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Intracavity self-induced transparency of a multilevel absorber
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Intracavity self-induced transparency of a three-level absorber is studied in the scope of solid-state laser
generation of an ultrabroadband electromagnetic pulse that drives the population of all absorber levels through
complete Rabi flopping. We show that at sufficient pump rates a Ti:sapphire laser forces an intracavity GaAs
single quantum-well absorber, which provides an inter-valence-band transition in the THz domain in addition
to two direct optical interband transitions, into the self-induced transparency regime and acts as an all-solid-
state ultrabroadband pulse emitter. In dependence on the resonator bandwidth, the intracavity pulse energy and
the absorber dipole moments we obtain a multilevel self-induced transparency pulse spectrum which extends
from the THz domain up to the ultraviolet. The steady-state sub-10-fs pulse consists of only a few optical
cycles with the high-frequency components at its leading edge and a single to subcyclic THz component at its
trailing edge [S1050-294{@8)05108-1

PACS numbg(s): 42.50.Md, 42.65.Re, 42.50.Hz, 78.4p

[. INTRODUCTION different-wavelength pulses on the pump and Stokes transi-
tion, respectively.

Solitary waves rendering a multilevel absorber transparent In the present paper we develop the theory of intracavity
have been a topic of research for many years. On one handjultilevel self-induced transparency by solid-state laser gen-
the interesting concept of electromagnetically induced transeration of an ultrashort pulse which drives the absorber tran-
parency(EIT) predicts the approximately lossless propaga-sitions to transparency. The strong resonant interaction
tion of matched pulses on the pump and Stokes transition iwhich is shorter than the dephasing of the induced polariza-
a three-level lambda systefh,2]. These matched pulses are tion induces complete Rabi flopping of the population on all
not shape preserving, are resonant with only one of thguantum levels and returns the absorber to its initial state,
atomic transitions, and do not induce Rabi flopping of thewhich yields a multicomponent pulse spectrum with promi-
atomic level population. On the other hand, the concept ohent spectral components at each transition of the multilevel
self-induced transparend$IT) for strong pulses, that relies quantum system. We denote such multiplephoton resonant,
on reversible light-matter energy exchange owing to comultrabroadband pulses as multilevel self-induced transpar-
plete Rabi flopping of the population in a two-level systemency (MSIT) pulses. In contrast, multiphoton parametric in-
[3], has been extended to multilevel systefl predicting  teraction happens at pulse durations larger than the dephas-
the simultaneous lossless propagation of secant-shape piieg time of the induced polarizatidi®], hence Rabi flopping
serving, different-wavelength puls¢simultong in a three-  of the population is excluded and the polarization is assumed
level absorber. Such simultons are spectrally narrow enougto respond instantaneously to the electric field, which allows
to be resonant with only one of the atomic transitions anca power series expansion of the material response in terms of
they are strong enough to induce simultaneous Rabi floppingonlinear susceptibilities. As will be shown below, intracav-
on the corresponding transitions. Simultons as copropagatingy solid-state laser generation of ultrabroadband MSIT
different-wavelength SIT pulses in three-level systems argulses is independent of a specific choice of initial prepara-
double-photon pulses, each pulse is one-photon resonatibns and dipole moments of the three-level system and it
with the corresponding transition and hence linearly dependsubstantially differs from the copropagation of narrow-band
ing on its individual pulse area. In contrast, strong-field two-simultons[4] as well as the matched pulse propagation of
photon absorption on a single transition, such as a two-levef|T [1].
system with forbidden single-photon resonance, was shown By use of exact Maxwell-Bloch equations for real fields
to support Lorentzian-shaped two-photon resonant selfand polarizations without slowly varying envelop&/EA)
induced transparency puls¢S] which exhibit a quadratic and beyond the usual employed rotating wave approximation
pulse area dependence. An experimental verification ofRWA) we describe on the same footing two very recent
different-wavelength two-photon SIT pulses has beertopics of ultrafast laser physics as the generation of super-
achieved in three-level atomic vapdf. Analytical expres-  short light pulses as short as 6.5[f)] and the intracavity
sions for simultons in three- and five-level systems besidgeneration of THz radiatiofl1] both by use of an intracav-
the twin secant shape were obtained by Hioe and Gfdbe ity single quantum-well GaAs absorber inside a Ti:sapphire
Moreover, it was proposed recenfl§] to use a three-level laser. We adopt a three-level absorber model with dipole
system for coherent soliton control of copropagatingactive transitions between all levels corresponding to a GaAs

absorber with one conduction but two valence, heavy hole
(hh) and light hole(lh), bands. By excitation of such a bulk
*On leave from Institute for Nuclear Problems, Belarus State Uni-GaAs absorber with sub-20-fs Ti:sapphire light pulses the
versity, Minsk, Belarus. generation of single-cycle near-infrared THz pul§&g] as
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well as hh-lh quantum beats in the THz domain by direct _
interband transitiongl3] was shown. Tunable THz emission E. (1) E. (1)
from a single quantum-well GaAs absorber that is due to in i
inter-valence-band transitions induced by simultaneous short ol Ly
pu|se eXCitation Of hh and |h eXCitonS was reported in Ref ................................................................... ,Z
[14]. Inter-valence-band hh-Ih transitions can be viewed as E,.g,f(t) E ,.(t-At) /
coherent charge oscillations between hh and |h sfdték
The direct observation of THz emission accompanied with 1
ultrashort light-pulse induced coherent charge oscillations in A/G M
double and single quantum-well structufdgl—16 as well

as Bloch oscillations in a superlattice in the Wannier-Stark FIG. 1. Resonant layer of the absorber or gain medium with
regime[17] marks an important step forward in current semi-delayed feedback by an end mirror.

conductor physics. The optically induced THz radiation in

double quantum wells by coherent interwell charge oscilla@nd an additional intracavity quantum-well absorber. At suf-
tions due to resonant tunnelifig5] as well as in single quan- ficient pump rates the saturable solid-state laser gain forces
tum wells by inter-valence-band transitions between hh anghe multilevel absorber into the SIT regime resulting in int-
Ih stateq 14] or intersubband transitions in the confined con-racavity MSIT-pulse generation. In the context of coherent
duction band 16] has been described by coherent multisub-absorber mode locking of solid-state lasers we have studied
band semiconductor Bloch equations in RE18—2(. How-  previously SIT-pulse formation in RWA by use of an intra-
ever, the basic physics of optically driven coherent THzcavity two-level absorbef25], which aims to describe the
emission are covered already by discrete three-level Blockecent generation of few-cycle optical pulses as short as 6.5
equations with dipole-allowed transitions between all levelds in duration by a Ti:sapphire laser as reported in [RE®].

as shown in Refd.21,27. As we have shown previously for To incorporate self-consistently THz-radiation emission
the intracavity Zr-pulse laser generation, the substitution offrom the quantum-well absorber accompanied by the ul-
a simple homogeneously broadened two-level absorbdfashort optical pulse generation as recently reported in Ref.
model[25] by a more realistic quantum-well absorber model[11] we extend our model to an intracavity three-level ab-
using semiconductor Bloch equatidi®s] yields quantitative ~ sorber without RWA using real fields and polarizations. An
changes in the steady-state pulse duration and energy, but tagact non-RWA description of the multilevel absorber is
very fact of intracavity self-induced transparency as well agnandatory, because in the sub-10-fs time domain the envis-
the pulse parameter dependencies on the laser and absor@ed THz-radiation emission exhibits a single to subcyclic
control parameter are correctly described. Moreover, for th€haracter. In addition, also the description of few-cyclic reso-
envisaged ultrashort intracavity pulse generation with peakant interaction of a two-level system by use of the RWA
intensities of TW/crh and a typical dipole moment of the neglects important features of the population dynamics, es-
direct interband transitiond{e=0.3 nm, GaAs one obtains Pecially inversion oscillations at twice the instantaneous fre-
a peak Rabi frequency in the order of the transition fre-quency of the driving field, as recently studied in Refs.
quency which is much larger than the frequency according t627,28.

the excitonic binding energyH.,=4.2 meV, GaAs as the

characteristic strength of the Coulomb exchange interaction. A. Resonator model

Hence in the semiconductor Bloch equatid@s] the en-
hancement of the Rabi frequency that is due to Coulom
exchange interaction can be neglec{@d|. Therefore we

A broadband resonator is assumed to contain a solid-state
kgglmplifier, modeled by an incoherently pumped two-level
; i - . system, and a coherent three-level absorber. To simplify
self-consistently treat the additional THz emission during COMaxwell's equations as much as possible we consider opti-

herent q_uantum.—well apsorber mode locking n the frame'(:aIIy thin layers of both absorber and amplifier in contact
work of intracavity self-induced transparency in a homoge-,

~"with ideal mirrors of an ultrabroadband resonator configura-
neously broadened three-level absorber. Our model describgs | (Fig. 1). Therefore during successive resonator round-

the basic physics of an all-solid-state sub-10-fs-pulse 9€nerdrins we consider iterative pulse shaping by coherent reflec-
tor with a spectral content from the THz domain to the ul-yon 125] from the absorber and gain media, whereas the
tra\#ﬁlet In dependencg O(;] thefrﬁsonatlor gand\;\lndth. i remaining free-space propagation and focusing by curved
e paper Is organized as follows. In sec. Il we outline i< s’ effectively summarized by a frequency-dependent
the resonator model with intracavity resonant three-level abﬁnear resonator transmissiof{ ). The coherent reflection

iﬂorber ”ag:d T]OI'd'St"’_‘te amﬁ’:'f'erR\’\\/’J‘:h grevgeAscgbed b3from a vacuum interface to a resonant medium in the region
axwell-Bloch equations without and S UM 671 s given by the solution of the one-dimensional

merical res_ults of SIT-puIse generation by a two-level .andboundary value problem to Maxwell's equations[ 28]
three-level intracavity absorber in dependence on the dipole
moments, the initial population, the resonator bandwidth, 27 (Lg |z—2'|
and the pump rate are presented and discussed in Sec. lll and E(z,t)=Ej,(z,t)— —J —P|Z't—

. . Cc Jo ot c
the conclusions are drawn in Sec. IV.

)dz’. @

Here Ej,(z,t) is an incident field from the left half spaae
<0, given by a vacuum solution to the homogeneous Max-
We treat intracavity MSIT-pulse generation in the frame-well equations andP(z,t) is the resonant macroscopic polar-

work of a solid-state laser with an ultrabroadband resonatoization of the absorber ©z<L. At any space-time point

Il. BASIC EQUATIONS AND RESONATOR MODEL
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(z,t) the resultant fieldE(z,t) is a superposition of the inci- 3
dent field Ej,(z,t) and the sum over the retarded induced

polarization currentd/dt) P(z' ,t—|z—z'|/c) throughout the

absorber &<z’ <L. For an optically thin layet. <\ the lat-

ter gives for the Rabi frequency of the coherently reflected d o d32
wave from the absorber or gain medium 31 2
d
Qeon re(t):_aa,gaua,g(t): (2

where the Rabi frequency of the real electric figl]t)

=daE()/7 is defined throughout corresponding to the di- FIG. 2. Three-level system with dipole-allowed transitions be-

pole moment of the largest absqrber wansitin U, is .the tween all levels. The dipole moment of the infrared transition 1-2 is
sum of the real parts of the multilevel absorber off-d|agonah10ught to be externally controllable

density matrix elements, and, is the real part of the off-
diagonal density matrix element for the gain medium. The
light-matter coupling constants of the thin absorber and gaint,

respectively, are given bya,=2md;N,L,/Ac and aq by applying to the field an overall linear resonator transmis-

=2mdgdaNglLg/AC with length Lag<A, dipole moments . netionT(w) of bandwidthA » and a stepwise spectral
da g, and density of resonant systeidg . In what follows dependence according to

we characterize both the coherent absorber and gain medium
by their associated superradiance times that are related to

A resonator round-trip, consisting of subsequent reflec-
ions at the gain and absorber struct(fFe. 1), is completed

their coupling constanta, 4 and the transition frequenay ( 0, ©< . — A_“’

by Tg%=1/a, qw. For pulses longer than the characteristic 9 2

dephasing times,> 7, 4 the small signal absorption or gain Aw Aw

is simply given byr, 4/ T¥9. Note that the assumption of an T(w)=1{ To, wg— S Sw<ogt —- (6)
optically thin layer works well for the 10-nm-thick quantum-

well absorber used in the experiments of R¢i€,11], but 0 0> ot A_w

for the 1-mm-thick Ti:sapphire laser rod it results in neglect L 9 2

of pulse reshaping due to propagation through the amplifier.
However, the principal ultrashort pulse shaping effects of the hich is centered at the am
solid-state amplifier are described exactly in the scope of a
non-RWA two-level system.
We consider the thin resonant layer in close contact to a B. Three-level absorber

resonator end mirrof10] (see Fig. 1in a way that the co- A unified description of optical resonance phenomena in
herently reflected field from the resonant layer E2).con-  N-level systems has been achieved in the framework of a
structively interferes with the linear reflected field from the generalized 42— 1)-dimensional Bloch vector rotation be-
end mirror. For the structure of Fig. 1 it yields the following cause of the underlying SN symmetry [30,31. The

equations for the Rabi frequencies of the reflecteef),  SU(N) symmetry group reveals the existence\bEonstants
transmitted(tr), and the intrinsiqintr) field inside the reso- of motionC :Tr{;)n} n=1 N, wherep;: is the density
n ) y oo el 1]

nant layer, |n.dependence on the |nC|d(an.1) field and the matrix. With p;; o being the incoherent initial population the
induced polarization current of the layka5]: conserved quayntities can be calculatedCas- =;p;i(t), en-
_ d suring the conservation of probabilitg,= Zipﬁyo, express-
Qf(t)=Re#KLa Qtr(t—At)—aa,gd—ua,g(t), €] ing the conservation of the Bloch vector length and for a
t three-level system also the higher order nonlinear constant of
d motionCz= Eipﬁ’O exists. The knowledge of the constants of
Qu(t)=Q (1) — aa,gaua,g(t)i (4 moti_on in_ a _high-_dimensional dy_namip system aIIOV\_/s_ an im-
mediate insight into the dynamics without an explicit solu-
tion [31]. The eight-dimensional Bloch vector of the three-
level system S=(uj,Up,Ug,v1,02,03,W1,W,) is related
The delayed feedback due to a metallic end mirror that i$0 the density —matrix elements by p;=2p,,
contacted at a distandey<\ (Fig. 1) is characterized by a P2=2p23,  P3=2p13, W1=p2—p11, W2=(2p3z—p2
complex reflectivityR=|R|e'2%, a standing-wave phase shift —p11)/v3 [31], pi=u;+iv;. Without adopting the usual
2KLd with wave numbeK and a tempora| de|ay of the wave RWA or SVEA we obtain in relaxatiop time apPrOXimation
At=2L4/c<Tgy., where T, is the period of an optical the c_o_mplete three-level Bloch equations f(_)r dipole-allowed
cycle. Note that the intrinsic field inside the resonant layerransitions between all quantum levefg. 2) in the follow-
which drives the coherent polarization, already contains thé&g form:
contribution of the induced polarization current. In what fol- d
lows we assume optimal contact witlR|=1 and A¢ —p,+
+2KL4=0, which effectively doubles the intrinsic field. dt

plifier maximumny .

Qine(t) = Qy(1) + RE D O (t—AY). ©)

1 _ .
T_a_'wl)plz'ﬂintr(zﬂlwl+ Pz — 72P3), (7)
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d 1 _ T 21 2,1 T
&pz“‘(T__iwz)pz:iQintr[ 772(\/§W2_W1)+ 71P3— P11, & \/E\/l mit my—preod S+ ami3], =
a

@  Wwith p=p°? cos¢p=—q/2p, and

q 1 p=ni+3must ni(2— n3)+(1+n3)?  (16)
P3| ——i(w1t ) |P3
at 17 a=27- 37375~ 73)(2— 93 +2(1+ n3)°

= i Qi BWo+ Wy + 7P, 72P1), 9 +352(2+ 37,75 2655— 73). (17)
d Wl—w(l’ At particular combinations of nonzero dipole moments of all
&Wﬁ-l——a:_ﬂintr'm(zﬁlpl_ 72P2+ P3), (10 three transitions, one eigenfrequency identically vanishes,

e.g.,§1|,]1:,72:1=0, resulting in an ultratransient polariza-
d Wz—Wg tion trapping analogous to coherent population trapping in
iVt . = — Qi M (V3 7202+ 3p3). (1)  EIT. Such ultratransient polarization trapping in three-level
a

systems relies always on the existence of specific nonzero
dipole moments between all three transitions. The eigen-
mode amplitude ratios; 57,2 =81,/ 83 are governed by
the solution of the diagonalized equation system, whereas the
remaining free amplitud@s will be fixed by the conserva-
tion law for the length of the Bloch vector. The eigenmode
solutlon for the imaginary parts of the off-diagonal matrix
elementw;(t) = — B; sin[§0(t)] permits an explicit expres-
sion for the real macroscopic polarization current as driver of
Maxwell's equation, Eq(1), with the macroscopic polariza-
tion P,=Nad5,u,, U;= 7,U1+ 7,U,+ Ug, and

The three-level Bloch equatiorfg)—(11) of a thin absorber
with feedback mirror(see Fig. 1 are driven by the Rabi
frequency of the intrinsic field inside the absorl§&y,, ac-
cording to Eq.(5) which self-consistently contains the in-
duced polarization current that is responsible for the coher
ently reflected field, Eq(3). The dipole moments of the
intermediate absorber levé®) to the lower(1) and upper
level (3) are related to the 1-3 transition dipole moment by
m=d5/d3;, 7,=d3,/d;. The transition frequencyo, in
Eq. (7) relates to the infrared 1-2 transition and in Eq. (8)
relates to the second optical transition Zsee Fig. 2. If o,
relaxation is negligible To,7,> 7,) the length of the three- i Ya(t) == By(w1+ wy) 7]1615"[51@('()]
level  Bloch  vector ||S||2=4[1/3+ pyr (pazo—1) @1t
+p11.dp110- 1)+ p22p110. @S @ combination of the con-
stants of motionC,,, will be conserved during coherent
rotation according to Eqg7)—(11).

To solve the three-level Bloch equation system, Eds- (18)
(112), in the transition regiorv,;1~w1+ w,, Which is most
relevant for Ti:sapphire laser pulse generation as reported in C. Solid-state amplifier

Eelfs (10,11, I one has lto restr)]rt tlo numerics, as will Ee donel We consider a coherent intracavity absorber that is placed
elow. As always, only in the limiting cases a substantiali,gjge an ultrabroadband resonator together with a solid-state

simplification of Egs.(7)-(11) is possible. First, for 1ong 556 gain medium described by two-level Bloch equations
characteristic pulse duration§1<w2,wl, by introduction

T e EO(] +Si£:0(1)]).

w7

of different-wavelength pulses with slowly varying enve- d

lopes, resonant only with their corresponding transitions, and dt F7PgT —lwg | pg=2i 7gQingWg, (19)
by use of the RWA one arrives at a simulton problem similar 79

to that studied by Konopnicki and Ebefl]. Second, in the d Wo— W

ultratransient regime;l> w1+ wy, Which requires attosec- &wg+ % = —27gQingIMm(pgy), (20

ond pulse durations in the optical domain, it is possible to
diagonalize the three-level Bloch equations with respect t
the eigenmodes of the imaginary parts of the off-diagona
elements

herew >0 accounts for stationary incoherent pumping

nd 7y= d21J_/da1J_ is the effective ratio of the dipole
moments of the gain and the 1-3 absorber transition includ-
vi()=—Bsin[£0M)] (i=12,3 ing the _effective beam cross section in the qpsorber and gain,

respectively. As for the absorber, the amplifier Bloch equa-
t tions are driven by the intrinsic field inside the amplifieg,,
@(t)zJ Qine(t")dt’. (120  according to Eq(5). The real macroscopic polarization of
- the gain medium is given by ;= Ngdglug , with the real part
of the complex off-diagonal matrix elemepg=ug+ivg.

The solid-state amplifier works in the incoherent linear
regime with ,Q 1#*<1 corresponding to the Ti:sapphire la-

_ > 173 ser with an intracavity coherent GaAs quantum-well ab-
€1= \/E\/1+ 7t 1 PO BI3), (13 sorber of Refs[10,11]. Since the envisaged generation of
———r ultrashort optical pulses involves a huge number of resonator
£=\2\1+ ni+ 75— p™cod(p+2m)/3], (149  modes, ie., the pulse duration in the order of the optical

The eigenfrequencies (7, ,) are governed by the roots of a
cubic determinant:
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cycle Teyc is much shorter than the resonator round-trip time
of Trey=10 ns[10], we replace the periodic boundary condi-
tions for the field and quantum states by initial conditions in
infinity and calculate the energy of the pulse 5§, E2(t)dt. 0.8

To date, the Ti:sapphire laser exhibits the largest amplifi- =
cation bandwidth with an associated dephasing time of only ta 0 '
74=2.5 fs. Its population relaxation tinig,~3 us is much 084

larger than the resonator round-trip tirfig,, which defines
the repetition period of the emerging pulse train. Therefore 17
from Eq. (20) we obtain that the initial inversion in the next
round-trip is determined by the final inversion of the preced-
ing round-trip according to the mdg?2]

Population
=
(@]
1

04+

20 40

T :
W§+1:W8+ (W —Wg)ex;{ - %j) , (21 18  Time [fs]
g

Intensity
=)
K=
1

wherewg, , is initial inversion before the pulse arrived in
round-tripk+1 andwy, is the final inversion after the pulse 0+
has gone in round-trigx. Since the amplifier works in the 0 1.2 3 4 5
; ; max ; : Frequency [1/fs]
incoherent regimep(2,"<1, dynamic pulse reshaping that
is due to the gain medium is negligible. Sing,,<Tgy, FIG. 3. Two-level absorber SIT-pulse generation. Electric field,
saturation of the amplifier is achieved by the total pulse trainyround-state population, and spectral intensity of the steady-state
according to the inversion map E@1). pulse due to an intracavity two-level absorber with="50 fs. The
pulse energy is 154 n{ront), 280 nJ(middle), 328 nJ(back-
11l. NUMERICAL RESULTS OF STEADY-STATE ground. Throughout, the electric field is normalized HB,=2
MSIT-PULSE GENERATION X 10" Vicm corresponding to a Rabi frequen€y,=1 fs ! and

_ _ _intensityl=1.2 TWi/cnf.
We have numerically implemented the above described

resonator model and solved for solitary wave solutions by 25] down to the single and even subcyclic domain. Below a
iterating an arbitrary seed pulse until a self-reproducingcertain threshold pulse energy, i.e., pump rate, the laser re-
steady-state pulse has been reached. The parameters of thains in the free running regime because the Rabi frequency
amplifier are chosen throughout to model a Ti:sapphire laseg too weak to induce complete Rabi flopping. Above the
according to Refs[10,11] with 7,=2.5 fs, Tg=3 us, oy  mode locking threshold, in the SIT regime, the complete
=27/ Teye, Teye=2.8 fs, TE=0.1 fs, andzny=0.1. The ex- Rabi flopping of the inversion forms a stable ultrashort int-
ternal pump is adjusted by varying the steady-state amplifieracavity SIT pulse with self-reproduction during each cavity
inversionw8~6—8% in order to obtain intracavity pulse round-trip.

energies in the range-150—-500 nJ. The largest absorber  In difference to the RWA model which yields smooth
transition frequency 1-8Fig. 2) is chosen to be equal to the adiabatic inversion in the self-induced transparency regime,
amplifier transitionw;+ w,=wy and the infrared absorber the non-RWA calculations reveal additional modulations of
transition frequency 1-2 to be; = (w,+ w,)/10. The dipole the inversion(Fig. 3). These non-RWA inversion modula-
moment of the largest absorber transition 1-3 is chosen adions result from the proportionality of the population to the
cording to the direct interband dipole moment of a GaAsinstantaneous pulse energy around the extrema of the oscil-
absorbed3,/e=0.3 nm. As absorber relaxation times we uselating electric field[28]. This induces modulations with
throughout a phase relaxation time of all transitions-50 ~ doubled frequency as compared to the oscillatory driving
fs [33] and a population relaxation time of all leveR, field. Hence, at each extremum of the eleqtrlc field a maxi-
—100 fs[34]. The absorber superradiance tiig, which ~ Mum of the non-RWA population modulation occyes].
controls the strength of the light-matter interaction, will be Between these modulation maxima the electric field crosses
varied between 50 and 100 [f&5]. The resonator is chosen 2€r0 and its time denvgnve becomes maximum which is re-
to possess a constant round-trip timeTof,=10 ns and a flected as a minimum in the non-RWA population modula-

linear transmission off,=0.97 with different bandwidth 10N [27,28. As will be shown below, the amplitudes of
Aw. these non-RWA modulations become greatly enhanced in the

case of the three-level MSIT pulse.

For increasing energgfront to background plots, Fig.)3
we obtain pulse shortening down to a near single cyclic re-
Let us start with intracavity SIT-pulse generation by agime (middle ploy, further increasing of the energy yields
two-level absorber, setting; = 7,=0 and a resonator band- coherent pulse splitting with two complete Rabi flops of the
width Aw to cover the complete spectrum of the emergingpopulations(backgroundl The flat top, dipped spectrum of

SIT pulse inside the passband. In Fig. 3 the steady-statdae near single-cyclic pulseniddle plo) indicates transition
pulse, inversion, and spectrum for increasing intracavityto pulse splitting. Introduction of a pulse envelope for
pulse energy, i.e., pump rate, is depicted. In general, theeveral-cyclic pulses recovers ther Afront) and 2x2
non-RWA results extend the previous RWA-SVEA model =4 (backgroundl envelope-area conservation of two-level

A. SIT-pulse generation by two-level intracavity absorber
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SIT [3,25]. In two-level absorber SIT the populations of the with a maximum population of only 0.5, whereas level 1
lower and upper level monotonically follow the pulse enve-(curve 1 and level 2(curve 2 perform one complete Rabi
lope with superimposed non-RWA modulations at twice theflop with almost full inversion of the infrared transition 1-2
oscillation frequency of the driving electric fiel[dee Fig. 3. [Fig. 4@)]. Since we start in every round-trip from the ab-
In general, the monotonic following of the population with sorber ground statél,0,0, it is in accordance with all three
the pulse envelope will change in multilevel SIT because oftonservation laws to expect a MSIT scenario of total inver-
the constants of motiofB1]. sion by bringing the entire population to the upper level 3.
However, instead of total inversion, at its peak the MSIT
B. MSIT-pulse generation by three-level intracavity absorber pulse fully inverts only the infrared transition 1-2, whereas at
the leading and trailing edges of the pulse both optical tran-
, Sitions become partially inverted. The fact that simulta-
successfully used for ultrashort pulse generalidj as well 0,1y with the 1-3 transition also the second optical 2-3
as intracavity coherent THz emittet1]. We consider & cor-  yansition becomes partially inverted at the leading edge of
responding intracavity three-level system with equal dipolehe puise, before the infrared 1-2 transition becomes inverted
moments for the direct hh and Ih transitions to the conducy; the pulse peak, reveals that, besides the direct 1-3 excita-
tion bandds,=d3, and an inter-valence-band dipole momentyjon the above mentioned counterintuitive 1-2-3 excitation is
d, that owing to valence-band mixing is controllable exter-ihe most efficient way to excite the three-level system.
nally by applying a dc bia$21]. By finding such an intra- Despite the complex population dynamics, the temporal
cavity steady-state MSIT-pulse solution that is due to &sirycture of the steady-state electric field consists in all situ-
three-level absorber we describe the generation of the optistions of only four to five optical cycles with increasing
cal, infrared, and, as will be shown, u_Itra\(ioIet constituer_ltsasymmetry and nonmonochromatic(tyig. 4a—4(d)]. The
of an ultrabroadband electromagnetic field pulse whichyigh-frequency optical components are concentrated on the
Qr|ves a]l three levels through gomplete Rat_)l flopping. Sucheading edge of the pulgsee Fig. 4d)], whereas the infrared
intracavity MSIT-pulse generation can be viewed as an allzomponents follow at the trailing edge. That again results
solid-state ultrabroadband pulse generator ranging from thgom a counterintuitive double-photon 1-2-3 excitation yield-
THz up to ultraviolet domain. ing maximum adiabatic inversion of the three-level system
The complex non-RWA dynamics of resonant three-level37] |t is interesting to note that our numerical round-trip
systems was to our knowledge previously studied only fofngge| self-consistently produces a stable multicomponent
intense stationary bichromatic fieldi85]. We study an ex-  yise which naturally exhibits counterintuitive temporal or-
tremely nonstationary and strong electromagnetic field Whlcl’dering of the spectral components, since the stability of a
inducgs self-induced transparency b_y an ultra_qut adiabatiﬁmsed laser regime requires always an improved energy ex-
following of all level populations with the driving field. traction of the steady-state pulse in comparison to the coex-
Adla.bat|c fpllowmg ina three—levelisystem has been studleqsting free running laser regime. The durations of the MSIT
previously in the RWA and SVEA in Ref36]. It was theo-  yises defined as full width at half maximufWHM) of
retically found[36,37 and experimentally verifiefB8] that  tnhe intensity envelope run from 7 to 10 fs. Enhancement of
for adiabatic inversion of a three-level system with double.-the infrared dipole moment up tg,=3 yields strong in-

photon resonant pulses a counterintuitive excitation order i8reasing of the amplitude of the population modulations on
most efficient. Counterintuitive excitation means that fromine infrared transitior(level 1 and 2, with full modulation
the two temporally overlapping pulses, the pulse which isjepth making them indistinguishable from multiple Rabi
resonant with the energetically upper transition of the threefjopning on the infrared transition. In contrast to the strongly
level system has to precede the pulse which is resonant witlyjyen infrared transition, the upper level 3 of the two optical
the energetically lower trqn§|t|on. Henpg, to adlabapcally iN-transitions still performs two Rabi floppings with only mod-
vert a three-level system it is most efficient that a first pulsesate non-RWA population modulations at doubled fre-
strongly drives the thermally empty upper states, before Quency of the electric fielFigs. 4a)—4(d)].
second pulse strongly interacts with the thermally populated’ gesiges the temporal characterization of the MSIT pulse
lower states. and its self-induced population dynamics, most valuable for
characterization of the steady-state MSIT pulse is its ultra-
broadband spectrum as shown in Fig. 5. Obviously we find a
We start the discussion of three-level MSIT-pulse generamulticomponent spectral structure. As can be seen from Fig.
tion from the A configuration,=0,7,=1 and gradually 5, with increasing infrared dipole moment we obtain a strong
increase the dipole moment of the infrared THz transitign  enhancement of the infrared spectral component at the tran-
[see Figs. &)—4(d)]. Obviously, the MSIT pulse drives all sition frequencyws, as well as the spectral component at the
level populations through increasing complex dynamics asower optical transitiorw,. However, most significant is the
the infrared dipole moment8 7,;<3 of the 1-2 transition is  strong enhancement of the optical second harmonic signal. It
increasedsee curves 1,2,3 in Figs(a&}—4(d)]. In compari- is necessary to emphasize that such increasing effective gen-
son to the two-level absorbéFig. 3) the amplitude of the eration of the second and higher optical harmonics is entirely
population modulation at doubled frequency of the real elecdue to the non-RWA high-frequency population oscillations,
tric field becomes strongly enhanced. Since the population ofrhich are in our coherent three-level system easily control-
each level is forced to Rabi flopping and simultaneously ful-lable by the infrared transition dipole momeni>1. Such
fills the conservation laws, the individual population of the higher harmonics production in the three-level system re-
upper level 3(curve 3 performs two complete Rabi flops, sembles, at least for the infrared transition, the high-

Nowadays, intracavity quantum-well GaAs absorber ar

1. Influence of different dipole moments
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FIG. 4. Three-level absorber MSIT-pulse generation. Electric figighermost paytand individual level populationdower part$ of the
steady-state pulse due to an intracavity three-level absorberT§ihl00 fs, »,=1 and different infrared-transition dipole momeris
711=0, (b) 7,=1, (c) =2, (d) ,=3. The pulse energy amounts always=®00 nJ. The level populations are 3 upper level, 2
intermediate level, 1 ground state. No additional bandwidth limitation due to linear resonator transmission.

harmonics generation from a superdriven two-level systensingle to subcyclic temporal structure. Moreover, by the co-
as studied in Ref.39]. Note that the second optical harmon- herent light-matter interaction, those spectral components
ics at the largest infrared dipole moment#f=3 reaches a which exceed the Lorentzian gain proffléotted line, Figs.
peak intensity of 1/5 of the intensity of the fundamental sig-5(b)—5(d)] experiences gain by a temporarily stimulated
nal [Fig. 5(d)]. For the\ configurationy;=0,7,=1 in Fig.  emission process. Note that our simple coherent three-level
5(a) (long-dashed linewe depicted additionally the spec- absorber yields principal emission peaks at exactly the
trum of the corresponding two-level SIT pulsey; = 7, maxima of the absorption spectrum, corresponding to the
=0). Obviously, the characteristic side lobes of kheystem transition frequencies;,w,,w;+ w,. The increasing spec-
MSIT-pulse spectrum disappears for the two-level system. tral complexity in Fig. 5 is due to the non-RWA coherent
Since the resonator bandwidifw is chosen to cover the three-level dynamics. In contrast, a more sophisticated
complete emerging generation spectrum, any peak from thguantum-well absorber model, which is based on three-band
infrared region up to the third optical harmonics is stronglysemiconductor Bloch equatiofSBE) [19] with inhomoge-
individually broadened. For instance, the individual spectraheous broadening due to freely movable carriers and its Cou-
width of the dominant infrared peak at; corresponds to a lomb interaction yields a shift and splitting of the THz-
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FIG. 5. Spectrum of three-level MSIT pulses. Spectral intensity
versus angular frequency for different infrared-transition dipole mo- 0 y '
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ments according to Fig. 4. The dotted lines depict the Lorentzian Time [fs]
gain profile with bandwidth corresponding 9= 2.5 fs centered at
wy= w3, the long-dashed line in the caé® depicts the spectral FIG. 6. Coherent three-level MSIT-pulse splitting. Electric field

intensity of a two-level SIT pulse witiT3=100 fs and a pulse (uppermost pajt and individual level populationdower part$ of

energy of 180 nJ just below coherent pulse splitting. No additionathe steady-state pulse due to an intracavity three-level absorber with

bandwidth limitation due to linear resonator transmission. T&=100 fs, »;=7,=1 at a pulse energy of 544 nJ. The level
populations are 3 upper level, 2 intermediate level, 1 ground state.

emission peak in comparison to the absorption line. Note tha _0 additional bandwidth limitation due to linear resonator transmis-

the validity of a SBE description of THz emission from a
guantum-well absorber is somewhat controvergi@l. Our - did not ob teadv-stat | litt ¢
focus in dealing with a simple coherent three-level absorbe( 7, W€ did not observe steady-state pulse spiitting at en-

model is to study exactly the non-RWA interaction dynamics arged energies since for elevated pump rates there exists no

of ultrabroadband electromagnetic pulses, especially to pmvseteady-state pulse at all.

the existence of intracavity MSIT pulses in a solid-state laser

resonator. Regarding the underlying coherent three-level dy-

namics, the most important quantum-well specific feature is Throughout the preceding discussion of three-level MSIT-

an externally controllable dipole moment of the infraredPulse generation we started from incoherent initial popula-

transition 1-2, yielding a three-level system with dipole-tions of level 1,2,3 ag1,0,0, respectively, which corre-

allowed transitions between all levels. This point substanSPonds to an equilibrium initial distribution at low

tially differs from conventional atomic three-level systems,€mperatureskgT<%w,) on the infrared transition. At a

where the symmetry of the wave functions requires at leadinite-temperature initial population distribution a$,§,0)

one of the three dipole moments to vanish. the resulting steady-state MSIT pulse is depicted in Fig. 7.

Here the magnitude of Rabi flopping is decreased because of

the constraints by the three conserved quantiigs-1,C,

=5/9,C3=1/3 which restrict the amplitude of the population
As for the SIT-pulse generation by a two-level absorberdynamics on the intermediate level@urve 3, whereas the

the MSIT-pulse generation by a multilevel absorber requirepopulation of the upper level &urve 3, Fig. 7 performs

a minimum pulse energy, i.e., pump rate, below which theagain twice Rabi flopping as in Figs(ad—4(d) for (1,0,0.

laser remains in free running operation. Increasing of théoth the infrared spectral component and the higher order

pulse energy yield_s shortening of the pulse. Ar!alogous to thRarmonics becomes increasingly suppressed %r,0)
SIT-pulse generation by a two-level absorlé€ig. 3), the  [Fig. 8@a)] until they vanish completely for an equilibrium
MSIT-pulse generation by the three-level absorber exhibitsnitial distribution at high temperature&gT>%w,) on the

coherent pulse splitting too, at an increased pulse energy. i 1 ;
o > . o rared transition §,3,0) [Fig. 8b)].
which is sufficient to provoke two times excitation and re- £.2.0) [Fig. 8(b)]

turning of the population to the initial state. In Fig. 6 we
have plotted the electric field and the population of all levels
(curves 1,2,Bfor MSIT-pulse splitting in a three-level sys- Up to now we have studied MSIT-pulse generation by a
tem with »,= n,=1 and a total pulse energy of 544 nJ, i.e., three-level absorber inside an idealized solid-state laser reso-
approximately 272 nJ for each individual pulse. Unlike SIT-nator with sufficient bandwidth to cover the complete emerg-
pulse generation by the two-level absorber, where pulséng MSIT-pulse spectrum inside the passband. To figure out
splitting always occurs at increased energies, for three-leveghe influence of finite feedback bandwidth on the MSIT-
MSIT-pulse formation at large infrared dipole moments  pulse generation, we repeated the calculations of Hid. 4

3. Influence of different initial populations

2. Influence of pulse energy

4. Influence of resonator bandwidth
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§ intensity versus angular frequency f63=100 fs, 7, =3, ,=1 at
A 0 a pulse energy of 219 nJ and a finite resonator bandwidth )of
=400 nm centered at 800 nm. Dotted line: the same for infinite
0.5 1 resonator bandwidthas in Fig. %d)] with energy 217 nJ. The ar-
rows indicate the spectral limits of the resonator passband.
0 . . bandwidth solid-state laser resonator is much less than that
0 20 40 60

owing to non-RWA frequency generation that is due to
MSIT-pulse generation by an intracavity three-level absorber
FIG. 7. Influence of different initial populations on three-level inside a resonator with enhanced feedback bandwidth.

MSIT-pulse generation. Electric field, and individual level popula-
tions of the steady-state pulse due to an intracavity three-level ab-
sorber withT3=100 fs, ,=7,=1 at a pulse energy of 200 nJ.
The initial populations arepy; ¢=2/3 and p,,g=1/3. The level Recent experiments dealing with the intracavity usage of
populations are 3 upper level, 2 intermediate level, 1 ground statéggaAs single quantum-well absorbers to generate ultrashort
No additional bandwidth limitation due to linear resonator transmis-optical pulses[10] as well as coherently induced THz-
sion. radiation emission from a mode-locked solid-state l§&ét

] ] ) ] ] are self-consistently addressed by exact multilevel Maxwell-
with a typical Ti:sapphire laser bandwidth 4fA =400 nm  pjoch equations without RWA and SVEA at a unified basis
centered at 800 nifil0]. For an infrared dipole moment of ot multilevel self-induced transparency in a three-level ab-
71 =3 we redraw in Fig. 9 simultaneously the spectral inten-sorber combined with an effective two-level solid-state am-
sities of the MSIT pulses due to &\ =400 nm resonator pjifier inside an ultrabroadband resonator. Unlike the experi-
(solid line) and an infinite bandwidth resonat@ong-dashed ment in Ref. [11], the mode locking and the infrared
line). Obviously, all spectral components outside the resonaemission is achieved by one coherent three-level absorber
tor's passbandarrows are diminished, but in a nonmonoto- only. We have shown that a broadband resonator with solid-
nous way, suppressing the infrared component to much lesgate laser gain medium and an intracavity three-level ab-
of an extent than the predominantly suppressed higher optkorber permits the generation of ultrabroadband electric field
cal harmonics. Thus, in the case of usual resonator ba”fbulses by non-RWA frequency mixing during multilevel
width AN=400 nm, the lack of feedback for the ultraviolet self-induced transparency_ The dependence of intracavity
region of the MSIT suppresses strongly the non-RWA high-\iS|T on the absorber dipole moments, initial population, as
harmonic population oscillations on the infrared 1-2 tranSi-Vve|| as on the laser pump rate and the resonator bandwidth
tion, which would be present for the ultrabroad-bandwidthhas been discussed. For sufficient resonator bandwidth and
resonatorfsee Fig. 4d)]. As can be seen from Fig. 9, the infrared dipole moment we have found the spectrum of the
efficiency of frequency conversion that is due to an additionthree-level MSIT pulse to be extended from the infrared re-
ally introduced THz emitter inside a conventional narrow gion up to the third optical harmonic at an averaged side lobe
suppression ratio as low as only one order of magnitude
a b compared to the principal optical laser spectrum. For chosen
14 parameters of the GaAs single quantum-well absorber and
Ti:sapphire laser in correspondence to the experiments in
Refs.[10,11] our model predicts steady-state MSIT pulses
0.5 1 with energies and durations which are in close agreement
with experimental dat@10,11]. At increased absorber den-
sity and elevated pulse energy, i.e., laser pump rate, we find
0+~ T T . near single-cyclic MSIT-pulse generation as well as coherent

0 2 4 0 2 4 ) e
Frequency [1/fs] MSIT-pulse splitting.

Time [fs]

IV. CONCLUSION
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