Title: Time And Gravity Measurement
Date: May 07, 2018 02:00 PM

URL: http://pirsa.org/18050041
Abstract:

Pirsa: 18050041 Page 1/49



Optical atomic clocks and
gravity measurements

Pierre Dubé
National Research Council Canada

Pl - NRC Meeting
Perimeter Institute
Waterloo, Canada, 7-8 May 2018

I*I National Research  Conseil national de
Council Canada recherches Canada

Pirsa: 18050041

Page 2/49




o Introduction to optical atomic clocks

o The *Sr™ jon clock at NRC

o Gravitational potential measurements
o Variation in the fundamental constants

e Outlook
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Evolution of the accuracy of clocks
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v~ 10" Hz

v~ 10!V Hz

v~ 10% Hz

v~ 10° Hz

The accuracy of clocks has
historically been correlated with
an increase in operating
frequency...

= Optical frequencies

This is one of several key
requirements for ultra-high
accuracy clock operation.

Adapted from: C. Audoin and B. Guinot,
The Measurement of Time, and
E. Peik, Tutorial, EFTF 2018.
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Quantum advantage

Nature-provided frequencies: Sholt-lived
@ Quantum reference metastable
@ Frequencies determined by physical constants A

» not artifacts
» reproducible, universal references

’

@ Sl second defined as a hyperfine 2
transition in '**Cs vy ground-state

Selection of a transition:
@ High-frequency (optical): vy ~ 10" Hz
@ Electric dipole forbidden: Arv < 1 Hz
@ 0> 107 ~/

@ Small sensitivity to external perturbations v — vy (Hz)

Pex

_
o Q_AI/J

20 30
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Some atomic systems investigated

lon Clocks Optical Lattice Clocks

27A|—|— 24Mg

4OCa—I— 87Sr

88gp+ 17lvh

1514+ 199Hg

171Yb+

199Hg+
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Challenges

e Atomic motion

o Detection of a forbidden transition
o Ultra-stable laser source

o Counting of optical frequencies

e Control and evaluation of the systematic shifts

MC'CMC Optical clocks — 6/40
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Control of atomic motion — Laser cooling

f}/
Y Wi,
for b, — g 22 ——
2
Tmin ~ MK
VOLUME 40, NUMBER 25 PHYSICAL REVIEW LETTERS

19 Jung 1978

Radiation-Pressure Cooling of Bound Resonant Absorbers

D, J. Wineland, R. E. Drullinger, and F. L. Walls
Time and Frequency Diviston, National Buveau of Standavds, Bouldey, Colorado 80303
(Received 26 April 1978)

We report the first observation of radiation-pressure cooling on a system of resonant
absorbers which are elastically bound to a laboratory fixed apparatus. Mg Il lons con-
fined in a Penning electromagnetic trap are cooled to <40 K by irradiating them with the
8-uW output of a frequency doubled, single-made dye laser tum‘eq to the low- fre-qucm:yl
side of the Doppler profile on the XSy p = Ry (M, =+ =M =+ or M;=—}—M,==3)
transitions. Cooling to approximately 10”% K should be possible,

NC-CN\3C
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Nobel Laureates 1989 and 2012

Claude Cohen- Dave Wineland
Tannoudji
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lon trapping

1989 Nobel Laureates

rf (¢) and pseudo () potentiels:

¢(r,z,1) = Agcos QU (r? —2z%)

%ﬁw
>
' 9 hw
Benefits: T hw
C
@ No Doppler broadening L
@ Unlimited interaction times >
@ Well-controlled environment X
< 1018 : :
@ < 107 " uncertainty possible Secular frequency: |
w /27 ~ MHz Wolfgang Paul

MC'CMC Optical clocks — 8/40
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Atom in a box — Lamb-Dicke Confinement

Consequences: wi2n=04MHz 7\ T=20mK
kx=1.6
e (v) = 0 for each atom (lab bound) i
@ Motion modulated at secular | |
frequencies wy, wy, w; T 1 .
@ Doppler-free carrier w/2m = 1.0 MHz
_ _ N - kx=0.6 Free atom (Doppler)
Sideband intensities = J;"(kx) Trapped atom
")7'[' '\
g, I | | —
kx = ( 3 ) apy/2(n) + 1 AN
w/2n=2.0 MHz
<n> ~ kBT/hw kx=0.3 Doppler-free and
recoil-free carrier
Lamb-Dicke condition:
k<<l = Jykx) =1 5 2 a6 1§ 3
Frequency (MHz)
mc-cmc Optical clocks —9/40
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Common ion trap designs

Shield

Endcap

Vo cos(Qt) —®~ o

[ endcap

NIST, Hg*
single Hg* InnSerCk, Ca+

RN
Yb* endcap trap at PTB

PTB, Yb*

MC'CMC Optical clocks — 10/40
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Detection of forbidden transitions

short-lived
metastable
i Ii
Cooling .
transition P
" Clock

,/ transition

’

ground-state

Early observations of quantum jumps:

@ W. Nagourney et al., PRL, 56, 2797 (1986)
@ Th. Sauter et al., PRL, 57, 1696 (1986)
@ J.C. Bergquist et al., PRL, 57, 1699 (1986)

NC-CN3C
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Quantum Jumps ion state

YT

1.0

“ﬂ

0.5 A

Fluo. signal (arb. units)

0.0 —

Y b G

excited

Metastable state
lifetime

T I T
8] 8 10 12

Method known as:

— Quantum jump
— Electron shelving

Optical clocks — 11/40
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Detection of forbidden transitions

short-lived :
Quantum Jumps ion state
2.0 ! ! ! : :
metastable 5
S Y e
Cooling o §
c ’ = 1.0 -
transition y g
I” CIOCk -: 0.5 -
,/ transition £
0 2 il ‘ 6 8 10 12
ground-state / T
Metastable state G I
lifetime Z 0,30
Early observations of quantum jumps: ° v | |
@ W. Nagourney et al., PRL, 56, 2797 (1986) | ey
@ Th. Sauter et al., PRL, 57, 1696 (1986) .
@ J.C. Bergquist et al., PRL, 57, 1699 (1986) |  Detuning (Hz)
ARCCMC Optical clocks — 11/40
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Optical lattice clocks

B
—

Lattice Potential

T
—

\

Total Energy

NC-CN\N3C
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ac Stark shift [MHz]

-0.6
0.8 -
1.0 -
-1.2
1.4

-1.6 A

-2.0

-2.2

T T v T T T v Y " 1
Yb magic wavelength V
== \ '
\ :
~759 nm
3
P 0
1
S 0
700 720 740 760 780 800

Wavelength [nm]

Derevianko and Katori, Rev. Mod. Phys., 83, 331 (2011)
Ludlow et al., Rev. Mod. Phys., 87, 637 (2015)
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Optical lattice clocks

Lamb-Dicke regime
(a) T T ol e faon s ppp—
. o0g | Yb magic wavelength (NIST) d 1 Yb
% 1.0 - / 1
: T 1 \ o
é % 14 ~759 nm | g |
3 j"_" 45 % 90 60 30 0 30 60 90
5 : :
(b) il Py | sr
5 -2.2 Sn
§ 700 720 740 760 780 800
.."'t.; Wavelength [nm] ,
K 60 45 30 05 0 1S 30 45 60
laser detuning (klz)

m=

m=2

ol Advantage vs single ion:

m0 —

number = stability
s Derevianko and Katori, Rev. Mod. Phys., 83, 331 (2011)
Ludlow et al., Rev. Mod. Phys., 87, 637 (2015)
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Optical lattice clocks vs Single ion clocks

1673¢

ag g

ALLAN DEVIATION (fractional frequency)

® Single-ion clock (Al")
@ Optical-lattice clock (Yb)
@ Optical-lattice clock (Sr)

]0—]3

Adapted from A.G. Smart, Phys. Today 67, No. 3, 12 (2014).

LI LI | L IIIIIIII L) IIIIIIII L
1 10 100 1000

AVERAGING TIME (s)

NC-CN3C
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TTTTT LI |
10 000

Stability (Allan deviation) :

_ Av 5
(-T_\'(T) = o ' N7

N =1 Single ion

N ~ 10°  Optical lattice

Accuracy records (2018):

1 % 1018 2IAIT ion

1.2 % 10718 Yb olc

Optical clocks — 13/40
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Pound-Drever-Hall laser stabilization

EOM N4 ’—H
N g
25 MHz
| Fabry-Perot
S ‘ cavity
<
ervo  —; | m
y |/
- R é R
\ J \ U J
Error Signal Reflected light
MC'CMC Optical clocks — 14/40
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Ultra-stable reference cavities

- Vacuum chamber

Active shield -

Passive shield
~

Cooled
nitrogen gas
feeding lines

Vibration isolation platform

http:/Awww.stablelasers.com/ T. Kessler et al. Nat. Photon. 6, 687-692 (2012).

MC'CMC Optical clocks — 15/40
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NRC clock laser for 33Sr+

Thermal expansion
0 ¢
—100 1
— —200
N
=
¥ —300
T a0
-500
=600 1
=700 -+— . ‘ . . . :
4.0 4.5 5.0 5.5 6.0 6.5 T
Vacuum chamber temperature (° C)
Cavity properties:
@ 7, =1545(1)°C
® o<2x 107V /L
@ Isothermal creep =2 x 107" /s
ARCCAFIC Optical clocks — 16/40
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Counting optical frequencies
Since 2000

Before 2000

I
I ]
|[8r lon ‘Pnpc—i
I

]

I

]

]

I

]

| ooy
"[ora

[ ]
i

|

|

: Ultra-stable Diode Laser|
! G = 448 THz |
e
3 Tm:YAG Laser }
A |LF = 148 THs ||
“G“b P;(32) Laser e e e e L
E = 45 651 855 MHs |5

PLL 1128 MNz

T 0y P(12) Mot Laser|~"
D = 26 184 388 Mzl
Pl 045 MK

[PLL 1048 MHs |

] % 28) Laser |-
© = 31 003 488 MHe|

3 Py(14) Laser |
B = 5% 185 080 MHz

V-band Kiystron |
V = 60 670 MHz

Frequency synthesis chain

NC-CN\N3C
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2fn

fO = an _f2n

2005 Nobel Laureates

Ted Hansch
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Optical clock building blocks

Feedback

p
Quantum Oscillator

AN

vV

— < Av hig

Femto-second laser v
frequency comb

PHz frequency counter
MC'CMC Optical clocks — 18/40
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Atomic Clocks Uncertainties

1072 -
10-10 o
10-11 i
10—12 J
10-13 J
10714 -
10-15 4

10-16 i

10-174{{ @ Optical

® Srt, NRC

1O+ ¢ Cesium beam, fountains

10—19 : : : ; ! :

1950 1960 1970 1980 1990 2000 2010 2020
Year

Fractional Uncertainty

Fountains

MC'CMC Optical clocks — 19/40
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8Srt ion trap at NRC

Shield
Endcap
>—®—' e < lon
Vo cos(Qt)

Endcap trap, trim electrodes, and
strontium oven in vacuum chamber

Strontium ion clock — 20/ 40
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8Srt ion trap at NRC

-
P =~
~ -

L
=

Endcap trap, trim electrt
strontium oven in vacuur

NC-CN3C
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pOn

Vp cos(Qt)

Shield

Endcap

e «—— lon
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8Srt optical clock

2P3/2

2P1/2

422 nm

cooling
detection

state preparation

2S1,2

NC-CN3C
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3/2
-3/2
1033 nm
1/2 clear out
-1/2
mjf
5/2
2
1092 nm Ds/2
repump 512
3/2
5 3/2

=3/2

674 nm
clock transition
Av = 0.4 Hz

1/2
mj”
-1/2

my (EDS/'E)

12 -1/2
-3/2 3/2

—4 =2 0 2 A
Frequency (arb. units)

S—D Zeeman Spectrum

Strontium ion clock — 21/40
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8Srt optical clock

3/2
2P3/7
-3/2
1033 nm
clear out
e
mjf
422 nm 5/2
cooling
detection 1092 nm

repump -5/2

state preparation
3/2

=3/2

674 nm
clock transition
Av = 0.4 Hz

1/2
mj”
-1/2
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Dsy2

D32

Allan deviation

1013

[0-16] |

10~17
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Fundamental shifts in single-ion clocks

Shift Causes

micromotion, secular motion

Stark blackbody radiation

laser light

2"9_order Doppler micromotion, secular motion

Electric quadrupole VE

Quadratic Zeeman“ (B?)

Collisions background gas

“For B =3.892(3) uT: QZS = 1.063(2) x 10~

MCCMC Strontium ion clock — 22/ 40
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Electric quadrupole shift (EQS)

The largest source of systematic frequency
shift for the **Sr* optical frequency standard

arises from the electric quadrupole shift of H.S. Margolis et al., Science, 306,

the reference transition (/7), which is due to p.1355 (2004)
the interaction between the clectric quadru-
pole moment of the atomic states and any
residual electric field gradient present at the
position of the ion. After the treatment in (/9),

certainty. The largest systematic uncertainty is due to the
interaction between the atomic quadrupole moment of the
’Ds /2 state and a static electric field gradient. In the cur-

Th. Udem et al., Phys. Rev. Lett., 86,
p.4996 (2001) ()

NC-CN3C

Pirsa: 18050041

Strontium ion clock — 23/ 40

Page 28/49




Electric quadrupole shift (EQS)

1 J'(J +1
» . 8 :
Afo = frequency shift 64
Vo x VE and ©F b s |
g = Z(E, VE) i o — 2
L =24 Bo
Jf — 5/2 < il
—6 -
. -8 B2 r
'Quadrupole moment measurements: N
G.P. Barwood et al., PRL 93, 133001 (2004). IRy SRy 5I27
R. Shaniv et al., PRL 116, 140801 (2016). i T bl o
J
NC-CN3C Strontium ion clock — 24/40
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EQS cancellation

| J(J +1
Ao = 7 v (300829—1)[mﬁ— ( 3+ )] J
Zeeman averaging 3/2 3/2
5/2 5/2 < my ("Ds)s)
i 1iog!
Z [m - = M] =0
3 A2 1/2

my=—J'

+ - + - + - + -+ -

& -6 -4 -5 B B 2 & B
P. Dubé et al., PRL 95, 033001 (2005). Frequency (arb. units)

MC'CMC Strontium ion clock — 25/ 40
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EQS cancellation

Pi

(3cos’d — 1) [mﬁ =

J’(J’3+ 1)] J

1
Bfo = 7 Vg
Zeeman averaging
4 gl L)
> |mi- 25 =0 }
my=—J'

EQS uncertainty: 107'* = 107°

Tensor Stark shifts (TSS) also cancelled

P. Dubé et al., PRL 95, 033001 (2005).

NC-CN3C

IIIII

: 18050041

Frequency (Hz)

Zeeman Averaging

: L7
; (i ‘l'lﬁ' +3/2
Y " Ay Jdlflli it [ "

6 2 4 ® @& 10 12 14 16 18
Time (h)

Strontium ion clock — 25/ 40
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Micromotion

Vo cos(Qt)

Strontium ion clock — 26/ 40
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Micromotion

irsa: 18050041

Vo cos(Qt)

Sr metal

Strontium ion clock — 26/ 40
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Micromotion shifts

Freq. shifts caused by trap rf fields:
@ Stark shifts
@ Second-order Doppler shift

Control methods:

@ Minimization using trim electrodes
» 107 =2x107"

@ Magic trap drive frequency

Strontium ion clock — 27 /40
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Sr* magic rf trap frequency (Aag < 0)

40 - Scalar Stark shift Aoy <0 i < E2>
— A(IY.O

ez 2h
§ A Net shift
=
>
O 2
& Y <V">
S =20 e
o 2 =
L Second-order

—40 - Doppler shift

—60 . . : ;

10 12 14 16 18 20
Drive frequency (MHz)
MC'CMC Strontium ion clock — 28/ 40
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Measurement of Aayg in %8Srt

14.404(10) MHz

|
|
|
|
|
|
|
|
|
L

3
— ')-
= 2
L
— I'
(4b)
O
c 0
[4b}
|
L2
Tz —l-
=
S —2-
S
o =3
»
o .
=
(@]
> —54
—6
13.4
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13.6 13.8 14.0

14.2

144 146 148

Test trap rf drive frequency (MHz)

P. Dubé et al., PRL, 112, 173002 (2014).

D. Jiang et al., J. Phys. B 42, 154020 (2009).

15.0

s é h 0
SZ() = — =
mc A(_ﬁl’()

Unc. reductions:

Aay (BBR coef.) 24 X
Excess yi-motion 200 x
Thermal motion I

Aag = —47.938(71) x 107 Jm?/V
vgeRr = 0.24799(37) Hz

Strontium ion clock — 29/ 40
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Blackbody radiation Stark shift

1 Blackbody spectral radiance
2 le=12
AZ/BBR=——<E> Aag (1 +n -
2h { ( ) 58 T =300K
I
— 4-
|
o (E*), T 35
. _ - =
® Aap measured 8 x 107" z 2
i " i
e 1 theory 8 x 107 3 }
S 20 40 60 80 100
Frequency (THz)
(Ez).r : P. Dubé et al., Phys. Rev. A 87, 023806 (2013).
Acayg : P.Dubé et al., Phys. Rev. Lett. 112, 173002 (2014).
n . D.Jiang et al., J. Phys. B 42, 154020 (2009).
mc-cmc Strontium ion clock — 30/ 40
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Thermal imaging of dummy ion trap

Improvements:

@ Measurements + thermal
modeling to determine (E£*),

rf drive: 424 V,,,, 14.4 MHz
ARCCARC Strontium ion clock — 31/40
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Thermal imaging of dummy ion trap

Improvements:

@ Measurements + thermal
modeling to determine (E*),

@ New trap designs
@ < 107" possible

Alumina Molybdenum
Balt f endoap electrode

Fused Silica Molybdenum
Spacer da endoap electrode

rf drive: 424 Vl’l” 14.4 MHz Nisbet-Jones, APB, 122:57 (2016)

MC'CMC Strontium ion clock — 31/40
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