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Atomic resonance properties and interrogation
technigues

Basic atomic clock architecture

Definitions of terms

Cesium beam atomic clocks

Rubidium gas cell atomic clocks

Contrast cesium and rubidium performance
Other clock technologies



Symmet ricom:

Atoms of a given element and isotope are identical

Properly designed apparatus can interrogate
atomic resonances to form precise and stable
frequency references

The best atoms are “hydrogen like” in their atomic
structure: 1H, 133Cs, 8/Rb.

While cesium defines the Sl second, stored ions
and optical transitions in other atoms (1*°Hg*,

171yp*, 88Sr*+, Ca) may be candidates for
evolutionary laboratory standards.
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Cesium: ny=9,192,631,770 Hz (definition)
Rubidium: n; = 6 834 682 610.904 29(9) Hz
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Accuracy and Stability



Symmetrico

Stable-not accurate Stable-linear drift-not accurate

Accurate-not stable (noisy) Stable and Accurate



Symmet ricom

Accuracy: how do we preserve the Intrinsic
accuracy of the atomic resonance?

Short Term Stabllity: how do we extract

iInformation with highest signal-to-noise from the
atoms?

Long Term Stabllity: how do we control the effects
of time (aging) and environment (e.g. temperature)
on the atomic interrogation?

Accuracy and stability are usually interrelated.

How do we achieve reasonable size, cost, and
operational reliability?
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Presumption of ensemble of identical atoms at rest

Realities of practical devices:

Doppler effects in interrogation process due to atomic
motion

Confinement effects
— Buffer gas in rubidium

Interrogation effects

— Light shift in rubidium

— Inhomogeneity in atom’s local environment
Environmental effects

— Magnetic field
— Thermal effects which influence interrogation



Symmet ricom:

Accuracy results from the technique of
interrogation and the skill of the designer

Stabllity results from elements of architecture as
well as skill of the designer

The isolated atom’s resonant frequency Is stable and
accurate — we may alter it in the interrogation process
— Atom confinement
— Atom interrogation
— Electronic effects

We want offsets from the atomic resonance to be small
or zero — this can introduce significant complexity in
light of other constraints



Clocks operate with frequency offsets with respect to the
atomic resonance frequency; understanding and controlling
these offsets is a goal.

Offsets which are “zero” are OK — design and proper
construction ensures that they are truly zero (eqg first order
Doppler effects)

Offsets we can calculate and stabilize are OK

Magnetic offset in cesium beam is one example. We have servos to
measure and control the magnetic field; neither accuracy nor
stability are compromised.
Some offsets can’t be exactly calculated; these are
measured (calibrated) and carefully designed to remain as
constant as possible over time and environment

Buffer gas shift in rubidium gas cell is an example; this requires very
tight manufacturing process control for the stability of this large
frequency offset



Symmetric in shape — so we can lock to the center of the
resonance

High signal-to-noise ratio — good short term stability

1
S:N*Q

s,(f)»

Narrow resonance — we seek resonances with high quality factor

Q= Vo n, IS resonance frequency and
W isatomic linewidth

Stable in frequency — long term stability

Relies upon carefully chosen architecture and skillful
Implementation of instrument

Immunity to environmental effects (eg temperature)
Stable over time — low “aging” or frequency “drift”



Several mechanisms can affect atomic linewidth:
Doppler broadening — atoms’ random thermal motion
Spin exchange broadening — atom-to-atom interaction
Microwave power broadening
Magnetic field inhomogeneity

Transit time broadening—comes from Fourier transform
limit where

W=*Dt31

Design for optimum Q within the applicable
constraints of size, cost and technological
approach



High Q7
Symmetric?
Signal-to-Noise?
Stable?



--Atoms can reside only in
discrete energy states

--States populations are E,
essentially equal for

microwave resonances in

thermal equilibrium

--Signal-to-Noise
considerations require we alter
the population distribution

. E
--Common techniques to alter 1

the population distribution
Include “optical pumping” and
“state selection”

Goal: deplete one state, induce transitions
back into this state, detect the results



Calibration does not guarantee accuracy indefinitely

The second is the duration of 9 192 631 770 periods of the

radiation corresponding to the transition between the two

hyperfine levels of the ground state of the cesium 133 atom
13th Conférence Général des Poids et Mesures (1967)

Clarification of 1997: ...cesium atoms at rest at a
temperature of 0 K.

Stability implies absence of noise or change—says nothing
about accuracy, though intrinsic accuracy makes it easier to
provide stabllity (ten fold changes to a parameter that is zero
IS still zero)



Cesium Beam Frequency Standards



Cesium (caesium) resonance forms the
iInternationally acknowledged definition of the Sl
second interval of time

Mature technology with excellent reliability and
stability performance

Device of choice when superior long term and
environmental performance or when autonomy is
required

Intrinsic accuracy

No aging of frequency



9192 MHz
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Magnetically-Selected CBT












Linewidth » 450 Hz
Atomic line Q » 20 million

Ny = 9 192 631 770 Hz



Servo Direct Digital
including DACs, ADCs, 9
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Accuracy Is important
If accuracy is good, stability is good
Largest offset is magnetic field effect (1.5e-10);

this Is calculable and stabilized with a servo and
does not contribute to inaccuracy or instability

Other limitations to accuracy are likely a collection
of small effects in cesium

Interrogating microwave spectrum

Electronic effects

State and spectral “pulling”



+ Beam has no interaction with its “confinement”

+ No first order Doppler frequency shifts in
properly designed and built apparatus

+ Beam density is low enough for minimal self-
Interaction

- Relatively complex and expensive apparatus

- Linewidth limited by time-of-flight through the
apparatus

- State selection and beam dynamics are complex
to design and build




Symmetricom TimeCesium circa 2005



Rubidium Gas Cell Freqguency Standards



Most Widely Used Type of Atomic Clock

Smallest, Lightest, Lowest Power, Least
Complex, Least Expensive, Longest Life, Good
Performance, Stability & Reliabllity
Device of Choice When Better Stability Than
a Crystal Oscillator is Needed

Lower Aging, Lower Temperature Sensitivity,
Faster Warm-up, Excellent Retrace
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--Nitrogen atoms immobilize the rubidium atoms, slowing

their velocity and minimizing wall collisions

--Interaction between rubidium and buffer gas introduces

large frequency offset



--Incident pumping photons
stimulate transitions into an
excited optical state

--Atoms in the excited state
decay to the ground states
with equal probability

--Continued pumping out of
one ground state
effectively moves the
atoms into the other state
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Optical pumping photons
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Rubidium has two naturally occurring isotopes, Rb-85 (72%) and Rb-87 (28%)

/

5P

Rb-87 (lamp)

Rb-85 (filter)

[

I 6.83 GHz

Rb-87 (cell)



The cells in the latest

commercial RFS designs

have (along with their

cavities) gotten much

smaller. While this comes

at the expense of a

broader line, lower Q and

poorer short-term Stab”ity’ Comparison between classic 1” long
good performance e.g. S s e ecature
s,(t)= 1le-11 at 1 second

can still be realized.



+ Buffer gas confinement allows small size and
economical construction

+ Rubidium has a fortuitous isotope overlap to
allow optical pumping

- Buffer gas introduces a large frequency shift
which results in poor accuracy, is difficult to

perfectly stabilize over time (aging) and
environment (temperature, barometric, etc)
Buffer gas mixtures can reduce thermal effects, one gas

with a positive temperature coefficient (N,) and one with
a negative temperature coefficient (Ar)

Barometric effects (1e-10/atmosphere) are small and
non-cumulative



Height less than 0.72”

e

3.0
3.5



Defense
Customization

Rack Mount Instrumentation



There Is a fairly wide range of rubidium
frequency standard stability available,
depending on the class of unit and its
operating environment

The typical level of rubidium frequency
standard performance Is a short-term
stability of 1e-11/t12 for 1£t £103 seconds,
with a floor of 2e-13 depending on the
thermal and barometric environment, an
aging of 1e-11 per month, and an overall
temperature instability of 1 to 2e-10.



Rubidium gas cell devices have no intrinsic
accuracy, they are calibrated and rely upon the
stability of offsets for their calibration interval

Buffer gas offset is 1e-6; to achieve aging of
<le-11/month requires that buffer gas properties remain
constant to <10 ppm/month
Initial calibration is a factory process following an
extended period (weeks) of aging and stabilization

Subsequent calibration may be manual or
automatic (eg by servo to GPS timing signals)



Performance Comparisons



Aging — Change in frequency over time
Cumulative over life or until recalibrated
Temperature
Short Term Stabllity (noise)
Comes from resonance Q and signal-to-noise
Intermediate Term Stability
Driven by environmental sensitivities in rubidium
Long Term Stability

Driven by aging in rubidium and environmental
sensitivities in cesium



Cesium beam exhibits no frequency aging
behavior

Rubidium gas cell exhibits typical frequency aging
of 1 to 5e-11/month, gradually improving to
3e-12/month typically

Aging effects in rubidium are not fully understood

— Physical/chemical loss of N, buffer gas into the Rb
film and/or glass envelope of the
absorption/resonance cell?

— Light shift effects?
Early life rubidium aging can be much higher



Allan deviation Is a measure of frequency
iInstablility or noise
Recall this comes from Q and Signal-to-Noise

1
S:N*Q

Both cesium and rubidium exhibit Allan deviation
performance in the realm of 1e-11/t *, following
the classical white frequency noise behavior

Environmental effects typically limit rubidium
stability to 2e-13 where cesium floor extends
another factor of 10 lower to 2e-14

S, (f)»




Cesium: le-15/degree C typical
Residual effects likely arise from interrogation effects

Rubidium: 1 to 2e-12/degree C typical
Light shift effects
Buffer gas effects
RF Power effects
Can be ameliorated by temperature compensation



Temperature Compensation Requires No Additional
Hardware in Some Modern Designs.

It Does Require More Test Effort to Measure
Uncompensated TC, Calculate & Load Compen-
sation Data, and Confirm Compensated TC.

Dynamics Limit Amount of Improvement —
Temperature Sensor Location and Response Time
Are Factors.

Compensation May Degrade Short-Term Stability
Depending on Tuning Resolution and Compensation
Algorithm.



Aging

Intrinsic | Stability | Stabilit Hold
Technology y y _(/_c_lay) Cost
Accuracy (1s) (floor) initialto | ST-1
ultimate
Hydrogen ~10-10 ~1012 ~1015 | 10510 106 | S°N9 | _200x
Maser time!
Cesium Beam few 10-12 ~10-11 ~10-14 nil N/A ~20X
Rb Gas Cell ~10° ~1011 ~1013 1011to 1013 | days ~X
Hi-quality Qz 10%to 108 ~1012 ~1012 10°to 1011 | hours | ~0.7X




Emerging and advanced clock
technologies



Hydrogen Maser
Very stable; used in metrology and radio astronomy

Fountain Clocks
Atoms are cooled and “tossed” upward in Earth’s gravity

Used for primary standards where ultimate accuracy is
desired

Chip Scale Atomic Clocks
Ultra miniature size and low power requirement

Optically pumped cesium beam
Use optical techniques for state selection and detection



Hydrogen
Maser
Physics
Package
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Varactor Switching
Varactor
A
Quartz Bulb

B ﬁ State Selector

Hydrogen
Dissociator

Source Discharge
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Frequency Stability

+40X superior to high
performance cesium

+10X superior to optically
pumped cesium

Accuracy IS poor; requires
calibration



-Atoms are captured and cooled (to
micro-Kelvins) using laser techniques
-A cluster of cold atomsistossed up
through the microwave cavity

-The atoms' velocity slows under

the influence of gravity

-The atomsfall back through the
microwave cavity

-The probe laser induces fluorescence
In the falling atoms

-Key attribute is accuracy (1le-16)



Ultra small, ultra low power, modest performance
Power: <30 mW

Stability: <le-11 Allan deviation at 1 hour averaging time
Size: <1 cm3

CSAC Physics Package CSAC Prototype



9192 MHz
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Laser Source L aser Source

Optically Pumped CBT



R&D Team at Symmetricom Technology
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