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Carrier-carrier interaction and ultrashort pulse propagation in a highly excited semiconductor
laser amplifier beyond the rate equation limit
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The influence of carrier correlation processes on the interaction and propagation of femtosecond optical
pulses in an inverted semiconductor is theoretically investigated. Microscopically treated Coulomb scattering
described from a first-principles theory, including both diagonal and nondiagonal dephasing, is seen to cause
considerably different behavior on the dynamics than that modeled by employing a rate-equation approxima-
tion. Semiconductor intrinsic optical nonlinearities such as gain saturation and adiabatic following, controlled
by microscopic dephasing and relaxation mechanisms, manifest dominantly in ultrafast transient effects that,
experimentally, can appear as a typical Kerr-typestantaneoysnonlinearity. It is shown that oneannot
invoke an adiabatic elimination for the polarization equation on femtosecond time scales. The present self-
consistent theory successfully explains recent experimental measurements without recourse to parametrized
equations. The possible role of non-Markovian relaxation is also discUsSEa50-294{@8)10409-2

PACS numbdps): 42.55—f

I. INTRODUCTION phenomenologically, spectral hole burning, carrier heating,
The ultrafast d L iconduct tical lif TPA, and FCA. For instance, in the rate equation approach
€ ultrafast dynamics in semiconductor optical amplili-tp o 544 FCA yield the ultrafast instantaneous respgage

ers (SOA’s) has been attracting considerable attention r€opserved in several experimental pump-probe studies.

cently, due to the rapid developments in the field of semi- e if the REM's are very successful, the interaction of
conductpr Iasers{l]. Indeed, a plethora of SemlCODdU_CtOF an electromagnetic light pulse with an inverted semiconduc-
waveguide devices has amassed over the years, finding agy is truly a many-body problem that cannatpriori be
plications for smaller optical storage, ultrahigh-speed signaljescribed by parametrized equations. From a microscopic
processing, laser printing, flat-panel displays, and morepoint of view, the optical response of inverted semiconduc-
From a theoretical viewpoint, the investigation of highly ex- tors is determined by carrier-carrier and carrier-phonon inter-
cited semiconductor media is also of intriguing interest be-actions which today can be described within a parameter-free
cause it is connected to Coulomb many-body processes sutheory[2,6—§. Also, REM's describe the light-matter inter-
as excitonic effects and electron correlatip®f The role of  action based on the assumption that the polarization varies
a first-principles microscopic theory is also desired for advisinstantaneously with the electric fielddiabatic approxima-

ing industries on optimal operating parameters. In order tdion) that does not allow for the description of coherent ef-
accurately characterize and optimize the performance dects. Moreover, recent four-wave-mixing®-WM) experi-
SOA’s, ultimately one has to understand the basic physicanents have shown that the coherent response of a SOA can
mechanisms to aid the development of semiconductor laserg€ resolved, even at room temperati8¢ and therefore the
Experimentally this has involved injecting an ultrashort light 2diabatic approximation cannot always be applied. A theo-
pulse into the SOA and monitoring the dynamical response_r,e'“cal anal_yS|s of optical cohference in SOA’S_, at a level that
for example, in excitation-probk8,4] or four-wave-mixing includes diagonal and nondiagonal dephasing agrees well

[5] measurements. From these experimental measuremen gl]vl’th'e dFW'I\/l observﬁqons&lo]. tl):or ccr)]mpar;sot?, .thel.d
there is evidence for ultrafast gain saturation effects, carrie S In dye faser ampiilers have been shown 1o be invall

heating, and spectral hole burning as well as for nonlinearii > opplcal pulses. Interacting with a material that has a po-
. : larization dephasing time on the order of the pulse duration
ties that act instantaneously.

The rate equation modelREM's) employed to explain [11], showing that beyond the rate equation approximation

h i itied3_5 p ; d ith the pulse can develop a shoulder and pulse shortening occurs
the nonlinearitied3-5] are often in good agreement with |o.a 5 of the finite coherence time. A similar observation

experimental measurements. The appeal of the REM'S, of¢ coherent propagation effects has also been reported for the
course, lies in their conceptual simplicity and can include th%OA[lz] and agrees with our propagation studies at the gain
phenomenological discussion of contributions of two—photorpeak and the calculated dephasing times presented in this
absorptionTPA) and free-carrier absorptidfCA) (see Ref.  paper. Moreover, theoretical studies for coherent pulse
[4]). Nevertheless, despite its success, a shortcoming of theopagation in extended samples indicate the possibility of
rate equation approach is that typically the occurring paramfemtosecond pulse breakup in the nonlinear and linear inter-
eters are not microscopically determined and one can fit thaction regime[13,14. Experimentally, pulse breakup in a
data using a conglomeration of parameters that describéiber and semiconductor laser amplifier combined system has
been observefll5] and is explained by the interplay of non-
linear properties and the gain dispersion of the amplifier that
*Electronic address: shughes@wsu.edu requires the inclusion of a frequency-dependent refractive
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index and coherent effects not contained in the rate equatiowhere Ak=ek—w|—2qvk_q(f§+ fg) is the renormalized
approach. . energy dispersion for a parabolic two-band semiconductor
The purpose of the present paper is to present a self3itn unrenormalized transition energy = (Amg+ 1m,)k2
consistent description of the ultrafast/coherent dynamics in- . ; : :
cluding the intrinsic nonlinearities in SOA’s after the injec- :Eg andV_qills t_hz Cokulngp\c/)tengal. Tr;]e g?zner?ll_ze(tthabl
requency i), =d.,(K) qVk-qPq, WhereE(z,t) is the

R/(\?n t())f %femtqsecgndt pulse.dFlorf th'tsh purpose we sdtug]y .%Iowly varying optical field propagating in the direction
c O-I anb sem||(_:on u_ct:hor tmoh el tor (Ia c_arrlllers_ tand %'r(see below. Since the high-density regime in amplifiers is

oulomb coupiing without phenomenologically introduce considered, Coulomb correlations between the carriers must
parameters. In this context, our study may support or guid o

more phenomenological rate equation approaches. For t £ taken into acc_ouﬂiPk/fk|Cq contr|bu.t|on. in Eqs(1) and
calculations we apply a numerical solution of generalize )]. The appropriate correlation contributions can be calcu-

semiconductor Maxwell-Bloch equatiof 7,16—18. In our ated within density matrix theoryl6] or a Green'’s function

approach, the carrier relaxation processes are treated on tH%e:hod[_l?]thWﬁnnka s_creel_ne_(tj sgcolnd-(z)rder B?T‘ apprccjm-
level of quantum kinetic equations in the Markovian limit for mation in the Markovian fimit, Loulomb correlations de-
the Coulomb interactions. The role of non-Markovian relax-Scrb€: on the one hand, carrier-carrier collisions resulting in

ation is also discussed. The influence of carrier-LO-phonor‘?l redistribution of carriers via in and out scattering of

interactions occurs over much longer time scales than thos%lectron/hole occupations with the rafeg andl'o,.. On the

studied in this paper and can be neglected. other hand, they yield diagondl} as well as nondiagonal
This paper is organized as follows. After a review of the 'ha contributions to the polarization dynamics, describing

equations of motion we apply numerical solutions for tWOoptlcaI. dephasing and corrections to the internal Hartree-

typical situations of interest. First, we discuss the temporafock field. _ o

density and gain dynamics as a function of the photon en- The carrier-carrier scattering is calcula}ted from the

ergy. For this purpose, the amplifier is excited at the gairflectron-hole Boltzmann equation under the inclusion of po-

peak, near the transparency point, and in the aborbing reginf@rization scattering

where, within the method presented here, the gain dispersion

and its intrinsic nonlinear dynamics is fully taken into ac- afk ace a ace a
count. This situation is typically studied in experiments ot =Lk ) (A=) = Foye (k. F )T
where the pulses can be tuned over a wide spectral range. cc

Second, we study the propagation dynamics of a femtosec- + (P Q| cctc.c)+(Qf +c.c), 3

ond pulse at the peak gain of the amplifier where we discuss
the cumulative influence of the optical nonlinearities on ayhere'® ¢ and I'2CC (a=e,h) are the expressions for in
propagating pulse profile. Both regimes are of relevance fopnq out scattering, for example;

the discussion of ultrafast optical experiments and applica-

tions in SOA'’s. b b
THOk,E ) =4 2 W) FR, [(1-F )T ]
k',
Il. THEORETICAL APPROACH AND EQUATIONS OF b:e(,ah
MOTION /
XRe{{[ €a(k) + ep(K’)
We assume a two-band bulk semiconductor where each — e(|k+]) = en([K — a1, 4)

electron-hole state with wave numbkrcontributes to the
total carrier densitN=2V 13, f&". Heref" is the elec-
CT b b
tron or ho_Ie carrier Q|str|but|0n qnd the factor of 2 accounts (¥ | .=2 > |W(q)|2(fk,_q_fk,)p’k‘+q
for the spin summation. In a similar manner the macroscopic kK’ .q
polarization can be obtained from=2V~3,d.,(K)Py, b=eh
whered,, (k) is the Kane dipole matrix elemenk,,(0)/{1 X *[ex(k)+ en(k") — ex(|k+a]) — ep(|k" —a])],
+ E;l[se(k)+sh(k)]}, with E4 being the band-gap energy. )
Therefore, the polarization componeri®g of each single-
particle statek has to be computed. For our theoretical ap-
proach_, we solve the sem|c_onductor Bloch equat(GB_E S Qr=2 2 |W(q)|(fa— ek‘+q)Pk/P:uq
numerically and self-consistently treat the relaxation pro- K q
cesses on the level of quantum kinetic equations in the Mar- b=eh
kovian limit. The SBE’s[2,7,16—18 can be written as{ X *[ea(K)+ en(K') — ea(|k+a]) — ep(|k’ —q])]

(6)
afE/h (?fe/h

- . x k
—|Pka |Pka+ _(9t

, (1)  (if a=h, thena=e and vice versp andI'§;° is obtained by

cc replacing f by 1—f. The interaction potentiaW is the
screened Coulomb potential, which is treated here in a qua-
sistatical screening modg®?] and the{ function is given by
, (2 {(X)=m8(x)+iPIx, whereP denotes the principal value.
cc Similarly, the polarization functions take the form

ot

dPy
ot

dPy

= —iAP— i Q(fE+EI—1)+ —




PRA 58 CARRIER-CARRIER INTERACTION AND ULTRASHOR . .. 2569

Py 0.C oC rier density, thus the typical saturation intensities decrease if
| ~la Uk, f P+ X TREAK,A,f )Pyig, the initial carrier density is reduced and vice versa.
cc d R In the field of SOA’s, the role of non-Markovian relax-

ation has been employed to explain the apparent inconsis-

where the diagonal dephasing ratg°, which accounts for t€ncy of modeling gain spectra with a Lorentzian profile for

loss of coherence d®,, can be written the interband transition line shape since Lorentzian line

shapes yield a certain amount of unphysical absorption be-

low the renormalized band gap, which is not obtained in

. _ 2 b\ b
[g*k,f )Py=2 Z [W(a)l [fﬁ‘*'q(l_fk’)fk'—q experiments. Subsequently, for modeling electronic pro-
b,;;g,h cesses within the ultrafast time-scale regime, one may re-

quire a kinetic theory beyond the usual Boltzmann kinetics

* !
tfo(l-f )_Pk’Pk'fq]g[ea(kHEb(k ) with energy conservation for each of its collisions. In this

_ k+al)— K’ — , g sense, Ref[_24] demonstrateq that non-Markovi_an processes
€allk+al) — e(| a)] ® modify the line shape of semiconductor lasers in such a man-
and the nondiagonal scattering rate ner as to calculate no considerable absorption below the

renormalized band gap. Little quantitative work has been
performed since then and the role of non-Markovain relax-
Thfqk,a,f)=2 X W) fR—fp,_)fy, ation is still not well established in the field of SOA’s. Re-
K’ cently, a phenomenonological memory model has also been
proposed[25] (“two-pole approximation” for calculating
+fo(1-f )= PL Pu gl €a(k) + ep(k’) non-Markovian line shapes and modeling pulse propagation.
, The two-pole scheme demonstrates that the phenomenologi-
—e([k+al)—ep(|k'—q])] ©) cal inclusion of memory effects in the description of dephas-
ing processes reduce the artifacts in the local linear gain
%?)ectra brought about by the dephasing-rate approximation.
Additionally, in the nonlinear regime, the inclusion of
emory effects was seen to significantly affect the dynami-
al pulse reshaping processes; in particular, the threshold for
he saturation of the gain becomes significantly reduced,

b,a=eh

describes the rate of polarization transfer between the stat
k andg due to carrier-carrier scatterij@9.

For light propagation studies that take the finite extensio
of the sample into account, one must describe in additon t
the material variables the spatial and temporal evolution o
the fieldE. For simplicity we assume input plane waves of even for excitation by 150-fs optical pulses.
the form E(r,t) =E(z,t)[exp(-iogt+kt)+C.c]. However, On the other hand, as shown recently in R&, if one

for broad-area Iase_rs3 large aperture surfa(_:e-emitting lasers,|udes the proper diagonal and nondiagonal dephdsisg
?nd SOA? that exhibit dynlamlcal changes in ghe mode CONz o6 in Eqs(7) and(8)] for the semiconductor polarization
inement factor[20], complex transverse mode Structures o, ations, then the line shape obtained at typical gain plasma

mag agpear gnd one mysg alfso accour;t f%r the tr‘;i‘fnsv.er%‘?ansities deviates considerably from Lorentzian and no ab-
mode dynamics. One might, for example, derive effectivegq,inn pelow the renormalized band gap is calculated be-
Bloch equations(computationally much less intes&om

; 3 : . . cause of the reduced influence of the higher wave number
the SBE's[21] using the above equations as an ideal starting,,qqhing states, even within the Markov approximation.

point. The subsequent evolution of the electric field envelopq-hisy however, does not imply that non-Markovian relax-
in the traveling frame of referencd () =(z,t—2d/ny) Ny 4tion processes are not important for estimating the linear
being the background indgxcan be obtained from the re- ain spectraor nonlinear processeof semiconductor la-
duced wave equation sers. It depends very much on the experimental conditions,
9E . 2p2 the relative time scale of the probing pulse, and the optical
(&) — | Ko®o 2 d., (K)P,iCP(t) (10) amplifier under investigation. The effects of nondiagonal
[« k ’ . . . .
4 KoV r dephasing and non-Markovian relaxation clearly manifest
themselves in a similar manner, but since memory times for
where the slowly varying envelope approximation has beemulk GaAs have been calculated recently in Re6] to be
applied[22,23 andI is the waveguide confinement factor. less than 8 fs we will tacitly ignore the effects of non-
For all following numerical calculations we choose pa- Markovian relaxation in this work. Furthermore, recent
rameters suitable for bulk GaAs, namely, electron/hole masEWM experiments for the SOA, which could not be ex-
ratio me/m,=3/7; excitonic binding frequency E,  plained by the dephasing-rate approximation, were explained
=4.2 meV, and exciton Bohr radiug=13.5 nm. The light well by the inclusion of nondiagonal dephasing in the Mar-
field is taken to be an intense sech-shaped pulse with akov approximation/10]. We would like to point out, how-
input unrenormalized Rabi energy of 10-50 me¥ Q.5 ever, that a proper analysis using both non-Markovian and
—2GWcm ) and of 120 fs full width at half maximum nondiagonal dephasing is highly desirable, though very com-
irradiance (FWHM), unless stated otherwise. As an initial putationally intense. In a lower-density regime where carrier-
condition we assume a quasiequilibrium distribution of thecarrier scattering is very inefficient, there is strong evidence
electrons and holes in the valence and conduction bands &r non-Markovian relaxation via the electron—LO-phonon
room temperature with an incoherent carrier distribution ofscattering in bulk GaA§27].
N=3x10' cm 3. One should note that all discussed non- To compare the microscopic model with a simple phe-
linear saturation effects scale somewhat with the initial carnomenological model we introduce the relaxation time ap-
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considered amplifier versus the detuning of the frequency
with respect to the unrenormalized band edge. The prediction
— of gain spectra using the microscopic theory presented in the
§ preceding section is very accurate; for a comparison with the
s experiments compare, for instance, RgI9]. Clearly, the
% Coulomb-induced band gap renormalizatifsee Eq.(2),
'g T which contains the renormalized energy disperkiganer-
b o ke s g ates gain below the band edg22]. For the study of nonlin-
== pulsec(abs) ear gain saturation processes we inject pulses in the gain
N=3x10"cm . . . N
2 0 o o 20 3 regime (dotted ling, the transparency regime@ashed ling
Energy, E-E, (E,) and the absorption regimghain ling of the SOA. These

pulses are respectively termagdb, andc in the figure.

FIG. 1. Gain spectrum for a semiconductor amplifier at room There are a number of pulse-induced physical mecha-
temperature with an incoherent electron-hole densityNof 3 nisms that may contribute to the optical response measured
x 10 cm™3. Also shown are the spectral profiles of the incidentin SOA's. In the linear regime, for carrier frequencies above
pulses =120 fs) excited in the gain, transparency, and absorpthe transparency point, absorption creates electron-hole pairs
tion regimes of the SOA. Energy is in units of excitonic binding and increases the carrier density. For excitation below the
energy €,). transparency poinfgain regime, pulse-stimulated emission

reduces the carrier density. At the transparency point, stimu-
proximation(RTA) for the Coulomb correlations. The RTA |ated emission and absorption occur with equal probability
can be derived assuming a simple exponential decay of and there is only a small net change in density as long as the
small deviation(pulse-induced nonequilibrium carrier distri- pulses are spectrally sharp. In the nonlinear regime, the heat-
bution) from a quasiequilibrium carrier distribution. Subse- ing of the carrier distributions also have a strong influence on
quently, the Scattering terms for the carrier distribution fUﬂC-the position of the transparency point and peak gain in the

tions are given by the expression amplifier after the establishment of a quasiequilibrium situa-
a tion. To have an estimate of the gain dynamics we study the
a_fk = — S F (w2, T temporal development of the carrier density as well as the

ot | a bk it time-dependent gain spectrum “seen” by a probe pulse.

First we study pulse excitation in the gain region of the

whereF denotes Fermi functions with chemical potentials SOA (pulsea in Fig. 1), wherew,=E4+8 E,. Figure 2a)
w? and plasma temperatufe, (a=e,h). The relaxation rate  depicts the time-dependent density that includes the scatter-
ygc should ideally be evaluated at the spectral region oing contributions[see Eqs(3) and (8)]. The solid, dashed,
interest and isk independent as a consequence of carrieland dotted lines correspond to the incident Rabi frequencies
conservation. By using the RTA, the plasma temperature hasf 10, 30, and 50 meV, respectively. With increasing inten-
to be computed dynamically because carrier-carrier scattesity one recognizes the transition from density depletion to
ing leaves the total kinetic energy of the carrier system unsaturation, finally arriving at a situation where an instanta-
changed(for details see Appendix B of Ref28]). neous response around the pulse maximum occurs in the

Similarly, for the polarization function®,|cc= — 8P, density shape. Gain saturation occurs for i_ncreasing irradi-
where the total dephasing rate of the optical polarization i§NCeS as a consequence of plasma heating, spectral hole
78=%(7§C+ yﬁc), which in principle can be treated as a fit purnlng, and carrier density erlenon. Intera_ctlon with the
parameter. Note that within the RTA, the Coulomb potentialll9ht field heats the plasma since the absorption tends to be
in the Hartree-Fock terms has to be replaced by the screendf© high-momentum states, creating hot carriers, and the
Coulomb potential and by the Coulomb hole term to accounfMission removes carriers from the low-momentum states.
for some of the carrier correlation effedtsee, for example, Once the plasma is heated, the carriers are dlstrlbutec_i across
Ref. [2]). more momentum states_ an_d fe_wer of these _stat_es are inverted
[compare momentum distribution functions in Figbd. For
increasing irradiances an instantaneous nonlinearity that fol-
lows the temporal pulse profile is seftensity peak close to
zero in Fig. 1a)]. A numerical analysis shows that the peak

To characterize the investigated amplifier we start withoccurring at close to zero time results from the interaction of
the calculation of the linear gain spectrum. A linear gainthe pulse with off-resonanck states. This interaction is
spectrum can be measured by transmitting a light field witrcaused by the finite overlap of the pulse and the refractive
an initial power spectrunio(w) through a gain medium, index profiles of the off-resonance states. Through the virtual
measuring the transmitted spectrlifw), and relating both ~ excitation by a high peak intensity, the far off-resonance

lll. LINEAR GAIN AND PULSE-INDUCED CARRIER
HEATING IN THREE SPECTRAL REGIMES

by the definition of the gain states transiently contribute strongly to the total electron-hole
density. The corresponding electron-hole density adiabati-
1 (o) cally follows the pulse intensitypeak att=0) and hence no
Glo)=7 In To(w)’ 1D yeql absorption is noticed after the pulse is switched sifé-

nario of adiabatic following; compare R€f30]). Note that
wherez is the propagation length through the sample. the off-resonance states become increasingly important if the
In Fig. 1 we plot the gain spectrurgsolid line) of the  resonant states are saturated by the strong optical pulse. To
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FIG. 2. (a) Temporal behavior of the total electron-hole density for the microscopic scattering processes for excitation in the gain regime
of the SOA,w;=E4+8E,. The input unrenormalized Rabi energies of 10, 30, 50, and 80 meV are shown, respectively, by the solid, dotted,
short-dashed, and long-dashed lines. The wave number is given in units of inverse bohra@&ijusm Distribution of electrons at various
snapshots in time with microscopic scattering, corresponding to the density shé@ratrs0 meV(gain regime. (c) Same as irfa), but by
employing a relaxation-time-approximatiRTA) dephasing time of 80 f§d) Same as irtb), but with the RTA time of 80 fs, correspond-
ing to the density shown ifc) at 50 meV.

illustrate the form of the action of adiabatic following more microscopic dephasing calculations.
clearly, in Fig. 2a) the effect is emphasized by including the  To investigate the microscopic origin for the temporal
higher irradiance run of 80 meV, which exhibits a clear in-density dependence, we plot the distribution functiQrfor
stantaneous(Kerr nonlinearity; see below nonlinearity  different times, i.e., before, during, and after the incident
around the center of the pulse. pulse. Before the pulse, the electron and hole distributions
We have also studied pulse-excitation dynamics by emboth have the shape of Fermi-Dirac functions, with the cor-
ploying the relaxation-time approximation foff,=T, responding temperature agreeing with that of the latBa®
=80 fs (1/5°=1/y5=80 fs); this RTA time corresponds K). During the pulse the carrier distributions are in a highly
closely to the calculated value for GaAs optical amplifiersnonequilibrium state and hole burning is obser{see Figs.
presented in Refl28]. From Fig. Zc) the RTA simulation 2(b) and Zd)]. Absorption into high-lyingk states with
for weak intensities demonstrates a decrease of the densigbove average kinetic energy results in a heating of the dis-
change, as expected since the linewidths of the absokbing tribution that corresponds to gain saturation. This effect has
states are increased by the application of the Rméndi- been discussed in detail elsewhdB1]. The microscopic
agonal dephasing not accounted)fdfor higher intensities, treatment of the scattering mechanisms show that contribu-
if the inverted states are saturated, the dynamics becont®ns from carrier-carrier scattering reduce the interband op-
dominated by the absorbing states and the density increastisal linewidths of the highek states and decrease the spec-
even above the initial level. Further, we have also numeritral overlap of absorbing states with the spectral pulse shape,
cally verified that by choosing a longer RTA time the micro- which results in a reduction of the occupation in comparison
scopic density responses are still not captured and even ete the RTA treatment; compare Figgb2 and Zd). As dis-
hibit very small oscillations in the density profiles for the cussed in Sec. Il, it is this reduction of the electron-hole
higher irradiance€30 and 50 meY. These oscillations are optical linewidths that enabled us to calculate a realistic gain
due to Rabi oscillations in the density, which are not presenspectum. By employing the RTA, absorption occurs below
in the microscopic description. Thus we can conclude thathe band gap in the gain spectrum, which is not, however,
there is no RTA time that can accurately capture all the dy-observed in experimen{22]; for a detailed discussion, see
namics of the microscopic response, although, the RTARef. [32]. The resulting highly non-Lorentzian line shapes
simulation at 30 meV is somewhat similar to the 50-meVare a manifestation of the self-consistent inclusion of nondi-
microscopic simulation, but does not, however, capture th@gonal dephasing. We emphasize that our self-consistent mi-
decrease in density after the pulse maximum. Additionallycroscopic approach results in strongly time-dependent and
there is undeniable evidence for adiabatic following in theenergy-dependent dephasing rates. For that reason, absorp-
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FIG. 3. (a) Temporal behavior of the total electron-hole density for the microscopic scattering processes for excitation in the transparency
regime of the SOAw,=E4+ 20E,. The input Rabi frequencies of 10, 30, and 50 meV are shown, respectively, by the solid, dotted, and
dashed lines(b) Distribution of holes at various snapshots in time with microscopic scattering, corresponding to the density stapah in
50 meV (transparency regime(c) Same as irfa), but by employing the RTA dephasing time of 80 (@) Same as irtb), but with the RTA
time of 80 fs, corresponding to the density showr{aghat 50 meV.

tion processes taking place from the high-wave-number reereasing irradiances and smaller net density changes. In this
gime are reduced and the final density decreases accordinglgase, Rabi oscillations do not occur for longer RTA times
This can be recognized by comparing the final Fermi distri-because the reduced Pauli blocking is very ineffective at the
butions of the RTA simulations and microscopic scatteringtransparency point. Consequently, we predict that for low
cases, shown in Figs.(® and 2d). Several other works and intermediate pulse irradiances, the RTA may, with care,
[24,25,33 have also pointed out that the inconsistencies arishe successfully applied provided one chooses the appropriate
ing from the neglect of nondiagonal dephasing can be parime constant. The corresponding electron distributions for
tially accounted for by including a frequency-dependentihe higher irradiance cases are depicted in Figs.and 3d)
dephasing of the optical polarization or by the inclusion ofang show features similar to those for excitation at the gain
non-Markovian relaxatiottsee Sec. )i , peak; however, spectral hole burning is strongly suppressed.
Now we investigate the situation where the carrier fre- oyt e study the situation where the carrier frequency of

quency of the pulse is injected at the transparency point ofye innyt pulse is in the absorption regime of the SOA, with

Eirz)en igg’t\rlg:\zw;ei{r Ztglzxe(fi‘sgsl:gsjt-ir:l?l[a\gauollS:mei)s(g;:; and' Eq +28E, (see Fig. 1 At this excitation frequency, the
. parency, . "Eulse spectrum lies fully inside the absorption region. Thus
absorption approximately cancel each other, at least in

spectrally narrow region. Figurg&@ depicts the net density via the ipjected pulse., stimula'ted electron-hqle pairs ingrease
at the front facet of the amplifier as a function of time. Satu-the carrier (_1en3|ty. Flgur_e(é) |IIu_strates t_he _tlme evolution .
ration of the gain is much easier to achieve because we afdf the density as a function of time, which includes the mi-
exciting near the transparency regime and more hot carried©SCOPIC scattering processes. As expected, for energies
can be created. It can be recognized, again, that for highPove the transparency point, the pulse experiences absorp-
iradiances adiabatic following from the off-resonance state§on and therefore increases the carrier density. From the
occurs. The effects of adiabatic following are much weakefigure we see that the influence of adiabatic following at
in comparison to excitation in the gain regime and now onlythese irradiances is negligible as we are exciting higher
a small instantaneous nonlinearity is seen for the higher irabove the band gap. In this case, the RTA simulations of 80
radiance puls€50 meV, dotted ling fs [Fig. 4(c)] reproduce the microscopic density responses
In Fig. 3(c) we plot the RTA results for relaxation times considerably better than the previous cases, although the fi-
of 80 fs[34]. While the RTA simulations do not predict any nal densities are still too high. However, RTA simulations
instantaneous transient effects around zéamd obtain  with longer lifetimes will yield very similar results to the
greater density changessimulations with longer lifetimes microscopic calculations showing the RTA to be reasonable
can help obtain slight instantaneous contributions for in-4n this regime. The corresponding electron distribution func-
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FIG. 4. (a) Temporal behavior of the total electron-hole density for the microscopic scattering processes for excitation in the absorption
regime of the SOAw,=E4+28E,. The input unrenormalized Rabi frequencies of 10, 30, and 50 meV are shown, respectively, by the solid,
dotted, and dashed lineth) Distribution of electrons at various snapshots in time with microscopic scattering, corresponding to the density
shown in(a) at 50 meV(absorption regime (c) Same as ifa), but by employing the RTA dephasing time of 80 fd) Same as ir{b), but
with the RTA time of 80 fs, corresponding to the density showiicinat 50 meV.

tions for the higher irradiance study are shown in Figb) 4 considerably easier(three-dimensional instead of four-
and 4d). Spectral hole burning occurs, but, as expected, islimensional integration However, the real parts of the self-
much less pronounced for excitation in the higher spectraénergies can give rise to a shift in the g&8b] and for a
regions. Significant heating also takes place, primarily due tanore detailed investigation, the real parts of the self-energies
the creation of hot carrierén the high-momentum states and indeed the inclusion of non-Markovian relaxation may
However, in this case, there is no evidence for adiabatic folbe required.
lowing because of the very weak saturation of the resonant
states. N . . . . IV. COMPARISON WITH EXPERIMENTS AND THE

Before closing this section we would I_|ke to bngfly. point ROLE OF ADIABATIC FOLLOWING
out that all the above effects can be obtained qualitatively by
replacing the Coulomb potentials in the Hartree-Fock calcu- In all three excitation regimes of the SQ4ain, transpar-
lations by the standard screened potentials and Coulomb hobncy, and absorptigrithe Fermi distributions are smeared out
self-energies. One may then calculate the scattering integrathie to carrier heating and this significantly reduces the gain
using ad-function approximation and the numerics becomeon a femtosecond time scale. Further, instantaneous nonlin-

12 12
— gain — gain
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FIG. 5. (a) Temporal behavior of the total electron-hole density for the microscopic scattering processes for excitation in (faidain
line), transparencydotted ling, and absorption regim@ashed ling of the SOA. The input Rabi energy was 50 mdk) Same as ina),
but by employing an adiabatic elimination for the polarization equatsee the tejt
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6 — V. POLARIZATION DYNAMICS AND THE ADIABATIC

5 = Output pulse APPROXIMATION

In the phenomenological description of gain nonlinearities
it is often assumed that the dynamics of the polarization can
be adiabatically eliminatedadiabatic approximation even
on a femtosecond time scalgsee, for example,
Refs.[36, 40). This procedure implies that the polarization
decay time is much smaller than the time scale for which the
population or the electric field changes. From the preceding
%% - T a0 o 10 200 00 discussion we know that within a microscopic description,

Time (fs) distribution functions and the polarization are strongly con-
nected and that dephasing and relaxation primarily occur via

FIG. 6. Pulse irradiance profiles for propagation through thecarrier-carrier interactions. Therefore, it is reopriori clear
semiconductor amplifier at the gain peak; strong pulse reshapinghat one can really apply the adiabatic approximation quan-
occurs as a manifestaion of amplification and adiabatic f0”0Wingtitativer. However, within the microscopic description pre-
(see the text sented here we can investigate the validity of the adiabatic
approximation. For this purpose, we compare the pulse-

earities around the center of the pulse are evident for puls&duced density in the transparency, absorption, and gain re-
excitation in the gain and transparency regimes of the SOAMes of the SOA with an input Rabi energy of 50 meV and
due to the effects of adiabatic following from the off- compare directly to the “adiabatic elimination” scenario,

resonance states, which can be viewed as a Kerr-like nonlif¥hich assumes that the rate of change of the polarization

earity. Our calculations show that under high-excitation conSOMPONENts is zerawith respect to any other changgse.,

ditions the adiabatic following may overcompensate fore set the Ieft_-hand_5|de.of qu)_equgl to zero and substi-
amplification and gain saturation. The nonlinearity intro-tUte the.resulltln_g aQ|abat|c_ sollut|on directly Into E) (for
duced by the adiabatic following process is a typical Kerr]Ehe carner distributions which is solved numenc.ally as be-
nonlinearity: P~E|E|2. This Kerr-type effect is formally ore. Figures &) :_;md D) compare_the t_vvo s_ltu_atlo_ns and as
: . . o . can be clearly discerned, the adiabatic elimination calcula-
identical to .the action of a TPA polarization source in thetions do not capture the nonlinearities arouadd aftey the
wave equatiorisee, for example, Refi36], where it was also  center of the pulse, which are caused by the microscopic
noted that the same effect in the rate equation approacfaitering processes. Thus we conclude that, in general, in
could be obtained by including any Kerr-type nonlinearity order to properly account for the nonlinear changes around
For our chosen laser and semiconductor parameters we fﬂﬁnd aftey the center of the pulse, one cannot invoke an
not predict any instantaneous nonlinearity above transpaidiabatic elimination of the polarization. Furthermore, for
ency. Because we can relate the action of the instantaneoescitation near the transparency regime, coherent effects and
nonlinearity with the pulse shape change of a propagating frequency-dependent refractive index are required, even in
pulse(compare Sec. V)iwe can compare these predictions the linear regim¢14,15. Both requirements are not captured
with the experiment, presented in R¢L2]. The predicted by the adiabatic elimination procedure for the polarization.
instantaneous nonlinearities that act during the pulse propa-
gation are in complete agreement for all three excitation re-  \, p SE PROPAGATION AT THE GAIN PEAK
gimes; i.e., for sub-picosecond pulse propagation in SOA’s a
strong pulse shoulder develops in the gain regisee Sec. Most SOA’s are extended samples where light propation
VI), a small shoulder occurs in the transparency regime, andffects cannot be neglected. To investigate the major impact
no significant pulse reshaping takes place in the absorptioaf the nonlinear gain dynamics on pulse propagation we
regime. study the temporal shape of a pulse at the peak gain of the
On the other hand, from pump-probe—type experiment®ptical amplifier by solving the SBE’s self-consistently with
[4], there is a strong instantaneous nonlinearity for pulse exthe wave equatiofsee Sec. )l The initial pulse is chosen to
citation in the gain regime of the amplifier. For weaker in- be sech shaped with an input Rabi energy of 50 meV and a
tensities the instantaneous effects disappear in pump-prolgilse duration of 100 féFWHM). The carrier frequency of
experiments[37]. This intensity dependence could be ex-the pulse coincides with the gain maximum and the pulse
plained by the adiabatic following investigated here. How-spectrum lies fully inside the gain region. In Fig. 6 we plot
ever, there is also evidence for an instantaneous nonlinearitye correponding pulse as it propagates through the amplifier.
above transparency, which is not predicted within the preStrong pulse reshaping is seen over a propagation length of
sented theory. Measurements indicate that this nonlinearity iseveral hundred micrometefdashed line, 12Q.m; dotted
highly probe polarization sensitii&8], which may be due line, 200um). It can be recognized that a shoulder develops
to coherent coupling artifactsee, for example, Ref39]) or  near the initial part of the pulséulse broadening which
wave mixing beween the pump and probe fields or otheeventually splits off from the main part of the pulse. The
nonlinearities such as TPA or FCA. However, we concludereason for the reshaping is that for high-intensity pulses, gain
that for high intensities the intrinsic nonlinearities in a semi-saturation and adiabatic following overcompensate for the
conductor such as adiabatic following should not be neamplification. The propagation-induced reshaping mecha-
glected because they clearly contribute to the optical renism results from a change in the electron dengigmpare
sponse. Fig. 2@)]. The leading edge of the pulse is amplifiéde-
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creasing densily whereas the onset of adiabatic following semiconductor nonlinearities such as carrier heating, gain
absorbs the pulsg@ncreasing densify Therefore, the leading saturation, and adiabatic following can be described within a
part of the pulse grows in suspense of the trailing part. Thuparameter-free microscopic theory and may significantly
the interplay of different microscopic mechanisms results incontribute to the optical response of SOA’s. For increasing
the development of nontrivial pulse shapes, which in prin-intensity, the temporal density profiles show a significant
ciple yield the microscopic limits for applications of semi- adiabatic following process that can be phenomenologically
conductor lasers and amplifiers for short pulse generatioattributed to a Kerr-type nonlinearity. Moreover, we have
and amplification. Experimentally12], the femtosecond demonstrated that an adiabatic elimination of the polarization
propagation measurements in the gain regime of a SOA areften done in rate equation theories is not valid on femtosec-
very similar to our intermediate pulse-propagation scenarimnd time scales. Pulse propagation at the gain peak shows
(dashed ling Also in the experimental measurements, asstrong pulse reshaping as a result of the competition of am-
discussed above, only a small shoulder occurs in the tranglification and adiabatic following in the SOA. Many of our
parency regime and no significant pulse reshaping takesesults are consistent with experimental observations and
place in the absorption regime. These excitation regimes arghow that for the SOA, a treatment of coherent and incoher-
consistent with our theoretical findings; i.e., a strong instanent effects on the level of a microscopic theory is both timely
taneous nonlinearity occurs for pulse excitation in the gairand highly desirable to enable the rate equation approaches
regime of the SOA, but no instantaneous nonlinearity is exto transcend to a more sophisticated level.
pected for excitation above the transparency point.
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