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Atomic Physics Techniques

AMO: Atomic molecular and optical physics:
light-matter and matter-matter interaction

=at the scale of a few atoms, molecules, and photons
=at energy scales around a few electron volts

AMO experiments: high accuracy and precision

accurate, precise,
but not precise but not accurate



measurement uncertainty dm/m

Precision Experiments
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measurement uncertainty dm/m

Precision Experiments

Example: precision mass measurements .-
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measurement uncertainty dm/m

Precision Experiments

Example: precision mass measurements .-
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Why accelerator facilities?

‘Exotic’ species
(for AMO studies)

. . 4
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Why accelerator facilities?

Accelerator Facility
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Why accelerator facilities?

Accelerator Facility

f drift tubes

particle accelerator

radio-frequency cavity
power source

SO u:rc f h\ré@éz'(‘

7 o

\accelerated

)

kw 111 ‘V}fT” (n

production
target

Common theme: Exotic species
= not available in ‘university lab’
= accelerator produced

= not (easily) transportable

= AMO experiment ‘online’ at accelerator facility

‘Exotic’ species
(for AMO studies)

radioactm
© atoms and

molecules

Antiprotons
- Antihydrogen
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\ Highly
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Example: Isotope Separator and Accelerator
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TRIUMF main cyclotron (since 1974)

= About 3000 h of isotope beam per year
= >700 nuclides extracted



Precision Experiments at Accelerator Facilities

Lorentz EDM searches inoctupole 4
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AMO tool kit

lasers ion traps atom traps
| . ' ' g e Y A - (a) vacuum ' & Rb source
S5 Nl
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~
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laser spectroscopy frequency standards Cooling

PMT p le> = buffer gas cooling
ion beam Synthesizer |[==—=p % (::%,? \‘ ———)| Detection n Iaser COO“ng
. M L] L]
® S L = Evaporative cooling
®
N ® i Local Feedback/Servo = Sisyphus coolin
SeRe o o- : P 9

laser beam = o © ®F | Oscillator [<

= Sympathetic cooling

Output frequency, Vv, Clock output

.... and many more Typical size: table-top*




AMO tool kit / classification

Classical:

no explicit qguantum behaviour

= optical lenses, mirrors, and classical imaging systems

= jon optics via magnetic and electric fields
= efc.

Quantum:

gquantum phenomena
= measure or use of quantized energy levels

Quantum 2.0:

engineered quantum states

= Involves quantum coherence and superposition,
entanglement, etc.
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Classical:
no explicit qguantum behaviour

= optical lenses, mirrors, and classical imaging systems

= jon optics via magnetic and electric fields
= efc.

Quantum:

gquantum phenomena
= measure or use of quantized energy levels

Quantum 2.0:
engineered quantum states

= Involves quantum coherence and superposition,

entanglement, etc.
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AMO tool kit / classification
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measure atomic
transition frequency



Classical:

no explicit qguantum behaviour

= optical lenses, mirrors, and classical imaging systems
= jon optics via magnetic and electric fields

= etc.

Quantum:

gquantum phenomena

= measure or use of quantized energy levels

Quantum 2.0:

engineered quantum states
= Involves quantum coherence and superposition,

entanglement, etc.

AMO tool kit / classification

measure
1 =
Ve = — —
‘)4> 2T m
B of ion in
magnetic field

.............. vt measure atomic

quantum sensing

1) # 1) - -
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quantum state  Evolves under the quantum state
preparation influence of an readout
external =
perturbation

information on
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Classical:

no explicit quantum behaviour

= optical lenses, mirrors, and classical imaging systems

= jon optics via magnetic and electric fields
= efc.

Quantum:

quantum phenomena
=measure or use of quantized energy levels

Quantum 2.0:

engineered quantum states

= Involves quantum coherence and superposition,
entanglement, etc.

—

AMO tool kit / classification

routinely done at
Accelerator Facilities
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AMO tool kit / classification

Classical:

no explicit quantum behaviour

= optical lenses, mirrors, and classical imaging systems
= ion optics via magnetic and electric fields

= efc. _>rout|nely done at

Accelerator Facilities
Quantum:

quantum phenomena
= measure or use of quantized energy levels

Quantum 2.0: opportunity for higher
engineered quantum states —p Precision and new
= Involves quantum coherence and superposition, probes at

entanglement, etc. Accelerator Facilities



Common challenges

in translating AMO methods into accelerator environment

stable Tlme T1/2: ms - s - min - days - ...
‘o0’ | ntenS|ty yields: 1/s to ’>109/s’
rwhatever it takes’ Pu rlty (isobaric) contamination:

1:0-10%or more

uk - mK - K Tem pe rature transport beam: 10s of keV to GeV

cold beams or tapped (Production targets for radioactive beams at
TRIUMF =2000 °C)

RIB availability/schedule

ACCEIerator electromagnetic noise
Environment

sensitive, high precision Rad iation Safety limits access to core of

devices apparatus

11



Typically used detectors

ion and neutral particle detectors:

micro channel plate (MCP),
magneTOF

typical requirements:

= low dark-count rate

= efficiency approaching unity
= good time resolution

= wide dynamic range

= [position sensitivity]

MCP

ARARRRN
secondary electrons

12

IU

Compensation apertures minimize edge effects
from field penetration through grid

ma g ne TO F Stretched entrance grid, 92% transmission,
Input Ions set @ user selected voltage
BEMAMAARERARANRIAY §W gnid, 92% transmission

— Uniform field In lon transit area results

; : 7 \ \} \\\\\ | in negligible jitter in ion arrivial times
\\ \ Electrostatic equipotentials
Electron trajectories
H__ﬁJy 'n ) jecio
TV — Ion impact plate, 3 mm thick,
: \ fiatness controlled to +/- 10 um
/

US PATENT 6982428
& PATENT PENDING




Typically used detectors

ion and neutral particle detectors:
micro channel plate (MCP),

magneTOF

typical requirements:

= low dark-count rate

= efficiency approaching unity
= good time resolution

= wide dynamic range

= [position sensitivity]
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Typically used detectors

Photo-detectors:
PMT, SiPMT, etc.

typical requirements:

= single photon sensitivity
= low dark-count rate

Photocathode -+
Acceleration Voltage

(Gain; 300 - 1500 V)

13



Typically used detectors

Dynodes
Photo-detectors: Photon S A

Photo-

PMT, SiPMT, etc. electron / | O
typical requirements: L S [HR" Electron '3
= single photon sensitivity ; electrons S
= low dark-count rate / s e )
Photocathode S i

- +
Acceleration Voltage =
(Gain; 300 - 15007V)

Common theme:
= used particle and photon detectors not too ‘special’
= usually compact, cost-effective devices

= not the detector leads to high resolution but overall experimental method
(typically comparison to frequency standard or phase measurement)



Examples in this lecture

[very personal, very biased selection]

= Time of Flight mass spectrometry
» Multi-reflection Time of Flight (MR-ToF) devices
= Penning traps
= Collinear laser spectroscopy (CLS)
» conventional, fluorescence based CLS
» Multi lon Reflection Apparatus for Collinear Laser Spectroscopy (MIRACLS)
= Radioactive molecules
*» Molecular formation and identification in ion traps
» Molecular formation in atom traps
» Towards EDM measurements

14



Time of Flight (ToF) mass spectrometry

acceleration
region

ion

source

drift region

ion detector

15



Time of Flight (ToF) mass spectrometry

acceleration
region drift region ion detector

ion
source

v=4/—-2U



Time of Flight (ToF) mass spectrometry

acceleration

region drift region ion detector
m |
s & .
-3 E
u T 0 T
t=t1
t=0
q constant (fixed
V = \/— . 2U by reference ion)
m

v=§=} ti:}ToF\/T-\/;T]kf\/T



Time of Flight (ToF) mass spectrometry

acceleration

region drift region ion detector
Q
c - 15
o S :
w n
u T 0 T
=t

t=0

q constant (fixed
U = — - 2U by reference ion)

T

v=§=} ti:}ToF\/T-\/;T]kf\/T

2
TOF]O[
101 = Miref

ToF,cf

\ \

ion of interest reference ion




lon counts / 1ns

ion

5000

4000

3000

2000

1000

Example of ToF spectrum

acceleration
region drift region ion detector

3 J

=

3

' — ' * resolving power of ToF spectrometer
_ R=m/Am=t/(2At)=55
e .... hot too impressive
A R S T S ToF; ol
18.0 18.4 18.8 19.2 19.6 20.0 mIOI — mref

Time (us) ‘ \ \ TOFTef

ion of interest reference ion

16
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Method to improve R for ToF

Figure 2.
e |n practice: Pl
velocity spread Av (e.g. form ion ‘ /heav'er ion (slow)

source)

= increased At r - ° /\ /\

= degraded R=m/Am=t/(2At) lighter ion (fast) o ‘m/z
e correction with reflector e

faster ions (of mx) ‘ fast ion of mass m,

= deeper path into reflector | F/ L N

= longer flight path o o o o /\
0 . y . ~ie e e A e e e AL m/z

= ‘identical’ t as slower ions (of my) | slow ion of mass my ° o

= more narrow At REFLECTRON

= better R ‘

@
'
3
"

L

[ Elic University of
O © Paul J. Gates 2014 BRISTOL
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Multi-Reflection Time-of-Flight devices

incoming ion detector
ion bunch

mass separated
ion bunches



Multi-Reflection Time-of-Flight devices

incoming ion detector
ion bunch

mass separated

ion bunches
10" ————————————— . | RN. Wolfetal., IJMS 349, 123 (2013) .
e 79'R '  Mass resolving power (FWHM):
: ' 79Ga : .
. 79S . - 85
ol ‘ 65Cul2C1H1H | m/Bm=120000 in 22ms (2>Rb*)

counts
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time of flight / us



Multi-Reflection Time-of-Flight devices

incoming ion detector
ion bunch

mass separated

ion bunches
10 —————————— | RN.Wolfetal., IUMS 349, 123 (2013) ]
E 79'R '  Mass resolving power (FWHM):
: ' 79Ga ] .
. 798 . - 85
3 ' 65Cul2C1H1H __ m/Am=120 000 in 22ms (85Rb*)

counts

21403 21405 . 21407 21409
time of flight / us



counts

Multi-Reflection Time-of-Flight devices

incoming
ion bunch

ion detector

mass separated

ion bunches
10" e e R-N. WoIf et al., IJMS 349, 123 (2013) .
5 o  Mass resolving power (FWHM):
: ' 79Ga
. 79S — i 85
) | 65Cul2C1H1H m/Am=120 000 in 22ms (8°Rb+)

21403 21405 ,
time of flight / us

21407 21409

= detector time resolution relevant
= put ion-bunch properties more important
= high precision in little processing time } ;

= single ion sensitivity

ideal for mass measurements of
accelerator short-lived radionuclides



lon cooling, accumulation, and bunching

buffer-gas-filled Paul traps as cooler-bunchers at RIB facilities

fast & efficient ion preparations for subsequent AMO experiments
cooling limit: buffer-gas temperature (room temperature)

-9.0
o5 \ 1D cooling simulation
—10.0
_ R
> —10.5" 1
L
S —11.0-
LLIQ
T -115]
—-12.5- "
—13.0-
—20  -10 0 10 20
Continuous position (mm)
RIB
s o — Extraction
T ‘ —— Trapping
5 ° - @ — o
3 @ ‘
_20 -
; 'l - to MR-ToF (or other experimental device)

0 20 40 60 80 100 120 140 160
Longitudinal location from trap entrance (mm)



Penning traps

“If you want to measure something precisely, measure a frequency.”
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Penning traps




Penning traps




Penning traps
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Penning traps and radionuclides

N =3 eigenmotions

Accuracy
eexact theoretical description

L.S. Brown and G. Gabrielse, Rev. Mod. Phys. 58, 233 (1986)
G. Bollen et al., J. Appl. Phys. 88, 4355 (1990)

M. Konig et al., Int. J. Mass Spect. 142, 95 (1995)

M. Kretzschmarr, Int. J. Mass Spect. 246, 122 (2007)

Including realistic, non-ideal traps

G. Bollen et al., J. Appl. Phys. 88, 4355 (1990)

ooff-line tests with stables

accurate,
but not precise



http://www.sciencedirect.com/science/journal/01681176

Penning traps and radionuclides

M. Smith et al., Phys. Rev. Lett. 101, 202501 (2008)

line-width (FWHM): _
AV ~ ]_/Tr,af q BTN precise,

but not accurate




Penning traps and radionuclides

M. Smith et al., Phys. Rev. Lett. 101, 202501 (2008)

C= 1 qB
27T m

14

line-width (FWHM): _
AV ~ ]_/Tr,af q BTN precise,

but not accurate
Attainable precision and accuracy
om/m = 10-7 to 10-°




Penning traps and radionuclides

B M. Smith et al., Phys. Rev. Lett. 101, 202501 (2008)

g
v,
H
1
vV, = 1B
27T m
Precision
line-width (FWHM): om _
Av~1/T,; m g BIN

precise,
but not accurate

Attainable precision and accuracy Related methods also used to study mass and
dm/m = 107 to 10-° magnetic moment of antiproton!



laser spectroscopy

Hyperﬁﬁe
/ splitting
(100 MHz)

atomic excited state f /

laser photon
(eV — 102 MHz)

/\/\

detect
fluorescence

atomic ground state photons

nucleus - electrons interaction

= atomic hyperfine structure

/

* nuclear spin |
e electromagnetic moments pand Q
e nuclear charge radius rc

24




laser spectroscopy

atomic excited state 7 Hyperfine nucleus - electrons interaction

/ splitting
(100 MHz)

= atomic hyperfine structure

/

laser photon e~ a _
* nuclear spin |

(eV — 108 MHz)

detect  electromagnetic moments p and Q

| fluorescence e nuclear charge radius rc
atomic ground state photons

051 *— NiNeven |s. Malbrunot-Ettenauer, PRL 128, 022502 (2022)
< : ~-+ Ni N odd J
0.4l - ;: E 2‘;3” L. Xie et al., PLB 797, 134805 (2019)
,1% CuNeven| n | pissell et al., PRC 93, 064318 (2016)
E 0.3! Cu N odd
Lo02 * highlights changes in
T nuclear structure
. * benchmark for modern
nuclear theory
~0.1}

30 35 40 45 50
N 24



Collinear Laser Spectroscopy (CLS)

P > 30 keV to eliminate Doppler OF
= J“‘"-':E 1--F ? broadening VX PMTs
* VE - -
=32 F ion beam 25

®
® —
R TORE —01-0-10=0=0=0c =4

90F laser beam S haihdll — ™
€_
a 70F
o E K. Blaum, et al., Phys. Scr. T152, 014017 (2013)
E S0t P. Campbell et al., Prog. Part. and Nucl. Phys. 86, 127-180 (2016)
-E = R. Neugart et al., J. Phys. G: Nucl. Part. Phys. 44, 064002 (2017)
i 30¢
1 U_ present and future setups for laser spectroscopy
: Ty ‘ of short lived nuclides
BDD 1000 1 200 1400 1 BDD 1800 b O CLS setup(s)

Relative frequency [MHz] A £ 1

| \ O Jyvaskyla
. ‘W) /- Gatchina

TRRIME LISQL _\lﬂ.‘j
SN z GgaNiL O _Q©OTR IGA / FAIRQ
5 N /A

Q*” AL
e CERNan |
; >
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Collinear Laser Spectroscopy (CLS)

= I
N ©® ey
laser beam\@ ® ®=@ E O=o=o=0 F

beams of 230 keV Bunched beams:
o minimises Doppler-broadening reduce background

= high resolution by gating on bunch
T,
5 OF g
V X —— v Q‘
\/E A. Nieminen et al.,

T,=T, / 10 PRL 88, 094801 (2002)

26
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Collinear Laser Spectroscopy (CLS)

PMTs
= N

ion beam 6
M

N ©® ey
laser beam\@ ® ®=@E @F

beams of 230 keV Bunched beams:
o minimises Doppler-broadening reduce background

= high resolution by gating on bunch
T
5 oF >
v VE & &
_ A. Nieminen et al.,
T,=T,/10° PRL 88, 094801 (2002)

T1/2 of accessible radionuclides: effective use for CLS

5 ms to seconds 100s of ns to a few ps

s Can one use exotic nuclides even more efficiently ¢




the Multi lon Reflection Apparatus for
Collinear Laser Spectroscopy (MIRACLS)

trap = long observation time = higher sensitivity = more exotic nuclides accessible

op‘t‘\ca\
getectio”

27
mirror

ctrostatic

ele

\aSe‘ simulation

' conventional CLS
4] 10
5 1T it 1l
S | |
i it 7
novel approach for collinear r=
laser spectroscopy: 7000} MIRACLS
*ion trap = long observation time ‘g’ 6500
O
* 30 keV beam = high resolution © z:zz .. revolutions

-15 -1I0 5 0 5 1IO 15
laser frequency [a.u.]



JiMiRaCLS ] at ISOLDE / CERN

LB
n(&:&

Pictur of MR-ToF mirrors




Summary

e Techniques from Atomic, Molecular and Optical
Physics (AMO) with high accuracy and precision

e Precision tools also at accelerator facilities to study
‘exotic atoms and molecules’

e today’s examples:
= MR-ToF devices
= Penning traps
= Collinear laser spectroscopy
= Radioactive molecules as novel probes for new physics

e _.. and many more

29
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