NsTITUT — R
d'OPTIQUE DE L4 RECHERCHE
GRADUATE SCHOOL SCIENTIFIQUE

Quantum information processing
with individual neutral atoms in
optical tweezers

Philippe Grangier

Institut d'Optique, Palaiseau, France




* Institut d’Optique __ Institut d’Optique
% Théorique et Appliquée, sormovt == Graduate School,

GRADUATE SCHOOL

Institut d'Optique OrS ay Palaiseau

May 20t 2007 May 30th 2007 Sept. 30th 2007



The single atom(s) project(s)

Jérbme Benoit o |
Beugnon Darquié Matt Jones Jos Dingjan  Harold Marion  Gaetan Messin

Andrew Lance Yvan Sortais Philippe Grangier | Antoine Browaeys Tatjana Wilk

Charles Tuchendler A. Fuhrmanek | Charles Evellin Alpha Gaétan Y. Miroschnychenko




Quantum Information Processing
with Individual Neutral Atoms in Optical Tweezers.

Lecture 1: trapping and moving single atoms

Lecture 2 : using single atoms
as controlled single-photon sources

Lecture 3 : encoding qubits on single atoms,
and entangling them using Rydberg blockade.



Lecture 1 : trapping and moving single atoms

1. Basics of neutral atoms cooling and trapping

2. Manipulating single atoms in optical tweezers



Laser manipulation of atoms

A. Radiative forces
Momentum exchanges between
atoms and photons Introduction to

Atomic polarisability “lh[— JANTUM
OPTICS

Two types of force

B. Resonant radiation pressure
Properties
Stopping atoms with light

C. Dipole force
Properties
Optical tweezers and lattices...

D. Cooling: optical molasses Gilbert Grynberg, Alain Aspect
DOpplCI’ COOlil’lg and Claude Fabre
Limit temperature
Below the Doppler limit




Laser manipulation of atoms.

A remarkable illustration of laser-atom interaction
From the early 1980°s, from basic research (Nobel Prize 1997 for
laser cooling) to applications (atom interferometers sensitive to
inertial and gravitational effects; ultra-cold atom clocks)

A case study showing the interest of diversified theoretical treatments:
e Semi-classical approach: only the atom is quantized
* Fully quantum approach: light also 1s quantized

Lead to the emergence, in 1995, of a new research field : Bose-
Einstein condensation of atomic gases (Nobel Prize 2001)...

... Including atom lasers: concepts similar to the ones
developed 1n the case of photon lasers!



Radiation pressure and linear momentum
exchange between photons and atoms

Linear momentum balance sheet in a fluorescence cycle

Photon in a running wave E,
with k-vector : p =7k 1 |
Absorption-Reemission h‘k nK
AP =7nk -7k L
Ea
Average over many cycles <ksp> =0 = <APalt >1 e = hk
Average force :
| I B Qf /2
Fres_N<APat>1 cycle - Nhk = hk 2 1+s oo (COO —60)2 +T°/4
_ Fmax
Order.s of - I'/2r 6MHz2 . :hkrleSm/s_2z104g
magnitude [ =1.6mW/cm” | Ay M2




Application: stopping an atomic beam
with a laser

Sodium atomic beam
=1.8 m

!

stoppin distanc:e:ZV2 ~36X104
V ~ 21;\B4Tz600m/s ppImS 2y 2x10°

Atoms must be kept 1n resonance during slowing (Doppler effect
compensation): position depending Zeeman shifts

Zeeman slower (Phillips Velocity distribution
and coll., 1982) ol .‘;
CESERVATION T Ip—— l Density in
——‘_'_‘——\ = ook T e velocity space
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: cooling
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Radiative forces : general approach

Forced oscillation of the atomic dipole, under the effect of the field

E(r,1) =€ E,(r)cos(wt — p(r)) = £E(r,1) +c.c.

with &E(r,t)= ;)exp{zq)(r)}exp{ ia)t}

<l§£> =g o &(r,t)+e,00 E(r,t)  after transient damping

Complex polarisability — a=a"+ia” (cf next slide)

Force due to the interaction between the field and the induced atomic
dipole F= <l§£ >[§{E(r,t)}l_ =g, (aE + a*S*W{S + 5*}

Keeping only the non oscillating terms (time average)

F:SOaé’[?E*l + c.c.




Radiation pressure and dipole force

F

:800‘5[65*] + c.c{ with E(r,t):EO(r)exp{iqo(r)}exp{—ia)t}

Fat 2

F = %Eo(r)(ﬁ[Eo(r)] — iv[q)(r)]EO(r)) + c.C.

”
E,0

—(E,m) V[ o]

8020‘, E,(r)V[ E,(r) ]+

the expression 1s evaluated at r=r_

c 0 L Resonant * Dissipative part (imaginary)
F =0 ( Eo(r)) V[(p(r)] radiation of polarisability
-2 pressure e Phase gradient

dip

oa, Y
F :TEO(r)V[EO(r)]

€ * Reactive part (real) of

Dipoleforce ) icability

e Amplitude gradient



Atomic polarisability for a resonance transition

A 4

|
I

> Line width T'=T,

» Closed transition

Resonance line: a = ground state
>1,=0

Forced dipole oscillation, by E=€E| COS(G)f - q)) = 8(5 +& )

Density matrix formalism and Optical Bloch equations (dissipation...)
= complex polarizability «

(04

N

D

(2,

15

N

> =g 0E+e,0 E(r,1) hnQ =—dE,
e 1 1
E N T l+s| (= Q//2
(@ =)= K\ | [ (@-0y+r/4
Y - \
linear response saturation




Radiative forces for a two level atom
submitted to a quasi-resonnant laser

g { _Eo(r) { } { . f} o = d2 1 1 —o'+io"
(r,f)= ; expy ip(r) jexpy—im eh (0, —w)—iT/2 1+s
€0
F= V[ E, (E ) V[em] r=r,
: « Reactive part (real) of
P V[E®] Dipoleforce o jarisability
dip 0 . .
2 * Amplitude gradient
£, o Res.on.ant  Dissipative part (imaginary)
F =— > (E (r)) [go(r)} radiation of polarisability
= pressure * Phase gradient

Substituting o’ et &’ by their expressions, we will find properties (and
applications) very different for these two forces.



Resonnant radiation pressure

Running wave  &E(r,f) = %exp{ik : r}exp{—ia)t}

S =

constant amplitude £, = F, =— q[EO(r)]:
_ g, a’2E2 r/2 1
F E (r)) V| o(r .
o2 ( ()) Lo®)]=k 2h (w,— @)’ +T?/4 1+s
Q? r/2 1 T
F_=hk - = —hk— —
- 2 (w,—w) +I'"/4 1+s 2 1+s
Q’ /2 I 1

saturation parameter

(0, — o) T /4 [, 1+4(0,-0) /T’
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Dipole force

F. =

dip

’
€,

E,(r)V| E,(r) |

E°2(r) exp{igo(r)} exp{—ia)t}

with E(r,t)=

F., #0 for an inhomogeneous wave: ?EO # ()

~ 2 ~
eo_d o0 V[E®]  ie,-0) V[sm)]
dip 5 (@, @ +1“_2 1+ s(r) 2 1+s(r)
4
- Al —
F, =-V|U(r)| avec U(r)= (®—-,) log| 1+ s(r) |
Derives from a potential (reactive part of S(r)= I(r) 1

polarisability) varying as intensity

I, 1+4o,—0)’ /T’

Applications atom

attracted towards high intensity if @ <®,

repelled from high intensity if @ >,
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Dipole trap and optical tweezer

I(r) 1
I, 1+40,-0)/T?

U, (r)= h(w;wo) log[1+s(r)]  with s(r)=

Trapping at the focus of a “red detuned” laser beam (W< @,):
optical tweezer

laser

__

(4\/ Shallow trap: demands ultra-cold
atoms ( 77<1 mK)

Manipulation of atom clouds, individual atoms, Bose-Einstein atomic
condensates, but also of biological objects

12



Dipole force: a very usetul tool

: : (11 : 29 h _
Denves frorp a pqtentlal prpportlonnal U (r)= (w—w,) tog[ 1+ 5()]
to the light intensity (saturation) P 2

A remarkable tool to manipulate ultra-cold atoms

* Optical tweezer laser (]X XL

* Atomic mirror @
* Atomic wave guide

* Optical lattice (~ electrons 1n a crystal)

* Disordered medium (~ electrons
in an amorphous medium)
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Doppler cooling

Resonant radiation pressure from two opposite running waves

Eb
Vae  +K,0 t 1]
Non saturating lasers, detuned below resonance E, l v

Atomic velocity: different Doppler effect for each wave

F_-F, /4 r*/4
(w-k-V -0, +T2/4 (w+k-V —w ) +I7*/4
F
O, -~ W Force opposite to velocity:
! / k V., friction = cooling
T Generalization to 3-D (6 waves)
) = 600 — 5
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Doppler molasses

Near V=0 : viscous friction _ k.o }Vat -k, _
av )
F=-kMV or —=—-kV i .
dt i '.'f I'-|:
hk* T
KZWSO for w:wo—z '—'m.:._g

Order of magnitude (rubidium, s, = 0.5)

c=25%10"* ¢! ‘Damping time: 40 us ! ‘

Highly viscous medium: “optical molasses” l

Exponential cooling! atoms stuck ~_
d B —) —
E<V2>——2K<V2> s

Temperature decreases: where to? Under 1 mK! f
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Fluctuations of the resonant radiation
pressure

Fluctuations of linear momentum
P due to spontaneous emission nk I sp
role 1n resonant radiation pressure.

BP

at

Random jump in P, with magnitude 7k
and random direction, at each
fluorescence cycle.

2
2D, =(hk)' N

coeff. de diffusion (Einstein)

On top of the mean force effect, one has a random walk 1n the P space:

%<P2> ~2D Heating

17



Limits of Doppler cooling
d

Cooling a<P2> =—2K <P2>
d
Heating dt <P2> =2D
D
Steady state <Pazt> - Einstein relation

Analogous to the evolution of the amplitude of a laser: random walk
with elastic force towards equilibrium

d .
Langevin equation dr P =—xP +7_,

Equilibrium temperature ‘Order of magnitude: 100 uK

<P2t> 3 Experimentally observed
“L==pl

3
Sk T =
2% 2M 4 in 1985 (S. Chu)
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Below the Doppler limit temperature
Lowest predicted Doppler temperature: 100 uK range (observed in 1985)

Sisyphus cooling :

*observation (1988) of temperatures in the 10 UK range

Interpretation: “Sisyphus” effect. Takes into account the internal atomic
structure (several ground state sublevels) and light polarization.

Sub-recoil cooling :
*1988: method allowing one to reach residual

o o << . . 99 hk
velocities below the “one photon recoil velocity vV, = o

*On reaches the nK range (<1 uK): A

.. _ de Broglie > laser
quantum description yAr,?) of the atomic motion

Forced evaporative cooling :

In a non-dissipative trap (magnetic or dipole), eliminate the atoms with
energy > Nky T (typically n=6) then rethermalize by elastic collisions
The density in phase space increases => Bose-Einstein condensation !

1Yy



Steps of atom cooling

1 cmi/s 1 m/s 300 mi/s

10° K 10°K 10° K 1K 10°K

—

subrecoil —

liqud He
Evaporative e room

coohng and Doppler
molasses
Sisyphus

The logarithmic scale emphasizes the magnitude of cooling,
characterized by the ratio of the 1nitial to the final temperature,
not by the difference.
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Optical tweezer with large numerical aperture lenses

810 nm

Very tightly confined optical dipole trap

w=0.8 um Large Aperture NA = 0.7
/ Working distance ~ 10 mm
( » 9 spherical lenses
‘ Vacuum compatible

87Rb

780 nm

A

P3/2 _/¥ >
le
PI/Z Jk

Schlosser et al., Nature 411, 1024 (2001)




Single atom MOT &
optical tweezer Dipole Trap,
Vacuum .
Microscopic cch chamber/”, > ~
dipole trap : T Camera 1 ,'/ Qi }-\) e
Spot size < 1 ym Ior i =)
1 Avalanche — 1\ ; :%‘ iR
TPower ) . O mw Photodiode — Q\ |L@/ )/ U
rapping time > 1s N g
Filters 1=
Imaging :1um/pixel 780 nm fluorescence | |
=
Dipole
. '.' trap beam
@ 810 nm

Individual atoms <« jumping » in the trap
« Collisionnal blockade » : only one atom !

N. Schlosser et al,
Nature 411, 1024 (2001)
PRL 89, 023005 (2002)



Looking at single atoms

« Real-time blinking » of individual atoms
going in and out of the microscopic dipole trap
Fluorescence rate : 8000 cnts/at/s
Trapping time : a few seconds




ﬂ « Collisional blockade » Phs
Institut d'Optique N SChIOSSQr' et Gl, PRL 89, 023005 (2002)

FET
QIPC

Main effect : light - assisted collision loss (due to the MOT
\/ light) is huge as soon as there are two atoms in the trap

When an atom enters the trap with one atom inside,
both atoms escape : either zero or one atom only !

Some measured trapped atom parameters :

Trap frequencies (Py., = 2 mW): Wradial// 227T =313?< IﬁHZ
Waxial = Z

Trap depth (lightshift) : 1 mK/ mW
Trap beam waist (Py.,, = 2 mW) : Wo = 0.9 um

Temperature : <100 pK



Collisional Blockade and Beyond
N. Schlosser et al, PRL 89, 023005 (2002)

Behaviour of the number N of trapped atoms :

dN/dt = Ry- TN - BN(N-1)

R, : loading rate, T :one-atom loss (0.2 s1), 3 : two-atom loss
Average number
of trapped atoms ‘ E
e
0.01 100 194
0.5 Loading rate
[ (atoms/sec)
Ro
0.1
L ‘Large’ trap
' wo = 10 ym




Collisional Blockade and Beyond
N. Schlosser et al, PRL 89, 023005 (2002)

Behaviour of the number N of trapped atoms :

dN/dt = Ry- TN - BN(N-1)

R, : loading rate, T :one-atom loss (0.2 s1), 3 : two-atom loss
Average number Average number
of trapped atoms E of trapped atoms
Jﬁ _
B 10 JBO
0.01 | 104 0.01 i 100 10+
Loading rate 0 5—/ Loading rate
R (atoms/sec) (atoms/sec)
- &) -0.1
I Smaller trap r " Very small trap
Wo = 4 Hm ] Wo = 0.7 Hm

Collisional blockade : specific behaviour of small (< 4um) dipole trap !



Detecting and "heralding" a single trapped atom

Fluorescence induced by the cooling lasers (780 nm)

1 atom chold
c thresho
& /
7p)]
Q_ | e
L
0344
LC) ‘
O .
Q bF-L-RQb-t--—lle J_jao |1 _L_I_ —4-
@4
@)
2 _
04

O
Ul
O

| | | | | | |
15 20 25 \30
times (sec) No atom
Trapping time in the dark ~1- 3 s



A more compact optical setup : aspherical lens

Molded aspherical lenses for laser diode objective

LightPat
m Working distance 6 mm,

N.A.=0.5

700 nm < A < 900 nm

Typical trap parameters for 850 nm, 5 mW :
Depth = 2 mK
Transverse oscillation frequency = 135 kHz



Optical tweezer setup

Melles Griot Triplet
850 nm

Laser VA
diode (I | (A
0=
g | S o Aspherical lens
[]__.-— T 74 in vacuum
| ~—\}—
CCD, Filter 780 nm A
SPCM .‘
2.15 um
(Airy function
diameter ]
© S?g.grg,gr:)eory Transverse field =

+ 30 um



Catching single atoms from an slow atomic beam
Sortais et al., PRA 75, 013406 (2007)

%~ 10000 counts/sec/atom on the APD
Trapping time in the dark ~ 10 s

Fluorescence Dipole trap

780 hm

Fluorescence (counts/ms/at)
™ ' o ® e i

7/

N\

Oven Slowing Dilute atomic cloud
200m/s 200m/s —-~1m/s T ~ 100 pK - 10 pK



Trapping 2 single atoms

Dipole trap 1
Asph.

(=

Cross-section

‘ Vacuum on the

CCD camera

Dipole trap 2

l
Waist = 0.9(2) um

100 ms integration

time '
-4 6 8 10 12

position (um)



Single atom temperature measurements
C. Tuchendler et al, Phys. Rev. A 78, 033425 (2008)

* Turn off the trap for a short time At, then measure the
probability to recapture the atom (average on 100 shots)

* Fit with a Monte-Carlo calculation for a given temperature T and
trap depth (2.5 mK), assuming a thermal distribution.

Ll Im [ip mip 12l
3 E 1 =
| Ty
I:H'I 1 l||I|i hll'-_" E BH = "'.—I:
& [ e,
g Tosr L, R
E e L AT - :!r
e =04 = y -
3 = I'h- ol
- E o - ;
2024 o P s
= . )
Of ) b W= U "1168 i ° /J|$_ .
. d LD a0 il 4 L
iTsE

Two examples with and without molasse cooling

Felsase Tomee Af (jis)

: excellent fit |



Another method : Single Atom Time Of Flight
A. Fuhrmanek et al, New Journal of Physics 12, 053028 (2010)

Feeman laser

* Imaging the released
. atom on an intensified CCD
pinhole ' (2 STGQZS MCP + ﬂUO)

filter

prrote beams

I--.-.-.-1

* Free flight then probe
pulse 2 us, probability to
detect the atom : 4.4 %

oy e * Averaging !
- 1 ys TOF : 3400 shots,
I —L - ensifier 150 photons
i avberms 50 pus TOF : 12000 shots,

520 photons



Single Atom Time Of Flight : results
A. Fuhrmanek et al, New Journal of Physics 12, 053028 (2010)

3.0
el 150 + 16 K
; e 20 + 2 pK
_ 20- A : e
% 1.5+ o ;_ :
E 1.0- =2t
0.5
0.0 T T T T
0 10 i) 40) 40
Time of tlight (1)
1.0
z ”'3"%%,
el B
S s ' iqi 19 + 2 4K
8 i; 3.
35 L &
149 + 15 uK L 5. I ------------- ——
0.0 | T ! | I T
] A 11-'E| Gl Hi 100

Flelease time {us)

Full line : simulation
including instrumental
resolution (1 pm)

Dashed line :
calculated size of the
atom cloud

Comparison with the
release and recapture
method : excellent

agreement !



Moving the atom

Dipole trap 1
vacuum
Wi b=
lens
Dipole trap 2 Tip-tilt platform (x-y) .

» Scale of the motion:
a few ym in a few ms

* OK for a quantum register
(coherence time : tens of ms)




T . Motion of a tweezer

d'OPTIQUE
GRADUATE SCHOOL

(background light subtracted)

| O

Institut d’
Optique

Motion length & 40 um Motion radius # 40 um

Movie is 100 stills of 100 ms integration. Atoms are
being laser cooled while being trapped & moved



Thank you for your attention...

( and see you soon ! )



