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Electromagnetically induced
fransparency

The concept of EIT was first given by Harris et al in
1990. When a strong coupling laser field is used to
drive a resonant transition in a three-level atomic
system, the absorption of a weak probe laser field
can be reduced or eliminated provided the two
resonant transitions are coherently coupled to a
common state.

EIT was first observed in lambda type system of
strontium vapors using high pulsed laser in 1991.



Stimulated absorption

Stimulated Absorption: When a photon of energy
equals to the energy difference between two
atomic levels interacts with the atom. The atom in
the lower energy state, absorbs the photon and
jumps to the higher energy state (excited state).
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Spontaneous emission

Spontaneous emission: A process by which an
atom in the excited state undergoes a transition to

the lower energy state (ground state) and emits a
photon.
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Stimulated emission

Stimulated emission: A process by which an atomic
electron (in excited state) interacts with an
electromagnetic wave drop to a lower energy level
transferring its energy to that field
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Electromagnetically induced

fransparency
-

o EIT configurations:
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Rubidium 85

Rubidium is a silvery white metallic element alkali
metal group.

Electronic configuration:
1s%, 25, 2p° 352, 3p°, 45, 3d", 4p°, 5s.
Fine structure splitting:
For 5s' electron
s = 1/2,
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. | Ground state
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Rubidium 85

First excited state: 59 . 5p
1 Possible states
s = 1/2, 5°P1/2.5°P3)2
S .l 13

Second excited state: 55 — 5D

[ = 2,
s = 1/2, possible states
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Rubidium 85

Hyper fine splitting: This is interaction of nuclear
spin (l) with the electron angular momentum (J).

HF splitting of ground state is,
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HF splitting of the 1 and 2nd excited states is,
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Three level Ladder type system

Two laser beams are used to excite the electronic
transitions.

Probe beam w; for the B
5D5. 13> < -
transition |1) — |2), coupling AN, v I
¢
beam w. for [2) — [3). 7768m|
F 9 A
A; = wp — wa1 probe beam ez 12> T
iy

detuning while Vo

. L . 780 nm
Ay = W, — W2 is the 55, 11

coupling beam detuning.



Ladder type system
—

0 The initial state of the system is,
1¥0(0)) = (0)[1) +e2(0)[2) + c3(0)]3).

11 The state of the system evolves after time t, so the
time dependent wave function is,

U(t)) = cre” L) + coeT22) + czemH(3)



Hamiltonian

The total Hamiltonian of the system can be find out
using perturbative approach,

H = H,+H,.
Unperturbed part:
Hy = IHyl
Ho = (1)1 +12)(2 + [3) 3D Ho(|1) (1] + 12)(2 + 3)(3])
using orthonormality condition, i.e., (n[m) = dun

Hy = hwy|1) (1] + hws|2) (2] + huws|3) (3.



Hamiltonian

Perturbed part: When an electromagnetic field

interacts with the atom, the interaction Hamiltonian
is,

HI = —eb(r t)r
ﬁ; — _ecFe Wiy
under parity conservation (1|#2) = rs. (1|7]1) =0
HI — _—eFewt (;12\1}(2\ + ?21‘2><H -+ ?23‘2) (3‘ -+ ?‘32‘3> (2‘)
]- —dwnt - J— — -t
= S PuE,e2)(1] 4+ 5 PoFe ! 3)(2) + He

P = —e(r]7)



Hamiltonian
N

. B ho
Hp = 5 #e ! |2)(1] + SO %™ !}3)(2] + H.c
. P
(e = (%) E,=2gnE,
. P
ch_i% — (%) Eﬂ — 2932Ec
Pij = 2hg;;

1 Total Hamiltonian:
H = hwi|1) (1] + hws|2) (2| 4 hws|3) (3|
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Time evolution of the density matrix

Using density matrix has its own significance as an
in physical systems the exact state of the system is
hardly known but only probabilities are known.

The density operatorp is,
p = 2yb L‘?><?|

The time evolution of the density matrix can be find
out by Liouville (Von Neumann) equation,

dp )
— = ——|H,
dt pil )

dp ! 1 - | _ K
— = . =5{lp} (llm) = 3ndum



Time evolution of the density matrix

N
1 Generalized form of the density operator

equation of motion:

dt ih
k=1,2,3 k=1,2,3

dp;; 1 1 |
Pij (Hﬂcﬁkj - PﬂcHﬁcj) 5 Z (Fﬁcﬂkj + piﬁﬂrk}')‘

and the density matrix elements are,

d 1 o1
% — —E(_Hglpll — po1 Hyy) — —(T21,011 + parlyy).
1 ‘ 1
_E(_HQQ;OQI — XJQEHQIJ 3(]__‘22,021 + ﬁ22r21)
1 1
E(Hgsﬁal — pa3H3y) — 3(r23p31 + p23lia1).



Time evolution of the density matrix
N

d i 1
—252 — _E(H31p12 — pnglz) - _(F:}lﬁl? _|_ p31]‘_112)1
1
E(ngpﬂ — p3aHyo) — (F32ﬁ22 + paal'aa).
1
—E(H33ﬁ32 — pasHzz) — §(F33F’32 + pasliaz).
d 1
% — E(HSI.OII — ﬁngll) - (FSI.‘OII _|_ p31F11)

1
_E(Hggpﬂ ,032H21) — (F32p21 + P32F21)
: 1

[
—E(H33P31 — pagHsy) — §(F33931 + pasliar).



Time evolution of density matrix
N

The matrix elements are,

Hy = (1|H|1) = hwy.
Hy = (2|H|2) = hws.
Hss = (3|H|3) = hws.
Hy = (2/H|1) = gﬂpe—*’wﬂe—i%t — Hj,
. h : :
Hsy = (3|H|2) = gﬂce_wﬂte_“‘i’”t — H3,
Hyy = (3|H[1) =0= Hi,.
L, +T;

Yijg = 5

W21 = W2 — Wi,

W32 = W3 — Wa,



Time evolution of the density matrix
N

dpar . i P

% - _(EwQI + 'TQI),.OQI + EQPE rte épt(pgg — ;‘911) — EQCE cte qlr]‘:]ﬁ‘,{ng.
dp3 | U ot i

% = —(iwsa + Y32)p32 + §Qc€ e ¢Ct(,033 — ) + Eﬂpe rte ‘?5‘?*’931.
dp3 . iy ' L

% = —(iw31 + 731)p31 — QQCE e ¢ctp21 - EQPE ple it P32.

initial conditions are,
(0) (0)
Pl = 1, .022 =0, ,‘3’33 =0, p33 = 0.

substituting,

Qpe_i%t — QgﬂlEp:
Qe 0t = Qe 0t



Time evolution of the density matrix

Now the equation of motion becomes,

dpgl : - —iw 2 wwet 1
it —(iway + Y1) p21 — igare” P — §ch et pyy.

d 32 . - i

% = —(iwsy + V32)p32 + iga1 Epe P'pay.

d : Ly it —i

% = —(wws31 + ¥31)p31 — §Qc€ e pyy.

Introducing the transformations,

_ = —iwpt
P21 = pa€ 7,

- —i(wptwe)t
P31 =  pP31€ (wp )ﬁ



Time evolution of the density matrix

dp o i
;;1 = —(*‘:.-'21 — 'E.ﬂ.l)pgl — 'E-QQIE-;J — §gzcr‘;’f1¢'ctp31,
dp: . b ey
;jl = —(7y31 — (A1 + Asg))pa1 — EQCE et poy
These equations are of the form,
% = MR+ A,
_par| o, | (2 — 1Ay — 2 Q€% A | gk,
R = lﬁall . M = [ —%Qﬂﬁ_i‘ﬁ'ﬂt (1 — (A + Ay)) ;and A = 0

Steady state solution can be obtained by solving,

R = —M 1A



Time evolution of the density matrix
N

_ adj[M]
Mt =
| M|
adj[M] = BT,
By = (=1)"7detM;.
Here B is a matrix of cofactors. p — _jy/-14

[—(’}’31 — (A1 +Ag)) 5 Qe ]
[,521] 5Q et — (721 — 1Ay) [3'5’215}::}
- T . . 2
P31 (Y21 — iA1) (Y31 — i(Ap + Ag)) + 2= 0

Gy = —ig21 Ep(y31 — i(A1 + Ay))
21 = _ . )
(721 — 1A1) (731 — 1(A1 + Ag)) + QTE




Time evolution of the density matrix
N

— zwpt

—igglEp €
P21 = A 02/4 '
(’}’21 — 1 1) + (ya1—i(A1+A2))

similarly,

p LQ(iga1 Ep)e™ !
31 — . )
(v21 — iAL) (31 — i(Aq + Ag)) + %

_igggE{:E—iuctE—iqﬁct
31 — ; 921
: (31 — i(Ag + D)) "




Complex susceptibility

The real and imaginary parts of the complex
susceptibilty are used to define the dispersion ;5 and
absorption v coefficients,

" !
WpTlo X WpTlo X
a = 2L : = 2
c 2c

The complex susceptibility and polarization is

related by,

P = 5505;1[\(@_?3){,—-@@ + c.c|.

Atomic polarization for N number of atoms per unit

volume is,
P = —?hgglf\rpgl + c.c.



Complex susceptibility

~ 4hgo1pan
coEpe~wrt

X (‘-"-’p) —

4ihga, /=0

\(wp) = '
02/4

Doppler broadening effects: The atom moving towards
the probe beam will feel an up shift in its frequency by
an amount (22) and downshifted for the coupling beam

C

by the fdc’ror'[—%} :
As number of atoms per unit volume is N,dv, and N(v)

is of Maxwellian form,



Complex Susceptibility

T
N, v2
Nv) = —= =y,
U/
2kpT
u = .
m
L2
N dihg}y N, e )dy .
o _ wp 02/4
u&?gﬁ[(f}gl iAy) — =Py + (Tgl_imﬁﬁz}_i(upCu.::.y)]
et o V2
substituting, — = 2 dv = wudzr
u
4ihg3 N, e dx
X(z)dr = =
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Complex susceptibility
—

o lgnoring two photon transition: (wp—wouz _

i
4ihg3, N, e da
X(z)dr = Hne f .
Wplt c - Q2/4 .
EU\/??( E ) lwpu (('}Ql a EAI) T [Tﬂl_i(£1+ﬁ2)) a EI]
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Complex susceptibility
—

-1 The error function is the integral of normalized
gaussian function,

) = —= [ ar

erfe(z) = 1 —erf(2),
and the susceptibility is,

4ihg%, N,
o= ;EI:L)\F (1 — erf(2)).




Complex susceptibility
—

7 Including two photon transition:
4ihg3 N, e~ dx

\(z)dr =
- mweuy | ((2—idy) - 0Z/4
-\d'D\/T_r( c )|:( wpu/c I—I) + (fﬁ}{(wp Mc}u}rc)(’?al:h—pm_{iij-:i%)_i,r)
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. A + Bxr _ng
(i M
ar? 4+ br 4+ ¢ '
4-3'_5951;\.-*0(“r31—z'{,&1+a2}) a = -1
A = oy —wweJule — _ -(’7'21—?'31 ’?31—5($1+32))
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Complex susceptibility

so two complex roots are,

i (’:-'21 — 1A\ L 1(Ag + ‘32))

12 = T35

2\ wpu/c (wp —we)u/c
L Lz tB1 7s — A1+ Qo) i _ Q v
2 wpu/c (wp — we)u/c wp(wp —we)u?/c?|

The integral can be written as,

~ A+ Bx 2 = =
¥, _ 1 2 9 .
/ 5 et dr = / e " d;r—f e~ dr,
oo AT+ b+ C e T — 21 o T — 29

Mathematica aives,

2

X = (C)e "l

—7 (—i erf(izy)) + Log(—1/21) + L{}g(zlj\l

+ Oy 72 (—?r(—z' erf(izy)) + Log(—1/29) + LDE(EQ))



Complex susceptibility

the constants C, and C, are,

. A+ Bz 2ihga, N, (—(1 - d))
C; = = o : :
ﬂ(:l — :2) Eo 'ﬂ'( Z ) i
O — A+ Bz 2ihgy N, (1 + d)
B a(z — z9) SoV/T(222) i +
where, J— z [’}’21 — 1A g3 — (A + ﬂ?)}
(21— 29) | wpu/c (wp —we)ufc |

Logarithm of any complex number is,

Log(z) = log|z| 4+ iArg(z).

and 1)
! Lﬂg(—z—/ + Log(z;) = i,
1
1)
ng(—z—w tLog(z) = —in,



X

Complex susceptibility

Defining the function,

sy = —sgn[lm(z)] = —1, Im(2,) >0
sy = —sgn[lm(zy)] =1, Im(29) < 0

where sgn is the signum function defined as,

—1 if z <0
sgn(zr) = { 0 if =0
1 if z>0

and the susceptibility expression becomes,

. 2 N 9
~ ZheomNoy/n [(1 —d)sie 77 (1 — syerf(izy)) + (1 +d)spe™72 (1 — syperf(iz)) .

EoWpl



Results
—
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Results
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Applications of EIT

Fundamental and commercial applications of EIT in
atomic physics and quantum optics include,

Lasing without inversion,
Reduction of the speed of light,
Quantum memory,

Optical switches,

All optical wavelength converters for
telecommunications,

Quantum information processing.
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