
§ No direct state-dependent interactions between ions

Interactions in linear ion strings

d ~ 5 µm

Length scales ion
localisation

z0

ion
distance

40Ca+

wavelengths
d l> >> >>

Bohr 
radius
a0

10-20 nm 50 pm5 µm 729 nm

l ~ 729 nm

focused laser beam

§ Individual addressing

§ Spatially resolved fluorescence

~ 2µm focus

397 nm

breathing
mode

centre-of-mass
mode

Vibrational modes

“quantum bus 
to connect qubits”

“all-to-all
connectivity”

Trap frequencies:
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(Reminder) Transformation to an interaction picture

Egal: Look of evolution of a driven system, separate
out time evolution of unperturbed system

timeto
inalet)=H14) 140) -Ext 14(

time depredent
-Hot /noffUsHe no where noe

x (t) = 40 Mint Hot 14(0)
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Laser-ion interaction: two level atom and laser light

P1/2 D5/2

t =1s

S1/2
40Ca+

P1/2

S1/2

D5/2

Doppler
cooling Sideband

cooling

metastable

optical
transition

stable

detection

hyperfine
ground states
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optical qubit

hyperfine qubit

40Ca+

43Ca+

He = xoxcos Wet +4 Are

0 X to Rabifreg Ha=Iwo Oz
We, Or... laser free, andphase
-He CRWA)

Wo: 2H x 411THE transform to intered, picture + rotating wave appox
A: We - Wo <drop We + wo terms)

Hist=t0[cos (At + be) Ox+sin (AttOeoI
*= 101i0y) /2

Wo= 2H x 2.87 GHz

Hint=te (evilAt+de)O+ teilAttole)of
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Laser-ion interaction: two level atom and laser light
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H / �z

H / �x

H / �y �L = 90�for

Oh resonance (1--0)

a- e- iHi; = ( cos
-ie-iks.iq/-iei0esiu0-zcos

-0=52 • £
pulse area

P↑=k↑P=§÷☒siu2(±Ñ+AÑt)
Rabi oscillations
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From ion trap to quantum harmonic oscillator

Doppler
cooling

Sideband
cooling

~ 20 nm ~ 10 nm

hni ⇡ 10

⇡ 1 MHz

hni = 0

1D string of atomic-ions in 3D trap (15)

116 μm

"Fock
#I

states

4 = 2
x = I

tw H = O
↑

"Particle"
->"Warepacket"

classical oncufune YETfo

TD = 0.5mK qualized excitation

w of energy tWt
for election 3 motional modes

mean phonon number (n)
3N for Nious

RB Tp =5 wt
example Zions

-ypical Wt/2H =1 MHz-> <n
> z10
=>-

Centershopstret
* Torxoxsss

U COM

"Lamb. Dicke regime ~strate) =Mwo
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Quantum harmonic oscillator
2) momenture

↑creation operator
at-Mw=f

↓ annihilation operator

a position
N a -New(F+p)

phase space

classical oscillator XEXc+iPa -oscillator
~

I clewt Hu.o.:t +wLE2
M

F = (9+at) xo P=i(a -gt)o
with to the ground state wave packet size

rus) -10nm for Cat
at 1MHz)

Ha.e=tw lata +EtwNe
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Driving the quantum harmonic oscillator

apply time-dependent force

FIt) = A sin(wat +od)

med
lab frame

- A (elwattold) - 2vlwet +od)
interaction

energy H1St) =- & F (t)
H = H4.0. + Hi It)

P corouting Aint=(ae-in fate int to FL)frame*

ortnoticeetc.E if drive resonant (wd = v) + RWA
operator

Hint: to (acidd + ateidd) FrancS
Define a = eiddA xot /2h

↳ dimensionless complex acepl
e) (a) D(B) = D1 + B) elaB-GEse =D1x+B) 2; Im lapt----



Page 78The University of Sydney

Laser-ion interaction: putting it all together

Laser

Laser detuning from ion (MHz)

Pr
ob

ab
ilit

ye
xc

ite
d

Red
sideband

Blue 
sideband

Carrier

Ion Trap

0
1
2

g

e

Qubit
(spin)

Harmonic
oscillator

e

Ho= wwooz + he (aa+ -

Wt tw t

ion wave packet eloum, light 400 - 700nm
~C Lamb-Dicka factor M

Fock
=>

Spaca

l= kxcoso

#E
↳/=kgtncoso ·hiofsight

K

e
2T
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Laser-ion interaction: putting it all together
H=4e 10x +0) (enla+at [ilwet-oe) +eiglata eilwet+oe)

->interaction picture word. Ho + RWA

Hint=the (e-i (et-Oe)of explicea
first

date iwet) +h.c.)
to <<2 laser -> simplify u. Taylor expansion

expsin (...)R= Atie (aeimet +ateiwet) f@fei)
OK if(n >20

-> Hint=GELevilAt-odox S1+ie()+h.08
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Laser-ion interaction: putting it all together
assume of K Wt second RWA

"adiabatic-

f
~ 50GHz "IMHz regire "

for A = 0 "carrier"

lase

Hear = ne (edeox eideof=(in)
forAwotiredsideband"(RSB) CaycesilnisanMums= MMTwo

Duuxl = 10 Do for A = tw "blueSideband" (BSB) Anti-Jaynes

*chive Rubifree.
HBSB: itsent1(... Cumming


