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in the light atoesm.
Th vishility cf ke fringes can ba sxpleined in the framawork of Bragg scxtinring by & harmonkc
crystal and simple “which path” considerations of the scattered photons. If the ight scattered by
the aicms is detected in o polarieation-sensitive way, thes it ix possible to selectirely demanstrate
wither the particle nature of the wave matury of the scatternd light.

Young’s interference with 2 ions NPLE
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198Hg* stored along axis of a linear trap

= laser is linearly polarised

= laser-cooled ions: strong localisation of ions in trap

= jon separation: 3.7 um < d,;, <4 pm

= detector 1: monitors ion number

= detector 2: measures 1(¢): light intensity scattered from ions
= aperture suppresses background

Young'’s interference fringes NPLE

with polarisation-insensitive detection......
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NIST (Wineland group):
U. Eichmann et al, Phys. Rev. Lett. 70 2359 (1993)

Scattered photons: 1 NPLE

Excite 198Hg* ions with linearly (=) polarised light
= Scattered light has either linear (=) or circular () polarisation
= Assume only one scattered photon at a time
Wi=12  mpEatR n-polarised scattered photons
ZP"? . Aml:O
= jons’ final states same as initial
states
= can't determine which ion
scattered the photon

o m
= quantum mechanics predicts
that interference arises from
scattered light
25”2

mj=—1.f2 rnj=+112

Scattered photons: 2 NPLE

Excite 19Hg* ions with linearly (m) polarised light
= Scattered light has either linear (r) or circular () polarisation
= Assume only one scattered photon at a time

mp=-12 mp=+12 o -polarised scattered photons:
Py = Am=tl
= final state of scattering ion differs

from its initial state
in principle distinguish scattering
] ion from “spectator”
= hence could determine which path

the photon travelled

Polarisation-sensitive detection
2B can switch between wave or
particle nature of the scattered photon




Which-way?” experiment NPLE

Polarisation-sensitive detection of scattered light
= assume one ion scattering at a time

apesure
- o
_—detector|
= i
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| e
i
. polariser
_ (@) detecting n-polarised photons:
E 7 WM = can't determine which ion
5 WAAA
el (._j““_“_f\m scattered the photon
E. ®) detecting c-polarised photons:

M = in principle determine which
PV - ion scattered a photon

. @ from: U. Eichmann et al, Phys. Rev. Lett. 70 2359 (1993)

Lecture 1 outline: some basics NPLE
Natianaf Phrysical Laboratory
Theoretical
= |on traps

= Laser cooling
= Atom-laser interaction (confined 2-level atom)

Experimental

= Practical ion traps

= Elementary experimental techniques

= Qubit transitions and coherent spectroscopy

...foundation for lecture 2 and for Christian Roos’ lectures

Lecture 2 outline NPLE

Microtraps

= The scalability challenge

= Various approaches

= A case study in trap design, creation, and operation

Precision measurements

= Atomic clocks

= |on clocks

= Fundamental constants

= Advanced technigues: quantum logic clock

RF traps for charged particles NPLHE

Desire harmonic potential

= Consider electric potential ®(X,Y,z,t)
= Approximately quadrupole spatial shape at centre

= Potential composed of static and time varying (ogg) parts

O(x,y,2,t)=Up %(CLXZ +By? +yzz)+
Upe C0S(@pet) (% +BY* +77%)
Need to fulfill Laplace’s equation V?® =0 for all t
= constraints a+B+y=0
o' +p'+y'=0

Can't generate 3D potential minimum
— Can only trap charged particle in dynamic fashion

NPLE
1. lon trap theory basics
RF traps for charged particles NPLEH
D(X,Y,2,t)=Upe 3(0x + By’ +72°) +
Uge €08 (wpet) (o> +B'y* +72%) @

Constraints:  o+B+y=0 o'+ +y =0

Option 1: a=B=y=0
o +p =—y
= 3D dynamical confinément in pure oscillating field
option2: —(a+p)=v>0
o' =—p
= 2D dynamical confinement in oscillating field
= Static potential confinement in 34 dimension




RF potential NPL B

NPLE Equations of motion NPLE
st P oy el
- (I;l’nfalg}rap D(x, y,z,t):UDC%(axz+ﬁy2+y22)+ 1. Consider 1D motion of ion with mass m, and charge +e
T o . oD . e ,
= 2D oscillating potential Upe 008(00get) 3 (0% +BY? +7'22) mx:_eai X=—*[UDCQ+URF cos(mRFt)a]
X m

2. Transform using subsititions:

et 4eUca 2eU . a
5== =7 =T
meF mO)RF
§ 3. Transform to Mathieu differential equation
5. d—ZX+ a, —2q, cos(2¢) [x=0
o déz X X
W = differential equation with periodic coefficients
¥ o X
Solutions to Mathieu equation: 1 NPLE Solutions to Mathieu equation: 2 NPLE
d 2 X Natiomal Physica) Lahoratory Natiomal Physical Laboratory
dF’Z + axiqu COS(Z&)]XZO (1) C2n+2 _D2nC2n +C2n72 =0 Dzn :qi[ax _(2n+Bx)z:|

X
Stable solutions....

= ...to ensure the ion’s motion is bound
= general form is

= ) e ) ’=a,-q, +
X(£)= A 3 C e 1 Be M Y Ce (@) Pi=2,-4 I I
n=—

n=—x

= Rearranging yields continued fractions for C,,,p’

= B,.,C,, are functions of a,q, only

" AB are constants = Contributions of higher orders drop off rapidly for typical
. . ' a.

(2) into (1) obtains recursion relations connecting 4, , experiments (i.e. typical 8,0y )

1 = Stability region bounds: pairs of (a;,q;) yielding B; =0,1
2
Conrz =Dy Cpn + Gy, =0 D,, :E[ax _(2n+Bx) }
X
The stability region: 1 NPLH The stability region: 2 NPLE
Natone rysicd sbornions Netarl Pyt barary
Exact shape of potential depends on parameters in ®(x,y,z,t) Linear trap
= trap electrodes are often cylindrically symmetric about z-axis = Dynamic confinement in 2D

= RF (dynamical) confinement in 3D
s gz =p=f =-2y=-2

= Static confinement in z
= (a+p) =y, o' =p,y=0

Mathieu eqn. &, =28, =—2a,

Parameters: %="% 4=0
©9,=-20,=-2d,
U U "B 01 02 03 04 05 08 OF 08 08
Q= 4eUca _ 2eU-a Q= 4eU .o _ 2eU o ! *
X 2 X 2 X 2 X 2
Mge M®ge I B TR S Mg M®ge

' . a . . From: Leibfried et al

Trap dimensions: r,, z, From: Leibiried ot a Trap dimensions: r,, z, e D o3

Rev Mod Phys, 281 75 (2003)

0,=2/(|’02+ZZ§) Rev Mod Phys, 281 75 (2003) a:Z/(r02+22§)




lon trajectory

NFLE

Rationaf Physical Latoratory

Lowest order approximation to x(t)

. ﬂax ,qf)<<1
= Solutions approximated by:

() =r,cos(ot+¢)

/

secular motion
(’ORF

2

o, =f

[1+ %cos(mRFt)}

|

Micromotion

Neglect:
Approximate potential as that of
harmonic oscillator
“Pseudopotential approximation”

2. Practical ion traps

NFLE

Niations! Physical Laorstary

First RF Paul traps

Cylindrically symmetric

= Hyperbolic electrodes

= Large ion-electrode distance
= Limited optical access

= Not ideal for single ions

Operating parameters for 8Sr*
"1, =zV2 = 5mm

= Uge = 320V

" ope = 1.778 MHz

* o = ~100 kHz

NPLE

Natiomal Physica) Lakoratary

z [vortical)
[l

direction of kses
propagation

(4220m, 1092 nm
and 674 nm)

ditsction of
fuorescence
absarvation

Ring trap

Cylindrically symmetric

= Formed of ring and endcaps
= Good optical access

= Single ion storage

= ~MHz motional frequencies

Operating parameters for 8Sr+

= r, = 500 um

= Uge = 450V

" wge/2n = 14 MHz

= (0, )21 = (0.72, 1.16) MHz

NPLE

Natiomal Fiysical Laloratory

(® Ugecos(oget)

Ring traps

NPL, UK
883G+

NPLH

Nasional Physlcs) Laboratory

PTB, Germany
171yp+

r, =500 um

Endcap trap

Cylindrically symmetric

= Co-axial electrodes

= Excellent optical access

= Single ion storage

= ~MHz motional frequencies

C A Schrama et al, Opt. Comm. 101, 32 (1993)

Operating parameters for 8Sr*

= 7z, = 280 um

= Uge = 390V

" wge/2n = 15.9 MHz

" (o, oy, )2t = (1.94,1.97, 3.96) MHz

AS, M A Wilson & P Gill, Opt. Comm. 190, 193 (2001)

NPLE

Nattanal Firysical Labarstary

e

@ Ugecos(wgaet)




Endcap trap NPLE

Rationaf Physical Laoratory

AS, M A Wilson & P Gill, Opt. Comm. 190, 193 (2001)

Linear trap

NFLE

Nistionaf Physical Laorstary

Radial symmetry
= single trapping zone
= jon strings

o>,

Uandcap

/% B Ugecos(mget)
0  ground
W B Uendcap

Linear blade trap

NPLE

Natiomal Physica) Lakoratary

U. Innsbruck design:

U. Innsbruck (R Blatt): “°Ca*
= 1, = 800 um

= Endcap separation =5 mm
= U ~ 14KV,

= pel2n = 25.5 MHz

" Uggeap = 1000V

= (0, )2 = (4.0, 1.2) MHz

... more details from Christian Roos

Linear blade trap

U. Innsbruck (R Blatt): “°Ca*
= r, = 800 pm

= Endcap separation =5 mm
= Ug ~ 14KV,

" /21 = 255 MHz

* Ugngeay = 1000V

* (0, ,)2n = (4.0, 1.2) MHz

Operating parameters for 88Sr*

= 1, = 350 um

= Endcap separation = 2.7 mm

= Uge ~ 390V, wge/2n = 16.3 MHz
= o/2n = 0.9 MHz

* Uengeap = 250V

= o/2n = 0.4 MHz

NPLE

Natiomal Piysical Lakoratory

NPLH

Nasional Physlcs) Laborstory

3. lon cooling basics

Doppler cooling

lon’s equilibriuim energy
= Balance between cooling and heating

2
Average cooling force: F =nkl" Q
rZ+4(A
Q? |
2 4l photon excited state
S momentum decay rate
) : dF 2
Cooling rate: Erooiing = (FV) _Ev:o <V >
- dF
Where for small velocities: F =F, +W %
v=0

(Doppler broadening << T)

NPLHE

Nattanal Firsical Labarstary

=

excited state
probability




NFLE

Rationaf Physical Laoratory

Doppler cooling

Heating:
Spontaneously emitted photons: (Ap) =0 but <Ap2> #0

2
Random walk process: <Ap2> o (rk)” N
_ . 1d
Heating rate: Eeating = Ea< p2>
Equilibrium: Epeaiing * Ecooling =0 m<"2> =kgT

Minimum energy:  KgT, =% @ A=-T/2

Full derivation & discussion, see: Leibfried et al, Rev Mod Phys, 281 75 (2003)

NFLE

Nistionaf Physical Laorstary

4. Elementary experimental techniques

Which ion? NELE

Elements for ion trapping

Bof £l @ FREEA

8
3,

El
3.

'ﬁﬁmﬂ?nﬂ?eﬁmw

U|we | PG am[om |8 | ot €| Fm| wia| No 11

Requirements
= Doppler cooling: optical transition with fast (~ns) decay:
= Qubit/clock: transition between long-lived states (hyperfine or optical)

See Monroe group website (www.iontrap.umd.edu) for interactive periodic table

Which ion?

NPLE

Creating ions

NPLH

Nasional Physlcs) Laborstory

Photoionisation (4d? + 5p?) 'D,
= Highly efficient © 7 7 lonisation
) thrashold
= Low atomic flux
= No charging of surroundings 5s5p 'P,
ef 0 i M % =461 nm Sy
N 582 15,

2
Ucomp P - shéﬁ ee——
-2 e F
4 4
P R P e
05 25 35 o 1 2 o 10 20
Time [days)
Ca*
Kjeergaard et al, Appl. Phys. B 71, 207 (2000). Sr+

S. Gulde et al, Appl. Phys. B 73, 861 (2001).
D.M. Lucas et al, Phys. Rev. A 69, 012711 (2004).

M Brownnutt et al, Appl. Phys. B 87, 411 (2007).

ion cooling | Teoging qubit / clock photoionisation
A/nm / MHz transition A/nm
Be* 313 20 HF, 1.25 GHz 235
25Mg* 280 43 202
40Ca* 397 23 optical, 729 nm 422 + 389
885yt 422 23 optical, 674 nm 461 + 412
138Ba* | 4935 15 optical, 1760 nm 554
nicd* 226.5 60 HF, 14.5 GHz 229
199Hg* 194 70 optical, 282 nm 185
71yp* 369 20 HF, 12.6 GHz 399 + 394
optical, 435 & 467 nm
885+

e 422 nm: laser cooling transition
(frequency-doubled diode laser)

* 1092 nm: repumper transition
(Nd?®*-doped fiber laser)

e 674 nm: narrow linewidth optical
clock or qubit transition

(highly-stable diode laser system) 25,

« 2Dy, state lifetime = 390.8(1.6) ms *

« 1033 nm: clearout transition

(diode laser)

k=674 nm
clockiqubit

... and #°Ca* has similar energy level structure

* Letchumanan, Wilson, Gill, Sinclair, PRA 72, 012509 (2005).




Single ion cooling REINDE Em

NFPLE
ot e sy
. L7
Doppler cooling oo
* intensity I, below saturation 2 s
= detuning A =T7/2 e
= detect blue fluorescence § 2
g 1
3o
-150 -100 -50 0 50
detuning from line centre / MHz
Paa
P, .
i 109 Scan cooling laser frequency
Daz = Sharp drop due to ion heating
oy Dw = Can use blue fluorescence to

detect ion’s state

Pulsed-probe spectroscopy NPLE
Highly-efficient state detection

N
W@

= “electron-shelving” method @o\‘x@\
= principle applies to hyperfine and & °®

& (%)

e/

optical transitions

j '%A\t,

4 ; N bright =S

S

Single ion spectroscopy NPLHE
Py 5. 07
Py 1=390ms = 061
g 051
X 2 044 Y
s 031 .
% 0.24
S 014 l
° 0 } - ;' 7 ettty 1

5 -4-3-2-1012 3 45
detuning from line centre / MHz

883r+ in endcap trap

= I'gp~ 0.4 Hz

= observe resolved sidebands: I'sp, << o, ©,
= measure o/2r = 2.1 MHz, »,/2n = 3.9 MHz
" Need I, < 1 kHz (ideally << 1 kHz)

Electron shelving movie NPLE

Natorl ol aboraary
lon’s equilibriuim energy
= Balance between cooling and heating

Py 33 nm

P o
“Dsp

5= 422 nm E)
coaling a2

=674 nm

S

NPLH

Nasional Physlcs) Laborztory

5. Coherent optical interactions

Laser-ion interaction: 2-level atom NPLE

Nattanal Firsical Labarstary

Total Hamiltonian*: H =H

motion Helec!mnic + Hinleracliun

~ 2 ) describes laser-ion
motion — ﬂ + E mo, X interaction
4 1
Helec(ronic = 5 h(’oocz
HA _ 1 0(c* - i(kx— th+¢ —| (kx— OJLt+¢
interaction — E G +G \ /
Rabi Pauli laser k: laser
frequency matrices frequency wavevector

* Blockley, Walls, Risken, Europhys. Lett. 17, 509 (1992)




The Lamb-Dicke parameter: n NPLE

Rationaf Physical Laoratory

Important dimensionless quantity

h = jon oscillating at o,

=k ' ) ) .
N 2mao,, = interacting with laser with wavevector k

Lamb-Dicke n parameter is:

= a measure of the spatial extent of the ion’s ground state
wavefunction

= desire n small, so try to make o, big

h
=kcosO [——
N \ 2mo,,

...when k is at angle 6 to motional axis

More generally:

Interaction Hamiltonian: 2-level atom NPLE

Nistionaf Physical Laorstary

= Express in terms of creation & annihilation operators
= Transform to interaction picture
4 hQ[ in(asa' ) -inasd’) _
Focion :7 en( + )G+e it o n(a+ )G gitt

iont

where &=a€"" and A= -,

Laser couples electronic & vibrational states, depending on A
= laser couples \ g,n> —le,n+ m>

Rabi frequency*: Q =Q,

n,n+m

<n i m‘ein(éJré') ‘n>‘

LI n! 2]
Qn,n+m :Qoe ZT]‘ Ln(nz){(n+m)li|

*Wineland & Itano, Phys Rev A 20, 1521 (1979)

Lamb-Dicke regime NPLE

Natiomal Physica) Lakoratary

Lamb-Dicke regime
= extent of ion’s wave function confined to < 1/k

= inequality must hold: 7
nW2n+1l<<1 n=Kk
2mom,,

Qi simplifies: 2, =, |(n+ M| @+ in(d+8") )

3 resonances exist:

= carrier: Q.= (1— nzn) dh=0 A=0

« redsideband:  Q,,,=Qnn n=-1 A=-o,
* blue sideband: Q ., =Qnvn+1 n=+1 A=+o,

..... dn = 2 transitions are greatly suppressed

Lamb-Dicke regime NPLEHE

oo oo
88Sr+ example

= . =674nm,n,=0.035n,=0.048,n~ 10

* Resolved sidebands: I'gp << o, ,

- - A > 07
Eae £ 061
Pz =390 ms E 054
I'pg =04 Hz 2 041 Wy y
D, »>
52 < 0.3 4 o,
s %
n.. % 0.2
32 =
ol d b
® 0

=674 nm
clock/gubit

5 -4-3-2-1012 3 4°5

2; ”
Sz detuning from line centre / MHz

Carrier transition NPLHE

Doppler-cool 8Sr+ ion in 3D
= prepareionin |S,m, :—§> electronic state

= excite ‘S,mj:—%,n>»‘D,mj :—%,n> transition (carrier)

= vary excitation pulse duration

£1.0

208 : decay in contrast due to
= 2 . . .

Sos6 3 thermal distribution over
S04 vibrational levels

< b

S0.2 : 2
fopidt | 9,=0 ()

g

5

0 5 10 15 20 25 30 35 40 45

time / ps

P=§ 1-e™y PP, cos(Qn“nzt) — 0,=14 n,=8

Ramsey spectroscopy NPLHE
s ot
2Dy ‘D'mj :_%> T
Q
iy
=_1
S js.m;==4) < <> time

Prepare ion in state ‘S) 1
= first n/2-pulse creates superposition “V) = ﬁl] S> +‘ D>]

Free precession

= phase shift accumulates between atom and laser when @, #

2nd 1/2-pulse
= atom-laser phase shift read out by atomic populations pgs and ppp
= fringes observed in spectral line shape




Ramsey spectroscopy in 8Sr+* NPLE

‘ D) Doppler-cooled ion
= prepare ion in state ‘S,m, :*%>
= n/2-pulse duration = 15 ps

\S) = detect ion state via electron shelving

Ramsey spectroscopy NPLE
Nationaf Phrysical Laboratory
o fom <-4 :
0
‘IIL
Sy Sm =-1
. om=-4) s <> time

Optical Bloch equations for single laser pulse:

B . - .Q

Pps = I:' (")L _0‘)0) _(rlaser +30 s ):IPDS - 'Ee ° (pDD - pss)
(pDD - pss ) = _FDS |:1+ (pDD ~Pss ):I + iQ(eiiwlS:)s - eiwﬁDs )

laser bandwidth: T'.., Initial conditions (t=0):

laser phase: ® Pss=1 ppp=0 Pps=0

= tune o
1.0
o T=40us
08
0.6
DQ. L3
0.4
02
o
0.0
60 40 20 0 20 40 60 60 40 20 0 20 40 60
detuning / kHz detuning / kHz
see V Letchumanan, et al, Phys Rev A 70,033419 (2004) for more details
Oscillator phase effects NPLE

A T 3 toary
L
Relative phase shift "

between n/2-pulses: P,

<> <> time

€ 1.0

= record Ramsey spectrum 2 ¢
. ) 3

= Ppis maximum at o, £ 06
= set wlaser = 0)0 ; 0.4
g 02

= measure Py (8dDy) 2
5 o

0 90 180 270 360
relative phase difference, §®r / degrees
Observe expected oscillatory

behaviour in Py as 8y is varied

NPLE

Natiomal Piysical Lakoratary

6. Ground state cooling

Quantum state preparation NPLH

Coherent interactions
= Qis a function of vibrational quantum number n

carrier: Q=0 (l— nzn)
RSB:  ©Q,,,=Qm/n
BSB: Q... =Qm/n+1

carrier, Doppler-cooled ion
£10

0 5 10 15 20 25 30 35 40 45
time / ps

Need to prepare ion in well-defined quantum state:
= electronic & vibrational ground state

s,m; =-%,n=0)

= require ground state cooling

Resolved sideband cooling NNPLE

Nattanal Firsical Labarstary

Example with optical transition
(similar process for stimulated Raman transitions: hyperfine levels)

absoption spectrum

v
AI‘|'m
n=2
D n=1
n=0
1
I
1
1
|
5-4-3-2-1012345 1
detuning / MHz :ﬁm
n=2
- / n=1
Qn‘n—l_Qon n S n=0

F. Diedrich, et al, PRL 62, 403 (1989), Ch Roos et al, PRL 83, 4713 (1999)




88Sr+ sideband cooling NPLE

Optically pump on cooling transition

= prepare ion in ‘Symjif%,n>

Excite red sideband of qubit
transition:

|$,m; =—%,n)>|D,m; =-5,n-1)

2
D)

Quench |D) state:

|D,m; ==5,n-1)>|P,m; =—$,n-1) > |S,m; =—4,n-1)

Optimum cooling rate

Optimal cooling rate
= tune effective decay rate 'y
= adjust saturation parameter of quencher

1) Quencher not intense enough
R ool limited by T

2) Quencher too intense
= increased spontaneous emission on [P)—|D) & |P)—|S)
= increased momentum diffusion — heating!

88Sr+ sideband cooling NPLE

Experiment IFdl WA 4220 Dopplercool "
sequence WA 1092 nm repump
I || =#l*=20us 4220m optical pump
= 5ms =] 674 nm  sideband cool

S 200 s
i 1033 nm quench

NPLH

e
delay 000 s =+ le= 674 nm speciroscopy
Qgsp < Vn > time Qese = V(n+1)
lower axial sideband upper axial sideband
07 absoption spectrum 0.7 -
206 206
E 05 o g 05
2 o4 2 04
5 3
50 N § 03
_§ 02 8 o2
5 5
3 01 ] I I s o1
00 e S S 00 =
-3.93 -3.91 -3.89 -3.87| Fhs210123 3 3.87 3.89 391 3.9
detuning / MHz detuning / MHz detuning / MHz
Heating rate of axial motion NPLE
Ntlorai PrysicaLaborstory
| /] WAl :220m Doppler cool
WA A 1092 nm repump
Il | *=20is 4220m optical pump
[+ 505 ] 674 nm sideband cool
: == 1200 ys
| 1033 nm quench
—
doiay 900 45 = L= ®04% e74nm spectroscopy
—_— e
12 " " " ! Heating rate of axial mode
10 n, =0.054/ms
08
A i —
2o Extrapolating to t =0
04 m,(t=0)=0.014
02 .
00 Ground state probability = 98.6%
: 10 15 20

RSB to spectroscopy pulse delay / ms
P Py P v V. Letchumanan, et al, PRA 75 063425 (2007)

06 Natiomal Firysical Laboratary
o 0 ms cooling
o2
> oo =il .
= as] | ser a9 301 as
=
@ |os 0.6 .
Q 2 ms cooling
O |u os -~
a m, =0.19
c P2 o2
S ol ™ " J
ERED a9 389 ae] | awr a9 a0 as
k=
o .
< [° °° 5 ms cooling
[3)
oa os
m, =0.03
oz o2
0.0 P 0.0 +
393 a0 389 s | se7 39 301 35
Qgss <\ detuning from carrier / MHz Qgep ¢ V(n+1)
Measured heating rates NPLE
Nattana Physca Libarstary

Heating is due to electric field noise on electrodes
= Spectral density of noise at ,

1

— 0.

£

Z 10

o v

2 1o *
* *
o .

104

20 50 100 200 500 1000
lIon—electrode distance d [um]
Graph courtesy of
Winni Hensinger, Turchette et al, Phys. Rev. A 61, 063418 (2000)
Sussex Deslauriers et al, Phys. Rev. A 70, 043408 (2004)

10



Summary: trapping 1 NPLE
Trapping potential D(X,Y,2,t)=Upe 4(0X* + By’ +72° ) +

= static & time-varying parts

constraint
= satisfy Laplace equation: Vb =0

2 configurations of ®:
= 3D dynamical confinement in pure oscillating field
= 2D dynamical & static potential in 3 dimension

Upe 08 (@get) (X +B'y* +7'2°

e
7. Summary
Summary: trapping 2 NPLHE

ot i ooy
i ) . e ,
Equation of motion: X=—E[UDC(1+URF cos(wget)a']

= Transform to Mathieu equation

gt _4eUpca _2eUga

x

d—ZXJr[a 24, cos(2£) ]x=0 = a
gz e, - = g

2
Mge

2
MOke

3D oscillating @

a,=-2a,=-2a,

q, =20, =-2d,

a=2/(r? +222)

a

lon trajectory:  r(t)=r, cos(wt+, )[l-ﬁ—%cos(mm:t)}

Summary: traps

5%‘%

Hyperbolic electrodes
r, =5mm, o/2r ~ 100 kHz

Linear trap: r, ~ 800 pm,
(0 ®)27 = (4.0, 1.2) MHz
Endcap trap: r, ~ 500 um, o/2n ~ 100 kHz

Summary: ion-laser interactions NPLHE

Nasional Physlcs) Laboratory

Doppler cooling

" nr
= Minimum temperature KeTin =

2
Lamb-Dicke parameter
= Lamb-Dicke regime m2n+1<<1

Coherent ion-laser interactions
= couples electronic and motional states
Q,,=9,(1-wn) Q. =0mh O =om/n+l

o
T=20us

- :

" .

L L o

detuning from line centre / MHz &0 -0 0 @

20 o
detuning /kHz

Summary: state preparation & heating NPLE

Nattanal Firysical Labarstary

Motional ground state preparation
= resolved sideband cooling

o6 lo.s
lo.e lo.s
0.2 lo.2
0.0 oo

3.93 .91 .89 aw| | ser 380 .01 3.99)

detuning from carrier / MHz

Heating: the enemy!
= decoherence

n @ 100 oo EI T
lan—clectrede distance d |mm]
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