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Precision measurements

for fundamental physics

Fundamental Physics

Tabletop Experiments
ÅHigh precision measurements

ÅBound-state QED (theory collaborators)

He, He+,H2, HD, HT, HD+, H2
+Σ Χ

Simple, calculable, systems



Precision measurements

For fundamentalphysics

ÅH-atom: ρ3O ς3transition
Åς3metastable level: narrow linewidth

ÅτȢυẗρπ precision [1]

ÅCornerstone for QED calculation

ÅCombined with other transitions
Åproton charge radius ὶand Ὑ

ÅΨǇǊƻǘƻƴ ǊŀŘƛǳǎ ǇǳȊȊƭŜΩ

Simple, calculable, systems

[1] Matveev et al. Phys. Rev. Lett.110, no. 23 (June 2013): 230801. 
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Precision measurements

For fundamentalphysics

ÅNext atom, He

ÅTwo electrons:
ÅSinglet/Triplet structure

ÅTwo ς3metastable levels:
ÅNarrow transition at 1557 nm

ÅFirst measured in 2011 at VU 
(van Rooijet al.)

He
Helium
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Precision measurements

For fundamentalphysics

1083 nm

He
Helium

4

2
ÅNext atom, He

ÅTwo electrons:
ÅSinglet/Triplet structure

ÅTwo ς3metastable levels:
ÅNarrow transition at 1557 nm

Åς3 state:
ÅLaser cooling and trapping

ÅDegree of control

ÅReduce Doppler

Å[ŜǘΩǎ ƎŜǘ v¦!b¢¦a



Precision measurements

For fundamentalphysics

He
Helium

4
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ÅNext atom, He

ÅTwo electrons:
ÅSinglet/Triplet structure

ÅBUT: complicated QED theory 
from electron-electron terms

ÅSOLUTION: 3He-4He isotope shift
ÅMost difficult terms drop out

ÅNuclear sizes: ‏ὶ ὶ ὶ



The helium atom

ÅMeasure isotope shift:
ÅElectron-electron terms drop out

ÅFinite nuclear size remains

ÅScattering data too inaccurate

ÅApproach:
ÅMeasure 3He-4He isotope shift

ÅExtract differential charge radii ὶ ὶ using 
QED theory

ÅCompare with other measurements:

Spectroscopic, scattering, ‘(Å

Consistency check



Quantum degenerate He*

Atom detection
Å Microchannel plate
Å ςπÅ6internal energy
Å Time-of-flight fitting: ὔȟ‘ȟὝ

Cooling sequence:
Å Magneto-optical trap: υππ-ͽπȢυÍ+
Å Doppler cooling in Magnetic Trap: ςππ-ͽρσπʈ+
Å Evaporative cooling: quantum degenerate gas ρʈ+
Å Transfer to Optical Dipole Trap (ODT)



Precision Spectroscopy

ÅMagic wavelength Optical Dipole Trap
ÅΨƳŀƎƛŎ ǿŀǾŜƭŜƴƎǘƘΩ Ϫ 320 nm

ÅSame trap potential for ς3and ς3

ÅNo ac-Stark shift

ÅHomebuilt ς7cwUV laser
[Appl. Phys. B (2016) 122:122]



Precision spectroscopy

ς3

ς3
ÅMagic wavelength dipole trap

ÅFrequency metrology:
ÅCs clock frequency standard

ÅOptical frequency comb

ÅUltra stable ( ς(Ú) reference laser

Two ingredients for precision spectroscopy:



Precision spectroscopy

ÅMeasure unperturbedς3ᴼς3
transition

ÅSystematics effects:
ÅSpectroscopy Stark shift: extrapolate

ÅDipole trap Stark shift: magic ‗

ÅZeeman shift: spin-stretched states

Åphoton recoil: exactly known

ÅInteractions: mean-field shift
ς3

ς3

ά ρ

ᴐὯ



Spectroscopy of a 4He BEC

ÅDominated by collisions:
ÅPenning ionization signal
(Åς3 (Åς3 ᴼ(Åρ3 (Å Ὡ

ÅCold-collision shift:

ɝ’ᶿ
ὥ ὥ

ὥ
‘

Å ὔ
Å ‘
Å ὔ
Å Ὕ

Data
Fits:
BEC
Thermal
Total

single shot TOF:



Spectroscopy of a 4He BEC

ÅSystematics analysis:
ÅSpectroscopy laser ac-Stark

ÅDipole trap (residual) shift
Åⱦ□ Ȣ ἶἵ

ÅCold-collision shift: ɝ’ᶿ ‘

Å╪◄▼ Ȣ Ȣ ╪

Åς3ᴼς3 transition:
Å Ȣ Ȣ ἳἒὂ

Most accurate transition in helium (ρπ )

Three benchmarks for the 4He atom

Nat. Phys. 14, 1132-1137 (2018)

Bob Rengelink



Working with 3He

Production of a Degenerate Fermi Gas of 3He* 

and investigation of the ς3ᴼς3 spectra



Working with 3He

ÅLow natural abundance
ÅRecycling system

3He 4He

Atomicmass 3.016 amu 4.0026amu

Naturalabundance πȢπππρτϷ ωωȢωωωψφϷ

Nuclear spin
ρ

ς
0

Cost $2000/L [1] $0.07/L [2]

[1] Physics Today62, 10, 21 (2009)
[2] Local party balloon store (2020)



Working with 3He

Pauli principle:
¦ƭǘǊŀŎƻƭŘ LŘŜƴǘƛŎŀƭ CŜǊƳƛƻƴǎ ŘƻƴΩǘ 

collide!

ÅSympathetic cooling with 4He
ÅFermi-Dirac distribution: 

Doppler broadening
ÅNo Penning ionisation signal:

Measure trap depletion
ÅNo collisional shift *



Working with 3He

ÅSympathetic cooling with 4He
ÅFermi-Dirac distribution: 

Doppler broadening
ÅNo Penning ionisation signal:

Measure trap depletion
ÅNo collisional shift *



╢ ᴼ ╢ spectroscopy

ÅFermion line profile: Doppler broadening

Ὓɝᶿ᷿᷿ ‫‏” ‫ ὨᴆὶὨὯ

Fermi-Dirac resonance

ÅExpect Doppler broadening: ὊὡὌὓP Ὕ

ÅBut wait, reduced linewidth!

WǳȊŜƭƛǹƴŀǎ& aŀǑŀƭŀǎ, PRA 63, 061602(2001)



Modelingby 
RaphaëlJannin

τDoppler
τPauli

Understanding the spectral lineshape

excitationStimulated emission

Decay ςὛᴼρὛ:
Ⱳ ἵἻ

ȿςὛỚ

ȿςὛỚ

ὶ

ὠὶ

Pauli-blocked in 
dense part of the gas

Ὓɝᶿ᷿᷿ ” ” ρ ” ‫‏ ‫ ὨᴆὶὨὯ

Excitation Blockade Resonance



Testing the lineshapemodel

excitationStimulated emission

Decay ςὛᴼρὛ:
Ⱳ ἵἻ

ȿςὛỚ

ȿςὛỚ

ὶ

ὠὶ

Pump ςὛᴼτὖ

╟

Ⱳ ἶἻ

Pauli

Doppler

Nat. Comm.13, 6479 (2022)



Precision spectroscopy

ÅMeasure unperturbedς3ᴼς3
energy difference

ÅSystematic effects:
ÅDipole trap Stark shift

ÅSpectroscopy laser Stark shift

ÅZeeman shift

Åphoton recoil

ÅLineshapeModel 
ς3

ς3

ᴐὯά ρȾς

ά σȾς

V



Precision spectroscopy

ÅSystematics analysis: ᴐὯ
ς3ȟὊ ρȾς

ς3ȟὊ σȾς

Zeeman shift

PRELIMINARY RESULT 3He ς3ᴼς3 (2022):

█ Ȣ ἳἒὂ

ⱦ□ Ȣ ἶἵ



Nuclear Charge Radius Difference

4He Nat Phys14 (2018)
+

3He 2022 PRELIMINARY

PRELIMINARY 
RESULTS

data: [Phys. Rev. A 95, 062510 (2017)]

https://arxiv.org/abs/2306.02333



Nuclear Charge Radius Difference

4He Nat Phys14 (2018)
+

3He 2022 PRELIMINARY

Ȣ Ɑ

PRELIMINARY 
RESULTS

data: [Phys. Rev. A 95, 062510 (2017)]

Previous Amsterdam result
(2011)



Nuclear Charge Radius Difference

4He Nat Phys14 (2018)
+

3He 2022 PRELIMINARY

Ȣ Ɑ

PRELIMINARY 
RESULTS

data: [Phys. Rev. A 95, 062510 (2017)]

Previous Amsterdam result
(2011)

Prof. Shui-mingHu
talk yesterday!



Previous Result: non-magic wavelength

7 kHz (4.4 Ɑ) deviation?

PRELIMINARY 
RESULTS

[Juzeliunas& Masalas, 
PRA 63, 061602(2001)]

Å Fermi-Dirac: AC Stark shift asymmetry
Å Not resolved within laser bandwidth
Å New setup:
Å magic wavelength: no AC Stark from trap
Å improved laser lock: resolve quantum effects

Å

Ȣ Ȣ ἳἒὂ

Correction based on 
thermal broadening 
for large Fermi gases



Nuclear Charge Radius Difference

Ɑ▄●▬ ἒὂ

Ɑ▄●▬Ḻ ȢἙἒὂ

data: [Phys. Rev. A 95, 062510 (2017)]

PRELIMINARY 
RESULTS



Electronsvs. Muons

ÅHe nuclearcharge radii from‘(Å spectroscopy
Å4He: ρȢφχψςτψσÆÍ[Krauth et al. Nature  589, p. 527ς531 (2021)]

ÅFresh off the press: 3He ρȢωχππχωτÆÍhttps://arxiv.org/abs/2305.11679

PSI, Villigen

https://arxiv.org/abs/2305.11679


Electronsvs. Muons

ÅHe nuclearcharge radii from‘(Å spectroscopy
Å4He: ρȢφχψςτψσÆÍ[Krauth et al. Nature  589, p. 527ς531 (2021)]

ÅNew result: 3He ρȢωχππχωτÆÍhttps://arxiv.org/abs/2305.11679

PSI, VilligenPRELIMINARY 
RESULTS

*Alsonew:
Preliminary Hefei2023
ShuimingHu, FFK Vienna 2023

*

https://arxiv.org/abs/2305.11679


Electronsvs. Muons

ÅσȢφ„from ⱧἒἭ

Åς„ τ„from ἡO Ἔ

ÅHefei 3He?

ÅρȢωË(Úshift forρ„agreement 
with muonic

ÅDiscrepancies:
ÅNew physicsȩ 7ÅÌÌȣȣȣȣȣȣ

ÅVery different systematics

ÅTheory: triplet vs. singlet

ÅMuonic: higher-order QEDPRELIMINARY 
RESULTS



In conclusion

ÅFundamental physics with ultracold helium:
ÅPrecision spectroscopy: narrow transition

ÅNuclear charge radii Ąmost accurate ὶ ὶ

ÅQED benchmark

ÅComparison with other works, exciting times: 
Other spectroscopy, scattering, muonic systems

Å9ȄǇƭƻǊƛƴƎ ǘƘŜ ΨvǳŀƴǘǳƳ CǊƻƴǘƛŜǊΩΚ 
Åmagic wavelengths: benchmarks for QED

Å4He BEC: insight into collisions, mean-field shift, scattering length ὥ

Å3He Fermi gas: Observation of unexpected Pauli Blockade effects

ÅHigher precision? ɜ ψ(Ú(experimentally challenging)

ÅOther measurements in helium?

V V

https://arxiv.org/abs/2306.02333



Thanks for your attention!

He* team:
ÅRaphael Jannin
ÅKeesSteinebach
ÅYuri van der Werf
ÅRick Bethlem
ÅKjeld Eikema
ÅBob Rengelink

Technical support:
Å Rob Kortekaas
Å Lex van der Gracht

Funding & facilities:

Wim Vassen: 
Ϟ 11-2-2019

*



Thanks for your attention!

Questions?

Email: y.vander.werf@vu.nl

mailto:y.vander.werf@vu.nl


Precision spectroscopy

ÅSystematics analysis: Zeeman shift ᴐὯ
ς3ȟὊ ρȾς

ς3ȟὊ σȾς



Systematic analysis

Å2nd order Zeeman shift:

Using the Breit-Rabi formula with 
ὐP Ὅ

No coupling to Ὂ ρȾςfrom spin-
stretched ά σȾς

2nd order Zeeman from coupling to 
ςὖ, same as 4He: τÍ(ÚȾ'



Reduced linewidth

ȿςὛỚ

ȿςὛỚ

Fermi-Dirac
state 
occupation

ȿςὛỚ

ȿςὛỚ

Tails of spectrum: reduced loss Centerof spectrum: high loss 

Pauli Blockade

We measure the 
remaining He*



Systematic analysis

ÅCold collision shift?
IDENTICALŎƻƭŘϝ ŦŜǊƳƛƻƴǎ ŘƻƴΩǘ ŎƻƭƭƛŘŜ

Ὣ ᴼ‌ ▌ ‍ȿ▄Ớ
Ὣ ᴼ‌ ▌ ‍ȿ▄Ớ

*p-wave frozen out Ὕ υππÍ+

1

2
Ὓ ẗ ὫὩ ȿὩὫỚ

ὛὛḳὋ

ɝ
ᴐ
” ὶẗὋ ς“ ρ(Ú

╪▌▄



Frequency metrology

Hz laser drift

Correction to the real SI second:
local Cs clock deviation from GPS

ɝὪ υυ(Ú

Centralized 
building HVAC 

control! 



Finding the magic wavelength

ÅMeasurements at different wavelengths

ÅMeasure strength of the a.c. Stark shift



Thermodynamic shift: @320nm

Ὅ ɝὪ Ⱦ‌ υȢυ ρπ7Í *

Ὅ ρπ7Í

ȿςὛỚ

ȿςὛỚ

Average trap 
intensity

Same result

* @ 1W UV power

Error in a.c. Stark 
extrapolation?



ElectronsvsMuons?

Ɑ▄●▬ ἒὂ

Ɑ▄●▬Ḻ ȢἙἒὂ

data: [Phys. Rev. A 95, 062510 (2017)]

Amsterdam 2022 
PRELIMINARY

??

Å Vastly different systems
Å Vastly different theory
Å Consistency check
Å Probe nuclear sizes
Å QED test

PRELIMINARY 
RESULTS



█

2011 result: 
1557 nm dipole trap + direct frequency comb lock
Å Fermi-Dirac: AC Stark shift asymmetry
Å Not resolved within laser bandwidth
Å Verified now with new spectroscopy laser

2022 result: 
magic wavelength trap + ultrastablereference laser
Å Fermi-Dirac:Doppler+ Pauli blocking
Å No trap AC Stark Ą Fully symmetric
Å Quantum effects resolved   (2018: 4He meanfield)

ὶ

ὠὶ

4.4 Ɑdeviation?

ȿςὛỚ

ȿςὛỚ

ȿςὛỚ

ȿςὛỚ

█

PRELIMINARY 
RESULTS



Testing the model

ÅEnhanced ground state decay through τὖ state

Eliminate the stimulated emission channel

Lift Pauli Blockade effect

ςὛ

ρὛ

ςὛ

1557 nm
† ςπÍÓ

τὖ

†ͯ ςφὲÓ397nm

excitationStimulated emission

Decay ςὛᴼρὛ:
Ⱳ ἵἻ

ȿςὛỚ

ȿςὛỚ

PRELIMINARY RESULT



Testing the model

ÅEnhanced ground state decay through τὖ state

ςὛ

ρὛ

ςὛ

1557 nm
† ςπÍÓ

τὖ

†ͯ ςφὲÓ397nm

PRELIMINARY RESULT
Ὕ ωυÎ+

ὝȾὝ πȢσυͯ πȢυυ



Understanding the spectral lineshape

ÅTrapped fermionic 3He: Fermi-Dirac distribution
ÅDistribution over motional states in the trap

ÅLaser absorption Doppler broadened (4Ḑρʈ+)


