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Abstract

Steady-state dynamics of a Lambda atom driven by two coherent fields is studied for arbitrary detunings, arbitrary
incoherent pumping and coherent driving intensities. Effects of a strong probe on EIT are worked out. Features of EIT and
LWI are presented in a new physical picture on the basis of the concepts of quantum interference and coherence. In the weak
field regime, an absorption-gain profile is the subtraction of two Lorentzians with the same central frequency but different
widths and heights. This case is mostly the result of quantum interference and coherence rather than the result of
Autler—Townes level splitting. In a strong field regime, however, the profile is the addition of two Lorentzian-like
components with different central frequencies but the same width, where Autler—Townes splitting and quantum interference
are equally important. © 1999 Published by Elsevier Science B.V. All rights reserved.

PACS 42.50.-p; 42.55.-f
Keywords: Quantum interference and coherence

1. Introduction

In recent years, there has been considerable inter-
est in quantum interference and coherence effects in
a multilevel atom system induced by coherent elec-
tromagnetic field(s). Many related phenomena such
as electromagnetically induced transparency (EIT)
[1-9], lasing without inversion (LWI) [10-18] and
others [19-31], have been predicted and subse-
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quently experimentally demonstrated. In almost all
work done, the configuration of a stronger driving
field and a weaker probe field with a first-order
approximation in terms of the probe field are gener-
ally used as the standard procedure. Though most
particular interesting situationsin LWI and EIT were
theoretically analyzed in detail earlier (see Refs.
[1-18] and [19,20]), the most general case, in fact,
has not been considered. Though the importance of
guantum interference and coherence in the limit of a
not-too-strong drive is well known qualitatively, the
relative role of quantum coherence and Stark split-
ting in the formation of an absorption-gain profile
has not been worked out quantitatively. In this pa-
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per, the emphasis is focused on: (1) a unified treat-
ment including arbitrary incoherent pumping config-
uration and any detuning; and (2) an absorption-gain
profile analyzed on the basis of quantum interference
and coherence. In the weak field regime, this profile
is the subtraction of two Lorentzians with the same
central frequency but different widths and heights,
which mostly is like the result of quantum interfer-
ence and coherence rather than that simply due to
Autler—Townes level splitting. In the strong field
regime, this profile is the addition of two
Lorentzian-like components with different central
frequencies, but the same width, which shows the
equal importance of Autler—Townes splitting and
quantum interference. (3) The effects of a strong
probe on EIT are also studied in this paper.

2. Modd

For maximizing the utility of the theory given
here, we start from one general modd of a driven
Lambda atom (see Fig. 1) with an arbitrary incoher-
ent pump scheme and any detuning. The equations
for density-matrix elements [32] are

Ippp
T Rob Pob T Roa Paa T Roc Pec
; “QP i b —i¢
+ '7(Pabe P = Ppa€ ')
IPec
ot = Rcb Pob + Rca Paa + Rcc Pcc
H QC —i¢ i
_|7(pcae = Pac® C)
X Ppp + Paa T Pec=1
IPpa -‘Qp i
ot = _Fbapba+ I7el¢p( Paa — pbb)

. c
- |7e'¢°Pbc

Py 2, .
ot = _Fbcpbc+|7el¢ppac_l7e Id)cpba
IPac .'Qc i
ot = _Facpac+|?e qu,)C( pcc_paa)
H Qp —i¢
i Py (1)

if the coherent interacting Hamiltonian under the
rotating wave approximation is

g = A0, + ApUbb

0

C

2

— i ﬂ —i H.C 2
0,c€ +20'abe »+H.C.| (2

and the dipole moment decay rates are
Fbaz yba+iAp’ Fbc= Yoe T i(Ap_Ac)'

Fac=yac_iAc (3)

where R;; represents a repopulating rate due to
spontaneous emission or incoherent pump from |j)
to [i), and I} is a complex relaxation rate of the
corresponding dipole moment p;;. (2, 2, and ¢,
¢, are referred to as Rabi frequencies and phases of
an atom interacting with two laser fields at frequen-
cies o, and w,, respectively. Notice that detunings
are commonly defined as A, = w, — w,, and A, =

w, — Wy, respectively.

le>

Ib>

Fig. 1. The atom level scheme under consideration for EIT and
LWI.
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2.1. Steady-state analysis with master equation we have from the latter three equations in Eq. (4)

—i¢ _ _ 2
By setting all time derivatives equal to zero, we ebae " (Paa = Poo) M+ (Pec — Pon) (2e/2)
solve Eq. (1) in the steady state as follows i0,/2 D
0= Rpp Pob T Rpa Paa T Roc Pec (6)
i$e _ _ 2
+ I&( pabei¢p . Pbaeiid’p) -pace _ ( Pce paa) N+ ( Pcc pbb)(‘Qp/z)
2 i0./2 D
0= Rcb Pob + Rca Paa + Rcc Pec (7)
where p.. — py;, 1S the Raman inversion for a probe

. S4c i ;
B I?( Pca€ 1o — paceld)c)
1= ppp + Paa t Pec

0= _Fbapba+|7e p( paa_pbb)

.QC i b
—|7e Puc

laser field. For the transition a—b, an amplitude

gain/absorption of a probe laser and a driving laser

are directly proportional to

pbae_i‘l)p
i0,/2

= ( paa_pbb) ’ Re( M/D)

G,_.=Re

0 +( e = Pu) (2:/2)° Re(1/D)  (89)
0= =Ty ppc+ i7pel¢ppac Pcae*“”c
S oWz
—ji—Caidc
! 2 € Poa = (\Paa— Pcc) - RE(N/D)

. ‘QC *i(b
O=_Facpac+|7e C( pcc_paa)

4 “ip
+|7e PPy

—( pec— Pop) (£2,/2)" - Re(1/D)  (8b)

Now, we go to the calculation of steady-state popula-
tion inversions. From Eqg. (4), it is direct to get

) 0 =Ry ppb + Roa Paa T Roc Pec
After defining + Po_a( Paa = Pon) + Pe( pec — Pob)
0 0,2 0=RpPpp + Rea Paa T Rec Pec
D=Fbaracrbc+(7) Foa ¥ (7) L (59 = Pa_c( Pec = Paa) = Pr( pec = Pop)
02 (02 1= pob + Paa + Pec (9)
M=1y.TI (7’0) (70) where efficient pumping rates by the coherent fields
2 2
— M, ( p)_(%) (5b) (%) ( )
2 2
(3] ol
2 10)\? 0
-3 (2 ) r=(7) (%)l o] &



FULL LENGTH ARTICLE

292 C.L. Bentley Jr., J. Liu / Optics Communications 169 (1999) 289299

By solving Eq. (9), we get

1
Ppb = D [ ReaRoe = RecRpa = Pp_aRec
0

+ Pa—c( Rb - Rbb) + Pr( Rba + Rca)
+( Pb—aPa—c + Pb—apr + Pr Pa—c)] (11)

1
Paa = 5~ [ ReeRob = Ren Roe = Po_aRee = Pa_c Ry
0

+Pr[( Rba+ Rca) - ( Rb + Rc)]

+( Pb—aPa—c + Pb—apr + Pr Pa—c)] (12)
1
Pec = D_ [ Rcb Rba - Rca Rbb + Pb—a( Rc - Rcc)
0

—Pa_cRop + P (Rya + Rea)
+(Py_aPa_c+ Po_aP P P.()] (13)
Do =D, + Py_a(Re = 3Rcc) + Po_o(R, = 3Ryy)
+P[3(Rpa+ Rea) = (Ry + Ro)]
+3(Py_gPactPy_aP +P.P,) (14)
where
D = Rea( Roc = Rop) + Rep( Rpa — Ric)
+ Rec( Rpp = Rpa) (152)
Ry, = Ryp + Rya + Ry

c

R. =Ry, + R, + R (15b)

The population inversions for the transitions a—b,
a—c and b—c are respectively

1
Paa — Pbb = D_ [Ta—b —PacRy— Pr( Ry + Rc)]
0
(16)
1
Paa ~ Pcc = D_ [Ta—c —Py_aRe— Pr( Rp + Rc)]
0

(17)

1
Pcc — Pob = D [Tc—b+ Py_aRc— Pa—cRb] (18)
0

where
Tach = Rec Rp = R Ry,

T, =R:Rpp = Rep Ry,

a—cCc
Tc—b = Ta—b - Ta—c (19)
and T,_; represents the effects of incoherent pro-

cesses in a population inversion between states |i)
and |j). Substituting Egs. (16)—(18) into Egs. (8a)
and (8b), probe and driving laser absorptions for
transitions a—b and a—c become

Gy o {—Ta_c(%)zRe( D)

+T. b

Re( Mg D) +(%)2Re( D)

0.\2

%)ZRe( Ny D)Re( D)+(%)

Re( Mg D)Re( Ny’ D)

2
+

X Re( My D)Re( D)

1
DD* [ D,DD*
(20a)

G. . {—Ta_b(%)zRe( D)

+T, ¢

0 2
Re( Ny D) +(7°) Re( D)
{2

+(%)2Re( N, D)Re(D) + (%)2

Re( My D)Re( Ny’ D)

X Re( My D)Re( D)

1
DD* [ D,DD*
(20b)
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First, suppose G,
Then, notice that

i-]

Re( Mg D)+(Q ) Re( D)

.Q 2
= | YacVbc T (7) DO + ybaAc(A —A )
2 2 QC 2
+ 'Ybayac(Ap - Ac) t Yoc| YbaVbe T 7
Q 2
p
X A2+ 2( 7) Yoade(4, — A.) (21a)

Re( Ny D)+( ) Re(D)

2
D+ yaCAS(Ap -A)

Q 2
c
= [ Yba¥bc T (7)

2
+ ygayac(Ap - AC)

NEA
YacVbe 2
0.\?
— 2( 7 yacAp(Ap - Ac) (21b)
Re(D) =D+ [ypadc( 4, — 4,)
- VacAp( Ap - Ac) + ybcAcAp]
= Dr0+ [_'Yac(Ap_ Ac)

+ ( Yoa ™ Yac T Vbc)
X A 4y A¢) + 75042 (21c)

A2

+ Yoe p

2

Re( Mg D)Re( Ny’ D) + 2, )ZRe( Ny D)Re( D)

DD*

+(%)2Re( M, D)Re( D)

= ['ybc Dr0 + [yba(Ap - Ac) + ‘chAp]

X ['yac(Ap - Ac) - ybcAc] (21d)

=G',/G, and G,=D,DD*.

where DrO = YpaYacYbc T yba(QP/Z)Z
va( 2./2)%. Findly, we have

GQ a_Gg a r AZ(A _A) a— byba+Ac7bc

Q 2
c
’ Ta—b'yba’)’bc + (7) Tc—b

(A -4 ) 'Yac a—bYba%Yac

C

Q 2
+(7) (Ta—c_zybaRb)
.Q 2
( 2 )ZT bYba

_ (% )ZTa_C( Yba — Yac T+ ybc)l (22)

+A4,(4, - 4,)

where
Q 2
Gg—a = Ta_b| YacYoec T+ (7’))
Q 2
- (7) (Ta—c+ 27bc Rb) (23)
and

2
Gl . =G2 D%+ AZ(A AC) Toe ¢ Yac

0,)\?
Ta—c'}’ac')/bc_ 5 Tc—b
2
+(Ap_Ac) Yba T,

a-c¥ba%ac
2
“QP
+ ( 7) (Ta

XA (4, —4,)

+ Arzj'ybc

b ™ 2‘yac Rc)
0, 2
- 7 2Ta—c7ac

- ( %)2Ta—b( Yba = Yac vbc)l (24)




FULL LENGTH ARTICLE

294 C.L. Bentley Jr., J. Liu / Optics Communications 169 (1999) 289299
2 2 2 2
where ) Gg = (45— 4)(4,4:) D+ (4, — 4) (4) Yac
0
Gl =T, | voay +(—°) 0.\?
e e e 2 X | DYac + 2 ) (Ry —3Ryp)
0,)\?
_(7) (Ta—b+27bcRc) (25) ) )
+(4,—A4,)(A D,

When G2_, =0, a perfect EIT should be observed. (4= 4c) (4c) Vna| De¥on
When G{_, > 0, a probe laser is amplified under an
all-resonance condition. We use the following equa 0 2
tion for verifying the absorption-gain spectroscopic +2| 57| (Re=3Rgo) | + 454D

profile. The denominator of the gain is
Gy=GJ+ Gy + G
= DD D, + Py (R, ~ 3Ry,)
Pa—c( Rb - 3Rbb) + Pr [3( Rba + Rca) 0 2
_(Rb+ Rc)] +3( Pb—aPa—c+ l:)b—apr —2(—0) AC(Ap—AC)
+PP, ) 2

— & ’ & ’ 0 A —A 2 B _ _ 2
=12 2 2 [’ch D + 'Ybayac( P C) ] Gy = (Ap Ac) YbaYac| Dc¥YbaYac

\Q 2
')’bcA A +2( 2 ) Ap(Ap_Ac)

(28)

+z(” )Z(R —3RCC>[Re( Mg D) (—”) (Re=3Ree) o

|\>|b|\)
(¢]

+((§ )zRe(D) +2(Q )Z(Rb 3Ryp) ( )( — 3Rob) Vba

+2(g )2 +12(%) (%)2} +(4,)°
e o]

where 0, 2
+ ( ) (Rp = 3Ryp) Yie

x |Re( Ny D) +(92 )zRe(D)

2
GY = D,O{DCDP+2(7p) (R.—3R..)

2 2 QC 2

‘Qp +(4c)"| Yba¥oe + (7) D¢| Yba¥be

X1 Yac¥Ype t 7

Q.2 Q.2 0.\’

+2( ) (Rb 3Rbb) +(7) +2(7) (RC_3RCC)ybC
0.\ 2,\%( 2,\? )

: +H = [+2|=] = (

YoaTbe ( 2 ) ( 2 ) ( 2 ) _AP(AP_AC)Vac'Z(f) {Dcyac

2
X[Rb+Rc+67bc_3(Rbc+Rcb)]} (27) ) 2 (R, —3R,,)
5 b bb
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+(%)2[Rb+RC—3(RbC_Rcb)]}

0 2
P
+ AC(Ap —A) Vb 2( > )

0,)\?
7) (Rc_ 3RCC)

X {Dc'yba+ 2

+(%)2[ Ry + R, — 3(Rye + Rcb)]}

C

0 \%( 0 \?
+ApAC2(7p) (7) {= D¢+ Vne

+[Rb+ Rc_3( Rbc+Rcb)]} (29)

3. Discussion

If A, =0, we scan only the probe laser with the
result being

e (A Gp_.DY+A- A2 0
el d) = Goi g azrcoa (39
Q 2
c
A= Ta—byba7a0+(7) (Ta—c_zybaRb) Yac
(31)
0,)\?
B = YbaYac| Dc¥baYac T 2(7) (RC_SRcc)yac
0, 2
+2(7) (Ry—3Rup) Yba
0.\ 0.\ 0,\?
c
+12(7D) (?) + 7ac7bc+(7p)l
Qp 2
X Dc Vacybc+(7)
0, 2
+2(7) (Ry = 3Rup) Yoc
0, 2 0, 2
- 'Yacz(?) Dcyac+2(?) (Rb_3Rbb)
(2 2
P
+(7) [Rb+Rc_3(Rbc+Rcb)]} (32)
Q 2
c
C=Ya Dcyac+2(?) (Rb_3Rbb) (33)

Now, a discussion of the above results indicates the
following: (1) when A, — +%, G,_(+%)=0
which is the baseline of the absorption profile; and
(2) when 4,=0, G, (0)=Gp_,D’/GJ and its
polarity is totally dependent on G_,. Furthermore,
if the intensity of a driving coherent field (2, is
much larger than other parameters, (3) we have

Ta—c + 27bc Rb
2 -0
2( ‘Qc/z) ( Rb - SRbb)

This means that the atomic medium is coherently
transparent at the frequency center of the probe laser
when the coherent field is strong enough. The physics
here is that almost all of the atoms in this case is
prepared in the dark state. Naturally, we can design
other EIT or LWI schemes just following Egs. (30)—
(34).

Gy_.(0) = — (34)

4. Effects of the probe field on EIT with y,.=0
and A,=0

When (Ry,, Ryar Rpo) = (0, 74, 0), (Ry,, R,
R..) = (0, vy, 0) and A, =0, we have y,,= 0 and
Yba = Yac T @omic collision is neglected. In this
case, we have

Q 2
c
Gkr)]—a= _Apz)yacybaybz(?) (35)
0.\? 0.\? 0.\*
Gg=2(7p) 7ba+(?c) Yac (Tp) Ye
._(2 4 Q 2 2
p c
+|— + | — —_— +
(2)% (2)(2)(% Ye)
(36)
A 4 ‘QC i
GO = 2Ap'yac Yo (37)

2 2
o 2155 S
Q 2
+(7p) (Yo + %) } (38)
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Therefore, after letting a = (v, 027)/(y,0Z) and the
total Rabi frequency (2/2)* = (2./2)* +(£2,/2)?,
we have

Gp_a(4y)
_ ~ Ybadp
AZ- (g)zm +(4,)°(2W;,)?
(39)
(2W;;,)* = 2(%)2(\/m 1)+ 4(%)2
+2a(%)2+'ybza(l+a) (40)

It is clear that G,_, only has its maximum value O
a A,=0, and its minimum vaue is —(y,,)/

QW) at A, = J_r(!2/2)4\/1 + a . This represents
100% EIT at the probe frequency center. The physi-
cal explanation is: at two-photon resonance and at
infinite time, an atom gradually falls down into the
dark state, because this state does not decay. Thus,
no interaction among the atom, laser fields and
vacuum fields can survive. As a consequence, 100%
EIT should be observed. Notice that no matter if the
coherent field is stronger than the probe field, the
conclusion is still valid.

From Eg. (39), the influence of the probe laser on
the width of EIT resonance can be immediately
determined as follows. (1) By increasing the EIT
transparency window; because G,,_, =0 at both A,
= twand A, =0, itiseasy to define the half-value
width of the transparency window and the half-value
width of the absorption doublet. The former is ex-
actly calculated as

2[\/(§)Z¢m + (Wyp)° —Wdipw (41)

If the probe intensity « is large enough, the trans-
parency window will increase substantially. How-
ever, we can also select a suitable atomic species so
that vy, is much smaller than y,, which results in

suppression of the window broadening due to an
increase in probe field intensity. But notice that this
broadening due to the probe field cannot be com-
pletely avoided. (2) By increasing the widths of the

two absorption dips a A, = J_r((2/2)4\/1+ a, the
half-value of the absorption dips is exactly equa to
2Wyip- When Q. > 0,

.Q 2
(@0, = (@4 30/m) 2] +odr (1)
(42)
Furthermore, when the probe Rabi frequency is much
smaller than vy, ,, the width of the absorption dip has

its minimum value at about 2Wj; , = ,,.
On the other hand, Eg. (39) can be rewritten as

Gb—a(Ap)

yba
4Wdip\/wd$p—(g) Vit a
x[ (L)' Wy ]
(4,)°+ (L) (4))°+(Ly)?
(43)
Then if
(4
Wdip>5 1+,
L,=W, =+ \/Wd?p—(g) Vi+ a (44)

The absorption spectrum is the subtraction of two
Lorentzians with different widths, but same heights
and the same frequency center. Apparently, this re-
sult cannot be explained simply on the basis of
Autler—Townes level splitting.

04
If Wy < 5 V1 @,

0= \/(g)zm - W2, (45)
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Eq. (39) then can be rewritten as

Yba

Gp-a(4p) = 4\/(%)2‘/m—wd%p

o
X 2 2
(Ap o Qo) + (Wdip)

+ A;’ w (46)
(Ap + “QO) + (Wdip)

Thus, the profile of EIT in this case can be viewed as
the addition of two mirror-symmetrical Lorentzian-
like components with the same width and different
central frequencies, which corresponds in similarity
to Autler—Townes level splitting. In other words,
EIT is the consequence of quantum coherence and
AC-Stark effect. In the weak-field regime (Eq. (44)),
guantum interference and coherence is dominant
while in the strong-field regime, AC-Stark effect and
guantum coherence are equally important.

The above results concerning EIT are focused
only on the derivation of a non-absorption condition
and the explanation of its physical origin. We will
not discuss the problem of nonlinear propagation of
driving and probing fields, which is in the area of
resonant driving fields and was studied earlier in
Refs. [33,34].

Fig. 2 shows the probe effects on EIT.

-40 -20 0 20 40
Frequency (MHz)
Fig. 2. The effects of a probe laser on EIT with y, =1.65 MHz,

¥ =825 MHz and . =6.0 MHz and 2, = 3.0 MHz in curve
(@, Q,=6.0MHzin curve (b) and 2, =12.0 MHz in curve ().

5. LWI with A =0

We now consider gain of the probe laser. From
Eq. (23), probe gain at resonance can be achieved if

(02./2)°

Toop >
¢ [’)’acybc + ('(Zp/z)z]

(Ta—c + 27bc Rb)

(47)

Then, we consider the condition of no inversion in
the probing transition. From Eg. (16), we let p,, —
Py < 0 and have

[Ta—b')/ac - 2( 90/2)2 Rb]
(2,/2)°
['Yba'ybc + ( 00/2)2]

X [ ~TabYba T 2( ‘(20/2)2 Rc] (48)

Finally, the condition of ho Raman inversion comes
from Eq. (18) if p.. — pp, <O

. Qp 2 Qp 2 QC 2
Tc—bDr+2(7) 'Yac7bc+(7) _(7) Rc
0.\? 2.\ (02,\?
<2(7) YbaYbe T 7) _(7) R,

(49)

For example, if (R,,, Ry., Ryo) = (=W, y,, 0) and
(Rgp» Rear Re) = (0, 7., 0) where W is an incoher-
ent pump rate, we reach

(vo—W) < 2k (50)
(2,/2)°
(Yb_W) o [7ba7bc+ (‘Qc/z)z] % (51)
0\2 (0.\2
[7ba7bc+(7c) _(7’)) (Vb_W)

Wy, D? ,\° 2,\?
s | 2) et (2
_(2) 52

5 | [% (52)
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W (MHZz)
o
5

0 4 8 12‘
Q, (MHZz)

Fig. 3. The operating regime for LWI, located in the intersection
between the transverse axis and curve (b). The regime above
curve (@) is designated for the gain condition and the regime
below curve (c) is for lasing without one-photon inversion while
the regime below curve (b) is for the condition of lasing without
two-photon inversion. The parameters used here are y, =1.65
MHz, v, = 8.25 MHz and (2, = 10.0 MHz.

We see that an incoherent pumping rate providing
the probe amplification without one-photon and
two-photon inversions is limited in the special re-
gion. Furthermore, when 2, < (2 (such as in the
case for the onset of the probing lasing) and atomic
collision is neglected, Egs. (50)—(52) become

(Yo —=W) <. (53)

(vo—W)>0 (54)
\AfYaC

(vb—W)>m% (55)

Thus, the final condition for lasing without inversion
in a Lambda scheme is

W) > W 56

) 20,27 " (56)
That is, LWI can be observed only if Eg. (56) is
obeyed and if Wy, < 2(0_/2).

Fig. 3 shows the operation regime of LWI, lo-
cated in the intersection between the transverse axis
and curve (b). Lasing without one-photon inversion
may operate in the regime between the transverse
axis and curve (c). If the intensity of the driving laser
is fixed, the condition for lasing without two-photon
inversion will limit the selection of an incoherent
pump in the transition a—b and the probe intensity,
which is consistent with the results in Refs. [35-38].

yc>(7b_

The most important conclusion from Eq. (56) is
that we may have LWI even when vy, is larger than
Y.~ This point is a supplement or extension to the
condition of LWI in Refs. [1-9], which is vy, > v,.
The difference in the two conclusions exists, whether
or not the first-order approximation is used.

From Egs. (30)—(33), we know that the gain
profile of LWI is basically the same as the absorp-
tion profile of EIT discussed in Section 4. In the
weak-field regime, the gain profile also can be de-
composed into the subtraction of two Lorentzians
with the same central frequency but different widths
and heights. In the strong-field regime, it can be
decomposed into the addition of two Lorentzian-like
components with the same width and different cen-
tral frequencies. To this end we see

GY DO+ A A2
Codl )= GovB 21 C A
p p

(57)

S e S A

where

0 2
A= _(76) [Mc+27ba(7b_w)]yac (59)

Q 2
p
B= ybaYac[McybaYac + 2( 2 ) YeYac

0.\? 02,\%(2:.\?
+2(?) (’yb+2W)’yba+12(7) (7)

0, 2
+ _) WVC

2
(%
2 YacYbe 2

YacYbe T (
+2(%)2(7b+ 2W)vbc} - vaCZ(%)z
X {W'yc*yac + 2(%)2( Yp + 2W)
,)?
4{3ﬁ<n+%—ww (60)

0.\?
C= Vaclw)/c‘yac_‘_z(?) (’)’b+2w)l (61)
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Because G__, is no longer 0, the decomposition of
Eg. (57) will be more complex than before, but the
basic conclusion is the same as that in Section 4.

6. Conclusion

In this paper, a general treatment including an
arbitrary incoherent pumping configuration, arbitrary
coherent field and detuning is used so that we can
discuss any possible case for EIT and LWI. The
resulting absorption-gain profile for EIT and LWI is
analyzed on the basis of the concepts of quantum
interference and coherence. In the weak field regime,
this profile is the subtraction of two Lorentzians
with the same central frequency but different widths
and heights, and is more like the result of quantum
interference and coherence than the result of
Autler—Townes level splitting. In the strong field
regime, this profile will be the addition of two
Lorentzian-like components with different central
frequencies but the same width, which is primarily
the result of the combination of quantum coherence
and the AC-Stark effect. Effects of a strong probe on
EIT is discussed subsequently. If the probe intensity
a is large enough, the transparency window in-
creases substantidly. But if y, < v, the broadening
of the transparency window can be partialy con-
trolled.
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