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Overview Optical Clocks I+Il

— frequency shifts

 The clock laser

— Requirements or “Mission impossible”

— Important design aspects



Frequency shifts

o electric field gradients
 electric fields

 special relativistic effects
« general relativistic effects



Frequency shifts: electric field gradients

« electric quadrupole shift (J, F = l): Hy =VE® .@®

dEg
Mo ~ 520 (3m} — F(F +1)) - f(a. )
0 ~: electrlc guadrupole moment
f(«, B): orientation of @ with B

 cancellation schemes:
— average single transition over 3 orthogonal magnetic field directions

(symmetry property of f(a, 8))
— average several transitions, such that ., . (Bm,% — F(F + 1)) =

e possibility to cancel QP & linear Zeeman shift at the same time




Frequency shifts: electric fields

Stark effect: H; = —ji - E with el. dipole moment j
no linear Stark effect, since ;i = 0 for an unperturbed atom

AC Stark effect in atoms: ,,dipole force* — - s
Af, = 260%/(482 + T2 _ 3o

more general: quadratic Stark effect

L2
hAfS — = [aS(y’]) +%“T(y’]1F)g(F’m!ﬁ)]|§_|

angle between E

g(F,m,B) = 3m®-F(F+1) (3 cOs? I f]_) and quantization axis
Y F(2F-1) |
. ( ]) _ amege2h? > fy],y’]’ <« — oscillator strengths
s me  SYIEGQ!J)-E(.))]?

ar(y,J) = -+ (tensor shift only for J, F > 1/2)



Frequency shifts: electric fields

 clock/cooling laser Stark shift: E
Aas(fy) = as(IMe, f1) — as(Ve, f1)

important when laser linewidth > natural linewidth
 AC Stark shift from rf trapping field: g = m (d)/dt

= (E?) = ’"—<(§—)> = % (22 (52)

q? q
= hAfyp = — (AaS(O) <1§"’2>) /2
* Dblack-body radiation shift:

hAfgpr = —Aas(0)(E*(T))[1 +n(T*)]/2

n(T): dynamic correction factor
2 4
T

52 = (8319) (3507)

e largest shift uncertainty for most neutral and ion species!




Black-body radiation

=
i D

BY

| courtesy
thermal image of PTB Yb* ion trap ; = of CMI

» need to know thermal radiation seen by ion precisely (AT < 1K)

» trap design considerations:
— rfvacuum feedthrough: sapphire/copper feedthroughs
— ohmic & dielectric losses: gold/fused silica
— thermal contacts & thermal conductivity: soft metals & large cross sections




Frequency shifts: relativistic effects

frequency observed by an atom moving at velocity v, in the
direction of the probe laser beam:

fr=fr(1-2) withy =1/ 1-%
proper frequency of atom: (/') = f,; laser frequency: {f) = f
O _f=fo _ 1 _q ), (v1)” +0 (2)3

C

i I (y(1-vy/c)) C 2c2 c?

inear Doppler / '\ 2nd order Doppler

(rel. time dilation)

linear Doppler creates sidebands, but carrier is not shifted (v, )=0

2nd order Doppler mostly relevant for light atoms (e.g. Al¥)



Frequency shifts: relativistic effects

« 2"d order Doppler has same velocity dependence as trap-induced
AC Stark shift:

Afapirf _ E B (62>i[ fi 2]
= fo - ' 2¢c? 1+ (fg)
l

with £, = / Zf —1_ ~ 575(31) MHz for Al*

mwmec

« cancellation scheme for 2" order Doppler & rf AC Stark if
Aa, < 0:Ca*, Sr'

general relativistic effect:

 clocks in a gravitational potential tick slower:

— U.-U Ah —
hofe - Uizl _ 98" 10-16/m on earth
fo c? c?

e relativistic geodesy




Fundamental limits to clock accuracy?

X ' squeeze trap

I

=)

gradient in gradient in
gravitational potenial gravitational potenial
AZ — \/h/zmﬂ) |Og{5§ but AfZD
becomes larger!
-20.9
Af _gAz \ Afsp hw
~ -21.1 ~ ——F
f c* KHz f mc?

0.1 0.3 0.5 0.7
S. Sinha and J. Samuel, Quantum Limit on Stability of Clocks in a Gravitational Field, arXiv:1401.0774



Comparison of clock ions

Ca™ Sr* YbT E2 Yb* E3 Hg™ AT In*
m (u) 39.962 87.905 170.936 170.936 198.968 26.981 114.903
1 0 0 1/2 1/2 1/2 5/2 9/2
transition .'ESUQ ESII,-'E IJH]I,.--_:v.F:'[] ESL.-'Q.F =1 ESHJ.F:” 5|].F —_— t}lfllg lSr].F :(}XQ
— *Ds s = D52 |—= 2Dy F =2|=2F7 0, F =3 =D, F =2 | 5 °Pg, F=5/2 |- Py, F =9/2
fo (THz) 411.042 144.779 (88.358 642.121 1 064.72 1 121.02 1 267.40
g 2.002 256 64(9)*|  2.002¢ 1.998(2) 1.998(2)"  |2.003 174 5 (74)" [-0.00079248(14)" | -0.000 666 47"
e 1.200 334 0(3)° 1.2¢ 0.802(2)" 1.145(2)" 1.1980(7)"  [-0.00197686(21)7 [-0.000 987(50)"
A fao 14.355(17)" 3.122255% | 52 096(16) -2030(20)" | -18 900(2 800)™ | -71.988(48)” 4.09°
(Hz/in'T?)
Aas (10°TT J [ -73.0(1.0)F [-48.3(1.7)%/ 69(14)% 13(6)™ 15" 0.82(8)° 3.3(3)°
m*/V*¥)
Aay (107771 -24.51(29)! -78.6(5)9 -13.6(2.2)% ~ 1.3™ -3n 0 0
m?/V?)
7 - -0.019 - - - < 1077 < 10711
A faoo k (Hz) 0.380(13) 0.250(9) -0.36(7) -0.067(31) -0.079 -0.0043(4) -0.017(2)
O (e a3) 1.83(0.01)4 2.6(3)" 2.08(11)* -0.041(5)™ -0.510(1R)* 0.0¢ 0.0°

[Ludlow, Boyd, Ye, Peik, Schmidt, arXiv:1407.3493]

 evaluation of frequency shifts and type-B uncertainties:
— most shifts can be determined with high accuracy using “leverage”

— usually 2 contributions: e.g. ug (AfBBR) = \/(%)2 +2 (SE)Z

f s ?
atomic property ™ external field
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Requirements & Limitations

 Laser derives frequency stability from passive cavity length:

Af AL . . C
— === with resonance frequencies q - -

e AL < ATproton/lOO (I) for 10_16 Instablllty

e Limitations:

mmm Calculation result (case No.1)
100 = experimental result (NIST) Spacer confribution 7
_ thermal nOISE =« Mirror substrate contribution
10 - l Coating contribution -

1'_

— vibrations

Frequency Noise [Hz/rtHz]

— thermal expansion 011 i 7
0.01 |- -
— Experimental result (VIRGO) .
0.001 |- 1
0.0007 b--v-avyued--3-vvenl-—1-sesend-—3-vysml-vrvnd--rvsd-r-vesngh
107 10° 107 10° 10" 10° 10° 10°
Frequency [Hz]

[K. Numata et al. PRL 93, 250602 (2004)]



Thermal noise limit

 Analytical estimates from Fluctuation Dissipation Theorem:

Substrate (FS)
Af 1 ' Spacer (ULE
- lspacer & ¢ \, HRCoating ~_Sp (ULE)
W,

Af T 1 D] E_>\/%

7 |substrate X ,W_O (p Z 5 - -

Af [T [K. Numata et al. PRL 93(25), 250602 (2004)
7 |coating W_OL T. Kessler et al. J. Opt. Soc. Am. B 29, 1 (2012)]

e Important material parameter: lossangle ¢ ~ 1/0

H . ~ R = L/2 R>L ~
« Improve stability: Rtz ReM e
e o e ]
: . L L
— single-crystal coatings (¢)
Near-concentric cavity Near-planar cavity
— Increase wy R, ~1m R, = oo

— Increase L

} [Amairi et al.,
Appl. Phys. B 113,

233-242 (2013)]




Calculated thermal noise limit

4.00E-16 ~ ©,=4.05x 101
3.50E-16
3.00E-16
2.50E-16
2.00E-16

o, =1.85 % 1016
1.50E-16

1.00E-16

0,=7.20 x 107
5.00E-17 I o, =5 X 10V

L=10cm,w=275um* L=10cm,w =766pum L=39.5cm,w=466pum L=39.5cm,w=778um
(near-planar) (near-concentric)

Factional frequency instability

m Spacer M Substrate m coating Cavity component
w: average waist on both mirrors

€ Problem: vibrations [Amairi et al.,
Appl. Phys. B 113,

233-242 (2013)]




Vibration insensitive mounting

 acceleration of mounting structure causes deformation
e length changes

< » e }

= : - T

e Ooptimum mounting @ horizontal symmetry plane
« deformation of cavity already through gravity

-
-

a—

e numerical simulation (FEM) for optimum support point position



Vibration Insensitive Long Cavity

m Measured vibration sensitivity:

vertical (y) | horizontal (x) | axial (z)
(10-%2/q) (10-%2/q) (10-%2/9)
N l 3.6 12 2.3

Effective 3-point support: load balancing

- 39.5 cm length
Vibration sensitivity as a function of support point position
A0
5 X 10 ]
. 1.5% 10 —+— Linear Fit
—+— Linear Fit — Simulated sensitivity = 4e-12/(g.mm) (Ar = 60am)
4l — Simulated sensitivity = 5e-12/(g.mm) (Ar = 60um) —— Measured sensitivity = 163e-12/(g.mm) (Ar = 2.4mm)

—
T

3} | = Measured sensitivity = 42e-12/(g.mm) (Ar = 500um)

=
n

[
=
Ll

LY
.

Vertical vibration sensitivity { /g)
(=] =
[ |
Horizontal vibration sensitivity {/g)
=

o

Sdzim) _—ry x 10



Temperature Stability

% 10° ULE (ultra-low expansion) material

ol . AL x o —_ model
e droT

1 a=1.3(1)" 107 -

ALL
N}

Serpentine heating system
actively stabilized homogenous
heating under vacuum

36 38 40 42 44 46 48
Temperature (°C)

e Measured thermal expansion zero-crossing: 0.16(1)MHz/K? @ 45.5°C
e required temperature stability: <0.5 mK @ cavity

e 2 heat shields in vacuum chamber: projected time constant >10 days
e linear drift: <0.1 Hz/s



operation in UHV
several thermal shields

passive vibration
Isolation platform

In sandbox in cellar
only soft cables



Current limitations of 39.5 cm cavity
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T (s) [S. Amairi, PhD thesis 2014]
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Other approaches
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Tenfold reduction of Brownian noise in
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Silicon single-crystal cryogenic optical resonator
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