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Overview

e Part 1: Trapped two-level atoms coupled to light fields
e Part 2: Laser cooling of ions

e Part 3: Cooling of ion crystals

e Part 4: Ion transport and separation

Please ask questions!
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The basic Hamiltonian
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Two-level Hamiltonian

other states

typically
unimportant

selected levels
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Popular two-level systems

(list is not exhaustive)

hyperfine hyperfine+

qubit optical qubit optical qubit
d f | nuclear spin B PRI |
oo P electron spin electron
freedom electron spin energy

electron energy

9Be+’ 25Mg+,
species 111Cd+, 67Zn*
137Ba+,171yp+

43ca +’ 87Sr+’

40+ 88QE+
19Hg+ Ca™*, 88Sr




light-atom interaction

E(x,t) = Eq(e!*>*=w) 4 ¢c.c.)

plane wave field

9)




matrix elements I

H = (g){e] +1e) (o] (gl Ole)




matrix elements II

E2 (ei(kz-x—th—l—Aqb) + C.C.)

two plane wave fields
‘e> off-resonant dipole coupling
adiabatically eliminate third level




interaction picture
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lengthy, but half the terms rotate fast at w + wg and can be neglected (rotating
wave approximation, RWA). Other half rotates slowly at 0 = w — wy.

H™) transforms ladder operators from Schrodinger to Heisenberg picture:

JREM) A i REM A . . .
el/PHY™ G e /RHT e~ \where 1is the harmonic oscillator frequency



interaction Hamiltonian after RWA

k- % = |k||%| cos O, = kxo(aTe™ 4 ae™ ™) = n(ale™ 4 ae™ ™)

= /h/(2mv)  ground state extend

Hamiltonian in interaction picture, no terms rotating at optical frequencies

Hin = (1/2)Qo exp |i(¢ — 6t +n(ae™™" +afe™))| + hoc.

expand in LD-parameter (typically xo<< 1) \//(\_/

Hi = (1/2)Q0 L8700 Z m)' ae- ™ + a'e)™ + h.c.

myv — o0~ (0 (m>0) m-thblue sideband (sideband attenuation @n—)r)

—mrv — 0 ~( m-th red sideband

higher orders in7) quickly drop, typically m < 3



Fock state matrix elements

detuning § ~ sv, (s integer) couples state-pairs |9)|1) and |e)|n+ s)

- is the lesser (greater) of n + s and n
Z ()
ml

generalized Laguerre-polynomial




Lamb-Dicke regime

ion confined to region much smaller than optical wavelength
(typical ground state extension <10 nm, wavelength = 280-900 nm)

Hamiltonian can be expanded to lowest order:
Hip(t) = (h/2)Q0 4 {1+ in(ae™" + dTei”t)} e?=9) 4 h.c.

contains three resonances: red sideband, carrier, blue sideband

H.op = (1/2)Qon(ac e + aTo_e )
Heor = (11/2)Q0 (016" + o_e™ )

Hypsp = (B/2)Qon(ato e + ao_e )



Lamb-Dicke regime

ion confined to region much smaller than optical wavelength
(typical ground state extension <10 nm, wavelength = 280-900 nm)

H. = (1/2)Qon(ac e’ + aTo_e )
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n)lg) < [n)le) nn = o

Hypsp = (B/2)Qon(ato e + ao_e )
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State evolution (Rabi-flopping)

general state:

o0
U(t) =) cng(t)In, g) + cne(t)n, e)
n=0 .
Schrodinger equation: -th sideband: 0 = lv + ¢ : § < v
' _ (=1 (8"t —9)
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Bloch sphere (here for carrier)
U) = ale) + Blg); o + 8" =1

rewrite as

W) = e (cos(0/2)]e) + sin(6/2)]g) )

e




Resonant S — P transition

nP (2P for Be*) excited state (life-time a few ns)
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optically pump for state preparation



Resonant S — P transition

nP excited state (life-time a few ns)

excite fluorescence for detection
on “closed” transition

nS ground state



Electron shelving detection

(Dehmelt) Ir>

long lifetime
e 28t P3/2|3,-3>

narrow
9,

example:
°Be* hyperfine states

‘ Sia[1,-1) —
* Sin|2,-2) ¥

3 Cat ions (bright S, dark D state)
Univ. of Innsbruck [PRA 60, 145 1999]
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Doppler cooling

nP excited state (life-time a few ns)

G+
red detuned
\ by I'/2 =~ 2rn 10s of MHz

basic idea: red detuned photon is more
likely to be absorbed “head on”
momentum kick opposes motion

nS ground state




Doppler cooling

ion oscillates in harmonic trapping potential:

Vp(z) = UL v(t) = vg cos(vt)

excitation and decay on dipole transition is much faster than oscillation period,
therefore radiation pressure can be modeled as continuous friction force

Ap = hk momentum kick per absorbed photon along k-vector, emission random

(@) ~ F, = hkl Dee average force, proportional to decay rate I’
a

dt and excited state population pee
s/2 . S _
Dee = S Pee as a Lorentzian lineshape, scattering
1458+ (2065 /1) depends on
_ 2 2
5 = 2’Q| /F detuning from resonance

saturation Oefi =[A — kK- v Doppler shift



Doppler cooling

can linearize average force in velocity close to
F, ~ Fy(1 + ko) ¢ v

final state
Fy, = hkT 52 averaged radiation pressure due to scattering
14+ s+ (2A/1)? rate at zero velocity; displaces ion from
equilibrium along k-vector
. 8kA/ I friction coefficient, is negative for negative
1+ s+ (2A/T)? detuning

on average over many periods energy decreases as:
Ec = (Fyv) = Fo((v) + "45</02>) = F0“<UQ>

would go to zero, but absorption and emission are discrete causing
diffusion due to random kicks

1 d

B %%<p2> — Eabs - Eem — EabS(l + 5) = i(hk)ZF pee(v — 0) (1 ™ f)

E
h 2m

average component of emission kick along k, & = 2/5 for dipole radiation



Doppler cooling limit

equilibrium is reached when cooling and heating are equal EC = Eh

5 I I' 2A
m(v") = kpT = g(l +¢) [(1 —I—S)ﬂ + ?]

minimum temperature ins reached at a detuning of (from dT/dA=0)

hI'v1
Trin = 4k+8(1—|-§) for A:F\/1—|—S/2
B

typically £ ~2/5 and T,,;, ~ hl'/(2kp) ~ a few mK
low saturation yields better cooling limit, but reduces cooling rate

in practice some groups use pre-cooling at s > 1, A, > I'/2
and only use low intensity (s < 1/2) at Doppler detuning for last few us



resolved sideband cooling

to resolve sidebands one needs detuning § > T

[ the decay of the excited state is not necessarily natural linewidth, often
determined by extra repumper beams.

Typically sidebands are resolved on quadrupole and Raman transitions, not
dipole transitions

assume pre-cooling to LD-limit and detuning set to resonance with red sideband

2R 0 = /2l oo R -

carrier res. red sideband blue sideband

for finite linewidth, will scatter
off-resonant on carrier and
blue sideband



resolved sideband cooling

rates for § > T R,=TP,(n)=T (U\/ﬁg)z .
n + 1) s
) resonant red sideband

assume cooling close to ground state, restrict rates to n=0,1:

| )2 Q\7 _,- B
pozpl(n~) — Do [() 772F+-F}
I 2V

P1 = —Do
rates vanish in steady state and ground state is nearly fully populated:

N 9
2V N 4

po~1—[L/(2v)]?




Sideband thermometry

blue sideband
(Do+(0m

red sideband

W~ _
Py oo Iteg = M

carrier mg

Rabi-flop resonantly on red and blue sidebands thermometry:

o0 _ m — oo _ m
rs n . n n :
PP (t) = E (n n 1) sin®(Qm_1t) 71 E <ﬁ - 1) st(QmH,mt)

m=1 m=0
= D _pbsbyy
n-+1

red sideband vanishes for n — 0 (motional ground state)



experimental example

sidebands after Doppler cooling (open

symbols) and ground state cooling (closed 3 " Rase

shine in red sideband drive and 854 nm
repump to produce faster decay back to
ground state with

- 0?2
I' = Faux e
(Faux =+ Fnat)2 T 4Az21ux
plug small leak to D3/2 by pulsing on 866 nm
total cooling time 6.4 ms

Roos et al. PRL 83, 4713(1999):

0.8 ' ' 0.8 s
(a) (b)
0.6 0.6
0-0 o QO
0.4 g‘; I 04}
é
Yo
0.2}t dzso \ 0.2

symbols) to 99.9% ground state probability Lo R i i rus

Detuning 3w (MHz) Detuning 8w (MHz)



general rate equations for cooling

consider cooling transition with scattering rate W (A) = T'pex
general scattering process will proceed as |g.n) — |e,n') — |g,n")
could find rates for all combinations and solve coupled rate equations
(always assume coherences are negligible during cooling)

also assume LD-limit, only lowest order in 1, then excitation is prop. to

carrier: 922 ,
red sideband:  7°2°n
blue sideband:  n*Q*(n + 1)

terms of order n? or lower will limit contributions to
lg,n) — [e,;n £{0,1}) — [g,n £ {0,1})

total rates at detuning A:

nr =W +1)+ WA -v)p*(n+1), R,y =W(AQ)n'n+W(A+v)nn.

carr. blue SB blue SB  carr. carr. red SB red SB carr.



general rate equations for cooling II

nir =W (n+ 1)+ WA —v)p*(n+1), By, =W(A)'n+W(A+v)n'n.

carr. blue SB blue SB  carr. carr. red SB red SB carr.

populations only arrive from/depart to adjacent states

d n n— n n
P = Ry Py + Ry Py — (R oy + Ry P

= A_[Pot1(n+1) — Po(n)] + Ay [Pr1n — Py(n + 1))
A./A are independentof n A+ = n*[W(A) + W (A Fv)].

this allows for deriving simple equation of motion for average occupation

as long as A, < A. (red sideband scattering dominates) there exists a steady state




application to EIT cooling

p?"e

consider 3-level A-system dprr _ & (pre — per) + Trpee
____________ dt 2
% = % (Pge — Peg) + Tgpee
Qr,Ar, Tt Qg,Ag,T'g dZ;g = _(Ag Ar)prg + % Pre %pw]
- dg;e =i :%(pw Pee) + %p — Arpre] —g
~ dgie — _%(pgg — Pee) + %p Agﬂge} - gpge

assume, density matrix is going to steady state much faster than motion changes
and that Q, >> Q,, A, >> Q, (strong pumping into g), then

AZQT

W(A) = Tpee(A) =~ o [A2T2 + 4((22/4 AA ) ]

A=A, —A,
I =T,+T,



—~ 60¢f

)/(1/ms

W(

application to EIT cooling II

80¢

A=Ay—A, T=T,4T, a=T,T
A2Q2T

W(A) ~

20l (2) a [A2T2 +4(Q2/4 — AA)?]
- rate vanishes at A=0,
207 maxima occur at
1
S0 80 60 a0 2 o 0 Ai= i(i AZ 4+ Q2 - A,)
A/(2 11)/MHz
here at 5 MHz/-80 MHz

desired:
strong scattering on red sideband v = 1/2(y/AZ+ Q2 — A,)
no scattering on carrier A=A;—A, =0

weak scattering on blue sideband wing of broad peak

. W(-v) [T\
s = W) —-W(-v) (4Ar> here ca. 2 102

set A;=A4 >> I for good ground state cooling, trade-off with cooling rate



