Quantum optics and information
with trapped ions

Introduction to ion trapping and cooling

Trapped ions as qubits for quantum computing and simulation
Rydberg excitations for fast entangling operations

Quantum thermodynamics, Kibble Zureck law, and heat
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Implanting single ions for a solid state quantum device
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Why using ions?

* lons in Paul traps were the first sample with which laser cooling was
demonstrated and quite some Nobel prizes involve laser cooling...

» A single laser cooled ion still represents one of the best understood objects for
fundamental investigations of the interaction between matter and radiation

» Experiments with single ions spurred the development of similar methods with
neutral atoms

 Particular advantages of ions are that they are
- confined to a very small spatial region (6x<A)
- controlled and measured at will for experimental times of days

» Ideal test ground for fundamental quantum optical experiments

* Further applications for
- precision measurements
- cavity QED
- optical clocks
- guantum computing
- thermodynamics with small systems
- guantum phase transitions



Introduction to ion trapping

Paul trap in 3D
Linear Paul trap

micro traps:
segmented linear trap
planar segmented trap

Eigenmodes of a linear ion crystal
Stability of a linear crystal

planar ion crystals
non-harmonic contributions

Micromotion




Dynamic confinement in Paul trap
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Binding in three dimensions

Electrical quadrupole potential & (7)) = dg - X oy (r;/7)2, i ==x,y,2
trap size: r

Binding force for charge Q ]_5(7) — QE(?) — _Q§>q>

leads to a harmonic binding: 1_5(?) ~ T

lon confinement requires a focusing force in 3 dimensions, but
Laplace equation requires ?Qcp = (82/0x2 + 82/0y? + 82/922)P =0

such that at least one of the coefficients ¢; is negative,
e.g. binding in x- and y-direction but anti-binding in z-direction !



Dynamical trapping: Paul‘s idea

time depending potential  d (7, t) = P(¢) - (22 + y2 — 222)

with Po(t) = (U + Veos(Q2ppt)) /72

leads to the equation of motion for a particle with charge Q and mass m
L 20;QQ U+Vcos(Q2ppt)

r; = ri =0, agy =1, 0; =2
Zlmfl“% 742 7 ’ X,y s L2 y

takes the standard form of the Mathieu equation
(linear differential equ. with time depending cofficients)

‘;273 + (a4 2 q cos(27))u = 0O

with substitutions

. . 8QU . . 4QV
Ay = —20r = ——>=> 4z = —2¢r = ——=>=>»
mrQQRF mTQQRF

radial and axial trap radius 7> = 5 + 22 T = %QRFt



Mechanical
Paul trap

Rotating saddle
®(z,y,t) = Po(t) - (z2 —y?)

1l

Stable confinement
of a ball in the
rotating potential







Regions of stability

time-periodic diff. equation leads to Floguet Ansatz
(1) = AeTWT ¢(7) + Be W ¢(1), (1) = ¢(1+7) = 3 cpe™

If the exponent p is purely real, the motion is bound,
If L has some imaginary part X is exponantially growing and the motion is unstable.

The parameters a and ¢ determine if the motion is stable or not.
Find solution analytically (complicated) or numerically:

a=0,q=0.9 6 1019 a=0,q=1.0

unstable

excursion
excursion

"0 20 40 60 80 100 120 140 160 '3 1019 20 40 60 80 100 120 140

time time



Two oscillation frequencies

slow frequency: Harmonic secular motion, frequency ® increases with increasing q

fast frequency: Micromotion with frequency Q2
lon is shaken with the RF drive frequency (disappears at trap center)

1D-solution of Mathieu equation single Aluminium dust particle in trap

position in trap

X
time \ / Lissajous figure

micromotion



3-Dim. Paul trap stability diagram

for a << q << 1 exist approximate solutions 02
ri(t) — 7a(]?COS(C"Jlt + sz)(]. + %COS(QRFt)) 0.1}

d

w; = B > |
0.1 ¢

/Bi — \/a’i _I_ % 0.2 |

03t

The 3D harmonic motion with frequency @ can o4}
be interpreted, approximated, as being caused by
a pseudo-potential ¥ ol

0.6

1 .
QWY = §mei2ri2, 1= 2,9, 2

— |eads to a quantized harmonic oscillator

PP approx. : RMP 75, 281 (2003), NJP 14, 093023 (2012), PRL 109, 263003 (2012)



Real 3-Dim. Paul traps

ideal 3-Dim. Paul trap with equi-potental but non-ideal surfaces do trap also well:
surfaces formed by copper electrodes

Werth

G.

quadrupole trap from Mainz

ideal surfaces:

r2 — 222 =+ 7“8
endcap electrodes at distance A. Mundt, Innsbruck

ro/z0 = V2



Real 3-Dim. Paul traps non-ideal surfaces

ideal 3 dim. Paul trap with equi-potental
surfaces formed by copper electrodes

RMP 82, 2609 (2010)

numerical calculation
of equipotental lines

similar D otential quL%pntential li]ln‘:':ﬂ of a quadrupole pat{‘}ntia‘l (left plﬂhtj :in(l an approximate

quadrupole potential (right). Both potentials have a cylindrical symmetry. The
horizontal axis corresponds to the radial direction, the vertical axis is the symme-
try axis. The electrode structure shown in the right plot is the one used for the
experiments if length is measured in millimeters. It is composed of a ring electrode
and two cylindrical electrodes with hemispheric endeaps.

near the center



2-Dim. Paul mass filter stability diagram

time depending potential d(x,y,t) = Po(t) - (332 — y2)
with Do(t) = (U + Veos(Qrpt))/rd

>

dynamical confinement in the x- y-plane
x4+ (a—2qcos(27))x =0
y—(a—2qcos(21))y =0

with substitutions

— __4QU = __2QV _ 1
= ’I’I’L?"SQ%F i mTSQ%F T = §QRFt

radial trap radius 7o



2-Dim. Paul mass filter stability diagram
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A Linear Paul trap

plug the ends of a mass filter by positive electrodes:

«— 75 —
2 N

A

>
RI/ \ov
mass filter blade design side view

axial electrodes

numerically calculate the axial electric potential,
fit parabula into the potential
and get the axial trap frequency

radial electrodes

2kQU
Wy = \/ ﬁﬁz gnd with K geometry factor

Numerical tools: RMP 82, 2609 (2010)



Innsbruck design of linear ion trap

N\ S
7\
.

Blade design

@iy = 0.7 -2 MHz @, i = O MHZ

axial

F. Schmidt-Kaler, et al., trap depth= eV
Appl. Phys. B 77, 789 (2003).



lon crystals:
Equilibrium positions and eigenmodes



Equilibrium positions in the axial potential

i & T % - i
.E‘ o 1 Z-axIs

]. al . | >
M=% M xu(f)’ . -
Z 2 e +F;. Brrey |2, (1) — X (1)

i /. =t I © 00200000 o

trap potential mutual ion repulsion

find equilibrium positions x% z,,,(¢) ~ a;q(y?) + g¢m(t) ions oscillate with q(t) arround

condition for equilibrium: (8V/8xm)mm:w?gg) =0
l3 — 2262
dmegMwz,

dimensionless positions q;,,, = x,,(?g)/l with length scale

Woatat IMHz — 4.5um

m=—1 { b 1
— Uy — -+ - =10
; ([l — Up ) Z (U — bg )"

D. James, Appl. Phys.
B 66, 181 (1998)



Equilibrium positions in the axial potential

m—1 1 N

1
iy —

—+ —— =0 set of N equations for u,,
{ o o) L (i)

iNa1,2,...N)

force of the Coulomb force
trap potential  of 41| ions from left side  Coulomb force

of all ions from left side

Clear[a, a1, a2, a3, 84, a5, ab, a7, a8, a9, a10)

a = Table[ (a1, a2, a3, a4, a5, ab, a7, a8, a9, a10} .1;

equs = Table(a( [=] ] numerical solution (Mathematica),
-Sum{1/ (a([m]] ~a([n]])*2, {n, 1, m-1}) e.g. N=5 ions
+Sum[1/ (a[[m]] ~a[[n]]) "2, {n, m+1, 5}], (=, 1, 5})

2a5 = Timing [FindRoot [equS, {al, -10}, {02, -1}, {03, 0.1), (a4, 1), (a5, 10}]]

1 1 1 1 1 1 1 1 1 1 1 1
al 3 o? a2 9 o ? a3 o s
al a2~ al a3+ al a4 - al a$ '~ al.a2 " a2 a3 “* a2 a4 - a2 a5 -~ al.a3* a2.a3 “* al a4 -~ aj a5 -

1 1 1 1 1 1 1 1
a4 , a5
2l .88)° 82 . 84)° 3388 ° 8d - 85 ° 8l a5 ° 82+ 85" a3 . a5~ 84 . 85"

.81 Second, al 1,7429, a2 9.822101, a3 +1.2717~18'Y, a4 @.822101, a5 + 1.7429

aas([2]1((2]1((2]]
8.822101

abs5 = Table[aaS[{[2])[[1)])([2]], {i, 1, 5)})

1.7429, -0,.822101, 1.2717~ 10", @,822101, 1.7429

equilibrium positions | -1.74 -0.82 0 +0.82 +1.74




Linear crystal equilibrium positions

10 . .
equilibrium positions

9 « o« « &« = @ 0» » * 1 are not equally spaced

S8F « « « « » » | »
" 7 = X ® X® o |} « ox [ >4 i =
C »
AS o « » [ » &« ‘. i
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CT) 5 § | » | « o
O
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Z

3F - » o

® theory

2t » x

A i} ¥ experiment

O L ] L L ] I L |

-40 -30 -20 -10 0 10 20 30 40

z-position (um)

minimum inter-ion distance:

_ 7262 2.018 :
umm(N) — (4weo]\€4wax)]\[0-559 H. C. Nagerl et al.,
Appl. Phys. B 66, 603 (1998)




Eigenmodes and Eigenfrequencies

Lagrangian of the axial ion motion: [, = 7"+ |/ describes small excursions
arround equilibrium positions

N N 2
M 1 oV
— 72(%7@)2 52.4 RQn(amnamm)O + ..

m=1 m,n=1
\ D. James, Appl. Phys.
M - 2 B 66, 181 (1998
— 7(2 Am — W ax Z Apmqnan) (1998)
m=1 m,n=1
with Amn:1—|—22 —1u 3 if m=n
n;’:m n
=10
and —
Amn ]u —un, ’3 ’Lf m;&n

linearized Coulomb interaction leads to Eigenmodes, butthe  C. Marguet, et al.,
next term in Tailor expansion leads to mode coupling, which is  Appl. Phys. B 76, 199
however very small. (2003)



Eigenmodes and Eigenfrequencies

vvvvvvvvvvvvvvvvvvvvvvvv

A4 = Table[
If[m = ﬂ,

-2/Abs[u4[[m]] -uda[[n]]]"3,

1. +2Sum[ If[i#m, 1. /Abs[(ud[[m]] -ud[[i]])~*3], 0], {i, 1,4}] 1,

{my 1, 4}, {(n, 1, 4}];
TableForm[Eigenvectors[A4] ]
freg4 = Sqrt[Eigenvalues[A4]]

(* Modenfrequenzen =

TableForm[A4] ;

numerical solution (Mathematica),
e.g. N=4 ions

Matrix, to diagonize

©.213213 ©.674196

Eigenvectors
©.674196 ©0.213213

pictorial

» <
» «

A 4

»
»

P
«

-

<

.5 .5 8.5 8.5
0.674196 -0.213213 ©.213213 ©.674196 ¢
8.5 8.5 8.5 8.5 < <

3.05096, 2.41039, 1.73265, 1.

vV V

v

v

v

v
v

Eigenvalues

(3.059 £ 0.008)waz  1/29/5war 3wz lwaz

/r

dependson N

does not

—_

for the radial modes:
Market et al., Appl. Phys.
B76, (2003) 199




Common mode excitations
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H. C. Nagerl, Optics

time

Express / Vol. 3, No. 2/

89 (1998).



Breathing mode excitation

H. C. Nagerl, Optics
Express / Vol. 3, No. 2/
89 (1998).



1D. 2D 3D iOn CryStals Wineland et al., J. Res. Natl. Inst.

Stand. Technol. 103, 259 (1998)
* Depends on o=(w,,/®,,4)?

. Enzer et al., PRLS85,
» Depends on the number of ions a ;= cNP 2466 (2000)

* & o8 % B a3 & a

* Generate a planar Zig-Zag when o, < 0Y,,q << 044
* Tune radial frequencies in y and x direction

Planar crystal 2D
equilibrium positions

B oo T dx~50nm
o | = = 0
0 20,40 60 80 100 120 +0.25%

:382 z [um]

Kaufmann et al, PRL
| T 109, 263003 (2012)
Z |um




There are many structural phase transitions!

 Vary anisotropy and observe the critcal o
* Agreement with expected values

structural changes

oy —e
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Structural phase transition in ion crystal

’) ’) /
Pi) I _ I & 1
. Zu <2sz * 5"’0’5"5'> tIL =

7 Amep ri — g1

Ekin Upot,harm. UCoulomb

\\\\\"\\"§\\\\\’
) ) /\\\\\\\\\k\\\\\\
H~ Hy= hwzz VYa a, + 1/ Yublb, +/ l,fcicn
Ph t . Cp- - . 6 ion

ase transition @ ; (\ \\\\ ' /1 & crystal
« One mode frequency — 0 i ;
« Large non-harmonic 0.6

contributions 5 05
« coupled Eigen-functions 0.4
« Eigen-vectors reorder to 0.3

generate new structures 0.2

e
0 0.5 ] 1 2 2.5 3 35

Frequenz |w-|



lon crystal beyond harmonic approximations

H = Z——i— —m’r +Ize2 l
2m 27 2 75 4me |ri -, Il Marquet, Schmidt-
Kaler, James, Appl.
Ekin Upot,harm. UCoulomb Phys. B 76, 199 (2003)

pB)

e _3_th Z : Dynp Z (ay +a;§)(am+a};)(cp+c;)
n,m,p Yx’}lml

- T T
+a))(am+al) .
H4 —3 (Z_O) ho p&¥ (an +a, 0 Z, wavepaket size
4l Z,,, AT

|, ion distance
; ) (aq 55 a}}) L 2(bp S E b};) (bq i bj]) y,A ion frequencies
&/ ygy ,4/%%; D,,m,p coupling matrix

8(cp+ c};)(c + cjl)

e 222
/ ApAg

(a,, +a

Q=




Non-linear couplings in ion crystal Lemmer, Cormick, C.

Schmiegelow, Schmidt-
Kaler, Plenio, PRL 114,

4
H éff) = H; + Hj 073001 (2015)
H, = h% (a} )?a2, + hAw,,a), a,, Self-interaction

Cross

=25

3 . .
HY) = hQrlal,cl, + (af,)%csr]  Resonant inter-mode coupling

.... remind yourself of non-
linear optics: frequency
doubling, Kerr effect, self-
phase modulation, ....




: : C Ding, et al, PRL119, 193602 (2017)
Non-linear couplings in ion crystal

Cross i x y pt
Kerr coupling  Ha = @tz | 142302+ 1 ) Q4 bybn+QG 4050
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Micro-motion micromotion
/

['4

position in trap

Problems due to micro-motion:

time
 relativistic Doppler shift in frequency measurements
» less scattered photons due to broader resonance line
» imperfect Doppler cooling due to line broadening
« AC Stark shift of the clock transition due to trap drive field Q
» for larger # of ions: mutual coupling of ions can lead to
coupling of secular frequency » and drive frequency Q.
» Heating of the ion motion
« for planar ion crystals non-equal excitation
« Shift of motional frequencies
« for atom-ion experiments, large collision energies

Kaufmann et al, PRL
109, 263003 (2012)

Feldker, et al, PRL 115,
173001 (2015)

Ewald et al, PRL122,
253401 (2019)



Micro-motion micromotion
/

['4
frequency €2 : Micro-motion

lon is shaken with the RF
drive frequency

position in trap

alters the optical spectrum of the trapped ion

due to Doppler shift, Bessel functions J,(b) appear. time
Electric field seen by the ion:

E=%J o2t PRL 81, 3631 (1998),
2 In(B) PRA 60, R3335 (1999)
a) broadening of the ion‘s resonance b) appearing of micro-motion sidebands
Wide line gy >>Q Narrow line 1 v<< Q2
limit limit

M

=10 -5 5 10 =10 -5 5 10




Compensate micro-motion

how to detect micro-motion:

a) detect the Doppler shift
and Doppler broadening

—» Fluorescence modulation technique:

ion oscillation leads a
modulation in # of scattered

\/\M photons. Synchron detection
via a START (photon)
STOP (Wgk trigger) measurement

[

frequenc§/

b) detect micro-motional sidebands

—> Sideband spectroscopy

apply voltages here
and shift the ion into the symetry center
of the linear quadrupole

J. Appl. Phys. 83, 5025

counts/bin
‘5‘
%
3
;ﬁé

U

24 ‘-l. &

O s L
L3 &

: SR

. AL

4]
0 01 0.2 0.3 0.4 0.5 0.6 07 0.8
{c) time {2m/01)
FIG. 4. Experimental fluorescence modulation signals for beam 1 of Fig. 3,
using eight 1ons in the linear trap (points) and fit (solid hine). Displacement
of the ions from the trap axis along (¥ +¥)/vZ is (a) 09203 pm (b) 6.7
*04 um and (c) —6.7204 pm.



Laser cooling

Laser-ion interaction

Lamb Dicke parameter
Strong and weak
confinement regime

Rate equation model
Cooling rate and cooling limit
Doppler cooling of ions

Resolved sideband spectroscopy

Temperature measurement techniques
Sideband Rabi oscillations
Red / blue sideband ratio
Carrier Rabi oscillations
dark resonances
observation of scatter light in far field

Reaching the
ground state of vibration



Basics: Harmonic oscillator

Why? The trap confinement is leads to three
iIndependend harmonic oscillators !

_ 2, m 2 here only for the linear direction
E = Fpin + Epot = 55, T 2WazT" of the linear trap — no micro-motion

treat the oscillator quantum mechanically and
Introduce a+ and a

L= V Qm?x)ax(a+a—i—) pm:ZV%(CLT_a/)

and get Hamiltonian Hocitiator = hwam(aﬂLa %)

Eigenstates |[n> with:

afln) = /nln — 1)

H|n) = hwgz(n + %)|n) aln) = \/mm + 1)



larmonic oscillator wavefunctions

Eigen functions

u(xz) ~ H(n,x) et

with orthonormal Hermite polynoms
and energies:

E(n) = hwaz(n + 3)



Two — level atom

Why? Is an idealization which is a good approximation to real
physical system in many cases

e) -

Hatom = leatom(‘eﬂd — |g><9|)

E — FE — Wat
€) 9) o = hWwatomTz

4

)

two level system is connected
with spin Y2 algebra using the \g} (g\ T |e
Pauli matrices

D. Leibfried, C. Monroe,

R. Blatt, D. Wineland,
Rev. Mod. Phys. 75, 281 (2003)



Two — level atom

Why? Is an idealization which is a good approximation to real
pyhsical system in many cases

e) -

Ejey — Elgy = watom

Hatom = leatom(‘eﬂd — |g><9|)
= hwatomOz

)

together with the harmonic oscillator leading to the ladder of
eigenstates |g,n>, |e,n>:

‘n+1,e> Hy= —|— 5Mmow :c2-|— =hwaqo

n,e

In—Le)

n+1,9)

‘ n-1 g> levels not coupled



Laser coupling

dipole interaction, Laser radiation with frequency @, and intensity |E|?

e) —
.......> _ QR
Laser Watom Hge = h~5%(|g){e| + |e){g])
' = TL%(O‘_I_ +o07)

Rabi frequency: Q p = <g\aT E|e>

)

with  |e)(g| — o = (0z + ioy)/2
9)(e] = 07 = (0z —ioy)/2

the laser interaction (running laser wave) has a spatial dependence:

d-E — d.- Eetkx momentum kick, recoil: €<%

Hge = T252(|g)(ele™® +- |e) (gle =)
— %TLQ(O_—I— e 0—)(6i(km—wlt+qﬁ) &1 6—i(l€:c—w1t+d>))




Laser coupling

In the rotating wave approximation

ng — %TLQ(U+8i(n(a+aT)8_iwlt _|_ O——e—in(a+aT)ewlt)

using = = 4/ szam (a + ab)

and defining the Lamb _ k\/ h
Dicke parameter n: n—= 2mwazx

if the laser direction is at an angle ¢ to the vibration mode direction:

single photon transition Raman transition: projection of Ak=k,-k,

X-axis R x-axis

© 00900000 O © 00900000 O

“ &




Interaction picture

ng —c: %ﬁﬂ(g+ei(n(a+aT)6_iwlt g—e—in(a+aT)€wlt)

In the interaction picture defined by [J = eth/Tl
we obtain for the Hamiltonian H; = UTHU

. e wwt - .
with a = ae™", A = wjgger — Watom laser detuning A

S /
coupling states |g,n> — |e, n’) with vibration quantum numbers 71, 12



Laser coupling

2-level-atom harmonic trap dressed system

e) T_ \ / s

——— =
\_.-"’"\ / |1.-,'_2

Watom \ o Xﬁcv&]l G=3
e} = e
9) @ =0 % n:-=12
wh=1)
e)
~,molecular
Franck Condon®
picture
dressed system ‘ n+1, e>
ne)
In—Le)
1 I
ladder” ‘@ - wh =2
picture ‘ n+1, g> J N




Lamb Dicke Regime S
(g,n|d - Ee'™"|e,m) =

(gld - Ele)(n|e*|m) =

n?(a+a)2<<1 — p2(2n+1) << 1

At (n|1 + (in(a + af)|m) =

Tlg%ﬂm (On,m+inv/népm=n—1+invn + Lom=n+ 1)

| carrier:  Qpap (1 —n?(2n+ 1))
laser is tuned to

the resonances: blue sideband: Qg nvn+ 1
red sideband: Qg5 1N



Wavefunctions in momentum space

n = Wrecoil
2mwt7’*ap Wtrap

kick by the laser: Ak
>

kicked wave function is non-orthogonal to the other
wave functions



Experimental example

9.0) o)

carrier and sideband
Rabi oscillations
with Rabi frequencies

QRa,bi and QRabi n

D - state population

carrier

sideband

20

40

60
Time (us)

80

100



Outside Lamb Dicke Regime

T Hég,bz'. <n|ein(a+aT) |m> -
1
—(n%/2) ..|m im|, 2 n! sign(m) /2
09t € { nl IL (1°) (Zn-l-mi!) /
0.6F Carrier
o W=
‘% ael n = 0.05
17
= 05F
£
S g4t |n) — [n £ 1)
8 1st sideband
03
I my ~n£2)
0.1 2nd sideband
I:]l:l 1 [I]l:l EEID 3&:":] 4'.{1'3 EE:ID EEI]'EI 7 EI 0 En[l]":]

MNumber of vibrational quanta |n>



,otrong confinement®

Wtrap

Wirap > > Y
In+Z1e)
ne) ~
n-Le)
L ‘n-l-l,g>
n-4g9)

strong confinement — well resolved sidebands:
Selective excitation of a single sideband only,
e.g. here the red SB



,Weak confinement*

Wirap << 7Y

| In+Zle)

.
.*
.
.
ey
.
.
PRy

n+1g)

n.9)

n-1g)

weak confinement:
Sidebands are not resolved on that transition.
Simultaneous excitation of several vibrational states



Two-level system

dynamics

spont. decay rate y

Rabi frequency Q

iIncoherent: Q <y
coherent: 2 >y

Solution of

optical Bloch equations

V2T

0.9

DB

07

Population of |e=
o o
n o
I

=
.
T

=
L
T

D2

T~ (21 = 50MHz

= 15MHz

Q/2n = 100MHz

Q/2n = 10MHz

Steady state population of |e>:

pee(t — 00) =

0 S Q21 = 5MHz
0 10 20 a0 40 Tlmjs l:ns:l B0 70 a0
(2/2)? QN2 1 _ (22
a7 G 2 a2 = G ireane = ()7 WA)



Rate equations of absorption

excitation probabilities in pertubative regime:
iIncoherent excitation if 2pp << 7y

absorption (22200 + W (B — )
pee(t — 00) = (2/2)”
A24(v/2)2+2($2/2)? (D2 (A +w) WA
~ Q 2 1 — Q 2 v /AN | w R detuningA
—(,7) l—I—(QA/’y)Q (/7) W(A)
photon scatter rate: S = ~pce - In,g)
spont. decay rate: 7Y




Rate equations of absorption and emission

excitation probabilities in pertubative regime:

Incoherent excitation if €2 - <L o
Rabi v emission

_ (2/2)?
pee(t — o0) = A2+ (~v/2)242(2/2)2 In,e)

~ (2 1 _ (8 % n?(n+ 1)y
o (7)21+(2A/’Y)2 o (7)2 W(A) oA rﬁ %

photon scatter rate: S = ~pee

spont. decay rate: 7Y

take all physical processes that change n, in lowest order of 7

cooling: neLel heating: neLel
nl;%imﬁ | |n_1’e> mﬁ%@
E —  [n+l9) 1 In+1g)
In-1,g) n.g) In-1,g) n.g)

S. Stenholm, Rev. Mod. Phys. 58, 699 (1986)



Rate equations for cooling and heating

cooling: ‘ > heating: ‘ >
n+1e n+1e
In—-1e) n.e ‘ In—-1e) Lr}%z% %
R In+19) —— |n+1g9)
g M nig M
probability for population in |g,n>: loss and gain from states with |tn>
( —nW(A)Py ~(n+DW(A) P loss
Pgn :7727(2)2. —nW (A +w)Py —(n+ DW(A —w)Pn
U HFGFDWA) P +nW(A)P,_1 Jain

F+(n+1D)W(A+w)Pip1 WA —-w)P_1

cooling heating

S. Stenholm, Rev. Mod. Phys. 58, 699 (1986)



Rate equation

G2 (n+ HW(A —w)

cooling: heanng
{%}gngnﬂr(& + w) n e \n_{,_e> \n +1, e
[n—1e) T In—1e)
el -
" . —* |n+1,9) \n+1 g
g M T
A_=W(A)+W(A + w) cooling
different illustration: AL =W(A) 4+ W(A —w) heating
| 1 Pp41 A— AL =W(A+w) - WA -w)
ntl A A, (R = (779)2 S dPn
l| ; PT'L .
oA ——— (W)~ —(A_ —A}) (n) + A4
' A_I_ 2
: l Py [{n)ss = — A_—Ay —Ay 1/ Teool = @(A— —Ay)
steady state phonon number cooling rate

Howtoreach A_ > A4 = W(A 4+ w) > W(A —w) = red detuning A < O




*xkxk i .

S A Pyy1(nH1)(n)=A_Pa(n)(n)+Aq Py 1(n)(n} Ay Pa(n + 1)(n)

= A_(P52-14P3.324...—P;-1.1-P5.2.2—_.)
+AL(Py-1-14P;-2.24...—P;-2.1—P5-3.2—_..)

—A_(PL—P>-2—P3-3..)
+AL(Po+PL-2—Py-3—P3-4..)

=—-A_ Yn-P, +AL Y (n+1) Py

1
— —A_<n> —|— A_|_<n> —|— A_|_ y Z Pn n+1 A A+
.
= —A_<n> + A_|_<n> + A_I_ | A n
n A A,
At | |

<n> =0 —> <n> —_ m hurra ! PH-—].



,Weak confinement*

Wirap << 7Y
| In+Zle)
n.e)
Wtfmp: ‘n _1’ e> o )
. ey
n.9)
n-1,9)

weak confinement:
Sidebands are not resolved on that transition.
Small differencesin W(A +w), W(A — w)

detuning for optimum cooling A = —~/2 = (n)gs = /2




,Weak confinement*

Wirap << 7

WA 4+ w)
W {A) /

Lorentzian has the

steepest slope at —v/2

Mf(z_‘ai\
Senen Loy o { A
i GO0y
- —n /2

/2= T2t

v

Laser
complications:

weak confinement: : ggtserr;%sr?ogﬁnee&xs
Sidebands are not resolved on that transition. o t?cal umoin S
Small differencesin W(A +w), W(A —w) P pumping

detuning for optimum cooling A = —~/2 = (n)gs = /2




,otrong confinement®

W (A 4 w)

Wirap > > Y

strong confinement — well resolved sidebands:
detuning for optimum cooling

A= —wrgp = (N)ss & (7/—2)2 <<1

Wtrap

v



,otrong confinement®

Wirap > > Y
In+Z1e)
In, e > [ >
Wirap ' ‘n_l’e> o’
% n+1,g)
n.g)
n-1,9)

strong confinement — well resolved sidebands:
detuning for optimum cooling

A= —wrgp = (N)ss & (ﬁ)2 <<1

Wtrap




Cooling limit

O,e>‘<e> A = —Wirap
- g— g



Limit of SB cooling

0.)

A= —Witrap

off resonant O o )
carrier excitation: =
Gerf) 17 @A77

)2

thrap

subsequent blue SB decay: n2,,,1vess
with an ,effective” y
and the n of spont. emission

leads to heating: ngpom% f fQQ/ (2wirap)?

off resonant blue SB excitation A = —2wyqp
leads to heating: Yeff (nlaserQ)Q/(4wtrap)2

: )2 .
po = p1(ma§§}“ I = —po (g ) NepontYeff —PO (%ﬁ;’;p )*Yeffr Po= —p1
_— g

with: po = 0,p1 = 1 — pg n=p~= (Qujetiif )2((773p0nt)2 4)

typical experimental
parameters:

nr (SEz

S5kHz
MHz

)*((go3

0.05
0.02

)? +

%) ~ 5x10™

6




Resolved sideband spectroscopy

Select narrow optical transition with:  0.2..20MHz ~ wipqp >> 7

a) Quadrupole transition

b) Raman transition between Hyperfine ground states
c) Raman transition between Zeeman ground states
d) Octopole transition

e) Intercombination line

f) RF transition

Species and Isotopes:

for (a) 40Ca, 43Ca, 138Ba, 1°°Hq, 885, ....
for (b) ‘Be, 43Ca, 11Cd, *Mg....

for (c) 40Ca, #Mg, ....

for (d) 172i1r2yp, ...

for (e) 15|, 27A|, ....

for (f) 171YD, ....



Level scheme of 40Ca*

narrow S, - Dg,
quadrupole transition

I:)3/2 excited near 729nm
854 nm
I:)1/2
866 nm %
D5/2 Tzlzs
393 nm 397 nm
D3/2
729 nm

S1/2



lon energy levels

Superpositionen of S;,, and D¢,

energy




lon energy levels

Energy

Specroscopy pulse followed by
detection of qubits:

Scatter light near 397nm:
S,, emits fluorescence
D;,, remains dark

,»qubit
-measurement’

WE ﬂ@% WB‘>’M L N‘&"‘*

FLUORESCENCE INTENSITY (CTS/0.1 S)

11> |1>]1> 115

. L—dbw bl . x 2
"0 10 20 30 40 50 60 70 80

TIME (S)



