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Abstract

When observed in a cesium beam frequency standard, the hyperfine transition frequency of the atoms
differs slightly from the invariant transition frequency of the unperturbed atoms at rest. The various physical
and technical origins of the frequency offsets are stated. They relate to fundamental physical effects, to the
method of probing the atomic resonance and to the frequency control of the slaved oscillator. The variation
of the frequency offsets under a change of the value of the internal operating characteristics is considered.
The sensitivity to a change of the magnetic induction, the microwave power and the temperature is given.
A comparison is made of the sensitivity of cesium beam frequency standards of the commercially availuble
type, making use of magnetic state selection, and of devices under study, in which the state preparation and
detection is accomplished optically. The pathways between the external stimuli and the physical origin of the
Jrequency offsets are specified.

1. INTRODUCTION

According to a basic postulate of physics, the properties of atoms do not change with space and time
(except for known relativistic effects). Therefore, the frequency delivered by atomic frequency stan-
dards should not vary with time and should not depend on perturbations applied such as constraints,
change of temperature and humidity, ctc.

However, although very slightly, this frequency varies during the device lifetime and depends on
external factors. To understand this undesirable fact, one must not forget that the postulate mentioned
implies that the atoms are assumed at rest, isolated and in free space. This is obviously not the case in
actual devices: the atoms are moving at thermal velocities; although in a beam they are not isolated
and, moreover, the two energy levels of interest pertain to manifolds; the atoms are subjected to
fields. I'urthermore, accessories are necessary 1o observe the microscopic properties of the cesium
atoms. They are: an oven; state selectors; a microwave cavity; a set—up to generate the C-field; a
detector; and electronic systems to probe the transition, to process the beam tube response and to
frequency lock a quartz crystal oscillator.
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These departures from the ideal conditions and some of these accessories can be sources of frequency
offsets, the magnitudes of which depends on the technical choices made.

These frequency offsets couple the observed resonance frequency to the macroscopic world. Since
macroscopic objects are usually sensitive to external factors such as temperature, the frequency offsets
depend on environmental conditions and, consequently, the frequency of the standard does also. Ire-
quency changes can thus be induced by a variation of the temperature, the humidity, the constraints,
the fields, etc...applied to the device.

Although the frequency offsets are rather small, they are numerous in the cesium beam frequency
standard. However we shall ignore the gravitational frequency offset, whose value is easily predictable
and the frequency offsets whose change is negligible in the usual range of variation of the external
factors.

The frequency offsets can be sorted out, more or less arbitrarily, into three categories depending on
the principal origin of the offset. They are related to fundamental physical effects, to the resonance
interrogation method and to possible imperfections in the electronic system. We shall give their order
of magnitude and the possible cause of their change.

We shall consider commercially available cesium beam frequency standards, without reference to a
specific model, but with plausible values of the characteristic parameters. In these devices, the static
and the microwave magnetic fields are applied perpendicularly to the atomic beam axis. The length of
cach interaction region, [, is equal to about 1 cm. The separation, L, between the two oscillatory fields
is of the order of 15 cm. State selection is presently accomplished by deflecting the atom trajectories
in magnets. The velocity distribution function of the atoms detected depends on the design and it is
not an universal function. We will therefore introduce a crude, but representative distribution of the
interaction times 7 in each oscillatory field region. It has the shape of a triangle shown in Figure la.
The maximum of the distribution arises at 7, = 71 s, corresponding to a velocity v, of 140 ms™!01,
For the purpose of comparison, we shall also consider the distribution of interaction times which is
encountered in the simplest configuration of an optically pumped cesium beam frequency standard,
using a single diode laser for the state preparation and the state detection. In that case, the velocity
distribution is that of an effusive beam!?. The related distribution of the interaction time is shown
in Figure 1b. It peaks at 7o = 46.5 ps, assuming an oven temperature of 100°C. 75 = [/a is the
interaction time for atoms having the most probable velocity,a, in the oven.

We shall give the order of magnitude of the frequency offsets and the possible cause of their change. For
that purpose, we shall rely mainly on results published in references 3 through 8, where credit is given to
prior work. Frequency offsets whose value depend on the velocity distribution have been computed from
equations derived in [8], assuming slow square wave frequency modulation, for simplicity. However,
the main conclusions of this paper are valid for other types of modulation.

In the {ollowing, the frequency offsets are expressed in Hertz, the static magnetic induction is expressed
in gauss (1 G = 107 T') and vy is the frequency of the unperturbed hyperfine transition of the cesium
atom.

420




2. FREQUENCY OFFSETS DUE TO FUNDAMENTAL PHYSI-
CAL EFFECTS

2.1. Second order Zeeman frequency offset

In the C—field region, a static magnetic induction is applied parallel to the main component of the
microwave magnetic induction sustained in the interaction regions. It raises the degeneracy of the
cesium atom hyperfine levels in the ground state and it enables Amy = 0 transitions to be induced.
Its values is usually set around 60 mG, to separate sufficiently the second order field dependent
(F =3, mp=0) < (F=4, mp=0) clock transition from the six other neighbouring, but first order
field dependent, Amy = 0 transitions (see Figure 2).

a) Magnetic induction assumed uniform

The second order Zeeman offset of the frequency of the clock transition is given by:

Avg = 42745 B3. (1)

Assuming By = 6 x 1072 G, the frequency offset amounts to about 1.54 Hz, or 1.67 x 10710 in relative
value. This is the largest frequency offset occuring in cesium beam frequency standards.

A change, dBy, of the magnetic induction gives a change d(Avg) of the frequency offset. We have:

d(Av,) = 855 By dB,. (2)

For By = 6 x 1072 @G, dBo/Bo = 3 X 10-° (dBo = 1.8 u@@), we have d(Avg)/Avg = 10~14, This
means that the current source needed to generate the static magnetic induction must be of a sufficient
quality, with a small sensitivity to temperature changes.

A transverse shielding factor of about 5 x 10 gives a sensitivity, equal to 107" per Gauss, to a
change of the magnetic induction applied externally and orthogonally to the beam tube. However,
one should be cautious in assuming that the frequency shift is proportional to the variation oi the
external induction since, at least in some maodels, non-linearities have been observed, as well as a lack
of reproducibility of the effect of the variation.

A sensitivity to alternating magnetic fields has been observed. The DC frequency offset produced
might be the result of some rectification effect related to non linearities occuring either in the shiclding
material or in electronic components used in the associated electronic sub-assemblies.

b) Effect of magnetic field inhomogeneities

Actually, the static magnetic induction is not uniform in the C-field region. The main reasons of this
imperfection are the following. The permeability of the magnetic material is finite. There are holes in
the magnetic shield (the largest one for the input waveguide). The static field created may simply be
not uniform, at least in some tube designs.
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The related frequency offset can be separated into two parts. The first one is associated to the field
inhomogeneity in the space between the interaction regions. Let Bo+ A B(z) be the magnetic induction
along the beam path and AB(z) its fluctuation with quadratic mean value AB(z)2. The frequency
offset is equal to:

Avl, = 427 AB(z)? 3)

Assuming a standard deviation of 2 x 1072/G, we have Avl /vy = 1.9 x 10713, The second source
of frequency offset is the difference between the magnetic induction in the interval between the two
interaction regions and the induction in these regions. We have:

l
Avl = 2145(312 - B2 -2B}), (4)

where By, B; and DBy are the inductions in the first interaction region, in the second one and in
the interval between them, respectively. The values of Av’ x B depends, but only slightly, on the
microwave power and on the frequency modulation parameters. Assuming By = By = 62 mG, By =
60 mG and I/L = 1/15, we have Av" /vy = 7.6 x 10713, which is a significant frequency offset.

The frequency offset associated with the magnetic field inhomogeneities can change if the field distri-
bution is modified by an externally applied magnetic field.

¢) Effect of a magnetic field applied parallel to the beam tube

An external magnetic ficld applied parallel to the beam axis should not give a frequency shift. However,
it has been observed that such an effect exists and that it is even larger than when the field is directed
transverse to the tubel®10],

A magnetic induction is added parallel to the beam axis in the C—field region (the shielding factor is
smaller in the elongated direction). It is thus perpendicular to the main component of the microwave
induction and it can induce neighbouring Amp = £1 transitions, which may give rise to a frequency
shift (see Section 2.2b). TFurthermore, a distortion of the magnetic lines of force by the magnetic
shields may create a small transverse component, d By, changing the value of the frequency offset Av,.
Moreover, such a distortion may change the magnetic field inhomogeneities.

2.2. Neighbouring transitions .
a) Amy = 0 transitions

Six intense, field dependent, AF = 11, Amy = 0 transitions are also present in the microwave
spectrum of the cesium atom, as shown in Figure 2. The width of their pedestal is equal to about
15 to 20 kHz and their separation is approximately equal to 42 kHz when By is close to 60 mG. The
aisles of the pedestal of the (F =4, m, = 1) « (F =3, mr = 1) and of the (F =4, mp = —1) <
(F = 3, mp = —1) transitions overlap under the line of the (F = 3, mr =0) & (F =4, mp = 0)
transition. In tubes where the state selection is accomplished magnetically, the field dependent lines,
symmetrically placed around the central one, have significantly different amplitudes, as shown in Figure
2a. It follows that the shape of the central line is distorted by an added slanted base line, and that a
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frequency offset arises. The properties of the latter depends closely on that of the aisles of the Rabi
pedestal. Their amplitude is proportional to the microwave power and it is an oscillating function of
their distance to the line center. Consequently, the frequency offset depends on the microwave power
and on the value of the static magnetic induction. Furthermore, it depends on the population and
of the velocity distribution of the atoms involved in the neighbouring transitions. The offset is also
a function of the modulation parameters (c¢f Appendix). The Rabi pulling effect has been studied in
detail by de Marchil®®!, He has found a frequency offset varying according to the previous statements
in Cs beam frequency standards produced by a given manufacturer, as shown in Figure 3. Results
obtained with standards of a different supply, using tubes of a different design and in which the
frequency modulation scheme is different, were not has clear as that shown in Figure 311,

The relative frequency offset may amount to several 1012 and its change may be several 10713 per
dB of microwave power variation. When the influence of the neighbouring Rabi pedestals is clearly
identified, there arc magnetic field settings for which the frequency offset goes to zero as well as the
sensitivity to a microwave power variation. In that case, it has been experimentally verified that
Cs beam tubes tuned at one of these points show an improved long term stability!®”l, However,
most of the manufactured tubes are still operating at a different point. Then, the Rabi pulling effect
contributes to their sensitivity to a change of their microwave power. A frequency shift may also occur
if the beam composition varies (change of the beam optics and of the beam deflexion angle, Majorana
transitions) and thus the asymmetry of the microwave spectrum. Similarly, a change of the velocity
distribution of atoms in the sublevels my = £1 of the ground states F' = 3 and F' = 4 can produce a
frequency shift.

As shown in Figure 3, the Rabi pulling effect introduces a sensitivity to a change of the value of the
Cield. However, this sensitivity is smaller than that related to the second order Zeeman effect and
it can be neglected.

The Rabi pulling effect is specific to beam tubes with magnetic state selection. The related frequency
offset and its sensitivity to the microwave power and to other factors should be absent in cesium beam
tubes optically pumped with a linearly polarized light('2l, In that case, the microwave spectrum of
the cesium atom is highly symmetrical around the central (F =3, my = 0) « (F = 4, mp = 0) line,
as shown in Figure 2b. Furthermore, this property gives the opportunity to decrease the value of the
C—field and thus the sensitivity to maguetic field changes.

b) Amp = %1 transitions

A spurious component of the static magnetic field parallel to the beam tube axis, and therefore per-
pendicular to the main component of the microwave magnetic field can induce Amy = £1 transitions.
This component can be produced in the tube itself if the C—field region is poorly designed, or it can be
the result of an externally applied magnetic field. The shape of the weak resonance features is similar
to that of the Amy = 0 main lines. Such small lines can be seen in Figure 2a, in the dips between
the Amyp = 0 resonance patterns. Although weaker, they are closer than the neighbouring Amy = 0
lines. They may produce a frequency offset of the Ampr = 0 clock transition when the populations of
the mpr = £1 sublevels are not identical. It depends on the microwave power level.

Amp = F1 resonance features can take a different shape, as shown in Figure 2b at mid—distance
between the Amy = 0 lines. This record has been obtained with a tube in which the apertures in the
Ramsey cavity are larger than in conventional onesl'?, Moreover, the value of the C—field, and thus
the separation between the lines, has been increased for the purpose of illustration. Although weak,
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they are very likely present in all beam tubes, but they may be masked by the aisles of the intense
Amp = 0 lines at the usual values of the C—field. Furthermore, they may not emerge from the noise.

The Amp = £1 transitions shown in Figure 2b are likely due to the existence of components of the
microwave magnetic field which are perpendicular to the static field, but have opposite directions
at points symmetrically disposed around the waveguide axis!'®. In the E-plane microwave cavities
considered here, these components are likely related to the distortion of the microwave magnetic lines
of force, which is created by the holes.

Like the Amp = 0 ones, these transitions can have different intensities in cesium tubes with magnet

state selectors. Thus the closest to the central line may induce a frequency offset. The effect of the
Amy = £1 transitions is being studiéd in detail™.

2.3. Second order Doppler effect

The second order Doppler frequency offset is directly related to the time dilatation effect of the special
theory of relativity. In the presence of a velocity distribution, the value of the relative frequency offset
is given by:

Avp v?
o 380 (5)

where v; is equal to v; or «a for cesium beam tubes with magnetic state selection or optical pumping,
respectively. Ap depends on the parameters mentioned in the Appendix. Assuming slow square wave
modulation, Figure 4 shows its variation versus the amplitude of the microwave induction for different
values of the depth of the frequency modulation.

For the values of the operating parameters given in the Appendix, the relative frequency offset is equal
to —1.1 x 1071% and to —8.8 x 10~!3 for the tubes with magnet state selection and optical pumping,
respectively, A 1 dB change of the microwave power yields a small variation of the frequency offset,
equal to 0.5 x 1071* and 3.2 x 10~', respectively.

2.4 Spin exchange

Collisions between alkali atoms cause a relaxation of the population of the hyperfine energy levels and,
also, a shift of the hyperfine transition frequency.

Collisions are present in a thermal beam. Their rate is approximately 1/3 that occuring in a vapor
showing the same atom density. Furthermore, a background pressure of cesium vapor exists in a beam
tube, mainly at the end of its life, when the getters get saturated.

However, the value of the spin exchange frequency shift cros-section of the cesium atom is not known
at present. Work in this respect is desirable. It is thus not possible to give a quantitative estimate
of the related frequency offset. However, it would be of interest to know whether spin-exchange can
cause an ageing effect through a change of the background vapor pressure, or not.

424



2.5. Light shift

The frequency offset called the light shift is of course specific to optically pumped cesium beam tubes.
It is due to a displacement of the hyperfine levels in the ground state, which is induced by transitions
between the ground state and an excited state.

In a cesium beam tube, the photons emitted by the fluorescing atoms, and which propagate along
the beam path, reach the microwave interaction region and perturb the transition frequency. Photons
scattered from the laser pumping light can be efficiently eliminated by proper design of the optical
part of the device.

An estimate of the magnitude of the light shift has been calculated by several authors'>~17). For a
small tube of the commercial type, it is predicted to be smaller than 10712, in relative value, using
the D, line at 852 nm for the atom preparation and detection!!”, and one order of magnitude smaller
with the D; line at 894 nm('®l. No experimental result is available yet.

This frequency offset depends on the number of fluorescing atoms and thus on the atomic beam
intensity. The latter can easily be maintained sufficiently stable. Moreover, the number of fluorescing
atoms is not much sensitive to the intensity of the laser light beam when the optical pumping is
almost complete in the two optical interaction regions. Thus, the stability of this intensity should not
be critical.

3. FREQUENCY OFFSETS DUE TO THE INTERROGATION
METHOD

A microwave signal is necessary to probe the atomic resonance, since the Cs beam frequency standard
is a passive device. Frequency offsets are related to the implementation of a microwave cavity, with
its two interaction regions, and to the presence of spurious spectral components in the interrogation
signal.

3.1. Mean phase shift between the two oscillatory fields

A small amplitude travelling wave is superimposed to the cavity standing wave. It carries the energy
lost in the waveguide walls and in the two terminations. This travelling wave couples any dissymme-
try in the electrical propertics of the two arms (unequal length, unequal losses, unequal reflections,
asymmetry of the feeding junction) into a small phase difference between the two oscillatory fields.
The resonance line is then distorted by an additional component which is an odd function of (v — vp).
A frequency offset follows which can be thought as a residual first order Doppler effect.

Assuming a phase difference, ¢, between the antinodes of the magnetic field in the two interaction
regions, the frequency offset is given by:

Al/¢)=—

A
2n Ty ? ©

where T; is a characteristic value of the time of flight of atoms between the two interaction regions.
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We have chosen T; = Ty = L/v; for the tube with magnetic state selection and T} = Ty = L/a for the
tube with optical pumping. Ay depends on the parameters listed in the Appendix.

In a short Ramsey cavity (L = 15 cm), a difference between the electrical length of the two arms equal
to approximately 3 x 1075 m gives ¢ = 10 prad. With the values of the operating parameters given in
the Appendix, the relative frequency offset amounts to 1.5 X 10~ and 2.9 x 10~ for the tubes with
magnetic state selection and optical pumping, respectively. A 1 dB change of the microwave power
yields a relative frequency variation of 0.4 x 1071* and 1.3 x 10714, respectively.

A differential dilatation of the length of the cavity arms, corresponding to a temperature unbalance
of 1 K gives a change of the phase difference of 0.6 prad and thus a negligible frequency offset of the
order of 1 x 10714,

3.2. Distributed phase shift

In each interaction region, there exists a space dependent phase shift of the microwave magnetic field.
It is due to the travelling wave component transporting the energy lost in the cavity walls. The
distributed phase shift is present even if the phase difference between the centers of the interaction
regions is equal to zero. It has a compomnent in the direction transverse to the beam. A longitudinal
component likely exists also. It is related to the presence of the holes which enable the atoms to cross
the oscillatory field region.

Actually, the order of magnitude of the frequency offset associated with the transverse phase shift is
the same as that due to the phase differcnce between the two cavity ends{!®l. The longitudinal phase
shift gives a frequency offset only if the two apertures and the two cut—off sections attached to the
main waveguide show an asymmetry(®.

3.3. Cavity pulling

If the cavity is not exactly tuned at the atomic transition frequency, then the amplitude of the mi-
crowave field does not vary symmetrically when the atomic resonance is scanned. A frequency offset
Av;, of the resonance frequency follows. It is given by:

Av, T A,
= ZE A 7
7787, (7)

Yy

where Av, is the cavity mistuning. 7% is the cavity response time, equal to Q./7vp being the cavity
quality factor. 7; has the same meaning as in Equation 6. A. depends on the operating conditions,
as described in the Appendix. The quantity (T./T;)? is of the order of magnitude of (Q./Q;)?,
where Q; is the line quality factor. For slow square wave modulation, figure 5 shows the variation
of A, versus the amplitude of the microwave field, for different values of the depth of the frequency
modulation. Assuming the operating conditions introduced previously, @, = 5000, L = 15 c¢m and a
cavity mistuning of 0.1 MHz, the relative frequency offsets amounts to 1.1 x 1072 for the classical tube
and to 1.4 x 10712 for the tube with optical pumping. The variation of the cavity pulling frequency
offset, for a 1 dB change of the microwave power, is equal to 2.3 x 107!* and 3.6 x 103 for the
classical tube and the optically pumped tube, respectively.
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Assuming b constant, the frequency shift related to a change AT of the cavity temperature is given
by:

Av, _ —Acz}—

AT 8
” T (8)

where a is the linear coefficient of expansion of the cavity material. With a = 1.6 x107° and AT = 1K,
we have: Avy/vg = 1.6 x 10712 and 2.0 x 107'2 for the tube with magnetic state selection and optical
pumping, respectively. Moreover, the cavity detuning changes the microwave power applied to the
atoms, which must be taken into accountl®l. Furthermore, the temperature change will vary the
microwave power,

The cavity pulling frequency offset, and its variations, are larger for the optically pumped tube than
for the traditional one. Iowever, it can be reduced by decreasing the value of the cavity quality
factor, since the frequency offset, and its changes, varies as Q2. Similarly, it would be appropriate
to increase the value of by towards the point where A, goes to zero. It can be shown that, at that
point, the DC content of the beam tube response shows a maximum, in the case of slow square wave
modulation. Another, but more involved possibility consists in using two or three lasers instead of
one. Implementation of detection via a cycling transition, and/or of pumping with two small power
lasers, favors slow atoms!!%2%, This increases the mean time of flight, with a subsequent decrease of
the related frequency shifts21,

3.4. Majorana transitions

If the magnetic field varies along their path, the travelling atoms are subjected to a time dependent
perturbation. It may have spectral components causing transitions between the my sublevels of the
F = 3 and F = 4 manifolds. They are called Majorana transitions. They are usually avoided by
trimming properly the magnetic field along the atom path.

Should they occur, the effect of these transitions is not completely understood yet22, However, they

may give indirect frequency shifts, as briefly explained now. In practical magnetic state selectors,
the deflection of a trajectory depends on the atom my value, besides the velocity, It follows that
the occurence of Majorana transitions changes the trajectory of the atoms which are able to hit the
hot wire detector and, therefore, their velocity distribution. The effect of these transitions is thus
i) to modify the signal to noise ratio of the resonance detection, ii) to modify the amplitude of the
neighbouring transitions and the related frequency offset, iii) to change the frequency offsets depending
on the trajectory (such as that related to the transverse phase shift) and iv) to vary the {requency
offsets depending on the velocity distribution.

In optically pumped tubes, Majorana transitions can be more easily avoided. Since, moreover, the
atom deflection by light is very small, their effect should be negligible.

3.5. Spectral purity of the interrogation signal
The signal at 9.192 631... GHz, which is necessary to observe the resonance of the Cs passive frequency

standard, is generated by the methods of frequency synthesis, starting from the output of a quartz
crystal oscillator. Therelore, any spurious spectral component in the signal of this oscillator is enhanced
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by the process of frequency multiplication. Furthermore, frequency mixing is necessary to create the
frequency required and, usually, thé final signal contains unwanted spectral components.

External factors can also be the source of spectral impurities. Sidebands at 50 or 60 Hz from the
carrier come from the power supply. Other spectral components can be coupled to the interrogation
signal in the presence of external signal generators. Vibrations perturb the quartz crystal resonator
and are another source of spurious sidebands.

The additional spectral components give rise to virtual transitions which shift the energy levels of the
F =3, mpyp=0and F =4, mp = 0 states. The complete analytical expression of this frequency
offset is complicated in the case of a cesium beam tubel?®), We shall only consider here the effect of
an additional spectral component whose frequency v’ is such that we have |v/ — 1| S 20 kHz. This
means that this component is present outside the Rabi nedestal bandwidth. The frequency offset is
then given by:

() _ g )
Avs® = Ar?L(v' — UO)AS ©)

where b; is a measure of the amplitude of the spurious microwave induction. Its definition is similar
to that of b (see Appendix). The quantity A(Sf) is approximately equal to 0.65 for the operating
conditions considered here and for both types of tube. Thus the frequency offset is proportional to
the power of the added signal and inversely proportional to its separation from the carrier.

In many cesium beam frequency standards, a residual sideband is present at 12.6 MHz from the
carrier. Taking into account the filtering effect of the cavity, and assuming @), = 2000, its power is
approximately 20 dB below that of the carrier. We thus have b; = 2 x 10® rad s~!. With [/L = 1/15,
the relative frequency offset is small, equal to 0.4 x 1073, It changes if the power of the side-~band
varies. It also depends on the power of the carrier in as much as the frequency mixing process binds the
power of the side—band to that of the carrier. It is worth mentioning that the effect of a spurious side-
band may be large for |/ — vg| comprised between approximately the half-width at half-maximum
(HWHM) of the central fringe of the Ramsey pattern and the HWHM of the Rabi pedestal.

4. FREQUENCY OFFSETS DUE TO THE ELECTRONIC
SYSTEM

4.1, Modulation and demodulation related frequency offsets

It can be shown that a false error signa! is produced and therefore a frequency offset of the slaved
quartz crystal oscillator results from the presence of the following imperfections®l: i) the spectrum
of the modulation waveform is distorted and comprises spectral components at frequencies 2pvy, p
being an integer and v, the frequency of the modulation, ii) the amplitude of the microwave field
applied to the atoms is not a constant and has spectral components at frequencies (2p + 1)vy and iii)
the spectrum of the demodulation waveform contains even harmonics of the modulation frequency vy
whereas the even harmonics of the beam tube response are not sufficiently rejected.

Results have been given in the case of a sinusoidal modulation waveform(?), For instance, a second

harmonic distortion ratio of 10~% gives a relative frequency offset of about 107'3. We shall consider
a slow square wave frequency modulation to exemplify the effect of a modulation of the amplitude of
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the microwave field. If 5 + Ab and b — Ab are the values of that amplitude during the first and the
second half of the modulation period, respectively, then the frequency offset is given by:

1 Ab

Avy,, = fT

A (10)

Assuming Ab/b = 10~%, which is a severe requirement, and the value of the operating parameters
given in the Appendix, the relative frequency offset is equal to 0.3 x 1071* and 2.1 x 10! for the
traditional tube and the optically pumped tube, respectively. The sensitivity to a microwave power
change is approximately 4 X 10~ per dB for both types of tube. The quantities A,, and Ag are
equal to zero for the same values of the operating parameters.

Alternating magnetic fields applied externally to the frequency standard, having a frequency equal
to vy, or its multiples, can add detrimental components to the beam tube response and/or perturb
greatly the modulation and demodulation processes. They can be the cause of large frequency offsets.

4.2. Frequency offsets arising in the frequency control loop

Until now, analog electronics is implemented in most of the commercially available units to filter
the beam tube response, to obtain the error signal and to recalize the proper loop transfer function.
However, operational amplifiers have a finite DC gain and show current and voltage offsets. The first of
these imperfections translate a frequency offset of the free running quartz crystal oscillator (e.g. 10™7)
in relative value) into a frequency offset at the output of the standard (e.g. 107!3). The latter is
inversely proportional to the gain of the electron multiplier, which is known to change with time.
The second imperfection, the voltage oflset (e.g. 10 pvolts) also gives a [requency offset at the output
(e.g. 10713) which depends on temperature, like the voltage offset. Such defects can be completely
eliminated using a digital frequency control loop!?5:26],

A drift of the quartz crystal oscillator, at a rate of 107° per day when it is free—running, gives a
relative frequency offset equal to 10~!* assuming a first order loop with a time constant of 1 s. This
effect disappears with a second order loop.

5. INFLUENCE OF THE ADJUSTEMENT OF THE INTERNAL
PARAMETERS

Although we have given a plausible magnitude of the values of the various frequency offsets and
of their possible change, the actual values depend on the particular adjustement of a given cesium
beam frequency standard. This refers to the value of the C—field and of its inhomogeneities, the
microwave power, the cavity mistuning, the cavity phase shift, the velocity distribution (via geometrical
alignment), the level of the spectral impurities, the spurious modulation of the amplitude of the
microwave induction, etc. Even the sign of the frequency offscts related to the cavity tuning and
to the cavity phase shift may vary from unit to unit. The variability of the sensitivity to external
factors(27~29, is therefore not surprising. We have noticed that optically pumped tubes should not
be affected by the presence of neighbouring transitions, thanks to the symmetry of the microwave
spectrum which can be achieved in that case. This symmetry has the additional advantage to allow
one to decrease the value of the C-field and, consequently, to decrcase the sensitivity to its change.
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However, the sensitivity to the adjustment of other internal characteristics, such as the cavity tuning,
is potentially larger than in traditional tubes. This is primarily due to the larger velocity of the atoms
detected. The general cure is a better control of the misadjustments. In the particular case of the
cavity pulling effect, a reduction of the value of Q). will contribute to solve the difficulty. Nevertheless,
one should be careful to improve the spectral purity of the signal at the output of the final frequency
multiplier or mixer, since the filtering effect of the cavity will be decreased accordingly.

6. CONCLUSION—SENSITIVITY TO EXTERNAL FACTORS

Figure 6 shows the most efficient pathways from the external variables tothe physical origins of the
largest change of the output frequency in the cesium beam frequency standard(®l.

The effect of external DC and AC magnetic fields has been described in Section 2.1. A variation
of the temperature can change, for instance: i) the current creating the static magnetic field and
the properties of the shielding material, ii) the characteristics of the electronic components used in
the generation of the microwave power and thus the level of this power, iii) the dimensions of the
microwave cavity and thus its resonant frequency and iv) the voltage offset of operational amplifiers
in the frequency control loop. Humidity can change the value of capacitances used in the tuning of
the various stages of frequency synthesis chain and, consequently, the microwave power. It can also
change leakage currents in the frequency control loop. A constant acceleration varies the position of
the atomic trajectories with respect to the beam tube structure and, thus, the velocity distribution.
However, its main effect is to change the free-runnning frequency of the quartz crystal oscillator.
Vibrations create sidebands in the quartz crystal oscillator output. Most of the external variables are
not independant onesl30, A change of the humidity, of the atmospheric pressure, of the orientation
of the unit in the earth gravity field and of the supply voltage will modify the internal temperature
and/or temperature gradient and thus the temperature of the various sub-assemblies of the device.
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APPENDIX

In the two separated oscillatory field method, the probability that a transition occurs depends on
the amplitude of the microwave field and on the velocity distribution function of the atoms detected.
It follows that most of the properties of a cesium beam frequency standard depends on these two
parameters. Furthermore, the medium term frequency stability and a number of frequency offsets
depend on the way the line shape is explored (frequency or phase modulation waveform, depth of the
frequency or phase deviation and modulation frequency). These effects are considered in references
[4,8,31].

It is convenient to characterize the amplitude of the microwave magnetic induction applied in the
interaction regions by the quantity b, which has the dimension of rad s~!. It is given by b = uzB/h,
where B is the actual value of the amplitude of the microwave magnetic induction, pp is Bohr magneton
and % is Planck constant divided by 2.

Optimum operating conditions exist, depending on the criterion considered®. Considering the opti-
mum amplitudes of the microwave field, they are all close to values such that we have by and bry
equal to 1.5, where 7 and 79 are defined in Section 1.

The amplitude of the frequency modulation which is needed to probe the atomic resonance is usually
set close to its half width at half maximum. We have thus chosen wy, 11 = wn Ty = 1.5, where w/27 is
the modulation depth. T} and Ty are defined in Section 3.1.
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Figure 1. Distribution of interaction times
a) approximate distribution in a tube with magnet
state selectors
b) distribution in a tube using a single laser for
state selection and detection.
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Figure 2. Microwave spectrum of cesium atoms in the ground state
The relative amplitude of the seven lines is shown
a)

in a tube with magnet state selectors. B,= 70 mG

in a tube using a single laser for state selection and
detection. BO = 110 mG.

b)
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Figure 3. Example of measured Rabi pulling relative frequency
offset versus a measure of the static magnetic
induction (from ref. 5).
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Figure 4. Second order Doppler effect, assuming slow square wave frequency
modulation. Variation of Ap versus b1y or bt, for different
values of  T; and w T..
a) Tube with magnet state selector
b) Tube using a single laser for state selection and detection.
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Figure 5. Cavity pulling, assuming slow square wave frequency
modulation. Variation of AC versus le and bTO.

a) Tube with magnet state selector
b) Tube with a single laser for state selection and
detection.
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