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« Ridiculous » quantum phenomena

Schrodinger 1952 :

« ohe never experiments with just electron, atom
or molecule. In thought experiments we sometimes

assume that we do, this invariably entails
. »

(British Journal of the Philosophy of Sciences, vol 3, 1952)




Two “spin and spring” experiments

» Ton traps »+ Atoms and cavities

Different systems
with strong
similarities
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The « photon box » though experiment

N. Bohr A. Einstein




The « photon box » though experiment

N
N. Bohr A. Einstein [

Experiments on QND counting
of trapped photons



The tools: spin and spring

A cavity QED
experiment
The SPIN: : The SPRING:
One atom, two levels Electric One high Q cavity mode
dipole as an harmonic oscillator
coupling .
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= Nearly ideal realization of a simple generic system



The "Spin”

* Photon box * Photon probes
Circular Rydberg atoms
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\?‘ The "spring”

- Photon box

Superconducting mirors

- Storing microwave photons
@ v,.,,= 51 GHz

-Photon lifetime:

T, =tfrom2ups...

... 10 0.130s




I. Cavity QED spin and spring:
Brief history




. Cavity technology

e QOur version of Moore's law:
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The beginning of the story ...

VOLUME 65, NUMBER 8 PHYSICAL REVIEW LETTERS

20 AUGUST 1990

Quantum Nondemolition Measurement of Small Photon Numbers
by Rydberg-Atom Phase-Sensitive Detection

M. Brune, S. Haroche, V. Lefevre, J. M. Raimond, and N. Zagury &

Département de Physique de I’Ecole Normale Supérieure, Laboratoire de Spectroscopie Hertzienne,
24 rue Lhomond, F-75231 Paris CEDEX 05, France
(Received 18 April 1990)

We describe a new quantum nondemolition method to monitor the number N of photons in a mi-
crowave cavity. We propose coupling the field to a quasiresonant beam of Rydberg atoms and measur-
ing the resulting phase shift of the atom wave function by the Ramsey separated-oscillatory-fields tech-
nique. The detection of a sequence of atoms reduces the field into a Fock state. With realistic Rydberg
atom-cavity systems, small-photon-number states down to N =0 could be prepared and continuously

monitored.
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... With a simple experimental scheme

7 \\eu or \\91!

detection

* An atomic clock (Ramsey setup) made of Rydberg for
probing light-shifts induced by "trapped” photons

« State selective detection of atoms by field ionization:

w _u

Atoms detected on "e" or "g" one by one



Cavity technology

e QOur version of Moore's law:
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Mirrors fabrication: collaboration with H. Saffa and C. Antoine, CEA Saclay



Strong coupling: quantum Rabi oscillations
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M. Brune, , F. Schmidt-Kaler, A. Maali, J. Dreyer, E. Hagley, J.M. Raimond, S. Haroche, PRL 76, 1800 (96)



Quantum logic operations
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21t )+ Phase gate, QND detection
of a single photon (but not twice)

@ *Atom-field state exchange
@ * EPR pair preparation




Cavity technology

e QOur version of Moore's law:
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» Sputter 12 ym of Nb

Particles accelerator technique
Process done at CEA, Saclay

[E. Jacques, B. Visentin, P.
Bosland]

-
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- Copper mirrors
Diamond machined
~1 pm ptv form accuracy
~10 nm roughness




. The photon box

- Photon box

Superconducting cavity - Resonance @ v,,= 51 GHz
- Q factor=4.2 - 1010

- finesse= 4. 10°

Photons running for 39 000 km

T SO in the box before dying!




II - QND photon counting in the box

Measuring the "spring" with the "spin”
4 N
A
= l /

v
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A QND detection of photons: the tools

* Photon box
Superconducting cavity

* Photon probes
Circular Rydberg atoms

- Non-resonant interaction
= light shifts

Atoms used as clock
for counting n by
measuring light shifts




Detecting 0 or 1 photon

v
»

1. Trigger of the clock. L/\J
-

w_n

The n/2 pulse prepares a superposition states of “e" and "g".
This corresponds to an induced atomic dipole oscillating at the
atomic frequency.
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Detectmg 0 or 1 photon

1. Trigger of the clock.
2. Let the dipole precess

Single photon
‘ 11 ’ phase ShlfT 1 pho-ron
2 O, =n

o

Due to "light-shifts", dispersive interaction with the cavity
delays the dipole oscillation.

O photon




Detecting 0 or 1 photon

1. Trigger of the clock.
2. Let the dipole precess
3. Detect the atom
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Detectmg 0 or 1 photon

1. Trigger of the clock.
2. Let the dipole precess
3. Detect the atom

— 1 pho‘ron

5

—>
m 0 pho’ron

Second nt/2 pulse converts phase information into atomic
energy state

(O



Detecting blackbody photons

g » field projected on |0>
e ® field projected on |1>
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0.0 ' 05 ' 1.0 ' 1.5 ' 20 ' 25
time (s)

I'=08K — n, =0.05 (proba.of n=2 is negligible)

S. Gleyzes, S. Kuhr, C. Guerlin, J. Bernu, S. Deléglise, U. Busk Hoff, M. Brune, J M. R, S. H., Nature 446, 297 (07)



“"Seeing” more photons
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Depending on the photon number, the atomic dipole is the hand
of a clock which can point in 7 different direction.



Atom by atom analysis of the measurement process

For each detected atom, one projects the field state according to
the measurement result e or g

— " Measurement of a
coherent field
<n>=3.7 (£0.008)

Pf'Obabill'ty

Progressive collapse of
the field state on n=5

Initial knowledge of the
photon number
distribution 18 not

needed

C. Guerlin, J. Bernu, S. Deléglise, C. Sayrin, S. Gleyzes, S. Kuhr, M. Brune, JM. R., S. H. Nature 448, 889 (07)



Repeated measurements:
" evolution of a continuously monitored field

\Repeated measurements

confirm the n=5 result

Quantum jumps corresponding to
field damping

number of photons

| \m
1 ogressive

state projection

onto n=5 I |l | l
0

0 00 200 300 400 500 600 700
time (ms)

Field evolution due to cavity damping: not to QND measurement

- Exhibits all features of quantum theory of measurement:
a State collapse
a Random result
a repeatability



II1. Preparing a Schrodinger cat state




Measuring one atom with the field

Distribution of roles:
- The radioactive atom: one Rydberg atom
- The cat: a mesoscopic field in the cavity.

The "size" (i.e. the photon number) of the cat can be varied
for explorong the quantum to classical transition



Preparing a phase Schodinger cat state
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= the field phase is controlled
by the atomic energy state



Preparing a phase Schodinger cat state

Im(a)

|e> ®‘ a.ei%/2>

=corg

Detection of the atom
projects the field on:

1

V2

(‘ Oc.ei%/2> + ‘Oc.e_i¢°/2>)

»Re(0)

+: depends on detected
stateeorg



Reconstructed Wigner function

Classical components

06

04
cat size.

D?>=17.5 photons

0.2+

coherent R
components are well
separated:

D? >>1




Decoherence of a D>=11.8 photon cat state
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Tmeab‘ ~4ms < Tdec, Tith

Theory:

T4.=2T.,/D?=22ms

+ small blackbody
contribution @ 0.8 K
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Perspectives

Experiments with 2 cavities
75 (a)]0)+(0)| —a))
1 (| )+ )

=>alive-here-and-dead-there
state




Stationnary atoms in a cavity

DECLIC ERC project

- Very long interaction
times (few ms)

= Large cats
Decoherence metrology

= Quantum random walks
=Quantum Zeno dynamics
=Reservoir engeneering




And things would not have been like that...

... Without Serge and Jean-Michel
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