Cavity QED:
atom & photon in love
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a growing research field

* topic ISI Web of Knowledge (August 2012)

cavity QED*

Citations in Each Year

~16 years of
exponential growth
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Citations in Each Year
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cavity QED as a tool box

fundamental
atom-photon
processes

quantum
information
processing

quantum
many-body
physics

quantum
opto-
mechanics



outline

today: fundamentals = it's all different

1) classical linear optics:
- introduction & real time experiments
7 2) quantum nonlinear optics:
é : - photon statistics & field fluctuations

= ".‘_;."':2/‘. 7
{
tonight: applications = it's pretty useful

1) quantum information:
- single photons & quantum networks



the challenge of lecturing

Wieman (Physics Nobel Prize 2001): teach students how
wooden back of violin is what produces sound they hear.

15 minutes later: ask student whether sound from violin is
produced ...

a. .. mostly by strings, [N 54

b. ... mostly by wood, . 10%
C. ... both equally, I 3%

d. ... none of above? I 3%

so please ask questions!




classical
picture




the role of the mode density

Purcell, Phys. Rev. 69, 681 (1946)

B10. Spontaneous Emission Probabilities at Radio Fre-
quencies. E. M. PurciLL, Harvard University.—For
nuclear magnetic moment transitions at radio frequencies
the probability of spontaneous emission, computed from

A, = (8712/c3) hv(873u2/3h?) sec.™,

is so small that this process is not effective in bringing a
spin system into thermal equilibrium with its surroundings.
At 300°K, for »=107 sec.”!, u=1 nuclear magneton, the
corresponding relaxation time would be 5X10% seconds!
However, for a system coupled to a resonant electrical
circuit, the factor 8x»?/c* no longer gives correctly the
number of radiation oscillators per unit volume, in unit
frequency range, there being now ome oscillator in the
frequency range »/(Q associated with the circuit. The
spontaneous emission probability is thereby increased, and
the relaxation time reduced, by a factor f=23QN/4x2V,
where 1 is the volume of the resonator. If g is a dimension
characteristic of the circuit so that V~a3, and if § is the
skin-depth at frequency », f~A3/a?. For a non-resonant
circuit f~\3/a3, and for a <§ it can be shown that f~2\3/aé?.
If small metallic particles, of diameter 1073 cm are mixed
with a nuclear-magnetic medium at room temperature,
spontaneous emission should establish thermal equilibrium
in a time of the order of minutes, for =107 sec.”%,

the spontaneous emission rate
is proportional to the mode
density of the radiation field:

in free space:

p(w) = (2/m) w?/c3

in a cavity with quality
factor Q and volume V:

p(w) = 1/AwV = Q/wV

Purcell enhancement factor:

f = (3/4m%) Q (A3/V)



what's wrong with this mode density?

o’

\ J

v

local mode density is changed

but:
environment is part of the system

v

global mode density is not changed



light interference
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light interference
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cavity enhanced Rayleigh scattering

cavity enhc 46

b et =

cavity enhances
light scattering

= rotated geometry, same rate
= benefit: small laser intensity



cavity enhanced Rayleigh scattering

Motsch et al., NJP 12, 063022 (2010)
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quantum
description




cavity QED = QED for pedestrians

= no renormalization & no divergences
= only one mode of the radiation field

perturbative regime:
(Purcell 1946, ..)
= dissipation » coupling

non-perturbative regime:
(Jaynes & Cummings 1963, ...)
= dissipation « coupling



one atom & one cavity mode

coupling constant: Q = dTE

dipole moment: d = e<we ‘F"Wg>
~10" -10' ea, resonance line
~10° -10* ea, Rydberg atom

~10" -10° ea, mesoscopic system

_ ho
28V gt

E

field per photon:



how large is the electric field of a photon ?

10 pym mirror separation:
E = 100 V/cm

it can be measured !
it has dramatic effects |



Jaynes-Cummings molecule

Jaynes and Cummings, Proc. TEEE 51, 89 (1963)

microwave cavity QED (w=w,=wc):
without dissipation: y=k=0 %
without driving: #=0

Hamiltonian:  Hy =hw,6,6_+hwd'4+hg(a'6_+6,4)
eigenenergies: E,, =hon= ng~/n n=012,..

. nyxle,n-1
eigenstates:  |n,t)= 9.m)#] ) dressed states

J2



energy-level structure
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driven atom-cavity system

Alsing et al., Phys. Rev. A 45, 5135 (1992)

optical cavity QED (w=w,=w,=w):
without dissipation: y=«=0
with driving: ##0

Hamiltonian:  H =H, +hn (& +4)

2
4
quasienergies: E,, = nwn+hgy/n i/l—(z—nj

Stark-shifted energy levels



Stark-shifted energy levels

Alsing et al., Phys. Rev. A 45, 5135 (1992)
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weakly driven dissipative atom-cavity system

optical cavity QED (v, =w =w¢):
polarization decay y#0, field decay x#0, driving ##0

state vector:  |y)=]g,0)+c,|9.1)+c,|e,0) ¢, , <1

equations of motion:  steady-state solution:

. _nlk
€, =—KC, +0C, +7 C

. =a cooperativity C, = J

T 14 2C, 2yK

¢, =—7C. —0c, C, = —%cg S




physical interpretation

amplitude of intracavity field: excited-state amplitude:
nlx U g
o= =a,-2Cx o, =— =—Q—
1+2¢c, "k . y
" ME

cavity-enhanced field radiated by atomic
driving field @y & : polarization Sg/k=—2Ca

intra-cavity field a

>

time

no absorption, only interference



the famous cooperativity parameter

absorption
Cross section

mode waist w, ~ finesse F
317 1 =
2C, = N x —/— x > X — > 1
num]tger ~ 5 v i 4 0 ) W
o absorption N number o
atoms  cross SZCTiOh mode area  oflections




single-atom watching

Miinstermann et al., Opt. Commun. 159, 63 (1999)
see also Chapman, Esslinger, Kimble, Mabuchi, Meschede, Orozco, Stamper Kurn, ...
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single-atom watching

Pinkse et al., Nature 404, 365 (2000)




single-atom watching

Trapping an atom with single photons
P. W. H. Pinkse, T. Fischer, P. Maunz & G. Rempe

Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Strasse 1,
85748 Garching, Germany

The Atom-Cavity Microscope:
Single Atoms Bound in Orbit by
Single Photons

C. ). Hood,” T. W. Lynn,’ A. C. Doherty,? A. S. Parkins,?
H. J. Kimble*
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reconstructed trajectory, not direct imaging



spatial imaging

Puppe et al., Physica Scripta T112 (2004) 7

non-degenerate transverse modes
TEMI,O TEMO,I

— 25 MHz —

frequency

probe-laser frequency jumps to and fro between modes every 1 pus



spatial imaging

Puppe et al., Physica Scripta T112 (2004) 7
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v=0.8(1) m/s; dx = 24(6) ym
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real-time feedback

based on the result of an observation,
is it possible to ...

1) ... maneuver an individual atom, thus
validating its "measured” trajectory?

2) ... cool a randomly moving particle?

3) .. reach the standard quantum limit
(Heisenberg's uncertainty relation)?

4) .. explore tailored servo loops?



experimental scheme

Kubanek et al., Nature 462, 898 (2009)
Koch et al., PRL 105, 173003 (2010)



experimental protocol

Kubanek et al., Appl. Phys. B 102, 433 (2011)

trapping potential trapping potential
with low donut power with high donut power
40 0 40 r(um) 1.5

/\ L‘/\
P 40 \?’/ 40 r(um)

T true ny>n, false T

photon n. n
C|iCkST | 1| 2| .
T R [




experimental setup

1.7 us decision
making time
(FPGA@NI)

control
light

probe light

strategic decisions are made
upon detection of single photons



experimental results

Kubanek et al., Nature 462, 898 (2009)
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experimental results: improved system

Koch et al., PRL 105, 173003 (2010)
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feedback cooling

Koch et al., PRL 105, 173003 (2010) - ! A with feedback
—~ 1000 A4, A without feedback
2 E A A E
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= 20x longer trapping 2 f 442 E
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question

ask student whether intensity of the

light field, after passing by the atom,
IS reduced by ...

. mostly absorption,

a. .
b. ... mostly interference,
C. ... both equally,

d. .. none of above?



weakly driven dissipative atom-cavity system

optical cavity QED (v, =w =w¢):
polarization decay y#0, field decay x#0, driving ##0

: . I A ~ R fiA  mA A
master equation: p= —%[HJC - HF,,,o]—/c(a+ p+pa+a—2apa+)
o o

state vector:  |y)=]g,0)+c,|9.1)+c,|e,0) ¢, , <1

equations of motion:  steady-state solution:

. _nlk
¢, =—KC, +0C, +7 C

g =qa cooperativity C, = J

9 1+2C, 20K

¢, =—7C, —gc, C, = —%cg S




spectral response

eigenvalues of the coupled system:

2
ﬂ+:—7/+Ki (LK) _g2
- 2 2

cavity transmission (A=w, -w, . ):

k(y—iA)
(A, +iA) (A +iA)

2

T(A)= To




eigenvalue structure

(y,K) = 21 x (2, 18) MHz

eigenvalues A,
@

—_
o O

R
o

-2 W
Re(4.)

Lcavity decay

iy

0

10
coupling constant g/2m (MHz)



fast-cavity limit k » g2/k » y

real (negative) eigenvalues:

2
A, =—y(1+2C,) = —(7/+g—j

K

cavity-enhanced atomic decay

2
A = —K(l— 2C, Zj . —[K—g—)
K K

atom-reduced cavity decay



fast-cavity limit k » g2/k » y

(9.v, K) = 21 x (10, 1, 100) MHz

1.0 I I IZ\ I I
§ 08 I empty cavity N
w linewidth = k
&
c 06 _
o
+—
ge)
.g 04 - -
IS
£
S 0.2 cavity-enhanced
atomic linewidth = y+g2/k
0 | | | |
-200 -100 0 100 200

detuning A (MHz)



strong-coupling limit g » (y,k)

complex eigenvalues:

- normal-mode (vacuum-Rabi) splitting
- linewidth averaging



strong-coupling limit g » (y,k)

(9.v, K) = 21 x (100, 1, 10) MHz

10 T I ﬂ [ I
<
S 08¢ ﬁ \ .
v
0
£
e 06F §
o
+—
o normal-mode normal-mode
N 0471 linewidth = (v+k)/2 linewidth = (y+k)/2
©
E emp‘ry cavu‘ry
s Oz linewidth = K .
0
-200 —100 100 200

laser-cavity de‘runing A (MHz)



linear absorption & dispersion

phase shift

/(\A Iaser‘
W,=W frequency
y polarizable medium

(g,v K)/2Tr (12 3 3) MHz
oal A, /21 =0 MHz normal- mode spectrum

or
"vacuum-Rabi" splitting

0.3F

<«

relative cavity transmission

25 20 -15 -10 -5 0 5 10 15 20 25
laser frequency / MHz



normal-mode splitting

Thompson et al., PRL 68, 1132 (1992)
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is cavity QED quantum ?

o)

«classical» caviTyXD:

1) linear intensity response = classical
2) double-peaked spectrum = classical




cavity QED at its best: quantum anharmonicity

Birnbaum et al., Nature 436, 87 (2005)

photon blockade

—_—
tgv2 1 H(leDx[g2))
X [ quantum field ]
0 T %(e0e.)
[ normal modes J
purely classical !
N 190

anharmonic



cavity QED at its best: quantum anharmonicity

photon blockade

— 5 7
g2 - H(en=[0.2)) +
X [ quantum field ] A
0 T %(e0e.) [F -

[ normal modes J
purely classical !

N =1 ‘g,O> N » 1
anharmonic harmonic

2g\/ﬁ



cavity QED at its best: quantum anharmonicity

stepwise excitation:
Carmichael et al., PRL 77, 631 (1996)

two-photon
excitation !

-  \

£g4/2 H(leD)x]g.2)) +2g/N
) [ quantum field ] A
+ 7‘\' L (le,0)%+|0g,1 1
0 __ LA H(e0)+[g1) | +gJN
[ normal modes J
purely classical !
N=1 9.0) N » 1

anharmonic harmonic



no simple scaling with atom number

o)

«quantum» cavity QED:

1) many atoms = harmonic oscillator
2) one atom = anharmonic oscillator




two-photon excitation: resonance frequencies

c)z =(h+1)uw,

- w =variable
- W, Fw.=const

Increase separation
between |1,-) and |2,-)




quantum anharmonicity

Schuster et al., Nature Phys. 4, 382 (2008)

transmitted power (fW)

T T T T
Bt
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2 r hormal mode
20 |
quantum
15T resonance b
V-
10 —
cavity-like
s normal mode

laser-cavity detuning A /21t (MHz)

-20 -10 0 10

15

w =variable
w,=const # w,=const

«high» power
P, =15 pW

«low» power
Pin = 0.5 pW



how to avoid the classical response ?

avoid one-photon resonance
==> low atomic excitation |




multi-photon resonances

Schuster et al., Nature Phys. 4, 382 (2008)
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cavity QED at its best: quantum anharmonicity

A .
+g J?2 quantum response:
1 Iout _C1I|n+q2 +q3 b

nonlinear due to
anharmonicity

classical response:
.. =C|

1%in

2 3
+92|in +C3|in +

/

nonlinear due to
N=1 atomic saturation

anharmonic




quantum nonlinearity

, counterintuitive: A
the presence of an atom
181 increases the number of
c16f kpho‘rons in the cavity Y

—
N
L]

—
[N]
L]

empty cavity -

08

saturable absorber

photon number n/n

classical absorber ]

0 0.2 Oh 0.6 0.8 1.0 1.2
empty cavity photon number n_




quantum nonlinearity

Schuster et al., Nature Phys. 4, 382 (2008)
see also: Bishop et al., Nature Physics 5, 105 (2009) -

~
quantum effect observed
in the average intensity,

. not a photon correlation
J
‘ 2, i> on-resonance quantum
relative to
1 off-resonance /Cé'
10~ transmission

ocF’i2

output power / fW

semi-classical

i |

N=1 00 1 2 3
anharmonic input power / pW




photon correlations

Carmichael et al., Opt. Comm. 82, 73 (1991
state vector: armichael et al., Opt. Comm. 82, 73 (1991)

lw)=|9.0)+c,|g.D)+c,|e,0)+&,|9,2)+&, e D+.. ¢, <cC,, <1

equations of motion:
¢, =—kC, +0C,+7 £, = —2Ke, +gx/—g +77\/—C

9 g

C, =—7C, —dC, Eq (K+]/)6‘e—g\/—€g+770e

steady-state solution (strong coupling):
v)=|9.0)+alg.)-a e 0) -4 %|g,2)~a” L(L+£)[e 1) +...

probability for simultaneous transmission of two photons:

(o087 sz

2 .
ns =5 saturation photon number

a
2ng

“lo?f



physical interpretation

Carmichael et al., Opt. Comm. 82, 73 (1991)
amplitude for two-photon transmission as a product:

(9,0[& |w) =(g.0]a]y)(g.0/a|¥)

with the collapsed state:

7)o

(9.0[ay)

amplitude for photon emission from steady state |y ):
<g,0|é|w>=a =a,—-2Ca

amplitude for photon emission from collapsed state |y):

olalyz=a+Aq—2289 5o — @ — Ao > -«
<9 | |‘//>
2N




physical interpretation

Carmichael et al., Opt. Comm. 82, 73 (1991)
A 4

cavity-enhanced : field radiated by
drive field ay = i atomic dipole —2C,a

. : = mean cavity field o
T|me - E >

: field change due to
: collapse Aa=—al2ng

cavity field after
collapse o—al2ng

A



cavity QED: two dimensionless numbers

2

g
2VK
large C,: one atom has a big effect

single-atom cooperativity C, =

2

/4
29
small n.: one photon has a big effect

saturation photon number ng =

2



photon correlations

hormalized correlation function:

g(2) (O) - <aT2a2 >/<aTa>2 - 2|:)’rwo phoTons/Poz;le photon

100 .................................
—) b —
g(z)(o)_-l 'l \‘
1 1
75 1 i ' '
1 1
! 1
' '
1 |
50 + ‘ U ' |
" f— \‘
25 | " - \‘
’ ] 'Y . .
. —i— pho’rpn correlation is
0 Lt : maximum away from
(——) two-photon resonance
TR S



photon coincidences

differential correlation function:

C(Z) (O) - <aT2a2>_ <aTa>2 - 2|:)‘rwo photons Py

one photon

gx0””

|2_> |2.r+>
( emm—\ (e
6 C(z)(O) T f
ak r .
A photon coincidences

are maximum on

2t U \‘rwo—pho’ron resonance

| =T




photon coincidences

differential correlation function:

one photon

C(Z) (O) - <aT2a2>_ <aTa>2 - 2|:)‘rwo photons Py

|1,4+)

»
ae

v
~
LI

photon }




two-photon gateway

Kubanek et al., PRL 101, 203602 (2008) —p —
200 | | |
[ 2
100 + 2l:)‘rwo photons > I:)one photon
' 100
80 f
E -
T 60} ” .
©
S 40
(&
20 |
] - [
0 1 1 1 I
[ Il d
'20 L L L L ] 1 L : 1 l : : '
210 5 0

T/ Us

observed coincidence rate ~10 times higher
than for a coherent field of equal intensity



photon coincidence spectroscopy

Kubanek et al., PRL 101, 203602 (2008) —p —
120 25
one- pho’ron r'esponse 2, N
100 (classucal)

' ""- 20
80T T two-photon /1™
N ool 11,-> r'esponse =
- v
= ( (quan‘rum) |15 &
S 40t S . =
v : / G %
|

10

. . . : 5

-25 -20 -15 -10 5 0

A /2 (MHz)

~20 000 atoms, ~127 hours measurement time




question

ask student whether photons transmitted
through resonant cavity containing a single
resonant atom arrive ...

a. .. regularly = anti-bunched:
one atom can emit only one photon,

b. ... randomly:
laser beam is a random stream of photons,

c. ... chaotic = bunched:
coherent laser interferes with incoherent
spontaneous emission,

d. ... none of the above? >




cavity QED at its best: quantum anharmonicity

from incoherent decay ...
.. Yo coherent scattering

cgV2 TR ‘2,i>
! quadrature squeezing:
+g x ] ‘1’ i> X, :%(e‘i®a+e+‘®aT)
AXg =Xo—(Xq)
A A
N=1

anharmonic



from free space ..

Walls & Zoller, Phys. Rev. Lett. 47, 709 (1981)

single-atom in free-space:
o=|9)¢|

(o=(o))')=~(o)’

but: /T;esﬁe\zing genera‘red\

» small squeezing predicted | by oneatomis at least an
low drivi hot ber « 1 order of magnitude more
Ow driving, pnoton number difficult to observe than

» detection solid angle « 4T | anti-bunching

» mode matching is difficult | L Mandel, PRL 1982 ,




.. Yo confined space

Ourjoumtsev et al., Nature 474, 623 (2011)

single-atom cavity QED:

((a-(a))")=—K (o)’

2+ IIIIIKIIII Ia"j
2
atomic coherence (1" rung):
E
&, =TT . (o)=—23
A vy ,_ OnCE
enhancement (2" rung):
y | v 2’
N = K = >1

anharmonic @, @,



quadrature squeezing

quadrature electric field:

Xo=%(e"a+e’a’)

variance:
<AX(§> - <(X® _<X@>)2> = %m(e_m <Aaz>)+ %<AaTAa> 1
\ coherent part ’ i;coheanT par'J'r

normal ordering (removes ) and
weak excitation (removes incoherent part):

<: AXZ :> = %SR(e‘Z‘@ <Aa2>)



master equation

master equation:

d—p=—L[HJc +Hp, pl+xL,p+yL,p

dt h
L. p=2apa’ —pa'a—-a'ap

L p=20pc" — pc'c—c'op

Jaynes-Cummings Hamiltonian:

H./h=-Aa'a-Aoc'c+g (aTa + aaT)

drive Hamiltonian:
HF,/hzg(aT +a)



equations of motion

equations of motion:

it<a>:i(a’") <a>—g<a>—g) o,=A.+1k A =o-o0,

C



steady-state solutions

steady-state solutions:

(a)=¢ www_ 7 ()=c (@ (a)w+ (a))—+sj)2))(+wgz -9°)
el (@c<@a+§c(>&fg+f)~)clﬁa@c—gz>
fluctuations:

(82 - e )__g;?;(@aéc -~ )2 (AaAc) = %<Aa2>



quadrature squeezing

Ourjoumtsev et al., Nature 474, 623 (2011)

detunings:

By, =(N-1)@, + (3, + @)+ 4ng? (@, - 3,

nx

rewrite:
&9 2\ 2 : B 292
(0)=5 5 and (Aa®) =K (~(c)") with K=o
squeezing:

<: AX :> =-1 (e‘2‘®K <a>2)




quadrature autocorrelations

Ourjoumtsev et al., Nature 474, 623 (2011)

quadrature autocorrelation:

(: AXo (1)AX (0):) = 4% (6K (o)’ F (7))

regression to steady state:

f(2) exp(ié")l_r)+exp(ia’")1+r)
TI1=
-6, /6, 1-6, /6,




experiment




autocorrelation of homodyne signal

Ourjoumtsev et al., Nature 474, 623 (2011)

in-phase
quadrature (AX?)

X=Xe:0 P=Xo-r/2

out-of-phase
quadrature (AP?)

* empty cavity reference subtracted



Fourier transform of autocorrelation

Ourjoumtsev et al., Nature 474, 623 (2011)

squeezing spectrum

24) N p— ,.\
1,+) +12 mdB
I (AX2> ............... v__.

* empty cavity reference subtracted



autocorrelation of homodyne signal

Ourjoumtsev et al., Nature 474, 623 (2011)

in-phase
quadrature (AX?)
y
\ 2 X=Xe:0 P=Xp5-n/2
A, v
WAW,
v | v out-of-phase
quadrature (AP?)

* empty cavity reference subtracted



Fourier transform of autocorrelation

Ourjoumtsev et al., Nature 474, 623 (2011)

squeezing spectrum

12,1) (AX?)
7~ S —— "
Y
1 ‘1, i> +10 mdB
wzwa _______________________________________ V.
v | v (AP)

* empty cavity reference subtracted



quantum nonlinear optics

* single atom emits light with reduced
amplitude fluctuations (not intensity)

* small absolute squeezing: ~10-2 dB,
limited by losses & two-sided cavity

large relative squeezing: pump with
2 photons/60 ns cavity-decay time

parametric down-conversion at 10 pW
pump would give squeezing of 10-° dB

non-linearity is 107 times larger than
Kerr non-linearity of optical fibers

non-linearity 10 times larger than for
four-wave mixing in atomic ensembles



a general perspective

photons

I

many

few

one

L one

few

many ——> atoms



Cavity QED:
atom & photon in distant love



quantum information technology: quo vadis?

Unless one is an archaeologist, it is unlikely

that one has found the Holy Grail.
Editorial, Nature Physics 3, 581 (2007)

.. but quantum physics allows for powerful apps:

quantum simulator: simulates Hamiltonian systems
not accessible to classical computers

quantum computer: computes complex problems by
exploiting the rules of quantum physics

quantum network: distributes information in a
secure and controlled way over infinite distances



coupled quantum systems

a fundamental (almost textbook) system:
E two atoms exchanging energy & information

/‘/\\
\/4 ‘ii’ |1Eii |\/
— )\ —>

however:
E atoms are not individually addressable
E communication over short distance only



coupled quantum systems

VOLUME &4, NUMBER 18 PHYSICAL REVIEW LETTERS 1 May 2000

Observation of Cavity-Mediated Long-Range Light Forces between Strongly Coupled Atoms

P. Miinstermann. T. Fischer. P. Maunz. P. W. H. Pinkse. and G. Rempe
Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Strasse 1, D-85748 Garching, Germany

(Received 23 August 1999)
/\ : /\k
I ’

asymmetric
vacuum-Rabi
splitting

Ritsch

Esslinger
Stamper-Kurn:

cavity opto-mechanics



coupled quantum systems

however:
B requires interferometric stability
B not practical for infinite distances



coupled quantum systems

" "infinite" distances
" controlled connectivity
" scalable to many atoms

optical fiber

E in theory: one closed system
- simple Hamiltonian hA(a'b+b'a)

B in practice: two open systems
-~ extremely challenging task



distributed quantum systems

1) quantum communication
& quantum computing

2) arbitrary topology = quantum internet:
distributed quantum-many body system

D
T =

3) single atoms = true quantum bits:

individually addressable & controllable quantum
processors (localized information, no crosstalk)



the quest for symmetric photons

spontaneous emission:
E exponential decay > asymmetric photon

cavity QED:
E inside: controllable atom-photon interaction
E outfside: single spatial and temporal mode



vacuum-stimulated Raman adiabatic passage

Hennrich et al., PRL 85, 4872 (2000)
Kuhn et al., PRL 89, 067901 (2002)

le,0)
turn on
laser
Q cavity
29
lu,0)

19.1)

~607% emission
probability

Micke et al., Nature 465, 755 (2010)
Specht et al., Nature 473, 190 (2011)

|u,0)

19.1)

~15% absorption
probability



photon-stimulated Raman adiabatic passage

10% read-write
efficiency

Micke et al., Nature 465, 755 (2010)
Specht et al., Nature 473, 190 (2011)

here: coherent-state input @ <n>=1

|u,0)

19.1)

~15% absorption
probability






how to cool single atoms?

Pinkse et al., Nature 404, 365 (2000) Kubanek et al., Nature 462, 898 (2009)
Maunz et al., Nature 428, 50 (2004) Koch et al., PRL 105, 173003 (2010)



a single atom trapped “forever”





two identical systems
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quantum memory

Ritter et al., Nature 484, 195 (2012)

S Rl

controllable
polarization

how well does the

output polarization

resemble the input
polarization ?




Poincaré "sphere”: examples

unity: dephasing: rotation:

depolarization: decay: imbalance:




quantum memory

Ritter et al., Nature 484, 195 (2012)

<- ;

classical limit
(fidelity=2/3)

write/read fidelity = 92.2(4)%



quantum memory: what is long ?

@ in optical fibers, 780 nm photons travel 1 km
in 5 us before being lost (3 dB)

@ for larger distances/longer times, one needs
quantum repeaters

@ quantum repeaters require quantum memories

2

@ with 80 ps memory time (and everything else
perfect), one could already build 1 repeater
station over 8 km



quantum-state transfer

hode A




quantum-state transfer: process matrix

Ritter et al., Nature 484, 195 (2012)

0.76



atom-atom entanglement

hode A




atom-atom entanglement: density matrix

Ritter et al., Nature 484, 195 (2012)



atom-atom entanglement: nonlocality

Ritter et al., Nature 484, 195 (2012)




largest material quantum system*

* with a new twist:
locally = open system
globally = closed system

single-emitter experiments fidelity  w/r efficiency
cavity QED 1 0.92 (0.95) | 0.32 (0.7?)
memory
cavity QED 0.85 0.02
free space 0.63 0.000000004
cavity QED 0.84 0.002

entanglement

state transfer

teleportati
OO e space| 090 | 0.00000002
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