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Lecture 10: High resolution spectroscopy and Laser
induced quantum interference phenomena

High resolution spectroscopy has been developped in the 1970's as soon as tuneable lasers whose frequencies
could be continuously varied over a wide spectrum interval have been invented. This lecture is devoted to the

study of the spectroscopic methods which take advantage of the high monochromaticity of laser light and also
exploit non-linear saturation effects linked o the high intensities achievable with lasers.

The main limitation to the resolution of optical spectroscopy in the pre-laser era was the Doppler effect
induced by the random motion of atoms in the samples irradiated by light. I describe in this lecture saturation

spectroscopy and fwo-photon Doppler free spectroscopy, two laser methods which have been invented to get rid
of the Doppler effect and to reduce the line width down to the natural one, equal to the inverse of the natural
life time of the levels implied in the studied transition.

Another way to eliminate Doppler shifts is to perform spectroscopy on nearly motionless atoms. Methods to
bring ions to rest in electromagnetic traps was developped since the 1970's and lasers were used to explore the

spectrum of the trapped ions. I will describe these methods (laser cooling, state selective detection by
observation of the ions quantum jumps). I will also show how the manipulation of ions with lasers makes it
possible to employ them as qubits and to implement quantum gates for quantum information processing.

The experiments described in this lecture exploit quantum interference phenomena. I will briefly review in
conclusion how these interferences are used in various ways in spectroscopy and in other kinds of quantum
optics experiments.
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The 1970's: tuneable lasers open a new age for
optical high resolution spectroscopy

Sketch of a pulsed dye laser (1971)
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Doppler and recoil effect in absorption-emission by atom

Z()=z,+v t o . o
“ Atom moving with velocity va along a monochromatic light wave:

cos[k.z(t) - a)t] = cos[k.(zo + vaz) - a)t] =
cos[kz0 —(w- kva)t]

C

%
In the atom rest frame, the light oscillation is seen at angular frequency @, =®— kv, =o(1- Tf’)
This is the Doppler effect For thermal velocities, vo/c is ~ 102 10 and the shift ~10°10'° Hz at optical frequencies

st i recoil energy | h
Interpretation in terms of photon (emission): 1% order Doppler shift , &
atom photon A Va h o
o— = o o— =W, ===
p p' haw s C 2 Mc
E z E * ho,— The emitted photon energy is increased by the Doppler effect (if
| .tf)' | stat g Final state atom moves in the direction of observer) and reduced by the kinetic
nitial state inal state energy of the recoiling atom. The recoil is a very small effect in
Momentum conservation Energy conservation optics, but large for y ray emission (Mossbauer effect).
ho p. P o’ photon energy
=p' +— : +E =24+ FE +ho = =hoX ~107"°—10™"
P.=P, c 2M ¢ 2M ¢ el Mc? atom mass — energy
and, ellf\'\Ian'l'lng p'zbetween these two equations: |The recoil shift changes sign in the case of absorption (see below).
—[pzz —(p,~hw/ c)z:' =h(w-o,) Finally, there is a 2nd order small relativistic Doppler shift in v.2/c2
2M i due to time dilation in the atomic frame (see below).

'h

Diagrammatic interpretation of Doppler
and recoil effect
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Diagram showing the recoil shift for an initially
Diagram showing initial and final atomic energy and motionless atom: the photon frequency is increased by
momentum for photon absorption (red line) and the recoil effect in absorption (red line) and decreased
emission (green line) processes (second order recoil in emission (green arrow). To make effect more visible,
shift is dominated by 15" order Doppler effect and is the atom mass is smaller on this diagram than at left
not visible here) (lighter atom and steeper parabola)
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3D

Hydrogen Absorption spectrum
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Saturated absorption spectroscopy
—_— 00— G
w—ow —
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4

If |val(atom velocity along the light beam) is non-zero, light is resonant with two different classes of atoms

propagating in opposite directions.
Ng(Va)'Ne(Va)
ow #0

Hole burnt by
strong beam
—)

>

cg

Distribution of atomic population difference between ground and excited
state versus atomic velocity along Oz when a strong light beam
propagates from right to left and a weak probe of same frequency from
left to right: the strong beam produces a hole in the distribution for a
negative velocity class (if o is positive), while the weak probe interacts
with atoms of opposite velocity. If dw is different from O, the probe
transmission is unaffected by the presence of the strong beam.

When 8w is close to O, the probe feels T

the hole burnt by the strong beam and

its absorption is saturated (decreased

as compared to what it is without

strong beam): by scanning w—weg, one Dappler Sv
gets a narrow dip (called Lamb dip) in ) >
the center of the Doppler profile of the Sv=(o-w )2

probe absorption *
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Saturated absorption spectrum of Balmer o line of
Hydrogen: first optical resolution of Lamb shift

(Hansch and Schawlow 1972)
signhal with strong

Interrupter T T[ beam on and of f is
Splitter recorded to
(gear wheel) *I I* Lamb eliminate the

M 5 shift Doppler

Strong beam is
chopped and
difference of
probe absorption

Dye
laser M

M background
— ' \ One extra-line:
cross over signal

Cell Detector

Cross-over resonances in saturation spectroscopy

Saturation spectroscopy in

three level system ) . -
The population of ground state is depleted by the pump beam when it is

—_— resonant wi e g to e; transition for atoms with velocity vq suc at:
! t with the g + t tion f t th vel h that
a e
2 0-o
vV =—c—%
a
w
The same atoms will be resonant with the probe field on the g to e; transition
— g provided:
w—w
v =c—=
a a) Cross over resonance
half-way between
These two expressions of v, are equal if: two absorption lines
o, +to,,
1 2 — a)
2

When o is the mean of mejg and ez, there is a class of atoms whose
absorption on one transition is saturated by the pump beam resonant
with the other transition. Via this class of atoms, the two transitions
which share a common ground state « talk to each other », giving rise
to a « cross over » peak in the signal. (5 10
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2 photon Doppler free spectroscopy
(Cagnac,6rynberg,Chebotaiev, Hansch)

AKE

Absorption of two photons propagating in opposite

directions: Doppler shift and recoil shift cancel: all atoms
are resonant at same frequency whatever their velocities

E,~E,=ha(1-v,/c)+ha(1+v,/ c)=2ho (Vv,)

ho h
p.:p_,_Tw_Tw:p(vva) no recoil

The only remaining velocity dependent shift is the second
order Doppler shift (relativistic time dilation effect): the
atom’ « clock » is going slower than in the lab frame:

N

v(l
= a)(g(l -—5)

C
At thermal velocities, this is a 100 to 102 very small
effect, which becomes negligible with cold atoms (10-20)

Two photon Doppler free spectroscopy of Hydrogen
Lyman a line (n=1 to n=2) (Hdnsch-1975-2000)

Non-linear absorption of two photons propagating in opposite directions:
suppression of Doppler effect again

F=1 ‘ ‘ 2av0.r 4 1974
25 T 0 . © ¢ 1GHz
| L
/A/[k{sorplion 243nm ,\/"“J " 'A‘.'v‘ﬂ\,_,__ ,\ v
| [’\ 5 L .
( i 4 ,
| A « f
N f 1992
(E, -E, /2K o 15 1 F:O z
Applied to 1s-2s transition in H, with Progresses of 2 | M
ied to 1s-2s transition in H, with a hofon Hvdrogen N
frequency doubled dye laser. First with P spec’rll:cl?lscop%/ X i 20c8
pulsed, then cw lasers... (T Héinsch, g o | SkHz
F.Biraben) £ T[T

Tz b 5 %
detuning [kHz @ 243 nm]
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the 15-2S transition in H
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The Hydrogen Cold Atomic Beam

‘LHE

| cold finger
Hi Lyman-a. detector
/ graphite-coated net enct
A R

hydrogen
atoms

vacuum system
chopper
243 nm

Doppler effect is suppressed. A
factor of about 10¢ decrease of
line width since the first
experiments in the 1970's.

Progress of Spectroscopy of Hydrogen and resulting

metrologic precision
C.G.Parthey et al, PRL 107, 203001 (2011)

Optical Spectroscopy of Hydrogen

1E-5 4
o
16 ®
[ )

1E-7 4

laser

 spectroscopy °

()
[}

m
®

m
©

1E-10 5 frequency

measurements
1E-11 4

1E-12 4

1E-13 4

fractional frequency uncertainty

1E-14 4 A

\.(\’
1E-15 4

1E-1

6 t j t } {
1920 1940 1960 1980 2000 2020
year

Frequency of 15-2S transition of H:
2 466 061 413 187 035 + 10 Hz

AV 42x107
1%

Rydberg constant:
R=10 973 731, 568527 (73) m™!

AR =6107"
R

Lamb-shift of 1S state:
8 172,876(29)MHz

To achieve these levels of precision, narrow
optical lines are not sufficient..One must
be able to count directly optical
frequencies with frequency-comb lasers
which have revolutionized time

measurements (see Lecture 12)
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Observation of the recoil doublet in saturation spectroscopy

Hyperfine spectrum of rotation-vibration infrared th
line of methane molecule

wrecoil = 2
2Mc

¥ T T T T T T » T T T
B /\/\ N\ ) Optical resonance of CHs molecule at 3.39 um:
- / . W

N/ﬁ/\/ \j v=—~8,85x10"Hz
[ ‘t\ T 2

ZL ,tﬂ ;f' / e M, =16au; M,, c¢*=16x0,938 GeV’ ~15GeV
! [ 7
{

_ ho=hv~584x1072'J=0,365eV

'
L i .
LA
3 ;nA‘a/‘/ ! ‘ ’ Fre=e |
. 'v“l \[5. M . O 1 2x107
i 1 \ i 2Mc
i J \ j \ ;.’ : Av,., =+1075 Hz
i 1 1 i 1 s i L A v A A " |
-3 —20 —10 o 10 20 30 Doublet splitting :2150 Hz

Kilohertz Detuning From Reference Laser

Hall, Bordé, Uehara (PRL, 1976)

ETYITTe <_@;_m Laser Iockgd on
Dicde Lucr optical Ca line at

27993.47GHz 657 nm (~4‘1014 HZ)
A heroic | i %

113996.495123 GHz

endeavour: the
microwave to

frequency e = frequencies
chain 2y by harmonic
%X Gunn 12 .
S e generation
St o) - G and beat
notes,

Here the PTB s L B e amounting to a

frequency multiplication
: . ~ 5 10%

chain realized by ~5.10

i :

in the 1990's :

Cs Frequency Standard
9.2 GHz

l Caesium Clock at

il 9
uml‘;o o;g:l:wr }._L Hydrogen Maser —| 9.2 10° Hz
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Measurement of the speed of light and

definition of the meter (Evenson, Hall et al, PRL
29, 1346 (1972)

Interferometric measurement of

The First NBS Optical Frequency the wave length A of a laser locked
Chain on the 3,39 pm of CH4 and
NBS (NIST): measurement of speed of light, 1972 measurement of its frequency v with

the first NIST frequency chain :
product of % and v yields very
precise value of c. This experiment
led to fix c and to define meter
from the measurement of time:
meter is the distance travelled by
light in 1/299792458 second
(second defined by Cs clock)

Ve =88376181627+50 kHz

Z’CH =3392,231390+=0.000 01 nm

J. L. Hall & J. Ye, “NIST 100th birthday”, Optics

otonics News 12, 44, Feb. 2001

¢ =Vcn4 X/lcn4 =209792458m/s

Very delicate experiments performed in small
number of metrology laboratories

Single ion spectroscopy: shelving
method and quantum jump detection

First detection of single ion in a trap by Toschek and
Dehmelt(1978): excitation by a laser of a two-level
transition induces a strong fluorescence visible through
a microscope. For spectroscopy, the Doppler and recoil
effects are suppressed. The last cause of line
broadening is the excited state natural line-width I.
The transition used to detect the ion must have a
strong coupling to light, hence a large T', which is not
good for spectroscopy. The solution is to take
advantage of a three-level configuration and to
perform spectroscopy on a transition fowards a long
lived metastable state while using a well allowed
detection for detection. This is the she/ving method
which exploits the detection of guantum jumps.
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Quantum jump spectroscopy (Innsbruck group)

Calcium ion

397 nm laser
detects the
atom in level S
while it
undergoes
Rabi oscillation
on StoD
transition: the
measurement
induces the

collapse of the
state in S

(fluorescence)
orinD (no
fluorescence)

detection

FLUORESCENCE INTENSITY (CTS/0.1 S)

Simplified level scheme

) D
397 nm ;i I
/ Spectroscopy

S
from D to P.

Cycles of absorption and emission on S to P
transition at 397 nm causes strong ion fluorescence
which is interrupted when ion jumps from S to D
(shelving state) under interaction with weak laser
transition at 729 nm. Fluorescence reappears when

729nm atom falls back from D to S by spontaneous
4emission or is recyled by auxiliary laser excitation

from S to D

/ Histogram of absorption jumps
o ey ey e [

1000

]

4

800
600

400

L U I

0 10 20 30 40 50 60 70 80
TIME (S)

>

Detuning of 729 nm laser

Blatt et al, Innsbruck

Very narrow line
with width limited
by the very small
natural width of

shelving D state

Other observation of single ion by quantum jumps

Spectrosco
2P1I2 P Py
—Dsp

- Nagourney,

sooing Sandberg et

and detection! Dehmelt,
Phys.Rev.Lett. 56,
2797 (1986)

“trap” electrodes

Hg*

Sauter, Neuhauser,
Blatt et Toschek,
Phys.Rev.Lett. 57,
1696 (1986)

\ aal 11 \ :. ‘I_'* g A ' N
CIQ.Y ‘ ".‘.'_ "' \. \v ! ‘} (* ,‘.‘ 4

/
0. nee ‘w - 4 * . _at

Bergquist, Hulet, Itano et Wineland, Phys.Rev.Lett. 57, 1699 (1986)
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One dimension Ion crystals

T

0.2 mm

Beryllium (NIST)
T

Calcium (Innsbruck)

Tons submitted to
attractive linear potential

\/ >
and Coulomb repulsion. — 00"-'{ translation mode,

In center of mass

They vibrate around ions oscillate by
equilibrium position at global translation
different frequencies

: back and forth,
corresponding to keeping their
different oscillation mutual distance

modes constant

Selective addressing and detection of three trapped ions

Laser beam at 397 nm normal to
figure plane excites the ions

. | CCD:
fluorescence on the S to P transition mages

729 nm laser used to perform Rabi
pulses on the S-D transition on

selected ions \

Optical fibre ion visible in

in state D

729nm Dichroic beam splitter

S l Fkuorescence
1/2 .
detection a

397 nm CCD

H.C. N&gerl et al., Phys. Rev. A 60, 145 (1999)

Ton fomography:

state S, invisible

11
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_ If n<l, ion moves I
Laser spectrum of two o jon oves. fubration
level ion in Harmonic optical phase almost
. . constant over ion's n=2
trap: Lamb-Dicke regime | motionand recoil _
energy < vibration 7 n=
— | quantum : n=0
\ “7 central band > >
1/ € side bands. 0 z
A NV Zero-point Az = h
A fluctuations: 0 Mo
— = Lamb-Dicke parameter measures the localization
S 3 %3 8 O of the ion within an optical wavelength :
oy o, e [ _ ke
v ¥ ¥ hk? Recoil energy
g S S =k, Az =27Az, | A= L=
N V2 : 1=kl =21 A N o
\t—/ . .
. — Orders of magnitude :
Central band gn—en ; 0= a)eg / gs
/27 ~5x10° Hz ; Az, ~0,03pum ;
15" blue side-band g, n—>e,nt+l ;. 0, =0, +@® A~lum ; 1~02
1t red side-band g.n—en—1 ;. ©, =0 -0 Doppler and recoil shift suppressed on central
“ band: ideal condition for spectroscopy

Side-band cooling of trapped ion
. % 7
\ A
\ 1 /7
S — As cooling
A progresses,
— —_————) the red side-
S S Pz S @, band
i I -+ $ becomes
A 4 & & ¥ _ % weaker and
g\ ¥ / s S S finally
disappears
\ Y / when ion is
\v‘/ pumped in
the vibration
Ion excited on first red side-band n A A ground state
fluorescesces mostly on carrier ¥ et ——)
central band: optical pumping S S P 3 S w,
mechanism brings step by step ion to [ . +
vibration ground state (one vibration s =~ S%O =°
quantum lost at each cycle)

12
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Two kinds of ion qubits

Qubit states: Qubit states:
ground state (g) and metastable state (e) Two hyperfine ground states g
linked by a one-photon « forbidden » and e linked by a coherent two-
optical transition photon Raman process
Carrier : Carrier :
Q)L=Q)eg e WL1-0L2 = (l)eg
r 3
e (Or;zttll;blt N -} Red side band:
) WL~ OL2 = Weg - O
Red side w Oy O L2
band:
O= Weg~®
(Two qubit
g gate)
—)
L-. Ex: Ca L, . Ex: Be
: N Single ion in trap: internal states e and g

coupled to vibration mode in n=0,1 states

The qubit levels are the hyperfine ground state levels F=1/2,

—— —— HHlel —— mg=1/2 state (g) and F=3/2, me=1/2 state (e). They are coupled by
O Raman processes induced by a couple of laser beams: a Amg= 0

carrier Raman pulse (o 1-0 2 = ®.5) and a Ame=0 red side band

Raman pulse (o1 - 0 2 =0.g-®). A third auxiliary level i (F=3/2,

mg=-1/2) is coupled to g,1 only by a Ameg= -1 red side band Raman

pulse.

Action of a o. polarized 2n Raman pulse on red-side band on qubit in state g or e in the
presence of 0 or 1 vibration quantum: the qubit + vibration mode undergoes a n-phase
shift of its quantum state /f and only ifion is in g and there is one vibration
quantum.

. N\ . AN
| g’ 0> o _red side—band | g’ 0> )| € O> o _red side—band e, 0> )| € 1> o_red side—band €, 1>
27 pulse 2 27 pulse
N A useful gate
g’ 1> o _red side—band | g’ 1> g

operation

27 pulse

13
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Cirac-Zoller quantum gate: 2 ions coupled to common vibration mode in n=0,1.

7 Rabi-Raman pulse |£.0)—|g.0) 27 Rabi-Raman pulse on red side 7 Rabi-Raman pulse again

on red side-band on ion 1: |e,0>_) g’1> band onion 2 |g,1> - - g,1> on red side-band onion 1
) | le;,1)
YN pa;rl;)‘ :0) |i,,0) %)lse le,,0) ("'pz;lse?\) 0)
Two ions |gl,1> 2 g2’1> |g1’1>
sharing a
vibration |8130> |823 |.g1{0>’
mode

0)
et [81:(2,):0) = £1,(8,);0) =(8,),8,30) = [(8,),.£,:0) =£,,(8,):0) =  |8,,8,:0)
|81:(,);0) = £,,(6,);:0) =[(2)),€,:0) = [(2),€,:0) =|g,,(6,);0) = |g,,€,30)
|€1,(8,):0) = 8,.(82):1) =[(8)),851) > —[(8):8:31) =—|g. (&1 1) >  |e1,8,50)
e, (e,);0) > g, (e,);1) =(g).e,31) > [(g),e51) =]|g.(e,);1) — —|e,e,;0)

Calling ion 1 control and ion 2 target with g = qubit state 0 and e= qubit state 1, the succession of 3 pulses realizes the phase gate:

: . ) R (xm/2)
To turn this gate into a control-not, add two pulses performing Y
rotations on target qubit before and after phase gate (carrier n/2 1 _
Lz | pulses) = —(1 F lO'V)
\/5 )

D N w2 pse Turning the phase gate into a C-Not
0000 | Gate

> > >

%r;pulse % | T
| p—
ce000 , [xCraHoH R ] u;ﬂ

P > > > >

Blue ion: control ; Red ion: target

&
&
[\)
a
O
c
w0
o
m v 0 T UV

1: Ry (—m/2) pulse on red ion with carrier laser w-polarized (®=®eg)

<+ >
2: w Rabi pulse with nt-polarized laser on red side-band of blue ion (0 =Meg-m)
Q) mpulse Ry g
a
b t 3. 27 Rabi pulse on red side band of red ion (o- polarization) (®=®eg-®)
e0000 .
> > > > > 4 4. 7t Rabi pulse with mt-polarized laser on red side-band of blue ion (@ =0eg-©)
% %‘71/2 pulse 5. Ry (m/2) pulse on red ion with carrier laser n-polarized (@ =eg)
0 00 0® 5 5 Laser pulses can select any pair of ions in a linear ion
4> 4> > > >

cristal fo realize this gate

14
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Implementing quantum algorithm with a chain of ions

Successively applied laser
pulses on ions of the chain

realize one qubit rotations

and two-qubit gates.
Fluorescence detection

(after a possible one qubit

rotation) extract

information from system.

Many problems must be solved to build a

useful quantum computer....

Rabi oscillation interpreted as a quantum interference

The oscillation of the spin flipping probability can be seen as resulting from an interference between two pathes|
leading the spin from state [0>; to |1>:

o) —0 i >—1),

At time t=0, the spin is pointing along the direction Oz of the
static magnetic field Bo (state |0>;) A resonant field B;,
rotating in the xOy plane at angular frequency o is switched
on. In the rotating frame, B is aligned along Ox.

The initial |0>; state is a linear superposition of the spin
pointing in opposite directions along Ox:

1
0). = (0). +I1),)
V2
The two terms of this superposition evolve with opposite phases:

|"P(t)> _ L(efiwlt/Z | 0>x " e+iw|l/2| 1>X)

V2

The probability amplitude to find spin in |1>; state at time t is:

z <l| ‘P(t)> _ %( <1| 0>,\- ol Z <1‘ 1>X e+imlt/2) _ %(e—iwlt/Z B e+iw.t/2)

15
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Ramsey fringes: another quantum interference effect

[0>

R Ramsey
interferometer

In\l

1> =

Mach-Zehnder
interferometer

A )

x> =

The Ramsey signal can be interpreted as an interference effect.
The first pulse R; splits the two-level system state in two parts
with probability amplitudes of same modulus. These two parts
are recombined by the second pulse Rz, before detection of the
system in |0> or in |1>. Depending upon the phase difference
accumulated between the two pathes, the final probability
exhibits positive interference (when the two parts are in phase),
negative interference when they are = out of phase. The
interference is observed because there is no way to know
whether the system flipped in the first zone or in the second
one. The figure shows the analogy with a Mach Zenhder
interferometer splitting the path of a photon in two branches
before recombining them. The sensitivity of this spectroscopic
method is limited by the inverse of the pulse time separation 1/1.
The same sensitivity would be theoretically obtained by
recording a Rabi spectroscopy spectrum with a unique pulse
lasting during time 1. In practice, this would require to maintain a
perfect homogeneity of the field during a long time, which is not
easy (see later application to microwave atomic clocks).

Another advantage of Ramsey spectroscopy is to be sensitive to
differential effects dephasing in different ways the two states
(see also later).

Quantum beats in fluorescence

Exciting pulse

P.M. time

detector
Exciting from ground state g a superposition of atomic states f
erand ez with a short broad-band laser pulse and detecting pad f =
the fluorescence light with polarization e4 subsequently /d €,
emitted on transition toward a final state f. The signal
presents time modulation at the Bohr frequency (Ei-Ez)/h. e e Quantum

1 + Interference

This is a quantum interference effect between two occurs within
probability amplitudes leading from the same initial state g / each atom of
to the same final state f. Interference as long as there is no g g the sample

way to know through which state (e; or ez) the atom has

scattered the light

16
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Examples of quantum beats (1972-1976)

Na D states

MWWWAWWMW%

S0ns

WAMARAANAAAIY 10D

I-,r 50ns
no

SOns

A

RPN PN g R ) R U M Sy S [ N OO0 T ) N [—

S0ns
010 t (nsec) 010 t (nsec)

Fig. 42

100ns

Hyperfine quantum beats of the 72P;,, state of Cesium Fine structure quantum beats in the 9D
to 13 D states of Sodium

Level crossing spectroscopy

cross BQ Broad band continuous excitation of a superposition of states in the

> vicinity of the static magnetic field Bcross for which the states cross (have
same energy): the quantum coherence accumulates at the crossing point,
resulting in a resonant variation of the fluorescence detected ona
transition toward same final state. The exciting beam and the detected
fluorescence light must have a polarization allowing the transition from the
initial and final state to the two crossing excited levels. Analogy with the
Hanle effect described above in ground state

E ? Exciting light beam
0

quoresclence

A m—(

cross BO

detector
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Dark states in a three-level atomic gas

Two colinear laser beams propagate in a cold atom gas (negligible Doppler
effect). The atoms have a A shaped three level energy diagram: two lower states
b and a and one excited state e, of natural width I'. A pump beam is resonant
with the a-e transition with Rabi frequency Q, << I'. A weaker probe beam has its
frequency swept around the frequency of the b to e transition, with a Rabi
frequency Q<. Consider at time t=0 the superpositions of the a and b states:

D|e>¢0

9 )=t (a,[5)-0[a) :(¥ |Dle)=0 [¥,)=——(e|t}+@,|a): ¥,

Q2+ QP Q+Q;
N, A

The superposition [Y_> is uncoupled to the excited state e while the orthogonal state |V.>
has a strong coupling to e. |'\Y_> is called a dark state. At a later time t, it becomes:

1 —iEt/h —iE t/h
’\{Ji(t)>:m(gpe Ey f‘b>—e E, )‘Q\“a>)
Yoo, TR

It will stay uncoupled to light provided the destructive interference condition is satisfied:

E/h+o =E /h+o —lo -0 =(E —E)/h
s a p K p a

This is a Raman resonance condition: the atom transits resonantly from a to b by absorbing a pump photon
and emitting by stimulated emission a probe photon, if the difference of the photon energies is equal to that
of the state energies. When this condition is satisfied, the state |\¥_> remains dark at all times, i.e. it stays
uncoupled to the excited state e when the two light beams are on.

Dark state and Electromagnetically Induced Transparency

- (EIT)
I\ The dark state condition is satisfied only for & very small
pro The relaxation rate of the coherence between the aand b
v states is due to the optical pumping process which brings
o back to the ground state a fraction of the unstability of
e T state e. The absorption and the fluorescence of the e state
are cancelled provided: )

0<I''=—2«T
r

The absorption profile of the probe has a Lorentzian shape
of width T, with a narrow dip‘ar'ound 8=0 of width I"<<I:

—@-
[¥.0)  [¥o)

I This is the EIT
phenomenon: the
pump makes the
medium
transparent for
the probe

The three level atom has two states strongly
coupled to light and one dark state uncoupled to
the lasers and connected to the excited state
only through spontaneous emission. Optical
pumping quickly makes the atoms fall into the
dark state and stay there. 7] 6'
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s etal Application of EIT: slow light
Harvard (1999) In the EIT phenomenon, dispersion (variation of refractive index with
frequency around resonance) presents also very rapid variation around
1.006 % T the resonance condition. The index varies as the derivative of the
¥ o A /\ absorption, over a frequency range of the order of I", typically a few
£ 1000 Mhz in a cold atomic gas. The derivative of the index versus frequency
g ot \/ (steep slope of n(w) around & =0) is huge, resulting in a strong slowing
0.504 down of the light group velocity Vg4 in medium:
IR 16 20 30
Probe detuning (MHz) Profile of light pulse in medium (one dimension model):
et e e war, s owear f(Z,l‘) _ Jg(w)em(w)szwz do
® Peak of pulse z(t) obtained by stationary phase condition:
25 T =450 nK d
Tousy = 7.06 £ 0.05 s MZ-FQ—’/IZ—IZO
2 L=22943pum C c dw
E v, =325£05ms™" z 1 1
| 3 \ . | which gives: V,/c= v " dn
Reference pulse
E 10 (no atoni)s) n(CO) T dw @ dw
Slow light pulse
! The factor wdn/dw reaches a value 106 to 107 The EIT pump
0 beam can reduce the light group velocity to a few m/s |
-2 2 4 6 8 10 12
Time 13

Conclusion of Lecture 10

I have described in this lecture various methods of high resolution spectrscopy
applied to atomic gases and to ions in traps. I have also shown how interactions
of trapped ions with lasers can implement basic steps of quantum information
processing (one and two qubit gates). Finally, I have analized various quantum
interferencces phenomena exploited in spectroscopy and in quantum opftics.

In Lectures 11 and 12, I will focus on laser cooling and trapping experiments
performed on neutral atom and I will describe the application of these methods to
ultra-high precision metrology (realization of optical atomic clocks and their
applications).
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