+al)' (2.6)
Close to threshold, we have A A
| o~ 7% 2.
An— oA 27

In most LSA’s, @ is so large that the numerator of this last expression is negative. Therefore,
the bifurcation from the zero intensity to the constant lasing solution is subcritical. A typical
bifurcation scenario for large values of @ is shown in Fig. 2.1: as soon as A surpasses the lasing
threshold A, a strongly pulsating intensity output is produced. The period of this pulsating
solution tends to infinity as A — Aip = 0*. In the language of dynamical system theory, this
indicates that the bifurcation leading to such regime is a homoclinic bifurcation [16, 17]. For
larger values of the pump parameter A, the constant intensity solution recovers stability and
pulsation disappear.
A different situation is encountered if

a < % (2.8)
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Figure 2.1: Bifurcation diagram computed with Egs. (2.1) to (2.3) with A=4 a=05, v = 0.01,
¥ = 0.1. The lasing threshold is located at Ay = 5. For this value of @, the lasing solution emerges
subcritically from the off solution. Dotted and dashed lines correspond to unstable segments of the
steady state solution. Full circles indicate maxima of the intensity pulses that are produced immedi-
ately after the lasing threshold. Ay indicates a large intensity Hopf bifurcation by which the steady
state solution becomes stable.

In this case, the constant lasing solution emerges supercritically from the zero intensity solu-
tion at A = As,. Very close to this threshold, however, it can be destabilized by a Hopf bifurc-
ation. Furthermore, over an extremely small range of pump parameter values, the resulting
intensity oscillations change from harmonic to strongly pulsating, as illustrated in Fig. 2.2.
The decription of this rapid transition will be our main objective.

A linear stability analysis of the steady state solution (2.7) was performed in [13]. In the
limity,y < 1,7 = O(y), there is a Hopf bifurcation close to the lasing threshold. It occurs
at a small intensity | = Iy given by:

Yy +7)
Iy~ =—"———. 2.
" ay?A- A, (2.9
Using Eq. (2.6), the corresponding value of the pump parameter A = Ay is:
A = An + (An — aA) Iy (2.10)

The value of Iy in (2.9) is physically relevant only if @ > y?Aw/ ()_/ZA) Combining this
constraint with expression (2.8), the PQS regime we study corresponds to the values of «
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Figure 2.2: Bifurcation diagram with the same parameter values as in Fig. 2.1, except @ = 0.5. The
zero intensity solution is first destabilized by a supercritical steady state bifurcation at Ay = 5. At
Ay = 5.017, the steady state lasing solution is destabilized by a Hopf bifurcation. The branch of
periodic solution becomes nearly vertical at Ac ~ 5.02, in good agreement with formula (2.22). For
larger values of A, the amplitude of the pulsating solution grows rapidly and pass by a maximum at
A =~ 14. The pulsations further disappear through a Hopf bifurcation at Ay =~ 30.

satifying

2
7Ath< <Ath

’;/ZA (0 A

This implies that y < y. Such situation is encountered experimentally with microchip lasers
having Nd:YAG as the gain medium and Cr:YAG as the saturable absorber [2, 4, 13]. Es-

timated parameter values are
y=1710"% 5=6310° «=8510% AA=0Q). (2.11)

Experiments were also done on a Nd:YVO4 microchip laser with semiconductor saturable
absorber mirror (SESAM)[3]. For this system, the following parameters are evaluated as:

y=37107, $=9310% a=3710% AA=0(). (2.12)

Finally, let us mention for future reference that if the active and passive media consist of the
same atoms, PQS is impossible. Indeed, in this case, the rescaled relaxation rate y and 7y are
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identical and the relative saturability @ equals one. Equations (2.1) to (2.3) then reduce to

dl
il | (-1+ D), (2.13)
C:j—zt) = y[A-D@A+1)], (2.14)

where O = D — D and A = A— A. This shows that the system is then equivalent to an
inefhiciently pumped laser without saturable absorber. It is known that such a system does
not deliver a pulsed intensity when it is free running [15]. We will see in the next Chapter,
however, that this property is not always verified if the laser is multimode.

2.3 Size of the bifurcation layer

As we have seen in the previous section, the transition from harmonic to pulsating oscillations
occurs on a very limited range of the pump parameter A. Let us now determine the value
of Ac of the pump parameter until which the oscillations are still harmonic. The size of the
bifurcation layer will be defined as Ac — Ay. To this end, we first examine numerically the
pulsating solution close to the Hopf bifurcation point (See Fig. 2.3). In the (D, ) plane of
the phase space, we note that the trajectory of the pulse spends a long time near the unstable
separatrix that emerges from the saddle point (A, 0). This suggests that the PQS pulsating
oscillations result from a collision between the limit cycle emerging from the center (ﬁ, In)
and this separatrix. Let us determine the value of A for which this happens. The coordinate
of the Hopf point (2.9) and (2.10), together with the steady state expressions (2.5) motivates
the new variables S, i, d, and d defined by

s=yt, I()=vi(s), DM)=An+yd(S, DH)=A-yd(S). (2.15)
Moreover, we introduce the parameters @ and € as

A=An+ya &= (2.16)

QIR

Inserting (2.15) and (2.16) into Egs. (2.1) to (2.3) leads to the following equations for i, d,
and d :

" =i(d+d),
d' =a—d- Agi, (2.17)
ed’ = —-d + @Al +0 (y)

In these equations, primes denote derivatives with respect to the rescaled time Sand the O (y)
corrections apply to the last two equations. The Hopf bifurcation for this reduced system is
located at

_ (L+e)(An-ah)
T oA - &2A,

This expression is equivalent to the location of the bifurcation point (2.10) in the original

(2.18)

set of equations. Equations (2.17) cannot be solved analytically. Following our observation
regarding the phase-space trajectory of the pulse, we seek a value of rescaled pump para-
meter a for which the trajectory degenerates into the unstable separatrix of the saddle point
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Figure 2.3: a) temporal trace of the pulsating solution for A = 6, A=4a=05, v = 0.01, and
y = 0.1. b) phase portrait for the same parameters. The trajectory of the solution orbits around
the steady state lasing solution at (D,1) = (4.37,0.37) and comes close to the stable and unstable
manifolds of the off state (D, I) = (6, 0). These two points are represented by squares in the inset. For
small values of |, we see in the inset that the trajectory is almost linear when the system moves away

from the saddle point (6, 0).
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(d, d, i) = (a,0,0). On this separatrix, we make the hypothesis that d and d vary linearly
with i. To verify this hypothesis, we write the variables d and d as functions of i and compute
their derivatives with respect to i. In the limity - 0, we find:

dd) a-d-An d(d) -d+oA

di ~ id+d) ' di &(d+d) 219

We then seek a solution of the form

d=a+gi, d=adi, (2.20)

where 8 and 6 are unknown coefficients to be determined. Substituting (2.20) into (2.19)
gives the following conditions:

o« —An
p=—5=1 2.21)
and _
. An-aA
a=ac= o — A (2.22)

which defines ac. In Figure 2.2, we see that ac provides a good estimate for the onset of
pulsations. The size of the bifurcation layer over which the solution becomes pulsating is

given by ac — ay. Using (2.22) and (2.18), we find

& (Am - aA)z
aA — sAh) (aA - szAh) '

We note from 2.23 that the bifurcation layer becomes large as @ decreases. As a approaches
the critical value @, given by
eAn
Ao = —,
A

ac tends to infinity. The value ., is thus a lower bound below which the absorbing cell of the

(2.24)

LSA does not saturate enough to produce a pulsating output, although harmonic oscillations
remain possible. Indeed, we recall that it is this saturation that causes the avalanche effect.
From a mathematical viewpoint, however, our analysis is based on the assumption that a is
of order unity. Therefore, if @ is close to @, it looses its validity as & tends to ac.

On the other hand, the size of the bifurcation layer decreases like & for small &, so that
the Hopf bifurcation branch becomes more and more vertical. This clearly applies to the
microchip Nd:YVO4 laser with SESAM as indicated by (2.12) and, to a lesser extend, to the
Nd:YAG/Cr:Yag LSA (2.11).

2.4 From harmonic to strongly pulsating oscillations
Having determined the size of the bifurcation layer ac—ay, we wish to describe the amplitude

of the intensity oscillations for values of the rescaled pump parameter a between ay and
ac and see how actually harmonic oscillations become pulsating. For the microchip LSA’
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described by the sets of parameters (2.11) and (2.12), the ratio € = /7y is small compared to
unity. To take advantage of this fact, we rewrite the last equation of (2.17) as

= aAi-ed = d = A - ed”,

~ Al — saAl’ (2.25)

o1 Ql

The reduced model (2.17) in the vicinity of the Hopf bifurcation then becomes

i’ = i(d+aAi) - saAil’, (2.26)
d = a-d-An+0(®y), (2.27)
We note from (2.11) and (2.12) that ¥ << &. We may therefore neglect the O () terms in the

last equation. The Hopf bifurcation for this reduced system coincides with the limit & - 0
in (2.18). It is located at

do=-1, a=—-1 (2.28)

ip = —
07 aA aA

Introducing the new bifurcation parameter & as
a=a(1l+ea), (2.29)
the steady state is simply given by
( is ds):( io do )X(1+83.1)
It is then convenient to introduce the new variables V and W as
[
v = — -1, (230)
Is
w = d-ds+V. (2.31)

The variable Vv directly measures the amplitude of intensity oscillations around the steady
state. In terms of these new variables, Eqs. (2.26) and (2.27) become:

V=N0+vvw+e(l+V)(auv—-V),

W=-V@-W+e[(l+V)(auv-V)—(a +1)V]. (2.32)

At the dominant order in &, we show in the Appendix 2.A that these equations are equivalent
to the Lotka-Volterra conservative system of equations [10, 11]. They admit a one-parameter
family of periodic solutions, shown in Fig. 2.5. The related oscillations are nearly harmonic
with frequency /@ close to the center (v,w) = (0,0) and become pulsating as the max-
imum intensity (the maximum of V) increases. This reduced system seems therefore able to
reproduce the bifurcation layer in Fig. 2.2. The fact that it is conservative in dominant order
contrasts with the three-variable system (2.17) encountered in the previous section. Setting
& = 0 in first approximation, the periodic solutions (Vo, Wp) of the system verifies the first
integral:

E:vo—In(1+vo)—wo—aoln(1—%). (2.33)
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In this expression, E is a constant that characterizes the amplitude of oscillations. In Ap-
pendix 2.B, we derive a solvability condition that relates implicitly the value of E to the
bifurcation parameter 8;. It writes

j}1+wf 0 ds
a = JP ay — W
| =

Gl ds
p & —Wo
where the integrals are evaluated over one period and are functions of E as the value of E
determines the solution (Vp, Wp). By evaluating the two integrals in (2.34), we may then find
the corresponding value 8; (E). This is done in Fig. 2.4, where we compare our analytical
approximation with the bifurcation diagram of the system (2.1) to (2.3) and find an excellent
agreement.

) (2.34)

0.20 7

0.15 7

l max

0.10 7

0.05 |

0.00 ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ 1
5.010 5012 5014 5016 5018 5.020 5.022

A

Figure 2.4: Enlargement of the bifurcation diagram 2.2 near the low-intensity Hopf point. The dotted
line represent the analytical approximation, obtained with (2.34). The start of the analytical curve is
shifted by 0.0005 on the right for a better fit with the numerical branch, which is in full line. The
analytical curve agrees very well with the numerical curve, considering that € is as large as 0.1 for this
diagram.

Two limit cases can be studied analytically. On the one hand, we may examine Eq. (2.34)
for small amplitude oscillations, i.e., we assume E < 1. For periodic solutions near the
center (Vg, Wp) = (0, 0), we have

(vo, W )= L( sin\/apS, /@ CoS y/ags ), (2.35)
Vao
where p <« 1. Substituting this solution in (2.34), we obtain:

a; -1
2+ a

0 = 2ag (2.36)
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The amplitude of oscillation grows therefore parabolically with &; in the vicinity of the bi-
furcation point as we expect from Hopf bifurcation theory. Setting p = 0, we obtain the first
correction in & to the Hopf bifurcation point:

QH = 1. (2.37)

The second limit allowing an analytical evaluation of (2.34) is possible is the limit E > 1.
We show in Appendix 2.B that

éim a(E)=ac=a+ 1. (2.38)

Combining relations (2.29), (2.37), and (2.38), we recover the size of the boundary layer
predicted in (2.23) for ¢ << 1:

2
o) (8&1’(; - Sa]_,H) = 83(2) 8(Aih - 1) . (2.39)

2.5 Shape of the intensity pulse

This first integral (2.33) determines a family of periodic solutions. If E < 1, these solutions
are of small amplitude and describe ellipses in the phase space. On the other hand, if E > 1,
they are of large amplitude and correspond to the apparition of pulses in the system. We will
now describe these pulses by composite asymptotic expansions [18, 19]. In the limit E > 1,
the trajectory of the system in the phase plane can be described separately in 4 segments (See
Fig. 2.5):

1. In the first segment, the LSA intensity is nearly zero. The corresponding portion of the
phase space trajectory is therefore near the separatrix defined by v = —1. In this region,
the pulse is approximately described (see Appendix 2.C) by V ~ v; (S— S;) with

vi(s)=-1+exp[ag(s+e°-1)-E]. (2.40)

2. In a second phase, the trajectory approaches the second separatrix defined by w = ay.
We then find that vV ~ v, (S— $) with

Vo (S) = =1 + %5, (2.41)

3. After this exponential growth, the intensity passes by a maximum v >> 1. In this limit,
we obtain V ~ V3 (S— &) with

(2.42)

Va(9) = a +E ( a + E )

1+ e(E+ao)s q + aoe—(E+a0)s

4. At its final stage, the pulse decreases violently and reaches a region of the phase plane
where W] > 1. This allows to derive for the intensity the approximate form v =
V4 (S— &) with

S

T (2.43)

V4 (S) =
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Figure 2.5: Phase portrait of the periodic solution of (2.32) with ¢ = 0. A =4 and @ = 0.5, which
yields @y = 1.5. From the smallest to the largest cycle, the values of the first integral E are 0.1, 1,
and 10. The four regions in the phase space corresponding to the approximate solution V1 to V4 are
indicated by the number 1 to 4 along the largest orbit. The direction of rotation is indicated by the
arrow.

Knowing the form of the solution in different temporal intervals, we may construct the
entire pulse as
(Vi(9), S< Sp,
V2(S—%), Si2<S< 3,
V(s = J 2.44
® le(S—Ss), Sp3 < S< Sga, (2:44)
Va(S—S), Su<S

The time constants Sz, S, S3,... are determined by the requirement that the solutions on
subsequent intervals coincide in the vicinity of the connection points. Since we only have
approximate solutions at our disposal, we require only that the functions and their derivatives
be identical in the limit E >> 1. The result of this analytical approximation is compared in
Fig. 2.6 to the numerical integration of Eqgs. (2.32) with & = 0, showing a good qualitative
and quantitative agreement. In Appendix 2.C, we find that the interpulse time scales linearly
with the pulse maximum value. This duration is given by S1» and equals

E+a
Sy = ) (2.45)
T g
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Figure 2.6: Temporal trace of a pulse obtained from (2.32) with € = 0. Full line, numerical integration
with max (V) = 25; dotted line, analytic approximation (2.44) with E = 25.

We note on the other hand that the pulse is strongly asymmetric. The rising edge of the pulse
is much slower than its falling edge. Therefore, we may use Sy3 — S12 as an estimation of the
pulse duration. From (2.68), we find that

S — S = a5  In(E + ag — ae ). (2.46)

Surprisingly, the pulse asymmetry is different from the shape calculated in [20]. Contrarily to
what is shown in Fig. 2.6, these authors found that the descending part of the pulse is longer
than the ascending part. Their results holds for large intensities, whereas the expressions
presented in this section are only valid very close to the bifurcation threshold, as indicated
by the scaling relations (2.15). To assess how the transition occurs between the two shapes,
we compare two numerical integration of the original equation (2.1) to (2.3) performed at
different distances of the Hopf point (see Fig. 2.7. We thus observe that on the quasi-vertical
part of the periodic Hopf branch (A = Ay, + ya, with a ~ ac), the shape obtained from
the reduced system (2.32) describes reasonably well the LSA output. However, beyond this
vertical portion of the bifurcation diagram, the asymmetry is reversed and is fitted by the
formula in [20]. This suggests that in between the two situations, there exists a range of
pump values for which the pulse is almost symmetric, which might be interesting in solitonic
applications.

2.6 Conclusion

Motivated by recent experiments on microchip lasers with saturable losses, we have revisited
the LSA theory. The parameter values that are relevant to these experiments differ from
the usual situation where the absorber has a lower saturation intensity than the amplifier.
Rather than emerging from a homoclinic bifurcation at the laser first threshold, pulsations
arise in this system through a singular Hopf bifurcation. We studied this bifurcation in the
vicinity of the laser threshold A = Ay and found a reduced three-variable problem that is
not conservative. This an important difference with respect to the previously studied singular
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Figure 2.7: Shape of the pulse close and far from the Hopf instability, obtained by numerical integra-
tion of Egs. (2.1) to (2.3) with A= 4, = 0.5,y = 0.01, y = 0.1. The Hopf point is at Ay = 5.017.
a) A = 5.0204836. The shape of the pulse is still correctly described by the Lotka-Volterra system,
despite the fact that | = O (1) and the scaling relation (2.15) is no more satisfied. The rising edge is
slower than the falling edge of the pulse. b) A = 6. The asymmetry of the pulse is now reversed and
agrees with [20].
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Hopf bifurcations [9]. In terms of the cavity damping rate I'¢ and the relaxation rates ¥ and
i1 of the amplifier and absorber, respectively, we found that the bifurcation layer has a size

i (An - 01:5\)2

femM=3m (oA~ 2AG) (0A- ZAg)

In microchip lasers, I'¢ is typically one order of magnitude larger than in conventional lasers
due to the comparatively small cavity round-trip type. In addition the saturable absorber
decays usually much faster to equilibrium than the amplifier, so that Ac — Ay < 1 in general.
Therefore, the transition from harmonic to pulsating oscillations will be difficult to observe

experimentally. However, the size of the bifurcation layer can be made larger if @A — B Ay, is

diminished. This can be achieved either with a small value of @, or by decreasing A through
the doping concentration of absorbing atoms and the size of the passive cell.

From the fact that in most situations ¥ << ), we may simplify the analysis further
and obtain a conservative problem in the leading order of the small parameters y,/I'¢ and
Yul yi. This allows to use the technique developed in [9] and draw the full branch of periodic
solution over the bifurcation layer.

Beyond the Hopf bifurcation layer, other asymptotic techniques can be used [13, 17] to
determine the amplitude of the pulse as a function of the pump parameter A. By studying
the pulse shape in the bifurcation layer, we realize that it has a different shape than for large
A. Therefore, by designing a microchip laser with a large transition Ac — Ay, one can in
principle control the shape of the pulse by the pump parameter. We may further conjecture
that some value of A leads to a symmetric pulse shape. It would be interesting to verify this
point either analytically or numerically in the future.
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Appendix to Chapter 2

2.A The Lotka-Volterra equations

Lotka proposed as an hypothetical mechanism of reaction between two chemical products of
concentrations X and Y the two kinetic equations [10]

X' =X (¢t — QY), Y =Y (—=C3 + C4X). (2.47)

Later, Volterra used de same equations [11] to describe the evolution of two populations
having a predator-prey relation. The prey population X, has a natural growth rate ¢; and a
death rate proportional to the number of predators: —C,Y. On the other hand, the predator
population has a death rate —C3 in the absence of prey and grows otherwise with the rate ¢4 X.
At the dominant order in &, Egs. (2.32) are
Vé = (1 + Vo)Wo, (248)
Wp = — (3~ Wo)Vo. (2.49)

These equations are identical to (2.47) with C; = @y and C;34 = 1 upon the transformation

X=1+vy, Y=a-—w.

2.B Derivation of the solvability condition

In the leading order in &, the system (2.32) reduces to Egs. (2.48) and (2.49). At this order,
a one-parameter family of periodic solutions (Vo (S; E) , Wy (S; E)) exists. They verify the first
integral (2.33). However, only one of these periodic solutions is also a periodic solution of
the full system (2.32). To determine it, we introduce the functional

E(v(s),w(s)):v—In(1+v)—W—aoIn(1—%). (2.50)

This functional, computed with the true periodic solution of (2.32) should verify in first
approximation the condition

fﬁ’ds: 0, 2.51)
P

where P is the period of the solution. Using (2.32), we can rewrite this condition as

fp{v(alv—\/) + aovilw [L+v)(av-V)-(ag+ 1)v]} ds=0. (2.52)

23
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We now evaluate this expression with Vg (S; E) and Wy (S; E). To this end, we note that

1
fvo\/ods =5 V5 (s)]s =0. (2.53)
P
Moreover, using (2.48), we find that
VoWo —WoW, [ o P
= —— —_ds=|-In Wy () — —— | =0. 2.54
p 3 — Wo p (3 — Wp)? (80 = () ay — W (S) I (254

In the same way, we demonstrate that fp VoW/ (a9 — Wp) ds = 0. Finally, (2.52) reduces to
w2 (1 2
flalvé - M] ds=0, (2.55)
P d — Wo

which is the solvability condition (2.34).

Let us now derive the critical value of &; that corresponds to an infinite value of E. In
this limit, the orbit of the periodic solution (Vg (S; E) , Wp (S; E)) spends most of the time in
the vicinity of the separatrix W = @y. The first integral (2.33) can then be approximated by

E =~ vo—ln(1+vo)—ao—aoln(1—%),
eE+aO_VO)1/aO

In addition, the integration of one period is replaced by an integration over the time spent
near the separatrix W = ay:

N VvV max f(V) N oo f(V)
fpf(s)ds‘fvmm wa v ), marn

Equation (2.52) eventually becomes

f a (1 + v)+Ya gVagy
-1
f (1 + v) Hao \2eVady
-1
aO foo §—1+1/aoe—§—‘d§
0

f“x’ (a(Z)é;:Hl/ao _ ZaOé‘;l/ao + §—1+1/ao) e—fdg
0

Integration by parts of the numerator then yields a; = 1 (2.38).

2.C Asymptotic matching for the pulse

In this section, we derive the approximations (2.40), (2.41), (2.42), and (2.43) for the pulse
and determine the time constants Sp», S, Sg,... in (2.44).
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In the first region, V =~ —1. Substituting this approximation in Eq. (2.49) yields w =

Wi (S—S), with

w(S)=ag(l-€7). (2.56)
The expression (2.40) for V; is deduced from the first integral (2.33), where we neglect v; as
compared to — In(1 + vy).

The second region corresponds to the initiation of the pulse. The trajectory approaches
the second separatrix, so that W, =~ 8g. Substituting this approximation in (2.49) directly
yields (2.41).

In the third region, the intensity passes by a maximum. We have therefore V3 > 1 in
(2.33) and can neglect In (1 + V3) by comparison. This gives

v32E+W3+aoln(1—%). (2.57)

Equation (2.48) is then transformed into

W,
W, =~ —(ao—Wg)[E+W3+ao|n(1— af)]
~ —(a —Wws) (E+ws), (2.58)
where the logarithmic term is omitted in the right hand side for the sake of integrability and
because it is zero when V3 is maximum. The solution of this equation is W = W3 (S — S3), with

ap — Ee(E+a0)s

(2.59)

Using (2.57), we deduce V3 in (2.42).

Finally, at the end of the pulse, we have |Wy|, Vs > 1 so that the first integral can be
reevaluated as Wy ~ Vj — E. Substituting this into (2.47) we obtain an integrable equation
for the intensity variable

V= (L+va) (v — ), (2.60)
which yields (2.43).

2.C.1 Matching first and second segments

In the vicinity of Sy, we have, with X;, = S— s,

Vi(9) = —l+expl[ag(se—1+e™?)—E]
X[1+29(1 - €%2)x,] +O(X,), (2.61)
Vo(9) = =1+ (1 + agxp,) + 0 (X,). (2.62)
The matching of the two functions requires
explag(sy —1+€2)—E] ~ o) (2.63)
a(l-e) =~ a. (2.64)
In the limit E >> 1, these conditions are satisfied if we take
E +
S = ao, Si2 = S. (2.65)

ao
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2.C.2 Matching second and third segments

Introducing Xy3 = S— Sy3 and the auxiliary functions Y, = €039 and y; = @+BI28-%) e
g Xo3 3 y Y2 Y3
obtain the matching conditions

ao+E+a0|n(ao+E)y3,

1+ys ao(1+Ys)

(a9 — Ey3) (g + E)
(L+ys)

In the limit E > 1, we have the approximate solutions

(2.66)

y, -1

ay> (2.67)

a+E
1+y3’

aoe—llao
E+a —ael

Yo =

from which we deduce that

S3—% = a5 In(E+a—ae V™),
+ 8 — age

T (2.68)

E
$S-% = (@+E)tIn

2.C.3 Matching third and last segment

To connect the last part, we use Xgg = S— Sgg, Y3 = €2TE %) apnd y, = =%, We
obtain the matching conditions

E-vys _ ao+E+ In(ao+E)y3

W | )Ys. 2.69

1+Y 1+ys % 2 (1+Ys) o

—EAd+B)ys _ (@+E)(@ -Eys) (2.70)
(L +Va) L+ye)* |

We solve these two equations numerically in order to obtain Figure 2.44.
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Chapter 3

Solid state lasers with spatially
distributed gain

3.1 Introduction

Despite the fact that they share the same physical mechanisms to generate coherent light,
ring cavity and Fabry-Perot cavity lasers have radically different behaviors. Their difference
resides in the structure of the cavity electromagnetic modes that support the laser radiation.
In a ring cavity, they are plane waves. If it is perfectly symmetric, there is no preferential
direction of propagation and both directions should generally be taken into account. This
provides the simplest example of a multimode laser [1]. In most situations, however, if the
linewidth broadening is homogeneous, ring lasers are monomode. They lend themselves to a
relatively simple mathematical description because the intensity distribution is uniform inside
the cavity for all eigenmodes. With this respect, it was shown that their evolution equations
are equivalent to the Lorenz equations, a model that has become generic in the study of
chaos [2]. Consequently, they exhibit a very rich phenomenology of complex behavior and,
for this reason, have received much attention from theoretical physicists.

On the other hand, the eigenmodes of Fabry-Perot lasers are stationary waves. These
lasers operate more easily in multimode configuration, even when homogeneously broadened.
Moreover, they are intrinsically stable. By contrast with the ring cavity, the problem of an ad-
equate description of a multimode Fabry-Perot laser in the rate equation limit is difficult. By
rate equations, we mean equations that couple the electromagnetic fields and the population
inversion only. The first successful model was proposed by Tang, Statz, and deMars [3] who
showed that the dominant feature driving these lasers was the coupling between the modal
intensities and the average population inversion via the population inversion grating, also
known as spatial hole burning. The characteristic length of these population gratings is half
the optical wavelength. Soon afterwards, a number of theoretical models generalizing the
Tang, Statz, and deMars (TSD) equations were proposed to account for additional mechan-
isms: the coupling among the complex field modal amplitudes (phase-sensitive interactions),
the coupling between the complex field modal amplitudes and the population grating at
either optical or/and long wavelengths, and the longitudinal inhomogeneity of the pumping
mechanism [4, 5, 6, 7, 8, 9, 10]. The TSD* model [11] is a recent extension of the TSD
model that includes (i)the coupling of the modal intensities to the low spatial frequencies
of the inversion of population profile and (ii)the pump profile in the longitudinal direction.

29
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Transverse effects are ignored in this approach. This chapter is devoted to a systematic study
of the TSD* model.

In Sec. 3.2, we briefly review the derivation of the TSD* model and define the notations.
In Sec. 3.3, we prove that a fundamental theorem of antiphase dynamics, which was demon-
strated for the TSD equations, is preserved by the TSD™ extension. This theorem deals with
the properties of the total intensity, which in the rate equation approximation is the sum of
the modal intensities. It states that in the limit of a flat spectral gain curve, the deviation
of the steady state total intensity is a global variable verifying a single linear harmonic oscil-
lator equation with a frequency Qg that is mode-independent. These relaxation oscillations
generate a peak in the power spectrum of the total intensity when the laser is subjected to
an external perturbation (noise, weak modulation, transient relaxation, for instance). This
is in contrast with the modal intensities which display a larger number of peaks, typically as
many peaks (and therefore relaxation oscillation frequencies) as there are modes, and possibly
harmonics of these frequencies.

Concerning the dynamics of a laser operating on an arbitrary number of modes, little can
be said from analytical point of view, besides antiphase dynamics. In order to gain insight
into the model, we will therefore restrict our attention on a fixed number of modes. The
two-mode case was already treated in [12]. It is not always realistic however, if one considers
atoms with a gain curve that is symmetric in the spectral domain, such as neodymium (Nd).
Indeed, in this case, the laser cavity is typically tuned in such a way that one mode coincides
with the atomic resonance. Then, as the pump parameter is increased, the number of lasing
mode varies typicallyas 1 - 3 - 5 — .... Therefore, in Sec. 3.4, we analyze systematically a
symmetric three-mode configuration with one central mode of maximum gain Lmax and two
side modes with equal gains smaller or equal to Lmax. We give the expressions of the steady
state solutions and determine their stability. In particular, we analyze the Hopf bifurcations
which may destabilize multimode solutions only. Given the difficulty to determine the exist-
ence and stability character of these bifurcations in the usual way (i.e., linear stability analysis
of the steady state), we adopt an alternative approach which is suggested by the numerical
simulations of the TSD™ equations. Indeed, they are prone to display pulsed solutions, as
in a passive Q-switching process. On this basis, we assume the existence of pulsed solutions
and determine analytically the conditions of existence of an inter-pulse solution, in which the
modal intensities are vanishingly small. It turns out that this problem can be solved analytic-
ally, even for an arbitrary number of modes, and the conditions of existence are identical with
the Hopf bifurcation conditions whenever a straightforward linear analysis has been possible.

The results presented in this chapter were published in [13].

3.2 Derivation of the TSD™ model

We consider a Fabry-Perot cavity of length L that supports N modes of oscillation for the

electric field:
N

E(zt) = Z (Ep ) € + c.c.) sin (kp2), (3.1)

p=1
Given the speed of light " inside the cavity, the wave numbers Ky, satisfy the relation Ky =
wp/ € = Npn/ L. In addition, the cavity is filled with atoms that possess a resonant transition
with the laser field (see Fig. 3.1). With respect to this atomic resonance w>1, the field modes
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By = By + hwy

P22

E,

Figure 3.1: The two-level system.

are characterized by the detunings A, = wp — wy1. We treat the atoms by a two-level de-
scription in which y; and 7y, are the relaxation constants for the population inversion and
the atomic polarization, respectively. The lasers considered in this model are characterized
by the fact that y, > 7. Examples of laser mediums to which this inequality applies are
Nd:YAG, LiNdP4O1;, and semiconductors. For such lasers, the polarization can be elimin-
ated adiabatically. In the rotating wave and slowly varying amplitude approximations [1], the
Maxwell-Bloch equations for this system become, with t; = yt,

L
dlp ) /<(—1+1;pE f 2D (z,t)sin? (kp2) dz)lp(t”), (3.2)
dt, L Jo
oD (z,t .
% = w@-D(zt) (1 + Zp: 21, (ty) sin® (kpz)} . (3.3)

In these equations, |, is the intensity of mode P, rescaled as |, = 2L, |d12Ep|2/ (ﬁzyuyL),

where L, = (1 + A%/ yi)_l and dy; is the matrix element of the dipole operator between the
two states of the transition. The quantity D (z, 1)), is the rescaled distribution of population
inversion along the cavity axis. It is given by D (z, 1)) = Nw2; !d12!2 (022 — p11) ! (ehy o),
where N is the density of atoms, p is their density operator, and I'; is the cavity damping
rate. The effect of incoherent pumping is contained into W(2), towards which D (z,t;) tends
in the absence of a laser field. Finally, the cavity damping rate is expressed in the timescale
ty=yitask =T/y.

Equations (3.2) and (3.3) are nonlinear and integro-differential, which leaves little hope
to obtain analytical result on the laser dynamics. Nevertheless, a Lyapunov function was
found [14], demonstrating that, under some conditions, only one solution is stable, with
constant modal intensities |,. Indeed, denoting the steady state value of any variable g(t;)
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with an overbar, g, the function

1t [D(Z, t) — D(Z) l p(tll)
Flty) = = E t) — | - | | 3.4
@)= fo 2D(2) > o) "l Ip G4

verifies # = 0 and d¥/dt; < 0. This means that ¥ tends to zero as t; = oo and, hence,
D (z 1) and I (t}) must tend to their steady state values D (2) and 1,. We shall get back to
this result later in this chapter. More recently [15], the relaxation towards this stable solution
was discussed for various pump profiles W (2).

The right hand side of Eqgs. (3.2) and (3.3) suggests for D (z,t) and W(2) a Fourier de-

composition:

L L
= %f fdz, f,= %f fcos(2nrzZ/L)dz, f=D(zt),w(2). (3.5)
0 0

This transforms the system (3.2) and (3.3) into an infinite set of moment equations:

D,

2 - e fo- )
Il

dD

= WO—D0{1+Z } Zan|q, (3.7)
Il

q
dDy, D2n Dn,-ng + Dny+n
dt”p = wnp—an[1+qu|qJ+(D0+ 29)|p+§ : q2 —lg. (3.8)

Due to its intensity distribution proportional to sin® (Ky2z) inside the cavity, a given mode
P of the field burns in the population inversion profile D (z,1) a grating of holes with spatial
frequency 2k,. The corresponding Fourier component is Dy . It is sometimes referred to as
“the population grating” relative to mode P. In the early days of laser physics, Tang, Statz,
and de Marz [3] truncated Egs. (3.6) to (3.8), retaining the mean inversion and pump, Dy
and Wp, as well as the population gratings Dy, but neglecting Do, and Dy n,. The resulting
finite set of ordinary differential equation is the TSD model. The validity of this truncation
was discussed recently in [15] with the conclusion that it is a safe approximation as long as the
pump is constant over the cavity. The TSD model accounts for stable multimode operation
and provides a good qualitative picture of how the laser relaxes to the steady state. However, it
neglects the influence of spatial inhomogeneities in the pump distribution W(2) on the laser
dynamics. This motivated D. Pieroux and P. Mandel to propose a different truncation of
Egs. (3.6) to (3.8). They included in their model the low frequency gratings Dy, _n, where p
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and q correspond to lasing modes. They obtained what is now called the TSD* model [11]:

Wy = Wnyng; Dy = an—nq, Np = an, X'=Np — Ng,

dl N

Hﬁ = 4—1+£4Dr~§ﬂ%, (3.9)
dDy 1
— = —Dol1 | = Nglg, .1
dD 19

o= _QP+ZQ%§ZMWJ ZNWW (3.11)

Il g=1 q r+1
dN 1

p =

In these equations, we have slightly modified the notations, reserving Dy to the low spatial
frequency gratings and using Ny to designate the high frequency gratings. The parameter
Kk, which is the ratio of the population inversion lifetime to the photon lifetime, is typically
a very large number, of the order of 10% to 10° [1, 16]. It is therefore natural to think
of adiabatically eliminating the field variables. However, a linear stability analysis of the
resulting equations would show that the transient toward equilibrium is exponential and free
from oscillations. This does not correspond to the experimental observations, which reveal
an important oscillatory dynamics in the laser. Consequently, the modal intensities must be
kept as “active” dynamical variables in the model. Finally, we note that the TSD equations
can be deduced from Egs. (3.9) to (3.12) by setting W;>o = Dy>g = 0.

3.3 Antiphase Dynamics

A remarkable feature of the transient behavior of a multimode laser towards its steady state
is antiphase dynamics: while N distinct relaxation frequencies are observable in the transient
of the modal intensities I, the total intensity Iyt = 3, I p oscillates with only one frequency
[17, 18, 19]. This property of self-organization was also reported in the self-pulsing regimes
of solid state lasers subjected to feedback [20], and in lasers with intracavity second-harmonic
generation [21, 22]. Besides these experimental and numerical investigations, the presence
of antiphase dynamics was demonstrated analytically in the TSD equations [1, 12, 23]. Let
us extend the demonstration in the TSD* model. To this end, we perturb the steady state
solution of Egs. (3.9) to (3.12) in the following way

Dy(ty) = Dgq+ &2dy(7) + O(e?),

Nyt) = Ng+&2ng(1) + O(ed),

lyt) = g+ €iq(r) + O(&d),
T = &t

where Dq, Ny and g denote steady state values and & = kY2 <« 1. We assume that the

gain curve of the atomic transition is flat over the frequency spread of the lasing mode:
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Ly=1- szfq + O(£%). With this assumption, Egs. (3.9), (3.10), and (3.12) yield for the
steady state solution the following relations:

Ny = 2(Do-1)+O0e), (3.13)
Wo = Do+ ) Ip+0(), (3.14)
p
2(Do-1)|1+ > 1q| = 15 +EZ[—) Iq+ O(&). (3.15)
- q 2 p 2 - p-q'q :
In the first order in &, we obtain
dr |p(d0—?)+0(8), (3.16)
dd .
d—: = —Z|q+0(s), (3.17)
q
dn - . 1-. 1 -
= = _Np;|q+5Do|p+EZq]Dp_quq+0(s). (3.18)

Derivating (3.16) with respect to 7, summing over P and using relations (3.13) to (3.15), one
obtains

(<)
(dd—;+w0—1)lZiPJ:O (3.19)

p

which is the property we wanted to prove: deviations from the total steady state intensity
oscillate with only one frequency, the single mode relaxation oscillation frequency, no matter
how many modes are lasing in the cavity. The total intensity is therefore a global variable,
revealing self-organization in multimode lasers. This point is clearly illustrated in Fig. 3.2,
which shows the relaxation of the modal and total intensities towards stationary state. The
dimensionless oscillation frequency is vk (Wo — 1), or equivalently v/T'cyy (Wo — 1) in s,
where I'c and 7y are, respectively, the cavity and inversion damping rates. This frequency is
sometimes referred to as the “McCumber frequency” [24], and is noted Q.

3.4 Analysis of a three-mode laser

In this section, we study the TSD* model for a three-mode laser. For simplicity, we assume
that the central mode is resonant with the atomic transition, whereas the side modes are
equally detuned from the atomic line (Fig. 3.1). This amounts to impose L1 = L3 =L <1
and £, = 1in Egs. (3.9) to (3.12).

In order to assess the influence of a nonuniform pump profile on the laser dynamics, it
is instructive to consult the TSD model first [12]. For the present set of modal gains Lj, it
predicts the following scenario, as the only pump parameter Wy is increased from zero.

1. For Wy < 1, all modal intensities vanish.

2. AsWj surpasses the threshold Win1 = 1, the central mode starts to lase, the other modes
remaining extinct.
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3. Finally, for Wy > Wip, = L1 all three modes lase with a constant intensity. No other
stable solution exists for this configuration.

In addition, depending on the number of lasing modes, up to two frequencies, {dg and
Q) , characterize the relaxation towards steady state.
For a three-mode laser, the TSD* model assumes the following pump profile

W(2) = Wy + W, c0S (27Z/L) + W, cos (4nzZ/L) . (3.20)

A key feature of the present analysis is that there are regions inside the cavity where longit-
udinal modal intensity distributions do almost not overlap for pairs of modes. In particular,
for the pairs of consecutive modes (I3, I2) and (I, I3), this happens at Z = L/2. For the pairs
(I3, 13), on the other hand, minimal overlap isat Z = L/2+L/4. By tuning W; and W, one can
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Figure 3.2: Temporal evolution of the modal intensities illustrating antiphase dynamics. The transient
of each modal intensity contains multiple frequencies, while the total output consists of damped
oscillations with only one frequency. Parameter values: k = 1000, wg = 2.5, w; = -1, wp = 1,
L13=0.99,and Lo = 1.



36 CHAPTER 3. SOLID STATE LASERS WITH SPATIALLY DISTRIBUTED GAIN

Table 3.1: Modal selection as a function of the pump profile W(z2) = wp + wjcos(2nz/L) +
W»C0S(4nZ/L). The pulsations of modes 2 and 3 are wy = w1 + 7¢/L and w3 = wy + 2nC/L.

maximum minimum
pump profile pump profile favored pairs quenched pairs
w; >0 z=0, L z=L/2 (|1,|2) & (|2,|3)
w; <0 z=L/2 z=0, L (|1,|2) & (|2,|3)
W, >0 z=0,L/2, L z=L/4, 3L/4 (I1,15) & (I5,153) (I,13)
W, <0 z=L/4, 3L/4 z=0,L/2, L (I1,13) (I,15) & (I5,153)

intensify or diminish the pump precisely in these regions of the cavity. Therefore, through the
mechanism of spatial hole burning, one can expect more (less) efficient laser amplification for
such pairs of mode with increased (lowered) pump intensity in these regions. Hence, a non
uniform pump distribution alters mode competition. While Wy determines the total energy
injected in the laser, the role of Wy and W5 is to distribute this energy among the modes of
the cavity. A classification of the possible situations is given in Table 3.1.

Using the same geometrical argument, we can state more generally that tuning the pump
parameter W; affects the competition between pairs of modes (l D |p+r).

3.4.1 Steady states and stability

The steady state solutions can be classified in relation to the number of nonzero modal in-
tensities. Their detailed expressions and stability conditions are given in Appendix 3.A. We
outline the differences with the TSD model below:

1. Beyond the second lasing threshold Wy > Wip 2, the medium has sufficient gain for all
the modes to lase. In contrast with the TSD predictions, both monomode solutions
with I3 # 0 and I3 # O can be stable, besides solution I, # 0. This requires that
Wy > W; and W, > W;, where W; and W; are given by (3.36) and (3.37). If these two
conditions are fulfilled, the mode competition is enhanced between all pairs of mode
(see Table 1). As a consequence, if initially I; (0),1; (0) << I (0), then Iy (t;) tends to
a nonzero steady state value, suppressing the other modes through a winner-takes-all
dynamics. Figure 3.3 illustrates this point: for the same parameter values but different
initial conditions, either I; # 0 or I; # 0 emerge.

2. Other steady state solutions that can be stable in the TSD* model but not in the TSD
version are the two-mode solutions, either with {l;o # 0, |3 = 0}, {|1 3 # 0, |2 = 0}
or {|2 3 # 0, |1 = 0}. The stability conditions (3.41), (3.42) and (3.47) indicates
that in all cases, either of D1 and D3 should be larger than 2Dy. It would be a mistake,
though, to deduce that the corresponding stationnary inversion profile D(2) necessarily
passes by zero. As a counter-example, consider a profile D(2) that is constant in a small
fraction of the cavity and zero elsewhere. Its limited Fourier series Dg + D1 C0S (27Z/L)
+D, c0s (471Z/ L) can be negative for some values of z This situation was encountered
when investigating the effect of a partial filling of the cavity with the laser medium [25].

3. Finally, for a deep spatial modulation of the pump profile W(2), steady state solutions
can undergo Hopf bifurcations. Such instabilities, however, only affect multimode
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solutions. They give rise to stable periodic solutions. For the two-mode solutions
and in the limit £; — 1, the Hopf bifurcation points assume simple expressions.
On the one hand, the Hopf instability of the solution {l;2 # 0, |3 = O} arises at
Wiy = —10Wp. On the other hand, for the solution {l;3 # 0, I, = 0}, it takes
place at Wo iy = —10Wp. As either of Wy and W, is further decreased a period-doubling
bifurcation occurs, followed by chaos.

Considering the proof of global stability of Egs. (3.2) and (3.3), the presence of bistability
and self-pulsing may seem spurious and only due to the TSD* truncation. The apparent
contradiction is resolved, however, by noting that such situations occur only if the steady
state population profile D (2) ~ Dy + D c0s (2nZ/L) +D; cos (4rZ/L) is somewhere negative
in the cavity. In this case, the function # given by (3.4) can not be a Lyapunov function of
the system anymore.
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Figure 3.3: Temporal evolution of the modal intensities. Parameter values: k = 1000, wg = 1.75,
Wy =6, Wy =4, L13 =0.9, and L3 = 1. Depending on the initial conditions, different steady states
emerge.
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3.4.2 Self-pulsing solutions: physical mechanism

The existence of self-pulsation in the laser output relies on two facts. Firstly, a negative
inversion exists somewhere in the cavity. At this point, the medium is a saturable absorber
for the laser field. This alone is not sufficient to destabilize the constant intensity operation
because the saturable absorber has the same characteristics as the amplifier, as we noted it
when studying the dynamics of a laser with saturable absorber. Secondly, the laser operates
in the multimode regime. As already pointed out, the overlap between cavity eigenmodes
varies along the cavity axis. In the gain regions, this overlap is minimum between the excited
modes. Consequently, the saturation of amplification is also minimum. On the contrary,
in the regions of absorption, the excited modes strongly overlap and the saturation of the
medium’s response is more important. This is illustrated in Fig. 3.4 for modes 1 and 2. The
difference of saturation caused by multimode operation thus permits the onset of self-pulsing.

w(2)

amplifier

z

Figure 3.4: Intensity overlap between consecutive cavity eigenmodes and pump spatial distribution
leading to self-pulsing. In the center of the figure, the laser medium and cavity mirrors (M) are
represented schematically.
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To conclude this interpretation, let us mention that not all laser materials can display
negative inversion of population. Indeed, in the so-called four-level atomic systems [20],
which include neodymium, the lower level of the optical transition has a very short lifetime
compared to the upper level. A negative inversion, caused by a lack of pumping, is therefore
impossible. Examples of laser materials that do absorb the laser field if not pumped are
ruby [26], holmium (Ho) and thulium (Tm) [27], and semiconductors.

3.4.3 Self-pulsing solutions: analytical treatment

The linear stability analysis giving the Hopf bifurcation is rather complicated algebraically.
As shown in Fig. 3.5, close to bifurcation point, the solution assumes a pulsed behavior. To
describe this part, we propose to seck a solution of the form:

e %ip(1), Dplt) =wp+ &7y (), Np(ty) =&y (1),
kY2 =g, 0<x<Ll. (3.21)

Ip (t)
€

Above, Ty is the timescale of the interpulse and is not fixed a priori. Moreover, we assume
that the average pump parameter is close to the lasing threshold and that the modal gains are
close to unity: Wy = 1 + Wy, L = 1 — (. In the leading order, we thus obtain

di p - Mpy. -X
d—TX = (WO_FD—I—dO_?)Ip—l—O(SZ ), (322)
ddy ) .
gr, = W qu iq+ 0, (3.23)
dn 1 . 1 .
d‘rz = 5W0|IO *s5 Zq: Wp_giq + O (£9). (3.24)
For the nonzero modal intensities, we may pose Y, = Inip, and obtain the set of nonlinear
equations
d?y 1 W,
D )T RS N

For some domain of parameter values, the solution of this equation diverge at a finite time.
This corresponds to the emergence of a pulse in the original set of equations. As Ty tends to
the time of divergence T}, we try the ansatz Yy (1) = Ap + By In (|TX - T;‘(|) Substituting into
(3.25), we obtain, B, = —2, and the following set of algebraic equations

2= —%WoeAp - ; (Wo + %) e'°“‘ (3.26)

Let us solve this system in the two-mode and three-mode cases. First, if the self-pulsing
solution is bimodal with {l1, # 0,13 = O} then one has only two equations

2 = —gwoeAl - (Wo + M)e/*z, 2= —gwoeAZ - (Wo + %)e/*l,

4
T Y

- 10wy + wy .
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I> min-max
|

0.0 ‘ \ ‘ T ‘ T ‘ T ‘ I ‘ I ‘
-11.30 -11.25 -11.20 -11.15 -11.10 -11.05 -11.00 -10.95

Wq

0.6
1 (b)
05
0.4 —

0.3 —

12 (arb. units)

0.2 —

0.1 —

0.0 \ \ \ \ \ \ \

g

Figure 3.5: a) Bifurcation diagram with k = 1000, wo = 1.1, Wy =4, L33 =0.99, and L3 = 1. Wy is
varied in the range [-11.3, —11]. Minima and maxima of | are plotted versus Wi. b) Temporal trace
of Iy for wy = —11.2, showing a pulsed behavior.

Hence such an interpulse solution exists only if Wy < —10wWy, which is precisely the Hopf
bifurcation condition found from a linear stability analysis. In the same way, the condition
W, < 10wy is obtained for the periodic solution with {l;3 # 0,1, = 0}. Next, for the
three-mode self-pulsing solution, one has the set of equations

8 = —6W0€A1 — (4W0 + W) eAZ - (4Wo + W>) eA3, (327)
8 = — (4w + W) €M — Bwoe™ — (4w + wy) €, (3.28)
8 = - (4W0 + W,) eA1 — (4Wo +Wp) eAZ - 6W0€A3, (329)
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N eAlzef%: 8W0—4W1 ’ eAZ: 8Wo—8W1+4W2
f (Wo, Wi, W,) f (Wo, Wi, Wy)
f (Wo, Wi, W) = —14\/\/(2) + 8WOW1 + \N21 - 3WOW2. (330)

The condition of existence for the periodic solution is therefore given by f (Wp, Wy, Wy) > 0,
in good agreement with the numerical simulations.

We have constructed in this way, in the self-pulsing domain, a solution of small amp-
litude, being of order €272, which is expected to connect two consecutive pulses. The pres-
ence of the pulse is attested by the divergence. The so far unspecified timescale parameter X
and pulse time 75 would be determined by matching conditions with the pulse part of the
solution. It is tempting to say that it is not a solution that emerges from the Hopf bifurcation
since the solution should be harmonic in time close to the bifurcation point and hence that
the bifurcation is subcritical. Actually, the bifurcation diagram in Fig. 3.5 shows that the bi-
furcation is supercritical for the chosen set of parameters. The oscillations that are harmonic
close to the bifurcation point already acquire higher harmonics as Wi —wy y = O (€). Such sin-
gular behavior, connected to the presence of a small parameter in the equations is reminiscent
to our study of a laser with a weakly saturable absorber. This consolidates our interpretation
of the phenomenon. Finally, numerical simulations indicate that period doubling and chaos
follow the periodic intensity pulsations (Fig. 3.5) for deeper spatial modulations of the pump
profile.

3.5 Conclusion

The TSD* model extends the TSD model by the inclusion of low spatial frequency Four-
ier components of the inversion profile D (1)) in the rate equations. We concluded from
geometrical considerations that the competition between lasing modes p and q is strongly
affected by the component D,_q. In the particular case of a three-mode laser, we found that
the effect can be sufficiently important to generate new stable steady states. In principle,
this should remain true for a laser emitting on more than three modes. The investigations
reported in [25] for five modes support this view. For extreme spatial modulations of the
pump profile, the multimode steady states can be destabilized by Hopf bifurcations. We
have provided a physical explanation of this phenomenon in terms of saturable absorption
combined with multimode operation. We note that this instability could find application in
semiconductor lasers as a means to produce controlled intensity pulses without the need of a
different material as a saturable absorber. In these devices, the modulation of the pump pro-
file over the cavity length can easily be achieved by a proper design of the electrodes. Besides
self-pulsing, we found that it is possible to observe bistability between different steady-states.
These two features, which had been regarded as impossible since the discovery of the Lya-
punov function (3.4), are easily explained by the fact that the steady state inversion D (2)
passes by zero. Moreover, we showed that the important property of antiphase dynamics still
exists in the new model, in agreement with experimental observations. It seems that this
property is generic of multimode homogeneously broaden lasers and that its validity extends
beyond the vicinity of the steady state. For instance, it was found numerically to persist in
the chaotic state of a laser with modulated losses [28]. In the present case too, preliminary
numerical situation tend to show that antiphase dynamics persist in the strongly pulsating
and chaotic domain.
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To close this chapter, we refer to [25] again, where the TSD* model was compared to
the global rate Eqs. (3.2) and (3.3) through numerical simulations. It was concluded that the
TSD* model is a very good approximation, considering its relative simplicity.



Appendix to Chapter 3

3.A Details of the linear stability analysis

In this Appendix, we present the steady state solutions and the conditions of their linear
stability. These results are obtained by substituting eigenvalues of the form A = e71A_; + 2o +
g)y + ... with & = /k in the characteristic polynomials and solving for € — 0. Although
the external parameters of the system are Wp, Wy, and W, it is much more convenient, from
algebraic point of view, to parametrize the solutions in terms of the steady state values Dy,
D1, D,. This leads us to formulate for each solution the set of functions I; (Do, D4, Dg),
N;j (Do, D1, D2}, and w; (Do, Dy, Dy).
_ Before going into details, we identify a general stability condition for solutions having
lq = 0:

Ng (Do, D1, D2) > 2(Do - L. (3.31)

Otherwise, the mode Q starts lasing. Most other stability conditions are too complicated to
be expressed for arbitrary values of L. We will therefore give them only in the limit Ly — 1.

Trivial solution

It is given by |_j = Nj =0, bj = W; and it is linearly stable if and only if wp < 1.

Monomode solution {I_l + 0, |_2,3 =0}

It is given by

s
I, = I3=0,1,=2 , .32
2 3 1 2- 1D, ) (3.32)
_ _ ~ _ - D —-E_l _ - D —-E_l
Ny = 2(Do-LY), N; =D;——=——, Ny=D,———,
i B Do B Dy B
_£D2 + 4D, — 2L 2Dy - £t D,
W = W =D T mw =2 (3.33
0 Z—LDO 1 1DO (Z—LDO) 2 1D1 ( )

The solution {|_3 + 0, I_l 2 = 0} is obtained by permuting (I_l, Nl) and (|_3, Ng) This solution is
physically acceptable if 1; > 0, that is if £ < Dy < 2L7%.
In the limit £ — 1, it is linearly stable if

D, > 2D, (3.34)
D, > 2D,. (3.35)

43
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One can therefore parametrize the stability boundaries in the parameter space (Wp, Wy, W,) by

(Wo, Wy, wp) = (3.36)

0% +46-2 225—1
2-s “2-s'"

—8% +46 -2 20 -1
— ,n,22_6), §elL2l, nelw,col (3.37)

o v, v) =

The linear stability analysis also reveals damped oscillation with frequency Qg = V& (Wo — 1).

Monomode solution {|_2 # 0, |_1,3 = 0}

It is given by

- 150—1 - - - — - — Do—l
L = 2 , l1=13=0, N, =Dy -1, N, =N; =D
2 2_—D0_1 3 2_ 0 _i 3 1 Do
—D(Z) + 4D0 -2 Dl DOD2
Wy = , W = W Wy = . .38
0 7D, 1 05, 2= 3D, (3.38)

The positivity of |, requires 1 < Dy < 2. This constraint determines Dy as a function of Wy
in a unique way when the system is in state {l,}.
In the limit £ — 1, it is stable provided that

D, > 2D,. (3.39)

Moreover the linearized system of equation admits solutions with damped oscillations at
frequency Qr = VK (Wp — 1).
Two-mode solution {|_1,2 *+ 0, |_3 =0}
This solution is
- (60 - 1) 61 - 2'50 (60 - L_l) - 61 (60 - ,£_1) - 2'50 (60 - 1)

([_)1 - 2[_)0) ([_)1 - 6[_)0 + 4(1 + .E_l))’ B ([_)1 - 2[_)0) ([_)1 - 6[_)0 + 4(1 + .E_l))’
0, N =2(Do-1), Ny=2(Dp— L1,

o !
|

D = - ~ Dy - - D2 17
N; = {D; - (Do~ £™) = Do (Do - 1) | + D, 7(Do—l)—Do(Do—zj Y =2 ~Do|
Wy = f)o+.£ |1+|2, W1—(1+|2+|)[_) %(IN2+|2(N1+N3))
W, = (1+|_1+|_2)|52—%|_1N3. (340)

The solution {|_2,3 + 0, I_l = 0} is obtained by permuting (I_l, Nl) and (|_3, Ng) In the limit
L — 1, two stability conditions are

D, > 2D, (3.41)
D, < 2D,. (3.42)



3.A. DETAILS OF THE LINEAR STABILITY ANALYSIS 45

We find a frequency . = \/ K|_2 (2[50 - 51) /4 associated to damped oscillations. In addi-

tion, there is a pair of complex conjugate roots that have their imaginary part equal to the
McCumber frequency

wy + 10w

-1
5 (16 6D+ Dl) + O®™). (3.43)

L. =axiQ, Q=0r+0«Y?), a=-

The real part of this pair of roots is positive if Wy + 10wy < 0. In that case, the system
undergoes a Hopf bifurcation.
Two-mode solution {|_1,3 *+ 0, |_2 =0}

This solution is

LDy -1

l, =0, lh=l3=4 , 44
? ' %" "8-6LDg + LD, (3.4
- - Dy-L71 - . - 1
N, = 2D;———, Ny =N;=2(Dp— ,
2 'Do+Dy/2" " (Do -L£7)
16Dg — 6.£LD3 + £D,Dy — 8L
= , 4
M= T g 6D+ LD, - (3.45)
W - D (4-2LDo + £D;) (-4 + 6.LDg + LD,)
' L(2Dy + D,)(8 —6LD, + £D;)
D2 — 8£D? + 2LDyD, + 16Dy — 8L 7"
W, = Lz -£0+-£02+ 0 £ . (346)
8- GLDO + LDZ
The positivity of the intensities requires (150 - L‘l) (8 - 6.£|50 + LISZ) > Q.
In the limit £ — 1, stability requires
D, > 2D, + D5, (3.47)

which implies a depletion of the inversion profile at the center of the cavity and therefore
a competition between mode 1 and modes 2 and 3. If this condition is not fulfilled, a
transition to the three-mode solution {l123 # 0} takes place. We find a frequency Q0 =

\/ Kl (250 - [_)1) /4 associated to damped oscillations. In addition, there is a pair of complex
conjugate roots associated with the McCumber frequency

. _ W2+1OW0 _
s, =a+iQ, Q= Qr+ 0K Y?), a=-— —  __ + 0. (3.48
5+ R (K ) 2(16—6D0+D2) (K ) ( )

A Hopf bifurcation therefore occurs at W, + 10wy = 0.

Three-mode solution {|_1,2,3 + 0}

This solution is given by
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Ng = 2('50—1), N]_:Ng:NZZ(bO—L_l),

l, = [4ND; - N;(2Dg + D;)|M™, 1y =13 =1=(N;D; - 2NDo) M,
Wo = Dot Lir+lot L W= (Lt Tyt i)Bs— 2 (s + i),
W= (LT 1Dy 3 [+ o (N + )+ . (3.49)
where
M = D, [f)l -2 (N + Nz)] + Dy [4N + 2N, — (250 + [_)2)] + DoNy. (3.50)

Due to the algebraic complexity of the problem, we can only give partial results on the linear
stability of the solution. In the limit £ — 1, we find among the roots of the characteristic
polynomial

1 R R -

=3 j—(l +21 +1p) £ \/(1 +21 +1,)" — (2D - Dz)l. (3.51)
l )

Since k >> 1, these roots are complex conjugate with negative real part if Dy > Dy/2. The

imaginary part is () = \/ Kl (250 - [_)2)/ 4 + O(K‘ll 2) . Otherwise, they are real and A is

positive. This instability is linked to the competition between modes 1 and 3. If D, > 2Dy,
either mode 1 or mode 3 is extinguished.




3.A.

DETAILS OF THE LINEAR STABILITY ANALYSIS 47

References

1]

2]
3]
4]

P. Mandel, Theoretical problems in cavity nonlinear optics (Cambridge University Press,
1997).

H. Haken, Phys. Lett. A53, 77 (1975).

C. L. Tang, H. Statz and G. de Mars, J. Appl. Phys. 34, 2289 (1963).

J.A. Fleck Jr. and R.E. Kidder, J. Appl. Phys. 35, 2825 (1964).

L.A. Ostroskii, Sov. Phys. JETP 21, 727 (1965).

L.A. Ostroskii, Sov. Phys. JETP 22, 1053 (1966).

N.G. Basov, V.N. Morozov, and A.N. Oraevskii, Sov. Phys. JETP 22, 622 (1966).

C. Etrich, 2. Mandel, N.B. Abraham, and H. Zeghlache, IEEE ]J. Quantum Electron.
28, 811 (1992).

I.V. Koryukin, PA. Khandokhin, Ya.l. Khanin, and P. Mandel, Kvantovaya Elektronica
(Moscow) 22, 1081 (1995) [translation: Quantum Eletronics 25, 1045 (1995)].

P. Mandel, C. Etrich, and K. Otsuka, IEEE J. Quantum Electron. 29, 836 (1993).
D. Pieroux and P. Mandel, Quantum Semiclass. Opt. 9, L17 (1997).

D. Pieroux, Ph. D. Thesis: Contribution a la dynamique des lasers multimodes et des lasers
controlés par rétroaction, Université Libre de Bruxelles, 1997.

G. Kozyreff and P. Mandel, Phys. Rev. A 58, 4946 (1998).

V.V. Antsiferov, A.V. Ghiner, K.P. Komarov, and K.G. Folin, Kvantovaya Elektronica
(Moscow) 2, 591 (1975) [translation: Quantum Eletronics 5, 332 (1976)]; Ya. I. Kh-
anin, Principles of Laser Dynamics (Elsevier, Amsterdam, 1995), p.160.

P. Mandel, European Physics Journal D 8, 431 (2000).
Ya. I. Khanin, Principles of Laser Dynamics (Elsevier, Amsterdam, 1995).

K. Otsuka, P. Mandel, S. Bielawski, D. Derozier, and P. Glorieux, Phys Rev. A 46, 1692
(1992).

K. Otsuka, M. Georgiou, and P. Mandel, Jpn. J. Appl. Phys. 31, L1250 (1992).
P. Mandel, K. Otsuka, J.-Y. Wang, and D. Pieroux, Phys. Rev. Lett. 76, 2694 (1996).

K. Otsuka, P Mandel, M. Georgiou, and C. Etrich, Jpn. J. Appl. Phys. 32, L318
(1993).

K. Wiesenfeld, C. Bracikowski, G. E. James, and R. Roy, Phys. Rev. Lett. 65, 1749
(1990).



48 CHAPTER 3. SOLID STATE LASERS WITH SPATIALLY DISTRIBUTED GAIN

[22] P. Mandel and J.-Y. Wang, Phys. Rev. Lett. 75, 1923 (1995).

[23] D. Pieroux and P Mandel, Opt. Commun. 107, 245 (1994).

[24] D. E. McCumber, Phys. Rev. 141, 306 (1966).

[25] 1. V. Koryukin and E. Yu. Shirokov, J. Opt. B: Quant. Semiclass. Opt. 1, 536 (1999).
[26] A. E. Siegman, Lasers (University Sciences Books, 1986), p. 36.

[27] J. E Elder and M. J. P. Payne, Opt. Commun. 145, 329 (1998).

[28] B.A. Nguyen and P. Mandel, Opt. Comm. 112, 235 (1994).



Chapter 4

Global coupling with time delay in

semiconductor laser arrays

4,1 Introduction

Semiconductor lasers (SCLs), benefitting from the achievements in the industry of electron-
ics, are now easily produced and at low cost. Furthermore, the amount of electromagnetic
energy that can be extracted from a semiconductor material by unit volume exceeds by far
the performances of other lasing materials, such as solid state or gas lasers. These advantages
made semiconductor lasers the optical source of choice in diverse applications from telecom-
munications to medicine. The need for more optical power has led laser physicists to design
semiconductor lasers with a large surface of emission, called “broad area lasers”. These high
power sources find applications in laser printers, solid-state laser pump and space communic-
ation. However, carrier diffusion and light diffraction produce undesired spatial instabilities
in the transverse plane of the laser [1]. As a consequence, light is not emitted uniformly
on the transverse plane of the laser. Specifically, filamentary regions with high intensity are
separated by other regions where the intensity is almost zero. This phenomenon is called
filamentation [2]. When it occurs, the optical gain of the semiconductor material is not op-
timally used and the output beam characteristics are poor. To overcome this problem, it was
proposed to divide the large, broad area laser into many lasing units that are too small for
filamentation. Linear arrays of edge emitting SCL producing tens to hundred of watts of cw
power are now commercially available but typically with 1-THz linewidths. With the advent
of Vertical Surface Emitting SCL, two-dimensional laser arrays also become possible.

A key issue relative to these devices is to lock the phases of the electromagnetic fields emit-
ted by each lasing element. In this way, the linewidth of the total output is reduced because all
lasers acquire the same frequency. On the other hand, it is advantageous to lock the emitted
fields in-phase. By interference in the far field, this leads to a concentration of almost all the
output power in a single narrow lobe (Figure 4.1). In order to achieve such a synchroniza-
tion, the lasers should be coupled to each other. In this respect, it was soon realized [3] that a
coupling between nearest-neighbor elements induces anti-phase synchronization more easily
than in-phase synchronization. Anti-phase synchronization means that each laser is dephased
by 7 from the adjacent elements. As illustrated in Fig. 4.1, this produces a double-lobed
far field pattern. In addition, for a broad range of coupling strength, the nearest-neighbor
coupling leads to a chaotic behavior of the array [4]. On the other hand, it was shown [5]

49
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Figure 4.1: Far field pattern of the intensity emitted by a laser array if the lasers are desynchronized,
synchronized in-phase, and synchronized in antiphase.

that if each laser is coupled equally to all other elements in the array, the preferential state
of synchronization is the in-phase state. The effect of such a global coupling on a laser array
with randomly distributed optical frequencies was also theoretically investigated [6]. This
leads us to consider an array of semiconductor lasers that are weakly and globally coupled
by the optical feedback of an external mirror, as depicted in Fig. 4.2. A similar scheme was
recently used to stabilize the emission of a broad area laser [7]. A different but closely related
configuration was also recently implemented with a commercial diode laser array [8]. Due
to the finite speed of light, the interaction between lasing elements is delayed. How this
delay impacts on the synchronization will be the central question in this chapter. Numerical
simulations were done for this system [9] that tend to extend the conclusions of [5] to the
case where the coupling is delayed: with the increase of the coupling strength, the lasers lock
in-phase. The idea to use optical feedback in order to synchronize a laser array was already
exploited in [10]. However, up to now, only strong coupling has been considered, which
raises some technical difficulties. The very small transverse size of the SCLs, of the order of
a few microns, makes it difficult to efficiently reinject a substantial fraction of the emitted
field back into their active region. Usually, the mirror is placed a few millimeters away from
the array, typically at the Talbot distance. With such a small external cavity length, the only
effect of the delay is to change the phase of the reinjected field. The field amplitudes, on the

other hand, can be considered as constant over the short external cavity round-trip time.

The problem of coupled lasers can be cast in a more general context. Multimode lasers [11,
12], arrays of Josephson junctions [13], reaction-diffusion systems [14], neural networks in
the brain [15] and rhythmic applause in concert halls [16] are other examples of systems that
consist of interacting elementary units. An important class of such systems is that of weakly
coupled oscillators: if the coupling does not modify significantly the phase space trajectories,
one phase variable suffices to describe each oscillating element. This leads to phase models,
including the extensively studied Kuramoto equations [14, 17]. In recent years, it was real-
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Figure 4.2: Schematic representation of a SCL array with global optical coupling between the lasers.

d is the transverse size of the array. The spherical feedback mirror M of radius r is placed at the focus
of the converging lens CL and at a distance L from the array. A is an attenuator that controls the
strength of the coupling. If the lateral dimension d of the array is small compared to the external
cavity length L, the optical length difference 6 is approximately bounded by r (d/ 2L)2. For instance,
ifd=1mm,r =1mm,L=10cm, |6] < 25 _10_8 m, which is much shorter than one optical
wavelength. Therefore, we may assume that ¢j, = ¢ for all laser indices j and nin Eq. (4.1).

ized that delaying the interactions between elementary cells can have a profound influence
on their collective behavior. The principal consequences of time delay documented for phase
models concern the occurrence of synchronization [18, 19] and multistability between states
of synchronization [20]. However, if the coupling strength is comparable to the attraction to
the limit cycle, amplitude quenching or “oscillation death” can also result from the delay [21].
From the general viewpoint of coupled oscillators, the physical system we study in the present
chapter mixes the two situations. For very small values of the coupling strength, the electric
field emitted by each SCL is essentially described by its optical phase and the system can
be modelled by coupled phase equations of the Kuramoto type. However, increasing the
coupling strength gives rise to time periodic intensities by way of a Hopf bifurcation. The
amplitude of the limit cycle created by this mechanism then strongly depends on the coup-
ling strength. Each element of the array thus becomes a two-frequency oscillator with one
frequency in the optical domain and the other frequency corresponding to sustained relaxa-
tion oscillations and typically lying in the GHz range for a SCL. To investigate the dynamics
of this system, we derive in this chapter a set of phase equations that generalizes the Kuramoto
model by the addition of second and third order derivatives of the phase variables.

We show that the constant intensity, or cw, regimes can be either in-phase or out-of-phase.
The in-phase steady state can bifurcate towards a time periodic regime where the intensities
delivered by each laser oscillate either in phase or in antiphase. The bifurcation to the in-
phase time periodic regime does not exist in the absence of a delayed feedback. It is therefore
a delay-induced bifurcation. Maximization of the array output is achieved if parameters are
selected such that the bifurcation occurs toward the in-phased periodic regime.
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The remainder of this chapter is organized as followed. In Sec. 4.2, we describe the model
and introduce the evolution equations. In Sec. 4.3 and 4.4, we study the synchronization
properties of the SCL array in the cw regime and calculate the self-pulsing thresholds from
the cw states. For the in-phase steady state, there are two possible thresholds: a degenerate
Hopf bifurcation leading to antiphase periodic laser intensities and a regular Hopf bifurcation
leading to in-phase periodic laser intensities. In Sec. 4.5 we present an analytical treatment
of the synchronization in the self-pulsing domain in the simplifying limit of a large linewidth
enhancement factor. Finally, we conclude.

The results of this chapter were published in part in [22].

4,2 Model

Each laser element in the array, labelled by an index j, is modelled by a complex electric
field variable Ej and a material variable Z;j. In the absence of any coupling with the other
lasers and if no feedback is present, the field E; rotates at a natural frequency wj, which
can differ from one laser to another. The material variable Z; quantifies the excess carrier
density relative to the lasing threshold in the absence of any external coupling. It is rescaled
in order to treat dimensionless order one quantities. A single laser subjected to a weak optical
feedback is known to be well described by the Lang-Kobayashi equations [23]. Therefore,
the mathematical model of our system will be a set of N coupled Lang-Kobayashi equations
in dimensionless form:

dE; _ . X RS

d—tJ = iwE+Q+ie)ZE + %e “(Ejor + Eji) + |% ngzl e""E, (t —tp), (4.1)
dZ; 2

= = y[p,- -7, - (1+2Z)[g| ]. (4.2)

with periodic boundary conditions Eg = Ey, Enya = Ej. In these equations, the time
unit is the photon cavity lifetime 7o = /Ty ~ 2 X 107? s and y = /T, ~ 1073 is
the ratio of the carrier relaxation rate to the cavity damping rate. The parameter « is the
linewidth enhancement factor, which accounts phenomenologically of the band structure of
the semiconductor material. A typical value of @ is 5. P; is the excess pump parameter of laser
J, which is proportional to the injection current above threshold. We suppose that all lasers
operate in the same single longitudinal mode of the short cavity. This may require the use of
frequency selection techniques [24] or to pump the lasers not too far above lasing threshold.
The j™ laser has a lasing frequency wj/7¢ in the absence of optical feedback and coupling
between the lasers. We denote by P and w the average pump and optical frequency over the
SCL array. Hereafter we will assume that the deviations IPJ- - PI and Iw | — c_ul are small.

The parameter 1 describes the global coupling strength due to the external mirror. The
phase of this coupling is a constant plus the optical dephasing accumulated in the external
cavity between lasers N and j. It is denoted by ¢yj and the mean value over all couples of
lasers j and nis &. Note that, for symmetry reasons, we do not follow in Egs. (4.1) and (4.2)
the commonly adopted notations in which the feedback term appears without imaginary
unit i [25]. This, however, is equivalent to setting ¢ = 71/2, or shifting the position of the
external mirror by one eighth of the optical wavelength. Since the exact value of the external
cavity length is not known with this precision, we may simply set & equal to zero. The phase
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Table 4.1: List of symbols

symbol  signification value
Ej electric field emitted by laser j
Z; excess carrier density in laser j relative to transparency
in the absence of coupling
wj (W)  natural optical frequency of j (mean frequency) 101 Hy
Pj (P)  pump parameter of laser j (mean pump) 15
a linewidth enhancement factor 5
X coupling strength between adjacent lasers due to evanescent fields 1074 -107°
4 phase of the local coupling y 0
n _  global coupling strength due to external mirror 10~ - 1073
Onj (¥ optical dephasing due to external cavity roundtrip from laser n to j 0
(mean dephasing)
Ic internal cavity damping rate 10%2 571
tp external cavity roundtrip time normalized by T'z! 1-1000
Y carrier relaxation rate normalized by I'c 1073

Qj (S_)) natural relaxation frequency of laser j normalized by I'¢ (mean frequency) 0.03 (~10 GHz)

dispersion ié‘n i — (9i can be made small if the feedback mirror (with radius r << L) is placed at
the focus of a converging lens and sufficiently far from the SCL array (See Fig. 4.2). Hereafter,
the theoretical conclusions will therefore be stated for ¢n; = 0. The global coupling is also
characterized by an important parameter tp = 2L/ (Ct¢), which is the external cavity round-
trip time normalized by 7¢. The parameters ¥ and { measure, respectively, the strength and
the phase of the local coupling that can arise due to the interaction between neighboring
lasers via evanescent fields. Note that the phase of the local coupling ¢ is usually assumed to
be zero [4]. Finally, we will assume that the coupling between the lasers is weak: 1, ¥ < 1.
The signification and value of the symbols is summarized in Table 4.2.

4.3 Synchronization below self-pulsing threshold

4.3.1 In-phase synchronization

In this Section, we discuss the steady states of Egs. (4.1) and (4.2) and their stability as a
function of the strength 17 and the delay tp of the global coupling. By steady state, we mean
that the intensities are constant, contrary to the field phases, which can still vary. Both cw
in-phase and antiphase solutions exist. To determine which of these is effectively chosen by
the system, we study their linear stability. Since we are mainly interested in the effect of time
delay on the synchronization of globally coupled lasers, we present a detailed stability analysis
for the case y = 0 and only briefly discuss the influence of the local coupling on the stability
properties of cw states. Expressions of the stability conditions which are valid for nonzero y
are given in Appendix 4.A. As we mention it in the introduction, the optical feedback can
destabilize the SCL array from its cw operation. However, before 17 exceeds the self-pulsing
threshold, the SCLs deliver a constant intensity. Below this threshold the stability of the
steady state justifies that Z; and the modulus of the fields IE jl can be adiabatically eliminated

in (4.1) and (4.2). In the limit IPJ-/ P- 1| = |5Pj| < 1, this yields the following set of N
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coupled equations for the field phases ¢; (t):

d¢; _ ._777'1N+azlesin[
n=1

a i djn + ¢j — ¢n (t —tp) — cot ™ a]
v (4.3)
_)%_'_alz Z sin (¢J —Pjuqt - cot™? a/) ,

g=1,-1

with the boundary conditions ¢g = @, Pn+1 = ¢1. Note that the effective coupling strength
in (4.3) is proportional to V1 + @? and therefore increases with the linewidth enhancement
factor a. If local interactions are negligible, ¥ < 1, and if |(9jn| <« 1, Egs. (4.3) reduce to the
Kuramoto equations with a time delay [18, 19]. In addition, let all the lasers be identical, so
that wj = w. The in-phase solutions of (4.3) are given by ¢; = ¢ = wt with the common
frequency w obeying the transcendental equation

w=w-V1+a?nsin (th —cot™ 0/) . (4.4)

This equation can have multiple solutions. They correspond to the external cavity modes
(ECM) of the single laser [25] which grow in number with increasing jtp. The linear stability
analysis of the in-phase cw (See Appendix 4.A) state defines triangular domains in the (wtp,7)
parameter space where this solution is unstable:

g+ntD\/l+a2 < otp —cot™ta - 2nr < 3; —ntpV1+ a?, (4.5)
where N is an arbitrary integer. These triangles of instability are shown in Figures 4.3 and 4.4
for two values of the delay tp. These inequalities are consistent with results derived in [18]
and obtained in the limit N = oco. In Eq. (4.5) the time delay appears in two well separated
time scales: wip and ntp. Since 7 < 1 < w, the variation of the external cavity length L
over one optical wavelength leads to a variation of 47 for wtp but leaves 7tp almost constant.
Therefore we can consider wtp and 7jtp as independent parameters of the problem. Inside the
domain defined by (4.5), in-phase synchronization is lost in favor of antiphase cw regimes.
The size of these instability domains is inversely proportional to ntp. Therefore, to increase
the time delay favors in-phase cw operation. In Sec. 4.4, we shall define selfpulsing thresholds

-1
1M1, MH2 to periodic intensities. If tp is sufficiently large and if 7 (ZtDV 1+ a,z) <1< NH12,
stable cw in-phase operation exists for all values of wtp. This is due to the overlap of stability
domains of cw in-phase solutions corresponding to different ECM.

4.3.2 Antiphase synchronization

The antiphase cw solutions are defined by
¢ = wt + 2jMn/N, (4.6)

where the integer M determines the type of antiphase state. In the absence of local coupling,
the linear stability analysis indicates that the antiphase state (4.6) is neutrally stable with N—1
zero eigenvalues. This neutral stability is related to the existence of a (N — 1)-dimensional
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Figure 4.3: Stability boundaries of cw solutions. The parameters values are the same as in Fig. 2.

L = 13.7 cm+ 6L. In-phase states corresponding to different ECM are stable in the grey areas (I
and II). In the regions II stable antiphase and in-phase states coexist. In the white triangular regions

III only antiphase states are stable. Curves H1 2 indicate the locations of Hopf bifurcations. The
antiphase Hopf bifurcation precedes the in-phase Hopf bifucation.

invariant manifold in the phase space of Eq. (4.3). It is the manifold spanned by the antiphase
solutions that verify the relation }; exp (i¢ j) = 0[26, 27, 28]. We find the following neutral
stability domains of the antiphase cw solutions (4.6)
t -
g+n7D‘Vl+a2sth—COt_la—Znﬂs3;—77%[)‘\/1+0/2. (4.7)

Let us now relax the assumption wj = w. Then, in the large N limit, assuming a Lorent-
zian distribution for the natural frequencies, g (w’) = (I'/7) [FZ + (W' — 5))2]_1, the stability
condition for the desynchronized state becomes [18, 19]

n<Tnc=

2I

1+ a?cos (wtp — cot™? oz)’

(4.8)
where w verifies the equation (4.39) with 7 = ¢ and y = 0. Note that, asI' = 0, the stability
boundary defined by (4.8) transforms into (4.38) with y = 0.

Finally, we note that the phase equations (4.3) are valid in the limit 1, , i6Pji <« 1and

below the self-pulsing threshold. Under these assumptions, the stability conditions obtained

in this Section agree with the linear stability analysis of the full equations (4.1) and (4.2).

55
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Figure 4.4: Stability boundaries of cw solutions. The parameters values are the same as in Fig. 2.
L = 44 cm + 6L. In-phase states corresponding to different ECM are stable in the grey areas (I and
II). In the regions II stable antiphase and in-phase states coexist. In the white triangular regions III
only antiphase states are stable. Curves H1 2 indicate the locations of Hopf bifurcations. The in-phase
Hopf bifurcation preceds the antiphase one.

4.4 Self-pulsing instabilities

In order to describe Hopf bifurcations of the in-phase cw state leading to solutions with self-
pulsing laser intensities, we return to the original set of coupled Lang-Kobayashi equations
(4.1) and (4.2). We confine our treatment to the case of identical lasers by setting wj = w
and Pj = P. The complete in-phase cw solution of Egs. (4.1) and (4.2) is then

|5+nsina)t +xsing Y
E' = - b - .(Ut’ .
i® (1—2n5|nth—2)(sm§) ¢ (4.9)
Zj(t) = -nsinwtp —yxsind. (4.10)

where w is the solution of (4.4). Besides the desynchronization boundaries (4.5), a linear sta-
bility analysis of (4.9) and (4.10) reveals the existence of two different types of Hopf bifurc-
ations leading to self-pulsing solutions. The bifurcations of the first type are associated with
perturbations transverse to the synchronization manifold {E; = ... = Ey, Z1 = ... =Zy}. In
the limit of a weak global coupling 7 < 1 and neglecting local coupling y, these bifurcations
merge into a single (N — 1)-fold degenerate bifurcation defined by

y(1+2P)
n=nNu = : (4.11)
1+ a?cos(wtp + cot™t @)
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The associated relaxation oscillation frequency is (Zyp)m. Such a degeneracy is known to
produce multiple branches of antiphase self-pulsing solutions [12]. The antiphase character
of the emerging sustained relaxation oscillations partially destroys the in-phase synchroniza-
tion of the cw state. This can be seen on the bifurcation diagram in Fig. 4.5. The branch A-P
represents minima and maxima of the total field amplitude as a function of 17 corresponding
to antiphase relaxations in the intensities. With the increase of 7, the average total field de-
creases. The solutions describing these intensity oscillations will be constructed in the next

section.
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Figure 4.5: Branches of self-pulsing solutions bifurcating from the in-phase cw state obtained by
simulating numerically Egs. (4.1) and (4.2) with N = 5, mod (wtp, 27) = 0.14 and tp = 91.7, which
corresponds to ¢ =~ Otp = 5.02 and 7p = 0.18. Minima and maxima of the total field are plotted
as functions of 1. Other parameters are the same as in Fig 2. The secondary bifurcation ng (174)
corresponds to Kg (Ky) discussed in Sec. 4.5.1. Dotted lines are the analytical approximations for the
self-pulsing solutions obtained using (4.24)-(4.26) and (4.30)-(4.31).

Another Hopf bifurcation, which is always nondegenerate, is located at

NH1

M o= O, (o, P, y) X . 4.12
1 cosy ¢ = 2 (to, P,y) X tp (4.12)

=TH2 =

Note that the bifurcation condition (4.12) is independent of y and is identical to that of a
solitary laser with a feedback strength 1 instead of /N in (4.1). The frequency Qy, charac-
terizing the oscillations at 17 = ny; satisfies the transcendental equation

Qpotp )

O = (2P)? 4y (P +1/2) cot( (4.13)
This equation has an infinity of solutions, each producing a different 17142 through the discrete
values of ¢ in Eq. (4.12). The periodic solution that bifurcates at n = 7n2 lies within
the synchronization manifold. It is therefore characterized by in-phase synchronization not
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only in the oscillations at the optical frequency w, but also in the relaxation oscillations
at frequency Qny. The resulting average total field amplitude is therefore maximum, as
illustrated by the branch I-P in Fig. 4.5.

Which of the two Hopf bifurcations, 7 = nn1 or 7 = nu2, takes place first and, hence,
destabilizes the cw solution depends on the order of magnitude of the time delay tp. We
discuss three different situations: small, moderate, and large delays.

1. Iftp < 72 then ¢ < 1 and the cw solution (4.9) and (4.10) can only be destabil-
ized through the Hopf bifurcation at 7 = nyi. In this limit, however, the phase dis-
persions ¢yj may become non negligible, which makes the validity of formula (4.11)
questionable.

2. Iftp ~ y7¥2, i.e., the time delay is comparable to the relaxation oscillations period. The
value of ¢ corresponding to the lowest bifurcation threshold 7y is well approximated
=\1/2
by (2¥P)
by changing the external cavity length on the centimeter scale.

tp. Then the relative position of 741 and 7u2 can be controlled through ¢

3. Finally, if tp 2 nyt (ZP + 1)_1 there exists at least one solution Qn of (4.13) such
that ny2 < nmui. Therefore, it is always the in-phase Hopf bifurcation (4.12) that
destabilizes the in-phase cw solution. Moreover, our numerical simulations indicate
that for large delays the in-phase synchronized self-pulsing solution emerging at n =
MH2 is stable in a wide domain above the desynchronization threshold given by n =
NH1- In this sense, the antiphase instability is bypassed and in-phase synchronization is
preserved by the in-phase Hopf bifurcation at 7 = 3.

Figure 4.6 illustrates the order of appearence of the Hopf bifurcations 7 = np1 and
1 = Nn2 as a function of the time delay. From (4.11) and (4.12), ny1 and 12 have minima
M1 = y(l + 2P)/\/1 + @? and nH2 = 1/ (1 — COS ) at COS (cutD + cot™? 0/) = 1. These
minima are shown as functions of the external cavity length L. One can see that for L <
20 cm the order of appearance of the two Hopf bifurcations, 7 = nn1 and 7 = 71y2, can
be controlled through L. For larger L, the in-phase Hopf bifurcation always precedes the
antiphase Hopf bifurcation.

The linear stability analysis of the cw states is summarized in Figs. 4.3 and 4.4 for values
of the external cavity length in the vicinity of L ~ 13.7 cm and L ~ 44 cm, respectively.
In these figures L varies on the scale of the optical wavelength which we fix at A = 1 um.
The grey areas labelled I and II are the stability domains of different cw in-phase solutions,
each corresponding to a certain ECM. In Fig. 4.3, it is the Hopf bifurcation to antiphase self-
pulsing solutions at 7 = n1 < Nn2, which takes place first and destabilizes the in-phase cw
state. In Fig. 4.4, corresponding to a larger value of feedback delay, the first Hopf bifurcation
leading to inphase self-pulsing regime takes place at 7 = u2 < Mu1.

Having determined the critical coupling strengths 11 and 7n2, we can complete the
conditions to achieve synchronization in the cw operation:

Ne < N < NH1sMH2, (4.14)

where 7 is defined in (4.8). Qualitatively, this imposes that the dispersion of the natural
frequencies I" be smaller than the relaxation rate of the carrier density .
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Figure 4.6: Relative positions of the two Hopf bifurcations. y = 0, @ = 5, P = 1.5, y = 1073
The dashed line H1 shows the minimal coupling strength necessary to reach the degenerate Hopf
bifurcation 7 = gH1. It corresponds to the minima of the curves Hq shown in Figs 4.3 and 4.4. The
solid line Hy represents the minimal coupling strength corresponding to the in-phase Hopf bifurcation
1 = NH2, calculated using Eq. (4.12).

Finally we conclude that according to the linear stability analysis, a large time delay favors
in-phase synchronization because it reduces the size of the instability domains (4.5) of the cw
in-phase state and favors the in-phase Hopf bifurcation at 7 = 12 against the antiphase
bifurcation at 7 = ny;.

4.5 Self-pulsing solutions

We now construct the time periodic solutions that bifurcate from the in-phase cw solution
(4.9) and (4.10). For the sake of mathematical convenience, we assume that @ > 1. Using
this approximation, it is possible to describe analytically not only small amplitude self-pulsing
solutions of (4.1) and (4.2) near Hopf bifurcation thresholds but finite amplitude periodic
intensity solutions as well. Although in practice @ ~ 5, the agrement with numerical results
is quite remarkable. Working in the limit y,n, y,@™* < 1, we seck a solution of Egs. (4.1)
and (4.2) of the following form

E ) = \/;j(l+%)exp(i(bj), (4.15)
Zt) = n,% Q= +/2P,. (4.16)
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Following the procedure described in Appendix 4.B, we obtain the following set of N coupled
third order phase equations

dSCDj qu)j d(I)j an N .
- F%—)/(ZPJ'-I-].) at +W a)j—WZSIH[(?jn+q)j—(Dn(t—tD)]
—% Dsin((+ 0 -0ug).  (@417)
o=-11

These equations generalize the phase equations (4.3) by the presence of higher order deriv-
atives of ®j. We note that the equations recently derived in [29] for a multimode single
SCL with external feedback have a structure that is similar to (4.17). One can also note an
analogy between (4.17) and the extended Kuramoto model, studied in [30, 31], in which a
second derivative of the phase variable was included in order to take into account “inertial”
effects. The authors of Ref. [30] found, in the limit N — oo, that inertia embarrasses the in-
phase synchronization. In our case inertial terms proportional to higher order derivatives in
(4.17) are responsible for the appearance of self-pulsing instabilities at 7 = 1 and 17 = Nua.
As already mentioned, the first of these two instabilities leads to the solutions with partially
broken in-phase synchrony.

We derive amplitude equations by following the two-time scale perturbation approach
proposed in [32]. To this end, we introduce the two time variables S and 7 and their delays
by _ _

(s so)=ax(t, to), (7 ™)=yP+U2)x(t, to), (4.18)

where () = 4/ 2yP is the average natural relaxation frequency over the laser array. Coupling
parameters and frequencies are rescaled as

(K, X, dwj, 6ﬂj): x(om, ay, wj-—w, Qj—f_l).

y(2P +1)
In the leading order approximation, one obtains
xj=-Im[z;(m€®], y;=Re[z(m€®], & =at+¢;()+Re(z(n€?]. (4.19)

This solution is represented in Fig. 4.7 for two laser elements. The motion of each electric
phasor contains a monotonic part given by wt + ¢; () on which an oscillatory component
zZ; (1) €S is superimposed. The former is related to the optical motion whereas the latter de-
scribes the relaxation oscillations. The question of synchronization concerns the two motions
simultaneously. To this end, we derive (see Appendix 4.B) the slow time evolution equations

for ¢j (1) and z; (7):

d X .
¢J: Zsm $in) J |z,n|)—§ Z sin (£5q) Jo (JWid|) .

o=j-1,j+1
dz; h (2 . v
5 = (-1+i60y)z +—Zcos (6in) Zin '(ZlmjinD +§q:j;+1008(§m)w;q ifllvquiqD,
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Figure 4.7: Periodic solutions of (4.1) and (4.2). The real and imaginary parts of the electric field is
plotted for two lasers in a frame rotating at the velocity wt. The two traces are radially shifted for
clarity. The numbers are temporal reference points. (a) Both the optical and relaxation oscillations
are in-phased: ¢1 = ¢2, z1 = z. (b) Optical oscillations are in-phase, relaxation oscillations are
antiphased: ¢1 = ¢2, 1 = —2. Note that the two traces can represent clusters of lasers as well.

In these equations, J, (X) are Bessel functions of the first kind and

Pin = wlp + djn+ @j — dn (T — D), (4.21)
Zin = Zj—Zy(t—1p)exp(-isp), (4.22)
€ig (+¢)—dg Wiq=12Z—Z (4.23)

We use the amplitude Eqs. (4.20) in order to describe analytically periodic self-pulsing re-
gimes in the array. Specifically, the steady state ; = ... = zy = 0 of Egs. (4.20) corresponds
to the cw solutions of the original Lang-Kobayashi equations, whereas the states with time
independent Zj| # 0 correspond to periodic self-pulsing solutions of (4.1) and (4.2).

Although, for the sake of generality, local coupling and dispersion in natural frequencies
are included in (4.20), below we focus on the synchronization of globally coupled oscillators
with identical parameters in the absence of local coupling: X, 62j, dwj, ¢jn = 0.

4.5.1 In-phase periodic solution

The in-phase periodic solution of (4.1) and (4.2) that bifurcates at 7 = 1y is obtained by
substituting ¢; = ¢n = Awt and Zj (1) = Z,(1) = pexp (IAQ7) with a time independent
p in (4.20). This solution is illustrated in Fig. 4.7 for two lasers. The amplitude p of the
oscillations is then related to the rescaled coupling parameter K by the implicit relation

K?t = p‘;jo(f) cosy, p = 2psin(¢l2) (4.24)
Y = otp+Awtp, ¢ = Qtp + AQ7p, (4.25)

where the frequency shifts Aw and AQ obey the transcendental equations

%3 (D)
P (p)

¥

Aw = -2 tany, AQ = cot(E). (4.26)
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Eq. (4.26) for the correction to the relaxation oscillation frequency Af) is in fact equivalent to
Eq. (4.13). The value of ¢ can be controlled by varying the external cavity length on the cm
scale. The stability of the solution (4.24)-(4.26) can be determined by linearizing Eqs. (4.20)
and applying discrete Fourier transformation of variables as in (4.33). This yields stability
conditions for perturbations transverse to the synchronization manifold.

If 7H2 < Mu1, thatis if OS¢ < 0, the in-phase periodic solution is stable in the vicinity of
the self-pulsing threshold. However, it can be destabilized by a secondary bifurcation Ky. The
condition K = K, defines a (N — 1)-fold degenerate steady state bifurcation of Egs. (4.20)
which corresponds to a secondary bifurcation of the in-phase periodic solutions of Eqs. (4.1)
and (4.2). This bifurcation leads to a gradual desynchronization of the optical phases ¢;. To
demonstrate this point, we perturb the in-phase solution (4.24)-(4.26) as ¢; = AwT + 6¢;
and Z; = pexp (1IAQ7) + 62;. In the particular case COSy = 1, the linearized equations for
0¢; decouple from those for 6z

% = —KJ () Z 8j — 86n (T = Tp). (4.27)
According to (4.27) the secondary instability K = K, takes place when the quantity Jy (D)
changes from positive to negative with increasing p.

If 712 > M1, the cw regime is already unstable at the Hopf bifurcation K = Ky and the
in-phase periodic solution emerging from this point is, therefore, also unstable. However, the
laser array can be stabilized in the in-phase state through a (N — 1)-fold degenerate Hopf bi-
furcation of Egs. (4.20) at K = Kj. It corresponds to a secondary antiphase Hopf bifurcation
of the in-phase self-pulsing solution in the original laser equations. Increasing further K, the
laser array again looses its in-phase synchronization at K = K, > Ky. This situation is illus-

trated by the bifurcation diagram shown in Fig. 4.5 together with Fig. 4.8 [35]. In this figure,

[§ ] (arb. units)
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fime (arb. units)

Figure 4.8: Intensities for the in-phase self-pulsing branch I-P of Fig. 4.5. = 1.12 1073,

the branches of stable self-pulsing solutions bifurcating from the in-phase cw state are shown
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as functions of the coupling strength. It is seen that in-phase and antiphase self-pulsing re-
gimes can coexist in a broad range of coupling strengths. The bifurcation thresholds K = Ky
and K = K, are shown in Fig. 4.9 as functions of wtp.

n(x107)

0.5 I I I I I

(ﬁTD-an

Figure 4.9: Bifurcation loci of the in-phase self-pulsing solution labelled I-P in Fig. 4a. The curve 2
corresponds to the Hopf bifurcation from the already unstable cw in-phase solution. The in-phase
self-pulsing solution exists above this curve and is stable in the grey region delimited by the curves

ne=y(P+1/2)a Kgand 1y = y (P + 1/2) K.

The bifurcation diagram shown in Fig. 4.10. corresponds to a large value of the delay,
7p = 1.83, for which the in-phase Hopf bifurcation always precedes the antiphase Hopf
bifurcation. As shown in the figure, the stable in-phase self-pulsing solution emerging at
N = Mn2 undergoes a secondary Hopf bifurcation to in-phase synchronized solution with
quasiperiodic laser intensities. Since this secondary bifurcation takes place before the desyn-
chronizing bifurcation at K = K, in-phase synchronization is preserved in the quasiperiodic
self-pulsing regime. This eventually leads to an in-phase synchronized chaotic regime with
increasing 17].

4.5.2 Antiphase periodic solutions

Let us now study the solutions that emerge from the Hopf point 7 = ny1. From the linear
stability analysis, we know that the antiphase self-pulsing solutions can destabilize the cw
in-phase state only if 7p is sufficiently small. Otherwise, 712 < 171 and the in-phase periodic
solution emerges first. Let us assume that 7p << 1 and, therefore, neglect the delay 7p in
(4.21). An example of periodic solution where the optical phases ¢ are locked in-phase but
the relaxation oscillations are in antiphase is given in Fig. 4.7 for two lasers. Substituting
¢j = Awt and z; = pexp (IAQ7 + 2i jkr/N) in Egs. (4.20), we get the following relation
between the amplitude p of the antiphase selfpulsing solution with the discrete wave number
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Figure 4.10: Numerically calculated bifurcation diagram for Egs. (4.1) and (4.2) with N = 4,
mod (wtp, 27r) = 0.14 and tp = 917, which corresponds to Qtp = 50.2 and 7p = 1.83. Other
parameters are the same as in Fig 2. The cw in-phase state undergoes the Hopf bifurcation leading
to stable in-phase self-pulsing solution. With the increase of the coupling strength 7 this solution
bifurcates into a quasiperiodic in-phase synchronized regime via a secondary Hopf bifurcation. The
latter regime bifurcates to a chaotic in-phase synchronized regime as 7 is further increased. Broken
lines show analytical results obtained using Eqs. (4.24)-(4.26).

K and the rescaled coupling parameter K

N

. COS(wtp) — Pnkd (pn,k)

K1 = .
N o (4.28)
n=1
where _
= 2psin Mp _ nkr
pn,k - p 2 N '

In the bifurcation equation (4.28), K can take any integer value between 1 and N — 1, each
corresponding to a different antiphase periodic solution. Letting p — 0 in (4.28), we obtain
K = Kn1 = 2/ cos (wtp). All these solutions have the same scaling near K = Ky, namely
p = VBAK/3 + O(AK3/2) with AK = K/Ky1 — 1, except the solution corresponding to
k = N/2 with N even, which scales as

_ [ 8aK 32
p = \/ 3+ cos (2005) +O(AK?), (4.29)

The self-pulsing antiphase solution with the wave number K = N/2 is often observed in
numerical simulations when N is even in Egs. (4.1) and (4.2). For this wave number, two
clusters form in the array. Within each cluster, individual laser intensities oscillate in-phase
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while SCLs pertaining to different clusters differ by a phase shift of 7 in their relaxation
oscillations. Such a situation is depicted in Fig. 4.7. The denominator in (4.29) indicates
that the growth rate of the amplitude of this self-pulsing state with AK is maximum for
cos (ZQ'[D) = —1. Such a resonance condition with respect to the frequency 2} is connected
to the fact that the total reflected field oscillates at twice the oscillation frequency of the
individual lasers if the laser array is in the K = N/2 state. Indeed, let us reconstruct By =

YL Ej using (4.15), (4.19), and ¢; = Awr, Zj = (-1)! pexp (1AQT),

Eiw o cos(pcos (S_)t +AQ7)) + O (pl @)
~ Jy(p) — 23, (p) cos (20t + 2AQ7).

With the increase of the coupling strength a symmetry breaking instability of the kK = N/2
solution takes place by which the two antiphase clusters acquire different optical phases.
In order to demonstrate this phenomenon, we substitute into (4.20) a perturbed antiphase
solution in the form ¢; = Awt + (- 1)J 0, Zj = (- 1) pexp(AQT) + (- 1)1 6z and derive
linearized equations for 6¢ and 6z. In the particular case C0S (wtp) = 1, the equation for 6¢
does not depend on 6z and is

%ﬁb = —KJy (2 cos (Otp/ 2)) 66
Accordingly, the symmetry breaking bifurcation arises when Jo (Zp cos (QtD/ 2)) becomes
negative with increasing p. The total field for the solution with the optical phase difference
6¢ of the antiphase clusters can be written as

Eioe ¢ 08 (p €08 (Ot + AQ7) + 5¢) + O (ol @)

Note that the trigonometric expression above possesses two distinct minima at C0S (8¢ £ p) .
Similar feature is exhibited by the antiphase self-pulsing regime bifurcating at n = 1.49 in
Fig. 4.5.

Two antiphase clusters can appear in the array if N is odd, except that one laser does not
belong to any cluster. The first order amplitude equations (4.20) predict that this laser is
in steady state. Higher order effects lead to corrections in the form of very small amplitude
oscillations. This behavior is illustrated in Fig. 4.11 and corresponds to the branch of solution
labelled A-P in Fig. 4.5. In Fig. 4.11, two antiphase clusters are formed by the lasers 1,2 and
4,5, whereas laser 3 is almost cw. The self-pulsing solution with two antiphase clusters and
a single cw laser can be described analytically with the help of Eqgs. (4.20). Looking for a
solution of the form z, = 0, Zj51 = (-1)! pexp (IAQT), Pj>1 = Awt, ¢1 = Awt — 6¢ and
using the self-consistency condition d¢1/dr = d¢j>1/dr we get a transcendental equation

for the optical phase lag 6¢:

(N=1D)[J(ps) + I (p)] -2
2J (p)

where p, = 2pcos (f_ltD/ 2) and p_ = 2psin (f_ltD/ 2). The amplitude p and the coupling
parameter K are related by

(N = 2)cos ¢ — N cot wtp Sind¢p =

(4.30)

J (p) P-J1 (p-) + pidi (o)
N

K= = cos (wtp + 6¢) cos( tp) 17 (4.31)
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Figure 4.11: Laser intensities for the antiphase self-pulsing branch A-P of Fig. 4.5. n = 1.12 1073,
The intensity oscillations are locally extinguished in the array

Due to the permutation symmetry of the problem with y = 0, the laser indices can be
rearranged such that the (N — 1)/2 first lasers belong to the first cluster and the (N —1)/2
last lasers form the second cluster. The cw laser is thus at the center and can be viewed
as a transition point between the two clusters where a sudden relaxation phase shift of 7
takes place. Numerical simulations with nonzero but small y and the boundary conditions
Eo = Ens1 = 0 lead to such a situation. This state of synchronization can therefore be viewed
as a discrete analog of a domain wall.

4.6 Conclusion

We have studied the synchronization properties of a SCL array subjected to a delayed global
coupling through optical feedback. If the lasers are identical and the coupling strength is
below the self-pulsing threshold, the array dynamics can be modelled with Kuramoto phase
equations (4.3) that include a time delay. Depending on the optical dephasing of the feed-
back field, the coupling induces either in-phase or antiphase cw synchronization. Increasing
the time delay, the stability domains expand for the in-phase cw states, whereas they shrink
and tend to disappear for the antiphase cw states (compare Figs. 4.3 and 4.4). In the more
realistic situation where there is a distribution of the SCLs optical frequencies, the coupling
strength must exceed some critical value 7)¢ in order to establish synchronization. An estima-
tion of ¢, given by (4.8), can be obtained from the Kuramoto model (4.3) in the limit of an
infinitely large array [18, 19]. We note, however, that a more complete description of the laser
synchronization properties can be expected from our extended model (4.17) because it takes
into account weakly damped relaxation oscillations. These oscillations are typical of solid
state and semiconductor lasers. Though damped, they could degrade the synchronization
properties of the array. Recently, it was shown that a second order derivative term included
into the Kuramoto phase equations can increase the in-phase synchronization threshold [30].
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As the coupling strength exceeds the Hopf bifurcation threshold, the laser intensities
display undamped oscillations. They exhibit either in-phase or antiphase pulsations with
a frequency close to the relaxation oscillations frequency €1 of the solitary SCL. Antiphase
dynamics is a common feature typical of many other systems consisting of globally coupled
identical elements [11, 33, 34]. A Hopf bifurcation leading to antiphase dynamics exists even
in the absence of time delay. This bifurcation is highly degenerate and give rise to various
type of antiphase relaxation oscillation in the array output. Among these, we have described
a particular antiphase state featuring extinction of the sustained relaxation oscillations of a
single laser. The existence of such stable regime was verified by means of numerical simula-
tions of the original laser equations (4.1) and (4.2). If a weak local coupling is added to the
system the cw laser becomes a discrete analog of a domain wall.

The in-phase self-pulsing instability can appear only if Qtp = O (1). For moderate delays,
i.e.,, Qtp = O(1), which of the two selfpulsing bifurcations destabilize the cw in-phase state
depends on the relaxation dephasing between the emitted and reinjected fields. In this case,
we found that even if the antiphase Hopf bifurcation takes place first, the in-phase self-pulsing
solution can become stable with the increase of the coupling strength as it is illustrated by

Fig. 4.5. On the other hand, for large delays verifying tp > 7y~! (ZP + 1)_1, the in-phase
bifurcation always precedes the antiphase one, thus preserving in-phase synchrony in the
self-pulsing regime.

Above the selfpulsing threshold, the phase equations (4.3) are no more valid. Therefore,
in order to describe the self-pulsing dynamics, we derived an extended version of the Kur-
amoto model with higher order derivative terms (4.17). Using a perturbation method, we
reduced Egs. (4.17) to the amplitude equations (4.20). This allowed us to describe analyt-
ically various self-pulsing solutions emerging from the Hopf bifurcations and discuss their
stability. In particular, we have studied secondary antiphase bifurcations of the in-phase
self-pulsing solution. For moderate delays, Qtp = O (1), these bifurcations can destroy the
synchrony of the in-phase self-pulsing regime and, hence, decrease the amplitude of the total
field le\1:1 Ej. However, if tp ~ y7%, they are bypassed by another secondary bifurcation
that leads to in-phase synchronized output with quasiperiodic laser intensities. Numerically,
in-phase synchrony is then seen to persists even in the chaotic regimes.

Thus we can conclude that the effect of time delay is essentially to increase the complex-
ity of the array dynamics by producing new branches of in-phase cw, periodic, quasiperiodic
or chaotic solutions. The symmetry of the global coupling imposes that these solutions lie
within the in-phase synchronization manifold where all the elements of the array behaves
identically. For large delays, the bifurcations by which in-phase solutions are created pre-
cede antiphase instabilities. In this way, the phase trajectory may be kept in the in-phase
synchronization manifold.
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Appendix to Chapter 4

4.A Linear stability analysis with nonzero local coupling

4.A.1 In-phase cw state

The in-phase solutions of (4.3) with nonzero value of y are given by ¢; = ¢ = wt with the
common frequency w obeying the transcendental equation

w=w-V1+a?[gsin(wtp — cot* @) + ysin({ - cot™ a)|. (4.32)

Below the self-pulsing threshold, the linear stability analysis of the in-phase cw state can be
performed by substituting

N
b= wt+e ) ope N, (4.33)
k=1

into (4.3) and collecting O (¢) terms. The linearized equations for d¢y yield the stability
conditions

1¢0s (wtp — cot™* @) + 2y cos (£ — cot™* @) sin? (%) >0, (4.34)

where K = 1,...,N — 1. The effect of the local coupling on the stability of the in-phase
cw regimes depends on the relative phase between the global and local couplings. If the
two cosine functions in (4.34) have the same sign, local coupling almost does not change
the stability domain of the cw-inphase solution for large N. Otherwise this stability domain
decreases with increasing local coupling strength y. This was also observed in [26].

Letting ¥ — 0, the bifurcations defined by (4.34) merge into a single (N — 1)-fold de-
generate bifurcation. Then, solving successively (4.34) and (4.4), one finds the instability
domains of the in-phase cw state in the (wtp,n) parameter plane given by

_ 3
g +ntpV1+a? < wtp —cot™ta — 2nm < ?ﬂ —ntpV1+ ?, (4.35)

Besides the desynchronization boundaries (4.35), a linear stability analysis of (4.9) and
(4.10) reveals the existence of two different types of Hopf bifurcations leading to self-pulsing
solutions. The bifurcations of the first type are associated with perturbations transverse to
the synchronization manifold {E; = ... = Ey, Z; = ... = Zy}. In the limit n,y,y < 1,
these bifurcations are defined by the condition

(1 +2P)

V1+a?

n = nui(k) = sec (wtp + cot™ a) — 2y sin? (%k) cos (¢ + cot™! a)l . (4.36)

69



70 CHAPTER 4. GLOBAL COUPLING WITH TIME DELAY IN SCL ARRAYS

with K =1,...,N — 1. The associated relaxation oscillation frequency is (2)/|5)1/2. If
cos({ +cott ) < 0,

the lowest bifurcation threshold (4.11) corresponds to K = 1. In the limit N — oo it coincides
with the threshold in the absence of local coupling. On the contrary, if

cos(¢ +cot ™t ) > 0,
the self-pulsing threshold is lowered by the local coupling, even for large N. As y — 0 the
bifurcation given by (4.36) merge into a single (N — 1)-fold Hopf bifurcation.

4.A.2 Anti-phase cw state

The stability of the state (4.6) can be assessed using a discrete Fourier transformation similar

to (4.33). This gives

_ 2Mm\ . . (kr
X cos({ —cota) cos(T)sm2 (W) > 0, (4.37)
withk=1,...,N, k= M,N =M and
2Mnm Mr
tp —cot™ @) — 4 — cot” <0, 4.
1 ¢0s (wtp — cot™* @) — 4y cos (£ — co a)cos( N )sm(N) (4.38)

where w verifies the transcendental equation

w=w-V1+a?

The stability boundaries defined by (4.37) and (4.38) correspond to Hopf bifurcations with
the frequency w — w. According to the stability condition (4.37), the local coupling selects
the antiphase states with M such that cos ({ —cot™® 01) cos (2Mn/N) > 0. It then follows
from (4.38) that the stability domain of these states increases with y.

Letting ¥ — 0 in (4.37), one obtains N — 2 zero eigenvalues. In addition, there is a zero
eigenvalue associated with the invariance of (4.3) under the global phase shift ¢; — ¢;+const.
Finally, combining expressions (4.38) and (4.39), we find the triangular regions (4.7) in the
(wtp, n) parameter space where the antiphase state is neutrally stable.

n . B ) M\ . _
5 Sin (wtp — cot™ @) + 2y sin® (W) sin (¢ - cot™ oz)] . (4.39)

4.B Derivation of the generalized phase equations

Substituting (4.15) and (4.16) into (4.1) and (4.2) yields
%

& = ~Y(1+2P)x -0y +0(Vyla), (4.40)
N
% - ijj+%25m[&,n+¢ <I)(t—tD)+% D sin(L+ @) - )
t n=1 p=j-1,j+1
+O (Vyla,n, x, andPy, axdPj) (4.41)
do;
— = 0w+ QX 0. (4.42)

dt
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where 6P; = P;/P—1. In these equations, we keep terms of order a1, ay, and y because they
are of the same order at the bifurcation points (4.11) and (4.12). Differentiating Eq. (4.42)
twice with respect to time and using (4.40) and (4.41), one obtains Eqgs. (4.17).

Next, we introduce the two time scales in (4.18) and expand the dependent variables in

(4.40)-(4.42) as

xﬁo) (S,7) + \/?x(jl) (S7)+...,

Xj =
0) 1)
yj = i (S,T)+\/?y(j ST+ ...,
O = @+ (5T + V(ST ... (4.43)
Collecting O (70) terms, we get
5 X (0 -1 0)
(__£)| vy |=0. £=[10 o] (4.44)
0s © 10 0
\F )

This equation has the solution
X' =-Im[z; €%, yi =Rel[z(Me], @] =¢;(0)+Re[z@)e"]. (445

Next, equating the terms of order y*/?, we obtain

@
X

0 P+1/2.
(__L)%D - B. (4.46)
0s F_(l) V2P
]

The quantity B in the rhs. of (4.46) is computed using the following properties of Bessel
functions:

sin [J)tD + Ojn + (I)(jO) -0V (s— sD)] Jo (|zin]) sin ¢,n+ " (zjn€® + c.c.) cOs pjnt+h.h,,

and
sin(g + o) - cbg’)) = Jo (|wiq|) sinéjq + M (Wjq€® + c.c.)cosjq + hh,
Wig
where C.C. and h.h. means “complex conjugate” and “higher harmonics”, respectively. This
yields

0) (0) 0)

X _2XJ — 04)Yj 0
5 - _9| 0 J K 1 (1
-l o™ 3
j j
i (|2 X
+COS Bjn 1 (2] (zin€®+c.c)| + > Z [sin &jqdo (jwiq|)

| jn| g=j-1,j+1

+COS g,-qulfllvv_VTl) (wjq€® + c.c.)]} +h.h.
i
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The existence of non trivial solutions of Eq. (4.46) implies the orthogonality conditions or

21 2
f Vo - Bds = 0, f v, - Betds = 0,
0 0

where Vp = (0,1, -1) and V. = (Fi, 1,0) are the left eigenvectors of L associated with the
eigenvalues 0 and =i, respectively. These solvability conditions lead to Eqs. (4.20).
The error in Egs. (4.20) related to the assumption @ >> 1 can be estimated near the Hopf

solvability conditions

bifurcation points. To this end, we introduce a small parameter € by
K = Ky + &£°Ky,
and seek periodic solution of the form
fi=Re(efj1€°+...), fj=x.y;,® - wt.

This produces a set of linear differential equations at each order in &. At third order, the solv-
ability condition yields the corrected version of Eq. (4.20) in the vicinity of the bifurcation

point:
de ivV2P 1_ 12
T T2 = 7 |4
dr  12a \/7(2P +1)

K COSW - 12 -
FIEN Z ’”( Ky |Zj”|)+0(a ).

The principal correction to Eq. (4.20) close to the bifurcation point is thus O(a‘zy
Since it is imaginary, it only affects the relaxation frequency and not the amplitude of the os-
cillations. The next corrections are only O (a'_l), which explains the good agreement between

—1/2).

numerical and theoretical curves in Figs. 4.5 and 4.10.
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Chapter 5

Atomic interference in a microchip laser

5.1 Introduction

Much attention has been devoted in the last decade to atomic interference as a mechanism
mediating light-matter interaction [1, 2, 3, 4, 5]. This resulted from a shift of emphasis from
the two-level atomic system to a three-level atomic system with at least two fields or lasing
cavity modes in a A or V scheme. Both founding papers [6, 7] exploited atomic interference
to prove that there is a domain in which gain and even lasing could be achieved without
population inversion, as clearly explained in [8]. Starting from these premisses, the work that
followed focused on inversionless atomic systems, adding atomic levels and/or driving and
probe fields to the original models.

In this chapter, we consider another situation connected to the same family of processes:
atomic interference in a laser with population inversion. Experimental results have been re-
ported recently on the lasing properties of the LiINdP4O1, (LNP in short) crystal prepared
in the form of a microchip. First, it has been shown numerically and experimentally that
this laser displays an unusual input-output power characteristics (the quadratic-to-quartic, or
Q2Q, transition[9]) followed by a self-pulsing instability [10]. It was also found that beyond
the Q2Q transition, the number of lasing modes decreases and the laser eventually becomes
single mode for high pumping rates (typically seven times above the lasing threshold) [11].
Spectroscopic data indicate that these multimode regimes are generated by transitions that
connect N levels of the *l;1/, manifold of neodymium to a single level of the more energetic
*F3/, manifold. Each transition is in general single mode. Thus, the two-mode regime is asso-
ciated with the usual A scheme. The regimes with more than two branches emanating from
the upper level will be referred to as n-A schemes. The dynamics of an LNP laser operating
in this multimode regime is by no means simple. First, it has been shown experimentally and
numerically that there is a self-pulsing threshold corresponding to the instability of a low-
frequency relaxation oscillation. This indicates that the usual rate equations are inadequate
to describe this regime since they predict the complete absence of instability. Second, the
selfpulsing regime is characterized by a strong manifestation of antiphase dynamics resulting
in a total intensity which is practically constant despite large amplitude oscillations of the
modal intensities. In a recent publication [10], the modelisation of this laser has been dis-
cussed for three-mode operation. Based on numerical evidence, it appears that a sufficient
description is obtained if the optical atomic coherences are adiabatically eliminated while re-
taining the low frequency atomic coherence among the sublevels of the *l;1/, manifold, in
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addition to the modal intensities and the atomic population dynamics. A further simpli-
fication derives from the fact that the levels in *l11/5 are short-lived compared to those in
*Fy/2 [12]. Hence the population inversions between these two manifolds are all given essen-
tially by the population in *F,. Lasing without population inversion is therefore excluded
in this system. We do not mean, however, that the populations in the manifold *1,1/» vanish;
otherwise, there could be no atomic coherence in it. Another consequence of this fact is that
the population inversion cannot be negative. Hence, spatial variations of the pump profile
can not be the cause of sustained relaxation oscillations, through the mechanism described in
Chapter II. Starting from these conclusions, this chapter presents a theoretical study of the
n-A scheme that is applicable to the LNP microchip laser.

In the experimental setup [9], the laser cavity is end-pumped by a laser diode. In contrast
with [10], we do not attempt to discuss the influence of the penetration depth of the pump
beam. Rather, we concentrate on the role of the atomic coherence between the low levels of
the system on the laser dynamics.

This chapter is organized as follows. In Sec. 5.2, we introduce the n-A model. We derive
the steady states and discuss their stability for an arbitrary number of atomic transitions. In
order to go one step further in the analysis, in Sec. 5.3, we focus our attention to the case
of two transitions. With this simplification and the assumption that the two atomic lines
have the same strength, we can explicitly analyze the self-pulsing solution. We draw our
conclusions in the next section.

These results were published in [13].

5.2 Derivation of the model

We consider an atomic system having N optical transitions between an energy level |0) and
a set of closely spaced lower energy levels |p) with p = 1,...,N, as shown in Fig. 5.1. From
the above discussion, we assume that the low levels remain almost unpopulated so that we
approximate the difference pog — ppp by poo, where p is the density operator. In addition,
we assume that the Fabry-Perot cavity, of length L, supports a resonant field mode with each
optical transition 0 s p. We thus write the electric field as

N
E(zt) = Z (Ep ) € + c.c.) sin (kp2) . (5.1)

p=1

where wp, is the atomic frequency between levels |0) and |p), and Ky is the associated wave
number. The relaxation rates of ppq, Ppo, and pgo are noted I'pg, ¥, and 7, respectively, while
the cavity damping rate is noted I'c. A lower bound of I"yq is given by the population decay
rates in levels | p) and |0). According to our hypothesis, they are short-lived compared to level
|0), so we have I'pq > ;. Spectroscopic data exist for the %111/, manifold of neodymium in
glassy materials [14]. The decay rates of these levels are found to be comparable to the cavity
damping rate I'¢ of the microchip laser in [10]. Rather than supposing that I'pg > I'¢, we
will assume that I'pq = O (I'¢) and define the ratio

r
Ypq = F—pc“ =0(). (5.2)
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Figure 5.1: The n-A scheme. The figure is not to scale with respect to the energies: Eo—E;3 > E;—En.

In order to treat quantities of order unity, we introduce the dimensionless variables

_ _%E  _ ANwdf

o GE o Neldd 5.3)
N eoliy. T

where w |d|2 = maxp{wp Idplz}, dy, = (pl—er|0) , and N is the density of atoms. On the
other hand, the atomic coherence between states p and ( is rescaled as

Tpq Noldf
_ 2P YU d(wgmwp)t 4
Yi goﬁylrcppq G.4)

Assuming that ¥, > vy, 'pg, I'c, we can eliminate the optical polarization adiabatically in
the Maxwell-Bloch equations. In addition, we rescale time as t;, = y;t. With the inversion
lifetime as the time unit, the cavity damping rate is rescaled as k = I'¢/yy. In the slowly
varying envelope and rotating wave approximations, this yields a variant of the global rate
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equations (3.2) and (3.3) encountered in Chapter II:

d&p (1) K 1 [t _
# = 5(—1+£pif 2D(z,t”)5|n2(kpz)dz)ap(t”)
8 )1
—Lp Q(”)Lf Spq (z ty) sin (Kp2) sin (kyz) dz (5.5)
Gp VP

aD (2t | )

a(tzu ) - W—D(z,tl.)(1+;2|8p(tn>|25m2(kp2)]+0(K Y, (5.6)
IS (21)

KYpq [~Spq Z 1) + 2D (z,ty) Ep (1) E; (ty) sin (Kpz) sin (kg2)] + O (D).
(5.7)

o

In Eq. (5.6), Wis the pump parameter. To simplify this integro-differential system, we follow
the same approach as in Chapter II and expand the atomic variables in Fourier series. Being
primarily interested in the effect of low-frequency coherence, we take the simplest possible
ansatz for the population inversion profile:

D (zty) = D (t) + ) Ny (t) cos (2k;2). (5.8)
p

As for the low-frequency atomic coherences, we assume that

Spq (Z 1) = Spq (ty) sin (Kp2) sin (kq2) - (5.9)

In this way, we are left with

B L -1+ L (D__)] =p Capq. (5.10)
dt; 2 P qZ:H;; Yeq

dD 2 1 2

dy W_[1+Zq:|8q|]D+§Zq]|5q| N, (5.11)
de 1o 12 | 12

@ - | N D, 12
dt, [ * Zq: [l ] p+ (S0l (5.12)
d N, + N
% = K¥pqg [—Spq + 26,8, (D _p . q)] . 5.13)

We have checked that the contributions coming from the O (K‘l) terms in Eq. (5.6) and the
O (1) terms in Eq. (5.7) influence negligibly the laser dynamics, so we omit them. Equations
(5.10) to (5.13) constitute a first model of a laser operating on the n-A scheme. In the absence
of low-frequency coherence, they reduce to the TSD equations for a multimode laser [15].

5.2.1 Effect of the low-frequency atomic coherence

In order to assess the physical effect of Syq (1)), we first consider its phase. Introducing the
amplitude/phase decomposition &, = |Ep| exp (iep), Spq = |Sq| €XP (ithpq), we get for the
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phases
dep _ Lo N [Eal S
= sin (¢p — ¢q — ¥pa)
dt ; Yra |Epl a~¥5)
d EJE )
dwt:?q = 2urp |p|| |Q| $in(¢p — g = Ypg) - (5.14)
q

It follows from Eq. (5.14) that ¢ evolves rapidly until ¢, — ¢q — ¥pq is a multiple of 2.
On the other hand, the atomic coherence Syq (2 1)) is produced by a two-photon process that
involves &, and &;. Consequently, it is fairly localized at positions Z* inside the cavity where
sin? (kpZ* ) and sin (qu* ) are both maximum. Let us examine the situation Sin (kpZ* ) ~ 1
and sin (qu*) ~ 1, so that Sy (Z', 1) is given by Syq (1) €Xp [ilﬁpq (t”)]. There, the quantum
state |Z*) of the medium is

1) = Coe " [p) + Cq€“ U g + - i@ |y, (5.15)

i#p.a

with
CpCq X Spq () - (5.16)

Atz = Z', the electric field is essentially proportional to
Epexp (iwpt + gp) + Eqexp (iwgt + @) + C.C.

Therefore, neglecting fast oscillating contributions, the transition probability from this state
to the upper state |P) induced by the electric field is, for short times:

t2
Perm = =@ lerE (Z°,1)| 0)?

. 2
o !cpéjplz + !cqaqlz + 2CCqEpEq COS (¢p — g — ¥pa) (5.17)

Since the phases lock to ¢y — ¢q — ¥pq = 27, the last term in (5.17) yields a maximum
constructive interference and the absorption is enhanced by the coherence Spq. In this way,
the set of low frequency coherences {Spq} induces nonlinear absorptions of a purely quantum
nature.

It follows from the phase Eq. (5.14) that the dynamics of the amplitudes becomes phase-
independent. In the remainder of this chapter, we will therefore consider & and Sy as real.

5.2.2 Steady states

In this section, we study the steady states of the model and analyze their stability. The steady
state solutions can be classified according to the set of lasing modes. As a convention, we
shall use subscript | to designate a nonlasing mode and subscript m otherwise. The number
of lasing mode will be noted Nm. Moreover, it is simpler algebraically to parametrize the
steady states in terms of D rather than W. With that in mind, we introduce the quantities
Fi1 = YLl and F, = ¥, L2, where the summation is over the lasing modes only. The
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parameter K appearing in Egs. (5.10) to (5.13) is usually very large, typically between 103
and 10°%, a fact that we will exploit to write down the steady state and to perform the linear
stability analysis. In steady state, the non lasing modes give, obviously

SI,NI’Sm,SI’ = 01 (518)

while for the excited mode, we have
D-/,1
2 _ m -1
& = F-n._1zp o)
Nm = 2(D-L;})+0(x?),
S = 2606 (Ln+ Ly —D) + O(K_l) ,

DF1 - %> 1
+7__1_(Nm_1/2)D+O(K ). (5.19)

The leading order part of the steady state solution is identical to the TSD model [16], except
for the coherence which do not appear in this model.

w = D

5.2.3 Linear stability analysis

Let us now study the linear stability of the solution (5.19). To this end, we define €, d,
Np, and Spq as the deviations from the steady state values Ep, D, Ny, and Sy, respectively.
Linearizing Egs. (5.10) to (5.13), we are lead to solve an eigenvalue problem of the form

Ax = (KA, + Ay) X = Ax (5.20)

where A is the Jacobian matrix and x is the vector of deviations from the steady state. The
fact that k > 1 then suggests to introduce the perturbation expansions A = k Y k"2,
and x = 3%, k"2x;, and to solve the problem for each order in «, until the desired accuracy
is reached. The principal results are given below:

1. The solution (5.19) is stable only if D < .£|_l, which defines the lasing threshold for

mode |: .,
w=Lt+ L h-% —+0(«1). (5.21)
2. For any pair of indices p and @, we find the eigenvalue Apg = —KYypg. The associated

fluctuations affect Syq only and are decoupled from the rest of the system. Hence, any
small departure of Syy from its steady state is rapidly damped out.

3. Assuming for simplicity that all lasing modes have equal gain, i.e. Ly = 1 forall m, we
find a pair of complex conjugated eigenvalues associated to damped in-phase relaxation

oscillations
Ar: =a+iVkQg a<0, Og=+Vw-1. (5.22)
4. In the same limit of equal gains, we may write 82 = | and Sy = Sin steady state.
We find N — 1 complex conjugate pairs of eigenvalues of the form
: DI
As =l xiveQ, 02 =—. (5.23)

2
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The associated eigenvector is characterized by the constraint }},€n = 0, which is the
signature of antiphase dynamics. If we assume that all the coherences decay with the
same relaxation constant, ymy = 7, the real part A is given by

S
Ao = 7—— — (1 + Nql), (5.24)
2y

and there is a degenerate Hopf bifurcation if Agp = 0. This occurs at a finite pump
intensity only if

Nm-1
Nimn(Nm—=1/2)°
This condition of existence for the Hopf instability depends on the cavity and coher-
ence damping rates only through the ratio y = I'pg/ I'c.

Y < Vmax = (5.25)

We have thus found the existence of a Hopf bifurcation connected to the low-frequency
atomic coherence in the n-A scheme. Indeed, in the absence of this coherence, the system
(5.10)-(5.13) would reduce to the TSD equations, which admit only cw solutions. In the
limit of identical gains, the bifurcation is (N — 1)-fold degenerate and the unstable eigen-
vectors of the system indicate that the resulting sustained relaxation oscillations are in anti-
phase. They are therefore not observable in the total intensity close to the bifurcation point.
The condition (5.25) of existence of this instability justifies & posteriori our assumption that
o = O (T¢) and not I'pg > T'e.

5.2.4 Reduction of the model

The second point in the linear stability analysis suggests that, unlike the field variables, we
can eliminate S,y adiabatically. This derives from the fact that I'pq > . Such an elim-
ination does not suppress the existence of the Hopf bifurcation point, as long as the ratio
¥ = T'pg/T'c < ¥Ymax. In this way, we obtain the simplest model for the n-A laser:

dp _ [ _Noypy ﬁ( _M)
dtn_K 1+£p(D 2)]Ip Lpzy ° 2 ’
gzp 7 Pd
dD ( |
d_t”_w_L1+Zq:|qJD+§Zq:|qu, (5.26)
dN,
d_t”__[1+zq:|qJNp+|pD.

The enhancement of absorption induced by the low-frequency coherences is attested in the
first equation of (5.26) by the minus sign before the sum.

5.3 Analysis of a two-transition laser

As in the study of the TSD*, we are forced to restrict our consideration to a specified number
of modes if we want to go further in the analysis. The simplest case to study is a laser
operating on two transitions. In the experiment reported on a microchip laser, this situation
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was encountered with a pump power between 450 mW and 640 mW, while the laser first
threshold was at 110 mW. We thus particularize Egs. (5.26) to two modes. We simplify the
problem further by assuming that £; = £, = 1. The antiphase nature of the periodic
solution that emerges from the Hopf instability suggests the following change of variables

Y1 L+l Yo=11 -1y
Mi = Ni+Np, My=M;—My, (5.27)

in order to ease algebraic manipulations. Clearly, the variable Y; reflects the in-phase dynam-
ics in the modal intensities, while Y, is related to antiphase dynamics. The same distinction
applies to M and M,. With these new variables, Egs. (5.26) become

dD MiY: + M2Y,

@ - W—(1+Y1)D+T, (5.28)

dMm

Tl = —(1+Y)M; +YD, (5.29)
Il

dMm

TZ = —(1+Y)M; +YsD, (5.30)
Il

le _ M]_Yl + M2Y2 le - Y22 M]_

M oy MY W My
dy; MY, + MY,

9% _ K[YZ(D—l)—w]- (5.32)
dt, 4

The steady state solution corresponding to multimode solution is given by Y; = Y15, Y2 = 0.
In the limit kK = oo, the instability condition (5.24) is equivalent to Y15 = Yy with

Ty =2+NA-12y+y?
B 2(1-3y) '

This solution is physically acceptable only if it is positive, which imposes to choose the plus
sign in (5.33). In addition, y should be less than 1/3, in agreement with (5.25).
At the Hopf bifurcation point, the frequency of the periodic solution is Q0 (5.23). In

YH

(5.33)

order to construct this solution, we define a bifurcation parameter A by Y15 = Yy + &2, where
& = kY2, As A is increased beyond the bifurcation point a periodic solution emerges with
increasing amplitude. Since the oscillations are in antiphase, we seek a periodic solution that
has the following scaling in the field variables:

Yit) = Yy + A+t (ST, + ..., (5.34)
Yo (t) = eyl (s7,0)+Ys (ST,0)+ ..., (5.35)
s = glt, T=elt, o=¢4,. (5.36)

In this expression we have defined the natural timescale of oscillation Sand the two slower
timescales 7 and 0 on which the envelope of the oscillations evolves. The fact that the
amplitude of oscillations in the total intensity Y; is one order of magnitude smaller than in
Y; is illustrated by the temporal timetrace in Fig. 5.2. The other variables are also expanded
in powers of € (see Appendix 5.A). By substitution of the perturbation expansion (5.34) and
(5.35) into Egs. (5.28) to (5.32), we find at the leading order that

yi' (s,7,0) = Re[z(r, ) €], (5.37)
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Figure 5.2: Temporal evolution of the total intensity and the difference between the modal intensities.
Parameter values: € = 0.01, y = 0.3, L1 = L2 = 1, Yis = 4.4, which corresponds to w ~ 5.65.
The bifurcation point is Y4 = 4 (Wq = 5.25). While oscillations are well developed in the modal
intensities, they are strongly attenuated in the total intensity.

where C.C. means “complex conjugate”. Using the method of multiple timescales, we find

(3) . . . ..
thaty2 (S, 7, 0) remains bounded as S tends to infinity on condition that

0z

=i A 2), .
o iz(a + apA + a3 2°) (5.38)

where the &, given in Appendix 5.A, are real. This equation determines only partially the
evolution of . For a given amplitude of oscillations, the frequency of the solution is shifted
from Q by an amount &2y IT 1g—f|. However, the dependence of |7 on the bifurcation
parameter A remains unspecified at this stage. This is done by considering the evolution of

y(24) (S, 7,0). More specifically, we find that it remains bounded provided that

0z

6_0' = Z[bl (A=2AR) - b2 |Z|2] ) (5.39)

where the coeflicients b, derived in Appendix 5.A, are real and positive. Equation (5.39) fixes
the value of |Z as a function of A: it tends to v/by (A — Ay) /b, as o tends to infinity. Since
both b; and by are positive, the bifurcation is supercritical and the periodic solution is stable.
This expression also contains a correction of order & to the position of the Hopf bifurcation
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point: Yy = Yy + &2Ay+ O (84). Fig. 5.3 compares our theoretical prediction with the result
of numerical integration of Egs. (5.28) to (5.32) for ¥ = 0.3. The coeflicient b/, is

max (Yz2)

0.0 T | T I T I T I T I T ‘
3.80 4.00 4.20 4.40 4.60 4.80 5.00

Y1s

Figure 5.3: Bifurcation diagram showing the maxima of Yz versus Yis. Parameter values: £ = 0.01,
y =03, L1 = Lo = 1. Full line: numerical integration of Eqgs. (5.28) to (5.32). Broken line:

analytical curve.

plotted as a function of y in Fig. 5.4. We see that it vanishes for y = 3/14. This value of
¥ corresponds to the situation Qg = 2. Through this second order resonance, energy is
transferred from the antiphase motion at frequency €| to the attenuated mode of in-phase
oscillations at frequency Qr. This suggests that a different perturbation scheme from the one
used in Appendix 5.A could be more appropriate to study the laser dynamics for y ~ 3/14.
However, numerical simulations in this region of parameters do not reveal any special feature
in the dynamics.

5.4 Conclusion

A number of conclusions can now be drawn regarding the effect of low frequency atomic co-
herence on the laser dynamics if y; << I'yq = O (I'c) < v, and if population differences can
be approximated by the population in the highest level. The steady state field and population
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Figure 5.4: Coeflicient v/b1/b; as a function of ¥

variables are only slightly perturbed by the low frequency coherence. The corrections are
(0] (7”/ qu) compared with the TSD results. The simultaneous oscillation on different atomic
transitions creates a coherence between the lower levels via a parametric interaction. After a
time of the order of FB&, the amplitude and phase of the low frequency coherences Syq reach
their adiabatic states. The linear stability analysis indicates that it is valid to eliminate these
atomic coherences adiabatically. This led us to derive the equations 5.26, which constitute a
minimal generalization of the TSD model to describe quantume interference effect in the mi-
crochip LNP laser. These equations were recently used to explain experimental observations
on an LNP laser with a KTP frequency-doubling crystal [18].

We have established that the coherence between the lowest atomic levels enhances the ab-
sorption via quantum interference. The sign in front of the new nonlinear term in Eq.(5.26)
confirms this interpretation. Without this, stimulated emission stabilizes the laser steady state
because any excess of intensity results in a diminution of the population inversion, and hence
of the gain. However, the transient evolution towards steady state is not smooth. It consists
of a large number of relaxation oscillations around the steady state because the escape rate of
the photons from the cavity is large compared to the build-up rate of the population inver-
sion (I'e/yy = k > 1). This feature is apparent in the linear stability analysis, which reveals
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relaxation frequencies of the order of v/I'cy (Hz), i.e. large compared to the damping rate
of order y,. On the other hand, in this class of lasers, small population fluctuations typically
give rise to y/I'¢/y) times larger intensity fluctuations [17]. Therefore, the stabilizing effect
of stimulated emission is weak. In the presence of low frequency coherence it can even be
suppressed by the enhancement of stimulated absorption. The balance between the two ef-
fects is at the origin of the instability condition Ag. = 0 in (5.24). A condition of the form
¥pa = Ipg/ Tc < Ymax for the existence of a selfpulsing regime has been obtained. Otherwise,
the low frequency coherence can never reach a sufficient level to significantly affect the ab-
sorption of the atoms. If the low frequency coherences vanish, the evolution equations (5.26)
are the usual TSD rate equations whose steady state is stable above the lasing threshold [15].
This again indicates that the low frequency coherence is the source of the selfpulsing instabil-
ity. Finally, the atomic coherence influences the amplification of the lasing modes only and
therefore does not modify the lasing thresholds given by Eq. (5.21). In the particular case of
a two-mode regime, we were able to construct the periodic solution in the neighborhood of
the Hopf bifurcation and found that it is stable.

The closest experimental realization of this model is the microchip LNP laser studied by
Otsuka et al. [10]. The cavity dimension (L =~ 1mm) yields a particularly large value of
I'c and realizes the important condition I'yq = O (I'¢). In these experiments, the laser os-
cillates simultaneously on up to three atomic transitions. The central role played by atomic
coherence was confirmed experimentally by comparing multimode regime on multiple and
on single transitions. Self-pulsing behavior was observed in the former case whereas cw op-
eration only was obtained in the latter case. Moreover, the experimental selfpulsing regime
displayed antiphase dynamics as described in this theoretical work.

A completely different set of approximations for a similar energy level scheme was ana-
lyzed by Fu Hong and Haken [19] in an attempt to model some dye lasers. In their model,
simultaneous oscillation on different transitions was not allowed. Furthermore, they con-
sidered the opposite limit in which the low frequency coherences were adiabatically elimin-
ated while retaining the optical coherences. This set of approximations cannot be applied to
the microchip LNP laser.



Appendix to Chapter 5

5.A Derivation of the amplitude equation

For a given value of the total intensity Yis the steady state is given by Yos = Mys = 0 and

D _ 4 (1 + YZI.S)
s - 4 + 3Y15 — SZY]_S (2 + YlS) /’)/’
YlSDS
M = ,
15 1+Ys
MisY;
W = (1 + YZI.S) DS — 12 18, (540)

with & = kY2, Close to the bifurcation, we write Yis = Yy +&2A. Substituting this expression
for Yis in (5.40) and expanding in powers of €, we reexpress the steady state as

Ds(s) = Dy +&°D8 +£'DS + ..., (5.41)
Mis(e) = My +&2Mig + &*Mie + ..., (5.42)
W) = W+ W +gtw® 4+ . (5.43)

To describe antiphase oscillations, we seek a small amplitude periodic solution of the form

Y, = &5 (57,00 + &5 (ST,0) + ..., (5.44)
M, = Szm(zl)(S,T,O')+83|'T}(22)(S,T,0')+.... (5.45)

In this expansion, we treat the time variables S, 7, and o as if they were independent. This
amounts to apply the chain rule

d 4. 0 0 , 0
— O — QO — —_—. .
dt”_)g L88+8 L87'+880' (5.46)

On the other hand, oscillations associated to D, My, and Y; are one order of magnitude
smaller because they correspond to in-phase dynamics. For these variables, we therefore use
the perturbation expansion

Y, = Yq+&0+ Szy(ll) (S,7,0) + 83y(12) (S,7,0) + ..., (5.47)
Mi = Mis(e) +&mi (s,7,0) + &'m (8 7,0) + ..., (5.48)
D = Ds(e)+&¥dP (s 1,0)+&d?(s,7,0) + ... (5.49)

87
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Substituting these perturbation expansions in the system (5.28)-(5.32), and collecting like
powers of &, we get a sequence of linear problems to solve. The leading order problem is

P (ms ) 0 Dy
(QLa_s_ﬂ)L )70 ‘7“( % 0 ) 20
Its solution is

(D g N
l”ﬂf) J_%L+cc vL:(l'mL/YH). (5.51)
Y2

Above, Vi is the eigenvector of A associated to the eigenvalue ). In order to evaluate
solvability conditions in subsequent developments, we will need to use the expression of
the adjoint eigenvector, W = ( iYa/ (4Q), 1 ) It is solution to the adjoint eigenvalue
problem WL A= iﬂL\TVL

At the next order, solution (5.51) is used to evaluate the inhomogeneous term in the two
following problems:

d { d(<11)) ] d me
(Q——B) m | =Ry, (Q——ﬂ) @ | =R (5.52)
0s L @ J 0s V2
Y1
where
0 O -1 ] 0
B = 0 0 DH_MH , Rlz 0 b )
W o ) )
o _ — 1+ V) my
© = { (o2 mE) |

The right hand side R, is periodic with frequency 1 (on the rescaled time S). It causes

therefore a secular divergence of m(22) and y(22), unless fOZK W .R,e'sds = 0, which is precisely
the Hopf condition (5.33). The solutions of the problems (5.52) are

S
O I N o R BV
( d f rnl y yl ) 4WH _ 1)YHQL ( ’ 4+3Yy’ L ) + C.C., (5.53)
1+Yy)ze® i
(m?, ) = % (O, PV )+cc (5.54)
With this, we can compute the right hand sides in the two next problems. They are

d@ X

5 [ ] (@)
(.Q— - B) 2 =R, (Q ) ”(‘; - R, (5.55)

s L o J ¥

with (D (1) (1)
—(1+YH)d(1)+1YH 1”]2 )

Rs =1 Yy d® — Q+Yn) ml ' (5.56)

(1) (2) (1) 1) (2 (1)2
—(L+Ya)yr - e ys +gmeys + Ay
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o m)
Ry = —-Q
‘ 5TL y(l) J
(2) (2) (1)
s'y2

—(1+Y,
(L Yme & <2)) (5.57)

RSNV

(3)
Here again, Ry is susceptlble to lead to a secular divergence in Mz and yz . To avoid this
fact, we require that fo W .R,e7'sds = 0, which yields

0z

5 =iz(an+ 2l + 2|2 ?), (5.58)
with the coefficients

a = _(2+YH)(1+YH)’ (559)

Yh

_ (2+YH)(2+3YH)

% = NIV @+3Yy) (5.60)

3+ Yy)
= 0T 61
% T BMa-DY G-61)

Once condition (5.58) is satisfied, the solutions of the problem (5.55) are, on the one hand,

160 + 392Y, + 324Y2 + 97Y:

4@ - _ ; Zeé® + cc., (5.62)
32y — 1Yy
m(lz) _ 404+Yy (B+Yy)(B+ 3YH)22e2|s (5.63)
8 (Y —1)° Yy
y(lz) _ 1(L+Yq)[44 + Yy (68 + 27Y|_|)]22e2,s (5.64)

16 (Y — 12 Y

and, on the other hand,

%f@'s +c.c., (5.65)
2 2
O e o TR e
+H£é's o (5.66)

Finally, Mo and y(24) obey the following equation:

9 (4)
(g_ _ﬂ)( m ]: Re, (5.67)
Y2

Js
where o W
d 1 m d [ m ,
R5 = Qa ) ]— —[ Q) + RS, (5.68)
T y2 80' y2
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x —@+Yme —me (A4 yr) ]
= D 2
5 L _m<22)k+% 3 m<21>y<12) N (D(s4) +do - Mf%mg))y;l) J
G | @ @2
dDys" + Ds'yz (5.69)
Oy2 _ miys 3 :
d V2 _T+(1+YH)y2

. . . . 2 i .
and secular divergence is avoided, provided that fo " W_.Rse%ds = 0. We thus obtain

0
2 = 2o (- h) - b 2], (5.70)

with the coefficients

_ 8+ 8Yy + Y4
b, = 2Y (2 + YY) (4 + 3Y)’ G.71)

24 + Yy (56 + 46Yy + 13Y)3

b, = all - ”), (5.72)
16 (Yu — 1)* Yy

Ya 2+ Ya) (4 +3Y) (1 +Yy)?

8+ 8Yy + Y4

Ay (5.73)

Since Yy must be positive, we immediately see that b; and b, are positive too, which proves
the stability of the emerging periodic solution.
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Chapter 6

Inversionless amplification and
propagation in an electro-nuclear
level-mixing scheme

6.1 Introduction

The hope to realize laser amplification on nuclear transitions is at the origin of much theoret-
ical and experimental research (see the recent reviews [1, 2]). The main difficulty that arises
in this context is the technical impossibility to create an inversion of population between ad-
equate pairs of levels. To explain this, the frequency dependence of the spontaneous emission
rate is usually put forward. Indeed, for a transition with frequency w and dipolar moment y,
it is given by the Einstein coefhicient:

w? 2
3reghcd il
Therefore, as we increase the frequency of the laser transition, it becomes harder to realize
the necessary population inversion. As in [2], though, we note that the value of the dipole

moment should also be taken into account so that, in general, the statement that a larger
spontaneous emission rate corresponds to a larger frequency is not true. It is a fact, however,
that no electromagnetic source is available to pump efficiently nuclear transitions and realize
a gamma laser in the traditional way.

In principle, this obstacle can be overcome by exploiting quantum interference. Ampli-
fication without population inversion (AWI) was predicted [3, 4, 5] and demonstrated ex-
perimentally [6, 7, 8,9, 10, 11, 12, 13] on atomic transitions. For application of these ideas
to gamma optics, it was proposed to couple a radio-frequency electromagnetic field with the
Hyperfine levels of a nuclear ground state in order to create the necessary quantum coher-
ence [14]. However, it was later realized that, due to the equal population of all Hyperfine
levels for a sample at room temperature, this coherence cannot be achieved [15], so that the
extension of the principles of atomic AWI to nuclear transitions remains problematic. In
response to this problem, we discuss an electro-nuclear scheme where atomic and nuclear
transitions are coupled by the Hyperfine interaction. Two electromagnetic fields, one optical
and the other in the gamma range, interact with this system. It involves Méssbauer nuc-
lei, i.e., nuclei that emit or absorb electromagnetic radiation without recoil [16]. Another

93
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proposition to create nuclear coherence in Méssbauer nuclei was given in [17]. We show
that it is possible to cancel the absorption of gamma radiation by preparing the nuclei into
an appropriate superposition of the lowest levels. In this case, any population in the nuclei
excited state is sufficient to amplify the gamma field by stimulated emission, which leads to
AWI. This quantum preparation can be done through the coherent excitation of the atomic
transition by the optical field.

After having established the possibility of AWI of a gamma field in the continuous wave
regime, we note that part of the optical field energy is dissipated in this process. Therefore,
the quality of AWTI is altered in the course of propagation. This leads us to estimate the
optimal length of amplification as a function of the input drive field intensity and the rate of
incoherent excitation. Beyond this length, the amplifying medium turns into an absorbing
medium, which makes this point a crucial piece of information to set up an experiment.
In [18], a similar study was done for a V-scheme in rubidium, with special attention to
Doppler broadening in vapor cells.

Because a high optical field amplitude is favorable to AWI, it is natural to expect that
an optical pulse can only improve the amplification. Indeed, short pulses provide high peak
intensity. We therefore reconsider propagation in this situation. Two types of pulses are
identified, depending on their duration relative to the other characteristic times of the system.
Specifically, we use the terms “adiabatic pulse” if the polarization variables can be eliminated
adiabatically on the pulse time scale and “ultrashort pulse” otherwise. In the former case, the
mechanism of AWT is basically the same as for the continuous wave regime. In the latter case,
AWT rests on a different mechanism, namely the creation of a temporal window of inversion
on the gamma transition through Rabi oscillations. Throughout this study, we assume that
the gamma field is weak in the sense that it perturbs negligibly the quantum populations.
Our theory is therefore linear in the gamma field, while nonlinear in the optical field.

This chapter is organized as follows. In Sec. 6.2, we introduce the electro-nuclear system
and present the model equations. We then analyze successively the inversionless amplification
of continuous waves, adiabatic pulses and ultrashort pulses in sections 6.3 to 6.5. Finally, we
conclude.

The results presented in this chapter were published in [19, 20].

6.2 The level Mixing scheme

In general, a nucleus that emits a gamma photon experiences a recoil, which broadens the
emission line. This has the effect of reducing the nuclear resonant cross sections. In solids,
some nuclei, called Mssbauer nuclei, depart from this rule, as their recoil is absorbed by the
lattice vibrations. This makes them the best candidates for gamma-ray lasers. Following the
proposition in [14], let us consider a density NV of such nuclei in a noncubic uniaxial crystal.
The ionic arrangement associated to the symmetry of the crystal induces a static electric field
gradient parallel to the c-axis. Moreover, any nucleus generally possesses some ellipticity,
characterized by the quadrupole moment. The interaction of the quadrupole moment with
this gradient lifts some degeneracies among the nuclear levels. Specifically, if the ground
state of the nucleus is a multiplet | = 3/2, it is split by the quadrupole interaction into the
degenerate doublets M = £1/2 and M| = +3/2 (see Fig. 6.1).

In the system we consider, a magnetic field H is applied parallel to the c-axis. Due to the
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1/2) ®19)
1£1/2) ® |9)

|=1/2) ®|g)

1-3/2) ® |g) {2

1+1/2) @1g)

1+3/2) ®1g)

3/2) @ 1g) |

>
0 Hc He+ Hypp

Figure 6.1: Energy diagram of the nucleus interacting with the gamma-probe and laser-pump. G and
E (g and €) denote the ground and excited nuclear (atomic) state, respectively. H is the static magnetic
field experienced by the nucleus in the c-direction. At H = 0, the ground nuclear state is split by the
interaction of the quadrupolar moment with the static electric field gradient. Level mixing occurs at
H = Hc. Due to the transverse magnetic field H,, the levels do not cross but repel each others. If
the electron shell is excited, the local magnetic field differs from Hc by the Hyperfine field Hyg. The
diagram is not to scale: €2 — €1 K €3 — €3 K €3 — €] K €4 — €.
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Zeeman effect and the quadrupole interaction, there exists a critical field H, = H¢ for which
the ground levels |G, —1/2) and |G, —3/2) coincide (see Fig. 6.1). If one adds to H; a trans-
verse component H |, then the circular symmetry of the system is broken and the degeneracy
is removed. The eigenstates of the perturbed hamiltonian are, in first approximation, of the
form

11
12)

(S1G,-3/2) + $1G,-1/2)) ® |9y, (6.1)
(21G,-3/2) - §1G,-1/2)) ® |9) - (6.2)

In these expression the second part |g) of the tensorial products refers to the ground state
of the electron shell. In the nucleus part, |G, —1/2) and |G, —3/2) are mixed. The corres-
ponding coeflicients §; and S are experimental parameters that are adjustable via H, . This
level mixing is useful for spectroscopy because it modifies the angular distribution of radi-
ations emitted by the nucleus. By examining this angular distribution, experimentalists can
thus detect the level crossing and, via H, deduce the initial splitting due to the quadrupole
interaction [21].

The excited state of the nucleus is chosen to have a total nuclear spin number | = 1/2
and the associated magnetic number My = —1/2. We label it
14y =E,-1/2) ® |g) . (6.3)

Gamma photons propagating parallel to the c-axis have a polarization transverse to the dir-
ection of quantization and can therefore induce transitions only with AM; = +1. Thanks
to the level mixing produced by the transverse magnetic field H,, both 1 s 4and 2 s 4
transitions are allowed by the selection rules.

Let us now consider the atomic excitation. In its excited state, the electron shell has a
different orbital angular momentum than in its ground state. Therefore, for an applied mag-
netic field H, = Hc the magnetic field felt by the nucleus in the direction of quantification
generally differs from He. As a result, the possible excited states are (See Fig. 6.1)

3) = IG,-3/2)®]e), (6.4)
3) = IG,-12)®]e), 6.5)

where “€” stands for “excited”. Let us stress that, in the absence of this Hyperfine interaction,
the optically excited states would be

(S1G,-3/2) + $ G, -1/2)) @ |e),

and

(S1G,-3/2) - §1G,-1/2)) ® |e)

so that nucleus and electron shell would be uncoupled. By estimating the potential energy of
the nuclear magnetic moment in the magnetic field created by the electron shell, the energy
difference between states |3) and |3") is of the order of [22].

ehn?

G-~ ———~107%V > g —€. (6.6)
MeM,C?a0
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In this expression, M is the mass of the electron, My is the mass of the proton, and @y is
the Bohr radius. To be distinguishable, the transitions 1 < 3 and 1 s 3’ should therefore
be narrower than (€3 — €3)/7i ~ 10%7. Such spectral narrowness requires to reduce sig-
nificantly the phonon broadening. This situation can be approached at the liquid nitrogen
temperature [23]. Thanks to the Hyperfine interaction, one can thus isolates levels |1), |2),
|3), and |4) from the rest of the spectrum. These states constitute our electro-nuclear model.

We complete this system by the addition of a resonant bichromatic field
E (z.t) = Ege@t? 4 E d(nt?) 1 ¢ c, 6.7)

where “C.C.” means “complex conjugate”. The optical field E4 is nearly resonant with the
1 s 3 and 2 s 3 transitions. Hereafter, we call it the “drive field”. The other spectral
component, Ep, is coupled to the nuclear transitions 1 < 4 and 2 s 4. We call it the “probe
field”. The drive and probe transitions are characterized by the dipole matrix elements pg
and pp, respectively. To treat the interaction between E (z,1) and the medium, it is useful to
express the spectral components of the electric field in terms of the Rabi frequencies

del%, Qp=——. (6.8)

Qg is the frequency associated to the energy of interaction between the optical dipole and the
drive field, while Q2 corresponds to the potential energy of the nuclear dipole in the probe
electric field. On the other hand, with I'y and Iy, denoting the drive and probe polarization
decay rates, the intensities are most conveniently described by the two stimulated transition
rates

Jy = y o= ——. (6.9)

Let us now examine the evolution equations of the matter and field variables. In the rotating
wave and slowly varying envelope approximations, the spatio-temporal evolution of the two
fields is governed by the wave equations

(ﬁ+&£)ﬂ = —iL’pI“plzp (6.10)
9z cot)""  2ghnec '
d ngd Nwq |ual’

240 % 0, = ol p 6.11
(az+ c at) d 2ehiNgC (6.11)

In these, Py p are the microscopic polarizations rescaled to the dipole matrix elements, and Np g
are the refractive indices at the two frequencies wp and wq. Furthermore, the Hamiltonian of
interaction between the electromagnetic field and the atom is, in the dipole approximation,
Hint = —1E, where we have noted the dipole operator u to avoid confusion with the subscript
“d” of the drive field. With this Hamiltonian, the equations for the fields are completed by
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Table 6.1: List of parameter values

symbol signification value

Iy relaxation rate of Py 3.0 10°st
Ip relaxation rate of Py 108s!
2y4 relaxation rate of pa3 103s?
2y relaxation rate of P44 10%st

2R incoherent excitation of P44 < 1085
I'1s relaxation rate of p1, 150s?
w1 frequency separation between |1) and |2) 10%s!
T34 relaxation rate of 0734 3.010%*

the semiclassical density matrix equations

Pi = Sowi+S03, Pp=So0u+ S0, (6.12)
0 .
% = —Ropy + ypoaa + vapss +15, (on—4n + Q403 — C'C') ’ (6.13)
0ps3 - .
W = —2’ydp33 — 1 (ded — C.C.) ) (614)
0 .
% = —2’)/pp44 + R Z p,m — 1 (Qpps - C.C.) f (6'15)
n=12
0Py . . . .
Z;m = - (Flz —+ |(,()Tml)pm]/ + |S7 (Qp0-47]' + -Qd0'3n’) - |S7’ (Qp0-47] + Qd0-37]) (6'16)
oo . . .
73" = —(Tq +i6,) ogy + 15 (SN + Sypyy) — IS0, (6.17)
oo . . .
8t477 = —(Cp+18y) oy + Q5 (S + Sypyy) - 12007, (6.18)
0 . .
—2-,[34 = —[[a+1(61—Ar)]oz+li (Qépp - QPPJ) : (6.19)

In these equations, we have noted Njj = pji — pjj. The indices 7 and i’ designate the ground
state 1 or 2 with 7 # 1i7’. R quantifies the incoherent pumping rate of state |4) starting from
the ground states |1) and |2). Conversely, yq and yp, are spontaneous decay rates of the excited
levels. An important parameter in the present analysis is the ratio

R

r=—. (6.20)
Yo

I < 1 means that there is no population inversion between level |4) and the ground levels. As
already mentioned, I'g and I'y denote the decay rates of the optical and nuclear polarizations,
respectively; "1 is the decay rate of the quantum coherence between the ground levels. The
rate I'34 is associated to the coherence between levels [3) and |4) and equals I'y + I'p. The
relaxation transition probabilities between the states |1) and |2) are assumed to be small and
hence are disregarded in the equations. Typical values of the relaxation rates are given in
Table 6.1. The detuning parameters are A, = wa, — wp and 6, = w3, — Wqy.

We shall assume throughout this study that the probe field is too weak to noticeably
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perturb the populations. The criterion for a weak probe is thus

Jp < ¥p. (6.21)

By extension, since yp < I'p < I3y, we also have Jg << T'p, I'a4.

6.3 Continuous wave amplification and propagation

6.3.1 Amplification mechanism

In this section, we assume constant input fields and study their spatial evolution in the dir-
ection of propagation after atoms have reached their steady states. If the drive field is off and
no incoherent excitation is applied to the medium, the probe intensity decays exponentially
in the direction of propagation. Momentarily neglecting the detunings A, the associated
attenuation coefhicient ag)), deduced from (6.10), (6.12), and (6.18), is

12 12
Nw P, Now
o0 = Novktol | Po  Noplito] (6.22)
ghngC  Qp  ghnpclp

In general, we may write the gain of the probe field as

' P
_ O prp
ap = @ Im—Qp . (6.23)

Similarly, we define g and aq.
It is important to note that, in the closed system {|1),2),|3),14)}, the state

=) =S11) -S12) (6.24)

is non absorbent for gamma and optical photons that propagate in the c-direction of the
crystal. Because it is decoupled from the electromagnetic field, it is often referred to as the
“dark state”. By opposition, its orthogonal counterpart

+) =S5 11)+S12) (6.25)

is called the “bright state”*. The amplification of the probe field in the absence of a population
inversion between the state |4) and any of the state |1) and |2) becomes possible if part of the
ground state population is transferred to the dark state. This amounts to create a coherence

p12 between |1) and |2). Indeed, Eq. (6.18) together with (6.12) and (6.23) yields in steady

“These names are somewhat misleading. Indeed, the state that leaves light unabsorbed, |-}, should more
sensibly be called “transparent”. As for the state |+), it does absorb light and henceforth should be called “dark”.
Wether the commonly accepted terminology is philosophical or psychological is a question that will not be
addressed in the present thesis.
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state the following expression for the gain:

ap = CY(,?) (@14 + @20 + @34), (6.20)
- B -

G = ToRe S (044 1011). 5152/012] | 6.27)
. - -

Gy = ToRe S (0aa Pzz). 51521021] | (6.28)

. (S S

a3 = FpRe »(rp ~ IAl + rp — IAZ O34 (629)

The terms @4 is the contribution of the 1 S 4 transition to the gain, while @4 stems
from the 2 s 4 transition. Their expressions show that they can both be positive even if
P4 < P11, P22, provided that py; is adequately prepared. The last term, @34, results essentially
in a saturation of the gain with respect to the drive intensity.

The quantum coherence between the ground states is produced by the drive field. Through
stimulated absorption, it brings the ground state population to the state |3) with a rate that
is approximately Jq. This population subsequently comes back into the ground states with a
rate yq. In this latter process, any superposition of |1) and [2) can be reached, including the
dark state. The population that is not in the dark state can again absorb drive photons and,
after some cycles, is eventually transferred to the dark state. Stimulated absorption followed
by spontaneous emission thus form the mechanism by which coherence is created. The rate of
this composite process is the slowest of the rates Jg and 4. Simultaneously, p12 decays spon-
taneously with a rate I'12 due to parasitic interactions of the nucleus with its environment.
Moreover, the states |[1) and |2) should be populated simultaneously by the spontaneous de-
cay from level |3). Since, these states have different energies, this decay should be affected by
a minimal uncertainty. Specifically, one should have 7y, iyq > €, — €1, where €; and €, are
the energies of states |1) and |2), respectively. Introducing the notation

Jio = VT2 + wh, (6.30)

we are thus led to state the trapping condition

Jd,’yd > le. (631)

This condition is illustrated in Fig. 6.2 where @ (wp) is plotted for different values of Jg and
¥d- The complete steady state solution of Egs. (6.13) to (6.19) is computed in Appendix 6.A.
The maximal value of the normalized gain approaches the steady state value of pag, indicating
that the ground state population does not absorb the probe field.

For the chosen set of parameters, Fig. 6.2 indicates that the gain is maximum if the probe
detunings A; 7 are negligible compared to the linewidth of the nuclear transitions. The same
is true for the optical transitions. Therefore, in order to simplify the analysis, we assume in
the remainder of this chapter that the detunings are negligible compared to the polarization
decay rates:

w21, IAnI : |5q| < Iy, Tp. (6.32)
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Figure 6.2: spectral gain of the probe intensity @p normalized by Ozg)). [y, T'p, T'12, w12, yp are given
in Table 6.1. Ji» ~ 1000 s71. In Fig. (a), yq is fixed to 3000 s~ and Qg equals successively, from
curve 1 to 4: 2.106 571, 3.106 571, 5.106 571, 107 s~1. These values correspond to Jg = 1300 sL
3000 s~1, 8000 s, and 33000 571, respectively. In Fig. (b), Qg is fixed to 107571 and Yd equals
successively, from curve 1 to 4: 250 s71, 750 s~1, 1000 s~1, and 3000 s~1.
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In addition, we assume for simplicity that S, = —S, = —1/4/2 . Consequently, by symmetry,
if p11 and py; are initially equal, they remain equal for all times. We therefore set

P11 = P22. (6.33)

Finally, we assume that

Jd << F34 . (634)

Inasmuch as I'34 > Ji, this assumption is not very restrictive. Under approximations (6.32),

(6.33), and (6.34), the polarizations are

. mz-R
Py = —iq R (6.35)
[y
, Ny, — Re
Py = i P (6.36)
Tp (L + 30354 )
J34 = F34Fpl“al. (637)

As we show it in Appendix 6.A, Repj; tends to a maximum value equal to Ni3 under the in-
fluence of the drive field. The absorption of the drive field is thus suppressed while the probe
polarization becomes proportional to i (044 — p33). This means that the ultimate condition
on gamma amplification rests on population inversion between states |3) and |4). From this
fact, the spontaneous decay of ps3 acts in favor of gamma amplification by increasing the
population inversion p4q — p33. The same inversion condition will be found for adiabatic

pulses, for which formula’s (6.35) and (6.36) also hold.

6.3.2 Propagation

The steady state solution of Eqgs. (6.13) to (6.19) under the approximations (6.32), (6.33),
and (6.34) is computed in the Appendix 6.A. Substituting this solution in the field propaga-
tion equations (6.10) and (6.11), we obtain:

% _ —CKEiO)(f")’de (6.38)
dz R+D)yg+@+nNFly '
dJp _ Y [(r=F)ya— 1L -nNFhldp (6.39)
dz (1 + JdJ3741) [Q+D)yq+ B+ Fly]
where
g Tt d (6.40)

B pdy+ 3o

The function ¥ is connected to the creation of low frequency coherence by
Rep, = (1 - F) Mg,

and varies from 1 to 0 with increasing Jq. The sign of the numerator in Eq. (6.39) determines
wether the medium is amplifying or absorbent for the probe field. In the strong drive field
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limit Jg >> Ji», we note that F — I'15/Jy. From this, we deduce the minimum incoherent
excitation I'mip required for the probe amplification:

J!Lm (Fmin =F)ya -1 -0FJg =0

I'
[ + 4

= rmin = (6.41)

The value of I'min decreases with increasing 4, which confirms the beneficial role of the
level |3) spontaneous decay in inversionless amplification. Alternatively, one can consider
propagation in a medium subjected to uniform incoherent excitation I and calculate the

minimum value of the drive intensity J4" such that the probe field is amplified
r=F)ya—-1-nNF=0
ky + \/rs

= Jy=J"r) = (6.42)
ko
with
ki = 1-0)(25+3%)—val2, ke =2ryg—2(1-1)Tyy,
ke = 4L-D[rya— L -NTplyadl +[@r - Dyaln - A -0I5]° . (6.43)

Considering Egs. (6.38) and (6.39), we note that (%Zd and g—jz are analytically integrable with

respect to Jg. The knowledge of Jg' " then allows us to compute the maximum amplification

. . . . . . .. in
length Z™ and the corresponding probe intensity Jg™. Given the input intensities Jd' and
JI'O” and the incoherent excitation I, we obtain

©0) _max 3+ 2+r) in 1min
ag 2™ = ( + Ji'—=J
Yd I ( ¢ )
Jin 2 Jz r Jin
+(2+ r)[ln 4 Py %) (6.44)
Jd 2 3o+ Tpdd
0) in in in
Jo J J J 32, + 15
TEIn T = T i S (64)
ap ‘Jp d J3s + Jd Jiz + I'1pdd
The coefficients |} in (6.45) are given by
1-r -J 32, — Jaul —1Jasw?
lL=r_1 |2:( ) (Ya = Ja) I = Jas 2o haW5, (646
Yd J34F12 - J ' (J34F12 - le)

This solution is illustrated in Fig. 6.3. Since the criterion of an efficient drive is Jg > Ji2,
the stimulated transition rate Jg is scaled to Ji». To interpret the formulas (6.44) and (6.45),
let us suppose that the input drive field intensity is much larger than Ji, and Ji". The first
term in the right hand side of Eq. (6.44) is then dominant, indicating that the optimal length
scales linearly with the input drive intensity. This follows from the fact that each segment of
the medium dissipates a certain amount of energy as it reaches the dark state. Once in the
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Figure 6.3: Steady state intensity versus distance of propagation. The drive field intensity is rescaled to

Ji2. Initial condition: i = 10J12. Incoherent excitation I = R/yp = 0.6. The propagation constants

0
are taken equal: Q(S) = a'g ). The other parameters are given in Table 6.1.

dark state, the medium becomes transparent to the drive beam anymore, while it amplifies
the probe beam through the population in |4). Supposing in addition that Ji' << J4, the
right hand side of the probe propagation equation (6.39) becomes independent of Jg and the
probe intensity grows exponentially up to z = Z"*. This yields

Jmex _ g (zmax) Jgin exp lag)) ( r 1- r)(Jin Jmin)] (6.47)

P P P oy \T2 g d T '
This last formula shows that the maximum probe field depends exponentially on the input
drive intensity. This conclusion holds as long as the probe field is weak in the sense given by

(6.21).

6.4 Adiabatic pulse amplification

We now examine the dynamical response of the medium to a drive pulse of duration 7 that
is short compared to the atomic population lifetime, while sufficiently long to justify the
adiabatic elimination of the polarizations Py and Pp. Specifically, with the average input
intensity (Jy) defined as 771 f_ o:o Jq (0,t") dt’, we assume that

T12, w12, 7d < T, (Ja) < T, Tp, Taa, Jaa. (6.48)
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Initially, the populations are distributed according to the incoherent excitation and the quantum
coherences vanish:
1 r
P1L = P2 = 241 Pas = 241 P33 = P12 = O'ioj =0, (6.49)

Substituting (6.35) in Egs. (6.13) to (6.16) and making use of approximation (6.48), we find
that .

M3 ~ Rep, _ exp (—4[ Jq (z,t’) dt’) =K(z1). (6.50)

nis — Rep(l)z -
The function K measures the degree of quantum coherence produced by the driving field.
It indicates that the low frequency coherence Rep;, tends a maximum value equal to N3 at
a rate K 10K/ ot = —4J4(z,t). From (6.35) and (6.36), the absorption of the drive field is
thus suppressed while the probe polarization becomes proportional to i (044 — p33). In the
present situation, the creation of the dark state is a purely stimulated process, since its rate is
proportional to the number of photons in the drive field. Maximum quantum interference is
produced if K < 1. The details of this process are most easily understood in the basis formed
by the dark and bright states |-) and |+). Initially, there is equipartition of the population in
these two states, so that pj; = 0. The drive field Jy excites population from state |+) to state
I3), leaving |—) unaffected. For a sufficiently intense drive field, the states [+) and |3) become
equipopulated. In this way, the fraction of the ground state population prepared in the dark
state |—) by the drive field is maximized. This results in an increase of the low frequency

(o)

coherence Rep,.
By substituting the time dependent solution of Egs. (6.13) to (6.19) into the field equa-
tion (6.10) and (6.11), we get:

©

0 Ng 0 . Tad Ky
d n,d _adP@r-1-%J,
&+ ) - 2@+ 622

The propagation equation for the drive field Jy was already analyzed in [4]. It has the solution
Jq (O,t - n—gZ)
1+ [exp (iaéo) ) -~ 1] K (0,t - ”—Cdz)

241

Jd (Z,t) = (653)

which is used to solve Eq. (6.52). If the probe and drive pulse propagate at the same velocity,
Ng = Np, we find an analytical solution for the probe pulse

B(0.t - %) exp (2207

f1+[exp (ra8'2) - 1] (0.t - 39" "

This solution is illustrated in Fig. 6.4. If the coherence between the ground levels is max-

imum, K < 1, it follows from Eq. (6.54) that Jy(2) ~ J, (0)exp (r;i’rzkpz). Therefore r

must at least exceed 1/2 in order to obtain amplification, which means pas > 0.2. Although

J(zt) = 7 (6.54)

2aqg

this result is significant from the point of view of amplification without inversion, it might
not be sufficient in practice. Indeed, if one can bring 20% of the population in level |4)
without damage for the amplifying medium, then one can probably create an inversion of
population too.
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Figure 6.4: Peak intensity as a function of the propagation distance in the adiabatic pulse regime.
Input condition: f_:o Jg (0,t) dt = 10. Same parameters as in Fig. 6.3.

6.5 Ultrashort pulse amplification

Another regime of propagation exists if the pulse duration is shorter than all other charac-
teristic times. The electro-nuclear scheme then becomes an effective V-scheme, composed

of the states |3) and |4) as the excited states and the bright state [+) = (|11) —[2))/ V2 as
the ground state (see Fig. 6.5). The propagation of ultrashort pulses in such a scheme was
analyzed in [24]. The population in the bright state is given by

1
P+ = 5 (P11 + P22 — P12 — P21) -

In the weak probe limit and neglecting all relaxation processes in Egs. (6.13) to (6.19), we
obtain for the drive field the closed set of equations

0
a(ﬁ%ﬂoﬁ) = —404(zt) ImPy,

gIde

ot Q4 (Z,1) (033 — P1+) -
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Figure 6.5: Reduced level scheme for ultrashort pulses. States |3) and |4) are coupled to state [+) only.
The resonant drive field induces cyclic exchange of population between states [3) and |+). These are
the Rabi oscillations.

These equations are identical to those governing the resonant interaction of an electromag-
netic field with a two-level system. The solution is

(0% — p.)cos by (z ), (6.55)
(0% — P, )sinéq (z, 1), (6.56)

P33 — P+t
ImPy

0 o
where p33 and p?, denote the initial state of the electro-nuclear system and

t
%@U:IZm@ﬂW. (6.57)

(o)

The solution (6.55) shows that the population flows in a cyclic way between the states [+)
and |3), with an instantaneous frequency 2Q)q (z,t). These are the “Rabi oscillations”. The
factor 2 in 2004 (1) is related to the way we have define Ey and E;, in (6.7). The variable
04 (z,t) is the area of the drive field. If the total area of the pulse, 04 (Z, ), is 27, then
the medium is in the same state prior and after the passage of the pulse. In this case, the
net exchange of energy between the drive field and the medium vanishes, which renders
possible the lossless propagation of the drive pulse. This phenomenon is called Self-Induced-
Transparency (SIT) [25]. When the pulse area is 7, the population in the bright state is
temporarily 033, so that the population inversion between the states [4) and |+) is pis — pls.
This allows to open a temporal window of population inversion on the probe transition, as
fully described in [24]. It was numerically shown in [24] that eventually all the drive photons
can be converted into probe photons, with the conservation of energy being assured by the

. . 0 0 . e
inversion p44 — p33. There is, however, a dynamical limitation on the number of photons that
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can propagate in a single pulse. The equation for the drive field can be written as

aZed (é:l 77)

©) .
o€on [yad (/og3 - p3+) sinfy (£,7) . (6.58)

Cc
¢& = gz n =1z ndt.

This equation, known as the Sine-Gordon equation, possesses soliton solutions having a total
area equal to 0, 27, 47, 671... [26]. Among these, only the 27r-area solution consists of a single
pulse. If, initially, the drive area well exceeds 27, the pulse breaks up in multiple 27-area
pulses in the course of propagation, each giving rise to a separate probe pulse. Furthermore,
since the velocity of each pulse depends on its peak intensity, light can be expected to exit the
amplifying medium in a very irregular fashion. Finally, we note that, as all the pump photons
of a pulse are transformed into probe photons, the field resonant with the + < 4 transition
becomes a drive field for the + < 3 transition. The flow of energy between the fields can
thus be reversed for long propagation distances.

6.6 Summary and Conclusion

In view of applying the principles of quantum interference to gamma amplification, we have
studied an electro-nuclear system. We have shown that the Hyperfine interaction allows to
couple the nucleus with its electron shell. Thanks to this coupling, it is possible to create
the necessary nuclear coherence for Amplification Without Inversion by the application of
an optical “drive” field. In the continuous wave limit, stimulated absorption of the drive
photons and spontaneous emission form a composite process by which the ground state is
trapped into the non absorbent state. A simple condition was found for efficient population
trapping
Jd» ¥a > Jaa.

In addition, the minimum rate of incoherent nuclear excitation was found to be

Ruin _ I'p
Yo T4y

Mmin =

Furthermore, we showed that the optimal amplification length is in first approximation pro-
portional to the input drive intensity. Since a weak “probe” gamma field grows exponentially
with distance, the maximum output gamma intensity scales exponentially with the input
drive intensity.

Next, we have studied the propagation of pulses of duration 7. The case 7% << 12, ¥4, ¥p
corresponds approximately to a continuous wave and has just been discussed. In the case of
adiabatic pulses, 7 is intermediate between the populations and the polarizations lifetimes.
The mechanism of inversionless amplification is essentially the same as before. Indeed,
Figs. 6.3 and 6.4 illustrate qualitatively similar propagation behaviors in the cw and adia-
batic pulse regimes, respectively. However, the spontaneous decay of the atomic excited state
is negligible over the duration of the adiabatic pulse, which makes population trapping less
efficient. The minimum pump rate is, in this regime of propagation, I'min = 0.5. Accordingly,
at least 20% of population should be in the state 4, but if this was technically possible, then
a population inversion would be feasible too.
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Comparing continuous waves with ultrashort pulses, the ultimate amplification condi-
tion is in both cases to have a population inversion between the upper states |3) and |4).
While population is driven irreversibly to the dark state in the cw regime, it flows periodic-
ally between states |[+) and |3) in the latter regime, at the instantaneous frequency 2Q)4. The
periodic exchange of population between states |[+) and |3), or Rabi oscillations, temporarily
establishes an inversion pds — p3s on the probed transition. Short pulse propagation benefits
from the distortionless Self-Induced Transparency. However, we pointed out that the max-
imum amount of energy that can be obtained in a single probe pulse is limited by the 27-area
of the drive pulse. This limitation does not exist in the cw regime.

The best way to amplify gamma photon by stimulated emission seems therefore to resort
to continuous waves. It is now the turn of nuclear physicists to find a nucleus that fits the
scheme in Fig.6.1.
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Appendix to Chapter 6

6.A Steady state solution

In this Appendix, we derive the steady state response of the electro-nuclear system. Setting
the time-derivatives to zero in Egs. (6.13) to (6.19), we get an algebraic system to solve. To
this end, it is convenient to introduce the Lorentzian factors

_ L'y _ Iy _ '3
L = Tq—i6, L = Tp—iA;’ Lo = F =y
_ I .
-[,12 = r12 + iwlz’ -£]I = -Eji- (659)

Working in the weak probe limit, we neglect quadratic terms in ). Solving successively

Egs. (6.19), (6.18) and (6.17) then gives:

Y QqPi
Pp = _ll_,_pr Z (S§~£r]4nn4 + SyS]'£n4pm]’ + S§£n4‘£34 l-c‘j d) y (660)

p n=12 34

O
Pa = _IF_: (S Luenia + S8y Ly ) (6.61)
n=12
where . .

L, = , Jay = il - 6.62
T 1+ =12 S L Laadol Jaa 34 [y (6.62)

Substituting the expression of the polarization into Egs. (6.13) to (6.16) we are left with

1 = pu+p2+ps+pu, (6.63)
0 = —Roy +Yposs + vapss — 2JaRe [ Ly (Sys + S,Syomy )] - (6.64)
| |
0 = —yapss+JiRe [Z L (SN + SSr0r) J , (6.65)
n=1,2
0 = —2yppus+R Y. py, (6.66)
n=12

~ Laady X125y Ligs
Tio+ L12 Y10 FLgda

We solved the set of Egs. (6.63) to (6.67) numerically for different values of the detuning
parameters. Using expressions (6.60) and (6.23), we then evaluated a, and obtained Fig. 6.2.

(6.67)

P12

111
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Next, we consider the limits !A,,! : !(5,,! < I'q, I'p, which implies L4, L3 =~ 1. Supposing

for simplicity that & = § = —=§S, = 1/2, the polarizations become

Q Ji Ja
P, = —i—"|nu—Re +O(—,—)],
p T, 14 P12 Tor’ Jos
Q)
Pa = _lr_d(n13_Rep12)-
d

On the other hand, the system of Egs. (6.63) to (6.67) reduces to

P11 = P2, pa=Tp1, 1=2p11+p33+Pas,
Ydeszs = JaF s, Repp = (1 —F) g,

[1pdg + J2 [ 2 2
2, Jp =TIz + .

T R+ 2Tpdy+ I

with

(6.68)

(6.69)

(6.70)

(6.71)

It is thus easy to compute Ni3, Nig, and Rep;,, and then Py and Py to derive the propagation
equations (6.38) and (6.39). Let us note that, by substituting the last relation of (6.70) in

(6.68) and considering the limit & — 0, the gain condition in steady state becomes:

Pas — p3z > 0.
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Chapter 7

Conclusions

In this thesis, we have analyzed laser problems using methods that were developed in the wider
scope of nonlinear science. Being eventually confronted with sets of nonlinear differential
equations to solve, we have each time pointed out their underlying physical meaning. Let us
review our main results.

In our study of a microchip laser with a weakly saturable absorber (LSA), we character-
ized the bifurcation layer over which harmonic intensity oscillations evolve into pulsating
oscillations. In particular, we determined the dependence of the size of this bifurcation layer
on the laser parameters. We could therefore indicate ways to design a microchip LSA with
a sufficiently smooth bifurcation layer to be experimentally studied. A potential advantage
of this would be the ability to tune the shape of the intensity pulse via the pump parameter.
From a fundamental viewpoint, we showed that the underlying LSA dynamics close to the
Hopf bifurcation is intimately related to the Lotka-Volterra problem, which is well known
in ecology and chemistry. This is also the first example of a singular Hopf bifurcation in a
laser system. The LSA problem dramatically illustrates how the gain dynamics can disturb
the quiet behavior of a laser.

In a free-running multimode laser with spatially modulated pump, part of the medium
may act as a saturable absorber. If the laser operates in the multimode regime, a similar
self-pulsing behavior as in the microchip LSA can arise. Here again, the transition from
harmonic to pulsating oscillations occurs over a very small range of parameters, although
not as abruptly as in the LSA case. Viewed as individual oscillators, the lasing cavity modes
are globally coupled by the mean longitudinal gain. This gives rise to antiphase dynamics,
resulting in a smoother behavior in the total intensity output than in each modal intensity.
An interesting continuation of this work would be to study to which extend such a self-
organization survives in the self-pulsating domain of this system. Preliminary numerical
simulations seem to indicate that this property is very robust. This suggests to design highly
multimode self-pulsating lasers that function on the present mechanism. The required strong
spatial modulation of the pump could easily be achieved with semiconductor lasers. Another
consequence of an inhomogeneous gain distribution over the cavity axis is the existence of
bistability between steady states.

After having encountered the antiphase type of synchronization in multimode lasers, we
studied the conditions for in-phase synchronization in a semiconductor laser (SCL) array
with an external mirror. A connection was found with the Kuramoto set of equations, which
is a generic model for globally coupled oscillators. We extended this model to investigate the

115



116 CHAPTER 7. CONCLUSIONS

synchronization properties of the array with respect to both optical and relaxation oscillations.
The time delay is found to produce many solutions, all displaying in-phase synchronization.
These solutions can be viewed as nonlinear modes of the composite cavity formed by the
SCL array and the external mirror. Indeed, they satisfy resonance conditions expressed by
transcendental equations for the optical and relaxation frequency. The number of nonlinear
in-phase modes increases with the external cavity length, which favors in-phase synchroniz-
ation both in steady and time-dependent states. They are analog, though different, to the
linear eigenmodes of the composite cavity in the absence of the semiconductor material.
Therefore, using an external cavity, one can improve the beam quality obtained from a SCL
array and broaden its range of applications. In the future, it would be interesting to invest-
igate the array dynamics for larger coupling strength. This would allow to achieve in-phase
synchronization with broader distributions of natural optical frequencies in the array. An-
other direction of research would be to study the dynamics of a broad area laser with the
same coupling scheme.

Following the idea that low frequency atomic coherence effects could play a role in the dy-
namics of the microchip LNP laser, we built a theory for a multi-transition laser. We derived
the minimal set of equations to describe these effects and gave them a physical interpretation:
the multimode electromagnetic field brings the ground state population into a quantum su-
perposition of states where stimulated absorption is enhanced. The resulting model explains
the experimentally observed oscillatory output of the LNP laser. Recently, this model was
successfully used to describe an experiment carried out on a microchip LNP laser with a KTP
frequency-doubling crystal.

Finally, we have derived the necessary conditions to achieve inversionless amplification
of gamma radiation in an electro-nuclear scheme. These conditions involve not only the
intensity of an optical drive field, but also impose constraints on the characteristic decay rates
of the medium. If these conditions are fulfilled, the required pump power can be decreased
by orders of magnitudes with respect to conventional laser systems. It remains to find a
Maéssbauer nuclear candidate that matches these conditions. This would pave the way to the
construction of the first gamma ray-laser.

By this work, we hope to have convinced the reader that nonlinear aspects are not only
of fundamental but also of practical importance in dealing with light-matter interaction.
Through a proper comprehension and characterization of the related phenomena, we have
shown on multiple instances that new or better coherent optical sources can be developed.



