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Absorption spectrum of a V-type three-level atom driven by a coherent field
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We examine the absorption of a weak probe beam by a laser dvitgpe atom with a pair of closely lying
excited levels, where both the driving and probe lasers interact simultaneously with the two transitions. The
effects of quantum interference among decay channels on the absorption spectra are also investigated. We
introduce dipole moments in the dressed-state representation and the Hamiltonian in terms of the dressed states
describing the interaction between the probe and the atom. In the degenerate case, features similar to that of a
driven two-level atomic system are found due to some dark transitions in the spontaneous emission and the fact
that the probe beam only detects certain transitions. In the nondegenerate case, the absorption spectrum is
strongly influenced by the degree of quantum interference, resulting in different line shapes for emission peaks,
absorption peaks, and dispersionlike profiles. The effect of probe polarization on the absorption spectrum is
also investigated.
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[. INTRODUCTION as a function of the detuning of the driving field exhibited
two-peak or three-peak features according to parallel or anti-
The absorption properties of a weak probe beam in a twoparallel dipole moments. However, in a later paper it was
level atom driven by an intense pump field has been calcu‘epPorted that a repeat of the experiment had failed to observe
lated by Mollow[1] in 1972 and observed a few years later the same featurd4.9]. A detailed theoretical investigation of

[2]. The dispersionlike behavior and the possibility of ampli—the experimental system showed that the number of peaks in

. . the spectrum depends on the excitation proceg&@s This
f'Ca“é’"? of the pro:)((aj field cdan be demonstratedl and be unde{ﬁeoretical work demonstrated that Xia's experiment could
stood in terms of dressed state8. In the Autler-Townes pe expiained by the complex excitation process, which is

effect, the transition from one of the two levels connected by:omposed of a two-step one-photon process and a one-step
the strong field to a third level is prob¢d]. The absorption  two-photon process. Even though the main theoretical effect
spectra exhibit two absorption components, known as theredicted by Ref[12] was not observed in Xia’s experiment,
Autler-Townes components. This Autler-Townes absorptiorthis experiment nevertheless showed some interesting effects
doublet can also be related to the dressed states. Varioigduced by the quantum interference between correlated de-

experiments in gasg$] and in solid-state systenf§] have cay transitions. The difficulty with this kind of experiment
confirmed the presence of such effects. stems from the fact that the very existence of the vacuum-

In recent years, absorption, stimulated emission andnduced interference relies on the stringent condition that the

spontaneous emission processes subject to quantum interf(glpoIe matrix moments for the two close states decaying to a
common final state must be nonorthogonal. Several new

ence resulting from different transition processes have beeﬁ’1ethods to bypass this strict condition have been proposed

of considerable interest. A good example studied intensivel 21,27, For example, the two levels are mixed by applying
is the basicv system consisting of two close levels coupled static and electromagnetic fields so that the relevant dipole
by the same vacuum modes to another lower state. In thifyvoments become nonorthogonall]. In a later papef22],
system, quantum interference results from the cross couplinggarwal demonstrated that the anisotropy of the vacuum of
between two indistinguishable decay channels. The interfetthe electromagnetic field could lead to quantum interference
ence effects associated with this model lead to many remarlamong the decay channels of closely lying states even if the
able phenomena, including quantum-beat eff@gt popula-  dipole matrix elements were orthogonal.
tion trapping in a degenerate systef@], very narrow The absorption properties of thésystem in the absence
absorption and fluorescence speci@-11], fluorescence of any pump field have been investigated by several authors
quenching in the free spackl2], phase-dependent line [10,23. Here, the existence of quantum interference may
shaped13], lasing without inversiorj14,10,15, and others lead to ultranarrow spectral lines, transparency, amplification
[16,17. without inversion, and reverse-saturated absorption. In addi-
An interesting experimental demonstration of such quantion, the absorption spectra of a probe beam for this system
tum interference was reported in sodium dimers by Xia andiriven by a single coherent field have been studied by Me-
co-workerg[18]. In this experiment, the fluorescent intensity non and Agarwa[16] under the condition that the coherent
field only drivesone transition and a probe deteasother
transition. It was demonstrated that quantum interference
*Email address: scip9544@nus.edu.sg leads to gain features instead of the usual absorption features
TEmail address: phytsh@nus.edu.sg in the Autler-Townes effect. In a later work, Ficekal.[24]
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[2: II. THE ATOMIC MODEL AND SOLUTION

e FOR THE ABSORPTION
......... L 1>

The atomic system considered in this paper is displayed in
12 g T - Fig. 1(a). We s_tudy a closeW/-type three-level gtom, where
¢ ds two close excited statgd) and|2) separated in frequency
»€e by w,; decay to the ground stat6) with ratesy, and y,,
02 . - respectively.d,;q and d,, are the dipole moments of the
10> @ atomic transition fron0) to |1) and|2), respectively. It is
(a) (b) seen that the cross coupling between the two transifibps
—10) and|2)—|0) gives rise to quantum-interference effect.
FIG. 1. () Energy scheme used in this papén The arrange- 1 N€ degree of quantum interference can be denoteg by
ment of field polarizations and dipole momendsis the angle be- = C0s6, whered is the angle between the spontaneous emis-
tween the two dipole moments. The polarization directions for botrsion dipole moments for the two decay channjdls—|0)
the probe and driving fields parallel to the direction bisecting theand|2)—|0). When g+ 90°, interference between two spon-
angle subtended by, andd,g. taneous emission paths can arise. Maximal quantum interfer-
ence is seen when the dipole moments are parallel or anti-
parallel, i.e.,p=*=1. On the other hand, the system exhibits

showed that the gain of the probe is due to an unexpectef Interference effect whep=0. We study the case where

amplification on a completely inverted, nondecaying transiN€ tWo upper levels are coupled by a strong coherent field

tion. Similar absorption spectroscopy has also been studie't::iC with frequencya,. In the interaction picture, the result-

in Ref. [15] where a strong field acts oone of the two ant master equation for the reduced density opeatakes
" the form[10,16|
transitions of theV-type system. In a more recent paper,
Akram et al.[25] investigated the effect of quantum interfer-
ence on the population distribution of thetype atom driven o p .
by two lasers. The absorption properties of the weaker laser P11~ ~ Y111~ 5V ¥172(P12t p20) +104(pa0= poy),
under the influence of the stronger laser were considered (1)
under different coupling configurations.
In this paper, the weak probe absorption in the same

V-type atom is investigated under the condition theth the P22= — VoPor— p /7172(p12+ p21) +iQo(pao— P02,
driving field and the probe field interact simultaneously with 2
two different arms of the/ system. Both degenerate and @

nondegenerate systems will be considered with or without

the presence of quantum interference among decay channels. 1 ) p

It is found that interestingly this model exhibits complex P21~ ~ 5 (71+ Y2+ 12w21)p21~ SV y1v2(p11t p22)
features. While most of the times it is similar to a laser-

driven two-level system studied by Mollojt], in some spe- +i1Q1p20=1Q2p01, (©)
cial cases, a nondecaying state among the dressed states may
lead to surprising absorption and emission features. The out-
line of the paper is as follows. In Sec. Il, we describe the £+i A~ w—21>
model and the basic density-matrix equations. By utilizing 2 2
the q_uantum—regregsion theorem, the steady—§tate probe ab- +iQ4(p11—Poo)s %)
sorption spectrum is obtained. In Sec. lll, we introduce the

dipole moments in the dressed-state representation and the

Hamiltonian in terms of the dressed states describing the - _ |72 ./, | “2
interaction between the probe and the atom. In Sec. IV, we P20 2 ¢ 2
analyze the absorption spectra in the degenevatystem )

and show that features similar to a driven two-level atomic +1Q5(p22~ oo, ®)
system are found due to some dark transitions between the
dressed states. In Sec. V, the absorption spectra in the non-
degenerat® system are investigated in detail. Different line
shapes, such as emission peaks, absorption peaks, and dis-
persionlike peaks can be exhibited for different degrees ofn the above equation$);=E.e;-dig (i=1,2) denotes the
guantum interference. In Sec. VI, we consider the absorptioRRabi frequencies of the driving fieldk, is the laser-field
properties of this system when the probe polarization isamplitude,A; is the detuning between the frequency of the
tuned to a special direction. It is shown that the probe polardriving laser and the average atomic transition frequency
ization can dramatically modify the structure of the absorp-wy=(wi+ w,)/2. The steady-state absorption spectrum
tion spectra. Finally, we give a summary. A(A,) for a weak, frequency-tunable probe beam is propor-

P10—

p .
P10~ 5V Y1Y2P20T 105015

p .
}on_ oV Y1Y2P10T 1 Q1p21

poot putp=1, pfi=pj- (6)
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FIG. 2. Absorption spectra in the case of degenerate excited 3
levels driven by a field with detuning.=0. The atomic param- = ~ l o
eters employed arg,=vy,=1; w,,=0. For the solid linep=0. S o S o o :1/ o =¥
For the dashed linegp=1. (8 Q;,=0Q,=0=0; (b) Q;=0,=0Q | | T '
=Q=1; () Q;=0,=0=5. Salhhy
|
tional to the Fourier transform of the stationary average -
value of the two-time commutator of the atomic dipole op- g|c\1
erators[26] | N
c_? o o C}j < o QIN o
A(Ap):ReJ lim([D(t+7),D*(t)])e'Ar=2d7d7 (7) Tt
0 t—oo &~ |(\l
|
where, A, is the detuning between the probe frequency and §
the average atomic transition frequeney=(w,+ w,)/2, i~
and D(t)=d;¢0)(1|+d,0)(2| is the component of the §|N §|N |l )
atomic polarization operator in the direction of the probe | | © g S © © T
field polarization vectoe,. We also haveliq=dio-€,. X,
In order to evaluate the absorption spectra, we write the *l
density matrix equations in the form
§
g\If =LV+I (8) o o (E S
dt ’ >~|N >~|N N N5 o C_} (@ o
[ - [ -
&
where |
T ~« Yo 8 )
V'=(p11,022:P21:P12:P10:P01:P20:P02) - 9 o >~ >\|N >~|N S = c =
| | | = | ~
[
The matrixL has the form . ~ ~ . “ N
S N = =
! | | N | |
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where we have definegl;, aspyy17y,. The matrixl can be
written as

1=(0,0,0,0-i0Q4,iQ,—i10,,i0,)7. (12)

Following the same procedure as described in Refs.

PHYSICAL REVIEW A65 033816

|a,N>=% —(1—e)|2N-1)—(1+€)|1IN-1)
+47[0N)],

Ib,NY=—27[2N—1)+271N—1)+ €| ON),

[1,23,26, the steady-state probe absorption spectrum is ob-

tained by using the quantum regression theorem. The result

IS

A(Ap) = Re{d3{ Mss(poo— p11) + Ms1p01
+Msapop— Mszp21] +d35d M7 poo— p22) + M72p02
+ M 73901~ M75p15] + d10d3d M poo— p22)
+Ms2poz+ Msgpor— Mssp 1]
+ d¥gdod M7s(poo— p12)
+M71p01+ M 74002~ M 77941}, (12)

whereM;; =[(z—L) ,=ica,-agJij » pii is the steady-state

population of level|i) (i=0,1,2), andp;; (i#]) are the
steady-state atomic coherences.
Expression(12) is our basic result for the discussions to

1
[6.N)= 5[(1+6)[2N=1)+ (1- O] LN-1) + 470N,
(14
where
Op= 3,7 80% 7=, 623—2:. (15)

The eigenvalues according to above eigenstates are

1
ZQR, )\b=NwC, )\C:ch+ EQR

(16)

Na=Nw.—

The dressed states expressed by @d) form an infinite
ladder of nondegenerate three-state manifolds. Adjacent
manifolds are separated lay,= (w4, + w5)/2. Inside a mani-
fold, the states|c) and |a) are separated byQg and

3 Qg from the statgb), respectively.

be followed. In order to study the steady-state behavior of S ; .
i . , , The atomic dipole moment in the dressed-state picture has
this system, we sep;;=0 in Eq. (8) so that we obtain a | atrix elements

8X 8 matrix equation. The steady-state populations and co-
herences can be obtained by solving numerically the matrix
equation. All the absorption spectra presented in the follow-
ing sections are obtained in this way.

<a,N+1|d|a,N>: - n(l_f)dzo_ 77(1+ E)dlo,
(a,N+1|d|b,N)=—Fe(1—€)dyo— 5 €(1+ €)dg,

Ill. DRESSED-ATOM MODEL (a,N+1[d[c,N)=—7(1—€)dyo— 7(1+ €)dyo,

In the present and the following two sections, we align the
polarization directions for both the driving fied and probe
field e, along the direction bisecting the angle subtended by
dig and d,g, as shown in Fig. (b). This arrangement of
polarization implies that both the driving and probe fields
interact with the two transitions with the same weights. We
also assume the Rabi frequencies of the driving field are real.
From the relationy; / y,= (|d1q/|d,0)?, we arrive at the fol-
lowing relations: Q,/Q,=\y,/y, and d;q=|d;o|cos@?2)
=\(1+p)/2dio|.

The Hamiltonian describing the interaction between the
atom and the driving laser with frequeney. in the rotating
frame is of the form

(b,N+1|d|a,N)= —472d,g+ 4 7%d;0,

(b,N+1|d|b,N)=—27ed,o+ 2 ned,, 17

(b,N+1|d|c,N)y= —472d,g+ 4 7%d4,
(c,N+1|d|a,N)=7(1+ €)dyo+ 7(1—€)dsg,
(c,N+1|d|b,Ny=3€(1+ €)dyot+ 3 €(1—€)dyq,
(c,N+1|d|c,N)=7(1+ €)dygt+ 7(1— €)dyo.

The above equations indicate that some of the matrix ele-
ments can be zero d;g=d,y or e=0. It is to be noted that
whend;y=d,y, we getp=1 and accordingly the quantum
interference is maximd27].

It is to be noted that the interaction of the atom with the
vacuum field allowsspontaneous emissiotw occur from
state [i,N+1) to state|j,N) only if (i,N+1|d|j,N)#0.

Assuming the magnitudes of both dipole moments to belhis is due to the fact that Hamiltoniat, describing spon-
identical and the detuning of the coupling laser to be zerotaneous emission from,N+ 1) to state|j,N) is [8]
we havey,=vy,=vy andQ;=Q,=. In this situation, the
dressed states, as defined by the eigenvalue equation,
Hcla)=\,|a), are of the forn{9]

W21 w21
Hc:(Ac_ 7) |1><1| + At 2 |2><2|

+[(Q4]1)(0]+ Q[2)(0]) +H.c.]. 13

HV=% figksaksi,N+1)(j,N|+c.c., (19
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=(2mck/L3%)Y%i ,N+1|d|j,N)-e.. le;N+1> le;N+1>
Oks=( )X |d[j,N)- & Nl L
la,N+1> Ja,N+1>

Here a, represents the annihilation operator for photon in
modeks and g is its polarization vector. From the above
equations, it is explicit that the Hamiltoniad,, would be

zero if (i,N+1|d|j,N)=0. It will be demonstrated in fol- |e,N> AAR / |e,N>
lowing sections that we can directly predict the steady-state [b,N> [b,N>
population in the dressed states by using the dipole moments |a,N=> JEY_" |a,N> )

introduced in Eqs(17). Under a certain condition, trapping

state can be found due to dark transitions from this state to |c,N+1> |e,N+1> ————¢
the states in the lower manifold. However, the dark transition I:’gﬁz I:’gﬁz

in the spontaneous emission does not imply that a probe ’ ’

beam is unable to detect this transition. In a recent paper,

Ficek, Swain, and Akram have shown that the gain of a

probe beam, predicted for the saMesystem[16], is due to v

an unexpected amplification on a completely inverted dark le;N> le;N>

transition. Moreover, we are able to ascertain the transitions [b,N> v v [b,N>

that can be detected by the probe beam from the interaction ~ 1*N> © la.N> @)

Hamiltonian between the atom and the probe field. If the

direction of probe polarization is aligned parallel to the di- FIG. 3. Allowed spontaneous transitiof@ and (c)] and de-
rection bisecting the angle subtended dyyy and d,y, the tected transitions by the prolhéb) and(d)] between dressed states
interaction Hamiltonian of the probe beam with the atom isof two neighboring manifolds. The atomic parameters gye vy,

given by =9, w,1=0. A;=0 andQ;=Q,=Q. For (a) and (b), p=0; for
(c) and(d), p=1.
sz %dlo' Ep(efiwpt| 1><0| +H.c) IV. THE CASE OF THE DEGENERATE EXCITED LEVELS

1 e We first consider the case of the degenerate excited levels
+ 2020 Ep(e'“7[2)(0] +H.c) where w,;=0. Whenp=0, i.e., the quantum interference
=1dyo ELe ''(|1)+[2))(0]+H.c.]. (19 ~among the decay channels vanishes,\thgystem serves as
two independent sets of two-level systems. Since both the
coupling and probe beams interact with the two transitions
From Eqs.(14), the superpositiofil)+|2) in the above |1)—|0) and|2)—|0) with the same weight, the pump-probe
equation can be written as absorption spectrum is the sum of two independent Mollow-
like absorption spectra of a driven two-level atdih,2].
Whenp=1, both the resonance floresceri®¢ and absorp-
|1)+]2)=]|c)—]a). (20)  tion spectrum in the absence of driving fidl@i0] of the
V-type atom exhibit the features of a single transition but
with a linewidth of y,+y,. Similar conclusions can be
The above equation indicates that the probe field can onldrawn from the absorption spectra shown in Fig. 2, where it
be coupled to such transitions where the final states are eith&r seen that the absorption spectra are similar to the conven-
|a) or |c), but not|b). Besides, it is to be noted that the tional Mollow case. In the following discussion, we shall
polarization direction of the probe determines the transitionshow that the darkKnondecayiny transitions between the
that can be detected. As the polarization direction changes&lressed states are the source of such phenomenon.
different transitions can be probed with different weights. In  In the case of degenerate excited levels, we haye
fact, it is possible to have the sta) as the final state by =0 and hences=0. The atomic dipole moment expressed
tuning the probe polarization. In the following two sections, PY Ed. (17) has the following matrix elements:

we first study the case where the polarization direction for (i,N+1|d|b,N)=0. (21)
the probe field is parallel to the direction bisecting the angle . N
subtended by;, andd,y. Then, in order to show the con- In Fig. 3@, the allowed transitions between the dressed

trasting effects of the probe polarization, the case resultingtates are indicated by solid arrows. From E1), it is seen
from different arrangement of the probe polarization will bethat the statéb,N) in a given manifold is not coupled to the
studied in Sec. VI. The coupled transition to the probe field isStates of the manifold above. Therefore, the sfiaitl) can-
altogether independent of the quantum-interference faztor Not bé populated by spontaneous emission from states
(however, the coupling strength does depend on the factor f.N+1) (i=a,b,c) of a higher manifold. Furthermore,
p). On the other hand, the dipole moments between dresse&Ye" if there is initially some population in stafte,N), it
states are strongly dependentmrHence, the detected tran- would “have decaygd tda,N—;) or |c,N—1). Conse-
sition and the allowed spontaneous transitions may not be tHg1ently; the population ofb,N) is zero under the steady-
state condition. This conclusion is easily verified from the

same. This unusual phenomenon is certainly due to the ef S .
fects of quantum interference. master equation in the dressed-states basis, the steady-state

solutions of which have been presented in Re¥. It is to be
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noted that Eq(21) is not affected by the presence of quan- 002] = = (a) 0.06
tum interference between the atomic transitions and thus the g g4] 4 A
. . . - . 0.03
population of statéb,N) is zero, independent of the value of 0.00k 000
P- 0. )
In this case, the bare sta@) can be expressed in terms ::: D 0.03
of dressed states TR Taar saar v ey Tl
0.2 c) 0.4
. L (c)
0.3
0)=—=|a)+ —|c). (22
0)=Fla+ o
01
Upon substituting Eqs(20) and (22) into Eq. (19), one ) 0.0
can easily find that thg interaction Ham|lt0.n.|an of the probe V1530 " " T T 5752530
beam and atom consists only of the transitions between the () 0.8
dressed statds) and|c). In Fig. 3b), we show the allowed 0-6 oo
transitions that the probe beam will detect. )
Due to the zero population in stgte,N) and the fact that 0.4
the absorption of a weak probe involves only the stgeN ) 021
and|c,N), the absorption spectra of the weak probe resemble 0.0~
the Mollow spectrum of a driven two-level atom. In Fig. 2, 20 40 0 10 2o 30 40 6 10 20 30
we display the absorption spectra under the resonance driv- A,

ing condition, i.e.,A;=0, for bothp=0 andp=1. As ex- FIG. 4. Absorption spectra in the case of degenerate excited
pected, for case op=0, the set of curves depicting the levels driven by a field with detuning.# 0. The parameters em-

evolvement of the_ abgorpgon_spectra with the Rab[ fre'ployed arey,= yi=1: wy=0: 0= 0,— 0 ~5. For the solid line,
guency of the driving field is similar to the case of driven p=0. For the dashed ling=0.99. () A,=0: (b) A,=1: (c) A
two-level systenj2]. However, the dispersionlike absorption = . . _q. o © © ¢
: =3;(d) A,=5; (6) A,=8; (f) A.=10.
on the sides of the spectra occurs at aroyid) from the
line center, instead df as in the original Mollow case. This V. THE CASE OF THE NONDEGENERATE
can be easily explained by the eigenvalues of the dressed EXCITED LEVELS
states expressed by E({.6). _
When the quantum interference is maximal, ipe= 1, we For the nondegenerate case, we study the absorption spec-
have the following relations: tra with a resonant driving field, i.eA.=0. Under this con-
dition, the dressed states and their eigenvalues as well as the
(b,N+1|d|i,NY=0, (i,N+1|d|b,N)=0. (23  dipole moments between dressed states as expressed by Eqgs.
(14)—(17) are still valid. We plot in Fig. 5 the absorption
spectra with a nonzero splitting of the excited doublet and
Hifferent degrees of quantum interference. In Figp)5one
inds that forp=0, the spectrum exhibits two dispersionlike

It is seen that the dressed stakeN) is totally decoupled
from other states. There are four allowed transitions betwee
the dressed states, as shown in Fig),3vhich is the same as
original Mollow case of a driven two-level system. There-

fore, from the view of the transitions between the dressed 012 (a) 0-92 (b)
states, the absorption spectra under maximal interference ar  ¢.q06 0.01
similar to the Mollow case. In addition, from E¢L7) it is
seen that the magnitudes of dipole moments between dresse %99 0.00
statega) and|c) attain maximal values whetl, is parallel -0.006/ 0.01
to d,g, namely, wherp=1. As a result, the linewidth of the ~a
. : <] -0.012; .0.02

spectral lines is broadened by the presence of the quanturj{ 30 -5 0 15 30 <30 -5 06 15 30
interference. For example, the linewidths of the central peak ~ %% (©) 0.009 (d)
for p=1 in Figs. Za) and 2Zb) are clearly larger than those 0.003
for p:O K0.00G

In Fig. 4, we present the absorption spectra for the case 0 ¢.0001
nonzero detuning of the driving field. When the detuning of 0-003
the driving field is comparable to or larger than the natural  -0.003 0.000-
linewidth, the spectra consist of one absorption componen d0 A5 6 15 30 30 15 0 15 30
and one emission component at the Rabi sidebands and A

small dispersionlike component at,=A.. All these fea- P

tures are similar to the driven two-level system and the ori- F|G. 5. Absorption spectra in the case of nondegenerate excited
gins of this phenomenon have been well understood. Ifevels. The parameters employed amg;=1; y,=vy,=1; Q,
short, quantum interference just acts to broaden the line=0,=0=5, A.=0. (8 p=0; (b) p=0.5; (c) p=0.999; (d)
widths in the absorption spectra. p=1.
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le,N+1> e;N+1> ———¢ interference. Because=0, we haved;;=d,,. As a result,
[b,N+1> [b,N+1> the following equations can be obtained:;
la,N+1> |a,N+1> '
(b,N+1|d|i,N)=0, (i=a,b,c). (24

It is seen that the staf®,N+1) in a given manifold is not
lc,N> A 4HA 4 |e,N> coupled to the statd$,N) of the manifold below, as shown
bN> X ViV [b,N> in Fig. 6(c). As a result, this state is unable to lose its popu-
|a,N> Y VY [a,N> lation by spontaneous emission. Consequently, the entire

(@) (b) population is trapped in the dressed st a conclusion

which can also be easily proven by numerical calculation or
[c,N+1> le,N+1> ——¢ by analytical expression gfy,,, obtained in Ref[9]. Due to
|b’N+i> |b’§+i> this trapping state, fluorescence quenching has been pre-
la,N+1> la,N+1> dicted [9]. It is worth emphasizing that the florescence-

p g

quenching effect predicted by Zhu and ScUlh2] can also

be understood in terms of such dipole moments between the

dressed states. When a probe beam detects such a trapping
le,N> A 4 |e,N> system, the detected transitions §irdN)—|j,N+1), where,
b,N> X Y. |bN> i=a,b,c and j=a,c. In Fig. 6d), we show the detected
|a,N> —Y ¥ N> transitions between the dressed states by the probe beam,

(9] (@) which are the same as Fig(l%. However, because,,

=p..=0, only two transitions are seen to dominate the ab-
FIG. 6. Same as Fig. 3, but with,,#0. For () and (b), p  sorption behavior, namely, the transitiofisN) —|a,N+ 1)
=0; for (¢) and(d), p=1. and|b,N)—|c,N+1). The other transitions, such &s,N)
—|c,N+1), will not be visible in the absorption spectra be-
lines in the far sidebandthe same as in the degenerate ¢asecause of zero population in both of the statasN) and
and two emission peaks in the near sidebands. Whamn |c,N). Since ppp—pii=1, (i=a,c), these two transitions
creases, i.e., when quantum interference effect becomegve rise to two absorption peaks at the frequencieg®g/2,
more obvious, the two emission peaks evolve into absorptiods shown in Fig. 6l).
peaks, as seen in Figsichand gd). Finally, the two disper- Whenp deviates from the maximal value of 1, the quan-
sionlike lines disappear when the quantum interference igym interference is not complete for renderimg,=1. Sub-
maximal, leaving only two absorption peaks located atsequentlyp,,=p..# 0. The situation is similar to the case of
*Qg/2. _ p=0, where there are two dispersionlike lines at the frequen-
~The above features can be understood in terms of thgjes+ (). Around the frequencies Qx/2, either emission
dipole moments between the dressed states and the interaGrentzian profilegas in Fig. %b)] or absorption Lorentzian
tion Hamiltonian described in Sec. Ill. We first consider theprof”es[aS in Fig. %c)] can appear, depending on the popu-
case whemp=0. Under this condition, we see immediately |ation difference betweepy, and p,.
that all the dipole matrix elements in E(L7) are nonzero.  The above properties of absorption are not restricted by
Therefore, the spontaneous emission can occur, in principlgye requirement thab,, is comparable to or less than In
for all possible transitions between the manifolds 1 and Fig. 7, we consider the case whedg,=5y. Apparently,
N, as shown in Fig. @). However, sincee is small when  gimjjar features can be found in Figs. 7 and 5. In Fig. 8, we
w21<Qg, the matrix element& ,N+1|d|b,N) have smaller show the absorption spectra with various Rabi frequencies of
values compared to other elements. It is thus expected that e driving field under the condition thpt=1. It is seen that
the steady state the population of stfip, ppy, is less than  the splitting of the two absorptive Lorentzians becomes sym-
the populations in the stat¢a) or [c) (this conclusion can  metrically larger with an increase in the Rabi frequency of
also be drawn from the analytical expression gy derived  the driving field, but the absorption magnitude becomes
in Ref. [9]). Therefore, it is possible to realize a population smaller. Here again, quantum interference has the dramatic
inversion betweefb,N) and|a,N+1) or|c,N+1). Whena  effect to cause two absorption resonances to evolve into two
probe beam detects the absorption properties of the drivegther absorption resonances. As such phenomena occur only
three-level atom, the probe field is coupled to those transiynder maximal quantum interference, it is a useful indicator
tions where the final state is eithier,N) or |c,N), as shown  of the existence of such quantum interference in decay chan-
in Fig. 6(b). The transitiongb,N)—|i,N+1) (i=a,c) ap- nels.
pear as emission peaks at the frequericy(Qx in the ab-
sorption spectra of the probe due to the population inversion.
On the other hand, the transitio$,N)—|i,N+1) (i,j
=a,C) give rise to the conventional Mollow-like absorption
spectra around the frequencies 0 anfly. In the preceding two sections, the absorption spectra have
We next consider the case wher= 1. In this case, the been studied under the assumption that the polarization di-
absorption spectrum is dramatically modified by quantunrection of probe field is parallel to the direction bisecting the

VI. PROBE POLARIZATION ON THE
ABSORPTION SPECTRUM
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FIG. 7. Absorption spectra in the case of nondegenerate excited FIG. 9. Absorption spectra in the case of degenerate excited
levels. The parameters employed a#g,=5; v,=7y,=1; O, levels. The solid lines are according to the case where the probe
=0,=0=5,A.=0.(@ p=0; (b) p=0.5;(c) p=0.9; (d) p=1. polarization is parallel to the direction bisecting the angle subtended

by di, and d,y, while the dotted lines are according to the case
angle subtended bgl;q andd,,. Under this condition, Eq. Where the probe polarization is paralleldg,. The parameters em-
(20) is satisfied and it forbids the final state of the transitions?loyed arey,=y;=1; w5;=0; Q;=0,=0=5, A;=0. (@ p
that the probe couples to be the stHt®. As a result, the ~0: (0 p=05:(c) p=0.7:(d) p=1.

absorption spectra can be easil_y unde_rstood in terms of Fig?ypical spectra of a degenerate case are shown in Fig. 9.

3(b), 3(d) and Figs. &), 6(d), which depict the allowed tran-  compared to the spectra studied in the previous case, we see

sitions that the probe detects. However, as the direction oh 5t asg is far from 0, there are two absorptive profiles

probe polarlzapon is tuned, the abs_c_ertlon spectra eXh'b'éymmetricaIIy located at the frequencies)/2 except the

new features since the allowed transitions have been altereggiow-like spectra at around the frequencie€ and 0.

In this section, another case is investigated to illustrate thg s is due to the fact that the transitions from) and|c) to

effects of probe polarization on absorption spectra. |b) have become possible under this condition. Owing to the
Consider the case that the polarization direction of theZero population ofb), these transitions give rise to two ab-

_ 1€ aS (N€ preceding, htive profiles. Ap is equal to 1, these two peaks disap-

three sections, but the direction of probe polarization is parbear because the zefomakes no distinctions between this

allel tody, we reach the following equationdip=|did and  5ce and the one studied in Sec. IV.

dpo=|d20/COSE)=pldzd - Substituting these two equations  The apsorption spectra in the nondegenerate case are de-

into Eq. (12) we obtain the absorption spectra for this Casepjcted in Fig. 10 where the same parameters as used in Fig.

7 are
2.0- N : (a) 1.61 3 : (b)
FNE 1.2 010 @) ®)
0.081 0.014
0.8 0.06
0.4 P 0.04] 0.00;
—~ ] 0.021
<ln. ' ) ' ' 0.0 . -0.011
;{ 40 5 0 5 10 -1 3 0.00
0.9 . . (c) 0.3] sa 30 15 0 15 30 -30 15 0 15 30
i ) 0.06/ © .20] (d)
0.6 !
i 0.2 0.041 0.151
¥ 011 HI ! 0.02; 0.10-
j RSErCLA i "*._J. \d...- """" 4 .--"‘ ."-. -‘: ."-~.. 4
0.0 . . _ 0.0 —/\—-——“' _ _ 0.001 0.05
10 5 [} 5§ 10 10 .5 0 5 10 0.00.
A 3 45 0 15 30 30 45 O 15 30
p
Ap

FIG. 8. Absorption spectra in the case of nondegenerate excited
levels. The parameters employed prel; y,=vy,=1; A;=0. For FIG. 10. Absorption spectra in the case of nondegenerate ex-
the solid line,w,;=1. For the dashed linay,;=5. (a) Q;=0Q, cited levels under the condition that the direction of probe polariza-
=0=0; (b) 0;=0,=0=1; (c) 0,=0,=0=2; (d) Q,=0Q, tion is parallel tod,y. The parameters employed are the same as
=0=4. those in Fig. 7.
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employed. Here, because the probe detects the transitiotain different absorption spectra, which are in turn manifes-
|0)—|1) and|0)—|2) with different weights, the absorption tations of different detected transitions.
spectra exhibit asymmetry characteristics. Comparing Fig. The present paper has studied the properties of the
10(a) with Fig. 7(a), we see that the two emission peaks atdressed state of th¥ system with and without quantum
frequencies= Qg/2 become two absorption peaks. Obvi- interference between the decay channels when a strong cou-
ously, the transitions fronia) and|c) to |b) produce these pling laser interacts simultaneously with the two transitions.
two absorption peaks. In contrast, when the direction of thén Ref.[9], the case o¥/ system with near maximal quantum
probe polarization is parallel to the direction bisecting theinterference under a strong coupling field has been studied.
angle subtended by;; andd,,, the statdb) cannot be the However, that papef9] was mainly a study of the fluores-
final state in the transitions that the probe detects and thugence properties. There the resonance fluorescence is attrib-
these two absorptive profiles do not appeatr. uted to the spontaneous transitions between different dressed
It is to be noted that the probe polarization plays an im-states in adjacent manifolds. The effect of quantum interfer-
portant role only wher# is far from 0, namelyp is far from  ence may suppress or cancel some possible dressed-state
1, which means the effect of quantum interference is notransitions. This also leads to possible fluorescence suppres-
obvious. As the quantum interference becomes maximal, theion in other similar four-level schem¢s2], in which the
probe polarization will not affect the structure of absorptioncore part consists of the three-level model driven by a cou-
spectra. pling laser. Compared with the fluorescence, the absorption
spectrum of a weak probe in the driveéhsystem manifests
VIl. CONCLUSION more interesting effects since the detected transitions in the
dressed picture by the probe can be controlled by means of
We have investigated the absorption spectra for a weathe probe polarization. This detected transition can even be a
probe in aV-type atom in the presence of a strong driving dark transition in the spontaneous de¢ag]. Nevertheless,
field. The effects of quantum interference among decay chanthe previous work$16,15,24 only investigated the absorp-
nels were also taken into account. Two distinct cases, accorgion properties of tha/ system under the condition that the
ing to the degenerate and nondegenerate excited levels, weggupling laser only drive one-arm transition. In particular,
studied. It is pointed out that the absorption spectra can bghen quantum interference is maximal or near maximal, it is
explained by introducing dipole moments and the Hamil-gjfficult to realize experimentally the condition for one-arm
tonian in terms of dressed states. Due to some dark transiriving. Very few papers have studied the absorption spec-
tions of spontaneous emission between dressed states, tgm of theV system driven by a coupling laser interacting
population may be trapped or emptied in certain dressegith both transitions. Only in Ref25], the authors studied
state. In these processes, the effects of quantum interferengge case where the coupling laser is coupled to both atomic
play important roles. As a result, population inversion ortransitions. However, most of the results of this paper, except
noninversion between dressed states may take place. For thgse for the nondegenerate case under maximal quantum
degenerate case, Mollow-like absorption spectra were exhilnterference, are not obtained in RE25].
ited, which can be understood by the fact that one of the The present paper hereby demonstrates that the correla-
three dressed states has zero population and does not involijgn between decay channels will modify the population of
in the absorption process. Furthermore, quantum interferenGgie dressed states. This is typically induced by some dark
only influences the linewidth of absorption lines but not thetransitions between the dressed states. As a probe detects the
spectral structure. While in the nondegenerate case, the alibsorption property of this laser-driven system, the detected
sorption spectrum is strongly dependent on the effect ofransitions can be controlled by probe polarization. Various
quantum interference. In the absence of quantum interfeispectra features, such as absorption and emission peaks or

ence, the absorption spectra exhibit Mollow-like spectra plusviollow-like structure, can be obtained as the probe polariza-
two emission peaks. When quantum interference is maximation is tuned.

only two absorptive Lorentzian lines exist. It is interesting to

note that un_dgr thg influence of maximal quantum interfer- ACKNOWLEDGMENT
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