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The Fine Structure Constant

Measures the strength of the electromagnetic interaction

‘)
| e* |

Q= -——=———————  (0.23ppb) 2014 CODATA
Adreg he 137.035999139(31)

. Muonium

. h/mxy

3 |’|'|||¢)||

™ Quantum Hall

] h/me,
= g — 2 (Washington)
. h/mpy
s g — 2 (Harvard)
15 10 5 0 5 10 15 20

Relative Uncertainty da/av [ppb

Page 5/58



Pirsa: 17080020 Page 6/58




Fine Structure Constant

Current Status oft

Electron's magnetic moment anomaly g-2 : 0.37 ppb
D. Hanneke et al. PRL 100, 120801 (2008 )
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Photon Recoil Measurement (Rb) : 4.6 ppb M. Cadoret et al. PRL 101, 230801
(2008)

Photon Recoil Measurement (Cs) : 7.4 ppb A. wicht et al., Phys. Scr. T

102, 82 (2002).
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The most precise theory/experiment
comparison 1n science

Fine structure constant Electron gyromagnetic moment
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Testing QED with Alpha

Neutral Atom QED

1 l v
R, u m, h \2 a\"
2 = Q 9—2:2(_) an + Qyear T Agcp

c m, u m,

(A/mg,)—> 0.62 ppb vs. 0.24 ppb

0.006 ppb 10

= ) )4 b I Theoretical value
=57 (( [T Uncertainty
— PP
0.008 ppb ol
'E 107}
= 1.2 ppb s
— 33 0.62 (ag,) ppb
a8 10°
- ; 0.24 ppb (g — 2)
i 0.06 ppb '—‘ 10°?|
? ppb 2 - -B-E: = :X_\:
e 00|

10 12

Pirsa: 17080020 Page 9/58



Dark photons limits
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Photon Recoil Measurement

W
 ,
ap

e wr~2mx2 kHz,

« Accuracy 1010

* Need to pinpoint resonance to 0.2 yHz or 6x10-22

« 10,000 times better accuracy than precision of best clocks
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Interferometry...
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Light pulse atom interferometer

* Particles / waves

* Forces from the dark sector
change deBroglie wavelength

« Laser wavelength as a ruler

n

n|A
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Fountain Distance
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Light pulse atom interferometer

* Particles / waves

* Forces from the dark sector
change deBroglie wavelength

« Laser wavelength as a ruler

Atom number

n

n|A
n

4p+2fky L 13p)

|4,p+2AK) ™,

Fountain Distance
[{w]

Phase
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®).imits on dark-energy scalars

Chameleons Symmetrons

B

y—p—— Ty ———y

1

Neutron ]
gravity resonance
j

L Neutron interferometry

© Atom interferometry (2015) ]

This work | E Torsion
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Atom interferometry /
(2015) 4
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N ] M’:’:{
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4 6 8 10 - - -
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Interaction strength
M. Jaffe, P. Haslinger, V. Xu, P. Hamilton, A.
Upadhye, B. Elder, J. Khoury, and HM,
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Applications

/ﬁests of gravity \ /Screened forces )

* Isotropy * Dark energy
» Equivalence * Tests, e.qg.,
principle across the chameleon, f(R)
board. gravity,
H.M. ¢t a/, PRI 100, 031101 SR Symmetrons, M. Jaffe et al, Nature Physics
(2008); PRD 80, 016002 (2009), | Mavigation. . (submitted) 2017; Elder et al.
Nature 463, 926 (2010), PRL 106 PRD 94, 044051 (2016);
(2011); 111, 151102 (2013); 112, Hamilton et al., Séicnc-; 349,
121102 (2014). \ / \_ /849 (2015); PRL 114, 100405
(2015).
érecision tests of\ Gark matter wind\
the standard model * AC forces - .
Parker et al., PRA 94, 053618 « Broad test of «AC changes of \) If(vlt=\' ctal.,, submitted
(3016); Estey erul, PRL 113, standard model fundamental 2017,
083002 (2015); H.M. e al, Science
339, 554 (2013) * Dark photons, constants
> ; interferometers * Relaxions, B-L,
* Definition of Sl
units * Gravitational

\ / Qaves? )
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Noise rejection

+ 2,500 fold gain in
sensitivity

» Now used by the
Biraben group, LKB
Paris

« Chiow et al., PRL

Our technology

Multiphoton Bragg
diffraction

» Up to 24 photon
kicks

* Now used, e.g., at
Stanford, Western
Australia, Paris, ...

Optical lattice beam
splitter

* Up to 800 photon
kicks: record!

* H.M. PRL 2009,
Parker, PRL 2015;
Estey, PRL 2014

Contrast

{210 rad/s)

Coriolis
compensation

* Needed in world’s
most sensitive
interferometers

* Now used, e.g., at
Stanford

2009 * H.M. et al, PRL 2008 *Lan et al.,, PRL 2012

Q
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Atom-interferometer measurement of o

Ramsey-Bordé Interferometer
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Phase Extraction
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Multi-Photon Bragg Ditfraction
(DRB:Diff = 16712er — Zna)mT
Raman (n=1) Bragg (n=5)

ot o - - |e)

Detuning ~1000

‘ e

7 \A \ \-'—Ig,Znhk)

——

lg>, 2hik)

energy

a-—

lg.0)

momentum
Bragg gives you:
More photons transferred per pulse (higher sensitivity)

Atoms stay in same internal state (Zeeman, AC Stark systematics
suppressed)
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Bloch Oscillations

A(I)RB+BEOCh — 167’1(7’1 + N)(UT-T = anmT
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Experimental Sequence

Atomic Fountain

.

Polarization Gradient
Coding

Raman Sideband Cooling

.

Rapid Adiabatic Passage

3

State Selection

3

Velocity Selection x2

3

Interferometer Sequence

Fluorescence Detection

108 atoms/sec
4.8 m/s

1 pK

300 nK (~1v,)
F=3, m.=3

F=4, m=0
F=3, m=0

~0.1v,
F=3, me=0

“S&—> Top Mirror

\

Mu Metal Shields

i Detection
Beam

Bragg, Bloch and
» Compensation Beams
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Setup

Retro-reflection mirror

)14 wave plate
Optical Fiber AOM1 /

Ti:sapph

-metal
L:si:?:l:s Dump SolsTiS

|

180 MHz t ®_/2n =, == AOM2

1.6
meters

Detection v

beam - -—
T T
T 7-\ AOM3
| —— \ \
MOT ‘ | ©% Dump
beams "-“\\AOMLI
[\

Apodizing
Filter
- ; ‘ .
Bragg, Bloch, and
Compensation beams

Optical Fiber
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Tricks for Increased Sensitivity

Coriolis Compensation Stark Compensation
0.3 - . . = = 5
With Stark Compensation
0.2
o 0.1
% 0
2
:9—- .0.2
= 0 3
-0.4
-05 : : : : . .
02 -01 0 0.1 02 03 04 05
Interferometer 1
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0.2 02 /‘\
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Without With ;
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x3.5 contrast gain Up to l\i¥200

>12Mrad phase diff. measurable!
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Fluorescence Traces

Ok
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n=>5 ) N=125
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Suppression of Bias

 Blinding
— Random number [-1 MHz, +1 MHz] chosen by
Rana Adhikari (Caltech)
— Added to Laser Wavenumber (+/- 3 ppb)
— Given to us as encrypted file

* Two Independent Data Analysis Programs
— Same raw datasets
— Agree
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Stan 02 (CODATA 06)

Blind Analysis

UWash 87 (CODATA 06) » & |
Harvard 06 (CODATA 06) - ——1
Cs 2013 (CODATA 14) 2
LKB 11 (CODATA 14) Lo o |
Harvard 08 (CODATA 14) - 2]
CODATA 14 - B4
L | : | . 1
-6 -4 -2 0 2 4

Alpha (ppb relative to CODATA14)

Syst: 0.11 ppb
Stat: 0.16 ppb
Total: 0.20 ppb
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0.16 ppb systematic errors
et Jobe oo b

Effeet |
024:00  qum
4A g=(2.13 £ 0.01)x106/s2 -1.69 + 0.02 (& B|g
3 Wy=3.21£0.008 mm, 2,=0.5¢1.0  -3.60+ 0.03 -

m
12 {rd) 1/2=0,58 mm 0.15 + 0.03
7 p=10% atoms/cm? 0+0.003
8 Netoug- 12301012 0 +0.03
Seckiephase St [N 000
smaciiiect (ML ‘New’
Mod. Frequency Wavenumber 10 N/A 0 + 0.001
5.48579909067x10 u +0.02
132.9054519615 u +0.03
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Laser Frequency

200 8
¢ Time domain - Femtosecond pulses ;
2x phase _— 394.381 — 435.587 V' + 121.597 V*
shift ~ 150
Tir;e A'I
= 100}
Fourier :T—-.
transformation b=
Frequency domain - Frequency comb “‘ 50 +
MR | 0r
ERRRRER 11 || H-““l._
— l=— Offset / —= |G* PESSN T IV VIS P S P S P S Y ST PSS T P N S LR
frequency Hepetition 06 08 1 1.2 1.4
frequency \]rll;lgr- _\__
Laser frequency as a function of power
j = nj +j . send into the spectroscopy
n r = Joffset

Frequency residual = 10 kHz - 0.03 ppb

Pirsa: 17080020 Page 31/58



Gravity Gradient

Ad =16n(n + Nw, T — 2nw,,1
+ _}”h;,-/[” (202 + 3T(T] + T§) +3(T] + T3)*) + N (27 + 61 /;Y(;/;-)]

|

Phase [rads.]

T[s]
Ap = 2ynw, T?(2NQRT +T3) + n(RQT + T} + T3))

m 1

s?m

Shift in alpha = -1.41 +/- 0.02 ppb

y = 1.295(32) x 10~°
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Gravity Gradient

Adb =16n(n + Nw,T — 2nw,,T
l 9 . ’ —— . ) VT w2
+ nwAT [” (272 + 3T(T] + T3) + 3(T} + T3)*) + N (21% + 6T} *(;/;-)}

D

Phase [rads.]
N

Ap = 2ynw, T?(2NQRT + T;) + nQRT + T + T3))

m 1

s?m

Shift in alpha = -1.41 +/- 0.02 ppb

y = 1.295(32) x 10~°
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Gouy Phase Systematic

Wo  ——T o —ik(z=20)—pae—+i{(z-20)
E(r,z) = Ey——e W@7%¢ " 2R(z-2))

w(z)

2 ’ 2
mw Z
Zg = AD ~50m w(z) = wp |1 +¥

2
{(z) =tan™* (zi) R(2) = z(‘l +%)

R

sian Beam (w = 4

(=

R LY
oFF T zp 23 222 2=

oA

Estimated based on atom
position using Monte Carlo
simulation

Knife edge measured
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Gouy Phase

X Y
w,,;=0.6071(25) mm g ki w,;=0.6277(13) mm > sl
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Diffraction Phase
APrpigioch = 16n(n + N)w, T — 2nw,,T + P,

Measured Recoil Frequency

0FH— — —
103 \
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.\- ‘;} 10 ,‘(-J 1En
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\
Frequency =8+ Ny + o
n
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Diffraction Phase

APpp.piocn = 16n(n + N)w, T - 2nw,,T + ®,

Measured Recoil Frequency

0F< —
~10° ‘—\
a = Real" Recoil Frequency (T = o)
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©
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~——
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Clipping Phase

AP ry Bloch = 16n(n + N)w, T — 2nw,, T + ¢ + 1T + ...

[

* Atom Motion - T-dependent  _| & 1 T—T—% r f;‘\
diffraction phase S L\ '\ \ A\
- Sensitive to pulse intensities, <| !\ AR 2"
- =1 T T T T >
detection volume, ... gl / ; / 5 /? 3 //
. . . . N 1 ] § f 1
« 2-point Spatial Filtering 5 ;/ / {/ |/
-~ Reduce VS waist B / / ;/
— Reduce detection volume Time >
1
0.128 N No Spatial Filtering
' o o0s
— 0.1279 ; 8'_
& % ~ (— 0.0048 = 0.0001)rad/s ": ot
%01278 : :’;E-) P With Spatial Filtering
é 0.1277 | % 1k
3 E
‘£ 01278 ; Q-5
£ | @
E 0.1275 -l 2 2
BT i ; ; i ; . " ; | Y 09 1 I 1.2
¥ R =2 B Z. .8 B 2 8 8 Last Pulse Intensity (I/1; /)

I’ (ms)

Estey, PRL 2015; Parker, PRA 2016
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Atom motion

1.02 + 0.02
1.0+ 0.02 + 0.034
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Parasitic Interferometers
o, = £8n,(n, + N)w, T + nywn,,T + ¢c(ny)

-~ ~—

e ——
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g s ‘ P
2 Sim The ‘magic’ Bragg
S s pulse duration
- 2
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Speckle Phase

« 30 mrad anomaly - 8 ppb at N=0
« >10x suppression by mode filtering
» 25x suppression by N=125

Typical Anomalous Phases

Hnlini.,l

Gaussian Fit Log Scale «E
9l icieiia ; ; = Mode Cleaning +
i ® Daa : ; Alignment Monitor
A o ******* 55 e “ o Gaussian Fit ‘
[ PRSP SR PN SR SN, TN [ SO
T osbo it b AN \
J R R T (ms)
P DT T SN S WO W Yo N $200 Apodizing Filter
Al ' ' H H ] ' ' '
) WO SN SRS (P ISP SR SNSRI JUN,
Y I S S SN S SR R S W

-2 -15 -1 05 0 05 1 15 2 25
Detactor Position (waists)

* Fiber doesn’t make Gaussian beams
« Spatial Filtering via Apodizer +
Fountain Alignment Monitor
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Residuals (if any) are now unresolved
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