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We investigate the interplay of multiwave-mixing processes with the microscopically coupled spatiotempo-
ral light field and charge carrier dynamics in broad-area semiconductor laser amplifiers. Our theoretical de-
scription is based on extended spatially resolved Maxwell-Bloch equations including on the microscopic level
spatiotemporal multiwave-mixing processes. Performing a third-order expansion in terms of the microscopic
carrier distribution, we include in our description both the effects of population pulsations of the total carrier
density at the beat frequency and the spatiospectral interactions of the light fields leading to gain nonlinearities
as well as spatial and spectral hole burning. Our simulations show that in a broad-area semiconductor laser
amplifier, spatiotemporal wave-mixing processes occur in both transverse and propagation directions of the
multifrequency optical beams employed in a typical excite-probe configurdBd®50-2947®9)05312-3

PACS numbgs): 42.55.Px, 42.65.Sf, 78.20.Bh

[. INTRODUCTION within a perturbative calculation. In particular, spatial varia-
tions and counterpropagating effects are usually disregarded
The physical effects associated with wave mixing in non{18,19.
linear optical media have been in the center of interest in It is the aim of this work to present a theoretical and
recent years, both experimentallft—6] and theoretically numerical description which includes on a microscopic level
[7-14. In the field of lasers, it is, in particular, the wave (spatiotemporalwave-mixing effects as well as the transport
mixing in semiconductor optical amplifiers which offers a and thermal properties of semiconductor laser amplifiers dis-
variety of applications in optical communication and spec-cussed in[16]. In our theory we specifically include the
troscopy and has thus attracted particularly strong attentioricounterjlight-propagation and a light-matter interaction
Most theoretical works on wave mixing in semiconductorconsidering all frequency components within the gain curve
media have been based on the assumption of a(thidi-  of the semiconductor laser amplifier. For specificity, we fo-
rection of light propagationand transversely spatially homo- cus on the mixing and nonlinear interaction of a strong pump
geneous sheet of semiconductor media. Notably, many exield with a detuned weaker probe beam within the active
perimental configurations may very efficiently be area of a broad-area semiconductor laser amplifier. We thus
approximated on this basis. However, this is certainly noextend and complement our previous studies on the propaga-
longer the case in a broad area or tapered semiconducttion of two picosecond pulses in the optical resonator of a
laser amplifier where, indeed, dynamically migrating opticaldiode laser amplifief20]. In that case, the formation of a
filaments as well as longitudinal self-structuring and self-trapped pulse reminiscent of a spatial optical soliton is
pulsations may be the dominating phenomgl16. More-  caused by a combination of nonlinear index changes, self-
over, the spatiotemporal dynamics has as a consequence tliatusing, and dynamic wave-mixing effects. In concert,
the microscopic properties of the active semiconductor methese effects are the reason for a modified spatiotemporal
dia and the complex macroscopic light field dynamics aredynamics of the optical field.
intrinsically coupled17,15,18. A consistent theoretical de- In the theoretical description of a “strong” and direct
scription of wave-mixing processes in broad-area semiconwave-mixing process of various light field components oc-
ductor laser amplifiers thus should self-consistently includecurring inside semiconductor lasers, a different approach is
this spatiotemporal interplay of microscopic and macro-necessary. To date one generally resorts to a separation of
scopic effects and thereby automatically comprise, e.g., nortwo distinct regimes involving the extreme cases of mixing
linear spatiotemporal waveguiding, gain saturation and carprocesses which ar@) slow and(ii) fast in comparison to
rier transport. At the same time, various dissipative processeate carrier lifetime.
have a significant influence on these phenomena. Among In the first case, i.e., for detuning frequencié
those are, in particular, the spatiotemporally varying carrier<1 GHz, the productw ;<1 spatial modulations caused
carrier and carrier-phonon relaxation and scattering. To datdyy a local interaction of the light fields lead to modulations
however, in most theoretical descriptions those nonlinearitieg the carrier density at the beat frequenky. The effects of
in the gain, index changes, and propagation are only treateslich a wave-mixing experiment can be observed in semicon-
ductor lasers with small mode distances produced by, e.g., an
external cavity. With the modulations exceeding the GHz
* Also at Fachbereich Physik, University of Kaiserslautern, Erwin-regime, the carrier density can no longer follow the fast dy-
Schralinger-Strasse 46, D-67663 Kaiserlautern, Germany. namics due to the relatively large carrier lifetime. In the sec-
"Electronic address: Ortwin.Hess@DLR.de ond case, with large detunings in the GHz to THz regime-
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(where the product dwrs,>1), a second class of 4 oh
mechanisms becomes relevant: The carrier-carrier andg [ (K:F)=9(K,r,t) = ye n(k,N)
carrier- phonon-scattering processes occurring on a compara-

tively fast time scale in the order of several hundred femto- x[fe!h(k,r,t)—fg'(;”(k,r,t)]
seconds within the bands of the semiconductor can respond
to the beat frequency generated by the interplay of the — Yk N)[FEN(k, 1, 1) = T80 (K1, 1)]
waves. This modulation of the distribution of electrons and
holes over the different energy states of the bands can be +Ae’h(k,r,t)—Fsp(k,r)fe(k,r,t)fh(k,r,t)
observed, e.g., in short cavity semiconductor lasers with eh
large frequency differences between the modes. — ¥ FE (K T),
In the case of wide transverse-section lasers such as the (1)

broad-area laser, however, both types of regimes and, in par-g _

ticular, the intermediate regime between the two extremesapa(k,r,t):—[iw(k)+T,;l(k,N)]pi(k,r,t)

may be relevant. It thus becomes necessary to include both

the modulation of the spatiospectrally dependent intraband 1

dynamics of the carrier distributions and the modulation of + ?dc\,(k)Ei(r,t)[fe(k,r,t)+fh(k,r,t)]

the macroscopic spatiotemporally varying carrier density. To !

circumvent the usual artificial separation into the two re-

gimes, we perform a direct expansion of the microscopid’V'th

Wigner distributions of electrons and holes as well as the

interband polarization in terms of the unperturbed carrier dis- 1 . Y

tribution. This allows us to apply our wave-mixing theory in ~ 9(K,r,t)=— mdcv(k)[E (r,Hp *(k,r,t)

the whole range from 50 fsec to 5 nsec. Thereby the modal

interactions due to the slow population pulsatignanosec- 1

ond regime at the beat frequency of the participating beams +E(r,tp *(kr,t)]+ mdzv(k)

on the one hand and the spatial and spectral interactions

leading to gain nonlinearities and mode competition via spa- X[E**(r,tpt(k,r,t) +E~*(r,t)p~(k,r,t)].
tial and spectral hole burning on a picosecond time scale on

the other hand are simultaneously and self-consistently cap- 3]
tured by our theory. It is then via the dynamically varying

interband polarizations that these microscopic couplingrhereby the interband polarization consists of a linear,
mechanisms are dynamically transformed to the wave MiXp, (k,r,t), and a nonlinear parp,(k,r,t), where the linear

ing of the light fields. part is given by
In this work, we will specifically investigate the spa-
tiospectral wave-mixing processes in a broad-area semicon-
ductor laser amplifier into which a strong pump beam and a (kort) = dey(K) 1 E=(rt) 3
weaker probe beam having a different frequency are injected. Pt T, i w(k)—ir (k) e
In Sec. Il we will present and discuss the theoretical model P
which is the basis for the numerical results presented in Se
[ll. Section IV concludes the paper.

(fh Eqg. (1), k denotes the carrier-momentum wave number;
r=(x,z) represents the lateral and longitudinal direction, re-
spectively.fghh(k,r,t) is the carrier distribution in thermal

Il. MULTIWAVE MAXWELL-BLOCH EQUATIONS equilibrium within the electron-hole plasmaig](k,r,t) is
FOR SPATIALLY INHOMOGENEOUS the carrier distribution in thermal equilibrium with the lattice
SEMICONDUCTOR LASERS given by the corresponding Fermi function, a&d(r,t) are

. . i the counterpropagating optical fields in the active area. The
In the following, we present a theoretical description of : ; .
relaxation rates of spontaneous emissiogyk,r), nonradi-

the microscopic multiwave spatiotemporal dynamics of spa—a tive recombination,y,,, the microscopically calculated

tially inhomogeneous semiconductor lasers. For specificityr\ates (.N(F),1) for the carrier-carrier scattering pro-
we will concentrate on typical 11I-V semiconductor material Ye,ntt P . =nng p
gesses andygh(k,N(r),t) for the carrierdongitudinal-

systems, i.e., choosing the relevant parameters for the~ > . 1
GaAs-AlLGa_,As system. Although we will focus here on a OPtica) phonon  scattering [17], and 7, “(k,N(r),t)

simple setup involving an inverted semiconductor laser am=1L7e(K;N(r),t) +¥n(k,N(r),t)] as well as the frequency
plifier with injection of a strong pump wave and a weakerdetuningw(k,T,) between the cavity frequenay and the
probe wave, a generalization to the description of a mordransition frequency pertain to the optical probe fiad is
complex situation involving the interaction of a multitude of the microscopic pump term andl,, is the optical dipole
coexisting optical fields in the active area will be straightfor-matrix elemen{16].
ward. In order to describe a particular experimental setup, in
The microscopic dynamics of the carrier distributions ofwhich a strong optical pump fielgvave numbekg) and one
electrons(e) and holesh) f&"(k,r,t) and the interband po- or two additional weak beanis.g., a probe beam, with wave
larization is governed by the semiconductor Bloch equationsumber k;=ky+ Ak, and the generated conjugate signal
[16]: with wave numberk,=k,—Ak) are counterpropagating
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within the active layer of a semiconductor laser, the totalTherebyfy(k,r,t) andpn,o(k,r,t) denote the carrier distribu-

optical field is partitioned according to tion and the interband polarization, respectively, in the ab-
+ + + i + i f the additional field&,; andE,, anddw=w,— o
E*(r,t)=Eq (r,t)+E; (r,t)e"“'+ E; (r,t)e 1%, g ~sSenceott : L 2 ™o
(rn)=Eo(r.)+Es(r.) 2(rY) @ =wy— w, is the detuning between puntf, (at frequency
To derive equations describing the response of the carriers t@o) and probe field. Note that it is the fact that these expan-
the interaction of the various light fields, we use an analogsions are performed on the microscopic level which—via the
expansion for the Wigner distributions of the carriers and themicroscopic dynamics of the carrier distributions and the in-

interband polarization: terband polarization—will automatically lead to a self-
) _ consistent inclusion of the mixing and interaction of the op-
feh=fo(k,r,t)+ 5" (k,r,t)e' %t 15 (k,r,t)e ot tical fields as well as the modulation and response of the
_ _ carriers to the light field dynamics. Inserting E4) into Eq.
Pri=Pri, (KT 1)+ Py (K, T, 1)1+ pry (kT e, (1) leads to the following expression for the spatiospectral

(5) dynamics of the total carrier distribution:

a H .
L8 r 0+ 18 (r D el 15k, e 21

1 . . _ _
=— mdcv{[ES(r,tH E(r,t)e%t +E5 (r,t)e % pg* (k,r,t)+py * (k,r,t)e %+ pr* (k,r,t)e' %!

+[Eq (r,t) +Eq (r,1)e"% + E, (r,t)e %[ py * (k,r,t) + py * (k,r,t)e 991+ po * (k,r,t)e' %]}
1 . _ _ _
+ mdw{[ES*(r,t)+EI*(r,t)e"‘5‘”t+ E; *(r,)e'![pg (k,r,t)+p1 (k,r,t)e' ' +p; (k,r,t)e %"

+[Eg *(r,)+Ey* (r,t)e Ut B * (1, 1) e[ pg (k.1 1)+ py (K, 1, 1)e"* +ps (k,r,t)e o]}
— Yen(K NI TSNk, r,t) + 5k, 1) e 2+ £5(k,r, 1) e 129t — FEN(k,r 1) ]+ A® (K, 1, 1) = T gk, N[ FE(K,T,1)
+ 150k, et £k, e PRk, r ) + (k1 t el et £ (k1 ty e ot

— Yl £ (K, r D)+ T2 (K 1, e 2@t £ K, 1) e, (6)

Finally we obtain to second order the following equations for 1
the time-dependent light-field driven carrier dynamisr foh=- —| - H)[(El+ Po*+Egps*—E;*pg
notational simplicity, thek, r, andt dependence have been 6w+ ges !
omitted: +E*P3)+(Erpo* +Egp;* —Er*pg
d 1 N
sifi"=— z7 el (E{pg* +Egp;* ~E{ “pg —Eg *p;) ~Eo"p2)l,
+(ELpo ™ +Egpz" ~E; " Py —Eop2)] 1 1
' ’ fe'h=—<—.—) E+ +*+E+ +*_E+* +
—rehgen > ow T i [(Eq Py 2 Po o P1
d 1 —E;*pg)+(Egpi*+E,po* —Eg*pl
518"= g Ol (Eopi " + E{p " ~ 5"} ~E{"p) 2 Po ) (Bo Py R 0T TR Ty
o L. o e —E;*po)], 9
+(Egp1 " +Ezpg " —Eg Py +E; " pg)]
—Tends, (7)  with
where we have approximated the spontaneous emission rate oh he
with Fg’es: 7e,h+7nr+rspf . (10

Lo 610 15 F0) ~Tof o155 ®
o fof1z* f1.2lo PO 2 Equation( 9) describes the changes in the carrier density
Integration of Eq.(7) assuming only slowly varying field originating from the additional light field€, andE,, and
amplitudes leads to their interaction with the main fields,.
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TABLE I. Fundamental material and device parameters of the broad-area (Ga®a/AJAs) semicon-

ductor lasers.

L (cavity length
d (thickness of active laygr

n. [refr. index of the cladding layers (G&l; ,As)]

n, [refr. index of active layefGaA9]
\ (laser wavelength

R; (front facet mirror reflectivity

R, (back facet mirror reflectivity
7 (nOnrad. recombination time

a, (exciton Bohr radius

mg (mass of the electron

m, (effective electron mags

my, (effective hole mags

£4(0) (semiconductor energy gap &0 K)
D, (diffraction coefficient

7; (injection efficiency

I' (confinement factor

a,, (absorption

Vv, (surface recombination velocity

750 um
0.15 um
3.35
3.59
815 nm
104
104
5ns
1.243x10°® cm
9.109387% 10 3! kg
0.0671m,
0.246m,
1.519 eV
18x10°©
0.5
0.55/0.54
30 cmt
10° m/s

The expressions for the total carrier distribution functions,
feh=feheldot f2he=i%wt can now be introduced into the
equation for the nonllnear part of the microscopic interband
polarization:

J . . .

5t (Poig TP €7+ Py e %)

_ H -1 * * Lid * =i
__[Iw+TP ](pnlo+ pnllel wt+pnlze I wt)

1 A A .
+ 7 do(Eq + BT e+ E; e P[5+ fiel 2!

+f5eT 10 £+ fhel oty fhem ot (11

An analytical expression for the coefficients andp,, can
be obtained by considering Eld.1] in adiabatic elimination,

cv
Pr, == 7 =

wq— | Tp

[(Fe+EDEL+(FS+TDE],

cv

Pu,=— 7 = [(f§+ fO)Ex+ (f5+)Eo], (12

wo— | Tp

which can be inserted in the full dynamical equatj&d] for
the total interband polarization. The macroscopic polariza,
tions, which are related to the three optical fields, are give

by the summation over the respective interband pc’Iar'zatemperature related dynamics of the nonequilibrium carrier

2 2 dCVpi(k!rvt)u (13)

Pi(r,t): ]—} =

rbrobe

N L B
=9z 014t c ot 01 ATt
i 1 9

= +|A
2 Kz(N) gx?

Egidr.t)

r
+ = 70 P012(r t). (14

K,(\) contains the wavelength dependence of the wave
numberK,, « denotes the linear absorption coefficient, and
A models the passive waveguiding structure of the cavity.
The spatiotemporal varying carrier density is at every loca-
tion given by

N(r,t)=§k: feh(k,r,t) (15)

and thus includes every modulation and response of the car-
riers, i.e., the interband dynamics without change in total

density and also the density modulation via the slow inter-

band dynamics, each with their respective time scale. The
material and structural parameters of the broad-area semi-
conductor lasers amplifiers are summarized in Table I.

The set of equations, Eql) with Eq. (9) together with
Eqgs.(14) and(15), is the basis for our numerical simulation
and in the following will be applied to model typical pump-
situations.  Additionally, the spatiotemporal

distributions is considered on the basis of hydrodynamic
equations derived from the Boltzmann equat[d®]. Spe-
cifically, we analyze the situation schematically depicted in
Fig. 1, where a strong pump beam at frequegyand a
positively (w1=wq+ dw) or negatively w,= wy— dw) de-

whereV is the volume of the active layer. They enter thetuned weak probe beam are injected into a broad-area ampli-
wave equations which describe the spatiotemporal dynamidger. The consideration of the spatial dependence of all vari-
of the counterpropagating optical fiel@sf. [16]):

ables generally allows modeling arbitrary injection angles
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physical mechanisms responsible for the energy transfer in
each frequency and corresponding time regime are each con-
sidered with their respective time scale. These are, in particu-

Ef lar, the fast intraband carrier-carrier and carrier-phonon scat-
? tering processes in the case of small frequency detunings and
. the slow population pulsations of the carrier density in the

P 4 case of the large detuning. With the spatial transport of

charge carriers occurring on a picosecond (10. ps,5 ns)

time scale and the energy transfer via various carrier-phonon
FIG. 1. Scheme of the wave-mixing setup: a strong pump beangcattering processes also spanning the whole time regime

and a weak probe beam of different frequency are optically injectedrom picoseconds to nanoseconds, it is thus important to con-

into a broad-area semiconductor laser amplifier. sider all these effects in their full spatiospectral dependence

and, in particular, their coupling in the microscopic and mac-

and beam profiles. As examples, we will pick the following roscopic domain. o _

cases: parallel injection of both beams with smallu(, In the following we will discuss two representative ex-

<1) and strong §w7s,>1) negative detuning, parallel in- amples with frequency detunings of 100 MHz and 3 GHz,

jection with small positive detuning, as well as the situationand compare the parallel beam propagation with the configu-

of a weakly negatively detuned probe beam at oblique incifation involving a probe beam which is injected at an angle
dence. of 25°. In addition, we will visualize the difference between

the low- and high-frequency injection of the probe beam
with respect to the pump beam arising from band structure
and carrier occupation effects. Since the microscopic distri-
butions give more complete information and a better insight
Figure 1 illustrates the typical wave-mixing configuration into the spatiospectral interactions than the macroscopic
in a broad-area semiconductor laser amplifigere with ~ fields (such as intensity or densjtywe will in the following
length L =750 xm, width w=100 xm, and central wave- particularly use thg microscopic V_Vlgr_1er Q|str|but.|ons of the
length of\ =815 nm): A strong pump fiel&, (here consid- eIectron§ and the mterband' polan;atpn in our discussion of
ered as a Gaussian beam with a full width at half maximunfh€ Spatiotemporal wave-mixing situation. .
of 50 xwm and total power of 5 mMvhose central frequency For the case of two beams propagating in parallel, Figs.
, lies within the gain curve of théantireflectivity-coateyl 2> display snapshots of the nonequilibrium ngger distri-
semiconductor laser amplifier is injected from one side. NexPutions of the electronssf®=fé(k,x=w/2,z,t;) - f(k,x
to the forward-propagating wavee., in the direction of the =W2zt;) as well as the real and imaginary parts of the
injection), a counterpropagating wave of equal frequency ishonlinear interband polarizatiopy,= py,(k,x=w/2,z,t;) and
excited by the interaction of the light field with the active pp=pn(k,x=w/2,z,t;), respectively. Note that for reasons
medium: The spatiospectral carrier dynamics leads to spaof visualization only their dependence on the longitudi@al
tially varying density distributions which via the induced re- direction, i.e., the direction of propagation, is displayed,
fractive index act as a diffraction grating for the forward- while the full space dependence (x,z) is considered in the
propagating wave. The immediate response of the activeimulations. In the case of oblique incidence, we will show
medium to the incoming wave is thus a backward travelinghe transverse dependenggg. 6) at three longitudinal po-
wave which from there on coexists with the former. Evensitions p;,=p;(k,x,z=0L/2L) and pp=pm(k,x,2)
though the second wave is in comparison to the forward=0,L/2,L) (front facet, middle, back facetvhile the longi-
propagating wave of considerably lower intensity, its exis-tudinal distributions in our example are qualitatively very
tence is important for the spatiotemporal behavior of thesimilar to the case of the parallel propagati@mce for in-
device—in particular in a wave-mixing situation which due jection of the probe beam at a lateral position near the pump
to the microscopic coupling of the light fields reacts ratherbeam and the rather large lateral extension of the beams,
sensitively to spatiospectral variations. both lead to a permanent spatiospectral overlap of the light
The second light beam injected into the laser, marfked fields).
in Fig. 1, is a probe beam of relatively low intensity (BN\)
at frequencywy— dw (Sw being the pump-probe detuning
which may be injected in parallel to the pump beam or with
obligue incidence. The nonlinear interaction between the The nonequilibrium Wigner distribution of the electrons
pump field and the probe fiel@vhich also consists of for- is visualized in Fig. 2 in dependence on the propagation di-
ward and backward traveling field contributigresd in par-  rection(z) and frequencyin units of the exciton-Bohr radius
ticular their microscopic coupling via the active medium cre-a,=1.295< 10 ® cm) for a frequency detuning of 100 MHz
ates a third wave aby+ dw. Depending on the beam and and an injected probe beatd mW) at wg=2mc/\y with
material characteristics, geometrical configuration, as well as ;=815 nm and a probe beam at wy— dw(5 uW). The
frequency detuning, the three optical waves can spatioteminperturbed contribution displayed in Fig(aR shows the
porally develop quite differently. typical spatiospectral hole—representing local stimulated co-
The microscopic approach discussed above allows imerent emission—which during propagation of the pump
principal an analysis of small frequency detunirilyiHz re-  beam spectrally broadens. At the same time, carriers are ac-
gime) as well as large detuning&GHz regime, since the cumulated by the carrier-phonon coupling at neighboring fre-

IIl. SPATIOSPECTRAL WAVE MIXING
IN BROAD-AREA LASERS

A. Spatiospectral holeburning
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probe beams in the medium. They visualize the dependence
of the fields on propagatiorz(@xis) and on frequencyscaled

in multiples of the exciton-Bohr radiusay=1.295
%108 cm). In Fig. 3 the frequency detuning between the
pump and probe wave is 100 MHz. The right column of Fig.
3 displays the respective imaginary contributions in the po-
larization. The real part of the pump and probe contribution,
Figs. 3a) and 3b), respectively, shows the formation of a
spatiospectral trench which increases in the propagation di-
rection. This can be understood on the basis of carrier-
induced changes in the nonlinear frequency-dependent re-
fractive index which increase during propagation. The
distributions show distinct changes in sign in both frequency
and space domain. With the real part of the polarization be-
ing related to the inverse of the carrier-induced refractive

NN
NS ’\\\
\

N

Rk

6fe -I.éfe \\\\\\\:&&:\\:\:&\t\:
1 7 AR R T TR

T index, one can detect a typical dispersion form. The rather
A T imiaeti ; ;
) \\\\\\\\\m moderate injection current leads during propagation to a
T R R T S f . . . .
AN TR TR transition from absorption to gain, visualized by the change
- 1 A T . . . . . . .
o T T’TH’; T H @ 2 iy
- AT T T in sign. The imaginary part displayed in Fig. 3 for the pump
o~ T e
RE T i (d) and the probe wavée) can be understood as a spa-
RET A tiospectral gain distribution. The positive values at the front
e RN \\\\\\\‘\\\““\
ox T T T TRTHTH _ ; ; ;
PN R HH facet z=0) reveal absorption, which is the cause of an ac-
” N
W

> cumulation of heated carriers at high-frequency values. The
change towards negative values during the propagation, on
the other hand, visualizes the carrier depletion near the band
gap being related to gain. Since the amplifier current was
N only slightly above the threshold value, the polarization in

the absorption and gain regime is of similar magnitude. The

FIG. 2. Wigner distribution of the electrong®(k,zt) ~ PUmMp-probe detuning is rather small compared to typical am-
—fS(k,.z,t) (@, and sum of the contributiong$(k,zt) and plifier gain curves, which are spectrally rather brqad
f$(k,z,t) in the case of parallel injection of the pump bedmw) (=50 nm). Thus, the spectrally dependent gain and index
and the probe beam (BW) of lower frequency, respectively. The changes affecting the pump and the probe wave are qualita-
frequency detuning is 100 MHz. tively the same. The respective trenches which are formed in

the interband polarization distributions thus are also of simi-
quencies leading to energy transfer in the frequency domairar shape. For higher amplifier currents, the carrier depletion
Figure 2b) displays the sum of the changes created by th&aused by the two modes and their interaction leads to a
propagation and interaction of the three optical fiektls ~ higher gain for the main field and a damping of the second
E,, andE, in the Wigner distribution of the electrons. Due injected field. _ _ _
to the relatively small detuning, their contributions spa- The modulation of the interband carrier dynamics at the
tiospectrally overlap close to the central frequeagyform- ~ beat frequencydw of the pump and the probe wave now
ing a spatiospectral trench which adds to the unperturbetgads to the formation of an optical field at+ dw, which
distribution of Fig. Za). Due to the different amplitudes of can be seen in Figs(§ and 3f) for the real and imaginary
E,, E;, andE,, this trench appears spectrally slightly asym- Parts of the interband polarization, respectively. The transfer
metric. of carriers and energy occurs due the carrier-carrier and

With the complex interband polarizatiqu, being directly ~ carrier-phonon interactions in the space and frequency do-
related to the microscopic susceptibility, its real and imagi-main. They happen on a psecidsec time scale and can thus
nary parts can be used to visualize the combined spatial af§spond to the interaction and beating of the light fields.
spectral changes in the microscopic generation rate and igince the amplitude of this third field is very weak, the over-
the carrier-induced refractive index. The complex interbancll gain is more strongly reduced by the pump and probe
polarization p,, thus contains information on the dynamic field so that the amplitude of the conjugated weg is

variation of the spatiospectral distribution of both the gainfeduced. '
and the refractive index. If the injection of the probe beam occurs on the high-

frequency side of the pump beam, as displayed in Figs—4
4(f), we see a qualitatively similar behavior. Thus the carrier
and energy transfer in space and frequency domain can in
_ _ o principle occur towards higher as well as lower energy val-
The left column of Fig. 3 displays the contributions of the yes. However, the corresponding density of states in the va-
real part of the nonlinear polarization belongif® to the  |ence and conduction bands as well as the occupation of the
pump fieldEy, py at wg, (b) to the probe fieldpy; atwg  bands described by the semiconductor Bloch equations lead
—dw, and(c) the conjugate contributiorp/, at wy+ dw, to an asymmetry in distributions of the gain and the induced
which has been created via the interaction of pump andefractive index caused by an asymmetric transfer of carriers

B. Small detuning
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and energy. Comparing the amplitude ml in Fig. 4(b) waves is altered. The wide distance in frequency domain
with the amplitude Ofpm in Fig. 3(c), one can verify that, leads to a decrease in the efficiency of the light-field—matter
indeed, this asymmetry leads to an increased amplitude in Ilnteracnon[see Eq.(13)] and thus to a weaker coupling in
b, for the transfer fronE, with o= w+ s to E; with o comparison to the situation of the small detuning discussed
1 . . . above. Thus the spectrally dependent carrier inversion and
=w—dw, i.e., from higher towards lower frequencies. gain of the injected probe beam is less reduced by the influ-
ence of the pump bearie., its finite phase relaxation and
spectral carrier depletion and the resulting carrier relaxation
and scattering and the amplitude of the real part and the
At first glance, the distribution of the re@Figs. 5a)—  imaginary part of the nonlinear interband polarization is
5(c)] and imaginary part§Figs. 5d)—5(f)] of the nonlinear higher than in the case of the small detuning, although the
interband polarization in the situation of strong detuning exdnjected power is the same (&W). In addition, a small
hibits a very similar behavior to the case of small detuningfrequency drift can be observed during the propagation of the
discussed abovérig. 3). However, since the spectral dis- probe beam. It is caused by the nonlinear interaction of these
placement of the resonant frequencies of the three waves haso beams, which increases during propagation due to the
changed, the overall gain and refractive index change of thaxcreased power. The polarizatipp,, of the conjugate wave

C. Large detuning



5042 EDELTRAUD GEHRIG AND ORTWIN HESS

N
pnl (O) p”' \\\\\
\\\\ N

= (d>
\\ N
\\\\\\\
\ R \ \\ \\\\\\
: R \ N N
" R
29 £ \\\\\\\\\\\\\\\\\\\\\\\\ \\\\\\tt&t%‘:tt\:\ - 'l 0“‘ R
227 [ s NN o K \
ao"’ \\\\\\\\\\\\\\\\\\\\\&\\\\\\\\\\Q \ \ N \\ Y 5.0 \\\\\\&&\\\\\\\\\\\\
o \ \\\\ R \\\\ RN
\ N \\ A T \\\\
° \\\\\\\\\ . ““\\\‘\ :\\‘“\\“‘\\\\\“\\\\“‘\ \\\ : '\\\\\\ N \\\\\\\\
o N . \\ NN - \ N \\\-.": {J ‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
-3 \ \\" \\\\\\\\\\\\Q\\\ os T R ‘\“‘“\\:‘:‘2\\\‘\‘:#3’{ ...\\\\\\\\\\\\\\\\\:\ \\\\\\\
o W\ ,, o —_ TR
0? R - \\‘\\\\\ R D
_o \\\\\\\\\\\\\\\\\ R \\\\\\\s\w sq’
\\\ R \\\ \\\ N \\\\%\*\&1&@ R
P \ NNk \:\\\:\\\\‘\\
0 “‘{{Q\\\\\\\\\\\ - "" '.“ =
AR IR \\:::\\\\\“\\\\\\\
\\\\\\§ o S
R )
AR K
\‘QQ\\\\Q \\\\‘ \\\012&’ ) - N
- \\:‘ \\:\\\‘ —
X
% \‘\\\\\\\\ N\ ’%/
= eX) >
Q
N

\\
N
NN
R
.2 NN
- N
| N
o*'7 13 RN 2z
- R -1 \\\\ \\\\\\ X\
R \\\\\ A R 0 \\ i
1 K \\ \\\ \\\ R 1 \\\ R
- \\\\ \\\\ \\\\ \\ \\\\\\ R H R 0 = \ \\\\\‘\\\\“\\\\\‘\\\\\\\\\\\\\
1 \\\\ RNy, fe* \\\ \\\\\\\\\\\\\\\\\\*\\\\\\\\\\\\\
or .2 \ \\\ R Ty \\\\\\ \\ NN ‘\\\\‘\\\‘\\\‘\\\\\\\\\\\
s \\\\\\\\\\\ \\\\\\\\\\\\\\\\\\ r o \\\\\\;\\\\\\ \\\\\\\\\\& TRT_ T T
UL 1N “\‘\\\\\\\ X \\\Q\\\\\\‘:\\\\:t:\\\\\\\\\\\:tt\\ w\\:‘\\“\\\\“ \\“‘\\\‘\\\\“\\\\\“t\\\\\‘t\\\\\\\
™ \ S
(RN = \\\\\\\\ X \\\\‘["‘\\::::t\\‘:\\\“‘ A {;;;;{{\\\\\&Q‘:\\\\\QQ\\\\\\\\\\\\\\\\\\\\\“- \\\\\\\t\\\\\‘&\\ \t\\
\\\ R R AR’ NN
N \ R \\\\\ \x\ \\ \\\\\ AR N \\\\ \\\\ NN
N ‘\\\\\i \\ <9 \\\\\\\\\\\\\\\\\\\\\ N \\\\\ \\\\\\\\\\\\\\\\\\\\“
\\“ \\ \\
N il o A a
= \\\\\\ S = N ©
=3 A\
N
I > = s =
b
S
S RSN B [VESOY
Q 1 ° S
N
"
,
C \ <f)
p”'Z () R
"
\8\‘
NN 2 ‘\\\\“%\\\
F) \\\\ ° R
RN 1 R
o= NN °” TR
297 e -\‘ Nk ° \\\\\\\\\\\\\\\ TN
N " N R R
0 O \\\\\\\\\\\\\\\\\\\\\\\\ \\\\\\ \\\ R e
0% \\\\\\s \\\\\\\\\\\.','; \\\“t\\\\“t\\‘t\\\\\\:\\\\\‘:&\\\t\\ RHnti TR i
\‘\\ LR T T \\\\\\\\\\\\\\\ N N
\\\\\\\‘\\\\\\ 0 R T A e T —H S
“‘\\\\\ “\ N \\\\‘\\\\ RN 1@ nv \\\\\\\\w\s\w Rt g
9 \\\ \\\\ \\\\\\ .., o\ \\ R \\\\\\\\\\\ R o* \\\\\\\\\\\\\\\\‘\\\\\\\‘\: 777 AR’ T
\\ \ \\\\\\\\ ik \\\\\\\\\\\\\\\\\\\\‘\\\1 2 AR R s ik
o \ \ ' R ) i RSy \\\\\\\\\\\\\\\ \\\\\\\\\\\
\ R ke T __TTSTS©
o'° \\\\\\\ W \\‘~ \\:‘\\\\‘22\\ ‘\\:22\\\\‘ o N \“
o«
0
< \‘\\ N
= N
/

PRA 60

FIG. 4. Longitudinal depen-
dence of the Wigner distribution
of the real part of the nonlinear
interband polarizationpy,(k,z,t)
(left column and the imaginary
part of the nonlinear interband po-
larization pr(k,z,t) (right col-
umn). The pump beam5 mWw)
and the probe beam (BW) are
strongly detuned §o=3 GHz).

shows a lower amplitude in both the real and imaginaryinjection angle and lateral position of injection, which in
parts, since the rather weak coupling of the pump-probe ineoncert lead to different dynamic spatiospectral overlap dur-
teraction keeps the amplitude of the conjugate wave at fng propagation. As an example, we will consider a situation

strongly damped level. At the same time, the conjugate waveyhere the pump beam propagates perpendicular to the front
is spectrally situated within the absorption regime, efficientlyand back facets of the amplifier while the probe beam (
preventing an induced change from absorption towards gain- , — 5o, Sw=3 GHz) is injected at an angle af=25°

D. Oblique incidence

20 um below the center of the amplifier. Due to the rather
large spatial overlap of the two beams during their propaga-

tion (each having a beam waist of 2m), the longitudinal
The spatiotemporally resolved calculation of the propa-dependence of the Wigner distributions shows a qualitatively

gating fields in the active area allows one to investigate dyvery similar behavior. In the following, we thus focus on the
namic spatiospectral changes in the Wigner distributions thdtansverse dependence of the Wigner distribution of the in-
arise from different beam properties or injection conditions.terband polarization of the probe beapy,,, displaying the
Thus one can vary not only the power and wavelength of thelistributions at three longitudinal positions. Figure 6 visual-
pump and probe beam but also the beam width as well aiges the real partp;,,, in the left column[Figs. 6a)—6(c)]
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and the imaginary part of the polarization of the probe beamThis is also verified in Figs. (6) and Gf), in the real[Fig.

pn LFigs. 6d)—6(f)], in the right column. Figures() and  6(c)] and imaginary{Fig. 6(f)] part of the nonlinear inter-
6(d) shows typical snapshots at the front facetzal0, i.e., band polarization of the probe field. An interesting effect,
right after the optical injection. Due to the oblique incidencewhich has already been observed[20], is that the propa-

of the probe beam, a phase modulation can be observed gation of the probe beam inside the semiconductor plasma
the lateral dependence. One can see from the amplitude sfgnificantly deviates from the path projected by geometrical
the distribution that the light field is injected laterally dis- optics. The increased intersection area in Figb) &nd Ge)
placed with respect to the center of the facet. In the middle ofeads to a trapping of the weak probe beam caused by the
the amplifier, az=L/2, as displayed in Figs.(6) and Ge), spatio-spectral gain, thus staying more or less in its lateral
the probe light field has already propagated towards the cemposition when advancing from the situation displayed in
ter increasing the spatiospectral overlap with the pump beantrigs. &b) and Ge) to z=L displayed Figs. &) and &f).
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IV. CONCLUSION time constants ranging from the subpicosecond to the nano-

. . . . second regime. Those are, in particular, microscopic spa-
In conclusion, we have theoretically investigated the dy- g b pic Sp

: ) ) 2 Y tiospectral interactions of the light fields leading to gain non-
namic spatiospectral propagation and wave mixing of opticafinearities and spatial and spectral hole burning as well as

fields within the active area of a broad-area semiconductofonequilibrium dynamics of the carrier temperatures, carrier
laser. In a novel theoretical description of §patlospectra{ransp0rt, population pulsations, optical self-focusing, and
wave mixing based on Maxwell-Bloch equations for spa-gjffraction. It is the combined consideration of these effects
tially inhomogeneous semiconductor lasers, we show that @ithin our microscopic treatment which allows an investiga-
microscopic treatment involving a third-order expansion intion of small (MHz) and large(GHz to TH2 detunings as
terms of the carrier distributions unites and bridges two prewell as detunings in the intermediate regifhHz to GH2)
viously distinct limits. This allows us to consistently include of the propagating light fields. It thus offers a new detailed
various relevant interactions and physical mechanisms witlanalysis of wave-mixing phenomena in nonlinear media in
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which the lateral and longitudinal dependence as well agrties of the light fields along with their way of propagation.
counterpropagation effects are taken into account. As a result, radiation may be guided or even trapped by the
Results obtained from extensive numerical simulationscarrier plasma in the semiconductor medium.

demonstrate that the Wigner distributions of the electrons Generally, the theoretical description may be applied, e.qg.,
and the interband polarizations reveal—due to their simultato spatiotemporal pump-probe situations with short optical
neous dependence on frequency, space, and time—the r@ulses providing information of the temporal and spatial
evant spectral and spatial time scales involved in the carrigpulse shape, dynamic frequency changes, nonlinear spa-
and light-field dynamics. In particular, they visualize dy- tiospectral gain saturation, or the investigation of material
namic spatiospectral carrier and energy transfer, mode conproperties and calculation of relevant time scales. Thus our
petition within the bandwidth of the amplifier with its depen- microscopic theory of dynamic spatiospectral wave mixing
dence on the detuning, spatiospectral hole burning, angrovides the basis for a theoretical description and analysis
induced gain and index variations. It could thus be demonef a whole class of pump-probe experiments and allows an
strated that in spatially inhomogeneous semiconductor meaedentification and quantification of the underlying physical
dia, those processes determine the spatial and spectral prdpteractions.

[1] H. Nakajima and R. Frey, IEEE J. Quantum Electr2®.1349 [11] A. Schulze, A. Knorr, and S. W. Koch, Phys. Rev.58, 10

(1986. 601 (1995.

[2] R. Nietzke, P. Panknin, W. Elsser, and E. O. Gael, IEEE J.  [12] A. Girndt, A. Knorr, M. Hofmann, and S. W. Koch, J. Appl.
Quantum Electron25, 1399(1989. Phys.78, 2946(1995.

[3] R. Nietzke, W. ElSsser, A. N. Baranov, and K. Wistel, Appl. ~ [13] A. Uskov, J. Mak, and J. Mark, IEEE J. Quantum Electron.
Phys. Lett.58, 554 (1991). 30, 1769(1994).

[4] S. Murata, A. Tomita, J. Shimiza, M. Kitamura, and A. Suzuki, [14] A. Mecozzi, A. D'Ottavi, and R. Hui, IEEE J. Quantum Elec-
Appl. Phys. Lett.58, 1458(1991). tron. 29, 1477(1993.

[5] S. R. Chinn, Appl. Phys. Let69, 1673(1991). [15] O. Hess and T. Kuhn, Phys. Rev.5¥, 3360(1996.

[6] K. Kikuchi, M. Kakui, C.-E. Zah, and T.-P. Lee, IEEE J. [16] E. Gehrig and O. Hess, Phys. Rev.5%, 2150(1998.
Quantum Electron28, 151 (1992. [17] O. Hess and T. Kuhn, Phys. Rev.5¥, 3347(1996.

[7] G. P. Agrawal, J. Opt. Soc. Am. B, 147 (1987). [18] M. Sargent Ill, F. Zhou, and S. W. Koch, Phys. Rev.38,

[8] M. Yamada, J. Appl. Phys$6, 81 (1989. 4673(1998.

[9] W. M. Yee and K. A. Shore, J. Opt. Soc. Am. Bl, 1221 [19] F. Zhou, M. Sargent Ill, and S. W. Koch, Phys. Rev4A 463
(1994). (1990.

[10] U. Herzog, Opt. CommurB2, 390(1991). [20] E. Gehrig and O. Hess, J. Opt. Soc. Am1B 2861(1998.



