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Precision measurements

for fundamental physics

Fundamental Physics

Tabletop Experiments
AHigh precision measurements
ABoundstate QED (theory collaborators)

He, He,H,, HD, HT, HDH">2 X

Simple, calculable, systerris
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Precisionmeasurements

Forfundamental physics

Simple, calculable, systems 1

AH-atom: p3© ¢3transition 1H
Ac3 metastable level: narrow linewidth Hydrogen
At®tp m precision [1] — -

] Colorado 2022 [32] CODATA 2010
ACornerstone for QED calculation Garching 2020 33 -

JLab 2019 [37]

Toronto 2019 [36]

. . . . J Paris 2018 [35]
ACombined with other transitions T concoims
Aproton charge radius and'Y e g 011
AWLINR 2y NI RA dza E [ )

| | | AMSTED V U
[1] Matveev et alPhys. Rev. Lett10, no. 23 (June 2013): 230801. AMSTERDAM




Precisionmeasurements

Forfundamental physics

A
N v LLLLLLLLLLLLLLLLLL. yyomimpon v i
4T : ATwo electrons: 2 e
53 ' A Singlet/Triplet structure "
ATwoc3 metastable levels:
22 A Narrow transition at 1557 nm
A First measured in 2011 at VU
21T s, : (vanRooijet al)
t=20ms 3

20T . 1:380?):)5
0L N ' TT LaserLaB V
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Precisionmeasurements

Forfundamental physics

>

Hlev H.%ZZ/Z/Z/Z/TZZZZZZZKZA ANextatom He 4H e
ol , 2

ATwo electrons:
234 , A Singlet/Triplet structure

ATwoc3 metastable levels:

Helium

227 A Narrow transition at 1557 nm
211 i Ac 3 state:
— : . / A Laser cooling and trapping
20+ — 2> & 1083 nm A Degree of control
, A Reduce Doppler
b =z, VUK
15 p D _ 35 3p D AMSTERDAM m



Precisionmeasurements

Forfundamental physics

A
N el L LLLLLLLLLLLLLLLL, g pomempon e 4
T : ATwo electrons: 2 e
. ' A Singlet/Triplet structure "
ABUT: complicated QED theory

22 | from electronelectron terms
211 1 I

e e ASOLUTIONHe“He isotope shift
20 = A Most difficult terms drop out

: A Nuclear sizeg:i 1 i

- =, VUY
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The helium atom

AMeaSUI‘eISO’[Ope shift: —— He-"He rms nuclear charge radius difference
A Electronelectron terms drop out 93g _ 9 Cancio Pastor ef al. [50]
A Finite nuclear size remains —
A Scattering data too inaccurate oo Q 9
Shiner er al. [49]
A Approach: —
A Measure3He*He isotope shift | Electron Scattering [51, 52]
A Extract differential charge radii i using 1o 1.02 1.04 1.06 1.08 1.10 1.12
QED theory 612 = r2(3He) — r2(*He)

A Compare with other measurements:
Spectroscopic, scattering( A
Consistency check

|z, \JUME




Quantum degenerate He*

e* bean l\/l?lgﬂ‘p‘ﬁ“ ( \-ll Aual .
Atom detection

& A Microchannel plate
L1 Mao . , A ¢ 1A @nternal energy o
- 5 ;:,netl.c Tl' Lap A Timeof-flight fitting: § F 'Y
) Zeeman Slower

He -~ 3

X = 4He BEC
3He DFG

"‘ ‘ 4)
har e ' ) e
-
MCP detector —-——‘J Nt
: ‘

20

MCP signal (a.u.)

t (ms)

Cooling sequence:
A Magnetooptical trap:v -9 T® [ +

A Doppler cooling in Magnetic TraQ:Tt-Tta p o frt+
A Evaporative cooling: quantum degenerate gapt + I ‘ I LaserLaB V U %
o

A Transfer to Optical Dipole Trap (ODT) AMSTERDAM



Precision Spectroscopy

AMagic wavelength Optical Dipole Trap
AWYlFI3IAO0 ¢l Sy JaKQ X
A Same trap potential foc 3 and¢ 3 azaESZ:f:

A No acStark shift 1557
A Homebuiltc 7 cwUVlaser o .~ . T~/
o 73

[Appl. Phys. B (2016) 122:122]

640 27
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Precision spectroscopy

Two ingredients for precision spectroscopy:

AMagic wavelength dipole trap

AFrequency metrology:
ACs clock frequency standard
AOptical frequency comb ~
AUItra stable ( ¢ ( Wreference laser / V—

|z VUM



Precision spectroscopy

AMeasureunperturbedc 3 © ¢ 3 —
transition c3) /

ASystematics effects:
A Spectroscopy Stark shift: extrapolate
ADipole trap Stark shift: magic
AZeeman shift: sphstretched states
Aphoton recoil: exactly known
Alnteractions:meanield shift

AN\
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Spectroscopy of aHe BEC

. .. 6000 -1
ADominated by collisions:
APenning ionization signal g >0 ’
( 'E(C 3) ( ﬁ(C 3)0 ( KPS) (A Q S 4000 ~ 10 kHz
A Coldcollision shift: &
(6)) W 1 Lo :
(3)8 ———— / " -
&) ] "
/ ~1.50 -1.48 -1.46 146 1.48 1.50
single shot TOF: Probe / ion-MCP petuning from center (MHz)
D - +
05| Fits: o e
- BEC A0 | —
2 0.41 Thermal ==~ He'
goa_ Total e Le —
éa . :,: obr et MCP ODT
O U
0.1] \Y ="
et e ||| zeze  \/be
50 7.5 10.0 125 15.0 17.5 20.0 22.5 AMSTERDAM ~m°

Time Smsg



Spectroscopy of aHe BEC

ASystematics analysis: | Nat. Phys14,11321137 (2018) |
A Spectroscopy laser &tark B e
ADipole trap (residual) shift Foon
AYD 8 ( )l | £47.5-W |
Lo . 0.C'Trap P[c]):\:er(W)l.O 0Probe Pom?tleor(mW} OIOChenOw:?pot. (?;:) 0 meazslono.
A Coldcollision shiftiz )
N e)
At., 8(8)4 \ }
349 I | | Tl | _ l +
Ac 3 O ¢ 3 transition: §48-T | i ] |
A 8 (8 )i £ 3

3 4 5 6 7 8 9 10
Measurement week
I LaserLaB VU %
AMSTERDAM o>

Most accurate transition in heliunp(t )
Three benchmarks for thi#He atom

BobRengelink™=




Working with 3He

Production of a Degenerate Fermi Gastdé
and investigation of the spectral line shape

|z VUM



Working with 3He

A Low natural abundance

. Atomicmass 3.016amu 4.0026amu
A Recycling system
Naturalabundance ™I TP T W@ W WP @
Nuclear spin P 0
C
Cost $2000/L1Y  $0.07/L2
Recycling  Source Collimation
system Cor
i [1] Physics Tod&§2, 10, 21 (2009)
v v V [2] Local party balloon store (2020)
LN, cooled <-' L I|:I
I lar |»—— 6
= = n

A
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Working with 3He

Pauli principle:
'f OGN O2f R LRSYI
collide!

A Sympathetic cooling witfHe

A FermiDirac distribution:
Doppler broadening

A No Penning ionisation signal:
Measure trap depletion

A No collisional shift

|z VUM




Working with 3He

A Sympathetic cooling witfHe

A FermiDirac distribution:
Doppler broadening

A No Penning ionisation signal:
Measure trap depletion DC

A No collisional shift He - g&

N vs DDS f||_--,‘;l”:l‘.‘.;;c

500000 A

450000 A

400000 A

350000 A

atoms

S 300000 A

250000 +

200000 A

150000 -

100000 4

T T T T T T T T
46.53 46.54 46.55 4656 46.57 46.58 46.59 46.60

fpps (MHz)
s,

_Zeeman, Slower

Magneto-Optical
&
Magnetic Trap

/),

= 3(\\71/\9 i'

 Sages

MCP detector

LaserLaB V
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{{ © 4 spectroscopy

AFermion line profile: Doppler broadening

)¢ 17 1 QpQ0 —
FermiDirac o |
Wdz $ t& it YOI, RRAGS, 0616022001) £
:
AExpect Doppler broadenin@®@w OF “Y 3
:
e
ABut wait, reduced linewidth! — Saft)

Detuning (kHz

)
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Understanding the spectrdineshape

oL Pl )0 1 )epel

Excitation Blockade

Modelingby

Decayg "Y© p Y: . :
7> 0 .. Raphaélannin

W [

=
o

Normalized atom number
o o o
~ pre ps

o
N

T Doppler
T Pauli
0.0 ' r r T
—-60 -40 =20 0 20
Detuning (kHz)

Wi
‘ Pauliblocked in
l dense part of the gas

|| zseize, vuﬂf




Testing thelineshapemodel

FWHM vs depump power

e
_| ) B 60 ‘o‘g?ge;,
W i I " ‘:\'(:\fe-’
50 - ,\.:\T ’
% w0 } ll
: l - Doppl
= 30 b _ -7 oppier
o} + ] + ' } + } ’}#"-f
20 { Jatts =
Jtas Pauli
10 A _.,-""
0 r’rr . . . . .
0 100 200 300 400 500
P3gg (W)
Nat. Comm13, 6479 (2022) l I stz | f U @g
AMSTERDAM o



Precision spectroscopy

AMeasureunperturbedg 3 © ¢ 3 ek
energy difference c3)

ASystematic effects: —_—
ADipole trap Stark shift
A Spectroscopy laser Stark shift
AZeeman shift
Aphoton recoil & ol
ALineshapeModel "

AN\
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Precision spectroscopy

a) +1.925049144el1 b) . A
tr;ap pclwvt(_ar -20 ey
extrapolation ——————i Y
;@50- 41 |C 3 hoO qu} jies i A
X -10
: % 21 a
0 T =
5 = $ 5
3 46 €0 0 2o
@ o] o 2
u= -~ ow
I © 2| ~ /4
© b 10 /
s ® A =319.8341 nm ® .- (AC Stark shifts
c 421 ® A =319.8272 nm —4H — - po!arizability curve fit
A =319.8310 nm 14 ~onfidonco intoryal 0
0 0.4 08 12 . A
BOT power (W) PRELIMINARY RESUBEHec¢ 3 © ¢ 3 (2022): 9
c)
+1.9250491444el1 AN\

~ 801 ¢ measurément sits v

T 55 weighted mean 8 ( ) l 8 O

X standard error

g 7.0 1 +

] i

=) 6.5 | ) (Y4

3 60 - = 8 C )t 1 -

E © o1¢)
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L

a 5.0 - +
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Nuclear Charge Radius Difference

data: [Phys. Rev. 26, 062510 (2017)]

Cancio Pastor et al.
—e—

Shiner et al.
—c—

1.02 1.03 1.04

1.05

1.06 1.07 1.08

r’(CHe) — r’(*He) (fm?)

\ / 0\ /

\ / \ /

DFG BEC

| 1083 nm__g

4
o ol
235 23p g

Atomic beam

VU
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Nuclear Charge Radius Difference

Previous Amsterdam result
(2011)

8
Cancio Pastor et al.
—o—
Shiner et al.
—e—
data: [Phys. Rev. 26, 062510 (2017)]
1.02 1.03 1.04 1.05 1.06 1.07 1.08

r’(CHe) — r’(*He) (fm?)

\ / 0\ /

\ / \ /

DFG BEC

| 1083 nm__g

4
o ol
235 23p g

Atomic beam

VU
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Nuclear Charge Radius Difference

Previous Amsterdam result

(2011)
- \ /o \ /
\ / \ /
DFG BEC
Prof. Shutming Hu P
................. talkyesterday s P
Cancio Pastor et al. 1083 nm. a
—e—i s
- 3 3 '
Shma/' 2°5- 2°P Atomic beam

data: [Phys. Rev. 26, 062510 (2017)]
1.02 103 104 105 106 107  1.08 ”I LaserLaB VU V
m’

r’(*He) — r’(*He) (fm?) AMSTERDAM



/ kHz (4.4]) deviation?

Previous Resulthon-magic wavelength ~ ©)

+192 504 914 MHz

A FermiDirac: AC Stark shift asymmetry ol
A Not resolved within laser bandwidth R Correction based on
A New setup: £ thermal broadening Afy,
A magic wavelengthno AC Stark from trap 0.8 for large Fermi gases =
A improved laser lockiesolve quantum effects <
o
a) b) simulated line profile 41":%"
________________ _ lated line pr £ 061
A AN (T =02 WE 0.2 “T} - 2011 *He data
® 2011 *He data corrected
3 — |inear extrapolation
218(}'} E 0.4 T T T
' E 200 400 600
8 8 1 &9
o
: !
® | [Juzeliunag Masalas, &fthi
PRIGS, 0616022000)] |[|izetz8 - \/U @é’
=200 =150 =100 =50 0 50
Laser detuning (kHz) AMSTEQDAM ﬂb



Nuclear Charge Radius Difference

C)
\ / \ /
DFG BEC
7
o
Cancio Pastor et al. CI- ° L 8 E& Qo e
]
235 23p -
Shiner et al. Atomic beam
data: [Phys. Rev. 26, 062510 (2017)] ——

1.02  1.03  1.04  1.05  1.06  1.07  1.08 ”I LaserLaB VU V
r*(*He) — r*(*He) (fm?) AMSTERDAM o



Electronsvs. Muons

AHenuclearcharge radifrom* ( A spectroscopy
A4He:p® X Y@ © &El[Krauth et al. Nature589, p. 522531 (2021)]
A Fresh off the pressHep& x 1t @® Al https://arxiv.org/abs/2305.11679

PSIVilligen
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https://arxiv.org/abs/2305.11679

Electronsvs. Muons

AHenuclearcharge radifrom* ( A spectroscopy
A4He:p® X Y@ © &El[Krauth et al. Nature589, p. 522531 (2021)]
A Fresh off the pressHep& x 1t @® Al https://arxiv.org/abs/2305.11679

alpha-helion (squared) charge radius difference

U He+
(arXiv 2023)

25 2P 7 PSI1Villigen

* Hefei 2023 + CP2012
2355 23p
f—r—

* Alsofresh
PreliminaryHefei2023

Cancio Pastor et al. (2012)
2°5-27P
—_—

Shiner et al. (1995)

235-23P
e llEEE. VU
‘ ‘ ,;2(3He) - r2(4Hé) (fmZ) ‘ ‘ ‘ AMSTEQDAM ﬂb



https://arxiv.org/abs/2305.11679

Electronsvs. Muons

alpha-helion (squared) charge radius difference

U He+
(arXiv 2023)
25 - 2P
*

Hefei 2023 + CP2012
2°S - 2°P (prel.)
: * :

Cancio Pastor et al. (2012)

2°S - 2°P
T
Shiner et al. (1995)
235 - 23P
. 2
1.0575 1.0600 1.0625 1.0650 1.0675 1.0700 1.0725 1.0750 1.0775

r’(3He) — r’(*He) (fm?)

Ao® ,fromHE “H
Ac, 1 .,from no° E
AHefei3He?

ApBE ( hift for p ,agreement
with muonic

ADiscrepancies
A Newphysicse 7A1 1 8888
A Very different systematics
A Theory: triplet vs. singlet
A Muonic: higher-order QED

|z VUM



In conclusion

AFundamental physics with ultracold helium:

A Precision spectroscopy: narrow transition : -
A Nuclear charge radf, most accuraté 1 @ [ N s
A QED benchmark

A Comparison with other works, exciting times:
Other spectroscopyscatteringmuonic systems

///////I//////I//lll/llII/IIII/HHIHH,HH,IIII|IlIIllIlI\lllI\l\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

AMore than just the transition frequency:
A magic wavelengths: benchmarks for QED
A “He BEC: insight into collisions, mdaid shift, scattering lengtid
A 3He Fermi gas: Observation of unexpected Pauli Blockade effects

A Higher precision2  ( Wexperimentally challenging)

A Other measurements in helium? ”I LaserLaB VU %’

AMSTERDAM




Thanks for your attention! 'E

2 A Raphaelannin
\ A KeesSteinebach -’
4 8 A Yurivan der Werf - l ’ ) il
S A Rick Bethlem ¥ ,,.W"':”' w0 %ﬂ *
A KjeldEikema Wim Vassen
A BobRengelik U11-2-2019
| 776\
Technical support: V
A RobKortekaas
A Lex van deGracht

Funding & facilities:

I ‘ I Laserl.aB
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Thanks for your attention!

Questions?

Email:y.vander.werf@vu.nl ”I k?/ISSeTr'E‘R?EAM VU %’
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Precision spectroscopy

ASystematics analysiZeeman shift 1
p |c 3 HO pic) mteints mintey it
’ 11
2 : 218,(F = 1/2)
. . /2 12
A /
_ 1.0 A ’/
E
2 0.8
: p’
% 0.6 -
E
504
L S )
0.2 - * Light A
"o 3 _ Dark e
2 Sl(]':;f_ 3/2) —— Gaussian fit |C 3 ho GTC) """"
*Ols2 150 148 146  -1aa M 1.44 1.46 1.48 1.50 1.52

Detuning from the center frequency (MHz)
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E/h (MHz)

Systematic analysis

A2nd order Zeeman shift:

15000 +

10000 +

5000 -

—5000 4

—10000 -

—15000 ~

Magnetic field dependence for *He in 235, state

mF = +1/2

mF = +3/2

mF = -1/2
mF=+172

mF = -1/2

mF = -3/2

T T T T
0 1000 2000 3000 4000
B (G)

T
5000

Using theBreitRabi formula with
oP O

No coupling tdO pf¢ from spin
stretchedd ofC

2nd order Zeeman from coupling to
¢ U,sameadHe: 11 (D

|z VUM



Reduced linewidth

Tails of spectrumeduced loss
We measure the

remaining He*

A
FermiDirac
State 20201203 89 360
occupation o
E
0.8 A
E
;I 0.6
0.4 4
—— data
— -~ Doppler width
p(E) ~2
0.2 1

46.34 46.36 46.38 46.40 46.42 46.44  46.46
f (MHz)

Centerof spectrum: high los:

B

Pauli Blockade

LaserLaB V
AMSTERDAM V U m’



Systematic analysis

ACold collision shift?
IDENTICAD2f RF FTSNXAZ2Yya R2¥Q D2t f ARS
Q)0 | w0

| Q) @) | T % O 0.038 -

0.036
© ( ) s © e € Ty~
Y — (AR QW | | | | |
+ —20 -10 0 10 20
(6 — brec)/2m (kHz)
|
<“Y‘Y k no Figure 2. Time-averaged correlation as a function of the detuning of the spectroscopy laser.

3 2 H)id? ¢ p(U

, LaserLaB V U V
*p-wave frozen outY v TriT+ ”I AMSTERDAM m




Frequency metrology

+1.94354942e14

700000 -

Hz laser drift

675000

650000 1

Centralized
625000 1 PDUIIdINg HVAC
control!

A =\1557T nmxx

600000

575000 ~

1542nm laser frequency (Hz)

550000

525000 ~

Correction to thereal S| second:

500000 local Cs clock deviation from GPS

1.638 1.640 1.642 1.644 1.646 1.648 3FQ v U
timestamp (s) 1les l( I ‘ I LaserLaB V U V
o’

AMSTERDAM




Finding the magic wavelength

AMeasurements at different wavelengtt
AMeasure strength of tha.c Stark shift

f1086: 276168833 f1086: 276163753
X —— -0.18 kHz/W 61 — 454 kHZW
4 -
01 2
-2 - 0 A
-2 4
_4 I 1 1 1 1 1 1 L} L} L} L} T T
0 259089°276P73888 1250 0 23908¥°276P638499 1250
0 1 —— -4.83 kHz/W 6 1 —— 4.46 kHz/W
-2 44
-4 2 4
—6 o
0 2390899276 P68988 1250 0 2%908¥P276P68989 1250

stark shift (kHz/ W)

— Am=319.83080+ 0.00015 nm

1o confidence interval
44 & Stark shift data

- —20

- —10

(Ze) “jod “yip

- 10

- 20

T T T T T T T T
0.027 0.028 0.029 0.030 0.031 0.032 0.033 0.034
ODT wavelength (nm) +3.198e2

i VU
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—— Am=319.83080+0.00015 nm
1o confidence interval
44 @ Stark shift data

Stark shift (kHz/W)

T T T T T T T T
0.027 0.028 0.029 0.030 0.031 0.032 0.033 0.034
ODT wavelength (nm) +3.198e2

*@ 1W UV power

r—20

rlo

r20

transition frequency (Hz)

(0O) 3Q 7 uvd pmn7i
O p 17 i

value at Ibd m: 192504914446.317+/-0.137 kHz

8.0 +

7.5 A

7.0 1

6.5

6.0

5.5 1

5.0

4.5 -

slope: 186.697+/-78.896 kHz

Error ina.(_; Stark , ansition
extrapolation? T

Same result

T T T T T T T
-0.003 -0.002 -0.001 0.000 0.001 0.002 0.003
A=Ap (nm)

*

N Average trap
intensity
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Electronsvs Muons?

<€

3

Cancio Pastor et al.

—e—1

Shiner et al.
—c—1

A Vastly different systems
A Vastly different theory
A Consistency check

A Probe nuclear sizes

A QED test

#

1.06

1.07

1.08

r’(3He) — r¢(*He) (fm?)

./ \ /

\ / \ /
3He\27 %@/
DFG BEC

et
e
a.L 8 Ef due
235 23p g

Atomic beam
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4.4 ddeviation?

2011 result:

1557 nm dipole trap + direct frequency comb lock
A FermiDirac: AC Stark shift asymmetry

A Not resolved within laser bandwidth

A Verified now with new spectroscopy laser

»
1 ... % L * .“

®or ..0 L ...‘.
0.9 ™ %
0.8 .
.. )
0.7 ; e s
0.6} He DFG

50

OF

-150 =100 -30
Frequency offset [kHz]

o’o‘l[
|

T O

<
»

2022 result:

magic wavelength trap tiltrastablereference laser
A FermiDirac: +

A No trap AC Stark Fully symmetric

A Quantum effects resolved2018:*Hemeanfield

S o Q L
> o o =)
L !

Normalized atom number

o
N

o
o

i @ . )
Il $T§5\\\////f—
- 0 _2(]))e\‘r111111(1)g kHA
I\I zo, VU
AMSTERDAM m



Testing the model

AEnhanced ground state decay through) state
Eliminate the stimulated emission channel
Lift Pauli Blockade effect tv

397nm tx ¢ @O

Saturated Absorption on 3He 2 15, - 4 1P, transition

0.005 4 - .
—— photodiode signal

—=- Lorentzian+slope fit

0,004 - I = 94.881601 C Y \

transition: 396.603328 nm

0.003 | —_— “y
s ) 1557 nm
E; 0.002 T ¢ Tt O
':;” 0.001
. ) v
~0.001 A PRELIMINARY RES!

600 o0 f::;???55?411264.6?5113{r\znégl w00 o00 I ‘ I LaserLaB V U V
AMSTERDAM m’



Testing the model

AEnhanced ground state decay through) state

FWHM vs depump power
32 -

T U
30 -
' 397nm * ¢ @0
28 - }
o

26
499 | } 1557 nm

22 i
| } ’ pY
204 ¢
PRELIMINARY RES

8 i oo 20 . Y wd + .
P3gg (W) MY T V¥ T® U I‘I LaserlLa VU
AMSTERDAM m°

FWHM (kHz)
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Understanding the spectral lineshape

ATrapped fermioniéHe: FermDirac distribution - — ]
A Distribution over motional states in the trap & 09 ' ‘""'*_,_.. o
ALaser absorption Doppler broadenetl D pt +) 5 - ARy’

E ¢l HeDFG "
= 06 1
Z 04 i
0.-2F e BEC i
91-50 —1-00 —5-0 O 5.0
3H e 4H e Frequency offset [kHz]
DFG BEC

I ‘ I Laserl.aB
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Before PhD

AMaster thesis work at Eindhoven University of Technology

Lens ‘
ARb MOT ¢ R | Detector
ARydberg excitation7@0+ 480)

ASLM: shaped excitation volume

ons ‘

y

x'
_ s MOT T4 _

& , Z
EINDHOVEN
200 400 600 ol G| B s —— e UNIVERSITY OF
x axis (um) X axis (um) X axis (um) TECHNOLOGY




Before PhD

ARydberg spectra:
ALineshapenediated by interactions
ARydberg facilitation
A Spatial resolution obscured by ion repulsion



