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Fig 34 (a) The Rabi soh shawing the i son ae & fanesion of s, swd the sffocts
of deiuning, The highest curve thows the invenion of an stom saaetly oh remance. and e
curve lying only shghtly bulow it i detuned from resonansd wy $.1 Limet he ON-TesoRsRcE
Rabi frequency & Fy The neat lowsr pair of curves are for sioms detuned By B and | 2 tmes
iy $0d the botom paie of curves are for swma devunsd By 28 and 12 timas w by Notce
Lhat the relative detuning 0.2x by within each pair bas o much grancer mflusnce on the atoms
whaic atwolute detunings are larger. At the time abyr=ie the twg curves In e lowest pair
have gotien completely out of phase, whik the 1w cunes im the Jughse! pair bave drifted
apart 1 neghgible smount. The presence of sub | inhamog broadening. o that
1/ T3 o nfg would sliow relatively very few wiomi W sapeTsence compleie 1avemion of O
remain in phase wilh esch vthee. Note that the atoms enactly on resonance reach compleie

llllllllll ot dnving pulse s1eas that are odd muluples of v, that is, sfpr=w. v, Su. and 0
o0 (B} The degrec of imverson in & system of atums eapetiencing Rabi oscillation may be
monalored by delecien, & the stams’ fluorescence. An eaample is shown in whach the varinuon

of Muorescence intensity snd therelore of mvernon, as a function of input pulic area. s
evident.[From H. M. Gibbs, Plys. Rev A 8. 486 1s1]
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FiU. 4 Effect of a w/2
lter times on the N

oplic modulsiors and phase controlied with s teews:
optic modulntor.  High-voltage power mgta-enidy-
semiconductor Nsld-effom Wensletore WEf lployed
10 introduce veriebin-amplituin phyns shifty whi
switching times of ~  natt. T NS 4 weey 'd‘
form laser intensity Hwoughtwt The “

tion region, s 1-mm-npure spereure (A1) wae

tioned 10 pick out He yaiterme-intansity conirel u.lu
of the laser beam, snd twe wall-omrected doublel
lanses imaged (st unity magnification) the sperture
into the stomic beam. Laser power in the interaction
region was sbout 10 mW. The beam contained sl the
nstural isolopes, but llu{ could be -uily npnmed
specieally. Scans of the

vealed s 3-MH: am cf
fects of siray magnatic ficlds in the Iner-Yb interac-
tion region were minimized by applying a ~ 6-G mag-
netic field, coaxial with the circularly polarized laser
field. Shori-focal-length Fresnel lenses provided

fwww

Choose  Very Lms liveeh  atem< @

PHYSICAL REVIEW LEITERS

16 Sti M K 198

I

.' W,
i +),

e
| OO0nsec
F1G. 6. Effect of phase shifis of Wt on
the Nuorescence intensily vs lime (soe text],

fluorescence collection afficiency of sbout 10%. The
sxcitation sequence was repested al approximatety 10
kHz, and fluorescence intensity was recorded with a
gated boxcar integrator. A complete scan of the
fluorescence intensity versus time for a particular exci-
wtion scquence required sbout 100 sec. lL.onger scan
timas wers precluded by ser frequency drift. The
stomic beam was Tun at rather low density; only about
1000 stemw were prassnied in the inleraction region
duiing s particuler laser pulse,

In Figa. -4, we show recordings of the fluorescence
Ivsonuiyy. k. versus lime during various excitation se-
quaness of e form shown In Fig. 1{b). In Fig. 4, the
offon of a Nxod «/3 phase shilt (@, — ¢y} applicd at
succsrelvely larper valuss of 1,9 (snd hence #)g) is ex-
amined. In trace (i), there is no phase shih
{equivalent to f,5=0), and /r should ideally display
the simple oscilistory behavior characteristic of Eq.
(92). The observed damping afises primarily from
residual laser-intensity inhomogeneity in the interac-
tion region, but other effects, such as transit time, nat-
ural decay, and residusl Doppler broadening, also con-
tribute. In the remaining treces, (ii) through (x). the
phase shift occurs farther and farther into the pulse
Arrows below several traces indicate the approximate
time at which the phase shift was applied. Note the

T ﬂ;/\\/‘r'\/ﬁ\"“

i}

FIG. 5. Reduction of dephasing in stationary atom-field stales {see text).
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was locked 10 & magnetically 1unable saturstion reso-
nance of s Yb reference cell, acousio-optically ampli-
tude gated, elcciro-oplically phase conirolled, and
resonamt with the (652)Se-(656p ) P, ition of
My A weak tw probe lm""ifr mew—héa = | MHD)
v .
wor luned slowly (hrough fesonance with the
igigEl’&I .s%?h!‘& transition. Cescade fluorescence
sec Fig. 1(a)] constituied the signal observed. In the
interaction region. the driving and probe lasers had
1/ eintensity diamelers of =~ 1.5 and =05 mm,
respectively, and were counlerpfopagating 30 as (0
minimize residual Doppler offects. The stainless-sieel
Yb oven was maintsined at $40 K. During sach exper-
imenial cycle, approximately 10° Yb stoms were in the
taser excitation volume. A= $<G magnelic field
oriented atong the driving-laser progagation axis and
the Inser polarizstions shown in Fig. 1(b)} were em-
ployed 10 select a single Zosman Mrval of the 3P, sate.
1deally, this experiment should i conducied in e sam-
pie of equivalent atoms, all of wiieh sre exciled by the
same perfectly controlied leser flsids. This situation is
approximated fairly well. but not exsctly with the ex-
perimental system described.

In each experimentsl cycle, inidally ground-state
aloms were exposed (o a square driving-field pulse
several microseconds in duration. The probe fieid was
always on. The lime development of the probe-
induced Nuorescence signal was rocorded by a tran-
sient digitizer with a 10-nsec ssmpling interval and n
20.MHz snelog bandwidib. About 10 fluorescence
photons were detected in each exporimental cycle.
Typically, 64000 cxperimentsl Cycls .ware averaged
for each probe-lascr frequency, snd & single lime-
dependent Autier-Townes spectrum (se Fig. 2) com-
bines measurements st 26 probe-laser frequencies.
The experiment was operated # 7.3 kHoputses/sec.

In Fig. 2{a}, we show a Iransiem Autler-Townes
specira obtained when the driving fleid (Rabi frequen-
¢y == 15 MH2z at beam cemter) wes switched on and its
phase held fixed. Prior to =0, no probe signal is ob-
served. because the 7Py sinte is empty. For ¢ > 0, two
identical peaks appear. In Fig. 2(b) {2(c)). the phase
of the driving field was abruptly shified by APProni-
mately +90° ( —90°) shortty after wrnon, The asym-
metry of the peaks is siriking The delay ( = 20 nsech
of the phase shift relative 10 the driving-field swiich-
on was experimentally set to maximize the short-time
contrast between the 1w speciral peaks, bul corre-
sponds well with the interval needed for the driving
field 1o have sccumulated an srea of w/2.

Measurements of the probe-induced fluorescence
signal versus lime obtained when the probe laser is
tuned to the center of specific spectral peaks are shown
in Fig. 3(a} The irace labeled fi} [iii)] was obtained
with the probe tuned 1o the enhanced (suppressed)
peak as in Fig. 2(b} [+ 90° phase change). Trace (i)

@

2
prabe tregquency (e}

(b)

probe frequency (Mg} +

(c)

FIG 2. Transient Autler-Townes spevira In fal. a
constani-phase dniving ield is employed  In fb) und fuo).
respeclively, the dnving feld is phasc shiled by + M and
~ 90° shortly afler switch-on
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11. INTERACTION WITH SEMI-CLASSICAL FIELDS-GPTICAL RESONANCE
PHENOMENA v

The interaction Hamiltonian between & system with slates

iwj> with energies Ej and the electromagnetic field B(R,1) can be

written in dipole approximation as

Hy = - AB®”, 0

where R denotes the position of the atlom and d is the dipole

’ (2.1

matrix element which can be expanded as

1 = 2 H“. lw <y | . (z.2)
ij

The unperturbed Hamiltonian can be clearly written as

H, = 2 €, lv;><w;l . (2.3)
4 .

-
£
[=]

Level Approximation: Alomic Dynamics in a Monochromatic Field

|

In resonant physics very aoften two-level apprnximationIII

far the atom is adequate. This is so if the frequency o, of the
external field is tuned close 1o tlhe transition frequency o
betwcen two levels designated as | 1> and |2>. We will refer to

114> €12>1 as excited (ground) level. The two level appraoximation
works well as long as the width of the external field is small

compared 1o Lhe energy separation helween |1 and | 1> where | 17>

could be a neighbouring state to which the atoem can also get

22

excited. If the electromagnetic field is a plane wave of

frequency vy

el . ift.ﬁ—iwlt
(R,t) = ¢ @ + €. C. , {(2.4)

and if Lhe two level aproximation is made, then the interaction

(2.1} can be expressed as

~imlt
H, = —hig]1>42] e + H.C.)
imll
- hig*|1><2) e + H.C.? . (2.5}

where

+ ik A .. —ik.R

B1E.c e a1a.nl e

g = , gt = ———" (2.6)

h n

On choosing Lhe zero of the energy half way between 1wo levels,

the Schrodinger equation for lhe two—level system will be

o .
Hy o i
i | 7 (1142¢1|=2><281w - — H1 ¥ . (2.7}
at h

On making transfarmation to a frame rotating with frequency «,; of

the exlernal field (2.7) becomes

o Heff

= i —— @ . 2 = exp{ +iu1‘.321. } ¥ (2.8)
at h

where

23



H

z +
orée ™ h(u6~ul}5 higs + H.C.)

. Eiult
- hig'S e + H.C. ) . (2.9}

Here we have introduced the operators defind by

1
gt = 12l . B = 12X1 ., § == qixi-iaxan
2

(2.10}

. . 1
It can be shpwn that these operators satisfy spin z angular

momentum algebra

&t s = % +8% . s =o0 , 5287 = % . (2.41)

Note that the Hamiltonian (2.9) contains lerms pscillating at
twice the optlical frequencies. Such terms lead Lo negligible

contribution as long as [gl<«< W This is indeed the case for

typical optical fields used in resonant axperiments. Hence in

what follows we ignore these counter rotating terms. ’Thus the

interaction (2.9) is approximatled by
z + -
Heff * h AST — h (g5 + gnS ) . A= - {(2.121

This approximalion is known as the ratating wave approximation.
We also noltice thal the effeclive Hamiltomian (2.12) can be

writiten as

24

Hopp = n (3. ¢ = —{g+g®) , “y = -—igtigs ,

N canr = | aPeaigl® . (2o

L s

One thus finds that the problem of spin in a magnelic field and
the problem of a two level atom interacling wilh an eleciromagne-
tic field are isomorphic. This was firstl shown by Feynman, Vernon
and Hellwarth.'® Note that the detuning factar & is like Lhe

static magnelic field which is used to define the quantization

axis of Lhe spin.

We next discuss the dynamical behavior. The time

Lt

evalulion eperatar U(L) is easily computled

UL) = exp {- Lget } = expl- i&.A t)

0 i3.& ot
= ¢ps -1 - —— sin — (2.14)
2 /2y 2

at Hots at o
= cos — — i sin — /J — . (2.15)
2 n 2’ 2

- o e

The wave function at time t can be obtained from (2.13) and (2.8)

assuming Lthat {yflo)> = |2>:

QL id Ot N
fptl)> = [ cos — + — sin — ] elQ}IE (2>
2 n 2
2ig ot .
« —sin — TNV 1y . (2.16)
Q 2

e

25



The probability p1(t) of finding the atlom in the excited state is

ap O 21g1”
pyt) = —— sin [-—“ = 7~ (1 - cos AL (2.17)
2 a

~ o lgtt if at << 1 . (Z2.18)

Note 1hal for short times Py is proportional to the square of
time rather than proportional teoe t. This is because we are
dealing with discrele levels and the exterﬁal field is assumed to
Have no width. For arbitrary values of Lhe detuning & and the
field strength g the excitation probabilily exhibits oscillatory
behavior. The oscillation frequency is O which is called 1lhe

{generalized) Rabi frequency.

We next examine the behavier of the Bloch vector B>,

Using (2.16) one can easily show Lhal

B> . B> =

F-yry

jw. t + ip(t)
wtiu 1

sin 8(1) e

VB

<s%(1r>

tos 6(tL) r (2.19}

Nl

where 8(t) and ¢(L) are found to be

cos g{Lt)y = 11— 7 sina —_— ’ {(2.20)
[¢] 2
1 0 0ot
elt) = x + lan {— — cot — ' (2.21)
A 2

where x is the phase of the coupling constant

g = lagl % . (2.22)
Thus the Bloch veclor <%> can be represented as a point (8,p) on
a sphere called Bloch sphere. The north (south) pole gives the
ground (excited) state. It should be borne in mind that (2.20)
and {2.P1) are derived under the initial condition |ylo)>=|2>.

The representation (2.19) holds for arbitrary initial conditions.

For a field on resonance @y A=0, nz=4|9|E:

a{1) =01 M (2.23)
n L
where Ot is the area of the pulse. For a z - pulse 8 = ar we get
1 iw  L+iy

¢8®> = 0 : <% = - zie ! . (2.24)

1 jwt/s2 ig —im}lE
lpi(t)>» = — e 12> + —— e 11> - (2.25)

iz CRE

Thus a n/2 pulse creates equal population between the lwo stales
1> and |2> and leads to maximum coherence. Nole further that a
state which has finite dipole moment will give rise 1o coherent

radiation. This immediately leads us 1to the study of the



properties of alomic coherentl slates.

Atomic Coherent Slates:

Clearly for a two level syslem we define the coherenl stales

16,05 by
e e -ig
{6,p> = cos — |22 + sin — e | 42> e 00O &n,
2 2
oc<eo < , <5 = —;— sin & e . (2.26)

which are appropriale superpositions of ground and excited

states.

These concepls can be generalized to a system of many Llwo-level

atoms. A collection of N two—level atoms can be characlerized by
the angular momentum algebra corresponding to spin value N/2

provided we —choose Lo work with 1he completely symmetlric

representation. Thus the atemic coherent statesu""7 for a system

of N two—-level atoms are defined by

N
18.¢> = exp {—ie(s"smp - Sycosp)} I1S§,-S> , 8 = —
2
® gteir ~eli?
= exp { - (5'e - 5" } |S,-8> . t2.27)
2
st InGier 1582 Vs - o
= e e e 15,78> 7 T = e * tan =

a r
(2.28)

28

where Baker-Hausdorff Campbell identity has been used. The

right
haitd side of (2.2 86 simplatieativn Seadd o
+8 25 1/2 o &
|0,0> = Z winSt = (08N - THESMe g s
% | s 2 2
{(2.29)
The atomic coherent states form a complete setl and are
nonorthagonal
25+1
J |8,p3<8,p| sind do de = 1 . (2.30)
4a
. e-a°* ey’ a+8" rv 85
. e _ iSlp—v") — M - . r
{(8,p|l@",p*'> = e [cos 2 cos 2 icos z s1n z ] -
(2.31)

We recall that the field coherenl states are Lhe eigenslales

the annihilation operator. The question arises - What jis

operator of which |&@,p> are the eigen slates. To answer this

notice that

s’|s,-8> = -5|5,-S> , t2.32)
and hence

$% |a.e> = - S19,e> . (2.3
where
5% = exp{—m(é.'{n} szexp{iatg.ﬁ)} , (2.34)
% = (gin ¢, — cos p) -
On simplification (2.34) reduces to

82 = S%cosa-(sings’ + cospS”}) simd . (2.35)
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This is the operator of which |9 ,p> is the eigenstate.

Minimum Uncertainly Stales:

The harmonic oscillater coherent states1a are known 1lo be

minimum uncertainty states. The uncertainty relation for Llhe

angular momentum operaters can be written in the form

z
AS AS > 4¢85> , AS = ]<s“ 5—¢5¥>2
® y 4 z X

(2.38)

The question arises — are there states that will satisfy equalitly

sign in (2.36). We recall that the nenhermitean operalors St have

only one eigen state i.e.,

gtis.e> = o ., s7|5,-S>

"
]

and thus we search for the eigenvalues of the linear

of S

1
where o is a complex number # 1. It can be proved 9

eigen states of (2.38) are given by
Rz| a>» = mi o>
xm' Zmr '

where, apart from a normalization constant,

(2.37

combination

(2.38)

that 1the

(2.39)

in
v (Z2.40)

. = - . (2.41)

It can proved that if a is real, then the uncertainty equality in
(2.36) is satisfied for states Ixm,a>. In particular for a=0,

6=0, |x_, 0> becomes Lhe eigen state of 5"

in in
g% expt- 3 ¥y s,M> = ME(-— s¥ys,M> . (2.42)
Equation (2.42) can be given the following

interpretation-consider a set of N two—level atoms initially in
the state |S,M>. Let the atoms interact with a resonanl n/2 pulse

such that g=|gli, then 1he state at time Ut will be (cf.
Eq.(2.16))

in
1F3CL)> = exp (- 3 s¥) |5.M> . (2.43)

This state at time 1 is an eigenstate of s*. Mote further that if
the phase of the field is changed hy n/2 at the end of lhe pulse
so that g=-lgi, then Heff = +E|g|5x. In olherwgrds we have 1lhe

system in a state which is the eigenstate of Heff'
Semi-Classical Dressed Stales:

We have seen that in a rotating frame the effeclive

Hamiltonian describing the interaclion of a Lwo-lgvel atom with



external eleclromagnetic fields is given by {2.12). The

eigen stales [y,> of (2.1B} are called the dreswad wtates. These

states and their energies are given by

76 o B
E, =%

ho 1
- e w2 = (1> + — (ATO) |2>) |1 +
2 +

29 419)%

{(2.44)
Clearly if a system is prepared in one of these dressed states,
then no further evolution takes place unless‘ decay effecls are
included.Mossberg and coworkersao showed how experimentally the

system can be prepared in dressed states, Let wus consider for

simplicity the case A=0:

E, = thjgl

. s lwy> = (1> 3 e j2>) g2 . (2.45)

Lel the n/2 — pulse interact with an atom in the ground stale.

lel x" be the phase pf the field. Then from (2.8) and (2.14) the

state at Lime 1 is

] 1 ] —_— L
(1> - ie™ 230 Wy (2.88)

R

lp(t)> =

.
n

On comparison with (2.45) we see that

- n
ix . - . -
lv,> = -e “lell)> if ¥ = x' + ’
* 2
. n
v > = eXptty> if x = x' - - . (2.47)
2

32

Thus the dressed states |wt> can be generated by changing the
L]
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the electlromagnetic radiation by atoms in such dressed states

have been studied.
Effects of Relaxation:

So far we have considered only the interaction with external
electromagnetic fields. In realily one has to account for various
sources of decay of the atomic population and coherences. For
example the atom ctan decay radiatively by emitling a photon. The
collisions change Lhe populations and coherences. The effecls of

stivh decay processes can be included by modifying tlhe basic

equations for mean values

dy
— = M o+ 1 . (2.48)
dt
where the malrices M, v and I given by
ja—d 0 Zige
«s*> 0 Ta
v =| <s> . 1= o . M= o -ia-1  _zig .
F4 TZ
<s%> n/T, ;
ig -igw -7
Ty
(2.49)

Here 5 is Llhe equilibrium value of <S%> i.e., lhe value of <S%»

in the absence of the external field. T1 and T2 are the

longitudinal and tramsverse relaxation times. For radiative

relaxation

33
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2 = -1
2 , n = 1 . (2.50)

where 2y is the Einstein p-coefficient. Elastic collisions are

included if we lake

= = -4
=y, . M = -3 .51

=
]
-

= |-

1 2

where ¥, is the collisional line width,

We first discuss Lhe characteristics of the steady slate

solutien of (2.48). Calculation shows that

2
(1+(ATE) n

g% = 5 5 . (2.52)
(1+(AT2) +4] gl T1T2)
e . +
_ E1gT2( i ATE 1n
<5 > = ) ) v {2.53)
(1+(ATE) +4] g} T1TE)

For high fields <5%5> —» 0 and hence high fields equalize the
population in the ground and excited states. The steady state
fluorescence is a direct measure of Lthe excited state population.
The induced dipple moment (2.53) enables us to define an
intensity dependent suscepltibilily x(ml.E) since the induced
polarizatien is 3:2<S_>+c.c.. From (2.53) and from the definition

of g we gel the resull

4

* ,
t a,Tzuﬁﬁaa(ﬁﬁ)n(nnz)

2 2
(14(aT
2+ AT, T N

(ml,c) =

Xos - (2.54)

Nole that this y depends on all powers of « because of lgl2 terms
in the denominator. Usual linear y is oblained by setting g=0.
In the limit of large ATZ, (2.54) can be used to define Kerr

media for which 1t1he susceplibility bhas a term linearly

proportional to the intensity of the field

-5
( ZnTE)(d1

- 2
E)G(d12'ﬁ [ 4] q| T1T2 ]

(2.55)
Note further that Im x(ml,sl i positive and is Lorentzian with a

width that is proporlional to field intensity. This is known as

power broadening. Very often the parametler 4lg|2T1T2 is expressed

as
2
Mgl T, T, = 1/ = . (2.58)

z
le

which defines the saturation intensily.

The rate equation behavior resulls either if the detuning is
large ar if TE is small so that the polarization follows tLhe

population adiabatically. In this limit

s> = - Eig<Sz(t)>T2/(1+iAT2) . 12.57)

and hence
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4|¢|271Ta

d
— z = -1 z

<8t )> T <8%> 1+ I
dt 1 1+4 T2

2 L]
+ T1 . (2.58)

The rate equation for <s%> can be easily solved. Even cases of
time dependent field envelopes can be handled. Improvemenls over

rale equalion approximalion are discussed in Ref. IL1.

The transient behavior of y can be obtained by using Laplace
transform techniques. The eigenvalues of the malrix M determine
the dynamical behavior. The following polynomial which

corresponds to det(z—M) is the key lo the dynamical behavior:

1 1 1
Py =tz ez [82 4 ze 7 +a9f@ ey L @59
T1 T T
2 2
In the limit of T1,TZ ~—t o , Lhe rools are
z=0 , % i] 41g1Z+a2 . (2.60)
The cubic equation can be solved in the limits
1 1 1., 2.2
@ Ty=T, . z=~3".-3-t1i] alg e . t2.en
2 2
1
(b) 4=0 , z2%= -7 .,
Tz
1 1 .2
z = - % (% + % ) 2 % ] [ T 5 ] - 151942 . (2.82)
1 2 1 2

In other cases the rools can be obtained numerically.

3&

The macrascopic Aipeie mogent piid wiii have iha foem  far

4=0
1.4 .1

23 =t

2' 7,1 . o -/
<§ (11> = e 12 [ L L T 2ijgit 5 ] +Ae 2,

2
i 161912 >> [ T - %——] . (2.63)
1 2

Classically such a dipole moment will result in radiation at

> 23.24
frequencies
w, t 2lg| . width 22+ 31,
1 2T ¥
1 2
w width 1 . (2.564)
1 L
The quantum theoryza—a& confirms this and also produces 1lhe

heighls of various speciral peaks.

Response of g strongly pumped two-leve} syslem lo a weak field

We nexl consider an important quesiion— How lo probe the
dynamical properties of a syst;m dressed by a strong pump field.
For this purpose we can imagine a ‘probe field aof frequency o
acting on the two—level system. We lake Lthe probe field weak and
thus consider the linear response of the atomic system while
treating the pump field to all orders in lhe perturbation. In the

rotating frame the interaction with lhe probe field « can be

37
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written as

~jflw-w_ )t
M, = —tgps+ . ' 4 He ) ,
- ik R
Vpdy o *
g = —— (2.55)
p h

The basic equation (2.48) is modified lo

—i(wﬁml)l i(wﬂnlit
-t L + (Me + M_ e Y v .
("+)23 = —Exgp . (H+)31 = 1gp , (H__)32 = —1g*p B
(H_)13 = Elgip . (2.66)

where the only non—vanishing elements of Hiare given, It should
be borne in mind that the matrix M depends on the pump field. The

solution of (2.46&) in the leng lime limit is

—i(mﬂnl)t i(wﬁul)t

The induced dipole moment in Lthe original frame will be

—dw .t
* 1
312 e vz(t)

3:E<s_(ti>

—iw. 1 X —i{Fw,wit
_ % (o} 1 *  {+)  —iwl = {-) 1
= ¥ ® + Wl v Av e
(2.68)
33

The induced polarization at the probe frequency is given by

a:z v e ' et us now calculate the rate at which lhe energy
2

is absorbed from the probe field. This rale can be shown to be

given by M5 (w) with

A
S (o) = 2Im g% v (P.69)
ale = m gp L .

From {2.47) and {2.49) one can see Lhat w; o gp. The explicit

expression for SA(u) can be obtained from (2.567) and (2.49). MWe

give lhe resu1t27 below

_ 2
Sae) = 41g,1% Real {f(z)lz=_i(“ﬂw1) } ,
(a) 2 1 -1 1 =4
fz = (i {2|g| tia - —y V(z-ia+ —) + 2|q)
To Ty
1 1 »
+ (R4 —)(z—iA + —) } p12) ] (2.70)
T Ta

where V;°) and P(z) are given by (2.52) and (2.59) respeclively.
The absorption spectrum (2.70) has several interesting features-
It shows regions of gainEB for both A=0 and A=0. Thus an inpul
probe can experience amplification. This can infacl be wused 1o
achieve laser aclion without population inversion.zq'ao We show
in Figs.3 the typical behavior of the absorpltion spectrum. The
absarption spectrum depends on all powers of the pump field. A

perturbative expansion of (2.70) will yield nonlinear susceplibi—

lities like x‘a)(ml.—m

L) etce.

1
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Nonlinear Susceplibilily for Four Mave Mixing in & Collsclisn af
Iwo LevejAtoms

Let us consider forward four—-wave mixing. The field “@y with
propagalion vector Rl and the field at « with propagation vector
% mix to produce nonlinear signal at the frquency (Zml-ml and in
the direction call—t:. The nonlinear suscepilibility describing

the four wave mixing signal can be obtained from (2.68). Nole

that a:avé—) will yield this four wave mixing suscepltibilily. On

simplifiction one finds that the signal is proportional to

1 z :
el NE - 4gzg: ﬁ:ziwéo,P_1(naﬂalﬂ{iA * - ] |. 2.71)
2

)
The intensity dependence of the pump enlers through P and véo .

The signal as a funclion of pump-probe detuning ey will exhibit

31,32

Rabi side bands. This behavior can be understood in terms of

the dressed states (Figs.4,5).

The susceplibility for phase conjugation geomelry can be
ik, .?

obtained by replacing <e by 2¢ cos(tl.?) and by finding the

tl independent term in the Fourier decomposilion of

P (ifw~w ))

)

2 (o), -1
9vy

where g2 has Lhe form |g|2cosa(§1.?). This averaging procedure

yields the nonlinear susceptihility33 for four wave mixing in

40

phase conjugalion geometlry. One can rewrite the above

expression
as
2
ig1%nT, 75
2 (o) —-10. _
9 vy P l(m—ul)] = 2 B
(zT1+1)[(ATa) +(zT2+1) 3
cnsaa
® Z 2 v
{1+Acos @) {1+Bcos &)
sl T, arz1,+1219i %75
z=i(u—ul) .R='“"'“"—""-2 » B = 3 2
1+(AT2) (2T1+1)[(AT2) +(ZTE+1) |

(2.72)
The il independent term can now be obtained by inlegrating over

8. The integral can be done by Contour integration with the

result
-1/2
, coc®o [(B+1)(A+1)]
2n (1+Acos®o) (4 + Bcos @) [(A+1>1’2+¢B+1)1’E] ’

(2.73)
The final expression for four wave mixing susceptibility is
obtained by combining (2.72) and {(2.73). The predictions based on
this averaged susceptibility have been verifieda‘. The signal as
a function of pump-probe detuning nol only shows resonances at

Rabi side hands but alseo at 1AT2.

Generalion of Subharmonic Rabi Resonances:

We have so far treated the pump field Lo all orders where as

41
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the probe is treated only to first order. Many new effects start
appearing as the probe field staris becoming strong. This is an

area of research which is being investigated at greatl

length.32'35”38 Here we discuss some of the more importani

results. Consider six wave mixing i.e., lhe generation of
coherent signal at the frequency Sml—am and in lhe direction
3‘1—21 by a system of two—level atoms. Calculations based on

optical Bloch equations (2.48) lead to lhe signal32

2
. T, 419|°T, T, 4 B
S(30142m) = -8ing g - 1+ 2 P (i(uﬁul))
P 2 (AT, 35 +1
2
e B Bl )01+ IAT ) (2 + BT ww I M2 + 1T, 3 ?
1 2 gt 1lgtemy -
(2.74)

Notice the appearance of Llhe polynomial P with Llhe argument
E(uﬁul). Thus Lhe six wave signal not only exhibils resonances at
Lhe usual Rabi side bands but alse resonances at lhe subharmonic

of Rabi side bands

_ 1 2.2
{w -mll = t 35 4, gl +A (2.75)

5till higher order nunlinear processes lead Lo resonances at

(w — @,y = 1t i ]4|g|2+A2 (2.76)
1 n
w

where n is an integer. If bath and “y are strong enough 1o

saturate the transition, Lthen oane ohbserves a number of

subharmonic resopances in various nonlinear mixing and absorption

AZ

spectra. However tlhe frequency is no longer given by the simple

formula (2.76) as holh o and @, are strong.

Such subharmonic resonances are also observable in sirongly
modulated fie1d5.37 For example consider a field wy which is

modulated at the frequency ¥ i.€.,

e, — {1 + chsut)tl N (2.77)

et us assume that lhe field ©y js on resonance A4=0. Then the

response of the syslem to such a field is given approximately by

-1

g > = — Z Ji(ﬁ)(zg'—w)[nz + lzg--nv)Z] .
T1 n
" -1
g%y = — Z Jﬁ((’:‘)u [u + (Eg—nv)z] .
T1 n
=112 412 . p = 2gM/m . (2.78)
2l T, Tp

and Jn is the Bessel function of order n.

These are the BC components in the steady stale response. The
response shows the presentce of all the subharmonics (2.76). The
weight factlor depends on Jﬁ(ﬁ) which in turn depends on 1he
modulation fregquency ¥. modulation index M and the strength of
the driving field. The prcurence of various subharmonics in
nonlinear mixing and modulatlion spectroscopy can be understood in

terms of the dressed states as is clear from Figqure .
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Oplical Resonance in Three Leve) Svstems?

We have so far considered a variety of physical phenomena
that can occur in two-level systems. More complex situations of
optical resonance phenomena in mulli-level systems can be handled

39-43 Liists on oplical

in a similar way. Considérable literature
resonance in three level systems which can be classified inte
three classes— (i) ladder system, (ii) Raman or A-system (iii)
Hanle or V-system. Cunsidérations based on parilty lead 18 only
two transitions in a three level system. For nxample'in a ladder
syslem with states (1> (Ltop most) [2)> (intermediate} and 13>
(ground), the allowed lransitions are |[1> «&— |23, |2 +— | 3>.
Let the field <, (cai. frgquency w, {ma} act on the transition

11> «—+|2>, (12> «—— {3>). In rotaling wave approximation tLlhe

interction Hamiltonian is

Wiw1t —iuzl
H1 = —h(g1|1)<2ie + H.c.) *h(g2|2><3le + H.C.}
(2.7%)
where
a4 .2 it .% A2, ik .R
9, = —Jf——l e ! .9, = _gﬁ__g e 2 (2.80}

The operators Aij=|i>(j| for the three level syslem obey SU(3)

algebra

[Aij . Akl] = Ail 6jk - Akjéil v (2.81)

The Hamiltonian (2.79) <can be reduced lo static form by a

43

canonical transformation. This can be seen as follows-

Schrodinger equaliaon
oy
at

i
= - ¢ [Hn + H1(t)] v H = 5: E, A, - (2.82)
J

can be reduced by defining

vy = exp{-s[cu1+ua)n11 +(uzn22))& ¢ . (2.83)
so Lhat
¢ i
T - i , (2.84)
H o= (a,+8,00A . + A0A,, —[hg1|1><2| + gPI2XE| + H.C ]
(2.85)

Here the delunings are given by

£,-E
A, = & _

1 N 1 ] 2 - Y - “2 - (2.846)

The Hamiltonian H{Eq.(2.85)) is static. The Schrodinger eq.

(2.84) is easily solved. The eigenvalues of the 3x2 matrix

A1+Aa 9, [¢]
—ak A - (2.87)
" 2 %2
[¢) —gl
2 [+]

determine the dynamics of lhe system.44
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Let us consider Lhe energy absorption from a probe field
applied on the transition 1+——2 when the strong pump acls on the
transition 2¢—3. We assume Lhe probe field to be weak so lhat
it is sufficient to calculate the energy absorption to second
order in the probe field. We thus need to know the density malrix

element to first order in g,. The Schrodinger eguation (2.83)

leads 1o
(11 L —i(A1+AE)(tﬂt) (o) (o)*
P 4a t)y = ig, J dr e L (1)w2 [ ,
o

(2.88)
where wéo)(t) is to be calculated to all orders in a, but to zerco
order in 9, The form of wéO)(t) depends on the initial state of
the atom. Lf we assume that the atom at 1=0 is in ground state

and the pump is on resonance, then

(o) L.
= {2.89
¥o (L) isinigyt) )
and
a, { sln(gz—A1)t sxn(gz+A1Jt ]
Imo (LY = —a —— * -
12 4 _
(9,8 ) CII
9, (A1+gzlt (A1—3gz)t
-1 —— gin———— (0% —_— ga - - 92 - (2.90)
E(A1+92) 2 2

1hus the transienl energy absorplion will exhibil resonances
whenever

(2.91)

a4

This is the familiar Autler-Townes doublel which has been the
subject of many experimental investigations see for example Ref .-
40. The appearance of this doublet can be understood in lerms of
the dressed states of the two-level system 12>, 132 under Lhe
influence of the pump field. Normally Auller—-Townes doublet is
studied in the steady state i.e., one includes relaxation of tUlhe

system and examines lim 1mp12(l). The analysis shows thal in the
1+

steady state energy abscorption exhibitls resonant structures at
A1=tgz. Dne may also understand this gqualitatively as in lhe lang
time limit only the first two terms in (2.90) will survive lead-
ing te 6(g21A1) which will then go over tlo Laorentzians with a

finite width.

Clearly the transienl abhsoerption depends on the initial
state of the atomic system. We next investigate what happens if

the atom at t=0 is prepared in a dressed state i.e., an

eigenstate of

h = —h92|2)<3| + H.C. (2.92)

for example in the state ¥,

hw+ = + gE v, . (2.23)
then
-1 t
(o) _ 19p
¥o {(ty = e v, . (2.94)

It then follows from (2.88) that

ﬁinl(A1—gz)
1) 2 = (2.95)
Imgy 1y = g, lw, |l — - 2.
12 4 ¥4 (4 ~g.)
1 2
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The probe absorption now exhibiis only a single rescnance at

where we have used the relation Hiw, > = E |v > On using Lhe
o hgl
R explicit form of lv*)= 1 (1> - —;— |2>) (2.97) reduces lo
=
1 9z 1z

i.e., one of the components of the Autler—Townes doublet is

(2.96)

+ - i T —-i
suppressed. This suppression has been observed by Mossberg and st (tisT (> = W19l (1/2¥<2j e lHr|2> (2.98)

cownrkers.21

etlol” '1' <v+-v_le"mrlv+-v_>
In the foregeing we have considered the single time

expectation values. We have presenled results both in tlransienl = e“g"r % [‘—ilglr + eilng]

and steady state regime. Certain phenomena require the evaluation

of Lhe Ltwo-lime correlation functions like <S+(t+1)5_(t)). Such

1 2i
3 [ 1+ e2tialT ] (2.99)
correlations delermine essentially the structure of Lhe

spontaneously emitted vradiation. These correlations can be

This resull when substituted in lhe physical definition of Lhe
23,37.,41,42

45

computed transienl speclrum of the scattered radiation will show that

from the knowledge of Lhe single time mean

values and the quantum regression theorem. the radiation consists of spectral peaks al

Just to illustrate tlhe structure of the dipole-dipole . s @ + 2lgl - . (2. 1001
correlation function we consider a simple situation. We assume

that the atom has been prepared in one of the dressed slales say Thus the left side band of the Mollow spectrum is suppressed22 in

v, (Eq.(2.44)). We assume that the external field is on resonance the transienl domain when the atom is initially prepared in Lhe

with the atom. We also ignore the relaxation effecls i.e., we dressed state |V+>-

examine the behavior of the correlatien function for limes much

smaller than the relaxation times. Then one can write

. _ PHOL+T) |, —iHUL+) dHE —iHL
gTiterIsT > = <y e s e e S e v
iE,T/h , —iHr
= = (w_'_lS e S |w+> ’ (2.97)
a8
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111 INTERACTION DF ACTIVE ATOMS W1TH QUANTIZED FIELDS

In this section we consider the interaction of an atom with
a quanlized electromagnetic field in the cavitylv. This is a very
fundamental model the generalization of which can be used to
describe a very wide class of phenomena in quantum oplics. The
physical phenomena depend on Llhe strength of the cavity—-atom
interaction, losses from mirrors, pumping of atoms, spontaneous
emission rate in Lthe cavity, density of atoms, distribution of
modes, transit Lime of Lhe atoms etc. A single mode electric
field in the cavily can be expressed as

Proh /2 .
] a ut¥r + H.C. 3. 1)

E=—iz[v

where V is Lhe quantlization volume, ¢ the polarization vector of
+
the mode given by the mode function u{¥). Here a and a are the
annihilation and creation operators for the field mode salisfying
fa,ad = . (3.2)

The eigenstates of the number operalor a+a will be denoled by
{n>. The interaction of a twe—level atom with the field (3.1) in
the rotating wave appreximation can be written as

H = hwoﬁz + hw ata 4 h(g5+a + g*S—a+)

. (3.3

where

50

2w L 1/2
g = i .z _— ] . (3.4)

The properties of the Hamiltonian (3.3} were first studied by
Jaynes and Cummings46 and the model (3.3) is now known as the

Jaynes—Cummings model.

A. EIGENSTATES OF (3.3) @ DRESSED STATES

Exact eigenstates of (3.3} can be obtained by noting that

the unperturbed states [n,e>, in,g>», n=0,1,2,...,0 are suth thatl

ha
Hin,e> = (" + hon)n.e> + ng"Y n+1 Int1.0>
bw oy
Hin+l,9> = (- —ég + hwin+t1)dn+l,9> + hg Jr;+1 fn,e> (3.3

we have now denoted the excilted and ground states of the atom by

le?>, 1g>-

Thus the structure of (3.3) is such that only the states In,e>
and |n+1,9> are coupled wilh each other and therefore the
diagonalization of the Mamillonian (3.3) is equivalent tlo Lhe

diagonalization of 2x2 matrix

[h)

Aﬁg + wn g*]n i
h . (3.86)
“o
gIn+i - -5 winti)
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The diagonalization yields the states

cnﬁen sian
> = [n+1,g> + in.e> (3.7)
n -sing cosd
n
l 2
tan&n = Eg‘n+1f(nn6-b). Aq»oﬂ» . nnA = A2+4g (n+1)
n=0,1,2.00s» (3.8)
with energies
pol = hetn + 32 . . (3.9)

The states (3.7) are called the dressed states for the quaﬁtized
system. In addition the state |vo> = |o,g9> is also an eigenstale
of H with energy —uolz. In Fig. 4 we schematically show

these dressed states. These states are ccherentl superpositions of
In.e> and |[n+1,g>. Nole 1tlhat 1ihe total atomic and field
excitation for this set is (n+1). It is easily checked thal
uSz + ua+a is a constant of motion. Mote that for cavily field on
resanance A=0, 6n= n/4. Having obtained the eigenstates, Llhe time

. . &7
evolution can be studied. We can express lime evolution as

Uitd)in,e> = Ane(l)ln,e) + Bne(t) In+1,g>
o —ielt —iwt
Ane(t) = sin Bne + CD0$s Bne -
Uity n+t1,g> = nn+1'g(t)ln+1.g) + Bn+1.g(t) |n,e>
52

. _ R CM T ?
Bneit nti.g ;ns9n51n9n[e - .
—iw't —iw t
- 2 n -
An+1.g‘t’ = Cos ane + sin sne ’
iuotlE
Aog(t) = e N Bog(ti = 0 . (3.10}

We are now in a position lo understand various physical phenomena

in cavities.

B. ATOMIC EXCITATION PROBABILITIES

Consider an atom in the excited stale |e> passing through a
cavity in which Lhe field is in a slate pF. Let the atom intleract
fo( a time t. The probability p, lhat the atom comes cul in the
excited state is obtained from Iﬂne(t)la. On averaging over tLlhe
initial field distribution and on specializing o the resonant

situation, we getl

p.(ti = pin} cosagt Jn+¥l , pin) = <n|pF|n> - {3.11)

oM B

Note that the distribution pin) for some lypical states of Lhe

field is given by

Fock state I“o> .
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ETE . s



-n, -0
e (n) 2 —-

= — coherent slate ja> ., 1o = n ,
n!

= ™7™ thermal state ) (3.12)

1f the field in the cavity is initially in vacuum stale o>,

then
- 2 '
pe(t) = cos gt . {(3.13)

The atom oscillates back and forth between the states le> and | g>
al a frequency determined by the field-atom coupling conslant g.
The oscillations occur because the atom to start with is in
excited state. The atom comes to ground stale by emitlting a
photen. This photon can be reabsorbed by the atom. The series of
emissions and absorptions leads to the oscillatory behavior
(3.12). These oscillations are known as the wvacuum field Rabi
oscillations48~50 and do not require the presence of the field.
The atomic excitation energy is exchanged between the atom and
the field mode. Note that for reabsorplion of the emitted photon,
the photon musl remain in the cavity. This requires that tLhe
escape rate from Lhe cavily must be much smaller than the rate of

reabsorption. Otherwise one will get simple exponential decay.

The excitation probabilily pe(t) shows remarkable «collagpse
and revival51 of Rabi oscillations when the distribution p{n) of

the cavily photen 1s distinct from &n n - For example for a Pois—
L]
o

=4

Fig.13

Fig.Bt

Fig.3:

Fig.41

Fig.%1

FIGURE CAPTIONS

[§<3)

General structure of the diagrams contributing lo x

The collision induced coherente can be seen by combin-
/

ing the contributions of tpé triplet of diagrams like

these. /

s

/

Three—level system rel vant Lo transilions in a system

like Ruby. This is also an example of an open two-level

system since rafﬂo
The absorptlion spectrum (2.70) for AT2=5, T2/T1=E; Rabi
freguency = 2 TE' The spectral fealures (h), (c) and
(d) respectj

ely, correspond Lo the resonances atl W,

2
17, ©, and ©y + AE+4|912. {after Ref. Z28b).

Pressed states (3.7) of a single mode field interacling
with a two-level atom. The solid lines give the reso—
nant transitions relevant for ground state absorption.
In spontaneous emission one will see all the transi-
tions marked by the wavy lines depending of course on
the distributlion of the input photons. Mollow speclrum
in a strong coherent field arises from tlransitions
lw;> — |wiw1), lv;> — lwi_1> for large n. Note thal

for large n, nnA ~ 4[g|2n+A2 and the dispersion in

photan number ™ “1: which beceomes quite small.

n

The diagrams showing the existence of Rabi side bands
in four wave mixing in two-level atoms in presence of a
strong pump. Note Lhat strong pump leads to pepulatlion

in both the dressed levels |wi>.



Fig.&}

Fig.71

Fig.as

Fig.%1

(a) The diagrams showing the exislence of the first
subharmonic of the Rabi side band in six wave mixing.
(b} The diagram showing subharmonic of the Rabi side
band in two photon absgrption from a probe. In
modulalion spectroscopy Lhe modulated compnent of 1lhe
pump can be treated as a probe.

The probability of finding the atom in the excited

state as a function of }ime for an inputl coherent field
with average number 5 cupve A is for @=w, curves B [C1]
represents P(t)—% CP{t)-¥] for m/g = 0.001 [0.0051. The
finite value of @ affectsicollapses and revivals (afler
Ref. 53ar.
Some of the low lying dresged stales of a system of
large number of atoms interhcting with the cavity mode .
Wavy (saolid) lines give the \transitions due tlo cavily
leakage and sponlaneoaus emis ion (external fields). The
vacuum field Rabi splitting fn absorption will <corres—
pond to transitions le>—=|+>, |—=>. In two photon abso-
ny of the levels |1>, {8>

rption Euu can resonale wilh

and |3> (after Ref. 5&).

Spectrum of spontaneous emission as a function of
in a resonant cavity with Q=0 a?d detector widlh y/g9 =
0.1. Initially The average numbﬂ( of photons in  the
cavity is 10. The curve a (b) is for coherent (lLhermal)

field. The speclrum depends on tqe photon statistics of

the input field {(after Ref. 57).

vasl and so0 we cite only those papers which

necessary for understanding. The following books and

REFERENCES

The literature en the subjecl matter wunder review is very

are absolutely

reviews may

be consulted for details of some of the material presented here.

3.
4.
5.

-

I11 L. é@llen and J.H. Eberly, '"Optical

1 N. Bloembergen, “Nonlinear Optlics™ (W.A. Beniamin, New
York). (19&5)

1I Y.R. Shen, "The Principles of Nonlinear Optics"

(Wiley, New York 1984).

Resonance and

Two-Level Atoms" (Wiley, New York 1975).

v S. Haroche and J.M. Raimond, Adv. Al. Mol. Phys. 20, 347
(1983) .
v S. Swain in Adv. At. Mol. Phys. 1&, 159 (1280).

N. Bloembergen, H. Lotem and R.T. Lynch, Jr., Indian J. Pure

and Applied Phys. 14, 151 (1978).
M. Sanjay Humar and G.S. Agarwal, Phys.
(1984).

Rev. A33, 1817

See for example, G.S5. Agarwal, Opt. Lell. 13, 482 (1988).
G.S5., Agarwal, Dpt. Commun. 37, 129 (19856).

W. Lange, Opt. Commun. 5%, 243 (1984).

¥. Prior, A.R. Bogdan, M, Dagenais and N. Bloemhergen, Phys.

Rev. Lett. 46, 111 {(1981); A. Bogdan, M. Downer and N. Bloem—

bergen, Phys. Rev. A 24, &23 (1981); Opt. Lett. &, 348 (19831)

N. Bloemkergen, Y.H. 2Zou and L.J. Rothberg, Phys. Rev. Lell.

a3

—

EoT R



-

.

10.

11.
12.
13.

14.

15.

14.

17.
18.
19,

20.

54, 184 (1985)3 L.J. Rothberg and N. Bloembergen, Phys. Rev.
AZ0, 820 (1784); Y.H. Zou and N. Bloembergen, Phys. Rev. A34,
2968 (1984&).

G.Grynberg, Opt. Caommun. 38. 439 (1984); J. Phys. B 14, 2089
{1988); R. Scholz, J. Mlynek and W. Lange, Phys. Rev. Letl.
51, 1761 (1983).

@. Gong and Y.H. Zou, Opt. Commum. &5, 52 (1788).

D. Grandelemenl, G. Grynberg and M. Pinard, Phys. Rev. Leltl.
59, 44 {1987); ibid 5%, 40 (1987).

J.G. Fujimoto and T.K. Yee, IEEE J. Guani. Electran. GE-19,
B&1 (1983} .

Y. Prior, 1EEE J. Quant. Electron. GE-Z0, 37 (1984).

M. Sanjay Humar and G.S. Agarwal, to be published.

R. Trebina, Phys. Rev. A3B, (1988).

D.G. Bteel and $.C. Rand, Phys. Rev. Lett. 5%, 2285 L1985 ¢
see also J. Liu, J.T. Remillard and D.G. Steel, Phys. Rewv.
Lett 59, 779 (1987) for experimenls dealing with open two
level atoms.

R.P. Feynman, F.L. Vernon and R.W. Hellwarth, J. Appl. Phys.
28, 49 (1957).

F.T. Arecchi, E. Courtens, R. Gilmore and H. Thomas, Phys.
Rev. A&, 2211 (1972).

A.M. Perelomov, Sov. Phys. Uspekhi, 20, 703 (1977).

R.J. Glauber, Phys. Rev. 131, 2766 (1763).

M.A. Rashid, J. Math. Phys. 19, 1391 (1978).

¥.5. Bai, A.G. Yodh and T.W. Mossberg, Phys. Rev. Lett,. 35535,

1277 (1985} .

21.

2z.

23.

24.

25.

24.

27.

28.

29.

30.

a1.

34.

35.

Y.5. Bai, T.W. Mossberg, N. Lu and P.R. Berman,
Phys.Rev.Lett., 57, 16472 (19854).

J.E. Golub and T.W. Mossberg, Phys., Rev. Lell. 3%, 21479

(1987} .

B.R.Mollow, Phys. Rev. 188, 1969 (1769).

B.R. Mollow in "Progress in Optics", ediled by E. Wolf (Norih
Holland, Amsterdam 1981) Vol. 1%, p.1.

C. Cohen-Tannoudji in "Frontiers in lLaser Spectroscopy” Eds.
R.Balian, S. Haroche and S. Liberman (North Holland, Amster—
dam 1977): €. Cohen—-Tannoudii and S. Reynaud, J. Phys. B10Q,
345, 2311 (1977).

C. Cohen-Tannoudji in "“Proec. Second Laser Speclroscopy”
Conference eds. S. Haroche, J. C. P. Peyroula, T. W. Hinsch
and S.Harris (Springer, Berlin 1975).

B.R. Mollow, Phys. Rev. A%, 2217 (1972).

(a) F.Y. Wu, 5. Ezekiel, M. Ducloy and B.R. Mollow. Phys.
Rev. Lett. 38, 1077 (1977); (b) M.T. Gruneisen, HK.R. Mac-
Donald and R.W. Boyd, J. Dpt. Sec. Am., BS, 123 (1788).

A. Lezama, Y. Zhu, M. HKanskar and T.W. Mossherg, to be

published.
G.5. Agarwal, to be published.

R.W. Bayd, M.G. Raymer, P. Narum and D.J. Hartler, Phys. Rev.

AZ4, 411 (1981).

G.5. Agarwal and N. Mayak, Phys. Rev. A33, 396 (17856).
D.J. Harter and R.W. Boyd, IEEE J. Guant. Eleclron. GE-164,

1124 (1980).
D.G. Steel and R.C. Lind, Opl. Lettl. &, 587 (1981).

K. Trebino and L.A. Rahn, Opt. Lett. 12. 912 (1987).

B85



36.
3z.

38.

32.

40.

41.

4z.

43.

44,

45.

44,

47.

48.

49.

5G.

51.

52.

G.5. Agarwal and N. Nayak, . Opt. Sec. Am. B1, 164 (1984).
G.5. Agarwal and N. MNayak, J. Phys. B1%2, 3385 (198s).
L.M. Hillman, J. Krasinski, N. Noch and C.R. Blroud, J. Qpt:
Soc. Am. B2, 211 (1985).

R.M. Whitley and C.R. Stroud, Phys. Rev. Al14, 1498 (1976&).

H.R. Gray and C.R. Stiroud, Opt. Commun. 25, 359 (19781 ;
G.5 Agarwal and S.5. Jha., J. Phys. Big, 26353 (1979} .

S. Reynaud and C. Cohen—Tannoudji, J. Physique, 43, 1021
{1982).

P.M. Radmore and P.L. Knightl, J. Phys.B15, 561 (1982) .

It must be added that the three-level dynamics can be reduced

to two-level dynamics if the fields are far detuned from
intermediate state: D. Grischkowsky, M.M.T. Loy and P.F.
Liao, Phys. Rev. AiZ, 25314 (1975).

J.H. Eberly and K. Wodkrewicz, J. Opt. Soc. Am., &7, 1252
(1977 .

E. Jaynes and F.W, Cummings, Proc. IEEE 51, 8% (1943).

G.5. Agarwal, J. Opt. Soc. Am. BZ, 480 (1983).

J.J. Sanchez-Mondragon, N.B. Narozhny and J.H. Eberly, Phys.

Rev. Lett. 31, 550 (1783).

G.S. Agarwal, Phys. Rev. Lett. 53, 1732 (1984).

Y. Kaluzny, P. Goy. M. Gross, J.M. Raimond and S. Haroche,
Phys. Rev. Letl. 51, 1175 (1983).

J.H. Eberly, N.B. Narozhny and J.J. Sanchez—Mondragon, Phys.
Rev. Lett. 34, 1323 (1980).

G. Rempe, H. Walther and N. Klein, Phys. Rev. Letl. 538, 353
(1287).

8&

124 J.0pt Soc Am B/Val L Ni 1/M3anuary 1988

Wi w0
Ny \ r
\
y ty . wy
M
b) (O] {d}

Fig. 1. () A lnser field st frequency w, thet is detuned from reso-
nance by frequency A creates s pair of virtual atomic levels, shown
asdushed lines. At high laser inLensities, the energy-level structure
is modified by the ac-Stark effect to become paire of dressed levels
separated by the generalized Rabi frequency &, as shown at the
right. The possible transitions among these levela are illusirated in
(bj-{d). {Both the purap laser detuning from resonance snd the
generalized Rabi frequency are negative In this figure) (b) By
simultancously shrorbing two pump-laser photons and emitting &
photon with freguency wy + I, the atom makea & transilion to the
eacited siate. A: a consequence of this three-photon effect, an
incident wave at frequency wy 4 € (2 periences gain. (¢) When the
difference between the pump: and probe-wave frequencies i com-
parable with the inverse of the atomic response Lime, the strong
interaction of the waves’ beal frequency with the populations of the
stomic Jevel: results in a nearly degenerate absorpiion feature with
& divpersive line shape. {d) The ac-Stark effect shifly the stomic
resunance frequency taw, — I,

Hamiltenian. Fach pair of dressed states is split by the
generalized Rald frequency @ = (Aflal){a? + 992 where 0
= leaalEi/h is the Rabi frequency, g, is the atomic-dipole
mament matrix element, and E, is the real amplitude of the
strong laser field.

The structure of the modified atomic states can be deter-
mined by measuring the absorption spectrum with a probe
wave whose intensity is weak enough that it does not itaelf
dress the atomic states. For the moment, we ignore the
effects of atomic motion. Starting with the density- matrix
equations of motion®#¥1.7 4nd including the influence of the
strong optical field o all orders, while retaining that of the
probe field to only first order, results in the following ampli-

tude absorption coefficient for the weak probe wave st w3
(Ref. 12)

20 Nuglu, Plogy, — pa

ald) hnge

x 1| @ T — A+ T )HA ~ T - (W82}
® U A - dTIDW) '

{1

where 8 = wy — wy is the probe ;uinp detuning, T und Tz are
the population lifetime and 1. dipole-dephasing time, re-
spectively, N is the number dei-ity of atoms, nj is the index
of refraction of the atoi. ium at frequency wi, and
Im| }denotes the imuginary part. In Eq, (1), (oo — pad)®
i5 the sieady stute population inversion induced by the
strong laser field:

U+ 810y =

(pps — o)™ =
Poe = P 1+ AT + T, T,

' (2)

A at

Caem\

NAtn 1{. kk%‘()‘ SO (JA'}‘ N{\ f‘;‘

Gruneisen et af.

U;'h(-r;' L. = ﬁ.n');i. the equil‘ibrium population inversion in
the shsence of ¢ ical Tichis, and () iv & culi in.
sk in b given Ry opt B i & cubic pobim

Dby = b+ T b+ B +ilThtd ~ 84 ifTy
- 0% + ifTy). @

The probe-wave absorplion coefficient a(2) for a typical
case, shown in Fig. 2, has three features. The ac-Stark-
shifted atomic resonance ot wy = w, = §¥ corresponds Lo the
Lransition between the lowest and highest dressed levels
|[Fig- 14d)]. Because the ground state is more highly popu-
lated than the excited state, the probe wave is strongly at.
Lenuated at this frequency.

The central feature in the abuorption spectrum occurs
where the probe -pump detuning is less than the inverse of
sume characieristic alomic response time [Fig. 1{c)). The
line shape of this nearly degenerate feature appears disper-
sive whenever the pump is detuned from resonance. In the
high-intensity, Iarge-detuning limit {2, A > 1/T3}, which
correipands Lo our esperimental conditions, Egs. (1)-{3)
simplily sumewhat in the vicinity of the nearly degenerate
Tesuliince 10 give

: P
A tA; D+ A,
@ ~a Fra T )
~A :
o L+ar,?
where
- 2“:::;';“'? 1 .]1 . {5}
! -+ - (ima)?
[T. + Tz( /4)
1 1 1
A= e ey, ()
] AiTng[Tl TI ]
PIL LY E IR o
oAl T, T,
. -
Ag= M, > (8}
a7, I
- ™

(-]

sbsorption coefficient

)

3 i | 1
-y ° Qi

probe-pump detuning .
Fig. 2. The probe absurpiinﬁn;préﬁu}ﬁ - i'nudlﬁ;-d-ra; the intensy
pumsp laser field for To/T) = 2. 0T; = 20, and AT = =5, (h) -4d)
Correspondence between the three specteal fentures ang the transi-

tivns dhusteated in Fig. 3. .
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