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Modification of resonance fluorescence and absorption in & system by four-wave mixing
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A universal mechanism destroying coherence i aystem driven by two resonant laser fields due to
four-photon interactions is analyzed theoretically. It is shown that this mechanism gives rise to novel spectral
structures in resonance fluorescence. The “dark resonance” in absofgispersion spectra is affected as
well. [S1050-2948)09411-§

PACS numbdis): 42.50.Hz, 42.50.Gy, 32.56d

Three-level 'atomic systems compared to their two-levelyhere Ha=tiw152)(2| + w14 3)(3| is the atomic Hamil-
counterparts display a much broader range of new effects agnian (we assume that levél) has zero energyand
a result of coherence among the states induced by the radia-

tion and quantum interference. Among them the coherent 7:{,(t)=ﬁ[g(|l><3|+H.c.)+§(|2)<3|e““+H.c.)]
population trapping(CPT) is the most intriguing phenom-

enon that has been already studied both experimentally and +4[g’(|2)(3|+H.c)+g’(|1)(3]e'*+H.c)]
theoretically(see[1] and references thergirit is most con-
spicuous for theA transition between two closely spaced
long-lived levels optically coupled to a third distant short-
lived level by two continuous coherent radiation fie|@4sg.

)

is the interaction Hamiltonian with the bichromatic detuning

; - =, — w| ~w1,. The coupling strengths, i.e., the Rabi fre-
1(a@)]. In absorption spectra, the coherent superposition °?uencies, depend as usual on the amplituge’ of the

closely spaced Ievelg leads to a very narrow dip of induce cident fields and the dipole matrix elemertss, dys: g
transparency or, equivalently, a nonabsorbing dark resonanc_ea E a'—dnE’ GednE 40’ —=d- E'. Polari
when resonance fluorescence is observed. —Oi3'E, 9 =03 B, §=0z3 &, aNdg =0y3 E . FoOlariza-

Any process destroying the coherence of the lower tWc;uons of the driving fields, which are explicitly taken into

. . account in the coupling strengths, are considered the same.
levels of theA system results in a populationy of the upper ; ,
level and residual fluorescence is proportionalltg, the In the case Of. interest, whem, ar.wAIw'T are close tavys
relaxation rate of this coherence, which also determines thnd @23, respectively, we can rewritt, in the form
width of the dark resonance. Experimentally, relaxation due o
to collisions and laser jitter can be made negligible, thus the Ha=HotHs
residual populatiom; as well as the width of the resonance
should be determined only by the length of the interactiorwith the “unperturbed” and “perturbing” Hamiltonians
time.

With th|s_ Brief Report we show th_at QUe to nonhn_ea_lr Ho=1(wy|3)(3|—A|2)(2]),
processes in the case of equal polarizations of the driving
fields the “darkness” or ultimate width of the CPT reso- .\ .--cegerge-
nance is intrinsically limited by a novel type of sidebands in (a) J 13)
resonance fluorescence, which are present even in the al
sence of collisions and laser jitter. These single atom pro-
cesses are caused by four-wave mixifyVM) processes,
which are significant in the near-resonant case. They are @, &
closely related also to FWM discussed[R] for the case of vwo/ LN
dense medidsee alsd1], p. 303.

Let us consider a system, which consists of three elec-
tronic levels with transition frequencies, s, w,3> w4, [Fig.
1(a)]. Two coherent fieldsE cos t)+E’ cosf, t), drive the 1)
transitions -3 and 23, respectively. In the vicinity of
the Raman resonance condition, thesystem’s Hamiltonian
in the interaction representation takes the form

’ r
o, 8

FIG. 1. (a) A driven A system:y, y', andy,, are the radiation
decay ratesl’, I'', andI';, are the dephasing rates, andis the
incoherent pumping rate of the ground levels subsystbyA four-
photon process due to FWM in the system at the resulting fre-
R . ~ quency 2o; — w_ . Another ongnot shown heretakes place at the
Hy=Ha+H,, (1)  frequency 2, —w| .
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Has=—16|3)(3|+h8r2)(2],
(n+2,q+2)
correspondingly. Heré= w, — w43 is the one-photon detun- (a)
ing for the|1)—|3) transition anddg=w, — | — w4, is the P
two-photon Raman detuniridrig. 1(a@)], respectively. f»@”,;‘"
The dynamics of thé system with the Hamiltoniafl) is g
governed by the equation

(n+l,g+1)

dA i . . .
H:%[H0+H(5+H|(t),A]+ErA

0-g, 0-g2 o 0+g/l otg,

(n-L,g+1) IH

=[Lo+ Ls+L,(1)+ L ]A=LA (3)

for the operatorA of an observabléA. Here £y, £s, and
L,(t) represent the dynamics due to the corresponding

HamiltoniansH,, H s, and,(t) and£, describes the relax- (-1.g-1)
ation in the system, which we assume to be Markovian. We

define £, in the basis of nine operatorg;=|k)(k|,
R+ [DCKD/Z, TR = (KDIVZ (=1, ... 9kl (b)
=1,2,3;k#1) with a set of phenomenological parameters
shown in Fig. 1a).
The dynamics of the driveA system is described by Egs.
(2) and (3) both within the rotation wave approximation
(RWA) and beyond it. The latter is necessary to account for RF range optical frequencies range
the FWM processes shown in Figh], which are significant . _
in the strong field limit. We will now examine how the FWM  FIG. 2. (a) Dressed energy level diagram for the drivérsys-
processes affect both the resonance fluorescence and absdfso- The manifold ,q) is separated from the manifoldsa £ 1.q
tion spectra of the\ system. +1) and h=1,9+1) by the laser frequencies, andw| , respec-
Let us first consider theesonance fluorescende terms ~ tively. Heren=n;+n, andq=n,—n for N1, N being the mean
of a simple dressed atom mod&,4] and then provide both number of photons in the modes, and w . Solid arrows show

an analytical solution and computer simulation results for thé®sonant couplings describing emission of photons ft8p-[1)
fluorescence spectra. or |3)—|2) transitions and dotted arrows correspond to the lowest-

After introducing a coupled quantum statelc) order nonresonant couplings describing emission of photons due to

o , s . the four-photon interactions at the frequencies, 2 w, and 2w,
=9, (9[1)+9'|2)), which is coupled to the excited level —w__ . The inset shows possible spontaneous de¢sgl&d arrows

|3) with an effective ratey, = Vg®+g’?, and an orthogonal, from any two coupled manifolds separated by the frequeacy
noncoupled quantum statgn)=—g,'(g’|1)—g|2)), the  which is w, or w] for the resonant couplings andwg— | or
Hamiltonian(1) can be readily decomposed f6g=0 into  2w| — | for the nonresonant ones. In the case of resonant driving
an effective two-level system ¢€) and|3) states and non- laser fields shown here, the perturbed states of any manifold are
coupled statgn), not coupled to thdc)®|3) system[1]. separated by ,/2 and the resulting positions of the lines in the
Relaxation in the system leads to the depopulation of thdéluorescence spectrum are shown abdlePositions of lines in the
|c)®|3) system through spontaneous decay into the nonfluorescence spectrpm of thg respnantly driversystem. In the
coupled state, which is coupled fic) through the spontane- d_otteql box, the positions of lines in the power spectrum of the rf
ous decay ratey,, elastic dephasings rale,,, incoherent vibrations at the frequencw,, accompanying fluorescence are
pumping ratew of the transition|1)—|2), and Raman de- SPoWM
tuning 6g. These parameters determine how perfect is the
dark or CPT state. quencies 2, — | , 2w/ — »_ (shifted to+g,/2) which are

In the dressed atom model bare stafgs|2), and|3) are  caused by FWM processes and will be called FWM multi-
replaced by manifolds of dressed states shown in Fi@. 2 plets. A complete fluorescence spectrum at the CPT condi-
(we accepted the notations[&,5]). In the absence of atomic tion shown in Fig. 2b) includes also the coherent linésen-
interaction with the light field, these manifolds are degenertered at the laser and four-photon frequengiegich may
ate since resonant absorption of a photon from either lighalso be present in the spectrum. In addition to the fluores-
field brings the system into the excited state. At perfect CPTcence spectrum at optical frequencies, one could register also
condition (5,6r=0), the positions of the spectral lines can a spectrum of oscillations in the rf range at the frequency
be directly derived from an analysis of allowed spontaneous»,,, which has the same power spectrum as the FWM spec-
decay channel§Fig. 2(a), insei. Five incoherent lines for trum.
the two structures centered at the laser frequeneiess| For an analysis of the line shapes in the fluorescence spec-
(inner and outer satellites are shifted 10g,/2 and =g, , trum and their intensities, it is necessary to explicitly calcu-
respectively are known from an earlier theoretical analysis late the spectrum. Under the conventional assumption of a
[3,4]. They will be called RWA multiplets. In addition, our Markovian character of atomic fluctuations, the two-time
model predicts two new structures at the four-photon frecorrelation function describing atomic radiation takes in the

(n-2,q+2)

4 -

: “‘2(0'L—coLm o', ®, m2wL—co'L
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Heisenberg representation the fo(for a detailed technique, ] ' " ' " ' " ' ' '
see[6]) Or T
:@ 0.8 -. -
K(1)=(poS(O0)|[a~ (D[S(t,t+ Do (t+7)]), (4 s |
- o 086} .
whereo ™ (t) are the positive and negative frequency Heisen- 3 I
berg atomic transition operatoi3(0,t) andS(t,t+ 7) arethe >, o4p .
evolution superoperator at the time intervalstY@nd ,t @ -
+7), respectively, an@g,S(01t) is the density matriyp(t) at 2 02r 1
timet. The spectrum is calculated then by Fourier transform-= |
0.0
of Eq. (4).
The evolution superoperat&(0,t) corresponding to the
Liouvillian in Eg. (3) can be expanded to the first order as 10 : T T T T
t 5 | (0
S(0,t) =Spwa(0}t) 1+f 8L,(7)dr| efot, (5 £ 08f .
0 =]
. o 06} ]
where Spwa(0t) = eXpLrwat) With Lewa= L+ L, + (L)) <
describes the dynamics of the system within the RWA and <. g4| i
‘@
SLy(t)=e 'L (t)e” “o (L)), ©® § o2} 1
c
is the deviation of the laser excitation superoperator fromits™ g '
time-averaged value oscillating with the laser frequencies -20 -10 o 19 20
and their combinations. Equatiofs) extends beyond the [0 - (2o, — ')l

RWA describing dynamics due to the FWM processes. A
simple analysis of Eq6) shows that it contains terms oscil- dri oA h 86,20, solid
lating at the biharmonic detuning and, as a result, addi- GrVen symmetricA system at the resonand(§z=0, solid curves

tional new spectral components appear at the frequencie"jlonOI Oﬁ_r.e.sonefm ‘f.:O‘ 9R="5, dftted_curve)sexc'tat'on with the
CA=%0 — o ande’ +A=2w! — Itis Kk that equal driving field intensitiesg; =g,=10). Shown spectra corre-

o —A=s0 — o Ando; TA=s0; — o [LISKnown that 5.4 15 the RWA(@) and FWM (b) multiplets (coherent line,

FWM leads to the generation of coherent Stokes and antin\ya multiplet at thew| frequency, and FWM multiplet at the

Stokes wave$CSRS and CARFat these frequencid3]. In 5, _ ., frequency are not shownThe parameters used in the
our result, however, these nonlinear resonances are acco
panied by Mollow-type sidebands resulting from incoheren

scattering processes involving four photons. nents in the fluorescence spectrum. There are also coherent
To elucidate the nature of the fluorescence spectrum, Wgnes due to elastic scattering in the FWM spectrum at the

have performed both computer simulations of E.for the frequencies &, — | , 2w — w_, but the RWA spectrum

general casgFig. 3 and derived an analytical solution, -gntains no coherent lines.

which is presented for the case of resonant excitati®idy For perfect CPT conditions &8x=0) and for i,

=0) and w,ylz,F12<§y below. Spectral densities for Fhe =0,I';,—0, according to Egs(7) and (8), the RWA spec-

resonant RWA multlplets}“RwA, at the laser frequencies m consists of five incoherent lines, whereas in the FWM

o ,w| and for the FWM multiplets Fryy, at the frequen-  spectrum both the central incoherent line and the sidebands

cies 2w — o[, 20{ —w_ have asymptotically with respect at +g, vanish withI';,—0, resulting in a spectrum which

to two independent parameteysg, —0 andg, /w,—0 the  has a central coherent line and two incoherent satellites at

FIG. 3. Calculated resonance fluorescence spectra from the

?clilculations are as followsy; 3= y,3=1, y,,=0, T1,=10"%.

form (in photons/Hz +g,/2 [Fig. 3, solid curves; see also Figap.
~ ~ ~ For 6g#0, both the RWA and FWM spectra are
Frwa= (I1/4y){L[O(T" 13+ 29)/2] enriched—up to seven lines appear in the RWA multiplets
- - o~ and up to five lines in the FWM ondFig. 3, dotted curves
TLEga/2(T 13+ 23)/4] The RWA multiplets in the fluorescence spectrum of a

~ ~ o~ bichromatically excited\ system received above were dis-
+(U2)L[ =g, ,(3+T 15+ 9/4]}, (7)  cussed for the first time i3], then in[4,5], and recently
were investigated experimentally for a trapped and cooled

Frwm=(93/16ywi ) {L[ +ga/2,(T 15+ T 53)/4] Ba" ion in[8], whereas the FWM multiplets we discuss here
_ make a novel result. These spectra can be registered experi-
+(I"12/4)[18L[0,1/2] mentally, for example, from an atomic beam of Cs atoms
_ - traversing a spectrum analyzée.g., a 5-mm Fabry-Pet
+L[=g),(3+ 5+ o9)/4]1}, (8)  cavity with the finesse equal to 40with orthogonal excita-

. L tion by laser light[9]. For an atomic beam with %0
whereL(g,I')=T/[(w/y—9)?+T?] is the Lorentzian func- atomss*mm~2 and a saturation intensity of 1.1 mW @&n
tion and a tilde denotes parameters normalizeg.tEqua-  a coupling factor ofg, =10y is readily obtained from 30
tions (7) and (8) describe only inelastic scattering compo- mW of laser light at 852 nm focused to 1 mm spot size.
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Under these moderate conditions one estimates that photdmoadening plays a key role at low and moderate intensities
counting should detect more than®Jghotons s, which is  [1]. Therefore, the complete dephasing rate reads
well within the realm of conventional photon counters.

One of the most important consequences is, in our view, (Ftotal) Fpowel>2+(I~FWM)
that according to Eq(8) for constant intensity the RWA
multiplets completely vanish fdr,,— 0, whereas the FWM
spectra survive. They are caused by spontaneous decay of the
excited state to the mixture of the coupled and noncoupled
states due to the FWM processes. As a result, an additional
FWM contribution to the dephasing ratg, of the ground Experimentally, the influence of collisions and laser jitter,
levels appears, which reafig] as well as Doppler broadening, can be made neglidi®le
We therefore can neglett, and, as a result;}5"', but not
'™ which dominates at large laser intensity. In other
words, we can say that it setsfandamental limitto the
dephasing rate of the ground subsystem and thus to the dark-
and for Cs atoms?S,,,— ?Pg, transition at |~1 W/cn?  ness of the CPT resonance.
has a valud 3~ 10* s%, which is large compared . The FWM processes affect also tferactive indexof the
At the same time, it is well known that conventional power A media[1,2], which in simplified form reads

2

ga
Ii+ I‘122_

4
9r

+ 04
64w],

2
FWM_ ALY

, (92—9' AT 20+ 0% -
niting=1+0.028pA3=> Ny (09" gAZR 5+
ar 9/\1“12+ 4F12+45

: (10

wherek=1,2 denotes values for the respective laser fields with the frequesciék=1) andw, (k=2), and the average
populationnz=(0|ns) is given by

202 . . T+ 98T /4— (92— 92T 1,0+ 2T 93 (9'2—92) 3o
n;1=3+4 9 (2478 + gAlT 1o+ 03 (9 29 ) - 12 94(9'2- 9% 5r
I'g%g'? 2F2§2§r2(5 +T 2+F129A/4F)

11

Our calculations for the dark resonance in absorption spectra show that the FWM reduces the dip of the dark resonance in an
absorption spectrum of a vapor of Cs atoms insignificantly, but in the case;ofalor it leads to a strong vanishing of the
resonancd6]. This essential difference could be easily understood from(8qfor the I''™'™, which has the frequency
splitting w1, in the denominator. For K, this parameter is much smaller than for Cs, with the rest of the parameters of the
model being the same order of magnitude, and therefore determines the FWM effect much strongahamkn Cs. One
should keep this in mind while considering different applications of the dark resonances. For magnédtbnfetnjinstance,
our results indicate that the use of Cs atoms is preferable.

Experimentally, the importance of the FWM mechanism for high-resolution spectroscopy in dense cAheredia was
demonstrated 2] (see also references therein for related wprk3ur result, however, shows that the FWM nonlinear
processes are peculiar to even a single atom.
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