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The absorption .of the probe is proportional to the imaginary

part of the Induced Polarization

From the Maxwell equation for the field

E ~ eif l+4nx(w)L

Intensity is

B ~ fezp(*yTH 4@ L}

The Intensity attenuation oL is given by

_ 4xwl

[

oL Im(x(w))

Induced Polarization is nd,;p;;

_ 4mwlnid,;|?
B he

ol Im(—-P2 )

(dji. Efh)
Which reduces to

piilsi
L=oyl Im(————Y=aol A
(x %) m((dﬂ.E/h)) %:9'_

Y usudd

y\ef' a\asw):ﬁ"‘ }ine

(1)

T\



LAMBDA SYSTEM
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LADDER SYSTEM
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P22 = 2v1p11 — 272p22 + 2Ap3y — 1Ghpyy + tG1p12 + iGapar — t1Gpas
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LADDER SYSTEM
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Nature of the Quantum Interference in Electromagnetic Field

Induced Control of Absorption

G.S. Agarwal
Physical Research Laboratory Ahmedabad-380 009, India and Maz-Planck -Institut fur
Quantenoptik, D-85748, Garching, Germany
A 1, 199 ’
(August 31, 1996) (_.1:

Abstract @

Various three level schemes for electromagnetic field induced control of ab-
sorption are analysed to isolate the precise nature of the quantum interfer-
ence. Such interference manifests through the dispersive contributions to the
absorption line shapes. Depending on the excitation scheme the dispersive
terms can be either constructive or destructive. The collisional dephasing in

some cases can change the nature of interference.

PACS Nos. 42.50Gy, 42.50Hz
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[mx(w) = % [Lw(Al — G) + Lw(AI + G)]

+g_;. [Dw (A1 = G) — Dw(A; + G)]

2G is Rabi frecuency, Ay is probe detuning, 3 is the in-

terference parameter.
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I[nhibition and Enhancement of Two Photon Absorption

G.S. Agarwal'* and W. Hurshawardhan®
'Plovsicad Research Laboratory, Naveangpura, Alunedabad 380009, India
*Universite of Hvderabad. Hvderabad 300 (46, India
{Received 29 February 1996}

The possibility of trunsparcney against (wo photon absorption 15 predicted.  Detailed absorption
protiles under different conditions of the control laser are given. A novel explanation of the absorption
minimum is given in tecms of the two photon Fermi golden rule and the dressed states.  Possibility
of considerable enhancement of two photon absorption ¢ven in the presence of Doppler broadening is

demonstrated.  {S0031-9007(96)00798-3]

PACS numbers; 42.30.Hz. 42.65Tg

It is well known [I] from second order permurbation
theory (2] that the two photon absorption can exhibit
interference minimum depending on the location of the
intermediate states. The occurrence of such interferences
depends on the existence of at least two intermediate
states, and on a special relationship between the dipole
matrix elements and detunings. Thus the interference
minimum in two photon absorption is determined by the
intrinsic properties of the medium. [n this Letter we
propose a method whereby this interference minimum can
be induced as well as coatrolled by changing intensity
and frequency of the electromagnetic field especially
applied to achieve such an objective. One thus has the
possibility of making the medium transparent against
two photon absorption. We further demonstrate the
enhancement of two photon absorption. Our analysis
also includes Doppler broadening. Clearly this control
of two photon absorption should be of importance in
the context of related issues like two photon lasing and
pulse propagation. which will be discussed elsewhere.
Further, one has the possibility of enhancing x® of media
possessing small permanent dipole moment or media with
strong magnetic dipole transitions (3]. Here x'? would
essentially be proportional to two photon coherence.

Consider the situation shown in Fig. 1. The probability
of absorption of two photons according to the perturbation
theory is given by

2 | (11d - B2 Qld - Eaf3)
h Eg - E] - h’w-;
L Gl Eetd - B
Ey — Ey — Ran
x S{E( - E} - HW] - fiwg) (1)

Py, =

The absorption probability vanishes ‘if the corresponding
two photon matrix element vanishes. This will happen for
a value of w1 determined by the dipole matrix elements
and the location of the intermediate states. Cleady. if
there is only one intermediate stage, dhen the two photon
absorption always occurs. (n this case we can usc a
control laser to couple the intermediate state with some

0031-9007/96/ 7TH6)/ 103K4)$10.00

other state to make the medium transparent against two
photon absorption. The idea of using control lasers
in modifying the optical properties (4] has met with
tremendous success since the early proposals. Harris and
co-workers [5] introduced the idea of electromagnenc
field induced trapsparency which in the meantime has
been the subject of several experiments {6,7]. [t has
aisc been shown that controt field induced quantum
interference and field induced transparency effects can
be utilized for enhancing nonlinear optical cross sections
(8], for decreasing the threshold of switching in optical
bistability [9), for lasing without inversioa [10], and for
enhancing refractive index [11). These ideas have also
been used for quenching spontaneous emission noise [12].

We present a model scheme to show how the idea of
two photon transparency will work. We illustrate the idea
by considering the example of the relevant energy levels
of Rb. The transitions are shown in Fig. I. The 2y’s
represent the rates of spontaneous decay. The field on the
transition {2} «~ [4) is the control field and will be shown

FIG. [. Schematic of the level scheme for two photon (@, +
w-) absorption, where the absorption probability depends on the
intermediate levels |2) and 12). Shown on the right side are the
relevant energy levels of the Rb atom, where the control field w
between leveis (2) — |4) makes the medium tmnsparent [ two
photon @, + w- Wwansition between {1) — [3). v;'s and 4,'s
are the comesponding spomtaneous decay rates and detumings,
respectively.

@ 1996 The Amencan Physical Society 1039
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to create transparency against two photon absorption. Let
A’s represent various detunings: &) = w2 — @), Ay =
wy — w2, A = wp —ow, and G's depole Ltje coupling
coefficients G, = diz * /A Gz = dn - E2/h. G =
dsr - E /K. After a canonical transformation the effective
Hamiltonian is

H = RA,12) (2] + KA, + Ap DY
+ R(A + Ay 4@ — R(G[2)4]
+ G2+ G212)(3] + Hel. (2)

The probability for two photon absorption is given by the
population in the state [1). We will assume, as usual, that
G, and G- are weak, whereas the control field G can be of
arbitrarv magnitude. Thus p|; needs 10 be calculated to
the order G ,265 but to all orders in G. This can be done

_ GiGi

using density matrix equations with spontaneous emission
terms properly included

p= - %[H.p] — YD (le} = r2ii2 2l o}

— {14y @l p} + 2vipni2{2|
+ 2y20203) (3] + 2ypasl2) 2] (3)

It should be borne in mind that we are dealing with a
four level system. Calculations show that the two photon
excitation of the level {1 consists of rwo terms—one
containing the two photon resonant denominator {7y, +
iA, + iA,) and the other corresponding to stepwise
excitation. Assuming large intermediate state detuning,
the dominant term in two photon excitation is the one
containing the two photon resonant denominator. i.e..

iy + 14 + iA;)

c
Y1

M+ i, + iAg)[{yz + iAa)(y + A +idy) + G7]

'yl+y+iA|—iA

X .
(y1 + y2 + iA) (yy ¥ + idy — iA) + G?

In the limit G — 0, A, = v,
GiG3
(fﬁlﬁz)['}’lz(:ﬁl + Aa]

= (5)

For large A;'s and G # 0, Eq. (4) leads to the possibility
of a minimum in two photon absorption corresponding to

Ar=-AM=A. (6

Before analyzing the origin of the minimum we present a
number of two photon absorption profiles obtained from
the numerical solution of the density matrix equations (3).
Unlike (4) the numerical work includes ail the contribu-
tions. We will present the results both with and with-
out Doppler broadening. We will assume that the fields
w, and w- are counterpropagating but the control field is
copropagating with w,. The Doppler averaging is done
in the usual manner by replacing w, by w; — k- v,
etc. We show the peak of the two photon absorption.
ie. py at Ay + Ay = 0. as a function of the detuning
A,. Figure 2 gives the behavior for different values of
imensity and frequency of the control laser. We scale
all detunings and field Rabi frequencies in terms of y's.
For the purpose of argument the actual values of individ-
ual y's are irrelevant. For comparison results in the ab-
sence of 4 control laser are also shown. Note the minima
in two photon absorption at A; = 20 for G = 50. The
linewidth of the 2> line in Rb is about 6 MHz. and thus
A, = 20 cormresponds to 60 MHz. Further a pump Rabi
frequency 2G of about 100y will correspond roughly to
a power level of | W assuming a beam diameter of or-

1040

(4)

l

der 0.5 mm (intensity = 500 W/cm”) and thus providing
one with adequate power. A variety of lasers such as
Ti: sapphire can be used as coupling lasers [7]. For con-
trol laser strength G > Awp we have a similar behavior
with a minima at A (not shown). Notice the asymmetries
in the two photon excitation spectra. These arise from the
finite detuning of the control laser. Note further that one
member of the doublet is narrower [13] than the Doppler

width. We show in Fig. 3 the behavior of the minimum
0025 r—r T T T T T ]
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FIG. 2. The two photon absorption spectra at &) + 3y = (.

The dashed curves are in the absence of the controd field. the
one with much larger widih is in the presence of Doppler width
'_\w,q/2'ym = 108 (the actual number is 45 times less). The
wolid curves are in the presence of a control feld G = 50,
A = 20, The Doppler result in this case is 20 times less than
shown. All ¥;'s have been set to unity.
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Sub-Doppler resolution in inhomogeneously broadened media using intense control fields

Gautar: Vemuri,"* G. S. Agarwal.? and B. D. Nageswara Rao'*
'Department of Physics, Indiand University =Pundue University at Indiunapolis 302 N. Bluckford Street,
Indianapotis. iulicna 46202-3273
iPhvyical Research Luburutory, Ahmedabad 380009, India
(Received 17 Nuvember {995)

We propose a scheme for obtaining sub-Doppler resvlution for one transition of an inhomogeneously broad-

ened. three-level atomic system, by using an intense control ficld at the other transition. Asalytical and
numerical calculations are presented (o delineate the mechanism respoasible for this sub-Doppler resolution,

and quantify the extent to which Doppler broadening can be reduced.
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Sub-Doppler linewidth with electromagneticaily induced transparency in rubidium atoms

Yifu Zhu and T. N. Wasserlaut
Department of Phvsies. Florida Intermational Universire, Miame, Florda JI19Y
iRecewved 30 May 1996)

We report the expenmental vhservation uf steady-state ¢lectromagnetcaily induced (ransparency snd sub-
Doppler linewrdth in 4 Doppier-broadened \-type Rb atomic system formed on the Y'Rb 0, transitions. The A
s¥stem ts coupled on one transiton by 4 strong laser and probed on the other transttion by a weak laser The

vbserved sub-Ooppler linewidth decreases with the increasing detuning of the stron
atomic ransition irequency and s in good a

Agarwal, and B. D. N. Rao [Phys. Rev. A 5

g-coupling laser from the
greement with the theoretical calculations of G, Vemun. G. S.
3. 1842 (1996}]. [S [050-2947(96)10810-6]

PACS numberis): 42.50.Gy. 42.50.Fx. 42.50.Md
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FIG. 1. The energy level structure of S"Rb D\ transition and the
laser coupling scheme, which forms an effective three-level A-type
SYlm. A =w_—w,, (A= w, = w3} is the coupling {probe) laser
detuning. Iy, (I),) is the spontaneous decay rate from state |3} to

state 1) (12y),
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FIG. 5. Measured (dots) and calculated {from Eq. (2}, soliq line]
linewidths of the probe absorption line at t.he probe VdemmngFA
=A,=4,/2+} A +407 versus the probing dewuning Al;;_b or
the experimentai measurements. the coupling (aser power :aés v ;J;;l
600 mW. The paramerers used in Eq. (2) are [';, =1y =6 MHz
D=540 MHz, and (1=250 Miz.
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SUB-DOPPLER LIGHT AMPLIFICATION IN A COHERENTLY ...

A=—(}'~A,=—13 GHz exhibits the seb-Doppler line
widths that approach the Rb natural inewidis. Por exompie,
the measured linewidth for the gain feature i curves | and 2

is ~ 10 MHz (about equal to the Rb natursl linewidth of 6

MHz after convolution of the laser linewidths of a few MHz

for the Ti:sapphire laser and the probe laser).

was kept at A, =—1.3 GHz. The probe gain was observed
when the pump power was greater than 2 mW (the estimated
pump Rabi frequency is about 30 MHz). As the pump power
increases, the probe gain increases accordingly and is maxi-
mized at the pump power of about 75 mW (the estimated
Rabi frequency is about-150 MHz) as shown by cugves 1-3.
The probe gain decreases for further increases of the pump
power, and the gain profile changes into 2 dispersive shape as
shown by curve 4. At even higher pump intensities, the probe
spectral feature at A~A, exhibits a broadened absorption
line profile (see curve 5). Overall, the gain spectral feature at

1

|

E i T2 ]
£ A 3
P s ]
t; -
af ) ‘
- —— 5

-1 s T,

Probe Detuning A (GHz)

FIG. 8. The measured probe gain spectra weer e *"Rb $5,,
{F=2)=5Fy, weasition with several differemt coupling-laser in-
tensities (for clarity, differcnt curves have bess wversically dis-
placed). The pump laser was tuned to the center of the ™R 55,y
(F=2)~5Ps transition and the coupling laser was detumed from
the VRb 55,2 (F=1)+5Py, mansition by &,=—1.3 GHz.
Curves 1-5 comrespond to the pump powers 7, 23, 75, 235, and 750
mW, respectively, As the pump intensity increases, the probe spec-
tral line shape from amplification to dispersion, the
absorption. The linewidth increases from near the natural linewidth
(10 MHz) for the gain teatmre at lower intensities to a Doppler-
broadened width for the absorption feature at higher intensities.
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QUANTUM INTERFERENCES
AND SUB-NATURAL LINEWIDTHS
IN SPONTANEOUS EMISSION

G.S. AGARWAL

PHYBICAL RESEARCH LABORATORY
NAVRANGPURA, ANMEDABAD 380 009 (India)
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B) Three-Level Atom with Degenerate Spectrum -_—
Cousider now a three-level atom whose levels |1) and |2) are degenerate
so that the possible trausitions are [1)—{3). 12) —=3). The maltrix
clements of the density operator are found to satisfly equatior.s (ignoring .
the Lamb shift terms) 1 ;
A0/ 01 m =k {200y 0 0] : (15.3Ga) . L ) 37
Cra/Ct = =K {20, + e+t eyd (15.30b} '
Goa/ = = KUty + fi) @y — Kpten +¢22) (15.30¢)
foa/ 0=~ N{ ey U2l

[ ]
- . ( | (15.30d)
Coyyct=—=xyhgy+ eyt 8 — w g
. -t .
where ! \ - \" \\

k=it gy =Wt pe=ldylE. p=dysedly. (15.30¢) i

Equation {15.30) are linear equations and can be solved easily. We con-
sider here ounly the simplified situation when p=p, =ji; and them,
defining y = xp, we obtain the equations

Fen/ = =1Qeu + ezt el ’ '
fQyafft= =722+ en + 1)

fosu/ 1= —Ylesn +032) (15.31)
Coy /= —7lesz + ¢

A0/t = = 2ygy — ¥len + ez}

which admit a constant of integration

itz =a. (1532




0,0 =J’(1 +C—4"')+{.c'!nl
@)= f| +c“"')_ic—.‘r:'

=g, (= -l —e 3y, e,qg(}s
dwate Oft)

implying that in the steady state

ﬂt‘”"(xz(m"i- ‘
@)=}, (15.34)
le(m)=011(m)=_i’- :
This behavior (15.34) may seem somewhat surprising because one would
expect that

in the steady state the atom would remain in (he ground
state. On the other hand, for the initially symmetric excitation

QO =y (., > m2- HID +2)),
(0 =g, 20} =g,,(0) = 05,0 = ¢,

we find
0..(’_"0;1“’*0”“)=03;(f)-ie—‘".
and hence in the steady state
Quu=Q=g, =02 =~0,

Qiy=1,

and the atom is befA in (he ground state. The steady state behavior can
also be dincusend in rathor general terms (see also Appendix C). For the
Case we arw Giocussing the interuction with the radiation ficld iy through

{15.35)

Stm2 by +4A:). ST =2ty + A4,,),
- { (3] !J' ( 3t J.) “5.36'
S'-*IAII+A“"ZAJJ"'A'_:'FA:‘}-

It can be shown that these operators satisly the same commutation
relations ag the spin-1 operators. ie. '
STST =SSm0, §t§ia BRI R LN 3 Sy

9% Mastes-Lguation Treatment of Spontuneoys Emission from p Mudiilevel Atom

The cigenstates of §° are given by
SlEd>=+§|+), I+)=3"|l|)+ll)l- f=>=13>. (13.37)

Since the coupling in the interaction Hamiltonian is via the operators
defined by (15.36), one would expect the system to be found is: the ground
stale of 3° only if it is prepaeed at tlime (=0 in 3 state which is the linear
combination of the siates 1) as defined by (15.37), From this we see
again that the symmmetric sate will decay o the ground state |3,
whereas thue meymmnetrived state (15.33) could resull in dilferent be-
havior as @ caneot be expressed us u linear combination of [+,
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2G; is the Rabi frequancy of the control laser of frequency wy, 2A i is t.he pumpmg, 2'1; and

27v; are respectively the rates of sponta.neous emiasion on the two transitions. The spectrum

of sponto.nq,gus. ennssmu on the transition | 1) & 3) is known to be related to the two time

o

S(w).a F dr(Au(t +‘r)A;;(t))e"" + e.c., _ ‘ (1)

where Ay = w3 ~w and Alpp(t) = Iu)(ﬂ-l is the dipole mmnnt opsrator for the transition
|} ++ {B). The correlation fuction in (1) cad be calculated using the usual density matrix
equations and the qua.ntum'regress‘ioxi theorem. After a canonical transformation so as to |

eliminate the optical frequencies, the density matrix equations read
pi==2{n+1+ A ou+2\pn F iChpn — iGopy
p1z = 212p11 — iGapas + iGipra
Pu = — (Fy = idq) o2 — iGipn + iGp1 |
pu = ~Typy — iGapn

P32 = — (a3 + iq) pag — iGapmr. (2)

where ['55 denotes the total decay rate of the off diagonal element p,4. For our model

Ta=y +12+24, Te=0 Ty =(“n + 9. d = wp — W (3)
+ M)
The releva.nt equa.tlons for the calculation of (1) are
d + F:n 1G5 ) {Aslt + r) g () _ (1)
dr Gy Taa + 12, } (st + 7)ol (D)

which are to be solved subject to initial conditions

(A13431) = pr1. (Andyy) = py ()

By




A. Subnatural Line Widths

Clearly the spectral characteristics of S(w) will be determined by the zeros of the poly-

nomigl '
‘_ AP;:)=(:+P3.)(:+I‘:-.;+i;\g)+IGg . - e
Le., by | . 3
Vet BTl 4 1GE. R

S e ey VTG T ]

-

«P&’-l' F:n-]- :Ag)&: %in"-F i({’m -Ty) T

L 3 - I'n)

Thus according to equation (I)ILhe lpodtmm will be determined by the complex poles |

—iA = z,.
The rtesonances in the spectrum occur at ‘5

W w= Al"’;'l'(n:FAn). / _ G ->o

» 2 ¥ ~ A’_ (E’amm\)
with half widths
%’*(‘*%"‘)*%(1*%3)5 (11)

Thus the peak at 81 = (S + Ay) /2 will exhgbit a width which could be much smaller than
the natnmllme w:dh'qug .}203 end if A is very small. On the contrary, the peak at
A= —(;‘1-— Ag)/2|a'bmmdeued beyon& the homogeneous line width. For Az= 0, both the
peaks have identical ;ﬂidth; (F a1 + I'32) /2 which for small rate of pumping reduces to .-':aif

the width in the absence of the control laser (13].

Otb—. I-J5| lF— -ZSZF-'- 20/ 62: IO

] & 92, Touleading
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B. Quantum Interferences— Quenching by Dispersive Contributions

Ai ~ 0. For simplicity, we consider the case Ayeg, The caloulation shows that ., -

TR

4

' S(w) = g (<8 +Tutp) - P
= R A T — Ao e

. The total spectrum thus cousists of a sxm of Lorentvian and dispersive contributions. On
using (3) in (13) we get ‘
' S(w) M’l. = % (1 + 72 + 34)

=i e ) (14)
T Gorops By
NeA —~ G5 and- where. veo ' o
LR «'-f‘ﬂ" - o ,” . . ’ S .
Pi@AIG [ (3A1Gy [ 1G I +nA(n+m+ Al )

-

Note that in the region A, ullcl?gl. th; dispersive cqutribution is. uaimportant and the spec-
trum is wel] approximated by a‘sih;lorlim with width (y; -I;-'Ya +-J‘_3A). HO\YGYQIEEJ thepegion "
A; ~0, all four conteibutions in (14) mequaﬂytmpgrtqnt The last two d% raiVe e J
butions are the interferences. At the line center A1=0, the contribution o“f*% I éhtzmns |

0

is l' 7 | _ , : ,

' + 712 4+ 3A) : ' h

Lm0t 7 ¥38) (16)
* |
The interference terms from dispersive contributions lead to ;
| (r—mn- A) o

p=Bnzl) (17)
This can be constructive or destructive depending on the sign of (Y2 =1 = A). The quench- |
ing of noise occurs if i {
' ‘ !
Mm+A>. (18) ,

The contribution (16) is what one would expect from a simple argument based on detuning

.c., on the line wings.
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Two PATH wAYS
F"?‘ ‘C F—F— (.:\'\U L

Cotmdlr the mwim,t snmpler model shown in Fig. -
2(a). Let the pump be & broad band source. In the dreued states cmted l:y the control
laser the various pumping and emission pmcusas becomc as shown in Fig. 2§B)

Hamiltonian can be wntten inthe form (ali cnerga bemg measured from ll}é}

H = -aa, ()2 + 2K + Enppy(2)
+ B, la)ol + Eaf3)(3) + Hov + Hiv + B -
Hy = Ay (j1){gl~" + b..) P | N
Hy = - ([1)(3‘"(&'%3;;) +ee), -_ (19)

where Hoy dnd &y are respectively the unperturbed energy and amplitude of the vacuum

of electromagnetic field. The fast optical frequency w; can be eliminated by a rotating frame

transforma.hon a.nd we can, alw mtroduce the dressed states Mg} Fon stmphcxty.
assume thpt I E) ]n ﬁwg Iq termt of dressed states (11} = alpy) + ﬂhbu.)) we get

let us

H= E+l¢+)(¢+l + E_[p_)(w-| + E,lg) (g |
+ Eal3)3| + Hov ~ Ag (lows + %) (gle™s* + h.c.)
= (levs + B-)(3( (6v.di) + hec). (20)




We can now calculate the rate R for absorption of a photon of frequency w, and emission of
a phof.on of frequency Wiy, and momentum L, polarization s. Thisis a second order process

and we use second order Fermi-Golden rule (12]

R= ..g_-z | (1as, 3|H1V 0, ¥+){0, *+|ley. o !

(Ey ~ By — A, T '

(llm 3|H1v|0, ¥-)(0, 9. |H,|g; 0) P = S
(E" E Ml) o . :
x §(Es — mo+ﬁu,,.-E) Sy

whue | 0} and | 1;.,) represent the states of electmma.gnetlc field w:th gero a,nd one phol:on
respectively. 'I‘he matrix element in (21) is to be modified in the resonance. .region by taking
into a.ccount a.ppropm.te da.mpmg effects. For a broad bmd pump with pump energy spread

i (lm3lﬂv]0 PO Lo ckvum
oA o '}El By ~( +ﬁw:..) @——' SF ‘h
. b _"’(ES‘*'M&')

‘where various matrix clemcnta are easily read fromi (N) Clearly the transition rate can
be zero if the matrix element in (22) can vanish. This clearly can happen for appropna.te
frequency of the spontaneously emitted phaoton. Thus for a value of w, whlch i genera.l |
depends on the matrix elements, R can bacome sero. For the: example under::: i f‘_'_' lerat :}_ ’
. interference occurs if Ey m My, since By = —E_. Thus the flourescence as a fun@ntm of W

will exhibit a minimum which comes about from the lntetference between two pa.ths as shown
in Fig. 2(b). Note further that the matrix element in (22) is just the Raman matrix element.
The cancellation arises from the energ& dependence of the Raman polarizability or the
dispersive nature of the interaction. Thus tﬁe simp!g physical picture based on Fermi-Golden
rule for second order process enables us to undeistand control laser induced interference

effects and quenching of spontaneous emission. "

A%Cﬂwﬂl) tP-QuthuL __A__S_i/ 93‘73“
(1946) '
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| relatlve values of Gz and 7,. Thus for a fix G; the trlqn&m with lmallér
affocted. This is again consistent mth the experimental obumzion [m.uf

S s




Quunching A-cocflicicnts by photons in a short discharge tube

rl

Priaceton Uoiventy, Princcton, NJ 0K348, 1ISA

H Cao, D Dit'ico and S Suckewer
Depwrineemt of Mechanical snd Acrospeoe Enginccring and Pasma Mhiyics Laburatory,

.y _ REF: T puys. B: At. Mol. Opt. Phys.
Rossbogt-§): Hay 1993, in Snal farm 10 August 1993 , o
Bt 11 4 ! 6, 4onw(1993),

y

Fgmee 2. Parviel A7 onaegy-devel dlagrm with trantie probebiies in units of 105"

v

3000
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onfh

INTENSITY (ARDEIVARY LherT)

300 400 " 500 €00
_ POXEL R
Figore 3 fa of spontancous emission from the short dischurge tube in the vivinity of
the Wy ¥ e () and in the vicinity of the 4426 nm line {h). ded arcus of the lines

e thosw tobaed b the quenching e o hen § o ' <
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