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A Further Look at Waveguide Lasers

E. Del Giudice, R. Mele, G. Preparata, S. Sanvito, and F. Fontana

Abstract—A new approach to the dynamical evolution of reported in Section Ill, we abandon the nonsymmetrical point
a waveguide laser is presented which goes beyond the usuabf view of the MB equations, where matter and e.m. field
Maxwell-Bloch (MB) equations in that it takes fully into account are present on different grounds, and assume the general

the phase of the matter quantum field that describes the atomic int of Vi that tt d radiati both i
systems. As an experimental check of its effectiveness, we analyz?©/Nt O VIew that matter and radiaton are both quantum

in its light a recent set of experiments on the effects of a “dephas- fields mutually interacting through the well-known and well-
ing” of the electromagnetic laser field that find no explanation established principles of the QED interaction. No modeling
within the MB equations but, on the contrary, are in very good s introduced so that the system under investigation is not
agreement with its expectations. constrained by any preconceived hypothesis. In QED, the
Index Terms—Electrodynamics, laser excitation, laser stability, matter—radiation interaction gets its simplest description in
laser tuning, Maxwell's equations, optical fiber lasers, quantum the Lagrangian scheme—not in the Hamiltonian one—and the
theory, ring lasers, waveguide lasers. equations of motion of the physical system are very easily
derived, as early recognized by the founding father of QED,

|. INTRODUCTION Feynman [6]. However, very recently Enz [7] has proven

OR THE central role they play in modern telecommunit-hrough expli.ci.t calcul'ations that all the results of [fl]—which
. ! are at the origin of this paper—can be recovered in the more
cation technology, waveguide lasers have been the focus

of intense research work, both experimental and theoreti re}ditional Hamiltonian scheme. In the Lagrangian scheme,
' P ?ﬁ‘e Path Integral formalism, introduced by Feynman, brings

[L}-13]. In this paper, we wish to contribute some furthers very quickly to equations of motions, which replace the

insights into this fascinating field (both experimental an . . . L
i B equations, that can be recovered as the semiclassical limit
theoretical), based on a novel approatdhthe quantum elec- . .
of the theory. and provide the following advantages.

trodynamical (QED) interaction between the matter systems o ] )
(atoms or molecules) and the coherent laser e.m. field. Thet) No preliminary selection of the “lasing” degrees of
peculiarity of this approach, which has just been successfully ~ freedom is required. The dynamical evolutionadf the
applied in other matter systems suchtgke [5], lies in its full degrees of freedom of the matter systems can be traced
quantum field theoretical (QFT) character that leads to view Pack and the spontaneous self-selection of the lasing
the e.m. field and also the matter systems as quantum fields Modes, induced by the matter—radiation interaction, can
whose dynamics are governed by the well-known (and well- € explored. _
defined) QED interaction. It is generally accepted that most2) The time evolution of the lasing process can be analyzed
of the main characteristics of lasers (apart from noise) can Including the spontaneous switchings on and off that
be accurately described (and have been described) by using Nave been observed in the experiments. In this context,
a treatment where matter is assumed to be an ensemble of Of particularrelevance is the role played by the “effective
quantized elementary systems (atoms), whose Hilbert space Mass” of the photon in the cavity, given by (10) of this
is formed by the set of states involved in the lasing, while ~ Paper, whose value depends on the differences between
the electromagnetic field is viewed as a “classical” vector ~ the energies of the levels of matter and the energy of
field. This treatment leads to the well-known Maxwell-Bloch ~ theé €.m. mode, namely the so-called “dispersive bed”
(MB) equations. However, a more complex dynamics could ~ Of the system. These dispersive structures have been
be envisaged: the matter system could be the subject of a &lréady considered in laser physics—for instance, in
dynamical evolution, coupled with the evolution of the e.m.  the framework of laser cooling and the laser separation
field, considered as a quantum entity, able to determine a ©f different molecular species—but our QFT approach
change in time of the degrees of freedom involved in lasing. ~ &llows a compact way for determiningas a dynamical
The evolution of the quantum e.m. field could thus switch the ~ variable controlling the propagation of the e.m. modes
lasing on and off on different pairs of levels. To analyze this N the cavity as a consequence of the dynamics of the
more complex situation, which is at work in the experiments ~ Matter system.
Our work is organized as follows. In Section I, the theory
of a simple waveguide laser is worked out, with the aim of
Manuscript received December 12, 1997; revised June 9, 1998. keeping track of the dynamical evolution of each cavity mode
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Fisica, Universia Degli Studi di Milano, 20133 Milan, Italy. . . . .
R. Mele and F. Fontana are with Pirelli Cavi SpA. 20126 Milan, Italy. State. In Section IlI, we shall describe an experiment with such
Publisher Item Identifier S 0018-9197(98)07171-1. type of laser and interpret its remarkable results on the ground
1A thorough presentation may be found in [4]. of the theory worked out in Section Il

0018-9197/98$10.001 1998 IEEE



2404 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 34, NO. 12, DECEMBER 1998

Il. THEORY OF A SIMPLE WAVEGUIDE LASER be space-independent. This assumption should be well founded

The system we wish to study is a thin waveguide of leng@H'€ t0 the (spatially) homogenizing role of the pump, thus it
L and cross-sectional are® (S'/2 < L), which is turned holds particularly at the low e.m. field intensity, i.e., during

into a (effectively) one-dimensional (1-D) optical cavity byhe Start up of the laser modes. _
depositing dielectric multilayer mirrors on its extremities, €@se note also that for simplicity we have given the upper
reaching reflectivities close to one, which we denoterby. fevel the simplest tensor character, i.e., that of a vedtor);
In such a cavity, which we take as an ideal 1-D cavity, tHkcan easily be checked that this in no way limits the generality
allowed spatial (normalized) modes are (throughout this pagdrOUr treatment.
we shall use the natural unit system, whére- ¢ = kg = 1)
A. The Dynamical Equations
<p§,f)(z) — \/ZCOS /%(;r)z’ kﬁj) _7 + 2_7rm 1) The dynamical evolution of our system—matter plus e.m.
L L L field—is governed by the Hamiltonian
<@Wb¢%mwasz¥m (2) H=Hc+Hp (7)

with H¢ the conservative Hamiltonian arily the dissipative
one. Ho has the following general expression:

where 7 is the 1-D spatial coordinatek,(f) represents the

wavenumber of the cavity modes whose frequencw%)
such thatw$E) = (k5 /n) (n is the refraction index of the He = Hpy + Hep- (8)

waveguide), andr is an integer. The quantized e.m. field ISThe first term is the matter Hamiltoniat,; and is given by

() 1) — 1 —iwlt () (o) (A7) :
e Z \/T |:6 P (z)am)\(t)cm)\ + h'C':| Hy = / 90T (z, &) Hop(2, 65 1)
mrA 2w’ S =€
@ +e [ ol 0Tone 646

Whereag,’;)A(t) are the quantum amplitudeé,’;)A the transverse i .
polarization vectors) the polarization index, and denotes +/ 1’ (2,6 1) (2, &) A (2, 1) ©)
the parity (£) of the allowed modes. As for matter field, we =
may write where the first term is the free atomic Hamiltonian, the second

term represents the coupling between matter and radiation

-

aﬁ,’,’,) (t) () bai (1) . whereeJ(£) is the e.m. current of the atomic single system
&) = Z J5 om (2)(€10) + zm: \/ﬁ<£|1L’x> ande is tE1e) electric charge, and the third term represents the
(4) dispersive effects of the polarizable atomic medium upon the
propagation of the e.m. field. It incorporates the effect on the
where aﬁ,’{)(t) and b,,(t) are bosonit quantum amplitudes propagation (the photon “mass”) of the e.m. mmﬁé)(z) in
associated with the atomic ground state (s-stgt#)) (¢ the cavity, stemming from the dispersive matter—e.m. field in-
describes the totality of the internal atomic quantum nungeraction. An elementary analysis yields fdf’ the expression
bers), and with the excited states (p-state with index [4], [9]
—1,0,+1)(£|1¢,z) possessing energies, above the ground 2 N
state. In fact, as is well known, in lasers of the type we areq) _ ¢ <ﬁ> wiy) [GilEn - Tlp)I?
considering, due to the Stark effect, the atomic populations if* — ,0* \ V/ ~ (B, — E;)? — Wi (Ep—E)
the excited states are distributed in energy according to the v (10)
Lorentzian {V is the number of atoms in the cavity)
AN r 1 where N/V is the density of the atomgi) is the = initial
g N = (5) state, |p) denotes the intermediate state accessed from the
7 (We — wo)2 + — initial state through the interaction with the e.m. field mode of
4 frequencywﬁ,’{), and E; and E,, are the energies of the initial
wherew, is the central value anld is the width of the emission and intermediate states. Now one has for the square of the
curve. Thus, the continuous index indicates the allowed transition matrix element
frequency range for the upper level, such ﬂb@t—wﬁ,’{)| < Aw

mr

= 7 . 2 ™ Wo
where Aw is the natural width > lGilen - J1L )P = 3 =l (11)
A ! i e
w= T (6) wheref, is the “oscillator strength” of the laser transition and

. » ~ m, is the electron mass.
with 7. = (2Ln/|lnr; + Enr2]). In writing (4), the population  ag for the e.m. HamiltonianH..,, we have the usual
of the upper level, proportional t8,; |6.;(t)|?, is assumed to expression

2In view of the the low density of the matter field, any effect due to the 1 N 5 N 5
Pauli principle being excluded, we may safely and simply deal with bosonic H.,, == / [E(z, t)" + B(z,t) } (12)
degrees of freedom. 2 ).
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with £ = =

—(0/0t)A and B

Hamiltonian will be given in the following effective form:

:_L_Z ()

mr

2405

V x A. The dissipative for the classical wave field associated with the atomic systems
coupled to the e.m. fieldd. Equation (18b) represents the

classical D’Alembert equation whose source is the classical
e.m. current of the atomic systems. In terms of the matter
amplitudesnﬁ,’

T (1
{)(t) andb,;(t), from the system (18) one readily

_ ;Lem Z Sl)x(t)TaS;)A(t) obtains (we assume that the ground state has the conventional
2 mrA energyEO = 0)
Lyt 2
+ % D bai(#)Tbai(#) (13) CZ(J)m
=i ia{(t) = A [e G (DA + .0 bai(?)

where I', and I';(t) embody the effect of the pumping Vowiv
mechanism(s) andl',,, the loss of e.m. field radiation from Lo ()
the cavity. It is easy to check that the conservation of atomic Ty %m (®) (19a)
e ibai(t) = —ESZE&_[e—uéﬁta“i<>*’14-cc] afy) (1)

ST a M) + 3 b)) by = N (14) = Jay At m

mnr Tt 1_‘
requires that at each timel,(¢) satisfies + 'L?bbm‘(t) (19b)

Ebm (B bei(t) =Ta > al) (1) ali)( (15)

- ~ O + A0 — Pl )
Once the Hamiltoniat is fully specified, the action is easily wm L )
obtained Lem )y o Fond C T ey 7
= —i——ap(b) " (E)( )i
" 2 \/Zw(T)V @i
Afi:/ dt/ (é’t) waCNID) m
t; E13 - by (t), (19C)

igﬁpmﬂwglﬁmﬁwWW

The dynamical evolution of the coupled fields can be obtained
by solving the quantum field theory in the path integral
formulation [6]. The transition amplitude is

<f|i):/ dy do* o™\ da")"

where(J);. = [ (0[€).J(€)(€|14, z). This formidable looking
system of coupled differential equations can be simplified by

(16) first introducing the interaction representation
al)(t) — a) (1) (20a)
bm(t) — C_iwrtbm (t) (20b)

then normalizing all amplitudes to the humb®rof atoms in
the cavity, i.e., setting

i () — VNa()(t) - etc 21
- exp {%Afi (WP LA )} 17 o (8) = VN () @)
and finally writing (J,; is basically independent af)
It has been shown [4], [5] that in the largédimit the principle .
of stationary action holds in a fully quantum limit. Thus the (f)‘ _ ﬂé ‘ (222)
dynamical equations arising from (17) are nothing but the OV
Euler-Lagrange equations for the classical (coherent) fields bai(t) =u;ba(t) (22b)
associated with the e.m. and matter fields. Thus we get ) e
= a'rn)\(t) = \/7 ’E;’l) (t)( “ImA 1’_1:) (ZZC)
i (2 651) = Hop(z,6) + eJ(p(z, £51) A 1(z,1) A | f du
wherei is a complex vector, of unit modulus
+HD<p( &) (18a) B P
- (r r ) (r r i = 1.
2wm B ) Introducing the adimensional time= w,t, one thus obtains
= ——c"r ey ()
- m s () ) —i(wy ) Fwe fwo )T
NCE ) = 9 bl A s
: / f (2, &) T(w(2, &) +a<">*ei<w5€>—ww/wo>f} —il;agg;> (23a)
)% ern T ,' (r) (7) _Z(“' T>_“'a-/“'0)7'
e —itma e, sy b= 5> a[af

These equations admit an eminently transparent interpreta-
tion: (18a) is nothing but a “collective” Sabdinger equation

2

mr

+a£,’;>*ei<w5€>+ww/wo>f] + —%;T) b, (23b)
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_§d§;> +ial) — ) which admit the solutions
- gz ag:;)*bmei(wx>—wm/wo)‘r _ L%a%) (23c) o’ =1Aa . (31a)
T
@ a(7) = a(0) exp <—>, a(0) = O<—> (31b)
where ] by ( )TS i VN
- By determining by (28), one finds
g_GLU<N>”ﬁ (24)
= Br2\Y 3 - ’
w Vv 3 i :_’Yem:’}/a —Lgﬂ:\/gQ—F <’7em4 Va +Lg> . (32)
- Ts
|J] is related to the oscillator strength of the laser transition
through When
1
. 3 Wo Re <—> >0 (33)
7= /50 (2) @5) 2
m€

that means, SiNC€yem — v4/4)% > ¢°,
and Yas Yoy Yem = (Fa/wo),(rb/wo), (Fem/wo). The conser-

2
vation equation for the number of atomic systems now reads g > ry ’yi S [/ﬁ + Orem 1 Vo) } (34)
(7) 2 2 _
z|am | +Z|bw| =1 (26) the e.m. amplitudex(r) = «(0)e™/™ grows exponentially,

“running away” from the situation where the e.m. mode
The differential system (23) allows us to understand thgerforms incoherent quantum fluctuations of amplitude) =
dynamical evolution of the laser system through the sequenogi /+/N), to the situation where it becomes a macroscopic

of its stages. classical field oscillating in phase with the atomic system.
Since the conditions (30) and (32)—(34) depend on the spe-
B. The Build-Up of the Cavity Modes cific parametern.,,, which according to (10) depends on the

First of all, by making the well-known and widely utilizedTeauenciesv;, , each level has its own specific timg” for

“rotating wave approximation,” we realize from (23) thafunning away tovv_ard the limiting solution (Iimit cycle)_of (28).
steady, not wildly oscillating solutions can be obtained only fof'€S€ runaway times must be compared with the time
e Vo1

T = ==
- pump
wr(:l Wz (27) N Upump
n

(35)

namely when a cavity mode resonates, within the cavity widW\'th N/V being the density of the atoms angh,m,, the pump

I'..., with one of the matter field modes. Equation (23) thef 0SS section, which governs the total duration of this phase
b:g(’)mes ' of build-up and is determined by the level of the power of the

pump. If7* < 7,ump, all the cavity modes are actually able to
i) = gam ) — il;aﬁj;) (28a) reach their limit cycle, namely the stationary solution of (30).

3 (r r ™ ’Yb T . .
i) =galal) + Il’Ebgn) (28b) C. The “Colonization” of the “Spectator’ Modes
_ld(r) LG~ D) — gae) e ) (280) and the Reaching of. the Stead-y State
2™ " mem e 2 " At the end of the first stage, i.e., fér~ 7p,ump,, all the e.m.

whereas the nonresonating matter modes obey the equatiotavity modes (and their matter partnes$’ () and b33 (1))
have reached their steady state, corresponding to the limit

by = %bm (29) cycle. However, the laser is not “on” yet, for its output is fed by
only a very small fraction of all the atomic matter modest).

which describes the evolution éf as governed by the pumpThe vast majority of the excited atoms in fact have been so far
only. The resonating modes, on the contrary, are able to evojy@re “spectators,” being decoupled by all the cavity modes.
toward nontrivial limiting solutions. However, since at theqowever, a careful analysis of (23) shows that the interaction
start-up of the system the cavity amplitudes (7) ~ «,,(0)  of the cavity modes, whose e.m. field amplitude after the first
are still vanishing near = 0, (28b) and (29) coincide and stage has become nonnegligible, with the spectator mbdes
provide an amplitudé,(r) varying very slowly with time, oscillating initially with frequencyw,, is able to drive slowly
so that we can také as a constant in (28a) and (28c), anghe latter ones to oscillate with the same frequency of each
renormalizeg. Moreover, we can drop in (28c) the secondcayity mode. In order to describe the “walk away” of the
order term by using the generally accepted “slowly varyingpectator modes from their original frequency, we have to

envelope approximation.” Then we have make the Ansatz
= —iga* — 12 (r) _
BTN T R 08 () =a(0) 4 ARG () e [‘i(wm %)T]
o =—iga* — Jem oy — e’ (30b) mr o
2 (36)
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Fig. 1. pu/po for different values ofV/1” (10'% cm™?). Fig. 2. Laser amplitude switching off. The step function is the signal of the

phase modulator, the other two plots are the laser amplitude response, both
experimental (solid line) and theoretical (dashed line).

where Aé’%(o) = 0 andw is the frequency of the “central
cavity mode,” for whichy, = 0. It is possible to show that,
by substituting (36) into (23) and by using again the rotatingns and terminated with dielectric mirrors. The waveguide
wave approximation, it exists always a timg, at which the laser, originally designed as a mode-locked soliton source,
cavity modea having the frequency,, = w, + |n|(x/L) Was provided with a phase-modulating electrode optimized for

oscillates in tune with a fraction high-frequency applications.
: ) : The laser was pumped by a 1480-nm diode: the power
(r) _ (r) #\219,(r) /- %\2 . .
P = Z Aat (77) 7|0 (77) (37) coupled into the waveguide was about 50 mW. The key feature

T

used in the experiment was the possibility of switching the dc
of the spectator modes, thus colonizing them. In [8], the fuliias applied to the phase modulator very rapidly, increasing
mathematical details are provided. This stage of dynamiG{ decreasing the voltage by a well-controlled step. The effect
evolution is thus characterized by the fierce competition amopgequivalent to a sudden variation of the optical length of the
all the cavity modes to “colonize” as many spectators @gsonator, which takes place in a few nanoseconds. Although
possible in order to_ include them in the collect_l\_/e sta_\tlona@/]e rise time of the voltage step exceeds the cavity round-trip
states of each cavity mode, whose superposition gives rjge it is still much shorter than the other characteristic times

to the steady state of the laser. In Fig. 1, we plot the resyff yhe aser. Theory and experiment are compared in Fig. 2.
of the analysis sketched above for different atomic densiti Sis to be noted that on shiﬁing(”) the laser switches off in

N/V and for a typical optical fiber cavity. The analysis [8]. . : . . )
of the new limit cycles of the cavity modes, to which alsg time that is typical of the cavity decay time, to switch on

contributes the “colonized” fractional populati shows again with the typical ime = 37,y Furthermore, theory
pop N redicts and experiment confirms that when the shift is such

that thg intensities of the different cavity modes are Jugt]&lt kr(f{) _ kr(f{) + (n/L)n, i.e., each cavity mode is shifted
proportional top,. o\ ) )
to another preexisting cavity mode, the lageles notswitch
off. Physically this is due to the fact that the shifted e.m.
[ll. EXPERIMENTAL RESULTS cavity modes remain in tune with the excited modes of the
In order to understand the novel character of our approa@tpmic field (and thus the laser continues to be “on”) only
to laser dynamics, we have performed some experimentden the spectrum of the shifted modes coincides with the
The aim of these experiments is to show the importang@shifted one. When this does not happen, the lames
in the dynamic evolution of the laser of the phase of theut of tuneand it switches off, to switch on again when the
matter system. We have thus studied the response of tagser has gone through the two dynamical stages described
system to a shift of the cavity wavevectok§, due to the above, i.e., after a timex 37;,y,. This behavior, completely
variation of the refraction index induced by the applicationnexpected in the Maxwell-Bloch framework, confirms the
of an electric field. In this way, we have investigated theglevance of the phase locking between the e.m. and the matter
dynamics of a system in which a dephasing between tfield: while after the phase shift the erbium population is still
e.m. field and the matter wave field suddenly occurs. In itsverted, the induced dephasing actually “removes” the active
basic embodiment, the oscillator chosen for the experiment maedium from the cavity, causing the extinction of the laser
been a 53-mm-long LiNb@waveguide heavily doped with Er emission.
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