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ABSTRACT

A systcematic frequency shift which reverses sign with cither
¢ ficld or bcam reversal and which can be interpretcd as the conse-
quence of the Millman effect has been found in the new NRC cesium beam
clock, CsV., A mcthod of calculating the resonance asymmetry resulting
from this effect and the dependence on the velocity distribution and
exciting microwave power level of the frequency shift caused by it is
described.  Application of this theory to sV leads to reasonable
agreement with experimental results. Possible origins for the Millman
cffect in cesium beam standards are discusscd, and 1t 1s concluded that
the most likely source is a very small variatlion in the dircction of
the € field over normal beam trajectorics within the microwave inter-
action regions.

I. INTRODUCTION

Cesium beam frequency standards, first developed in the mid-
1950's, have undergone continuous improvement in accuracyl from an
initial value of the order of 10-9 to currvent valucs approaching 10713,
One of the rcsults of such improvements in performance i1s that certain
systematic errors which were at one time of minor consequence havc now
become of such importance that they can constitute the primary factors
limiting the stahility or the accuracy of the standard.

During the 20-year development period of these standards, the
limiting instabilitics and inaccuracies were to a large extent rclated
to factors such as magnetic field inhomogencities, crystal oscillator
instability, indeterminatc cavity phase differences, unknown atomic
beam velocity distributions, and spectral impurities in the microwave
excitation signal. Within the past five ycars, several methods have
been described which provide estimates of the actual veclocity distribu-
tions existing in practical cesium standards, and these have led to
much improved understanding and mcasurement of the power dependent
frequency shifts arising from the cavity phase difference and the
second order Doppler effect. Advances in crystal oscillator design
have also led to the esscntial elimination of the more or less un-
predictable power-dependent frequency shifts due to spectral impuritics.

However, as in other areas of high precision measurcments, the




consecutive romoval of each limiting source of systematic errvor has
tended to cxpose more clearly further underlying sources, and recent
work on CsV at NRC has proven no exception to this rulc. A previous
paper? on CsV outlined a number of sources of crror, and at that time
(1973) the limiting factor was spectral impurities in the exciting
microwave signal which caused unpredictable time-dependent frequency
shifts which varied with the power level. Extensive rcdesign and
rceonstruction of the electronics systems led to the final apparent
c¢limination of thesc difficulties, and also to the measurement of
another 1mportant frequency shift. This shift, which reverses sign
with C field or beam reversal, can be interprcted as the consequcnce of
the Millman cffect, whose presence in CsV had not becen previously
detccted. Resolution of this problem was accomplished during April,
1975, and since May 1, 1975, (CsV has operated satisfactorily as a
clock.

This paper will discuss the experimental determination of the
Millman effect in CsV, propose a possible explanation for its origin in
this standard, and also outline a gencral method of calculating its
dependence on transition excitation level, beam velocity distribution,
and scrvo-system modulation offset frequency.

II. THEQRY
A. Theory of the Millman Effect

As outlined by Ramsey3, and first described by Millman4, the
Millman effect is an alteration in the frequency cxpericnced by an atom
in an oscillating exciting field resulting from a change in direction
of that field rclative to a d.c. oricnting magnetic ficld during its
passage through the excitation region. It is in effect a spatially-
induced frequency increment to the impressed oscillating field,
Although this effect was originally considercd to act only when the
oscillating and orienting fields are perpendicular (7 transitions),
Hahn7 has shown that a similar effect also occurs when they are
parallel (o transitions) if a spatial rotation of the orienting field
occurs along the dircction of the beam. Since cesium beam atomic
frequency standards are based on the o transition, (F = 4, mp = Q) <«
(F =3, mp = 0), this effect is of importance in such standards. As
pointed out by Hahn, it is dependent on the directions of both the
orienting field and the beam. It is thus experimentally scparable from
the cavity phase difference frequency shift since the latter is depend-
ent only on the beam direction and not on the direction of the orient-
ing field.

The magnitude of the Millman cffect, expressed as an incre-
mental angular frequency Swp, is related to the change in angle between
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the directing and oscillating fields, vy, during the passagc of an atom
travelling at a velocity v through an interaction rcgion of length £ by

Sy = 5 (1)

B. Calculation of the I'requency Shift Averaged Over a Distribution
of Atomic Velocities.

The dependence of dwy on v oindicates that in the general casc
for which a range of atomic velocities occurs the Millman effect not
only causcs a frequency shift but also gives risc to a rcsonance
asymmctry, with consequent dependence of the measured transition fre-
quency on exciting power level, velocity distribution, and servo-systcm
modulation frequency offsct. The form of its dependence can be cox-
pected to be quite different from either that arising from the second
order Doppler effect, which varics as v?/2c?, or that for thc cavity
phase difference, which causes only a phase change between the two
oscillating fields. Since in practical cesium standards the atomic
beam includes atoms having a range of velocitics comprising an apprecil-
able fraction of the Maxwelllan distribution, some method of intcprat-
ing equation l over such a fraction is cssential in the cxplanation of
the measured frequency shifts.

A method first employed at NRC for calculating the frequency
shift arising from the second order Doppler effect® and later for that
duc to a cavity phase differcnce®, can also be employed in the present
case, It involves the assumption that the distribution function of the
velocities of the atoms contributing to the resonance can be satis-
factorily approximated by a truncated Maxwellian distribution, with
lower and upper velocity cut-offs determined by the physical constants
of the standard in question. In accordance with the terminology uscd
previously, an atomic velocity vi is related to the most probable
velocity in the cesium oven, o, by

pi = Vvi/u (2)
and the maximum and minimum velocities hy

Pmax = Vmax/® and ppin = Vpipn/® (3)

The transition probability Pj for a velocity defined hy pj 1s then
calculated from Ramsey's general cxpression®, with w replaced by w-dwpy.
In such a substitution, thc value of vy, effectively a phase increment
in cach of the two oscillating fields, may bhe considerced to a first
approximation as %¢ (L/2)&3wy/v, by analogy with Ramsey's result that
if Aw is the difference betwcen the resonant frequency in the oscil-
latory and drift regions, the observed resonance is shifted by only
(L/L) *Aw .
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A weighted total transition probability Py, defined by the upper
and lower velocity limits, is then given by
Zi P_i W

Po=— (6)
r.ow.,

i 1
where the weights wy arc given by the truncated Maxwellian velocity
distribution

=
]

i Pi3 exp (1 - py?) £or pyin € Pj € Py (7

11

and wi = 0 for p; < ppip and pj > Ppax (8)

The value of o is known from the operating tempcerature of the cesium
oven, and the valuc of b is determined from an approximatc knowledge of
the velocity limits and the dependence of the calculated and exper-
imental maximum transition probabilities on exciting power level. The
cxact values of ppin and ppax, and hence the velocity distribution, arc
determined by curve fitting of calculated and cxperimental Ramsey
resonance patterns. In practice, it is evident that sharp velocity
cutoffs do not in fact occur, but their equivalent values can be esti-
mated by this curve-fitting procedure to a precision of about * 0.05 a.

The magnitude of the Millman effect frequency shift is then
calculated by computer simulation of the responsc to the square wave
frequency modulation applied to the atomic resonance by the clock servo
system. Because of the resonance asymmetry the shift must be calcu-
lated for a range of frequency offsets. A transition probability Pgy
is first calculated for an input frequency offsct Af] below the
resonant frequency, and then the corresponding value Afy for an cqual
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Figure 1. Calculation of the Millman effect frequency shift by
computer simulation of servo-system interrogation of an
asymmetric, frequency shifted resonance curve.

total transition probability Py, above the resonant frequency 1s deter-
mined. As shown in figure 1, the Millman frequency shift Afy is then
given by
Af, - Afy
My = ———— (9)

Inherent in this method is the assumption that the values of
Pt1 and Pt2 arc not affeccted by the rate of frequency switching between
the upper and lower offset frequencies. In practice, no significant
measurable change in the frequency of CsV occurs for switching
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frequencies in thec range 0.08 [lz to 1.0 Hz. The normal switching fre-
quency used is 0.08 Hz,

C. Origin of the Millman Effect in Cesium Beam Frcquency Standards

It is apparent from the foregoing analysis that for parameters
typical of prcsent long beam laboratory cesium standards such as CsV,
e.g., a beam velocity of about 3 x 104 cm 5‘1, and drift and inter-
action lengths of about 200 ¢m and 1 c¢m, a relative rotation of the
angle between orienting and oscillating ficlds in each interaction
region of only 10-4 radian will lead to a Millman effect frequency
shift of about 4 x 10-13 or 0.004 lz. This constitutes a surprisingly
large frequency shift for a very small perturbation,

The origin of such a perturbation is open to some question,
since present mechanical construction techniques do not provide pre-
cisions of this order. However, it should be notcd that v is actually
a change in orientation rather than an absolutc alignment error.
Scveral possible explanations can be considered. Historically, the
Millman effect was first noticed when current-carrying hairpins, curved
upward at each end of the interaction region, were used to provide a
vertical oscillating field perpendicular to the bcam direction. The
change in dircction of the oscillating field magnetic vector over the
curved sections of the hairpin was found to be the source of the cffect.
It is possiblc to propose a similar cxplanation in the present case,
since an atom passing through the ends of the wavcguide resonant cavity
traverses regions of fringing clectromagnetic fields which in general
arc not parallel with the fieclds within the cavity. These regions are,
however, very short, and the field intensity in them is very low. In
CsV, sections of K-band waveguide 2.5 c¢m in length cover the bcam
entrance and exit slots in the cavity, and effectively prevent radi-
ation of microwave cnergy from the cavity. In these sections, the
magnetic field vector is rotated through 90° compared with that in the
cavity, and the attenuation of the microwave signal is such that the
amplitude drops to about 1/3 in a distance of 5 mm. In addition, the
efficiency of mode conversion from one wavcguide to the other, and the
radiation cfficiency of the slot are both extremcly low. The atomic
transition probability for fields in these K-band sections would there-
fore be expected to be very small. If it is assumed, however, that a
90° angular change in the oscillating ficld does occur over a distance
of 5 mm at both entrance and exit to the cavity, then the corresponding
Millman effect is about 5 kHz. It is conceivable that a few atoms do
in fact undergo such transitions, but it is apparent that such an
explanation for the obscrved Millman effect, described later in this
paper as about 0,002 Hz, cannot be valid.

Another possible explanation concerns misalignment of the wave-
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guide in such a way that the oscillating magnetic field is not parallel
with the orienting ficld. Such misalignment could produce the 7 tran-
sitions mentioncd in the carlier paper<, but not a Millman cffect which
depends on a rclative spatial rotation betwcen oscillating and orient-
ing fields in the beam direction.

A much more likely but unproven explanation can be bascd on the
following reasoning. First, because of the beam optics design of CsV,
which employs lateral deflection of a ribbon cross-section atomic beam
by state selcctor magncts and passage of this bcam through a central
slit located on the oven-detcctor axis, the atomic trajectorics through
thc wavcguide interaction regions do not remain parallel with thc long-
itudinal axis. Second, thc orienting C ficld, produced by a four-rod
current carrying structure enclosed by an open-ended c¢ylindrical mag-
netic shicld pierced by slots to permit entry of the waveguide cavity,
is subject to small changes in dircction with distance from the axis.
The combination of these two physical circumstances leads to a slow
relative rotation of the orienting C field with respcct to the oscil-
lating field cxperienced by the atom in its passage through the cavity.
Furthermore, the level of microwave excitation within the cavity 1is
usually one which approximates that for maximum transition probability.
Consequently, both the necessary criteria for a Millman effcct of the
required order of magnitude arc present. The experimental and semi-
quantitative aspects of such an explanation will be cxamined in detail
in the following section.

IIT. EXPERIMENTAL

In the first preliminary evaluation of CsV, a search was madce
for the Millman effect, but none was found within the uncertainty of
the measurements. This uncertainty was dictated by two factors:
instabilities in the hydrogen mascrs used as reference standards, and
instabilities in (sV arising most probably from timc-dependent changes
in the spectral purity of thc cxciting microwave signal. Subscquent to
these preliminary tests, automatic tuning devices were built for the
hydrogen masers, and cxtensive alterations were made to the clectronics
systems of CsV, Tn addition, a small change in the alignment of (sV
was made when both cesium ovens were refilled at the end of 1974, in
prcparation for long-term operation of the device as & primary clock.
As a consequence of this change of alignment, the Ramsey resonance
patterns for thc two bheam dircctions arc now approximately the same, as
indicated in figure 2. If the second cxplanation proposed earlicr is
in fact valid, such a change in alignment would be¢ cxpected to change
the Millman effcct, and in the experiments to be described later, a

Millman effect was found. The morc precisce determination of this
effect was facilitated by the significant improvements in frequency
stability produced both in the masers and CsV. 'The relative stability
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Figure 2. Normalized Ramsey resonance curves calculated from the
theory for ppax = 1.8 and ppiy = 0.9, 1.0, and 1.1 comparcd
with experimental results for bcam directlons AB and BA.

of the two masers was about 2 x 10-1% over periods of several hundred
seconds to several days, and 1t was therefore possible to attain
measurement uncertaintics for systematic errors in CsV of between 1 and
2 x 10-14 for measurement periods in excess of about 30 minutcs and up
to scveral days.

As mentioned earlicr, the Millman effect frequency shift is
separable from that due to a cavity phase diffcrence, since the latter
depends only on hcam dircction whereas the former depends on both beam
and C field direction. In order to measurc the Millman effect fre-
quency shift, measurements werc made of the frequency of CsV relative to
one of the hydrogen masers at scveral different power lecvels for both
dircctions of the beam and the € ficld. A total of 4 beam and 12 C
fField reversals was made during April, 1975, and one beam reversal and
12 ¢ field rcversals during September, 1975. Some maser frequency
drift, corroborated by simultaneous maser-maser frequency comparisons,
occurred, and this was taken into account in the calculations of the
frequency shifts. In addition, a small and decreasing drop in thc
C field correction, correcsponding to scveral parts in 1015 in the
cesium frequency, was observed following cach € field reversal, At the
conclusion of the measurcments the C field correction, calculated from
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the mean of six low frequency, (4, -4) <> (4, -3) resonances, showed
no change within two parts in 1015 on reversion to the normal C field
direction.

Although measurement of the cavity phasc diffcrence frequency
shift and the sccond order Doppler shift arc not necessary in the
determination of the Millman effect frequency shift, since the latter
can be measured solecly by C field reversal, becam reversal can cause
alterations in hoth the other shifts. It is thercforce useful in dis-
cussing the various Inter-relationships between thesc quantitics to
describe them algebraically as follows. If the fractional frequency
valucs of the shifts arising from the Millman cffect, the cavity phase
difference, the ¢ ficld, and the second order Doppier effect are given
by &fp,, 8fc, 6fh, and &fy, the becam dircctions by subscripts AB and BA,
the C field directions hy N and R, referring Lo normal and reversed,
then the differcnce between the normalized frequency of CsV, frgy and
that of the maser reference, fyv, 1s given as follows, with the various
K values accounting for mascr drift and the numerical constants associ-
ated with the electronic frequency multiplication and synthesis
Ltechniques employed:

fogv amx

(10¢)

sV OABLR

. SF. o= 0. .. : r .
BALR ] sV OBALR T 1 (10d)

In these equations, &8fe and 8fy are arbitrarily chosen as those refer-
ring to the AB beam dircction and normal, N, ¢ filcold dircction. In
addition, since the Ramsey resonance patterns for the two beam direc-
tions are so nearly identical, both &£, and &y arc assumed only to
change sign with beam reversal, and S0 Js assumed to be the same for
both beum directions.

Reference to cquations 10z - 10d shows that it 1s indeed possi-
ble to determine &f simply by U ficld reversal alone, tne heam dirce-
tion being maintained constant. In the April, 1973, re-cvaluation of
systematic errors, measurements were made corresponding to the eguation
pairs 10a and 10c, and 10b and 10d, for two Jdifferont power lovels, ong
corrcsponding to that for maximum transition probability, Py, and the

i
other at P, - 3 dB. ‘the results arc shown in Table L.




Table I. The Millman cffect frequency shift expressed in parts in 1013
for two different cxciting power levels and both beam

directions.
Power Levcel Beam Dircction
AB BA
P 2.1 1.9
0
P - 3 dB 1.9 2.1
0

Within the precision of measurement, which is of the order of 1 x 10714
no significant power dependence nor dependence on beam direction is
apparent, and the mean value is 2.0 x 1013, For the September re-
evaluation, carried out only at Py - 3 dB, the mean frcquency shift was
also 2.0 x 10-13,

IV. DISCUSSION

The observed Millman effect frequency shift must now he ex-
plained in terms of imperfections in the mechanical construction of
CsV.

The magnitude of this effect indicates that the required
relative angular rotation bhetwcen orienting and oscillating fields is
extrcemely small, of the order of a few tens of microradians. Such a
rotation could conceivably be produced in the vicinity of the wavcguide
interaction regions by a number of factors, all dependent on the C
field gencrated by the four current-carrying rods, and hence all de-
pendent on the direction of current flow through these rods. Such
factors could constitute perturbations arising from the opcn ends of
the cylindrical magnetic shields, those from thc current carrying leads
feeding the four-rod structure, those duc to the slots cut through the
shiclds to permit entry of the waveguide cavity, and also variations in
permeability of the shields along the longitudinal seams or at the spot
welds. All these factors would in general give risc to a three dimen-
sional curvaturc of the C field which would be similar at both the
wavcguide interaction regions. [t is known also that the C field,
averaged over 30-cm lengths between the two cxcitation regions and
measured by means of the (4, -4) <> (4, -3) resonances, cxhibits
variations of about = 0.06%.

However, despite the existence of these unknown but quite poss-
ibly significant sources of C ficld curvature, it is of interest to
estimatc the degree of curvature to be expected in the magnetic field
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action region.

Figure 3 shows two possible atomic trajectories which could
result in such a change. One case characterizes trajectories for which
the atom maintains its y coordinate throughout its passage from oven to
detector, and only the x coordinate changes, e.g., an atom which leaves
the upper section of the oven collimator, passes through the upper
section of the central slit, and is collected on the upper section of
the hot wire detector. The other case characterizes trajcctories for
which both the x and y coordinates change, e.g., an atom which lcaves
the upper section of the oven collimator and drops linearly in its
passage through the central slit and is collected on a lower portion of
the hot wire detector. In general, both types of trajectories occur,
and in addition, all trajcctories will be more or less parabolic,
depending on the atomic velocities, as a result of gravitational accel-
eration. The general case is, therefore, quitc complicated, and con-
sequently only a scmi-quantitative analysis will be attcmpted.

In CsV, thce € field is produced by a four-rod current-carrying
structure symmetrically located within thrce concentric molybdenum
permalloy magnetic shields of diameters 20.3, 25.4, and 30.5 cm. The
x and y spacings of these rods are 8.045 and 13.969 cm respectively,
with the x coordinate indicating the € field direction., These spacings
were chosen by computer analysis of the near-axis magnetic field with
the criterion of minimal deviation of the total magnetic field at any
point within the normal beam deflection cross section from that exist-
ing on axis. The calculations were initially performed for free-space
location of thc four current carrying rods, and a later check with
allowance made for the presence of the innermost magnetic shield, but
not for the effect either of finite permcability of this shield nor for
the effect of the wavecguide slots through it, indicated that the
magnetic field uniformity was improved by it.

Calculations were also made of the angle between the total
magnetic field and the x-axis, for free-spacc location of the four rods,
and these results arc shown in Table II. Examination of this table
shows that this angle varies from zcro on the x and y axes to a maximum
of ahout 9 microradians over a cross section limited by 0<|x|<2 mm,
0<]y|<5 mm which corresponds approximately to the area of the slot cut
into the waveguide cavity to allow passage of the ccsium beam. Because
of the wide variation of this angle, as indicated in the table, and the
actual atomic beam, any explanation based on this table can only bec
qualitative.

Since each cavity is about 1 c¢m wide in the beam direction, and
is located about 106 cm from the central slit, atoms traversing the
cavity must undergo a change in their x coordinate of about 1% during
their passage from one wavcguide face to the other. Because of the

206




Table II. Angle bctween total C field and x-axis, microradians

y -mm X-mm

0.0 0.2 0.4 0.6 0.8 1.0 1. 1.4 1.6 1.8 2.0

[~

0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.5 0.00 0.11 0.22 0.34 0.47 0.60 0.74 0.9 1.08 1.27 1.48
1.0 0.00 0.21 0.42 0.64 0.88 1.13 1.40 1.71 2.04 2.41 2.82
1.5 0.00 0.28 0.56 0.86 1.17 1.52 1.89 2.31 2.78 3.30 3.88
2.0 0.00 0.30 0.61 0.94 1.30 1.09 2.13 2.62 3.18 3.81 4.52
2.5 0.00 0.27 0.55 0.86 1.20 1.58 2.02 2.53 3.12 3.80 4.59
3.0 0.00 0.17 0.35 0.56 0.81 1.12 1,49 1.95 2.50 3.16 3.95
3.5 0.00 -0.02 -0.02 0.01 0.08 0.23 0.45 0.76 1.19 1.75 2.45
4.0 0.00 -0.31 -0,60 -0.85 ~1.04 -1.17 -1.20 -1.12 -0.91 -0.56 -0.04
4.5 0.00 -0.71 -1.40 -2.04 -2.63 -3.13 -3.53 -3.81 -3.93 -3.90 -3.68
5.0 0.00 -1.24 -2.46 -3.63 -4.73 -5.74 -6.64 -7.40 -7.99 -8.40 -8.60

presence of 1 mm diameter stop wires at the innermost ends of both
state sclector magnets, the inverse variation with velocity of the
deflection of the atoms from the axis, and the ribbon cross-section
of the beam, most of thec atoms will be in the region defined by

1.0 mn <|x|<2.0 mm and |y|<3.5 mm. Exccpt for atoms near thc x axis,
it is apparent that changes of only & few hundredths of a microradian
occur for atoms following most of the possible trajectories, including
those for which the y coordinate changes as well. For example, an
atom which cnters the cxcitation region at x = 1.600 mm, y = 2.000 mm,
and leaves at x = 1.584 mm, v = 2.000 mm, expericnces a changce in
angle between oscillating and oricnting fields of about 0.05 micro-
radian. For atoms closer to the y axis, the changc is smaller, and
for those farther away from the y axis, it is greater. However, it is
clear that in the casc of the four rods located in free space, the
angular changes to be expected for typical atomic trajectorics are
about 3 orders of magnitude too small to explain the obscrved Millman
frequency shift,

As mentioned carlier, however, the precsence of the magnetic
shieclds, and particularly the field lcakage through both the waveguide
slots and thc open ends of the shields, can be expected to alter to
some degree the magnetic field produced by the four rods. In addi-
tion, the experimental obscrvation that the C fiecld varies by [ 0.06%
from one 30 cm length to another between the interaction regions
indicates most probably that there arc significant variations in the
effective permeability of the inncrmost shield. Apparently, all thesc
perturbations combine to produce inhomogeneities and curvature of the
C field at the cavity beam slots such as to give risc to the Millman
effect mecasured.
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Table LIT. Millman effcct frequency shift, mHz, for lower and upper
velocity limits of 1.0a and 1.8a, characteristic of
normal opcration of CsV.

Exciting Frequency Offset, Hz
Power, o/ 5 10 15 20 25 30 35 40 45 50

0.2 1.92 1.88 1.91 1.92 1.9% 1.92 1.96 1.98 2.02 2.08
0.4 1.75 1.77 1.77 1.77 1.79 1.79 1.82 1.85 1.90 1.99
0.6 1.78 1.82 1.75 1.82 1.80 1.82 1.83 1.87 1.91 2.01
0.8 1.75 1.81 1.78 1.82 1.80 1.82 1.86 1.89 1.94 2.03
1.0 1.81 1.94 1.84 1.87 1.88 1.89 1.90 1.93 1.98 2.05%
1.2 1,92 1.88 1.91 1.92 1.96 1.92 1.96 1.98 2.02 2.08

Despite this somewhat unsatisfactory explanation of the origin
of this effect, it is of interest to calculate from the theory pre-
sented carlicr a mean value of y required to account for the measured
Millman cffect frequency shift of 2.0 x 10713 or about 0.0018 liz in
the cesium transition frequency. The physical significance of such a
mecan value of y is, however, open to question., Table [II shows results
of calculations based on this thecory for a valuc of vy of 45.3 micro-
radians, which was chosen so as to provide agreement with cxperimental
observations for the normal operating point of CsV, characterized by a
servo frequency offset of about 35 Hz and a value of a/% of 0.8. 'This
table shows that only a small power dependence should be expected, the
Millman effect frequency shift changing by less than 0.0001 Hz betwecen
values of a/% of 0.8 and 1.0, which correspond to power levels of
P, - 3 dB and P,. A similar power dependcnce was in fact measured,
indicating that the concept of a mean value of v may actually have
physical significance,

This apparent lack of dependence on either exciting power level
or offset frequency for CsV in its normal mode of operation should not,
however, be construed as indicating that in a more gencral case with a
wider velocity distribution no such dependence exists. Table IV shows
values of the Millman cffcct frequency shift calculated for the samc
physical constants charvacteristic of CsV, but with a wider vclocity
distribution having upper and lower velocity limits of 2.4 and 0.4 «.
Such a distribution could be obtained in CsV by use of state selector
magnets having smaller magnetic ficld gradients and by eliminating the
stop wires. The entrics in this table vary by a factor greater than 2.
Consequently, the usc of wide velocity distributions and somewhat less
uniform C ficlds could, in standards such as CsV, lead to very signifi-
cant power and frequency offset dependence of the Millman effect
frequency shift. These two velocity distributions are shown in figure
4.
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Table 1V. Millman effect frequency shift, mHz, for lower and upper
velocity limits of 0.4a and 2.4a, which could result
tfrom operation of CsV without stop wires and with weaker
state sclector magnets.

Exciting Frequency Offset, Iz
Power, o/ 5 10 15 20 25 30 35
0.2 1.04 1.09 1.15 1.27 1.50 2.03 3.89
0.4 1.11 1.18 1.24 1.34 1.50 1.79 2.34
0.6 1.41 1.37 1.38 1.46 1,56 1.66 1.90
0.8 1.52 1.56 1.54 L.66 1.66 1.75 1.85
1.0 1.57 1.6l 1.65 1.76 1.87 1.96 2.01
1.2 1.64 1.66 1.74 L.82 1.99 2.06 2.22
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Figurc 4. Truncated Maxwellian vclocity distributions of atoms in the
beam, w = p3 exp(l - pd), for normal operation of CsV with
Pmin = 1.0 and ppax = 1.8, and for wider velocity limits

with ppip = 0.4 and pyax = 2.1.
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For commercial ccsium standards with wide velocity distributions,
greater resonance line widths, and probably grcater C field non-
uniformities, i1t is likcly that the Millman cffect could cause signifi-
cantly large systematic errors. Thesc could also be time-depcndent as
the result of changes in the magnetization of the magnctic shields.

It was pointed out earlier that rcversal of the C field consti-
tuted the only mcans of separating the Millman and cavity phase differ-
ence frequency shifts. Refercence to equations 10a - d shows that it is
possible for these two effects to partially cancel each other, depend-
ing on the C field and beam dircctions cmployed. If only the beam
direction is rcversed in the cvaluation of systematic crrors, with the
consequence that &f; and 6f. arc not rcsolved independently, then it is
cvident that quilte an erroneous cstimatc of the cavity phase difference
frequency shift and its power dependence could bec made. Errors in such
an cstimate would be expected to increasc with increasing resonance
line width, and hence to be of particular importance in standards, with
short interaction lengths. [liven for long beam standards, a cavity
phasc differcnce frequency shift approaching 10-12 is not unreasonable.
For example, if the values of §f¢ and 8fp were actually 1.0 x 10-12
and 0.9 x 10-12, then for a particular beam and ¢ field direction, the
combined effect would be only 1 x 10‘13, which would lead to an order
of magnitudc crror in the measurement of the cavity phasc difference,
with concomitant errors in the power dependence. It is thus evident
that in the evaluation of systematic errors in cesium beam standards it
is cssential that measurements be made for both directions of the C
field as well as for both directions of the beam.

V. CONCLUSIONS

The Millman effect as a limiting systematic error in cesium beam
atomic frequency standards, and specifically in CsV, has been discussed
and means of measuring it outlined. A possible explanation for it has
becen proposed, and calculations based on this explanation arc in
reasonable agreement with experiment. It is apparent that an under-
standing of the Millman cffcct is important if accuracics of the order
of 10-13 are to be attained in long-bcam primary laboratory cesium
standards. It is probably even more important in the case of short-
beam commercial standards which would be expected to be much more
susceptible to frequency shifts arising from this effect. It is in
fact possible that the frequency jumps and drifts which have becen
observed in these standards may bec related to the Millman effect.
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QUESTION AND ANSWER PERIOD

DR. HELLWIG:

A comment on the Millman effect. First, I do not doubt that
the measurement, of course, is as precise as Dr. Costain
reported. We have sort of looked into the Millman effect at
NBS and came to the conclusion without going into much
theoretical detail now, that it cannot be the Millman effect
which explains your measurements because the Millman effect —-

DR. COSTAIN:
Would you repeat that?
DR. HELLWIG:

That the Millman effect is not the right vehicle to explain
your measurements because the Millman effect should not be
of any significant magnitude for magnetic field independent
transitions delta MF = 0 transitions. The basic physical
reason for that is that the orientation of the dipole
moment of the flying atoms is random with regard to being
perpendicular to the orienting magnetic field.

DR. COSTAIN:

There 1is some disagreement on this factor, I know, and I
think we continue to disagree. 1 think it is the Millman
effect we are seeing. One of our difficulties is that our
correspondence has been rather limited in the past eight
weeks. We have not yet had an opinion from Dr. Hahn.

DR. HELLWIG:

I know that Dr. Hahn's paper is the theoretical foundation
to that, so I have to add to that that we disagree with
Dr. Hahn's paper.

MR. ALLAN:

One comment that may affect many users of commercial cesium
that I would 1ike to make. We have found and, of course,

HP now has in the high performance tube, the ability to
degauss the unit. When you do change the C field in a
standard there is a residual which takes time to accommodate
domain changes in the surrounding shielding and this some-
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times can be a problem when measuring the reversal of the
C field, it seems that would be an entry, at least in long
term stability.

I don't know whether you have encountered that or not.
DR. COSTAIN:

Yes, it is.
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