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Abstract

This is one of a series of volumes consisting of a group of
selected papers and monographs by NBS authors, and abstracts
of papers by non-NBS and NBS authors, dealing with the preci-
_sion measurement of specific physical quantities and related topics.
The contents should be useful to those in the scientific community
who are engaged in frequency and time measurements or are
otherwise interested in these physical quantities.

This volume contains selected reprints, and abstracts of very
general papers, printed in chronological order in most cases from
January 1960 through June 1969, covering the following general
topics: Frequency and Time Standards, Time Scales, Distribution
of Frequency and Time Signals, Statistics of Frequency and Time
Standards, and Selected Frequency and Time References.
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Foreword

In the 1950’s the tremendous increase in industrial activity, particu-
larly in the missile and satellite fields, led to an unprecedented demand for
precision measurement, which, in turn, brought about the establishment of
hundreds of new standards laboratories. To aid these laboratories in
transmitting the accuracies of the national standards to the shops of
industry, NBS in 1959 gathered together and reprinted a number of tech-
nical papers by members of its staff describing methods of precision
measurement and the design and calibration of standards and instruments.
These reprints, representing papers written over a period of several
decades, were published as NBS Handbook 77, Precision Measurement and
Calibration, in three volumes: Electricity and Electronics; Heat and
Mechanics ; Optics, Metrology, and Radiation,

Some of the papers in Handbook 77 are still useful, but new theoreti-
cal knowledge, improved materials, and increasingly complex experi-
mental techniques have so advanced the art and science of measurement
that a new compilation has become necessary. The present volume is part
of a new reprint collection, designated NBS Special Publication 300, which
has been planned to fill this need. Besides previously published papers by
the NBS staff, the collection includes selected abstracts and references by
both NBS and non-NBS authors. It is hoped that SP 300 will serve both
as a textbook and as a reference source for the many scientists and engi-
neers who fill responsible positions in standards laboratories.

LEwIs M. BRANSCOMB, Director.
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Preface

The general plan for this compilation has been reviewed by the Information Com-
mittee of the National Conference of Standards Laboratories. The plan calls for Special
Publication 300 to be published in 12 volumes as presented on the inside of the front cover.

The division of subject matter has been chosen to assure knowledgeable selection of
context rather than to attain uniform size. It is believed, however, that the larger vol-
umes, of approximately 500 pages, will still be small enough for convenient handling in
the laboratory.

The compilation consists primarily of original papers by NBS authors which have
been reprinted by photoreproduction, with occasional updating of graphs or numerical
data when this has appeared desirable. In addition, some important publications by non-
NBS authors that are too long to be included, are represented by abstracts or references;
the abstracts are signed by the individuals who wrote them, unless written by the author.

Each volume has a subject index and author index, and within each volume, contents
are grouped by subtopics to facilitate browsing. Many entries follow the recent Bureau
practice of assigning several key words or phrases to each document; these may be col-
lated with titles in the index. Pagination is continuous within the volume, the page num-
bers in the original publications also being retained and combined with the volume page
numbers, for example 100-10. The index notation 7-134 refers to volume 7, page 134 of
this volume. A convenient list of SI (Systéme International) physical units and a conver-
sion table are to be found inside the back cover.

The publications listed herein for which a price is indicated are available from the
Superintendent of Documents, U.S. Government Printing Office, Washington, D.C. 20402
(foreign postage, one-fourth additional). Many documents in the various NBS non-
periodical series are also available from the NBS National Technical Information Service,
Springfield, Va. 22151, Reprints from the NBS Journal of Research or from non-NBS
journals may sometimes be obtained directly from an author.

Suggestions as to the selection of papers which should be included in future editions
will be welcome. Current developments in measurement technology at NBS are covered
in annual seminars held at either the Gaithersburg (Maryland) or the Boulder (Colorado)
laboratories. These developments are summarized, along with a running list of publica-
tions by NBS authors, in the monthly NBS Technical News Bulletin.

HENRY L. MASON,
Office of Measurement Services,

NBS Institute for Basic Standards.
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Editor’s Note

Volume 5 gives broad coverage to work in the area of frequency and
time for the decade 1960-1969. It contains 57 reprints of papers published
by NBS authors and 23 abstracts, of which 12 constitute non-NBS author-
ship. These papers are given in the first four sections of Volume V. They
show advances in atomic frequency and time scale standards, statistical
means of time synchronization and methods of frequency and time dis-
semination, including satellites and TV timing. Section V.5, provides
selected worldwide references of frequency and time, classified by area,
written during the period 1960 to 1970 (February).

We wish to acknowledge the valuable assistance of the following
persons in the preparation of this volume: J. A. Barnes, R. E. Beehler,
and D. Halford for very helpful comments; J. Jespersen, D. H. Andrews,
and other members of the Time and Frequency Division for aid in
obtaining references and reprints; and Mrs. Louise Gaskill, Mrs. Carole
Craig, and Miss Sandra Richmond for typing the manuscript copy.

B. E. BLAIR and
A. H. MorGAN, Editors.
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I. INTRODUCTION

It is natural to choose as a standard of frequency and time interval
some periodic phenomenon appearing in nature that is especially uniform.
The periodic rotation of the earth on its axis at one time provided a suffi-
ciently uniform time base. As techniques of measurement improved it was
demonstrated that the rotational period of the earth was slowly increasing,



an effect that has been attributed to tidal friction. In addition, there were
observed irregular changes and almost periodic fluctuations in the length
of the solar day. More recently (1956) astronomers have chosen the period
of the orbital motion of the earth about the sun as the basis for the defini-
tion of time. This is the basis upon which time is defined (in the practical
sense) today. There are secular variations in this period, but they are much
more predictable than the changes in the length of the solar day. For this
reason the second has been defined as 1/31,556,925.9747 of the tropical
year at 12t ET, 0 January, 1900.

Highly complex macroscopic systems such as our solar system probably
are subject to some unpredictable changes and aging effects:. For many
purposes the periodic motions in microscopic systems of atoms would be
more suitable for defining time intervals and frequency. To be sure, the
separations of the quantum states of a completely isolated atom or mole-
cule are expected to be fixed in time. The measurement of one of these
separations by a suitable apparatus would provide a very excellent stand-
ard if the measurements can be made with the required precision.

Microwave and atomic beam magnetic resonance techniques provide a
method of measuring state separations with probably the greatest accuracy
and ease of interpretation of all the presently known spectroscopic tech-
niques. Atomic beam techniques have the advantage that Doppler and
collision broadening of the spectral line are practically eliminated. Certain
atoms, especially the alkali metals, have intense spectral lines that are
easily detected. Moreover, the transitions fall in a convenient range of the
electromagnetic spectrum easily accessible to available coherent radiators.

A transition between the hyperfine structure (hfs) levels in the ground
state of cesium provides the present working standard of frequency for the
United States (1), the United Kingdom (2), Canada (3), and Switzerland
(4). This transition can be measured with the remarkable precision of 42
parts in 102, and with an accuracy of +1.7 parts in 10'.! It appears that
even further improvements in precision and accuracy can be expected in
the near future.

The frequency of the (F = 4, mp = 0) &> (F = 3, my = 0) transition in
cesium has been measured in terms of the Ephemeris Second—the standard
unit of time obtained through astronomical observations. This frequency
is 9192631770 + 20 cps (6). The probable error, 20 cps (or 2 X 1079,
arises because of experimental limitations on the astronomical measure-
ments and on long distance frequency comparisons. The astronomical data
used in arriving at this figure were accumulated over a period of three years.
A longer measurement time would reduce the probable error.

! Hereafter relative precisions and accuracies shall be written in the form 2 X 107,
for example. This has the meaning of 2 parts in 10%,



With this relationship between astronomical time and the hfs separation
of cesium, atomic frequency standards together with proper summing
devices for counting equally spaced events can now make astronomical
time immediately available, although even a temporary lapse in the sum-
ming device will irrecoverably lose the epoch at which the count was
started. The long delays previously required to determine and publish
the corrections to the propagated time signals are no longer necessary.
Atomic time is also available with its greater uniformity. On the atomic
time scale A.1 introduced by Markowitz (§) of the U.S. Naval Observatory,
The frequency of cesium is assumed to be 9192631770.0 cps for atomic
time. That is, there are that many cycles in one second of atomic time.

The present article deals primarily with cesium atomic beam frequency
standards. It is not purported to be an exhaustive review. Its purpose is to
provide: (a) some background in atomic beam spectroscopy in view of the
fact that the area of atomic beam frequency standards is no longer solely
of interest to the physicist,? (b) some design considerations of atomic beam
standards, and (c) results of comparisons between various cesium standards.

The Introduction is followed by a description of the spectrum upon
which the cesium standard is based (Sections II, III, and IV). Section V
describes the beam apparatus and the salient features of its design. Section
VI is a discussion of the excitation process. Inaccuracies in atomic beam
measurements are considered in Section VII. In Section VIII, various
cesium standards are compared using radio transmission data. A discussion
of various other types of atomic standards and new developments and
possibilities in the field is found in Section IX.

I1. AtomMic HYPERFINE STRUCTURE

The quantum transitions employed in present day atomic beam stand-
ards occur between the hyperfine levels in the ground state of the alkali
metal cesium. The hyperfine splitting arises because of the interaction
between the magnetic moment of the nucleus and the magnetic field pro-
duced by the valence electron at the position of the nucleus. (See Fig. 1.)

The Hamiltonian for this interaction is given by

= —ur- H., (1)

where u; is the magnetic dipole moment of the nucleus, and H.; is the
magnetic field at the nucleus produced by the electron. For hydrogenlike
atoms, H. can be estimated from some simple semiclassical considerations.
The complete discussion is complicated (9).

The field at the nucleus has a contribution from both the orbital motion

2 See also the general references on atomic and molecular beam spectroscopy (6, 7, 8).



Fi1c. 1. Pictorial representation of the interaction of the nuclear magnetic moment
with the fields produced by the orbital motion and spin of the electron.

of the electron and its intrinsic magnetic moment. Thus
Hel = Horbit + Hspin; (2)

where Hoi, is the contribution from the orbital motion, and H,i, is the
contribution from the spin moment. From the Biot-Savart Law,

_ _erXv_ erXp
Horbit bl P T3 - me ra
or
ehL L
Hois = — e = —2po ol | 3)

where I is the position vector of the electron relative to the nucleus, v is
the velocity of the electron, AL is the orbital angular momentum, and
po = eh/2me is the Bohr magneton.

The field at the nucleus arising from the intrinsic magnetic moment of
the electron can be obtained from the classical expression for the field of a
dipole moment ys = —2u,S.

- us _ 3r(us-I)| _ 2p 3r(r-8)
Hspin - - [;; - "—FS—”—_] = ""7? [s - —‘TT—]) (4)

where ug is the magnetic moment of the electron.
We wish the average value of H,, and it will prove convenient to write
this average as

H. - (H,.J) 1}2 (5)
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where J = L + 8. If the sum of (3) and (4) are inserted into (5),
Ho= — 202 — 8 +3(e, - S)e,(L + 8)] }2 (©)

The unit vector @, is in the direction of r. The vectors L and e, are perpen-
dicular so that (6) becomes

H, - — %’ (L2 — St + 3(e, - 8)] %, 1)

(e, - 8)2 can be estimated from the vector model: L and 8 precess rapidly
about J in the laboratory frame of reference. Consider the coordinate

T

Fig. 2. Coordinate system in which L and
e, are fixed.

%

sl

J_cos
//V- 2
(9/ e

0
vz

system in which L and e, are fixed. In this system 8 precesses about L
(Fig. 2). For one electron (S = 1/2), the average of the square of the pro-
jection of 8 on e, is

1 [2 1
(e - S) 21rf (7 cos 0) dé = i

Using this value for (e, - 8)? and the eigenvalues of L?, 8%, and J? which are
L(L + 1), 8(S + 1), and J(J + 1) respectively, (1) becomes

J

: _gf.‘.Q[L(L+1)_S(S+1)+ ]J(J‘l‘l)

Since we have chosen the particular case for which S = 13,

2w | L(LA+1)
Ha=—" [J(H-l)]J'
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The hyperfine structure interaction is then given by

W = v Bl = ~2p (3| HEED 1.3 )

where g; is the nuclear g-factor, I is the nuclear angular momentum vector,

and u 1s the nuclear magneton. ;1 = gruxland uy = eh/2Mc = 5.05038 X
102 erg/gauss where M is the mass of the proton.

The vector model for the hydrogenlike atom (assuming Russell-
Saunders coupling) is shown in Fig. 3. It will be helpful in evaluating

{a) (b)

F1a. 3. Vector model for hydrogenlike atom.

I-J, where I is the nuclear angular momentum vector, and F is the total
angular momentum vector for the atom. L and § precess rapidly about J
because of spin orbit interaction. J and I are magnetically coupled to a
lesser degree and precess relatively slowly about F. The angle ¢ of Fig.
3(b) is given by the law of cosines:

I?+ J: — F?

cos 8 = __——ZTJ——__—’

so that we may write

1.3 = JUU + D) + I + 1) = FF + 1))
Now

L(L +1

W = g et IU + 1) + TG + 1) = FE+ DI ©)

The quantity ((1/7®)) can be evaluated from the known wave functions of
hydrogenlike atoms. The result is
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<1 - Z 10)
7= e+ DL T 53 (

where a4 is the radius of the first Bohr orbit [ay = (h?/me?) = 5.2917 X 10~°
cm], n is the principle quantum number, and Z is the charge on the nucleus.
Finally,

Wzgmwmﬁpw+4)—uL+n—JU+4q, (an

a¢*n’ JUJ + DI+ 29)

The various constants can be grouped and written in terms of the Rydberg
and the fine structure constants, R, and a:

R, = 7o

and

These have been determined more accurately than the result obtained for
each by combining the separate constants. In terms of R, and «

_ Am\aZ [FE+1) —IT+1) —JJ + D],
W = mheRye (M) p [ TT+ DT + 1% ] (12)

Frequently, W is written as

W =al-J,
where
0= 2rheR,o*(m/M)g:Z?
CJU + DL+ )

It is evident from Eq. (12) that the interaction between the electron and
nucleus splits a given electronic state into a number of hyperfine levels.
They are designated by the various values of the total angular momentum
quantum number F. The separations between the F levels fall in the radio
and microwave frequency ranges of the electromagnetic spectrum. F can
have the values

FeI4+J,I+J—-1,1+J—-2...,1—1J

if I = Jor
F=J+15LJ+1-1,...,J—-1

if J = I. The total number of possible F states is 2J + 1 if 1 = J and
2] +1if I £J. Actually Eq. (12) is not valid for L = 0. In this case
{(1/7%)) vanishes (9). The more sophisticated relativistic caclulation yields
the same result as (12) so that Eq. (12) is a valid approximation.
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For hydrogen in its ground electronic state, L = 0, J = 14, gr =~ 5.56,
and I = 14 so that F can have only the two values, 1 and 0. Then, putting
numerical values into Eq. (12), the separation between the F = 1 and
F = 0 states is 1417 Mec. The experimental value obtained with atomic
beam techniques is 1420.40573 4= 0.00005 Mc (10). More refined calcula-
tions yield almost exact agreement with experimental values for the hfs
separation in hydrogen and deuterium.

The accurate calculation of the hfs separation for cesium has not been
calculated nor is it likely to be in the near future. The large number of
electrons, 55, for cesium makes the calculation extremely difficult. The
frequency of this hfs separation in cesium is the present standard of fre-
quency. The actual number is assigned with reference to astronomical time.

I11I. THE VEcTOR MODEL

The vector model is a simple and useful concept for the analysis of the
fine and hyperfine structure of atoms in either very weak or very strong
externally applied fields. For very precise measurements and for inter-
mediate field conditions more detailed considerations are needed. These
will be discussed in Section IV.

A. Weak Magnetic Fields

When the interaction between the spin and orbital motion of the elec-
tron is much greater than their interaction energy with the externally
applied field, the field is considered weak. The resulting splitting that occurs
is referred to as the Zeeman effect of the fine structure. Correspondingly,
when the interaction energy between the nuclear moment with the elec-
tronic angular momentum is much greater than the interaction with an
external field, the field is considered weak. It gives rise to the Zeeman
effect of the hyperfine structure (hfs).

Consider an atom with zero nuclear spin. Under weak field conditions
L and S add vectorially, and the total angular momentum is J = L + 8.
L and S are strongly coupled and precess rapidly about J. The vector J,
in turn, precesses slowly about the applied magnetic field H,. A given
electronic state will be split into a number of substates. The energies of
the various substates relative to the zero field energy are given by the
Hamiltonian

3= —us Hy = gipd - Hy.
From the vector model (Fig. 4),
J 'Ho = JHo cos (J,Ho) = m;Ho
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F16. 4. Vector model of atom with zero nuclear spin.

so that

W = gsuomsH,, (13)
where
??’LJ=J,J'—1,...,—J.

It is necessary to write g; in terms of known quantities. It can be written
in terms of the known g-factors of the electron, gs = 2 and gr = 1. This
can be done in the following way. The projection of u; and ws on the direc-
tion of J is

lusl = gsnod = gruoL cos (I,d) + gsuoS cos (8,J).
Then

gr = :}-[gLL cos (I,J) + gsS cos_(8,J)].

Using the law of cosines and the vector model in addition to the quantum
mechanical equivalents of 8%, L?, and J?%, we have

_{ [J(J+1)+L(L+1) —S(S+1)]
g5 = 9% 2J(J + 1)

s [J(J +1) +sz(szill))— L(L + 1)]}, (14)

This expression for g, together with Eq. (13), gives the eigenvalues of the
Hamiltonian when Russell-Saunders coupling applies. The important selec-
tion rules for transitions between sublevels of a given J and sublevels
belonging to different J are AJ = 0, 1 and Am, = 0, £1.

Now suppose that the nucleus has a spin I different from zero. The
vector model is shown in Fig. 3 and described in Section II page 6. I and

J precess about F, and F precesses relatively slowly about the small field
H,.




The portion of the total Hamiltonian of interest is
3 = al-J + gruoF - Ho (15)

A quadrupole term is not included because we will confine ourselves to the
case where J = 14. For this case, the quadrupole term will not affect the
state separations. The first term in Eq. (15) is the hfs interaction in zero
field. It has been considered in Section II. The second term gives the
splitting of the various possible F states in the weak field Hy,. Within the
present approximation, the relative energies of the substates for a given
F are

Wg = gFMomFHo- (16)

The quantity gr may be written in terms of g, and g7 just as g; had been
previously written in terms of ¢gs and g;.
From the vector model

g = % g,] cos 3, F) — gl cos (I, F)]

and
_ [F(F+1>+J<J+1>—I<I+1)]
gr = 9s oF(F + 1)
FF+1)+IU+1)-JJ+1
9 [ 2F(F + 1) ] an

Equations (16) and (17) give a rather good quantitative estimate of the
splitting in weak fields.

Let us consider the case when J = l4—atoms in 2S3; and 2Py states,
for example. There are only two hyperfine levels—F = I + 14 and
F =1 — 14, Let these two values of F be designated by F+ and F-,
respectively. The g-factors for these two levels are:

1 21
gr, = (m) gs + <2[ T 1) gr, (18a)

_ 1 of +2

Note that the gr values are slightly different for the two values of F. The
splitting in the two F levels in a weak field will then be slightly different.
The energy level diagram may be drawn using Eqs. (16) and (18).

The diagram for cesium is shown in Fig. 5. The ground electronic state
is 2834 so that J = 14; the nuclear spin of cesium-133 is 74. The best value

and

11-10




F
WEAK FIELD .

+?2

ZERO FIELD

——— T
7, = 9192631770.0 cps. L_ 0 J_\\_I

v =350 H, (ke)
-2
Fz=3 0
+2
TN N T T N O I O O I 1
¥y o r o r o r g ¥ or orx
g
{
F1a. 5. Energy level diagram for Cs'33, The nuclear moment is positive, I = 73, and

J = 14, The selection rules are AF =0, +1; Amp =0, £1.

of gr is obtained from the measured value of the magnetic moment of the
cesium-133 nucleus:

pcs = +2.57887 in units of the nuclear magneton uy;

_ —(magnetic moment in units of ux)
"~ (angular momentum in units of &)

gr = —0.737.

gr

In units of the Bohr magneton,

m

gr = —0.737 i

= —4.01 X 10~
Since Eq. (16) was written in terms of the Bohr magneton u,, these are the
units of g; that must be used.

The sequence of mp states is inverted in the F = 3 level with respect to
that in the F = 4 level as a result of the minus sign of the first term of
Eq. (18b). The F = 4 level is higher than the ¥ = 3 level. This can be seen
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from the following considerations. The magnetic moment associated with
the angular momentum J is antiparallel to J. The magnetic moment of the
nucleus is parallel to I in the case of cesium (the usual circumstance). If I
is parallel to J, the magnetic moments are antiparallel and the energy of
interaction is evidently greater than if I is antiparallel to J. Thus when
gr is negative (and ur positive), the state ¥ = I 4 14 lies above the state
F=1-14

The closely spaced doublets appearing in Fig. 5—of which there are
six—have a separation

Avioublet = #o}{f g [2g1] ~ 1.1 X 103 sec™! gauss™,

which is a very small frequency separation at the field intensities normally
used in atomic frequency standards (~0.010-0.100 oe). The transition
(F =4, mp=0) o (F =3, mp = 0) is chosen as the standard frequency
transition because it is insensitive to the magnetic field. In fact, in the
vector model approximation it is completely insensitive to the field. A more
exact treatment shows a small quadratic field dependence of the transition
frequency, as we shall see. The field sensitive lines provide a useful measure
of the uniform field of the beam standard.

B. Strong Magnetic Fields

The vector model also provides a good approximation under conditions
of very strong fields. The external field is said to be strong when the inter-
action energy between the nuclear moment and the electronic angular
momentum is much less than the coupling with the field. Under these
conditions I and J decouple and precess independently about the field
direction (Fig. 6). The Hamiltonian is given by '

3 =al-J + gind - Hy + grunI - Ho. (19)

In this case the first term is not large compared with the other terms.

In the strong-field approximation I - J can be evaluated from the vector
model (Fig. 6): J precesses much more rapidly about H, than does I. We
may then consider the average value of J—which is its component along
H,—as interacting with I. Thus,

I-J=1Jcos (J, Hy) cos (I, Hy),
and
I . J = mmy,.

The energy eigenvalues are then given by

W = ammy + gruomsHo + gruymiH, (20)
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- 4 S Fia. 6. Vector model of atom in strong magnetic field.

in very strong fields. This relation is a rather good approximation for
cesium for fields greater than about 5000 oe.

IV. Tae Breir-Rasi Formura (7, 11)

The vector model does not give an estimate of the energy separations in
intermediate fields nor does it give a close enough approximation in weak
and strong fields for precise beam experiments. The energy levels in any
external magnetic field can be determined from the Hamiltonian:

b3 -3 + 351 -3 — I,

3¢ = al - J + pogsd - Ho + pogrl - Ho + 2121 — 1)J(2J — 1)

(21)

The last term is due to the interaction between the electric quadrupole
moment of the nucleus and the electronic charge distribution. There will
be no quadrupole interaction in the case J = }4 where the electronic
charge distribution is spherically symmetric. This is the case that applies
to existing atomic beam standards, and this is the only case that we will
consider.

For J = 14 it is necessary to diagonalize the secular determinant asso-
ciated with the Hamiltonian

L = aI 'J + MogJJ 'Ho + poQII'Ho.

The solutions are

_ —AW AW dmpz %
Wrarst, me= @I+ 1) + pogrmpH, == 5 [1 + I+ D + xz] . (22

AW is the hfs separation in zero field (AW = hyy) between the states
F=I+4+¥andF=1- 14;
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_ (g7 — grueH,

T AW

In accordance with the usual convention, the quantum numbers F and
mp are used with the understanding that at high fields these are the quan-
tum numbers of the state from which the high field state is adiabatically
derived. Equation (22) is called the Breit-Rabi formula, first given by
~ Breit and Rabi in 1931 (12).

The energy level scheme is shown in Fig. 5 for weak applied magnetic
fields. The transition most insensitive to the field is the (F = 4, mr = 0) &
(F = 3, mr = 0) transition. The slight field dependence of the frequency of
this transition is given by the Breit-Rabi formula, Eq. (22). Assuming
small H,:

Introducing the z-value for Cgs'¥,
v = vy + 427.18H¢® — 9.93 X 107%H !, (23)

where » is in ¢ps and H in oersted. The term involving H ! is entirely neg-
ligible since H, falls in the range 0.1 to 0.01 oe for most cesium beam
standards.

Equation (23) gives the zero field hfs separation v, from the measured
frequency » after the value of H, is determined. The field H, can be easily
evaluated by measuring any of the other observable transitions. For
example, the microwave transitions (AF = 41, Amp = 0) for which

1 2
V(F =4,mp)>(F=3,mr) = Vo [1 + %x + 2 (1 - 1_’1%_> xz]

= yg + 7.0062 X 10°mpHo + 26.699(16 — mp)He. (24)

The very low frequency transitions between the sublevels of a given F
state (AF = 0, Amp = 1) can also be used. In this case

_ —Hor wil 1 —
V3meoBm = T H, + 2 [42 32 (2m, 1):1:2}

= 350.870 X 10°H, — 13.349(2m; — 1)H¢?, (25)

or
1 1
V4 maesd,my = ﬁ.’% Ho + %9 [Zx b ’3_'2' (2m1 + l)xz]
= 349.746 X 10°H, — 13.349(2m, + 1) HJ. (26)

The magnetic quantum number m,; is associated with the lower of the two
substates involved in the transition. For the small values of H, ordinarily
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F1c. 7. Energy level diagram of Cs!% in the 2814 ground state as a function of the
applied magnetic field. The hfs separation is AW = hwo.

used, all of the transitions of Egs. (25) and (26) coincide at least for the
practical purpose of measuring H.

Figure 7 shows a plot of the energy levels as H, varies from zero to very
large values. The vector model applies in the extreme left hand and right
hand sides of the graph. Equation (22) must be used for intermediate
points.
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Y. THE AtoMmic BEAM SPECTROMETER

The frequencies of separation between the hfs levels in atomic spectra
can be measured very precisely by means of atomic beam techniques. A
schematic of a typical spectrometer used in atomic beam resonance experi-
ments is shown in Fig. 8a, b. Many variations in design exist depending on
the nature of the atom to be investigated. The design that will be discussed

VACUUM ENVELOPE

A B
MAGNET - 280 MAGNET
w3 losocamng §7 fosciLLaming L
cesuw 6 | A (82 | FIELD FIELD . 8 |82
! {15 | | 1Bl 2T 2 DETECTOR
: = ﬂ = S Z ?
8, 2 2 coLmator | ! !
suT
UNIFORM C" FIELD REGION

DEFLECTING MAGNET

CROSS - SECTION ATOMIC BEAM

(a)
Fia. 8a. A schematic of a typical atomic beam spectrometer. The indicated trajec-
tories are for atoms that make transitions.

\ 8
MAGNET ? MAGNET
’ﬁ V'ITI £ | o ] Fo I ]ﬁ v'ﬂ'
' - _ - COLLIMATOR SLIT ) -DETECTOR
B ovewn sut - — -

I el 1 c2 1 83 T 84 T 85 T zs 1
(3} ) (3) @) (5) {6)
(b)
F1a. 8b. The trajectory of a single atom leaving the source at an angle ¢ and with a
particular speed v,
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here applies particularly to the longer of the two National Bureau of
Standards cesium beam frequency standards (when specific numbers are
given).

Neutral atoms effuse from the oven at the left in Fig. 8 and pass through
the nonuniform magnetic field of the A deflecting magnet. The atoms have
a magnetic dipole moment and consequently transverse forces act upon
them in this nonuniform field. The magnitude and direction of this force
depends upon which of the states a particular atom is in. Of all the atoms
effusing from the oven at angle 6, and speed v suppose those in the upper
group of levels of Fig. 8 (electron spin ‘“up”, or my = +14)% have their
trajectories bent toward the axis and follow the path 1. All atoms in the
lower group of levels (electron spin “down”, or my = —14)3 effusing at an
angle 6, = —6, with speed » will have their trajectories bent toward the
axis also and follow a trajectory along path 2. Note that the atoms in the
upper group of levels are subject to forces that are opposf’ce in direction to
the forces on atoms in the lower group—their moments have opposite sign.

The spin ‘“up” atoms traversing the trajectory 1 and the spin “down”
atoms traversing the trajectory 2 will cross the axis at the collimator slit,
pass through the slit and enter the region of the B deflecting magnet. The
B magnetic field is exactly like that of the A magnet. Consequently, the
transverse forces of the atoms will be the same as in the A magnetic field.
The spin ““up” atoms will experience a downward force as before and the
spin ‘“down” atoms will experience an upward force, as before. However,
now the atoms have crossed the center line at the collimator slit and the
forces will tend to make the trajectories diverge from the center line. If,
however, a radiation field is applied in the uniform C field region between
the A and B magnets of frequency

v = vy -+ 427H,

transitions will take place between the states (F = 4, mg = 0) and (F = 3,
myp = 0). The magnetic moments will be flipped. Atoms in the upper state
will be induced to emit, and atoms in the lower state will absorb a quantum
of energy—with a certain probability. Thus the sign of the magnetic
moment will change for all atoms undergoing a transition. Consequently,
the forces on these atoms will be opposite in the B magnet’s field to what
they were in the A magnet’s field and they will be refocused unto the axis
at the detector.

As the frequency of the exciting radiation is swept through », the
detected signal will increase and reach a maximum at frequency » and
then decrease as the radiation frequency is varied beyond ».

3 1t is assumed that the deflecting fields are strong fields for the purpose of qualitative
discussion.
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A. Atomuc Trajectories (6, 7)

The atomic trajectories and deflections can be calculated rather simply
for the elementary field configurations ordinarily used in the deflecting
fields of atomic beam machines. The energy W of the atom is given by the
Breit-Rabi formula, Eq. (22). This energy is a function of the magnitude
of the field intensity H. The fields of the deflection magnets are conserva-
tive so that the force on the atom is given by*

F= —-vVW. (27)
This can be rewritten as
ow

provided that the only dependence of W on position is through the spatial

variation of the magnetic field intensity H. F is different from zero only

when the field has a gradient different from zero, i.e., when the field is
nonuniform.

The partial derivative, —0W/3H, is called the effective magnetic
dipole moment uess. The effective dipole moment has, in general, a different
value for each state:

Uetf = UF =] +},mp

- —grueme F { (z/2) + mp/@I + 1)

[1 4 4mp/2I + 1) + 2?4

for atoms with J = 14. Note that ue is a function of H. The magnetic
moments given by Eq. (29) are plotted in Fig. 9 for cesium as a function
of H (or z).

Equation (28) can be conveniently written as

F = p.uVH. (30)

The A and B deflecting magnets are designed such that the field configura-
tion has a simple calculable form, and so that the force has the components

F,=0,
Fll=0)

} molgs — gr)  (29)

and

oH
F, = Mot —— = constant,
¢ Here F is the force vector and is not to be confused with the previous ¥ which
represented the total angular momentum vector.
8 We consider here the field of two parallel wires with currents of equal magnitude
flowing in the opposite direction. The fields themselves will be discussed more fully later.
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within a reasonable approximation. Then

= pete OH (31)

Z2=aqa ’
m 9z

where a is the acceleration imparted to the atom in the direction transverse
to the axis of the spectrometer, and m is the mass of the atom. We choose
the coordinate system where z is positive above the axis and negative below
(Fig. 8b).

The acceleration a is different from zero only in the regions 2 and 5

where the field in nonuniform. Integration of Eq. (31) yields
2=, = 0,; 4+ ai (32)
and
z = 2; + vt + Lga.?, (33)
where v,; is the transverse velocity that the atom has as it enters the ith
region, z; is the z-coordinate of the particle as it enters this region, and ¢
is the time spent in this region.

Atoms effuse from the source slit in all forward directions. Consider
atoms emitted from the source with speed v and at an angle 8 with respect
to the center line of the machine. It is of interest to calculate the z-coordi-
nate of these atoms at each of the y positions (1) through (6) (see Fig. 8b).
The transverse velocity in region (1) is®

vy = v sin § = vl
and the z-coordinate in plane (1) is

2y = Uyl = elly

where &, = (I;/v).
The z-coordinate in plane (2) is given by

22 = Z1 + vats + Lsasts?,

where t» = ly/v, so that

1 a,l,?
2= (h+ )0 + 55+
Correspondingly,
23 = 22 + Vsols,
or

asla(ly + 2l3) )

212 !

23 = (ll + l2 + l1)0+

24 = 23+ Vsals

¢ The angle 0 will be very small for any atom that reaches the detector plane without
collision. Hence sin 6 = @ is a good approximation.
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or
(lzlz

ze=UFL+1+ l4)0+ = (L + 21 + 21y);

2 = Zs + Vyals + }2ast52

or
z=(l+b+h+l+bo+ o, “"’l2 2 (I + 28 + 2L + 2k) + a;l: ;
2 = 25 T Uusls
or
zs=UO+L+L+L+1L4 ko + asls (lg + 21, 4 21, + 2l + 21g)
+ 5%, + 20).

In order for an atom to pass through the collimating slit, z; must be
zero. This imposes a condition on 6. In particular,

aglg(l2 + 2l3) .
21)2(l1 + l2 + la)

The displacement from the center line in the detector plane is then

— Gzlz(lvz + 2I,) e+ 1+ 1) asls(ls + 2le).
S 202l + 1o + 1) 2?

From Fig. 9 it is evident that if a transition is induced for which
AF = +1 and Amr = 0, the magnitude of the magnetic moment of the
atom remains the same but the sign of the moment changes. Thus for this
type of transition the forces would be equal but oppositely directed in

regions (1) and (5) if
3z 9z

Hence a symmetrical apparatus would give a refocused beam at the detector
wire. More specifically, if

9= —

+

ll = ls,
l2 = l5,
13 = l4,

().~ (3.

and

21=-20
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F1a. 9. The effective magnetic moment, ues, relative to the Bohr magneton, po, is

plotted for the various magnetic substates in Cs 13 as a function of the applied magnetic
field.

then

25 = 5505271'__02_%02 [(et)z + (mets)s] %g (34)

When a transition AF = 41, Amp = 0 is induced, (uets)e = — (tetr)s and
2 = 0 as described above.
Introducing some numbers, let

li=1=24cm,
lz = 15 = 10 cm,
= 100 cm,

oH dH
(-5)2 = (¥>5 = 6800 oe/cm

<
l
oy
-
I

and

22=21




for a field at the position of the beam in the deflecting magnets of 2100 oe.
For this particular value of the field intensity, pess = 0.50 X 10~ erg/gauss.
If the oven temperature is 150°C, the most probable velocity « of a cesium
atom in the oven is 2.3 X 10* ecm/sec and

26 = ‘%%% [2ues1] % = 0.17 em.

Although a symmetrical device is not the most suitable for observing
the AF = 0, Amr = =+1 transitions, these transitions are easily observed
and they provide a useful measure of the magnitude of the uniform C field.
The C field is essential in beam experiments in order to preserve the state
identity of the atom as it progresses through the apparatus. All of the
magnetic fields are arranged to have the same direction so that at no time
will an atom in the beam pass through a region of zero field. This avoids

the occurrence of nonadiabatic transitions or Majorani flop.

B. The Beam Intensity and Intensity Distribution (6, 7)

Evidently, from Eq. (34), the point at which an atom crosses the
detector plane depends upon its velocity and its substate. Consider first
the case when no forces are applied to the atoms of the beam, that is, when
the deflecting magnets are switched off. The number of atoms striking
the detector per unit time with velocities in the range v to v 4 dv is given
approximately by

_Nead( m V¢, (7 :
dN = s (21]67,) v?exp <2kT) dv. (35)
This can be rewritten as
21 0 v?
dN = I(v)dv = i v3 exp (- ;5) dv, (36)
where
I, = Youle 37)

4xr?

is the total number of atoms striking the detector per unit time, N, is
the number of atoms per unit volume in the oven, a is the oven slit area,
A is the area of the detector, r is the total distance between the oven
slit and the detector, ¢ is the average speed of an atom inside the oven
(é = \V/8kT/xm), and a is the most probable speed inside the oven
(e = V2kT/m).

Equation (36) may be re-expressed in terms of the magnetic deflection:
Let z¢ be designated as s, when v = a and s otherwise so that
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oo = 200 () 1, 4 31

2ma?
and
s = 2ptt): (%) ls(ls + 2l).

Evidently,

s o

a0
and

Sa\ Sa®
dN = I(s)ds = —Ioexp<— ;);;ds (38)

if the width of the parent beam is small compared to s.
Calculation of the actual intensity distribution must take into account
the finite width of the beam. Figure 10 shows the trapezoidal beam shape

1,8,

—-a 0

a'l SO SANSSSSNAASASNANANNN

Fic. 10. Beam profile without deflection at the detector plane.

at the detector plane without deflection. The refocused beam would have
the same shape if only atoms undergoing a moment change in the radiation
field were considered.

Considering the finite width of the beam, the magnetic deflectioniss — so
and

sa
s — So

Rl %



Then the contribution to the intensity at s due to the infinitesimal width
dsg at s¢ of the parent beam is given by

= IJ/(s) — S _ _Sa

dI(S) = I (30) (s — s0)? exp( s — So) d80, (39)
where I/(so) is the total number of atoms incident per second on the
detector per unit width at the point so. If w is the width of the detector,

+w/2
/ Iy (so)dse = I,, approximately,
—w/2

where I, is given by Eq. (37).

In Eq. (39), s — so must always have the same sign as s.. When s — s,
has the opposite sign from s, there is no contribution at s and dI(s) = 0.
Rather than introduce the trapezoidal shape of the undeflected beam into
Eq. (39), it is usually sufficient to consider the equivalent rectangular
beam shape of width 2a (Fig. 10). Integration of Eq. (39) yields

- o520+ 52) oo 20 220

(40a)
for s = a,
1(s) = I [exp (— - i a)(l + i a)] (40b)
for —a < s < a, and
I(s) =0 (40c¢)

for 8 £ —a. These equations apply when s, is positive. The intensity dis-
tribution is (ideally) symmetrical about s = 0.

Figure 11 shows the intensity distribution for various values of s,. It is
evident from the curves that the maximum intensity occurs at a point con-
siderably less than s,. The probability of an atom emerging from the source
slit is proportional to the velocity. Consequently, the most probable veloc-
ity in the beam is somewhat greater than the most probable velocity in the
oven. In fact, the most probable velocity in the beam is v/3/2a = 1.22a.
The deflection of atoms in the beam will generally be less than s.. The
values of |s| at the maxima of the curves occur at about [s.|/3 for large
Sq (8o ~ 10a or greater).

In the case of cesium, the beam is composed of atoms in 16 different
states. A different u.s; and s. is associated with each state. The observed
intensity distribution is then the composite of all of these separate intensity
distributions. All of the separate distributions have approximately equal
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weight. The total intensity distribution is experimentally plotted by
simply moving the detector transversely across the beam. This is a useful
procedure in aligning the instrument. A suitable Stern-Gerlach peak
separation is about 3 undeflected beam widths or 6a for a good signal-to-
noise ratio of the refocused atoms. The deflecting magnets must be designed
so that they are capable of providing an intensity distribution of this general
character.

The observed signal in a beam experiment is the change in detector
current due to the induced transitions. The total undeflected beam intensity
seen by the detector centered at s = 0 is

Io = 16[00@0, lf w < 2a
and
Io = 161002& if w > 2(1,

where w is the width of the detector and I is the number of atoms of a
single state colliding with the detector per second per unit width of detector.
Equation (37) gives a relation for I, if it is assumed that simple effusion
occurs from the oven slit. At an oven temperature of 150°C the vapor
pressure of cesium is about § X 10~* mm Hg, and Ny~ 1 X 10 atoms/cm?.
If the oven slit and detector widths are 0.015 in. and the equivalent beam
height is 0.05 in., then
]V()GAC-

L= 4rr?

~ 8 X 107 atoms/sec

for r = 268 cm. For a surface ionization detector, the efficiency of ioniza-
tion can be nearly 1009,. In this case the detected current would be

(8 X 107 electrons/sec)(1.6 X 10-10 coul/electron) = 1.3 X 10~ amp.

Approximately one-eighth of this total detected intensity is contributed
by the two states (F = 4, mr = 0) and (F = 3, mp = 0). When the deflec-
tion magnets are switched on, the intensity seen by the detector is

+w/2
I' = / I(s)ds.

—w/2

If w = a, the integration yields
I = gIoo [3 exp (—2s./3a — exp (—2s./a)]. (41)

The total intensity is obtained by superposing the contributions made by
all of the states, each state having in general a different s,.
16

I'total = 2 n:d 00 g [3 exp (—2s4:/3a) — exp (—23.:/a)]. (42)

Twm]
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n: 18 the relative population of atoms in the 7th state. If the transitions
(F =4, mp =0) o (F =3, mp=0) are induced (with probability one),
then the total detected intensity would be

14
Iioia1 = 21000 + 2 —g I [3 exp (—284:/3a) — exp (—2sq4:/a)], (43)
i=1

where it is assumed that all states have equal populations. The first term
is due to the refocused atoms. If the deflecting fields are very strong, then
the s.; are very nearly the same for all the states.

In order to observe the maximum change in detector signal when a
transition occurs, the summation term of Eq. (43) should be made small
relative to the term 21.a (see Fig. 11). A satisfactory practical choice of
machine parameters to attain this condition are those for which s, =~ 10a.

Estimates of intensity by means of the foregoing relationships assume
that simple effusion occurs at the oven slit and that the velocity distribu-
tion is not affected by the geometry of the apparatus. The oven slits are
frequently made up of many long channels from which simple effusion does

A 8
MAGNET MAGNET DETECTOR

O

OVEN

F1a. 12. Oven and detector offset arrangement for the selection of slower atoms. A
narrower spectral line results.

not occur (7, 12). This tends to concentrate the atoms effusing from the
source within a smaller solid angle with a saving of oven material, in this
case, cesium. The channeled source also tends to reduce the number of slow
atoms detected because of this concentration of the beam—at least if the
oven and detector are placed on the axis of the machine in the usual way.

The geometry of the apparatus will affect the velocity distribution. If
the deflecting magnet pole shoes are too close together, the slow atoms that
could be detected will be eliminated from the beam and the spectral line
will be broad. It is useful to introduce a stop at the center of the unde-
flected beam for the purpose of eliminating very fast atoms. A reduction in
intensity is incurred but the spectral line width will be narrower. It is thus
useful to restrict the fast atoms but not the slow atoms.

Some economy in magnet construction can be gained by using deflect-
ing magnets with rather narrow spacing between the pole shoes and off-
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setting the oven and detector from the machine axis. Although the slowest
atoms will be eliminated from the beam if the oven and detector are both
on the machine axis, the slow atoms can be observed, together with the
consequent narrower line, by offsetting the oven slit and detector (see
Fig. 12). In this arrangement only emission or absorption is observed
instead of both as in the usual circumstance.

C. The Deflecting Fields (6, 7)

Most atomic beam spectrometers employ iron magnets designed to
produce the same field as two parallel wires carrying current in opposite
directions. In a few cases, four- and six-wire field configurations have been
used. The more common two-wire field will be considered first. Figure 13a

X
MAGNETIC 7
ATOMIC BEAM
EQUIPOTENTIALS _
- CROSS SECTION
%
AN S
\ -
o \ -
Ligg
T
-
a b

F1c. 13. (a) The field intensity lines and magnetic equipotentials of two parallel
wires normal to the diagram at z = ¢,z = 0 and z = —a, z = 0. (b) An iron deflecting
field contoured to produce a two-wire field.

displays the field intensity and the equipotentials of two parallel wires

normal to the diagram at (x = a,2 = 0) and (x = —a, z = 0). They carry
a current I in opposite directions. The field intensity at the point (z, 2) is
given by’
41a
H(x) Z) — T1e Ty (44)

and the gradient of the field is given by (see Appendix F in Ramsey, 7)
oH _ 7'12 + ’I‘zz
s = 41a (W) 2. (45)

7 In this relationship, I is measured in abamperes (1 abamp = 10 amp).
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The value of this derivative 0H/9z is almost constant in the region z = 0,
z = 1.2a. If the undeflected beam is centered at z = 1.2¢ and the beam
height does not exceed 1.4a, the beam will be deflected without excessive
distortion. It may be assumed in calculating atomic trajectories that
d0H/dz and H both are constant in an adequately large region about this
point.

At the point y = 0,z = 1.2q,

1641
= =,
oH _ 1611
9z @
and 16H 1
T3 ~a (46)

The current has been conveniently eliminated in this relationship.

The lines of H and the magnetic equipotentials form a system of ortho-
gonal circles for two parallel wires. This same field configuration can be
produced by an iron magnet by simply contouring the pole surfaces to coin-
cide with two equipotential surfaces (see Fig. 13b). Suitably large deflec-
tions for cesium atoms can be obtained with rather simple low power mag-
nets of this kind. In molecular beam experiments the effective magnetic
moments of the molecules are ordinarily the order of a nuclear magneton;
very large magnets are required and beam widths must be smaller. There
appear to be some distinct advantages in using multipole deflecting fields.
Multipole field configurations have been used successfully in atomic beam
experiments (13, 14, 15) and in gaseous masers (16). A significant increase
in intensity is gained—perhaps an order of magnitude—because these
field configurations accept atoms from a relatively large solid angle. In
atomic resonance beam experiments, however, a fraction of this gain is
lost because of nonadiabatic transitions occurring as the beam enters and
leaves the uniform C field region.

Figure 14 shows a cross section of a four-pole deflecting field. The sur-
faces of the iron pole pieces have been contoured to fall on the magnetic
equipotentials whose intersection with the plane of the diagram form
hyperbolas. ‘The magnitude of the field intensity can be shown to be
(ideally)

H,
H = 'F r. (47)
The transverse force on an atom within this magnet assembly is radial:
oW\ oH
F=-vW-= (— ?ﬁf—) o er, (48)
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Fic. 14. Cross section of a four pole magnetic deflection field.

where e, is a radial unit vector and

0H H,

o R “9)
R is the distance from the axis of the assembly to the nearest point on each
of the four-pole surfaces, and H,, is the magnetic field at these points on the
surfaces.

In general, W is a function of the magnitude of the field H and is given
by the Breit-Rabi formula. If the field produced by the magnet assembly
is sufficiently strong so that the magnetic interaction energy with the
external field is large compared to the interaction energy between the
nuclear and electronic angular momentum (Paschen-Back effect), then the
atom will have a magnetic moment p.ss of the order of a Bohr magneton
independent of the magnetic field. As an example consider cesium: In
strong fields

1
Mett = —pmo for my = + 5 states
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and

Mett = Fpo for my = — %states.
Then
H, _ Hn, _
F, = Bett - = Fuo 72 constant. (50)

Atoms for which uess is positive are repelled from the axis, and atoms for
which u.r is negative are attracted toward the axis. For atoms entering the
deflecting field with a velocity vector in a plane containing the axis, the
equations of motion have the same form as those previously calculated for a
two-wire field. In general the atoms will execute a spiral motion through the
deflecting field.

In order to consider u.s sufficiently independent of the field it would be
necessary to adjust H, to about 5 kgauss or higher for cesium and in addi-
tion a stop would be necessary on the axis so that atoms passing through
the low field regions in the neighborhood of the axis would be eliminated
from the beam. The stop would insure the validity of Eq. (50) which
assumes p.sr = constant. The field could also be operated at lower intensi-
ties in which case the force on an atom is approximately proportional to r,
its distance from the axis. Cesium atoms in states (F = 4, mr = 0) and
(F = 3, mp = 0), for example, in applied fields of 2 kgauss or less have an
effective dipole moment approximately given by

_ W _ 1{gs — gD’
Bett = — op. = T3 AW Ho,

where the minus sign applies to the F = 4 state and the plus sign refers to
the F = 3 state. The force on these atoms is

_ = 1[(gs — gn)ml? (5) _
F,=7F 5 AW 7 r = Fkr, (51)
where
_ 1[(gr — gr)m? (&»)2
k= 2 AW R (52)

Atoms in the (F = 4, my = 0) state are attracted toward the axis, and
atoms in the (F = 3, mr = 0) state are repelled from the axis. Atoms in the
upper state would execute simple harmonic motion in passing through the
deflecting field with angular frequency

k _ (95— gr) Hn
o= k= R 53)
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A six-pole magnet with strong fields would also exert a force on the
atoms proportional to r. Then

F,=F (3,;0 %) r, (54)
and
S,
©= \/ i (55)

A beam device might be designed such that somewhat less than 14 or 14
of a period of this harmonic motion occurred within each of the deflecting
fields (see Fig. 15). Only flop-out experiments can be performed with these
field configurations if the detector is placed on the axis as in Fig. 15a, b.

RF AND UNIFORM C FIELD REGION

I A I B
MAGNET 1} MAGNET
OVEN /,._\ DETECTOR
B = - —9
¢

RF AND UNIFORM C FIELD REGION

A B
| MAGNET Ed MAGNET J

2 W L F_S_mf _ >

Fig. 15. (a) A beam device designed for 1 the period of the harmonic motion occur-
ring in the deflection magnet’s field. (b) A beam device designed for 3 the period of
the harmonic motion occurring in the deflection magnet’s field.

The solid angle accepted from the source by the deflection magnet assembly
can be determined in the following way. The increase in potential energy
of an atom as it passes through the deflection field must be equal to the
decrease in transverse kinetic energy that the atom experiences in passing
through this field. Thus,
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S lu(OF — 5 mlou(BE = WER) = W),

where v,:(0) is the transverse velocity of the atom as it enters the field
(we assume that the oven orifice is on the axis at r = 0), v.(R) is the
transverse velocity at a distance R from the axis, and W(R) and W (0) are
the potential energies of the atom at distances r = R and r = 0 respec-
tively. R is the radius of a circle inscribed within the pole pieces and touch-
ing the pole tips. For the fields considered W (0) = 0 and W(R) are given
by the Breit-Rabi formula. Presumably, only those atoms having v.,(E) = 0
will remain in the beam. An atom effusing from the source with velocity
v can be emitted at a maximum angle 6, and still remain in the beam. This
angle will be sufficiently small so that we may write

Vi = ¥ Sin 0, = v0,.
Now

L miva(O) = W(E) = 3 mva,J,

or
1 kR

— 2 = ——
2 m[vail 2

The maximum solid angle accepted from the source is then

= g0z = TEE
Q, = xb, o (56)

for atoms in the state considered and having velocity no less than v.

D. Beam Detection and Beam Sources (6, 7, 13, 17)

When an atom approaches a metal surface ionization processes are often
possible. An atom will be ionized if an atomic electron tunnels to any un-
occupied electronic state in the metal. This process occurs with particular
ease for cesium. The atoms of the beam strike a hot wire, the ions are
boiled off, collected, and measured with an electrometer or electron multi-
plier circuit. In Fig. 16 the metal is represented by a potential well of depth
W, filled with electrons to the Fermi level {. The work function ¢ is the
minimum energy required to raise an electron to the energy continuum.
The atom is represented by a second potential well which is occupied by
an electron in one of the possible energy states. The ionization potential
of the atom is denoted by V.

In order for ionization to take place, the energy level of the electron in
the atom must coincide within narrow limits of a vacant energy level in
the metal. The two states are then said to be in resonance and tunneling
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may occur. The shapes of the potential wells of the metal and atom are
deformed at close approach. This deformation is necessarily accompanied
by a shift of the energy levels and consequently a shift in the ionization
potential. Evidently, if an atom whose ionization potential is less than the
work function of a metal strikes the metal surface, it can be re-evaporated
as a positive ion (18). The metal must be sufficiently hot to prevent conden-

FiG. 16. A pictorial representation of the potential barrier between an atom and a
metal surface.

sation. Cesium has a particularly low ionization potential (VI = 3.87 ev)
and can be ionized with almost 1009, efficiency on hot tungsten (¢ = 4.5
ev) or hot platinum (¢ = 5.1). The NBS standards employ a platinum-
iridium alloy (809, Pt; 209, Ir) with somewhat improved behavior over
either tungsten or platinum. There seem to be fewer impurity ions in the
alloy than in tungsten. These ions create an undesirable and erratic back-
ground current.

The tungsten or Pt-Ir detector is usually in the form of a ribbon. Cesium
is detected with good efficiency if the temperature of the ribbon is main-
tained at about 900°C. The ion current can be measured either with an
electrometer or electron multiplier circuit. If an electrometer is used the
ribbon is frequently surrounded by a collector ring, and if an electron mul-
tiplier is used, accelerating and focusing electrodes must be introduced. Fre-
quently a mass spectrometer is used to analyze the ion beam, thus removing
the impurity ions. The National Company Atomichron employs a tungsten
ribbon together with an electron multiplier and mass spectrometer.

Electrometer circuits are capable of measuring currents as low as
1 X 1077 amp. Those employed in the NBS standards have a background
current of 4 X 107! amp when operating under ideal conditions. With the
exciting radiation adjusted in frequency to the resonance peak of the atomic
transition, the detected current js typically the order of 4 X 10~2 amp so
that the signal-to-noise ratio is about 1000. Strictly speaking, this is the
signal-to-noise ratio for Rabi excitation (see Section V,E). Most atomic
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frequency standards employ Ramsey type excitation. The signal-to-noise
ratio in this case is usually given by the ratio of the peak intensity less the
intensity at the first minimum of the Ramsey interference pattern divided
by the root-mean-square of the noise current. Because of the distribution
of velocities in the beam, the first minimum does not go down to the noise
level. In fact, typically, the current at this point is about 34 or 23 of the
current at the peak of the spectral line. Thus the signal-to-noise ratio of
the Ramsey line is about 330.

It is of interest to compare the electrometer and electron multiplier
detectors. The electrometer circuit has the advantage of simplicity but the
disadvantage of a longer time constant (~0.2 sec for typical current values).

A simplified model of an electrometer circuit is shown in Fig. 17. Let

HOT WIRE
% BEAM DETECTOR
p . ]

q Ve ION COLLECTOR
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EJ \—=
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2 9

T: T ¥

Fiac. 17. Simplified electrometer circuit for the detection of atomic beam ion currents

us consider the noise in such a circuit. We will neglect the noise resulting
from beam fluctuations and impurity ions boiled off the detector wire.
The important sources of noise remaining are the Brownian motion of
electricity in the grid circuit and the shot noise of the grid current. Using
the Schottky and Nyquist relations, it can be shown (19, 20) that the mean
squared deviation of the grid current is given by

—  (QkT/R,) + el
2 —
Al 2R, C,

(57)

so long as the time constant = of the galvanometer is much less than the
time constant, R,C,, of the grid circuit. In Eq. (57), k is the Boltzman
constant (k = 1.38 X 10~2 joules/°K), T is the absolute temperature of
the grid resistor R, e is the electronic charge (¢ = 1.60 X 107° coul), and
I is the grid current in amperes.
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If the galvanometer responds much more slowly than the grid circuit,
Le., if 7> RyC,, and if (2kT/R) >> el, then

— kT
3 . wRd
Al ™R,

As an example suppose that Cy = 20puf, T = 300°K, R; = 10'° ohms, and
= 1 X 10722 amp. Using Eq. (57) and associated assumptions, the root-
mean-square current deviation is

Alims = 1.6 X 10715 amp.

(58)

The signal-to-noise ratio is I/AIms = 630. If the ionized beam current is
measured with an electron multiplier, the primary contribution to the
noise, ignoring the beam fluctuations and impurity ions, is shot-noise.

The mean squared deviation of the output noise current is given
approximately by (21, 22)

AT = 2IM (”—*ml[:—l) Av, (59)

where I is the average ion current incident on the first dynode, M is the
total current multiplication factor, m is the average multiplication per
stage, e is the charge on the electroy, ..nd Av is the bandwidth. It has been
assumed in Eq. (59) that the probability of production of secondary
electrons is given by a Poisson distribution which is only an approximately
valid assumption (see 21).

If M =10% m = 3, Av = 5 ¢ps, and I X 1072 amp, then the root-
mean-square deviation of the output current is

Al = 1.5 X 1079 amp,
and the signal-to-noise ratio is

MI

N 670,

which is not much different from the value obtained for the electrometer
with the same time constant. This signal-to-noise ratio calculated for the
electron multiplier would have to be reduced because the efficiency with
which Cs* ions produce electrons at the first dynode is perhaps only 159,

of the efficiency of an electron producing secondary electrons at this sur-
face. Thus the estimated signal-to-noise ratio is about 100, and the elec-

trometer appears to have some advantage over the electron multiplier. The
real advantage of the electron multiplier seems to be for measuring very
small currents as evidenced by Eqgs. (58) and (59). Also, the time constant
of the electrometer circuit becomes excessively long for very small currents.
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Various kinds of modulation schemes have come into use and are
applicable to atomic beam frequency standards (23, 24, 25). Vibrating reed
electrometers are used in both the United Kingdom and the United States
frequency standards. They have some useful advantages over the dc elec-
trometer (26).

The response time of electrometer circuits can be made sufficiently
short for permissible modulation frequencies. (The modulation frequency
must be less than the spectral line width.) By following the electron mul-
tiplier or electrometer with an amplifier and phase detector tuned to the
modulation frequency, a correction signal may be obtained. This correction
signal can then be used to lock the crystal oscillator from which the beam
excitation is derived. Thus a signal source continuously locked to the atomic
resonance is obtained. The National Company Atomichron employs this
scheme of locking an oscillator to the cesium resonance (27).

The experience at NBS with servo devices is that manual measurements
still provide the best, most consistent measurements. The feedback circuits
sometimes introduce troublesome systematic errors. Even though precision
and stability are good, there remains some uncertainty in accuracy. Con-
siderable progress is being made in the improvement of the servo systems,
however.

In the above considerations of noise in electrometer circuits and electron
multipliers, the sources of noise originating from beam fluctuations and
impurity ions boiled off of the hot wire were neglected. The noise from these
sources may easily exceed those already discussed if proper care is not taken.
The vacuum and beam excitation must be stable and the cesium in the
source reasonably pure.

Distilled cesium of adequate purity may be obtained commercially in
sealed glass ampoules. Cesium reacts with air and it is best but not neces-
sary to break the ampoule in the oven under vacuum. The oven may also
be filled with an inert gas after which the ampoule is broken and the oven
immediately installed in the spectrometer. The vapor pressure of cesium as
a function of temperature is shown in Fig. 18. Different groups operate the
source at different temperatures ranging from about 70°C to 150°C. The
source temperature depends upon the design of the oven slit and somewhat
on the pumping speed. The NBS ovens are operated at 150°C at which
temperature the vapor pressure of cesium is about 5 X 1073 mm Hg. The
mean free path for cesium at this pressure and temperature is approximately
5 cm. The oven slits may be channeled if it is desired to conserve cesium
but they need not be unless the slit dimensions become comparable to the
mean free path.

~ In the NBS devices, when operated with the oven slit and detector on
the machine axis, it is found that the spectrak line width is significantly
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broader when a thick channeled slit is used instead of a thin slit. It is pre-
sumed that the reason for this is that the thick slit concentrates more of the
beam in a small solid angle about the normal. Slow atoms from the oven
are selected by the deflecting fields only when they are emitted at relatively
large angles from the normal. Ovens made of iron or stainless steel are
popular, although copper and many other materials are quite likely to
work satisfactorily.

V1. THE TransiTioN PRoCESS

In an atomic beam resonance experiment, the energy level scheme of
the atom is determined by subjecting the beam to a radiation field. This
field is applied in the C field region between the A and B deflecting magnets
(see Fig. 8a). When the frequency of the radiation is swept through the
frequency of an allowed transition, a change in moment of the atoms will
occur. As a result of this moment change, the transverse force on the atoms
in the second deflecting field also changes and a variation in detected beam
current is observed.?

The width and intensity of the spectral lines—and consequently the
transition probability as a function of frequency—are of considerable
importance in the design, interpretation, and ultimate accuracy of an
atomic beam experiment. The line width is given approximately by the
Heisenberg relation:

Avr ~ 1,
where Av is the line width and 7 is the time the atom spends in the radiation
field. In contrast with microwave absorption spectroscopy, collision and
Doppler broadening can be made negligibly small in beam experiments.
For purposes of atomic frequency standards, it is logical to choose states
with long lifetimes so that the spectral line is not broadened by spontaneous
emission processes.

The original Rabi method of exciting the atomic resonance employs a
single oscillating field. In 1950, Ramsey introduced a method of excitation
using two separated oscillating fields. There are a number of advantages
to this method over the Rabi method. The Ramsey method improves the
resolution of the spectrometer. It does not require as high a degree of
uniformity of the static C field. It has a practical advantage when observing
very high frequency transitions.® Two short oscillating fields separated by

8 This is not strictly true. The moment of an atom as it passes through the A deflecting
magnet will not differ from its moment in the B deflecting field for AF = 0, Ampr = +1
(mr 5 I + ) transitions if the deflecting fields are strong. Consequently, no change
will be observed in the beam intensity when a transition of this type is induced (see
Fig. 9).

g’ 'I?he oscillating field should be uniform in intensity and phase, and this is difficult
to achieve when the oscillating field region is many free-space wavelengths long.



a distance L provide even higher resolution than a single ideal field covering
the entire distance L. The advantage is gained at the expense of a reduction
in signal-to-noise ratio that depends upon the velocity distribution in the
beam.

A. The Transition Probability for a Single Oscillating Field

The Hamiltonian for an atom in the presence of a radiation field can be
written as:
@) = 3¢ + 3/'(D), (60)

where 3Co is the Hamiltonian in the absence of the radiation field, and
3¢’(t) is the interaction between the radiation field and the magnetic
moment u of the atom. This second term may be written to sufficient
approximation as

3'(t) = —u - H cos wt, (61)

where H is the magnitude of the oscillating magnetic field intensity and
w is the angular frequency of this oscillating field. In order to obtain the
transition probability and the theoretical line shape, the time dependent
Schrodinger equation must be solved. A complete solution may be obtained
if certain assumptions are made. We will proceed to enumerate these
assumptions.

(a) The two states involved in the transition are well isolated from
other states.

(b) The diagonal elements of the interaction Hamiltonian are zero.

(¢) The atom sees a finite portion of a cosine wave as it passes through
the radiation field region. It enters the field at ¢ = 0 and leaves at time 7.
A substantial simplification can be made in the calculaticn without serious
discrepancies in the results if it is assumed that the dipole moment interacts
with a rotating field rather than an oscillating field. Instead of Eq. (61),
write

3¢'(f) = —u - (H cos wti — H sin wtj), (62)

where the z-axis is chosen along H,, the uniform C field, and H rotates
with angular velocity w in the z,y-plane. We have chosen the special case
where the radiation field has a z-component equal to zero.

With these simplifying assumptions, the transition probability that an
atom initially in state p, will be in state ¢ after a time 7, is given by

_ |2b]2 ! g
P, (r) = (00 — @)? ¥ |25 sin {é [(wo — w)? + |20] ]%T}. (63)

The quantity b is related to the matrix elements of the interaction Hamil-
tonian by
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3oy = [ 3 ()W dr = hbet™t, (64)

o' = JW (D, dr = hb*e i,
and
wy = (W, — W,)/h.

The maximum transition probability occurs at resonance w, when b
and 7 are related by
blr = g
or
b = 1.57% (65)
where v is the velocity of the atoms, and [ is the length of the oscillating
field traversed by the atoms. The frequency width at half maximum for
these optimum conditions is
Av = 0.799 7 (66)
If the velocity distribution of the atoms in the beam is taken into
account (6, 7)

[b] = 1.892 (67)

1
where « is the most probable velocity in the source and the velocity dis-

tribution in the beam is assumed to be that for simple effusion through an
ideal aperture. The line width in this case is

Av = 1.07 ‘-’l‘ (68)

The radiation field intensity required to produce the optimum transition
probability is given by Eqs. (64) and (67). For the purpose of an estimate
we make the following approximation. The radiation field interacts most
strongly with the electronic magnetic moment, and we may write

v=uw tu =u.
Then
3'(t) = —u - (H cos wti — H sin wtj)

= gruod + (H cos wil — H sin wtj).

This can be rewritten as

K1) = 5 ganoHLT e + T e,
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where Ji = J, + #J,. Now

Jcpq’ e—iwt
— G

2 = 228 (17 g) = ot

(69)

and

1% it
b = 4 1y 1y = LT,

The nonvanishing matrix elements of J in the weak field representation
(F, mg) are (28)
<F, mleilF, mp =+ 1) = A[(F =+ mp)(F F mp + 1)]%,

<F1 mFlJZIFy mF> = AmF:
where

A = J(J+1)—I(I+1)+F(F+1)
oFF + 1)

(F, mplJ|F + 1, mp &= 1) = £B[(F F mr + 1)(F F mr + 2)J’%,
(F, mp|lJ.|F + 1, mg) = B[(F + 1) — mg*}4,

where

B [w+1—J+Dw+1+J—Du+I+2+mu+1—Fq%
4(F + 1)2(2F + 1)(2F + 3) ’

(70)
<F) mFIJZIF - 1: mF) = C[F2 - szl%;
where :

- [(F J+I><F+J—I><J+I+1+F><J+1+1—F>]
4F?(2F — 1H)(2F + 1)

The selection rules AF = 0, +1; Amr = 0, &1 are derived from these
matrix elements.

If the C field is very weak, as it is in atomic frequency standards, then
the matrix elements (70) may be used directly in Eq. (69). In the event that
there is a component of the radiation field in the z-direction—contrary to
the assumption made in writing Eq. (62)—the matrix elements of J, are
necessary in calculating the transition probability. The (F = 4, mr = 0) <>
(F = 3, mp = 0) transition in cesium is a case in point.

Torrey has given a useful approximate evaluation of b for general values
of the C field intensity (29). For n-transitions,

2 41
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where H., is the component of the radiation field perpendicular to H,, and
ur,me are the magnetic moments of the states F, mg. These effective mag-
netic moments are given by

’

_ { z + @me/2L + 1) }gwo
I &3,mr (1 + @mpz/2I + 1) + z9P%f 2

if mp# £+ + 3), and

For o-transitions,

_ _&9 _ _ 2mp 2 Hz .
2 = — 5 (95 91)[1 (2I+1>][1+(4mﬂ/21+1)+x2]% (72)

If g; is neglected relative to g; then,

2 51
2b = — 21;’ [(%’-‘9 - (#F,mp)z] : (73)

H, is the component of the radiation field parallel to Hy, and the quantity
z has its previous value:

- (g7 — gr)roHo.
AW

x

When there is a component of the radiation field in the direction of H,,
the diagonal matrix elements of the interaction Hamiltonian do not vanish
and one of the assumptions (b) used in the derivation of Eq. (63) is violated.
If, however, |3C,,/| and [3C,,’| < hwo, which they are for the standard
frequency transition, then Eq. (63) still provides a reasonably good
approximation.

A more exact treatment of the transition probability for m-transitions
using the rotating field approximation is given by H. Salwen (11, 30).
Salwen’s theory includes the interaction between neighboring states. Small
frequency shifts in the resonances result. Salwen makes the additional
assumption that the widths of allowed lines are small compared to their
separations. The analysis has not been made for o-transitions which are of
particular interest in atomic beam standards. The significance of these
frequency shifts predicted by Salwen can be demonstrated by looking for a
displacement of the resonance peak as a function of radiation field intensity.
If a shift is not observable within the precision of measurement over a
range of oscillator field intensity, then the frequency shifts are not signifi-
cant in the measurements. Of course, radiation field dependent frequency
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shifts can, and frequently do, result from instrumental difficulties quite
apart from the effects preduced by neighboring states in the spectrum.
Oscillating fields rather than rotating fields are employed in atomic
beam experiments. Even when the effects of neighboring states are neg-
lected, an oscillating field will produce a small shift in frequency which is
not predicted by the rotating field approximation. An oscillating field solu-~
tion to the time dependent wave equation was first obtained by Bloch and
Siegert (31) for particles of spin 4. In their calculation it was assumed
that the magnitude of the radiation field H is small compared to the uni-

form C field H, and that H and H, are perpendicular to each other. They
calculated the frequency shift to be

(VO' — Vo) = ;—23 (%)27 (74)

where vy’ is the frequency at the peak of the resonance curve and v, is the
frequency separation of the two states. This relationship probably applies
satisfactorily to the AF = 0, Amr = =1 transitions in the cesium standard
provided that care is taken to keep H small relative to Hy. An estimate of
this frequency shift for AF = +1, Amr = *1 transitions can be made
by inserting the value of the magnetic field at the position of the nucleus
into (74) for H, rather than the magnitude of the C field intensity. This
field is 3.3 X 10° oe for cesium. The theoretical analysis of the oscillating
field induced AF = =1, Amp = 0 transitions has not been performed.

B. The Transition Probability for Two Separated Oscillating Fields (7)

In the Ramsey method of excitation, the beam passes through two
separated oscillating fields contained within the uniform C field. The
probability that an atom, initially in state p, will be in state g after passing
through both oscillating fields is given by

= 4sin? 8 sinz Y 1 _ ar _ 1 — 8 & 21]2
P, , = 4sin?6 sin 5 [cos 2()\T d) cos 5 cos0s1n2(>\T 8) sin 5 |’
(75)
where
| -
sin0=%ll,; cosa=(-0i(—1—w,

a = [(wo — w)? + |207]*%,
— W,—W,
h ’
Wo— W,
h

wo

A =

— w,
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7 is the time taken by an atom to pass through either of the two oscillating

fields of length I, T is the time taken by an atom to traverse the distance
L between the two fields,

and b is given by Eqs. (64) and (69). It is assumed, as for Eq. (63), that
3Cpp’ = 3y’ = 0. The second oscillating field leads the first by the phase
angle 8. W, and W, are the average energies of states p and ¢ in the region
between the two fields.

The transition probability, Eq. (75), provides the theoretical line shape
for a single velocity beam. A probability of one is obtained at w = wy
when § = 0 and br = n/4. When P, , is averaged over the velocity dis-
tribution of a beam effusing from an ideal aperture, the maximum transition
probability is given at w¢(é = 0) when

= (.942 % (76)

Notice that the field intensity required is about half that required for the
optimum condition for a Rabi flop in an oscillating field of length I.

The halfwidth of the central peak of the Ramsey pattern is

Av = 0.64% (77)

under the conditions of Eq. (76). The form of the Ramsey pattern is shown
in Fig. 19. The pedestal upon which the interference pattern sits is usually
much broader than the interference pattern. In some cases the pedestal
width is over 700 times the width of the central peak. The minima of the
Ramsey transition probability would decrease all the way to zero in the
case of a single velocity beam. A distribution in velocity of the atoms tends
to smooth out the interference pattern. Greater smoothing action occurs
at larger frequency displacements from the central resonance peak.

When the phase of the second oscillating field leads that of the first
by 8 = 7 radians, a minimum occurs at w, rather than a maximum (see
Fig. 19b). When & = (7/2), the transition probability takes the form of a
dispersion curve about wy (see Fig. 19¢). It is evident that if a small phase
difference exists (& % 0) between the two fields, the peak of the resonance
will be shifted in frequency relative to we. An apparent frequency shift
arising from a phase difference between the oscillating fields can be, and
frequently is, significant in atomic beam frequency standards.
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Fia. 19a. An actual trace of a Ramsey interference pattern when the two oscillating
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Fia. 19. (b) The form of the Ramsey pattern when the oscillating fields differ in

phase by 180°. (¢) The form of the Ramsey pattern when the oscillating fields differ in
phase by 90°.
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VII. MEASUREMENT UNCERTAINTIES

There are a number of uncertainties introduced into the absolute fre-
quency measurements of a cesium standard. The ideal circumstance, of
course, is to have the accuracy of these devices limited only by the random
scatter in the data—all systematic frequency shifts having been measured
or eliminated. Ideally then, the accuracy would be determined by the spec-
tral line width and signal-to-noise ratio. At the present time systematic

F1e. 20. NBS-I atomic beam frequency standard.
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errors do limit the accuracy of cesium frequency standards. Beam devices
with 300 cps line widths have demonstrated greater accuracy than those
devices with much narrower resonances. As time progresses it is expected
that longer machines will more closely approach their ideal capabilities.

Certain fixed parameters and effects that determine absolute frequency
may be measured by auxilliary experiments. The effects that are now con-
sidered to contribute the greatest inaccuracies are:

(a) The magnitude and nonuniformity of the C field, including varia-
tions in the magnitude over long periods,

(b) A phase difference between the two oscillating field regions, and

(¢) A lack of purity of the electromagnetic field exciting the atomic
transition.

Fi1g. 21. NBS-II atomic beam frequency standard.

The method of measuring these effects and the results of the measure-
ments together with the estimated uncertainty in absolute frequency will
be presented for the United States Frequency Standard and alternate
standard (see Mockler, 1, 32, 33). The two devices are designated (NBS-1I)
and (NBS-I) respectively. They are shown in Figs. 20 and 21; their proper-
ties are given in the Appendix.

49-438




A. Magnetic Field Measurements

The magnitude of the C field is determined by observing a number of
field sensitive microwave transitions, e.g., (F = 4, mr = 1) & (F = 3,
mp = 21). The frequencies for these transitions are given by Eq. (24)
which can be written to sufficiently good approximation as:

= vy + 700.6mpH,, (78)

where v is the hyperfine structure separation in zero field. The quantities
v and v, are measured in kilocycles and H, in oersteds.

The low frequency transitions for which AF = 0, and Amp = +1 are
also used to measure the magnitude of the field and, in addition, the
uniformity of the field. The frequency of these transitions is given by Egs.
(25) and (26). The abbreviated equation

y = 350H, (79)

is a satisfactory approximation. The quantity » is measured in kilocycles
and H, in oersteds. Small coils were placed at various positions (5 alto-
gether) along the C field. The magnitude and uniformity of H, is obtained
by exciting each coil separately. A rotating coil fluxmeter, sensitive to
0.002 oe, provides still another method of measuring the field and its
uniformity.

The uncertainty in the field measurements of amount 8H, will produce
an uncertainty in the standard frequency measurement given by

81’0, = 854H 06H 0, (80)

v’ is measured in cps and the field in oersteds. One would expect the
average field H, obtained from the microwave measurements to agree with
the average of the local field measurements made at low frequencies and
with the rotating coil fluxmeter, provided, of course, that a sufficient num-
ber of points are chosen along the field to give a good average. In NBS-I this
is the case. The fields measured in the various ways agree within the pre-
cision of measurement. The maximum deviation in the C field in this instru-
ment is £0.002 oe. In NBS-II there is a measured discrepancy of 0.004 oe
in the average field measurements made by the different methods. This is
still unexplained but seems to be associated with a deteriorating of the
shielding properties of the u-metal shields used to eliminate the earth’s
field, the fringing fields of the deflecting magnets, and other stray fields
in the laboratory. When the shields were first installed there was no dis-
crepancy between the various field measurements.

The average value of the square of the C field magnitude must be
known in order to calculate the frequency » of the peak of the resonance



curve and consequently the frequency of the exciting radiation at this
point. It is obtained from Eq. (23) which can be written to sufficient
approximation as:

v = vy + 427TH, (81)

where » and v, are in cps and H, in oersteds. The zero field hyperfine sepa-
ration, v, is assumed to be 9192631770.0 cps for this calculation. The
number 9192631770 = 20 cps is the best value of », from astronomical
time measurements as determined by Markowitz et al. (6). Additional
significant figures are added simply to accommodate the additional stability
of the atomic standards.

The average value of the field squared may be different from the square
of the average field. Consequently, if the C field is not uniform, the low
frequency measurements of H, at a sufficient number of points, n, would

give the best value of H?. Using these data,

where H,, is the average field measured by the sensing coil at the 7th posi-
tion in the C field. The low frequency spectral line is subject to distortion
and power shifts. Care must be taken to maintain the radiation field
intensity H small compared to H to avoid these “‘saturation’ effects. Even
at these low frequencies (7 to 21 ke¢) the Bloch-Siegert effect, Eq. (74), is
unimportant (4-13 cps) insofar as the field measurements are concerned.

B. Phase Difference Errors

If the two oscillating fields of the Ramsey excitation structure are in
phase, a maximum beam signal is observed at the resonance frequency. If
the two fields are 180° out of phase, a minimum signal is observed at the
resonance frequency. The central peak is shifted approximately a fringe
width as the phase difference is shifted from 0° to 180°. Then if the width
of the fringe is 120 cps, a phase difference of 1° will shift the frequency
about 0.7 c¢ps which is significant.

For the purpose of reducing the phase difference between the two fields,
it was found quite effective to pass the beam through the two ends of a
single rectangular resonant cavity electroformed in the shape of a U. The
beam grazes the two end walls. The cavity is driven by the frequency mul-
tiplier chain through a coupling iris at the midpoint of the U. The cavity
i1s made so that it may be rotated 180° thus reversing the direction of
traverse of the beam through the exciting structure. The frequency shift
accompanying any phase difference will be in opposite directions for the
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two orientations. The mean of the two frequencies is the line frequency
and one-half the difference is the phase correction. Simple relationships
for estimating this frequency shift from the plotted Ramsey pattern have
been developed by Holloway et al. (34). Their method is less sensitive than
the more common method of exchanging the oscillating fields.

C. Errors Resulting from I'mpure Radiation

The simple theory of spectral line shape assumes the atomic transition
to be excited by pure sinusoidal or cosinusoidal radiation. If the electro-
magnetic field is not pure, rather large frequency uncertainties are possible
in the measurements. Actually, of course, the transition is induced by a
certain distribution of frequencies. This distribution is determined by the
frequency multiplier and crystal oscillator from which the exciting radiation
is derived. The radiation, in general, is composed of the carrier frequency,
noise and discrete sidebands resulting from frequency modulation. The
discrete sidebands are usually due to 60 cps—the power frequency—and
multiples thereof. (In the cesium beam experiments it is possible to reduce
the noise to a low enough level so that it is not the limiting factor in the
precision of the frequency measurements). The sidebands are multiplied in

+/Ply)

ANALYZER FILTER
RESPONSE

+6.7 cps4

23,900 Mc

VY —

Fra. 22. The square roct of the power spectrum of a 5 Mc quartz crystal oscillator
multiplied in frequency to 23,900 Mec. This oscillator is used in the excitation chain of
the United States Frequency Standard. The width and shape of the spectrum is essen-
tially that of the response of the analyzing filter.



intensity by the factor of frequency multiplication. This factor is rather
large (1836) and consequently these sidebands can introduce rather large
frequency errors. Errors of this sort are particularly significant if the power
spectrum is unsymmetrical.’® Frequency shifts of a few parts in 10° have
been observed by deliberately introducing sidebands unsymmetrically
placed about the carrier.

Of course, if the power spectrum is known, the proper spectral line shape
can be calculated in order to find the proper correction to the measured

~=200CPS~—

J Pl

Vgl

— CARRIER

VY —-

Fi1a. 23. The square root of the power spectrum of a 10 Me quartz oscillator multi-
plied, in effect, to 15,000 Mc. Notice the 60 cps'sidebands. The crystal in this oscillator
is immersed in liquid helium.

frequency. It is both more desirable and much simpler to eliminate these
sidebands so that the simple line shape theory applies. The square root of
the power spectrum of a 5 Mc quartz crystal oscillator multiplied in fre-
quency to 23,900 Mec is shown in Fig. 22. This is the oscillator used in the
excitation chain of the United States Frequency Standard. Considerable
care was taken with this oscillator to avoid 60 cps modulation. It was found
necessary to use regulated dc power supplies in the filament circuits both

10 An unsymmetrical power spectrum can arise when the carrier is frequency modu-
lated with two or more different frequencies (35).
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in the oscillator and the frequency multiplier chain. Figure 23 plots the
square root of the power spectrum of a similar oscillator circuit without
regulation of the filament supply. The 60 cps sidebands are very prominent.
Notice that the spectrum is quite unsymmetrical. In this spectrogram the
10 Mec oscillator was multiplied to 15,000 Mec.

The spectra of Figs. 22 and 23 were taken by means of an ammonia
maser spectrum analyzer (36, 37) developed by James Barnes and others
in the Atomic Frequency and Time Standards Section of the National
Bureau of Standards. The smooth trace in Fig. 22 is the response curve of
the analyzer filter. It has been offset and reduced in intensity relative to
the oscillator spectrum so that the two would not coincide. The resolution
is insufficient to see the details of the spectrum. It can be said, however,
that the spectrum has a width of 1 cps or less at 23,900 Mc. This is suffi-
ciently narrow to assume that the cesium transition in the frequency
standard is excited by a pure signal.

Low frequency crystal oscillators, for example, 100 ke oscillators, in
most cases are unsuitable for exciting the cesium transition. The huge
factors of frequency multiplication usually give power spectral widths
greater than 1 kc at the cesium frequency. This is greater than the width
of the cesium line. Ramsey (7, 38) has considered the frequency shifts
produced by exciting a transition with two or more signals close to each
other.

D. Other Errors

The peak of the Ramsey pattern may be incorrectly determined if it is
measured against a variable background of intensity. The cesium spectrum
is essentially symmetrical about the (F = 4, mg = 0) & (F = 3, mr = 0)
transition and overlap errors will tend to cancel. There may be, however,
geometrical effects in the spectrometer that reduce the intensity of certain
lines in the spectrum relative to their symmetrically placed counterpart.
This would lead to an overlap error. The relative intensities of the lines on
the high and low frequency side of »o have been measured. The intensities
of the F=4 mp=1)eF =3, mp=1) and F =4, mp = —1) -
(F = 3, mp = —1) lines are found not to be the same but differ by about
259,. This leads to a calculated overlap error of about 1 X 10~!% at usual
C field intensities. This estimate takes into account only superposition of
the various lines of the spectrum. Lower fields will introduce still smaller
errors. Transitions for which Amp = =1, that is, 7-lines, are not observable
in the NBS standards and were not considered in the calculated estimate.

Saturation effects are thought not to contribute significantly to the
frequency error because no frequency shifts were observable as the radia-
tion field intensity was changed from very small values to rather large
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values.!! Beyond the values used, the line intensity was either too low or the
line too broad for precise measurements. The problem of saturation as it
applies to o-transitions and the effect of the oscillating field in shifting the
line frequency requires further theoretical study.

One would expect first order Doppler effects to broaden the spectral
line by an unimportant amount. It is conceivable, however, that the small
holes in the resonant cavity through which the beam passes radiate different
amounts of energy. The entrance holes radiate differently than the exit
holes. This radiation, though small, will be propagated against the beam
from the entrance holes and in the direction of the beam from the exit
holes. If both sets of holes radiate in the same way, the Doppler effect
will broaden the line symmetrically. If they do not radiate in the same way
the resonance peak will be shifted. A shift of this sort should be observable
by rotating the waveguide exciting structure. It could be distinguished from
a phase shift by changing the size of the holes. If the shift were very large,
it would probably depend upon the radiation field intensity. No frequency
shifts behaving in this way have been observed in the NBS standards.

Second order Doppler effect would introduce a fractional frequency
shift of amount

@~ 5 X 10~8,
C

where « is the most probable velocity of the atoms. This is a negligible
shift for present experiments. Small but negligible frequency shifts arise
from electric fields that might exist in the resonance excitation region.
Haun and Zacharias (39) determined this shift experimentally and found

it to be )
vy = 1.89 X 10— E? cps,

where E is the electric field in volts/cm. For a field of 1 volt/cm,

31/0
Vo

=2 X 107,

Frequency shifts incurred through frequency pulling of the resonant cavity
are given approximately by

. 2
AVR = (Qcawty) AVc

Qline

where Avg is the shift in the peak of the atomic resonance line, and Av, is
the difference in frequency between the peak of the cavity response and the

11 Relatively large saturation shifts are observed for r-transitions which are expected
(11, 30). These saturation shifts are also observed for o-transitions if mp # 0. The
measured saturation shifts for the = transitions do not agree satisfactorily with Salwen’s
analysis.
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peak of the spectral line. The estimated frequency shift from this source is
about 4 X 10714,

E. Frequency Measuremends

The fractional accuracy of the beam standard will be taken as the un-
certainty in measurement of the Bohr frequency v, relative to »,, i.e.,
évo/vo. We suppose that vy may have any number of significant figures
required, so that the accuracy as defined here is limited only by the atomic
standards themselves and not by inaccuracies in astronomical time meas-
urements. Precision, on the other hand, will be understood to mean simply
reproducibility. For example, if a fixed unknown phase difference exists
between the two oscillating fields, the precision may be quite good but the
accuracy is limited by the unknown phase shift.

An estimate of the fractional accuracy of a particular machine may be
made by adding all of the experimentally determined fractional uncertain-
ties contributed by the various effects considered in the preceding sub-
sections of Section VII. Thus for NBS-II the uncertainty in the C field
measurements introduces a frequency uncertainty of #=8 X 10-12, and the
uncertainty in frequency due to a phase shift is =2 X 10~12, Other effects
discussed previously are expected to be negligible, or calculable. The esti-
mate of the fractional accuracy is the sum or 4=1.0 X 101 for NBS-II.

The uncertainty in the C field measurements of NBS-I give a frequency
uncertainty of 4 X 1072 The uncertainty due to a phase shift is 42 X 1012,
and the estimate of accuracy for NBS-I is 6 X 1072, There is a measurable
phase error in NBS-I of 8 X 10712, however, this is a measurable shift and
may be introduced as a correction. For one orientation of the NBS-I
cavity the two devices disagree by 1.0 X 10—, and for the other orientation
they disagree by 2.5 X 107!, The corrected measured zero field difference
is 1.7 X 1071, which agrees with the sum of the individual estimates of
accuracy for the two machines within the precision of measurement, which
is 2 X 1072 These two standards are evidently limited in their accuracy
by systematic errors and not by their line breadths, which are about 300
cps and 120 cps.

Comparisons between certain Atomichrons and the atomic frequency
standard of the Urited Kingdom carried on at the National Physical
Laboratory are discussed by Holloway ef al. (34, 40) and by McCoubry
(41). Comparisons made through propagation data are given in Section
VIII. Figure 24 shows a sample set of comparisons between NBS-I and
NBS-II. The oscillator was noticeably more unstable the last half of the
day for the measurements made in Fig. 24. This oscillator was less stable
on this particular day than usual during the spring of 1960. The precision
cited in the figure for the day’s measurements is considered the standard



deviation of the mean which is
" s
. l (Avi - AV)2
™ Ly n(n— 1)

1=

The quantity Av; is the ¢th measurement of the zero field frequency dif-
ference between the two standards, Av is the average frequency difference
and 7 is the total number of sets of measurements. For one method of com-
parison, see Mockler et al. (7). For the frequency multiplier chain circuits,
see Schafer and Salazar (42). The circuits employed in the United Kingdom
Standard are given by Essen and Parry (43).
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= 0+
g - 2 1 i L 1 1 1 1 \ 1 1 1 d 1 1 1 1 1 L 1 i
=

| 2 3 4 5 6 7 8 9 10
MEASUREMENT GROUP NO.
Frc. 24. A comparison of two cesium beam standards (NBS-I and NBS-II) by

measuring the frequency of the same helium cooled crystal oscillator—one day’s meas-
urements. The crystal oscillator was unstable the last half of the day.

One method of measuring the frequency of a erystal oscillator in terms
of the cesium resonance is shown in Fig. 25. This is the particular arrange-
ment presently used with the United States standards. The ammonia
maser stabilized crystal oscillator provides the most stable source for excit-
ing the cesium transition that has been devised by the group. Other signal
generators can be compared with this oscillator or with any signal output
from either of the frequency multiplier chains for purposes of calibration.
Also, any 5 Mec signal generator of sufficient stability may be used to drive
the cesium beam chain directly for purposes of comparison with the cesium
resonance.

It may prove practical to control the maser stabilized chain controlling
the cesium excitation with a correction signal from the cesium beam. Thus
the complete standard would be composed of an ammonia maser that would
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provide short term stability and the cesium beam which would determine
the long term stability. If this device were operated continuously, and
suitable scalars were added to accumulate cycles at, say, 5 or 10 Mc, then
the device could properly be called an atomic clock.

VIII. STaANDARD FREQUENCY COMPARISONS BETWEEN
CESIUM STANDARDS VIA PROPAGATION DATa

Comparisons have been made through propagation data between the
United States Frequency Standards, the United Kingdom standard at the
National Physical Laboratory and four Atomichrons in the United States.
The propagation data was obtained from the regular reports of: S. N.
Kalra of the National Research Council of Canada; J. R. Pierce of the
Cruft Laboratories; National Bureau of Standards Boulder Laboratories;
Naval Research Laboratory, Washington, D. C.; and National Physical
Laboratory, Teddington, England. The results are compiled in Table 1.
In this table the designation M, is the mean of the zero field frequencies of
Atomichrons 106, 109, 110, and 112. The locations of these Atomichrons
are indicated in the table.
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[ i A 1 1 i i 1 1 2 1 1 I} 1 1 1 ] i 1 A
I 6 11 16 21 26 3 5 10 I5 20 25 30 4 9 14 19 24 2
DECEMBER 1959 JANUARY 1960 FEBRUARY 1960

Frc. 26. Comparison of the United States Frequency Standard with that of the
United Kingdom Standard using propagation data obtained from two different trans-
mission links.

Figures 26 and 27 plot some of the data used in Table I and are given
in order to display the scatter in the measurements. Figure 28 summarizes
the propagation data available to date in terms of monthly averages.
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Fic. 27. Comparison of the United States Frequency Standard with that of Canada

and with M,.

TasLE I. SumMaRY oF 7-MoNTH CoMPARISONS BETwWEEN NBS-II axp NPL,
N.R.C. (CaNaDA), AND A GROUP OF 4 ATOMICHRONS®

Number of
daily
comparisons Links used in the
Comparison used comparison

(NPL-NBS II),, = +0.6 X 107 96 a. WWVB-NBS II
via N.R.C. (Canada) b. WWVB-N.R.C.

¢. MSF-N.R.C.

d. MSF-NPL
(NPL-NBS II)s, = +1.2 X 10710 128 a. 106-NBS 11

b. WWV-106—(30 day averages)

c. WWV-112

d. MSF-112

e. MSF-NPL
(N.R.C.-NBS II),, = +4.7 X 1071 128 a. WWVB-NBS I1

b. WWVB-N.R.C.
(M-NBS II)sy = +1.1 X 10710 91 a. WWV-106
106—Boulder b. 106-NBS II
112—Cruft c. WWV-110
109—WWYV d. WWV-112
110—NRL e. WWV-109

e Data of Nov. 30, 1959 to June 30, 1960.

Discussions of the various frequency standards involved in these comparisons will
be found in the published and unpublished literature (United Kingdom Frequency
Standard, 2, 34, 40, 41, 43; Canadian Frequency Standard, 3, 44; The Atomichron.
27, 34, 40, 41; The United States Frequency Standard, 1, 32, 33, 42).
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IX. THOUGHTS ON FUTURE DEVELOPMENTS

The atomic beam experiments that were carried on at the National
Bureau of Standards demonstrate that beam devices of rather modest
length (55 cm between the oscillating fields) can have a precision of 2 X 10—
for measuring times the order of one hour. This is an order of magnitude
better than the accuracy of these same machines. The limitation on the
accuracy results from inadequate shielding and nonuniformity of the C
field, and cannot be alleviated by narrowing the resonance line width. It
appears that improvements in the C field would allow accuracies of 2 X 1072
in these short beam devices. Until sufficiently uniform and permanent fields
can be constructed, longer machines have limited usefulness insofar as
accuracy is concerned. It does seem likely, however, that these develop-
ments will come about. Two long machines have been already put into
operation. Essen and his group at NPL have an operating beam with the
oscillating fields separated by 2.8 meters and a line width of about 50 cps.
(46). The first estimate of accuracy was 1-2 X 10~ which was limited by
the C field. Improvements in the magnetic shielding should yield higher
accuracy.

Bonanomi and his group at Neuchéatel have a cesium beam with a 4-meter
separation of the oscillating fields and a resonance line width of about 27
cps (4, 46). Two long resonant cavities provide the two oscillating fields.
In this way the Rabi pedestal is narrower and overlap errors should be
smaller. Weaker C fields can be used, thus reducing the frequency uncer-
tainty resulting from uncertainties in the C field. One disadvantage of this
type of Ramsey structure is that it will likely be more difficult-to measure
phase shift errors. No estimate of the accuracy of this machine has been
reported.

A. A Thallium Atomic Beam

Thallium-205 has been suggested by P. Kusch as a possible replacement
for cesium in atomic beam standards (47). In view of the C field difficulties
observed in the cesium standard, thallium is particularly attractive because
it is much less field sensitive than is cesium.

The frequency of the field insensitive transition, (F = 1, mp = 0) &
(F =0, mp = 0), is given by

v(TI28) = po(TI2%) 4 20.4H 2, (82)
vhere »o(T12%) is 21,310.835 & .005 Mec (48). This is to be compared with
P(CS) = Vo(CS) + 427.;.[02

for the frequency of the field insensitive line of cesium. Thallium is 1/50th
as sensitive to the magnetic field as cesium. Thallium has other advantages:
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(a) The hfs separation », is more than twice that of cesium.

(b) There is a single o-transition in thallium; there are seven in cesium.
Frequency shifts due to overlap should be much less troublesome and a
lower intensity C field can be used.

(c¢) There are only four states in the hfs of thallium (Fig. 29); there are
16 in cesium. Each thallium state, therefore, will have a higher population
than the individual states of cesium. Higher signal intensities would then
be observed for thallium if the detector efficiency were the same as for

ZERO FIELD WEAK FIELD

M
/ + |
F=l X 0
- |

e, - J- - ==

 (Tb) = 21,310.835(5) Mc/sec T B
F=0 0

| | |

7 ag. 7

Fic. 29. The hyperfine structure of thallium (205) in the ground 2Pj4 electronic
state. I = 14.

cesium, which it is not. Thallium has the disadvantage that the method
of detection is somewhat more difficult than the simpler method used for
cesium. The relative efficiency must be determined experimentally before
it can be said which atom will produce the better standard.

Both the National Bureau of Standards and the National Research
Council of Canada are building thallium beams at the time of writing.

B. The Alkali Vapor Cell (49)

The alkali vapor frequency standard shows considerable promise a'-
though it has the disadvantage of inherent frequency shifts due to the
buffer gases. These shifts are not sufficiently well understood to be treated
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analytically; consequently certain recipes in construction would have to
be prescribed if they were used as primary standards. Line breadths of
30 cps are attainable with much simpler apparatus than an atcmic beam.
Gas cell devices have been demonstrated by P. L. Bender and E. C. Beaty
to have a frequency stability of 1 X 10~ over a period ¢f 1 month (50).
A qualitative description of the operation of one of these devices follows.

Light from a rubidium-87 discharge is made incident upon a glass
bulb containing Rb% at a partial pressure of about 10~® mm Hg. The bulb
is contained within a resonant cavity tuned to the Rb*” hyperfine transition
at 6835 Mec. The light radiaticn of interest from the lamp is the emission
from the 52Pj;, and 52Py; states to the 525y, ground state. By interposing a
Rb#® absorption cell between the light source and the cavity, the light from
one of the hfs lines emitted from the lamp (line a in Fig. 30b) can be sub-
dued. Thus the Rb® in the cavity cell will preferentially absorb b light. (The
hfs of the optical radiation from both the 2P,;, and 2P, states will be about
the same since the hfs intervals in the excited states are much less than
in the ground state. The picture shown in Fig. 30b applies to both the
2lSl/z > 2P1/2 and 281/2 A and 2P3/2 transit-ions.)

After excitation from the ground state to the excited states, rapid
spontaneous decay back to the ground state occurs to both the F = 2 and
F =1 states with similar rates. An excess of population is accumulated
in the F = 2 state since atoms are preferentially excited from the F = 1
state because of the Rb# filter cell. Thus when the lamp is first switched
on, the gas contained within the cavity is in thermal equilibrium and
absorbs most strongly. After a time the population of the F = 1 state is
depleted by the optical “pumping” of atoms out of this state and their
subsequent accumulation in the F = 2 state. The gas cell becomes more
transparent as indicated by an increased signal from the photo cell. If now
microwave radiation of frequency 6835 Mec is applied to the cell, atoms
will “flow”” from the F = 2 state to the F = 1 state making more atoms
available for excitation to the excited states. At this point the cell absorbs
more of the incident light and a decrease in the photocell signal results. If
the microwave radiation is swept through the 6835 Mc resonance the line
shape may be recorded from the output of the photocell.

The inert buffer gas serves the purpose of prolonging the lifetime of the
alkali metal atom in its 2S;,, ground state. In this state, the atoms can have
many collisions with atoms of the inert buffer gas before having transitions
induced between the F = 2 and F = 1 states by these collisions. Thus the
lifetime of the atomic states will be prolonged by the collision processes.
Collisions between the alkali atoms and the walls of the container will
induce transitions, but the frequency of these collisions is drastically
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Fic. 30a. Rubidium-87 vapor cell. The hfs transition at 6835 Mc is observed by a
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reduced by the presence of the relatively high pressure buffer gas. Doppler
broadening is very small because the recoil momentum given to the radiat-
ing system by the emitted photons is distributed throughout the buffer
gas via the many collisions that take place in the decay time (51, 62). This
“collision narrowing” is similar to the Mossbauer effect in which recoil-free
gamma radiation is emitted by Fe®, for example.

C. Molecular Beam Electric Resonance (53)

V. W. Hughes has suggested the (J = 0) <> (J = 1) transition of
LiF occurring at about 100 kMc as a frequency standard. It would employ
the electric resonance beam technique which is similar to the atomic beam
magnetic- resonance technique. In electric resonance experiments deflec-
tions are produced through forces on the electric dipole moment in non-
uniform electric fields. Electric dipole transitions are ordinarily observed.
The molecular spectrum provides a much wider choice of frequencies and
makes available much higher frequencies for use as a standard; higher
frequencies will provide higher precision for a given signal-to-noise ratio.
The molecules are distributed over a greater number of states than atoms
in their ground state. Consequently, signal intensities will be substantially
less. Signal intensities will generally be lower in electric resonance experi-
ments than in a cesium beam experiment. This appears to be the primary
drawback of the electric resonance method.

D. Masers

The ammonia maser has had considerable development as an extremely
stable oscillator. An ammonia maser is used to stabilize the crystal oscillator
driving the NBS cesium standards as mentioned previously (see Fig. 25).
The measured stability for N*H; masers is a few parts in 102 for periods of
a few minutes and about 2 X 10~ for periods of several hours (54). The
reproducibility of the NH; maser frequency is 2 X 10~ (65). The best
reproducibility, 3 X 107", has been obtained using N ammonia by
Bonanomi and his group (4). Ammonia containing N has the important
advantage that the (3.3) line is single and not composed of a group of lines
as is the (3.3) line of N ammonia. The relative intensities of the members
of this group of lines will change with changes in the focusing voltage or
beam intensity; this will cause a shift in frequency since this hfs is not
resolved.?

Although the ammonia maser has good reproducibility for a given
machine, it would probably be quite difficult to build other machines that

12 Recently Barnes and Allan at NBS have obtained a reproducibility of 3 X 10~1
for N ammonia. They employ a servo system that continuously tunes the cavity to
resonance. It uses Zeeman modulation to obtain the correction signal.
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Fia. 31. The hydrogen atom beam maser.

would oscillate at frequencies closer than 1 X 10~°. This places a rather
severe limitation on its use as a primary standard. There are a number of
parameters that must be carefully controlled. Furthermore, the Doppler
shift cannot be precisely determined. The basic difficulty is that the fre-
quency of the maser cannot be simply related to the Bohr frequency as it
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can be for a cesium beam and the various parameters effecting the frequency
require more delicate control. Other beam masers are being built to operate
at higher frequencies (88 kMg, for example) by a number of laboratories.
including NBS (56, 57, 58). These devices employ a Fabry-Perot interferom-
eter as the resonator. Considerable progress has been made recently in the
development of such resonators at millimeter wavelengths. @’s exceeding
100,000 are attainable (see the chapter entitled ‘“Millimeter Wave Tech-
niques,” by W. Culshaw, in this volume).

Most recently Ramsey and his group at Harvard have succeeded in
building a hydrogen atom maser (59) (Fig. 31). In this device hydrogen
is dissociated in a discharge tube. A beam of hydrogen atoms effuses from
the discharge tube and passes through a magnetic state selector. Atoms in
the F = 2, mp = 1,0 states are focused into a quartz bulb contained within
a resonant cavity tuned to 1420 Mec, the hfs separation. The quartz bulb
is coated with an inert, involatile film. Hydrogen atoms striking this film
do not change their state—at least, not with a high probability. The atcms
may have many wall collisions during the prccess of emission to the F = 1,
mp = 0 state. As a consequence of the long storage time in the cavity
(~0.3 sec) by virtue of the wall collisions, the resonance line width (with-
out regeneration) is about 1 cps.

The hydrogen beam maser differs significantly from the ammonia beam
maser in two important ways: (a) The transitions are magnetic dipole
transitions. (b) The radiating particles are retained in the resonating struc-
ture by wall collisions instead of passing directly through. It appears that
this hydrogen maser is capable of higher stability than the ammonia maser
because of its very narrow resonance width. However, there may be fre-
quency shifts due to the wall collisions and perhaps some aging processes
associated with the wall coatings.

Zero field solid state masers have been suggested by Blocembergen (60).
Although such devices may provide highly stable oscillations, it is not
certain how reproducible the frequency would be.
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APPENDIX
Tue NBS Atomic Beam FREQUENCY STANDARDS FunNcrionan Dara

NBS-I NBS-II
I. General dimensions (see Fig. 8b)
L 11.5 cm 16.5 cm
ls 5.1 cm 10.2 cm
s 46.0 cm 100.0 em
le 46.0 cm 100.0 cm
ls 5.1cm 10.2 cm
ls 11.56 cm 16.5 cm
I1. Oven (adjustable)
Temperature 150°C 150°C
Heater material Nichrome Nichrome
Heater current 0.8 amp 0.8 amp
Heater coil resistance (cold) 7 ohms 7 ohms
Slit dimensions 0.003 X 0.038 0.015 X 0.100
X 0.100 in. X 0.187 in.
(channeled)
II1. Deflecting magnets (adjustable)
Length 2.0 in. 4.0 in.
Gap width 0.040 in. 0.120 in.
Radius of convex pole piece, a}See 0.040 in. 0.120 in.
Radius of concave pole piece, b | Fig. 13.  0.050 in. 0.150 in.
Number of turns 200/magnet 440/magnet
#22 wire #14 wire
Resistance of windings (cold) 2 ohms 1.6 ohms
Typical magnet current 1.4 amp 2-3 amp
Stern-Gerlach peak separation, each
magnet 0.006 in. 0.040 in.
Power dissipation, each magnet 4 watts 5~-14 watts
IV. Detector (adjustable)
Material 809, Pt-209, Ir 809% Pt-209, Ir
Width 0.005 in. 0.015 in.
Current 0.6 amp 0.6 amp
Temperature 820°C 820°C
V. Center collimating slit (adjustable)
Material Plastic, brass, or  Plastic, brass, or
aluminum aluminum
Width 0.003 in. 0.015 in.
VI. Resonant cavity
Principle mode TEo 1,60 TEo 1,10
Dimensions of beam holes 5 X 5 in. 15 X Y5 in.
Coupling hole diameter 0.312 in, 0.328 in.
Loaded @ ~7000 ~5500
Tuning range with adjustable probe
opposite coupling hole 0.9 Mec 1.8 Mec
Separation of ends 56 em 163 cm
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The Ammonia Beam Maser as a
Standard of Frequency*

J. A. BARNES}, D. W. ALLANY, anp A. E. WAINWRIGHTY

INTRODUCTION

The ammonia beam maser has presented certain
problems when considered as a primary standard of
frequency. These problems come about because the
maser’s frequency of oscillation is quite dependent
upon a variety of parameters. Also, with several of
these parameters there is no unambiguous way of select-
ing a particular value for the parameter. In the past
these parameters have been difficult to control and
caused undesirable drift rates.

Recently a servomechanism has been installed
which has eliminated cavity-tuning effects;! .., the
cavity is continuously tuned to be at the resonant fre-
quency of the molecule. The method will be shown
later. The elimination of this parameter has also re-
duced the effects of the other parameters.

In the case of ammonia beam pressure and focusing
voltage, there is no clear-cut way of selecting values in
order to get the maser to oscillate at the “proper Bohr
frequency.”

In part, some of the trouble arises from the fact that
the quadrupole moment of N in ordinary ammonia
causes an asymmetric splitting of the J=3, K=3 in-
version line. This trouble can be avoided by using
N®H; instead of the ordinary ammonia. The present
experimental work has been confined to N'H;; how-
ever, as soon as a system capable of recirculating the
ammonia is completed, data will be taken on N**Hj A
considerable improvement in reproducibility when using
Ni5H, has been reported by others.?

With all of its problems, the ammonia beam maser
using N*Hj; has demonstrated a resettable frequency of
better than + 3 X107,

ZEEMAN MODULATION

It has been shown?® that the cavity-pulling of the
maser frequency is given approximately by

* Received August 28, 1961. Presented at the WESCON Conf.,
San Francisco, Calif.; August 22-25, 1961.

t National Bureau of Standards, Boulder, Colo.

1 J. C. Helmer, “Maser oscillators,” J. Appl. Phys., vol. 28, pp.
212-215; February, 1957.

2 J. De Prins and P. Kartashoff, “Applications of Hertzian Spec-
troscopy to the Measurement of Frequency and Time,” publication
of Laboratoire suisse de recherches horlogeres, Neuchatel, Switzer-
land. (Topics on Radiofrequency Spectroscopy, August 1-17, 1960,
International School of Physics, “Enrico Fermi,” Varenna—Villa
Monastero.)

3 The reader is referred to J. P. Gordon, H. J. Zeiger, and C. H.
Townes, “The maser,” Phys. Rev., vol. 99, pp. 1264-1274; August,
1955. While this is an approximate formula, it is sufficient to indicate
the functional dependence of the maser frequency. Also a more
elaborate theory! still suggests that d»/dH =0 determines the natural
resonant frequency which, incidentally, differs from other possible
means of obtaining this frequency.

g — v 1)
Vo 14 Avc Vo Ve
where vy is the natural resonance frequency of the am-
monia molecule; v is the frequency of oscillation of the
maser; ». is the resonant frequency of the cavity; Av; is
the natural line width of the ammonia transition in the
maser; and Ay, is the cavity bandwidth. It has been
suggested by Shimoda, et al.l* that a small magnetic
field will cause a Zeeman splitting of the ammonia line
and thus cause an effective broadening of the ammonia
line width. If the cavity is tuned to a frequency other
than », a frequency shift of the maser is observed with
the application of the magnetic field.
Under the influence of a magnetic field, the line
width is given approximately by (see Appendix)

Av; = +/(Avy)? + (Avg)? (2)

where Ay, is the unperturbed line width for the am-
monia transition and Avy is the amount the lines are
split by the magnetic field. (See Fig. 1.) It has been
found?® that Avy is given by

Avyg = aH

where the constant « is approximately 718 cps/oersted.

—

Al Al

—

% Ve

Fig. 1—Zeeman splitting of J=3, K =3 line of NuH,.

In order to obtain a continuous correction to the
cavity tuning, the authors have found it desirable to
apply a sinusoidally varying magnetic field to the
maser; i.e.,

H = H() sin Wl

Thus the line width will be given by

AV} = \/(Allo)z + (aHo)2 Sil’l2 wmt
= v/(Ar)? + 3(aHo)? — 3(aH,?) cos 2wnmt.

4 K. Shimoda, T. C. Wang, and C. H. Townes, “Further aspects
of the maser theory,” Phys. Rev., vol. 102, pp. 1308-1321; June, 1956.

s C. K. Jen, “Zeeman effect in microwave spectra,” Phys. Rev.,
vol..74, pp. 1396-1406; November, 1948.
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Applying the binomial theorem one obtains

v~ dvo g/ l
v = Vo,‘/ 1—{'—?

e x?
— 34 /‘/1 +7<2 " xz)cosZw,,,t+ e (3)

where x=aH,/Avoand the approximation is valid to the
degree that

x2
2+ x?
Substitution of (3) into (1) gives

Allo x2
v = yy — 14+ — (o — v.)
Av, 2

AVo 1 xz
Av, 24/2 V2 + 22

< 1.

(vo — v.) COS 2wnt. 4)

There are two things of interest in (4); first, the fre-
quency of the modulation term is twice the frequency of
the Zeeman field, as one would expect and, second, this
modulation term is proportional to v,—». It is this
latter property which enables one to simply construct
a servosystem that will continually control the cavity
tuning.

The authors have found that the most convenient
and most noise-free method of demodulation is that of
phase demodulation. The block diagram of the system
used is shown in Fig. 2 and the equivalent servodiagram
of the maser-crystal-oscillator phase-lock system is
shown in Fig. 3. In Fig. 3 the transfer functions of the
various components are indicated below the compo-
nents.

From the theory of servosystems, the total transfer
function for Fig. 3 is given by

do(w) _ KKK, )
¢m(0’) 1+ K. K.K3
From this it follows that
(9n@) = ) = Vi = (o) (1 = )
a(Pmlw do(w)) = V1= apnlw 1+ KKK,
O (reem)  ©
= e ¥ KKK
Substitution of the transfer functions into (6) vields
Vi) = atalor | =220 | ™
= m (O .
e o Wt + af — jw

It is apparent that the bracketed expression in (7)
has its maximum valye when w?*7>>af which makes
(7) have the value

Vi) ~ adn(o). 8

WXR  DOUBLER XSO MULTRUER
75810 WS 3 0 740 WES
REFERENCE 1950 MG 12,000 WS
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COILS
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BAND PASS
FILTER
m 15 CPS

I PHASE
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315CPS
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Fig. 2—Block diagram of complete system.
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Fig. 3—Equivalent servodiagram for oscillator-
maser phase-lock system.

As is customary in dealing with transfer functions,
the quantities ¢n(w), ¢po(w) and Vi(w) are the Fourier
transforms of the time-dependent functions. Thus the
voltage V,(f) can be obtained by taking the inverse
Fourier transform of (8)

Vi) = apn(t), ()

since @ is a constant, and provided all important fre-
quency components satisfy the relation w?r>>af3.
Returning to (4), which can be written in terms of

the total phase ®(¢),
Allo x2
/‘/1_'__(,,0_ vc):lt
Av, 2

Avy 1 x? (vo - v
Av, 22 V2 + a?

&(t) = wl + ¢pu(t) = 2 [Vo -

> sin 2wnt. (10)

20m

Comparison of (9) and (10) gives

Vi) = y(vo — ) sin 2wyt (1)
where ¥ is the constant
a Avy a?
() w
4/ 20, Av,/ \Vx2 + 2

and (2w.)*r>af.
Eq. (11), then, represents the demodulated signal
from the maser. It should be noted here that the phase-
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locked crystal oscillator’s frequency is determined by
the maser frequency and thus this servosystem serves
a double purpose: 1) as a low-noise phase demodulator,
and 2) as a precise frequency divider to facilitate com-
parison with other systems, e.g., the cestium beam.

For the NBS maser system, v has the value of ap-
proximately 3.5 mv per part in 10'° of N"*H; maser fre-
quency. While this seems like a sufficiently sensitive
detection system, it must be remarked that there still
exist significant noise sources which will tend to limit
the precision of balance. The most important of these
sources is the crystal oscillator used in the maser phase-
lock system. Any phase jitter of this oscillator signal
after multiplication to K band will be detected as noise
in the phase demodulator. It is interesting to note that
if the maser is detuned one part in 10%, the peak phase
modulation on the maser is only about 0.14° at K band!

The oscillator which is used in the NBS maser sys-
tem has demonstrated the most nearly pure spectrum
of any oscillator analyzed to date.® In fact, except for a
very small white-noise pedestal, it is difficult to be sure
whether the maser or this oscillator has the more nearly
monochromatic signal. Although some noise may be
eliminated by narrow banding the demodulator, this
process cannot be carried too far or the Nyquist condi-
tions for stability of the servosystem will be violated.

The servoloop for the cavity tuning is completed by
applying the amplified signal from the phase demodula-
tor to one phase of a two-phase motor which in turn
controls the depth of a small plunger in the maser’s
resonant cavity. The reference for the other phase of
the motor is obtained by doubling the frequency of
part of the signal from the Zeeman modulating field
supply.

Due to inherent noise in the system, it has been found
that a better time-averaged frequency is obtained from
the maser if the gain is advanced to the point where
small oscillations about the null modulation point just
begin. Under these conditions, the servomotor is oscil-
lating back and forth at a rate of about 2 cps, and at an
amplitude of about +5 parts in 10 in terms of maser
frequency. An 8-sec average of oscillator frequency
shows a standard deviation of about 3 parts in 10,

Returning to the condition on (11) that

(2“’7") T > aB;

it is possible to determine the minimum time constant
of the phase-lock filter. For the NBS system, the prod-
uct (aff) is about 104 sec™ and thus 7>>0.05 sec. Typi-
cally, 7 is chosen to be about 0.5 sec to 1.0 sec. Since
this time constant must be taken this long, again the
stability of the crystal oscillator must be very good
or deterioration of the maser stability will result.

§J. A. Barnes and L. E. Heim, “A high-resolution ammonia-
maser-spectrum analyzer,” IRE TRANS. ON [NSTRUMENTATION, vol,
1-10, pp. 4-8; June, 1961.
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Basic MEASURING SCHEME

Quite an elaborate system is involved in detecting
and dividing down the maser frequency. It is the pur-
pose of this section to outline this system. See Fig. 2.

A 5-Mc crystal oscillator drives a multiplier chain.
From this chain, 240 Mc is fed into a crystal multiplier;
the 50th harmonic (12,000 Mc) of this and an 11,950-
Mc signal from a klystron are fed into a crystal mixer.
The 50-Mc beat note resulting is sent through an IF
amplifier and then phase compared with 50 Mc from
the multiplier chain. The phase difference is used as an
error voltage to correct the klystron’s frequency;
hence, the klystron is phase locked to the 5-Mc crystal
oscillator.

The klystron signal is sent to a crystal doubler giving
23,900 Mc. This signal goes in one side of a balanced
crystal mixer. The maser's signal at approximately
23,870 Mc provides the reference into the other side
of the above mixer. The 30-Mc beat note resulting goes
to an IF amplifier and then to a phase detector. A fre-
quency synthesizer, stable to better than a part in 108,
is used as the reference into the other side of the phase
detector. (One part in 10% at this reference gives a
stability of about 1 part in 10! at maser frequency.) The
phase error resulting is then sent to a reactance tube
which in turn corrects the frequency of the above-
mentioned 5-Mc crystal oscillator. Therefore, the
5-Mc signal is phase locked to the maser’s frequency,
and hence the maser’s stability can be analyzed by
looking at the 5-Mc crystal oscillator or any multiple
of it as derived from the multiplier chain.

EXPERIMENTAL RESULTS
Maser Frequency Dependence on Operating Conditions

It has been the intent of the authors to find most,
if not all, parameters that give instability and that
cause frequency shifts; also, the control of critical
parameters has been of concern. Some of the frequency-
dependent parameters are beam pressure, electrode
focusing voltage, Zeeman modulation voltage, fluctua-
tions in the magnetic field of the earth, background
pressure in the maser’'s vacuum system, alignment of
beam nozzles and electrodes with respect to the resonant
cavity, temperature effects, and a few other influences,
most of which are quite minor.

In connection with the beam pressure a variety of
nozzles have been tried including klystron grid ma-
terial, crimped foil, and special drilled single-hole
nozzles. Most of the data have been taken with 0.02-
inch single-hole nozzles; this is by no means the op-
timal nozzle to use, and this nozzle is used mainly for
symmetry reasons in the NBS double-beam maser.
Beam pressures typically used are in the vicinity of 6
mm of mercury; such a pressure gives a molecular mean
free path (\) of 8 X10~* cm. Since A is smaller than the
nozzle hole diameter, this disallows a Maxwellian
velocity distribution, but rather gives cloud diffusion
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which has a radial molecular intensity distribution. This
system gives very uniform flow as can be illustrated
from the frequency-time statistics, but quite a large
consumption of ammonia (about 1 gr/hr).

Data were taken to determine the optimal beam pres-
sure to use for frequency stability, and a typical family
of curves is shown in Fig. 4. In another experiment the
beam pressure was run up to about 14 mm of mercury
to observe the continuation of the curves shown. It was
found that the curves continued to approach each other
and the second derivative became negative. This
change in slope is attributed to a significant increase in
the background pressure caused by the high flux of
molecules.

By analyzing Fig. 4 one can quite easily observe the
behavior of the focusing voltage Vs vs maser frequency
since there is a 540-v difference between each of the
curves in the family of curves plotted. The slope of
maser frequency as a function of focusing voltage is
positive with a positive second derivative also; the
magnitude of the slope is in the vicinity of 1 part in 10
of maser frequency per 200 v. This is rather severe for
frequency stability, and the voltage has to be read to
about 0.2 per cent in order to get resettability to 1 part
in 10%, This, of course, puts stringent requirements on
the high-voltage power supply. One can further ob-
serve by analyzing Fig. 4 that the slope of frequency vs
focusing voltage decreases for increasing beam pres-
sures,

Another curve of interest is maser frequency vs the
Zeeman frequency modulation voltage (see Fig. 5). If
the Zeeman splitting coefficients are linear (the theory
states they are to a first approximation—second-order
effects are of the order* of 22X 10~ H>—for all molecular
frequency components within the range of the resonant
cavity) then the slope of frequency vs modulation
voltage should be zero. But the contrary result is that
the curve has a negative slope of about 5 parts in 10° at
maser frequency per oersted (rms); 2 volts rms applied
to the magnetic-field coils of the NBS maser corresponds
very closely to 1 oersted (rms) in the cavity. A similar
effect has been observed on N3 Hj,.?

With a slope as previously stated for maser frequency
vs Zeeman modulation voltage, one might wonder if
fluctuations in the earth’s magnetic field would cause
frequency shifts. From experiments performed it was
found that the slope of this curve is essentially the
same as for an ac field. Since the earth’s magnetic field
is about 0.56 oersted, a net shift of the maser’s fre-
quency of about 3 parts in 10° would be expected. Also,
it was predicted that during fairly severe magnetic
storms a frequency shift in the vicinity of 1 part in 10"
could be observed; an experiment was performed and
an actual correlation was shown to exist. Since the
shift due to magnetic storms is so small, it could be
easily eliminated with a p-metal shield around the
maser's resonant cavity.
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Fig. 4—Relative shift in maser frequency vs beam pressure.
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Fig. 5—Relative maser frequency vs modulation
voltage applied to magnetic field coils.

Prior to the installation of the cavity-tuning servo-
loop, background pressure changes caused sizeable fre-
quency shifts; for example, when the liquid-nitrogen
cold traps on the maser’s vacuum system were filled,
of course the background pressure would change, and
frequency shifts as high as 1 part in 10° were observed.
Since the installation of the above-mentioned servo-
loop, cold trap filling and fairly large changes in the
background pressure cause no measurable frequency
shifts. Pressures typically used in the maser’s vacuum
system are 2X10~% mm of mercury; no frequency shift
has been observed up to pressures of 6X10~% mm.
Higher frequency shifts than this have been indicated
though very marginal up to 1 X107 mm.

The NBS maser has been taken apart and reassem-
bled several times; each time a frequency shift has oc-
curred along with changes in the parametric curves of
Figs. 4 and 5, although the basic character of the
curves has not changed. If pains are taken to duplicate
alignment and configuration of nozzles, focusers, and
cavity, the shift can be kept within 3 parts in 10'%—
showing the critical nature alignment plays in the maser
as a frequency standard. However, for any one align-
ment and configuration the stability for short term and
long term is shown in Figs. 6 and 7. Such stability
brings the maser to the status of a very good secondary
standard.

76-29



— IDLISmin.—ﬂ A — k\‘

Fig. 6—Frequency of maser as a function of time. Each step repre-
sents an average frequency over an interval of approximately 78
sec. The record is 13 hr long.
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Fig. 7—NBS double-beam ammonia maser vs cesium
beam (National Frequency Standard).

Maser Stability

In order to test the long- and short-term stability of
the maser, comparisons have been made with a very
stable (drift rate of about 6 X10~'2/hr) quartz crystal
oscillator and with the National Frequency Standard,
cesium beam.

For short-term comparisons the oscillator that is
phase locked to the maser is mixed with the oscillator
mentioned above, and the period of the beat note is
measured. Eight-second averages gave a standard de-
viation of 3 parts in 10"; a large part of this is due to the
oscillating cavity-tuning servoloop because the short-
term stability of the free-running maser is only a few
parts in 102

The reader will remember that the period of oscilla-
tion of the cavity-tuning servoloop is about § sec; so if
the time of averaging is long compared with the period
of oscillation, the statistics should average out this
oscillatory characteristic. Therefore, 78-sec period
averages were taken, and a typical trace of the relative
frequency fluctuations is shown in Fig. 6. This trace is
96 min long and gives a standard deviation of the mean
of 1.3 parts in 10%2

The long-term stability of the maser has been ob-
tained by direct comparisons with the cesium beam. A
plot of the day-by-day comparisons is shown in Fig. 7.
Note that there are three sections; each one represents
a new alignment and hence a different frequency (not
indicated); the mean of each set is plotted on the same
axis. Since the cesium beam usually has a standard
deviation of the mean of less than 1 part in 10" for any
one measurement and the standard deviation for the
plot in Fig. 7 is 3 parts in 10", one concludes that

there is an unknown parameter in the maser system

which is not in statistical control. It is felt at present
that this is probably temperature-dependent elements
in the maser system,.

CONCLUSION

The experimental results show that an ammonia
beam maser using the J=3, K=3 transition in or-
dinary N!*H; can be a very reliable secondary standard
of frequency. As long as the alignment of the maser is
not disturbed, its frequency is resettable to a precision
which makes it quite competitive with the cesium beam
and gas cell. The authors see no reason why such a maser
system could not be run for yvears without deterioration
of its resettability. With an improved servosystem, the
short-term stability could probably approach that of
the free-running maser itself and thus have this advan-
tage over either the cesium beam or gas cell which de-
pends on a quartz crystal oscillator for their short-term
stability.

Perhaps one of the most encouraging aspects of the
system is that everyone who has used N*H; has reported
a marked improvement over N™H; in all operating
parameters as theory predicts. It is hoped that the
change to N®¥H; may relegate this maser servosystem
to a competitive primary standard of frequency.

APPENDIX

When a magnetic field is applied to the ammonia
molecule, the spectral line for J=3, K=3 is split as
shown in Fig. 1. Such a splitting, of course, changes the
effective line width Ay; of the transition. Since this ef-
fective line width must be a function of the magnitude
of the splitting only, it is reasonable, at least as far as
functional dependence is concerned, to assume that the
effective line width is related to the second moment of
the perturbed line by the relation

f PO) (v — vo)idy

Av\?
() - (9
fP(v)dv

where P(v) is the probability of transition for the fre-
quency », and », 1s the center of gravity of the line.
By a simple application of the parallel axis theorem

one obtains
AV[ 2 Allo 2 AV" 2
—) ={— — 14)
(-5 +()

or equivalently

Av; = \/mT—F(AVu)Z. (15)
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A Comparison of Direct and Servo Methods for

Utilizing Cesium Beam Resonators as
Frequency' Standards’

R. E. BEEHLER}, W. R. ATKINSON{, L. E. HEIMt, anp C. S. SNIDERf

Summary—Two systems, in which the frequency of a high
quality quartz crystal oscillator can be controlled by a servo system
employing as a reference frequency the (F=4, mp=0)->(F=3,
mr=0) transition in the ground electronic state of cesium!??, have
been in operation for about one year at the National Bureau of
Standards. These systems are presently used in conjunction with
the United States Frequency Standard, NBS II, and the alternate
standard, NBS I, for measuring the frequencies of the United States
Working Frequency Standards on a regular basis. The dependabulity,
precision, and accuracy of the servo-derived measurements have
been compared with the corresponding figures for the more direct
manual method. Although both measurement systems have been
found to be highly dependable, the servo method has significant
advantages with respect to convenience of operation and measure-
ment precision. These advantages can be utilized with no sacrifice of
accuracy. Typical servo measurement precision is 2107 for a 30-
minute averaging time, while the measurement accuracy for both
methods is 1.1X107%. For longer measurement periods of 12-14
hours, precisions and reproducibilities of 2)X107% have been ob-
served.

INTRODUCTION

S A RESULT of committee discussions held
A during the 1957 meeting of the Consultative
Committee for the Definition of the Determining

the Second, there arose a suggestion that, in studying
and developing atomic frequency standards, preference
should be given to systems in which the resonance
absorption frequency is measured directly, as compared
with devices which have an auxilliary oscillator whose
frequency is controlled by a servomechanism. At the
Boulder Laboratories of the National Bureau of Stand-
ards it was initially felt that the simplicity of meas-
uring systems and techniques in which no feedback-
type locking circuits are used would merit their exclu-
sive use. In practice, however, the laboratory has come
to utilize servo-type circuits to a larger and larger ex-
tent in the atomic frequency standards program. The
use of these control systems has been expedient to the
frequency measurements program primarily by reduc-
ing the labor involved in making a frequency measure-
ment so that much more comparison data with an
attendant gain in precision can be accumulated in a
given amount of time than is possible by means of the
more direct measuring technique involving manual
determinations of frequency. In addition, the use of

* Received August 16, 1962. Presented at the 1962 International
Conference on Precision Electromagnetic Measurements as Paper
No. 8.3.

t National Bureau of Standards, Boulder, Colo.

servo systems in some cases has resulted in a more use-
ful measure of frequency.

Two systems, in which the frequency of a high quality
quartz crystal oscillator can be controlled by a servo
system employing as a reference frequency the (F=4,
mp=0)—(F=3, mp=0) transition in the ground elec-
tronic state of cesium!®, have been in operation for over
one year at NBS. These systems are presently used in
conjunction with the United States Frequency Stand-
ard, NBS II, and the alternate standard, NBS I, for
measuring the frequencies of the United States Work-
ing Frequency Standards on a regular basis. This paper
is primarily concerned with the reliability of these servo-
type measurements as compared with the more direct
manual type of measurement.

DESCRIPTION OF THE MANUAL AND SERVO
MEASUREMENT SYSTEMS

Block diagrams of the manual and servo measuring
systems are shown in Figs. 1 and 2, respectively. In the
manual system the unknown frequency f. that is to be
measured is multiplied by 1836 to approximately 9180
Me. A klystron which excites the atomic resonance is
then automatically electronically tuned by a servo, so
that its beat note with the multiplied unknown is in
phase synchronism with a variable frequency source
whose frequency f at approximately 12.6 Mc is known
to 1X10~% By changing the frequency f and observing
the index of transition probability provided by the
atomic beam detector current and displayed on a dc
meter, it is possible to tune the klystron first to a fre-
quency f, about 50 cps above the cesium resonance and
then to a frequency f; equally offset below the cesium
resonance. 1f f, and f, are, respectively, the frequencies
of the tunable 12.6-Mc source corresponding to f, and
f», the unknown frequency f, can easily be computed
from the relation

fl+fu

1836f. + — = 0192631770.0 + Afo

&y

where Af, is the known frequency shift in the atomic
resonance produced by the uniform magnetic C field,
essential to the operation of the beam machine, and
f1and f, are determined by electronic counter measure-
ments. This method of measurement is referred to as
the manual method because the frequencies f; and f,
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Fig. 1—Block diagram of the manual measurement system.
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Fig. 2—Block diagram of the servo measurement system.

are alternately set by an operator so that the corre-
sponding sequentially appearing beam currents are
judged to be equal.

In the servo method of measurement shown in Fig. 2
the multiplier chain to 9180 Mc and the phase-lock
klystron loop, including the source of the variable fre-
quency f, are the same as used in the manual system. In
this case, however, a high quality 5-Mc quartz-crystal
oscillator, whose frequency f, is to be controlled by the
servo system, is used as the input to the multiplier
chain. Phase modulation of a multiple of this frequency
at a 37.5-cps rate is accomplished with the aid of a
voltage-controlled diode capacitor in the output tank
of the 5-10-Mc doubler. As a result of this modulation
the beam current varies and the phase of the 37.5-cps
component of the beam current depends on whether the
average excitation frequency is above or below the
cesium resonance frequency. In the postdetection servo
electronics, a phase detector is used to develop a signed
dc error signal which is integrated to produce a correc-
tion signal that is applied to a voltage-variable capacitor
in the oscillator to control the frequency f, at a particu-
lar value which depends on the value f of the variable

source. With the servo loop closed, the frequency f, at
which the servo oscillator is locked can be computed
from the relation

18367, + f = 9192631770.0 + Afo. ()

Under normal operating conditions for the NBS II
system, f is selected to be =12,632,000.0 cps and Af, is
1.0 cps, which results in a value for f, that is about
249 X107 low relative to the nominal frequency of
5.0 - - - Mc. It should be noted that when f is derived
from f, through the use of a 5-Mc-to-100-kc divider and
synthesizer, its appearance in (2) can be replaced by
(12.632/5)f,, where the numerical factor is exact. A
measurement of the unknown frequency f. is effected
by measuring, with the servo loop closed, the period of
the beat note between f; and f,—using an electronic
counter. If the measured period is 7, then

1
L fe = f.l = 3)

and f, is determined since f, is known from (2). The
appropriate sign for the difference frequency, if not
known, could be determined by shifting f, in a known
direction. The increased convenience of the servo meas-
urement procedure over the manual is apparent, since
the use of a digital recorder in conjunction with the
period counter permits the accumulation of comparison
data over long periods of time without the attention of
operating personnel.

Both measurement systems have been used exten-
sively at NBS and found to be highly dependable. The
manual technique was used exclusively for a period of
nearly two years and in conjunction with servo meas-
urements for the past one year, while servo measure-
ments have been emphasized more in the last year.
Neither system has caused the loss of more than a few
days of measurement time per year. Occasional prob-
lems with the manual system have been confined pri-
marily to the electronic counter, klystron power supply,
and components of the phase-lock klystron loop. These
particular problems also affect the servo system opera-
tion which, in addition, has had minor troubles associ-
ated with faulty mechanical choppers and a malfunc-
tioning power supply for the stabilized oscillator. Based
on experience to date, then, no preference for one sys-
tem or the other has been established with respect to
dependability of operation.

CompPaRISON WITH RESPECT TO
MEASUREMENT PRECISION

The term “precision,” when used in connection with

the NBS standards, refers to the extent to which a meas-
urement of frequency is reproducible. Used in this sense
the measure of precision would include contributions
from both the standard itself and whatever source of
frequency is being measured. The most commonly used
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measure of precision for the NBS measurements is the
standard deviation of the mean associated with the
comparison data. For the manual method, the com-
parison data consists of a group of 20 to 50 deter-
minations of the unknown frequency f,, obtained by
application of (1) to the raw data collected over a 30-
minute period. Under normal measurement procedure,
f= 1s the 5-Mc output of one of the group of working
standards maintained at NBS, consisting at present
of 2 commercial cesium beam standards and 2 com-
mercial rubidium vapor standards. A typical value
of the measurement precision as defined above is about
8 X102, This precision figure can be reduced to
5§ X107 by collecting data over a 14-hour period. Rep-
resentative groups of the manual data have been
tested by using an appropriate computer program to
determine the goodness of fit of a Gaussian distribu-
tion to the data. The primary significance of such a test
stems from the central limit theorem of statistics. If the
measurements did not exhibit a Gaussian distribution,
it would be suspected that they were being influenced
by at least one noncontrolled fluctuating variable that
exerted a relatively large effect on the measurements.
If the measurements did possess a Gaussian distribu-
tion, it would be suspected that, over the observation
time, they vary because of the independent action of
many variables which have about equal influence and
that a significant improvement of precision could not
be accomplished by controlling only a few of the vari-
ables that affect the outcome of a frequency measure-
ment. A second reason for investigating the distribution
bears on the usual interpretation of the standard devia-
tion of the mean as providing limits within which lie
67 per cent of similarly determined means. This per-
centage is appropriate only for Gaussian distributions.
The x? test was used to give a single numerical measure
of the over-all goodness of fit to a Gaussian distribution.
In this test exact fit of the normal distribution curve to
the experimental data would correspond to x2=0, al-
though such a value is extremely unlikely in practice
because of statistical fluctuations. One group of 160
manual measurements was tested by dividing the data
into 8 subgroups of 20 and computing x? for each sub-
group. The values of x? ranged from 4 to 10 with an
average of 6.6. One possible interpretation of this value
is that because of statistical fluctuations there is a prob-
ability of about 60 per cent of finding a x? value of 6.6
or higher even if the parent distribution of manual
measurements -is perfectly Gaussian. Therefore, one
may conclude that a Gaussian distribution is a good fit
to the observed distribution of the manual data.

The measure of precision for the servo-type measure-
ments is taken to be the standard deviation of the mean
of a set of frequency comparisons obtained from period
measurements by using (2) and (3). When the fre-
quency source to be measured is one of the NBS work-
ing standards, the precision is typically 2X10~!2 for a

30-minute averaging period. This type of measurement
is made on a daily basis at NBS and serves as the basis
for published frequency measurements of the WWV,
WWVL, WWVB, GBR, and NBA radio transmissions.
Computer analysis of 519 measurements of 3 different
working standards made over a period of several
months gives an average x? of 6.7—almost exactly the
same as for the manual case and again indicative that a
Gaussian distribution is a good fit to the data.

Comparisons have also been made between the two
NBS frequency standards operating with independent
servo systems. Data from two long comparison runs of
27 hours and 12 hours is shown in Figs. 3 and 4, respec-
tively. Each point plotted on the uppermost curve in
each figure is an average of 100 periods of the beat fre-
quency between the two controlled oscillators. Since the
period was 1.8 seconds, each point represents a 3-minute
average followed by a counter display time of equal du-
ration. The other plots in each figure indicate how the
relative stability of the standards varies with the
amount of time over which the data is averaged. The
vertical bar at each point represents the precision of
measurement. Analysis of the 27-hour run shows a pre-
cision of measurement for 30-minute averaging times
of about 1.5X10~!2, compared to 2.5X10-!% for the
servo comparisons with the working standards. If the
27-hour data is split into a 13-hour average and a 14-
hour average, which are then compared with the 12-
hour average obtained 5 days earlier, the three meas-
urements of the frequency difference between the two
standards differ by less than 2X10~3, The value of x?
computed from the 267 values of the 27-hour compari-
son is 6.4, which once again is in close agreement with
values obtained in other types of comparisons. From
the uppermost plot in Fig. 3 it seems rather apparent
that a significant amount of correlation is present
among the 6-minute averages. In order to obtain some
sort of quantitative measure of this effect the autocor-
relation function was computed. The function drops to
49 per cent of the variance after 6 minutes but is still
20 per cent of the variance after 1 hour.

CoMPARISON WITH RESPECT TO ACCURACY

The term “accuracy” refers to the degree to which
the atomic frequency standard approaches the value
fo, the idealized resonance frequency for the cesium
atom in its unperturbed state. This accuracy with re-
spect to fo for the manual method of measurement is
usually limited primarily by uncertainties associated
with the uniform magnetic C field, phase differences
between the two oscillating electromagnetic fields pro-
ducing the atomic transition, the spectral purity of the
excitation radiation, and effects of other neighboring
atomic transitions.! An internal estimate of the accu-

1 R. C. Mockler, R. E. Beehler, and C. S. Snider, “Atomic beam
frequency standards,” IRE TRANS. ON INSTRUMENTATION, vol. 9,
pp. 120-132; September, 1960.
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Fig. 3—27-hour frequency comparison of NBS I and II.
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Fig. 4—12-hour frequency comparison of NBS I and II.

racy can be made by combining the estimates of possible
frequency shifts due to the above causes.

For the case of NBS 1I the magnetic C field is pro-
duced by passing a current through a rectangular array
of four parallel wires located within a triple-layer mag-
netic shield assembly. The field of about 0.047 oersted
is calibrated by frequency measurements of the
(4, 1)e>(3, 1) and (4, 1)«<=>(3, 0) microwave transitions
of cesium which are strongly dependent upon the mag-
nitude of the field. The field value for a given current is
then determined from a least-squares fit of a straight
line to the combined data. The uncertainty associated
with this value is the computed standard deviation for
a point interpolated from the least-squares line. The
corresponding uncertainty in a frequency measurement
is 5X 10712, which serves as an estimate of possible in-
accuracy due to incomplete knowledge of the C field.
The measured nonuniformity of less than +0.001
oersted does not contribute significantly to the accuracy
figure.

1f a phase difference exists between the two separated
oscillating fields exciting the resonance in the Ramsey
technique, a frequency shift will result. This effect may
be observed by rotating the resonant cavity 180° and
looking for a resultant frequency shift. For NBS II the
measured shift is 4X 10712, which means that one half
of this amount or 2X 1072 is the actual frequency error
produced by the phase difference. Since this amount can
be applied with the appropriate sign as a correction to
all frequency measurements, the only contribution to
inaccuracy from this source is considered to be the un-
certainty in the measurement which is about +2X 10712,

Another factor which has been observed to cause large
frequency shifts under some conditions is the spectral
purity of the radiation exciting the atomic transition.
Shifts as large as 32 X 10~1° have been observed by excit-
ing the resonance with a signal containing unsymmetri-
cal sidebands in addition to a carrier frequency. This
effect can be eliminated by proper design of the multi-
pliers and, in the event the oscillator being measured is
itself at fault, by utilizing an auxiliary oscillator phase-
locked to the oscillator being measured with time con-
stants chosen to make use of the long-term stability of
the oscillator being measured and the short-term sta-
bility of the phase-locked oscillator. The auxiliary oscil-
lator must not have troublesome sidebands and in
addition, if the crystal current is high, noise effects will
not be troublesome.

Another source of possible errors is the influence of
neighboring transitions in the atomic spectrum. Signifi-
cant frequency shifts may result in measurements made
at low C fields, since the separation between transitions
is proportional to the magnitude of the field. For meas-
urements made with NBS II at a field of 0.020 oersted,
for example, a systematic shift of 3.7X10~!! was de-
tected. It has been found possible to eliminate this error
by operating at sufficiently high fields (0.047 oersted
for NBS II).
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A final factor which has produced some error in the
past in manual measurements of one particular com-
mercial cesium beam standard involves the necessity
for the operator to average by eye the observed beam
variations. For this particular frequency source, oscilla-
tion in its servo loop produced a corresponding irregular
oscillation in the beam current as observed on the dc
meter. The manual measurement of this source showed a
consistent error of 4 X107 compared to a measurement
not requiring the visual averaging of these oscillations.
No measurable errors of this type have been found with
more recent standards of this type or other frequency
sources.

Other possible sources of error which have been in-
vestigated and found to make no measurable contribu-
tion to the inaccuracy of manual measurements include
detuning of the resonant cavity, variations in the micro-
wave power level, changes in the beam geometry and
individual operator bias.

The figure of accuracy for a given manual measure-
ment will depend upon the above estimates and the pre-
cision of the particular measurement. If we make the
reasonable assumption that the above sources of error
are independent and use 8 X 10~*2 as the precision (typi-
cal of a 30-minute measurement), the over-all estimate
of accuracy would be the square root of the sum of the
squares of the separate estimates or about +1X10-1%,
If the measurement time extends over several days or
if the measured source is unusually stable over the
measurement period, it has been found possible to
achieve a precision of 2X10~!?2 with a corresponding
improvement in the accuracy estimate to 6 X10~!2 An
external estimate of the accuracy can be obtained by
measuring the actual frequency difference between two
similar atomic standards. If 6X10~!? is considered to
be the accuracy for both NBS I and NBS 11, the meas-
ured difference would not be expected to be much larger
than the standard deviation associated with the differ-
ence frequency or 8.5X107!2, The actual measured
difference of (1.6:+0.4) X10~"! or nearly two standard
deviations could be expected with only about 5 per cent
probability as a result of random sampling. In view of
this apparent inconsistency between the internal and
external estimates and because of the possible existence
of sources of error not yet recognized the larger external
estimate of 0.707 X 1.6 X101 or 1.1 X 10~ is considered
a more appropriate accuracy figure with respect to fo
for the manual measurement technique. Considerable
confidence in this estimate has been gained during the
past 3 years in view of the fact that the measured dif-
ference between NBS I and II of 1.6X10-'' has re-
mained within a few parts in 10!2 in spite of major
changes in the magnetic shielding and method of pro-
ducing the C field for both standards and replacement
of the end sections of the resonant cavity in NBS [.

Possible sources of measurement error for the servo
mode of operation include most of those already dis-
cussed for the manual case, plus effects associated with

parameters of the servo system electronics. The only
error sources characteristic of the manual system which
are not applicable to the servo measurements are those
of individual operator bias and effects of averaging beam
variations by eye. The previously determined estimates
of accuracy of 5X 1072 and 2X10~'2 for C-field uncer-
tainties and phase difference, respectively, should apply
directly for the servo method also. The problem of the
spectral purity of the radiation becomes much more
complex for the servo case, since knowledge of the
spectrum is generally not sufficient for predicting the
existence or magnitude of any frequency shifts. Meas-
urements to check for possible dependence of the fre-
quency on cavity detuning and microwave power level
were performed using the servo as well as the manual
technique in order to take advantage of the higher pre-
cision capability of the servo system. Detuning of the
resonant cavity by approximately 1 Mc produced a
shift of 1X10~!2—well within the measurement preci-
sion. Variation of the microwave power level from 0.5
to 2.0 mw produced no significant frequency shift. This
data is plotted in Fig. 5. The vertical bars at each point
in this graph, as well as in the succeeding ones, represent
the measurement precision in the sense defined previ-
ously.

DEPENDENCE OF SERVO N2.2 FREQUENCY
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Fig. 5—Dependence of Servo No. 2 frequency
on microwave power level.

Over a period of several months detailed investiga-
tions were made to determine to what extent 9 param-
eters of the servo system electronics might affect the fre-
quency at which the controlled oscillator is locked. In
each experiment the parameter under investigation was
varied over as wide a range as possible while observing
changes in the controlled oscillator frequency f, relative
to one of the secondary standard sources. Since the reli-
ability of each experiment was rather strongly depend-
ent upon the extent to which the secondary standard
frequency, used as a reference, remained stable over the
period of the measurements (usually several hours),
great care was taken to select the particular secondary
standard whose frequency was the most stable at the
particular time as determined in most cases from auxil-
liary measurements. Both of the rubidium vapor stand-
ards and a commercial cesium beam standard were used
at various times and, as a result of this careful selection
procedure, the reference frequency could usually be de-
pended on to remain within a few parts in 10'* over the
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necessary time interval. In most cases at least one data
point was rechecked to guard against erroneous conclu-
sions being formed due to drift of the reference fre-
quency. Results of these experiments are plotted in Figs.
6-17. In each curve the parameter being studied is
plotted along the X axis and the relative frequency of
the controlled oscillator in parts in 10* is plotted along
the Y axis. The straight lines drawn in are not least-
squares fits to the data, but rather attempts to visually
fit lines of zero slope to the data that are reasonably
consistent with the measurement precisions.

Fig. 6 shows the dependence of the servo frequency on
the amount of frequency correction applied to the servo
oscillator when the loop is closed. The computed cor-

DEPENDENCE OF SERVO N2.2 FREQUENCY ON
AMOUNT OF FREQUENCY CORRECTION
APPLIED TO SERVO OSCILLATOR
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Fig. 6—Dependence of Servo No. 2 frequency on amount of
frequency correction applied to servo oscillator.
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Fig. 7—Dependence of Servo No. 2 frequency on amount of
frequency correction applied to phase-locked klystron.
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Fig. 8—Dependence of Servo No. 2 frequency on detuning
of the multiplier chain first stage.
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Fig. 9—Dependence of Servo No. 2 frequency on
main amplifier chain,
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Fig. 10—Dependence of Servo No. 2 frequency on bandwidth.
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Fig. 11—Dependence of Servo No. 2 frequency on
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Fig. 12—Dependence of Servo No. 2 frequency on peak frequency
deviation of 37} cps modulation without 2nd-harmonic filter.
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Fig. 13—Dependence of Servo No. 2 frequency on peak frequency
deviation of 37% cps modulation with 2nd-harmonic filter.
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DEPENDENCE OF SERVO NQ.2 FREQUENCY
ON PHASE SHIFT WHEN 2N0 HARMONIC
FILTER IS NOT USED
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Fig. 14—Dependence of Servo No. 2 frequency on phase
shift when 2nd-harmonic filter is not used.
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Fig. 15—Dependence of Servo No. 2 frequency on phase
shift when 2nd-harmonic filter is used.
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Fig. 17-—Dependence of Servo No. 2 frequency on modulation
frequency when 2nd-harmonic filter is used.

relation coefficient 7 for this data is 0.18. Since a value
of » this large or larger would be expected in 20 per cent
of similar measurements as a result of random sampling
from an uncorrelated population, 7 is not significantly
different from zero.

Fig. 7 shows the result of a similar-type experiment
involving in this case the amount of frequency correc-
tion applied to the phase-locked klystron when its loop
is closed. Although the measurement precisions were
lower than normal for this experiment, a conclusion of
no observable dependence on this parameter seems rea-
sonable.

Fig. 8 presents the results of detuning the input stage
of the (10-270)-Mc multiplier chain by equal amounts
on each side of the maximum-signal position. Since the
input stage is coupled rather directly to the (5-10)-Mc
doubler output tank circuit where the phase modulation
of f, takes place, it was felt that, except for the 10-Mc
doubler output tank circuit itself, frequency errors due
to mistuning would be more severe in this stage than in
any other part of the chain. The correlation coefficient
is 0.32, a value that would be exceeded in only 15 per
cent of such cases. However, when the data was divided
rather randomly into 3 groups and r was computed
separately for each group, all 3 values of » were not of
the same sign. This result, together with the knowledge
that the computed » values tend to be too large due both
to sampling effects and instability of the reference fre-
quency, lend support to a conclusion of no significant
correlation in this case.

The parameter of interest in Fig. 9 is the gain of the
main servo system amplifier, which is sharply tuned to
the modulation frequency of 37.5 cps. The correlation
coefficient of 0.29 for this data again is not unreasonable
as a result of random sampling, especially in view of the
result that division of the data into 3 subgroups pro-
duces 2 very small values of » and 1 larger value. The
sign of all three values of 7 is the same, however, so that
this may be considered a borderline case with respect to
whether significant correlation exists.

Fig. 10 involves the dependence of the controlled
oscillator frequency on the bandwidth of the main am-
plifier. Considering all the data plotted, the correlation
coefficient is 0.40. A significant correlation would then
seem to be indicated, since only 4 per cent of such ex-
periments would produce 7 values this high as a result of
the random sampling. However, there is some basis for
disregarding the point for a bandwidth of 13.8 cps, be-
cause in this case a significant amount of 60-cps signal,
which may be detrimental to the system in several re-
spects, is allowed to be amplified. If r is redetermined
neglecting this point, a much smaller value of 0.08 is ob-
tained, which is much more consistent with a hypothesis
of zero correlation.

The next parameter to be considered is the nominal
115-volt supply voltage to the rack containing the low-
frequency portion of the servo system. Included in this
rack are the 5-Mc oscillator, (5-10)-Mc doubler with
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modulator, main servo amplifier, chopper-demodulator
and operational amplifier. Results obtained by using an
adjustable-output line voltage regulator to vary the
supply voltage from 105 to 120 volts are shown in Fig.
11. This again seems to be somewhat of a borderline
case, since the r value of 0.26 could be expected only 6
per cent of the time, due to random sampling from an
uncorrelated population. Efforts to obtain more com-
plete data of this type have been unsuccessful thus far
because of higher-than-normal instabilities in the
secondary standards.

Fig. 12 shows the significant dependence of the servo
frequency on the peak frequency deviation of the 37.5-
cps modulation for the case when components at the
second harmonic frequency of 75 cps are present in the
modulating signal at too high alevel. The situation, with
respect to second-harmonic shifts, is complicated by the
fact that the amount of frequency error produced will
in general depend on the phase as well as the amplitude
of the 75-cps component. Although second-harmonic
components may arise from several different sources in
the system, the most likely origin is in distortion of the
37.5-cps modulating signal. The servo circuits do not
permit the fundamental peak frequency deviation to be
changed without simultaneously affecting the second
harmonic frequency deviation; consequently, according
to theory, the resultant frequency shift would be ex-
pected to depend on the setting of the peak frequency
deviation control. Assuming this mechanism to be of
major importance, an attenuating filter network tuned
to the second harmonic frequency was inserted in the
system between the oscillator that modulates the vari-
cap and the phase modulator. The experiment was then
rerun with the results shown in Fig. 13. The correlation
coefficient for this data is only 0.15 so that the correla-
tion with the second-harmonic filter is no longer signifi-
cantly different from zero.

Figs. 14 and 15 show a similar effect with respect to
dependence of the frequency on the relative phase of the
37.5-cps component from the beam detector. Again in
this case the frequency dependence is significantly re-
duced by the second-harmonic filter, although certainly
not eliminated completely. The » value of 0.50 for the
measurements with the filter would result from chance
in less than 0.2 per cent of similar cases. With reasonable
assumption about the phase of the second harmonic,
calculation shows that a second-harmonic distortion of
0.2 per cent would be sufficient to produce the depend-
ence observed. The normal measurement procedure
with the servo system in which the phase shifter is ad-
justed for maximum observed signal insures that any
frequency error produced will not be very large, al-
though it will also almost certainly not equal zero.

If second-harmonic distortion of the modulating
audio signal is present due to distortion in the oscillator,
then one might also expect resultant frequency shifts to
depend on the modulation frequency. This effect with
the filter out and in is shown in Figs. 16 and 17, respec-

tively. The effect of the filter is not as pronounced in this
case as for the other parameters. The r value of 0.19 for
the data with filter has a reasonable expectation (26 per
cent) of being exceeded as a result of random sampling
from an uncorrelated population. ‘

The determination of an over-all internal estimate
of accuracy for the servo system based on the data dis-
cussed is made difhcult by the uncertainties associated
with the interpretation of the correlation results. From a
general consideration of Figs. 6-17, however, it would
seem unlikely that errors of more than a few partsin 10'2
should arise due to the servo system parameters. As-
suming a measurement precision of 1X10-!? (typical of
1-hour averages) and combining the various estimates of
error as we did for the manual case, the internal estimate
of accuracy for servo measurements is about 6 X10~12, It
should be noted that for measurement times of 1 hour or
longer the precision of measurement makes an insignifi-
cant contribution to the accuracy estimate.

Two methods are available with the NBS systems for
obtaining an external estimate of any inaccuracies due to
the servo system parameters alone. First, careful com-
parisons have been made of the measured frequencies of
a stable source as determined by both the manual and
servo methods. The measured discrepancy is (0+3)
X 10712, Second, the difference between two independent
servo systems of similar design has been measured (us-
ing second-harmonic filters in both systems) and found
to be (44 3) X 10712 In both of these methods errors due
to C-field uncertainties and phase difference in the
resonant cavity do not enter in since they will be the
same for all measurements. These latter comparisons
then appear to substantiate the earlier conclusion that
any additional contributions to inaccuracy above those
present in the manual technique are less than a few
parts in 10'%

Since the accuracy figure for the manual case has been
conservatively estimated to be about 1.1 X10-1! how-
ever, the small additional contribution from the servo
parameters is relatively insignificant and for all prac-
tical purposes the two methods of measurement may be
assumed to be equally accurate.

CONCLUSION

Based on several years experience, both the manual
and servo measurement systems have proved highly
dependable. Careful analysis of both systems has
shown that the very significant advantages of the servo-
type measurements in terms of convenience of operation
and precision of measurement can be utilized with no
significant sacrifice of accuracy. In view of the demon-
strated frequency shifts that may occur under certain
operating conditions of the servo system, however, it is
recommended that any such system to be used with a
primary frequency standard should be thoroughly
evaluated before being put to routine use, and that
periodic comparisons with manual measurements should
continue after the system is in regular operation.

85-238

463-560 O - 72 - 7



Some Causes of Resonant Frequency Shifts in Atomic Beam Machines.
I. Shifts Due to Other Frequencies of Excitation

Jon H. SHIRLEY
National Bureau of Standards, Radio Standards Laboratory, Boulder Laboratories, Boulder, Colorado
(Received 27 August 1962)

The quantum theory of an atomic beam machine is set up in matrix form. A new method is then used to
derive the Bloch-Siegert shift in the resonance. The results are extended to the case of Ramsey-type excita-
tion. Finally the Bloch-Siegert shift is computed for the present atomic beam frequency standards and found

to be well below the accuracy of measurement.

1. INTRODUCTION

N the analysis of line shapes to be expected from
atomic beam resonance experiments it has been
customary to assume a special form for the matrix of
the interaction which makes the resulting equations
easy to solve [reference 1, Eq. V, 2]. These equations
lead to expressions for the line shape agreeing with
experiment. The effects of including other terms in the
actual interaction have been discussed by Bloch and
Siegert,? Stevenson,® and others,* and summarized in
Ramsey’s book.! In the case of magnetic resonance the
usual approximation corresponds to a rotating (circu-
larly polarized) excitation field, although oscillating
(linearly polarized) fields are used in experiments. The
effect of the antirotating component of an oscillating
field has been found to be a normally negligible shift in
the resonance frequency. A similar shift would be ex-
pected in observing the resonance in cesium used as a
standard of frequency. Because of the high accuracy to
which this frequency can be determined, the present
calculations were undertaken to determine this shift
quantitatively for the cesium beam machine now used
as the U. S. standard of frequency.

Although the analytical results here reported have
been obtained by others, the methods are somewhat dif-
ferent from those in the literature. In Sec. 2 the approxi-
mate equations for the state amplitudes are obtained
from the exact ones by a simple, but general, method.
A concise, but readily interpretable notation is used.
The Rabi line shape is obtained quickly from these
equations. Section 3 outlines a general method for
treating rapidly oscillating perturbations and applies
it to the equations of Sec. 2. This method is shorter than
that of Bloch and Siegert,? but about comparable to the
method of Stevenson?® in labor required. Another method
is indicated in the Appendix. The first-order solution
for the amplitude is given in full. Section 4 derives the
Ramsey line shape for separated oscillating fields,
showing what happens to shifts present in the Rabi
line shape. The physical situation treated corresponds

IN. F. Ramsey, Molecular Beams (Oxford University Press,
London, 1956).

2 F. Bloch and A. Siegert, Phys. Rev. 57, 522 (1940).

3 A, F. Stevenson, Phys. Rev. 58, 1061 (1940).

+8S. Autler and C. H. Townes, Phys. Rev. 100, 703 (1935).

more closely to the experimental case than that treated
by Ramsey® but is no more difficult to work out.
Finally, the resonant frequency shifts due to the anti-
rotating field are evaluated numerically for the two
cesium beam standards at the National Bureau of
Standards.

2. THE RABI LINE SHAPE

Consider a quantum-mechanical system having two
states of energies F; and Es,. Let a,, a2 be the respective
probability amplitudes that the system is in one of
these states. Let an oscillatory perturbation propor-
tional to cosw? be applied to the system from time #; to
time £+ 7. Call the matrix elements of the perturbation
connecting the two states 2¢c and the diagonal elements
2d and 2f. Assume that the matrix elements to any
other states are zero. The Hamiltonian of the system

is then:
E1 0 Zd ZC
H= ( )+( ) coswi.
0 E, 2 2f

Since factors of the form e™* in the amplitudes have
no effect on the probabilities it is convenient to factor
them out ahead of time so they do not clutter our
equations later on. We define new probability ampli-
tudes a=g,e', B=aqse'**. Using these as a basis the
Hamiltonian becomes®:

E1—/.¢ 0 d
( (.-
0 Ey—v ce it

By choosing u—v=w part of the perturbation matrix
becomes time-independent. By choosing u+v=E+E,
the time-independent part of the Hamiltonian H,
becomes traceless, and hence has eigenvalues £ p. The
remaining time-dependent part of the Hamiltonian
H, is treated as a perturbation. Substituting
p=3(E:+E;+w) and y=1(E;+E:—w) and the ab-

Cei(p—y)t
)(eiwt_l_e—iwt).
f

§N. F. Ramsey, Phys. Rev. 100, 1191 (1955). Compare also
N. F. Ramsey, “Shapes of Molecular Beam Resonances,” in
Recent Research in Molecuiar Beams, edited by I. Estermann
(Academic Press Inc., New York, 1959), pp. 115-117.

¢ To avoid unnecessary letters in the equations, =1 throughout
this report, Thus energy and frequency have the same dimensions,
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breviations we=F1— Es, A= (w—wq)/2:
—-A ¢
H0= ’ >7
c A

2d coswt
ne(

Cei2wt
ce~2et  2f COSwt>
Note that Hy contains part of the effects of the pertur-
bation, in fact the major part. For w>>c the effect of Hq
is very small. Neglecting H, is equivalent to the so-
called rotating field approximation.” However, the
present formulation is independent of whether or not
the concept of a rotating excitation field has any physi-
cal meaning.
Neglecting H, the solution of the Schrédinger equa-
tion is
\I’(t) = g~ THo(t— O\ (lo)
where

e Hot—t) = cosp(t—to)1— (i/p) sinp(t—to)Ho.

If at t=1; the system is in the state 1, a(fs)=1 and
B(1,)=0. Then the solution is:

A
cosp (i—fo)+i—sinp(i—1ty)
?

(] 1
-Qreere(y
8 0 ¢

—i— sinp (IJ/'— t())
p

Note that o and B oscillate with frequency p. The
probability that a transition has occurred by the time
tr is |B8)2=(/p?) sin?pr. From det Ho we find
p*=c?+ A% Hence,

2

sin?(c?4-A?)%r
B sin® (2¢)24 (w—wo)? P}(7/2)
14 (w—w0)?/ (2¢)?

the usual formula for the Rabi line shape [reference 1,
Eq. V. 10]. For appreciable transition probability
A=order of ¢, so w>>p; i.e., H; oscillates rapidly com-
pared to the solution neglecting it. Its effect on «,8
should be slight when averaged over a few cycles of wl.

|8]2=

CZ+A2

3. EFFECT OF RAPIDLY VARYING PERTURBATION

The inclusion of H; in the Schrdinger equation has
two effects. One is the production of a Fourier series in
wt. The rapidly oscillating terms are not observed ex-
perimentally and they average to zero. The second effect
is a change in the frequency of the unperturbed solution
from p to g=p(1+\). This effect is important, as it
may result in a shift of the maximum of the resonance

__TFor a spin § particle in a rotating magnetic field, H, here is
identical with 3¢’ in H. Salwen, Phys. Rev. 99, 1274 (1955).

line shape. This form of solution is suggested by
Floquet’s theorem?® for second-order differential equa-
tions with periodic coefficients such as are satisfied by
a, B8, where ig corresponds to the characteristic exponent.

To determine an approximate solution when H, is
included, we use an iteration method similar to ordinary
perturbation theory, but modified to permit the shift
from p to ¢ in the slowly varying part of the solution.
We write the Schrodinger equation as

i(d/di)¥ = Ho(14-\T+ (H,— \H o)W

and take the second half to be of smaller order. Write
‘I’=‘I’o+‘1’1+\1’2+ P Elnd )\=>\2+>\3+ P Sub—
stitute and equate parts of the equation of the same
order (order equals the sum of subscripts in any one
term)

i(d/dt)¥1=Ho(1+N¥1+H ¥,

d n—2
i;\p,,zHo(1+>\)\1/,,+H1\1/n~l—z AnrHo¥,.
¢

r=0

Since H, is independent of ¢, the formal solution for a
first-order linear equation can be used for these matrix
equations, Let

U(r)=e o0+ 7= cosgrl— (i/p) singrH,.
Then at ty+7:
\I’0= U(T)‘I’ (t()),

¥,= ""lU(T)/ U_l(l)ZIl‘I/()(l"l‘to)dt,
0

m:—iU(T)/T U-1(f)
[

n—2
X[H]‘I’n—l(l+t0)—z )\n_,HO\I/r(t—*—t())]dl.

r=0

The \; are chosen such that no secular terms (terms
proportional to {) appear upon integration. Thus ¢ is
initially undetermined, but becomes determined to
higher orders as the iteration progresses. The integration
of H¥ywhere H, is purely oscillatory leads to no secular
terms, so A\;=0, The concept of changing a dominant
frequency to eliminate secular terms is essentially the
same as that used in Lindstedt’s method for finding
periodic solutions of nonlinear differential equations.
In our case where H oscillates with frequency «w>>p
and magnitude ¢, the integration of H ¥, will result in
a factor ¢/w in ¥y, thus making it small. However, H ¥,
contains terms in which the oscillatory factors have
cancelled and upon integration yield a factor ¢/¢ which
is not small. Thus to obtain all terms in the solution of
8 E. T. Whittaker and G. N. Watson, A4 Course of Modern

Analysis (Cambridge University Press, New York, 1927), 4th
ed., p. 412.
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order ¢/w part of ¥, must be computed. This peculiarity
of the iteration procedure arises from the fact that we
have equated orders in a differential equation and the
orders of terms change upon integration. However,
this does not invalidate the iteration procedure for no
more ¢/w terms occur beyond ¥,. In general, ¥,, is of
order (¢/w)® and higher. The same phenomenon occurs
in the iteration procedure used by Bloch and Siegert,
disguised by the algebra.

As an example we compute the lowest-order effects
of two simple Hy’s. To first order the effects of several
such perturbations combine linearly, so it is only neces-
sary to consider one at a time. Consider

and

Fi(rHto) = — U ()| U-1(0)

t+i

This is a generalization of the H, of Sec. 2, which allows
us to consider perturbations at other frequencies.
Let

ao(7)=cosqr+1A/p singr, Bo(r)= —ic/p singr.
Then
, ar —f
U(T) = e“'lHO(l'f‘x) T ( >,
Bo &
U@)=1,
where the bar denotes complex conjugate.
a(7) 1
‘I’o(T+lo) = ( ) fOl‘ ‘I’(to) = ( ).
o(7 0

The exact integration of the equation for ¥, is tedious
and yields terms of all orders. However, we can easily
integrate by parts such that the remaining integral is of
higher order and is neglected.

T b2
Hl(t’)dt’\I/o(t—I—to):I +o(—),
0 &

— b T
0 —i%(+to)
1.9 (¢ 1)) (t)
= —iU(n)| U(@) ( )
— p—if(t+e0) 0 ﬁO(t)
L —iQ R
—giacrti0gy(r)
=U(r)U(r) —U(r) b )

—g—i9(rH) gy (1)

_e—iﬂto

b
(@ ()

b
_[e—iﬂ(ﬁto)ao (.,.) — e—intoao (.,.)]
Q

We now seek the lowest-order parts of ¥,,

B
E[ao (H—eao(?)]
H,(t+1)= "
(e

We forget the exponential terms as they contribute only

to higher orders upon integration

b2 2 2
U_1H1\I/1=___(la0| lﬁol )

Q\ aoffo—aeBo
Az ¢
——+— cos2gt
b2 P2 PZ
el Ac Ac ic

——+—cos2gt+—sin2qgt
I ?
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The constant terms yield unwanted secular terms upon
integration. Therefore, we choose A, such that

A2
®|
‘S—z A - U'—l)\zHo\I’o'—' 0.
C
3

U commutes with H,, hence

U-Y () Ho¥o(t) = Ho¥ (o) = (_A)-
c
Then

Ao=—B2A/Qp2.

After some more work

¥a(r-+0)= /99 oo

To first order the complete solution is

l’ b ‘ b
ao— _(etﬂremloﬁo_ e—lﬂtoﬂo) _I,__ﬁo
Q Qp?
Y= )
b ‘ bA
Bot+—(e7 ¥ ag—ay)e~ %+ —8,
Q Qp?

and

g=p— (b°A/0p).

In the physical situation of an atomic beam machine
the observed transition probability includes molecules
entering the radiation field region at all initial times #,
so that an average must be performed over f (or
equivalently over the phase of radiation seen by enter-
ing atoms). This averaging eliminates the contributions
of ¥, to ¥. The resultant ¥ can be written

c
ao——Afo
<\I’>tnaverage = A + 0 ()\2) .
60—')\60

Actually the probabilities rather than amplitudes
should be averaged, but the error is of second order.
The transition probability is now

|812=| — (ic/p) (1—N) singr |?= (¢/¢%) sin’qt

to first order. To this order the effect of H, has been to
replace p by ¢. The central maximum of |B,|2 as a
function of A occurs where dg/dA=0. Remembering
that p depends on A

dq/dA= (A/p)~— (B?/Qp)+ (B°A2/Qp?).
Neglecting the last term the maximum is at

Area=0%/Q0.

The Bloch-Siegert shift is obtained by setting b=c,
Q=2w:
Wres— Wo= %/ w.

For the case of an additional perturbation at frequency
w; with amplitude b:

Q=w—w1, Wres— W= 2b2/(w0—w1),

in agreement with Ramsey [reference 1, Eq. V. 17].
Note that if w, is a sideband caused by frequency modu-
lation of w, its effect is exactly canceled by the corre-
sponding sideband on the other side of the carrier, pro-
vided the power spectrum is symmetric.

Next we look for a shift due to

d 0
H1=< )2 coswi.
0 f

Such diagonal elements of the perturbation matrix are
usually assumed to be zero. However, this is not the
case for ¢(Am=0) transitions induced by an oscillating
field parallel to the constant magnetic field. For then
the Hamiltonian is

( E,  jugH 2>
%I‘gH z E, ’

H,=H_ +H, coswt.

where

But the transitions observed are not between the zero
field levels E;, E», but between the levels with H,
diagonal. Diagonalizing the time independent part of
the Hamiltonian and then performing the phase factor-

ing as in Sec. 2 gives
Ce2iwt )
—2b coswt

—A ¢ 2b coswt
n=(
¢ A Ce—2iwt
wo=[(E1— E2)*+u?g?H 2]},

where
A= (w—wo)/Z,
¢= (Eg— Ex)ugH,/4wo,
b=ugH gt ./ 405.

In actual practice d<c.
Returning to the d and f case we again approximate
the integration finding

Wi (to+7)

2 d[ sinwr coswtet (coswr—1) sinwty Jo (7)
i

d .
w f[sinw-r coswlyt- (cosa;-r—}) sinwto]ﬁo ()

Averaged over £, ¥, vanishes.
d*(sinw! — sinwty) coswiayg

HVY,=—— d .
w f2<sinwt—}sinwto) coswtﬂo
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Integration of this gives no secular terms and
Vy=0d?/u?.

So A\e=0 and thus H, is seen to have no effect other
than small high frequency oscillations.

Variations of this method are possible, such as trans-
forming to a representation in which H, is diagonal.
The latter makes the integrations easier, but the trans-
formation must be inverted at the end of the
computation.

4. EFFECT ON RAMSEY LINE SHAPE

The preceding derivations apply to the single oscil-
lating field method of atomic beam spectroscopy. The
first-order effect is equivalent to replacing A by
A'=A—38w/2, where dw is the Rabi resonance frequency
minus the Bohr frequency. We can easily use this solu-
tion to determine the shift observed with the separated
oscillating field method of Ramsey. Let primes denote
that A has been replaced by A’ wherever it appears.
Within each oscillating field region of length l=v7, ¥ is
transformed by

wo-(* )

B’ @&’

In the distance L=vT between the two oscillating field
regions, b=c¢=08w=0 and U becomes simply

eiaT 0
V(T)=( 0 e"'”)'

Then for an atom traversing the entire apparatus, we
have

Y (r+T+r+10)=U' @V (T)U' (+)¥ (L),
( aorgeiAT_‘_Borze—-iAT )

ao'Bo e AT +ay' By e AT

()

The transition probability is:
|8]2= (4¢%/®) sinqr[cosgr cosAT

— (A’/p") singr sinAT 2
Near the center of the Ramsey pattern A<<c so g=p"~¢

|8|2=sin?2cr[[cosAT— (A’ /c) tancr sinAT 2,
d|B1*/dA= (sin?2¢7)2[ cosAT— (A’/c) tancr sinAT ]
X[—T sinAT— (1/¢) tancr sinAT
— (A'T/c) tancr cosAT].

For the central maximum we set the last factor equal
to zero:

tanAT
(1
T

for

tancr A’
)= —— tancr
cT cT
dw
= —— tancr+— tancr.
cT 2¢T

For appreciable probability of transition 2¢cr=w/2.
Also L>! or T>>7, hence ¢I>>1. For small shifts
(dw<kc) AT« and the left side becomes just A. With
these simplifying assumptions the shift in the peak of
the Ramsey pattern is:

tancr
Wres—Wo= —dw.
cr L

Unlike the shift of the Rabi peak, the shift of the
Ramsey peak depends on the velocity of the atom.
However, for optimum value of ¢ and the most probable
velocities, the velocity dependent factor is about 1.2
and not strongly dependent on velocity, so about this
value can be expected if a velocity average were per-
formed. This derivation also holds for any other cause
of a shift in the Rabi peak, such as that caused by
matrix elements to other far away states, as long as the
cause is effective only in the oscillating field regions
and does not make the line asymmetric.

5. BLOCH-SIEGERT SHIFT FOR THE CESIUM
BEAM FREQUENCY STANDARD

As a numerical example the Bloch-Siegert shift is
estimated for the two cesium beam frequency standards
currently operated at the National Bureau of Standards.
There are actually sixteen hyperfine structure lines in
cesium, However, in the frequency standards the oscil-
lating field is parallel to the C field, which provides the
Zeeman splitting. Under these conditions only the o
transitions are excited. All matrix elements between
states with different m values vanish.! For each pair
of states with the same m value the two-state analysis
of this paper is valid. The observed spectrum is just
the superposition of the seven lines for the seven pos-
sible o transitions. In practice these lines are well
separated by the order of one hundred times the
Ramsey linewidth. As long as they are symmetrical
about the center line, which is used as the standard,
these other lines should not affect the position of the
standard frequency resonance.

The Bloch-Siegert shift in the Rabi line is from
Sec. 3, dw=c?/we. The fractional shift in the Ramsey
peak is then:

F.S.= (wree—w0)/wo= (tancr/ct) (I/ L) (¢&/we?).

Assuming the optimum value of ¢ we have from
(reference 1, Eqgs. V. 42, 42a7:

2¢l/a=0.600x

and the linewidth
Av=0.65a/L.

Combining
¢=0.300ma/I=1.45(L/l)Av

% H. C. Torrey, Phys. Rev. 59, 293 (1940), Sec. II.
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and
¢r=0.300ma/v=0.725

1 f1ASLAVN? | LysAv\?
FS.= 1.22—(————) =0.065——(—> .
LN\ 27y, I\ »p
In this form we can use the experimental linewidths

and need not compute ¢. For both machines I=1 ¢m,
vo=9.2X10° cps. For NBS I:

L=55cm,
Ay=300 cps,
F.5.=3.8X10-15,
For NBS II:
L=164 cm,
Ay=120 cps,
F.S.=1.8X10"1.

These figures are to be compared with the present accu-
racy of measuring the cesium resonance frequency of
1.7Xx10- 1120

APPENDIX

Another, less general method for obtaining the solu-
tion to the Bloch-Siegert problem is one which requires
deducing the form of the solution, and then solving for
some undetermined coefficients. The equations are
(cf. Sec. 3)

id=— Aa+cB+bei®,

iB= AB+ca+be=i%a,

and the initial conditions a(f)=1, 8(#)=0. Letting the
subscript “0”’ represent the functions in Sec. 3 with
argument -1y, they s#tisfy:

ido= (— AaotcBo) (14+N),
iBo= (cas+ABy) (141).

We wish to add to g, 8o terms with small coefficients
which make the equations satisfied except for small
terms. We note that when a function such as Ae™«(f)
is differentiated, the result contains a term with a
factor Q, that is, a term with a larger order coefficient.
Thus, to generate be‘®8 when « is differentiated, let us
add to ap a term Aei%B3y. The derivative of this times
1 gives A[—QBo+ (caot+ABo) (14))]e’*. Neglecting ¢

© R, C. Mockler, R. E. Beehler, and C. S. Snider, IRE Trans.
Instrumentation I-9, 120 (1960).

and A compared to @ we see that if A=—5/Q, we
obtain be**8,+smaller terms. Since B=gy+smaller
terms, we have thus satisfied the equation for « to
lowest order.

However, we have several small terms left over.
Those containing factors e+™¥ can be canceled by intro-
ducing terms of higher order. But the terms without
this factor must be canceled by introducing similar
terms with small coefficients into the approximate ex-
pressions for @ and 8. Thus we could add B, to a and
perhaps adjust B to cancel the other terms. We cannot
add Ceap, because this would violate the initial
conditions.

After mulling over such considerations we are led to
a trial solution in the form:

a=a,+ 4B+ BBy,

B=60+C(aoe‘m‘——aoe‘m‘°)+D60,
where 4, B, C, D are undetermined coefficients of order
b/Q and the initial conditions are satisfied. We substi-
tute these expressions into the differential equations
and equate the coefficients of terms of each order and
functional type. In the a equation equating zero-order
coefficients of Boe'? gives —QA=5b or A=—b/Q as
noted previously. In the 8 equation from terms aoe'%
we find similarly QC=5% or C=b/Q. Now equating the
first-order coefficients of ap and B¢ in the two equations

we obtain
— AN+ Be=5bC—cCe 0,

cA+BA=—AB+cD,
A+ ACe 0% D= — ACe™ 8%,
AN—cCem14AD=Ab+Bc+AD.

All told we have six equations in five unknown. How-
ever, these equations are consistent, with solutions:

A=—HA/Qp?,
B=(c/Q) (8%/ %) — (b/Q)ei%o,
D= (ABR/Qp?) — (2Ab/cQ)ei%,

and

These values give the same solution as in Sec. 3. Note
that the first-order coefficients of aee**® etc., do not
cancel. This method, like the others, can be carried to
higher order only with greatly increased labor as more
undetermined coefficients must be inserted and more
cross terms appear in the expansion.
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Some Causes of Resonant Frequency Shifts in Atomic Beam Machines. II. The
Effect of Slow Frequency Modulation on the Ramsey Line Shape

Jon H. SHIRLEY
Radio Standards Laboratory, Boulder Laboratories, National Bureau of Standards, Boulder, Colorado
(Received 27 August 1962)

The effect of slow frequency modulation of the exciting radiation on the Ramsey line shape observed in
an atomic beam experiment is formulated theoretically. It is shown that the presence of second harmonic
in the modulation can introduce measurable frequency shifts, whether observed directly or with a servo

system.

1. INTRODUCTION

N attempting to build a clock based on the cesium
resonance frequency, a servo system is often used
to lock a crystal oscillator to the peak of the Ramsey
line shape. The exciting radiation is frequency modu-
lated at a slow rate, such that the instantaneous fre-
quency sweeps across the center of the Ramsey line.
The detector output then contains a component at the
modulation frequency which vanishes when the excita-
tion frequency coincides with a maximum (or minimum)
of the Ramsey pattern.

A closer analysis of this situation shows that the
concept of sweeping the excitation frequency across the
line shape is physically erroneous unless the rate of
sweep is extremely slow. If the frequency changes
slightly during the time an atom is between the two
oscillating field regions, the atom sees a phase shift
upon entering the second oscillating field region. Such
phase shifts produce quite different line shapes.! As the
apparent phase shift oscillates with the modulation, the
line shape oscillates among its various forms for the
corresponding phase shifts. For sinusoidal modulation
the line shape has a time dependence which is readily
Fourier analyzed into components at multiples of the
modulation frequency. The servo system looks only at
the fundamental component of this series, adjusting
the excitation frequency to minimize the amplitude of
this component. Calculations indicate that this com-
ponent vanishes at the Bohr frequency in the case of
pure sinusoidal modulation, However, if harmonics are
present in the modulation, the fundamental component
may vanish at a slightly different frequency.

An approximate analysis is carried out to determine
the effect on the Ramsey line shape of a slow, but other-
wise arbitrary phase modulation. The results are applied
to pure sine-wave modulation and then to modulation
including a small amount of second harmonic.

2. ANALYSIS FOR ARBITRARY PHASE
DEPENDENCE

The derivation of the line shape for unmodulated
excitation has been discussed in a previous paper.?

IN. F. Ramsey, Molecular Beams (Oxford University Press,
New York, 1956), p. 131.
2 J. H. Shirley, J. Appl. Phys. 34, 783 (1963), preceding article,

Reference should be made to Sec. 2 of that paper for the
formulation and notation used. In the derivation of the
Rabi line shape let us replace coswt by cos[wi+¢(#)].
Carrying out the same procedure as in reference 2 we
find the same expression for H,, except that A has been
replaced by

A =[wt+é(H)—wol/2.

This depends on time, but we now make the assumption
that the change in ¢ during the oscillating field region
transit time r is negligible compared with the Rabi
linewidth. (In a typical case A¢/¢ is the order of 10~*
to 1075.) In the oscillating field regions we then treat
¢ as constant, that is, ¢(fo+7) = (o).

For Ramsey excitation we take the time dependence
of ¢ into full account in the interim between the two
oscillating field regions. In the first oscillating field
region we use in the U matrix

A= A+%d’ (t0)7

Ay=A+3¢(to+T).

In between, AT is replaced by AT--38¢, where
d¢p=¢{ly+T)—¢(lo) is the apparent phase shift for an
atom entering at time #y and traversing the apparatus
in time 7. Combining the transformation matrices as
in Sec. 4 of reference 2 the transition amplitude of the
Ramsey pattern becomes

B= et AT+13)0(A1)Bo(Ag)+ €~ ATHEDB, (A1) g (As).

Written out in full this expression becomes somewhat
unwieldy. Over the central peak of the Ramsey pattern,
however, A<c whenever <<T or IKKL. To first order
in A and ¢
|8]2=1 sin?2¢cr{1+[cos2AT—2(A/c) sin2AT tancr ]

X cosdp—[sin2AT+2(A/c) cos2AT tancr ]

Xsindp— (¢! sin2AT tancr)éw cosdd

— (¢! cos2AT tancr)dw sinde},

where dw=13[¢(l0)+{t+T)]. Note that unless ¢*
terms are included the transition probability depends
on ¢ only through the apparent phase shift é¢ and the
average frequency deviation éw. These depend on par-
ticle velocities through 7, and on laboratory time

through ¢,.
If we observe the line shape over an extended period

in the second,
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of time, we see |8|? averaged over the entrance times
of the atoms f,. Let angular parentheses denote an
average over {o. The peak of the Ramsey pattern oc-
curs at A, the root of (d/dA)|B|2=0. To the same
approximation that |8]2? was written

tan2A,es T
(sindgp)+[2(Ares/c)(co83p)+c " (bw cosdg) ] tancr
{cosdp) —[2(Ares/c) sindp+cKbw sindg) ] tancr )

If (sind¢) and {sw cosd¢p) both vanish, Ares=0 and there
is no shift. If (sind¢)><0, we have, neglecting terms of
order 1/¢cT=0(/L),

tan2A,eT= — (sind¢)/(cosdo),
or for a small shift:
wres—wy=— T ((sind¢)/ (cosdp)).

3. SIMPLE FREQUENCY MODULATION

Let us now consider the ideal case of pure sine-wave
modulation

o= (b1/wn) cos(wni+581).
Then

Sp=—2(b1/wn) sin GwnT)
Xsin(wmfotEwnT+81) =8¢ sinW,
dw=— b] COs (%me) sin (wmto—l" ‘%me+51) = 50)1 sinWl.

We expand sindg and cosée in Fourier series in W, ob-
taining Bessel functions with argument é&¢, as
coefficients?:

sindgp=2J 1 sinW142J 5 sin3W+ - - -,
cosdp=Jo+ 27T, sin2W 42T 4 sindW+- - -.

Now (sinnWi)=0, so (sind¢p)= (dw cosdg)=0 and no
shift in the peak of the average line shape is expected.

We can go further and write out the Fourier expan-
sion of |8]2:

A
18|2=1% sin22cr[ |:1+J0<c052AT— 2— sin2AT tanm')
¢

50)1 A
—Jl—]+[—2jl<sin2AT+ 2— cos2AT tancr)
¢ 4

50)1
—Jo—sin2AT tanu:l sinly
¢

5(.01
+|: —Jo— sin2AT tanc-r:l cosW
c

A
+|:2J2<c052AT-— 2— sin2AT tancr)] sin2W,

c

5(.01
+[(]1—]3)— cos2AT tancr] cos2Wi+- - -. }
c

3 See, for example, Harold S. Black, Modulation Theory (D. Van
Nostrand Company, Inc., Princeton, New Jersey, 1953), p. 188,
or any work on Bessel functions.

We see that the constant term and the coefficients of
even harmonics are even functions of A. They have
maxima (or minima) at A=0. The coefficients of the
odd harmonics are odd functions of A, vanishing at
A=0. Thus a servo system which looks at the first
harmonic and adjusts A to minimize the amplitude,
seeks the desired resonance frequency. This is also true
for modulation at several incommensurable frequencies,
since they do not interfere with each other. For com-
mensurable frequencies the situation is different.

4. EFFECT OF SECOND HARMONIC IN
THE MODULATION

We take
o= (by/wn) c0s(wmi+81)+ (b2/2wm) c08(2wmt+82)

and use the abbreviated notation
d¢p=">0¢, sinlW 14862 sinl¥s,
b= 6w, SinWW 148w sinWs,
where
S¢r=—2(br/kwn) sin(tkwnT),
Swi=— by, cos(3kw.T),

and
Wi= (kwmbot SkwnT+6k).

For simplicity we consider §¢»<<1, with é¢; arbitrary
and keep only first-order terms in 8¢s.

sind¢p=2J1 sinW 1+ 2J ;3 sin3W,
‘—54)2]2 Sil’l (2W1—W2)—5¢2J0 sinW2~ * Ty
cosép=Jo+2J 2 cos2W— oS 1 cos(W1— W)
“-5¢2J3 COS(3W1—W2)+ L
The argument of all Bessel functions is é¢.
(sm8¢) = 5452]2 sin (261— 52) # 0,

so a shift in the peak of the time-average line shape is
expected, and will be approximately given by

tan2A,esT= 5¢2 (]2/]1) sin (251—52).
Neglecting terms which will be of order ¢/L
|812=1 sin’cr (14-cos2AT cosdp—sin2AT sinde).

The first harmonic of the detector output is then pro-
portional to

5¢2[:J1 COS(WI— W2)+]3 COS(3W1- Wz)]
X cos2AT+2J, sinWy sin2AT.

The mechanics of the servo system involve filtering out
this frequency and feeding it into a phase detector. The
output of the phase detector is proportional to the time
average of the product of the input signal and a refer-
ence signal of the same frequency. Let the reference
signal be proportional to sin(W,4-6). Then the phase
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detector output is proportional to

5¢2[]1 sin (251"‘ 62+0) - Ja SiIl (251— 52'—0)]
X c0s2AT+2J, cosf sin2AT,

This is the correction signal to control the excitation
frequency. The servo adjusts the excitation frequency
so that the correction signal vanishes. This occurs when

tan2A;e ] = — %&ﬁz[ (1—- ]3/]1) sin(26;— 32)
+tanf(14T5/J;1) cos(28,—85)].

Thus the servo locks onto a frequency shifted from the
Bohr frequency. The magnitude of the shift is in general
different from the shift observed in the time-average
line shape. It depends on the magnitude and relative
phas - of the modulating frequencies, and on the phase
of the reference signal for the phase detector.

An analysis of the power spectrum of the modulated
signal considered in this section shows an asymmetry
proportional to sin(28,—3;). If the relative phases of
the modulating frequencies are such as to give a sym-
metric power spectrum and if the relative phase of the
reference signal vanishes, there will be no shift. On the
other hand, for 6=m/2, the shift can be sizeable (about
10—? for cesium), so that it is desirable to observe the
“in phase” component of the detector signal as well as
to have symmetric power spectra in order to keep the
shifts small. For d¢1=01, 8¢o=01072, §=0, T=010"2,

(wres—w0)/wo=2A/wy= 0 0¢2/2weT)= 01011

for cesium. This estimate shows that the shift due to
second harmonic in the modulation can be appreciable
unless the amplitude of the second hdrmonic is kept
very small. (Shifts due to the second harmonic have
been observed and the dependence on the amplitudes
and relative phases plotted by the National Company
in their research on cesium beam frequency standards.
Unfortunately they did not present their theoretical
work on the problem.)

The inclusion of higher harmonics only complicates
the analysis. However, the odd harmonics alone do not

4 Interim Development Report for Atomic Beam Frequency

Standard, 4-28-57 to 7-27-57, National Company, Inc., Malden,
Massachusetts (1957).

produce any shifts, The general formula for the shift is
always a sum of products of even and odd harmonics.

5. EFFECT OF VELOCITY DISTRIBUTION

In the preceding analysis no mention has been made
of the velocity distribution and, in fact, no attempt has
been made to average over velocities. We note that not
only tan2AT and sin%r depend on velocity, but also
d¢1 and 8¢, hence all Bessel functions, also dwy, dws, and
6 (to compensate for T dependence in W;). Ramsey’s
tables (reference 1, p. 423) do not include integrals of

the form
i x b
/ vyt sin(—)] ,.(a sin—)dy.
0 Y ¥

Qualitatively the results of this paper should not be
changed appreciably by a velocity. average from what
they are using a single median velocity. If more than a
rough value for the size of the shift were desired a nu-
merical averaging would have to be performed to find
a numerical magnitude for the shift. But because of the
velocity distribution it is impossible to eliminate the
shift simply by adjusting §=0 or 8¢, such that J,=Jj3,
since these could hold only for a single velocity. How-
ever, since the sign of the shift can reverse, there must
still exist conditions for which the shift seen by the
servo, or the shift in the time-average line shape (but
not both) vanishes. It would be difficult to compute
these conditions theoretically, especially since they will
depend sensitively on the power level of the excitation.
But it should be possible by trying for a symmetric
power spectrum and 80 to reduce the shift by one or
two orders of magnitude below the estimate made in
Sec. 4.

A change in excitation power level (¢?) changes the
velocity for which the transition probability is a maxi-
mum, hence changes the relative effectiveness of the
velocity components of the beam. Any velocity-
dependent shift such as the one found in Sec. 4 then
exhibits a marked and complex dependence on power
level, and it is difficult to separate such shifts according
to their causes.
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Abstraet

In recognition of the October 1964 declaration of the
International Committee of Weights and Measures that the
physical measurement of time be based on a particular transi-
tion between two hyperfine levels in the ground state of
cesium 133, a review of the characteristics of cesium beam
atomic frequency standards is presented. This article discusses
the general requirements for frequency and time standards,
advantages offered by the atomic standard as compared to
astronomical standards, various other atomic standards in
brief, the operating principles of cesium standards, measures
of performance, error sources in cesium standards, character-
istics of several standards in current operation, comparison of
cesium standards, and atomic time standards derived from
atomic frequency standards.

Introduction

The Twelfth General Conference of Weights and
Measures, in October 1964, authorized the Internation-
al Committee of Weights and Measures to designate
an atomic or molecular frequency to be used tempora-
rily for the physical measurement of time. The Inter-
national Commitee declared that the transition to be
used is that between the hyperfine levels F = 4,
mp =0 and F = 3, mr = 0 of the ground state 25/,
of the atom of cesium 133, unperturbed by external
fields, and that the value 9, 192, 631, 770 Hz is assig-
ned to the frequency of this transition.

A review of the characteristics of cesium beam
atomic frequency standards is therefore appropriate.
This article discusses the general requirements for
frequency and time standards, advantages offered by
the atomic standard as compared to astronomical
standards, various other atomic standards in brief,
the operating principles of cesium standards, measures
of performance, error sources in cesium standards,
characteristics of several standards in current opera-
tion, the comparison of cesium standards, and atomic
time standards derived from atomic frequency stand-
ards.

Requirements of Time Standards

The unit of the quantity time is the second. Before
this unit can be useful in measurement, we must give
a definition of it in order to specify its magnitude. The
definition is an abstraction. It specifies the idealized

concept which underlies the operational realization of
the unit. It remains to construct and operate the actual
physical apparatus which makes the idealized concept
observable. At this point practical variations from
ideality occur. We must then distinguish between the
ideal definition and the practical apparatus which
physically embodies the definition. The qualities of the
apparatus are the subject of greatest study, and in our
discussion we shall elect to call the apparatus the
“standard”. The term standard, then, will imply an
apparatus based on a particular idealized concept,
namely the definition.

It follows that the value provided by the standard
may approach the value intended by definition to a
greater or lesser degree. The degree to which any
prescribed observation of the standard approaches
the definition may be termed the accuracy of the
standard with respect to the definition, or simply
accuracy for short.

A standard of time is taken as a device which
generates an ordered, nearly continuous sequence of
states, or phases, which can be quantitatively identi-
fied and correlated by observation with events — in
short, a clock. In practice, clocks are often based on
phenomena which recur with almost uniform period.
The unit of time will then be proportional to the period
of the clock upon which its definition is based.

Since time is a basic quantity in the International
System of Units, its standard should satisfy certain
requirements deemed desirable for a standard of any
quantity.

Firstly, it must have continuity of operation,
because of the impossibility of “storing” the unit of
time as one ‘“‘stores”, say, the unit of mass. Only if the
unit is continuously generated and accumulated into
its multiples is it possible to measure an arbitrary
interval whenever desired. The only acceptable alter-
native to continuity is the ability to re-cstablish the
unit and its multiples whenever and wherever nceded.

Secondly, as time progresses, the standard must
generate a unit which retains constant size with
respect to other acceptable measures of time. Of
course, a determinable and predictable variability in
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the period of the standard is permissible if corrections
may be applied which lead to a constant unit.

Thirdly, accuracy of the standard should equal or
excel that of standards based on other possible defini-
tions.

Fourthly, the standard should be accessible to all
who need it. If it is not directly accessible, its proper-
ties must be made available by indirect means such as
calibration or broadcast.

Fifthly, the characteristic period of the standard
should be convenient with respect to the operations
which are to be performed on it. Time standards give
an observable phenomenon f (for example, angular
position or voltage) nearly of the form f(f)=f
(¢ + 2 wnjw) where ¢ is the time, w is the nominal
angular frequency of the standard, and = is an integer.
Necessary operations are averaging the period over
large values of n for precision, taking Fourier trans-
forms for large » for analysis of the standard, and
generating multiples and submultiples of the period
for measurement. It is convenient that w be large so
that these operations can be applied to conveniently
small intervals as judged by a time characteristic of
man’s work, such as his lifetime or the time in which
significant changes in techniques occur.

Finally, because of the need to locate events on a
continuous scale of time running from some arbitrary
origin and common to all observers, the standard
should also be capable of continuously accumulating
the units. This process will give what is often called
epoch. Epoch means the state, or phase, of the stand-
ard expressed in the measure of time, as referred to
some arbitrary initial state.

Astronomical and Atomie Time Standards

Up to now, time standards based upon the obser-
ved positions of celestial bodies undergoing known
or assumed motions have best satisfied the require-
ments discussed above. Two of the many possible
celestial “clocks” have major importance. These are
the rotation of the earth as manifested by the apparent
diurnal motion of the stars, and the orbital motion of
the earth, as manifested by the apparent orbital
motion of the sun. The apparent diurnal motion of the
sun, which also serves as an important clock, is a
combination of these phenomena.

The requirement of continuity of operation over
the whole interest span of mankind, and beyond, can
hardly be better satisfied than by these celestial
standards.

Successive refinements in astronomical knowledge
and techniques over the centuries have resulted in
closer and closer realization of a unit nearly constant
in time. One outstanding improvement was the
replacement of the mean solar second by the ephemeris
second as the accepted unit. The mean solar second,
both in concept and in practice, is subject to fluctua-
tions of the order of 1 part in 108 by comparison with
other acceptable standards. The ephemeris second is
constant in concept, and although there is no evi-
dence that the practical realization of it is other than
constant, unpredictable changes and aging effects
could occur.

Astronomical standards have always satisfied the
requirement of accuracy very well. The standard for
the ephemeris second is the observed motion of the

moon taken together with its theoretical relationship
to the observed motion of the sun. The accuracy of
this standard with respect to the definition is a few
parts in 10°.

The requirement of accessibility at any place on
earth and at any time is well satisfied by celestial
standards. As refinements have been made, however,
it has been necessary to rely on a few well equipped
observatories to make and reduce the observations
and to disseminate the results by appropriate means.

The characteristic period of the celestial standard,
presently the tropical year, is inconveniently long.
Observations over a few years are necessary to attain
precision comparable to the other factors which limit
accuracy. Observations over centuries are necessary
for an exhaustive understanding of the standard.
Interpolation by auxilliary clocks is necessary bet-
ween observations of the celestial standards.

Astronomical standards provide epoch extremely
well. Their continuous operation precludes any lapse
which would destroy the relationship of the present
epoch to the initial epoch. Their long characteristic
periods help avoid ambiguity of phase, even with
infrequent observation.

Atomic frequency standards are based upon the
frequency v corresponding to a transition between
two atomic states separated in energy by AE, accord-
ing to the Bohr relation

w=AE, (1)

where his Planck’s constant. Atomic standards have
been developed in the past decade to the point that
they satisfy the requirements of good time standards
to a degree competitive with astronomical standards.

Continuity of operation has been achieved for
intervals of several years. In case of failure, it is pos-
sible to re-establish the unit of time with confidence.

Constancy in the size of the unit based on an atomic
definition may be strongly presumed to hold by the
nature of atomic energy levels. They are subject to the
lJaws of quantum mechanics and electrodynamics,
which enjoy a validity and permanence equal to that
of the laws of dynamics underlying the astronomical
standards. In particular the levels are determined by
the interactions of relatively few elementary particles,
and are often amenable to detailed theoretical analy-
sis.

The greatest improvement of atomic standards
over astronomical standards has been in the accuracy
of the standard with respect to the definition. Accu-
racy of about 1 part in 10" is now typical, and further
improvement appears readily possible.

Atomic standards are widely accessible either by
construction or purchase. They represent a modest
investment in apparatus compared to that needed for
astronomical time determinations. Wide radio dissem-
ination of the output of a small number of good
atomic standards still remains economically desirable,
just as for astronomical standards.

The short characteristic period of the atomic
standard is an advantage. Averages over the many
cycles necessary to attain statistical precision of
measurement are possible in minutes, hours, or days.
For example, measurement precision of parts in 1013
are attainable for averaging times of 12 hours. For
this reason, atomic standards make their results
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available more promptly than astronomical standards.
Small time intervals down to the nanosecond region
are available directly from the standard because of its
high frequency without recourse to a separately
calibrated oscillator. Present engineering technology
has enabled electronic integration of the period of the
standard to provide large time intervals of typically
several years with negligible error.

Epoch for an atomic time standard may be ob-
tained by such electronic integration of periods. It is
a matter of engineering to attain adequate reliability
and redundancy. In case of failure of the period
integrating apparatus, a lapse in the resulting time
scale will occur. This lapse may be bridged by aux-
iliary standards, such as astronomical standards, but
with some loss of accuracy in relating past epochs to
present epochs. This loss of accuracy may be quite
acceptable however, for many applications.

Atomic standards thus offer equivalent or improv-
ed characteristics over astronomical standards for time
interval. Both the standards application and technolo-
gical applications outside the scope of this paper call
for the designation of an atomic unit of time interval
and a time scale derivable from jt. Other units of time
interval and other time scales remain important for
specialized applications. The ability to transform from
one system to another is all that is needed to realize
the advantages of all systems.

Various Atomic Frequency Standards

The cesium standard should be placed in perspec-
tive with respect to the various atomic frequency
standards. Only in the years subsequent to 1945 did it
appear technically feasible to try what had been recog-
nized as possible in principle for some time — to con-
trol the rate of a clock by a frequency characteristic
of an atom or molecule. I. I. RaBI in his 1945 Richt-
meyer Lecture before the American Physical Society
made the specific suggestion, according to HERSH-
BERGER and Norrtox (1948). The frequencies which
appeared most suitable were either those characteristic
of atomic hyperfine structure or molecular motions
such as inversion or rotation. The techniques of obser-
vation which developed were absorption at resonance
by the gas, the atomic beam method, the maser prin-
ciple and the optical-microwave double resonance
technique.

NH,; Absorption. HERSHBERGER and NoRTON
(1948) gave early results using microwave absorption
of the (J =3, K =3) inversion line of NH; at
23,870 MHz. Basically the technique uses a microwave
source, an absorption cell under low pressure to permit
well resolved spectral lines, and a detector arranged
to display absorption vs frequency. A practical NH,
device (Lyoxs, 1952) gave precision of about 2 parts
in 108 over a run of 8 days. The gas absorption tech-
nique is limited mainly by the wide spectral lines,
typically 100 kHz, produced by Doppler and colli-
sion broadening. For this reason, the method is now
obsolete for highly precise frequency standards.

Common Features. The remaining techniques of
observation all have essential general features in
common. Atoms are prepared in a pure state, the state
is arranged to have a long lifetime against deexcita-
tion, the atoms are stimulated by microwave radiation
to emit (or absorb) in a way free of first-order Doppler

effect, and the change of state is detected by conven-
ient means.

Cesium Beam. Atomic beam technigues as describ-
ed below have been successfully used for the magnetic
hyperfine transitions of Cs'3 at 9,192 MHz. EsSEN
and PArRry (1957) at the National Physical Labora-
tory in England first reported complete success in
using the Cs resonance to rate an oscillator on a rou-
tine basis. Since then, the development of cesium
beam standards has been intensive. Several other
national standards laboratories have reported results
including Canada, United States, and Switzerland
(see references).

National standards laboratories in four or five
other countries are constructing instruments. Accu-
racy has been refined to about 1 part in 10! as dis-
cussed below. The list of references is reasonably
complete for cesium standards and reflects the extent
of the development.

Thallium Beam. Successful thallium frequency
standards have been reported (Bowawomi, 1962;
BeeHLER and GrAzZE, 1963). The transition used is
between the two magnetic hyperfine levels in the
ground state, 2P, arising from the coupling of the
nuclear spin angular momentum and the electronic
angular momentum. The transition is designated as

F=0,mF=OZF:1,mF=O.

The frequency is 21,310,833,945. 9 = 0.2 Hz (BEEn-
LER and GLAzZE, 1965). In principle thallium offers
advantages over cesium in a lesser dependence of
transition frequency on magnetic field, greater
simplicity of the Zeeman spectrum, greater beam
signal intensity (since a greater fraction of all atoms
in the ground state is in the mp = 0 states used for the
standard frequency transition), and higher frequency
than cesium by a factor of two so that a given absolute
uncertainty in frequency measurement yields corre-
spondingly greater relative precision. Increased experi-
mental difficulties arise from greater difficulty of
deflection and detection. The major limitation on
accuracy appears to be phase shift of the rf radiation
between the two separated field regions, as discussed
below for cesium. Accuracy attained so far is com-
parable with the accuracy attained for cesium.

NH, Maser. The first maser used a beam of NH,
molecules prepared in the upper inversion state of the
J =3, K =3 rotational state by a quadrupolar
electrostatic focuser, which focuses molecules in the
upper state and defocuses those in the lower state.
(Gorpow, ZEIGER, and TowwEes, 1954; Basov and
ProruoRrOV, 1955). The beam traverses a microwave
resonator, in which the molecules are stimulated to
emit by the existing microwave field. In the steady
state the radiation emitted maintains a stored radia-
tion field to stimulate further emission and supplies
internal losses of the resonator and external loads.
Many subsequent refinements have been developed.
Nevertheless, the accuracy of the NH,; beam maser
has not proved as great as the accuracy of the cesium
beam and the hydrogen maser, yet to be discussed.
The reasons concern a complicated dependence of
frequency on experimental conditions, partly associ-
ated with the unresolved structure of the inversion
resonance line.
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Hydrogen Maser. The hydrogen maser (GOLDEN-
BERG, KLEPPNER, and RamsEY, 1960) uses the transi-
tion

F=1mp=0->F=0,mp=0,

between the magnetic hyperfine levels in the ground
state, %S/, of atomic hydrogen. The frequency is
1,420,405,751.80 + 0.03 Hz (CramMpTON, KLEPPNER,
and Ramsey, 1963). The F =1, mp =0 state is
prepared by magnetic focusing of a beam of atoms, as
in atomic beam techniques. A long lifetime in the
excited state of 1 to 3 seconds is attained not by time
of flight through frec space as in the beam maser,
but by storage in a bulb. The bulb has walls suitably
coated so that wall collisions have a low probability
of perturbing the prepared state. The bulb is contained
in an electromagnetic resonator, which provides
stimulation of radiation and power to external loads
just as in the beam maser. First order Doppler shifts
are effectively cancelled because of the random direc-
tions of the atoms. The technique has several advan-
tages described in the literature (KLEPPNER, GOLDEN-
BERG and RamsEy, 1962). Stability of the radiation is
reported to be about 3 parts in 103 over a few days
(VessoT and PETERS, 1962). Accuracy is estimated at
about 1 part in 10'%. Promise of further improvement
is good (RamsEy, 1965).

Optical- Microwave Double Resonance. The optical
microwave double resonance technique, often desig-
nated as the optically pumped gas cell, emerged about
1957 (KastLER, 1957). In Rb¥, for example, atoms
are preferentially pumped out of the lower (F = 1) of
two magnetic hyperfine levels by optical resonance
radiation. Repopulation of this state by stimulated
microwave emission from the F =2 — F = { transi-
tion is detected at microwave resonance by increased
optical absorption of the pumping radiation. Lifetimes
in the F' = 2 state are prolonged by an inert buffer gas,
collisions with which do not de-excite the F = 2 state.
Inert wall coatings may be used in addition. The
buffer gas also performs the essential function of
reducing the Doppler width of the radiation. It
confines the radiating atom to a region small com-
pared with the wavelength. Thus the motion of the
source does not cumulatively affect the phase of the
emitted wave, as it does ordinarily in producing the
Doppler effect. (DickEe, 1953; WrrTKE and DICKE,
1956). Microwave-optical double resonance devices
are convenient and provide short-term stability from
day to day of about 1 part in 10'. Accuracy with
respect to the transition frequency of the unperturbed
atom suffers from frequency shifts which are not
adequately understood, and must be taken as perhaps
1 part in 10, These are associated with the buffer gas
collisions and with the spectral distribution and inten-
sity of the pumping radiation. Thus the technique is
no longer considered suitable for the most accurate
frequency standards. ‘

Principles of Cesium Beam Operation

Hyperfine Structure. The hyperfine splitting in cesium
arises because of the interaction between the magnetic moment
of the nucleus and the magnetic field produced by the valence
electron at the position of the nucleus.

In general, the valence electron produces a magnetic
field at the nucleus by virtue of its orbital motion about the
nucleus and also by virtue of its intrinsic magnetic moment.
These two contributions to the field will be designated by

— —_ . — — —
Horvt and Hypia and their sum by Hea = Hore + Hspin. The
Hamiltonian for the interaction can be concisely written as

-— =
H=—pr- Ha, (2)

-
where y; is the magnetic moment of the nucleus. For an alkali
atom such as cesium, the ground electronic state is an § state
and the orbital angular momentum is therefore zero. Since

Horon is proportional to this angular momentum, the import-

-
ant contribution to Her i8 Hepin. The electron spin has two
possible orientations, and we expect two different energy
levels for the atom. The ground state for zero external field 1s
thus split by the interaction into two levels and the separation
of the two levels is referred to as the hyperfine structure (hfs)
separation. If the appropriate quantum formalism is used, the
separation W of the two levels is given approximately by
(KOPFERMANN, 1948)

W =(IJFme|~pr - Ha|I1J Fmg)
gruy p Z2[F(F+1)y - I (T+1)-J (J+1)
T d JU+D L+ D J
where g: is the nuclear g-factor, ux is the nuclear magneton,
1y is the Bohr magneton, Z is the atomic number, q, is the

radius of the first Bohr orbit (a, = %%/me?), n is the principle
quantum number, F is the total angular momentum quantum
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Fig. 1. Energyilevel diagram of Cs'® in the 2S5 ;;, ground state as a function
of the applied magnetic field

number, I is the nuclear angular momentum quantum number,
J is the total electronic angular momentum quantum number

F] =T+ E;, L is the orbital angular momentum quantum
number for the valence electron, and mr is the magnetic
quantum number associated with F. The level separation was
first worked out by FErmI (1930) and FERMI and SEGRE (1933).
Equation (3) reduces to their result for J = /2 and L = 0.
Effect of External Field. If an external field is applied,
certain degeneracies are removed as shown in Fig. 1. This
energy level diagram is for the ground state of cesium for
which I =7/2, and J = 1/2. In this case, since F = I + J,
I+dJ—-1,...,1I—J,thereareonlytwoFlevels: ¥ =1 +1/2
or F =4 and F = 3. Their energy as a function of the applied
field H is given by the Breit-Rabi formula (Ramsey, 1956):

- =AW

F=I+%,m," 2@I+1)
AW dmez | B
2)[1+-—(2I+1) +at], (4)

+ to gr mp H +
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where AW is the hfs separation, given approximately by the
Fermi-Segré formula, between the F =1 +1/2and F =1 —1/2
states in zero field; and
9s =9 o H

AW )
For a small applied field H the energy levels may be drawn

as in Fig. 2. From Fig. 1 and 2 it is evident that the states
(F =4, mp = 0) and (¥ = 3, mr = 0) are the least sensitive to
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Fig. 2. Energy level diagram for Cs' in a weak applied magnetic field

the applied field. Since the accuracy with which we can
measure the transition frequency is partly determined by how
accurately we can measure H, we choose this field insensitive
transition for our frequency standard. The frequency is
slightly field sensitive, and one can show from the Breit-Rabi
formula that the frequency is given by

v = vy -+ 427 H? (5)

for small values of H, where » is the frequency in Hz of the
(F = 4, mr = 0)«—(F = 3, mr = 0) transition when the applied

The effective magnetic moment has, in general, a different
value for each state:
x o e
2 (2I+1) \
U e T
2I+1)
Holgs =g . (8)

Evidently, then, the force on the atom depends not only on the
gradient of the field but also upon the particular state that the
individual atom is in. The effective magnetic moment is
positive for some states and negative for others. The magnet is
designed so that the gradient of the field has a direction
transverse to the beam and in the plane of the drawing of Fig. 3.

The quantity pen/u, is plotted as a function of the applied
field H in Fig. 4. It is simply given by the negative derivatives
of the curves plotted in Fig. 1. Suppose the positive z direction
is in the upward direction perpendicular to the spectrometer

axis in Fig. 4. Let 73: be a unit vector in the z direction. The
magnets are designed so that

Hett=PBp_ T+l 4 = JrioMrT I[

f’ = et V H=—€:,ueu %P{,

and if perr is negative, as it is for the (4, 0) state (i.e., the
F = 4, mr = O state, see Fig. 4), then the force is downward.
If pient is positive, as it is for the (3, 0) state, the force is upward
in the figure. Atoms effusing from the oven in the 6, direction
along trajectory 1 (see Fig. 3) that are in the (4, 0) state will
experience a downward force. Some of them, those with the
proper velocity, pass through the collimator slit and pass on to
the second deflecting field region. Those atoms in state (3, 0)
effusing in the 6, direction experience an upward force and do
not pass through the collimating slit. They are eliminated
from the beam. The opposite is true for atoms effusing in the
6, direction. Those in state (3, 0), experiencing an upward
force pass through the collimator, and those in the (4, 0) state
are eliminated from the beam and pass into the second deflect-
ing field region. Normally the deflecting fields are high fields
so that atoms in states 4,4; 4,3; 4,2; 4,1; 4,0; 4, —1;
4, -2; and 4, —3 effusing at a positive angle ; pass through
the collimator. Correspondingly, atoms in states 4, —4; 3, 3;
3,2;3,1;3,0; 3, —1; 3, —2; and 3, —3 effusing at a negative
angle 6, pass through the collimator.

If the sccond deflecting field (that pro-
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duced by the B magnet) is identical to the
A-field, the atoms in, for example, the (4, 0)
state following trajectory 1 (see Fig. 3) expe-
rience a downward force as in the A-field.
They will not strike the detector. Similarly,
atoms in the (3,0) state, say, following trajec-

L s s
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8, > [

UNIFORM “c"SLIT
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T

tory 2 experience an upward force. They too
will miss the detector. Suppose now that a
radiation field is applied in the uniform field
region (the C-field region, applied in order to
preserve the state identy of an atom passing
from the 4-field to the B-field) of frequency

{

Fig. 3. A schematic of a typical atomic beam spectrometer

field has a magnitude of A (in oersteds). v, is the transition
frequency for H = 0; it has the value 9192631770.00. . .Hz.
Method of Observation. Now let us see how we observe these
transitions with the atomic beam technique. The atomic
beam spectrometer has the basic structure shown in Fig. 3.
Neutral atoms effuse from the oven and pass through the non-
uniform magnetic field of the 4 deflecting magnet. The atoms
have a magnetic dipole moment p and consequently experience
a transverse force in this 4-field region. This force is given by

ow

where W is the potential energy of a dipole in the field and
depends on H only according to the Breit-Rabi formula (4).
The effective magnetic moment is

ow

o (®)
by analogy with the case where the dipole moment is independ-
ent of H. Hence

Hett = —

-
F=pnvH. (7)

appropriate to the (4, 0) (3, 0) transition.
Atoms in the (4,0) state are induced to emit a
quantum of energy, and atoms in the (3, 0)
state are induced to absorb a quantum of energy. Atoms that
were in the (4, 0) state following a trajectory 1 now find
themselves in the (3, 0) state. Atoms that were inthe (3,0) states
following a trajectory 2 now find themselves in the (4, 0) state.
Each sef atom that has made the transition has had its mag-
netic moments “flipped’’. As a result of this change in sign of
the magnetic moment, the forces on these atoms in the 5 de-
flecting region will also change sign. These atoms will now follow
the trajectories 1’ and 2’ in Fig. 3 and strike the detector.

By means of the well-known surface-ionization process
(ZanpBERG and Iowov, 1959; Datz and Tavrogr, 1956) the
atoms are converted into positively-charged ions with nearly
1009, efficiency and can then be collected and measured. The
resulting detected beam current- goes through a maximum
when the frequency of the radiation field is swept through the
resonant frequency of the cesium transition. An actual record-
ing of the spectral line shape, obtained in the process, is shown
in Fig. 5 for the usual case of two separated excitation regions
(Ramsey technique). The appearance of the auxilliary peaks
on either side of the central resonance peak is a consequence of
the separated oscillating-field technique. (Ramsey, 1950;
RAMSEY, 1956). The advantages offered by the Ramsey method
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include a narrower width of the spectral line and less severe
requirements on the uniformity of the C-field as compared to
the single excitation region case (Rabi technique).

Unlike many other resonance experiments, the transition
probability is examined by observing the effect of the radia-
tion on the beam rather than the effect of the beam on the
radiation field. The intensity of the signal does not depend
upon the population difference of the two states but on the
sum ‘of their populations. The spectral linewidth is given by the
uncertainty relation AE At ~ h ov Av At ~ I, where Av is the
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Fig. 4. The effective magnetic moment relative to the Bohr magneton for
the various magnetic substates in Cs'3 as a function of the applied magnetic
field
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Fig. 5. Recording of the central portion of the Ramsey resonance line shape
for one of the National Burean of Standard’s cesium standards

linewidth and A4¢ is the average transit time of an atom
through the radiation field, if a single radiation field is used.
If two radiation fields are used to induce the transition, then
At is the average transit time for an atom to go from the first
field to the second. The linewidth thus depends on the average
velocity v in the beam and the length of the transition region,
since At = Ljv.

The process of measuring the frequency of an unknown
source in terms of the cesium standard usually involves the
direct comparison of the unknown frequency with the known
frequency of an oscillator which is controlled in some manner
by the atomic resonance. In the most common technique
employed the control is done automatically and continucusly
by using an electronic servo system. The controlled oscillator
frequency — normally near 5 MHz - is modulated at a low
audio rate and then multiplied to the cesium frequency at
9192 MHz. If the multiplied frequency differs even slightly
from that of the resonance maximum, the modulation results
in the generation of a component of the detector current at
the modulation frequency. If this component is amplified and

phase-compared with the original modulation signal, it can be
shown that the DC output signal of the phase detector has a
magnitude proportional to the amount of deviation of the
applied frequency from the atomic resonance frequency and a
sign which depends on whether the applied frequency is higher
or lower than the resonance. Thus, this signal may be used
with appropriate circuitry to correct automatically and contin-
uously the frequency of the 5 MHz oscillator to a value which
bears a fixed and known relationship to the defined cesium
frequency.

In a somewhat different technique used with some labora-
tory-type standards the control of the 5 MHz oscillator is
accomplished manually. In this case an operator manually
adjusts this frequency to a value which results in 2 maximum
current from the detector corresponding to a maximum proba-
bility for the atomic transition.

Measures of Performance

There are no universally accepted measures for describing
the performance of atomic frequency standards. Until common
agreement on these measures is reached, each author is obliged
to state exactly how his estimates of performance are to be
interpreted.

Fluctuations may occur (a) among various observations
for a given adjustment of a given instrument, (b) among var-
ious independent adjustments of a given instrument, and (c)
among various independent instruments. Usually these fluctua-
tions increase in magnitude in the order mentioned. Each of
these types of fluctuations gives useful information about the
performance of the standards. The fluctuations of type (a)
arise from fluctuations of instrumental and environmental
parameters during operation. The fluctuations of type (b)
contain fluctuations of type (a) and also fluctuations in setting
the adjustable parameters from time to time. The fluctuations
of type (¢) contain types (a) and (b) and also fluctuations from
instrument to instrument in fixing the non-adjustable para-
meters.

Stability. A sequence of n readings of a particular standard
in a particular adjustment, against a comparison oscillator
assumed temporarily constant, will show fluctuations. The
standard deviation of these observations is often called the
stability of the standard. Tts value will depend on the duration
of the individual observations, and many be qualified as short
term or long term stability. For example, if the average
frequency over 1 second is measured for n = 100 successive
times, the standard deviation of such a 1-second observation
as estimated from the sample of 100 observations may be
called the “short term stability” applicable to 1 second dura-
tion. In this sense, stability indicates the degree to which the
standard in steady operation gives results constant in time.

Of interest is not only the magnitude of the frequency
fluctuations but also their rate. Thus a more complete charac-
terization of the stability of a given standard in a given state
of adjustment would be all the statistical properties of the

frequency fluctuations F (t) about a mean frequency » consider-

ed as a function of time, that is F (t) = v () — » where» (f)
is the instantaneous frequency. These would be the moments
of the amplitude distribution of F (¢), its spectrum, its auto-
correlation function, and so forth. Studies of such properties
are in progress but are beyond the scope of this paper.

Precision. Precision is considered a property of a measure-
ment process, not of an instrument alone. It measures the
random error in carrying out & prescribed observation. For
example, if the prescribed observation is the mean of n succes-
sive readings taken as described in the preceding section, the
sample standard deviation of the mean would appropriately
measure the precision of such an observation.

Reproducibility. A sequence of comparisons for indepen-
ent adjustments of a particular standard, against a reference
standard assumed available and temporarily constant, will
yield a mean and a standard deviation. The standard deviation
of such observations may be called the reproducibility of the
instrument. In this sense reproducibility indicates the degree
of resettability of the instrument.

Accuracy. We use accuracy in this paper as the degree to
which any prescribed observation of a particular standard
approaches the definition. It requires (a) an estimate of the
random error in carrying out the preseribed observation for a
given adjustment (that is, precision), (b) an estimate of
systematic errors incurred in adjusting the standard (that is,
reproducibility), and (c) an estimate of systematic errors
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incurred in constructing the standard. The measure of all
these errors should be stated; that is, whether they represent
limits of error, or one-, two-, or three-sigma estimates of a
distribution of values. The method of combination should be
stated. If the errors may be considered independent, for exam-
ple, the square root of the sum of their squares may be taken as
a proper estimate of the total error.

The estimate of precision of an observation has been dis-
cussed above.

We must now distinguish between possible ways of making
the last two estimates, (b) and (c) depending on whether the
standard to be evaluated stands in the highest echelon so that
no higher reference standards is available, or whether the
standard is in a lower echelon and may be compared with a
reference standard. If the standard stands alone, the last two
estimates must be made by a study of the effect of all known
parameters on the frequency and an estimate of the uncer-
tainty in these parameters in a given instrument or for a given
adjustment.

A somewhat different viewpoint is possible if there are
several standards of comparable quality in the highest echelon.
We may then agree to consider all these as a sample from an
ensemble of standards. They may be compared among one
another with respect to the sample mean. Then the sample
standard deviation may be taken as a single overall estimate
of the accuracy of any one of the standards. This view assumes
that all members of the ensemble randomly partake of varia-
tions in the parameters and are stationary over the time requir-
ed in practice, often lengthy, to effect the comparisons.

If a reference standard is available, then accuracy with
respect to the reference standard is often taken simply as the
mean difference of successive comparisons for independent
adjustments of the test standard. This view assumes that the
precision of the comparison may be made arbitrarily small by
increasing the number of observations.

Confusion of Terminology. Various authors have used the
concepts explained here but under various names. We thus
find ““precision” used for our concept of “stability”’, as well as
for our concept of “reproducibility”’. The reader is cautioned
against this confusion.

Error Sources in Cesium Beam Standards

Systematic errors in cesium beam standards may
arise from a great variety of sources. Fortunately,
however, the atomic beam magnetic resonance tech-
nique used in cesium standard has the virtue that
most of these errors can be kept quite small, providing
that reasonable care is exercised in the design and con-
struction of the standard. It has been found possible
in at least two national standards laboratories to
reduce the combined systematic error from all known
sources to a level of + 1 x 10-11. In the following
discussion an attempt will be made to mention at
least briefly all the known error sources that may
contribute significantly to the inaccuracy of a cesium
standard. In some case quantitative results will be
given based on the authors’ experience with three
independent laboratory-type standards at NBS. The
error sources will be grouped depending on whether
they produce a displacement of the resonance line, an
asymmetrical distortion of the resonance line shape, or
an erroneous measurement of the resonance peak even
though the line is neither displaced nor distorted.

Errors Which Result from a Displacement
of the Resonance
Uncertainty in Magnetic Field. The dependence of
the cesium (4, 0)«—(3, 0) transition frequency on the
magnitude of the uniform magnetic C field is given by

v =y, + 427 H%(x) , ()]

where v and v, are in Hz, H is in oersteds, and H? (z)
is a spatial average over the length between the two
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oscillating field regions. Any uncertaintics in deter-

ming H2 (x) will lead to corresponding errors in fre-
quency measurements referred to v, the zero-field
standard frequency. In practice, the field is deter-
mined from frequency measurements of various field-
sensitive transitions in cesium by using theoretical
relations between frequency and field magnitude. The
most commonly used transitions for this puspose are
the low frequency transitions between the various mp
levels within a single F state, such as the (4, —4)«—
{4, —3) transition, and certain microwave transitions,
such as the (4, 1«—(3, 1) transition (sec Fig. 2). The
appropriate frequency-field relationships are:

y = 3.5 x 10° H (z) for (4, —4) +— (4, —3)
and
=y, + 7 x 10° H (x) for (4,1)«— (3, 1) .

(10)

(1)

The value of H (z) obtained in this manner is then
normally squared and used in equation (9) in place of

H?2 (z), which is much more difficult to determine.
Thus, frequency uncertainties resulting from this
procedure arise from two sources:

(a) uncertainties in the value of H (x), and
(b) uncertainties due to the use of H () for H2 (2).

In order to establish the uncertainty in frequency

which results from an uncertainty in H (z), we can
give H (2) a constant increment AH and compute the
resulting Av from equation (9). Thus,

v+ Ay = vy + 427 [H (z) + AH? (12)

— vy + 427 [H?(x) + 2H (v) AH + (AH)?] . (13)

Neglecting the square of the differential and sub-
tracting » from both sides, again using (9), gives

Av = 2(427) H (x) AH . (14)
The procedure followed at NBS for determining

the uncertainty in H () consists of measuring four
different independent microwave transitions for each
setting of the current which produces the C field. A
least-square fit of a straight line is made to these data,
and the uncertainty to be associated with any field
value obtained from this calibration is taken to be the
computed standard deviation of a point from this
line. This error contribution amounts to + 1.9 x 10-3
oersted or + 1 x 10-13 in frequency for the normal
field value used of .050 oersted.

Longitudinal Non-uniformity of Magnetic Field.
The uncertainty from the second source mentioned

arises becauses H2 (z), which is the quantity that
determines the true value of v, is not necessarily equal

to H ()%, which is the value determined and used in
practice. The error in Hz in using the latter quantity is
given by
Av =427 [H2(x) — H (2)7] . (15)
It can readily be shown by direct substitution that if
the C field is expressed as
H (z) = Hy (x) + I, (16)

where H, () is the non-uniform residual field in the
drift-space region with the current I turned off and ¢

is a constant, then
Av = 427[HE (x) — H,y(2)] . (17
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If sufficiently detailed knowledge of the field uniform-
ity can be obtained in some manner, this error can be
evaluated and applied as a correction to all frequency
measurements. Fig. 6 shows a plot of the residual
field uniformity in one of the NBS standards obtained
by drawing a very small sensitive magnetometer
probe along the drift-space region in the position
normally occupied by the atomic beam. From these
data [HZ (x) — H, (z)"] is found to be 0.14 x 10-¢
oersteds? resulting in a frequency error given by equa-
tion (17) of less than 1 x 10—14. Since this non-uniform-
ity is measured only infrequently, however, and is
known to be somewhat dependent on external condi-
tions which may vary with time, it is considered pref-
erable to treat the computed value Av as an uncer-
tainty rather than a known correction.

Transverse Non-uniformity of Magnetic Field. Non-
uniformity of field across the beam cross section may
also produce frequency errors. This effect produces a
broadening of the field-sensitive microwave resonance
line with respect to the field-insensitive (4, 0)—(3, 0)
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Fig. 6. Plot of the variation of the magnitude of the residual magnetic
field H, (2) along the length of the C-fleld region in NBS II
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line, thus offering a means of detecting the existence
of this condition.

Doppler Effects. The presence of first and second
order Doppler effects will also produce a displacement
of the resonance. In general, one does not expect any
first order Doppler shifts in this type of standard,
since ideally the radiation field in the cavity consists
of two equal traveling waves going perpendicular to
the velocity of the atoms. If, however, due to imper-
fect alignment the atoms have a component of their
velocity parallel to the radiation field and a net travel-
ing wave exists in the cavity, a frequency shift Av
may occur given by
1-R

Av = 7
where R is the power reflection coefficient, v is the
mean speed of the atoms in the beam, and « is the
angle between the waveguide and a line normal to the
beam. The experimental verification of such a shift
has not as yet been made conclusively.

The unavoidable second order Doppler shift
given by

v
y—gin o ,
c

(18)

d v3[2 c?

(19)
amounts to about 3 x 10— and is negligible for most
present applications.

Electric Fields. Possible frequency shifts due to
electric fields are well beyond present measurement
precision — at least for fields on the order of a few
volts/em. (HAUN and ZacHARIAS, 1957).

Errors Which Result from a Distortion
of the Resonance Shape
Longitudinal Non-uniformity of Magnetic Field. If
the C-field is non-uniform along its length in such a
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way that its magnitude at the two localized regions of
oscillating field is not equal to its average value over
the entire drift space, the Ramsey resonance pattern
will not be centered on the broad Rabi resonance
pedestal. The resultant asymmetrical distortion of the
Ramsey line will lead to a frequency error, since the
peak of the line is then shifted from its undisturbed
value. Observation of the symmetry of the field-
sensitive microwave transitions such as the (4, 1)«—
(3, 1) provides a very sensitive indication of the longi-
tudinal non-uniformity. The amount of observed
asymmetry can be related to the degree of non-uni-
formity, thus permitting an estimate of the resultant
error to be made.

RaMsEY has shown that if the magnitude of the
C field varies within the small oscillating field regions
large frequency shifts may result. (Ramsey, 1959).
The presence of such a shift may be detected rather
easily, since the amount of error depends strongly
upon the intensity of the radiation field in the cavity.

Polarity Dependent Shifts. In a number of stand-
ards now in operation frequency shifts of up to 1 x 10—1°
have been observed upon reversing the polarity of the
C field. (BoNaNowmr, 1962 ; BEEHLER and GLAZE, 1963;
EssEN, STEELE, and SUTCLIFFE, 1964). The sources
of these shifts have been attributed to either a Mill-
man effect or the influence of a rather large residual
field in the transition region. The Millman effect is due
to the beam experiencing an oscillating field which
changes direction along the beam path. Such a condi-
tion may occur if there is leakage of the radiation
field in the cavity out the beam entrance and exit
holes. Since the direction of the resulting frequency
shift changes upon reversal of the C-field direction,
the error may be eliminated by making frequency
measurements for both field polarities and using the
mean value.

If a residual static field exists in such a direction
as to cause the magnitude of the resultant field to
vary when the component due to the C-field current is
reversed, the measured transition frequency uncorrect-
ed to zero field will depend on the polarity. However,

in this case the value of H given by the field calibra-
tion will also depend on the C-field polarity in such a
way that no error should result in the measured fre-
quency referred to zero field after the 427 H? correc-
tion is applied to the data.

Phase Difference. 1f a difference in phase exists
between the radiation fields at the two ends of the
microwave resonant cavity, the Ramsey resonance
curve will be distorted asymmetrically with a resulting
frequency error. Although in an ideal lossless single
microwave resonant cavity there would be no phase
difference, it is usually found in practice that unavoid-
able losses and electrical asymmetry do exist which
cause phase shifts. Karrascuorr (KARTASCHOFF,
1962) has shown that the phase shift Ap due to an
electrical asymmetry & in length units in a cavity of
length L and attenuation constant per unit length «
can be expressed as

dp = xLpE, (20)

where f is the propagation constant of the waveguide.
Since the phase difference Ap will result in a frequency
49

error A—; =20 where @ = the quality factor of the
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resonance line, the frequency shift can be computed
for a given electrical asymmetry. Note that this
particular error is independent of beam length. These
relations |{ace rather severe mechanical tolerances on
the cavity, since an asymmetry of only 0.12 mm will
produce an error of about 1 x 10-12. Experience at
NBS has shown that phase shifts sufficient to cause
frequency errors of 1 x 10-!! may also develop grad-
ually with time as a result of the accumulation of
cesium and pump oil deposits within the cavity ends.
Periodic cleaning of the cavity structure is necessary
in this case.

A means of detecting the presence of cavity phase
shifts and correcting for their effect is provided by the
fact that the direction of the resulting frequency shift
from the true value changes with the direction in
which the beam traverses the cavity. Therefore, if the
standard is designed to allow for the physical rotation
of the cavity structure by 180° without disassembly of
the cavity, or if the direction of beam traversal can
be changed by interchanging the oven and detector,
one-half of the frequency shift observed as a result of
either of these operations can be used as a correction
to all data, so that only the uncertainty in deter-
mining the phase shift contributes to the inaccuracy
of the standard. Both methods have been utilized at
NBS with the tentative conclusion that the more
reproducible data is obtained with the second tech-
nique, possibly due to the unavoidable changing
stresses caused by actual rotation of the cavity. The
uncertainty in the correction as determined from the
reproducibility is + 3 x 10~12 for NBS III. Attempts
have also been made in some laboratories to detect
phase shift errors by a careful examination of the
Ramsey line symmetry. Signal-to-noise ratios achieved
in present standards, however, limit the minimum
detectable asymmetry to amounts corresponding to
frequency shifts of 1 x 10-1° or greater.

Cavity Mistuning. A second possible error source
associated with the microwave cavity is the cavity
pulling effect which occurs if the resonance frequency
of the cavity is not tuned exactly to the cesium fre-
quency. The magnitude of this shift is given by

Ay = (QefQr)* Ave, (21)

where
Avy, = the frequency error of the Ramsey line
Ave = the amount by which the cavity is mistuned
Q. = the @ of the cavity
QL = the @ of the Ramsey line.

For a cavity @ of 5000 and a line width of 100 Hz the
calculated shift is about 3 x 10— for a 1 MHz detun-
ing. In practice, the cavity can usually be kept tuned
to within much narrower limits than + 1 MHz.
Neighboring Transitions. Another possible error
contribution which may be quite significant under
some conditions arises from distortion of the line by
overlap of other microwave transitions in the cesium
spectrum. Assuming that the parallelism of the C field
and the oscillating fields is maintained properly so
that n transitions (Amp = + 1) are not excited, the
nearest transitions to the (4,0)«—(3,0) are the
4, 1)—(3, 1) and (4, — 1)<— (3, —1) o resonances
(Amp = 0) which are located symmetrically above
and below the (4, 0)—(3,0) in frequency. Ideally

these neighboring lines are symmetric about the (4, 0)
«—(3, 0) both in frequency and intensity so that no
net overlap shift should occur. However, it is usually
found in practice that due to imperfect beam align
ment the amplitudes of these two neighboring transi
tions are not equal. The resulting shift in the (4, 0)«—
(3, 0) frequency in this case depends on the linewidths
of the overlapping lines, the amount of asymmetry
existing in the intensities, and especially on the sepa-
ration in frequency of the overlapping lines from the
(4, 0)«—(3,0) (MockrLER, BEEHLER, and SNIDER,
1960). This amount of separation depends on the
magnitude of the C field according to (11), so that the
surest way of avoiding this effect is to operate at a
sufficiently high C field — normally, above 0.040
oersteds — so that significant overlap does not occur.
In some of the early NBS work on cesium standards
at fields of only 0.020 oersteds it was discovered that a
systematic error of greater than 4 x 10-! was being
introduced into the data from an overlap effect.

Spectral Purity. The spectral purity of the micro-
wave signal used to excite the cesium resonance has
been found to be extremely important (BARNES and
MockLER, 1960). When the transition is excited with
a signal which contains sidebands at a significant level,
particularly if the sidebands are asymmetrically
distributed about the carrier, large frequency shifts
in the (4, 0)<—=(3, 0) standard frequency may result.
For example, excitation of the cesium resonance in
the original NBS cesium standard at one time yielded
a frequency shifted by 32 x 10-°. Examination of the
spectrum using a high-resolution ammonia-maser
spectrum analyzer system (Barnes and Herm, 1961)
showed the presence of large, asymmetrical sidebands
at the power line frequency and its harmonics. If the
excitation contains a single unbalanced sideband at a
frequency s, the frequency shift produced is (RaMSEY,
1956)

dv 4, w2
v Ag vo (g —2a) ’

A = amplitude of sideband

A, = amplitude of carrier at v,

W = resonance width

(22)

vy = cesium resonance frequency.

The advantage of a narrow resonance line is readily
apparent. This relation also applies if 4 is the diffe-
rence in amplitude of two unbalanced sidebands. Since
the sideband intensity is multiplied by the factor of
frequency multiplication, those which originate in the
driving oscillator (usually near 5 MHz) or early stages
of the multiplier chain are particularly serious. For
example, a sideband 100 db below the carrier at the
oscillator frequency of 5 MHz will be only 35 db below
the carrier at cesium frequency, even if the multiplier
chain adds no noise of its own. If the most significant
sidebands are due to power line frequencies and its
harmonics, as is often the case, the spectrum may
change as ground loops and electrical connections are
changed in the laboratory resulting in time-varying
frequency errors. Ideally, the spectrum of the excita-
tion should be monitored frequently with a high-
resolution spectrum analyzer. As a practical compro-
mise at NBS, the beat frequency at approximately
100 Hz between the normal cesium excitation signal
and a similar signal from another oscillator-multiplier
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chain system which is known to have a clean spectrum
is monitored regularly on an oscilloscope. The presence
of noise, modulations, or other deviations from a
sinusoid are watched for. This simple system is
sufficiently sensitive that on several occasions undesi-
rable modulations have been detected which were
causing frequency errors of less than 2 x 10-1L

Errors Which are Present Even When the Resonance
s Perfect

Some contribution to inaccuracy arise because of
errors involved in the measurement of the resonance
peak, even though the line itself is undistorted and
not displaced.

Random Fluctuations. Fig. 7 shows data from a
48-hour continuous comparison of two independent
cesium standards, designated NBS II and NBS III,
maintained at the National Bureau of Standards
(NBS) in Boulder, Colorado. Each plotted point,
representing the difference frequency averaged over 1
hour, is the mean of twenty 3-minute measurements
of the period of the beat frequency. The length of the
vertical bar drawn at each point represents the com-
puted standard error of the 1-hour observation (stand-
ard deviation of the mean of the twenty 3-minute
averages) and is thus an estimate of the relative preci-
sion of this process. This precision figure is typically
+ 7 x 10-12 for this data.

A second estimate of the frequency fluctuations
appropriate for 1 hour averaging times can be obtain-
ed from these data by computing the standard devia-
tion of the 48 1-hour averages. This valueis + 1 x 1012
It can easily be shown that if the measurement process
is in statistical control -—i. e., the individual 3-minute

-
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Fig. 7. 48-hour stability comparison between two cesium standards at the
National Bureau of Standards (NBS Il vs NBS III December 18— 20,
1963

averages behave as random samples from a stable
probability distribution — these two estimates
should be equal. In view of the reasonably good
agreement observed we can predict, in a probability,
sense, that for any similar 1-hour frequency measure-
ment the uncertainty in the result produced by the
random variations would be about =+ 1 x 10-12
Although, in principle, it is possible to reduce this
uncertainty to an insignificant level by making the
measurement time sufficiently long, it is normally
impractical to do so.

The primary source of these random fluctuations
is the shot noise from the beam itself. The process by
which a fluctuation in beam current may result in a
frequency fluctuation of the oscillator controlled by
the atomic resonance may be thought of in the follow-
ing way. The servo system, as we have noted pre-

viously, responds to components of the detected beam
current which are at or very near the modulation
frequency. Such a component will normally occur only
when the microwave frequency is not exactly equal
to the cesium frequency. However, even if the micro-
wave frequency is exactly tuned to the resomance
peak, a beam fluctuation will have a frequency spec-
trum containing components at or near the modula-
tion frequency. The servo system will interpret this
component as a legitimate error signal and correct the
oscillator accordingly, producing a momentary error
in the controlled oscillator’s frequency. The manner in
which this resulting instability depends upon the more
significant beam tube parameters may be seen from
the much-simplified resonance line shape shown in

I
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Fig. 8. Simplified resonance line shape for illustrating the relation between
frequency fluctuations due to beam fluctuations and the signal-to-noise
ratio and linewidth

Fig. 8. In this plot I, is the peak detected current at
the resonance maximum, W is the full resonance
width where I = I,4/2, I, represents a fluctuation of
the beam current, and Av is the corresponding fre-
quency fluctuation. Using the relation between the
two similar triangles with sides 4» and I, in one case
and W/2 and I4/2 in the other, we can write imme-
diately:
ay W2 w

Lo LE ST (23)
or
Av W I,
e w (24)

Now, if we make the reasonable assumption that the
main source of beam fluctuations is shot noise, we

can use the fact that Tﬁ < B, where B is the band-
width of the detection system by writing:

2= B, (25)
where g2, is the mean square noise current per unit

bandwidth. ¥From (24) and (25) we have,

Ay W ono /5

= =—="VB.

<vo )RMS vy Is v
Finally, since B = 1/T, where T = the time over which
the measurement is made, we get

() - Y,
vy JRMS vy Is

This expression shows the advantages of a narrow
resonance line, high signal-to-noise ratio, and long
measuring time in minimizing frequency instability
due to beam fluctuations. A more detailed considera-
tion of the observed frequency instability would, of
course, have to take into account the influence of the
servo system corrections (CUTLER, 1964; KARTA-
SCHOFF, 1964; Lacey, HELcEssoN, and HorLLoway,

(26)

(27)
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1964), but relation (27) is nevertheless very useful for
comparing various beam-system designs.

Serve Errors. Systematic errors resulting from
imperfections or misadjustments in the servo system
used to develop a correction signal for electronically
locking a quartz oscillator to the cesium resonance
frequency also fit into this category. The main problem
here is second harmonic distortion of the modulation
signal which is usually chosen to be in the range
20— 100 Hz. The source of the distortion may be in
the modulation oscillator itself or in the modulation
circuitry due to non-linear response. The resulting
frequency shift is

Ay = 1/2 D vg sin «, where (28)
100 D == percent second harmonic distortion,
yg = peak frequency deviation of the modula-
tion, and
o = phase of the second harmonic relative to
the fundamental.

Since the peak frequency deviation of the modulation
is usually set to about one half of the resonance line

Table 1. Contributions to Inaccuracy for NBS III Cesium Standard

other servo components, but, in general, these must
be evaluated for each particular servo system.

Multiplier chains may also contribute errors if
transient phase shifts, such as due to temperature
variations, are present. This effect may cause the
output frequency to depart from an exact integral
multiple of the input for significant periods of time.
Since it is actually the output microwave frequency
that is maintained by the servo system in synchronism
with the cesium resonance, the chain input frequency
from the controlled oscillator will be in error in this
case.

Most investigators have found no definite depen-
dence of the frequency on the microwave power level
over reasonable ranges of power both up and down
from the level corresponding to optimum transition
probability. However, the frequency shifts resulting
from some of the other error sources may be power
dependent.

Combination of Errors
The process of determining an accuracy figure for
a particular standard then consists of evaluating by
one means or another the extent to
which contributions from the various

1 o estimate

Source of Uncertainty in parts in 1012

sources mentioned above may affect
the accuracy of frequency measure-
ments. These individual contribu-

3 ¢ estimate
in parts in 1012

. Uncertainty in H (z) + 0.1
. Use of H ()" for H? () -
. Doppler shifts -
Distortion effects arising from -
C-field non-uniformity
Millman effect -
Uncertainty in cavity phase shift -
Cavity mistuning -
. Overlap of neighboring transitions -
. Spectral purity of excitation -
Random measurement errors (1 hr.) + 1.0
. 2nd harmonic distortion of servo
modulation -
2. Miscellaneous servo-system effects -
13. Multiplier chain transient phase shifts -
. Microwave power -

Total 3 ¢ Estimated Uncertainty
(Square root of sum of squares)

L T

- —
D

S
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width for optimum signal-to-noise ratio, the frequency
error is less for a narrow resonance. Equation (28)
shows that if this error is to be kept less than 5 x 1012
in a standard with a 100 Hz line width, the distortion
level must be held below 0.29, (assuming the worst
case for the phase). One of the simplest checks for the
presence of this error is to measure the frequency of
the controlled oscillator as a function of »4. If a depen-
dence is found, the second-harmonic distortion can
sometimes be greatly reduced by inserting narrow-
band rejection filters tuned to the second harmonic
at appropriate points in the servo system. Square-
wave modulating signals have also been employed in
some systems instead of the usual sinusoidal form in
order to reduce distortion at the source.

Other. Careful circuit construction techniques have
been found necessary to prevent pickup at the modula-
tion frequency and, in particular, to keep signals from
the modulator portion from leaking into the sensitive
error-signal processing circuitry. Other errors are
possible which are related to imperfections in certain

tions must then be combined in some
sense to arrive at an overall accu-
racy figure. Since the above contri-
butionsmayreasonably be considered
to be independent in the statistical
sense, the combined uncertainty may
be taken as the square root of the
sum of the squares of the individual
uncertainties.

An example of this procedure is
summarized in Tab. 1, which gives
the estimated individual contribu-
tions to inaccuracy for the newest
NBS cesium standard, NBS III.
The individual estimates given
are subject to the following con-
ditions:

(a) In most cases the estimates are considered to
be reasonable limits of error, approximately corre-
sponding to 3 ¢ estimates. Exceptions are the esti-
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mated uncertainties due to H (z) (Item 1) and random
errors (Item 10), which were determined by statistical
analysis as 1 o limits.

(b) The estimates involving C-field effects, cavity
phase shift, spectrum of the excitation, and servo
effects are rechecked periodically.

(c) The estimates involving first order Doppler
shift and multiplier chain transients are considered
somewhat tentative, at present, due to a lack of
conclusive experimental evidence in these areas.

Present accuracy figures quoted for NBS, NPL,
and Neuchatel are + 5.6 x 102, + 3 x 10~!, and
+ 1 x 10-1, respectively. There is some variation in
the methods used to make these estimates.

Cesium Standards in Operation

Cesium standards presently in operation may be
usefully classified as laboratory standards or commer-
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cial standards. The laboratory standards are those
instruments which are capable of independent evalua-
tion by the controlled variation of the many operating
parameters discussed above. They are intended for
stationary rather than transportable use. Thus they
may have more elaborate power supplies, vacuum
systems, signal sources, environmental control, ete.
The commercial standards have the objective of
transportable use in varied environments, often under
limitations of size, weight, and power consumption.
They are characterized by fixed design as a result of
prior laboratory research and development.

The design and performance characteristics of
most of the laboratory and commercial standards are
available from the references. Thus we have elected
merely to tabulate a few of the characteristics in
Tab. 2 and 3 for the sake of illustration.

Accuracy of a cesium beam frequency standard is
enhanced by providing a small line width and a large

signal to noise ratio, as previously discussed. The
requirement of small line width calls for a long interac-
tion length, but the requirement of good signal-to-
noige ratio calls for a short beam length in order to
enjoy large aperture beam optics.

The laboratory instruments have in general
elected to favor small line width by using a long
interaction length. They overcome the shot noise
error by accepting sufficiently long averaging times
according to (27).

The commercial instruments have been forced to
short tubes by size limitations. They have tended to
compensate in two ways. The first is greater use of
velocity selection of slow atoms, and the second is use
of larger aperture and more sophisticated beam optics
to improve the signal-to-noise ratio. This has a further
benefit of improved stability over short averaging times.

Intensive further development of the commercial
standards is continuing with the objective of further

Table 2. Characteristics of Certain Laboratory Cestum Beam Standards

* x is the most probable velocity of the Maxwell-Boltzmann distribution in the oven.
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Approximate | 1.ieraction o* _ Observed Ascribed
Instrument |Date Of First Length (cm) | ¥ 10— | v/x Line Servo ? Accuracy Reference
Operation cm-s—t Width (Hz) x 1011
NPL-1 1955 47 2.44 1 330 No 4+ 100 Essex and PARRY,
(Cs 1) 1955; EssEN and
Parry, 1957.
NPL-I1, 1959 265 2.30 0.9 52 No +3 Essex, STEELE, and
Mod. 1 SUTCLIFFE, 1964.
NBS-1 1959 55 2.3 14 300 No +1 BEEHLER, ATKINSON,
HEeiM, and SNIDER,
1962.
‘NBS-II 1960 164 2.3 1.3 120 Yes +1 BEEHLER, ATKINSON,
HEeiM, and SNIDER,
1962.
NBS-II1 1963 366 2.3 1.5 48 Yes 4 0.6 BeEHLER and GLAZE,
1965.
LSRH-I 1959 100 2.16 - - No - —
LSRH-II 1960 409 2.25 0.7 20 Yes +1 K ARTASCHOFF, 1962
35 KARTASCHOFF, 1964.
1.1 42
NRC-1 1958 80 - - 230 No 100 KarLra, BAILEY, and
Daawms, 1959.
* « is the most probable velocity of the Maxwell-Boltzmann distribution in the oven.
Table 3. Characteristics of Certain Commercial Cestum Beam Standards
Instrument Interaction |, xyq0—t| _ Observed ﬁscribed Ref
Model No. Length ems—! | Y% | Linewidth (Hz) | Accuracy eference
(cm) x 101%
NC-1001 (National Company) 94 21 0.86 125 120 REDER, 1963
(100) (data sheet)
NC-1501 (National Company) 24 2.2 0.64 375 + 20 s
NC-1601 (National Company) 11 2. 0.4 500 + 50 »
(data sheet)
NC-2001 (National Company) 90 2.2 0.63 100 5 2
HP-5060 A (Hewlett- 12.4 - - 530 42 BacLEY and CUTLER,
Packard Company) 1964, Hewlett-Packard
Data Sheet (8/6/64)
P & B-3120 (Pickard and - - - 260 +5 Pickarp and Burns
Burns Electronics) Data Sheet 124



improving accuracy, stability, packaging, and resis-
tance to environmental changes. Improvements of one
or two orders of magnitude are sought. The reader is
advised to search the current periodical and report
literature for details.

Comparison of Standards
The intercomparison of independent cesium beam
standards provides an important check upon the
estimates of accuracy assigned to the standards and
should certainly be taken into account in any final
accuracy assignments.

Direct Comparison. If the standards are located
within the same laboratory the comparison is usually
straightforward and can be made with high precision.
An example of this sort of comparison is the direct
measurement of the difference frequency between
NBS IT and NBS I1I over a 48-hour period, the results
of which are shown in. Fig. 7. Repeated measurements
of this type over an extended time have shown the
average frequency difference between these two inde-
pendent standards to be 3 x 10-12, which is consistent
with the quoted accuracies of + 1 x 10-1' and
+ 5.6 x 102 for NBS II and NBS III, respectively.

Frequency Comparison by Radio. In order to
compare standards in different locations, such as the
various primary standards of frequency maintained
by the national standards laboratories, several diffe-
rent techniques have been employed. The most widely
used technique is the simultaneous (or approximately
s0) measurement of one or more standard frequency
transmissions by a number of different laboratories in
terms of their own atomic standard. Analysis of these
data yields values for the differences among the
monitoring cesium standards, although uncertainties
due to propagation effects usually limit the precision
of this type of comparison to one or two parts in 1012,
even when averages over many months are used. Best
results are generally obtained for international com-
parisons when VLF transmissions, such as NBA
(24 kHz) and GBR (16 kHz), are utilized.

MorGaN, Brair, and Crow (1965) have used a
statistical analysis-of-variance technique on 18 months
of VLF monitoring data from seven different labora-
tories in the United States, Europe, and Canada in
order to separate the variance of the observations at
each laboratory into three components: (a) long-term
mean differences among the atomic standards; (b)
effects of the fluctuations of the receiving system,
propagation effects peculiar to the particular radio
path, and measurement errors; and (c) fluctuations
of the transmitter signals and propagation effects
common to all the radio paths. They concluded that
during the July 1961-December 1962 period consider-
ed the means of all seven atomic frequency standards
(commercial and laboratory types) agreed with the
grand mean to within + 2 x 10—, while the means
of the four laboratory-type standards agreed with
their grand mean to within + 1 x 10-1°. An indica-
tion of the components of measurement fluctuations
as observed at each of seven different laboratories is
given in Tab. 4 and 5 for GBR and NBA, respectively.
The values of z; — x are the deviations of the 18 month
mean for each atomic standard from the 18 month
grand mean. These figures give an idea of the degree to

which agreement among independent standards was

attained and maintained over 18 months. The “z
average” values are essentially an average standard
deviation associated with the day-to-day fluctuations
of the transmitted signal plus propagation effects
common to all radio paths. Similarly, the “Av. d;”
values represent average standard deviations associat-
ed with day-to-day fluctuations in the receiving
system, including effects peculiar to the particular
propagation path, measurement errors, as well as
fluctuations in the local standard itself. Although the

7 and d; are of comparable magnitude to the varia-

tions in the standards among each other (v; — x),
the statistical treatment enables all these effects to be
separated and estimated.

Time Scale Comparison. Another technique which
has been used very successfully for the comparison
of atomic standards at remote installations involves
the comparison of independent time scales based on
each of the cesium standards. For example, the NBS-A
atomic time scale and the TA; atomic time scale based
on the laboratory cesium standards at the National
Bureau of Standards, Boulder, Colorado, USA and
at the Laboratoire Suisse de Recherches Horlogeres,
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Fig. 9. Comparison of the atomic time scales TA, and NBS-A

TA-(NBS-A), MILLISECONDS

Neuchatel, Switzerland, respectively, have been com-
pared since 1958 (BonaNomI, KARTASCHOFY¥, NEW-
MAN, BARNES, and ArkinNsoN, 1964). Fig. 9 is a plot
of the difference between the time scales as a function
of epoch, where the ordinate is the reception time of the
WWYV time signals at Neuchatel on the TA, scale
minus the emission time of the time signals on the
NBS-A scale. Exact agreement of the two frequency
standards would be indicated on this plot by a hori-
zontal line. The obvious improvement occurring in
1960 was due to a change in standards at LSRH from
an ammonia maser to a cesium standard and to the
adoption of NBS II as the standard at NBS. The
divergence of the scales equivalent to about 8 « 1011
occuring from 1961.6 to 1962.1 was due to a temporary
magnetic shielding problem with the LSRH standard
as reported by KARTASCHOFF (KARTASCHOFF, 1962).
If the observed rate of divergence of the two time
scales from 1960.5 — 1961.6 and since 1962.2 is attri-
buted entirely to a systematic difference between the
two cesium standards, a frequency difference of
1 % 10~ is indicated. This result is consistent with
the quoted accuracy figures for both standards.
Portable Standards. Still another method of com-
paring two frequency standards at remote installa-
tions involves carrying a portable standard between
the two laboratories, making frequency comparisons
at both locations with the assumption that the portable
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Table 4. Errors in Terms of GBR Data and Indicated Standards

7 Average* — 1.26 x 1010
d: Average* per Station as follows:

Station | (w1 — x) x 10| Av. d; x 101 ggégjgg
CNET 1.68 1.05 278
CRUFT -0.78 0.41 136
LSRH —1.04 0.39 244
NBS —0.68 0.66 244
NOB -0.34 0.62 278
NPL +0.05 1.00 278
NRC +0.65 1.97 222

* RMS weighted Average

Station Indentifications

CNET Centre National d’Etudes des Telecommunications,
Bagneux, Seine, France (Commercial standard).
CRUFT Cruft Laboratories, Harvard University, Cambridge,

Massachusetts, USA (Commercial standard).

LSRH Laboratoire Suisse de Recherches Horlogeres,
Neuchatel, Switzerland (Laboratory standard).

NBS National Bureau of Standards, Boulder, Colorado,
USA (Laboratory standard).

NOB  U.S. Naval Observatory, Washington, D. C., USA
(Radio average of 9 standards).

NPL National Physical Laboratory, Teddington, Middle-
sex, England (Laboratory standard).

NRC National Research Council, Ottawa, Ontario, Canada

(Laboratory standard).

Table 5. Errors in Terms of NBA Data and Indicated Standards

7 Average* = 0.68 x 10710
4 Average* per Station as follows:

Station | (@« — ) x 1010| Av.d, x 101 | 5o Days
CNET 1.89 0.95 197
CRUFT -1.05 1.13 131
LSRH -0.99 0.63 197
NBS —-0.66 0.63 161
NOB —-0.27 0.51 197
NPL -0.28 1.24 102
NRC +1.30 1.82 ; 113

* RMS weighted Average

Station Indentifications
CNET Centre National d’Etudes des Telecommunica-

tions, Bagneux, Seine, France (commercial standard).
CRUFT Cruft Laboratories, Harvard University, Cambridge,
Massachusetts, USA (commercial standard).

LSRH Laboratoire Suisse de Recherches Horlogeres,
Neuchatel, Switzerland (laboratory standard).

NBS National Bureau of Standards, Boulder, Colorado,
USA (laboratory standard).

NOB U. 8. Naval Observatory, Washington, D. C., USA
(commercial standard).

NPL National Physical Laboratory, Teddington, Middle-
sex, England (laboratory standard).

NRC National Research Council, Ottawa, Ontario, Canada

(laboratory standard).

standard’s frequency remains stable between labora-
tories. This type of measurement has been made
feasible by the recent development of highly-stable
portable commercial cesium and rubidium standards.
In June 1964, two commercial cesium standards which
had been taken to Switzerland for an instrument
exhibition were compared with the long cesium
standard at LSRH in Neuchatel (BagLEY and CUTLER,
1964). Four days later the commercial instruments
were measured in terms of the NBS standard in

Boulder, Colorado, after being kept in continuous
operation during the intervening time. The results of
these measurements again showed the Swiss and U. S.
standards to be in agreement to better than 1 x 1011,
The assumption of perfect stability of the commercial
standards between comparisons did not appear to
limit the measurements in view of the excellent long-
term stability demonstrated by these instruments
during one week’s continuous operation in Switzerland.

Atomie Time Standards

Construction of Atomic Time Scales. An atomic
time scale based upon the cesium transition can be
constructed in several different ways. Basically, one
needs to have some means of accumulating cycles of
the periodic phenomenon (in this case, the cesium
transition frequency) providing the unit from an
arbitrarily chosen origin. Since most cesium standards
employ a quartz-crystal oscillator which is electroni-
cally locked to the cesium resonance, the most direct
method would be to divide the quartz oscillator
frequency down to a suitable value for driving a clock
directly. Because of the practical difficulty in keeping
a complex system such as a cesium standard in
continuous operation, however, an indirect technique
has usually been used in which the clock is driven by
a free-running quartz oscillator of nominal frequency
vp which is periodically calibrated in terms of the
cesium standard to give its actual frequency v;. These
calibrations are then used to convert the sufficiently
short indicated quartz time At to atomic time At
according to the relation At = (va/vs) At with the
assumption that the oscillator frequency has drifted
linearly between calibration points. The interval
between calibrations ranges from 1 day for the A1
(see below) and NBS-A scales to 10 days for the TA,
scale. Errors introduced by departure of the actual
oscillator drift from linearity as assumed, due to
inherent oscillator noise and other causes, have been
studied by a number of people (for example, DE PRINs,
1961).

Particular Time Scales. The various atomic time
scales presently in use differ essentially only in the
particular cesium standard or standards chosen for the
basis of the scale. Thus, the A.1 atomic time scale
developed at the United States Naval Observatory in
1958 is based upon a weighted average of 9 different
laboratory and commercial cesium standards located
in various laboratories throughout the world (MARKoO-
wrrz, 1962 IRE). The published daily measurements
of certain standard frequency transmissions, such as
NBA and GBR, in terms of the various cesium stand-
ards are utilized to determine the frequency of the A.1
master oscillator in terms of the weighted average.
The origin of the A.1 scale is chosen to be at 0 0™ 08
on the UT 2 time scale on 1 January 1958%*.

The TA, scale established in Switzerland by the
Neuchatel Observatory is based upon the cesium
resonance frequency as indicated by the cesium stand-
ard at the Laboratoire Suisse de Recherches Horloge-
res (since 1960) (BoNnanoMI, KARTASCHOFF, NEWMAN,

* UT 2 is one of the Universal Time scales based on the
rotation of the earth. Its rate is a measure of the mean speed
of rotation of the earth with known periodic variations remov-
ed. UT 2 is still not uniform time, however, because of pro-
gressive changes in the speed of rotation of the earth.
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BarnEs, and ATKINSON, 1964). The origin of this scale
was set, to coincide with Ephemeris Time at Ok 0m (s
UT 2 on 1 January 1958*.

Similarly, the NBS-A atomic time scale is based
upon the United States Frequency Standard (USFS)
maintained at the National Bureau of Standards,
Boulder, Colorado, USA.

The epoch of this scale was set to be approximately
equal to that of UT 2 at Ok 0™ 08 on 1 January 1958.
The NBS-UA scale is also based on the USKFS but the
frequency offsets and step adjustments in epoch as
announced by the Bureau International de I’Heure in
Paris are incorporated, resulting in an interpolated
“universal” time scale based on an atomic time scale.
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the previously mentioned flight of two commercial
cesium standards between the United States and Swit-
zerland, measurements made at the Naval Observa-
tory and at Neuchatel, Switzerland, enabled the time
at the two locations to be correlated to an accuracy of
about 1usec (BagLEY and CuTpER, 1964). Further
experiments of this type are planned.

Another method of synchronizing remote clocks
uses the Loran-C navigation system transmissions at
100 kHz (Douerry, HEFLEY, and LINFIELD, 1960).
These transmissions consist of pulses with typical
rise times of 60 usec, permitting time resoluting betw-
een the arrival of the ground wave and the more
unstable sky wave. The resulting increase in timing
accuracy over the 1 — 2 msec available by
using HF or VLF transmissions allows
remote synchronization of clocks within
the Loran-C service area to 1 usec. It is
believed that extension of the Loran-C
system would permit this capability to be
available anywhere in the world.

Artificial earth satellites have also been
used for highly-accurate synchronization
of remote clocks. The Telstar satellite has
been used to transmit microwave pulses
between the United States and Europe with
an uncertainty due to the satellite link of
less than 1 usec (MarRkowITZ, 1964). The
advantages gainedhere include the reduced
sensitivity of the microwave frequency to

1sec.
TICK

isec.
TICK

COMPUTER T8M PUNCH
71090

PRINT QUT

Fig. 10. Block diagram of the NBS-A atomic time scale

A block diagram of the components of the NBS-A
scale is shown in Fig. 10. Each of the 5 oscillator-clock
combinations operates independently of all others and
a weighted average constitutes the time scale. A detai-
led description of the construction, operation, and
results of the NBS-A and NBS.UA scales will be
published (BARNES, 1965).

Synchronization of Clocks. A problem of interest
involves the synchronization of clocks at remote
locations. Interesting and novel techniques have been
utilized during recent years for this purpose, including
clock carrying experiments, the use of Loran-C frans-
missions and artificial earth satellites. In 1959 — 1960
the U.S. Army Signal Corp first demonstrated the
feasibility of using airborne atomic clocks to obtain
synchronization of widely separated clocks to within
Susec (REDER, BROWN, WINKLER, and BIckart, 1961).
Extensive use of portable, high-precision quartz
clocks has been made by NBS personnel for synchron-
izing clocks at the Boulder, Colorado laboratories and
at the WWYV transmitter site in Maryland (BArRNEs
and Fey, 1963). Uncertainties in the initial synchro-
nization due to the portable clock were within 5 usec.
Later checks on this synchronization by means of
further clock-carrying trips between Boulder and the
WWYV site were made with measurement accuracies
approaching 1usec. In June 1964, in connection with

* Ephemeris Time is defined by the orbital motion of the
earth about the sun and is determined, in practice, from obser-
vations of the orbital motion of the moon about the earth.
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ionospheric disturbances and the use of a
propagation path which lies mostly outside
the ionosphere.

The (U. 8.) Navy Navigational Satellite
System may also be used for this purpose
since the satellites carry clocks and radio
transmitters (Markowrrz, 1962). It is expected that
clocks in the United States and England can by
synchronized to within 100 gsec initiallv and 10 usec
later using this means.

— 1

EVENT

Summary

Any acceptable standard of time must satisfy the following
requirements: continuity of operation, generation of a unit
which remains constant with respect to other acceptable
measures of time, accuracy greater than or equal to standards
based on other definitions, accessibility to all who need it, a
characteristic period of convenient size, and a capability for
accumulating the units to give epoch. Although astronomical
standards based on the observed positions of celestial bodies
meet these requirements very well, atomic standards have
been developed since 1945 which possess a much higher accu-
racy with respect to the definition and greatly improved preci-
sion, making it possible to provide better results in a much
shorter averaging time. Various types of atomic standards
have been developed and evaluated, including ammonia ab-
sorption cells, ammonia and atomic hydrogen masers, rubi-
dium gas cell devices, and atomic beam devices using cesium
and thallium. Cesium standards are the most highly developed
at present with accuracies of + 1 x 107! having been achieved
in several different laboratories.

Although there is no universal agreement on how to
specify the performance of cesium standards, various estimates
of accuracy, precision, stability, and reproducibility are often
used. The specification of accuracy requires an appropriate
combination of random and systematic components of error.
These various components have been thoroughly analyzed
both theoretically and experimentally for cesium by many
different laboratories and commercial firms.

Different cesium standards have been compared both
directly within a given laboratory and indirectly between
remote locations by means of standard frequency and time
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radio transmissions, comparisons of independent time scales
constructed from the standards, and the carrying of portable
clocks between the remote locations. Results show that fre-
quency differences are within + 2 x 10710 for all standards
and 41 x 10710 for the laboratory-type standards.

A number of independent atomic time scales have been
constructed based on either a group of cesium standards (A. 1)
or on a particular standard (TA,, NBS-A, NBS-UA). Clocks
based on these time scales have been synchronized over
intercontinental distances by clock-carrying experiments,
use of radio transmissions, and use of artificial earth satellites.
Accuracies of the order of 1 microsecond have been achieved.
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A Precision Pulse-Ogerated
Electronic Phase Shifter and
Frequency Translator

Since 1956, the definition of the unit of
time (the second) has been in terms of the
Ephemeris second, which must be de-
termined by astronomical means. [n Octo-
ber, 1964, the cesiumm beam was adopted in-
ternationally as an alternate standard to
realize the unit of time., The f[requency
assigned to the appropriate atomic transi-
tion of cesium 133 was set at 9 192 631 770
Hz. However, all standard frequency and
time transmissions, which are coordinated
through the International Time Bureau
(BIH) in Paris in accordance with CCIR
regulations, do not presently broadcast the
physical unit of time (the second).

Historically, this situation came about
because one of the primary uses of precise
time was in terrestrial (as opposed to space)
navigation. In effect, what was needed could
be more closely correlated with the Earth’s
angular position relative to the sun, rather
than with an absolutely uniform time scale.
Navigators (more specifically terrestrial
navigators) had been accustomed to using a
time scale called UT-2, which is essentially
“mean solar time” corrected for a few known
perturbations, To satisfy this need, the
frequency of the “pendula” controlling the
“time” markers of coordinated broadcasts
has been slowed down to make the broad-
cast signals keep in approximate step with
UT-2. Occasionally, steps of 0.1 second are
also added when the UT-2 scale drifts out-
side of the predicted value. During 1965, the
frequency offset of —150 parts in 10! was
incorporated in all coordinated broadcasts.!
The value for 1966 is —300 parts in 10,
According to CCIR regulations, these offsets
are now restricted to an integral multiple
of 50 parts in 1019,

Thus, for a synchronons clock operating
from an exact 100-kHz reference, the phase
must be retarded at the rate of about one
cycle per S5.5-minute interval for the
—300X 1071 offset. Such slow phase shifts
have normally been accomplished by elec-
tromechanical devices incorporating a re-
solver-type phase shifter. These devices be-
ing motor driven are notoriously wasteful of
power and not nearly as reliable as solid-
stateelectronics. Practically, one may realize
a linearity with a resolver of about +0.5
percent of one cycle or about +350 ns for a
100-kHz signal. Because of these considera-
tions, an all solid-state phase shifter was
considered very desirable by the authors.

The heart of the phase shifters currently
being used in the Atomic Frequency and
Time Standards Section of the Radio Stan-
dards Laboratory of the National Bureau
of Standards consists of a voltage variable
delay line, a narrow-band filter, and a pulse
shaper. The voltage variable delay line is a

Manuscript reccived November 16, 1965,

t During the previous calendar yearts, the following
offset frequencies have been used: 1959, —170 X101¢;
1960, —150 X101, 1961, —150 X101, 1962,
=130 X10710; 1963, —130 X10 10; {964, —150 X110 1",
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Fig. 1.

series of inductors, shunted to ground by a
set of voltage variable capacitors (back-
biased diodes work well) in a typical lumped-
constant delay line fashion. A total of ten
sections for the delay line has been used in
the prototype models, which were designed
to operate at 1 MHz.

With a 1-MHz signal supplied to the
delay line and the output signal fed to a
narrow-band filter (=50), a voltage pulse
is suddenly applied (risetime~0.1 us) to the
delay line. The amplitude of the pulse is so
chosen that the delay is reduced by very
nearly one microsecond. Due to propagation
delays along the delay line for this pulse, the
distortion in the output of the delay line
persists for only about 1.5 us for the proto-
type units. Since the duration of this per-
turbation is quite small relative to the
reciprocal bandwidth of the filter, the out-
put of the filter is essentially not disturbed
by this process. Indeed, minimum variation
in the amplitude of the 1-MHz signal from
the filter is a reasonably sensitive criterion
for pulse amplitude.

By now allowing the voltage on the delay
line to slowly decay to its steady-state value,
the frequency out of the delay line may be
maintained within the bandpass of the filter,
and thus exactly one cycle has been sub-
tracted from the output signal in a smooth
and continuous fashion relative to the in-
put. In the prototype units constructed, the
decay time of the pulse was set at 3 milli-
seconds, and thus the signal averages about
300 Hz off from the 1-MHz input during the
decay time.

The generation of submultiples of this
one cycle of phase is accomplished by using
what amounts to a frequency error-muiti-
plier run in reverse. First the 1-MHz signal
out of the filter is divided to 100 kHz, which
also divides the one cycle of phase shift by
ten. That is, the steady-state phase shift of
this 100 kHz is exactly 27/10 for each pulse
supplied to the delay line. By mixing this
100-kHz signal with a 900-kHz signal de-
rived from the input signal to the device, a
new 1-M1Hz signal is obtained with phase

Precision pulse operated phase shifter.

shifts of exactly 2x/10 or 0.1 us for each
pulse supplied to the delay line. Thus, by an
iteration of frequency dividers and mixing
with a signal that is phase coherent with the
input, very precise submultiples of the one
cycle of phase shift may be generated. A
block diagram of an electronic phase shifter
is shown in Fig. 1.

The limitations in accuracy of the phase
shifts arise from the fact that there are
several high “Q” circuits operating at es-
sentially the same frequency, and hence
“pick up” of a signal in a later stage can
cause minor phase perturbations. By careful
construction and shielding, it has been
demonstrated at the National Bureau of
Standards that a system similar to the one
described here may be built such that ac-
cumulated phase perturbations are less than
0.01 percent of one cycle.

It remains now only to construct a pulsing
circuit from a clock to pulse the phase
shifter at the proper rate to generate the
desired frequency offset.2 Obviously, depend-
ing on the need, the granulations in this
phase shifting process may be chosen for
the particular application. The prototype
units constructed at the Bureau generate
ten nanosecond steps in the phase, and thus
a series of pulses adjustable from 0 to 10
pulses in a two-second interval in steps of
one pulse per two-second interval allows a
wide choice of useful frequency offsets (0 to
—500 parts in 10 in steps of 50 parts in
10'9). While the output signal cannot be con-
sidered monochromatic, there are many ap-
plications where the granular nature of the
phase is not significantly important (e.g.,
running a clock where precision of better
than ten nanoseconds is not needed.

J. BARNES

A. WAINWRIGHT

National Bureau of Standards
Boulder Lab.

Boulder, Colo.

2R, C. Cumming, “Serrodyne frequency trans-
lator,” Proc. IRE, vol. 45, pp. 175-186, February 1957
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An Intercomparison of Atomic Standards

1n early September, 1965, a group of atomically controlled oscilla-
tors was assembled at the National Bureau of Standards in Boulder,
Colo. The main purpose of the two months of experiments was to
obtain intercomparisons of the frequencies of the cesium beam,
thallium beam, and hydrogen maser with accuracies substantially
better than any previously obtained [1]-[4].

The participants in the experiments were personnel from the
Quantum Electronic Devices (Q.E.D.) Division of Varian Associates,
the Hewlett-Packard Company, and the Atomic Frequency and Time
Standards Section of the National Bureau of Standards, Boulder,
Colo. The equipment assembled for the experiments included the
United States Frequency Standard NBS-I1I, a cesium beam; another
cesium beam device constructed at Hewlett-Packard Company (in-
corporating a Varian Associates beam tube); two hydrogen masers
constructed at the Q.E.D. Division of Varian Associates; and the
NBS-II beam machine recently converted to thallium use. Unfor-
tunately the conversion of NBS-II to thallium was not complete, and
no significant numbers are at present available for this system.

The majority of comparisons among the two masers and the two
cesium beam devices was obtained by period measurements of the
beat frequencies between pairs of 5 MHz signals synthesized from the
various controlling atomic transitions. It was recognized that for the
precisions and accuracies which are realizable with these devices,
5 MHz is an unfortunately low frequency for comparison (it is worth
noting that a slow phase drift of one-half cycle per day at 5 MHz
constitutes a frequency offset of about one part in 10'2!). Nonetheless
sufficient hardware and software existed at the 5 MHz range to make
this the most desirable frequency for the present intercomparisons.

There were available three separate data acquisition systems ca-
pable of automatically punching data on cards for computer analysis,
and thus data reduction was greatly facilitated. Indeed, such vol-
umes of data were obtained during the comparisons that, to date,
only a small fraction of the data has received attention. Thus the
results reported here are preliminary and subject to a great deal of
additional analysis. It is intended that a more comprehensive report
of the intercomparisons will be published soon.

In order to have good reliability for the final results, it is desirable
to substantiate that the various devices were operating properly and
within specifications. Thus it is of value now to discuss briefly some
of the experiments performed to establish a realistic and unbiased
error budget for each instrument.

In regard to the two Varian hydrogen masers, each is equipped
with magnetic shielding and with temperature control of source,
cavity, and cavity loading. The magnetic shields of each maser were
degaussed at the start of the experiments, and the magnetic fields
were calibrated by exciting the Zeeman transitions. Almost daily
checks of the cavity tuning of each maser were made with each maser
being tuned independently of the other (each maser was used in turn
as a stable reference to tune the other but its particular frequency
was not considered).

Unfortunately it was not possible in the time available to perform
a wall-shift experiment for the hydrogen masers. It was decided to
use the values of the wall shift as determined by the Varian group
sometime earlier [1].

Preliminary results indicated the frequency fluctuations of one
maser relative to the other was within a few parts in 10'® from one
second to several hundred seconds, and the frequencies of the two
masers agreed to within one part in 10'? for the entire two-month
period. The detailed analysis of the relative fluctuations of the two
masers has not been completed, however.

While a realistic error budget for NBS-III has recently been
published [5], it was decided that the very stable signals available
from the two Varian masers would afford a unique opportunity for
redetermining the magnitudes of some of the uncertainties associated
with NBS-III. In particular, the oven and detector of NBS-III

were interchanged four different times to determine phase-shift ef-
fects of the cavity. Also a completely different set of electronics was
used to detect possible spectral difficulties or systematic errors in the
servo systems.

The fluctuations in the frequency of the 5 MHz signal locked to
NBS-III as compared to a hydrogen maser decreased with increasing
sample time as +~2 for r ranging from 100 seconds to five hours. This
is in complete agreement with theory [6]. A standard deviation of
one part in 10'® was obtained for adjacent sample times of two hours.
For adequate averaging times (72200 seconds), the new total es-
timated inaccuracy for NBS-IIT is 1.1 X107 for a one-sigma value
Beehler, Mockler, and Richardson [5] give a one-sigma value of
about 1.9X10712 (3.6=5.6X10"12),

The comparison of NBS-III with the Hewlett-Packard (H-P)
cesium beam indicated a standard deviation for the frequency fluc-
tuations of seven parts in 10 for two-hour samples. If one assumes
that the figure of one part in 10% quoted above for the comparison
of NBS-I1I and a hydrogen maser is caused primarily by shot noise
modulating the frequency of NBS-III, it is possible to estimate the
fluctuations on a shorter machine with a different flux of atoms [6].
Indeed, when this calculation is carried out for the H-P cesium beam,
complete agreement with the experimental results of 7X 10~ for
two-hour samples is obtained. Apparently, the electronic systems of
these two independently constructed cesium beam devices function
quite comparably.

The H-P cesium beam, being independently aligned, was avail-
able for about two weeks of comparisons. Assuming NBS-III as the
primary standard, the average frequency of the 5 MHz output of
the H-P unit was offset by —149.991 parts in 10, Since the unit was
designed to generate a signal offset by —150 parts in 10, this in-
dicates a discrepancy in frequency of only 9 parts in 10'® which is well
within the estimated accuracies for the two beams.

It is thus felt by the authors that the behavior of the cesium
beams and the hydrogen masers during this period have proved ade-
qutely reliable to quote a significant frequency value for the hydrogen
maser. It should again be emphasized that all data have not been
analyzed, and refinements on the results may be expected. A pre-
liminary value for the frequency of the appropriate transition of the
hydrogen atom in free space, at zero magnetic field, and zero absolute
temperature, is

1420,405,751.7860 1 0.0046 Hz.

The uncertainty of 0.0046 Hz corresponds to 1) an assumed inac-
curacy of 3 parts in 102 due to uncertainties in the wall-shift effect in
the hydrogen maser, compounded with 2) the inaccuracy of 1.1 parts
in 10 for the cesium reference to give a total uncertainty of 3.2
parts in 102

Unfortunately, all aspects of wall shifts in the hydrogen maser are
not sufficiently well understood to allow one to construct a realistic
and objective error budget for the hydrogen maser. While the re-
producibility of the wall shift is known to be better than one part in
1012, the magnitude of the effect is not known to this accuracy, and
the estimated inaccuracy of three parts in 10" for the wall shift is
considered an “outer limit” by the authors. It is, therefore, not on
the same objective footing as the one-sigma value of 1.1 parts in
10*2 for NBS-III.

The following is a list of values for the hydrogen frequency in
terms of cesium as published elsewhere and the value given above.

1420,405,751.827 + 0.02 (Varian-Naval Observatory, 1963) [1]
1420,405,751.800 + 0.028 (Harvard-Naval Observatory, 1963) [2]
1420,405,751.778 + 0.016 (Varian-H-P, 1964) (3]
1420,405,751.785 + 0.016 (Varian-LSRH, 1964) [4]
1420,405,751.781 + 0.016 (NASA-GSFC, 1965) {7]

1420,405,751.7860 + 0.0046 (NBS-Varian-HP, 1-65, this letter).
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The state-of-the-art for both cesium beams and hydrogen masers
has undergone significant improvement. Absolute accuracy in the
vicinity of a few parts in 10" for frequency measurements is thus
confirmed.

R. BEEHLER
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The Performance and Capabﬂity of Cesium Beam
Frequency Standards at the National
Bureau of Standards

R. E. BEEHLER

Abstract—NBS 1II, the older of the two cesium atomic beam
frequency standards which are used alternatively as the United
States Frequency Standard, has been operating for more than five
years. The contribution to inaccuracy produced by uncertainties in
the C field has been reduced by a factor of 30 to +2X107'3, The
average precision of measurement (standard deviation of the mean)
has been demonstrated to be 1 X107 for averaging times of 1 hour
and 2 X107 for 12 hours. The overall accuracy is considered to be
+8X10723¢. A new cesium standard, NBS III with an interaction
length of 3.66 meters is in operation and has demonstrated an
improved precision of 1X107'® over 2 hours and an accuracy of
+5X10723¢. The C field contributions to inaccuracy in this machine
have been reduced to +1X1071%, Considerable effort has been de-
voted to the detection and elimination of small frequency shifts
produced by various electronic components of the excitation systems.
In spite of the various improvements effected, a small unexplained
difference in frequency of about 1 X 1072 continues to exist between
the standards. The extremely high stability of the difference fre-
quency, however, suggests that resolution of the difficulties should
result in an accuracy capability of perhaps +1X107'230.

I. INTRODUCTION

HE PROGRAM at the National Bureau of Stan-

dards for the development, evaluation, and provi-

sion of atomic frequency and time standards has
led to the development of two operating cesium stan-
dards and one thallium standard at the present time. In
addition to these, the laboratory has two ammonia
(N) masers which are used primarily as test instru-
ments in the evaluation of atomic time and frequency
standards. Also, a hydrogen maser has been operating
since August, 1964,

It is the purpose of this report to discuss the progress
made in this NBS program over the past three years,
particularly that part of the program concerned with
the evaluation and performance characteristics of the
cesium atomic beam standards. The two cesium beams
are used alternatively as the United States Frequency
Standard. They also comprise the frequency element of
the NBS Time Standard.

The three existing beam standards are designated
NBSI, NBSII, and NBSIII. The first of these,
NBS I, is the oldest machine. It was originally operated
using cesium but was converted in 1962 from cesium to
thallium. NBS I is the shortest of the three standards,

Manuscript received October 27, 1965.
p Thelauthors are with the National Bureau of Standards, Boul-
er, Colo.

anp D. J. GLAZE

providing a spectral line width of about 300 Hz for
cesium. NBSIII is the newest and longest machine
and provides a spectral line width of 48 Hz, while the
line width for NBS II is 110 Hz.

The accuracy! of the cesium beams is considered to be
+1X10~11 for NBSI, +8X10-!% for NBSII, and
+5X10~'2 for NBS III. These figures are determined
from an analysis of various auxiliary experiments and
tests on a given machine and are confirmed by compari-
sons of the three independent machines. NBS II and
NBS III have also been compared with the cesium
standard at Neuchatel, Switzerland, by making use of
radio signals [1] and portable atomic standards [2], [3].
The radio comparison data averaged over 1.3 years
(1962.2-1963.5) indicated agreement to within 1107t
for that period. The more recent clock-carrying experi-
ments gave the same result. The precision! associated
with the NBS standards is at best 1 X 10~ for two-hour
averaging periods. More typically, values range from
0.5X10712 to 1X 10712 for the one-half hour averaging
periods normally employed in most measurements.

It appears that electronic problems and phase shifts
in the resonant cavity are presently the most severe
sources of uncertainty and that close attention must be
given to them if accuracy is to be increased. Although
time consuming, the solutions of these problems do not
appear prohibitively difficult, at least for an improve-
ment in accuracy of up to one order of magnitude. [t is
perhaps not too optimistic to expect an accuracy of
+1X107123¢ with the present standards within the next
two years.

Some of the details of the analyses and characteristics
of the NBS cesium beam standards are discussed in Sec-
tion II.

II. Tue NBS Cesium BEAM STANDARDS
A. Comparison of NBS I and NBS II

NBS I was first placed into regular operation in the
spring of 1959 as a cesium beam. It became the United

! Accuracy and precision have the following meaning in this manu-
script: 1, accuracy refers to the fractional uncertainty in determining
an atomic state separation of ‘the free atom and is expressed by 3¢
limits for statistically determined quantities and by estimated ex-
treme limits for other quantities; 2. precision refers to the fractional
uncertainty within which a given machine provides a reproducible
measurement and is expresseg by 1o limits unless otherwise noted.
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States Frequency Standard (USFS) in the fall of that
year. NBS I1 has been in use since 1960, and until the
newest cesium beam, NBS II1, was developed, NBS I
and NBS 11 provided the USFS—ecach was a check on
the other. Currently, NBS II and NBS I1I provide the
USFES.?

NBS I and NBS II were intercompared for a period
of three years [4]-[6]. During this period, practically
all of the electronics and a number of the internal com-
ponents of the beam apparatus were replaced, including
deflecting magnets, C-field structures, and the wave-
guide excitation structure of NBSI. Also, both ma-
chines were partially disassembled and moved to a
neighboring laboratory. With all these changes, the
relative frequency difference between them remained
fixed at 1.6 X10~!"! within a measurement uncertainty
of +£2X10-1% The average precision of frequency com-
parison (standard deviation of the mean) was 2 X 10~12
for an averaging time of one-half hour. The best preci-
sion that was attained was 2X107% (requiring an
averaging time of 10 hours). The statistical behavior was
good; x? tests demonstrated a Gaussian distribution of
the data [7]. The accuracy for each machine was con-
sidered to be +1X 101!, This figure was based on the
measured frequency difference between the two stan-
dards and on the results of a group of auxiliary experi-
ments designed to measure the C-field intensity and
uniformity, the phase shift between oscillating field re-
gions, the power spectrum of the exciting radiation,
effects of neighboring resonances, cavity pulling, and
the variation of frequency with power level. These
tests were performed for each machine separately. The
fixed frequency difference of 1.6 X107!! was never ade-
quately explained and implies the existence of a syste-
matic error which still has not been definitely identified.

The comparison of the NBS1 and NBSII cesium
beams was terminated in 1962 when NBST was con-
verted to a thallium beam.

B. Comparison of NBS Il and NBS I11

The newest cesium standard, NBS 111, has been in
operation since the summer of 1963. It represents an
attempt to improve on previous standards with respect
to both precision and accuracy by reducing random
errors due to beam fluctuations and certain systematic
errors that are line-width dependent. The separations
between the oscillating field regions are 164 cm for
NBS II and 366 cm for NBS 111, with the correspond-
ing spectral line widths being 110 Hz and 48 Hz. Figures
1 and 2 are photographs of these two instruments.

The procedure used in the evaluation of NBS III

2 The unit of frequency is defined by the frequency separation of
the F=4 and F=3 hyperfine structure levels in the free cesiun atom.
This separation is defined to be exactly 9192631770 Hz. The machines
themselves provide the means of measuring frequency in terms of
this separation and are designated as standards. The unit of fre-
quency provided by the standard can approach the idealized unit
with a certain uncertainty determined by the particular standard and
its analysis. Consequently, accuracy limits must be specified.

Fig. 1. Cesium atomic beam frequency standard, NBS II.

Fig. 2. Cesium atomic beam frequency standard, NBS 111

followed closely that previously used and reported in
connection with NBS T and 11 [4]-[7]. Evaluation
with respect to accuracy involved the study of each
possible source of error in order to determine its maxi-
mum contribution to the overall measurement uncer-
tainty. In many of the experiments, NBS Il was used
to provide the stable reference frequency for direct
comparison with NBS III while the particular param-
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Fig. 3. Block diagram of measurement system for direct comparison of NBS II and NBS III.

eter being studied in the NBS IIl system was syste-
matically varied. Figure 3 is a block diagram showing
the actual method of comparison. Each standard con-
trols a crystal oscillator by means of appropriate servo
electronics, and the period of the beat frequency be-
tween these two oscillators is measured.

Data from two comparisons of this type are shown in
Figs. 4 and 5. Each plotted point, representing the dif-
ference frequency averaged over one hour, is the mean
of 20 three-minute measurements. The half-length of
the vertical bar drawn at each point in Fig. 4 represents
the computed standard error of the one-hour observa-
tion (standard deviation of the mean of the 20 three-
minute averages) and is thus an estimate of the relative
precision of this measurement process. This precision
figure is typically 7X 1013 for these data. When the
measurement averaging time of interest is one hour or
less, somewhat better precision is usually obtained for
comparisons between very high quality quartz crystal
oscillators and NBS 11l than for the direct NBS II-
NBS [1I measurements.

A second estimate of the frequency fluctuations ap-
propriate for one-hour averaging times can be obtained
from the data in Fig. 4 by computing the standard
deviation of the 48 one-hour averages. This value for
the NBS II-NBS III data is 1.0X107'% It can easily
be shown that if the measurement process is in statistical
control, i.e., the individual three-minute averages be-
have as independent samples from a stable probability
distribution, these two estimates should be equal. In
view of the resonably good agreement observed, we can
predict, in a probability sense, that for any similar
one-hour frequency measurement the uncertainty in the
result produced by the random variations would be
about +1X10-'2 Analysis of a vast amount of com-
parison data accumulated over several years involving
NBS II, NBS III, and many other frequency sources
shows that the measurement precision for NBSIII is
usually two or three times better than for NBS II. Al-
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though precisions of 5X 10~ and 1 X 10-12 for NBS III
and NBS II, respectively, are typical for one-hour
averaging times, values of 2X 10~ have been obtained
consistently during recent comparisons between NBS-
III and the NBS hydrogen maser. No attempt has yet
been made to determine the individual contributions of
NBS III and the maser to this value.

In addition to these random measurement errors, a
great variety of systematic error sources may exist
which must be considered in determining an overall
accuracy figure to be associated with a particular stan-
dard. Those sources of error which have been found to
be most significant in the case of NBS Il and NBS II1
include errors due to uncertainties associated with the
uniform magnetic C field, phase shifts in the resonant
cavity, the presence of unwanted sidebands in the spec-
trum of the microwave frequency exciting the cesium
resonance, and certain other imperfections in the elec-
tronics system.

The cesium frequency for the (F=4, mr=0)(F=3,
mp=0) transition depends on the magnitude of the C
field according to

v = vy + 427H (), (1)

where v is the transition frequency (in Hz) in the mag-
netic field used, vy is the cesium frequency (in Hz) in
zero field, H(x) is the magnitude of the C field (in
oersteds), and H%(x) is a spatial average over the length
between the two oscillating field regions. Any uncer-
tainties in our knowledge of H*(x) will thus lead to cor-
responding errors in frequency measurements referred
to v,.

In actual practice, since H*(x) is difficult to determine
directly, the procedure normally followed is to deter-
mine first the quantity H(x) from relatively simple
measurements of various microwave transitions which
depend linearly on the field, square the result to obtain
[H (x) ]t,and thencompute thecorrection427 [H (x) |2 for
application to all measurements. Frequency uncer-
tainties resulting from the use of this procedure arise,
therefore, from two sources:

1) uncertainties in the value of H(x), and
2) uncertainties due to the use of [H(x) |* for H2(x).

The frequency uncertainty Av resulting from an un-
certainty AH, independent of x, in H(x) or H(x) can
easily be computed from (1). Thus,

v+ Av = vo + 427[H(x) + AH|? )
= yo + 427[H*(x) + 2H(x)AH + (AH)2]. (3)

Neglecting the small term (AH)? and subtracting v from
both sides, again making use of (1), gives

Av = 854I1(x)AH. 4)

This uncertainty was evaluated in the following way
for both NBS standards. The frequencies of each of the
4, —1)e(3, —1), 4, 1)(3, 1), (4, 2)«(3, 2), and

(4, 3)(3, 3) transitions were measured. Theory relates
these frequencies to the magnitude of the C field, and

from these relationships H(x) can be obtained [5]. This
gives four different measurements of the average field
for each setting of the C-field current. The data so ob-
tained were plotted, and a least-squares line was fitted
to the points. The range over which the field was mea-
sured was between 0.045 Oe and 0.148 QOe. The field
used for normal operation is about 0.048 Oe. This range
of field values eliminates overlap effects caused by
neighboring transitions and insures good linearity. The
standard deviation of a point from this line is 0.000019
Oe. If this is taken to be the uncertainty in the magni-
tude of the C field AH, the corresponding uncertainty
in the frequency of the (4, 0)«>(3, 0) transition is
+1X10718. These figures apply to NBS III. Similar
measurements for NBSII give an uncertainty of
+0.00004 Oe, corresponding to an uncertainty of
+2X 1073 in the (4, 0)«(3, 0) frequency measurement,
Previously, this uncertainty had been +6X107'? and
was the largest single contribution to the inaccuracy.
More stable power supplies for the C-field current are
now employed and account for the improvement. No
changes have been made in the C-field structure of
NBS II.

The uncertainty from the second source mentioned
is a consequence of the nonuniformity of the C field,
for in that case, H*(x) is not equal to [H(x) % The error
in Hz which results from using the latter quantity is
given by

Av = 27[H(x) — [HX)]? (5)
If the magnitude of the C field is expressed as
H(x) = Ho(x) + cl, (6)

where Hy(x) is the nonuniform residual field in the drift-
space region observed with the current I producing the
C field turned off, and c¢ is a constant, it can readily be
shown by direct substitution of (6) into (3) that

Av = $27[11,2(x) — [H (0)]* (7

It is assumed here that the residual feld 77,(x) does not
depend on .

In the case of NBS 1T and NBS [11, /1,(x) has been
measured by drawing a small sensitive magnetometer
probe through the C-ficld region along the beam axis, A
continuous plot of this ficld measurement for NBS 11
is shown in IFig. 6. The end points of the recording
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Fig. 6. Variation of magnitude of residual field H,
along the length of C-field region of NBS II.
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coincide with the positions of the openings in the mag-
netic shields where the two ends of the resonant cavity
pass through the shields. Similar data for NBS III
show slightly better uniformity even though the drift-
space region is much longer. The average residual field
in NBS II was 0.001 Oe about four years ago and has
deteriorated to about 0.003 Oe at the present time.
Ho(x) for NBS 111 is 0.0004 Oe. No degaussing of the
magnetic shields has been employed to date. If the error
Av is computed from (7) using the residual field data in
Fig. 6, a value of less than 1X 1071 is obtained. Since
it is impractical to measure this uniformity very often,
however, it is considered that this effect may contribute
a maximum uncertainty of perhaps +1X10~" to the
estimate of inaccuracy.

Certain other types of C-field nonuniformity can dis-
tort the observed cesium resonance asymmetrically,
producing a frequency error as a result. Such an effect
occurs, for example, if the average field in the region
between the oscillating fields differs from the average
field within the oscillating field regions. From an exam-
ination of the symmetry of the field dependent (4, 1)
«>(3, 1) transition, which provides a sensitive indication
of this condition, we conclude that any resultant errors
should be less than +5X10-2 for both NBSII and
NBS I1I. Local nonuniformity of the C field within the
oscillating field regions can produce large frequency
shifts, which are expected to be strongly dependent on
the microwave power level. The absence of a large
dependence of frequency on power level for either stan-
dard, together with the magnetometer data, suggests the
lack of a significant contribution to inaccuracy from
this source.

Reversing the polarity of the NBS III C field pro-
duced no frequency shift greater than the measurement
precision of 5X10~13,

The microwave cavity has been investigated in order
to determine the existing phase difference between the
oscillating field regions, dependence of the measured
cesium frequency on cavity tuning, and the existence of
possible fringing of the electromagnetic field at the
beam coupling holes. Of these effects, the last was in-
vestigated by placing a horizontal wire grid across each
opening in the resonant cavity end sections in an effort
to reduce any existing leakage field. Measurements
were then performed to determine the presence of a
frequency shift, but none was observed. The measure-
ments were obtained with NBSII as a reference.

A detuning of the resonant cavity by 1.3 MHz re-
sulted in a frequency shift of 3X 10712, [t is believed,
however, that this tuning change does not result in a
pulling of the cesium resonance frequency, but rather
results in a change in the phase shift between the two
oscillating field regions of the resonant cavity. This is
thought to be a result of asymmetry of the tuning
mechanism. As long as the cavity is tuned to the cesium
resonance, the phase difference should remain constant.
The only contribution to uncertainty in the frequency

measurements would then be the uncertainty in the
phase difference determination.

The accurate determination of the frequency shift
caused by phase differences existing in the cavity has
proved to be one of the more difficult problems en-
countered with NBS III. The first method used to
measure this effect consisted of measuring the NBS III
resonance frequency relative to that of NBS II both
before and after the entire NBS III cavity structure
was physically rotated by 180°. One half of any fre-
quency shift observed as a result of this operation may
be attributed to a phase-difference effect and applied as
a correction to all measurements. The physical rotation
of this extremely long cavity, however, appears to de-
form the structure in an unreproducible manner to
such an extent that the observed frequency shift is
reproducible to only 5X10-'2, In an effort to minimize
any such effects, a second method has recently been
employed in which the direction of traversal of the
beam through the cavity is reversed by interchanging
the atomic beam oven and detector, while leaving the
cavity undisturbed. Although this technique has been
found to yield better reproducibility, the contribution
from this source to the overall inaccuracy of NBS III
is nevertheless considered to be +3X 10712,

Experiments to determine the existence of frequency
shifts due to oven and detector offset in the horizontal
plane have shown no net frequency shift greater than
1X107'2 for a position change of 1.7 mm. The normal
operating point was included in this range. A horizontal
misalignment of 0.5 mm would be considered excessive.

Another possible source of systematic frequency shifts
may be a first-order Doppler effect. If, due to imperfect
alignment, atoms have a component of their velocity
parallel to the radiation field and a net traveling wave
exists in the cavity, a frequency shift may occur, given
approximately by

<1——R> [/
Ay = | ———— ) vyo— sin q,
1+ R ¢

where R is the power reflection coefficient, 7 is the mean
speed of the atoms in the beam, and « is the angle be-
tween the waveguide and a line normal to the beam.
Some measurements made with the NBS.I thallium
standard suggested the existence of such a shift in that
machine. Similar experiments performed recently, using
NBS 11, however, failed to disclose any such shifts.

The unavoidable second-order Doppler shift of 22/2¢?
amounts to 4 X 107" for both standards.

The electronics systems for the atomic beam fre-
quency standards have been extensively investigated as
possible sources of systematic frequency errors. As the
power level of the excitation signal was varied from 3
mW to 12 mW (normal value=4 mW), the frequency
of NBS 111 shifted —5X 1072, A resonant cavity with
a phase difference between the oscillating field regions
usually produces such behavior, i.e., the frequency shift
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is generally power dependent. Under these conditions,
as long as the power is constant, the phase difference
should be fixed, and no additiona! inaccuracy should
exist.

The power spectrum of the frequency multiplier
chain used with the cesium standards has been investi-
gated at intervals with the ammonia maser spectrum
analyzer [8]. Most recent results show the brightest
sidebands to be down about 43 dB at 9180 MHz, which
is the 34th harmonic of the 270 MHz output signal of
the multiplier chain. Although sidebands down by this
amount cannot cause sufficient distortion of the reso-
nance to result in significant frequency shifts, an allow-
ance must be made for the fact that the spectrum may
change significantly from time to time. This has been
found to be particularly true when the sidebands are
due to the power line frequency and its harmonics,
making the spectrum sensitive to changes in ground
loops and various electrical connections in the labora-
tory. In arriving at estimates of inaccuracy for the
standards, therefore, contributions of +2X10-'2 for
NBS III and +6X107!2 for NBS II are included for
this possible error source. The larger contribution from
NBS II reflects the fact that a wide spectral line is more
sensitive to such errors than a narrow one. Although it
is impractical to examine the spectrum very often using
the maser analyzer, it has been found useful to monitor
regularly with an oscilloscope the beat frequency at
about 100 Hz between the normal cesium excitation
signal and a similar signal from another oscillator-
multiplier chain system that is known to have a clean
spectrum. On several occasions, small spurious modula-
tions have been detected on the beat signal which were
causing frequency shifts of only 1X10-1,

Servo system contributions to inaccuracy have been
discussed in an earlier report [7]. Some effects have
been studied in more detail since that time. Special
effort has been made to measure the effects of second
harmonic distortion of the 37.5-Hz modulating signal
used in the servo systems of both machines. This was
accomplished by using, for example, NBSIII as a
reference while a carefully controlled percentage of
second harmonic distortion was added to the NBS 11
servo system. The frequency of NBS II was observed
while the phase of the second harmonic distortion was
varied relative to the phase of the 37.5 Hz fundamental.
This experiment was performed at 0.4 percent, 1 per-
cent, and 3 percent added second harmonic distortion.
The dependence of the frequency of the standar ! on
the second harmonic distortion is basically in accord
with the relation Av=(1/2)Df; sin o where Av is the
shift in the transition frequency, D is a measure of the
second harmonic distortion, f; is the peak frequency
deviation of the excitation signal due to the modulation,
and « is the phase angle of the second harmonic signal
relative to the fundamental. One percent distortion at
a relative phase of 90° produced a frequency shift of
3 X101,
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The second set of experiments performed on both
standards was the determination of the frequency de-
pendence on the percentage of the second harmonic
distortion added to the servo system. One standard was
the reference in one experiment, while the situation was
reversed for the other experiment. The phase of the
second harmonic signal relative to the fundamental in
each case was adjusted to the value which produced
maximum shift of the transition frequency for any par-
ticular amount of second harmonic distortion. The re-
sults are shown in Figs. 7 and 8. It is apparent that the
transition frequency as measured by NBS II1 is affected
by second harmonic distortion less than one half as
much as that for NBSII. NBSIII therefore has an
advantage over NBS 11 in this respect, due to its nar-
rower line width.

The independent servo systems have been compared
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recently via NBS III. Forty-minute measurements of
the frequency of a high quality quartz oscillator taken
alternately with the two servo systems show agreement
to within 1X 1072 The precision of each measurement
was 0.9X107!2. Similar results were obtained using
NBS II.

Further sources of small errors which have been
eliminated are large 60-Hz fields arising from physical
layout of power outlets on NBS II and stray field leak-
age into the chopper demodulator in one of the servo
systems. In addition, the frequency multiplier chain
used with NBS II has been provided with better shield-
ing, and the input impedance of this chain has been
adjusted to 50 Q. Possible frequency errors resulting
from time dependent phase shifts in the multiplier
chain have been considered, and some experimental
work in this area is presently underway.

An overall estimate of inaccuracy for each of the
standards may be made by combining in some appro-
priate manner the individual contributions to uncer-
tainty discussed above. If we make the reasonable
assumption that the individual effects are independent
of one another, the proper method of combination is to
use the square root of the sum of the squares as the
overall estimate. Table I is a summary of the estimates
of uncertainty due to the individual sources considered
for both NBS II and NBS III. The combined total 3o
estimates of uncertainty are found to be +8.0X 10712
for NBSII and +4.9X10-2 for NBS III. The indi-
vidual estimates given in the table are considered to
be reasonable limits of error, approximately correspond-
ing to statistically-determined 3¢ estimates, for those
effects not directly amenable to statistical analysis.
The values given for Doppler shifts and multiplier-
chain transient phase shifts are necessarily tentative at
this time, due to a lack of conclusive experimental evi-
dence.

TABLE 1
CONTRIBUTIONS TO INACCURACY FOR NBS I1 anp NBS 111
Estimated Uncertainty X102

Source of Uncertainty NBSII NBSIII
1) Random measurement errors (1 hr.) 3¢
limits +3.0 +1.5
2) Magnitude of H(x)—3¢ limits +0.6 +0.3
3) Overlap of neighboring transitions +2.0 +1.0
4) Use of H(x)? for H*(x) +0.1 +0.1
5) Distortion effects arising from C field
nonuniformity *0.5 +0.5
6) C-field polarity effects +0.5 +0.5
7) Cavity mistuning +0.1 +0.1
8) Uncertainty in magnitude of cavity
phase shift +2.0 +3.0
9) Doppler shifts +1.0 +1.0
10) Microwave power level +1.0 +1.0
11) Spectral purity of excitation +6.0 +2.0
12) Second harmonic distortion of servo
modulation 1.5 +0.5
13) Miscellaneous servo system effects +2.0 +2.0
14) Multiplier chain transient phase shifts +1.0 +1.0
Total 3¢ Estimated Uncertainty (square
root of sum of squares) +8.0 +4

Checks upon the estimates of accuracy are obtained
from comparisons of the cesium (4, 0)«>(3, 0) transition
frequency as measured by the two independent stand-
ards. The measured frequency difference between
NBS II and NBS III contains data accumulated over a
long period of time. Many of the data were obtained in
the first stages of operation of NBS III when fluctua-
tions were larger than they have been more recently.

Between September 1963 and March 1, 1964, mea-
surements of the frequency difference between NBS I11
and NBS II were hampered by various electronic prob-
lems and a three-year accumulation of dirt and pump
oil in the resonant cavity end sections of NBS II. This
residue resulted in a large phase difference between the
two oscillating field regions. A 180° rotation of the
resonant cavity produced a frequency shift of 2.4 X10-11,
After the cavity was cleaned on March 1, 1964, rota-
tion produced a frequency shift of (2.040.4) X102,
where the quoted uncertainty is the 1¢ limit computed
from the data. The average frequency difference dur-
ing this period was 2X1011,

Between March 1 and May 22, the average frequency
difference between the two standards was (7 +2) X 10712,
Two changes were made in this period: the input im-
pedance of the frequency multiplier chain used with
NBS II was brought down from 150 € to 50 €, and the
shielding for this multiplier chain was made more
adequate. From May 22, 1964 to June 1, 1965, the
average measured difference between the two standards
was

NBSIII — NBSII = + (1.4 + 1.0) X 1072,

where the quoted uncertainty is once again the com-
puted 1¢ limit.

CONCLUSION

Experience gained at the National Bureau of Stan-
dards over a period of six years with three independent
cesium standards has shown that realistic accuracy
figures of +35X107!2 and measurement precisions of
1X10~3in two hours are obtainable with existing stand-
ards. By reducing the uncertainties due to cavity phase
shifts, random measurement errors, and spectral purity,
and by careful attention to the remaining electronic
problems, it is believed that an accuracy figure of
+1X1071230 may be realized for the NBS standards
within the next one or two years.

ACKNOWLEDGMENTS

The authors would like to acknowledge the assistance
of many members of the Atomic Frequency and Time
Standards Section and, in particular, that of Dr. R. C.
Mockler for his many helpful suggestions and continual
encouragement, C. S. Snider for the general operation
of the cesium standards, L. E. Heim for the servo sys-
tem work, and J. A. Barnes and D. W. Allan for the
spectrum analysis results.

122-54



REFERENCES

[1] J. Bonanomi, P. Kartaschoff, J. Newman, J. A. Barnes, and
W. R. Atkinson, “A comparison of the TA; and the NBS-A
atomic time scales,” Proc. IEEE (Correspondence), vol. 52, p. 439,
April 1964.

[2] A. S. Bagley and L. S. Cutler, “A new performance of the flying
clock experiment,” Hewletl-Packard J., vol. 15, no. 11, July 1964.

{3] L. N. Bodily, “Correlating time from Europe to Asia with flying
clocks,” Hewlett-Packard J., vol. 16, no. 8; April 1965.

4] R. C. Mockler, R. E. Beehler, and C. S.-Snider, “Atomic beam
frequency standards,” IRE Trans. on Instrumentation, vol. I-9,
pp. 120-132, September 1960.

[5] R. C. Mockler “Atomic beam frequency standards,” Advan.

Electron. Electron Physics, vol. 15, L. Marton, Ed., New York:
Academic, 1961, pp. 1-71.

[6] J. M. Richardson, R. E. Beehler, R. C. Mockler, and R. L. Fey,
“Les etalons atomiques de frequence au NBS, 1961 Comité Con-
sultatif pour la définition de la Seconde auprés du Comité Inter-
national des Poides et Mesures, 2¢ session, Paris: Gauthier-
Villars, 1962, pp. 57-67.

[71 R. E. Beehler, W. R. Atkinson, L.. E. Heim, and C. S. Snider,
“A comparison of direct and servo methods for utilizing cesium
beam resonators as frequency standards,” IRE Trans. on Instru-
mentation, vol. [-11, pp. 231-238, December 1962.

[8] J. A. Barnes and L. E. Heim, “A high-resolution ammonia-
maser-spectrum analyser,” IRE Trans. on Instrumentation,
vol. 1-10, pp. 4-8, June 1961.

Reprinted from IEEE TRANSACTIONS
ON INSTRUMENTATION AND MEASUREMENT
Volume IM-15, Numbers 1 and 2, March and June, 1066
pp. 48-53
TuHE INSTITUTE OF ELECTRICAL AND ELECTRONICS ENGINEERS, INC.
PRINTED IN THE U.5.A.

123-55



Fvaluation of a Thallium Atomic Beam Frequency

Standard at the National Bureau of Standards

R. E. BEEHLER anp D. J. GLAZE

Abstract—The original NBS cesium standard (NBS I) has been
converted to a thallium standard and was operated for one and one-
half years with a typical precision of 2X 10712 and an accuracy of
1X10-4, Experiments are described which were performed to estab-
lish these precision and accuracy estimates. These results, which
are comparable to those obtained with lenger cesium standards, are
considered sufficiently encouraging to justify the conversion of a
longer cesium standard to thallium for a more thorough evaluation.

[. INTRODUCTION
J:[N 1957, P. Kusch pointed out the possible advan-

tages that thallium should have over cesium in

atomic beam frequency standards [1]. The small

quadratic dependence of the frequency on the uniform

magnetic field in which the transition occurs is given by

v(Cs'33) = »y(Cs) + 42711*(in Hz), @)

p(TI2%) = yo(T1) + 20.4H2 (in Hz). 2)

The fractional uncertainties in frequencies resulting
from uncertainties in /{ are given by

(%)
Vo
)
Vo,
Thus, the (1, 0)<>(0, 0) transition in thallium is 1/50th

as sensitive to the field as is cesium. This is no longer
as great an advantage as it was originally, since the C

I

9.1 X 108HAH, for cesium, and 3)

It

1.9 X 10°HAH, for thallium. 4)
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fields have been so drastically improved in the cesium
beams [2].

A further advantage for thallium arises from its
simpler atomic spectrum, since there are only two
microwave transitions neighboring the (1, 0)«(0, 0) ¢
transition already mentioned. These two 7 transitions
are the (F=1, mp=1)(F=0, mr=0) transition and
the (F=1, mp= —1)«>(F=0, mp=0) transition. Thus,
with different C-field orientations necessary to excite
these two sets of transitions, proper parallelism of the
g-oriented C field with the two oscillating field regions
in the resonant cavity end sections should insure free-
dom from overlap of 7 transitions. Also, the simpler
thallium spectrum should allow a greater signal inten-
sity for the (1, 0)«<>(0, 0) thallium transition than for
the corresponding (4, 0)<>(3, 0) transition in cesium,
since a greater percentage of the thallium atoms have
energies in the desired states. Finally, the thallium
transition frequency is more than double that of cesium,
so that, for the same absolute uncertainty in the fre-
quency, a higher relative precision of measurement is
obtained for the thallium standard than for the cesium
standard.

II. THE NBS THALLIUM BEAM STANDARD

These possible advantages led to the conversion of
NBS I, the original NBS cesium standard with an inter-
action length of 55 c¢m, to a thallium standard in
September, 1962. The thallium standard is shown in
Fig. 1.

A considerable amount of time was spent in develop-
ing and improving a suitable detection system. Wire
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Thallium atomic beam frequency standard.

Fig. 1.

0.013 cm in diameter drawn from a pure, single crystal
of tungsten has given the most noise-free performance
as a surlace ionization detector for the thallium beam.
Since thallium has an lonization potential of about 6.1
volts, the tungsten wire must be oxidized to provide a
work function high enough to allow efficient ionization
of the thallium atoms. The oxidation and operating
procedures that have been developed are as follows:

1) Before the oven temperature is raised to its operat-
ing value of 610°C, pure oxygen is admitted to the
vacuum system by opening a variable leak rate valve
mounted on the detector cover plate of NBSI. The
detector wire temperature is near 900°C as measured
by an optical pyrometer.

2} Enough oxygen is admitted to raise the system
pressure to one torr or higher.

3) The detector temperature drops below 700°C
under these conditions. The temperature is, however,
next increased to about 900°C. After approximately
one minute, the variable leak rate valve is closed.

4) As the oxygen is being evacuated from the system,
the detector current is decreased as necessary in order
to maintain the temperature near 90G6°C.

3) Frequency measurements can be made when the
svstem pressure falls below 3 107° torr, usually within
10 minutes, if the oven is up to temperature.

Although repeated oxidation of the detector with the
oven hot no longer causes clogaing of the oven slit, this
procedure is detrimental to the molvhdenum  heater
coils and is therefore used no more than is absolutely
neecessary’.

The detector is normally operated at a relatively high
temperature in order to decrease the “sitting” time of
the atoms on the wire so that a servo technique of
measurement involving 37.5 Mz modulation of the
microwave excitation can be utilized. At 900°C-1000°C
the oxide is stable for as long as 13 hours —this is the
longest continuous operating time to date on the thal-
lium system. During this and similar long-term runs,
the oxide showed no tendency to deteriorate. lonization

efficiency for this system has been estimated to be at
least SO percent. Signal-to-noise ratios for the central
peak of the Ramsey resonance curve are generally in
the vicinity of 300-400.

The interaction length of 55 cm for the NBS I thal-
lium standard results in a spectral line width of about
280 Iz as compared to 330 Hz for the same machine
operated with cesium. The loaded Q of the resonant
cavity is 2800. The frequency shift observed upon rota-
tion of the cavity by 180° about a vertical axis, presum-
ably resulting from a phase difference between the two
oscillating field regions, is less than 2 X10~12, Two such
rotations were performed.

During the course of the thallium investigations, this
cavity was found to have become detuned by about
6 MHz. This detuning of the cavity from the thallium
transition frequency was accompanied by a shift in
this frequency of 4 X 10~11, This detuning was attributed
to a temperature-stress-tuning correlation even though
this cavity had been provided with considerable me-
chanical bracing. Further, the measured thallium transi-
tion frequency depends significantly on the cavity tun-
ing plunger position, with a frequency minimum occur-
ring when the cavity is tuned to the thallium line fre-
quency. This effect is not belicved to be a result of
frequency pulling by the resonant cavity, which is
calculated to be only 0.0093 Hz or about 4.4 X 10~ for
a detuning of 6 MHz, but rather a result of a changing
phase difference between the two oscillating field re-
gions of the cavity due to possible asymmetry of the
tuning mechanism.

This cavity, which is the second one constructed for
the thallium system, has been provided with electro-
formed copper end sections, smaller beam coupling
holes, and electroformed extensions out from the beam
holes to minimize field fringing cffects at these holes.
As a result, the dependence of the measured thallium
transition frequency on microwave power level that had
been observed with the first cavity is eliminated, at
least for power levels below 50 mW.

Considerations of accuracy are, for the present,
necessarily confined to internal estimates. A second
thallium standard is nearly ready for operation and
should provide a better indication of accuracy.

In order to obtain an estimate for AZ{, the uncertainty
in the magnitude of the uniform magnetic field, two
independent calibrations of the field using the (4, 1)
(3, 1) transition in cesium and the (1, 1)(0, 0) =
transition in thallium were compared. At the relatively
high field of 0.140 Oe used in most of the early measure-
ments, the calibrations agreed to within 0.002 Oe.
Considering AH to be £0.001 O¢, we find Av/r to be
+3X107%. These data were taken with a power supply
not as stable or well regulated as the one used for NBS
11 and NBS Il!, the NBS cesium standards.

To operate at 0.070 Oe reasonable evidence must exist
that no overlap effects occur due to the « transitions.
This evidence is obtained from two sources. First, care-
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ful searches were made for 7 transitions with the C-field
direction oriented for ¢ transitions. The signal-to-noise
ratio of the ¢ transition was always as good as 200. No
evidence of 7 transitions has ever been detected. Second,
further evidence of the absence of overlap shifts is pro-
vided by the plot of the frequency of the normal
(1, 0)(0, 0) transition vs. the square of the C-field
current shown in Fig. 2. The half length of the vertical
bar at each plotted point represents the precision of
measurement (standard error of the mean). Any over-
lap shifts should be most pronounced at low values of
the C field. No significant deviation from linearity ap-
pears even at the lowest field used of 0.015 Oe, which
corresponds to a C-field correction of only 2X 10713, The
rms deviation of the points from the least squares line
is only 4 X10-12

Reversal of the C-field polarity produced no frequency
shift within the measurement precision of 2.5X10-!2
Such a shift had been observed with the earlier thallium
cavity where significant leakage of the microwave radia-
tion field from the beam holes was present.

Magnetic shielding of the C-field region is accom-
plished by an outer soft iron cylinder and an inner mu-
metal cyclinder. The measured nonuniformity of field
along the length of the C-field region is within +0.001
Qe at a field of 0.050 Oe. This and the residual field of
+0.001 Qe produce negligible uncertainties in the fre-
quency measurements and are not considered limitations
at present.

A block diagram of the servo measurement system
appears in Fig. 3. The same two independent servo
systems, employing 37.5 Hz modulation, that are used
regularly with the NBS cesium standards are also us-
able in the thallium case. The only modification required
is to increase the peak frequency deviation due to the
modulation because of the greater relative line width for
NBS I. Comparisons of recent manual measurements
with servo measurements show agreement to within
2 X 10~12 The precision of measurement for the manual
data was 2.4X 10712, and that for the servo data was
1.5X 10712 Interchange of the vacuum tube servo sys-
tem with the transistorized servo system resulted in a
frequency shift of less than 2.5X10-!2, which was the
precision of measurement. A detailed evaluation of the
vacuum tube servo system has been reported previ-
ously [3].

The power spectrum of the frequency multiplier chain
used in the measurement system has been improved by
the addition of more adequately filtered power supplies.
The brightest sidebands of 60 Hz and 120 Hz are now
down about 35 dB at the thallium transition frequency.
Previous power supplies contributed time dependent,
asymmetric sidebands which caused many nonrepro-
ducible frequency shifts in the thallium transition
frequency.

The average precision of measurement for the thal-
lium standard over one hour averaging times, as deter-
mined from more than one year’s data, is 2 X 10712 when

[ u
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Fig. 2, Thallium resonant frequency vs. square of C-field current.
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Fig. 3. Block diagram of the thallium servo measurement system.

compared with a high quality quartz oscillator or either
of the NBS cesium standards. Occasionally, measure-
ment precisions of 4 X 10~ have been observed with one
of the cesium standards as reference. When the average
standard error of the mean of 2X10~!? for a one-hour
measurement is compared to the standard deviation of
1X 107" for daily measurements made over a period of
months, a discrepancy is apparent, suggesting a lack of
statistical control in the measurement process. For
intermediate-length measurement periods of several
hours within a given day, however, such as the thirteen-
hour-frequency comparison of the thallium standard
with NBS 111, shown in Fig. 4, much better control is
indicated. Here, the average precision of the one-hour
measurements is 1X10~12, while the standard error of
the mean for the group of 13 one-hour points is about
61073, this being an indication of the precision ex-
pected for a measurement averaged over a thirteen-hour
period. The one-hour precision for NBS III is typically
5X 10713 which is only about 4 times better than the
corresponding figure for the much shorter thallium
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Fig. 4. 13-hour stability comparison of thallium standard,
NBS II1, and a crystal oscillator (April 16-17, 1964).

standard. In view of the ratio of the interaction lengths
of about 7, this precision comparison is encouraging.

The precision associated with the thallium standard
does depend on the oxide coating on the detector wire.
As the detector wire ages and is oxidized away, the de-
tection efficiency for the 0.013-cm wide beam drops,
along with the intensity of the Ramsey pattern. As long
as this intensity is a reasonable value (2-5X10-12
amperes of detected beam current), the precision is quite
satisfactory.

The best value for the measured frequency of the
(F=1, mp=0)>(F=0, mp=0) transition in thallium in
zero magnetic field [with respect to an assigned fre-
quency of 9192631770 Hz to the (F=4, mp=0)(F=3,

mp=0) transition in cesium ] is
vo(Tl) = 21, 310, 833, 945.9 + 0.2 Hz.

The quoted accuracy figure of +0.2 Hz or +1X10-!!is
a tentative but best estimate from the accumulated
data. This frequency determination agrees with that
obtained by the Swiss group at Neuchatel Observatory
(vo 21,310,833,945.1+1.0 Hz) to within the quoted
limits [4].

Future intentions for thallium standards include
installation of permanent magnets of higher field inten-
sity than those presently used in NBS I, and evaluation
of NBS II as a thallium standard. The use of NBS II
will allow direct comparison of two thallium standards
with the added benefit of the narrower spectral line
width of NBS I1.

CONCLUSION

The results obtained from the short thallium standard
have been sufficiently encouraging to justify an evalua-
tion of a longer and more refined thallium system. Com-
parison of two independent thallium standards should
provide a more reliable accuracy figure for comparison
with cesium and hydrogen.
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Abstract—Intercomparisons of average frequency and of fre~
quency stability were made among one Hewlett-Packard 5060A
cesium beam, two Varian Associates H-10 atomic hydrogen masers,
and the National Bureau of Standards NBS III cesiwun beam desig-
nated as the United States Frequency Standard. Each of the stan-
dards displayed a white noise frequency fluctuation behavior with a
transition into an approximate flicker of frequency fluctuation be-
havior for longer time intervals. The rms fractional frequency fluc-
tuation between adjacent samples, o(r, N=2), was 6X107 112
down to a flicker level of about 3X107!% for the hp 5060A cesium
beam (102 <7 <10%), 1 X107117~12 down to a flicker level of less than
1X 10713 for NBS III cesium beam (102<7 <10%), and 5X 1071312
down to a flicker level of about 1X10~! for the H-10 hydrogen
masers (1 <r<10%). The accuracy capabilities of NBS III and
H-10 #4 are now 1.1X107* and 0.47X107'%, respectively (lo es-
timate).

A discrepancy of only 1.1 parts in 101? was observed between the
average frequencies of the hp 5060A cesium beam and the NBS III
cesium beam, with the former being higher in frequency.

In terms of the frequency of the Cs!® hyperfine transition (F =4,
mp=0)(F=3, mr=0), defined as 9 192 631 770.0000 Hertz, the
measured frequency of the H! hyperfine transition (F=1, mz=0)
«>-F=0, mp=0) was vg=1 420 405 751.7864 +0.0017 Hertz. This
is believed to be the most accurate and precise measurement of any
physical quantity.

I. INTRODUCTION
& SERIES of measurements involving hydrogen

and cesium frequency standards [1] was made

at the National Bureau of Standards (NBS),
Boulder, Colo., during September and October 1965,
The object of the measurements was to make intercom-
parisons of frequency between standards that then
represented the state-of-the-art; to measure the fre-
quency of the hyperfine separation of hydrogen in terms
of the provisional international standard of frequency,
the hyperfine separation of cesium 133, with higher
accuracy than ever before; and to obtain statistical in-
formation that would give an insight into the nature of
the perturbations that cause changes in frequency.
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at the 1966 Conference on Precision Electromagnetic Measurements,
Boulder, Colo.
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Participating in the experiments were personnel from
the NBS Atomic Frequency and Time Standards Sec-
tion, the Hewlett-Packard Co., and the Quantum Elec-
tronics Division of Varian Associates. The equipment
involved in the measurements were the NBS III cesium
beam frequency standard used as the United States
Frequency Standard located at Boulder, a Hewlett-
Packard model hp 3060A cesium beam standard, and
two atomic hydrogen masers model H-10 built by
Varian Associates. A preliminary report of some of this
work has been published [2].

Measurements involving time intervals ranging {rom
1 second to amaximum of 4 X108 seconds were made be-
tween these standards by various techniques that are
described in Section 11 of this paper. An effort was made
to obtain statistically significant quantities of data to
allow analysis of the spectral density of the phase or
frequency fluctuations for sampling time intervals rang-
ing from seconds to hours. For time intervals of greater
duration, the number of samples available obviously
diminishes and the relative magnitude of the confidence
limits that apply to any given statistically determined
parameter increases. Hence, it is difficult to make pre-
cise conclusions concerning the spectral density of the
very low frequency fluctuations. Therefore, the long
term data are presented in the form of relative frequency
vs. the time of measurement, as well as in the form of
o(1) vs. 7 plots. The plots of frequency vs. running time
can also help one to detect systematic behavior of the
frequency fluctuations. These two forms of data presen-
tation supplement each other.

Emphasis was placed on making measurements at
what would normally be considered as the useful out-
put frequency, 5 MHz, in order to include the effects
due to the electronic circuits and frequency synthesizers
that normally form part of the frequency control sys-
tem. A great deal of the data was taken with a 5 MHz
system developed at NBS using period measurement
(Section I1.A). This system was especially useful for
measurements over continuous time intervals of 102
seconds to 10! seconds. For measurements between
masers involving shorter time intervals, a different
period measuring system (Section 11.D) was used that
referred the comparison to a common 5 MHz frequency
and, by frequency multiplication back up to 1420 MHz,
allowed greater resolution over the shorter time inter-
vals. Relative stability measurements between masers
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over intervals of days were made with this high resolu-
tion system by means of automatically printed period
measurements and strip chart recordings of relative
phase at 1420 MHz.

An important result from these experiments is a more
accurate value of the hydrogen hyperfine frequency
(Section 1V) in terms of the cesium 133 hyperfine fre-
quency assumed to be given by 9 192 631 770.0000 Hz.
Due to improved understanding of the perturbations
affecting the frequencies of the hydrogen and cesium
devices, new error budgets (Section III) have been
made for each which are more complete than those pre-
viously made. The frequency of the hyperfine separation
of hydrogen is found to be 1 420 405 751.7864 +0.0017
Hz. The uncertainty of +0.0017 Hz is a 1o (68 percent
confidence) measure and corresponds to 1.2 parts in
1012,

Very closely related to the problem of intercompar-
isons is the question of intrinsic frequency reproducibil-
ity between instruments and particularly between in-
struments made by different people. In the case of the
two cesium devices having enormously different size,
beam flux, and resonance linewidth, the data giving the
average frequency over a run of several days duration
indicated that the average frequencies agreed well with-
in the accuracy limits assigned to each standard (Sec-
tion 11.D). The frequency fluctuations measured over a
large range of time intervals r are random and vary as
7U2, the behavior of a source which is frequency
modulated by white noise (Section I1.B).

Frequency reproducibility measurements between
hydrogen masers constructed in different laboratories
have been made [3]. However, since there are relatively
few well stabilized H masers and since they are
located in fixed installations, it is not yet possible to
make definitive conclusions. It is possible to determine
the frequency of the hyperfine separation of hydrogen
for the idealized conditions of zero wall collision effects,
zero magnetic field, zero absolute temperature, and zero
electromagnetic pulling by applying suitable correc-
tions. Though the reproducibility of operating frequency
from one maser to another for masers made in a single
laboratory is considerably better than the absolute
reproducibility specified in the idealized manner previ-
ously mentioned, the reproducibility of hydrogen fre-
quency given here is in terms of those ideal conditions.

II. MEASUREMENTS AND TECHNIQUES
A. Measurements with 5 MHz Comparison Systems

Long-term frequency comparisons among the cesium
beam devices and hydrogen masers were made by mea-
suring the period of the beat frequency between pairs
of synthesized 5 MHz signals controlled by the various
atomic transitions. The system is shown in block form in
Fig. 1 and consists of two input channels at 5 MHz, each
consisting of an isolator amplifier leading to a mixer.
The output signal from the mixer, with peak-to-peak
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amplitude of 8 volts and having a frequency typically
ranging from 0.001 Hz to 10 Hz, is led through a low
pass filter to a period measuring counter connected to
a card punch. Period data were automatically punched
on cards.

As many as three such systems were used simultane-
ously during a run lasting 49 hours, during which the
Hewlett-Packard cesium beam, the NBS cesium beam,
and a Varian H maser were compared. Plots of these
data are shown in Fig. 2 and some explanation of the
circumstances should be given. Frequency offsets of a
few tenths of a Hertz (cycle per second) from 5 MHz
were arbitrarily chosen in order to obtain frequency
differences suitable for making period measurements at
5 MHz. The Hewlett-Packard instrument was supplied
with a —150X 1010 offset and was operated according
to factory procedure, the NBS III instrument was oper-
ated at a nominal —249 X101 offset, and the H maser
digital synthesizing phase lock system was adjusted to
the nearest 0.01 Hz at 1420 MHz so as to have a nominal
zero offset of its 5 MHz output frequency. The data
shown give the hour-by-hour variation between pairs of
instruments. Each point is flagged with error bars repre-
senting the estimated standard deviations of the mean
for each one-hour segment of the run as determined by
computer analysis of the punched cards. On the aver-
age, during each hour there were 17 measurements for
the Hewlett-Packard 5060A vs. NBS 111, 25 measure-
ments for the Hewlett-Packard S060A vs. Varian H-10
#4, and 44 measurements for the H-10 #4 vs. NBS III.

At the beginning of the run a slow drift was observed
in the H-10 #4 vs. NBS 1II data, due to the stabilizing
of the maser cavity temperature control system, since
a few hours prior to the beginning of this record both
masers had been moved from a room having tempera-
ture of about 90°F to a room with ambient temperature
of about 70°F. At 1500 hours September 14 local time
the maser cavities were tuned and data taking was be-
gun, At 2200 hours the same day the masers were
checked and the cavity of H-10 #4 was found to have
drifted high in frequency; it was retuned, the correction
being 21 X 1013 in Af/f.

The tuning was checked at intervals during the run by
observing the change in the beat frequency of H-10 #4
vs. H-10 #3 induced by a change in beam filux in H-10 #4.
No interruption of the data resulted from this pro-
cedure; the offset introduced temporarily as a result of
this process is of the order of a few parts in 10+13 in
Af/f and is negligible. This tuning procedure is de-
scribed in Section I1.E and Section III1.A.

There is evidence that the temperature control had
not completely stabilized before the retuning at 2200
hours September 14. At 1500 hours September 15 it was
found that H-10 #4 was 4.0X10-13 high, at 0200 on
September 16 H-10 #4 was 3.8 X 10~ high, and at 1800
September 16 it was found to be 1.2 X10~'3 high. During
this run the instruments were not adjusted in any way
except for the change in tuning of H-10 #4 at 2200 Sep-
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tember 14, noted above. In the H-10 #4 vs., NBS III
plot given in Fig. 2, the open circles represent the fre-
quency offset observed under the conditions of tuning
given above. The solid black points represent the fre-
quency offset which would have been observed if H-10
#4 had been properly tuned.

Further data were taken for 50 days between Varian
H-10 #4 and NBS III. The fractional differences of the
synthesized frequencies, nominally at 5 MHz, are shown
plotted against measurement number and date of mea-
surement in Fig. 3. Further data between the hp 5060A
and NBS III were taken for twelve days and are shown
in Fig. 4. The hourly averages made during these two
runs are shown as points with vertical flags indicating
the estimated 1o error of the averages that typically
ranges from 1 to 3X10-'? in the case of the NBS II}
vs. H-10 #4 and from 5 to 9X10-!3 in the case of com-
parisons involving the Hewlett-Packard instrument.

In addition to the 49 hour and 50 day runs just de-
scribed, two more runs were made between H-10 #4 and
NBS III using the 5 MHz comparison system. An 11
hour run was made on September 17 and a 52 hour run
was made on September 23 through 25. The fractional
frequency offsets are plotted against running time in
Fig. 5. The data have been corrected for H maser cavity
pulling and for magnetic field, cavity phase, power, and
second-order Doppler shifts of NBS III. These correc-
tions are discussed in Section III.

The circumstances of the 11 hour run were such that
the noise level on the signals was very much lower than
for the three other runs. This could be due to the fact
that the runs were made during a quiet period on a
Friday evening. As seen in Fig. 5, the 11 hour run data,
taken in hourly groups of approximately 44 measure-
ments, have a standard deviation for each group of
about 1X10-'® in Af/f, as compared to about 3 to
5X107'2 for the data of the 52 hour run. The 11 hour
run was used for statistical analysis of ¢ as a function of
sampling time 7 in order to determine the frequency de-
pendence of the spectral density of the relative instabil-
ities of the signals. The analysis was performed using
the method of Allan [4], which is outlined in the Ap-
pendix. A plot of o(7), the root mean square fractional
relative frequency deviation for sampling time 7, vs.
the sampling time, is given in Fig. 6.

Similar runs were performed using the Hewlett-
Packard 5060A and the Varian H-10 #4 instrument. The
o vs. T plots, given in Figs. 7 and 8 for two separate
runs, show that the data are reproducible and follow
closely tne 7~1/2 law described in Section I1.B.

B. White Frequency Noise of Cesium Beam Standards:
Short Term Frequency Stability

A comparison of the ¢ vs. 7 plot for the NBS III
instrument in Fig. 6, and that for the Hewlett-Packard
5060A instrument given in Figs. 7 and 8, indicates that
the ratio of cHP to ¢NBS is about 5 to 1. This can be
compared with the ratio predicted [5] from measured

values of 1) the resonance linewidth, and 2) the signal-
to-noise ratio at the output of the beam detector per-
amplifier (Fig. 9).

In notation consistent with the present paper, o¢(r)
is taken as the fractional rms frequency deviation for a
sample time interval 7, and

Afy 1
Yol a0

o m

a(r) = 0.387

where

Afy is the width of the atomic resonance,
fo is the center frequency of the atomic resonance,
I, is the rms noise current from the detector pre-
amplifier in a 1 Hz bandwidth centered at the
modulation frequency, and
I.. is the peak signal current from the preamplifier.

In the case of the Hewlett-Packard instrument

Af; =550 Hz,
I/1,=1.92X10-3, and
(1) =4.45 X 101177102,

For the NBS III instrument

Afl =45 HZ,
I./I,,=1.95X10-3, and
a(r) =3.7TX10- 12012,

The calculated ratio cHP/¢NBS is 12 to 1 and should
be compared with the measured ratio of 5 to 1. This
discrepancy is largely due to the fact that in NBS III
the frequency of the modulation is a large fraction of the
resonance linewidth and results in a loss of recovered
signal at the detector as compared to that obtained with
slower modulation. The discrepancy in the ratio also
may be due to the fact that only the noise contributions
from the beam and the preamplifier are included in the
calculation. The frequency lock system noise is not in-
cluded, nor is the noise in the frequency comparison
equipment. Over the complete range of time intervals,
two minutes to four hours, of Figs. 6, 7, and 8, the data
for both instruments show no evidence of systematic
variations.

C. NBS III vs. Hewlett-Packard 50604 : Long Term
Frequency Stability and Average Frequencies

The 12 day run (Fig. 4) was used to compare the
average frequencies of the hp 5060A and NBS III
cesium beam standards. To compare the standards in
a way so as to yield the best average frequency relation,
it is necessary to include corrections discussed in Section
IT1.B. In Fig. 4 the data are shown plotted in the cor-
rected form and the date of the measurement is indi-
cated below the axis designated as “measurement num-
ber.” The Hewlett-Packard instrument was operated at
a design frequency offset of —150.00 parts in 10! from
the 9 192 631 770.0000 Hz frequency defined as the
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Fig. 3. 50 day plot of data between Varian H-10 #4 and NBS II1.

frequency of the Cs!3? hyperfine transition under ideal
conditions of zero magnetic field, infinitesimal radiation
field intensity, zero second order Doppler shift, and
zero phase error between the cavities.

There were 102 measurements of length (r) of one
hour, and the dead time between measurements (T"—7)
ranged from a few seconds to greater than a day. A
a(r) vs. 7 plot of these measurements is in good agree-
ment with the data of Figs. 7 and 8, with an indication
of a flicker of frequency level [8], [4], [5] of 2 to 3 parts
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in 1013, The flicker of frequency level for NBS III is
known to be less than 1 part in 103 for adjacent samples
(N =2). The overall average of the 102 measurements
was — 149.989 parts in 10'° with a standard deviation
o of a measurement of 1.5 parts in 10'2 It is worth
noting that the hp 5060A was calibrated in an inter-
nally consistent manner by adjusting the magnetic field
to a predetermined level found by monitoring the field
dependent hyperfine transitions at frequencies above
and below the frequency of the (F=4, mp=0)>(F=3,
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mp=10) transition. The NBS III instrument was oper-
ated in the manner described in reference [6]. A
schematic of the NBS III frequency lock system is
shown in Fig. 9. The discrepancy between the hp 5060A
and NBS II1 is 1.1 X 107!2, with the former being higher
in frequency. The accuracy claimed for the hp 5060A
by the manufacturer is +2X10-1,

D. H Maser vs. H Maser: Short Term
Frequency Stability

Measurements of short term relative frequency sta-
bility between masers were made using the system
shown in Fig. 10. In this system a 5 MHz crystal oscil-
lator is phase locked to Maser A and serves as a driver
for a 1400 MHz multiplier serving as local oscillator
for Maser B. The intermediate frequency signal f at
20.405 MHz is then compared with an offset signal
from a digital synthesizer operating at f;. The beat fre-
quency f:—f can be adjusted and allowed beat period
measurements to be made over a range determined both
by the beat rate f;—f and by the number of periods
chosen to represent the interval. As an example, if
fe—f=1 Hz, one can obtain 1 second averages by single-
beat period measurements, 10 second averages by 10-
beat period measurements, etc.

This method was used for runs of data typically in-
volving several hundred measurements over a total
time interval of one hour. An important parameter for
each of these runs is the setting of the low pass filter
which determines the amount of noise sideband power
that accompanies the signal at the beat frequency. The
behavior of the output fluctuations is a strong function
of the filter setting for cases where additive white phase
noise is present with the signal. The effect of this noise
for fixed bandwidth B is given [5] by

1 FET2B
o= /‘/ 4 (2)
27fr P

where FkT/P is the ratio of the additive noise power
spectral density to the carrier power, and f is the fre-
quency of the carrier. Low pass filtering of the beat
signal has approximately the same effect on white phase
noise as does band pass filtering of both carriers.

Under these conditions, one expects ¢ to vary as 1/7
if the bandwidth is kept fixed. The presence of other
spectral types of frequency fluctuation can be deter-
mined from the dependence of ¢ on observation time
with different bandwidths or by relating the bandwidth
to the reciprocal of the observation time and plotting
the data in terms of Br [7].

Data were taken by printing the period for a fixed
number of beats and later transferring the data to card
form for processing by a computer. In general, the num-
ber of samples was chosen to be some integral power of
two for compatibility with the method used by Allan
[4] and described in the Appendix. Plots of ¢(r) vs.
sample time 7 are given in Fig. 11 for two different
bandwidths of the RC low pass filter. [t is observed that
the data are bandwidth dependent and are very much
above the level predicted by the effect of known addi-
tive white noise of the microwave mixer. For the condi-
tions F=10, kT =4X1072' Joules, P’ =~5X10"1% watts,
and a 2 Hz bandwidth low pass filter at the beat fre-
quency, the value of ¢ given by the above equation for
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white phase noise is
o=~ 6 X 1071471,

1t is clear from Fig. 11 that the measured instability is
not due to the effect of added white noise of the micro-
wave mixer. The tau dependence of o(r) in Fig. 11 is as
742 {rom 2 seconds to 120 seconds (i.e. white frequency
noise) and is not the 7~! dependence (i.e. white phase
noise) described in (2). In addition, the o values in
Fig. 11 are greater than the values expected due to
additive white noise. Other sources must be found to
account for the instabilities observed. These may in-
volve the frequency synthesis systems or interference
pickup in the measurement system. Further study of
the instabilities due to these components is in progress.

Figure 12 is a plot of relative fractional frequency vs.
running time, as obtained from printed period data ob-
tained from the system of Fig. 10. A constant frequency
offset has been subtracted to emphasize the nature of the
frequency fluctuations. It is seen that there is a reason-
ably regular frequency modulation with a peak-to-peak
fractional frequency excursion of about 8§X10~'* and
having a modulation period of approximately one half-
hour. The explanation of this modulation is still not
available. However, there are severa! possible explana-
tions including a cycling temperature-servo affecting the
tuning of the maser cavity.

The presence of this periodic frequency modulation
will have a distinct effect upon a o(r) vs. 7 plot of the
experimental data. If the chosen time interval 7 is equal
to one half of the period of the frequency modulation,
then the value of () will be a local maximum. If the
chosen time interval is equal to one period, then the
value of ¢(7) will be a local minimum. The same data
as were presented in Fig. 12 are given in Fig. 13 in the
form of a ¢(r) vs. 7 plot. A local maximum value of ¢(7)
is observed at =800 seconds, and a local minimum
value is observed at 7=1800 seconds. This behavior of
a(7) is due to the periodic frequency modulation evident
in Fig. 12,

In general, the data beyond 7= 2000 seconds exhibit
a flicker of frequency level [8], [4], [5] of about one
part in 10", This leveling-off of o(r) for 7>2000 sec-
onds is not due to the periodic frequency modulation
shown in Fig. 12. Data beyond 2.5 X 10* seconds have a
very large uncertainty indicated by the arrows.

An additional method of obtaining data was used in
order to avoid the effects of having in the measuring
loop the quartz crystal oscillator, the two multiplier
chains, and the two digital synthesizers which were
shown in Fig. 10. A technique is described in Fig. 14
where both maser signals are separately converted to
20.405 M1z using a common local oscillator signal
which is fed through 60 dB isolators to two separate
mixers. Each maser signal is fed through a total of 120
dB of isolation using four 30 dB ferrite circulators
optimized to operate at 1420 Mz and connected in
serics. The data are taken by obtaining the beat fre-
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quency between the two 20.405 MHz intermediate fre-
quency signals in a mixer and tracing the low-frequency
beat directly on a strip chart recorder.

In Fig. 15 are o vs. 7 plots of chart data from one run
(solid black points) using the method of Fig. 14 and of
chart data from two runs (triangles and circles) using
the method of Fig. 10. Analysis of the period data taken
from charts was performed in the same manner as for
the automatically printed data by using cards which
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Fig. 16. (a) Fractional frequency difference of H masers as a func-

tion of time, corrected for cavity tuning effects in both masers.
(b) Uncorrected fractional frequency difference of I masers as a
function of time. (¢) Cavity tuning effects in H-10 #4 as a function
of time.

were manually punched using the same format as for
the previously mentioned runs. By comparing Figs. 13
and 15, it is seen that the data taken with the method of
Fig. 10 show the same general level of instability,
whether from strip chart recordings or from automati-
cally printed period measurements. In addition, it is
seen that the data taken by the method of Fig. 14 show
the same general level of instability as shown by the
data taken by the method of Fig. 10. In Fig. 15 the
white phase noise behavior evident between 102 and 103
seconds is due to random error in the estimation of phase
from the strip chart recordings.

E. H Maser vs. H Maser: Long-Term
Frequency Stability

Comparisons were made between the H masers for a
period of five and one-half weeks. The masers were
checked for cavity mistuning by varying the atomic
hydrogen beam flux and monitoring the beat between
the two masers. As the concentration of atomic hydro-
gen in the storage bulb is increased, the atomic reso-
nance linewidth is broadened due to spin-spin exchange
collisions between pairs of atoms in the maser storage
bulb, and the magnitude of the cavity pulling, if any,
is increased. When the cavity frequency is such that a
variation in beam flux does not affect the output fre-
quency, the maser is considered to be properly tuned.
The tuning process is more fully described in Section
1ILA and in references [9]-[11].

Figure 16(b) shows, as a function of time, the hypo-
thetical fractional beat frequency which would have
been observed between the two masers if neither maser
had been retuned during the run. The rms fractional fre-
quency variation is 4.0 X10~13, Figure 16(a) shows the

134-171



corrected beat frequency which would have been mea-
sured had both masers been tuned. Here the rms varia-
tion is 2.6 X10~*¥ and the variations are due to unex-
plained processes which probably involve cavity pulling
(see Section 1I1.A).

Figure 16(c) shows a plot of the cavity pulling effect
on H-10 #4. This was obtained by determining the fre-
quency correction, using the tuning method described
above, and plotting the correction in the output fre-
quency as a function of time. There is evidence of a slow
drift in the cavity tuning resulting in an output fre-
quency drift of 7X10~13in 50 days. This is probably due
to a slow temperature variation, possibly due to a
thermistor that had not been previously stabilized by
aging in a temperature bath.

For these measurements there was an applied mag-
netic field offset in H-10 #3 of 37X 10-'3. The average
frequency of H-10 #3 was found to be 7+2 parts in
1013 higher than the frequency of H-10 #4, after correc-
tions for all known effects had been made. This dis-
crepancy has since been reduced to less than +2 parts
in 10'? by renewal of the wall coating in the storage bulb
of H-10 #3.

III. ACCURACY OF THE FREQUENCY STANDARDS
A. Error Budget for Varian H-10 #4 Hydrogen Maser

Corrections are necessary to relate the output fre-
quency of the hydrogen maser to the frequency of the
hyperfine separation of the hydrogen atom under the
least perturbed conditions. These conditions are [12]

1) zero collision rate,

2) zero absolute temperature,
3) zero magnetic field, and

4) zero cavity mistuning effect.

The effects from collisions are twofold, as there are
collisions among the atoms as well as collisions with the
walls of the storage bulb. In the latter case, while there
is some question as to the actual mechanism of the fre-
quency perturbation due to the wall collisions and also
uncertainty as to the exact nature of the surface, it has
been found that the Teflon! surfaces currently in use
yield reproducible effects on the frequency of a maser.
The wall shift is assumed to be proportional to the wall
collision rate. By varying the wall collision rate through
the use of different bulb dimensions, the value of the
shift can be determined by extrapolation of the data to
infinite bulb dimensions [12]. In the course of such
measurements, a temperature dependence of the wall
shift has been found. Recent measurements made by
Varian Associates [3] indicate that for a 5} inch (14 cm)
diameter spherical bulb, in the temperature range 27 to
45°C, the shift is +2 X 10~ Hz per degree with an un-
certainty of about 25 percent in the measurement. A
semi-empirical relation to give the wall shift in the re-
gion of about 40°C can be written as

! Du Pont’s polytetrafluoroethylene.

1
8fw = K[1 + at — 40)] 5 3)

where D is the inside diameter of the bulb and ¢ is the
temperature of the bulb in degrees Celsius. The value of
K determined by Varian Associates [13] from wall shift
measurements at various temperatures is —0.208
+0.002 Hz inch (—0.528 £ 0.005 Hz cm), and the value
of ¢ is —5X 1072 per degree. The wall shift of the 6.87
inch (17.46 cm) diameter bulb of H-10 #4 is calculated
using the above relation to be

8f,(6.87 inch, 45°C) = — 0.0295 + 0.0006 Hz.

The effect of collisions of pairs of hydrogen atoms has
been studied by Bender [14], Crampton [15], Vanier
[11], and others. A small frequency shift of about % the
spin exchange linewidth has been calculated for atomic
hydrogen [14]. However, in the case of the atomic
hydrogen maser, the collision-induced spin-spin ex-
change frequency shift depends upon the atomic reso-
nance width in the same fashion as does the cavity pull-
ing [16]; the tuning procedure involving the variation
of the linewidth includes and cancels the effect of these
collision shifts. The pertinent relation is [10]?

e [ (i

where

f is the output frequency of the maser,

fu 1s the output frequency of the maser when tuned,
Afy is the linewidth of the atomic resonance,

is the cavity resonance frequency,

is the loaded cavity resonance quality factor,

is the mean speed of the H atoms in the storage
bulb,

% is Planck’s constant divided by 2,

ao s the first Bohr orbit radius of hydrogen,

4o 1s the Bohr magneton, and

7 s
2
(f II,dVb)
b

Vy f "4y,

V. is the cavity volume,

Vs is the bulb volume,

H, is the z component of the RF magnetic field in
the cavity, and

H is the RF magnetic field in the cavity.

e.ob

where

When the expression in the brackets is made zero (which
is the “tuned” condition), the output frequency is
independent of hydrogen pressure and is equal to fy.

Second-order Doppler effect in the hydrogen maser
due to thermal motion of the atoms is given by

? The second term of (4) as written in reference [10] contains an
error of a factor of 2,
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3kT
Afr = — fa—— = ~ 1.9557 X 1047, ®)

2mc?

where

k is Boltzmann’s constant,
m is the mass of the hydrogen atom, and
¢ is the speed of light.

A change in the absolute temperature T of one degree
K will give rise to a change in frequency of 1.38 parts
in 10'3, Since the bulb temperature is known to better
than +0.4°K, the probable error due to this cause is
of the order of 5 parts in 10!,

The value of the average of the square of the magnetic
field H over the volume of the bulb affects the frequency
of the oscillation in the amount Afsy=2750 H2. It is
possible to measure the average value of the magnetic
field H in the bulb by inducing transitions among the
F=1, mp=1, 0, —1 states. The resonance is detected
by observing a quenching or reduction in the maser
output power. The transition resonant frequency (Zee-
man frequency) is given by f,~1.4X10~% H and is
normally measured with an uncertainty of a few Hertz.
The uncertainty AH in H gives an uncertainty in Afay
through the relation

A(Afu) ~ SS00HAH.

Normally the maser is operated at a field of 0.5 milli-
oersted making the total offset

A
—';i = - 4.8 X 10713,

Assuming a 10 Hz uncertainty in f., corresponding to 7
micro-oersteds, the uncertainty in Af/f due to magnetic
effects is

A(Afx)
f

It will be noticed that there are two averaging meth-
ods involved in dealing with the magnetic field and that
since H? is always greater than or equal to (H)? there
could be room for error in the determination of Afy.
In this case, however, the possible error is not large
since the effect of magnetic gradients would be detected
by a large effect on the level of oscillation. An upper
limit to the uncertainty due to these causes is estimated
to be of the order of 5X 10714,

The effect of cavity mistuning and the consequent
“pulling” of the maser output frequency has already
been discussed and the “tuned” condition has been de-
scribed as the particular cavity resonance frequency
chosen so that no output frequency shift results on
changing the resonance linewidth. The sensitivity of this
procedure depends in large part on the stability of the
maser during the tuning process, the linewidth of the
atomic resonance Af;, and the extent to which Af; can
be broadened. There are several methods for broadening
the line, such as by magnetic gradient quenching [17],

=+ 1.3 X 1074,

by coherently or incoherently inducing transitions
among the Zeeman levels [18], or by spin exchange line
broadening. The last method, which has been used for
some time, offers the greatest possible differential
broadening of the line. If one assumes that the stability
of the maser and its reference can be expressed by a
maximum excursion +Af, about the beat frequency,
then the limits +Af/f within which the maser can be
tuned will be given by

Af
= - — (©)
T
Afy,
Normally, the ratio Af;,/Af;l lies between 1.5 and 2.0;
taking this value as 1.5 and putting Afy/f=5X10"14,
then Af/f=2X10-'% is the maximum tuning error.

The error budget for the Varian hydrogen maser H-10
#4 is given in Table I.

Afy 1

TABLE 1

CONTRIBUTIONS TO INACCURACY FOR VARIAN ATOMIC
HyYDROGEN MASER H-10 #4

1o estimate in

Source parts in 1012

Uncertainty in wall shift correction +0.42

Uncertainty in temperature for 2nd order Doppler

shift _ +0.05
Uncertainty ingﬁeld, H, +0.01
Use of H, for H? +0.05
Cavity mistuning +0.2
Random measurement error (1 hour) +0.01

Total 1o estimate of accuracy capability for Varian
H maser H-10 #4 (square root of sum of squares) +0.47X10712

B. Error Budget for NBS III Cesium Beam

A realistic error budget for the NBS III cesium beam
standard was published [1] prior to the intercomparison
described in this paper, giving 1 5.6 parts in 10'2 as a
30 estimate of accuracy uncertainty. However, the very
stable signals available from the Varian hydrogen
masers and recent theoretical work by Harrach [19]
enabled a better determination to be made of some of
the factors contributing to the uncertainty. Using one
of the masers (H-10 #4) as an undisturbed reference
frequency source, a set of evaluative experiments was
performed on NBS III to study effects that result in
systematic frequency offsets. These have been discussed
in detail by Harrach and will only be summarized here.

The experiments consisted of measuring the radiation
field dependence of the (F=4, mp=0)—(F=3, mp=0)
cesium resonance frequency under varied conditions of
beam direction through the apparatus, excitation spec-
trum, and magnetic C-field polarity and magnitude.
From the analysis and interpretation of the experi-
mental results, it was inferred that fractional correc-
tions of —2.2X 10712 for dependence on radiation field
intensity and of +0.4X10-!2 for second order Doppler
shift should be applied to the measured resonance fre-
quencies. A more complicated correction was necessary
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for beam direction dependence of the resonance fre-
quency. The beam direction was reversed four different
times by interchanging the oven and detector com-
ponents, with the intention of evaluating and eliminat-
ing the effect of a cavity phase difference. It was found
that the process of beam reversal slightly altered the
phase difference magnitude, so that the necessary cor-
rections varied from about 2 to 5 parts in 10!? for the
different beam orientations, with an uncertainty of
4+ 0.8 part in 10'2 for each determination.

The uncertainties in the fractional frequency correc-
tions plus contributions from other sources, itemized in
Table II, produce a 1o estimate of accuracy capability
of £1.1X1072 for NBS IIl. The term “accuracy capa-
bility” refers to the accuracy attained when a set of
evaluative experiments is performed, as distinct from
the accuracy of the standard when it is used for an ex-
tended period of time in an undisturbed, routine fashion.
The term accuracy is used as defined in reference [1].

TABLE II

CONTRIBUTIONS TO INACCURACY FOR NBS II1 CestuMm
BEAM FREQUENCY STANDARD

1o estimate in

Source parts in 102
Uncertainty inﬂcrage C-field magnitude, 17, +0.1
Use of H?2 for H2 +0.03

Uncertainty in 1st and 2nd order Doppler shifts +0.1
Distortion from inequality of average C-field magni-
tudes in transition and drift regions, H.(}) # H.(L) +0.03
1

Uncertainty in C-field polarity-dependent shifts +0.
Uncertainty in cavity phase difference (beam direc-

tion dependent shifts) +0.8
Cavity mistuning +0.03
Overlap of neighboring transitions +0.1
Uncertainty in power-dependent shifts +0.16
Random measurement error (1 hour) +0.16
2nd harmonic distortion of servo modulation +0.16
Miscellaneous servo system effects +0.5
Multiplier chain transient phase shifts +0.33

Total Lo estimate of accuracy capability for NBS I11
(square root of sum of squares) +1.1X10 12

A comparison of the error budgets for the Varian
maser (Table I) and the National Bureau of Standards
cesium beam NBS III (Table II) shows that an appa-
ratus-dependent effect is the major contributor to
inaccuracy in each case. For the cesium beam, the
frequency shift due to cavity phase difference is uncer-
tain to +0.8X 107" or about 16 percent of its magni-
tude, while for the maser, the wall shift is considered
known to +0.42X107'2, or about two percent of its
magnitude.

1V. HyproGgeEN-CrsiuM HYPERFINE
FREQUENCIES RELATIONSHIP

An average value of the hyperfine separation of
hydrogen in terms of that of cesium 133 can be ob-
tained after suitable corrections are made for both the
cesium device and the hydrogen maser.

A plot of Af/f vs. measurement number and date of
measurement is shown in Fig. 3. These data include

corrections made for magnetic field shift, power shift,
phase shift, and second order Doppler shift of the
cesium frequency. The data also include corrections for
the effect of cavity mistuning in the hydrogen maser as
determined by the procedure previously described. In
order to relate the frequencies of the hyperfine separa-
tions of cesium and hydrogen to the synthesized fre-
quencies, reference is made to the phase lock system in
the upper half of Fig. 10. The varactor controlled §
MHz quartz crystal oscillator is used to drive two fre-
quency synthesizing systems. The first, which is simply
a 280 times multiplier, provides about 2 milliwatts of
power for the reference (local oscillator) input to the
low noise (less than 10 dB noise figure) mixer where the
maser signal is heterodyned to 20.405 M Hz. This signal
is amplified by about 110 dB and compared in phase
with the output from the second synthesizing system
driven by the 5 MHz oscillator. The latter system is a
digital synthesizer which can be varied in increments of
0.01 Hz.

Analysis of the data of Fig. 3 gives a mean fractional
frequency offset of 0.1044X10~!® with a root mean
square deviation, o, of 7.4X1071% for 62 points. This
represents a frequency offset of 0.1044 X 10710 1420.405
X108 =0.0148 Hz. Further corrections are made to bring
the hydrogen frequency to the ideal conditions discussed
in Section I11.A. The fully corrected hydrogen maser
frequency is obtained in the following way:

Synthesized frequency 1 420 405 751.6800 Hz

Offset frequency from Cs comparisons +0.0148
Correction for wall shift +0.0295
Correction for magnetic field —0.0001
Correction for second order Doppler effect +40.0622

1420 405 751.7864 Hz

The 1o accuracy estimate for the measurement is ob-
tained by combining the error budgets of Tables I and
I1, giving an over-all accuracy of 1.2 parts in 102 In
terms of the frequency of the Cs!3® hyperfine transition
(F=4, mp=0)<>(F=3, mp=0), defined [20] as
9 192 631 770.0000 Hz, the frequency of the atomic
hydrogen hyperfine transition (F=1, mr=0)«(F=0,
WLF:O) is

ve = 1 420 405 751.7864 + 0.0017 Hz,

Measurements previously made for the hydrogen
frequency in terms of cesium with the wall-shift correc-
tions then used are given in Table III. The last number
in the table is the preliminary value reported earlier
after a partial analysis of the data. The reduction of the
standard error from 0.0046 Hz to 0.0017 Hz was made
possible through improved measurements by Varian
Associates [13], [3] of the wall shift and its tempera-
ture dependence.

From the frequency comparison data in Table I11, it
is seen that the frequency of the NBS III cesium stan-
dard differs from the frequency of the Laboratoire Suisse
de Recherches Horologéres, Neuchitel, Switzerland
(LSRH) cesium standard by —7X10"¥+1.2X101,
This is the smallest discrepancy reported to date be-
tween these two national standards [25].
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TABLE II1
MEASUREMENTS PREVIOUSLY MADE FOR THE HYDROGEN FREQUENCY IN TerMS or CESIUM

Wall shift correction,

Second order Doppler Corrected frequencies

Experiment Bulb diameter, inches H correction, Hz 1 420 405 751. Hz plus
z and temperature values given below

Varian-Naval Observatory 6+0.1 0.039+0.008 0.06 0.82740.02
1963 {21] 40°C

Harvard-Naval Observatory 6.03 0.0298 +£0.003 0.0602 0.800+0.028
1963 {15 35°C

Varian-HP 5.5+0.1 0.040+0.0023 0.0622 0.778+0.016
1964 [22] 45°C

Varian-LSRH 5.5+0.1 0.04010.0023 0.0622 0.785+0.016
1964 [23] 45°C

NASA-GSFC 5.4 0.043+0.0023 0.062 0.7811£0.016
1965 [24] 45°C

NBS-Varian-HP 6.87 0.0320+0.0043 0.0622 0.7860+0.0046
1966 2] 45°C

V. DiscussioN

The main purposes of this paper have been to report
the data obtained from a set of measurements, to offer
some measure of the state-of-the-art of time and fre-
quency control, and to report an improved measure-
ment of the frequency of the hydrogen hyperfine separa-
tion. Since the arts of frequency standard design and
instrumentation for making measurements are still
progressing rapidly, one can conclude that these mea-
surements will be followed by further and better mea-
surements.

Long term measurements, yielding average frequen-
cies between standards of different origin, have shown
excellent agreement between the Hewlett-Packard
5060A instrument and the NBS III cesium beam desig-
nated as the United States Frequency Standard. The
relationship between the statistics of the two devices
is reasonably well understood, and the discrepancy of
the frequency averages of the two instruments is within
their accuracy specification.

At present, the resolution of the measurements is
limited by random noise of the apparatus. Thus far, no
unexplained systematic effects are observed. Future de-
signs of beam standards with stronger beam flux and
perhaps narrower linewidths will result in the obtaining
of better data on systematic frequency shifts of both the
beam tube and the frequency lock electronics.

In the case of measurements between two hydrogen
masers with phase lock systems, the instabilities intro-
duced by the phase lock-synthesizer system and the
measuring system are not as well understood. The
levels of instability in the 1 to 100 second sampling
time range, though lower than those observed for the
cesium devices, cannot be accounted for by the presence
of white additive noise of the first mixer in each receiv-
ing system. The phase fluctuations due to the frequency
multipliers, the digital synthesizers, and the period
counting system as well as those of the masers them-
selves must still be subjected to further study in the
1 to 100 second range, While the present data will pro-

vide a measure of the possible performance of such a
system, there is no doubt that this preliminary effort
can be improved by more careful engineering.

A comparison of various measurements having sam-
pling times ranging from 10? to 10* seconds is given in
Fig. 17. Here the data from the hp 3060A, NBS III,
and H-10 #4 are given together. The wvalue of ¢ for
H-10 #4 is obtained by dividing the value of ¢ from
H-10 #4 vs. H-10 #3 by the square root of 2. Both
cesium instruments exhibit the 7=!/2 behavior as dis-
cussed previously. The maser data show systematic
variations at the 107! level, which are probably due to
cavity detuning effects that are largely thermal in
origin, By incorporating automatic self-tuning methods,
using the spin exchange line broadening method de-
scribed earlier, it is possible that the maser stability
can be kept to better than 5X 10~ for sampling times
greater than 10* seconds.

The accuracy of the hydrogen-cesium ratio is limited
by the characteristics of the devices used to extract the
information from the two respective atoms. The maser,
in confining the atoms in a bulb, subjects them to wall
interactions. These must be measured as a function of
reciprocal bulb diameter 1/D and extrapolated to zero
in 1/D. In the case of the beam devices, the frequency
resolution increases with increase of beam flux and
inverse linewidth. Flux effects favor the construction of
a short apparatus, and linewidth effects favor the con-
struction of a long apparatus. It is important to control
the intensity, spectral purity, and phase of the radio
frequency excitation applied to the beam.

Further work in beam devices and masers will un-
doubtedly improve the accuracy of the hydrogen-
cesium frequency ratio. The state-of-the-art has under-
gone considerable improvements, and the absolute ac-
curacy of these devices is now at the 10712 level, being
1.1 parts in 10'2 for a cesium beam and 0.47 part in 10'?
for a hydrogen maser. Frequency and time measure-
ments using atomic standards are now, more than ever,
the most accurate and precise physical measurements
which can be made.
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APPENDIX

The variance o2 of the frequency fluctuations of a
frequency standard is a useful parameter in determining
quality factors for the unit. When finite data sampling
is considered, this parameter is dependent on four in-
dependent variables of the analysis, i.e., the sample time
7, the period of sampling 7, the number of samples
taken N, and the system bandwidth wp.

For the experiments reported in this paper, 7/7 and
wp were constant for any given experiment, but they
were not necessarily the same from one experiment to
the next. For all o versus 7 plots where T'/7 was a sig-
nificant parameter, it was approximately equal to unity.
N was always chosen equal to 2 and an ensemble aver-
age taken to determine a good statistical measure of the
variance. The confidence limits are calculated on the
assumption that each particular computed variance is
uncorrelated with any other. A computer program based
on the above method was used to analyze the data ob-
tained in these measurements.

The variance is a function of the spectral density of
the phase fluctuations of the system. By proper control
of the above four analysis variables, it is possible to
determine the frequency dependence of the spectral
density of the phase fluctuations S,(w), as follows. If
(o%(r, T, N, wg))="Fkr*, with & and u constant over a
sufficiently large range of 7, with —2 <u< 42, then

Sd’(w) = h' w Ia, (7)

where o= —u—3, provided that N, 7°/r, and ws are
kept constant and that 7>>1/wp. If u= —2, a degeneracy
of a occurs, and one may then use the dependence of the
variance on the bandwidth,

k
(‘72(7; 7, N, w,;)) =7 jwk}““, a> —1,
7

for determining the frequency dependence of the spectral
density. For a detailed treatment of the above see Allan

[4].
REFERENCES
[1] R. E. Beehler, R. C. Mockler, and J. M. Richardson, “Cesium

beam atomic time and frequency standards,” Meirologia, vol. 1,

pp. 114-131, July 1965.

R. Beehler et al., “An intercomparison of atomic standards,”

Proc. IEEE (Letters), vol. 54, pp. 301-302, February 1966.

R. Vessot et al., “A direct frequency comparison of hydrogen

masers in separate laboratories by concurrent monitoring of

Loran C signals,” Proc. TEEE (Letters), vol. 54, pp. 303-304,

February 1966.

D. W, Allan, “Statistics of atomic frequency standards,” Proc.

ITEEE, vol. 54, pp. 221-230, February 1966.

{5] L. S. Cutler and C. L. Searle, “Some aspects of the theory and

measurement of frequency fluctuations in frequency standards,”

Proc. IEEE, vol. 54, pp. 136-154, February 1966.

R. E. Beehler et al., “A comparison of direct and servo methods

for utilizing cesium beam resonators as frequency standards,”

IRE Trans. on Instrumentation, vol. I-11, pp. 231-238, Decem-

ber 1962.

[7] R. Vessot, L. Mueller, and J. Vanier, “The specification of oscil-
lator characteristics from measurements made in the frequency
domain,” Proc. IEEE, vol. 54, pp. 199-207, February 1966.

{8] J. A. Barnes, “Atomic timekeeping and the statistics of precision
signal generators,” Proc. IEEE, vol. 54, pp. 207-220, February
1966.

(91 D. Kleppneretal., “Hydrogen-maser principles and techniques,”
Phys. Rev., vol. 138, pp. A972-A983, May 17, 1965.

{10] J. Vanier, H. E. Peters, and R. F. C. Vessot, “Exchange colli-
sions, wall interactions, and resettability of the hydrogen
maser,” IEEE Trans. on Instrumentation and Measurement, vol.
[M-13, pp. 185-188, December 1964.

[11] J. Vanier and R. F. C. Vessot, “Cavity tuning and pressure de-
pendence of frequency in the hydrogen maser,” Appl. Phys.
Lett., vol. 4, pp. 122-123, April 1, 1964.

{12] D. Kleppner, H. M. Goldenberg, and N. . Ramsey, “Theory
of the hydrogen maser,” Phys. Rev., vol. 126, pp. 603-615,
April 15, 1962.

[13} J. Vanier (to be published).

[14] P. L. Bender, “Effect of hydrogen-hydrogen exchange colli-
sions,” Phys. Rev., vol. 132, pp. 2154-2158, December 1, 1963.

[15] S. B. Crampton, D. Kleppner, and N. F. Ramsey, “Hyperfine
separation of ground-state atomic hydrogen,” Phys. Rev.
Lett., vol. 11, pp. 338-340, October 1, 1963.

[16] S. B. Crampton, “Hyperfine and spin exchange experiments
with the atomic hydrogen maser,” Ph.D. dissertation, Harvard
University, Cambridge, Mass., 1964, unpublished.

[17} J. Vanier and R. Vessot, “Relaxation in the level F=1 of the
ground state of hydrogen: application to the hydrogen maser,”
IEEE J. of Quantum Electronics, vol. QE-2, pp. 391-398, Sep-
tember 1966.

[18] H. G. Andresen and E. Pannaci, “Servo-controlled hydrogen
maser cavity tuning,” Proc. 20th Annual Symp. on Frequency
Control, 1966, to be published.

[19] R. J. Harrach, “Some accuracy limiting effects in an atomic
beam frequency standard,” Proc. 20th Annual Symp. on Fre-
quency Control, 1966, to be published, and “Radiation field de-
pendent frequency shifts of atomic beam resonances,” to be
published in J. Appl. Phys.

[20] Comptes Rendus des Séances de la Douszicme Conférence Générale
des Poids, Paris, France, October 6-13, 1964,

{21] W. Markowitz et al., “Report on the frequency of hydrogen,”
Frequency, vol. 1, p. 46, July—August 1963.

[22] H. E. Peter, et al., “Hydrogen maser and cesium beam tube
frequency standards comparison,” Appl. Phys. Lett., vol. 6,
pp. 34-35, January 15, 19635.

[23] H. E. Peter and P. Kartaschoff, “Hydrogen maser frequency
comparison with Swiss cesium atomic beam standard,” Appl.
Phys. Leit., vol. 6, pp. 35-36, January 15, 1965.

[24) E. H. Johnson and T. E. McGunigal, “Hydrogen maser fre-
quency comparison with a cesium standard,” NASA Technical
Note TN 13-3292, April 1966. The title and publication date of
this technical note were not given correctly in reference [7] of
Beehler et al. [2].

[25] J. Bonanomi et al., “A comparison of the TA; and the NBS-A
atomic time scales,” Proc IEEE (Correspondence), vol. 52, p.
439, April 1964.

2
3

=

6

139-176



Some Accuracy Limiting Effects in an

Atomic Beam Frequency Standard

Robert J. Harrach
National Bureau of Standards, Boulder, Colorado

Abstract

The accurate resonance frequency of the transition (F, M_)
= (4, 0) ~~(3, 0) in the ground state of cesium-133 is expressedin
the form of an operational equation for an atomic beam spectrometer,
Emphasized are the terms in this equation which correct for the
beam direction dependence and radiation field dependence of meas-
ured resonance frequencies:

P -
{\)reéi 1) + Vres(jpl)} %(Si * Sj) pl ?

1
2

where i and j refer to opposite beam directions through the
apparatus, P. is the microwave power exciting the transition, and
Si and S, are the rates of linear frequency shift. The results of a
detailed’theoretical analysis are given which specify the contri-
butions to these terms by various apparatus and fundamental shift-
inducing effects.

This approach to accuracy specification is applied to the
United States frequency standard, a National Bureau of Standards
atomic beam machine designated NBS III, through a set of experi-
ments using an atomic hydrogen maser as a highly stable reference
frequency source. The corrections determined are -3.2 x 10~
for beam direction dependence, -2.2 x 1012 for power dependence,
and + 0.4 x 10712 for second-order Doppler shift, The uncertainties
in these corrections and contributions from other sources give a
present 1o estimate of accuracy capability of £+ 1,1 x 10~ for
NBS III. This figure should be reducible by one order of magni-
tude through efforts to eliminate systematic errors in the
measurements of y andv

res, res

1 j
Up to the present time the lowest inaccuracy figure that has been
quoted1 for any frequency standardis+ 1.1 x 10-12 as a single standard
deviation (10 ) estimate for a National Bureau of Standards cesium beam
machine designated NBS III. Attempts to improve on this value are resisted
by the difficulty in identifying and making corrections for resonance frequency

shifts induced by a variety of effects.
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Intrinsic or fundamantal effects originate from the motion of atoms
(Doppler effect), the structure of atoms (effect of neighboring energy levels),
and properties of the transition-inducing radiation field (Bloch~Siegert and
Stark effects). But the frequency shifts these generate are relatively feeble.
Other effects are present because the atomic beam apparatus falls short of
ideality, As examples, the phases of the pair of separated radiation fields
are not exactly equal, the radiation fields are not strictly monochromatic,
and the static magnetic c-field is not precisely uniform. The frequency shifts
due to such "apparatus effects' establish the present limits of accuracy.

In this paper we consider a set of high precision experiments which
enable identification of the particular effects which are most significant in
limiting the accuracy of the NBS III beam machine. This work is one segment
of a detailed study of atomic beam resonance frequency shifts.

The standard of frequency is defined by the transition (F, MF) = (4, O)—
(3, 0) in the ground state of cesium-133, for which the unshifted resonance
frequency (Bohr frequency) is

v_(H) v (0)+(426.4)H2, (1)
B''c B c
where Hc is the magnitude of a weak external magnetic field (in oersteds),
ande(O) 29,192, 631,770 cps. In Table 1 a summary is given of some of
the resonance frequency shifts which are calculated for this transition. The
notation (O, 4,L,y O’-\)O) used in the Table is the same as that used by Ramsey,

In particular, ¥V, and Vo are the Bohr frequencies corresponding to the average

square c-field r?xagm'tudes in the drift region and transition regions,
respectively.

The predicted frequency shifts depend on the level of microwave input
power (P) exciting the transition, and on the beam direction through the
apparatus (via the phase difference 8). This suggests the utility of relating

the accurate frequency, \)B(O), and measured resonance frequencies with an

operational equation:
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- = = ~2 2 =2
0) = - - -
v 0) %{vre(sip1 ,Hcl)+vre;;91,Hcl)} (426.4)HCl (426.4)(Hcl H°1)

- %(Si +Sj)P1 v o -y -, . (2)

Doppler ¥ ofiela "
The subscripts i and j refer to opposite beam directions through the apparatus,
P1 is the microwave input power which excites the transition, and ﬁc is the
average c-field magnitude, The first term is just the mean frequency for
opposite beam directions, and is aimed at eliminating the effect of phase
difference. The second term corrects to zero magnetic field, and the third
term adjusts for the use of ﬁ z in the c-field calibration, rather than Hi

The fourth term corrects for effects which give a linear power-dependent shift
that vanishes in the limit of zero excitation intensity and is independent of
beam direction., (This includes four items in Table 1.) Si and Sj are experi-
mentally determined slopes (in cps per milliwatt, say) of a linear component
of the observed frequency shifts. The fifth term subtracts out the second-
order Doppler shift {(given by Fig. 3), and the sixth term takes account of the
distortion of the resonance due to inequality of the c-field magnitudes in the
transition and drift regions (Fig. 2). The relation should be continued to
include other contributions6 which are not explicitly treated here, e. g.,
physical overlap, cavity pulling, ’multiplier chain transient phase shifts, and
various servo system effects.

The set of experiments with the NBS III beam spectrometer were performeé
using an atomic hydrogen maser from Varian Associates as a highly stable
reference frequency source,. 1 The dependence of the (4, 0) — (3, 0) resonance
frequency on radiation field intensity was measured, under varied conditions
of beam direction through the apparatus, c-field magnitude, and excitation
spectrum,

The power-dependent frequency shifts observed for three successive
reversals of the beam direction are shown in Fig. 4, Over the range of
excitation intensities considered the shifts are linear, and data for opposite
beam directions show a slightly different slope and a relative frequency
offset. The important features of the data are the slopes, zero power

(extrapolated) intercepts, and the average values of these quantities for
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opposite beam directions. These are summarized in Table 2.
The interpretation of these results is found in terms of apparatus,
rather than fundamental, effects. Evaluating the very small expected shifts

4
due to the latter, using £= 1. 02cm, L = 366 cm, and &= 2,3 x 10 cm/sec in

Table 1, we have:
neighboring levels effect: 6\)/\70 >+ (7.6) x 10-16tan2(T1)P/P0
-1
Bloch-Siegert effect: 6\;/\70 =+ (3.8)x10 6P/PO

-18P/PO
13

2nd-order Doppler effect: (5v/35 O)P =-4.4x10 ",

0
The observed shifts are roughly + 3 x IO-IZP/PO, with PO >6. 0mW,

Stark effect: § \)/C 0 >~ - (1.5)x 10

The relative displacement of the resonance frequency for opposite beam
directions is attributed to a phase difference between the radiation fields,
If the beam experiences a phase difference 61 for one direction and 6_]’ for the
other, the frequency difference is Oy = o (Si - 5j) / 2nL. For 8j= - 51, the
successive beam reversals would give a reproducible frequency difference,
This was clearly not the case. For either beam direction the phase difference
value was of order 10'-3 radian, but in reversing the beam direction its precise
magnitude was changed. It is felt that this irreproducibility is a consequence
of the system being exposed to atmospheric pressure in order to interchange
the oven and detector, Contaminants in the cavity ends which can contribute
to a phase difference value then interact with air and moisture, resulting in
a modified value. This circumstance can be avoided by designing the system
so that it may be kept under vacuum while the oven-detector interchange is
made. Both an oven and detector could be situated at each end of the apparatus,
with adjustments for positioning the components so that either combination of
oven and detector could be used.

The average rate of frequency shift for opposite beam directions was

reproducible, with the magnitude
1 (Si+ sj) =4 5.6x10_l3/mW. (3)
2\)0

Inbalance between pairs of sidebands in the excitation spectrum provides an

interpretation of this result, A spectrum analysis revealed that the brightest

sidebands were 44 db below the primary intensity at + 60 cps and + 120 cps
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away from the primary frequency. Each pair was balanced to within an uncer.
tainty of 2 db. If the sideband at - 60 cps was 1 to 2 db above that at + 60 Cps,
then the expression in Table 1 predicts a fractional shift of + 2. 0to + 4,5
parts in 1013 per milliwatt. Similarly, this inbalance in the + 120 cps com-
ponents would give an additional contribution half as large. When the
excitation spectrum was changed, by using a different multiplier chain, the
rate of shift was altered by more than a factor of two, confirming the

interpretation as a spectrum effect.

The small beam direction-dependent contribution to the rate of shift,

————

1 (s, - s.)=1.0x10“13/mw, (4)
2V, !

0

is not satisfactorily understood. Phase difference is capable of making such
a contribution, but the sign is wrong to account for the observations., A
possible explanation is found in terms of a first-order Doppler shift due to
leakage radiation from the cavity end slots into the drift region, but this has
not been convincingly demonstrated.

Supplementary experiments indicated that the power-dependence of the
resonance is unaffected by increasing the c-field magnitude above the 1/20
Oe operating level, and by reversing c-field polarity. The displacements
in the resonance frequency which accompanied performance of these operations
were consistent with expectations based on the quadratic c-field dependence.
For example, a residual average field component, ﬁo(x ), along the direction
of the applied c-~field, Ha(x ), causes the resultant c-field magnitude to change
by approximately Zﬁo(x) when the polarity of the applied field is reversed.
This shifts the (4, 0) « (3, 0) resonance frequency by about (426, 4)4ﬁa(x)ﬁo(x)
cps, and the shift is removed when the applied field component is adjusted
to restore the net c-field to its original value. From these supplementary
experiments, we conclude that physical overlap of neighboring resonances,
the Millman effect, 3 and the c-field difference quantity, ﬁC(L) -H C(L),
make negligible frequency shift contributions,

The foregoing analysis determines the frequency corrections that
should be applied to the NBS III standard, and helps to establish the limits

of accuracy uncertainty. The device is normally operated with an input
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sjower of 4, 0 milliwatts, a c-field magnitude of 0., 0484 Oe, and with a beam

direction corresponding to experiments (2) and (4) in Table 2.
= 4.0 mW, is then

The correction

ior power-dependence, using equation {3) and P1
- 1 (S +5)P. ~-2.2x10 12
= 1 il
Vo
A second~order Doppler shift was too small to be resolved in the experiments,

sut a correction can be made on theoretical grounds. Using Fig. 3 for

Pl = 2P /3, and 0= 2.3 x 104 cm/sec, we have
o

-1 (8 ), =+ 0.4x%10"
Y Pl

12
Doppler ’

Similarly, the shift due to c-field distortion was beyond experimental reso-

lution, Calibrated line shape traces of the field-sensitive transitions,

(4,£1) == (3,+1), showed that ] ﬁC(L) - ItI-C(L) I <2x 10_30e, so a theoretical
upper limit for the correction magnitude is calculated, using the expression

in Table 1 with H_ = 0, 0484 Oe, to be less than 3 x 10714,

1
The most important, but most poorly defined correctfon is that for

beam direction-dependence. A reasonable approach is to make this correc~

tion with respect to the average of the three determinations of 1 (\)r s +vres ).
= '‘re
. . . .2 1 j
Then, for example, if the beam has the orientation of experiment 2 in Table

: - - ~-12 . . .
2, the appropriate correctionis - 3.2 x 10 , with a maximum uncertainty

estimated from the data to be no more than® 2.4 x 10 (tbree times the

rms deviation). However, if the beam machine is left undisturbed in a given
orientation for long periods of time, this phase difference correction whould
be considered to be much more uncertain,

The assessment of total accuracy uncertainty is made by considering
the individual uncertainties in the terms that make up equation (2). An
itemized account for the NBS III standard, including a discussion of the way

that individual contributions should be combined to arrive at a total estimate,

6
has been given by Beehler, et al, A similar tabulation for NBS III, taking
account of the results of this paper, is given in Table 3. The single stan-
dard deviation estimate of accuracy cap:.jitity is approximately 1,1 x 10_12.

145-429



The designation "accuracy capability' is meant to imply the limits of uncer-
tainty when a set of evaluative experiments are performed, as distinct from
undisturbed, routine operation of the standard.

The increasing availability of frequency devices (atomic beams and
masers) capable of stabilities of a few parts in 1013 over a long duration
(100 hours or more)gives promise of improved accuracies. A systematic
experimental investigation using a reference frequency source of this high
precision has not been carried out to evaluate most of the uncertainty factors
in Table 3. Especially in the cases of miscellaneous servo system effects,
multiplier chain phase shifts, and the first-order Doppler effect, it is lack
of information which makes the estimated uncertainties as large as they are,
These experiments, coupled with efforts to reduce systematic errors in the
measurements of Vres, and \)res. (for which the installation of the alternate
oven-detector systemlmentione& earlier would be a starting point) can reason-
ably be expected to improve the NBS III accuracy capability figure by an

order of magnitude,
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Fig. 1 Theoretical frequency shift induced by a small phase

difference, 6(radians), as a function of excitation
intensity.
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Shift &v 1013 (2)
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Fig. 4 Power-dependent frequency shifts of the (4,0)+«—(3,0)
transition {n the NBS III atomic beam spectrometer. The
least squares determined lines (1) and (3) represent one
beam direction, and (2) and (4) the other, in chrono-
logical order. The zero point for the frequency shift
relative to the H-maser reference 18 arblitrarily chosen.
The data points for lines (1), (2), and (3) are means
for 1/2 hour averaging times with standard deviations of
2 to 4 parts in 1013, Line (4) was determined in a more

brief experiment. The time duration between successive
experimernts was about 5 days.

TABLE 2

Summary of experimentsl results in Fig. 4. The slopes and intercepls.
torether with their standsrd devistiona, are derived by least squares analysis

S+Sy) Difference slope Zero power AvR. zero
Experiment Slope, S Avg. slope. 4(5y d ere
(parts in 101 7/mW) (parts in lO”’mHJ ‘,(S‘—S intercept power g

)
(parts_in Ia"jmu) (parts in 101')  (parts tn 10'°)

-51.3 1.6
58 + 0.32

' i 5.63 ¢ 0.3) 0.96 * 0.33 -8.8=1.7

2 4.67 = 0.58 +33.8 ¢ 1.0
5.67 ¢ 0.40 1.00 ¢ 0.40 + 9.6 2.0
3 6.66 * 0.53 - lu.6 2 2.7 19 1 40
5.58 + 0.78 1.08 ¢ 0.78 + 3.9 4,

4 449 ¢ 1,49 +22.3 2 1.5
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TABLE 3

Contribytions to inaccuracy for NBS II1
cesius beam [requency standard

Source 30 estimate in
parts tn_10'?

Uncertainty in ﬁc + 0.3
Use of AT for 2 s0.
Uncertainty in lst- and Znd-order Doppler shifts + 0.3
Distort{on from ﬁle) ¢ !—l((l,) + 0.1
Uncertainty ta c-field polarity dependent shifts $ 0.3
Uncertsinty in cavity phase difference + 2.4
Cavity wistuning + 0.1
Overlap of neighboring traneitions + 0.3
Uncertainty {n power-dependent shifte t 0.5
Randon measurement error (l hr) ¢ 0.6
2nd harwonic distortion of mervo modulation * 0.5
Miscellaneous servo system effects t 1.5
Multiplier chain transient phase shifte 2 1.0

Total 3o extimate of uncertainty
(square root of sum of squares) 2 3.2
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A Historical Review of Atomic
Frequency Standards

R. E. BEEHLER

Abstract— An attempt is made to trace the historical development of the
leading contenders in the atomic freq y standards field— and
thallium atomic beam devices, rubidium gas cell standard, and the hydrogen
maser. Many of the important experiments leading to the development of
techniques basic to the various types of standards, such as the magnetic
resonance method, optical pumping, buffer gases and wall coatings, and
maser technigues are briefly described. Finally, the application of these
basic techniques to the development of the specific types of atomic standards
is discussed.

INTRODUCTION

LTHOUGH the exploitation of atomic frequency
A standards on a large scale dates back to less than 10
years ago when they came into general use as basic
reference standards in many laboratories, some of the basic
techniques involved had been developed almost fifty years
ago. It is the purpose of this paper to review some of the
early experiments and outline the subsequent development
of basic techniques which have led to the present atomic
frequency standards. The discussion will be confined to
those standards which are presently available commercially
to the general user or are at least under active development
by several commercial or national standards laboratories—
namely, cesium and thallium atomic beam devices, rubid-
ium gas cell devices, and hydrogen masers. Because of the
scope of the subject, it will often be impossible to include
many details of the principles of operation of equipment,
measurement procedures, and general performance results.
However, an attempt will be made to give adequate ref-
erences in all cases. The historical development of the most
important basic techniques will first be described without
regard to specific frequency standards, followed by a dis-
cussion of the later application of these basic techniques to
the development of specific types of atomic standards. For
an analysis of the relative merits of the different types of
atomic standards discussed here and for an up-to-date
status report of their performance achievements reference
is made to the article by A. McCoubrey in this issue [1].

DEVELOPMENT OF BASIC TECHNIQUES
Atomic Beam and Magnetic Resonance Techniques
The first experiments using atomic or molecular beams
were those of the French physicist A. L. Dunoyer in 1911
[2]. Dunoyer’s apparatus, shown schematically in Fig. 1,
consisted simply of a 20-cm-long glass tube with three sepa-

Manuscript received January 6, 1967; revised February 16, 1967.
The author is with the Frequency and Time Division, Hewlett-Packard
Company, Palo Alto, Calif.
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Fig. 1. Schematic diagram of Dunoyer’s original

atomic beam apparatus [2].

rately evacuated chambers which served as source, collima-
tion, and observation chambers. He observed that when
sodium was heated sufficiently in 4, a deposit was formed in
C whose distribution could be explained by the assumption
that the sodium atoms traveled in straight lines.

Nine years later at the University of Frankfurt in Ger-
many, Otto Stern became the first to use a molecular beam
technique for making physical measurements. In these ex-
periments to measure directly the speed of gas molecules, a
source of silver atoms at the center of an evacuated jar pro-
duced a beam of atoms which was collimated by a narrow
slit and detected by deposition on a glass plate near the jar’s
surface. The principal parts were mounted such that they
could be rotated about a vertical axis inside the bell jar at
speeds of 1500 rpm. Stern observed, in agreement with the
results of Dunoyer’s experiments, a narrow sharp deposit
explainable by straight line atomic trajectories as long as the
apparatus was stationary. However, for rotational speeds
of 1500 rpm the deposited pattern was shifted slightly and
also appeared fuzzy. From the amount of the shift Stern
could calculate the average velocity of the atoms, which
turned out to agree with the predictions of kinetic theory to
within a few percent. The fuzziness of the deposit showed
that a distribution of speeds existed in the beam.
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Less than two more years elapsed before Stern and a
colleague, Walther Gerlach, performed their celebrated
“Stern-Gerlach experiment™ [3] which was to have a most
profound effect on the development not only of molecular
beam techniques but also of quantum mechanics in general.
The results of this experiment supported the concept of
spatial quantization—i.e., the seemingly unlikely idea that
the magnetic moment of an atom in an external magnetic
field can have only a few possible discrete orientation angles
with respect to the external field lines. If the atom is con-
sidered to behave as a small bar magnet of magnetic mo-
ment y in an external field, H, its change in energy, when
placed in the field, would be given by AE= uH cos 8, where
6 1s the angle between the magnet and the field lines. Until
the performance of the Stern-Gerlach experiment, it was
generally believed that a large number of such atoms in a
field would show a random distribution of the angle 6, and
hence would have energy values anywhere between + uH
and —uH. An opposing view, however, was suggested by
observations made as early as 1896 by the Dutch physicist
Pieter Zeeman that certain spectral lines split into two or
more sharp lines when the radiating atom is placed in an
external magnetic field. This effect could be explained by
postulating that the energy of atoms in a magnetic field is
quantized, resulting in the observed spectral emission lines
produced by transitions between these discrete energy levels
being limited to a few sharply defined frequencies through
the relation E, — FE, = hv, where E; and E, are the energies
of the two levels involved in the transition, /4 is Planck’s
constant, and v is the frequency of the emitted spectral line.
If the atoms could have random orientations, and hence
energies, in the field, one would expect to observe a blurred
spectral line corresponding to a spread in energy of the
levels of 2uH, contrary to the experimental evidence.

In 1921 Stern conceived an experiment for testing for
space quantization using a beam of silver atoms. He realized
that the force exerted on a silver atom with magnetic mo-
ment 4 by a magnet designed to produce a field with a
large gradient ¢H/3z across the gap would be given by
—u(CH/éz) cos 8 and would thus vary continuously from
+u(@H/éz) to —u(0H/3z) if atoms were oriented ran-
domly. On the other hand, if space quantization existed, the
force on silver atoms would be either —pu(CH/éz) or
+u(CH/¢z). By shooting a beam of silver atoms between
the poles of such a magnet and observing the deflection pat-
tern produced, one should observe either a single broad
fuzzy line (if random orientations are possible) or two dis-
crete sharp lines (if space quantization exists). Performing
the experiment with Gerlach, who had a magnet of the
proper design, Stern did indeed observe two separated
lines in the deflection pattern.’ As we shall see shortly,
magnets similar to that used in the Stern-Gerlach experi-
ment are a basic component of today’s atomic beam fre-

! Because the existence of electron spin with its effect on effective mag-
netic moments was not yet known in 1921, Stern actually cxpected to
observe three discrete lines instead of two. Thus. while this experiment sup-
ported the concept of space quantization an additional mystery was intro-
duced which was not resolved until 1925.
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quency standards; being useful for obtaining a beam of
atoms in a specific energy state.

In 1923 Stern became head of the Department of Physi-
cal Chemistry at the University of Hamburg. During the
next 10-year period he and his students published a series of
some 30 papers which served to establish many of the basic
principles and techniques used in today’s atomic beam de-
vices. Particular emphasis was placed upon the develop-
ment of atomic beam methods for greatly improved mea-
surements of magnetic moments.

1n 1932 O. Frisch and E. Segré used an atomic beam tech-
nique with potassium to detect transitions produced by
subjecting the atoms to a sudden variation in the direction
of a static magnetic field located between two Stern-
Gerlach magnets {4]. The first magnet acted as a polarizer,
separating the atomic beam into two beams differing in
magnetic state. One of these beams was then blocked by the
obstruction of part of the magnet gap, producing a beam
with atoms only in the desired state. These remaining atoms
were then passed through a second Stern-Gerlach magnet
which acted as an analyzer to detect whether the magnetic
state had been changced in the region between the magnets.
When the static field with its rapid reversal in direction was
applied in the center region, a change was noted in the num-
ber of atoms reaching the atomic beam detector located
after the second magnet. This indicated that some of the
atoms had made transitions to different energy states (and
thus had their magnetic moment reversed in direction), pro-
ducing a change in their deflection by the second magnet.
This apparatus, used some 35 years ago, differed primarily
from present atomic beam tubes only in the method of pro-
ducing the transitions between the atomic energy levels.

Six years later in 1938 at Columbia University, 1. I. Rabi,
one of Otto Stern’s former students, made the next major
advance in atomic beam techniques by developing his mag-
netic resonance method, which permitted the detection of
transitions between the closely spaced energy levels result-
ing from the interaction of an external magnetic field with
an atom or molecule [5]. Rabi’s apparatus, shown sche-
matically in Fig. 2, was similar to that used by Frisch and
Segré, except that transitions between the magnetic states
of an atom or molecule were produced by applying an
oscillating RF field of proper magnitude and direction and
whose frequency satisfied the resonance condition, W, — W,
=hv, for the two energy levels of interest.

Although the field directions in the A and B Stern-Gerlach
magnets were the same, the field gradients were arranged
to be in opposite directions, so that, in the absence of transi-
tions in the C region, molecules from the source O would
undergo equal and opposite deflections by the two magnets
and therefore strike the detector D. Application of the
proper frequency RF field in the region R, however, pro-
duced a change from one energy state to another, such that
the resultant change in magnetic moment produced a
sufficiently different deflection in the B magnet to cause the
molecule to miss the detector. The surface-ionization type
detector used by Rabi ionized nearly all of the molecules
striking the 0.001-inch wide surface and thus produced an
793
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electrical signal proportional to the number of molecules
striking the wire per second. As the excitation frequency
was varied through the resonance value for a particular tran-
sition between two energy states, Rabi observed a sharp de-
crease in the detector output signal.? The first resonance
curve ever observed by this magnetic resonance technique is
shown in Fig. 3. It was published by Rabi and his colleagues
in February, 1938, and represents a resonance between two
spatial quantization states of the lithium nucleus obtained
with a beam of LiCl molecules in a strong enough C field
to decouple completely the nuclear magnetic moments
from one another and from the molecular rotation [S].
From the measured values of the frecuency at resonance
and the static C field in which the transition occurred, Rabi
was able to calculate much improved values for several
nuclear magnetic moments.

Soon thereafter another member of the Columbia group,
P. Kusch, extended the new atomic beam magnetic reso-
nance technique to measurements of separations of the
closely spaced hyperfine structure levels in the ground state
of atoms [6]. Hyperfine-structure level separations in sev-
eral isotopes of lithium and potassium were measured to a
precision of 0.005 percent. Relative to earlier hyperfine-
structure measurements by optical means, the atomic beam
magnetic resonance results were simpler to interpret, much
more accurate, and of much higher resolution.

A further refinement in the atomic beam magnetic reso-
nance technique, which proved to be of extreme importance
in the application of the technique to frequency standards,
was introduced by N. F. Ramsey at Harvard University in
1950 [7]. In the conventional atomic beam apparatus at
that time the oscillating RF field for producing transitions
in the beam was applied over a relatively short region, being
limited by the requirements of maintaining uniform phase
and uniform static magnetic field (C field) over the entire
region of interaction between the atoms and the RF field.
A lengthened interaction region is desirable for many ex-
periments, however, because the longer the interaction
time, the more sharply defined are the atomic energy levels
and thus also the resonance frequencies associated with
transitions among them. Ramsey developed a method which
increased the effective interaction time without adversely
affecting the phase and field uniformity requirements. He

2 In the early experiments described here the transition frequencies of
interest depended linearly on the magnitude of the static magnetic ficld
provided in the C region. For reasons of exp:<imental convenience reso-
nance curves were actually obtained by keep: itz the frequency fixed and
sweeping the field through the corresponding resonance value.
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Fig. 2. Schematic diagram of Rabi’s magnetic resonance apparatus [5].
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Fig. 3. First published resonance curve using Rabi’s
magnetic resonance technique [S).

replaced the usual single oscillating field region with two
such regions separated by a relatively large distance and
showed that the effective interaction time was now the entire
length separating the two RF regions. Moreover, the ob-
served resonance width under these conditions is 40 per-
cent less than that for a single Rabi-type excitation of
length equal to the separation of the two Ramsey fields
and the C field uniformity requirements are actually less
severe for the Ramsey case. Application of this technique
to atomic beam frequency standards has resulted in reso-
nance linewidths of less than 50 Hz at 9192 MHz.

Before discussing the specific development of cesium and
thallium atomic beam frequency standards based upon the
basic techniques described up to this point, let us first con-
sider the historical evolution of some other methods and
techniques which led to other types of atomic standards,
such as the optically pumped gas cell devices and the hy-
drogen massr.

Optical Pumping Technigues

Optically pumped gas cell frequency standards, such as
the Rb37 gas cell devices currently available commercially,
represent a completely different approach to the problem of
detecting a condition of resonance in the hyperfine struc-
ture levels of the ground state of an atom. In the atomic
beam devices, as we have seen, the occurrence of transitions
excited by RF resonance radiation is detected by observing
resultant changes in the trajectories of the atoms comprising
the beam. In gas cell devices, on the other hand, a double
resonance technique is used in which the RF resonance
condition is detected by the resultant changes in the in-
tensity of transmitted optical radiation at the proper fre-
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Fig. 4. Simplified energy level diagram for mercury showing states used
in early double resonance experiments [12].

quency to produce transitions between the ground and
first excited states of the atom.

The development of the optical pumping and double
resonance techniques, which are basic to the operation of
gas cell standards, can be traced back to 1949 when Prof.
F. Bitter at the Massachusetts Institute of Technology
showed that the frequency, intensity, and polarization of
optical radiation emitted by an atom in a >P—2S (ground
state) transition are all altered if the atom is simultaneously
subjected to a weak oscillating RF field whose frequency is
near resonance for the hyperfine levels of one of the energy
states involved in the optical radiation process [8]. About
this same time A. Kastler and J. Brossel of the Ecole
Normale Superieure in Paris suggested a double resonance
technique as a sensitive means of gaining information about
the structure of energy levels [9]. The first application of this
technique was to one of the excited states of the mercury
atom by Brossel and Bitter in 1950 [10].

As an aid to understanding the way in which the double
resonance technique was first used, consider the simplified
energy level diagram for mercury shown in Fig. 4. The levels
indicated are the 6'S, ground state and the three Zeeman
levels of the 6P, excited state. If mercury vapor is illumi-
nated by optical resonance radiation at 2537 A, transitions
will occur from the ground state to one of the excited-state
levels, the particular one depending on the polarization of
the radiation. In the experiment of Brossel and Bitter a
polarization (labeled = in Fig. 4) was used which selectively
populated the m=0 level of the triplet. Under these cir-
cumstances the emitted light from spontaneous transitions
back to the ground state also contains only 7 radiation.
If now an RF field is applied perpendicular to the static
magnetic field producing the Zeeman splitting and its fre-
quency is adjusted to the proper value for resonance be-
tween the m1=0 and the m= +1 levels, transitions will be
induced to the m = + 1 states. Decay from these levels back
to the ground state will now cause X components to appear
in the emitted light. Since the intensity and polarization of
the emitted light are thus altered in the process, a means is
available for optically detecting the occurrence of the RF
resonance. A set of RF resonance curves for mercury ob-
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Set of RF resonance curves obtained with double resonance
technique for mercury [10].
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Fig. 6. Simplified optical pumping method.

tained in this manner by Brossel and Bitter is shown in Fig.
5. Each curve corresponds to a different amplitude of the
RF field.

The development of the method of optical pumping as
applied to the building up of the population of one certain
level at the expense of others in the ground state of atoms is
due primarily to Kastler [11], [12]}. Consider the much
simplified energy level diagram shown in Fig. 6, where A
and B represent two closely-spaced energy states in the
hyperfine structure of the ground state of an atom and C
represents one of the levels of the first excited state. Transi-
tions A—C and B-C occur at optical excitation fre-
quencies, while transitions A< Bare in the RF range. Before
application of any excitation radiation to the system, atoms
arc equally distributed between levels 4 and B of the ground
state as in Fig. 6(a). If optical resonance radiation from
which the B—C component has been removed by some
means such as filtering is now used to illuminate the system,
atoms in level 4 absorb an optical photon and make transi-
tions to C, as indicated in Fig. 6(b). Since lifetimes in the
excited state are very short, however, the atoms in C sponta-

155795



neously re-emit a photon and fall either to level 4 or B with
approximately equal probabilities. As shown in Fig. 6(c),
the net effect at this point has been to increase the population
of Bat the expense of 4. Now, since there are still atomsin A
which can be excited to C by the optical resonance radia-
tion, the cycle is repeated until (ideally) all the atoms end
up in level B. This is then the process of optical pumping
for changing the population distribution among the ground
state levels.

If an RF excitation is now applied which is adjusted in
frequency to the resonance value corresponding to the fre-
quency separation of 4 and B, the pumped atoms in B will
be stimulated to make transitions back to A, at which point
the optical pumping process resumes. In 1956 H. G. Deh-
melt at the University of Washington developed the tech-
nique of monitoring the intensity of the light transmitted
through the sample as a means of detecting the occurrence
of the RF transitions [13]. Using a photocell detector, one
observes an output current which increases to a constant
maximum value (maximum transparency of the sample) for
the condition in Fig. 6(c), since at that point no atoms are
available to be pumped 4—C by absorbing part of the
incident light. As the RF signal is swept through resonance,
however, atoms transfer to 4 where optical absorption
again takes place, producing a sharp drop in the transmitted
light. The detection of RF resonances by this means is ex-
tremely sensitive. For example, a sample of vapor at a
pressure of only 10”7 torr can reduce the intensity of the
transmitted light by 20 percent when the correct RF is
applied. A very large effective energy gain occurs with the
optical detection technique, since the optical photon de-
tected has an energy approximately 104 to 10° times greater
than the energy of the RF photon involved in the micro-
wave transition. As we shall see in more detail later, the use
of optical pumping and optical detection with atomic
systems of Na2?3, Cs'33, and Rb®’ has made possible the
development of extremely compact atomic frequency stan-
dards relative to the atomic beam devices.

Buffer Gas Techniques

While the optical pumping technique as briefly described
in the preceding section will, in principle, produce a large
population buildup in level B of Fig. 6, collisions of atoms
in the sample with each other and with the walls of the con-
taining vessel actually provide a relaxation mechanism
whereby atoms can “leak” back to level 4 without the
application of RF. Even in very dilute samples atoms make
about 10 000 collisions per second with the walls. Since this
is usually greater than the number of optical photons which
the atom can absorb per second for repumping to level B,
the pump effectively becomes very leaky and at best only
weak RF resonances can be observed.

In 1955 in the laboratory of A. Kastler a fortunate acci-
dent occurred during some experiments with sodium vapor
in highly-evacuated glass bulbs which was to provide the
key for significantly improving the efficiency of the optical
pumping process. When a vacuum system failure allowed

hydrogen gas to be introduced into one of his sodium bulbs,
Kastler and his colleagues were amazed to find that the
optical pumping was greatly increased! The foreign gas
introduced was found to act as a buffer between the sodium
atoms and the walls where disorienting collisions take place.
It was found in later experiments that, because of collisions
between atoms of the sample and those of the buffer gas, the
average diffusion time to the walls could be increased from
10~ % second (without buffer gas) to nearly a second. It is, of
course, necessary to use a buffer gas which does not itself
disorient the sample atom’s magnetic state during collisions.
In general, use of sample atoms in a 2S, , ground state with
its spherical symmetry appears to be the best way to insure
minimum interaction during buffer gas collisions.

In addition to producing an enhancement of the optical
pumping process by increasing the effective time during
which RF transitions can be excited, the use of buffer gases
also causes a reduction in the observed resonance linewidth
as compared to the normally observed Doppler broadened
value. This “collision-narrowing” effect in a buffer gas was
first predicted by R. H. Dicke in 1953 [14]) and was observed
experimentally by J. Wittke and Dicke at Princeton Uni-
versity in 1954 [15]. Measuring the hyperfine splitting in the
ground state of atomic hydrogen by a microwave absorption
technique, they found that atomic hydrogen at a pressure of
5x 107 torr in a buffer gas of clean molecular hydrogen
at 0.2 torr produced a resonance width of only 3 kHz or
one-sixth of the normal Doppler width.

In 1956 H. G. Dehmelt performed optical pumping ex-
periments with sodium in argon buffer gas and observed
relaxation times of up to 0.21 second which corresponds to
an amazing 10® sodium-argon collisions occurring before
disorientation of the sodium atom [13]. Dehmelt pointed
outat that time that such long relaxation times (0.21 second)
used in future RF resonance experiments with optical pump-
ing would provide extremely narrow linewidths. Even longer
relaxation times (up to 2 seconds) were obtained by Deh-
melt’s group by replacing the buffer gas with a solid buffer
wall coating chosen to have minimum magnetic interaction
with colliding rubidium atoms [16]. Using eicosane
(C,0H,,), they obtained strong resonances in rubidium and
found that at least 600 collisions occurred before apprecia-
ble disorientation. W. Hawkins, working at Yale Univer-
sity, also obtained favorable results with wall surfaces of
absorbed air molecules on Apiezon L grease and on copper
[17]. Several years later, however, during the early develop-
ment phase of commercial gas cell standards, R. M. White-
horn at Varian Associates concluded that use of solid buffer
coatings for commercial applications presented too many
technical problems [18]. To date, all commercial gas cell
standards have used buffer gases.

Storage Techniques for Increasing Interaction Times

The advantages to be gained in terms of narrower reso-
nance lines by increasing the interaction time between an
atomic beam and the applied RF resonance radiation have
already been mentioned briefly in connection with the de-

156-796



BOUNCING

ChTiEs—  BOX »
FIELD
SOURCE //////////////
0.030 —— L _ \_"odt / // % [F)FLTAEA::SNOTR
o= TR
7 .
- u‘\l:mGNETIC/, | /////////////
SHIELDS
INCHES T T 17~ T T 17" 1T 7T 7 "1 T 1 "¢v Tt 1 1 ¢t 17 7—T71
o 2 4 6 8 10 2 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46
Fig. 7. Schematic diagram of “‘broken-beam’ apparatus [21].

velopment of Ramsey’s separated oscillating fields tech-
nique. In 1957 Ramsey pointed out that it should be possible
to further increase the interaction time in such an experi-
ment by “‘storing” the atoms in a bounce box having a
suitable non-disorienting wall coating and located between
the two RF field regions of an atomic beam apparatus [19].
If the collisions with the walls of the bounce box do not
appreciably affect the magnetic state of the atom, an effec-
tive increase in the separation of the two fields is realized
without physically lengthening the apparatus.

Kleppner, Ramsey, and Fjelstadt reported in 1958 the
first successful results using this “broken-beam’ technique
[20]. The bounce box was designed so that an atom had to
make at least two collisions in order to pass through and
contribute to an observed resonance. Employing a beam
of atomic cesium, they were able to observe resonances be-
tween the hyperfine states for wall coatings of teflon heated
to 100°C, eicosane, and polyethylene. The authors at this
time stated their intention to test other substances for wall
coatings for application in a “high-precision atomic clock
incorporating both the storage box and maser principles.”

Further experiments with a cesium beam and a variety of
wall coatings, using the apparatus shown schematically in
Fig. 7, were reported in 1961 by Goldenberg, Kleppner,
and Ramsey [21]. For storage bulbs coated with *‘Para-
flint” (a mixture of long chain paraffins), resonance widths
of only 150 Hz were obtained as compared with 2 kHz
without the storage bulb. This result implied that at least
200 collisions could occur before relaxation of the hyper-
fine states became a problem. One unfavorable feature of
the experimental observations was a rather large shift of
several hundred Hz in the resonance frequency resulting
from slight displacements of the energy levels during each
collision process. This type of shift was minimized later in
the hydrogen maser applications because of the much lower
polarizability of the hydrogen atom compared to cesium.

Maser Techniques
The development of maser techniques in 1953, initially
using ammonia, represented still another approach to the
problem of using microwave resonances in atoms or mole-
157
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cules as frequency standards. The maser was invented by
C. H. Townes of Columbia University [22] but was also
proposed independently by N. G. Basov and A. M. Prokho-
rov of the U.S.S.R. [23]. In this device, a collimated beam
of ammonia molecules effuses from a source and then
passes through an inhomogeneous electrostatic field de-
signed to spatially separate the two energy states of the
inversion spectrum, just as a Stern-Gerlach magnet sepa-
rates magnetic states of atoms in the magnetic resonance
method. The electrostatic state separator applies a radially
outward force to molecules in the lower inversion state, but
a radially inward force on the upper energy state molecules.
The upper-state molecuies are thus focused into a high-Q
cylindrical microwave cavity tuned to the resonance fre-
quency for the ammonia inversion transition (J=3, K=3)
at 23 870 MHz. The resulting large excess population of
upper energy state molecules in the cavity is then favorable
for stimulated transitions from upper to lower inversion
states with an accompanying emission of an RF photon.
Townes was able to get a sufficient flux of molecules into
the cavity so that the emitted microwave energy exceeded
the losses involved, and a small amount of excess energy
could be coupled out of the cavity for external use. Opera-
tion of the maser in this manner as an oscillator was found
to require a flux of at least 5 x 10'? molecules per second per
square centimeter. Figure 8 shows the physical arrangement
of the components in an ammonia maser, modified for
operation with two beams to reduce Doppler effects.
Following the first successful operation of a maser in
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1953, J. P. Gordon, H. J. Zeiger, and Townes studied in
detail the characteristics of the maser oscillation frequency
and found rather strong dependencies of the output fre-
quency upon the ammonia source pressure and the voltage
applied to the electrostatic focuser [24]. The strong coupling
between the ammonia beam and the resonant cavity also
causes the output frequency to depend significantly on the
tuning of the cavity.

In spite of intensive research efforts in the United States,
the U.S.S.R., Japan, Switzerland, and several other coun-
tries during the next few years to develop adequate tech-
niques for controlling the critical maser parameters and for
achieving a reproducible frequency from one maser to
another, it has now become apparent that, except possibly
for its high short-term frequency stability, the ammonia
maser cannot compete with other types of atomic devices
for use as a primary or secondary frequency standard. Its
importance is mainly that it led to the development of one
of the present-day leading contenders for the best atomic
frequency standard—the hydrogen maser.

APPLICATION OF Basic TECHNIQUES TO THE DEVELOPMENT
OF SPECIFIC TYPES OF ATOMIC FREQUENCY STANDARDS

Development of the World’s First ** Atomic Clock™

The first operational complete *“‘atomic clock” system
was developed at the National Bureau of Standards (NBS),
Washington, D. C., in 1948-1949 by H. Lyons and his
associates [25]. This system consisted basically of a quartz
crystal oscillator, electronically stabilized by the J=3, K=3
absorption line in ammonia at 23 870 MHz, together with
suitable frequency dividers for driving a 50-Hz clock from
the stabilized oscillator. This historic.accomplishment was
the culmination of many years of experimental interest in
the absorption spectrum of ammonia, extending back to
1933 and the remarkable experiments of C. E. Cleeton and
N. H. Williams in which they were able to observe absorp-
tion lines in'ammonia more than 10 years before the devel-
opment of most microwave equipment and techniques [26].
Aided by the rapid development of microwave techniques
for radar applications during World War II, B. Bleaney and
R. P. Penrose succeeded in observing the rotational fine
structure of ammonia in 1946 [27]. About this time R. V.
Pound proposed stabilizing a klystron with one of the
ammonia spectral lines [28]. This was accomplished by
W. V. Smith et al. in 1947 [29] and shortly thereafter by
W. D. Hershberger and L. E. Norton at RCA (30].

The NBS system, developed specifically for use as a fre-
quency standard, was first operated on August 12, 1948. A
photograph of this first “atomic clock™ is shown in Fig. 9.
The heart of the system, a 25-foot long waveguide absorp-
tion cell filled with ammonia at a pressure of 10-15 microns,
is shown wrapped around the clock mounted on top of the
equipment cabinets. The J=3, K=3 absorption line ob-
tained by sweeping the excitation frequency through the
molecular resonance can be seen displayed on the oscillo-
scope in the photograph. A block diagram of the complete
atomic clock system (in a somewhat modified form from

Fig. 9. Original NBS ammonia clock (courtesy of National Bureau
of Standards, Boulder, Colo.).

that shown in Fig. 9) is presented in Fig. 10. Two versions
of the NBS ammonia clock were built with demonstrated
long-term stabilities of 1x 10”7 and 2x 10”8, Work on a
third version was eventually halted when it became ap-
parent that atomic beam techniques offered more promise
for frequency standard development.

Development of Atomic Beam Standards Utilizing Cesium
or Thallium

According to Hershberger and Norton [30], [. 1. Rabi
made the specific suggestion of using atomic or molecular
transitions in an atomic clock in his January, 1945 Richt-
myer lecture before the American Physical Society. Four
and one-half years later a program was initiated at the
National Bureau of Standards to develop an atomic beam
frequency standard utilizing cesium, which would hope-
fully avoid the problems of collision and Doppler broaden-
ing encountered in the ammonia absorption cell work.

The NBS group, led by H. Lyons and J. Sherwood, was
able to obtain the services of Prof. P. Kusch of Columbia
University as a consultant and set out to construct a machine
using Rabi’s magnetic resonance technique, with the excita-
tion radiation at 9192 MHz being applied to the cesium
beam over a 1-cm path by means of a single short-circuited
section of X-band waveguide. At the 1952 New York meet-
ing of the American Physical Society, J. Sherwood reported
the first successful observation of the (F=4, my=0)
—(F=3, mp=0) microwave transition [31]. A photograph
of the original apparatus involved is shown in Fig. 11.
Shortly thereafter, this apparatus was modified for opera-
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Fig. 10. Block diagram of NBS ammonia clock (courtesy of National Bureau of Standards, Boulder, Colo.).

Fig. 11. First operating cesium beam frequency standard—-NBS [
(courtesy of National Bureau of Standards, Boulder, Colo.).

tion with the Ramsey technique of separated oscillating
fields. Using a separation of 50 cm, a Ramsey resonance
was observed with a line Q of 30 million, which corresponds
to a linewidth of the central peak of the Ramsey resonance
pattern of only 300 Hz at 9192 MHz [32]. Based on these
results, Lyons predicted an eventual accuracy capability of
1 x 107 '°, The apparatus was soon thereafter disassembled
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completely and moved to the new NBS site at Boulder,
Colo., where, under the direction of R. Mockler, it was
eventually reassembled with many new components and im-
proved electronics and used to thoroughly evaluate the
precision and accuracy capabilities of cesium beam fre-
quency standards [33]. It was not until the 1958-1959
period that this first cesium beam standard was used to
more or less routinely calibrate the frequencies of the NBS
working standards.

Meanwhile, L. Essen and his associates at the National
Physical Laboratory (NPL) in Teddington, England, had
placed a similar cesium beam apparatus with a Ramsey line-
width of 340 Hz and an accuracy of 1 x 10~ ° into operation
in June, 1955 [34]. This standard, a photograph of which is
shown in Fig. 12, was the first to be used on a regular basis
for the calibration of secondary working frequency stan-
dards. Frequency measurements made with this standard,
averaged over the 1955-1958 period, were combined with
data from the U. S. Naval Observatory to obtain a determi-
nation of the cesium transition frequency (reduced to zero
magnetic field conditions) in terms of the astronomical units
of time interval [35]. From these measurements resulted
the now familiar cesium frequency of 9192.631770 MHz
in terms of the Ephemeris second. More recently, in 1964,
this value was used to define an atomic unit of time interval.
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Fig. 12. Original NPL cesium beam frequency standard—NPL I

(courtesy of National Physical Laboratory, Teddington, England—
crown copyright reserved).

Successful operation of another laboratory-type cesium
standard was reported in 1958 by S. Kalra, R. Bailey, and
H. Daams at the National Research Council (NRC) in
Ottawa, Canada [36]. They achieved a Ramsey linewidth
of 290 Hz, a measurement accuracy of better than 1 x 1079,
and a measurement precision of 1 x 10~ '%, During the next
year the first cesium standard at the Laboratoire Suisse de
Recherches Horlogeres (LSRH) in Neuchatel, Switzerland
was operated by J. Bonanomi, J. de Prins, and P. Karta-
schoff {37].

In the case of all these early cesium beam standards de-
veloped by the various national standards laboratories, the
frequency of the oscillator providing the cesium transition
excitation was first adjusted manually to the peak of the
resonance curve and then compared with the unknown fre-
quency to be measured. Several years earlier, however, in
1954, J. Zacharias, J. Yates, and R. Haun at the Massa-
chusetts Institute of Technology had been able to electroni-
cally stabilize the frequency of a quartz oscillator with the
(4, 0)(3, 0) transition in cesium [38]. By choosing the time
constants of the servo-loop properly, it was possible to
combine the superior short-term stability of the oscillator
with the excellent long-term stability of the atomic reso-
nance itself in order to achieve optimum overall perfor-
mance. The authors suggested that this technique together
with a sealed-off cesium beam tube should make a com-
mercial cesium standard feasible.

Building upon these results, R. Daly and others at the
National Company, Malden, Mass., developed the first
commercial cesium beam frequency standard, termed the
“Atomichron,” in 1956 [39].- Utilizing a cesium beam tube
about 6 feet in overall length, this instrument had a specified
stability after one-hour warmup of 5 x 107 !? for measuring

periods of greater than 5 seconds for the life of the instru-
ment and an accuracy of 1 x 10~ ?. These specifications were
later significantly improved as more experience was accu-
mulated. A photograph of one of the early Atomichrons is
shownin Fig. 13.

The relative portability of the Atomichron made it possi-
ble in March, 1958 to transport two of these instruments to
England for direct comparisons with the National Physical
Laboratory cesium standard of L. Essen [40]. The results
showed that the two Atomichrons agreed to within
1x1071° but differed from the NPL standard by
2.2x107'% The measurement uncertainties were con-
sidered to be +5 x 10~ !, The relatively close agreement ob-
served, considering the state-of-the-art at that time, was
even more remarkable in view of the wide differences exist-
ing in terms of the electronics used, the beam optics em-
ployed, and the general construction techniques followed
for the commercial and NPL instruments.

As new, improved versions of cesium standards evolved
in the various laboratories based on the experiences with the
early instruments, a trend developed in the various national
standards laboratories toward very long machines with the
resulting narrow linewidths, while commercial emphasis
was directed more toward very short tubes with higher-
efficiency beam optics, high reliability, and reduced size,
weight, and electrical power consumption.

Long-beam instruments, employing separations between
the two oscillating field regions ranging from 2.1 to 4.1
meters, were constructed at NPL in 1959 [41], at LSRH in
1960 {37], at NBS in 1963 [42], and at NRC in 1965 [43].

. As a result of the long interaction times between the bear

and the RF field, extremely narrow resonance linewidths
have been achieved—as low as 20 Hz in the LSRH instru-
ment. In all cases, except for NPL, servo systems have been
incorporated in order to stabilize the frequency of a quartz
oscillator with the cesium resonance. Comparisons among
these four long-beam standards by means of the most recent
Hewlett-Packard Company “flying clock™ experiment [44] -
(using cesium standards) indicate agreement to within
4 x 10712, The best precision and accuracy figures achieved
to date with cesium standards are believed to be +2 x 10713
(one sigma estimate for one-hour averaging time) and
+1.1x 10712 (one sigma estimate), respectively, reported
by Beehler et al., for the NBS standard [45]. Detailed
characteristics and performance results for the various in-
dividual standards discussed are given elsewhere, in the
literature.

Commercial development of cesium beam standards has
proceeded rapidly since 1956 with primary contributions
from National Company, Varian Associates, Pickard and
Burns Electronics, and Hewlett-Packard Company. Re-
cently, the first non-U. S. commercial cesium standard has
been introduced by Ebauches, S.A., in Switzerland. These
instruments typically weigh about 60 pounds, require =~ 50
watts of electrical power, use solid-state electronics exten-
sively, and fit into about 9 inches of standard rack space
[46], [47). Quoted performance characteristics include
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Fig.13. Early model of National Company Atomichron
(courtesy of National Company, Malden, Mass.).

+1x 107 ' accuracy [46), +1 x 107! long-term stability?
[46], and 11 000-hour mean time between failures [48].
Considerable progress [49] has been made in the develop-
ment of a highly refined 27-inch cesium beam tube and
associated electronics for the U. S. Air Force with a long-
term stability specification of +5x 10714,

In parallel with the development of cesium beam devices,
several laboratories have also constructed atomic beam
standards utilizing thallium. Prof. P. Kusch first pointed
out in 1957 that thallium should have significant advantages
over cesium in an atomic beam frequency standard in terms
of its higher transition frequency, its much-reduced sensi-
tivity to external magnetic fields, its much simpler atomic
spectrum resulting in the ability to utilize a higher fraction
of the atoms comprising the beam with reduced overlap
effects from neighboring transitions, and its lower vapor
pressure [50]. Disadvantages pointed out were the greater
difficulty in detecting the atomic beam and the requirement
for larger deflecting magnets.

In 1962 J. Bonanomi was successful in building a thallium
atomic beam standard at Neuchatel Observatory in Switzer-
land [51]. A resonance linewidth of 135 Hz, corresponding
to a line Q of 1.6 x 108, was obtained. The difficult problem
of detecting thallium atoms was resolved by using the sur-
face ionization technique, as with cesium, but with an
oxygenated tungsten detector wire to increase its work func-
tion. In assessing the accuracy of the instrument, Bonanomi
concluded that all contributions to inaccuracy from the
beam tube itself were too small to be detected.

A few months later another thallium standard was placed
into operation by R. Beehler and D. Glaze at the National

3 Total drift for the life of the beam tube.
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Bureau of Standards [52]. Experiments there also con-
firmed the high accuracy potential of thallium standards,
indicating that for similar-length devices, thallium provides
at least as good an accuracy figure as cesium.

Much more recently, R. Lacey at Varian Associates has
developed a small (28-inch length), portable thallium beam
tube similar to the sealed-off commercial cesium beam
tubes [53]. This tube makes use of a heated silver tube as a
controllable oxygen leak for continuous oxidation of the
tungsten detector ribbon. A novel double-resonance tech-
nique, first developed for thallium by J. Bonanomi, was also
used by Lacey in order to reduce the size of deflecting mag-
ne