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STATUS REPORT ON PRIMARY FREQUENCY STANDARDS 

Abstract 

This report surveys the state-of-the-art in atomic 
frequency standards with exclusive regard to their use 
as primary frequency reference; i.e., only accuracy is 
discussed. The report covers operational standards as 
well as devices which are still in the research or ex- 
ploratory development phase. Itljs predicted that 
accuracies of better than 1 x 10 will be achieved 
within a few years, and that, as a consequence of new 
techniques, accuracy may be treated statistically in 
the not too distant future. Also,  clocks may become 
available which remain accurate continually. 

Key words: Atomic frequency standards; Accuracy; 
Cesium beam tubes; Clocks; Hydrogen 
masers; Lasers; Primary frequency 
standards. 



INTRODUCTION 

Since the advent of quantum electronic frequency 
standards in 1948 [l], research has been done on a great 
variety of different devices, techniques, and methods. 
The majority of existing standards is based on the cesium 
atom. 
vices were developed in the early 1950's, and the first 
routinely used clock was built in 1955 by the National 
Physical Laboratory Of the United Kingdom [2]. The S U ~ S ~ -  
quent refinement of these devices in manv laboratories 
in the world and the increasing usage of cesium standards 
for the generation of time scales led in 1967 to the in- 
ternational agreement at the General Conference on Weights 
and Measures to adopt the cesium resonance frequency for 
the definition of the second. As a result of this 
agreement, the Universal Coordinated Time (UTC) has 
been based since 1971 [3] on these atomic seconds. Time 
scales which refer to the rotation of the earth are approxi- 
mated by inserting or leaving out seconds at certain speci- 
fied dates during the year, as necessary. 

Cesium hyperfine resonance standards or clock de- 

Other devices which have been and are being used as 
primary frequency references include the hydrogen maser oscil- 
lator. This device has reached some technical perfection, 
and is being used by several laboratories not only as a pri- 
mary frequency reference but also as a clock for time scale 
generation. Other promising devices which have been investi- 
gated, or are presently under investigation, include beam 
tubes based on the thallium atom, the barium oxide molecule, 
and the magnesium atom. Also studied are ion storage devices 
using mercury or barium, as well as devices in the infrared 
and visible region of the electromagnetic spectrum where 
lasers are locked to resonances in molecules such as methane, 
iodine, sulphur tetrafluoride and others. 

The principle laboratories currently engaged in re- 
search, development and maintenance of primary frequency 
standards are the National Physical Laboratory of the United 
Kingdom, the Physikalisch-Technische Bundesanstalt in West 
Germany, the Laboratoire de 1'Horloge Atomique in France, the 
National Research Council in Canada, the National Research 
Laboratory for Metrology, and the Radio Research Laboratory 
in Japan, the Istituto Elettrotecnico Nazionale in Italy, 
the Australian National Standards Laboratory, and the 
National Bureau of Standards in the United States. In 
addition to the work at these laboratories, a significant 
amount of work has been done in other government agencies 
of the various countries and at universities. 
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Present Status of Primary Frequency Standards 
I. Cesium 

At the present time, there are four operating pri- 
mary laboratory type cesium beam frequency standards lo- 
cated at the PTB in Germany [ 4 ] ,  NRC in Canada [51, and 
NBS in the United States [61. These standards have been 
evaluated with respect to most parameters affecting their 
output frequency: i.e., experiments and theoretical studies 
have been performed which yield knowledge about the biases 
which cause the output frequency to differ from the unpertur- 
bed atomic resonance frequency. The accuracy which is then 
ascribed to the standards is a statistical combination of 
the uncerrainties associated with biases. These four fre- 
quency standards have been built independently; they have 
considerably different designs, and the methods of evalua- 
tion are quite different although the same parameters are 
being evaluated. Most recently, a comparison has been made 
between the corrected output frequencies of these three pri- 
mary standards using the International Atomic Time (TAI) 
Scale as a common reference: the corrected frequencies of 
the three stand ds agree to within a peak-to-peak variation 

arily and independently cigimed an evaluated accuracy be- 
tweenlt and 2 parts in 10 
in 10 lower than the current frequency of TAI [ 5 , 7 , 8 1 .  Thus, 
we may conclude at this point in time that TAI runs at a 
frequency too high with respfst to the definition of the 
second by about 1 part in 10 . 

of 1 part in 10 P5 . Each of the laboratories has prelimin- 

. The frequency is about l part 

Similarly designed cesium beam frequency standards 
are nearing completion and evaluation in Japan and in the 
United Kingdom. 
building a special, usually long, cesium beam machine in 
order to be able to evaluate the biases, new techniques have 
been developed. They may permit an evaluation of most exis- 
ting cesium beam standards, whether they were designed for 
evaluation or not, including commercial beam tubes [9,101. 
Thus, many more laboratories could join the group of labora- 
tories owning primary frequency standards provided they go 
through certain electronic test procedures with existing 
cesium beam standards found suitable for the application 
of these techniques. This may increase the confidence in 
the value of the unperturbed cesium frequency. 

In addition to the traditional way of 
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11. Hydrogen Devices 

The hydrogen maser has been under study since 1960 
[ l l l .  It has been presently developed to be one of the most 
stable pgcillators, with a fractional frequency stability of 
2 x 10- and better [121 which exceeds that of a cesium stand- 
ard for measurement times of the order of an hour. However, the 
stability of the hydrogen maser is not better than that of 
cesium for measurement times much longer than one day. In 
other words, the present principal utility of hydrogen maser 
oscillators lies in highly precise measurements of relatively 
short duration but its performance as a clock is not superior 
to that of cesium beam tubes. The accuracy of the hydrogen 
maser is mainly limited due to the uncertainty in the knowledge 
of the frequency shift caused by the collision of the hydrogen 
atoms with the walls of the storage bulb used inside of the 
microwave cavity. The traditional evaluation methods have been 
shown by several laboratories (NBS, NRCI2NPL) [13,14,151 to 
yield an accuracy of about 1 part in 10 . These methods 
are based on testing a series of storage bulbs of different 
size in the same hydrogen maser. In an operational sense, 
this method also suffers the disadvantage of not allowing an 
easy and operational re-check of the accuracy of a given de- 
vice because its operation has to be interrupted for a con- 
siderable length of time for any reevaluation procedure. 

The use of the hydrogen atom in devices other than the 
hydrogen maser oscillator has been proposed. Two experi- 
mental devices have been built and the results obtained are 
encouraging. One device (at NBS) is a hydrogen storage bulb 
system in which a crystal oscillator is locked to the hydrogen 
resonance via atomic hydrogen detection or via receiving the 
microwave hydrogen dispersion [20,211. The other device (at 
NASA) is a free hydrogen beam device using a Ramsey type micro- 
wave cavity and atomic hydrogen detection in order to slave 
a crystal oscillator to the hydrogen resonance [221. 
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111. Other Devices 

Atomic beam tubes based on the thallium atom have 
been developed and have been tested 116,171. The experi- 
mental results indicated that accuracies may be obtained 
which are comparable with those of cesium devices. Their 
operational and functional aspects are very much like 
those of cesium beam tubes. 
cluded that the use of an atom as similar to cesium as 
thallium does not lead to devices which are fundamentally sup- 
erior to the cesium beam tube. In fact, certain aspects in 
the practical operation of such a beam tube are inferior as 
compared to cesium beam tubes. Therefore, to our knowledge, 
no work is presently performed on thallium devices. 

From this work it may be con- 

Other atomic beam devices such as barium oxide [181 
or magnesium devices [19] have been considered and have been 
or are presently being tried. Indications are that these 
devices have some potential; e.g., reduced sensitivity to 
magnetic fields, possibility of very high beam intensities, 
exceptional line-Q due to higher transition frequencies, etc. 
However, further research is necessary to evaluate the prac- 
ticality of such advantages. 

Ion storage devices in which charged atoms are stored 
within containing electromagnetic fields have been proposed 
for a long time and research has been done to a considerable 
extent [23,24] using mainly the He ion. Recently, actual 
frequency standard devices based on ion storage have been 
experimentally built and are currently under test [25] us- 
ing either mercury or barium ions. 
their capability are not available at this time. 

Experimental results on 

The whole class of stabilized lasers, where molecular 
resonances are used to slave a laser oscillator to a fixed 
frequency, have been tested over the past 5 years with con- 
considerable experimental success in stability and pro- 
mise in accuracy [ 2 6 , 2 7 , 2 8 1 .  Present evices have not yet 

ever, no real physical limit down to 10 appears to be 
known. The most promising candidate is methane (several 
transitions in methane could be utilized). In a practi- 
cal sense, the drawback of these optical devices, of course, 
is the difficulty to obtain precise second ticks. Further 
refinement of frequency multiplication schemes from the 
microwave region into the infrared and visible radiation 
region are therefore necessary both in terms of precision 
and in technical perfection. 

demonstrated better than 1 part in 10 19 -fq accuracy. How- 
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Future Outlook of Primary Frequency Standards 

For the next several years it can be assumed with 
reasonable certainty that cesium beam tubes will remain 
the basis of the legal definition of the second, as well 
as the practical sources for the generation of time scales 
and the unit of time interval. Further improvement in 
cesium devices-fg likely which may push the accuracy to 
better than 10 within the next few years. These im- 
provements will be based on new designs allowing quicker 
and easier evaluation of the most significant frequency 
biases as well as improvements in the stability of these 
devices which allow faster evaluation and measurement pro- 
cedures. It will be difficult in the near future for any 
other device to exceed the cesium atomic beam machine in 
terms of accuracy. Thus, for practical devices we can be 
reasonably certain that for the next several years cesium 
beam devices will remain the worknorse of primary frequency 
and time standards laboratories. We can also be sure that 
for the foreseeable future the cesium beam frequency stand- 
ard will remain the basis of the legal definition of the 
second. 

If one considers accuracy as the primary objective, 
then beam machines appear to be the best choice since they 
approximate the ideal of the free, unperturbed atom to the 
highest degree. In contrast, storage devices such as the 
hydrogen devices, (maser oscillators or hydrogen storage 
beam tubes), suffer from the unavoidable interaction of the 
atom with the storage container. The future of the hydrogen 
maser as an accurate device hinges crucially on better evalua- 
tion procedures. Presently, very little work is going on in 
this direction. The most notable effort is the big-box 
storage bulb maser with a variable storage bulb surface- 
to-volume ratio [29,30]. It is the intention of at least 
three other laboratories to initiate investigations with 
hydrogen devices using new techniques [31,32] for measur- 
ing the wall shift. In this connection, hydrogen beam or 
hydrogen storage beam devices appear to be attractive since 
they offer the use of the known techniques with greater ease 
(and hopefully precision), than the maser oscillator. New 
results in this direction may be expected within the next 
several years, and accuracies rivaling that of the present 
day cesium beam standards are likely to be achieved in the 
future. 
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Ion storage devices are in the initial phase of 
being investigated in terms of their capability as fre- 
quency standards. Again, first experimental results may 
be expected witnin the next cwo years. 
devices, however, it is difficult to know precisely the 
velocity of the stored ions; the magnitude of the velocity 
is crucial to the evaluation of tne second-order Doppler 
effect. Also, an increase in the number of stored 
particles in the ion storage trap is necessary in order 
to make it competitive with hydrogen or cesium devices. 

In ion storage 

Laser devices are, of course, promising, and are 
being investigated in an increasing number of laboratories 
in the world. As far as rimar frequency seandard appli- 
cations are concerned, the - va ue of these laser-based de- 
vices is crucially coupled to the multiplication from the 
microwave into the infrared and visible radiation regions. 
Without a practical" and precise multiplier or synchesizer, 
these devices are not attractive as primary frequency 
standards or clocks in the classical sense. 

Again, new results on tne accuracy and on the future 
potential of multiplication techniques may be expected 
within the next few years allowing a more final evaluation 
of the pocentiai of laser based devices. They are, of course, 
in their own right of great interest as secondary frequency 
standards and wavelength references for the optical region. 

In connection wich new developments in the multipli- 
cation from tne microwave region upwards, not only the sat- 
urated absorption tecnniques become even more attractive but 
also beam devices become of interest again: As was mentioned 
above, they approximace in the best way the ideal of the free 
and unperturbed acom; thus, beam devices in the far infrared 
or at even higner frequencies may be of considerable interest. 
Spectrally pure and convenient excitation sources may be found 
which match with convenient transitions such as in magnesium 
or calcium. 

1 

I 
4 At present, such syscems are based on tne fragile, fairly 

unreliable catwhisker type diode and several lasers ( H  0, 
C02, HCN) which serve as intermediate oscillacors in tge 
chain [ 3 3 ] .  
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Summary 

It may be’predicted that withinlg few years accu- 
racies of better than one part in 10 will be realized with 
cesium machines. Cesium will remain the workhorse of the 
primary frequency and time standards for many years to come. 
Beam devices, including cesium but including also other 
atoms have the highest probability of reaching even higher 
accuracies. Storage devices such as those based on hydro- 
gen or storage cells as used in laser stabilization have 
the potential of equalling or possibly surpassing cesium 
and are therefore of great interest. 

field for years to come. (1) An increasing availability of 
standards (cesium as well as others) with evaluated accu- 
racies. (2) Several laboratories will compare via TAI 
their accurate frequencies. ( 3 )  The possibility --due to 
new techniques-- to automatically control a standard to re- 
main accurate, and ( 4 )  the trend towards improved accuracies 
which are comparable with long term stability values. Thus, 
operational clocks and corresponding time scales may well 
be stable and accurate continuously without resorting to 
occasional (elaborate) calibration and evaluation procedures. 

Several developments may be expected to influence the 
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TABLE : 

PRESENT STATUS AND FUTURE OUTLOOK FOR ACCURACIES 

Class of Devices 
Accuracy Confidence 

Present Projected for "Projected" 

90% Microwave Beams (Cs)l.5xlO -13 [5,7,81 9 1x10 -13 
(Cs, H, TI1, BaO) 
Submillimeter Beams - - -  5 1x10 -14 
(Mg, Ca) 
Maser Oscillators (HI 1x10 -12 [13,14,151 ..z 1x10 -13 
(HI 

10% 

80% 

Storage Beams 
(HI 

80% -13 
5 1x10 - - -  

10% -12 Ion Storage (He) l~lO-~[23] 1x10 

(CH4' 12, 9' SFg,  

(Hg, Ba, He) 

60% -13 Stabilized Lasers (CH4) 1~10-~~[27] 5 1x10 

etc.) 

This table lists seven types of frequency standards and 
their corresponding accuracies at the time of this writing as 
presently achieved with at least one of the listed molecules. 
The figures for the "projected" accuracy are based on pub- 
lished or public statements by the workers closely associated 
with these devices. The last column gives the author's con- 
fidence estimate (condition: unlimited resources and time to 
reach objective) for an actual realization of the "projected" 
accuracies using one of the possible atoms. 
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tific and technical activities. 
Handbooks-Recommended codes of engineering and 
industrial practice (including safety codes j developed 
in cooperation with interested industries. professional 
organizations. and regulatory bodies. 
Special Publications-Include proceedings of high-level 
national and international conferences sponsored by 
XBS, precision nieasurement and calibration volumes, 
NBS annual reports, and other special publications 
appropriate to this grouping such a s  wall charts and 
bibliographies. 
Applied Mathematics Series-Mathematical tables, 
manuals, and studies of special interest to physicists, 
engineers, chemists, biologists, mathematicians, com- 
puter programmers, and others engaged in scientific 
and technical work. 

Sational Standard Reference Data Series-Provides 
quantitative data on the physical and chemical proper- 
ties of materials, compiled froin the world's literature 
and critically evaluated. Developed under a world-wide 
program coordinated by S B S .  Program under authority 
of Sational Standard Data Act (Public Law 90-396). 
See also Section 1.2.3. 

Building Science Series--Disseminates technical infor- 
mation developed a t  the Bureau on  building materials, 
components, systems, and whole structures. The series 
presents research results, tes t  methods, and perform- 
ance criteria related to the structural and environmen- 
ta l  functions and the durability and safety character- 
istics of building elements and systems. 

Technical Notes-Studies or reports which a re  complete 
in themselves but restrictive in their treatment of a 
subject, Analogous to monographs but not so compre- 
hensive in scope or definitive in treatment of the sub- 
ject area.  Often serve a s  a vehicle for final reports of 
uork  performed a t  NBS under the sponsorship of other 
government agencies. 
Voluntary Product Standards-Developed under pro- 
cedures published by the Department of Commerce In 
P a r t  10, Title 15, of the Code of Federal Regulations. 
The purpose of the standards is to establish nationally 
recognized requirements for products. and to provide 
all concerned interests with a basis for common under- 
standing of the characteristics of  the products. The 
National Bureau of Standards administers the Volun- 
tary Product Standards program a s  a supplement to 
the activities of the private sector standardizing 
organizations. 
Federal Information Processing Standards Publications 
(FII'S PUBS)-Publications in this series collectively 
constitute the Federal Information Processing Stand- 
ards  Register'. The purpose of the Register is to serve 
as  the official source of information in the Federal Gov- 
ernment regarding standards issued by NBS pursuant 
to the Federal Property and Administrative Services 
Act of 1949 as  amended, Public Law 89-306 (79 Stat .  
1127). and a s  implemented by Executive Order 11717 
(38 FR 12315. dated May 11. 1973) and Par t  6 of Title 
I 5  CFR (Code of Federal Regulations). F IPS  PUBS 
will include approved Federal information processing 
standards information of general interest, and a com- 
plete index of relevant standards publications. 
Consumer Information Series-Practical information, 
based on S B S  research and experience, covering areas 
of interest to the consumer. Easily understandable 
language and il1ustratior.s provide useful background 
knowledge for  shopping in today's technological 
marketplace. 
S B S  Interagency Reports--A special series of interim 
or final reports on work performed by NBS for  outside 
sponsors (both government and non-government). In 
general, initial distribution is handled by the sponsor; 
public distribution IS by the National Technical Infor- 
mation Service (Springfield, Va. 22151) in paper copy 
or microfiche form. 
Order NBS publications (except Bibliographic Sub- 
scription Services) from: Superintendent of Documents, 
Government Printing Office, Washington, D.C. 20402. 

BIBLIOGRAPHIC SUBSCRIPTION SERVICES 
The following current-awareness and literature-survey 
bibliographies a r e  issued periodically by the Bureau: 
Cryogenic Data Center Current Awareness Service 

(Publications and Reports of Interest in Cryogenics j .  
A literature survey issued weekly. Annual subscrip- 
tion: Domestic, $20.00; foreign, $25.00. 

Liquefied Natural  Gas. A literature survey issued quar- 
terly. Annual subscription: $20.00. 

Superconducting Devices and Materials. A literature 
survey issued quarterly. Annual subscription: $20.00. 
Send subscription orders and remittances for  the pre- 

ceding bibliographic services to the U.S. Department 
of Commerce, National Technical Information Serv- 
ice, Springfield, Va. 22151. 

Electromagnetic Metrology Current Awareness Service 
(Abstracts of Selected Articles on Measurement 
Techniques and Standards of Electromagnetic Quan- 
tities from D-C to Millimeter-Wave Frequencies j .  
Issued monthly. Annual subscription: $100.00 (Spe -  
cial rates for  multi-subscriptions). Send subscription 
order and remittance to the Electromagnetic Metrol- 
ogy Information Center, Electromagnetics Division, 
National Bureau of Standards, Boulder, Colo. 80302. 




