Nikolai Kolachevsky

Lecture 1

Freqguency and time as most accurately measured
guantities in physics.

Clocks: from 17th century till today. Mechanical,
radiofrequency, microwave and optical oscillators.

Accuracy and stability. Phase and amplitude
modulation, their mathematical representation and power
spectrum.




From all known physical quantities, frequency can be
measured with the highest accuracy.

Today’s best
optical clock
fractional
uncertainty
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To measure a physical quantity with high accuracy, it is
necessary to covert this quantity in frequency.

Road radar

velocity — frequency Medical tomograph image

local water density —
frequency

Josephson effect
voltage — frequency




Different oscillators and characteristic frequencies and
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Progress of clock accuracy over last centuries

Relative uncertainty
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First tower clocks
accuracy: 15 min a day

~10-2

Best pendulum Shortt
Clocks of 20t century

~ 108




Typical instability in 1 day

~10-8

Allowed to detect Earth
deceleration!




Study of coral growth

Earth rotation decelerates in time!




Earth
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Tidal effects

1 billion years ago Earth rotated 2
times faster!
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A leap second

Leap second is necessary to adjust the length of the day In
respect to the atomic time scale




Microwave atomic clock (Cs beam clock and Cs fountain)
Cs fountain clock

Ramsey - HV

Preparation interaction ~a%:  feedthrough
zone N

Cesium

Cs beam clock

~10-14




Optical clocks

Instability <10-17

Trapped ions

Amplitude
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Q= vy/Av

0.8

high Q

medium Q
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e mechanical: vy ~ 1 Hz

Optical lattice

e quartz: vy ~ 10" Hz

e microwave: vy ~ 10 Hz

Further?

Optical!

vy ~ 10 Hz.




Atomic clock schematics
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Oscillator. Modulated amplitude and phase

Harmonic oscillator equation

U(t) = Uy cos(wpt + @)

Harmonic oscillator with varying amplitude and phase
U(t) = Up(t) cosp(t) = [Uy + A Up(2)] cos|wot + o()].
Relation between phase and frequency

1 dp(t) 1 d 1 dg(t)
=20 = Dot b(t)] =
V) = o= = g 2wt T ol =+ oo—o




Damped oscillations

U(t) = Uy e 2" cos wyt

Fourier transformation:

Power spectrum

4 (w—wg)2+(. :

The Lorentzian function!
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Uam(t) = (Uy+ AUy cos wp,t) cos wot I 7 | I
= Up(1l + M cosw,,t) coswyt , e o o

M — modulation index

Signal spectrum

M M
cos(wy + w )t + 5

Uam(t) = Uy |cos wot +

Wy =W, W+,

A -

o, frequency
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Harmonic phase/frequency modulation
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Signal

Spectra of phase modulated signal
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Phase plane representation

Yo

Wyt = 2n 4n 6n
(w,t=0 /4 /2 3n/4)

N

wot = 81 107 121 14n
(w,t=m Sm/4 3n/2 Tn/4)



