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Outline of Lecture 14

Cavity QED as laboratory realization of quantum physics thought experiments

Resonant CQED experiments:
atom-photon and atom-atom entanglement, atom-photon quantum gates

Non-resonant CQED light shifts:
Quantum non demolition photon counting and observation of field quantum
jumps.

CQED light shifts observed by microwave spectroscopy:
Deterministic projection of a coherent state on photon number state

Trapping one or a few photons in a box

..and

Testing demonstrating
fundamental elementary
quantum 5 steps of
laws... = quantum
information

processing

..and observe their interaction with one atom

The most fundamental process of light-matter coupling
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Usual light detection by photoelectric effect
destroys photon (Einstein, 1905):

Photon
annihilated while
& Lo electron jumps

4 in state
® ’ ® continuum:

e e Photon observed
by detecting the

escaping
electron

.

Similar annihilation
process in ordinary =~ AN\
vision

eighing a photon, one could detect it
ithout destroying it and measure its
escape time

Einstein & Bohr (1931)




) More than

One interacts with 4 bounces
one (or a few) photon(s) B and a folded
in a box -

J,@#‘ ight

,' Photons
! trapped for

e : ore than a
& tenth of a
: 9 econd!

for

crosses thelk
cavity,couples with its field and 8
carries away information about the
trapped light

Resonant experiments: atoms emit and absorb photons in box
Non resonant experiments: no photon absorption/emission;
atomic energies are light shifted by photons
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Useful vacuum Rabi pulses
(quantum <« knitting »)

‘970>W>\%0>+\g,l> |e,0>

’0 T Rabi pulse - ’0

e |g,l> |e > 27 Rabi pul: > |€ >
. . |g’l> 27 Rabi pulse _|g’l>

Atom-field Single photon

entanglemen

repekation Phase shift of 0,1
Pree photon state

ti
0.0 L L 1 ime ( “S) L

Brune et al, PRL 76, 1800 (96) Microscopic entanglement

The resonant regime in a very good cavity:
atom-field state superpositions and

entanglement
c /7N 7\ 7\ Vacuum
;{ ‘- — > () Rabi
S _ N4 oscillation
|le,0> |9, 1> - le,0>
Reversible spontaneous emission
and superpositions of combined ale,0> +b|g,1>
atom-field states
If atom emerges from
7N\ 7N\ cavity when a=b, there is a
o + ® o non-local maximum
N N

entanglement between
atom and photon




04/05/2022

Entangling two atoms by resonant photon

o exchange

e1,0>+|g1,l>)® g2>

1
el > 0> ® | gZ > /2 vacuum Rabi pulse on atom1 [2 (

Atoms are entangled via their sucessive

T interactions with the cavity field which

catalyses entanglement, remaining in
vacuum at the end of process

el’g2>+’gl’82>)®‘0>

-3 > 7 Rabi pulse on atom?2 \/5 (

77777272 Electric field F(t) used to tune atoms 1 and 2
in resonance with C for times t corresponding
to 7w/ 2 or 7 Rabi pulses

Ramsey interferometer with phase controled
by field in the cavity

E— =) Ramsey
=l . ? - f\/\j interferometer
=

w W . L = ot

\ 7/

[>]

(LH:) v
Probabilities P, ( or P,=1-P.) for finding
Resonant classical /2
pulses in auxiliary

atom in e or g oscillate versus ¢ .
cavities R-R, (with

adjustable phase offset
¢ between the two)
prepare and analyse
atom state
superpositions

The phase of the atomic fringes
and their amplitude depend
upon the state of field in C,

which affect in different ways
the probability amplitudes
associated to states e and g
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Effect of 2zRabi flopping on Ramsey signal

€ n=b1
_(c_
—_— £ n=50

Cavity C resonant with e-g
(51-50) transition.

Ramsey R+-R; interferometer
resonant with g-i (50-49)

transition.

2r Rabi flopping on transition e-g in
1 photon field induces a = phase shift
between the g and i amplitudes

ReR: | (1+]2)

[ =(1)+e")))
i [ (D+1e)I0)—=(1)+

g-i fringes are inverted when
photon number in C increases
from 0 to 1

|8))10)

n=49

Ramsey fringes condiﬂoned to one photon in

B>

O photo

With proper phase
choice, atom is detected
ingifn=0,iniifn=1:
quantum gate with
photon (0/1) as control
qubit and atom (i/g) as
target qubit

Correlation between 1st and 2nd atom detections

[ T -

g (probe) \}Q (source) ;{ Djs:
0,74

Experiment with 15t atom acting as
source emitting 1 photon with

Probability

probability 0.5 (z/2 pulse on e-g ol
transition) and 2" probe atom ool

undergoing Ramsey interference on g-i  ,
transition

s —Source in e : 0 photon
. Source in g : 1 photon

Frequency v (kHz)
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The quantum gate with photon as control bit
realises a quantum non-demolition
measurement (QND) of field

Control bit (photon): a =0/1

la>

la>

X

7

| b>

Target bit (atom): b=0(g) / 1 (i)

la @ b>

The atom carries away
information about field

enerqy without altering the

photon number

(2r Rabi pulse). This is very

different from usual

photon detection, which is

destructive

M.Brune et al, Phys.Rev.Lett. 65, 976 (1990)
G.Nogues et al, Nature 400, 239 (1999)
A.Rauschenbeutel et al, Phys.Rev.Lett. 83, 5166 (1999)

S.Gleyzes et al, Nature, 446, 297 (2007)
C.Guerlin et al, Nature, 448, 889 (2007)

See later how photon number can be
measured with non-resonant method

Qubit-oscillateur coupling:
the Jaynes-Cummings Hamiltonian

Q

o, i .h ;
H=hw,—+ho,a'a —1—[0 a-o_a ]
qb 2 oh 2 +

‘g,n+l)_ == len QVn+1 |I I’l)
— T e P
—1A=0, -0, o/ 1)
e A ——
|2.0) |.0)
uncoupled states
Rabi. at resonance (A=0)
oscillation )
|-:,n>=—(|e,n)=i|g,n+l))
V2
QVn+1t . Qn+lt
|e,n> —cos ie,n>+sm > ig,n+l)
h [
E,, =(n+1/2)hw,, =—A +Q*(n+1
= ( ) h =0 ( ) |g,n+1) —sinQ n+1tie,n)+co Q n+1tig,n+l)
Anticrossing of dressed qubit 2 2
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Non-Resonant coupling: light shifts in CQED

Second order perturbation
theory:

E,,=(n+1/2)ho,+h A, 2@+D
- 2 4A

Energy shift due to of f-resonant
coupling (distance between
energy level and asymptot):

en)

| an+l 2
Jen+1) EM_EMth(rHl)_'_W :
R ’ ’ 4A
A 2
0 Q(n+1
E—.n - Eg,n+l = _h (n ) +..
h > 3 4A
E., = (n +1/ 2)h(“uh * 5 A +Q (n + 1) Vacuum shift (Lamb-shift):
Anticrossing of dressed qubit (3’:\0 =0 (3“) = E+\0 - E&o ~h @

4A

Light shitt induced on eg transition by n-photons:

Q? 2 Q’t ¢o=Phase shift per
E+ w E el = }‘1(0”c +h n+..— 6((0“,) = L photon accumulated
' ' ‘ 2A ‘ 2A 2A during time t

Principle of QND photon counting with
Ramsey interferometer
4 R = &,

A non-resonant atom undergoes a
light-shift proportional to the N

e
photon number N, with opposite |

signs for levels e and g

9
|\—/_, n/2 pulse in
The rotating Rz followed
dipole by e/g state
undergoes a detection
—_— photon measures
1 number direction of
—_— dependent atomic
v W phase shift in dipole at
- m cavity cavity exit

/2 pulse in Ry prepares atom state superposition: De
Broglie waves with n and n+1 oscillations (n=50)
interfere positively on one side of orbit and
destructively on other side, realize a wave packet
rotating at 51 GHz in circular orbit plane




The circular Rydberg atom dipole is like the hand
of a clock whose rotation is perturbed by the light
shift produced by the photons in C

A non-resonant atom undergoes a L/-—\I
light-shift proportional to the e ~
photon number N, with opposite
signs for levels e and g w_
This effect produces a phase shift 9
of the atomic dipole when the atom M

crosses the cavity:

Q=T
AD(N) = N,
@, : phase shift per photon
can exceed the value ©
QZ

@, = ﬁtim —r-10m 0 photon 1 photon
(Q, /2 =50kHz ; A =29 ; Measuring A® amounts to a non
t, ~510"5=5.10"s) destructive photon counting

ooye Atomic clock delayed by trapped
‘> photons (= phase shift per photon)

y
‘ T
‘ 0 photon dne
Ramsey 1 photon yod here
N

Vr
Proposal:
M.Brune et al, PRL,
65, 976 (1990)
=1
al L
B | — ==

c R, I
The atomic ticking is altered by the light shift induced by afnicrowave
field in the slightly non-resonant cavity C. A single photon can delay clock
by 1s/month (a "huge” 10-7 effect corresponding to half a fringe shift)

04/05/2022
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A © phase shift per photon measures photon

number parity

Atom most probably in e (g)
if there is 1 (0) photon

the atom state (e/g): a
quantum logical gate

Photon number (0/1)

controls

1
P, :/ If probability to have

ool g #y iy # 5 +135.. photon more than 1 photon is
gt Y }? negligible, photon number
5 5 i, T (0 or 1) is counted with
41d Ty £ ¢ .
FRUAE AV sl %0,2,4.. photon single atoms
1

Temps (s)
0.0 05 1.0 15

T'=0.8K A quantum- *
P(0)=0.95 non WWWWWW WW | WW| WM

destructive

P(n>1) negligible measurement

Small thermal field
continuously monitored
with atoms undergoing

n phase shift per
photon

Nbre photor®

How to realize non-destructive photon
counts in cavity QED?

Use information carried by slighly of f-resonant Rydberg
atoms to measure the light-shifts induced by photons. The
atoms are destroyed when detected, but the photons are not
(non-resonant interaction). The process is the counter part of
the non-destructive detection of atoms by photon counting in
ion trap or cold atom physics. Quantum jumps of photons,
analogous to those of ions or atoms, are observed in the
sequence of atomic events when field suddenly changes due to
external processes.

11
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How the atomic clock counts several photons

Probability to detect atom in state e or g is given

by a « Ramsey fringe signal » oscillating with a eorg?
phase depending upon photon number n: °

n=2

For a given setting vr,
the probability for
finding the atom ine
(or g) takes different n-
> dependent values.

V, To pin-down n, enough
statistics must be

accumulated in time
The fringe phase shift measures the photon number short compared to T!

in non-destructive way (QND).

QND measurement of arbitrary photon
numbers: progressive collapse of field state

A coherent field
(Glauber state)
has uncertain photon
number:

AnA¢ 21/2
Heisenberg relation

P(n

An

A small coherent state with Poissonian uncertainty and
0 <n<7isinitially injected in the cavity and its photon
number is progressively pinned-down by QND atoms

Experiment illustrates on light quanta the three postulates
of measurement: state collapse, statistics of results,
repeatability.

12
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Counting larger photon numbers: 1statom
effect on inferred photon distribution
2rd Ramse
Chose dy=r/4 % P pulse maps o

le

=

direction in
equatorial
% plane back
P(n) lg> into Oz
(1)) before
detection
i3 j\é)

01234567 nNn

P(n) probability n=0)
Tff «spim> mu/f/p//ed
ﬂ‘mmtﬂ im by a cosine |
function of | —
(."‘Q) = )
(@lomg n62)) Detection

(S]]

direction
012345670 hase shift
Random decimation of photon humber P

projection postulate per photon

Photon decimation process explained by
measurement projection postulate

Atom prepared by 7/2 pulse in Ry enters cavity with field in photon number
superposition state:
g.n))

v)=2,

e,n>+

1

Photon number dependent phase shift in cavi‘ry (®y: phase shift per photon):

> Sa e s)eln)

Atom is detected after /2 pulse in R, with adjustable phase realizing a

rotation bringing transverse spin direction ¢ back to energy basis. This
amounts o measuring the fransverse spin state:

£), = (le)2e"<)

2
N 1+ i(n®y—¢) ®
n/t”(zgt*fw rse ch( € )|> |>
Probability that field contains n photons after +/- measurement is x by:
5‘ 1i e’("q’”_‘p)) =1xcos(n®,—¢) Random +/- result

13
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A step-by-step acquisition of information

L e |
bbb -7
Brsent]

To pin down photon number, send a sequence of ~ ~and change direction of spin
detection to decimate

atoms one by one.... N
different numbers

) N
P™(n) = P (m ]_[ [1+cos (n®, — ¢(k) - j(k))]/2
k=1

2Z

Spin
readin 000101101010001011001---
e P™(n)—>8(n-n,)
Direction abdcadb cbadcaabcbacdb--- .
Progressive collapse/

Progressive field projection on Fock state

Histogram of results
reconstructed from 2000
measurements of coherent

state; the Poisson law is
recovered.

o 12 3 4 5 6 1
Photon number

Convergence towards n=5  Convergence towards n=7

Evolution of the inferred photon number distribution along
independent sequences measuring an initial coherent state
with photon numbers comprised between O and 7:

« God plays dice »

C.Guerlin et al, Nature, 448, 889 (2007)

14



Evolution of the photon number probability
distribution in a long measuring sequence

Field state Repeated Quantum jumps (field decay)

collapse measurement
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Expectation value of photon number along a
long measuring sequence: stochastic
trajectory

A trajectory corresponding to n=5

\Repefﬁed measurements From probability P;(n) inferred after
K confirm n=5 each atom, we deduce mean photon

number:

<n>: ZI1E(iz)

uantum jumps towards vacuum due

Average photon number
w
1

] — to field damping

2 Observation of stochastice field
trajectories,
1 rojecting
coherent state

19 on n=5
04 JM_AML. “

T ¥ T ¥ T v T ¥ T g T ¥ T ¥ T

0 100 200 300 400 500 600 700

time (ms)

15



Other Trajectfories

It takes some time for atoms o
ecognize that a jump has occured

v 7] '
r—
| A 1
e 5 S § s I
5 J ! 5
a4 | 2 4
€ \ €
( = " 2
E s c @
5 3
= - £
Z 2 RL T 2
1 ' ‘,r,.u._wm
6 \ . 0 [
00 01 02 03 04 05 0§ oF 00 01 02 03 o4 05 06 07
Time (s) Time (s)

e: ' h ! !
. gzr%i AT zLLLmJ
g; LLl;. llL s , _LALA o

g —— * .
0.0 0.1 02 03 04 00 01 02 03 04 0.0 0.1 02 03 04 0, 01 02 03 04
Time (s) Time (s) Time (s) Time (s)

Four trajectories following a projection in n=4
A fundamentally random process (step durations fluctuate
from one realization to the next one and only the statistics
can be computed)

A statistical analyzis of trajectories:
averaged evolution recovers classical field decay

Analyzis of an ensemble of trajectories starting from the same initial coherent state:
Probability T1(n,t) for finding n photons at time t obtained by averaging thousands of

measurements
o Left: TI(n) (n=0 to 7) versus t foran ¢
€ a8 initial coherent stafe with <nv=35.
E full lines: experiment, dotted lines: &
£064 1 theory. The blue bar at t=0 indicates
%Q duration of initial QND measurement. ¢
® 0.4 4 -8
] Right: Histograms I1(n) at times ~ #
02| A% | indicated by the 3 vertical lines of left ©
4 figure. Blue line: theory. The photon =
004 number distribution remains £
eo Poissoniian during field damping. s
¢ Experiment shows that photon humber
§3s state |n> has a life-time T./n. .
I 830/
251
81,5
él,o Left: Evolution of the mean photon number: the average of
2o/ the « stair case » trajectories yields a smooth classical
e exponential field decay, without visible quantum jumps.
teps (5) (Brune et al. PRL 101 240402 (2008))

04/05/2022

16



04/05/2022

Use light shifts to project photon number in
cavity

Does cavity contain ng photons or not?

Amounts to measuring the projector on |ng >
Observable with eigenvalue 1 if ny photons, O otherwise
How to do it with a single atom?

Perform high resolution spectroscopy of atom-cavity system
resolving in one shot single photon light shifts

Atom-cavity spectrum on the 51c -52c
transition (Cavity detuned by A from 51c-50c transition)
Cavity photons shift level 51c but not 52¢
D +l) <52

— ..
4A 51 ¢ a)/m
50 c—¢—

Dsens1c(3) Ds2es10(2) Dz (1) Wsp, 51,175 = 0) Qg)526—>51c
Y y ! =

If microwave is properly tuned, atom prepared in 52c is
transferred by microwave to 51¢ only if ng photon in

52¢ cavity.
\ Requires high resolution, hence long
S interrogation time tmw (cold atoms)
Qz(n“+1) 2
4A Q t”ﬂ\r’

51 —m 5]
¢ AA

W5y 51 (1)) = Wsy 51 =

17
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Probing system with this precision requires
long time and slow atoms....

Electrodes to generate . . .
circularly polarized rf Cavity QED set-up with a vertical

atomic beam

Atoms spend several milliseconds in cavity at top
of parabolic trajectory

Circular Rydberg states are prepared
in cavity by circularly polarized
radiofrequency photons

An atomic fountain fed by atoms cooled in a MOT.

Transfer 52c to 51c versus microwave
frequency exhibits resolved photon numbers

from O to 6 (coherent field in cavity)

0,14

0,12 1

0,10 1

Transfer h->e
o
S
[e5)
1

0,06

i

0,04

0,02 T T T T T T T T T T T
48179,39 48179,40 48179,41 48179,42 48179,43 48179,44

frequency (MHz)
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Energy shift versus photon number

304| ™ Relative peak position
|[=—— Theory for delta=90kHz and omega=50kHz
E 25 4
=
S 20+
.t"%
g
o 15
©
o}
o
o 101
= Curvature due
2 5 to higher order
perturbation
0 -

0 1 2 3 4 5 6

Photon number

Photon number filter
Atom, initially in 52c with cavity containing coherent
field and detuned by A from 51¢-50c frequency is
irradiated during 0.3 ms by mw at ws2c-51¢ (No)

|52c,n0
frequency.

If atom detected in blc, no photon are selected in cavity

To prove it, set cavity to resonance (A=0) during variable o

time t before detecting atom in 51c and record Rabi |52c, 0)
os&illation with same atom (repeat many times)
A>>Q
A ~ 100 kHz °
—>
A=0
52¢,ng)

> \|_
# mw
« filter »

>
MW spectroscopy pulse (duration 320 ps)

;ZJLI|

|510,n0>

5| |
—

c, 0)

|51¢c,ng)

Rabi
oscillation

50¢,ng+1)

19
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Rabi oscillations after selection of ng
photons by same atom (no=0 to 4)

(PhD of Frederic Assemat)
— T T T T T T T T T T T
2,5 —u—n=0 4
—eo— n=1
n=2 ]
2,0 - ™ v w —v—n=3 -
A SAE S n=4
o | S !
A v AY
© 1,5 .
Q
[72]
[
o
'_

o
1
\w\m\
oy

f %iij 55\@/&5&;

ol +f x% !;%\Jﬁa%

oo+—r¥—FF
-10 0 10 20 30 40 50 60 70 80 90 100 110
Interaction time (us)

Conclusion of Lecture 14

In this lecture, we have described resonant and non-resonant interaction
processes between atoms and photons in the strong coupling regime of
CQED

Using resonant coupling, we have seen how to entangle atoms via their
successive coupling with the cavity field containing O and 1 photon and how
to realize a quantum gate with the photon as a control and the atom as a
target bit.

In the non-resonant case, we exploit photon number dependent light shifts
to count photons in the cavity without destroying them (Quantum non
demolition detection), to observe field quantum jumps and to filter pure
photon number states out of coherent fields.

In the last lecture, we will see how to use the non-resonant atom-field
interaction to generate and study superpositions of coherent fields with
different phases (so called « Schrédinger cat states ») and we will study
their decoherence. We will finally describe briefly how CQED has been
generalized in circuit-QED to the study of the coupling of
superconducting qubits to microwave fields, a very active domain of
research ftoday in quantum information science.
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