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Field-dependent relaxation effects in a three-level system driven by a strong coherent field
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We describe the physical effects emerging in three-level atoms as a result of a drastic modification of the
relaxation processes under the action of a strong coherent field when one of two dynamic Stark levels crosses
a nearby atomic stat§S1050-294{®9)05309-3

PACS numbes): 42.50.Hz

I. INTRODUCTION the set of generalized Maxwell-Bloch equations which were
derived recently6]. We show that the physical origin of the

Recently much attention has been paid to the analysis dfeld-dependent relaxation is a dependence of the relaxation
coherent effects in three-level systems driven by a strongates on the dressed atomic frequencies. Both the sign and
resonant field and interacting with a reservoir. Lasing with-magnitude of the relaxation rates are drastically modified in
out inversion, electromagnetically induced transparency, erfhe case of level crossing.
hancement of the refractive index, and other effects have We find an analytical solution of the generalized master
been widely discussefll]. The analysis of these effects is equations at an arbitrary intensity and detuning of the driving
traditionally based on the master equations where the intefiéld. On this basis we predict a strong breaking of the sym-
action of atoms with the reservoir is described by means ofnetry between the dressed-level populations with respect to
relaxation constants which are assumed to be independent e detuning of the driving field from the resonant transition
the driving field. However, it is well known that a strong caused by field-dependent relaxation, and leading under cer-
coherent driving can modify the relaxation procestsse tain conditions to a population trapping into one or another
Refs.[2—9], and references therginThis modification was dynamic Stark level. We emphasize the possibility of a large
studied both theoretically and experimentally mainly forPopulation inversion at the driven transition in the case of a
two-level systems, and was supposed to be connected withigative detuning, and show that both absorption and disper-
violation of the Markov approximatiof2—5].

Recently it was emphasized that field-dependent relax-
ation effects appear even within the Markov approximation
made for the dressed atd®—9]. For two-level atoms in free
space, these effects are typically weak, since they are definec
by a small parameter which is the Rabi frequency divided by ®
the frequency of the resonant driven transitioh However, B B

i insi 3> 3>
they may be strongly enhanced by placing atoms inside a [ - _;I
2> —d—

13> —4— 13>

frequency-selective cavity, whose density of modes is 2>——
sharply changed on the scale of the Rabi frequei®eyd). e 5o . 5o
This was demonstrated experimentdlBy4].
In three-level atoms the drastic modification of the decay (2) {b)

rates by the driving field may occur even in free spatad],
as soon as one dynamic Stark sublevel crosses a neighboring ~

. . 13> s
unperturbed atomic energy stdfeig. 1). Very recently we 1> N 2> —
predicted the phenomenon of coherent population trapping of p, — 1> —}—
atoms into the lower dynamic Stark sublevel in a scheme > T 2>
with ground state splittindFig. 1(a)] in the case of very :
strong and exactly resonant drivif@], and studied some @
other effects caused by level crossing for that schghog o
The origin of these phenomena is the appearance of sponta-
neous decay from the former ground state to the lower dy-
namic Stark sublevel, resulting from the crossing between 13>
these two states. © @

In this paper we systematically study field-dependent re-

laxation effects in driven three-level atoms at arbitrary inten- FIG. 1. Possible schemes of a three-level atomic system
sity and detuning of the driving field for all possible level strongly driven by the monochromatic field at|2)-|3) atomic
configurationg Figs. 1a@—1(d)]. We base our treatment on transitionew’=— .

— 13>
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sion profiles are drastically modified if one of the dynamic 1 (=
Stark levels crosses a nearby atomic state. We also demon- Ffﬁ%m (w)= —Zf drexp —iwT)
strate a qualitative modification of the Mollow and Autler- heJo

Townes spectra in the case of level crossing, and on this

basis predict a mechanism for the realization of a high re- X Tr
fractive index and lasing without inversion.

i
aneX[{ - %Hﬂ')Wm/n,

i
Il. GENERALIZED MASTER EQUATIONS XeXp(gHrT)pr(O)]- 4
FOR A MULTILEVEL SYSTEM

A. Bare-state description Here {'=(m|n) are time-dependent elements of the unitary

We base our analysis on a set of generalized master equg1atr|x connecting the bare statgy and rotating semiclas-
tions for the density matrix of a multilevel system driven by sical dressed statehn) Ulm) where time-independent
a strong coherent field, dressed statefm) diagonalize a time-independent Hamil-

tonian:

=13 (e o4 cc),
m

_ ) du
H=U’1HU—|hU’1H,
when at least one level in each pair of levels is either coupled
with one component of the field or is not coupled with the
field at all. These equations were derived in Ré6. and
[10] in Born-Markov approximations for the dressed atom,
and have a form which is similar to that of traditional master U= 2 expli ewit) [K)(K|

equations with the field-independent relaxation

H=Hy+V(t),

d —— = =
dtpm T IO mPmmt 7 [V(t) Plmm= E Rm'mn'nPnrn s H|m>_Em|m>'
n'n
@ o= (Ea—Em/h.
where

=1 if level k interacts with only one component of the
1 L field, and it is the lower level in a pair of levels coupled to
V(t)=— > > (mrméme ™ “mm’Y(m| +H.c.) this field componentg,=—1 if level k interacts with only
m one component of the field, and is the upper level in a pair of

is the Hamiltonian describing the interaction of the atomsleveIS coupled to this componer{;=0 otherwise. The trace

with a coherent field in the dipole and rotating-wave approxi-In Eq. (4) is taken over the reservorr variables descn.bed by
) - - . ) ~7 the unperturbed density matrix(0) in the Born approxima-
mations. uy m={m’|u|m) is the matrix element of the di-

) ! et tion, H, is the reservoir Hamiltonian, andy,,,, is the matrix
pole moment of the corresponding atomic transition, element of the atom-reservoir interaction Hamiltonian.

rm={(m’|p|m),
pmm=( |p| ) B. Dressed-state description

Holmy=E|m), In the semiclassical dressed-state basis which is often
helpful for clarifying the physical picture, the set of equa-
omm=(En —Em/, tions (1) takes the forms:
andH, is the Hamiltonian of the unperturbed atomic system. d~ S~ o~ ~ ~
i i i _Pm’m‘me’um'm:E R mnnPnrn s
However, the matrix elements of the relaxation supermatrix dt <~
Rmmnrn are functions of the driving field. They are ex-
pressed via the well-known relaxation constaﬂi%mn,n of ~ =
; . pm’m_<m |p|m>, (5
the unperturbed atomic system:
Rm’mn’n:anMn’+Fn "m’mn ﬁm’mn’nzrnmmn’—i_rn 'm’mn
—Ek: (5mnrm’kkn’+ 6m'n’r:;1kkn), (2) _; (5mnrm’kkn’+ é\m’n’l“::wkkrD! (6)
Commn = 2 (G * Go(80* Commn = 2 CRE* {7 (40

kk'1’ KK/ 117

0 ~ 0 ~
er.m?]k,l,(wld_Ekra)kr+6|ra)|r), (3) XF(kk),”,(wm,n,—6|w|+e|/w|/). (7)
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In this picture we get rid of the reversible Hamiltonian termswhere
and deal only with relaxation processes between dressed lev-

it

els. p32=03L 7,
The generalized master equatidis and(5) can be used .
for analyzing a wide class of physical problems. We shall pu=0z€ ', pu=o0a,
use them below to study the behavior of the three-level sys- 9)
tem coupled to a field reservoir and driven by a strong mono- N23= P22~ pP3s, 0= Wz~ o,

chromatic field at one of the atomic transitions. ..
=" = |ple
IIl. GENERALIZED MASTER EQUATIONS 2h
FOR A THREE-LEVEL SYSTEM

We assume here that even in the case of sufficiently strong
driving (|8|> w,,), the monochromatic field interacts with

For a three-level system driven by the monochromaticonly one transition due, for example, to specific selection
field E= (e~ '“'+c.c.) at the transition3)-|2), equations ~ rules or polarization properties of the field. For the schemes

(1) in the general case take the forms shown in Fig. 1, both the Rabi frequengy of the driving
field and its detuningd may be greater than the frequency

w,1. One can calculate elements of the relaxation matrix

A. Bare-state description

P11= zn: Rinnpnnt 2 RE&R1121021) Rmnmin (S€€ Appendix Aaccording to Eqs(2)—(4), taking
into account such possibility. Calculatii®y, vn, We ne-
+2 RERy131031) + 2 RERy13203), glected all the terms above order zero|Bf, munl/@ (the

secular approximation with respect to the frequencyf the
driving field). We consider the interaction of the atomic sys-
tem with a field reservoir. Then the unperturbed relaxation
constantd’ %) in Eq. (4) are well known[11]. We keep
2 R&R221731) + 2 R&Ro232739), only the real parts of (| neglecting by the frequency

shifts of the levels due to the coupling to the reservaoir.

poot2 IM(B* ) = ; RoonnPnnt 2 RER2221021)

b33—2 Im(B* 032)=E R3ainPnnt 2 R& R33210751) In principle, the radiation shifts of atomic levels in the
n case of a strongly driven system are the radiation shifts of
+2 Re(Ra33:031) + 2 RE(Ra33,0°32), dressed levels in the same manner as radiation widths of

®) atomic levels in case of strong driving are the radiation
. widths of the dressed levelsee Sec. IY. Hence they are
032+i5032—i,3n23=2 RaznnPnnt 2 Rsonm@nm: field dependent too. However, in the case of well-resolved
" nm dressed stategvhen the Rabi frequency of the driving field
is greater than the radiation widths of the dressed |gvele
&31+i(w21+ 5)0'31—iﬂa'2122 R31nPnn can neglect by radiation shifts of the dressed levels in the
n same manner as one can neglect the radiation shifts of the
nondegeneraténell-resolved bare-energy states. Indeed, it

+ 2 R31nmTnms can be seen dire_ctly fr_om Eqg5) and.(50) that .in this case
n#m one can neglect imaginary parts of field-modified relaxation
rates.

Then the “perturbed” relaxation termR,, v, are ex-

b'+iw0'—i*0'=2R +2R Onm» . . .
21020~ 17 75 N pressed via the generalized transition rates

0®*n(w)N(w), >0

>

— (0) — -
Winkin( @) = Re(l' (@) 3ﬁcgﬂmkﬂlnx (_w3) n(—w)(N(—w)+1), <0 (10
|
and U=[1)(1]+[2)(2|+e "*!3)(3] (12
Winid @) = 2Wmkknf @) 1) gefines, in Eq(3), the coefficientsy™ connecting the bare

whereN(w) is a mean number of reservoir photongw) is ~ and semiclassical dressed states

a dimensionless parameter characterizing the reservoir mode
density[in vacuum»(w)=1], £ is the dipole moment at

the |m)-|k) transition, andc, is the light velocity. The B _
choice of the unitary transformation [2)=c|2)+se [(¢Feh)|3),

1)=11),
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[3)=—s€¢|2)+e *c|3),
B
P

0
C=—— (13

0=(6+0)/2,

NN a1y 3 where

0 0
R=(a;—ai3)p11t+(az1+az)prpt (a1 +azy)pss,

where the dressed levpl) has energies
Elz E1,
E,=E,+#(5—-Q)/2, (14

Es=E,+7(5+Q)/2.

In general the relaxation matrix given in Appendix A has
quite a complicated form.

The assumption that the driving field is coupled only to
the|3)-|2) transition can be valid either when

sl =0 o gl pg,. (15

In both cases, as follows from Eq4.0), one can neglect by
those cross-relaxation terms which form {#&€) of Appen-

dix A. Then the set of equation@) is divided into two
independent blocks. The first block consists of three equa-
tions for the populations plus one equation for the coherence
o3, Of the driven transition. The second block consists of a
set of two homogeneous equations for the coherewcgs
ando,q. Hence the driving field does not excite these coher-
ences ¢3;=0 ando,,;=0), and the evolution of the atomic
system is described by the first block of equati@)s which
takes the following forms:

p11= Ru111011+ Ri12op20+ Ri3p33+ 2 RER1120723),

P22t 2 IM(B* 0730) = Rop11p111+ Rozop 2ot Rogaaas

+2 RER,290723),
(16)

P22t 2 1M(B* 039) = A1p11— (821 Wa3) pootWazpas

+(a;—ag)Re(r5€'?),
(18)

Paz— 2 IM(B* 035) =W13011+ Woz00— (W31 +W3p) pa3

+ (g, + ag) Re( 73",

(-3'32"‘ | 50’32_ | ﬂn23: - F320'32+ efi‘PR/Z,

[35= (a1 W31+ W3+ Wy3)/2,
ag=3Wgy| 8|/ w31,
a13= 3wy B/ w3y, azp=ag t+ags,
0 _
Az =asg;—aiz,
agy=3W3y| B/ w3y,
(19
ap3=3Wyq| B|/ w3y,

= 0 _
azy=agytaps, azy=agy—doa,

2w (T 2 (T
a1 = S Way(w13) + CWoy(@1)),

ay2= S*Wi w31) + C2WiA wy1),
a1 =SC(Wa1(@13) —Wpi(w1))),

= SC(W12(C~021) _W12(7031))-

Here w,, is the usual relaxation rate at the transition)
—>|k>

Amk(N(wmk)+1)1 om0,

= 20
AN(0m)s om0, (20

Wik

P33z~ 2 IM(B* 03p) = Raz11p111+ Ragom 2ot Razaas

+2 ReR3329023),

031 603— 1 BN3= Rao300 35+ R3pogost Razip11

+ R32000201 Raozas-

where A= (4/31.¢3) | wmd 202 m(omy) is the Einstein co-
efficient of the spontaneous relaxation at the corresponding
atomic transitionm)— |k).

We will show below that, contrary to the traditional phe-
nomenological master equations, the structure of the relax-
ation coefficients in Eq918) reflects the fact that the relax-
ation of strongly driven atoms occurs between dynamic Stark

The rotating-wave approximation, which in our case implies(gressepilevels which result from the splitting of the atomic

O <|wz,| 0z,

allows one to simplify the Eq416):

p11= — (Q12+W13)p11t+ A1p2ot Wagpss

—(agn+a)Re(o3€'?),

energy states. In the limit of a weak field, where this splitting
is negligible, the generalized equations are reduced to tradi-
tional equations.

The set of equation&l8) is valid for all four configura-
tions displayed in Figs. (3—1(d). However, the explicit
form of the relaxation coefficients depends essentially on the
sign of the transition frequencies. We have kept only the
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terms of the first order with respect to the small parameter B. Dressed-state description
Qf | w3 However, we did not impose any constraint on the  The dressed-state picture is especially fruitful when the
ratio (/| w,,|. This allows for a change of sign of either;  secular approximation with respect to the dressed frequen-

or 2)21 depending on the level configuration. This change Ofciestm,m can be used. This implies in E¢p) that

sign of the dressed frequency corresponds to the crossing

between one dynamic Stark level and an unperturbed atomic | R il <[ @l - (24)

state which we always labél) in Figs. 1. In the bare-state

basis this looks like a change of the direction of the spontaWe use the secular approximati¢24) in the dressed-state

neous emission between lev¢ly and|2). basis, neglecting terms which are smaller than the first order
Let us illustrate this property for the scheme of Fi@®1  of |Rmwnl/|@mml. In this case the equations for the

The trelaxation Icoef{_icient; af‘ih::q“p)”ﬁ%d Z‘ Casd? Oftpuredressed populations do not depend on the equation for the

spontaneous relaxation since »)=0. According to ~ .

Egs.(19) and(20), we obtain dressed coherenge,:

W31= Ay, %;11: Rinp11+ Risopoot Risspas,
W3o= Az, a .
a5=3As) Bl/wa1, A= 3Asd Bl sy, (21) giP22= Rearp1at Rogowp 2ot Razspas, o
2
=85~ A, Ag=A5=Ax, %7333: Raz1p11+ Ragopoot Razadpss,

a13= Ap3= W13=Wp3=0. q
The relaxation rates at the low-frequency transitig-|2) giPset | 035037~ Ragaipzot Raz1p11+ Razow 20t Razapas,
are defined by the relative position of the low Stark level and
an uncoupled statél). When level|2) is situated above Where
state|1), according to Eqs(19) we have B N N
Ri120= C?Wosy( 1) +5*Way( 01— o),
ax=91A21,
Ri135= S"Woi( @13) + C*Way( 13— o),
a1=0,A2| 8|/ wp1,
Ropr11= C2Wqo @097) + SPW o @91+ @),
a12: 32:0, (22) 22171 12( 21) 13( 21 )

R — g4 Dot )+t o
gl=1+(3+5/w21)|,8|2/w§1, R2233= S"Was( w23t @) + C'Wax w23~ 0),

=, o~ , o~
9o=3(1+ 8wy + (82+| B 2. Ra311= $“Wiy( w31) + CWa3( w311+ w),

_ B ! - 4 -
But as soon as levéD) follows below level|1), we obtain R3320~ 5" W3y w3~ @) + C'Wox( wzpt ),

a21: 52A21(Z)31/(1)21)3, ﬁiiii =— 2 ﬁ]]“ y (26)
i7i
—C2p (T 3
a12= C“Agy( w1/ 051)°, ~ ~ ~ ~ ~
(23) Raz3z= — 3 (Ru122+ Ru1ast Rozsst Raszo)
a;=5CAy w31/ w20)°, —25%C%(Way — @) +Wag( ),
a,=SCA; (w15 y)°. Ra211= 35CE (W3 31+ @) + Wig( 01+ )
The terma,, appearing when levef2) crosses leve|1) — Wi @g1) = Wi @21)),

corresponds formally to the spontaneous decay from state . _ _

|1) to state|2). The appearance of this decay looks ratherRayp=3SCE '(Woy( 1) — Wag( 15— @) +Woz( o)
artificial because a bare-state basis is not appropriate in the - -

case of strong driving. The structure of the master equations ~ W3y — ) + 2C° W3 w3t ) = 25°W3y w3~ w)),
in the bare-state basis is quite complicated due to the pres-

ence of qross-relgxgtion terms, i_.e., oﬁ-diqgonal elements OR,, .= 1sce ¥ (Woy(@13) — Way( @13~ @) + Wz @)

the density matrix in the equations for diagonal elements,

and vice versa. — W3y — ©) — 2C2Way( 03— @) + 25?Wos( w0zt w)).
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It can be shown that dressed coherenegsand p,; vanish Ooman_ 1=t @, (30)
in the casdEqs.(15)] under consideration. In particular this o
is easy to see from the transformation formulas _~
Won1n-1= w2t ,
pai€'?=coz€'¥—spy, ~
B _ (27 W3n;1n~ W31,
P21=Cpo1t+So3€'?, -

o Win;2n= W12,
taking into account that3;=0 andp,;=0. The set of equa-

tions (25), like Egs.(18), is valid for any level configuration where it was implied that
[Figs. I@—1(d)]. Taking as an example the scheme of Fig.

1(a) let us show that the relaxation ter®6) can be viewed @ i m= O n—1:im-1
as the relaxation rates between quantum dressed $tates
of the total system involving atom and the quantized coher- i nijm=(Ei n=Ej /A, (31
ent field[12]. These dressed states can be expressed via the
states]i,n)=i)|n) of the uncoupled atoms and field as HIi )y =E, [in).
|1,n)y=]1,n),

Thus, using Eqs(29) and(30), the relaxation rate€6) can
— . be rewritten in the forms
[2ny=c|2,n)+se '?|3n—1), (29

— : Ry120= W1+ W.
|3,n)=c|3n—1)—s€®|2n), 1122= Wa1+ Way,

wheren is the number of photons of the quantized coherent ﬁ2211=v_vlz+ 612,
field. The relations between nonzero dipole moments
i n;jm=(i,n[xlj,m) and pwp m=(m'[u|m) of the allowed R1133= W31t Way,

one-photon transitions in the quantum dressed-state and

bare-state bases, respectively, have the forms B A
P y R331:= W13+ Qa3

Kan-1:3n= —SCE ¥4y, o

Ry233= W3+ Qs2,

M2n-1;3n=C* 23, ~ R — (32)

R3325= Wost Qas,

M1n-1;3p=CM13, - L~ - ~ ~ — —
R ) g - R3237= — 2(Ru122+ R1133t Ro2ast Ragzo) + 2(Wa2a3t Q2233
_ —i2¢
M3n-1,2n= —S€ "Tl23,
= N A* " Tk
B, . Ra211= Q12311 Q1a21t Wizart Wiz,
M2n-1,2n=SCE pusg,

= = _ — _ _
R3225= Q2235F Woazo+ Q3300+ Wizp5— Wa112

- -
Kin-1.2n=5€ “pas, (29) _ _ _ _
R o — W3115~ Qa200— Waz20— Qa332~ Wassz,
_ o eaio
M3n;in= —S€ Ty,

“‘ _~ \\/ \ A/ A* x
R3235= Qazaat Wazaat Waspst Q3z05~ W13

M2n:1n=CM21, _ _ —, _ —,
R R - \/\/;113_ VV;223_ Q2223_ m’;333_ Q2333'
Min:j,m= Min-1;j,m—1- . L . .

For convenience, we distinguish generalized rates of the one-
ok photon transitions at the optical dressed frequencies, from
Kimin= Hinijme the upper dressed level to the lower dressed level:

<i’n|ﬂ|j-m>zﬂij5mn- . 2
) ) Wi = e wS
The dressed frequencies corresponding to these quantum gelt 3ﬁcg'u'g’”’e'“ 1A n=1in®injin-1
transitions are defined as
X 77((“)i,n;j,n—l)[N(wi,n;j,n—l)_":I-]a (33
W3n;3n-1=~W2n:2n-1~Win;1n-1= O, o o
~ Winn=2Wnnnm (34)
W3n:2n-1= W3t O,
_ and from the lower dressed level to the upper dressed level
W3n1n-1= 0311 O, (incoherent pumping
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- 2 . - 3 6mn: 26mnnm- (36)
Qgeji:Shc3ﬂg,nfl;e,n/¢j,n;i,nfle,n;i,nfl
0 Generalized relaxation rates at the low-frequency dressed
X (@) n:in-1)N(@j i n-1)» (35  transitions are
|
— 2 . - % wis,n;j,n77(wi,n;j,n)[N(wi,n;j,n)+1]a wi,n;j,n>01 37
Wgeji=, 3Ma.nenHjnii,
gel 3ﬁC8 gmentLmin sz,n;i,n77(wj,n;i,n)N(wj,n;i,n)v wi,n;j,n<or
Wmn= 2V_annm- (39
|
All the transitions are depicted in Fig. 2. where
In the particular casdl(w)=0, i.e., if there is only spon- _ .
taneous decay, the set of equati@3) for the case of level T 305=Agqt Agpt Agot Ags— 2A5309,
crossing[Fig. 1(a)], according to Egs(32)—(38), takes the
most transparent forms T 1= (81300
d. . — . _ _ (40)
giPu=— aop11tAzip2ot (831t As)pas, [ 3200= = (Ag110T Aspozt Asazd + Agoaot (Agad) ™,
d o o o o I“3233: A3233+ (A3323_ A2113_ az113~ A2223_ A2333)*
P22~ P~ (A2t Az3) paot Aszpsa, and
(39 )
d. _ _ - ~ 3
ap33=A23p22—(a31+A31+A32)p33, Ageji_3ﬁcgMg,n;e,n—lﬂj,n—l;i,nwi,n;j,n—ln(wi,n;j,n—l):
(41
d. -~ - - -~ = -
giPset1wsp3= — 3230321 3211011 — 2 3
Ageji~™ 3Mg,n;e,nﬂj,n;i,nwi,n;j,nﬂ(wi,n;j,n) (42)
- = 3hcy
+ T 3200020 323933, _ _ .
are generalized spontaneous relaxation rates at the optical
_ and low-frequency dressed transitions, respectivély,
T F 7 13,n> =2A;j;i anda;;=2a;;; are the Einstein coefficients of the
Il I s spontaneous relaxation at the corresponding optical dressed
$ > - e -
Bs —1 i ; I : " transition [i,n)—|j,n—1) and the low-frequency dressed
T F ¥ II — 120> transition|i,n)y— |j,n):
I |
[ T B
Lo b vy bl K:i| Cevinl2@d (@i einet), (43
® . :_ :_ - |- | | ij 37108 Mjn-1:i,n in;j,n—1 in;j,n—1Js
:Wza:W21|W31|W32 IQ32IQ12:Q13:Q23
o ~_ 2,3
[ | | | | | I | aij_W|Mj,n;i,n| wi,n;j,n”(wi,n;j,n)- (44)
L 2 N N R SO S N Do €o
T T — } B3n-1>
> — 31 [ ST —
e Yy 4y L B e IV. STRUCTURE OF THE FIELD-DEPENDENT
B \*;12 i f; : ’ RELAXATION
E v ;2 B -
12,0-1> It follows from Sec. Ill that the relaxation rates of the

dressed atoms are defined by the traditional Wigner-
Weisskopf formulas where both bare dipole moments and
driven three-level atomic system with a lower-level splitting when%are frequenCIes are replaced by the d'P_O'e momems and
the Rabi splitting provides a crossing of one ac Stark level and ;r_equenmes of the dressed_ quantum transmor_ls. This is espe-
nearby unperturbed atomic state. Indemeans the photon number Cially transparent for coefficient§t3) and (44) in the case

of the driving field. Only one link witm>1 of the infinite stair- N(@)=0. In other words, we find that the relaxation terms

case, corresponding to different valuesnpfs plotted here. R mnn depend on the dressed dipole moments and frequen-

FIG. 2. Quantum dressed-state representation of a strongl
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cies in the same way as the bare relaxation teﬁﬁémn’n due to the change of their relative position. For the scheme
depend on the bare dipole moments and frequencies. Withlotted in Fig. 1a), this means the appearance of spontane-
this recipe, it is quite simple to obtain the evolution equa-Ous emission from the former ground state to the lower Stark
tions of the driven atoms as the rate equations in the dresselfvel which falls below the ground staf&0].
state basis by simply looking at Fig. 2. It i§ worth empha_sizing that this rg;ult implie;s the semi-
Using Egs.(25) with R,vn, and going back to the _classmal approximation, when the driving flel(_j is character-
bare-state basis, we find evolution equati¢t with field- ized by a large number of photons. The crossing of a fo_rmer
dependent relaxation rates. Conversely, starting from thground state and a dynamic Stark level means a crossing of
usual evolution equations in the Wigner-Weisskopf approxi-Wo quantum dressed statgisn) and|2,n) of the total dy-
mation, and making the transformation to the dressed-stafg@mical system witm>1. There are of course no energy
basis leads to equations similar to E¢5) but where the levels in the full dynamic system, which would fall below
relaxation terms depend on the bare frequencies instead §te ground statél,0) (see Ref[13] and[10]).
the dressed frequencies. It follows from Eq. (3) that if thel relaxation rates of the '
Another way to obtain Eqg25) is to use a full quantum bare atomic system are frequency independent, then dressing
description calculating the relaxation rates between quanturfif loms would not lead to field-dependent relaxation effects.
states according to the traditional Wigner-Weisskopf formulal Nis does not mean, however, that these effects would be
with dipole moments and frequencies of the dressed transgliminated in the case of a flat density of states of the field

tions instead of the bare ones, and afterward applying thEeservoir. Indeed, in this case the atomic relaxation rates
quasiclassical approximation would be proportional to the frequency, due to the fact that
the transition probability between the two states of the sys-
P s e N PR LT ~ tem dipole coupled with the electromagnetic field is propor-
Nipli,n)=(i,n—1|pli,n—1)=pe(n =po(N)pij . .
(i,n[pli,ny=(i [pli )=po(n)(i|p[i)=pof )1225) tional to the frequency.

This implies that the driving field is in a coherent state with V. GENERAL SOLUTION OF THE MASTER EQUATIONS

a Poisson distributiorpg(n) for the photon number. This . .

approach was suggested and developed earlier in a number The general solutions of the master equatiob8) for

of works[12]. It proved to be very efficient and transparent arbitrary intensity and detuning of the driving field have the
for analyzing the fluorescence and the probe field absorptiofP™ms:

spectra in atomic systems driven by a strong coherent field.

Indeed, dressed frequencies define the position of the ex- T3¢ =03t i03,,
trema in the spectra. However, the dependence of the relax- 5
ation rates on the dressed frequencies in this approach was 05,= (R+46| B|nyz/ W)W,

usually ignored. Only the dependence of these constants on
the dressed dipole moments was taken into account. In this
case the evolution equations derived in that approach in the
quasiclassical approximation coincide with those obtained
from the traditional phenomenological equatidnsth field-
independent relaxatignresulting from the basis transforma-

3= 2(| BNz SRIW)/W,
(46)
p22=(CoA3—C1A,)/D,

tion from bare to dressed states. Neglecting the dependence p3s=(C1A2—C,A,)/D,
of the relaxation rate®,, v, ON the driving field in the
bare-state basis is correct only when the generalized Rabi D=A1A1—AAz,

frequency is the smallest parameter in the system. Recently it
was shown that in a two-level system driven by a monochrowhere the coefficientd; andC; are given explicitly in Ap-
matic field, such a dependence leads to a symmetry breakirggndix B. Using transformatiofi3), one can also obtain the
of the atomic response with respect to the resond®¢e steady-state solution in the basis of the dressed states
Since the difference between dressed and bare frequencies in

this case is always smalbf the order ofQ)/ w,;, wherew,, Paz=part C2paz— 2sCRE 0 3.€'¢),

is the atomic transition frequengythe modification of the
relaxation rates and hence atomic response is typically also

-~ _ A2 2 i
. o . ) =C +S°pa3t 2SCRe03£'7),
weak. However, in principle, this can be observed even in P2zt P2z > Pas dse”)

free spacd9]. Moreover, it can by strongly enhanced by ~ (47
placing atoms into the cavity or photonic band-gap material, P11~ P11,

exploiting the frequency dependence of the mode density _ _ _

n(w) when it sharply varies on the scale of the Rabi fre- 32 $=50(pag— pap) + C20rgpe ¢ — SPor,ge 1.

quency[2-5,8,9.

In a three-level system the relaxation rates are drasticallyn the limit of high intensity, when the secular approximation
modified even in free space when the Rabi splitting providesind hence the set of equatiofb) are valid, the physical
a crossing of the dynamic Stark sublevel and the nearby urpicture in the dressed-state basis is especially transparent.
perturbed atomic level. This leads to a change of sign of onéccording to Eqs(25), off-diagonal elements do not influ-
of the dressed frequencies, and hence to a change of direence the evolution of dressed populations, and one can easily
tion of the spontaneous emission between these two levelsbtain steady-state solutions for both populations of the
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dressed states and dressed cohergpse
p2r=1,ID,
Ppas=r3/D,
532: —i (’|~Q321]F[311+ ﬁ3222~)22+ ﬁ323;33)/;32:
L o (49
2= R3311R2235~ R2211R3333,

r3= R2211R3322_ R3311R2222’

D=r,+r3+Ry13d Ri1201 Razod + Ri1oR0233.

In particular, atN(w)=0, when Eqgs.25) reduce to Egs.

(39), we have

ro=aidas+AgtAg)),
I3 :gnxzs,
o (49)
D=r,+r3+(azt+As)(Axt Az +AxAs,

paz= —1(I'32110117F T32000 20+ [3039033)/ w3

In analogy with Eqs(47), we can also find steady-state so-
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levels|2) and|3) are empty, there is no interaction at all at
any intensity of the field. However, the steady-state solution
(49) gives an essentially different picture.

A. Resonant driving

Let us first consider the case of resonant driviag: 0.
Solutions(49) in this case and in the lim{t3|> w,, take the
particularly simple formg7]

paz=[1+2(ap+As)(ag+ Az +Ag)/apAs] %,

?’112 1_522_7’331
(51)

p2o=pad 1+2(ag+Azp)/ Az,

- . i -
p3e'f= w (ap+ psd @+ 2(3Agz+2A3)

+2(A3,—a3)/As)),
a0="Az(| Bl w21)*.
In the bare atomic basis, according to E@)), we have
p2o=p3z=pad 1+ (Ao +Az)/Agy,

_ _ (52
036" = pag(@g+ Ag)/Agpt '

lutions for all the elements of the denSity matrix in the bareSo|utions(52) Correspond to the case when the low dynamic

atomic basis:
P11~ P11,
_ 27 >
P22=C"pootSpas,
(50

o r
P33=S"p2otCipss,

038 ¢ =5Cpo—p3z) +1 1M(p3£'?).

To derive this result, we took into account that in the secula

approximatior[Eq. (24), Re(?;i,-)=0 if i #]. In the domain of

the parameters E@24)] where the secular approximation is
valid, solutions(46) and (50) coincide. As noticed above,
both sets of equationd 8) and (25) are valid for any level

configuration[Figs.1a)—1(c)]. Only the relaxation rates are

modified according to definition&l9) and (26) due to the
change of the relative position of levels.

Stark level2) is much lower than the ground stdfie (since
| B> w»y). In this case, according to EB8), the spontane-

ous relaxation rate between these two levels=ay/2 is
proportional to the cube of the Rabi frequenag~|g|3.

This relaxation leads to a population in Ie\}'~éb (and hence
levels|2) and|3)) which provides the interaction of atoms
with the field. If this relaxation is weak, most of the atoms
still remain in the ground state due to the fast spontaneous
decay at the optical transitioh;,. However, ifag> A3, the
rsituation is changed dramatically. In this case, according to
Egs.(52),

p3s=[1+2(ag+Ag)/ Az . (53
If Az1<<apg<<As,, all levels are equally populated, both in the
bare and dressed basesa>{A3;,A3,}, most of atoms are

trapped at the lower Stark levgly,=1. This condition im-

The effects caused by field-dependent relaxation are thelies that the following inequalities are satisfied:

most vivid when the spontaneous decay between l2ls
and|1) is the dominant relaxation process. This corresponds
to a relatively large frequency interval between these two

levels, i w,1>KT, or to a “cold” reservoir, N(w)=0 for
w=w,, (Wherek is the Boltzmann constant anf is the
reservoir temperatuye

VI. SCHEMES WITH A LOWER-LEVEL SPLITTING

w370 B (| Bl 030 p3im(w3) > 1,
(54)
w3170 B (| Bl 0303 p3m(w39)> 1.

These results are quite different from those which would be
obtained in the case of a driven two-level system where
populations of the dressed states at resonance are equal. In
the bare basis, trapping to the lower Stark level corresponds

The difference between the steady-state solutions of th& a saturation of thg2)-|3) transition,p,,= p33=1/2, while
traditional and generalized master equations is most drastibe ground state becomes almost fully depldted]. Hence
for the scheme plotted in Fig(d). Indeed, according to the in the bare atomic basis, the population distribution is similar
traditional equationdN(w)=0 implies that all the atoms are to that which would be obtained in a closed two-level system
in a ground state which is not coupled to the field. Since both2)-|3) driven by a coherent field. However since the Stark
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level |2) is a coherent superposition of the two atomic levelsthat the population distribution in a three-level system in this
|2) and|3), the atomic coherence reaches its maximumvalugase is the samepg,=p33=1/2p,,=0) as in a closed two-
level system2)-|3).

Sinceay~| B3, it seems at first glance that in the limit of
very high intensity, when 3B|?<3a,A<3a2, the absorp-
tion power in a three-level system turns to zero. However,
This is a rather rare example wherein spontaneous decdfis limit implies that the decay rates of the dressed states
helps to_prepare a_ltoms in an almost pure quantqm state wikkceed the frequency spacing between themt s n.1n,
the maximal possible coherende:s;| = \/p22p3s. This result a5 w1000, S€ Fig. 2 and hence violate the Markov ap-
is in opposition to what would take place in a closed tWO'proxima'ti'o’n. Apparently, in the limit3|> w5, the relative
level system driven by a coherent field, where the COhere”Cﬁosition of levels|2) and|1) is not important, and hence

tends to zero in the limit of high intensifil5], i.e., satura-  g5|ytions(51) and(52) also remain true for the scheme plot-
tion is not accompanied by high coherence. ted in Fig. 1b).

Resonant driving of thg3)-|2) transition provides a
method for depleting the ground state. It is different from
optical pumping and saturation. This depletion leads to a B. Arbitrary detuning

population inversion both at th@)-|1) and|3)-|1) transi- In Fig. 3 we plot Regs,€'%), the absorption poweP

tions. The last result is unexpected since, according to the—ZNﬁw Im(or3,8* ), as well as the populations of both bare

traditional master equations, coherent driving in athree-leveénd dressed levels as the functions of the normalized detun-
rihg 61| B| for different values of the field intensity, according

system cannot produce population inversion at a transitio
whose frequency is higher than the frequency of the drlvel?0 solutions(46), for the first schem@Fig. 1(a)]. Contrary to
the case of a two-level driven system, all these curves are

3L $=1/2.

transition. Apparently the population inversion at {B¢-|1)

transition is possible due to multiphoton absorption of the . : ; L
driving field. The magnitude of Ref,'¥), characterizing asymmetric functions of the detuning. This is due to the fact

A : ’= A that negative detuning is favorable for the level crossing
the refrgct!ve index, tends to 1/2_ in the limit of high INten-  hile positive detuning prevents it. For each value of the
sity, while in a closed two-level driven system at resonance ip frequency| 8| there exists a critical magnitude of the
vanishes. It. follpws from this that the ranq .c.)f the detuning corresponding to a crossing between the lower
real and imaginary parts of the susceptibility is

Re(5e9)/IM(05e¥)>1, when |B|> vy, while in a Stark level and the ground state:
closed two-level system it is zero. —
The absorption power remains at zero until the level 8 = —wx(1-| " w3y). (56)
crossing occurs ap|=w,;. Then it increases with the driv-
ing intensity. In the limit of high intensitydy>{A31,A35}),

according to Eqs(46), we obtain Depending on the ratiog|/w,,, the value of5* may be
positive or negative. Fo6= §*, the field does not interact
P=2N%Zw IM(03:8%)| s-0 with atoms. This would also be the case with traditional mas-
5 ter equations with field-independent relaxation. But #r
~INhw 2| Bl*(Az1t+ Az _ (55) <6* (i.e., as soon as the lower Stark level falls below the
8| 8%+ 3ag(Az1+ Az /4 ground statespontaneous relaxation via the chanjigk|2)

) _ ) ) ) provides some population to Iev&) [see Fig. &)]. This
Con_1parmg this result with the absorption power in an|gads to the population of the atomic levé®$ and|3) [Fig.
equivalent two-level system, 3(0)] and therefore to the appearance of a nonzero atomic

response [Figs. 3a) and 3b)]: Re(o;£'?)#0 and
2|BI?A Im(o3e'9)#0. According to the traditional master equa-
w8|ﬂ|2+A2 tions, interaction would still be impossible. It is worth em-
phasizing that even a very weak coherent fie|@|{0)

(where the spontaneous decay rate is taken to be equal to tHg&dS 0 a nontrivial atomic response if the magnitude of the
sum of the two optical decay rates in a three-level systemf€gative detuning is large enough to provide a crossing of
A=Ay +As), we conclude thaP is smaller tharP,. The  the lower Stark level with the ground stat® €8] > w,1), '
two absorption powers tend toward the same value @&t 3 and hence spontaneous decay from the ground state to this
<3a,A<3282, e, at @A/Ay)Pwy<|pl<3203/ Stark level. Increasing the intensity, a nonzero atomic re-

(3AA,,). Hence trapping of atoms in a dressed state does nglP°"S€ 1S produced in a larger and larger domain of positive
lead to a reduction of the absorption power. This result is du?[étunmgl[Flgs. 3@ and 3b)]. For each value of the detun-

to the fact that the absorption power is proportional to theN9, as in the case of e?(act resonance, a distribution of
product of the number of absorbirigntrappedl atoms times dressed popijlatlons is defined by the ratio of the spontaneous
their decay rate. Although the number of absorbing atomglecay ratesa;; [Eq. (44)] at the low-frequency transitions
NA/a, decreases, their decay raig increases with an in- and the spontaneous decay rates at the dressed optical tran-
crease of the intensity. As a result, the absorption power isitionsA,, [Eq. (43)] [Fig. 3(d)].

this limit is the same as in a two-level systenP ( In the limit of large negative detunings&o, |4|/|B|

=N wA/2). This result is also quite obvious from the fact >1), according to Eqs43) and (44) we have

P2:2Nh(1) |m(0'32,8*)|52052Nﬁ
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FIG. 3. () Re(o3,£'%), which is proportional to the real part of susceptibilith) Im(o3,8%), which is proportional to the absorption
power;(c) populationsp;; of the bare atomic levels; ar(d) populationsp;; of the dressed levels for the scheme of lower level splittFig.
1(a)] vs the driving field detainings in units of resonant Rabi frequend| for Ay /w,=10"%, Asi/wy=Az/ w3 =10"2, w3/wy
=wplwy=10, p(w)=1, andN(w)=0. (1) |B|/wy=5. (2) |B|/wx=30. (3) |B]/w,;=180. (4) |B|/w,;=500 for (a) and (b) and
| B|/ w,1=30 for (c) and (d).

After substitution of these expressions into Eg®), we find

Below we consider the particular cage,;<A3, since, ac-
cording to the selection rules, if transition4)-|2) and
|3)-|2) are allowed, transitiod3)-|1) typically should be

pP22=

pP33=

g12E | 6| Al Bl 2/‘0;1’

az=As1, An=As,
A=Az, Az—0,
KSZ_) O

A21|,3|2| 5““’31

A32|,3|2| 5“‘*’31

Agrt Agyt (Agr+ Asp) | 813 8]/ w3,
(57)

Azt Agpt (An+As) | Bl 5|/wgl.

hence, according to Eq&0), for | 5|>|B], we find thatp,,
=p33=0 andpsz=p,,=0, i.e., atoms remain in the ground
state. Nevertheless spontaneous emission from the ground
state still may be observed in this weak-field limit fia¥]
>w,q, Since level crossing takes place due to the large de-
tuning. As noticed recently15,10Q this weak-field limit also
allows for a transparent interpretation of this process in the
bare-state picture via Raman scattering, involving spontane-
ous emission of a photon with the frequeney=|48|— wy;
and absorption of a photon of the driving fidleig. 4(a)].

At the same time, d{8|?| 5|/ w3,>1, we obtain, according
to Eqgs.(57),

A21

o T
Azt Az

A32

Pas AxtAsz

Note that the last inequality along with the rotating-wave

forbidden (A3;=0). Then for a weak coherent driving, approximation [d|<wg,), implies a sufficiently large driv-

|8|?| 8|/ w3,<1, according to EQs(57) pap=p33=0 and

ing field intensity:| 8|?> w3,/ ws,. In the most interesting
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T - e
B 5> w1 _ pAl
/ 2: ’
I 3] » > 2(3p%+Agy/Ay)
I A
A 12
32: @ Y 2> p=|Bl/wy,
l
[
Y 12> N : o where p,»>{p11,p33t. Hence atoms can be trapped in the
A21' 3 lower Stark leve[Fig. 3(d)], contrary to the case of a closed
5 ~ 11> [ two-level system where populations of both dressed states
a N . .
12\ | would be equal. In the bare atomic basis for the range of
......... —r 1 ;5 negative detuning,

@ - ® 8,<6<0,

FIG. 4. Raman scattering of the strong driving field in the case lati . . b ible both at the dri
of the lower-level splittinga), and the upper-level splittin). poputation Inversion becomes possibie both at the driven

|3)-]2) transition and at the adjacef&)-|1) transition:ps;

and typical situation, when spontaneous decay at the driven, \P11:P22}- This is @ an interesting effect which is com-

optical transition is much faster than at the unperturbed lowP!€tély due to field-dependent relaxation.
frequency transition&s,/A,>1), we have Figures 3a) and 3b) illustrate the striking difference be-

tween the atomic response of the closed two-level system
|2)-|3) and the atomic response of our three-level system in

the casea;,>Aj;,A3,. For increasing intensity, the disper-
~  Agp (59)  sion curve Regg.€'?), as a function o#/| 8|, becomes more
p3z= A_32:1' symmetric with respect to the resonant driving, and looks
rather similar to the absorption profile of a two-level system;
Hence atoms are trapped in the upper ac Stark level, d8€anwhile the absorption curve Im{3*), as a function of -
would be the case for the closed two-level systei|3) at ~ &/|8|. acquires some dispersive features. In particular, its
a large negative detuning. Accordingly, the atomic respons@aximum is shifted from resonance to the domain of nega-
in this domain ofs (Fig. 3) looks similar to the atomic re- tive detuning[Fig. 3b)], and it may exceed the maximum

sponse of the two-level closed system. In the limit undevalue occurring in a two-level case. Let us note that the
consideration|8|/| 8|1, §<0 (which impliesc—0 ands  Nonmonotonic behavior of the maxima of these curves with

—.1), trapping in the dressed std® is equivalent to trap- an incre'ase of intensity is due to our normalizationsoto
ping in the bare statf?) [see Eqs(50)]. At first sight, this the Rabi frequencyp|.

result seems amazing. Indeed, it seems that the interaction

with the field should became weaker with an increase of the VIl. MODIFICATION OF THE PROBE FIELD
detuning, and hence atoms should rather remain in the ABSORPTION SPECTRA

ground state. However, the distribution of populations
among leveld1) and|2) is defined by the ratio of the tran-
sition rate of the two-photon Raman procfBig. 4(a)] to the

~ 21
pro=—<1,
2 A

The distribution of dressed populations allows one to de-
fine the major characteristics of both fluorescence and probe
spontaneous decay rate at tf#&-|1) transition. The first field absorption specira for a probe field coupled with any of
rate increases with a detuning due to the fact that spontan%Jree atomic transitions. Drastic modifications of this distri-
ous photons with higher frequencies participate in the proPution due to field-dependent relaxation provide the appear-
cess. It is easy to verify that conditidg|?| 8/ w31 corre- ance of'qualltatlvely interesting features in such spectra. Let
sponds precisely to prevailing of Raman scattering over the'S con5|d¢r these fe_a_tures for the SChe”?e plo_tted in Fag. 1
spontaneous emission at t-|1) transition[10]. Accordmg t(_) traditional master equations in the case un-

Close to resonance, spontaneous deagdified by the der consideration{w,;>kT), there should be no fluores-

weak driving field at the low-frequency transition remains cence at all since the field does not interact with the atoms.
sufficiently small compared to both optical transitions, SOHowever, according to generalized equations, if the driving

that most of the atoms remain almost unaffected by the fiel f the |3>'|2>. transition prowde; a crossing of the_ Iowe_r
tark level with the ground atomic state, an interaction with

8., the_y remain in the gr.ognd .Statﬁi.l:pllzl' With @ e coherent field is switched on and the fluorescence ap-
further increase of the driving intensity and hence_of thepears, in general, at all the allowed dressed transitisas
spontaneous decay rate at the low-frequency transitap ( Fig. 2), including the|1,n—1)—|2,n—1) transition. Trap-
>As1,A3;) around resonance there appears a domain of dgjing atoms into one of two ac Stark levels leads to an in-

tuning: crease of the fluorescence from this trapped state and a de-
5,<6<5,, crease of the fluorescence from another state.
According to traditional master equations, if the probe
18| field is coupled to thé2)-|3) transition, it does not interact
H=——"— with the atoms for any intensity of the driving field. How-

1—(Agl A3 ever, according to our results, interaction with both driving
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and probe fields is switched on as soon as one ac Stark level
crosses a nearby atomic state. Qualitatively the absorption
spectrum looks similar to the well-known Mollow spectrum
for a two-level driven system. That is, there are two extrema

(-1'32"' | 50’32_ | ﬁnzg_ | a(r’2’1= - F320'32+ e_i‘PR/Z,

031 1160,031—1Boy—ianz=—T'3103

at the dressed frequencies,,.3,—1 and wgpn.on-1. FOr +e 1®(ag+asy) 0/2,
6<6,;<0 [Fig. 3(d)], there is an absorption peak at
wyn:3n—1 and an amplification peak abzn.n-1 since£33 &21+i5c021—iﬁ* o tiacs,

>p,,. Conversely, fors> 8, there is amplification atv,g

and absorption abg,. Let us note that amplification at one
of the dressed transitions and absorption at another one can, (i BN (25) = “iea is th | i
occur either with population inversion at the bagy-|2) ~ WNere a=(pata)/(2h)=|ale”'% is the complex ampli-
transition (at §;<<6<0) or without population inversion at tude of the probe weak field, and

= —Tpo+e '(a;— a3 031/2,

the barg3)-|2) transition(at 5>0 or at§< 8;), as shown in T a1= (8 + Way+ Wygt Wap)/2,
Figs. 3c) and 3d).

If the probe field is coupled to the)-|2) transition, two T 1= (81 + Ay Wygt Wyp3)/2,
extremes at the frequenciess,.; , and w;,.,, should be
observed. Whed< 83 [Fig. 3(d)], the probe field is ampli- 8= w31~ Wy,

fied at the frequencys .1 , (Sincepsz™p17) and absorbed at

the frequencyoy .o, (SINCEP 2> p11). Whends< < 8,, the
probe field is absorbed at both dressed transitions. When 1,0 absorption coefficient is defined by
> 6,, the probe field is amplified at the frequenay .,
and absorbed at the frequen@y,.1, - 1

Finally, when the probe field is coupled with thk)-|3) Im(o31/a)= ——{[T'21N13— | Bl 05,— (az1+asy) 05,/2]1D )
transition, according to traditional master equations one Dal
would obtain the well-known absorption profile described b / " "
the Autler-Townes doublet with twg mafima in the absorp)-/ *[9en13= |l st (Bsrtas2) 057/2]D3},
tion spectrum corresponding to a tuning of the probe field to (61
the dressed transitiond,n—1)—|3,n) or |1,n—1)—|2,n)

Oc=wo— (wa—w)=5,— 6.

(Fig. 2). According to our analysis, in the domain of driving where

field detuning §<&, [Fig. 3(d)] we havep,,>py;, and D,=D,+iD%,

hence amplification of the probe field tuned to the frequency

wzn1n-1 Of the dressed transitiof2,n)—|1,n—1) should D.=T3l" 51— (g% agp) (8, — a3)/4+| B> — 8a5¢,
appear. Note that this amplification may occur without popu-

lation inversion at the bargl)-|3) transition (p1,>p33) at D2=T318c+T210,— (g1 + @t an—ass)| B|/12.

§* <5< 5, [Fig. 3(c)], wheres* corresponds to a crossing o ) _

of the py; line with the ps; line. At 5< &*, amplification of ~ This is plotted in Fig. 5 as a function of the probe field

the probe field is accompanied by population inversion at théletuning for two different values of driving field frequency.

bare|1)-|3) transition (which is created by the monochro- !N the case of resonant driviri§ig. 5a)], the probe field is

matic field. Moreover, ford;< 6< &* [Fig. 3(c)], absorption ~absorbed when tuned to thén—1)-[3n) dressed transi-

at thews .1, 1 frequency should occur in spite of a steady-tion, and it is amplified when it is tuned {d,n—1)-|2,n)

state population inversion at the bare transitibj+|3). dressed transition in the absence of population inversion be-
In order to analyze the absorption spectra in detail on théween bare states. In the case of detuned driVifsg 5; in

basis of the generalized master equations, we need to add fig. 3(d)], amplification of the probe field occurs at both the

this set of equations dynamical terms describing the interad1,n—1)-|3,n) and|1,n—1)-|2,n) dressed transitions. This

tion with the probe field. It is supposed that this field is toois in a full agreement with the signs of dressed-state popula-

weak to alter the relaxation processes in the system. Hena#n differences, as was explained above.

the set of master equations has forms:

. * VIIl. SCHEMES WITH AN UPPER-LEVEL SPLITTING
p11t 2 IM(a* o31) = — (@12 W13) p117+ 821022 W31P33 _ _
For these schemes, the lower operating level is the ground

—(agta)Re(o52'%), state. Hence at any intensity of the field there is a finite
. . _ atomic response according to both the traditional and gener-
P2zt 2 IM(B* 035) = A1ap11~ (81 Waz) poot Waopss alized master equations. In this sense, the modification of the

atomic response due to field-dependent relaxation is not as
drastic as in the first scheme of Fig. 1, where the atomic
: " * responsdif there exists only spontaneous relaxajitsim-
paa= 2 IM(B% ot a” o3 plypzero at any intensity >(;f ?he field in the frame of the
=Wyg011F Wogppo— (Wa1+ Wsp) pa3 traditional master equations neglecting field-dependent relax-
- . ation. Nevertheless there is still a striking difference between
+(ag;+asz)Re(o3.£'?), (600  the solutions of the traditional and generalized master equa-

+(a;—ap)Re05L'?),
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100 — the upper atomic state into the interaction process. On reso-
] nance ¢=0) and in the limit| 8|> w, from Eq. (48) we
. obtain
o
S T
= 50 — ~
s 4 p33=Azx(@g+ 2A13)/D,
_c.‘: 4
4 p22=[A1ah23F (8o +A13)(2a9+A3) /D,
0 — S
i N
1171 T[] p22= p33=[A13A23+ (Ag T A1a) (8o +Az) ]/D, (63
-1.005  -1.000  -0.995 0.995 1.000 1.005 i
‘p:
(a) normalized probe detuning &, /B 7322 “=20(8p T Ard)/D,
100 — . D:A13A23+(a0+A13)(2a0+ 3A23).
] s In the limit | 8|> w1, the relative position of levelgl) and
5 . s |2) is indifferent, and the same solution holds for the scheme
= 50 — i of Fig. 1(d). According to Eqs(63), for a;> A, but inde-
§ i o pendently of the rati@y/A,3, all atoms are trapped to the
© . B lower Stark level?2):
0 -
[rrrrrrrr) S L L L B B p22:11
-1.925  -1.920  -1.915 0.515 0.520 0.525 o
= =0,
(b) normalized probe detuning 3,/ P11=Ps3

in analogy with the schemes with lower level splitting. In the
bare atomic states, trapping to a Stark level, as already dis-
cussed above, corresponds to an equalization of populations
p2o=p33=1/2 as in a two-level system. However, opposite
to the case of a two-level system wherg,=0, the excita-
tion of the coherence is maximab¢e'¢=1/2). Accordingly
Re(o;.e' %)/ Im(o3€'¢)>1 (instead of zerpin the limit of
tions in the case of sufficiently high intensity. In fact, the high intensity, while the ab_sorptlon power ag> A satu-
. . : : -rates to its maximal valuP = N7 wA,4/2.

third scheme of Fig. 1 is the most convenient for a compari- . . o .

As in schemes with lower-level splitting, both the disper-

son of these solutions. Indeed, in the case of spontaneo%?on rofile, given by Raf,e'*), and the absorption profile
decay according to the traditional master equations, the up-. P ' 9 y 8z= /o P P '

ip i
per level in this scheme is not involved at all in the interac-9'V&" by Im(o5€'%), as well as the populations of both

tion with the field, and hence the atomic response is the san%rﬁisn se(dFian%)baBruet ii)a::terzrarteoetlﬁ)em;i:se;rgf fgcv(:ﬁg\s/e?fsﬂ}ﬁ_de'
as in the two-level systef®)-|3), whose properties are well 9{Fg. 9. y p

known[15]. In particular, at resonana®=0 and in the limit ~ tind, where spontaneous relaxation of the rate at the

FIG. 5. Amplification profile of the probe field at tH&)-|1)
transition (bold line) in comparison with the solution of the tradi-
tional master equationglashed lingwhen the driving field detun-
ing from the|3)-|2) transition is fixed at@ 5=0 [in this case,
P22 P11 ade3~3<p11 in Fig. 3(d)]. (b) 8/| 8|~ 61=—1.4[in this
case,psz~ pp>pyy in Fig. 3(d)].

of high intensity| 8|>A,3, one obtains dressed transitiofl)—|2) [Fig. 1(a)] leads to a depletion of
state|1) and a population of stat@), for the scheme with
Dor=paz=1/2, upper level splitting spontaneous relaxation of the eateat

the dressed transitiof8)-|1) [Fig. 1(c)] depletes leve|3)

and populates levell). In the limit of sufficiently large
negative detuning|s’|>|B|>Vw3,/|5'], (8'=—6), this
means that most of the atoms can be trapped in the upper
atomic statepq,=1 [Figs. c) and &d)]. This provides a

51150,

77325 0, pxp=p3z=1/2,

Cigy_ (62) quite unexpected method for producing fully inverted three-
Re(oge %) =0, level atoms at thé3)-|1) transition by driving them at the
, lower frequency transitiof8)-|2). This result is unexpected
Im(o3e~'%)=0, from the traditional point of view. Indeed, according to the
traditional master equations, levd) is not coupled to the
P=NiwAyy2. field, independently of its intensity and detuning, and hence

level | 1) should remain empty. The process which leads to
According to the generalized equations, as long as the upp@umping of the upper state is a two-photon Stokes scattering
Stark level does not cross levid) (which for 5=0 means of the driving field [Fig. 4(b)]. Under the condition
| B|<w1,) the atomic response is the same as in a two-l«=:ve||,8|2|5’|>w§2 this process prevails over spontaneous decay
system. However, as soon as such a crossing occurs, sponfgsm the upper statésince the rateg, exceeds the rates of
neous decay at the transitioB)—|1) [Fig. 1(c)] involves  all other transitions and hence leads to a trapping of atoms



PRA 60 FIELD-DEPENDENT RELAXATION EFFECTS IN A . .. 3105

1.0
0.8
w
=
: 9
— ~. =
B ~~. S 08
[} —— . o
o o
[} o
PY E
2 ok 3 04
1 ~ ()
-0.2 4 o 5
. . <O
i L 0.2
-0.4 -
T | T T I T I 0.0
-20 -10 0 10 20 )
(a) normalized detuning &IBl (c) normalized detuning 37IBI
4
2 —
@
o
E 1
0
-20 -10 0 10 20
(b) normalized detuning &YBi

FIG. 6. (a) Re(oe~'%), which is proportional to the real part of the susceptibility; Im(o,38), which is proportional to the absorption
power; (c) populationsp;; of the bare levels(d) populationsp;; of the dressed levels for the scheme of the upper-level splitiiigy 1(c)]
vs the driving field detunings’=—¢6 in units of the resonant Rabi frequen¢@| for Ap/w,=10 8, Ajz/wio=~Asslw,=10 2
w13/ 01= w3l w1,=10°, (w)=1, andN(w)=0. (1) | 8|/ w1,=3. (2) | B/ w1,=15.(3) | B]/ w1,=60. (4) | B|/ w1,=180 for (a) and(b) and
| B|/ w1,=30 for (c) and (d).

into the state|1). The traditional result follows from our the field, and allows one to achieve a large population inver-
treatment only if| 8|2 8’| < w3,. sion at the driven atomic transition. For a scheme with
lower-level splitting[Fig. 1(a)], in the case of a large nega-
tive detuning, all atoms can be trapped into the upper ac
Stark level due to two-photon Raman process. For a scheme
We have shown that coherent driving at one of threewith upper-level splittind Fig. 1(c)], the two-photon Raman
atomic transitions in a three-level system can strongly influscattering can provide a full population inversion at the high-
ence relaxation processes. Drastic modifications appear st frequency transition.
the case of crossing between one of the ac Stark levels and a | the vicinity of the resonances&0) atoms can be
nearby unperturbed atomic level. Such crossing results in Banoed into the lower ac Stark leviel,=1. Such a trappin
reversal of the direction of spontaneous emission between bped o 2=~ . bpIng
these levels. Modification of the relaxation scheme induces Besults in_the ex0|tat|or1 of the maximal atoimlc coherence
very unusual atomic response compared to that which woul32= VP32 the maximal value of Ref;£'¢), and a
be obtained on the basis of the traditional master equation@aximal ratio Re(fgz?' Wl lm(agze'f"). For the lower-level
(where the decay rates are assumed to be constants indepé&Rlitting schemes this also provides full depletion of the
dent of driving field. ground state and population inversion simultaneously at the
Level crossing occurs when the generalized Rabi fre{2)-|1) and|3)-|1) bare-state transitions.
quency of the driving field exceeds the frequency of the ad- The redistribution of the dressed populations leads, in
jacent transition. Negative detuning favors such crossingturn, to drastic modifications of both the fluorescence and
and allows for the observation of some interesting effectprobe field absorption spectra. In particular, at a certain do-
even at a low intensity of the driving field. For each value ofmain of detuning of the driving field, a weak-field probing
the driving intensity there is an optimal value of the detuning|1)-|3) transition can be amplified in the absence of popula-
which provides the most effective absorption of energy fromtion inversion at this transition in the vicinity of either one or

IX. CONCLUSIONS
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both of the dressed transitions. Hence field-dependent relaxrossing. As soon as such a crossing takes place, the rf field
ation provides an interesting mechanism for amplificationis amplified (without population inversion in a bare atomic
without inversion. system due to population inversion at the dressed transition
All the field-dependent relaxation effects discussed abovéi)-ré). Under the conditions described above, one can ex-
were considered within the simplest model of a three-levepect a probe field gai,~10 * sm™*. Placing the system
atomic system with nondegenerate levels coupled to the fieltfto a resonator witlQ~10° and lengthL~ 1.5 cm provides

reservoir when a strong monochromatic field drives only onét Predominance of amplification over losses, and a realiza-
tion of stimulated emission at the rf transition.

atomic transition. For an experimental realization of this sim- Changing the intensity or frequency of the driving field as
plest mc_)del in the case of Figs(dl a'?d Ab), it V.VOUId be well as the magnetic-field strength leads to a change of the
app“?‘?“ate to use the vapors of alkall metal;s dnven oria intensity and frequency of both the fluorescence emission
transition, and placed in a constant magnetic field. ~  anq generated rf field. For example, an increase of the driv-
For example, for potassiun®) vapor in a magnetic ing field frequency corresponding to detuning from D
field, sublevels withM ;= +1/2 of its ground state 9°Sy;,  line on the values~ 160 GHz allows one to obtain fluores-
and one of the levels withM ;= —1/2 orM;=+1/2 of the  cence with a poweP;~4x10 W at a wavelength\
first excited state g 2PJ), form a three-level configuration ~2 mm with a driving field intensityl ;~15 kW/snt. We
corresponding to Figs.(4) and Xb) with optical frequencies Wwould like to stress that observation of the described rf ef-
w3~ w3~2.45<10"° s ' When the magnetic-field fects does not require a low temperature of the reservoir.
strength essentially exceeds some critical vatlie 170 G, Atoms with a ground staté'S, and nuclear spirl =0
the frequencyw,; formed by this magnetic field sufficiently COuld be chosen for an experimental realization of the
exceeds hyperfine splitiing,~2.9x 10° s * of the ground sch_emeslgof Figs.(t) and, 1d). For elxample, for the case of
state 4 2S,,,. Hence one can neglect the hyperfine structurd®@/1um ¢ "Ba), the ground states6'S, and magneucls%b-
of atomic levels. Radiation of a Ti:sapphire or dye laser/€Vels WithMg=—1 andMg=0 of the excited state[5"P;
which has an appropriate frequency and a sufficiently higform a three-level configuration corresponding to Fig) If
power can be used as the driving field. Due to resonant turthe driving field hqs a left circular polarization. The ground
ing of the driving field to theD1 transition, it is possible to Staté and magnetic sublevels with-=0 andMg=+1 of
neglect the interaction of the field with thepégpglz atomic  the excited statg with a right cwcularly polar|;ed field fqrm a
state nearest to leveB). Left circular polarization of the three-level configuration correspondlng_tq F'gfd)l Radia-
driving field provides its interaction only with thg)-|2) tion of the dye laser can be used as a driving field resonant to

1 _ 1p0 4 :
transition corresponding to Fig.(d (where level|3) has the 6°S,—6p P; transiton with a Wayle7length)\o
M,=—1/2), whereas a right circularly polarized field inter- ~593:6 nm and a dipole momept;~1.4X10""" cgs. Ex-

acts only with thel3)-|1) transition[Fig. 1(b)] (where the perimental conditions similar to conditions for potassium
level |3) hasM ;= +1/2). lead to rf fluorescence and amplification of the rf probe field,

Because of the small value of the magnetic dipole moWhich are of the same order as described above.

ment of the|1)-|2) transition with respect to values of elec-  SINCE barium atoms have no levels close to thpe* B

tric dipole moments of optical transitions|u]~1.3 state, one can also drive them_ by radiation sllghtly detuned
%1072 cgs, | wag ~ | wad ~ 1.6X 10" 17 cgs it is meaningful from optlcallresonanc'e, for instance, by radiation of a
to look for modifications of the fluorescence spectrum orNd:YAG (yttrlum alumlnum_ garngtlaser at wavelength
probe field absorption which have different polarizations at~540 nm. In this case barium vapor of volurite-1 cr?
different transitions. For instance, for the scheme of Figunder a temperatufe~10® K and pressurg~1 torr driven
1(a), the fluorescence at rf transitiofi)-|2) of weakly Dy @ left circularly polarized field of intensityl,
driven atoms(the lower dynamic Stark level is above the ~50 kW/snt can produce a left circularly polarized rf emis-
ground stateis right circularly polarized along the magnetic Sion_corresponding to relaxation at the dressed transition
field. However, as soon as the lower dynamic Stark leve|3)-|1) [Fig. 1(c)], with powerP;~3x10 > W at a wave-
crosses the ground staffer the field resonant to thi@)-|2)  lengthA ~20 um.

transition, it corresponds to intensity~ 400 W/sn?), rf ra- Finally, let us emphasize that we studied field-dependent
diation at thd1)-|2) transition with left circular polarization elaxation effects in the simplest possible model allowing for
should appear as a direct experimental evidence of field20th an analytical solution and a clear physical interpreta-
induced level crossing and spontaneous relaxation from thdon- At the same time, a crossing of the dynamic Stark levels
ground atomic state. For example, for potassium vapor ofvith some neighboring unperturbed energy states can occur
volumeV~1 cn® under a temperaturé~ 10° K and pres- Under interaction of the driving field with different multilevel
surep~1 torr (concentratiom~ 10" sm~3) placed in mag- duantum systems coupled to different kinds of reservoirs.
netic field H~500 G and driven by a field of intensity Interesting examples of this include interaction of a strong
~160 kW/sn? resonant to th®1 line, one can expect fluo- |2ser field with vibrational-rotational transitions of molecules

rescence with a poweP;~4x 1015 W at a wavelength. and semiconductqr §tructures . having appropriate. energy

~1 sm. spectra. The quantitative analysis of these physical situations
A probe field with an appropriate polarization can test™®duires a generalization of the above model.

either optical transitions or the rf transitigh)-|2). When a ACKNOWLEDGMENTS
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R1111= = (Ra2117 Raan),

R11207 C*Woy(@19) +S?Woy(@13),
Ri135= C°W3y( 013~ 0) + S?Way( w15~ @),
Roo11= C2Wio @1) + Wi w3y),
R2220= = (Ras22t Ri129),
Rooa5= C*Wanl 03— ) + S"W3y 35— w) + 25°C°Wao — w),
Raa11= C?Wig 031+ 0) + S°Wig o1+ ),
Raao= C*Wos( @3+ @) + " Wos( 03+ w) + 25°C2Woi w),

Ras33= — (Ri13st Ro23d),

. sC - - - -
Ri13~¢€ ‘P?[Wsl( 01— @) —W31( @13~ ©) +Way(@12) —Woy(w13) ],

. C ~ ~
Roo3= ew%{(CZ_ $%)[Wan — @) +Wos ) ]+ S Wax w3p— @) + Wox w3+ @) ]

— C[ Wiy o3~ ) + Wos( @30+ @) ]+ Wos( @13) — Woy( 019},
(A1)

. sC - -
Razs= e"P?{(Sz_CZ)[Wzs(w)+W32(_w)]+CZ[W32(w23_ o) +Wog( w3t o) ]

— S [ Wax @39~ @) + Wor 03+ ©) ] = Way( 01— @) + Wag( 013~ @)},
. SC ~ ~ ~ ~
R3o11= (37"’)7[W13(6l)21‘F ©) = Wiz w31+ @) + Wiy w21) =Wyl w31 ],
“ieSC o 2 2 ~ ~
Raxo=€ q07{((3 —S)[Wog(@) = Way( — ) ]+ ST Wog( w3+ @) —Way 03— @) ]
— CP[ Won W3t @) — W @23~ @) ]+ Wag( @13~ ) — Way( 01— w)},

. sC - -
Ra3233= eil(P?{(Sz_ ) [ W3y — @) = Wos( @) ]+ S Wax w3+ ©) — Wiy w3~ )]

+ C2[ Wayl @23~ ©) — Wos @apt ) ]+ Woy(@13) —Woy( 1)},
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Ra3237= (Ra222t Ra333/2,
R3223=0,
R3131= (Ru111+ Ra333/2,
R3115=0,
Ra121= —€ [ (€%~ S%C)Wap — ) — C3SWayf 3~ ) + S*CWal w3~ ) ]/2,
Rs1177= SCE [ Wy @p1) =~ Warof @31 ],
R2121= (Ru111+ Ra229/2,

_ 2 ~ 2 ~ 2 ~ 2 ~
R2115= C* W10 @21) + S W14 @37) + C* W, f @10) + S Win { w13),
i03C 2 2 200 (T 200 (T ~ ~
Roiz1=¢€ ‘Pf[(c —S%)Wog( @) + S Wz w31+ @) — C°Wog( w3ot+ @) +Waoy(@13) —Woi(w19) |,

Ro115= e’i‘Psc:[WI212(Z)12)—W’1‘212(Z)13)].
For the second set, one obtains

Ri121= — 25°C%W1334 @) — S"W133f @23+ ) — CWigad 03p+ @),
Ri131= €'“ (C®s— S%C) W1 334 @) — C3SWyg3f w3+ o) + S°CWi 34 s+ @) ],
Ro221= — S°Whas{ 021+ ) — C2Wiaay w31+ ),

R223:=0,

Ra21= 257C?W1 334 @) + 5 Wi 334 @3+ ) + C*Wigaf w3pt ),

Raaai= — €' 9 (Cs— $3C) W34 ) — C3SWy 334 3o+ ) + S3CWygad w3t w) ],
Ra201= SCE [ Whaay 01+ @) = Whggi 031+ @) + C2Whay 31) + S?Whsyi( w31) ],
Rap1o= € 9[(c3s— S°C) Wiz @) — CESWigad 0ot @) + SSCWi o wogt @) ],

Rapa= — S*W3aay 01+ ©) — CPWigay( w31+ ),
Rap15=€ 298207  2W5 35 @) — Wigad @23+ @) — Wigaf gt )],
R3111=0,
R312:=0,

Rajzs=e ™' ?{(c3s— SBC)[ngsz( ) =Wz —0)]— C3S[WI332(Z)32+ )= W3123(Z)23_ o)]

+ %[ Wigad 0ot ) ~ Wapod 0z~ ) 1},
Ra137= — 25°C°Wigsf @) — SAWfssz(Z’Zﬁ w)— C4Wf332(2’32+ ),
Ra125= €' 252C2[ 2W3104 — ) — Wa12d W3~ @) =~ Wa1of 03— )],
Ro111= — 52W2331(Z’21WL w)— C2W2:-331(Z)317L ),

_ 2.2 4 ~ 4 ~
R2127= — 2S°C*Wizaf ) — S"Wigaf woat @) — C'Wigpd wgpt ),

PRA 60
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Ro135= 28°C°Wa1d — )+ C*Wa10d 025~ ) + S W10 03— @) + SWhy 015~ ) + CPWhy { 015~ 0),
Ro13= SCE¥ W14 @1~ 0) — Wi 013~ w)],
Ro1o= € "#{(C%—5%C)[Wapod — @) + Wissd @) ] — C3S[Wisaf Wgot @) + W31pd 025~ )]
+5%C[Wa12d @3p— ©) + Wizgf waat )]}
APPENDIX B: COEFFICIENTS OF THE GENERAL SOLUTION (45)
Ar=ay+ B3| B -4 BIPIW,
Ap=ap— B3| Bl +4|BIPIW,
As= a3+ B3| B| +4|BPIW,
A= ay— B40| Bl = 4| BIZIW,
Ci=ay,+(a,—a9)(a,—ag)/W+ 74| 4],
Co=Wiat (2, —a19) (331 +ag0) | W— 7| B,
7="4(8;—a19)/(WW),
o= (a1~ agy) (Az;+ 8%~ ap)/ W—ap— g~ W,
B1=4(a1— ap+ag— 2a,9)/(WW),
@y = (8g11 2gp) (Agr @35~ ap) /Wt Wpg— Wy,
B2=4(ay3— 28,5 a,)/(WW),
3= (a;~agy) (8~ a,+asz+agy)/W+wz—ag,,
B3=4(2ag,+ a5~ a)/(WW),
4= (a3 +ag) (83— 8y + aga+agy)/W— Wz — Wiz~ Ws,,
Ba=4(ag+ 2ag+ a1~ a,)/(WW),
W=W(1+48%W?3),

W= 2F32.
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