Cool and tarp atoms on chips

Detecting Atoms
Absorption / Fluorescence imaging
Integrated, optical fiber based detectors

Atoms close to surfaces
Imperfections of the wires

Review: Magnetic field microscope
R. Folman et al. Adv.At.Mol.Opt.Phys. 2002 www.AtomChip.org

how to cool and load atoms

Review:
R. Folman et al. Adv.At.Mol.Opt.Phys. 2002 www.AtomChip.org




EXPERIMENT

ATOMINSTITOT What We Need
Cold atoms j i E’ fl
MOT above surface |: > i ‘
reflection MOT, Kim et al 1997 AR A ST
a4 INATT &
. . %& 57 @Q
Bring atoms to Chip %ﬁ N
A) —

Magnetic Micro-Trap
U- Z-wire structures under the chip to assist
with loading and cooling (evaporation)

substiate
Reichel et al. PRL 83,3398 (1999)
Folman et al. PRL 84, 4749 (2000)

Matched loading:

|

Reflecting

{_ gold layer

o . z B=10G b} B=10G o B=10G d) B=50G
Load ln'ro succeSS|ve|y sma"er‘ 1=2x2 A/300 mA T=2x05 A/300 mA 1=2x0 A/300 mA 1=2x0A/300 m&
M 0.2 mm, ' 0.l mm L0pm
traps and guides — |
smooth switching of currents / / \9/
NS -
Observe atoms close to the e
surface . . K 1B:2L§f§00 mA g IB:U.lS 21’300 mA K ?:U%SAGBOO mA K IE:OLSUC;OD mA
fluorescence imaging [T | o e
absorption imaging .
expand the tightest traps to see atoms .
| /
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EXPERIMENTAL SETUP

cooling close to surface

[ |

ATOMINSTITUT

cameral
guadrupole

camera 3

laser
camera 2

beams

picture of mirror MOT

J. Schmiedmayer: Atom C...po




ATOMINSTITUT

IBK-Summer School

LOADING THE ATOM CHIP

bl

B
|

Folman et al. PRL 84, 4749 (2000)
D. Cassettari et al. Appl.Phys.B 70, 721 (2000)

Mirror MOT

Chip MOT

U-Magnetic Trap
Loading the Atom Chip

Trapping: 100kHz <100nm

see also:  Reichel et al. PRL 83,3398 (1999)
camera 1 camera 2 other experiments on structured surfaces:
top view front view Miiller et al. PRL 83, 5194 (1999)
July 2669 J. Schmiedmayer: Atom Chips Dekker et al. PRL 81, 112432000)

(]

ATOMINSTITUT

camera 1
top view

camera 2
front view

camera 3
side view

IBK-Summer School

Compression of a Chip Trap
ramping up the bias field

bl

B
|

July 2009

Folman et al. PRL 84, 4749 (2000)
D. Cassettari et al. Appl.Phys.B 70, 721 (2000)

Reciprocal Distance from chip [mm']

3 e
2] e a
14
0 . : . . . r ; .
5 w15 0 25 30 35 40 45
B, 1G]

F
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Atom Chip Mounting %

ATOMINSTITUT = A
Heidelberg

Large MOT without quadrupole coils

Big magnetic trap to give large BEC
on-site independent from the chip

* Cu structure combining various U-
and Z- traps:;
- Low resistance; large ftrapping
volume; high gradients
- >2 x 108 Atoms trapped !
- 200 pm away from chip improved U-trap  current density
- Vacuum < 1 x 101! mbar
« Connections to chip bonded: Enables
absorption images down to chip surface

Atom Chip

s .:\.ria reflection

direct image

from laser to camera

Chip | Sm— T = - -
Sur‘face A T T L

IBK-Summe ion image .+ reflection % 39

basic magnetic and electric traps
experiments with thermal atoms

Review:
R. Folman et al. Adv.At.Mol.Opt.Phys. 2002 www.AtomChip.org




BEAM SPLITTER FOR _
GUIDED ATOMS all

ATOMINSTITUT

IBK
|
MC Left
calculation
4mm 2\?\’%m .2
=
}NO#QW :05
0.
o
15° e
Right
0 0.2 03 04 05 06 0.7 0.8 0.9

current ratio

L L

D. Cassettari et al. PRL 85, 548342000)

-
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Splitting and Recombining
Time Dependent Potentials

2 wires + horlzom'al blas field

0,08

0.08

-0.02-0.0Z 0O 0.0 0.0@

-0.02-0.01 0 0.0l 0.0% -0.0Z-0.01 0 0.0l 0.0E

bias field

Crossing is highly sensitive to imperfections ‘ ex emmen_‘_
" P dottedline B,=00208, double U-trap; 200 mlcr'on wires 2.0 A, 40 Gauss

~ ulnuu

bias field

-0.02-0.02 0O 0.0E 0.0% -0.0Z-0.01 0O 0.0l 0.0%

yid




Omni-Directional Guiding

84

oo I:I

ATOMINSTITUT

l

The direction of the bias
field relative to the wire will
determine the potential
minimum in that plane:

(b)

For bent guides the bias field
has always to have the same
angle relative to the wire.

(c) (d)
Remember:
ImG ~ 67 nK
At 106 bias field this :

corresponds to an angle

of 104 rad . é

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips 43

Omni-Directional Guiding g

L Experiment ._
ATOMINSTITUT R
Heidelberg
Atoms being loaded into Experiment MC calculation

a spiral on the Atom Chip

©

r;-,.,___-- -re

Wire size: 5x45 um
Seperation: 115 pm
Length: ~2 cm

0 5 10 15 20 2
position along guiding path [mm]
44

X. Luo et al. Optics.Lett 29, 2145 (2004)
EBKBsummer &chboPR ATT1R,2023607 (2005) J. Schmiedmayer: Atom Chips




Guiding in any direction = Sr=

ATOMINSTITUT A

Bendable wire traps Loading from a side trap

bias field orthogonal o surface rotating the bias field

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips 45

=~ Influence of wire width ﬁ

ATOMINSTITUT A
Heidelberg

Actual current density determines trap properties

15

current density (norm.)

Li

T emiKlein, Diploma Thesis 2003
IBK-Summer School  July 2009 J' Schmiedmayer: Atom Chips 46




Atom Transport <

ATOMINSTITUT B

y two-layer substrate
with 6 independent
modulation wires:

Iinoat1 = 1A cosmt

Imodz = 1A sinmt

By~ 16G
Boias "six-stroke engine"
Biong=7C
B top layer
/ | © bottom layer
|_|'lj']_|'|_|'|fj_ B interlayer connections

conductor pattern of the
one-ayer substrate

100 um

first generation conveyer: 100 um
"two-stroke engine"
MPQ Munich A
%6
IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips 47

Multi Layer Conveyor Belt <

ATOMINSTITUT B
MPQ

top conductor layer
(10 um thick gold)
side-wire configuration

\
“\lmler\ayer connections
‘\‘ (20 pim thick gold)

\

insulating glass layer 1
with 100 um diam.
hales for interlayer
connections

(thickness 20 um)

bottom conductor layer
(10 um thick gold)
modulation wires

06

Life time vs speed

mm

—_
r
w

Lifetime (5]

23,5 cm in 2.9s
v=8cm/s

Voax = 10 cm/s
IBK-Summer School

4 & B 0 12 1 18 W ;W m;
Maximal + Speed (crmis)

U




oo I:I

TUT

with

Combining Electric Manipulaion
aghetic Trapping

=

The

Heidelberg

field leads to an interaction potetial: U= — % a E(r)?

It always attracts atoms tfowards higher field. No stable trap
possible with static electric fields for ground state neutral atoms

Combine electric & magnetic interaction:
U(r) = ge M W B(r) — %2 a E(r)?

Electrostatic interaction

- does not depend on Mg
- always attractive

Typical orders of magnitude ("Li)
« Ug[uK] 67B [G]
o Ug[puK]oc 98 E2 [V/um]

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips

State dependent
operation possible in a
magnetic double well
potential for qubit
states with different

9rMre

49

Magnetic +

V=mgg: uz B

oo I:I

TUT

- Y5 o E2

Traps g

P Krueger et al quant-ph/0306111 PRI in prin

» A current through wire + bias
field create a magnetic trap.

* The field always attracts
atoms towards higher field.
gray pads: round

pads: 400V .

z = 50 um

N,
- £ b

IBK-SmmeT"SQ:!on July 2009 J. Schmiedmayer: Atom Chips

) Heidelberg
Experiment
electric traps: 300 V
magnetic trap: 1.6 A, 44 G

=\
elec- . =7

trodes

Voltage on 4 pads only




T

ATOMINSTITUT

Manipoulation with Electric

Fields

R =

Dynamics

- Electric
fields can
be varied

* linearly
summed

4L

« Atomic
transport
'motors’

- Splitting
and
recombining

IBK-Summer School  July 2009

Heidelberg

Electric Motor

(abs.) voltage [V]

0 10
time [ms]

20

P.Krueger, et al quant-ph/0306111

T

ATOMINSTITUT

B+ E splitters

e

Heidelberg

dynamic splitting of a trapped cold atomic cloud

AN

-+

with electric fields

Vo

IBK-Summer School  July 2009

P.Krueger, et al quant-ph/0306111, PRL in print

J. Schmiedmayer: Atom Chips
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ATOMINSTITUT

State selective trapping

| dh|

V

Combine electric & magnetic interaction:

-

atom number (arb.units)

U(r) = g Mg pg B(1)

— Y @ E(r)?

100 150 200 250 300 350 400

voltage (V)

IBK-Summer School  July 2009

40
mF:2 4
e = 201 .

g 0

g ]

= -20

£ |
Qo

- © 40+
- : E

-60

150

J. Schmiedmayer: Atom Chips

250 300 350 400
voltage (V)

ATOMINSTITUT

ATOM CHIP

experiments with thermal atoms

Innsbruck
Heidelberg

Loading mesoscopic traps

Continuous
Loading

Dynamic Beam Splitter

trap frequencies > 100 kHz

Beam Splitter

strap ground state <30 nm
trapping with on-board bias field
sstructures down to 1 um
*moving, splitting etc ...

Vertical traps
ouiding in arbitrary direction

Electric traps

MPQ Munich
Moving atoms (conveyor belt)

Ia1 / Imi lo

IMm1 |2




www.AtomChip.org

ATOMINSTITUT

Quadrupole mirror MOT
10 sec loading, >108 At.

U-mirror MOT

transfer without losses

Optical Molasses.
15 ms, <100 pK
Optical pumping -> |2,2>
| . Magnetic Z trap.
650 kHz A > 108 atoms @ 250 pK

Compress
trans.: ~500 Hz ~400 6/cm
long.: ~ 50 Hz

RF-Evaporation
~20 sec linear r'am(g
630 kHz BEC 3 10°atoms @ T, <1 1K

FirgtchiR-BEGR- Ot £l,3bdgRL 87, 2304012000 Hansglehal Nature 413, 498 (2001)




Akl

= Experiment setup 8&/Rb

ATOMINSTITUT

]
A
l

Apparatus:

* single chamber vacuum system
operated with pulsed Rb-dispensers
(p<10-1 torr)

» optimized U-MOT, >3 108 atoms transition to BEC
500 nK

Heidelberg pure BEC 4

» magnetic trap with ~108 atoms

* pre cooled thermal atoms (~10uK)
transferred to various traps
and guides thermal cloud

* BEC (up to >10° atoms) in
different chip traps

* trapping and cooling in both
|[F=2 m=2> and |F=1 mg=-1> states

» atom shot noise limited imaging
with 3 pm resolution

» detection limit: n;4 ~ 1 atom/um

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips S. Wildermuth, et al, PRA 69, 030901(R) @)04)

Transporting BEC on Chip g

Hadnsel et al Nature 413, 498 (2001)

Wi gl

Transport of BEC along the chip

Evaporative cooling in a micro trap on an Atom Chip in < 1 sec.

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips 58




Absorpton imaging
Fluoresence imaging

Review:
R. Folman et al. Adv.At.Mol.Opt.Phys. 2002 www.AtomChip.org

Imaging Atoms =

! ]
ATOMINSTITUT
Diffraction and atom shot noise limited absorption imaging from 3 directions

resolution ~3um with simple lenses
detection limit 1 atom/um-

e CCD-camera
(Roper) (Pulnix) Absorption image
500 F from the top
MOT beam ‘

= 4‘

l@ - W2

<>
W2 e Wa

A

I
|
=
F-

n

MOT beam
CCD-camera
Nz (Princeton
Instruments)
longitudinal transversal
imaging imaging -
ol poarirg g 0 500 1000
couplers ! beam splitter 4500
0DﬁCa_| mirror g j.l.m
pumping <—> lense 5000
500 1000 1500 60

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips




Imaging close to the surface
measure distance

ATOMINSTITUT

Atom Chip

via reflection

direct image

from laser -200 |

Need to consider the light & 0 =
wave close to the surface

position

2000 '.:\'.:.'-..‘....\.':.'.\_ i N
200 400 600 800 1000 1200
pm

301

Small heights are
extrapolated from
directly measurable
values (based on
finite wire size)

position

10}

Distance to Chip Surface (um)

£00 350 400 450
Wire Current (mA)
Chips

| A single-atom =
= fluorescence camera :

R. Biicker et al. arXiv:0907.0674

Experimental realization

V

» Atom cloud is released from chip trap

* After 4 — 8 mm fall it passes a thin sheet of light:

- two counter-propagating lasers, 20 um waist
- resonant / detuned from |5S,,,, F=2> — |5P,,, F=3>
- in light sheet, each atoms scatters ~ 900 photons

» a high NA imaging system captures 20 photons
- numerical aperture 0.34

- depht of field 40 um (essentially zero background)
- spatial resolution 8 um over 4 mm diameter

* intensified (EMCCD) camera records images
- major noise source: clock induced charges
=~ 1 photon
IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips 62




Fluorescence Camera
Single Atom Detection

]
_I\
.__.-_

j=

-3 MHz -2 MHz

8 um pixels LS axis

-1 MHz resonant

| | +1 MHz +2 MHz
simulated atom fluorescence patterns . uncorrelated
8 3 peak
8 um pixels
6 .
3 24 . 3
= m =1 © single atom |
48 peak |
=] . -
5 @ ! normalized autocorrelation
atom only atom + background 0 cloud peak
T T T
0 -1 -0.5 0 0.5 1 1 1.1 1.2 1.3
mm

diffusion in the light field observed at single atom level

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips 63
= Fluorescence Camera =
] Large Dynamic Range =

1a- o 1b - B ., The large dynamic range of

the single atom sensitive
e Lo : imaging allows to see very
' : ‘ ; ] 1 ' small thermal clouds
g o besides the BEC, and
measure very small
temperatures T~T /10

Interferences

-1 -0.5 0 0.5 1
mm

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips 64




Micro optics
Atom detectors
Single atom imaging

Review:
R. Folman et al. Adv.At.Mol.Opt.Phys. 2002 www.AtomChip.org

Dipole Traps usin
|3\/\icr'o Ol?a’rics ’ =

Arrays of micro lenses

33 3 |7 ﬁ'
FETTTTTTTT I e

UHV

transfer lenses

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips




Micro optics for atom [
Tr.applng Hannover —

[ |

ATOMINSTITUT

Trapping Using microlenses loii val Guides, splitters
pPIng 9 selective removal of networks

one site
\ Wavegui
\ - Nahresonanter ~
: Na
\J i Laserstrahl

Fluores cence(a.u.)

20 40 60 B0 100 120
Pos ition (pm)

Next: Combining magnetic
trapping and micro optics
on The same chip

—
\ .

R. Dumk I, PRL 89, 097903 (2002 Transparent Substrate Microlens R, Dumke, et al,

Dumke, et al. PRL 89, 097903 (2092) P PRL 89, 220402 (2002)
IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips 67
= INTEGRATION OF LIGHT K& =
I a ON THE ATOM CHIP &
ATOMINSTITUT

G@@HS: Preparation, Manipulation, Detection of atomic states on the Atom Chip

T@@ﬂSZ Micro optics: cavities, lenses, waveguides

T@@hﬂiqﬂms @f G@Ulpﬂmg to ﬂh}@ atoms: Two mirror resonators, evanescent

fields of micro spheres or micro discs, SNOM techniques, fiber cavities

to detectors

optical
waveguides

C/hcrosphere - _ -
::Atom loader

fibers i\- Cavity
Hannover Atom guide

Longtime goals: £ T 8

State selective, non-demolishing, single atom detection; Integration of all
micro optical elements, including light sources, onto the Atom Chip

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips 68

micro
traps




integrating micro optics
Atom Counter

Review:

R. Folman et al. Adv.At.Mol.Opt.Phys. 2002 www.AtomChip.org

Detecting Atoms
Integrating Light on the Atom Chip

ATOMINSTITUT

V_.

First experiment:
Detecting magnetically guided atoms with an optical cavity
A. Haase, et al. Opt. Lett. 31, 268 (2006)

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips

t(us)

G 0 GI: Thsorx pr.oposal:‘ . ‘
ossibility of single atom detection on a chip
Detect single atoms with an integrated detector =~ P-Horaketal. PhysRev.A 67, 043806
on an Atom Chip - ST
| | /
First approach: - "Jl\ ﬂ ||'-'
* Fluorescence detection z |||"| I
- Detection by absorption of on resonant light oo M ! I|||l,|
Nabs™Catom! TW? F=180 @
+ Enhance sensitivity with a cavity T T
TltxbsmF GaTom/ w? S
Requirements for single atom detection 3 Wﬂ ---------- -
- small waist size  (w~3um) ¢ sl [\ f"%
* moderate finesse (F~100) 2 b ﬂul_ fo
- state selectivity (line width <« HF spac.) G N/ v
- integration o MHHIIEHUJIIIHII ﬂ IIIINIIlI(lIIIIIIIlﬂHU

70




=

ATOMINSTITUT

Arom Detection

basic designs X

cooperation with
the QED group
at ENS Paris

whispering
gallery mode

spin-on glass,
dielectric coating

standing wave
inside resonator

Hegidelhera.d Saythgmpton, Munich. Qussex cups

microsphere resonator

coupling prism

detection
beam
)

silica
microsphere

substrate

fibre resonator

trapped atom

atomic conveyer belt

current I

planar resonator
finesse ~1000

71

Integrating Cavity QED
ATOkMI}:IR;I'”I!TUL[ gon AT%m Ch 'Fy) §%

—

MPQ/ENS

Cavity with curved front mirrors:
* 5 pm waist, ~25 pm gap.
+ finesse >10000
* tuning using a macroscopic
mounting
* active alignment
* On the limit to do cavity QED

IBK-Summer School

July 2009

J. Schmiedmayer: Atom Chips

HD
Fibre cavity formed by mirrors in the
fiber + 5 ym gap for the atoms
2.5 pm waist, 5 pm gap.
-finesse >100
*tuning using a piezo stretcher
*no alignment needed
>5c detection of a
single atom in 10 ms

Fiber cavity on atom chip

72




T Cavity QED on a Chip

ATOMINSTITUT

—

MPQ - ENS

0% 1% 2% % 4-100%

a . 5 < .
FFP2
= 2 - T hod Carvty transmission e —
IIF‘PI - —I z[ g Mﬂ
P T ﬁ 10
oy | \\ e . — : _,_.-—"_'ﬂ:—"_-#
HEEEE % ovo HEEEE i d A
||| M ||| : fal
\ 41 . .. e———— .g‘
et 7 Do B = of
e | nRamu ME HsIN] i1 g
III|IIIII Q il : S S
: III : e
\ ! T
L 1 @-w s
4| INNNNENEN “AEENEEEEE ﬁ i

13,2780 ren |1,=830 o € Trap position X, (/2)
4 7 6 5 -4
£ 2
‘Ea D 20*!?‘ ‘ﬂb mmumm“ —
o = \f -
> .2 § 18 | g 10 -
-4 i =
e e R s s i il &
x(um) B 91 3
’ Covy trommission % ol D ltnl2™ B 4 [l 2
2 g v £
7 : - 7 =1 | :
6 X o S A1 ) %10 | 3
e i S |
é 5 \ ; 1] T T l 5 = 5 8 Q'.n_ .g..
& T \ e B W -
= 4 ] B o~ > { ]
s ; '\f N “; \ A : 3 Es ‘..:"a'! g
3 | A0 T - s
2 4 2 10 -5 =G T
=15 -10 -5 0 5 10 15 -3 -2.5 =2 -1.5 Lavity — atom detuning Ac/dx (LHz)
Trap position x, (pm) Trap position x, (um)
IBK';)LI’IIIIIKI' 2Crnuoul J IJIY cuvuz J. DLH'I\IZU'IIUYEI'- ~niom blllpb

.
¥ ) *\ z .
LY V] 1000 2000 3000 4000 5000 6000
Atom number N
¥
X
a

5% 10% 15-100%
 eee—
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Integrating Fiber Cavities on an
E ? 9A’rom Chip

ATOMINSTITUT

=

R

X. Liu, et al, Appl. Opt. 44, 6857 (2005)

Fibre cavity formed by (gluing) dielectric mirrors
at the fibre ends + gap to introduce atoms
connecting the cavity to two fiber ends

+ 2.5 ym waist

| 2m gop I —

- finesse >100 ﬁl Ii

* The cavity length is scanned using a piezo
stretcher

* no alignment needed when mounted using
SU8 structures

*+ >99% coupling through the gap

>5c detection of a single atom in 10 ps
with curved mirrors

=

* Finesse > 1000, improved alignment free designs

* w~2.5 um *Finesse up to ~10 000, il

- gap up to >50 m ‘w<2 m 1 2 200pum
1 -

«go/k>1, g,/G>200, C>100

HR AR AR HR

GRIN-lens GRIN-lens
HR HR
g —
o i
Mirror r=350 ym GRIN-lens GRIN-lens

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips
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, Atom Detector §%

= characterizing by photon statistics

FAY
— £\ —

i a) 500 560 -
a) Vacuum Chamber c) Fiber 2 400 . S
J_L , 3 Variance 3 ‘ P
i i iber || B AR 00 4 S oAann c .. o’
Erom . Excitation Fiber & 300 'Emﬂ e
‘» 200 =
5 106 of - @=1.08+£0.01
8 JMEar\ ¢ h';gg“ a0
b)
=
o
o
£
@
>
0 500 1000 1500 2000
arrival time [ms]
Time Intervals ) .
15 Photon Antibunching
5 photon ‘bure:’
10
£ us
E decay time
g
- UI::m: [nsi #
0/ -3 b
65 10
var[n ° .
L) B mmm) detection  RRER
<n> effl.hency atom arrival dlstrlblutlon .
] 100 I,’ZDD a0
Wizbach et al Opt Lett. 34 259 (2009) gstance between sucesssive events [us]
H_e,me__e.‘r a! PRA 79 m Pr‘mf (2009) J. Schmiedmayer: Atom Chips 75

Atom Detector
E outlook §f§“

ATOMINSTITUT .

= e[ntegrated Fluorescence Detection

e = *very simple state selective atom counter
with very low background

«detection efficiency (in< 40 us):
present nN~70% @ S/N>100:1

@=1,08+0.01
200

100
Mean

Interference projected 1N1N>99.9% @ S/N>100:1 | ____
| 1500 2000
n Antibunching
Pt A Aainy
I 551
g ] 200 30
lag [ns]
var[n] 3
n =]
< > ] 00 a0
e events [us]
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e Absorption Detection <

ATOMINSTITUT preliminary| =— ' —=

% ! "
2 M\ |
Sus8 3 Sus = o
c B3
o)l =
TF fibre MM fibre @ 3
@ —
sus sus 0.7
0 500 1000
Time of flight [ms]
The atomic flux along the guide can also be Absorption can be enhanced
monitored by measuring the absorption. by adding a cavity. F ou
- Limited by photon shot noise. o A
- Low single atom absorption: o, /A
IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips 77

(= Detection with a Cavity =

ATOMINSTITUT preliminary| =s—~  —
Atom guide - —
C A
%— “\“ H M 'f I
§ \ u i 1) i ”M |
c \ W il “‘"
3 ‘NM’«WW
Gap spm 100 200 300 400 500 600
Finesse 40 Time of Flight

L=10cm, wy=3um
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Future Integrated Detectors ﬁ

¥

ATOMINSTITUT R
Single-atom detection with integrated 74 ~
semi-conductor high-finesse optical cavity o dovtase L2

Gold wire
Cold atoms —h' Magnetic micro trap
Ha—Ga, Al As

iiragg mirror ¥ Matter-wave guide :///‘

‘-“_“_
- - . Gabs
Micro cavity Optical wave guide Ga, Al As o=

Gap of ~ 1um will
allow atoms to pass

v

Wave-guide transmission

« Detect atoms by observing the R
cavity transmission b

* Make use of well known techniques '

for production of laser diodes

Wave-guide structure
well controllable using
reactive-ion etching

* Scalable, reliable & reproducible

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips 79

= More advanced integration
ATOlMINS'I':IlTUﬂ' WhISh IIST

Magnetic Trap

/ Microlens Array
Tapped Qtom

§ T
i
— s — |

\

GRIN lens or similar

Magnetic Microtraps

Optical

Microlens Array Waveguides

Tapped Atoms

VCSH. Array /

Magnetic Microtraps

© Atoms

July 2009 I Sclmue!mayer: Atom Chips 80
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noise and heating

Review:
R. Folman et al. Adv.At.Mol.Opt.Phys. 2002 www.AtomChip.org

NOISE: the bad guy g

1| life time, heating, decoherence

ATOMINSTITUT

. . . Heidelberg / Potsdam
Decoherence in magnetic micro traps close to surface

internal states: external states: transverse, longitudinal
Decoherence rate is  Separation larger than correlation length | :
the same order of -> decoherence is similar to spin flip rate
:cr:?grr\:g:e as spin For thermal currents |, is in order of the
P height above the chip
Johnson noise magnetic fields Technical current noise
_1 (p/p)* (T /300K) 2 g\ 2
v~ 755~} TrY;; x 1pum mrg B_{ BN o
: ’ (o/ocu) (TrYij x 1pm) y e onZ (th) Sr(wr)
Geometry Tr Y3, v 9 g1 (P-"/,‘UJB)Q St (W.",)
Half-space 7/h - (};,/1#111)2 SsN
Layer wd/h*
Wire w2a®/(2h*)

Scn=6.4 10-1° A2/Hz
Other mechanisms: Majorana transitions in a harmonic trap C. Hankel




i Lifetime as the atoms approach K =
—| | the surface =
ATOMINSTITUT —\ e
Potsdam
0
® 1000 .
9
o
< - JILA data
o 100} 1
2 3 Harber et al (2003)
® [
o]
5 10¢ In good agreement
= . ] with calculations of
3 Carsten Henkel
o 1 E
S F ]
o
()]
2 1 10 100
- Atom-surface distance (um)
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"2+ Atoms close fo surface =
p ! lifetime of trap il
Stanford
10F
2 um Cu wire -
)
e
[4)) [
E
2 .
= . i c
01L fo ]
: ¢ Si3N45 ﬂg(ﬂlm]

0o 1t 2 3 4 5 6 7 8 9 10 11
distance from the surface d [um]

* Long life time close to a dielectric surface
* Loss at a metal surface.

« Observe Casimir Polder intertaction between the atom and the surface

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips PRL 92, 050404 (2994)




How long lifetime is possible ? g

) ~ .
S OMINGIOT Rectangular wire, specified confinement
HD - Potsdam
EPJ D special issqe
Spin-flip rate from C. Henkels theory [Z atom chip

T, 3t 1l h -
o(Tw) 822 (1 + (22/w)2)"/?

v= A

1.75

+ scaling from the magnetic
field gradient calculation
* Heating of the wire
* thermal conductivity
* resulting maximum current

o
| 1

relative resistance R/R
cold
3
[
@

temperature increase (K)

Typical numbers for dB/dz = 10° 6/cm
(100kHz trapping frequency for Rb):

! ;OD ns 10us I 1ms 100 ms 5'3
— time, log. units
y~4x107( L)1) 57! ial | e TR
AT Material properties | -+ 1 - 772"+
{ 1’_} Jf
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imperfections
potential roughness

www.AtomChip.org




ATOMINSTITUT

Roughness of the magnetic potential g

electro-plated ATom Chips

Orsey

33 pemy

200,

150,

100},

Potential [mG/A]

w
(=]
T

= 0.01¢

p——

' 0.001
0.0001

0.02 0.04 006 008 0.1

0 250 500 750 1000 1250 1500 -1
Distance [um)] k( Jem )

Observed potential at different heights Power spectrum of roughness

in terms of potential energy
(1 pK =15 mQG)
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=~ From where do the dissorder (==
) ] potentials come from =

- Atoms are trapped in the minima of e
potentials created by the subtraction i ]
of two large fields. he

* Minimum in that plane depends on the
angle between these two fields.

- Sensitivity to changes in the current
direction which are not orthogonal to
the bias field.

- Sensitivity: thermal atoms: 16 ~ 67 pK
BEC: chem. potential (~1-10 mG) sensitivity < 10-° rad

Proposal:

* Roughness of the wire edge causes the current to deviate from a
STf'Clig ht flOW (we choose evap. gold and nanofab.) for theory see: Daw-Wie Wang et al. PRL 92, 076802 (04).

- Imperfections in the surface of substrate (we chose siand Gass).
* Disordered current flow due to grain size in the wire.
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=

ATOMINSTITUT

Fragmentation

cold cloud observed above

Tiibingen, MIT, Sussex, JILA .. etc.

mag. potential.

|
~250 um (quasi) periodic break up of a P S B A B K
I | | | | | | | |
; | | | | | | | |
(3-500 pm 'H"lle) copper wires. —_ L N R E— T
3 '-'34 AR R R
Fragmentation due to corrugations in S T Al T A L RV SO
d d 2 LN YN
ar .“l“""” | | [ I
o S T L
I. | | l.. . “I . | _ | |
O Tt s St
' el | | | | |
ol
j
3 'Bx: JW | ‘Hm :
_5 | | u\”f Wh,\
B | [ | Iy ‘| HAS N\'
2| W/ R
< [ | R | ] | P ' M I
0 500 1000 1500 2000

Solution: fabrication method

IBK-Summer School  July 2009 J. Schmiedmayer: Atot

Position (um)

Tiibingen: change the direction of
longitudinal bias field B,.

ATOMINSTITUT

Roughness of the magnetic potential

Thermal cloud, .5 uK

Bose-Einstein condensate

evaporated gold Atom Chips L
Heidelberg/WIS

No fragmentation for a thermal cloud
even at T~500nK

Some fragmentation for a BEC below
10 pm from surface

Disorder potentials ~ 10nK or smaller

distance [ram]
o 04 032 03 0.4 05 05 07

-200 ‘I' ) ey I & " = \ ‘ ! TaE Ty L ‘1| o]
‘ C T, Sy o ..,%ﬂfvs,f@ni,i 1
£ 1 § b‘\ o _'___.'-‘ - _— iy |-!‘, g 2 Neagiy e
B D -y 1 -
= 0 o T P S g ad _."..."r' ] Y. f;':.:
¢ . S, 4
200 3

absorp
o o
o e

Expanding BEC
shows finges

1000 1200 1400 1600 1800 2000

0 200 400 600 800
um
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distance [mm]

—06

—07

1000 02 04
absorp
P




= Edge or local effect? <

L 11 | | )i
ATOMINSTITUT

—\ e

ﬁ Heidelberg

Potential spectral density { (A BJB)2 um )

4 5 6 7 8 910 15
Distance from wire (um)

Roughness is dominated by large scale fluctuations,
very smooth potentials at short length scale

IBK-Summer School  July 2009 J. Schmiedma La Tuille meeting march 2004; Kruerger at al. arXiv:icond-mat/0504686

Comparison <

{
—\

ATOMINSTITUT

P. Kriiger et al. Phys. Rev. A 76, 063621 (2007)

. 10”
° —HD d=4.3 um
10° L ©° o —HD d=10um |
o —HD d=14 uym
. o I—HDd:EEum |
10 .

o}
o

A~ 4 A .
U ursay a=so um

AB/B

potential spectral density ( { AB/B)® pum )

Sussex
Orsay
Orsay Sw
Tuebingen
Melbume
MIT

HD  10um
HD 100um
HD FIB
HD SAig
—_—w= um
===y = 10pm
''''' w =100pm

t+edoeveode0

height um
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__ What causes the disorder
e potentials? §%

Important contribution
from the local properties
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Roughness of the micro wire ;%

mlcr'oscope images of the surface quality of the wire

HD/WIS/ATI

m—lpm

=8~ Atom Chips 94




- How smooth are the §§
ATO'M[:I:;';'IITU'IJ' p 0 Ten.r Ia I S (=

—\ e

Heidelberg

Measured roughness
corresponds to <1 cm in 1000 m
(pretty boring ski slope)

We can see < 1 mm in 1000 m

Present experiments can
measure changes in

* Changes in magnetic field
direction of
<1076 rad

- electric fields, patch
charges of small impurities
<10 mV at um distance

* Resolution <4um (or
better)
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— Designing Potential by
ATOM[I\]IST[TT SCU PTUI"Ing The er'e §%

L. Della Pietra et al. Phys Rev A 75, 063604 2007

—\ e

current flow around array of holes o .
a defect -> magnetic lattice modified wire
9 5 il . —_— "}*".!!“-“ﬁ!f‘f-"'T- —_—
’ 4| o 1 ' ‘.Ls"&humﬁui'lh. Ratia .t
" 1 —_
e o5 E | .
= _‘ J_ 1J. 0!!-_‘1—11 U_JJ? = 15 H\\‘ " 4*\..
o I I
b b -0.5 0 5 \\\ - ]
“ ) . -
o _ T T T T
-2 xa 2 = xa 2 - xa E; | mﬁ ﬁ' . ' u |
polishing with a FIB RR RN N e &
R RIS AT ey
- A TN *,:..,;’ —~ 7 A 1 B AN T \f“‘.: [
S L ) OB Vi ".:" AV:ya xlw,:',
~10 \ ! \/ \ M ! . . ! . I i i
-8 — « [ﬁm] 4 8 -400 -200 A[um] 0 200 400

Polished
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ultra cold
atom cloud

Wildermuth et al., Nature 435, 440 (2005)
S. Aigner et al. Science 319 1226 (2008)

R How o measure potentials
— with ultra cold atoms

Basic idea:
Cold atoms accumulate in a trap according to their energy

thermal atoms
Thermal Atoms: E
the energy scale: temperature: Eo_s_ T R T e
VWV W
AV(z) = —kpT log ?M“? R 3 % v
< Mg = 0
I ' F e
100puT (1 G) ~ 67 pK -1a 0 14 102
x [a.u]
Bose Condensed Atoms: . Bose condensed atoms
energy scale: transverse grounds of trap a
(chemical potential = constant): A .
AViz) = —hwi\/1 + dacainialz), E
e 9
H I8 =@ |
1 kHz ~70 nT (0.7 mG) ‘ _1!; 0 114 12
x [a.u]
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Measurin
with

Potentials
d BEC

Wildermuth er al
200

Density (atoms/pixel)

Magnetic field (nT)

=50
-100

Wildermuth et al., Nature 435, 440 (2005)
i . Apl. Phys. Lett. 88, 264103 (2006)

one-dimensional BEC in
Thomas-Fermi regime (1x<ho)

On AtomChip:
BEC ~1mm long <200nm wide

AB/B (10°%)

€ | Atom density is a measure of
w5 | The potentia

£

& | Sensitivity

trap transverse size: r~200nm
long. resolution: I~3 tm
volume ~ 0.4 ym3

single shot gives >300 points
each 30s a measurement

=> 10 measurements / second
single shot: AB ~ 4nT

AB ~ 1.3nT Hz-1/2

z (um)

Sensitivity with a relaxed ftrap

measurement cycle time can easily improved to 1s
longitudinal imaging resolution can be improves to 1 ym
= measurement volume decreases by factor 3

= AB increases by sqrt(3) (atom shot noise in)

=» overall sensitivity improves by sqrt(10)

=» effective time per measurement point decreases by factor 30

r~700nm |~3 pm

single shot: AB ~ 0.3 nT

ATOMINSTITUT

Magnetic field map of the

wire

e

=

P. Kriiger et al. Phys. Rev. A 76, 063621 (2007)

E.
3
=)
g
= —400 -200 O 200 400
width (um)
5T e 1/79um
g 1/40 um
3 41 m 1/27 um
& 1/18 um
33
a
g 1
g2 1y
% ..:.-u.- -
— [ ]
a1 |.. ®_7 "l
2l e ] | L
a0 .JH B
L X .
"owgln 4
(4] T
2 L T
‘§,1‘2 . * . *
g *
o1 ™ *
g * ¥ ¥ .
08 ** g *
©
-50 -25 25 50

0
width postion (um)
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— 10
-
N——-..
m
= o8
Q10
2
£10° |
Eel
© 52 D
'uu: L | =—1/90 um
& 107'% |~ 1/61 um
= [ |=——1/40 pm e
5 || =——1/26 um v 3
8- 10_”. :._1:“9 le L T s L I
4 5 6 7 8910 15 20 30
height (um)
100
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Sensitivity
Compare to other methods

Wildermuth et al._ Nature 435 440 (2005)
Magnetic Field sensitivity: AB =y AN / (p,°z,) y=2h’ag, /(gMg M)
¥=9.29-10Tm? For ¥’Rb atoms in the [F=2,m=2> state

[ |

ATOMINSTITUT

| Hall Probe 3 (2004)
107 - & ¢ Hall Probe 1(2004)
) + Hall Probe 4 (2002) Po=Z,=1 pm a sen§1t1V1ty of
171 o NV nanocrystal (2008) . AB = InT is possible.
NV single crystal (2008)
& o * + Hall Probe 5 (1996) 1 , S . .
T 107 [MRFM 2009 . ohip By changing to a different
I e 1d BEC HD 2005 ' o
= K 4 . atom with higher mass
= —~10) - - .
210 ¥ +SQUID 1 (1995) and/or by tuning the
8 + BEC (2007) scattering length a_ to
12, SQUID 3 (2003 | :
10 ¢ (2003) close to zero using a
+ Vapour Cell 1 (2007) Feshbach resonance a
10,147 | . . . .
+ SQUID 2 (2006) significant increase in
+ Vapour Cell 2 (2003 sensitivity can be achieved.
107 ‘ ‘ ‘ . ‘ g
107 107° 107° 10° 10° 10

Detection volume (m?)

Application in Solid State Physics:
Long-Range Order in Electronic Transport through Disordered Metal Films: Science 319, 1226 (2008)
~FBKSymrper gchool  Julk 2009 ~~ J. Schmiedmayer: Atom ChiRs~ A r ~ 1 . 4 101

[ |

ATOMINSTITUT

current flow in gold wires

Magnetic field angle fluctuations o(0) at a height of z ~ 3.5um above
the three wires with different thickness (h) and grain size (S;).
Wirea: h=2pum S;=35nm o(0,)=0.16 mrad
Wireb: h=250nm S;=35nm o(6,)=0.07 mrad
Wirec: h=250nm S;=120nm o(6,) = 0.035 mrad

the thinnest wire with the largest grains shows
the smoothest current
nearly an order of magnitude smaller then pedicted from
surface roughness

‘ Magnetic field angle fluctuations show long range 45° pattern ‘

1 T
0

0 45 90 135

T 505
3
0 _lllllllllllll.-
— 1]

———
— 0 45 90 136
—_— — [

Y T T T
T— 05

—

—— 0

0 45 90 135
aiel

Long-Range Order in Electronic Transport through Disordered Metal Films
IBK-Summer School  July 2009 J. Schmied S. Aigner, et al. Science 319 1226 (2008)

x [ m]




o Current flow around a
ATO‘MHQIS;WTUT defeCT

emer'gegce of the 45° paﬁec;-n from a
rando ar'r'an ement of defects
Current flow around a defect 100 m 9 m f def

=

0.5/&_,___1__1 -0.5 : s‘._“v’q ey o .: f‘ ?
— ‘ E et ))i’ g | ‘ P
O/f;\K . ERY ﬁ f ‘.’_ ,
- ~ ofmtanisl NSRS \-#!'1'?
-——\\u/ ',f' 'a --‘-_{" u‘,(( .’ -“ '. |
_ﬂrﬁ " e ?‘7 s L L ' ';, .c.s( .: : “
80 o5 %85 o0 05 ~100-50 0 50 100-100 -50 0 50 00100 -0 o 50 100
B a
-1 0 1 0.2
EL” o sin 26 I I
Conductivity edge R0 -a5 O 45 90 -90-45 0 45 90 -90-45 0 45 90
damping with dlsfance /| i
B.=flk kzd) (kok).  fllokyzd) = @d( %) e
' ' ' ' 2N kd

reconstructing the current from the magnetic field
-1 {Bt ('I":t: 3 'l‘:y ) E’hlzl }I::;I‘, y) 3

2
Jylr,y)=—F
¥, Y) 1od

bo . o o
5J = Jcl—[_sm‘z Oz — cosf#sinfy). Ba(kesky) = F {Ba(z, 1)} (ke ky)

]
IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips S. Aigner, et al. Science 319 1226 (2008)

, Current direction =
L] ' \‘
ATOMINSTITUT flUCTOGTIOHS e A
. A B c
10 T=2080mmE d=280mm ¥ T =280nm”
Sg= 70nm ¥ 40nm ]
1078 | surface i ]
107} + :
tiall
- correlatad
¥ 107"°L * | surfaces
a
107"} .
12 correlated
10 ¢ surfaces 3
107l ' - : - -
0.01 0.1 10.01 0.1 1 0.01 0.1 1
(Zm‘!.lm) k (2mt/um) k (2r/um)

explanation of measurements requires surface + substrate + bulk contribution
bulk contributions are different for the different wires

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips S. Aignefa et al. Science 319 1226 (2008)




Heidelberg

- Subtract the Ioffe field to O

+ Adding a circular polarized RF
field creates a TOP trap

['7

< ;rV/(fW;I + bepcoswt)? 4 (b, + bypsinwt)? + b2 >,

_6b?
= pu (hrf + ()(I—))
hef

* The RF field is orthogonal to
the potential roughness

* reductiion of the potential
roughness by a factor
3B,
B

RF

typical reduction by 103 or more

R Reduction of Potential E=
ATOMI NSTI%IT Ro Ug h ness =] ::
HD / IOTA

IOTA

- the signe of the roughnes 6B
depends on the direction of the

current

(TG e E P MR A T e e ool
k | 7 %_ i

% |""‘.\-. ﬁ.:' 'lr i""hl L f | |I 4 \u \“"‘W
% kf{{_&m FYA AL Mom, M.‘Iﬁé .4‘.‘].‘(’ "“i n UL "
______ et o MY

500 1000

Thiibingen (Zimmermann)

- use alternating current
modulatin fo average out the
longitudinal potential roughness.

* this requires fast switching of
?!I I’rgeiierlds including the bias
ield.

IBK-Summer School  July 2009 J. Schmiedmayer: Atom Chips

105

——

-

Reduction of Potential

| B ] Roughness —
ATOMINSTITUT
HD/ATI
4000 40 . .
— RF: 0.1 G
3500¢ asfl— RF:1 G
3000F 30}
T 2500¢ 25
T 2000 £ 207
. RE
2 1500 =
10f
1000
5_
500
0 . A :
o . . -500 0 500
-500 500 position [ m]

position

[ m]

Measured potential
roughness
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Potential roughness reduced
by adding a circular polarized
RF field to create a TOP trap
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Reducing the Roughness g

pilot experiment

[ |

ATOMINSTITUT

IOTA
y
lIharm Iharm l
V4 X . .
L L, Lk : —z simple 5 wire setup
B X Bl X [ el .| allows fast oscillation
Second wafer ' | of the trap potential
— N [
£ 40 [ [ AN
EEEEE——E W BN N BN g 20| /\ F|| -\ Jx/\,’ v { “’!\Jh'. f:'
s L R T TR
% = T\I 3‘!{ ||II | \/{ ; II__ ’h | I\'\."f |
modulated 180 nK g Lol p Wit -
@ 30 kHz — . l'ﬂv“ -
> | 1 1 1 1 1
150 180 170 180 190

lengitudinal position in pixel {6 um)

a factor of 3 rms roughness reduction limited by quality of imaging system ‘
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| Measuring Surface Charges
ATOlMINSTII%IT WlTh BEC %

* Trapping potential (radial trap
frequency ;.,,) depends on the
surface patch charges.

* Measuring the dipole excitation

trapping potential with and without patch charges

4T

z | ] allows very precise measurement
E . Of OJ‘rr‘ap
[Sa) 1
14 J i
5 YW/ ' | a Clean surface
1 0.1 83 x 105 adatoms %
04 ; i ; . i 6 S -
0 2 4 6 8 ] =0 )
Distance from surface (um) ] _* g - T
= | "1
2 o4k T 0 150 +
. . . L. . > Applied voltage
Changing the potential by applying an additional field g, i
a) b) ~10°-107 adatoms _;?: 3 +
_ E field / 2t .
Vz &~ 7.2/ . 4 + 5 Si
I b, 4 + A Ti
A * ® (lass
l+ L] - .l I‘_ 1 1
| °% 50 100 150 200

Number of deposited atoms (x1 {J5)
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