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ABSTRACT. 'Ve make a Ilumerical study of the initial stage of lhe coherenl soliton adiabalic
amplification in active dopcd oplical fibers in lile general case of finite inhomogcneous Jccay limc.
\Vc are interested in adiabatic amplification bccallse it can rccover ami reshape lhc original input
pulse, in opposition to fast amplification. Qur rcslllts show thal il is possiblc to oblain closer
adiabalic amplification of aplical solitons by increasing lhe widlh of lhe inhomogeneous atomic
Hne, as expccted, and define its limits for finite linewidth. For short enollgh propagalion distances,
we give an analylical description of the amplification process ba..,ed OH lhe assumptioll that lhe
general dynamics can bc separated iuto two parts: tite pure amplificalion due to the resonant atoms
and the purc self-phase Illodulatioll due to the tiber itself. Such description is useful Cor ohtaining
a quantitative estimation of thc propagatioll distance after which the amplification process will
deviate from the adiabaticity conditioll. In othcr words, it may represent the physical length of
the amplifier, avoiding lay in the fast amplificatioll region.

RESUr-.IEN. Se analiza numéricamente la clapa inicial de la amplificación coherente de solitones en
fibras ópticas a.ctivas en el caso general en que el tiempo de decaimicnto inhomogéneo de los átomos
resonantes es finito. Nuestro interés se centra en la amplificación adiabática de p1l1...•os, dado que nos
permite recuperar tanto su amplitud como su forma. Como era de esperarse, nuestros resultados
muestran que conforme se aumenta la anchura de la línea inholllogénca el proceso de amplificación
se acerca más a la deseada amplificación adiabática. Para distancias de propagaci6n suficientemente
cortas, damos una dcscripción analítica del proceso de amplificación, suponiendo una separación
entre la dinámica de amplificación debida a los átomos resonantes y la aulomodulación dc fase
generada por la propia fibra. 1'.:1,1 descripción permitc estimar cuantitativamente la distancia de
propagaci6n a la cual la condición de adiabatieidad no se cumple. En olras palabras, podría fijar
la longitud física del amplificador, evitando caer en la región de amplificación rápida.
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From the practica! point of view of realistie long-distanee optiea! eommunieations, solitons
in optieal fibers are not only attraetive beeause of their eapability of overeoming the group
ve!oeity dispersion inherent to s¡¡ica fibers, but also beca use the loss always present in the
fiber aITeets their amplitude and width in a proportiona! way only, leaving their seeant
hyperbolie shapes unaITeeted [1]. Thus, after some propagation distanee, when an initial
soliton has lost a eertain portio n of its energy, one needs to introduce an amplifieation
proeess in order to ideally reeover the original pulse. Following this idea, a considerable
amount of both theoretieal and experimental work has been done in order to explore
the teehnieal problems that eould oeeur in optiea] repeaters when installed in all-optieal• te!eeommunieation systems based on solitons.

At present we can identify three fundamental lypes of optieal amplifiers: i) semiconduc-
tor laser amplifiers [2]' ii) Haman amplifiers [:3], and more reeenlly iii) rare-earlh doped
optieal fibers amplifiers (EDFA) [.1]. The seeond type of amplifiers has been sueeessfully
tested in the laboratory [5]' and theoretieal studies have demonstraled thal il is possible
lo propagate solitons at arate of 2.5 Gb/s over 10,000 Km. or more [6]. lIowever there is
an inereasing interest on the rare-earlh doped optieal fiber amplifiers [7]' main!y beeause
their gain lines coincide with the speetral regions where the siliea fibers have their low-loss
windows, and also beeause it should be possihle to integrale them with the new fiber-laser
teehnology [8).

The amplifieation in a doped fiber can be aITmded in two opposile ways. The firsl
one is known as sudden amplifiealion, where the eoneentration of dopants is very high,
whieh mean an exponential gain in very shmt distanees. On the other hand it is the
adiabatie amplifieation, whieh allows a smoolh reeovering and reshaping of the pulse.
Tllc importance uf this proccss resides in long aplical COllllllllllications bccausc it can
support so!ilon propagation.

The most promising doped fiber amplifiers are thQse in whieh lhe resonant dopants
consist of the trivalent ion Er3+, whose gain speetrum has a maximum around 1..55 ¡tm,
beeause it allows solitons propagation. Heeenlly, the first experimental work on solilon
optieal amplifieation in sueh doped fiber has been reported [9-12], but the eorresponding
theoretieal and numerieal sludies are slill ineomplete, mainly due to the dimeulty of
simultaneously treating both nonlinearities of the fiber ami those of the resonant atoms;
moreover it seems that other nonlinear eITeets, sueh as intrapulse Haman sealtering, are
simultaneously present [13). Even negleeting sueh olhers nonlinear clfeets, the on!y know
theorelieal results at the present for the optical amplifieation of solitons iu optieal fibers
are those based on perturbative treatmenls of lhe gain souree, whieh apply only lo eon-
stant or parabolie gain profiles. For the former case, the results indieale lhat for small
enough gain eoclficients it is possible lo oblain a progressive adiabatie amplifieation of
solitons, but for the parabolie gain profile case, a saturation in the shortening of the pulse
width OCCllfS al sorne distance witllin tIJe aplical amplificr [1<1). I1owcvcr, in tile spccillc
case of doped optieal fiber amplifiers Ivlel'nikov el al. [l51 numerieally showed lhat the
eoherent nature of the interaetion between the optieal pulse and the resonant atoms
signifieant!y eontribute tu the amplifiealion proeess. In faet, they found that the presenee
of the homogeneous deeay time (T2) of the resonant atoms will eventually break down the
adiabatieal amplifieation proeess, but they did not give any estimalion of how far a given
soliton can be adiabatieally amplified. On the olher hand, fOl' lhe actual ultrashort pulses
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(~ 100 fsee), the width of lhe inhomogeneous line of El' atoms in siliea fibers (~ 9 '1'11)
~s ~omp~raole and can nol be fnrther negleeled. Therefore, lhe pnrpose of lhis papel'
I~.mvest¡gate the p~ae:leal Iimils of lhe adiabatieal amplifieation in Er-))oped optieal
I'¡oers Ampllfiers (b[)h\), even when lhe presenee of lhe inhomogeneous broadening of
lhe resonant atoms is takcn juto account.

As is weJl known, the spaee ami time evollltion of the eomplex envelope of an eleelro-
magnelic pnlse through a doped oplieal fibel' eau be deseribed oy the nonliuear Sehrod-
iuger (NLS) equation [16], properly generalized to lake into aeeounl the iuliuenee of the
resonant atoms [17]:

¡Dji _ ~ D2ji ~ ji 2ji oozolo"
DZ - .1DT2 + 21 I + )'11'g(0) PI LA, (1)

J(crc \Ve have lIscd the standard Ilormalizalioll lo soliton variables (17]. \'(T, Z) repre-
sents the pulse envelope normalized lo ¡'i5';, where PI = 2'l01,821/Tg1l2,80is the pulse
peak power assoeialed to lhe [irst order soliton. =0 is the soliton period and is given by
Zo = 11'2c216/.\ID('\)I; 00 = ~11'2Nd2k29(0)/h2(310 is lhe on resonanee low-intensity gain
eoeffieienl of the resonant aloms, and )' = (2dlo/h)¡'i5';, wilh d being lhe dipole matrix
clclIlcnt of lhe rcsonanl tl'fln:-;itioll, f\' thc resollanl atomic <icnsity, k tIJe wave Iltllllbcr,

c is the vclocily of light and .\ its wavelcnglh, lo is the tcmporal widlh of lhe inilial
pnlse (TO = 1.7610)' Z = z/zo and '1' = 1I - z/(3d/'I'o are lhe normalized propagation
distanee and local lime, rcspc('lively, ,8i are the ¡- Ih dcrivative of lhc fiber propagation
eonslant ,8(w), evalnal,'d at lhe pnlse earrier fre'lueney WL; D(,\) [= 211'C

2,82/.\] is lhe
Gronp Velocily Dispersion (GV))) in dimensionless units, and 'lo and '/2 are the linear
ami the j\err nonlinear parl of lhe rcfraelion index of the fiber alone, res¡wclively. FinaJly,
"2 = '/2/;lef is lhe so called crfedive nonlinear eoeflicient, wilh ;lcf being the erreelive
transversal arca of lhe oplieal fiber [16].

On t.he ot.her hand, in E'I. (1) ('fLA slands for the complex envelope of Ihe llIaeroscopic
resonanl polarizalion and, assuming a Two Level Atom (TLA) pielure for the resonanl
dopant atoms, it is gi\'t'n by

l'n,A = (1') = J p(6., '1', Z)g(6.)d6., (2)

where 6. = W - W¡, is the alomie detnning, p is the eonlplex envelope of lhe atomie dipole
and

1 , 2
9(6.) = ;;;-::exp(-6.-/2a ),

av21í
(3)

wilh a = (2'1'; Ví~1)-1, is lhe normalizeo inhomogeneons atomie line shape of wiolh
a, with T; bcing tite inhomogcncolls dccay time. \\'c will cOllsidcr lile pulse cillratioll
(lo) llIueh-smaJler lhan lhe spont.aneous (Tt} 01' any ineoherenl deeay t.imes, Thell, the
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microseopie dyuamies is giveu by the moch equat.ions [15,171:

DI'. p.- = ltl./Op - - + 'l'wV,
D'1' /2

~;, = Im[-yV¡'J,

(,la J

(,lb)

\Vhere 111(tl. , '1', Z) is the atomie populatiou iuversiou aud /2 = '1'2110, '1'2 being the dipole
deeay time. The system formed by Eqs. (1-,1) has beeu uumericaJly sol ved for the passive
resouaut doped fiber case [17]. 1I0\Vever, because d for Erbium is about 2.5 X 10-20 esu,
if \Ve use the typical parameters for the fiber: (32 = 20 psee2/Km at ,\ = 1.55 I,m,
112 = ~X 10-20 m2/\V aud ;lef = GO X 10-12 m2, theu)' "" 0.01, aud the eITeetive pulse
arca that the TLA sees is very small [181. Vuder this conditiou \Vecau cousider that the
population iuversiou is coherently uuchanged aud then practically coustant during the
iuteractiou [15,18]. Therefore, \Ve cau negleet Eq. (4b) and set w = I in Eq. (4a) for au
active doped optical fiber. Theu, Eq. ('la) cau be fOrlnally integrated to give p(tl., '1', Z) iu
terms ofthe time integral J V(]", Z) exp( -itl.T'+'l" /12)d'1'l This have beeu the procedure
used to study the cohereut amplificatiou of solitous iu optical fibers for the homogeueous
case [J5], that is, wheu (J ~ O iu Eq. ('1) 01' g(tl.) = ó(tl.). 1I0\Vever, because for the
inhomogeueous case such methodology is additioually complieated by the iutegratiou iu
10'1. (2), \Ve ha,'e preferred to solve Eq. (4a) takiug its time rourier trausform to obtain

(.'í)

\\'here - deuotes the t:ausformed variables aud 1510 is the uormalized Fourier variable.
Substitutiou of Eq. (5) into the time trausform of Eq. (2) gives the familiar result

- - / i)'72 ) -
PrLA(Ólo, Z) = X(Ó1o)V(Ó1o, Z) = \ 1 _ i[Ólo + tl.lo]7:' V(Ólo, Z), (G)

\\'here X(Ólo) is the local resouaut suseeptibility [18]. lt is necessary to emphasize that this
susceptibility is ouly valid wheu the arca of the pulse remains very small ("Z 7l'). Fiuall)',
\\'e take the time Fourier trausform of Eq. (1), aud usiug Eq. (6) \\'e obtain

D\i 1r ., - Ti ') 0ozoio _
i- = --(Mo)-V + ;-/.'[WI-V] + --~X(810)V,
DZ 4 2 )'7l'g(O) (7)

which cau be uumerically solved by a tec!lIIi'lue previously reported [19]. In Eq. (7),
F[;ry) denotes the tillle Fourier transform of tite .ry product. It is \Vorth to emphasize that
Eq. (7) is bighly uouliuear because it establisl",s a strong competitiou betweeu the fiber
illtcnsity-<1cpcn<!allt rcfl'action illdcx, alld tbe fn~qllclle'y-d(~pelldallt rCSOllant gaill, which
increases the pulse inteusity. Thus, the resouant atoms aller the NLS equation aud the
maguitude of their iufiuence is coutrolle" by tite parameters =0, "o alJ(i g(O)/lo, \\'hich



LIMITS TO TIIE ADIAIlATICAL. . . 695

>-

4

FIGUHE l. Tile temporal (a) alld spcclral (1)) bchavior of a first order soliton as jt propagat.cs in
all inholllogcncously broa<iclI(,d EDFA. The graphs were obtaillcd by lIumerical solution of Ec¡. (7)
with the paramcters: 'Y = 0.01, 00=0 = 0..18alld 1, = '1, = lo = 0.1 psoe.

depend ou the particular experimental setup, speeially on the initial pulse width. lIere we
will use the typieal fiber parameters given above and we will fix the input F'i1se width at
lo = 100 fsec., so Zo will remain fixed at 0.8 m. \Ve will study the influence of the resonant
atoms by varying (lo and g(O)/to, through changes in the dopant density N, and'in the
illhomogcncolls dccay time T'; 1 rcspcctivcly.

'1'0 illustrate the general behavior followed by a pulse within an EDFA, we salve 1'<]. (7)
numerieally taking a first arder solilon as the initial p"lse; i.e. I'('/', O) = sech('/'). In
Fig. I we display the time and the speetral evollltion of slleh initial pulse at several
propagation distances within the doped liber, for the intennediate case 72 = 100 fsec
(12 = 1), '1'; = 100 fsec (1; = 1) ami a gain of 2.6 dB/m (00 = 0.6 m-1). In Figs. (la)
and (lb), one observes that at the beginning the p"lse is progressively amplified at almost
adiabatie rateo I lowever, at the propagation distanee Z '" 2.5, the temporal be ha vial' of the
pulse, Fig. (la) cxhibit.s a lIoticeablc wing lllodulatioll, which can also be appreciatcd as
the two central peaks showed by the eorresponding spectl'llm, Fig. (lb). This modulation
is associated to faet that the amplifieation does not oeem in an exaet adiabatie way [14]'
alld it is expeeted by the nonlinearity of Eq. (7). The first tendeney of t he amplifier is first
lo simple ¡nercase lhe pulse amplitudc, causil1g that liJe pulse will not be more an cxact
first-order soliton. 'fhen, the optieal fiber lIonlinearities redilee the pulse width in order to
rceovcr a pcrfcct soliloll and lile proccss \'.¡ill star again. In faet,.Fig. (la) shows that tlle
modulation on the pulse wings is again present at Z '" '1. Sueh behavior had beeu pointed
out in the cases of eonstanl gain, parabolic profilc, ami also when the eoherent effects
duc to tIJe rcsonant homogcllco\ls atomic lille wcrc cOllsidcred, and it represents tIJc fad
tllat t.he adiabatie amplificatioll <loes not ¡mpl.y t.he OCClll'I'CIlCC of a IIIOtlOt.0I10IlS proccss.
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FIGUHE 2. Spatial !Jchavior of the pulse afea S(Z) rOl"4brcc differcnt inhornogell('olls <leca)' times.
1" (a) T; = 0.3 psee. i" (h) '1; = 0.1 psee, ¡¡"d i" (e) '/; = O.O:l:l:l psec. Tho other parallleters were
'/2 = 0.100 pscc, =0 = 0.8 III Ilnd, in arder lo isolale lhe effect of the inholllop;cll(,OIlS hroadcning,
O'o/o/!J(O) was fixcd al 1.211I-1, correspondillg lo aH TLA dClIsity of N = 1017 cm-3.

Ilowcver. t.hc sui>sC'qllcnt. pulse bchavior for ¡unge!' propagat.ioll distances is quite difTercnt
in alllhree cases. For the eonstanl gain case, sneh lH'havior \Viii repeal indeonilely and \ViII
asymplolieally prodllee all exael orsl-order amplioed soliton [14). For lhe parabolie gain
profile case lhe oseillating proeess will eonlinne IInli! lhe p"lse will reaeh a temporal \Vidlh
limil imposed by lhe widlh of lhe gain prolile [1'1). Iiowever. far lhe <:oherenl deseriplion
of lhe EDFA, il \Vas fOllnd lhal lhe proeess \Viii be inlcrrllpled lH'eanse of lhe onile
'/2 [15). In lhis case lhe memory dfeel of lhe resonanl dipoles \ViIIeallse lhe fOl"lnalioll of
s"bp"lses in lhe lrailin¡{ \Vin¡{of lhe inilial solilon amI lhe pnlse ils<'if will be evenlllally
deslroyed. Therefore, lhe res"lls sho\Ved in Fig. 1 indicale lhal slleh initial behavior \ViIIbe
qualit.ativcl.y thc same ('\'('n ir tIJe presence of tile illhoJllogClI(,OIlSatolllie li!le is takcn inta
accotlllt. JIowc\'cr, \\'e can cxpect quantitativc diff'ercllces allCl tlJat tIJey should depend on
lhe slrenglh of lhe gaiu aud ou lhe relalive widlh of lhe alomic liue shape.

In ord('r lo inv('stigate sucil qUilntitativc differellces \Ve will cen1er 01lr altention in the
spal ial beha"iol" of lhe pulse arca, ddiued as S( h) = JIVI <1"1'. The reasou is 1he follo\\"ing:
as S(z) is proporlioual lo l!le produel of ll", pulse amplilude limes lhe pulse \Vidlh, lhe
id('al adiabatical fllllplification implies COIIstant arca [1,1'1), so deviat ious 01'tile pulse arca
trace from au horizontal liue indieale IIOWfal" of adiabalicity lhe EDFA is \Vorking. '1'0

appreciale lhe iufilll'uce of lhe iuhomogeueous bl'Oadenin¡{ 011 lhe iuilial EDrA behavior
\\",' have sol ved Eq. (7) for s"veral value, of '1;, and \\"e Ila\"e display<,d lh" corr<,sponding
plllse arca curves ill Fig-. 1. 111these nllls \Ve !lave llscd tbc same pararnelers 01' Fig. 1,
lo = '/2 = 100 fsee. Zo = O.S m, !>ul lhe ralio (lo/o/!J(O), whieh is direelly proporlional lo
lV fUi]. ha,;;;been fixed al 1.111I-1, wltich corrcspollds to a dCllsily DI'active atollls DI' lY =
10
1
• cm-

3
. As it can he seeJl, al! curves }¡ave liJe CXI)('cted similar qualitat.ivc bchavior~

!>ul lhe initial rale of growing and lhe arca valne al \Vhich lheir orsl maximum "ppears
are all differeut. Fig. 2 also shows lhal as l!le widtll of lhe inhoIllO¡{elll'Ons alomie line
lH'fOIllCS hroadcr C/~.-... O), tile desircd adiahatieal <llllplificatioll can he mailllaillcd for
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FIGUI~~~. Spaíial bchavior of the pulse afca rOl' thrce diffcrcnt gain cocfficicnts. In (a) 0'0 =
1.8 In \ In (b) 0:0 = 0.6 11I-1 and corrcsponds to lhe pulse showcd in Fig. 1, and in (e) 0'0 =
0.2 m-l. AII the ollJer pararnctcrs are lhe salllC that thase lIscd in Fig. 1.

longer propagatioll distanees, as expeeted beeause the e[[eetive line width 01' the resonant
atoms, I/Tz + I/T;, is iuereased in the preseuee 01' finite Ti. On the other hand, the
hOlllogcncotls linc case prcviol1s1y rcportcd [15], can be rccovcrcd by sclting Ti _ 00,
and the spatia! behavior 01' its arca eould eonstitute an npper limit 1'01' the curves 01' the
Fig. 2. It is important to relllark that, as we are eonsidering the eoherent nature 01' the
¡¡ght-resonant atollls interaetion, all curves (even the eorresponding to Ti = ID fsee) will
exhibit more fre<¡uently ami more higher oseillations 1'01' further propagation distanees and
will eompletely depart rorm the adiabatie amplifieation; that is, EDFA can only sustain
adiabaticity 1'01' a finite propagation distanee.

In addit.ion, Fig. 3 shows the infiuenee 01' the gain strength on the spatial behavior 01'

the pulse arca during the first. stage 01' the amplifieation proeess. Ilere, again, the ot.her
parameters are the same that t.hose used in Fig. 1, bnt curve (a) eo,rresponds lo a gain 01'
0.87 d B/m (no = 0.2 m-1), curve (b) to a gain 01'2.6 dB/ m, while curve (e) eorresponds t.o
a gain 01' 7.8 dB/m (no = 1.8 m-I). As it can be seen, adiabatieity can be maiutained 1'01'

longer propagation distallees ir one reduces the gain, as expeeted beeause t.he perturbation
to the exaet NLS e<¡ualioll is smaller. An important. feature is that, if we ¡nrrease the gain
we wiIl obtain a cxponcntial amplificatioll for Z grcatcr lhan 2, as have hecn rcportcd
!ately, but having an adiabatie alllp!ifieation for short propagalion distanees.

At. present no analytieal solution to E<¡. (7) is known, so t.he result. 01' the eombincd
elreels 01' the gain and 01' finile inhomogeneous deeay time is impossible to be t.heorelieally
deseribed. Neverlheless, whiehever estimation 01'the pulse evo!ution within the EDFA can
be 01' very praetieal interest, beeanse it eould represent a <¡uantitalive limit 1'01' the oee\lr-
rcncc of the cohcrcnt adiabatieal umplilicatioll of ultrashort pulses and the opportunity to
c1arify its dependenee with the experimenlal val'iables. Observing the pulse arca curves,
Figs. 2 and 3, it seems reasonable to <¡uantilat.ively eharaeterize them by the oee\lrrence
01' their first osciliation, as 1'01' fUl'thel' propagation dist.anees t.he eoherent. natnre 01' lhe
proeess will domina!e. A roughly analytiml desel'ipt.ion 01'the pulse arca e"olution can be
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obtained for short enough propagation distances if we suppose that the full pulse dynamics
established by Eg. (7) can be separated into two parts: i) a growing of the pulse arca due to
the resonant susceptibility and ii) a decreasing of the pulse arca due to the fiber dispersion
nonlincaritics. To carry out such dynamical scparatioll it is ncccssary lo assumc that thc
pulse remain unchirped and that it approximately maintains its hyperbolic secant shape.
130th assumptions are reguired in order to be able to evaluate the Fourier transform of
WI2V in Eg. (7).
For the first step, because of the arca of the pulse can be associaled with lhe on-

resonance (810 = O) componenl of its spectrum, to explain the gro\Ving on the pulse
amplitude caused by the resonant gain we can consider that the pulse follows the ex-
pression VI (7', Z) = v(Z)sech(7'), with v(O) = 1 for our initial first-order soliton, and
to ask for the spatial behavior of v(Z) which is just governed by the imaginary part of
the resonant susceptiLility. Introdncing VI in Eg. (7) and egualing the real parts of the
rcsulting cquatioll \Ve obtain

(8)

representing an exponential growing for v(Z) (and conseguently for the pulse arca 5(Z))
at arate G. It is \Vorth lo note that the gain coefficient G in Eg. (8) only depends on the
ratio 7'i /12 because it can be rewrilten in lhe following formo

(9)

where y = 6.1'2'
The main conseguence of increasing the pulse amplilnde is that lhe dispersion cansed

by the Kerr nonlinearity \ViIInot exactly cancel out the liber GVO, and the pulse becomes
~nodulated. This can b? seen by nothing that F[WI12V¡J = (1 +8216.)v2(Z)lil/2. Therefore,
If we now negle~t the Inflnence of the resonant aloms and use F[WI2V] "" F[WI12V¡J =
(~+ 8216)v2(Z)V /2 in Eg. (7), the nonlinearily liber dispersion for the amplified pulse is
glven by

lhe so¡ution of which is

Dfl 1r ? 2 - 1r 2-
i- = -(810)-lv - l]V + -v VDZ 4 4 '

(lO)

( 1 1 )

In the time domain the t¡nadratic oispersiou sho\Veo by the pnlse in Eg. (11) represents
both a p,ulse. broadening ano a decreasing of ils amplitude by the same factor. Taking the
mverse ¡'ouner transform of Et¡. (11), it can be showed that such factor is [1+ 1r2( v2 /2G-
Z)2/'I)-1/2 (Rel. IIGI). Therefore, as a lirst approximation for short enough distances, we
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FIGUHE ,1. Grayhs oC ~~I.(121 for t.hree dHfercllt vallles of lhe par~lllcter G. Curves (a)-(e) corrc-
S!)OIH: to, ~hcgalll coclhClcnt (, obla.lllcd frolll lhe pa~',lIl1etcrs lIscd III curves (a)-(e) of Fig. 3 using
bq. (O). 1he fca..<;onablc good agrcCIllPnt uctwCC:l t1l1S curves and those displaycd in Fig. 3 befare
lile occlIrrcncc oC lhe first lIIaxima is clcarly lIotkeable. Thc dashcd Iines indicatc tite bchavior
of Eq. (12) for ¡anger propagat.ioll dist.anccs whcrc tlw plta.se modlllation acquired by lIJe plllse
has dcstroycd its initial hypcrbolic secant shapc. In this rcgion lhe assumptiolls madc in obtaining
Eq. (12) have been highJy vioJale" an" il cannol be valid.

can conclnde thal lhc inilial cxpollcnlial growing of lhc plllse arca implicd by Eq. (8) will
bc dccrcascd by thc modll!alion causcd by lhc ribcr, Er¡. (11), lhal is

S(Z) "" 5(0) ( 12)

Ec¡uatiou (12) rcsumos the compotition bclwecn the rcsonanl atoms ami thc fibcr non-
linoarilics, and cxplain thc oscillating behavior of the pulsc arca clll'vcs. Fig. ,1sho\\'s thc
graphs of S(Z) according to Ec¡. (12) fOl'thc samc thrcc gain cocfficicnts G uscd in Fig. :J.
As can bc sccn, lhc approximatc clll'\'cs of Fig. '\ exhibit a rcasonablc good agrccmcnt
\\'it h lhc numcrically obtained curvos of Fig. :l during lhcir first oscillat ions. Thc slight
di[fcrcnccs in clll'\'cs (a-e) of Fig. :J and ,1 in such inlcrval can be a consc'luencc of lhc
dispcrsion causcd by the rcsonanl aloms whieh has been ignorcd in oblaining Ec¡. (12).
Obviously, after thc pulsc area has rcachcd ils [irsl local maximum, Figs. :1and ,1 do not
eoincidc, bccausc for ¡ongcr Z the illitial soliton becomcs chirpcd, ils profilcs dcpart from
thc hypcrbolic sccant shapc and lhcrcfore lhe approximalions madc in oblaining Ec¡. (12)
can nol be applicd. 1I0\\'c\'er, lhc imporlance of EC). (J2) is that it gh'cs an approximatc
\'a\tlc for lhe distancc whcrc thc pulsc arca has ils first local maximum, ¡.c., it may
represctlt lhe maximl1l11 1f'lIgth of amplificl' al which is possiblc lo rccovef and reshapc
lile original pulse. t\lo1'eo\'cr, lile cstimatioll of stlch value can he casily accomplishcd:
whcn lhc paramctcrs ami condilions of lhc experimenlal sctup arc gi\'en, OIlConly nccds
lo computc G nsing Ec¡. (!J) amllhcn plot Ec¡. (12). It is inlcresling to nolc that a variation
in no wil! produce lIIore dl'aslic changcs in the lirsllllilximulII of lile pulse area C1II"\'etitan
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a ehange of lhe same arder in Ti.. Thal is clearly seen eomparing rigs. 2 and :l, an il is also
expressed in E'I. (9) beeause "'o affeels direelly lhe gain arca eoeffieienl G, while Ti. onl)'
affeels lhe average of lhe lorentzian gain pro file over lhe inhotnogeneous alomie liue. Thus,
lhe presenee of finile '1'; jusi sofleus the results presented in HeL[15] where Ti. was iufinile.

In conclusion, \Ve h~\'cfOlllld an approximatc cxprcssioll for thc initial hcha\'ior of the
pulse arca within an EDFA, t1sing adiabatieal amplificatioll, which can serve fOf cstimating
lhe firsl local tnaximutn of its oseillaling eharacteristie. This poinl can be used as a
<¡uaulilalive limil for lhe oeeurrenee of adiabalieily in an EDrA, fixing lhe ph)'sieal size
of lhe amplifier, al lhe lime lhal il allows lo eharaelerize lhe influenee of lhe experimeulai
paramelers over lhe amplified solilon. The expression presenled can also be applied in
lhe geueral case of eoherenl optical amplificalion when lhe finile iuhomogeneous deeay
time is cotlsidcrcd.
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