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A\ LKB Recoil velocity
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,\/\ LKB

Ll

Recoil velocity

[b) m
E=hv 7. ._>
1

p = thk
v, = hk/m

ja) 1
h 1
Vy = m7XX
v, = 6 mm/s for Rb atoms (and A ~ 780 nm)

The goal of our experiment is to measure precisely v,

The ratio h/mx and the fine structure constant

Determination of the recoil using and atom interferometer :
sensitivity and accuracy

Test of the Standard Model using the electron magnetic moment
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W\ LkB The ratio h/m and the fine structure constant

m The fine-structure constant :
e? 1
“= 4meqhc = 137
m The Rydberg constant R

1
hcRy = §mea2c2

2_ 25 AdRD) b

C Ar(e) MRbH

Hydrogen spectroscopy allows to measure Ry, with a relative
uncertainty of 2 x 10712
m Determination of relative atomic masses : A,(X) = mx/m,
u Cyclotron frequencies A,(Rb) at 7.5 x 10711
m Magnetic moment of a single electron bound to a carbon nucleus
A.(e) at 2.9 x 10711

The limiting factor is the ratio -

MRb
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\\ LB The International System of Units

m The new SI

Based of fundamental constants: A ﬁ

h
Avcs, ¢, h, e, Na, Koy B£ SI

m Effective since 20 May 2019 4 g ’

m Drifts of the mass of the International Prototype of the Kilogram
m Electrical units were already based on quantum hall effect
Rk = h/e? and Josephson effect (K, = 2e/h)
m Both h/m and « are important fundamental constants, especially in
the new/current Sl units.

m Two motivations :
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m Mise en pratique of the kilogramme at the atomic scale
m Mise en pratique at macroscopic scale using a silicon sphere
m The mole is now independant. N4 has a fixed value.

12Nah
M(*2C) = Nx x m(*2C) = h/n:‘ = 12,000000005x g/mol (1)
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W\ LkB Electrical units and the fine structure constant

e2

(2)

 4reghc
In the new SI, the constants ¢, i and e are fixed.

W = 1,00000000xxx m - kg -s72 - A~2

]

m The constants € et o are measured.

(]

m Exact relationship between €g, po and a (quantum electrodynamics)
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\\ LB Most precise determinations

Quantum Hall Effect-98

He Fine Structure-10 -

5 2 Ar ( Rb) h him, StanfU-02 - —_— 4
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c = Adle) mes - PN p—
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R. Parker et al., Science !
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360, 191-195 (2018) T = ]
him,, This Work - " ("/137.035999139 - 1) 10°
R o o 2 w w % )
(o1/137.035999139 - 1) x 10°
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——8—— a. - Harvard 2008 2
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Anomalous magnetic moment of electron a. (function of «)
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W\ LkB Measurement of the recoil velocity

m
E::hz/ _VT‘ ._>
v = hk/m

e Differential velocity sensor
= Atom interferometer based on Raman transitions

Sensitivity: o,

e Transfer a large number N of photon momenta
= Bloch Oscillations technique
Ov
oy, = —

"N
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Experimental setup

;\/\Lw:
T

Interferometry area

A

Main characteristics:

- T~4uK
Main chamber: ~
Detection cell MOT - rx= 600 ,Ltm
\ Optical molasses 8
- ~ 10° atoms

2D-MOT Cell

MoTeils - \acuum ~ 10710 mbar

position

Atom source
Rubidium cell CNEXTon pumps I Agilent ion pump)

9 /31
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W\ LkB Measurement of the recoil velocity

vy = 2hk/m

e Transfer a large number N of photon momenta
= Bloch Oscillations technique

Ov
Oy, = —/—

"N
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Coherent acceleration of atoms

/\/\ LKB

Succession of stimulated Raman transitions 7 pulses in the same
hyperfine level.

m

—> -
141 1)

Energy

10hkv,

d=1v] —1r Xt —]

. ok 0 oMk bk 6hk . 8hk,
The atoms are placed in an accelerated optical lattice: in its frame, they

are submitted to an inertial force

— Bloch oscillations in a periodic potential

1000 oscillations — 6 m/s
2020/05/04 11/31




W\ LkB Measurement of the recoil velocity

vy = 2hk/m

e Differential velocity sensor
= Atom interferometer based on Raman transitions

Sensitivity: o,

2020/05/04
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;\/\LKB

Differential velocity sensor

Interferometer based on counterpropagating Raman transitions

Z

/Beam splitter

gmgé vr=hkr/m

[ ]
?ﬁlzl

1)
|
2
TRamsey l >
t
w
87Rb 7777777

e No spontaneous emission
— Coherent two level system

(k) o Doppler sensitive (§ ~ krv)

with krp = ki + k>
B py=|F=2,m=0)
) L 1) =|F=1,ms=0)
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;\/LLKB

Differential velocity sensor

Interferometer based on counterpropagating Raman transitions

Z

/Beam splitter .

I2>

TRa msey. g l

Phase difference between the two arms ¢
Probability to find an atom in |2):

P, — 1+ c;s(tb)
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\\ LB Differential velocity sensor

Interferometer based on counterpropagating Raman transitions

/-Beam splitter

Z

1)
12)

Phase difference between the two arms ¢
Probability to find an atom in |2):

_ 1+ cos(®)

P> >

Velocity transfer dv:

Az - mbv
¢ = TRamseykR(SV = T
Sensitivity : Az =250 pm — 3 pm/s/rad

Inertial sensor : Gravimeter, gyrometer, ...
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QA;LKB

Rétro-action

A

Raman laser

Mesure de fréquence

free
v

Cavité stabilisée i
(raie a 2 photons Rb)
Tyl
[IARA]| |
all It
Laser d hH Peigne de fréquences
Ramanl | L
N2 T N2
Laser | HoH | u z
Raman2 | H"H | H =
A
Signal de )
battement n Vers les
PLL Y atomes
P I
>
S
=
§
o
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Atom trajectories

;\/LLKB

Controlled
magnetic field

Detection —-—-

Elevator Interferometer

2l EE.

Alti
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Time (s)
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;\/LLKB

Atom trajectories

Controlled
magnetic field

Detection —-—-

Elevator Interferometer

1.0

1

At

°

Fitted differential signal —_
— oiff.
-~ Gaussian fit — o ¢ s }—

‘:go.n ' Pl
8 02 \
H /
o4 a2 .20 {25 030 035
)
T ;: a; X Nl
dy X N2

— _M
= P2 = w3
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A\ LKB Data acquisition

e ~ 1 point per second e 50 points per spectra
(~ 1 minute)
® Tramsev = 20 ms, Number of Bloch Oscillations Ng = 500
520 =-15907410.7700.047 Hz

N2
N1+ Nz

—460 —440 —420 —400 -380 -360
6 f —1.5907e7
R

® = Tramsey (kr2Np L kg — 2mo1R)
e One photon momentum: ~ 15 kHz — 1000 photon momenta:
~ 15 MHz
e 0, =0.047Hz ~3-107%, ~ 20 nm-s™! — 3-107° on h/m
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A\ LKB Data acquisition

e ~ 1 point per second e 50 points per spectra
(~ 1 minute)
® To-cn. = 20 ms. Number of Bloch Oscillations Ne = 500

6f2=0= 15907410 770%0.047 Hz

0.55

050 4

Na s o
N1+ Ny

0.40 4

035 4

030 4

—a50 —a40 —a20 —a00 ~380 _360
~1.5907e7
R

® = TRamsey (kg (2Np ke — gT) — 218fg) + 615
One photon momentum: ~ 15 kHz — 1000 photon momenta:
~ 15 MHz
o, =0.047Hz ~3-107%, ~20 nm-s~1 — 31079 on h/m

Contribution of g
Contribution of light shifts ¢, s
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;\/LLKB

48 hours integration

Stable and reliable device = Long measurement periods

1e-8 h/m determination data

| i ;u'-;n].' B

© ° o
> o ®
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e o @
N o N
1

| |
e o
[o BN
1

Relative h/m
Referenced to the series mean value

—0.8
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\\ LB Estimation of statistical uncertainty

le-10
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,\/\ LKB

Error budget

| Source Corr. [107"] Uncert. [107] ‘
Gravity gradient -0.6 0.1
Beams alignment 0.5 0.5
Coriolis acceleration 1.2
Lasers frequencies 0.3
Wave front curvature 0.6 0.3
Wave front distortion 3.9 1.9
Gouy phase 108.2 5.4
Residual Raman phase shift 2.3 2.3
Index of refraction 0 <01
Internal interaction 0 < 0.1
Light shift (two-photon transition) -11.0 23
Second order Zeeman effect 0.1
Phase shifts in Raman phase lock loop -39.8 0.4
Global systematic effects 64.2 6.8
Statistical uncertainty 2.4
Relative mass of ®'Rb 3.5
Relative mass of the electron 1.5
Rydgerg constant 0.1
Total : 8.1

2020/05/04
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Y\ LKB Remember the first slide

m
E=hv 7‘ o -
1
v, = hk/m
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A\ LKB Remember the first slide

) m

E = hv 'Zj" ‘I' ‘I'*“"’

p = thk 1

a) 1 v, = hk/m

What is the recoil velocity ?
m Poynting vector (density of momentum)
m Photon (plane wave) : p=hk = hv/c

m General case: p, = h%

2020/05/04
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W\ LkB Atom recoil in a gaussian beam

Electric field E(F, t) = A(F, t)e®)— kg = Vo

Plane wave model: k =v/c

Correction: kefr, = k+dk

Gaussian beam:

Correction to the effective wavevector:

ok _ 2 1— <r2> _ <r2>
k k2w?(z) w?(z) 2R2(z)

- . 2
Related to the dispersion of wavevectors ~ —%
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A\ LkB Effect of distortions

Momentum correction due to transverse phase and amplitude fluctuations:

ok 1|Vie|? . 1 AA
oo =% = 5l | a2 (=)
During the Bloch Oscillation pulse, the survival
Correlation between | and §k propability P(/) is governed by Landau-Zener
Intensity profile Losses:

1.05
1.00 4

0.75 ~—— Real gaussian beam

le-7 Correction

06

B L L T
o /VVU\/U \J vU\/\/U Wk

-0.6

-0.8

-20 -15 -10 -05 00 05 10 15 20
XXXXXX (mm)

S. Bade et al. PRL 121 073603 (2018)

Relative v,

(Okeet) = (0kaP(1)) / (P(1))

0.95

0.90 . .
0ss / = Effect on the measured recoil velocity
080 ~—— Ideal gaussian beam le-7

0.00{ —— model
@ without clipping
4 with clipping

0. 0.8 1.0
Bloch oscillation efficiency
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A\ LkB Effect of distortions

Momentum correction due to transv%se hase and amplitude fluctuations:
o = D~ pSeer R T
“T k20« 2k2 A -

During the Bloch Oscillation pulse, the survival

Correlation between | and 6k propability P(/) is governed by Landau-Zener
Intensity profile Losses:

1.05 / -
= B (5he) = (5kaP(1) | (P()
o \ = Effect on the measured recoil velocity

085
0.80 le—7

0.00{ —— model

—— Ideal gaussian beam
0.75 Real gaussian beam

& without clipping
4 with clipping

le-7 Correction -0.25

Sy
el v LA A A -

Relative v,

-20 -15 -10 -05 00 05 10 15 20
x-axis (mm) -175

2 04 0.6 08
Bloch oscillation efficiency

S. Bade et al. PRL 121 073603 (2018)
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\\ LB Reduction of short scale disortions

d=30 cm

-
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Pixels

Normalized intensity

Distance of propagation: 30 cm
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\\ LB Reduction of short scale disortions

d=300 cm

Distance of propagation: 3 m

©c o o o
o N ®» ©
1 ) L
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,\/\ LKB

Error budget

| Source Corr. [107"] Uncert. [107] ‘
Gravity gradient -0.6 0.1
Beams alignment 0.5 0.5
Coriolis acceleration 1.2
Lasers frequencies 0.3
Wave front curvature 0.6 0.3
Wave front distortion 3.9 1.9
Gouy phase 108.2 5.4
Residual Raman phase shift 2.3 2.3
Index of refraction 0 <01
Internal interaction 0 < 0.1
Light shift (two-photon transition) -11.0 23
Second order Zeeman effect 0.1
Phase shifts in Raman phase lock loop -39.8 0.4
Global systematic effects 64.2 6.8
Statistical uncertainty 2.4
Relative mass of ®'Rb 3.5
Relative mass of the electron 1.5
Rydgerg constant 0.1
Total : 8.1
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\\ LB Most precise determinations

Quantum Hall Effect-98

He Fine Structure-10 -
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Anomalous magnetic moment of electron a. (function of «)
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/\/\ LKB

Anomalous magnetic moment of th

:7ge_2

de 5

QED calculation

2 (QED) = ZA(2" (2 Z (%%

T

Measurement:

a.(exp) = 0.00115965218073(28) (Harv-08) \

e electron

)G

Calculation of the A'® term : 12672 Feynman diagrams (Kinoshita et al.)

LKB 2011 : observation of the muonic contribution

ae UW-87————&———i
e ae Harv-08
+—e— h/m(Rb) - LKB-11
1 h/m(Rb) - LKB-11 - only electronic QED contributions

176 178 1‘8_0 182 184 186 188 190 192 194
(a — 0.001159 652000)/10~12

Other contributions

ae (theo) = a. (QED) + a. (Hadron) + a. (Weak)
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\\ LB Testing the muon a,, discrepancy in the electron sector

§a, = au(exp) — au(theo) = 2.50(0.86) - 107° (3.40)

Naive scaling:

da, m, 2 —5
2 :(f) ~23-10

m

2
s =2.5-1077 ("’7) ~5.8-10(0.05ppb)

m

6bay(melmy)?

AME 2016 RIKEN 2017
8

Contributions to ae (in 10712)

<
=
S
1]
X
=
=

10th ord
Hadronic

himpp - LKB - 2011
himcs - Berkely - 2018

1024

=
3
3
3

ae(exp)

G. W. Bennett et al., PRL 92, 161802 (2004)
F. Terranova and G. M. Tino, PRA 89, 052118 (2014)
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Y\ LKB Dark photon or dark bosons

" Dark particle” of mass my and coupling € with electrons.

5ae——><e/d 2m2z 1—z) Noze
me

(1—z2+myz  3nm

Dark photon :

1024

BaBar 2017
107%

S7—NA64 2018

v 4

1074 Tl s
Berkeley
Frequentist 99% CL
SN -2
Berkeley
,,,,,, PCL
107° T T T
102 10! 10° 10"
my(GeV)

Ann. der physik 2019, 531, 1800346
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A\ LKB The hypothetical X(16.7) boson

m Anomaly in the angular distribution of e*e™ produced in ®Be nuclear transition

m Hypotehetical protophobic gauge boson X with a mass of 16.7 MeV followed by

a decay through X — eTe™

1072

m NAG64 : electron beam dump
experiment

m g. more precise than g.

m Comparison limited by a.(exp)
and not a.(theo)

PRD 101, 071101(R) (2020)
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A\ LKB Thank you
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