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Atomic QED Theory

* Describes light-atom interaction
* One of the most accurate theories

* Experimental predictions extensively
tested (often to ~102 level)

* Lamb shift of energy levels, anomalous
magnetic moment etc

* Interesting discrepancies still being clectron v
discovered

pup 2010 b scatt. Mainz

H spectroscopy

| N | 3 3
0.84 0.85 0.86 0.87 0.88 0.89 0.9

proton charge radius [fm]




Proton Radius Puzzle

* Pre 2010 - 2 types of
measurement: "7 wocosmao

* Electron scattering

uH CREMA 2013

Global analyses
O Han63 (ref*) ¢ Hoh76(ref’”) A Mer96 (ref.’?)
Ros00 (ref.*8) dh Sic03 (ref?®) ¥ Blu05 (ref*?)
Single experiments Bel07 (ref.””) ¢ Bor10(ref.**?) o Hil10 (ref5?)
® SLAC56(reff) ¢ Orsay62(ref1%) A Orsay63 (ref14}) O Zhall(ref.®™) A Sicl2 (ref®?) <= Adal2(ref.’®)
Orsay66 (ref.1?) # ARUS72(ref®) ¥ Mainz74 (ref.*3) * Lor12(ref™) o Gral4(ref!®®) ¢ Lor15(ref®)
m SAL74(ref®) ¢ Mainz75(ref*) A Mainz80 (ref.%) g2 Arrl5(ref**) A Leel5(ref®’) o Higl6(ref.*)
® NIST91(ref.) ¥ FermiOl(ref.) = MAMI10 (ref.:s) v Gri16(ref’) 0 Horl7 (ref%) ¢ Sic18(ref.!*f)

MAMI17 (ref.?) ¢ JLab19(ref.?) A Alal8(ref.2?)

1960 1970 1980 1990 2000 2010

Karr, JP., Marchand, D. & Voutier, E. The proton size. Nat Rev Phys 2, 601—6€



Proton Radius Puzzle

o P re 2 O 1 O - 2 t p e S Of . University of Sussex LKB Paris York University
y + 25 1;2_651.42 (ref.>%) A 251."2_2P1£2 (ref.?)

A 25 -2P  (ref’7)

02S,,-6D,, (ref2)

measurement: | i
* Electron scattering
* H spectroscopy

H-D CODATA
2014

pH CREMA 2013

LKB Paris and SYRTE

MPQ Garching 25,85, (ref.1%)
v 251.-‘2_45132 (refe?) ‘I_SD}Q (ref.e2)

Harvard University
A 25 2P (refs)

¢ 25 2P (ref.)
* 25, -4D_ (ref.®!) 8D, (ref.1?)

12D, (ref.%9)
12D, (ref.’®)

Yale University ® 1S -3S,, (ref?)

251.#2_4P 12 (ref.’e%) W 25,,-4P , and
251,#2_4P 31 (ref.x) 251.“_4P:.h (ref) ‘2_351-’2 (ref.”)

1985 1990 1995 2000 2005 2010

Karr, JP., Marchand, D. & Voutier, E. The proton size. Nat Rev Phys 2, 601-6



Proton Radius Puzzle

o P re 2 O 1 O - 2 t p e S Of . University of Sussex LKB Paris York University
y + 25 1;2_651.42 (ref.>%) A 251."2_2P1£2 (ref.?)

A 25 -2P  (ref’7)

012s sz_GD 52 (ref.1)

measurement: | i
* Electron scattering
* H spectroscopy

* In 2010 (refined Ty
2013), SpECtrOSCOpy : — LKB Paris and SYRTE

H-D CODATA

O . s MPQ Garching 25, -85 (ref1%?)
with muonic Eon I 5 e et
. 1/2 32 * * zslﬂ_,‘Dm(ref}m) 251;2_8[)5;2 (ref'wz)

H yd rO g e n m e a S u re d Yale University ® 1S -3S (ref) 25, -12D, (ref.)

251,{2_4P 1/2 (ref_um} | 25,“.2 vz and 251:‘2_12[)5;2 (ref'ws}

a radius 4% smaller | 25, 4. el 15,35, (e
t h a n CO DATA Va I u e ! 1980 1985 1990 1995 2000 2005 2010

Antognini, A. et al. Science 339, 417-420 2013} _
arr, JP., Marchand, D. & Voutier, E. The proton size. Nat Rev Phys 2, 601-614




Helium Atomic Structure

e Simplest multi-electron atom

e |deal testbed for atomic QED
theory

* Can test predictions such as:

* Energy levels
* Transition rates

* We trap ultracold He*
* BEC at ~1uK

1083nm
Cooling
and

Trapping
Transition




Tuneable Laser

* Frequency doubled M-squared

Ti:Sapphire laser
* Single frequency

* Linewidth <MHz .

* Tuneable ~402-428nm e

* (borrowed from SUT)

Ti:Sapphire
Laser

HWP

Chris Vale Sacha Hoinka

Cavity Doubler Spectral

Filters

HWP 2B
Shutter

SFP (WJ+189 MHz

To
Computer

Power Stabilization

Variable Gain
Amplifier

189.000 MHz
HWP

Set Point
From Computer

PI Controller

To
Computer




23P — n=5 Transitions

* Several transitions from 23P (Sjgtm) mﬁw)

level close to 400nm

* None measured accurately (last
measurement in 1960)

* 930 discrepancy with modern
theory!

» Spin forbidden 23P — 51D,
transition never observed

Probe
——Discharge

)
()
O
(%)
@)
o
-
@)
c
>
Qo
| -
v
c
L




Experimental Technique

* Shine laser onto cold
atoms

* Measure disturbance

Magnetlc Trap

Outcoupled
Atoms

Delay Line Detector (DLD)



Experimental Technique

* Shine laser onto cold (Sjgtm)

atoms s'p,
e Measure disturbance '

* During laser cooling
stage (excited state

transition)

)
()
O
(%)
@)
o
-
@)
c
>
Qo
| -
v
c
L

T

(Triplets)

Probe

63nm .
——Discharge

|
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* 1 Transition first measurement
* 4 measurements vastly improved
 All agree with theory

Experimental Results

[

=
]

Normalized loss

=]
D
o

23 P, — 51D,

Transition

j%heory

23P, — 53S;
25P, — 53D,
2P, — 53D,
23, — 53D4
23P, — 51D,

727,303,248(:
744,396,496
744.396.,220(
744.396.,194(
744.430,343(’

727.303,244.6(
744.396,511.1(
744.396,227.6(7
744,396,208.3(7
744.430,343.1(7)

4
7

)
)
)
)

16(7)

v-744430343.35 (MHz)
FWHMEXP FWHM,,.q
3.4(5) 1.5
5.8(6) 2.6
4.2(5) 2.6
4 0( 1) 2.6
3.2(1) 2.2

J. A. Ross et. al. Phys. Rev. A 102, 042804 (2020)




Forbidden Transition

* Highly forbidden 23S, - 33S,
* Extremely weak
e Differing Einstein A predicted:

* A=6.5%x107 s1(1/A=4.89 yrs) [1]
e A=12x107 s (1/A=2.71 yrs) [2]

“This discrepancy does not have
experimental impact since this rate is too
small...to be measured” [1]

[1]G. Lach et al,, Phys. Rev. A 64, 042510 (2001)
[2]A. Derevianko et al., Phys. Rev. A 58, 4453 (1998)




Forbidden Transition Measurement

* Cold atoms extremely
sensitive

* Directly excite BEC atoms
with probe beam

* Detect resulting:




Forbidden Transition Measurement

RF “knife”

* Cold atoms extremely
sensitive

* Directly excite BEC atoms /\/\/P\r;l;e light

with probe beam

* Detect resulting:

* Atom |OSS Detector



Forbidden Transition Measurement

* Cold atoms extremely
sensitive

* Directly excite BEC atoms
with probe beam

* Detect resulting:
* Atom loss
* Temperature increase

Detector



Forbidden Transition Summary

* First observation of
this transition

e 2 @2
-

e
b

* Agrees with theory

pm——_y
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n

N O

.Unable to % 30 20 -10 0 10 20 30

f — foa (MHz) _ f — for (MHz)
distinguish Einstein e —
A coefficient Method Center 335 State Einstein A
theory discrepancy Freq (MHz) Lifetime (ns) Coeff (109s71)

Direct  700,939,271(5)  50(20) i
Heating 700,939,271(5)  40(30) 7(4)
Theory  700,939,269(8)  35.9(2) 6.48, 11.7

K. F. Thomas et. al. Phys. Rev. Lett. 125, 013002 (2020) ‘



Helium Tuneout Frequency Measurement




What is a Tuneout Frequency?

* Where all contributions to atomic polarisability cancel




Why a Tuneout Frequency

* Alternative to measuring energy ;'—18213 P (1083nm
level spacing . ' 154p’P G19m)
* Depends on all levels : 153p°P (389nm) —=
* Null measurement . oznm\

* Measuring Helium tune out at
413nm to 175MHz (100fm) oo 0_100
dCCUracy: Energy (a.u.)

.. would constitute the most precise

measurement of transition rate information ever made
for helium.” —Jim Mitroy

PHYSICAL REVIEW A 88, 052515 (2013)

Tune-out wavelengths for metastable helium

. R o)
J. Mitrov! and Li-Yan Tane'+



Tuneout Measurement

* Use probe laser to perturb magnetic
trap

* Measure trap frequency via BEC
oscillation and outcoupling trains of
small pulses

* Scan laser frequency until no
change in trap frequency

Detector




& p Magnetic
3 Trap
Q'BQ -
o €
®
oo
. € Atom Laser
Gravity € Pulses

(=]

2
probe

Response, {2

() et =426.448(14) Hz

|
| | | | | | | | | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

| | | | | | | | | -

-4 -3 -2 -1 0 1 2 3 4
Probe Beam (Optical) Frequency, f — Tune-Out Frequncy. fro



Tuneout Frequency Result

°® Fi Nna I Va I ue: Theory — Exp.
fTO _ 7 2 5’ 7 3 6’ 700 Exp. Uncertainty n E::Tii;:h
(40

statr2605)MHZ ey Ty
* Agrees with theory value =
725,736,252 (9)MHz QED of

Retardation

Finite nuclear size

e 20-fold improvement on
previous best
measurement

QED ¢

Relativistic tensor

Relativistic scalar

* Resolves QED terms A0 100 <102 100 0 100 10° 100 108

B. M. Hensen et. al. Science 376, 199 (2022) Effect Size (MHz)




Further Information

* Transitions:
J. A. Ross et. al. Phys. Rev. A 102, 042804 (2020)

K. F. Thomas et. al. Phys. Rev. Lett. 125, 013002 (2020)

* Tuneout:
B. M. Hensen et. al. Science 376, 199 (2022)
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Proton Radius Puzzle

*In 2010 (refined 2013), | r-J:[C‘ ,\

Momentum filter

new spectroscopy with
muonic Hydrogen
measured a radius 4%
smaller than CoDATA

value!

Antognini, A. et al. Science 339, 417-420 (2013)




Experimental System

e Ultracold
temperature
achieved via:

* Cryogenic cooled
source

* Laser cooling stages
* Magnetic trapping
and evaporation

e Ultrahigh vacuum
YA E

R.G. Dall & A.G. Truscott Opt. Commun. 270, 255-26
A.H. Abbas et. al. Phys. Rev. A 103, 053317 (2021)




Single Atom Momentum Detection

Single atomimpact |
and resuiting \ {a]

electron trajecko

* 3D resolved single atom R
; - ov — 1 \\
detection via MCP-DLD detector g e
Ty
e Atoms measured after trap A

(b)

release and time-of-flight (TOF) o,
* Plots 3D momentum distribution ‘




Laser System

* Frequency stabilised by
locking to Cs reference

* Monitored via e 1
HighFinesse
wavemeter w150

* “AMHz accuracy for our gy
transitions - " Power Stabilization |

* Power stabilisation

* Fibre coupled to atoms

PI Controller




Experimental Results

* Measured transitions

at different magnetic
fields 23P, — 5 D,

Theory value Wi6.5(3) G
10.2(3) G

N,

7 p)
0p)}
Q
Lo
i)
Q
N
» =
—
&
-
—
z

Laser frequency (w)




Experimental Results

First measurement

23 P, — 51D,

'N, TT Zeeman shift ~ fine structure in 5° D lines
(Singlets) ! (Triplets) :

1
SD2

Normalized loss

50 -40 . 30
Ww-744430343.35 (MHz)

250" 60 -40 20
w- 744396497 (MHz

+16.5(3) G
10.2(3) G

——Pump
Probe
- Discharge
-25 3 -10

w-727303244.60 (MHz)




Forbidden Transition Heating Method

* Photon scattering from probe beam
causes heating
: @
e Qutcouple multiple small pulses of
atoms over time <
* Temperature fit to each pulse gives < gﬂfgggg'ed
heating rate & roms
&

e



Forbidden Transition Direct Measurement

* Atom loss peak gives
transition frequency:
700,939,270(5) MHz
(427.701045(3)nm)

* FWHM gives lifetime:

[
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e 50(20)ns
e Unable to measure Einstein T30 20 - 0 10
A coefficient with this f — fo,a (MHz)

method without QE




Forbidden Transition Heating Results

* Temperature fit to outcoupled
pulses gives heating rate due
to probe beam

* Heating rate gives transition
rate of:

A=(7+4) x 107 s
1/A = (5+2) years

“w
s
~
S
S
s
o
&
s
4

* Theory =4.98 or 2.71 years

f — fo,, (MHz2)




A Few Detai

0) — fro(—1,0) (GHz)

* The tuneout we measure
depends on beam polarisation
via Stokes parameters:

fro(Qa,V

_— O
N 0

: . | 1 . :
fro(Qa,V) = fTE’O E 3_;5’1" cos () V — Eﬁr 381]_5

* Scan beam Stokes parameters
to account for this

-0.5 0 k3
V (4" Stokes parameter)



