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Autler—Townes doublet probed by strong field
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Abstract. This paper deals with the Autler—Townes doublet structure. Applied driving and
probing laser fields can have arbitrary intensities. An explanation is given of the broadening of
doublet components with the growth of probing field intensity, which was observed in experiment.
The effects of Doppler averaging are discussed.

1. Introduction

The spectroscopy of three-level systems occupies a highly important place in nonlinear
spectroscopy. In addition to saturation or power broadening of resonance [1], new remarkable
effects appear: field splitting [2] and truly coherent processes (such as Raman scattering or
two-photon processes). The clearest issue is the absorption spectrum of three-level systems
interacting with two monochromatic waves within perturbation theory in intensity of one of the
waves—probe field spectrum [3-7]. Some attempts have been made to construct the theory
where both waves are strong [8,9]. In [8], the coherences in the equations for the density
matrix were excluded, and equations containing only populations were derived. As a result,
the probabilities of transitions induced by fields were renormalized and expressed in terms of
populations only. Unfortunately, our intuition in predicting the behaviour of such systems is
poor as yet; it is difficult to foresee the result without solving the equations. The computation
of three-level systems with a great number of parameters (relaxation constants of levels, wave
detunings and strengths) [9] is hard to analyse.

However, the power of light has been increased since early experiments, as one needs
to get better light conversion or a more controllable set-up. In experiment f&t8heme
interacting with two waves exhibits, at first sight, strange behaviour. When the intensity of the
comparatively weak wave increases, the components of the Autler—Townes doublet broaden
in its absorption spectrum; finally the doublet is transformed to a single line.

A three-level system with two strong fields can be a part of the scheme of four-wave
resonant mixing. The study of this area is progressing rapidly, since it is hoped to obtain
coherent CW short-wave radiation. To understand the whole picture it is useful to first consider
the part of a system that interacts with strong fields.

The aim of this paper is to analyse qualitatively the effects arising from increasing the
power of the weak wave ith-scheme. In what follows we discuss the general features of
multi-level systems and the possibility of reducing them to simple two-level systems. We use
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Figure 1. (a) Three-level system interacting with two electromagnetic wavesgritstesting by
two weak (probe) waves.

the probability amplitudes approach and the ‘dressed’ state concept (see [11,12]) to understand
the spectra. The energies of ‘dressed’ states are identified with the poles of the Green function
of master equations ia-representation. We are not interested in intrinsic relaxation processes
in an atomic system and this allows us to avoid introducing the density matrix. It reduces the
system ofN? equations for the elements of the density matrix to the system fmrobability
amplitudes (hergy = 3).

This paper is organized as follows. In sections 2 and 3 the equations of motion and
their Green function are described. In section 4 the energies of ‘dressed’ states are discussed.
Section 5 is devoted to the calculation of the probe field spectrum in a four-level system—
linear response of a three-level one; it shows the benefits of Green function. Section 6 presents
the absorption spectra of the strong field. In section 7 we briefly consider the question of the
Doppler broadening of spectra. In section 8 we finally summarize essential aspects of this

paper.

2. Basic equations

Consider the atomic system consisting of three excited levels and its resonant interaction with
two electromagnetic waves with frequencies w, (see figure 1). Hereafter we assume that
the wave amplitudes are not changed essentially by interaction (optically thin media). Thus,
we do not consider here the effects of light propagation. One can imagine that there is a thin
layer with absorbing atoms and light travels through it almost without absorption. We also
do not take into account the motion of atoms, i.e. we do not consider the effects connected
with inhomogeneous broadening of absorption spectra. Then the time evolution of the atomic
wavefunction is described by the Sétdinger equation/(= 1)

d A 3 .

i< 1¥) = (Fo + Tt ), ) :;a,«mm, (6]
d (@ E; — %Fl 0 —Giéwlt ar

Id— a | = 0 E, — IEFZ —G;e“"z’ az | . (2)
" \a —Gieen —Gyeor Ey— iTy) \as

HereH, is the atomic Hamiltonian,; describes the interaction with light;, E;, I'; are

the probability amplitude, the energy, and the decay rate of gtatg; is the matrix element

(3] — Hintli)€* " of interaction. Equation (2) is written in the resonant (or rotating wave)
approximation, which is valid iG;, w; — E3+ E; < E3 — E;,i = 1,2. The frequency

Q; = w; — E3 + E; is the detuning of the waviefrom resonance.
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Since there is no closed cycle made up from wave fields (see figayedhe can bring
(2) to the form without explicit dependence on time:

A =ad BT i=1,2, Az = aze™, ()

d (M Q- 30 o —G1 Ay

Ia Ar | = 0 Qo — '51“2 —G; A ). (4)
A3 —G1 —G2 —%Fg A3

Moreover, fieldsG; can be thought of as real. Nevertheless, sometimes we will \@ifte
instead ofG;. It helps to determine the interaction process which corresponds to the written
expression.

In spectroscopy, the observed quantities are the powers absorbed from the waves. A light
field induces transitions between atomic levels, and absorption is connected with the change
of levels population. The time derivative of population on level two is equal to

d H * vk Ak
E|A2|2 = —T|Az|*> — IG2A2AL +iG5AS As. (5)

The first term in the r.h.s. of (5) is due to the decay of the §@&teThe other two terms are
responsible for the absorption of the second wave.

The formulation of the problem of light absorption is the following: at the momgihite
atom is excited to the staté = Ay. Then the time evolution of is governed by (4), and the
power absorbed from the second wave by this atom is equal to

P(Ap, Q2,19 = a)z/ dr (iGzAzAg — iG;A;Ag). (6)
fo

Because equation (4) is time-independent, the pdvdoes not depend ag. Then one can
setto = 0. In addition,P is a quadratic functional oA (), and equation (4) is linear. Thus,

can be written a® (Ag, Q5) = szgﬁ(Qz)Ao, where.T is the Hermitian conjugation. The
matrix P contains complete information about the absorption of the second wave, i.eFusing
one can calculat® with any initial excitationAg. For exampleP,; is equal to the probability

of absorption of a photon from the second wave if the atom was initially excited to level two.
BecauseP is real, the matrixP is Hermitian.

3. Green function
Let us consider equation (4) with the initial conditidi{tr = 0) = Ag:
.d A . .
IEA = HA+i§(t) Ay, At)=0 if t <O. @)

Since this equation is time-independent, it is convenient to consider its Fourier transform, i.e,
its energy representatioh & 1)

do L
A= [Gret A, wAy=AA*iA @®)
JT

Itis a set of linear algebraic equations. Its solution is equal to
A, =i(w— H)"Ag = iD(w) Ao. (9)

The matrixD(w) is the Green function of (4) im-representation; it is also the resolvent
of the HamiltonianA. The matrix elemenD;; (w) describes transitions «— j induced by
fields. As a function of complex variabie, the matrixD(w) has poles at the eigenvalues

I =1, 2, 3 of the Hamiltoniand , i.e. at the quasi-energies of the stationary states of ‘atom +
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field’ system (‘dressed’ states). The enefgyf a ‘dressed’ state is found from the equation
Det(A — H) =0:

i i i
A—Q1+ =T A— Qo+ =T A+ =T
i i
= <A—Ql+§r1) |G2|2+<K—92+§F2> |G1)?. (10)

Eachi;, I = 1, 2, 3 has negative imaginary part bl < 0 corresponding to the decay rate
of the ‘dressed’ statd)). In other wordsP(w) has poles only in the lower half-plane.

If the fieldsG1, G, are weak, then there is a hope that the evolution of the system is little
different from the evolution without fields. One can use this ‘bare’ evolution as a starting
point and expand the Green functidiG1, G») into a power series in the neighbourhood of
G1=0,G, =0. We denote

) Q1 — 3Ty 0 0 ) 0 0 G
E= 0 @-ir, o |, G:—(O 0 G;). (11)
0 0 —35T3 Gy G, O
ThenH = E + G. One can write the following expansion:
D=D+DGD+DGDGD+---= D+ DGD, (12)

where the argument ab and D is equal tow, and D(w) = (w — E)~1. This series is an
analogue of1 —x) ™! = 1+x+x?+.... ‘Bare’ Green functionD(w) has poles at the energies
of ‘bare’ states2; — 5", Qo — 5T, —3'3. The summation (12) shifts the poles.

The diagonal elemem;; is the Green function of an atom in the stgte It also has poles
at);. There is an admixture of all dressed stdtesin |i). In the limit of weak fieldsD;; has
an obvious pole. If the fields induce transitions between the gtatasd| ), then the atom
in the statdi) lives in the stateé;) for some time. Then the pole correspondingtpappears
in its Green function. When the fields become stronger these poles shift.

Now we can write a simple expression for the mafie2,) describing the absorption of
the second wave.

00 0 o 0
P(Ag, Q) = a)z/ dr AT()PA®), iP= <o 0 G;) . (13)
0 0 -G, O
Vector A(r) can be rewritten in terms of the Green function. We obtain
dwdws

P(Rr) = /(; dr (27[)2

[ dwidw, DT (w1) PD(wp) / dw .  sn
= = —D PD(w). 14
2m)2 @z — w1 — 0 or D (@) PD() (14)
The correction i0 in (14) is due to causality. The physical determination of the integral over

consists in multiplying by a factoré with ¢ — +0. Sincezi) (as weIIAasQl and2,) is real
on the contour of integration, in the integral we can replaégv) by D¢(w). The operation

< is defined as follows:* &' T, but during this operation the frequencies;, i = 1, 2 are
thought to be real, i.e. they need not be complex conjugated. The opefatioanges only

the sign ofl". Thereafter the integrand in (14) is an analytic functionwpf?;, i.e. it does

not depend ow*, ©2F. Moreover, it is rational; one can apply residue theory to calculate the
integral. In its turn;P(Q,) is an analytic function of2, and the poles of correspond to the
resonances in the second wave absorption spectrum. The real part of the pole position gives
the frequency of the resonance, the imaginary part represents the resonance width.

&= Dl (1) PD(wy)
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The matrixH has right and left eigenvector#l |1)) = A;|1)), (I|H = (I|»;. They can
be normalized so that/|J)) = §;,. Then

3 3

A N 1

H=> "IN, D(w) =Y _|I) (1. (15)
=1 w — )\.]

If P(2,) has a pole af2, = €, then the integral (14) foR2; = € is divergent. The contour

of integration bypasses the poIesMw) andD(w) in different directions. Then the integral

(14) may be divergent only i® andD* have at least one common pdlg = AS. Whena;

and 1 merge together they squeeze the integration contour, and the mtegral (14) acquires
singularity. Time evolution of the dressed sty is described by the exponent'&’. The

case where is close tor corresponds to the resonance between the waves and the dressed
stateg 1)), |J)). The absorption matri®(2,) contains resonance denominators of the form

A — A5,

4. Dressed states

Here, for simplicity, we neglect relaxation constants. Infact, the resonance widths under power
broadening depend on the ratiolofeven when the latter are small. Therefore, the contents
of this paragraph are useful for the case of equal relaxation constants (or, maybe, when they
are comparable to each other) or for finding resonance positions in the absorption spectrum of
auxiliary probe field. The energies of the dressed states satisfy algebraic equation (10). Let us
write it in the form

[.0. = Q1) = [G1P](h = Q2) = (A — Q0)|G2. (16)
If we consider the energy levels of the system ‘atom + field’, then we will see the triples of
close levels. For weak fields these levels d82n1, no) (atomic statg3), n; quanta in the first
field, andn, quanta in the second one})|n1 + 1, ny), and|2)|ny, ny + 1). If we consider the
system within perturbation theory, we use the atomic basis of states. They are close in energy;
in the resonant approximation the field-induced transitions occur only inside each triple. The
‘dressed’ energy levels are found from the secular equation for each triple (10). In the resonant
approximation the triples are independent.

The resonances in the spectra occur when two eigenvalaesclose to each other. The
minimal distance between them gives the order of resonance width. The general idea is that
one can consider two clogeseparately from others and write the quadratic secular equation
for them. These two eigenvalues are pushed apart by the intermixing—the general scenario
due to the Hermiticity of interaction.

WhenG, « G1, 1.2, A is found from the condition of vanishing of the |.h.s. in (16):

M2 = (Q1 £ (QF+4G1HY?)2, Az = Q. 17

First two dressed states result frof and|3) by the first wave field splitting. The third one
corresponds t¢2). The first wave makes the distance betwgeandi, not less than [&51].
Then the resonances in the first wave absorption spectrum undergo power broadening—their
width becomes proportional {6;1].

Wheng,, i.e. A3 is close tor1, we can considex; andigz separately from.,. Denoting
Q=2 +Q, A=A+ A, we obtain

1 Q
Mio=-|1F ——-), AA — Q) ~ M1|G,|?. 18
12=5 < T (Q§+4|G1|2)1/2> ( ) 1lG2| (18)

The energies.; and A3 are split by the second wave, whose intensity is multiplied by the
factor M. The casé.3 ~ A, is handled in a similar way: one needs only to substitytand
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Figure 2. Dressed state energie&22), G1 = 1. One can see the asymptotias, A3 (17). When
A3 =~ A1 the energies. repel each other with the raté/; »)Y/2|G,| (see (18)). §) Q1 = 0,

G3 = 3 (solid curve),G3 = 1 (dashed curve).b] Q; = 4, G3 = §. When<Q; # 0 we have
M, # Mo, the splitting by the second wave is asymmetric.

M, for x1 and M;. The coefficienta\1 » have been called ‘memory factors’ or ‘correlation
factors’ [5,13]. One can diagonalize the Hamiltoni@meglecting the second field, and

turn from bare statg4) and|3) to the states dressed by the first field having enedgiesThen

v M1.2|G>| are simply the matrix elements of interaction between these dressed states and bare
state|2), induced by the second field. It is well known that while the second wave is weak
(probe), its absorption spectruf2,) has two resonance lines (Autler—Townes doublet) [2].

In this case their width is determined by the relaxation constants. From the behaviour of the
dressed states we conclude that these two lines will undergo power broadening by the second
field if it becomes stronger.
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5. Probe field spectrum

We consider the scheme illustrated in figurd)lifh the case where only the fourth level
is excited (i.e.Ap = (0,0,0,1)). We assume the field§, and G, to be weak. Thus,
only the first order of perturbation theory ii, , is needed. In the main orded, =
exp(—Tat/2 +i(Q21 + 2,)1) - 6(t), whereA, = asexp(i(Es — Q1 — Q,)t). The probability
amplitudesA;, i = 1, 2, 3 have the form

A = / dio (G Dia(t — 16) + Gr& ' Dia(t — 16)) Aa(to)

_ d_a)efiwt G Dir(w) + G, Dix(w)
2w F4/2+i(Ql+QM — w) F4/2+i(92+§2v—a)) ’

(19)

wheree = Qo+ Q, — Q1 — Q, andD() = [ dw e““”f)(a))/Zn. The power absorbed from
the fieldG, is equal to

o dw 1
P,(R,) = 2w, ReiG* dr AA; = 2w, Re iG* | —
u( u) wy, /4/0 441 m “/27r1”4/2—i(521+$2u—a))
y G, Dn(w) + G, Dr2(w)
F4/2+i(91+§2“—0)) F4/2+i(522+§2v—a))

. G, Du(w,) G,Dixw,
=2que|GZ( pPu@.) 12(‘”))

20
'y Iy+ie ( )

wherew, = Q1+, +il'4/2. The expression for the absorptidn(<2,,) linearly depends on
the Green function®;; andD;,, since we considered the linear response of the three-level
system. Note that if the initial excitation goes to level2,13, then the result will contain the
product of two Green functions. If one tries to calculate the power absorbed from the field
G, (20) using (14), where two Green functions and the makriare taken for the four-level
system, then one of these Green functioﬁm( 25“) will be equal t0D44 >~ Dyy.

The second term in brackets in (20) corresponds to the parametric process. There is
a closed cycle made up from fields1-2-v with the whole detuning. This contribution
to the spectrunP, (¢) has the widthl'"s. However, this is only the gain in the thin media
approximation (or the parametric instability increment). If the parametric process leads to
instability, then the emission spectrum of thick media has different width, which can be much
smaller.

6. SpectrumP(€2)

Here we consider the case of small equal rglaxation condfantsI', = I's — 0. We focus

only on the diagonal elements of the matfix which give the absorption power when the

initial excitation goes to the real atomic levels. For réal j = 1, 2, the component§| 7))

of the eigenvectors off are also real. From (14) and (15) immediately follows
@HNL12) (31T N (i)

Pii(22) = 2G> . (21)
; Ay —Ap

As a function ofi, (21) is a rational expression symmetric with respect to permutations. Then

it can be easily expressed in terms of the coefficients of (10), i.e. wave detunings and intensities.
Note that TrP is equal to zero, since_, (i|1)) (/i) = 8;, (in the case of equal populations of
levels the interaction is absent). The power absorbed from the second wave when the excitation
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goes to level two is given by

Pay = 2G5P/Q, I = G3, I = G3, I, = G2+ G3, (22)
P = (4l + Q2) (112 + (1 — Q2)°) — 195 — L[3115 + 7Q2 — 10Q1Q) + 4Q3], (23)
0 = (Al + Q3 (12 + (Q1 — Q2)Q0)? + (1 — Q2)

x[2(R1 — 222) (12 + (Q1 + Q2) (221 — Q2)) — 271(21 — Q2)]. (24)

Consider the simple cas®; = 0. One can measure frequency|®;| units, i.e. set
|G1| = 1 and obtain

G3+5G3+ 4+ 323
Poa(Q) = 2G5 ———2 2 ——2 o — (25)
A(GZ + 1)3 + (G4 + 20G3 — 8)Q3 + 405
The poles in the spectrum are situated at the points
5G2 G4 Go(G2—8)¥2\'?
oo = (1- 2 G, GO0 (26)

(for the poles positions in other simple cases see appendix B). The asymptotics for small and
large G, are the following:

- { 1£V2iG, — G2/4,  Gp< 1,

T (27)
2iG2,1G5/2, Gy>» 1.

The polex2,, = +iG3/2for G, > 1are inessential, since their contribution to the spectrumis
negligible. The positions of the pol€%, = +2iG, correspond to the usual power broadening
by the second wave or to saturation [1]. The resonance posifigns- +1 for G, « 1 are

the positions of Autler—Townes doublet components [2]. The addil@iG, is the power
broadening of these components by the second field. Them§14 is the nonlinear shift

of the resonance produced by this field (see appendix A).

When G5 = 8 the poles in the spectrum®(2) merge together:Q,, = +3%3,

Par = 4(104 + I23)/(27 +Q3)? (see figure 4)). At G, = /8 all dressed state energies
are equal to each othekj 23 = Q2,/3 = ++/3i. This situation seems to be destroyed when
Q; # 0 (see figure 41)) or relaxation constants are not negligible.

Infigure 3 one can see that the power broadening of Autler—Townes doublet components is
proportional to the amplitude of the second wave. Wfig£ 0 the broadening is asymmetric
because the rates of interaction between level two and the states dressed by the first field are
not equal to each otheM; # M,). When the second field becomes stronger the resonances
come closer to each other. Whéh > G1, Q1 the poles in the spectrum are situated at the
points

63

Q1 +2i°
The first pair of poles corresponds to the simple resonance between levels two and three taking
into account the saturation caused by the second field. If we decrease the intensity of the
second wave, then this resonance will be transformed to the component of Autler—Townes
doubletQ, = (1 — (2% + 4|G1/%)¥?)/2. The second pair of poles corresponds to the other
component of the doublet (if the first field is weak, then this line is the resonance between
the virtual level and level two, i.e. two-photon resonance). The position of this resonance for
G, > G1, Q1 (the real part of the pole position) has the sign opposite to th@g ofNote that
in figure 3p) the narrower part of the spectrum goes to the left. For extremely high values
of G, the second part of the spectrum becomes wider than the first one (the width becomes
proportional toG2, see dots in figure #).

Qo = £2iGy, Qo =

(28)
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Figure 3. Absorption poweP,2(22, G2) atG; = 1,21 = 0 (@) and2; = 4 (b). The amplitude
of the second field;, varies from 0.2 to 1.4 with the step(a), and from 05 to 3 with the step
0.5 (b).

The fact that the width of one of the two resonances is proportior&\g forGo > G1, Q1
corresponds to the following: the second field has the ampli@gevhich is much greater
than the distanceQ? + 4/G1|%)Y/2? between the states dressed by the first field. Then the
second field feels these two states as only one state; it cannot see the energy structures with
resolution higher thanG,|. As the system becomes similar to an ordinary two-level system,
only one resonance with the power widtfG2| should remain. There are different ways to
kill the second resonance: to increase its width or to decrease its amplitude, both ways being
used here. Mathematically, the fourth-order algebraic equatioffois transformed to the
second-order algebraic equation, i.e. the coefficien@ofand 3, are comparatively small.
It is well known that the algebraic equation with small leading coefficiehas at least one
root which is large in parameteyd.
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6

10

Figure 4. Pole position€2,, = (ReQ2,, Im Qy,) for different values ofG2, G1 = 1,21 =0
(@) and2; = 4 (b). The dots in &) correspond taG, = /n, n = 0,1,...,8, and in p) to
G,=0,1,...,5.

7. Doppler broadening of spectra

One can take into account the Doppler broadening of absorption spectra by substituting
Q; — kv andQ, — kov for 21 and2, and integrating the result (22) with some distribution of
particleso(v). Consider the case of copropagating waves, where only a longitudinal projection
v, of velocity is needed. When the Doppler width is infinite, the answer for the spectrum is
the integral of the rational functiops(v))/ ps(v)|) over velocity, where, (x) is thenth degree
polynomial. Some simplification takes place whegn= k, ork; = 0 forsome = 1, 2. Inthe
general case the expressions for velocity-averagee,) are difficult to derive and analyse.
We will discuss the effects of the Doppler broadening only qualitatively.

When the fieldG, is weak andk, < k1, the velocity-averaged spectruf(2,) has two
narrow asymmetric resonance lines coming from turning points [14] of frequency branches

Qo (v))) = kavy + (1 — kavy £ (1 — kavy)? + 4 G11HY?) /2. (29)

The turning point is the extreme point of velocity dependence of resonance frequ@agies
i.e. at the turning pointy, we have(d2,./dv))|,,=v, = 0. The spectra of this type are well
known (see, e.g., [15]). For the universal shape of asymmetric line due to the turning point
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Figure 5. Velocity-averaged spectrufpz(22) (numerical calculations{;1 = 1,21 = 0,k; = 1,
ko> = 0.8, G, varies from 02 to 14 with the step @. Uniform velocity distribution or infinite
Doppler width.

see [16]. WherG, « T, the characteristic width of this resonance line is of ofdekVhen
G, » T, the resonance line width is determined by the power broadening by the second
wave. Nevertheless, whilg, <« G; one can use the expression (29) (where the influence of
G, on the resonance position is neglected)s®g. The rough feature of the spectrum—two
narrow asymmetric resonance lines—remains, but the width of these lines depehgiéser
figure 5).

When; andG; are compared to the Doppler width, an ‘isolated peak’ appears in the
spectrum. Its width depends 6h, G1 (see [14,17]) and is larger tha¥y, in the general case.
The dependence of the width én andG; due to inhomogeneous broadening is not a subject
of this paper, but at certain conditions the width decreases and becomes a value 6f;order

WhenG;, ~ G; > T, the absorption spectrum does not contain narrow lines, i.e. all
resonance widths are of order1| or |G»|.

If ko, > k1, then the frequency branches (29) have no turning points, and the absorption
spectrumﬁ(Qz) has no narrow resonance lines even when the second wave is weak. If we
increase the intensit$3, the narrow lines will not appear.

8. Conclusions

Let us summarize the description of the three-level system resonantly interacting with two
strong monochromatic waves.

The expression for the spectrum contains resonant denomirigters.’, wherex; is
the energy of théth ‘dressed’ state. For aM-level atomic system the dressed state energies
satisfy the algebraic equation ofth order which is the secular equation frlevels of the
system ‘atom + field’ that are close in energy. When two dressed states are close to each other
and all other states are far from them in energy, the secular equation can be reduced to the
quadratic secular equation for these two states. The part of the atomic system consisting of
these two dressed states behaves as an ordinary two-level system.

If some connected component of strong fields covers the whole atomic systenv with
states, then alV ‘dressed’ states will be far from each other. As a consequence, all resonances
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in the spectra will be wide. An atomic system can be covered by strong fields, but the strong
fields can be disconnected (e.g. fields 1 anih figure 1) are strong). Then the matrix
elements between the states dressed by field 1 and by figltlbe small and resonances will

be narrow.

When the second wave is weak we can think that it couples level 2 (see figure 1) and
levels 1, 3 split by the first wave. The distance between the split levels is much greater than
the amplitude of the second wave; these two transitions cannot be resonant simultaneously.
Each transition can be treated as a two-level system. The effects of power broadening by the
second wave appear. When the second wave is very strong, only the two-level system coupled
by it remains and Autler—Townes doublet becomes blurred.

Indeed, the power width in a two-level system depends on the ratio of relaxation constants
I" of levels even when the latter are small. Thus, the power width of Autler—Townes component,
due to the intensity of the second wave, should also depend on the rBgo ©he expressions
will be similar to the well-known ones for a two-level system: one should fgkand the
decay rate of the state ‘dressed’ by the first field.

In experiment [10] the first wave detuniszy was equal to zero and two components had
the same power width. It is interesting to observe the asymmetric broadeningyherd.

When the second wave is generated in the media, the self-consistent problem taking into
account energy losses should be solved. The doublet gives two frequencies of generation,
which merge together at a certain rate of reflection losses.
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Appendix A. Resonances in probe field spectrum

Consider the:-level system with dressed energies Ao, ..., A, and probe field spectrum,
where the probe fields with detuning2 resonantly interacts with leved) and then-level
system. The dressed energiesf the whole system can be found from the Hamiltonian:

Q VM1G MG ... UM,G
0

) VMG A 0 -
H=| VMG 0 YR 0 , (A1)
VM, G 0 0 - An
M M M,
A—Q= I S e 2 (A.2)
)» — )\,]_ )\, — )\2 )\ - )\n
The resonances are situatedat- 1;,i = 1,2,...,n. WhenQ is close toi; the equation

(A.2) has multiple roots if
Mo M,
+...+
Al — Ao A — Ay
The Green functiogo(w) has the form

Q=i £ 2/ MG — ( ) G? +O(G3). (A.3)

M;G?
w — )\i '

Do (@) = (0 — H)g) ' =0 —Q =) (A.4)
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The mass operatas — 2 — Dy is the sum of loops through levels= 1,2, ..., n. When

Q ~ A1 the loopi = 1 is much greater than the others. This loop gives the power broadening
of the resonanc® =~ i;. Other loops renormalize the detuning, which gives the shift of the
resonance. Note that the shift is of ord&t/ (11 — A;), which is much smaller than the width

of the resonance G. The shift of the resonance in (A.3) can be important only when the field
G is not very weak. Then it gives a qualitatively correct answer. When the probefield
weak enough, the shift can be neglected and the resongénces; live independently.

Appendix B. Resonance positions in spectra

Although it is not very difficult to calculate the integral (14), some propertiga(si,) can be
elucidated by simple algebraic manipulations. It should be noticed that the same result (also
without integration) can be obtained using the density matrix formalism.

The resonance positicR, = 2 in the second wave absorption spectrum can be found
from the condition that one pole @ coincides with at least one pole ©f. Consider the
following combination of eigenvalues:

Z= ]_[(,\, —29) = Det f4(H®) = —Det f4.(H), (B.1)
1.J

wheref;(A) = Det(A — ). The resonance occurs when= 0. As a function ofs and\¢, 2

is symmetric with respect to permutations, so it can be easily expressed in terms of detunings,
fields, and relaxation constants. In the general case the expressigrniddiulky, hence we

will consider some particular cases. We assumelfhat I', = I'3 =T'; Q1 = Q2 = Q
(B.3),Q2; =0(B.4),Q; =T =0 (B.5):

zZ=-I%2, I = G3, I = G3, L, = G2+ G3, (B.2)
Z = (Q¥+ 4L+ TH(2Q% + (112 + T, (B.3)
Z = (4112 + TA)((Q5 — I1p — T?)? + 4T2Q2) — 1,Q5(4Q25 — 361, — 91,), (B.4)
Z = 415(Q5 — 112)* — LQ5(4Q35 — 361, — 91y). (B.5)
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