= Narodowe

< 44+ Laboratorium
“j/ Technologii

44/ Kwantowych

dr hab. Jerzy Zachorowski

Opracowanie utworu pod tytutem:

"Podstawy technik doswiadczalnych chto-
dzenia atoméw" w ramach kursu zaawanso-
wanego, organizowanego w dniach 31.08 -
25.09.09 bedgcego kontynuacjqg szkolen z
zakresu eksploataciji i zarzgdzania duzq infra-
strukturqg badawczqg organizowanego przez
Narodowe Laboratorium Technologii Kwan-
towych

ROZWOJU REGIONALNEGO

E INNOWACYIJNA GOSPODARKA cvnoressiirunbus? [
NARODOWA STRATEGIA SPOJNOSCI

Projekt wspoffinansowany ze srodkéw Europejskiego Funduszu Rozwoju
Regionalnego w ramach Programu Operacjnego Innowacyjna Gospodarka




4=-. Narodowe
< 44 Laboratorium

/dﬂ/ Technologii
Kwantowych

UNIA EUROPEJSKA

INNOWACYJNA GOSPODARKA EUROPEJSKI FUNDUSZ

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO

Projekt wspoffinansowany ze srodkéw Europejskiego Funduszu Rozwoju
Regionalnego w ramach Programu Operacjnego Innowacyjna Gospodarka




4=~. Narodowe
. 44 Laboratorium

4 Technologii Strona 1 z 87
4/ Kwantowych

Experimental techniques of
cooling and trapping

basic techniques and methods

Jerzy Zachorowski

Instytut Fizyki
Uniwersytet Jagiellonski
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Plan

e Lasers

* Atom sources

* Vacuum systems

* Magnetic fields

* Atom transfer

* Experiment control
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Plan

* Lasers
- requirements
— basic types
— stabilization
- beam shaping
- modulators

E INNOWACYINA GOSPODARKA EUROPEISK! PURDLSY
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Lasers: requirements

* small spectral width, y; <I'

* good frequency stability

* adequate power, ~100mW do 1W
* good power stability

E INNOWACYINA GOSPODARKA EUROPEISK! PURDLSY
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Lasers: main types

e Diode lasers:
Rb 780nm
Cs 852nm

* Diode laser + (tapered) amplifier = MOPA
* Laser Ti: sapphire
* Dye laser

E INNOWACYINA GOSPODARKA EUROPEISK! PURDLSY
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Diode laser

Optical Power

Optical Power

A
w il

LED

>

A

Spontancous
emission

Stimulated

emission

Optical Power

A

Laser

Lasing threshold and

spectra

Intensity / a. u.

100GHz

1.

Frequency / a.u.

Well above threshold
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Diode lasers: tuning

Temperature tuning: two effects on the emission of the laser diode:

1) Change of the refractive index of the laser material — shift of the
lasing modes with the laser temperature.
Temperature increase — increase of the wavelength .

2) Shift of the gain of the laser material — change of the emission
wavelength of the laser diode.
Temperature increase — increase of the wavelength of the laser gain.

Different slopes — mode hops

Example: Diode laser diodowy AlGaAs, 780 nm,

tuning slope:  dA/dT=0.06 nm/K (continuous),
d\/dT=0.25 nm/K (overall)

ﬁ INNOWACYINA GOSPODARKA EUROPEISK! PURDLSY
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Diode lasers: tuning

Current tuning: faster, smaller range, also changes power

tuning slope: dv/dI=3 GHz/mA (0.006 nm/mA)

s
@

Worst case scenario: £ L

mOde hop at the de81red E . Desired Wavelength
> ' :

wavelength g \

Injection Current, Temperature

UNIA EUROPEJSKA [ECAEN
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External resonator diode lasers

=R BCM I

X7 4

Laser \ Grating Laser \ Grating

Littrow configuration: Fig. Sacher Lasertechnik
*tuning: grating rotation

*mode-hop free tuning range: typically 4-6 GHz

*beam steering may be avoided by using a beam-
correction-mirror

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO
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External resonator diode lasers

Laser Tuning Mirror

Loss
Beam

Grating

Littman-Metcalf configuration:
*tuning: mirror rotation
*coupling can be controlled
*stable output direction
*higher losses

Fig.: Sacher Lasertechnik

UNIA EUROPEJSKA *X Kk
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Construction
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Comparison

Littrow Littman/Metcalf

Output Power 5 ... 100mW 3...30mW
Linewidth (50ms) 1 MHz 300 kHz

Linewidth (20s) S5MHz 2MHz

Fiber Coupling Yes, Yes

w. beam correction mirror

ﬁ INNOWACYINA GOSPODARKA INIAEUROPEISK [N
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Mode-hop free tuning

<—> Cavity Modes

o
Problem 5
)
>
Wavelength
e Antireflection coating of the diode e PR
R =5.10* .. 5.10°°reasonable .
coupling of the laser diode e S
* Special geometry of the resonator ’ g Grating
Laser
Fig.: Sacher Lasertechnik
INNOWACYINA GOSPODARKA cnostiaronove R
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Lasers: frequency stabilization

* side-of-fringe
depends on amplitude,

simple

* top-of-fringe
requires lock-in detection,
more complicated

E INNOWACYINA GOSPODARKA EUROPEISK! PURDLSY
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Lasers: frequency stabilization

Reference:
* External resonator
* Saturated absorption
* Polarization spectroscopy
* Atomic dichroism
(Dichroic Atomic Vapor Laser Lock)
* Saturated dichroism
(Doppler Free Dichroic Lock)

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO
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Saturated absorption

Saturated absorption locking scheme

LUCkE Amplifier
(N | /
FD,
Glass > 1 : f rj
1] : |
Plate M [| |
Rb Vapour Cell PDy, [
W
: |
Diade i To Expt \ |
& i |
Laser BS \\jrl J

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO
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DAVLL

(a) (b) Fig.: ].Phys.B:At.Mol.Opt.Phys. 40 (2007)187-19:
Eclator 0.20 === - = 100.0
| Laser i a : + \ i
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e 5 Detuning from “Rb F=1 to F'=1 (MHz)
Ditterential abSOI'ptIOIl of twoO circular polarlzatlons

Doppler broadened anti-symmetric curve:
no lock-in required )
(poor absolute calibration)

Broad capture range
Shift of the locking point possible

48;

45//_.-——-‘——*\,‘_‘_

-800 7400 0 400
Frequency detuning from F=3-F'=2 [MHZz]

DAVLL signal [arb. units]
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Differential saturated absorption of two circular polarizations
Doppler-free anti-symmetric curves: no lock-in required
Better absolute calibration

Small capture range

Small shift of the locking point possible

G. Wasik et al. Appl. Phys. B75, 613-619 (200

E INNOWACYINA GOSPODARKA INIAEUROPEISK [N
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Why fast modulation?

* Noise amplitude [J f-1

* J.ock-in detection:
shorter time constants — faster reaction of the controller

* Electro-Optic Modulators: up to GHz bandwidth

E INNOWACYINA GOSPODARKA (UNIA EUROPEISKA :***}
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FM spectroscopy

Setup

E, E, =
Laser == Mod. @H Det.

Mikser
Oscyl. >

S(t)

A

Faza

Sygnat DC

First application to optical range:

*G.C. Bjorklund, IBM Invention Disclosure, 1979, US Patent, 1981
*G.C. Bjorklund, Opt. Lett. 5, 15 (1980),

*R.G.P. Drever, ].L. Hall, F.V. Kowalski, J]. Hough, G.M.Ford, A.]. Munley

EUROPEJSKI FUNDUSZ * *
NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO i
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FM spectroscopy

Laser field behind the modulator:

£, (0)= B - el - M rexdicar)+ J exie + )]
Behind the sample an additional factor:
T =exd-0,-i¢, ) d,=a,1/2 ¢ =nL(ac+ja,)c
E,(t) = EO{_T—l % exp{i (a)c - C‘)m)t] +To eXF(i wct) +1) % eXF{i (a)c + a)m)t]}

Intensity measured by the detector:

150 =52 1+ (6, - 6)M cosa,t+ (@ + ¢, -2 M sinaa, ]

UNIA EUROPEJSKA
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FM spectroscopy - signal shape

Demodulated signal versus laser frequency at fixed w,,

A
INNOWACYINA GOSPODARKA UNIAEUROPEISKA e
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FM spectroscopy - signal shape

Demodulated signal versus laser frequency at fixed w,,

L L ] 1 L I I L | | ] | | | I
-26 -20 <15 -10 -6 0 5 10 16 20 25 =25 <20 -15 -10 -5 § W 15 20
& (27 radians psec™') 5 (27 radians psec™)
Absorption part Dispersion part

UNIA EUROPEJSKA [ECAEN
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Laser stabilization to F-P cavity

R.W.P. Drever, J.L. Hall, F.V. Kowalsky et al., Appl. Phys. B 31 (1983)
97 + R.V Pound earlier work on p-waves

Now: , Pound-Drever-Hall stabilization method”

44
—_ /) i)
Pound-Drever- = | 5
Hall-detector o wwﬁ\v,'w | R |
= " il 3
PD 3 2 ‘ S
From cavity % {2 ;
A iy
J-L, Jt In cavity 0.
: : —-4

A

40 20 0 20 40

Frequency (MHz) Fig.: Toptica

w,,~10MHz: high enough for low noise, low enough for spectroscopy

ﬁ INNOWACYINA GOSPODARKA UNIA EUROPEJSKA - [

EUROPEJSKI FUNDUSZ * *
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Hansch-Couillaud method

T.W. Hédnsch, B. Couillaud, Opt. Comm. 137 (1997) 295

Hansch-Couillaud

detector
0.05
PD #1 08 r

3 [ | PP
PD #2 @PBS B 0.4 [T ~10.00 §
= \ W
w4 / From cavity @ 55 Jt 0.05 5
g L]

O

1 S = 0.0

-10 -5 0 7] 10

Frequency (MHz) Fig.: Toptica

F-P cavity with polarization-dependent losses: Brewster plate,
polarizer or a birefringent crystal,

INNOWACYINA GOSPODARKA ol -

EUROPEJSKI FUNDUSZ * *
NARODOWA STRATEGIA SPOINOSCI ROZWOJU REGIONALNEGO e
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Hansch-Couillaud method

Polarization components parallel & perp. to minimum loss direction:

(r) — (r) — -
E" =E,cosf, E;’ =E,sing,
t? re?
r,1-re°
Perpendicular component - reflected at entrance window, no phase shift,
serves as reference,
Parallel component - detuning-dependent phase shift,
Combined beam - elliptic polarization, except at resonance.
Ditference signal of the photocurrents of the two detectors:

EY =EPr, E" = E”(O)(rl - j J=2Aal c.

t’r’sind

I, =1, [ E(O)ZZCOSHSin@(l_rZ)2 FFCTRRCIPyS

NARODOWA STRATEGIA SPOINOSCI ROZWOJU REGIONALNEGO e
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Comparison

Hinsch-Couillaud

Pound-Drever-Hall

Polarization sensitive

stabilization

RF sideband modulation
technique

Easier to implement

Adjustable locking range,
defined by modulation
frequency

No laser modulation required

Sideband modulation easily
realized with diode lasers

Temperature and alignment
sensitive

EOM / AOM needed for non-
diode lasers

NARODOWA STRATEGIA SPOJNOSCI

E INNOWACYINA GOSPODARKA

UNIA EUROPEJSKA b
EUROPEJSKI FUNDUSZ [ S
ROZWOJU REGIONALNEGO e




_a=~. Narodowe
.~ 44 Laboratorium

4 Technologii Strona 28 z 87
4/ Kwantowych

Laser beam shaping

Required shape: pure TEM,;, mode
“*spatial filtering with pinholes
“»filtering by a single-mode optical fiber

Power loss

Possibility of separation of laser table from
experiment table

Polarization maintaining fibers!

ﬁ INNOWACYINA GOSPODARKA EUROPEISK! PURDLSY
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Acousto-optic modulators

Laser beam diffracted on an
acoustic wave (elastooptic effect),
Glass, quartz, lead molybdate,
tellurium oxide

Running acoustic wave,

Acoustic velocity ~5 km/ sec,
Transducer frequency 40-300 MHz.

beam deflection, @(f o)
intensity control, I,;(P,)

frequency change: f_ , = f,,+ f,oMm

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO

ﬁ INNOWACYINA GOSPODARKA EUROPEISK! PURDLSY




_a=~. Narodowe
.~ 44 Laboratorium

4 Technologii Strona 30 z 87
4/ Kwantowych

Acousto-optic modulators

* Acousto-optic modulators are used to vary and
control laser beam intensity.

* A frequency shifter uses the shift inherent in the
acousto-optic interaction to up- or down-shift a
laser’s frequency.

* A deflector is used to scan a laser beam over a
range of angles. The angle of the first order output
beam is directly linked to the RF frequency. By
varying the frequency, the output laser beam
angle is modified.

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO
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Acousto-optic modulators

Example specifications: ISOMET model 1206C

Spectral Range:

Standard Operating Wavelengths:

Interaction Medium:
Acoustic Velocity:
Active Aperture:

Centre Frequency (CF):
RF Bandwidth:

Input Impedance:
VSWR:

DC Contrast Ratio:

442-> 1.5um"

442nm, 488-633nm

Lead Molybdate (PbMo04)
3.63mm/us

1mm

110MHz

50MHz

500

<1.5:1 @ 110MHz

>1000:1 min (2000:1 typical)

PERFORMANCE vs. WAVELENGTH

NARODOWA STRATEGIA SPOJNOSCI

ROZWOJU REGIONALNEGO

Wavelength (nm): 442 488 515 633

RF Drive Power <0.4 <0.5 <0.5 <1.0

Bragg angle (mr): 6.7 7.4 7.8 9.6

Beam Separation (mr) 13.4 14.8 15.6 19.2

Static Insertion Loss: <10 <5 <3 <3

PERFORMANCE vs. BEAM DIAMETER

Beam Diameter (mm); 1.0 0.34 0.2 0.084

Rise Time (ns): 180 60 35 15

Video Bandwidth (MHz): 2 6 10 25

Deflection Efficiency (%): =85 =85 >80 >60

T Af Product: 16 N/A N/A N/A

UNIA EUROPEJSKA AN
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AOM tips & tricks

Double pass: frequency shift scan without beam
deflection

LASER
+ WZMACNIACZ
TA100

Caution: birefringence!

Double pass, single I | S |
frequency shift e | jap PD
Drivers: VCO, DDS R

M2
PD
Ol

LASER
+ WZMACNIACZ
TA100

UNIA EUROPEJSKA [ECAEN

INNOWACYINA GOSPODARKA EUROPEJSKI FUNDUSZ [
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Electro-optic modulators

Amplitude & phase modulators
Frequency up to GHz

For Pound-Drever-Hall stabilization 10-20 MHz
Broadband or resonant modulators

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO
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Atom sources

e Evaporative sources
* Atomic beam oven
* High flux sources

* Dispenser

 LIAD

E INNOWACYINA GOSPODARKA EUROPEISK! PURDLSY
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Atomic beam oven

* Heated container + output opening
Example for Sr: 200 tubes of 8-mm length and 200-pm
diameter for transverse velocity selection.

0.0015

I p.o01

0.0005

Velocity distribution

1] Z00 400 600 800 1000 1200 1400

N—____ “liczba atoméw Sr na sekunde

.

CF 16

—| ]

1E15 4

1E14 4——

450 500 550 600 €

Temperatura piecyka [°C]

INNOWACYINA GOSPODARKA

NARODOWA STRATEGIA SPOJNOSCI
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jaalfin ez Bies Bl o B Bl -~

e A

High-flux effusive beam

55 Lisec lon Pump

40 L/sec lon Pumy

Chilled Water Loop

. Zeeman slower
. Wiewports (out of plane)

. Differential pumping tube
;. Atomic beam shutter

. Shutter wobble stick

. Peltier cooled cold plate
. Cold feedthrough

lon
Gauge

Crle Valve

Solenoid actuator

Cold cup
Oven aperture

. Oven nozzle

. Wiewhele in cold cup (out of plane)
. Rubidium ampoule

{. Right angle valve

lon
Gauge

0 L/sec Turbopump

Oven temp 110-150°C
Prp ~ 0.5 mtorr

hole (J) dia. 5 mm

hole (I): 7.1 mm dia.
flux ~ 1011 atoms/s.
cold cup temp -30°C
capture 99.3% of atoms
Prp = 2.5 x 10710 torr.

E. Streed Thesis MIT 2006

INNOWACYINA GOSPODARKA

NARODOWA STRATEGIA SPOJNOSCI
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Candlestick source

LID’ Na source:

3 . . .
N2 § copeen €MiSSiON point temp. 350°C:
Nl N total flux 108 at/s
3isTIVE | N 5
ATER T NI N Rb source:
N BT o . .
Gl I ut N- emssion  emission hole 2 mm
NNed, D ™ collimation hole 2
. N7 Y collimation hole 2mm
NG A~ — dist.2cm
N[ § coumato  divergence 11/50 rad
. § § ey emission point temp. 160°C:
Nk N st total flux 1.2x10M" at/s
3 ol NS .
Nl N o™ mean velocity 400 m/s
NI =N sopium
v N s i
g3 2
e SEAL .
FLANGE PURR—
234" d -~ @ @

%

\ RN LY. Faw and 1 Golowchenks

- b

INNOWACYINA GOSPODARKA UNIAEUROPEISKA e
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Candlestick source

14
HEATER —_
:_,“-q:—u- w12 4
E
. X 10 4
4= COPPER 2
-3 4
)| 4L CANDLESTICK — 8-
—.TC,, ip ~200°C
| , % 6
HHl ] o
os 4 1|l #H— SISTEEL 0 44
i ip g
/ N 8 .
HEATER - = | MESH
x\; X 0 T T T T T T T
_ d— RlJ%?éUM 130 140 150 160 170 180 190 200
Temperature [°C]
TC . ..
=== Atomic density in the beam 35 cm from the sour
WATER OUT ~— ..
=1l M Walkiewicz et al.

Rev.Sci.Instrum.,Vol.71,No.9,September2000

WATER INJ

INNOWACYJNA GOSPODARKA UNIA EUROPEJSKA [RENEAEN
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Alkali Metal Dispensers

«FT type»

SAES Getters S.p.A. A
Cs, Na, K, Rb, Li e | "
alkali metal chromate + reducing
agent (Zr-Al getter)

heating by electric current:

5 A for 650°C ) =

easy handling and Vacuum Yield Versus Time Curve_s For K Dispensers
installation, fast response

a current burst at the beginning to  ©
break the oxide layer

Yield (i

UNIA EUROPEJSKA [ECAEN
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Vacuum apparatus

Different requirements for atom collection and
experiment (e.g. BEC) areas,

Pressure in atom collection chamber ~10-8 mbar
(alkali metal dispensers)

Pressure in experimental chamber <10-1Y mbar

Two chambers should be separated and
differentially pumped

ﬁ INNOWACYINA GOSPODARKA EUROPEISK! PURDLSY
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Vacuum chambers

* Materials:
- stainless steel (304, 316 type),
- quartz,
- gaskets: copper, indium wire,

* Flanges and fittings CF type

ISO description Nominal ID Outside diameter
DN16CF 19 34 (11/5)
DN40CF 38 70 (2347)
DN63CF 63 114 (4 72")
DN100CF 100 152 (6”)
DN160CF 150 203 (8”)

ﬁ INNOWACYINA GOSPODARKA
NARODOWA STRATEGIA SPOJNOSCI
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Vacuum pumps

* lon pump

* Ti sublimation pump

* NEG (Zr-V-Fe or Ti-V getter alloys)
* Turbopump

E INNOWACYINA GOSPODARKA EUROPEISK! PURDLSY
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= LN

Vacuum preparation

wash parts in ultrasonic cleaner: alkaline
detergent, trichloroethylene, alkaline degreaser,
rinse in demineralised water,

dry in hot air

close chamber: all screws silvered or coated with
molybdenum disulphide (MoS,) dry lubricant
pump the chamber to ~10- mbar:
turbomolecular pump + oil-free roughing pump
vacuum bake

UNIA EUROPEJSKA
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Vacuum baking

cover the glass cells,
install heating tapes and thermocouples,

raise the temperature to 300°C (not faster than
50°C/h) homogeneous heating (diff. < 30°C),

heat also metal dispensers and Ti wires in
sublimation pump,

outgass dispensers and Ti wires,
bake turbo pump and ion pump,
bake for 12 h with turbo pump on,
close the turbo pump valve,

UNIA EUROPEJSKA
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Vacuum baking cont.

9. bake for 48h with ion pump on,
10. cool the apparatus in 6-8 h,
11. end pressure < 101 mbar.

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO
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Vacuum pumping

molecular flows if

mean free path > chamber size

i.e. pressure x size < 102Pa m

pump speed S: volumetric flow (I/s, m3/h, cfm)
pump throughput T: measure of the quantity of gas
the pump can remove (torr.liter/sec, Pa m?/s = W)

effective pumping speed EPS: combination of
conductance and pumping speed

UNIA EUROPEJSKA
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Vacuum pumping

T=5p
flow in the connecting tube depends on the dnember
conductance and pressure diff.: Pe
I'=C (pc B pp)
no losses and leaks
1 = 1 + l EPS = S Pp
EPS C S or 1+S/C |preble

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO
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Conductance

* Circular opening: C[1/s] = 37 r? [cm?]

e Circular tube: C[1/s] = r*[cm3]/1[m]

Example:
pump S=3001/s
tubing sectionl =10 cm, @ =4 cm, C,=801/s
valve NW40 C, =451/s
EPS=261/s (only!!!)

Moreover: p./p, =S/EPS — p. 10 times more than
In pump

UNIA EUROPEJSKA

* X
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Construction rules

* [t's easy to spoil conductance,

e Weakest element decisive for total
conductance,

e All connections should be short and wide
* Best: pump directly connected to chamber

* Optical acces requirements, magnetic field
etc. dictate non-perfect solutions

ﬁ INNOWACYINA GOSPODARKA EUROPEISK! PURDLSY
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Magnetic fields

* Homogeneous fields: Helmholtz coils
* Quadrupole fields (MOT, traps)
* Zeeman slower solenoid

UNIA EUROPEJSKA
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Equations

Magnetic field of a coil: radius R, axis OZ, position z=A

B.— ul 1
f2m [(R4p)P+(z—A4)?)7?

22 4w SI units (A,m,T):
X |K(k) 4 S =E= A gy | 187 )
(R—p)+(z—A) P = a0
R 7 — A mixed units (A,cm,G)
7 2mp [(R+pP+(z — AP p =4m /10
R24p*4(z—A)*
X |—K(k?) E(kY) |,
N (R—p)Y+(z—A4) )

argument of the complete eliptic integrals K, E(z)

2= 4Rp .
(R +pP—+(z —A)?

UNIA EUROPEJSKA
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Equations

Magnetic field of a wire parallel to z axis at cylindrical
coordinates p=S, @=a:

B, =0,
B — pl Ssin(¢ —a)
P 27 [S*4p?—2Spcos(p—a)] ’

& 27 [Sl_l_PI_z.'j‘chS{tﬁ'—ﬂ]] -

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO
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Polynomial expansion

Single coil at z=0

ul 3z¢ 15z%
B = — — .o e
A5P=0=or |'" 2Rz TeRY T ]
Two coils at z=+A
_0)—__ MR’
BZ(Z’P&O)_ (R2+A2)3f2

3z%(442—R?)
2(A%*+R?)?

X

4 ph 2p2 4
| 1524(R 12AR+3A}+WI

8(4%+R%)*
Helmholtz config. for 2A=R: maximum field uniformity
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Magnetic traps

Potential:

Ep0t=_'}l.B= —pBgFmFB
Inhomogeneous field: Stern-Gerlach force,
no field maximum possible (Earnshaw theorem)
trap for ,low-field-seeking states”

Magnetic moment follows the field direction if its
orientation does not change too fast (adiabatic
criterion)

B
v — [ <<
B o

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO
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Magnetic traps

Quadrupole trap (W. Paul, W. Phillips):
two coils with opposed equal currents
linear potential — better trapping,
but at minimum B = 0: Majorana spin flips

5>
Threshold values of |B| o

along z and p equal if 0
A/R=0.63.

(&)

T. Bergeman et al. PRA 35, 1535 (1987) 45 ™

IIIII'I!IIIIIEI1I1'|'I|'|]||}TTTT

-5 -10 -05 00 05 |10 15
z (cm)
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Magnetic traps
Time-averaged Orbiting Potential (TOP)

'B ol <IB. .=
A

QUQ.
AVARE I8\

>
X,y,z/2 0 X, ¥, 28

“
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Jotte trap

Four conducting bars — quadrupole radial field

+ coils on axis (distance > Helmholtz coils) — axial field
with a minimum

+ homogeneous offset field

)] T o —Iz
Total field: Blr)=B |0 +B'| —v]| +5 —yz
1 (0 22— %(IE + y¥)
radial axial

ZIN

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO * 4k
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Jotte trap

{0 T . —Tz
Total field: B(r)=By | 0) + B | v |+ —yz
1 0 22 — L(a2 4 2)

Harmonic potential close to trap center

1 BJ‘Z BJ: 1
LT]-La;rm = QFmMmpgUB [BD + E(?ﬂ _ T) E-EE +,?,|'2:| n EB”F:E]
|II BIE Bn
1 i GFMFUR [grmrpn
Oscillation w, = \f (B . ) N Ty
f . m o m
requenc1es. B ."IFFmF.HE -
w, = V i
m
INNOWACYINA GOSPODARKA ES;‘(;@‘E%S(F’SEJD%KSQ :*****
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I = 40A, lj= 40A, lo = 40A

©
o

Magnetic trap

‘\‘\\
70
60 - \“\““\\
L e
o \‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ B
" e
50, . S
) -
-
- .
-

1Bl

40

Field distribution 3°

20-

Ig = 40A, lj= 40A, lo = 40A, wartosci pola w G

0 T T T T T

By

Y [em]

Bz(z) okolo minimum
100 T T

50 e .
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o
[
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L
Q| - =
&
o
:
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Pole B [G]

Magnetic trap

30 +

N
o
|

10

0

. ¢ |
-0,2 -0,1 0,0

Z [cm]

0,2

B Field along the Z axis for different

offset field values

Harmonic range
limited:

mr4rip

-T in =
{ JE{B

By

INNOWACYINA GOSPODARKA

NARODOWA STRATEGIA SPOJNOSCI

UNIA EUROPEJSKA [ECAEN
EUROPEJSKI FUNDUSZ  [RESS
ROZWOJU REGIONALNEGO * 5 *



4=-. Narodowe
f < 4ds 1aboratorium

4 Technologii Strona 61 z 87
4/ Kwantowych

Magnetic trap

BI
B(z)
Z
BP) |
P P P
High offset field B, Low offset field B,  Offset
harmonic regime  linear regime Overcompensated

(ke T<pB,) (ksT>UB;)

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO e
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QUIC

QuadrUpole-Jotfe Configuration

T. Esslinger, 1. Bloch, and T.W. Hansch. Phys. Rev. A, 58, R2664 (1998)

(@) 1,.=0A
}47 3l »\-— 36 —v{ -

2008

A7 1100 )
P

(=]

........

3

1200

—4100

1200

1100
Position of the field minimum

shifts with the Joffe coil current
Increase

e A

1200

4100

o,
e |
—

-.‘_ et P =N | |
-4 0 4 8 12 4 0 4 8§ 12

y {mm) y {mm)
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Another version of QUIC

Three identical coils:
quadrupole + Joffe coil
field minimum remains in the same position,

high value of minimum field. -

Additional Helmholtz coils: ™™

offset field Z \ |
Dalibard, 2001 ' § >O< e

MOT
beams

bear

25 mm
-
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Magnetic trap

coils (MT) water cooled
(40 A, @ =1 mm)

offset coils - Cu tubing

NARODOWA STRATEGIA SPOINOSCI ROZWOJU REGIONALNEGO e
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Magnetic coils

E INNOWACYINA GOSPODARKA (UNIA EUROPEISKA :***}
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Surface traps (atom chips)

R. Folman et al. MICROSCOPIC ATOM OPTICS: FROM WIRES TO AN
ATOM CHIP, Adv.in At., Mol. & Opt. Phys. 48

Potential for magnetic guides

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO
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Surface traps (atom chips)

b) U-wire trap:

3-D quadrupole field
with a zero in the
trapping center,

c) Z-wire trap:
loffe-Pritchard type
trap

b) C)

radial and axial trapping potential

UNIA EUROPEJSKA
INNOWACYINA GOSPODARKA EUROPEJSKI FUNDUSZ
NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO




Z :
. 44 Laboratorium

—=~. Narodowe
“4£41 Technologii
4/ Kwantowych

Strona 68 z 87

Surface traps (atom chips)

——
- Trap and magnetic ‘conveyor
belt’:
MPQ Garching
87Rb

Atom number in BEC: 6000
Collecting time: 8s
| Cooling time 2,1s
'11;5; Current 2A

<«— 0.3 mm

—-»|<—0.05 mm

wires for further use

quadrupole-wire for
miniaturized MOT

UNIA EUROPEJSKA [ECAEN
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Zeeman slower solenoid

Local magnetic fields compensate Doppler shift

Simplest case: constant deceleration assumed, no laser
detuning

B O z1/2 "} B(G)
Inconvenient:
high fields required ¢
difficult to control end velocity
Better:

g.5 0.6 0.7 0.8 0.9 Zz(m)1l.1

detune the laser

E INNOWACYINA GOSPODARKA INIAEUROPEISK [N
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Zeeman slower solenoid

Non maximum deceleration assumed  a=ea__,
Big detuning of the laser beam

Magnetic shields for better field confinement
Complicated winding pattern

HEA

bise — w2tk magmetic shiskdy
ol — wicheot ahields

e - idenl mpmatic Sald

T T

32,00 mm
1 22,00 mm

305,10 mm

UNIA EUROPEJSKA [ECAEN
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Transfer of atoms

Transfer of atoms from MOT to magnetic trap:

* atoms should not be lost nor heated — trap potentials
should be well fitted.

MOT: gaussian shape of the atom cloud

2 2 2

_ X +y Z

nMOT (r) - nO exp - 2 - 2
0'p O'Z

Magnetic trap: what potential shape best preserves the
phase-space density?

harmonic trap ? linear trap

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO
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Transfer of atoms

Best harmonic trap shape:
parameters such, that clud shape not altered

2kpT 1

B'— "B~ -
GFMFUB Tz
B — B B B" _ 2kgT 1
P By 2 GEMELR r:rg
2 n
%ZB:—I—%BHZE(%_'—QLE)
0 & grmppp \ 9, a,

Caution: gravity!

Next step: adiabatic compression to increase density &
collision rate.

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO * 4k
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upper MOT:
a lot of atoms - pressure 107 mbar
lower MOT:

pressure < 101 mbar

light pressure
- pushing beam

geometry of differential pumping
(distance 0,5 m, tube 5 mm, length 8 cm

atoms released from the upper MOT,
recaptured in the lower MOT

UNIA EUROPEJSKA * X
INNOWACYINA GOSPODARKA EUROPEJSKI FUNDUSZ [RPSS
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Pushing beam

L =415 mm

Uppel MOT — high intensity, comparable to the trap beams:
N=1,1mm.

Lower MOT — low intensity, no effect on the trap,=3,3 mm

UNIA EUROPEJSKA >
INNOWACYINA GOSPODARKA EUROPEJSKI FUNDUSZ [RPSS
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Atom collection

h W
0,20 M*M

0,05 /

0 10 20

PD signal [V]
o o
S o

Time [s]

Loading of the lower MOT

UNIA EUROPEJSKA * X
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Other possibilities

* cyclic transfer
* 2D MO traps

Mirror and A/4-plate
with a hole

Slow atomic
beam

X MOT laser
beams

UNIA EUROPEJSKA
INNOWACYINA GOSPODARKA EUROPEJSKI FUNDUSZ
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Other possibilities

* magnetic transport : system of quadrupole

coils, sequential action

T e o=

MOT-Spulen Transferspulen

-
—_—

experimental
setup

BEC-Spulen

Korrekturspule (QUIC-Trap)

Greiner, Haensch, Monachium 2000

UNIA EUROPEJSKA
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Other possibilities

* magnetic transport :
moving magnetic trap on a linear track

Science cell MOT cell

Lewandowski, Cornell, Boulder

NARODOWA STRATEGIA SPOJNOSCI ROZWOJU REGIONALNEGO
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Between MOT and MT

* Additional cooling and compression of atoms :

= Cold MOT: higher detuning, lower intensity of laser
beams,

= Higher gradient of magnetic field,
= Subdoppler cooling.

* Only certain magnetic states are trapped —
optical pumping necessary.
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Current control

Control of the currents in magnetic trap coils:
currents tens to hundreds A,

high power MOSFETs
switching time: ms

coil inductance! = ['l
QU.EGG 023 10 1"; 11 _‘-H_
- = | & =
& ) }::Lgi I«a—
E 'g n.zznlj ]‘Hﬁ % e
1 ? *
5%% . I 10 Wi - " "
L =40 L
, fob— 1|
é %ﬁwﬁu
A |
Quickstart Ringdowns Spulan
INNOWACYINA GOSPODARKA NpERoPEISKn B
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Experiment control

Elements under control:

* AOM frequencies

* switching on and off of AOMs
* shutters

* magnetic trap currents

* rf field frequency

* CCD camera trigger
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Experiment control

e for convenience: two PCs

- experiment control: timing, digital, analog,
GPIB commands

- camera control, aquisition and processing

of 1mages Control Computer

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

e Real-time control

MOT ! | MOT/Quad
! isanalog input | [analog output| { 7| coil servo
Attention il I board [
/ | DIO-128 | trigger | Ly MOPAlaser
1 i | digital outputs ] servo
operating system! Shutters, le—— (tming clock) [ | pogr [~
Switches, _L Servo
efc. ! motor/track
: GPIB | i
e Software. I Lo o) b | comoler
s v
inner coll if sysnthesizer
power supply
(Kepco) ~ |€] DAC
Outer cail
power supply € DAC2Z Camera Computer
(KEDCO) E‘ lllllllllllllllllllllllllllllllllllllllllllllllll 1
= Camera s Fitting and
Camera ¢ i | board analysis ||
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Detection

A ,,probe” not possible
probe of a size ~10pm: 10" atoms — much more than
sample size
* Optical methods:

- photon absorption

- photon reemission (fluorescence)

- phase shift (dispersive imaging)

E(x,y)=tE,(x y)e*

t:exp{—nao 12} ® = _N% 52
2 1+0 2 1+0

n column density, o, cross-section,  laser detuning
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Optical detection

e Absorption methods — measure of #
* Dispersive methods:

- phase modulation must be converted into intensity
modulation,

- separation of scattered light from direct light
necessary,

— dark field & phase contrast methods.

(A) (B) A |
mrﬂ]ﬂﬂm HE?F
v |

GI[]HUH”:( ﬁ[@mm[
g
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Absorption methods

* Small sample, high density, resonant light —
total absorption,
* Atoms released from the trap and expanded:

- smaller density and absorption,
- measutement of initial velocity distribution.
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Image analysis

Signal recorded by the camera :
F (% ¥)= FiolP(x y)e ™)+ S(x,y)]+ N(x, y)

P beam profile, S scattered field, N background, D optical
density

Two additional images recorded:
with laser beam, but without atoms:

Fo (%, y) = Fo[P(x y)+ S(x y)]+ N(x, y)

without laser beam

Fo(x y)=N(xy)
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Image analysis

Transmission T(x,y)=t:

F(y)-Fu(xy)
T0)= 2 G ()

part of the image without atoms used to check if F;#Fp,

SRR

Beckground reduction difficult when vibrations occur
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