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Abstract—In this paper, we analyze the phenomena arising Pump current
when a monomode semiconductor laser is subjected to external Injection density J
injection from another laser. The system stability is investigated Opticat level K

isolator

as a function of detuning and of the relative injected power.
Different regimes, spanning from phase locking to chaos and |
coherence collapse, are described by analytical and numerical ¢
methods for weak and moderate injection. Previous theoretical
studies are extended by describing the inverse transition from
chaos to stability and by deriving the final locking condition. s
Also, further investigation on the coherence collapse regime has
been performed. Besides contributing to the exploration of an
interesting fundamental phenomenon, the results of this analysis 1
are useful for different applications, including coherent detection
and chaotic cryptography.
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I. INTRODUCTION 2}

NJECTION semiconductor laser (ISL) systems have been 25| Bz A

widely investigated [1]-[11] since the early 1980’s because -3
of their role in coherent detection, and in view of promising
applications such as laser spectral narrowing, modulation
bandwidth widening, reduction of partition noise, and of (b)
frequency chirping. Fig. 1. (a) Injection setup. (b) Locking diagram for weak injection, showing
~ Early theoretical analysis showed that a stable phase Io{bzh %‘fedl';ffl!ﬁg rr:r?én;;e%:ﬁ:nts);ég;gglozcigz 2:);26 detuning frequency; B: first
ing between master and slave sources [Fig. 1(a)] cannot be

achieved for all parameter values because of instabilities ] . ]
caused by the laser nonlinearities. function of detuningAw and of the relative amplitude of

Injection phenomena in lasers are governed by the come€ injected fieldi’. Results are summarized as usual by the
tition between the amplification of the spontaneous emissidAcking diagram(K, Aw) of the forced oscillator, where we
the injected signal, and their beating. Moreover, specific ph#ill find different zones, as shown in Fig. 1 (weak injection)
nomena must be taken into account, such as the gain-chafijé Fig. 2 (weak to moderate injection), namely:
effect in the semiconductor laser. The resulting dynamic 1) stable locking zonesyhere the slave laser locks in phase
behavior has been investigated theoretically, finding a route to the master and the dynamic variables describing the
from stability to coherence collapse at increasing injection  system reach a constant value;
levels. Different regimes have been described, including self-2) a beating zonewhere the slave laser is amplitude
pulsations and chaos. Recently, the chaotic behavior of such a modulated at the detuning frequency [5];
system has also been proposed for cryptographic application8) self pulsation zongswhere the field of the slave laser
[8]. However, little information is available in the literature for oscillates at the relaxation frequency;
higher injection levels. Though a reverse route from instability 4) chaotic zoneswhere the oscillation becomes chaotic
to a final locking has been found numerically [5], the upper  after a route which includes period doubling and muilti-
boundaries of the instability region have not yet been found periodical regime [3], [S];
analytically. 5) a coherence collapse zonghere the slave phase shows

In the following, we describe the dynamic behavior of  strong fluctuations and its spectrum becomes wide.

a semiconductor laser subjected to external injection as a
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w0 ' TABLE |
13=1.05 ; LASER PARAMETERS
=6 | J G =13.91 x 10'" [s7] normalized differential gain,
, ] G =0.5Gn Ny
‘ heating ‘ by Nip = 1.7172 x 1024 [m—3] threshold carrier density,
T e il Ny =1/Gn7p + No
’ : ‘ LR G, =8.1x 10~'3 [m?/g] differential gain
2 é‘/ﬁl g 7p = 2 ps photon lifetime
O; ;illf;a”_m” : \ 1 :5 No = 1.1 x 1024 [m—3] carrier density at transparency
® ﬁfifll',i'ﬁ“ : \ | E E.o = [(Rp — Nw/7s)mp]'/? unperturbed electric field amplitude
g ==, N S [m=3/2]
fm : | 7s =2 NS electron—hole recombination time
E O Rp = Jn/qd [(m? sy~ '] pump parameterJ( = pump current
2 self A density,q = electron chargej =
é’ locking pulsations | ; active region thickness; =
-5 " region L efficiency)
1T N N ‘ . Rpw = Jenn/qd [((m® sy 1] laser pump parameter at threshold
beating i : Jun [A/M?] laser current density at threshold
zone 1 | Tin = 8 PS round-trip time in the laser cavity
| K = from 0 to 0.2 field transmission factor of injected
" 1 ‘ ;o light
} . k= K/ [m?ls] external injection rate
0.001 0.01 0.1 Aw [r/s] nominal detuning
o oa=06 linewidth enhancement factor
Injection level K T* [s] relaxation time
Fig. 2. Complete locking diagram showing the dynamics for weakly téz (7S] laser relaxation frequency
moderate injection. The unstable locked zone includes the dynamics ofwao [1/s] actual resonance frequency of eq.
typical nonlinear oscillator : self-pulsations (i.e., a torus in the phase space) _(18)
chaotic oscillations, and coherence collapse. The final stable locking zoneuis: [1/S] instantaneous frequency of phase
reached for a moderate injection level. Numbers into parentheses indicate the fluctuation in the coherence collapse
corresponding equation of the text. regime
Jo =J/Jin normalized density current
» ) . Ko injection level at the final locking
modified to describe the ISL of Fig. 1(a) [3], [5], [12].%, ¢, n normalized electric field amplitude,
obtaining the following set of equations: phase and carrier density of the laser
J subjected to external injection
Elaser 1 Cs, Ps, N stationary points of the laser
ar §[G"(Nlaser — No) — 1/7p] Etaser dynamic variables
K E
+ P cos(¢) injection. To simplify calculationsE,; has been taken equal
dp 1 to that of the solitary laseF.,, without lack of generality.
at §Q[Gn(Nlaser — No) — 1/7p] After some algebra, we obtain a new set which will be used
K En; | throughout our paper to describe the ISL, i.e.,
TR sin(¢) — Aw d
Tin “laser c
leaser Nlaser ) _t = GTL(C + 1) + k cos ¢ (1)
df = RP - - - Gn(Nlaser - NO)Elaser dd) k
o — = aGn — sing — Aw (2)
where Ey...; and ¢ are the laser electric field amplitude (;it 1
and phase,Niase: is the population inversionEiy; is the an _ _ﬂ* — wWA(Tpn + 1/2G)e(c + 2) 3)
amplitude of the external injecting field, while definitions of dt r

other parameters are reported in Table I. As shown in Fig. 1(ahere
K represents the transmission of the master laser output
(including all attenuation sources), and its value determines the
injected fieldK E;,; into the slave. Transmissiol has been 1/T* = 1/7s + wkTp.

found to be a suitable order parameter of the chaos tranSitil?]nthese equations, parametey; is the relaxation oscillation
forl the lS!‘ systtem [31, [I5]t" | calculati h ; dfrequency of the slave laser}* is its relaxation time(,, is
n ca_rryl?? ou elfdnat{] |c3 calcu’a |or_1$l,3|vve a\;e”oun. the differential gain, obtained from linearization of the carrier

convenient to normalize the dynamic variables as 1ollows: density gain dependence, while the frequency dependence of

¢ = (BElaser — Eso1)/Frol the gair|1 i;a; been nebglected aﬁ usual I[zm; is the nominal

1 = (Nicer — Nen)/Nen uncoupled detuning between the two lasers. _

For clarity, definitions of the main parameters and variables

where E,; and [V;;, are the solitary laser static values for theised throughout this paper have been summarized in Table I,
electric field and for the carrier density, i.e., the solutions of thehere typical values, which have been used in simulations
first and third equations of the Lang—Kobayashi model withoanhd as a guideline to make approximations in the theoretical

2 _ 2
WR = GnEsol/TP
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analysis, are also reported. In our simulations, the gain- Solving for n and substituting into (3), we get a sixth-

suppression terml’ ~ 10~2* has been neglected since it give®rder polynomial in the variable, which admits six solutions.

only a very small correction to (1)—(3). However, since the problem is mathematically folded with
The Lang—Kobayashi equations represent a simple argbpect toc = —1 (i.e., Fi.se: = 0), we only need to consider

generally accepted model in the literature to describe a sertfie three solutions foe > —1.

conductor laser. Since the aim of this paper is to gain physicalOf these roots, one is nearly unitafy; ~ —1) and must be

insight by analytical calculations and fast numerical analysidtopped since its associated gain shift (the stationary value of

we have not tried to develop a more accurate model including which corresponds to that value &f) is negative [2], and

noise sources or describing the laser technology. We reméink others are symmetrical with respectte: 0 (i.e., Flser =

that our model is monomodal and quasi-monocromatic, €9.). These roots can be determined by approximating the

it cannot describe phenomena such as four-wave mixipglynomial ine to the second order, obtaining

or wavelength bistability, which have been experimentally

observed. In addition, throughout our analysis we will neglect, _ Aw 14 \/1 n (k? — Aw?)(1 +a?) |
as usual, spontaneous emission [10] as well as radiative and ~ 7*(1+ a?)wk o Aw?
nonlinear Auger recombination. In spite of these limitations, it (4)

will be shown that the model includes all relevant phenomena,
either observed experimentally or predicted theoretically in Since, even in a considerably wide injection versus detuning
the weak to moderate injection regimes [3]-[7], includiny/indow, e, < 1, substituting into (3) gives
chaos, coherence collapse, bistability, and the final locking. T*w3e,
Moreover, the general behavior of the ISL is not critically s =T (5)
dependent on the values of parameters. Nevertheless, model ) i
refinements would be necessary to get quantitative matchiffji'e from (2) we obtain the well-known stationary Adler's
with experimental measurements on specific sources (suctegyation [7]
Fabry—Perot or distributed feedback (DFB) lasers), especially .
in the region of large injectio( /& > 0.1) and detuning Aw = . +1(“COS ¢s = sin ;) (6)
(Aw > 5 GHz). '
A slave laser can be forced by injection to oscillate at
master laser frequency by two different phenomena. The first
is typical of most oscillators and has been first described by V. STABILITY ANALYSIS FOR WEAK INJECTION
Adler [13] for RF circuits. Injecting a fractio&” of the master  We are now going to evaluate the locked stationary solu-
output electric field into the slave adds to the oscillating fielgons, i.e., thereal solutions of (4)—(6). Fo < 10~? (weak
an out-of-phase contribution for unit time (normalized to thigjection), the laser amplitude perturbation is very small and
unperturbed master output)= K/7i,, wherer, is the cavity (6) becomes
round trip. Such a perturbation can result in phase locking of
the slave to the master [13]. Aw =kV1+ o’ sin(¢, — atana). (7
The other phenomenon (gain-change effect [14]) is specific
to semiconductor lasers and is due to the dependence of
refractive index of the active medium on carrier density [15];

\ghich gives¢, in implicit form.

The region where (7) admits real solutions is bounded in
g(k, Aw) plane by the two half-lines [2]

namely, the injected power partially depletes the population Aw =k, for Aw>0 (8)
inversion, varying the complex refractive index, which results Aw = —kvV1+ a2, for Aw < 0. (9)

in a negative shift of the cavity frequency, which affects on
its turn both detuning and the locking condition. This effect Outside this region we find the well-known beating zone
is described by the linewidth enhancement faciofl4]. In  [5] (marked A in Fig. 1), where the injection level is too low,
semiconductor lasers, the second effect is dominantforl, or detuning is too high, to get locking. Inside this region, the
giving rise to a peculiar asymmetric locking diagram and teystem allows at least one real solution set (., ¢,), i.e.,
dynamic instabilities [9], [10]. a stationary point, and in the following we will evaluate its
stability.
The classical eigenvalue analysis can be developed to this
We start our analysis by finding the stationary solutions @lurpose. We consider the Jacobian matrix associated with the
the system, which will be denoted in the following by, n,, nonlinear set (1)-(3), shown as (10), at the bottom of the
andq¢,. Setting to zero the derivatives of the dynamic variablgsage, which must be evaluated in the stationary peint ¢,
in (1)—(3), we find from (1) and (2) a relation betweemnd ¢ = ¢,, andn = n,) with & and Aw as parameters.

I1l. STATIONARY POINTS

Gn ksin ¢ Gle+1)
J = —ﬁ sin ¢ — 6_’;1 cos ¢ oG (10)
—2w(rpn — 1/2G)(e + 1) 0 —1/T* — whrpe(e + 2)
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If (k, Aw) = (0,0), we have a solitary laser which isratio of a third-order polynomial i divided by a factod + Pk
asymptotically stable, as expected, since one eigenvalue(vidiere P is a constant and’k < 1); thus, it represents a
zero while the others lie in the left half of the complex planelockwise-rotated cubic curve. Even if we consider a wide
As k and Aw are varied, the eigenvalues become complérjection versus detuning window, such a& (= 0 = 0.3,
conjugates and can possibly reach the right half plane and) = —10 = 10 GHz), it is found that only the positive
give rise to instabilities; however, we expect a final lockingranch of this locus is of interest. Moreover, this curve can
for sufficiently strong injection, as supported by experimentak linearized with small error (less than 0.3%, with our
evidences and numerical analysis [5]. parameter set), by a first-order Taylor approximation around

The eigenvalues can be obtained as the roots of the secitintersection with the axid\w = 0, obtaining
determinant of.J [16]

Aw=m(k -k 15
D(s) =5+ As*+ Bs+C (11) ( ) (15)
where A = tr(J), B = ) ,my; is the sum of the minors where
of the matrix diagonatn,;, andC = det(J). From (10), the 5v1+ a2 2/2
expressions of these parameters can be found as ko = AT 1+ — T wr (16)
2k(es + 1
A:w%—i—kQ(es—i—l)Q—i—%msd)s B V14 a? 25 5v/2 I (17)
1 e, 8(T*wgr)? 2T*wg '
B= e + 2k(es + 1) cos ¢s
ke, +1)2 ) _ The final locking region is thus on the right side of the
C= [T} + (1 +2G7pn,)kwg(cos ¢, — asing,).  straight line described by (15), as shown in Fig. 2. The angular

coefficient of this line is positive; this is consistent with the
To find the stability boundary of the system, we determingell-known observation that it is easier to lock an ISL by a
the imaginary-axis crossing condition of the roots of (11), i.enegative detuning because of the negative shift of the optical
_ frequency caused by the injection itself [10], [11]. The zone
Aw.awBr.a0 = Crae- (12) bounded by the hyperbole (13) and by the line (15) does not
Equation (12) represents a locus in tile Aw) which, allow negative real part eigenvalues, and thus the stability
under the assuptioX < 10~2 (weak injection), can be analysis developed so far cannot predict in detail the dynamic

approximated by the following hyperbole: behavior of the system. In the following, we will analyze this
A 9 region by a different approach, with a special emphasis on the
L2 — ©v 2a - 1 . (13) large coherence collapse zone it includes.
(1-a?) Tr(1-a* T (14 a?)
The (k, Aw) plane region bounded by (13) and (8) is VI. INSTABILITY AND CHAOTIC PHENOMENA

generically unstable (zone C in Fig. 1) while zone B in Fig. 1
is the first stable locking region [2].

Due to our assumption of weak injection, we cannot fi
the boundary of zone C for highdf. In the following, we

The ISL model is a dynamic, dissipative, nonlinear system
ngefined in a three-dimensional (3-D) space. For increaiing
a scenario typical of many 3-D nonlinear oscillators [17], [18]

will extend this theory to describe the dynamical behavior ip‘as been found numerically, confirming previously reported

the moderate injection regime, to get more insight into th(r§SUItS [3]-{7]. Moreover, we have _also accurate_ly verified,
ISL stability. irectly from set (1)—(3), the approximated analytical results

of the previous sections. The ISL behavior is shown in Fig. 2.
On the left side of the hyperbole (13), the system is
asymptotically stable, represented by a focus point in phase

To carry on the analysis foX > 1072, we use the space. Just after the hyperbole, an oscillatory behavior, close
expressions of the stationary valuesaf, ¢, given by (5) to the relaxation frequency of the system, is found, which leads
and (6), while (4) can be symplified as follows: to a limit cycle [Fig. 3(a)]. For increasing’, the limit cycle

(i) k or & K Ao (14) widens into a single toroidal surface and, by further increasing
es(m.t.) & —— =, ors =—>2=>Aw K, period doubling [Fig. 3(b)] and multiple toroidal surfaces
Try1+afup Tin [Fig. 3(c)] are found. This zone is labeled “self-pulsations” in
a condition which for moderate injection is satisfied even fdtig. 2. Finally, when the so-called “torus break-down” [19]
a considerably large detuning, such&ags = 10 GHz. is reached (the first dashed—dotted line in Fig. 2), the system

In the moderate injection approximatiow can be ne- enters the chaotic regime [Fig. 3(d)]. It has been verified that
glected inA and 1/7* can be neglected iB. Substituting the necessary conditions set by the Shilnikov theorem [17],
ns, ¢s, ande,, we can writeA, B, and C as functions of [18] are satisfied by the ISL in all the zones marked “chaos”
k, Aw. in Fig. 2.

Then, from (12), we get once again a curve in the plane All the complex behaviors described in this section are
(k, Aw), which represents the stability limit for our systemthe prelude to another interesting phenomenon called the
The analytical expression of such a curve appears to be theherence collapse,” often classified as chaos, but actually

V. STABILITY ANALYSIS FOR MODERATE INJECTION
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Fig. 3. System behavior as a function &f in the phase space: (a) limit
cycle, (b) single torus, (c) multitorus regime, and (d) chaos.

Attenuation K=0.02

Detuning=-1 s
very different from both the mathematical and the physical
point of view. This regime will be analyzed in Section VII. =-100f

After this region, for still larger values oK, the system 4
follows an inverse route to more stable regimes [5], passs .l
ing through a second chaotic region, a second self-pulsatiéh
region, and finally reaching the definitive locking (15).

h

Slave

-2001

VIl. COHERENCE COLLAPSE

The largest zone of the locking diagram of Fig. 2 is occupied =0
by a regime called coherence collapse. The fluctuations of the
dynamic variables found in the neighboring chaotic zones are-300; - 100 150
widely exceeded in this region, where the phase of the slave time [ns]
laser is subjected to large temporal variations, resulting in a (b)
very wide and irregular spectrum. This is shown in Fig. 4(&)g. 4. Coherence collapse regime: (a) phase plane diagram and (b)
and (b) where we report simulations in the phase space ding-domain diagram.
the time domain, which should be compared with the chaotic

attractor of Fig. 3(d). _ By writing the phase a$(t) = wct + ¢o, Wherewe is a
To study this regime, (1) and (3) have been converted infRneric function of time ang, is a constant, developing the
a single second-order differential equation, i.e., convolution in (20), and inserting the expressiomanto (19),
d? 1 d 9 k a more convenient form is obtained for (19), i.e.,
W—FF% +wh n(t)z—;cosd)(t). (18)

i(/) = —Aw + k(aR(t) — sin ¢(t)) (22)
The first term of (18) represents a damped oscillator, with dt
a free oscillation close tawr and a damping factot /7. where R(t) = Gn(t)/k is given by

The second term is a periodic forcing term d#{¢), with 5
instantaneous frequenayp/dt, as given by (2), which, for <&) — 1] cosg(t) — We o (1)
es < 1, becomes WR wrT™
d (t) = . 5 - . (23)
L 6= —Aw+ aGn(t) — ksin (). (19) <<w ) 1) < w, )
dt — + -
wWr wRT
An analytical solution of (18) has been found [6] for a generic
function of time ¢(t), i.e., It is interesting to note that fowe = 0 it is R(¢) = cos ¢

Ew e and d¢/dt = 0, so that (22) reverts to the Adler stationary
n(t) = —G—RGF cos(wrot) @ cos(@(t)) (20) equation of Section llI.

“RO By straightforward calculations, (22) can be alternatively
where @ is the convolution operator andgro is the actual written in the form
resonant frequency of the first member of (18)

dp/dt = —Aw + kp,. sin(p + v..)- (24)
2
wro = || W3 + < 1*> = Wg. (21) Equation (24) is a dynamic Adler equation, which describes
2r the phase relationship between the master and the slave laser
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F]igf- 5. ParametFersw anmeof —It-hf _dytr;]amic ?(dlerI equa:]iflﬁglaj aj;lp/gtion From (25), we conclude that coherence collapse is triggered
of frequencyw... For p.,, aw, T™* is the peak value, whi a” : PR : ;
is the low frequency valuéoe — 0). if transm|53|0nK_|s large enough, and the dumplng factor of
the systeml/T* is small enough to get a gain loap> 1.

dincludes th in-ch ftoct and th bet Ifé25) is not satisfied, the coherence collapse regime cannot
and includes the gain-change eftect and the resonance betwagh place. Note that, though (24) was written assuming that

the electric f".ald and carrers. The expressiongefand .. the system was inside the region confined between the straight
are reported in the appendix for completeness. Jé

Fig. 6. Phase spectrum in the coherence collapse regime.

. i 8 d (9), in (25) th i direct d d
Parameterg,, and~,, represent amplitude and phase mo r:jni(ng) Zz (9), in (25) there is no direct dependence on

ulatlo_n terms in (24). They .have.been plotted in Fig. 5 aS 1t is worth noting that information about the upper fron-

functions of w. o show.thelr typ@al resonance behaV'Ortier of the coherence collapse cannot be derived from (24),
For d¢/dt = 0, the locking c;)q(/j;tpn is met ang = 0, because this equation does not contain information about the
70 = atan(a), andpo = (1 + )", in accordance to (7). trajectories of the eigenvalues. The straight line (15) in the

Thetctomplete study Or (t'24) |strather dt'fﬁctu't' S|Ince| Itis no k,Aw) plane was in fact obtained in Section V following a
correct to assume a solution at a constant or slowly varying.. .- approach,

frequencyw. = wgr and impose the sine function between
+1, in order to find the limits of existence. Indeed, if we Vil
assume that (24) admits a regime solution with instantaneous )
frequency close tasp, the very fast phase jumps due to the This paper represents a new and more extended analysis of
steep slope of,, aroundw, drastically increasing the spectralthe dynamics of a semiconductor laser subjected to external
content of¢. As a consequence, the instantaneous frequeHBﬂﬁCtion- We have derived analytical results for the return
of ¢ varies rapidly and is actually very different fromg, Foute to stability for moderate injection and have presented
which invalidates our assumption. complete locking diagrams showing all the different regimes
As a matter of fact, the coherence collapse regime codf the injection system.
sists of complicated oscillations which spread over a wide The locking diagrams reported in Fig. 2 have been drawn
frequency range; this can be appreciated from phase—pldheé window in the(k, Aw) plane, where separate first and
and time-domain plots (Fig. 4) and is especially evident frofifal stable locking regions have been found. To investigate
the phase spectrum, which has been obtained by fast Foult§ system behavior outside this region, we have integrated
transformation (FFT) after numerical integration of (24), an@umerically the set (1)—(3). We have found that the two locking
is shown in Fig. 6. regions actually join for strong negative detuning (Fig. 7). The
From another point of view, the coherence collapse can [9king diagram is very sensitive t and to the normalized
viewed as a regenerative phenomenon taking place in the sIB#W Jo = J/Ju,. For increasingy, the stable locked zones
laser, which is triggered by the external perturbation due to t8gt thinner, while for increasing, the final stable locked
master laser. Indeed, (24) describes a system with feedba&€ is reached for highét values. We have determined the
where a variation ofp determines a change iy /d¢ which ~analytical dependence dfy, i.e., the injection level for which
on its turn gives a new variation of. From (24), it is found the final locking is reached [see (15)], framand Jo, finding

that the condition to sustain oscillations is Ko = 0.87in1/(1 + 02)GuRyin/Jo — 1, Aw = 0.
I=KawgT* > 1 (25)

FINAL REMARKS AND CONCLUSIONS

Finally, we show in Fig. 8 how the locking diagram changes
for small detuning and moderate injection. by varying parameterss and J,. Though for X > 0.2 the
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final locking is always predicted.

APPENDIX

Letting X = [(we/w:)?—1],Y = w./(w,.T*), and by using
(23), (22) can be written in the form (24) with

_1)2

_ aX 2+ aY
Pu = X24+Yy2 X2 4Yy2

) aY — X% -Y?
atan| ——— }.
aX

Ve

REFERENCES

of Pavia, Pavia, Italy, in 1979.

Since then, he has been working at the Department of Electronics of the
University of Pavia in the field of electrooptics. His main research interests
include injection modulation phenomena and chaos in lasers, electrical fiber
sensors, the fiber gyroscope, active and passive fiber components for telecom-
munications and sensing, and transmission via diffused infrared radiation. In
1983, he became a Staff Researcher of the Department of Electronics of the
University of Pavia and in 1992 he became an Associate Professor in the same
institution. He is the author of more than 60 papers and holds three patents.

Dr. Annovazzi-Lodi is a member of AEI.

Alessandro Scig was born in Rimini, ltaly, in 1971. He graduated in
electronics engineering from the University of Pavia, Pavia, Italy, in 1995 with

a thesis on chaotic phenomena in lasers. He is currently working toward the
Ph.D. degree in electronics engineering and computer science at the University

[1] G. H. M. Tartwijk and D. Lensto, “Semiconductor laser with opticalof Pavia, working in the Optoelectronics group.

injection and feedback,Quantum Semiclass. Optiol. 7, pp. 87-143,

July 1995.

His main research interests are injection phoenomena in lasers and chaotic
cryptography.



ANNOVAZZI-LODI et al: BEHAVIOR OF A SEMICONDUCTOR LASER SUBJECTED TO EXTERNAL INJECTION 2357

Marc Sorel was born in Sorengo, Switzerland, in 1971. He graduated from the
University of Pavia, Pavia, Italy, in 1995, where he worked on semiconductor
laser feedback and microoptic isolators.

He is presently still working in the Electrooptics group at the University.. - . ) . . .
of Pavia on speckle pattern phase reconstruction, with particular emphasits)fi'}vwai?aoan?;:](N: t;? gi;aol%aGtg d with a degree in physics from the University
g;sg;iré)ggetnc applications, on chaos in laser sources, and on the electroop iEor nine years he was with CISE (Milano), working on noise in photo-

: multipliers and avalanche photodiodes, nuclear electronics and electrooptic
instrumentation (laser telemetry, speckle pattern interferometry, gated vision
in scattering media). In 1975, he joined the Department of Electronics,
University of Pavia, Pavia, Italy, as internal lecturer and worked on feedback
interferometers, fiber gyroscope, and noise in CCD’s. In 1980, he became Full
Professor of Optoelectronics, and since then his main research interests have
been optical fiber sensors, passive fiber components for telecommunications,
free-space and guided optical interconnections, and locking and chaos in
lasers. He has authored or co-authored more than one hundred papers and
holds four patents.

Dr. Donati is a member of AEI, APS, Optical Society of America, ISHM,
and has actively served to organize several national and international meetings
and schools in the steering and programme committees or as a chairman. He
also worked in the standardization activity of CEI/IEC (CT-76 laser safety
and CT-86 optical fibers).



