5. ATOMIC RESONANCE DEVICES
5.1 Atomic Resonators

The basis of commercially avallable atomic frequency standards are
resonances in atoms at microwave frequencies (range 1 to 100 GHz,
GHz = gigahertz = 103 hertz}. Resonances in molecules and resonances
at higher freguencies in the infrared and visible regions are being
studied for frequency standard applications but have not yet led to
practical devices; however, their potential is high (see Section 8).
We will confine ourselves, therefore, to the discussion of microwave
resonances in atoms. We may picture such a resonance as a iittle mag-
netic dipole antenna as was discussed in our example {e} in Section 3.1.
We typically deal with a great many of these dipole antennas (atomic
resonators}, and we can separate them into two kinds®: (1) receiving
antennas, which will absorb energy from a field at their resonance
frequency, much like our TV antenna at home, and (2) transmitting antennas
which radiate energy at their resonance frequency in a fashion analogous
to the action of the transmitting antenna of a broadcasting station. A
physicist might say that the atoms which act like a receiving antenna are
in the "lower state" and those acting like a transmitting antenna are in
the “upper state“g'. In a natural ensembie of a great many atoms (a gas),
we find that the total number of upper state atoms is nearly equal to the
total number of lower state atoms. This has an important consequence:
if this gas is placed in an external magnetic field, which osciliates at
the atomic resonance frequency, all atoms may resonate; however, nearly
half of the atoms receive (absorb) energy from the field, the other half
enit (add) energy of an equivalent amount to the field. It is obvious
that the net effect is almost zero; the gas as a whole acts as if it
hag almost no rescnance although the individual atoms each may resonate.

sOf course, this is a simpliification

*There is a peculiarity with atoms: an atom changes fyom the upper
toc the lower state upon emission of a well-defined amount of enexgy,
and, correspondingly, an atom changes from the lower to the upper
state after receiving an equal amount pf enexrgy at the atomic
resonance Erequency.
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From this we see that in order to observe the atomic resonance we have
to change somehow the relative amounts of the two kinds of atoms; the
upper or the lower state has to be in the majority, corresponding to a

net emission or absorption of energy. The way in which this is done

T L
A

determines the design of an atomic resonance device, which is the

frequency determining element in our atomic frequency standard.

5.2 State Selection

We will now discuss the two most Important methods to accomplish
what is called state selection: the change in the relative mmbers of the ;
two kinds of atoms. j

{a) Spatial state selection: This method relies on an actual sorting

procedure where the two atomic states are sorted into different directions !
in space. O©One of the states can then be used, the other is discarded. E
As an example, an actual system may produce an atomic gas by heating the
subgtange in an oven to a suitable temperature. The atoms Jeave the

overn through a hole and form an atomic beam in an adjacent vacuum chamber.
The atomic beam is then passed through a rather strong magnet which causes
the separaticn of the beam into two beams, each of them containihg enly
one kind of atoms. We remember that our picture of an atom is that of a
little magnetic dipole antenna. The magnet exerts a force on these mag-
netic dipoles, which acts in opposite directions for the twe different
atomic states {we note this without furthér explanation},

(b} Optical gtate gelection:This technique takes advantage of the fact

that the atoms have more than just one resonance. Other resonances

typically correspond to infrared or visible (light) frequencies. We can
excite one of these resonances by shining intense light of the corresponding
frequency on the atoms. If the light is filtered carefully, very mono-
chromatic (one color, i.e., a very well-defined frequency) light is ob-
tained. If{ the iight frequency is chosen properly, only one kind of the
atoms resonates. At the game time, this light frequency is too far away
from the corresponding light resonance of the other kind of atoms. The

light resonance can thus "remove" one kind of the atoms and provide for

the desired majority of the other kind.
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5,3 Interrogation of the Atoms

We are now almost in a position to assemble our atomic frequency

standard. We still need some means to observe the atomle resonance,

A migrowave cavity is typically used. Such a cavity has microwave
resonances which are determined by its physical size. The (electrical)
losses of this cavity are given by the electrical conductivity of the
cavity material, Such a cavity may have the shape of a cylinder or that
of a box. It resonates in a way quite similar to the working of an oxgan-
Pipe in the case of acoustic waves. The best known example of a microwave
cdvity is the microwave oven where food is heated by placing it into the
resonance field of a cayity. ¥In order to observe the atomic resonance

we have to place the state selected atoms inside of this cavity and sub-
ject them for some specified time to a microwave signal at their reso—
nance frequency. The microwave signal will change the relative number
of atoms in the two states, e.qg., if all atoms were initially in the
upper state we find some in the lower state after the microwave signal
acted upon them for some time (see footnote 9}. If the frequency of the
external microwave signal is exactly at the atomic resonance freguency,
this transfer of atoms from one state to the other reaches a maximum.

The center of the atomic rescnance is thus found by.moniﬁoring the

number of atoms in one of the two states and by varying the microwave
fregquency until the number of atoms in the lower state reaches a maxi-
mum, or the number of atoms in the upper state a minimim. A proportional
electric signal can be derived which is fed back to the oscillator genera-
ting the microwave signal. Thus an automatic serve ¢an be built which
keeps the oscillator (usually a cxrystal oscillator) locked to the atomic

resonance.

5.4 Signal Detection

The detection of the effect of the microwave signal on the atoms
can be done in basically three ways, two of which relate to the two

methods of state selsction.
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(a} Atom detection: The atoms which leave the cayity as an atomic bean

are passed through the field of a magnet which spatially soxts the two
states. An atom detector is placed to intercepit one of these states,
The output of the detector thus indicates the number of atoms in the

upper {or lower} state.

(b} Optical detection: If the atoms are optically state selected, a

detector for light {photo~detector) can be placed in a pogition such

that the light which has interacted with the atoms is detected. Since
the light removes atoms from one of the states, its intensity will change
if atoms which resonate at the light frequency are added. Such an
addition takes place as a result of the microwave signal which, in effect,
transfers atoms from one state (with no light interaction) to the other
(taking part in the light resonance). The light at the photo-detectoxr

therefore is a measure of the number of atoms in one of the states.

(c) Microwave detection: In this type of detection, the microwave signal

is transmitted through the cavity to a microwave detector. 8ince the
atoms will either add energy to the signal {if initially in the upper
state) or subtract energy (if initially in the lower state), the micro-
wave power level at the detector is a measure of the number of atoms
changing state.

5.5 Atomic Frequency Standard

The analogy to our mechanicél frequency standard, the wrist watch,
which we discussed in Section 1, may now be drawn: the frequency
determining element is the atomic resonator which consists of a cavity
containing the state selected atoms, and_seme means of detecting the
change in the number of atoms in the two states. A control signal,
related to the number of atoms which changed their state due to the action
of the microwave signal is fed back to the {(crystal) oscillatox. The

escillator and the assoclated frequency multiplier ox synthesizerlo

1025 we discussed before, good crystal oscillators are available at
frequencies of several MHz; the atomic resonances are at GHz
frequencies. The crystal oscillator frequency therefore has to be
multiplied by a factor of about 1000.
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correspond to the energy transferring means in ocur wrist watch (see
Sec. 1).

Some power supply has to provide the energy necessary to drive the
oscillator, multiplier, and possibly the atom state selector, Very high
O-walues can be achieved with atomic resonators. To understand this,
we have to recall our egs (3) and {4).

The @ is related to the time t

d
of oscillations of the resonator. In atomic resonators we find two chief

; which desuribes the average duration

cauges for the termination of oscillations. The first one is collisions of
the resonating atoms with each other and with surrounding walls; each
collision usually terminates the oscillation. The second one is a rather
obvious cause: the atoms may simply leave the region of microwave signal
interaction. In an atomic beam sapparatus, the atoms enter the cavity,
traverse the cavity in a certain time, and then leave the cavity. As an
example, let us assume that we have a cavity of 1 meter length which is
traversed by atoms with an average speed of 100 meter per second (a
typical value). We assume an atomic resonance frequency of 10 GHz. The
interaction time td is then 2%5 second, the linewidth 100 Hz (f;om Eq {3}),
and the Q-value is 10° (from eq {(4})., We arrived at a Q-value which is

considerably better than that of a gquartz crystal oscillator!

5.6 Effects on the Atomic Resonator Freguency

Before we discuss effects which might cause changes in'the cutput
frequency of an atomic standaxd, we should make a very important state~
ment: The atomic resonance frequency itgelf is given to us by nature,
it will not drift or age. Hence, atomic resonators with Q-values of 10°
or higher may be expected to have accuracies of one part in 10° or
better because we will not be able te pull the respnance freguency further
away than the linewidth of the resonance.

In the following, we are not exhaustive but list only the major
perturbing effects:
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{a) Noise: Random goise in the crystal oscillator, the detector, the
microwave cavity, and the frequency synthesizer cause corxresponding
fluctuations of the output frequency.

(b) Cavity pulling: The hicrowave cavity is itself a resonator. Thus

we have an additional frequency-determining element besides the
atoms. It influences the output frequency by pulling the combined
regonance freguency to a value which usually lies between the
resonances of atom and cavity. This necessitates the tuning

of the cavity to the atomic resopance. The requirements for tuning
will be relaxed if the Qwvalue of the atomic resonance is as high
as possible and the cavity-Q as low as possible.

{c} Microwaye spectruwm: If the exciting microwave signal has not a

symmetric but an asymmetric distribution of frequencies,'la fre-
guency pulling occurs which conceptually is related to the
mechanism of cavity pulling. By careful design in the electronics,
this effect can be made negligible.

- {d}) Collisions: Collisions between the atoms and between the atoms and
the walls of a vegsel {gas cell} in which the atoms may be contained,
not only shorten the duration of the oscillation but also cause a
frequency shift. Obviously, these effects can be ninimized by
having low atom densities and no walls, if possible.

{e) Doppler effect: The apparent change in frequency if the emitter

moves relative to an observer is called Doppler effect. Everyhody
knows this for acoustic waves from the experience of an approaching,
whigtling locomotive or from automobile racing. Here, the moving
objects are the oscillating atoms and the cbserver is the microwave
cavity. The Doppler effect can be highly reduced by choosing a
particular direction of the atomic beam with respect to the direction

of the flow of microwave power in the cavity; in our
acoustic example, this corresponds to the passing of the whistle
at some large distance instead of having the whistle move directly

Mhe microwaye signal will nevexr be just one single frequency but
will have a certain distribution of frequencies {(spectrum).
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; towards the observer. An alternate way of reducing the Doppler effect

' is the contaimment of atoms in a region small compared to the wavelength
of the microwave radiation, e.g., by placing a gas cell iaside of the
cavity.

{£) Magnetic field: Of the effects which we discuss here, this iz the

only one which directly affects the atomic resonance. We remember that
f we used a small magnetic dipole antenna as the model for the atomie resc-
' nance. If this antenna is placed in an external static magnetic field

! {as that of a permanent magnet) the tuning of the antenna changes, i.e.,

: the atomic resbnance frequency changes., This necessitates magnetic
shielding, which is a characteristic design feature of all presently used
atomic frequency standards. The shielding is usually quite elaborate and
reduces the external magnetic fields, e.g., the earth's magnetic field,
to 1%, or less of its external value. This residual magnetic field can
then be measured guite precisely by using the atomic regonance itself. In
fact, the associated measurement precision is so good that magnetic field
effects do not seriocusly impair the accuracy of atomic frequency standards.
However, fluctuations of the external magnetic field, or the movement of
the device through a varying field, e.g., as in a relocation, may perturb
the frequency of the atomic standard. Generally speaking, one tries to
minimize all of the effects listed above, and to keep their influence as
gtable with time as possible. Such an approach suffices for most appli-
cationslz. For laboratory standards, however, where freduency accuracy
is the primary purpose, all effects must be evaluated in a serieg of
experiments, and reevaluations must be done occasionally in order to

detect, changes with time,

_ 6. AVAILABLE ATOMIC FREQUENCY STANDARDS
{ We will now discuss the design and pexformance of the three types
of atomic frequency standaxrds which are currently in operational use.

| 12mhe magnetic effect is an exception. The residual magnetic field inside

: of the shields must be evaluated and possibly reset any time after changes
in the external field occurx, e.g., after moving the device, The magnetic
shields may also have to be demagnetized.
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6.1 Cesium Beam Frequency Standard
The atomic resonance is atk 2192 631 770 Bez. The standard is based

on the atomic beam method using spatial state selection and atom
detection, An oven containg the cesium metal. If heated to about 100°C,
enough cesium gas will be produced to form an atomic beam which leaves the
oven through one or many channels into a vacuum chambex. This chamber is
evacuated to a pressure of less than 10 % of atomospheric pressure. The
beam traverses first the state_Selecting magnet, then the microwave cavity
where an external microwave signal acts on the beam, and finally reaches
the atom detector after passing another state selecting magnet. The atom
detector is simply a wire or ribbon {(typically made {rom tungsten or
platinum) which is heated to about 900°C by passing an electric current
through it. Cesium atoms which impinge on ﬁhis wire {which is biased
with a few volts dc) become electrically charged (ionized) and can be
collected on an auxiliary electrode. The stream of electrically charged
atoms at this electrode represents an electric current which is amplified,
detected, and fed into the feedback network.

The speed of the atoms and the length of the cavity determine the
Q-value of the atomic resonator. Typical atom speeds are 100 meters pex
second. In commercial devices which have to be reasonably small the
cavity is about 0.l to 0.2 meter long; the corresponding interaction time
td is two thougandthg of a-second. From eqs (3) and (4), we calculate
a linewidth of a few hundred hertz and a {-value of a few 107. In labora~-
tory devices one can go to very long cavities. Cavities of up t0 4 meter
long are used, leading to Q-values of a few 10°. The fractional frequency
stability of laboratory and commercial deyices can reach one part in 10'*
at sampling times of less than one hour to days. The frequency stability
for less than a few hours is limited by fluctuations in the atomic beam
intensity which are basgic and unavoidable {"shot noise™}. Thege fluctua-
tions affect the frequency stability less if more intense atomic beams
are uged. This approach which is becoming available in both commercial
and laboratory devices, improyes the stability (compare Sec. 7). In
contrast to commercial devices, the laboratory standards arve designed
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to. allow a more complete and easier evaluation of all effects on the
frequency. Cesium standards are used extensively where jits high
reproducibility and long-term stability (sampling times of more than

a day) are needed. For most applications, cesium standards need not
be calibrated. They are the work horses in most of today's standarxd
frequency and time services. The laboratory standard sexves to realize

the definition of the second (see Sec. 1}).

6.2 Rubidium Gas Cell Frequency Standaxrd
The atomic resonance is at 6834 682 608 Hz, The standard is

based on the gas cell method using optical state selection and optical
detection. The gas cell containg rubidium gas at a pressure of only
about lomg of atomspheric pressure. In order to reduce the effect of wall
callisions on the rubidium atoms, an inert buffaer gas (e.g., argon

or nitrogen) is introduced into the cell at a pressure of about 1/1000
of atomoépheric pregsure, Thig allows lifetimes of the rubidium atom
oscillations (the oseillation 1ifetime'td ig still limited by atom
collisions) of about 1/100 second. From eqs {(3) and (4) wa calculate

a corregponding linewidth of about 100 Hz and a Q-value of geveral 107.
Atomic collisions as well as the simultaneous action of the light and the
microwave signals on the same atom cause frequency shifts of the order of
107%, These frequency shifts depend strongly on the composition,
temperature, and pressure of the buffer gas and on the intensity of the
light. As 2 result, rubidium gas cells vary in their resonance frequency
by as much as 1077 depending on the particular setting of the frequency
shifting parameters during manufacturing. Since these influences cannot
be expected to stay unchanged as time goes on, rubidium standaxrds need not
only initial calibration but also recalibration because they exhibit a
frequency drift, i.e., an aging analogous to crystal ¢scillators. The
stability performance of rubidium standards is neyertheless quite
spectacular. At one second sampling time they display a stability of

better than 10 7

of up to a day. For longer times the fregquency stability is spoiled by

and perform near the 10713 level for sampling times
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