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A. Paul’s work on ion traps

1.  Wolfgang Paul

2.  Anioncage

3.  Nobel prize

4. The quadrupole ion trap

B. Basic operation of Paul trap (single ion, no interaction)

1. Mathieu equations, stability diagram
2. Motion of the ion in the trap
3.  The adiabatic approximation

C. Lamb-Dicke regime
1. for microwaves; for optics
2. how to reach LD, micromotion issues
3. how to reduce micromotion; different techniques

D. More than oneion
1.  space charge effects

E. Characterisation of trap
1. nonlinear resonances and canyons

2. experimentally: how do | measure frequencies of motion of

the trapped ions
1. by fluorescence, or other optical means
2.  electronically (tickle, image currents;;)

F.

G.

H.

Modified geometries

how, why, for what

linear traps

more exotic forms: the race track, the ion circus
linear multipoles

2D, 3D and surface traps

o Uk wnNR

other geometries, school experiments demonstration

Microfabricated traps and heating

How to set up a Paul trap,

1. experimental set-up; rf drive, helical resonator,how to p
the drive +-VO or +-V/2

2. how to detect ions in the trap

1. by construction (die glaserne Paulfalle, with inegr
fibers, stylus ion trap)

2. by optical means
3. by electronic means

Tutorial: how to design an ion trap?
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A. Paul’s work on ion traps

« Mich diinkt , es ist ein trauriger Umstand bei unserer ganzen Chemie, dass
wir die Bestandteile der Korper nicht frei suspendieren konnen »

« | believe, it is a sad fact in all our chemistry, that we are not able to freely
suspend the elementary constituents »

Georg Christoph Lichtenberg (1742-1799)

(AlX Marseille @ Martina Knoop — Jan 2015



A. Paul’s work on ion traps

Wolfgang Paul

1913 - 1983
was an expert in mass filters

since 1952, professor at University Bonn

responsibilities at KFA Jilich, CERN (director of Nuclear Physics Division), DESY
intended to work on « strong focussing » for a 500 MeV synchrotron

the ion trap was a by-product of the mass selection efforts

(AIX Marseille @ Martina Knoop — Jan 2015



A. Paul’s work on ion traps

FORSCHUNGSBERICHTE
DES WIRTSCHAFTS- UND VERKEHRSMINISTERIUMS
NORDRHEIN-WESTFALEN

Herausgegeben von Staatssekretar Prof. Dr. h, ¢. Dr, E. h. Leo Brandt

Nr. 415

Prof. Dr.-Ing. Wolfgang Paul
Dr. rer. nat. Otto Osberghaus
Dipl.-Phys. Erhardt Fischer

Physikalisches Institut der Universitét Bonn

Ein lonenkafig

« An ion cage »
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The Nobel Prize in Physics 1989

The Royal Swedish Academy of Sciences has awarded this year’'s Nobel
Prize in Physics for contributions of importance for the development of
atomic precision spectroscopy

Hans Dehmelt WokKgang Paul
University of Was hington Universitdt Bonn
Seattle, USA Federal Republic of
Germany

for the development of the
ion trap technique

Norman F. Ramsey
Harvard University
Cambridge, USA

for the invention of the
separated oscillatory
fields method and its
use in the hydrogen
maser and other atomic
clocks



A. The ion cage
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B. Operation of Paul trap

ry2=22,?

- aring and 2 endcaps of

h boloid sh ro
yperboloid shape - UDC + VAC cosOt

- apply an oscillating voltage
between the electrodes

- the resulting potential is :

2 2
X +y +27°

2
2r,

P(x.y.z,t) = (Upc + V,cCOSQ)
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B. Operation of Paul trap

—



B. Motion of a single trapped ion

)x2+y2+222

O(x,y,2,t) = (Vpc + V,COSQU —
Yo

The motion of a single particle with e/m evolving in this potential is described by

du Q2
> +— (a,-2q,cosQt)u=0 for u=x,y,z
dt 4
. _ az _ 8eUDC _ qZ _ 4eVAC
with dy = — = and g, = — =
2 2 r%sz X 2 2 rng2
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B. Motion of a single tr: | PURES BT APPLIQUESS.

"MEMOIRE

LE MOUVEMENT VIBRATOIRE
The motion of a single particle with e/r D'UNE MEMBRANE DE FORME ELLIPTIQUE:

Par M. Exie MATHIEU [*]
du Q7 - -
2 + (au B
dt 4

Linaginons une membrane tendue également dans tous les sens, et
dont le contour, fixé invariablement, est une ellipse. Notre but, dans
ce Mémoire, est de déterminer par I'analyse toutes les circonstances
de son mouvement vibratoire ; nous y calculons la forme et la position
des lignes nodales et le son correspondant. Mais ces mouvements sont
assujettis & certaines lois générales qui peuvent étre définies sans le

. _ az _ secours de l'analyse.
with aX - ? - Lorsqu’'on met la membrane elliptique en vibration, il se produit
deux systémes de lignes nodales qui sont, les unes des ellipses, les
autres des hyperboles, et toutes ces courbes du second ordre ont les
mémes foyers que Uellipse du contour.

Tous ces mouvements vibratoires peuvent étre parlagés en deux
genres. Dans Pun de ces genres, le grand axe resie fixe et forme une
ligne nodale, et si l'on considére deux points symétriques par rapport

9 au grand axe, leurs mouvements sont égaux et de sens contraire. Dans
'autre genre, au contraire, les extrémités du grand axe situées entre
les foyers et les sommets forment des ventres de vibration, tandis que
la partie située entre les deux foyers offre un minimum de vibration,

{*] Ce Mémoire a été exposé au mois de janvier 1868 dans un cours a la Sor-
bonne.

Tume XII (28 série), — Avmi 18G8. 18

AixMarseille ! E Mathieu, J Appl Math, 1868 |



B. Mathieu equations

The motion of a single ion e/m evolving in this potential is described by

2 2
for u=x,y,z % + % (a, - 29, cos Qt)u=0

with a, 8eUDC _qz _ 4eVAC

ad. =-— = = =
" 2 2r;mQ? qx 2 2rimQ~?

stability of the solution only depends on e/m, o/ Q, UDC and VAC

=>» stability diagram
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B. Stability diagram of Mathieu equations

__a, _ 86UDC . q, 4eVAC
ax - o 2 2 qX - - 2 2
2 21r,mQ 2 2r;mQ
dy
1ﬂ_EEHMmegmm
Z-stable region r-stable region
g -

10
r-Z-stable region

- : -10 -
(AIX Marseille




B. Stability diagram of Mathieu equations

. (a,:q,)=(0.237:0.706)

100




B. Stability diagram of Mathieu equations

a 8eU,.

Z

a —
" 2  2rimQ°

Ox
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4eV,
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B. Frequencies of motion

exact solutions of the Mathieu equations are

u(t)=4 iCZn cos(B+2n)Q/12+ B iCZn sin(B+2n )Qt/2

- where A and B are constants depending on initial conditions. The coefficients

Czn, which are the amplitudes of the Fourier components of the particle motion,
decrease with increasing n.

w, =B,
B can be exactly determined by
a 2
Buz - au + 1“ 2
2
(Bu + 2)— o au o lu 2
q,”
+4)* —a, — —
(B“ ) ’ (Bu + 6)- _ au -
+ (11‘-
(B~ 27 ~a, =

Aix+Marseille @ (B — 47 —a —- 4
( ——



B. Motion of the single particle

for the large majority of cases the adiabatic approximation is
sufficient:

forq,<0.4and a,< q,

u(t)= R, cosw,t (1+ - cosQt)

u

q2
with w = BUQ and B, = \/au + ?U

H.G.Dehmelt, Radiofrequency spectroscopy of stored ions I: storage
Advances in Atomic and Molecular Physics 3, 53-72 (1967)

(AlX Marseille @ Martina Knoop — Jan 2015
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B. Motional frequencies

u(t)= R, cosw,t (1+ - cosQt)

- harmonic oscillation

- secular motion ®, and micro-motion Q | gz =0,22
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B. Motion of the single particle

for q,< 0.4 and a <<q,

with a, = BUQ

u(t)= R, cosaw,t (1+ % cosQt)

q.
= ad +—
and Bu \/ u 2

I! Values diverge rapidly for g > 0.4 !!

A better approximation can be found in
J.P.CARRICO Applications of inhomogeneous oscillatory electric fields in ion physics

Dyn.Mass Spectrom. 3, 1-65 (1972)

(a:-1)-q:?

(5&&"‘7) : q§4 (93&24‘58&&"‘29) : q§6

Bg::: aa_

(Aix Marseille @
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Hu(t) = R, cosw,t (1+ 2 cosQt) “

C. Strong confinement

- the amplitude of the ion motion increases with the distance from the trap
center

- onlyin the trap centerr=0 canitbe 0

- harmonic oscillator in a potential well of limited length

- discretisation of frequencies (energy levels)

(Alx*MarseHIe @ Martina Knoop — Jan 2015 21



C. Lamb-Dicke regime

Il simplified illustration!!!!

K 030 020 o-0 || o+ m,,-ﬂ-io) . +30,
T v T T I {a— T T T ¥ U i T T 1
.30 -25 -20 2 -15  -101 -5 ® 5 110 155 20 25 30

F réRréqeencee@@29mend MHn] [ MH z ]

Vibrational energy
* secular motion o, : laser-cooled levels of the ion, <n>

Doppler limit T}, . = h/(2KgT, )
(Ca*: 0.55mK@23MHz)

« micromotion €2 : driven motion

| . DW Wineland & W Itano, Phys. Rev. A 20, 1521-1540 (1979),
(AIX Marseille @ Phys. Today, pp. 1-8 (1987)



Single ions or electrons

Schroedinger 1952:

Erstens ist es angemessen festzustellen, dass wir mit einzelnen Teilchen nicht
EXPERIMENTIEREN, ebensowenig wie wir Ichtyosaurier im Zoo zlichten kdnnen. Wir prifen
Spuren von Ereignissen, lange nachdem sie stattgefunden haben...

First it has to be stated, that we do not EXPERIMENT with single particles, as much as we do
not raise ichtyosauri in a zoo. We look for evidences of facts, long after they have
happened

Zweitens ... ist... die Tatsache ...zuzugeben, dass wir nie mit EINEm Elektron, Atom oder
(kleinen) Molekil experimentieren. In Gedankenexperimenten geben wir manchmal
vor, es zu tun, allerdings stets mit lacherlichen Konsequenzen.

Second, the fact is, that we never experiment with a SINGLE electron, atom, or (small)

molecule. In gedankenexperiments, we sometimes pretend to do so, but always with
ridiculous consequences

(AIX Marseille @ Martina Knoop — Jan 2015 23



Visual observation of a single Ba* - ion

Abb. 1.2: Optischer Nachweis eines einzelnen Bariumions in einer Paul-Falle.

Experiment Heidelberg, Toschek group, 1980

Neuhauser et al., Localized visible Ba* mono-ion oscillator, Phys Rev A 22, 1137 (1980)

(AIX Marseille @ Martina Knoop — Jan 2015 24



D. More than ion

space charge effects

- limit the ion density to 10%/cm3

- shift the frequencies of motion to lower values ( depending on
the geometry of trap and size of cloud)

- distort the observed stability diagram

(AlX Marseille @ Martina Knoop — Jan 2015
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D. Spatial and density distribution of an ion cloud

0 4
' N
401 g 13} Sy \‘ﬂ — T=10K
- g Tl N ——- 30K
= 30F !E:_, “\\ \ '.: N 100 K
;i- I = 2 \\ —— 300K
£ 5k = Y —— 1000 K
2 z W ——— 3000K
- o | F—— n —— 10000 K
10+ E e 'l'.‘\\\
| 5 *]‘%\‘V\‘:\-_.__
0 | ] 1 ] L /i1 | ] | 0 1 1 i-(ﬁ\-.\“;-:-'“1-‘—-
i 8 0 -8 0 1 2 3 4 5 6
X (mm) Z (mm) - -
(a) Laser scanning direction (b) Radial distance (mm)

Fig. 1.7. (a) Fluorescence I of Ba' ions in axial and radial direction in a Paul
trap of 4 cm ring radius showing a Gaussian density distribution [10]. (b) Calculated
density distributions for different ion temperatures [11]

H. Schaaf, U. Schmeling, G. Werth, L.S. Cutler et al.,
Appl. Phys. 25, 249 (1981) Appl. Phys. B 36, 137 (1985)
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D. Density distribution of an ion cloud

1,5__‘._5 _________________ — -=T=5K I
o SN -- T=300K
0.8f L e e -=-T=10 000 K |-

?any

Q
o

?#

C. Champenois
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D. Optimal trapping point

Ifflaender and Werth, Metrologia 1977

016

=072 -072

Aix+M:  Fig. 3. Computed iso-density lines. Dotted lines: boundary ~ Fig. 4. Experimental lines of equal fluorescence intensi- 28
of stable region ties. The numbers give relative intensities



E. Characterisation of ion trap

R Alheit et al., Appl. Phys.B. 61, 277-283 (1995)
- number of stored ions
- maximum 5000 ions

trigger HV-switch

A4 =450 v?

U »| driving frequency
V. trigger generator 3 MHz

»] €-gun

11M

(AIX Marseille @ Martina Knoop — Jan 2015 29



E. Instabilities in an ion trap

R Alheit et al., Appl. Phys.B. 61, 277-283 (1995)
- number of stored H2+ ions

0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
I ] | 1 ] | ] I 1
0,15 |- 0,15
0,10 | 0,10
0,05 |- H 0,05
a, 0,00 4 0,00
b
-0,05 |- 0 -10 -0,05
10-20
B 20 - 30
B 30- 40
= B 40 - 50 i
-0,10 — 0,10
L. Eleso-70
=ro.oo
80 -90
-0.15 - -90-100 -0.15
-0,20 - -0,20
L 1

(Aix:%aMarseiIIe @ 0,2 0.3



R Alheit et al., Appl. Phys.B. 61, 277-283 (1995)
E. Instabilities in an ion trap

work by Dawson&Whetten, [JMSIP (1969), Vedel et al., IIMSIP (1990), Morand et al, Mass
Spectrom. 1991 and Guidugli&Traldi, Mass Spectrom.

Wang, Franzen &Wanczek, IJMS (1993) showed that for a 3D trap in the first
stable region (3,>0, B,<1)

also coupling between macro- and micromotion produces « black holes »
for higher-order contributions

for example BZ=1/2 (octupole) or BZ=2/3 (hexapole)

(AIX*,]_ : arsm |:_:!e @ Martina Knoop — Jan 2015 31



E. Instabilities in an ion trap

R Alheit et al., Appl.
Phys.B. 61, 277-283
(1995)

for example N=4
B=1/2;B,=1/2
1/2 B,+3/2 B,=1
3/2 B,+1/2 B,=1

Bz+ Br=1

(Aix Marseille
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0,15

E. Instabilitie .,

R Alheit et al., Appl. 0.05
Phys.B. 61, 277-283
(1995) -

'llllllllll'[_c

Illllllllll.lll

-0,15
-0,20
-0,25
-0,30

« black canyons »

-0,35

TllllllllIIll[l'llllllllllllllllllllll

_0,40 IllllIlIlIllllI'lllllllllllllllllllllllLl_lll_l_
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Nonlinear resonances — used for isotope separation

R. Alheit, K. Enders, G. Werth, Appl. Phys.B 62, 511-513 (1996)

Eu 1583

Eu 151

(Aix Marseille @
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Ejection with tickle

durée de confinement

[ -

|
ipulse de création

[ —P :

: tickle !

/\/\/\/ . resonant ions are lost
; : signal . .

. :j\ < residual ions

0 t

(0]

F Vedel, M Vedel, RE March, IJMSIP 99, 125 (1990)
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Ejection with tickle

Long acquisition times

2000

Max lon cloud 16°°'M T ) M@f ﬁw

5 1200

8

800+ | d
5 .
4001 L “ \
Trap empty c g

0-F } | s : 4
0 120 240 360 480 600
Frequency [kHz]
Variation of tickle frequency > M Knoop, PhD thesis

Figure 3.8. Spectre des fréquences de mouvement des ions calcium dans le piége.
Q/2x = 1 MHz. a: /2, b: @, ¢: 0,, d: 0,;+0,/2, €: 20,-0,, {: 0,+0,, §: 20,.
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Detection of image currents

MAGNETIC
FIELD -

PENNING %
P - ’ ™ ; I " ~ —
| ] \ =
! FFl
4 = Ny
SN > omioSi—|  SPECTRUM
i) = | ANALYSER

EXCITED ION AT
CYCLOTRON ORBIT

INDUCED AC-CURRENT MASS SPECTRUM
‘ I dP/df
SEGMENTED o |
RING ELECTROLE FFT f
—_—
time frequency
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Detection of image currents

Trapped ions

Detection oscillant cireut

*
\\\\ )
- —_

Amplifics

70

-70

Ramping of d.c. trap voltage. o |

1/2
w,~V12,
2700 2800 2900 3000 3100 3200 3300 3400

When wz= mRes, ions absorb energy Vo [mv]
from circuit = damping

(AIX Marseille @ Martina Knoop — Jan 2015 39



Cloud with “tickle”

e Additional small amplitude exciting secular frequencies
e = heating

Fluorescence
signal

[
»

Tickle frequency ®

NON - DESTRUCTIVE

(AlX Marseille @ Martina Knoop — Jan 2015
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Characterization of the miniature trap

* application of an additional V,-voltage of small amplitude (« tickle »)

850 . . . : . . . .

583 V_ _ ® 2+
800 + /
[N Gy,
A, 634V |
Y eff 750 -
[ Gv L
L 685V 5 700-
o > o o ow * o>
>2 650 -
737V ] L8 ov L
S‘ 600 + o- oy . 4o
= 550 o)z/2 o o, ZCOX 20)2
0 1 ; 3 i
0.5 1.0 1.5 2.0 o [MHz ]
o [MHz ]
.. 8elU,. _ 4deV,,
for the Paul-Straubel case: az—m and qz——m
- different geometric defects lead to : a,£,=-2a, L, and q,L,=-2q, L,
* for 580V, Vac<790V,, : 8.0>L,>7.6 and7.0< L <7.1

(AlX Marseille @ Martina Knoop — Jan 2015
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Stability diagram: limits and canyons

« scan of the applied continuous voltage U gives information about the confinement
efficiency of the trap without any external perturbation

*« black canyons » can be followed through the stability diagram

(04
o
V, =737V

03 -
V, =685V

5000 cps
{7

f T T T T T T T T T 1
-75 -50 -25 0 25 50
U, [V

Eur.Phys.J.D15,105-111(2001)
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F. Modified geometries

?

? holes, truncated electrodes...

? spectroscopy and lasers?

' ?

(AIX Marseille Martina Knoop — Jan 2015
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Linear ion trap — Paul’s mass filter !

e extend along the z-axis
e add end electrodes

)

(Aix Marseille @
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Linear ion trap

* RF field yields transverse pseudopotential

l/_\ )
=\
_({(© ‘:“H(I)tf(.\'. V)
ol
O U
«  End electrodes yield ™~ ~D(2) Slmulatloh of quasipotential
axial confinement for linear rf trap
Vec "\"‘-. ,-"‘!' Vie
VEc Ve
Large storage capacity |

Many particles near axis with small micromotion
+ Good optical access

(AIX Marseille @ Martina Knoop — Jan 2015 45




Linear ion tl"ap slide M Drewsen

The Aarhus linear Paul trap

The linear Paul trap
U1

L )

T

S | ] L--ﬁ Sinusoidal RF potential:
| ! | ".JL‘. )

Dl | N | Urr(1)=Upesin(Qt)

Ug(1) I

=Uge(1)
Effective oscillation freq.'s: Stability parameters:
».=1/2Q, B=(1/2 qz+Cl)“2 4QU aQU
. SVEF o gnd
T mQry =" o ro

w,= (-1/20)"°Q

(AiX M Atomic densify: n; = (E()US,)/(M,I(;Q:)



Linear ion trap

The Aarhus linear Paul trap

Photo-ionizing laser Electron beam

Cooling laser Cooling laser

(Aix Mai

Cooling laser

Atomic beam



Linear ion trap

e symmetric stability diagramm

Harmonic linear Paul trap: Stability diagram and effective potentials,
Aix:-Marseille M. Drewsen and A Broner, Phys Rev A 62, 045401 (2000)
Il some errors!!

48



Linear ion trap

e shape of the rods

ideal case: d,/2=1.1468 r,

Reuben et al., lon trajectories in exactly determined quadrupole fields,
IJMS 154, 43-59 (1996)

(Aix Marseille 49




Linear ion trap

2.6 mm

200 Vpp AC
: \ © 6.2 MHz
! O T )
E @ i + l TR —}-— 300—?50 V DC
3 : N
~O O @@= —
— Vil N\ ) v, = 0.5-0.8 MHz (axial)
» - v = 1.0 MHz (radial)
7.2 mm

10um

(Aix Marseille @

50



Crystals

& FEeFe00000000000000D0000000D00000000DO000000P000OR0DOFeDREPRPODPO®e W @ §

Innsbruck

(Aix Marseille @ , Aarhus
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The race-track trap

Observation of multi-shell structures in a quadrupole storage ring

um)

stance from field axis |

WPV P L W Vol o W o YW G. Birkl, S. Kassner & H. Walther
NATURE - VOL 357 - 28 MAY 1992



The ion circus

cnsu The ion circus project

« The ion circus is a circular Paul trap that can simultaneously cool
and mass separate isobaric nuclides.

« The resolving power is increased as the ions orbit in the ring. Since
they are buffer-gas cooled, the transmission is not degraded

(Aix N ;
===
Enrique Minaya EMIS June 28th 2007 04716



The ion circus

ospsu The ion circus project

Main characteristics

The ion circus is composed of 36 segments of
radiofrequency quadrupole mass filter bent into a circle

Ring diameter : 400 mm

Distance between two opposite electrodes : 10 mm
Acceptance : 3 mm

Energy @ injection : 100 <> 1500 eV

Frequency = 2 MHz

Potential on electrodes : +/- 500 V
Time of trapping <1s
Energy @ ejection : a few eV

« The ion circus: A novel circular Paul trap to resolve isobaric contamination »
E. Minaya Ramirez, S Cabaret, D Lunney, NIM B 266, 4460-4465 (2008)




The ion circus

Main challenge:

capacity of electrodes

ions injected from an
external source.
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2k-pole traps

Pseudo-potential V*(r) -

radial part axial part
2k—2
k2q2V2 V.
* — r L 4k d 2 .2
|4 (T) T 16m92%g 0 | 2z%L (2Z r )

o | @
() . Ho (2)
L ?0
k=2 : quadrupole k=4 : octupole

(Aix Marseille @ 56



2k-pole traps

Pseudo-potential V*(r) =

e stability of the trajectories
governed by Mathieu’s equations

e Mathieu parameter

(Aix Marseille @

2k—2
kE2q*VE r grVend 2 2
lﬁmﬂz'rg i 225 (22 — )

z’ v
\
! ko (t)
‘ A ¥
\
® ']
-~

* non-linear dynamics.

® no more exact stability criteria and
sensibility to initial conditions

e adiabaticity parameter  7ad (r)
empirically limitedto ~ (.36



Motion in a multipole

e |n the radial potential

e Molecular Dynamics to
accompany the evolution of
structures

e Monte-Carlo methods for crystal
structures

(Aix Marseille @
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Non-neutral plasma (cold charged fluid)

Bl ________________ _____________ | T=10 000K
(@) 15 2
Q. x10°
-
-
g T=300K
8
1
05 .................... .................. .................... ] T=5K
% 1' > 3

r(m) x10"

DHE Dubin and TM O’Neil, Rev Mod Phys (1999)

15 ! n(ry/n
1

0.5
% 0.01 0.02

r(m)

Multipole

C. Champenois, “About the dynamics and thermodynamics of

( Aix:-Marseille @ trapped ions”, J. Phys. B: At. Mol. Opt. Phys. 42 154002

(2009)
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Non-neutral plasma (cold charged fluid)

T=10 000K

Multipole

r(m) x10"
C. Champenois, “About the dynamics and thermodynamics of

( Aix:-Marseille @ trapped ions”, J. Phys. B.k 2A0t.0g/;o/. Opt. Phys. 42 154002 60



2 k-pole trap

Radial potential V*(r) o< r2+—2

Potential well depth V*(Ryq5) o< k=2

Higher order
- flatter and more shallow

22 pole trap
D Gerlich, Uni Chemnitz, Germany

Adv Chem Phys LXXXII, 1 (1992)

(Aix Marseille @ 61



2k - poles

OO
e Less rf heating

e Creation of different (crystal) structures :
tubes, rings

e Symmetric structures (2D)

B8

e ?? Trapping range, initial conditions
e |laser power
e Detection efficiency

(Aix Marseille @



Miniature traps

(Aix Marseille @

Martina Knoop —Jan 2015
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Syste matic effects - experimental constraints -

AV /v = 3- 10710
to resolve 1Hz at 411 THz (2.4:10-19)

................................................................................................................................................................................................................................................................................................................................................

Stark

gradient of electric field <1V/mm over 1 mm
. (spherical traps)

3 optical axis (orthogonal) measurement of quadrupole moment
- T= 300K BBR
P<0.75uW/mm? @ 729nm AC Stark (light shift)

(Aix Marseille @ 64



Miniature traps

to reach strong confinement at Doppler limit
- need high motional frequencies

— requires high trapping frequencies (€2/2m > 10 MHz) with non-
negligeable amplitudes (a few 100 V)

_qz _ 4eVAC
2  2rimQ?

\ reduce r,

« Novel miniature ion traps », Schrama et al., Opt. Comm 101, 32-36 (1993)
- shows that if the potential is harmonic in the central 10% of the structure
this is largely sufficient for a single ion !

(AIX Marseille @ Martina Knoop — Jan 2015 65
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Miniature ion traps

endcap

ion

Endcap traps N

laser
beams

HH

Marseille

Beams RF drive

_|L_ ok et

Univ.Washington MPQ, Garching

(Aix Marseille @ 66



The stylus trap (or 4 &t trap)

- =
| —1
L] f [
b v
b Sample holder on translation stage

|i1||2r_J

Differently treated surface samples

Figure 3 | Potential applications of the trap geometry. a, Placement of the
ion in the focus f of a parabolic mirror with depth z to maximize photon-ion
coupling. b, Scanning of different surfaces with the ion as a sensitive probe.

Gnldr lead a Pseudo-potential (eV)
to rf input 005 010 015 020 025 030 035

hod § GND gold plane

IGold lead ] Alumina insulator
o ollaer Alumina insulator E
| R Macor insulator =
Gold fead o £
to cGND ID_cCNDis': + ¢ =i OD_COMP S
control "t w—e0D_cGND 8
potential : « ID_rf = g
— OD_rf — <

Stylus ion trap for enhanced access and sensing
Robert Maiwald, Dietrich Leibfried, Joe Britton, James C.

(AiX%MarSEi”e @ Bergquist, Gerd Leuchs and David J.Wineland, Nature Physics 67
2009, DOI: 10.1038/NPHYS1311

Radial coordinate (mm)



Microfabricated traps

e scalable architectures

D .Kielpinski, C. Monroe, and D. J.Wineland,
Nature 417, 709 (2002)

“quantum CCD” architecture — Wineland et al. (1998)

quantum register /E
.

“accumulator”

segmented electrodes

and

(Aix Marseille @

eV,
w — . .
r \/5 MmO 2 with d the distance to the electrodes
Martina Knoop — Jan 2015 68



Microfabricated traps

Five-wire trap
Complex plane

YA

e 3D and surface traps

+/+

(Aix Marseille

Martina Knoop —Jan 2015 69



Microfabricated surface traps

Simulated pseudopotential

2 Q: 1on charge. m: ion mass
Vo ,
4 -
+0¢, %4 : dc potential

K3

sec 2
4mQ

¢, : 1f potential
Q) :1f frequency
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slide U Tanaka

Microfabricated surface traps

(Aix Marse

Simulated pseudopotential -trap depth-

rf voltage dependence

:
Q=27x11x10° Hz -
1.2 b
= 7 '
Ve= 700V e i |
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Microfabricated surface traps

(Aix Mar

Simulated pseudopotential - dc dependence -

rf 11.2 MHz
400V .,

X
V5 (Center) 4

Potential minimum along y axis
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Micro-traps with junctions

W. K. Hensinger b Dai X, i 49-electrode
S. Olmschenk 8 NN o o e ep®11-zoNe

D. Stick S gl SO G e TR t1; T-junction
D. Hucul E B iid T el ! yr

M. Yeo

J. Rabchuck

C. Monroes



NIST trap

Planar Trap Chip

Magnified trap electrodes CCD pictures of strings of Mg+ ions
(trapped 40 um above surface)
endcap |
control )
control .-
- endcap —
100 um

' . . R S. Seidelin et a/,, PRL 96, 253003 (2006).
(A'X M John Chiaverini, Signe Seidelin (2006)



slide Didi Leibfried

NIST race-track




Mainz trap

Mainzer segmentierte Mikrofalle

3 Elektroden

|
l* 9 Elektroden | ||
| |

19 Elektroden 'i

500um $

3 250pm

Exg::or'r’mef:-f Zone

|+ Mikro-Struktur - viele lonen kénnen gespeichert werden

« Segmentierung - Prozessor und Speichereinheit
- Transport von lonen

Aix:-Marsei S. Schulz, F. Schmidt-Kaler
Physik in unserer Zeit, Vol. 38, 162 (2007)




Mainz trap

segmentierte Mikrofalle g

)

- Ti/Au on Al,O,-Wafer Ay
(10nm/400nm)

- fs-Laser Schnitt in Au/Ti and Al,O;

« Justage und
- Fixierung in den Chiphalter

+ bonding

Elektronen-
Mikroskop
Aufnahme
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Motional heating

Heating rate orders of magnitude over Johnson noise, physical origin unknown

Electric field noise
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Integrated fibers

W. Lange, Univ Sussex

(Aix Marseille @

eFluorescence detection
eCavity

Martina Knoop —Jan 2015
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