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Probing Nuclear Sizes with Precision
Spectroscopy in Bosonic and Fermionic Helium
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Precision measurements

for fundamental physics

Fundamental Physics

Tabletop Experiments
* High precision measurements
e Bound-state QED (theory collaborators)

He, He*,H,, HD, HT, HD*, H.?, ...

Simple, calculable, systems
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Precision measurements

For fundamental physics

Simple, calculable, systems

e H-atom: 1S — 28§ transition
e 2S metastable level: narrow linewidth

Hydrogen

e 451071 precision [1]
* Cornerstone for QED calculation

 Combined with other transitions
* proton charge radius 1, and R,
e ‘proton radius puzzle’

Colorado 2022 [32]
Garching 2020 [33]
[——

JLab 2019 [37]

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

Toronto 2019 [36]

]'—I]Ltl'i\' 2018 [35]

CODATA 2010
e-p scatt. +
H spect.

e CODATA 2018
Garching 2017 [34]|

Mainz 2011 [30]

pH 2013 [31]

JLab 201 t)[’)|

0.82 0.83 0.84
2 1/2
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Precision measurements

For fundamental physics

A
N L LLLLLLLLLLLLLLLLLL, .
24 » Two electrons: 2H e
' . . Helium
53 * Singlet/Triplet structure
 Two 2S metastable levels:
22 | * Narrow transition at 1557 nm
* First measured in 2011 at VU
e 1S - (van Rooij et al.)
S0l =20ms _ > 351
. t=8000s
oL N TT ”I LaserLaB VU V
'S P 'D _ 3S 3P D AMSTERDAM o



Precision measurements

For fundamental physics

>

N e L LLLLLLLLLLLLLLLLL, 4
| . * Next atom, He H e
. 2

* Two electrons:
231 :  Singlet/Triplet structure

Helium

e Two 2S metastable levels:

22T * Narrow transition at 1557 nm
a4 e 23S, state:
=20 nis - 3 / * Laser cooling and trapping

1 - 2°5 1083 nm .

20 R T Degree of control
, * Reduce Doppler

-~ ! * Let’s get QUANTUM

: Iz, VU
'S P 'D _ 3S 3p D AMSTERDAM o’



Precision measurements

For fundamental physics

E [ev14 .
N el LLLLLLLLLMLLLLLLLL, \
4T - e Two electrons: ZHlle
53l ' * Singlet/Triplet structure "
* BUT: complicated QED theory
22+ from electron-electron terms
T 'S, '
=20ms e * SOLUTION: *He-*He isotope shift

201 T et « Most difficult terms drop out

: * Nuclear sizes: 612 = rf — 1

0 N TT ”I LaseraB VU V
'S P 'D _ 3S 3P D AMSTERDAM o>



The helium atom

*He-*He rms nuclear charge radius difference
¢ 2°S — 2°P

* Measure isotope shift:

* Electron-electron terms drop out Cancio Pastor er al. [50]

* Finite nuclear size remains —

+ Scattering data too inaccurate o QD S

Shiner er al. [49]
e Approach: a

* Measure 3He-*He isotope shift | Electron Scattering [51, 52]

e Extract differential charge radii r¥ — 12 using 100 102 104 106 1,08 1.10 112
QED theory 612 = r2(3He) — r?(*He)

 Compare with other measurements:
Spectroscopic, scattering, uHe™
Consistency check

|z, \JUME



Quantum degenerate He*

Magneto-Optical
Atom detection

101 & *  Microchannel plate
Ma >neti : » 20 eVinternal energy
81 etic Trap * Time-of-flight fitting: N, u, T

Zeeman Slower &

W My = 4He BEC
. j(f" \\‘3 ; 3He DFG
¢ Y’/ . | ’

5
-
MCP detector —-——‘J Nt
0 10

W

MCP signal (a.u.)

20

Cooling sequence: t (ms)

* Magneto-optical trap: 500M @ 0.5 mK

* Doppler cooling in Magnetic Trap: 200M @ 130 pK

e Evaporative cooling: quantum degenerate gas < 1 pK I ‘ I LaserL.aB V U V
AMSTERDAM o>

* Transfer to Optical Dipole Trap (ODT)



Precision Spectroscopy

* Magic wavelength Optical Dipole Trap
* ‘magic wavelength’ @
* Same trap potential for 23S; and 2'S, 2'S
x aF?

* No ac-Stark shift N
e Homebuilt 2 W cw UV laser 5 ,> .......

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

|z VUM



Precision spectroscopy

Two ingredients for precision spectroscopy:

* Magic wavelength dipole trap

* Frequency metrology:
e Cs clock frequency standard
e Optical frequency comb
» Ultra stable (< 2 Hz) reference laser

|z VUM



Precision spectroscopy

« Measure unperturbed 23S, — 215, P e
transition 21Se) / |

» Systematics effects:
» Spectroscopy Stark shift: extrapolate
* Dipole trap Stark shift: magic 4
e Zeeman shift: spin-stretched states
e photon recoil: exactly known
* Interactions: mean-field shift '
23S4)

AN\
NS

A\N
A
A\N
NS
A\N
A
A\N
NS
A\N
N\

N\
” \NN

-+
—_

nmss;ssm VU%



Spectroscopy of a “He BEC

. . . 6000 1 my= +1 my
 Dominated by collisions: .
* Penning ionization signal g >000° v
He (21S,) + He (23S;) - He (1'Sy) + Het + e~ 2 4000 e
e Cold-collision shift: IS
Ats — Agt 4 30007 00 > 0o ®ee |
(Av) o« ——u / e
At ! | | | . | | |
I,’ -1.50 -1.48 -1.46 1.46 1.48 1.50
single shot TOF: rohe I, ion-MCP Detuning from center (MHz)
Data — e +
0.51 Fits: \ jHe
= BEC Nrp | —
;0-4' Thermal === *
£03] ™t e He —
@ ] P ODT -
So2 f \ U MCP ODT
= ,.' “‘ ——__——‘
0.11 3 Pt
00 === , Te— LaserLaB V
50 7.5 10.0 125 15.0 17.5 20.0 225 AMSTERDAM "o

Time Smsg



Spectroscopy of a “He BEC

‘ Nat. Phys. 14, 1132-1137 (2018) ‘

e Systematics analysis:
e Spectroscopy laser ac-Stark

+1.925107021ell

52.51{2) [c)
e Dipole trap (residual) shift T ool |
. A, = 319.81592(15) nm P | S Sy S e
0.0 0.5 1.0 0 50 00 02 04
L. . _ Trap Power (W) Probe Power (mw) Chem. pot. (uK) meas no.
e Cold-collision shift: (Av) « %u
tt ~N e)
« a,, =82.5(5.2) a, = 50 \ }
g 497 I | | | _ l +
3 1 " S T | T 1 |
¢ 2°54 — 27§, transition: Z 48]
« 192510702 148.72(0.20) kHz 2

3 4 5 6 7
Measurement week

8 9 10
I LaserLaB VU %’

AMSTERDAM

Most accurate transition in helium (10712)
Three benchmarks for the “He atom

Bob Rengelink




Working with 3He

Production of a Degenerate Fermi Gas of 3He"
and investigation of the 23S; — 215, spectra

|z VUM



Working with 3He

* Low natural abundance

R f i Atomic mass 3.016 amu  4.0026 amu
o ecvycling system
y &3y Natural abundance 0.00014 % 99.99986 %
Nuclear spin % 0
Cost $2000/L [1 S0.07/L [2]

Recycling  Source Collimation

system
[1] Physics Today 62, 10, 21 (2009)

[2] Local party balloon store (2020)

B ——
fm———
o —

LN, cooled — L
molecular —b——]ﬁ<€
sieves

A _

2 W ez, VU




Working with 3He

Pauli principle:
Ultracold Identical Fermions don’t
collide!

* Sympathetic cooling with 4He

* Fermi-Dirac distribution:
Doppler broadening

* No Penning ionisation signal:
Measure trap depletion

* No collisional shift

|z VUM



Working with 3He

* Sympathetic cooling with “He

e Fermi-Dirac distribution:
Magneto-Optical

Doppler broadening s
* No Penning ionisation signal: Ma tic T
' i netic ra
Measure trap depletion DC Zeeman Slower ~ g
* No collisional shift * He - g& E—— :’/r \Q .-
500000 N'vs DDS ‘“""UI‘UL'I'?-’,;C — \%ZE/ '
400000 - -
350000 - MCP detector
2‘%300000:

||z \/U be
46:53 46:54 46:55 46.I56 46.‘57 46:58 46.‘59 46:60
(M) AMSTERDAM o>



238, — 218, spectroscopy

* Fermion line profile: Doppler broadening

S(A) « [ [[pgl6(w — wy)d3# d3k S

Fermi-Dirac
Juzelitinas & Masalas, PRA 63, 061602 (2001)

=
o

0.8 1

0.6 1

* Expect Doppler broadening: FWHM < T

0.4 1

Normalized atom number

| — Sps(d)

e But wait, reduced linewidth!

60 40 ~20 0 20 40 60
Detuning (kHz

)
|z VUM




Understanding the spectral lineshape

S(A) « [ ][E —|pg(1 - pg)]S(a) — wy)|d37 d3k

Excitation Blockade

Modeling by
',. Raphaél Jannin

=
o

Decay 215, —» 115,:
T=20ms

Normalized atom number
= o o
iy ()] 8]

o
(N)

— Doppler
— Pauli
~60 40 20 0 20 40 60
Detuning (kHz)

o VU

o
o

~

V(r)
Pauli-blocked in
T dense part of the gas




Testing the lineshape model

FWHM vs depump power

S
|41P,) 3e
60 b‘o‘?’.—'#
-t
T =4ns & R
50 S ’
N gl
bt
i -
= 30 ; } L-' Doppler
. SANE RN o
b d L~
20 {1k} _,,-*”
e Pauli
10 - _.,-""
0 Lez” . . . . .
0 100 200 300 400 500
P3gg (W)

~

Nat. Comm. 13, 6479 (2022) ”I LaserLaB VU

AMSTERDAM m




Precision spectroscopy

 Measure unperturbed 23S, — 215, M = 3172
energy difference 1215,) "

e Systematic effects: —_—
* Dipole trap Stark shift
e Spectroscopy laser Stark shift
e Zeeman shift
* photon recoil mp = +3/2
* Lineshape Model |

AN\
NS

A\N
N\

2°5,)

nmss;ssm VU%



Precision spectroscopy

a) +1.925049144e11

O
S—

trap power 61 _20 ) A A
250 extrapolation 4 12%Sy, F = 1/2) jetets mjete) pmpetel
—‘é % 5] —10%
%_46 %0 + 0o g
5 Ez/‘/p 10 % 4
'LEJ_ ¢ A =319.8341 nm o ® .- (AC Stark shifts
o 421 ® A =319.8272 nm -4 — - polarizability curve fit
A = 319.8310 nm Loconfidanca intansl =k
0 0. 0.8 2 /
oty | PRELIMINARY RESULT 3He 23S, — 21S, (2022): 1

C) +1.9250491444e11 AN\

~ 8.0 1 ¢ measurément sits

T ;s veigf ted mean o =192504914418.96(17) kHz

= stendard error

> 7.0 1

S 65 - + | + |

5 6.

S oo j : A = 319.830 80(15) nm 32

E 5.5 T

g. 5.0 +

o

4.5 <
0

’ ‘ measureément set ¢ 0 12 I ‘I Laserl—aB V U V
AMSTERDAM o>




Nuclear Charge Radius Difference

https://arxiv.org/abs/2306.02333

Cancio Pastor et al.
—e—

Shiner et al.
—c—

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

1.02 1.03 1.04 1.05 1.06 1.07 1.08
r’(CHe) — r’(*He) (fm?)

\ / 0\ /

\ / \ /
3HG\E?/ 4He@/
DFG BEC

el
e
1053 nm o e
o ol
235 23p g

Atomic beam

|z VUM



Nuclear Charge Radius Difference

Previous Amsterdam result
(2011)
4.40
Cancio Pastor et al.
——
Shiner et al.
—o—
data: [Phys. Rev. A 95, 062510 (2017)]

1.02 1.03 1.04 1.05

1.06 1.07 1.08

r’(CHe) — r’(*He) (fm?)

\ / 0\ /

\ / \ /
3HG\E?/ 4He@/
DFG BEC

el
e
1053 nm o e
o ol
235 23p g

Atomic beam

|z VUM



Nuclear Charge Radius Difference

Previous Amsterdam result

(2011)
4.40

Prof. Shui-ming Hu
talk yesterday!

Cancio Pastor et al.
—e—

Shiner et al.
—c—

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

1.02 1.03 1.04 1.05 1.06 1.07 1.08
r’(CHe) — r’(*He) (fm?)

\ / 0\ /

\ / \ /
3H;\\\\’7/7/ 4H;\\\\“/77/
DFG BEC

el
e
1053 nm o e
o ol
235 23p g

Atomic beam

|z VUM



7 kHz (4.4 o) deviation?

. . ° c
Previous Result: non-magic wavelength ) 4199 504 914 MHz
* Fermi-Dirac: AC Stark shift asymmetry L oA
* Not resolved within laser bandwidth Correction based on I&f
. . N thermal broadening
New Sett.lp. é for large Fermi gases v
* magic wavelength: no AC Stark from trap 5 0.8 -
* improved laser lock: resolve quantum effects =
k=]
b) simulated line profile 41":%"
= [} D'ﬁ 1
Tk = 041K 0.2 “:-q = 2011 *He data
® 2011 *He data corrected
3 — |inear extrapolation
s 0.4 : , ;
5 200 400 600
192 504 914 417.2(2.0) kHz |
£ -
© [Juzeliunas & Masalas, Af, thé
PRAGS 0616020000 | |[|izetz8 - \/U @?’
=200 =150 =100 =50 0 50
Laser detuning (kHz) AMSTEQDAM ﬂb



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

Cancio Pastor et al.
|

Shiner et al.
— =

\ / 0\ /

1.02 1.03 1.04

1.05 1.06 1.07 1.08

r’(3He) — r¢(*He) (fm?)

\ / \ /
3HG\E7 4He@/
DFG BEC
A
o
Oexp KT =1.6 MHZ [+
3 3 -
2°5- 2°P Atomic beam
”I LaserLaB VU %
AMSTERDAM o



Electrons vs. Muons

* He nuclear charge radii from uHe* spectroscopy
e 4He: 1.67824(83) fm [Krauth et al. Nature 589, p. 527-531 (2021)]
* Fresh off the press: 3He 1.97007(94) fm https://arxiv.org/abs/2305.11679

PSl, Villigen

|z VUM


https://arxiv.org/abs/2305.11679

Electrons vs. Muons

* He nuclear charge radii from uHe* spectroscopy
e 4He: 1.67824(83) fm [Krauth et al. Nature 589, p. 527-531 (2021)]
* New result: 3He 1.97007(94) fm https://arxiv.org/abs/2305.11679

alpha-helion (squared) charge radius difference

u He+ =
(arXiv 2023) o cermen e : % 5
25220 S PSl, Villigen

*Hefei 2023 + CP2012

2355 23p

f—r—
*Also new:
Preliminary Hefei 2023

Cancio Pastor et al. (2012) Shuiming Hu, FFK Vienna 2023
[r——
Shiner et al. (1995)

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


https://arxiv.org/abs/2305.11679

Electrons vs. Muons

3.60 from uHe™
20 — 40 from 23S — 23P
Hefei 3He?

1.9 kHz shift for 10 agreement
with muonic

alpha-helion (squared) charge radius difference

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

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

Discrepancies:
Cancio Pastor et al. (2012) . e
236 5 53p | New physics? Well..................
* ‘  Very different systematics

Shiner et al. (1995) * Theory: triplet vs. singlet
o  Muonic: higher-order QED

1.0575 1.0600 1.0625 1.0650 1.0675 1.0700 1.0725 1.0750 10775 I ‘I Laserl.aB VU V

rZ(3He) — r2(*He) (fm?) AMSTERDAM




In conclusion

 Fundamental physics with ultracold helium:

* Precision spectroscopy: narrow transition " |
* Nuclear charge radii > most accurate 5 — 7 @ Q
 QED benchmark

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

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

https://arxiv.org/abs/2306.02333

* Exploring the ‘Quantum Frontier’?
* magic wavelengths: benchmarks for QED
* “He BEC: insight into collisions, mean-field shift, scattering length a;,
* 3He Fermi gas: Observation of unexpected Pauli Blockade effects

* Higher precision? I' = 8 Hz (experimentally challenging) I

e Other measurements in helium? ”I LaserLaB VU

AMSTERDAM m



Thanks for your attention! 'E

¥ He* team:
Raphael Jannin
Kees Steinebach |
Yuri van der Werf W

i
Rick Bethlem VL

I _".n'llm

Kjeld Eikema Wim Vassen:
Bob Rengelink Tt 11-2-2019
Technical support: ‘
* Rob Kortekaas

e Lex van der Gracht

Funding & facilities:

I ‘ I Laserl.aB
AMSTERDAM



Thanks for your attention!

Questions?

Email: y.vander.werf@vu.nl ”I msse{%AM VU %’
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Precision spectroscopy

e Systematics analysis: Zeeman shift ) t1
/] |2*So, F = 1/2) petets ey mjuied
° . I
1.2 q* . 21SO(F _ 1/2) . .
y . /2 2 y .
1.0 1 > . A . of . )’
E
2 0.8 1
= Y
E 0.6
£
5 0.4 .
=
0.2 1 — 172 e Light -—-}------
/] —— Gaussian fit Ly =924l b
O00s2 150 148 146 144 H 1.44 1.46 1.48 1.50 1.52

Detuning from the center frequency (MHz)

|z VUM



Systematic analysis

e 2d order Zeeman shift:

Magnetic field dependence for *He in 235, state

mF = +1/2

15000 +

Using the Breit-Rabi formula with
mF = +3/2
10000 + ] < I
No coupling to F = 1/2 from spin-
stretched mp = £3/2

5000 -

mF = -1/2
mF=+172

2"d order Zeeman from coupling to
23P;, same as “He: < 4 mHz/G*

E/h (MHz)

—5000 4

—10000 -
mF = -1/2

—15000 1 mF = -3/2
0 1000 2000 3000 4000 5000 I ‘ I LaserLaB V U V
o’

B (G) AMSTERDAM




Reduced linewidth

Tails of spectrum: reduced loss
We measure the

remaining He*

A
Fermi-Dirac
state 20201203 89 360
occupation ol
E
0.8 A
E
;I 0.6
0.4 4
— data
— -~ Doppler width
p(E) R
0.2 1

46.34 46.36 46.38 46.40 46.42 46.44  46.46
f (MHz)

Center of spectrum: high loss

Pauli Blockade

LaserLaB V
AMSTERDAM V U o



Systematic analysis

e Cold collision shift?

IDENTICAL cold* fermions don’t collide 2ot
|gl> — + ﬁ1|81> s
|g2> — aZ + ﬁ2|32> 0.038 1
(@1B2—a2PB1) ]

(6 — brec)/2m (kHz)

. ' I5)=""7 (lge) =leg)) T N

<S|S> — G (2) Figure 2. Time-averaged correlation as a function of the detuning of the spectroscopy laser.
= Uge

_ hage

Ags = —22pg(r) - G¥< 21 x 1 Hz

|z, VU
*p-wave frozen out T < 500 mK AMSTERDAM o’




Frequency metrology

+1.94354942e14

700000 -

Hz laser drift

675000

650000 1 .
Centralized

s25000 1 PUilding HVAC
control!

A =\1557T nmxx

600000

575000 ~

1542nm laser frequency (Hz)

550000 s T
525000

Correction to the real Sl second:
500000 1 local Cs clock deviation from GPS

l.6|38 l.6|40 l.6|42 times]:l:.af:l::; o l.6|46 l.6|48 Lo Af — 55 HZ I ‘I Laserl_aB V U V
m

AMSTERDAM



Finding the magic wavelength

* Measurements at different wavelengths

6
—— An=319.83080+0.00015 nm L -0
* Measure strength of the a.c. Stark shift , || 1o corfidence nterval
- —10
f1086: 276168833 f1086: 276163753 '%
| —— -0.18 kHz/W ®1 — 454 kHz/w I %
4 E F0 &
= —
% 2 ¥ =
18}
-2 04 &
- 10
—4 =2
0 23908¥0276P73888 1250 0 2%908¥9276P63849 1250
01 —— -4.83 kHzZ/W 6 1 — 4.46 kHz/W 20
_6 T T T T T T T T
-2 il 0.027 0.028 0.029 0030 0.031 0032 0033 0034
ODT wavelength (nm) +3.198e2
—4 5 ]
—6 -
' —— ' ' ' R LaserLaB V
0 2¥9089P276PegPe8 1250 0 23908¥9276P68989 1250 AMSTERDAM S



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

Stark shift (kHz/W)

o
(e} "od "yip

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

|
=
o

=
o

r20

transition frequency (Hz)

8.0 +

~
w

~
o
1

£
&)

m
o

o
w

w
o
1

4.5 -

(I320) = Afstark/@ = 5.5 X 10" Wm™ *
Ipeak = 108 Wn’l_2

value at Ibd m: 192504914446.317+/-0.137 kHz

. — sl :186.697+/-78.896 kH
Errorina.c. Stark ~, oo ‘
| extrapolation? T
L
Same result
|
. |
|
|
|

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

2°51)

N Average trap

LaserL.aB
AMSTERDAM

intensity

VU



Electrons vs Muons?

P,
B \ . / \ /
— < 3 \ / \ /
Cancio Pastor et al. 3”"’%7 4.«.@/
[—=0—] DFG BEC
) * Vastly different systems .
Shiner et al. * Vastly different theory e
] * Consistency check o LKT=1.6 MHzZ t.. +~
* Probe nuclear sizes o
* QED test -

3 3
2°5-2°P Atomic beam

#

1.06 r2(3He)}r;ng)(fm2) 1.08 ”Ik?/lsserr%m VU%’




4.4 o deviation?

2011 result: 2022 result:
1557 nm dipole trap + direct frequency comb lock magic wavelength trap + ultrastable reference laser
* Fermi-Dirac: AC Stark shift asymmetry * Fermi-Dirac: +

* No trap AC Stark = Fully symmetric
* Quantum effects resolved (2018: “He meanfield)

* Not resolved within laser bandwidth
e Verified now with new spectroscopy laser

hd 4 o
1 o o¥ ..‘......‘ ..'l“ ...‘.
0.9 o % .
0.8 “ oM E
*% # =
0.7 ; ,y-.o“ E
06} He DFG - _ E /
-150 -100  -50 0 50 5 Y,
| — Sw
Frequency offset [kHz] —SE g(l M(w)) |2W
- N _2(]))e\‘r111111(1)g kHA

nmss;ssm VU

V(r)l_w }] \ﬁgm




Testing the model

* Enhanced ground state decay through 4P, state

Eliminate the stimulated emission channel
Lift Pauli Blockade effect 4'py

397 nm T~26ns

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

0.005 4 - .
—— photodiode signal

—=- Lorentzian+slope fit

0,004 - I = 94.881601 2150 \

1557 nm

transition: 396.603328 nm

23S,
0.002 - T = 20ms

0.001 4

Lamb dip (a.u.)

115,

0.000 4

PRELIMINARY RESULT

600 o0 ;52?355?411264.6?5113{r\znégl w00 o00 I ‘ I LaserLaB V U V
AMSTERDAM m’

—0.001 A




Testing the model

* Enhanced ground state decay through 4P, state

FWHM vs depump power

32

41p,

30 -
' 397 nm T ~26ns

2351
1557 nm

24 -

. IH)M} S

FWHM (kHz)

T = 20ms

22 i
| 118, —
204
PRELIMINARY RESULT

e 50 100 150 200 T = 95 nK .
Pse (LW) T/Tr 0.35 ~ 0.55 I ‘I Laserla VU
AMSTERDAM o




Understanding the spectral lineshape

* Trapped fermionic 3He: Fermi-Dirac distribution

 Distribution over motional states in the trap g
* Laser absorption Doppler broadened (T ~ 1 uK) §
=
E"
=
He ‘He
DFG BEC

0.9
0.8
0.7
0.6}

| SO

1
0.8
0.6
04
0.2

“He BEC

O »

-150

-100 -50

0 50

Frequency offset [kHZz]

LaserL.aB
AMSTERDAM

VU

e



Before PhD

* Master thesis work at Eindhoven University of Technology

Lens ‘
| RovoT | Detector
e Rydberg excitation (780 + 480)

e SLM: shaped excitation volume
v

| T B MOT T4
# f -
EINDHOVEN
e UNIVERSITY OF
200 400 600 200 400 600 200 400 o0 TECHNOLOGY

X axis (pm) X axis (um) X axis (pum)




normalized ion signal

Before PhD

* Rydberg spectra:
* Lineshape mediated by interactions
* Rydberg facilitation

 Spatial resolution obscured by ion repulsion
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