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Schematic representat ion of a g ravi ty wave detector based 
on a Michelson interfe romete r with mult iple-ref lect ion 
opt ical delay l ines in each arm. The source of the beam, 
lowe r left , i s  a lase r and the detector , lower r ight , i s  
a photodiode. ( See page 2 9. )  
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NOTICE : The proj ect that is the subject of this report 
was approved by the Govern ing Board of the Nat ional 
Research Counc i l ,  whose member s  are drawn from the 
counc i l s  of the Nat iona l Academy of Sc iences , the 
Na t ional Academy of Eng ineering , and the I nstitute of 
Med ic ine. The members of the committee respons ible fo r 
the report were chosen for their  spec ial competences and 
with regard for appropr iate balance. 

Th i s  report has been reviewed by a group other than 
the author s accord ing to procedures approved by a Repor t 
Review Committee consi s ting of member s  of the Nat ional 
Academy of Sc iences , the Nat ional Academy of Eng inee r i ng, 
and the I nst itute of Med ic ine. 

The Nat ional Research Counc i l  was establ ished by th e 
Na t ional Academy of Sc iences in 1916 to assoc iate the 
broad community of science and technology with the 
Ac ademy ' s  purposes of f urthering knowledge and of 
advising the federal government. The Counci l  operates in 
accordance with general pol ic ies determined by the 
Academy under the author ity of its cong ress ional charte r 
of 18 6 3 ,  which establ ishes the Academy as a pr ivate , 
nonprof i t ,  self-governing membership corporat ion. The 
Counc i l  has become the pr inc ipal operat ing agency of both 
the Nat ional Academy of Sc iences and the Nat ional Academy 
of Eng ineering in the conduct of the i r  services to the 
gover nment , the publ ic , and the scient if ic and 
eng ineering communit ies. I t  i s  administered j ointly by 
both Academies and the I nst itute of Med ic ine. The 
Na t ional Academy of Eng ineering and the I nst itute of 
Med ic ine were establ ished in 19 64  and 197 0 , respectively, 
under the charter of the Nat ional Academy of Sc iences. 
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1 

OVERVIEW AND RECOMMENDATION S  

OVERVIEW 

The purpose of this report is to call attent ion to the 
important role of fundamental constants and prec i s ion 
measurements in sc ience and to demonstrate a requirement 
for inc reased and cont inu ing support of this f ield. 
Prec ise knowledge of fundamental constants and techniques 
for mak ing more accurate and rel iable measurement s are 
requ ired to test bas ic theor ies , to extend our knowledge 
of the universe , and for pract ical appl icat ions of fun­
damental theor ies. Th is report demonstrates by example 
that research in this f ield ,  aimed in its pr imary goal s 
at basic understand ing , has led to profound advances that 
have had an impac t on much of our technology- based 
society. 

The f ield of fundamental constants and prec i s ion mea­
surements is reg retfully g iven fragmented and uncoor­
d inated attent ion , result ing in a forfeiture of research 
opportunities that could delay s ignif icant technolog ical 
advances. Th is report reviews the general scope of the 
f ield and makes recommendat ions for future research and 
appl icat ions. 

RECOMMENDATIONS 

The Committee on Fundamental Constants recommends tha t 
agenc ies engaged in the support of research take a broad 
view of the ir  pr imary miss ion and fund research in fund a­
mental constants and prec is ion measurements. Th is 
research may not have an immed iate payof f but will lea d 
to s ignif icant developments over a long t ime per iod. 
Some of the areas that should be supported are th e 
following: 

1 
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• Efforts to determine with g reater prec i s ion and 
with new methods fundamental quant it ies that form a 
common basis  for the physical sc iences and the assoc iated 
theor ies , such as the Planck constant , the Boltzmann 
constant , the Faraday constant ,  the Avogadro constant , 
and the speed of l ightJ 

• E f forts to determine with g reater pr ec i s ion the 
fundamental propert ies of matter such as the mass , cha rg e , 
and magnet ic moment of the electron J 

• E f forts to determine quant it ies useful in 
metrology such as the accelerat ion of g ravity at f ixed 
points on the Earth ' s  surface and the wavelengths of  
selec ted atomic or molecular spectral l ines throughout 
the visible reg ion of the spectrumJ 

• Efforts to improve the reference standards for 
measurements through the use of well-understood atomic , 
molecular , or sol id-state systems such as standards fo r 
length, t ime , mass , temperatur e ,  voltage , cur rent , and 
resistanc e J  

• Efforts to improve the tools and techniques for 
making prec is ion measurementsJ  

• E fforts to disseminate new measurement technolog y 
beyond the conf ines of the standards laborator iesJ 

• Efforts to produce cr it ical compi lat ions of 
valuable dataJ 

• E f forts to improve calculat ional techniques for 
compar ing theory and exper iment in sens it ive s ituat ions,  

• Efforts to use prec i s ion measurement s to test 
fundamental theor ies and set l imits on the spat ial and 
temporal var iat ion of the fundamental constant sJ  

• Efforts to improve theoret ical pred ict ions 
necessary to test fundamental theor ies , such as 
establ ishing the l imits of the Josephson determinat ion o f  
2e/h and the quant ized Hall effec t  determinat ion o f  e2/ h 
and prec is ion quantum-e lectrodynamics propert ies such a s  
the electron g factor anomaly ,  g - 2 ,  and ref ined bound­
s tate propert ies. 
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INTRODUCTION 

A d ist ingu ishing character istic of western culture is the 
prominent role of sc ience. The importance of sc ience is 
not only that it addresses our need to understand natur e 
and our own orig ins but that it has a dramat ic impact on 
our way of life. An essent ial element of sc ience is tha t 
i t  rests on data from measurements that can in pr inc iple 
be carr ied out by anyone , permitting the phenomena to be 
i ndependently repeated and ver i f ied. The ult imate test 
of a sc ient if ic theory is whether it  ag rees with the 
results of observat ional measurement. At its core is the 
recognit ion of what can be measured and how prec isely i t  
c a n  be measured. 

The quant if icat ion of natural phenomena requ ires 
reference quant it ies or standards , and procedures fo r 
making prec ise measurements. Bas ic measurements inc lude 
leng th ,  t ime , mass ,  charg e ,  voltage , and temperaturer 
common reference units include the meter , second , k ilo­
gram,  coulomb , volt , and kelvin. Within a carefully 
developed framewor k of units and standards , sc ientists 
are able to measure natural phenomena in a reproduc ibl e 
manner that permits intercompar i sons between independent 
observer s. 

The fundamental theor ies of sc ience point to the 
ex istence of constant s of nature and to certain invar ian t 
relat ionsh ips between measurements. These constants are 
important because they ar ise independently in different 
contexts , and because they have the same value no matter 
what phenomena are be ing desc r i bed. These quant it ies are 
known as • fundamental constants.• 

Examples of one category of fundamental constants ar e 
t he speed of l ight c in E instein ' s  Theory of Spec ial 
Relativity ,  the Planc k constant h in quantum theory , th e 
Sommerfeld f ine structure constant a in quantum electro-

3 
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dynamic s ,  and the We inberg angle ew and the masses of 
the weak vector bosons in the un if ied electro-wea k­
i nterac t ion theory. 

A second category compr ises propert ies of the elemen­
tary const ituents of nature : the mass and charge of the 
e lectron and the mass , charge , and magnet ic moment of the 
proton , to name but a few. 

A th ird category of fundamental constants consists of 
convers ion factors requ i red to relate one set of un its to 
another. For example , the Boltzmann constant relates 
temperature to mechan ical energy. Such constants are , in 
par t ,  artifacts of the system of measurement. 

The ass ignment of the categor ies of constants is no t 
f ixedJ the ass ignments are subj ect to change as the 
theoretical framewor k becomes more comprehensive and one 
constant somet imes is d iscovered to be related to others. 
An example is the magnet ic moment of the electron. At 
one t ime , characte r i zat ion of the electron requ ired not 
only knowledge of the mass and charge but also the spi n  
and magnet ic moment. The Dirac theory and quantum 
electrodynamic s e l iminate the last two by pred icting t h e  
spin and g iving a value for the magnet ic moment in terms 
of other constants. Simi lar ly ,  the mechan ical equ ivalent 
of heat was once an important theoretical l ink unify i ng 
the concept of energy , i t  is now regarded as a relat ively 
m inor convers ion factor and a member of the third category 
of constants. There is hope that future theories will 
provide a value for the proton magnet ic moment and the 
Weinberg ang le in terms of more fundamental constants. A 
pr inc ipal goal of sc ience is the c reat ion of unifying 
theor ies that reduce the total number of fundamental 
constants needed to desc r ibe phys ical observat ions. 

C losely l inked with measurements of the fundamenta l 
constants are prec is ion measurements to test bas ic 
theor ies , for instance , the measurement of the Lamb sh if t 
in  hydrogen as a test of quantum elect rodynamics. These 
two areas interrelate c losely and have as a common 
requirement the advancement of technology for mak ing even 
more prec ise measurements. 

Research related to fundamental constants , wh ich 
provides the focal po int for thi s  unify ing aspect o f  
sc ience , i s  not yet fully apprec iated by the sc ience 
community. I t  is often assumed that this research i s 
be ing carr ied out • e lsewhere• and that adequate support 
i s  made ava i lable to all the deserving ind ividuals who 
wish to wor k  in the f ield of fundamental constants and 
prec i s ion measurements. Thi s  in fact is not so. Research 
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in this f ield draws f rom many disc ipl ines since fundame n­
tal constants appear as unify ing elements in d isparate 
f ields of sc ience. Because of its multidisc iplinary 
natur e ,  the f ield has by and large not rece ived focuse� 
recognit ion. 

By c lar ify ing and def ining the f ield of fundamental 
constants and precis ion measurements ,  and by provid ing 
examples of its prac t ical appl ications and its sc ient i f ic 
exc itement ,  thi s  report arg ues for recognit ion of this 
important subj ec t  as a f ield in its own r ight , deserving 
of increased suppor t. This report  urges that in an era 
of expand ing fragmentat ion in physics , stronger cons idera­
t ion be g iven to the need for sustaining the important 
connect ive threads of fundamental-constant research that 
tie together so many d isc ipl ines. 

The following chapter desc r ibes the or igins and devel­
opment of the f ield to establ ish the flavor and genera l 
worth of the wor k. Chapter 4 outl ines the scope of the 
f ield as it appears today. Chapter 5 points to some 
l ikely future d irec t ions for research. Chapter 6 g ives a 
conc ise conc lusion of the report. The Append ix su� 
mar izes the or ig ins and h istory of committees and 
counc ils for constant s. 
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ORIGINS AND DEVELOPMENT OF THE FIELD 

Much of the progress of sc ience has been due to inquisi­
t ive ind ividuals who sought out and recognized regular­
ities and attempted to quant ify them in the hope tha t 
some pattern would emerge and an explanat ion could be 
developed. They were often motivated by a des ire to f i nd 
evidence for a particular pet theory. In this endeavor 
they somet imes found unant ic ipated regular ities that 
later led to maj or changes in the way man views nature. 
An important ingred ient i s  often more prec ise measurements 
of known phenomena. To i llustrate this process we will 
g ive a few examples from both the ear ly and recent 
h istor ies of sc ience and technology. 

TYCBO Is MEASUREMENTS AND KEPLER Is LAWS 

A good example is the wor k  of Tycho Brahe ( 154 6-160 1) .1 

When Tycho was a young man , the Copernican theory , in 
wh ich it was postulated that the planets moved around the 
Sun in c ircular orbits , was generally accepted. Tycho 
set out to make more prec ise measurement s of the angula r 
pos it ions of the planets. Be built two large observa­
tor ies , devised and constructed prec i se pretelesc�ic 
pointers ,  and designed a c loc k  more accurate than any 
previously available. Be observed the planets and star s 
regularly and compi led extens ive catalogs and numerous 
records of all kinds of celestial obj ects. 

Tycho r e j ected the heliocentr ic model as a result of 
his  observat ions , because h i s  data were not suff ic iently 
prec ise to show the stellar parallax and thus prove that 
the Earth was moving with respect to a frame def ined by 
the s tars. Lac k  of prec is ion in h is measurements led h im 
to develop a model in.wh ich the Sun moved around the 

6 
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stat ionary Earth , wh ile all the planet s and stars excep t 
the Moon moved around the Sun in c i rcular orbits. 

Although the l imited accuracy of the data led Tycho to 
r e j ec t  the hel iocentr ic theory in wh ich the Earth moves 
around the Sun in a c ircular orbit , the prec i s ion led 
Kepler to the d iscovery that the planets move around the 
Sun in ellipt ical orbits with the Sun at one of the 
f oc i. Tycho ' s data for Mar s were so prec ise that they 
could not be f itted either with a c i rcular orbit or wit h 
the conventional eccentr ic orbits and epicycles. The 
conc lus ion that the or bits were ellipses became the f i r s t  
of Kepler ' s  three laws and was the most important c lue 
requ ired for the discovery of the other two laws. These 
three laws were an essent ial ingredient for the develop­
ment of Newtonian mechan ic s and the theory of universal 
g ravitat ion. 

Kepler ' s  d iscovery that the orbit of Mars was an 
ellipse highl ights the importance to sc ience of a s impl e 
i ncrease in the accuracy of measur ements. The deviat ion 
between the ellipse and the previously assumed c i rc le 
causes a d ifference of no more than 8 minutes of arc in 
the long itude of the planet , but as Kepler put i t ,  •Thes e  
e ight minutes alone have led t o  a complete renovat ion of 
astronomy• (8 minutes of arc corresponds to the ang le 
subtended by the d iameter of an ord inary penc il at 3 m 
and by one quarte r  of the diamete r of the Moon) . 

ATOMIC SPECTRA AND BOHR ' S  THEORY 

I n  the nineteenth century , sc ient ists found that elec­
t r ically exc ited gases produced l ight at character ist ic 
wavelengths that did not d i splay any apparent regu lar ity. 
It  was presumed that these wavelengths cor responded to the 
frequenc ies of vibrat ion of some structure with elast ic 
properties. Even though there was no read ily understand­
able pattern,  sc ient ists developed techniques for mak ing 
prec ise measurements of the wavelengths of the rad iat ion 
character istic of the var ious elements and carefu lly tabu­
lated the ir results. Th rough a study of these data , a 
Swiss school teacher , Johann Jakob Balmer (1825-189 8) , 
found a s imple but rather unorthodox formula using a 
s ing le empir ical constant and the sequence of integer s 
f rom 2 to 6 that f it the wavelengths character ist ic of 
hydrogen in the vis ible part  of its spectrum. Rydberg 
later general ized this formula to f it ser ies of l ines 
observed in the spectra of other elements with two 
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empir ical constants and a sequence of integers. The 
Balmer formula was an essent ial c lue used by Bohr in h is 
development of the quantum theory for the hydrogen atom. 
The prec is ion of the waveleng th measurements and the 
accuracy with wh ich the Bohr theory reproduced them 
considerably enhanced the c red ibil ity of the quantum­
mechan ical explanat ion of the characteristic wavelengths. 

DENSITY OF GASES AND THE DI SCOVERY OF ARGON 

An instructive example of the payoff result ing f rom 
efforts to increase the prec is ion of what might be termed 
rout ine measurement s i s  Lord Rayle igh's discovery of 
a rgon. In words taken f rom Professor Richtmyer•s 1931 
address as ret i r ing v ic e-pres ident of sect ion B of the 
Amer ican As soc iat ion for the Advancement of Sc ience , 
titled •The Romance of the Next Dec imal P lace• : 

• • • •  one of the outstand ing character istics of 
nineteenth century physic s  i s  the extent to wh ich th e 
mak ing of precise measurements , merely for the sake of 
secur ing data of greater accuracy , became a recogn ized 
part of research in phys ical laborator ies. Th is point i s  
aptly illustrated by Lord Rayle igh's determinat ions of 
the absolute density of gases in the early ninet ies. 

•proust ' s  law demanded that the ratio of the respec­
t ive dens ities of oxygen and hydrogen should be 16 : 1. 
The measurement of th is rat io by Regnault as ear ly a s  
18 4 5  y ielded 15.9 6 : 1 , a result in ag reement with Proust's 
law almost within exper imental error. In 1888 Rayleig h 
attac ked the problem anew, and , after a long invest i­
gat ion desc r i bed by him as •unusually ted ious• , found 
that the rat io was 15. 8 82 : 1 , thus proving untenable the 
theor et ical value of 16 : 1. 

•aaving thus developed an improved technique for 
measur ing the dens ity of gases with great accuracy , 
Rayleigh, for no apparent purpose other than to sat isfy 
h i s  cur iosity ,  dec ided ' before leaving the subj ect [ to 
a scerta in] not merely the relative but also the absolute 
dens ities of the more important gases.• In the course o f  
this invest igat ion h e  found that nitrogen , prepared f rom 
its chemical compounds and thus presumably pure , had a 
density of 1.2505 grams per l iter , wh ile that prepared by 
removing oxygen f rom ord inary a i r  had a density of 1.257 5 
g r ams per l ite r ,  a d ifference of about 1/2 per cent wh ich 
previous and less prec ise determinat ions had failed to 
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detect. After el iminating one by one the var iou s 
poss ible sources of contaminat ion with known gases , 
Rayle igh concluded that the d ifference in dens ity must be  
due to the presence in the atmosphere of  a hitherto 
unknown gas more dense than nitrogen•. 

Th is clue led d irectly to the d iscovery of argon. A 
century earlier , Cavend ish had observed that atmospher ic 
n itrogen was 0.5 percent heavier than nitrogen prepared 
from nitrates and that when nitric ac id was formed from 
the act ion of an electric spark on moi st air  there was an 
inert gaseous res idue compr i s ing o.a percent of the volume 
of nitrogen. St imulated by Rayleig h ' s d i scovery , Ramsay 
recalled Cavendish ' s result and reproduced Cavend ish ' s  
exper iment. Ramsay then used the recently developed tech­
niques of opt ical spectroscopy to establ ish the ex istence 
of argon. Subsequently Ramsey i solated helium, krypton , 
neon , and xenon. 

PRECISION MEASUREMENTS AND QUANTUM ELECTRODYNAMICS 

A more recent example of the s ignif icant role measure­
ments with improved prec is ion can play in increas ing our 
understand ing of nature is provided by the 1967 deter­
m inat ion of 2e/ h using the ac Josephson ef fect in super­
conductors. By i rrad iating a Josephson thin-f ilm tunne l 
j unct ion with x-band microwaves ( 8-12 GHz )  and using the 
phenomenon of microwave- induced constant-voltage current 
s teps ,  one can obta in a value for 2e/h. The only two 
prec ision measurements requ ired are those of f requency 
and voltage. The d ifference between this value and the 
previous best value , wh ich resulted f rom the 1963 least­
squares adjustment of the fundamental constants of Cohen 
and DuMond , was 35 � 10 ppm. I t  was reali zed subsequently 
that the cause of the d i screpancy was the use by Cohen 
and DuMond in the ir 1963 wor k of a value for a der ived 
from the early 1950s measurement of the deuter ium f ine­
structure spl itting , wh ich subsequently turned out to be 
i ncor rect. 

The Josephson 2e/h determinat ion was espec ially 
s ignificant because a rel iable ind irect value of a 
could be used to compare quant�e lectrodynamic theory 
and exper iment critically and unambiguously. Th i s  was i n  
marked contrast to the s ituat ion that ex isted pr ior to 
1967 when no such value was available and checks of 
quantum electrodynamics (QED) were mainly checks of 
internal cons istency. 
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I nc luded among the quant ities that require an accurat e 
value for a in order to compare theory and exper iment 
are the anomalous magnet ic moments of the electron and 
muon J the energy levels in hydrogenl ike atoms , especially 
the n = 2 Lamb sh ift in hydrogen, and the g round- state 
hyperf ine spl itt ing in hydrogen , 3He+ , muonium, and 
pos itronium. Of part icular interest in the late 1960s 
was the hydrogen hyperf ine splitt ing. Th is quant ity , 
which i s  essent ially the energy d ifference between a 
hydrogen atom in wh ich the electron and proton spins ar e 
parallel and one in which they are in opposite 
direct ions , can be measured to the extraord inary accurac y  
of  1 part i n  10 12 using the hydrogen maser. In 
contrast , the theoret ical quantum-electrodynamica l 
equat ion for the hydrogen hyperf ine splitting ,  which 
involves only well-known constants and a, is l imited t o  
an accuracy of a few parts per mill ion because of the 
d iff iculty in calculat ing some of the terms in the 
equat ion f rom theory. 

The most uncerta in term is aN, the contr ibut ion due 
to the proton polar i zability ,  wh ich arises from the 
internal structure of the proton. I n  the 196 0 s ,  theoret i­
c al calculat ions pred icted aN • 0 ± 5 ppm. Th is was in 
confl ict with what was implied by the value of a 
accepted at that t ime der ived f rom a measurement of th e 
f ine-s tructure. splitting in deuter ium. When this value 
of a was used to calculate a theoret ical value of th e 
hydrogen hyperf ine spl itt ing for compar i son with the 
hydrogen-maser value , and when the difference was assumed 
to arise solely f rom the ex istence of a nonzero proton 
polarizability ,  it was found that aN • 43 � 9 ppm. 
Th is meant that the probability for aN to be as small 
as pred icted by direct calculat ion was only 1 in 20 , 00 0 , 
a n  obvious d iscrepancy. I n  contrast , when the value of 
a der ived ind i rectly using the Josephson effect mea­
surement of 2e/h was used in place of the value der ived 
f rom the deuterium f i ne-structure measurements ,  it was 
found that aN • 2.5 + 4.0 ppm , in agreement with the 
theoretical calculations. In this manner the Josephson­
effect value for a removed a d i screpancy that dur ing 
the 1960s was termed one of the major unsolved problems 
of QED. I t  was reali zed immed iately that the cause of 
the d iscrepancy was the use by Cohen and DuMond in the ir 
1963 wor k  of a value of a der ived from the early 1950 s 
measurement of the deuterium f ine-structure splitting ,  
wh ich turned out to be incorrect. Thi s  example furthe r 
i llustrates the overall unity of phys ics--a low- temper-
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ature sol id-state exper iment provided information abou t 
the structure of the proton--a s well as how prec ise 
measurements of fundamental constants can i lluminate 
apparent incons istenc ies in our descr ipt ion of nature. 

THE LONGITUDE PROBLEM AND THE MEASUREMENT OF TI ME 

The position of a ship at sea i s  known when its lat itude 
and long itude have been determined.2 The navigator can 
f ind h i s  lat itude by making measurements on the Sun or 
stars. However , in order to find his  long itude , he must , 
bes ides mak ing a measurement of thi s  k ind , know the t ime 
at wh ich the observat ion was made. H i s  astronomical 
observations g ive his local t ime , and his long itude east 
or west of the g iven f ixed point is given simply by the 
d ifference between this local t ime and t ime measured by a 
clock synchroni zed with a clock set at 12 noon when th e 
Sun crosses the pr ime mer id ian. 

The early coastwise navigator s were able to make thei r 
· way from landmark to landmark , and it was not unt i l  long 

ocean voyages began to be made in the f ifteenth and six­
t eenth centur ies that the need was felt for a method of 
f inding the long itude. The employment of a t imekeeper t o  
b e  car r ied o n  board ship was proposed by Gemma Fr i s ius in 
153 0 ,  but the only timekeepers of that per iod were foliot 
c locks and watches ,  which were incapable of approaching 
the accuracy necessary. As early as 159 8 , a large sum of 
money was offered by Ph illip I I I  of Spain for development 
of a su itable chronometer. Var ious astronomica l methods 
of determining the t ime , such as the observat ion of the 
moons of Jupiter , were suggested , but none of these 
proved of suf f ic ient accuracy. 

The first t imekeepers made spec if ically for use at se a 
were designed by Huygens about 1662. They were pendulum 
c locks and were mounted in g imbals in order to keep them 
upr ight as much as poss ible. When tested at sea they 
behaved reasonably well in calm weather , but in roug h 
weather , their t imekeeping became errat ic and they fre­
quently stopped altogether. They had no form of compen­
sat ion for the effect of vary ing temperature , and the ir 
rate var ied with the vary ing attract ion of gravity at 
d ifferent places on the Earth. Huygens pers isted r ight 
up to h i s  death in 1695 in attempts to make a sat is­
f actory mar ine t imekeeper , but with no success. 

As t ime progressed and long voyages became more 
c ommon, the problem became more pressing. In order to 

Copyright © National Academy of Sciences. All rights reserved.

Research Concerning Metrology and Fundamental Constants
http://www.nap.edu/catalog.php?record_id=19441

http://www.nap.edu/catalog.php?record_id=19441


12 

e ncourage people to f ind a solut ion to this problem, the 
Br itish Government establ ished a spec ial committee called 
the •aoard of Long itude• with a prest ig ious membersh ip. 
The Chairman was the Lord H igh Admiral , roughly the 
equ ivalent of our Chief of Naval Operat ions today, other 
member s  were the President of the Royal Soc iety J the 
As tronomer RoyalJ the Professors of Mathematics at the 
Universit ies of Oxford , Cambr idge , and London J and a 
number of military off icers. In his statement to the 
Board in 1714 , Sir I saac Newton said ,  • for the true 
determining of the long itude at sea , there have been 
several proj ects that are true in  the theory but d i f f icu l t  
t o  execute.• He went on to ment ion the use of the 
ec l ipses of Jupiter ' s  satell ites and the observat ion o f  
the so-called lunar s ,  that i s ,  the relat ive mot ion of th e  
Moon with respect t o  the stellar backg roundJ but with 
regard to all of these , he said that they s imply would 
not work. Be then discussed some of the more promis ing 
methods , and , among other thing s ,  he said ,  •one is by a 
watch to keep t ime exactly , but by reason of the mot ion 
of the ship, the var iat ion of heat and cold , wet and d ry ,  
and the d ifference of g ravity in different lat itude s ,  
s uch a watch hath not yet been made.• 

The Board of Long itude then dec ided to offer a pr iz e  
f or the development of Newton ' s  •watch.• What they d id 
in modern terms was to issue a Request for Proposals. In 
1714 the B r i t i sh Government offered for a method of 
determining a vessel ' s  long itude at sea at the end of a 
voyage to the West Indies £ 10 , 0 00 if the accuracy was 
within 6 0 ' ,£1 5 , 00 0  if the accuracy was within 4 0 ' ,  and 
£20 , 0 0 0  if within 3 0 ' .  S ince one degree of long itude 
corresponds to 4 minutes in t ime , an error of 3 0 ' , or hal f 
a degree , cor responds to an er ror of 2 minutes in t ime , 
so that in order to win the full award it was necessary 
for a t imekeeper to err by less than this amount in the 
6-week voyage. Th is was a formidable technical requ i r e­
ment for those days. The clock had to be accurate to 
roughly 3 seconds a day or about 1 part in 3 0 , 0 0 0. 

The c loc kmaking industry was invited to make proposals, 
and under certain c ircumstances g rants were issued to th e 
proposers in  order to support the work. The Br itish 
clockmak ing industry was thereby mobil ized to help solve 
this important nat ional problem. The Royal Observatory , 
wh ich already was a g rowing concern under government 
control , was used for evaluating the results of the 
compet ition. I n  developing the chronometer , the Boa r d  
d isbursed well over £ 1 0 0 , 0 0 0  in the per iod f r om  1714 t o  
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the end of the eighteenth century. This  i s  actually a 
f a irly large sum of money in view of the fact that a 
line-of-battle sh ip ,  fully equ ipped , in those days cos t 
approx imately £20 , 0 0 0. Even then research and develop­
ment were not cheap. As one might expec t ,  the Board wa s 
d eluged by a large number of quack proposals. 

Test fac il it ies were establ ished at the Royal Greenwic h 
Observatory to chec k out the devices that were subm itted 
to the Board. E ighteenth-century environmental test 
c hambers were installed , and hundreds of clocks were 
tested before sea tr ials of the survivors of these test s 
were made. These environmental test chambers are still 
at Greenwich and can be viewed in the Naval Museum. 

A t imekeeper that even exceeded the spec if ied perfor­
mance was constructed by John Harr ison , a Yorkshire 
c arpenter , who devoted prac tically h is whole l i fe to this 
endeavor. Between 1728 and 1759 Har r i son designed and 
constructed four mar ine t imekeepers , all of ent irely 
or ig inal des ig n ,  and with the fourth of these he event u­
ally succeeded in winning the award. The essent ial 
invent ion that he produced to solve the problem was th e 
b imetallic spr ing ,  which permitted a clock to operate on 
a constant-tens ion spr ing independent of temperature. He 
also developed better bear ings with constant f r ict ion 
under all cond it ions of humid ity and temperature. I n  
short , h e  overcame a l l  the problems t o  which Newton had 
alluded in his test imony before the Board of Long itude. 

In 1761 , the fourth t imekeeper was taken to Jamaica 
and back in H.M.s. Deptford , be ing tended on the way by 
Ha r r ison ' s son W i ll iam. On thi s  voyage it more than 
fulf illed all expectat ions. On arr ival at Jamaica it wa s  
found to have erred by no more than 5 second s ,  correspond­
ing to an error in long itude of only 1-l/4 ' ,  or approx i­
mately 1- 1/2 miles in the lat itude of Jama ica. Ha r r i son 
had evidently succeeded in solving the problem of deter­
mining long itude at sea. The reward of £20 , 0 0 0  was not 
pa id to him at once , however , as the Board of Long itude 
suspected that the good performance of the chronometer 
might be acc idental. A second test was therefor e made i n  
1764 , and W i ll iam Ha r r ison again accompanied the instru­
ment , th is  t ime to Barbados and back. I t s  performanc e 
was as  good as on the f irst test. I t s  total ind icated 
error in 5 months was only 54 seconds. After correction s 
had been appl ied for its dec lared change of rate at 
different temperatures

·
, the actual error was 15 seconds.  

Ha r r i son had shown that it was poss ible to construct a 
t imekeeper that would keep suff ic iently accurate t ime a t  
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sea , but his  t imekeeper was compl icated and diff icult t o  
construc t .  It was left t o  h i s  successors t o  design 
instruments that could be produced in large numbers to b e  
ava i lable for all seagoing ships . The progress made was 
remar kably rapid ,  and by 1820 chronometer mak ing had 
become an important branch of the watch trade.  

The development of mor e prec ise clocks i s  a continuing 
activity that has resulted in the atomic clocks now in use 
throughout the wor ld . Not only are these clocks essent ial 
components for navigat ion of vessels at sea , they are 
requ ired for the gu idance of spacesh ips and the prec i s e  
t arget ing of missiles. They a r e  essent ial components for 
long-basel ine interferometry and radio astronomy. Atomic 
c locks are requ ired for coord inated televis ion transmis­
sion . Atomic clocks have been carr ied on airplanes mak i ng 
c i rcuits in both d irect ions around the Earth and used to 
ver ify the d ifference pred icted by the Theory of Rel a­
t ivity. Atomic clocks have been sent up in rockets and 
used to measure the g ravitat ional red shift and to tes t 
the pred ict ions of general relat ivity .  The ava i labi l ity 
of cheap , portable atomic clocks may make poss ible 
col l i son-f ree a irc raft-control systems . 

THE STRUCTURE OF THE SUN AND THE THEORY OF RELATIVIT Y  

One o f  the most profound conceptual revolut ions o f  the 
twent ieth century is provided by E inste in's Theory of 
General Relat ivity. It pred icts , among other th ings , 
that Eucl id's laws of geometry do not descr ibe the 
universe , that the orbit of a planet is  not prec isely an 
ell ipse , as Kepler proposed , but an ell ipse whose maj o r  
ax is turns slowly i n  the d irect ion o f  the planet ' s  revo­
lut ion and that rays of starl ight are bent when passing 
near a large mass such a s  the Sun. The unexpla ined 
port ion of the precess ion of the orbit of the plane t 
Mercury provided the f irst evidence for general rela­
t ivity J  the observat ion dur ing a solar ec l ipse of star s 
nearly occulted by the Sun provided the second maj or 
piece of evidence for the theory and caused a popula r 
sensat ion. 

I n  the 1960 s ,  it was pointed out that the Sun is not 
prec i sely round J rather , its rotat ion about its ax i s  
c auses it t o  f latten at the poles and bulge a t  the 
equator , thereby modify ing its gravitat iona l f ield .  Th i s 
i nduced quadrupole moment could affect Merc ury's orbit 
and thereby remove the agreement of the observed pre-
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cess ion with the pred ict ions of  general relat ivity . 
Exper iments carr ied out at that t ime ind icated that the 
Sun was oblate . Calculat ions carr ied out using as input 
t he observed oblateness revealed a d i screpancy with the 
pred iction of general relat ivity .  

Other measurements carr ied out subsequently , using 
planetary radar ,  ind icated that general relat ivity wa s 
c or rect. Therefore , another observer set out to remea­
sure the solar oblateness by a different method that was 
sensit ive to minute var iat ions in  the br ightness of the 
solar limb ,  or the Sun•s edge , as viewed through a f ine 
s l it. These measurements cast doubt on the oblateness 
found i n  the ear lier measurements but provided evidence 
for solar pulsat ions . Th i s  has contributed to the devel­
opment of the new f ield of solar se i smology , wh ich 
promises to reveal much new informat ion about the sun•s 
structure , about its internal processes , and , by impl i­
c at ion, about those of other star s .  These measurements 
may also provide a better measurement of the quadrupole 
moment of the Sun and hence a more def initive test of 
general relat ivity . 

ATOMIC STANDARDS 

I n  thi s  century , one of the maj or mot ivat ions for a 
unif ied system of fundamental constants has come from the 
closer l ink between chemistry and physics result ing from 
the development of quantum mechanics .  Th is l ink requ ired 
prec i se and uniform values of the constants for inter­
relat ing the results from d i fferent laborator ies and for 
comparison with theory . S ince many chemists were unfami l­
i ar with the details of the phys ics l iterature and had 
l ittle mot ivat ion to become familiar with them , they 
wanted standard i zed values as free of ambiguity as pos­
sible . I t  is frustrat ing to compare two results when you 
do not know the prec ise standards in terms of which they 
were measured or the values of the constants used i n  
reduc ing the data . 

The suggestion to obta in natural reference standards 
for all measurement s-- rather than art i f ic ial  prototype 
s tandards such as the standard k i log ram, the length of 
the K ing•s foot , the standard meter , or the standar d 
pendulum c lock- - i s  an old one that dates bac k to the 
f i rst recognition of the atomic and molecular structur e 
of matter. Development and implementat ion of such 
standards have become techn ically feasible only in th e 
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twent ieth century , wh ich has seen some standards replaced 
by atomic standards that can be more eas i ly transferred 
from one locat ion to another . The second i s  now def ined 
in terms of the frequency of osc illation of the cesium 
atom. The unit  of  leng th i s  def ined in  terms of th e 
wavelength of a particular atomic transit ion i n  8 6Kr 
and will soon be def ined in terms of the speed of l ight 
in vacuum and the ces ium-atom second . The volt i s  main­
tained in terms of 2e/h via the ac Josephson ef fect. The 
recently discovered quanti zed Hall effect may make fea­
s ible a real i zat ion of the ohm in terms of the f ine­
structure constant and the veloc ity of l ight. The major 
holdout i s  the standard of  mass . It  i s  still  the mass of 
the internat ional prototype of the k i logram--a •hunk• of 
plat inium- i r idium kept in a vault at the Bureau Inter­
nat ional des Poids et Mesures ( BIPM) in Sevres , j us t  
outs ide Par i s ,  Fr ance . One needs a prec i se count of the 
number of atoms in a macroscopic piece of matter to mak e  
practical a useful unit based on the mass o f  the atom. 
I f  the Avogadro constant , NA, could be determined to a n  
accuracy o f  a few parts in 10 9, then one could cons ide r 
abandoning the present def init ion of the k ilogram and 
replac ing it with one based on the mass of a part icular 
a tom. 

UNIVERSAL CONSTANTS 

One of the most intr iguing ideas for the three fun­
damental mechanical units i s  that put forward by Planck 
at the end of the last century. Be suggested 

mass : ,f-f· 
2 .2 X lo-s gram ,  

leng th :  �-3 
1. 6 X lo- 33  cent imeter , 

t ime : �- 5 . 4 x l o-4 4  second . 
5 

He re� i s  the Planck constant d iv ided by 2w , G i s  the 
Newtonian g ravitat ional constant , and c is the speed of 
l ight. The f i rst two are somet imes referred to , respec­
t ively , as the Planck mass and the Planck length. Planck 
pointed out that thi s  was the only system of un its tha t 
was free ,  l ike blac kbody rad iat ion itself , of all compl i-
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c at ions of sol id-s tate phys ics , molecular bind ing , atomic 
const itut ion , and elementary-particle structure , because 
it draws for i ta background only on the s implest and most 
un iversal pr inc iples of physics , the laws of g ravitation 
a nd blackbody rad iation. It  is speculated that the Planck 
mass is  related to the unif icat ion of the g ravitational 
and strong interact ions and that the Planck length is a 
length at wh ich the smoothness of space breaks down and 
a ssumes a g ranular structure . At present the under stand­
ing of the relat ionship of g ravitat ion and quantum f ield 
t heory i s  unsat isfactory , and the relevance of these 
natural lengths remains uncerta in. One of the importan t 
mot ivat ions behind some of the present efforts to improve 
the prec i s ion with wh ich one can make measurements i s  to 
d etect gravitat ional waves and study more thoroughly the 
g ravitat iona l i nteraction . 
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SCOPE OF THE FIELD 

The term • fundamental constants• desc r i bes a var iety of 
quant it ies used in  the phys ical sciences . They deal with 
the fundamental content of phys ical sc iences : space and 
t ime , the four fundmental forces of nature (gravitat iona l ,  
electromagnet ic , weak nuc lear , and strong nuclear ) ,  and the 
matter in the universe. I n  one common usage the fundamen­
tal constants are a set of quant it ies , the knowledge of 
wh ich i s  suff ic ient to pred ict , us ing appropr iate theory , 
all the properties of matter and rad iat ion at both a 
macroscopic and microscopic level. Cand idates for such a 
set are G ,  the g ravitational constant'  h ,  the Planck con­
s tant, c ,  the speed of l ight , e ,  the charge of the elec­
tron ,  me, the mass  of the electron , mp, the mass of 
the proton , k, the Boltzmann constant, &w, th e 
We inberg ang le ,  wh ich relates the charged and neutra l  
weak cur rentsJ GF• the coupling constant for the wea k  
n uclear interact ion, &c, the Cabibbo angle , wh ich 
r elates the strangeness chang ing and nonstrangeness 
chang ing wea k  nuclear interact ions ' and A, the quantum 
chromodynamic coupling parameter , wh ich character i zes the 
strong nuc lear interaction. I n  one sense , only d imension­
less numbers formed from measured constants have 
fundamental s ignif icance . 

What we call the set of fundamental constants i s  both 
t ime and theory dependent . For example , at present we do 
not k now how to pred ict with prec ision the masses of the 
so-called elementary partic les in terms of a small  set o f  
more fundamental measur able parameters , such as the masses 
of the quarks and the coupling parameter of quantum 
c hromodynamics. It is hoped that in the future we wil l  
be able to make such calculat ions and thus reduce the 
number of independent quant ities required . At present we 
require GF, &w, &c, and the masses of the leptons to 
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desc r i be weak- interaction phenomena. The Glashow­
Weinberg-Salam electro-weak unif icat ion theory expr esses 
G F in terms of e ,  6w, and mw, where mw is the 
mas s  of the charged vector boson. The currently studied 
SU ( S )  grand unif icat ion theory provides an� pr ior i 
pred ict ion for 6w• A s imi lar s impl if icat ion produced 
t hrough quantum electrodynamics and the Dirac theory of 
the electron was the calculat ion in  1947 of the magnetic 
moment of the elec tron in terms of e,  h ,  Me• and c. 
There i s  as yet no such prec i se calculat ion of th e 
magnetic moment of the proton. 

I t i s  an open quest ion whether the fundamental con­
s tants change slowly with t ime and have sl ightly d iffer­
ing values throughout the universe. One l i ne of ques­
t ioning invokes Mach's pr inc iple , the suggestion that the 
i nertial mass of an obj ect depends on the distr ibution of 
matter in the universe . I f  this i s  true and the universe 
i s  expand ing ,  then might not the gravitational force be 
g etting weaker in t ime? Th i s  poss ibility was raised by 
D i rac in 1937 as the • large numbers hypothes i s , •  wh ich 
i nvolved rat ios of phys ical constants. Th i s  suggest ion 
appeared to many as a numerolog ical exerc ise. Recently , 
however ,  a large number of papers have appeared , putt ing 
it in a new context and showing in  combination with some 
cosmolog ical theor ies a plaus ible connection to a g rand 
un if ied theory of all interact ions . 

A second use of the term fundamental constants i s  to 
refer to the properties of matter and the fundamenta l  
forces independent o f  whether they are related by theory . 
Th i s  i s  essentially a l ist of useful quant ities . The 
Pa rticle Propert ies Data Book ( updated every year and 
published in Reviews of Modern Physics; also ava ilable 
f rom CERN and the Lawrence Berkeley Laboratory ) i s  one 
such comp ilat ion. Examples are e ,  the elementary unit o f  
charge; �' the mass o f  the proton; Pp' the magnetic 
moment of the muon, AvH , the hyperf ine spl itt ing for the 
h ydrogen atom; P01 the permeability of the vacuum; 
R., the Rydberg constant for infinite mass; and o, 
the f ine structure constant. Th is  l ist clear ly over laps 
with the f irst list and is distinguished pr imar i ly by the 
measurabi lity and util ity of the items . Some constants 
such as AvH, R. , and o are combinat ions of the items 
l i sted in the f irst two categor ies of fundamental con­
stants. I n  one sense, o i s  more fundamental and e 
should be calculated f rom o, h ,  c ,  and £0• 
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Some fundamental constants have been assumed to be  
s tr ictly zero. Examples a re the mass of the photon 
( e xperimentally : my� � 6 x 1orl6 eV ) and the masses of 
the neut r i nos ( exper imentally : mv ( e ) C2 � 60 eV) . I f  th e 
photon d id have a mass , i t  would probably not have fa r­
r eaching consequences. A nonvanishing neutr ino mass , 
however , would be of importance for astrophysical and 
c osmolog ical questions. Modern theories expect the 
neutr ino to have a f initie mass. 

A thi rd use of the term f undamental constants is  to 
refe r to convers ion factors used to relate one system of 
units to another. The Boltzmann constant re lates temper­
ature as measured in terms of a rathe r  arbitrary unit to 
the energy content of a thermodynamic system , the 
Avogad ro constant relate s the atomic unit of mass to th e 
macroscopic unit of mass , the accelerat ion of gravity on 
the Earth's surface relates the g ravitat ional force on a n  
object t o  its mass. A convers ion f actor relates the ohm 
a s-ma intained to the SI ( Internat ional System) -def ined 
ohm. Another conversion f actor re lates the vol t  as 
maintained us ing Josephson-j unct ion voltage steps at a 
g iven microwave frequency to the S I-def ined volt. The 
measured wavelength of a part icular l ine in iod ine i s  
c urrently used t o  convert measurements o f  waveleng ths i n  
the vis ible spectrum to absolute f requencies i n  te rms o f  
the Cs-def ined second. The Faraday is  essent ially a 
conve r s ion factor relat ing the charge of an electron t o  
t h e  number of atoms in a macroscopic piece o f  matter. 
P r ior to recent developments , a conve rs ion factor wa s 
r equi red to relate the waveleng ths of opt ical and x-ray 
t rans it ions. Even more common convers ion factor s change 
pounds to grams , inches to centimeters, gallons to l i ters, 
and knots to k i lometer s/hour . 

How a constant is viewed in the context of these ca te­
gor ies may change as theory and technology advance. They 
should only be regarded as conven ient characteri zat ions. 

The characte r of the wor k in this f ield spans a wid e  
r ange. The princ ipal common ingred ients are efforts to 
improve the technology for mak ing prec ise measurements , 
efforts to develop new methods for measuring familiar 
quant itie s ,  and efforts to make measurements and 
theoret ical calculations of increased prec is ion to test 
fundamental theor ies. The most impor tant advances come 
through the development of new bases of measurement ,  
theoret ical calculat ions of inc reased prec is ion , and new 
techn iques. The main part of the effort is devoted to 
the inc rease in prec is ion through the improved des ig n  of 
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apparatus , improved methods for tak ing data , bette r 
u nderstanding of sources of systematic errors , and the 
use of new exper imental phenomena such as the Josephson 
e ffect and the quantized Ha ll resistance. The same 
f undamental constants apply in many f ields , and develop­
ments in one f ield may have g reat implicat ions for 
another .  

The nature of the wor k can best be illustrated by 
l i st ing some of the major advances that have been made i n  
t he last hundred year s .  Many of these developments , in 
fac t ,  took place in the last two decades. A partia l  list  
f ollows : 

l. The establ ishment of a standard of length and 
multiples and submultiples of that uni t ,  f i rst in term s 
of the prototype standard meter and subsequently in terms 
of the wavelength of suitable atomic trans it ions using 
both conventional and laser sources. 

2. The development of alloys such as Invar for the 
c onstruction of apparatus that i s  less sens it ive to 
temperature. 

3. The measurement of the gyromagnet ic ratio of the 
proton using a calculable magnet ic f ield der ived from a 
c arefully constructed solenoid with measurable d imens ions 
and a known current. 

4. The development of techniques for mainta ining the 
volt in terms of the small voltag e-current steps of a 
Josephson j unction irrad iated with microwaves of a known 
frequency. 

s. The development of the tr iple-point temperature 
standard and methods of extend ing the temperature sca le 
t o  both h igh and low temperatures. 

6. The development of portable atomic clocks with a 
prec ision of a few parts in  lo ll . 

7. The development of ref ined techniques for the 
compar i son of waveleng ths of different opt ical sources 
t hrough interferometr ic measurements. 

a. The development of least-squares analysis fo r 
d etermining the best set of fundamental constants f rom 
the avai lable measurements and identify ing those 
measurements that may be incorrect. 

9. The development of techniques for relating th e 
wavelengths of optical ,  x- r ay , and y - ray trans itions 
f i rst by x- ray measur�ments with ruled g rat ings and 
crystals and subsequently by transfer using interfero­
meters constructed from good s i l icon crystals and 
iodine-stabilized laser s .  
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10.  The establishment o f  a f requency cha in f rom th e 
m icrowave reg ion to the opt ical reg ion so that the 
frequency of opt ica l  trans it ions can be d irectly re lated 
to the second as def ined by the Cs cloc k .  

11. The prec i s ion measurement of the veloc ity o f 
l ight through the d i rect determinat ion of the frequency 
and waveleng th of an opt ical trans ition .  

12. The development of techniques for making prec i sion 
measurements of the f ine structure of s imple atoms. 
Th ese measurements revealed a d i sagreement with the 
s imple D i rac theory and were a major impetus for the 
d evelopment of renorma l i zed quantum electrodynamics. 
Improved exper imental prec i s ion and ref ined theoret ica l 
c a lculations continue to push tests of quantum electr� 
dynamic s to more ref ined levels. 

13. The development of new calculat ional techniques 
that made i t  possible to determine the pred ict ions of 
quantum electrodynamics with g reat accuracy-- in par­
t icular the development of techniques for handl ing the 
enormous a lgebraic reduct ions and h igh-d imens ional 
nume r ical integrals necessary for theoret ical 
c a lculat ions. 

14. The development of techniques for stor ing s ingle 
electrons and ions and carry ing out prec i s ion measur e­
ments of the i r  propert ies. 

15. The measurement of the properties of exotic atoms 
such as positroni um and muon ium and the improvement of 
re lated theor ies to provide tests of quantum electr� 
dynamic s  and relativistic bound-state theory. 

16. The development of the calculable capac itor for 
the ma intenance of the electr ical unit of resistance . 

17. The development of portable devices for prec i se 
measurement of the accelerat ion of g ravity for 
applicat ions in geophys ics and for navigat ion at sea. 

18. The prec ise measurement of the Rydberg constant 
f i rst using cooled l ight sources and subsequently us i ng 
laser spectroscopy in a gas cell and an atomic beam . 

19. The development of techniques for thermometry 
using therma l  noise sources. 

20. The measurement of the Fa raday us ing several 
electrochemical techniques . 

21 . The development of a ser ies of cur rent balances 
for better realizat ion of the electr ical un it of cur rent. 

22. The development of more prec ise methods for 
measur ing the density of matter as an ingred ient for 
measuring the Avogadro constant. 
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2 3. The development of techniques for lock i ng lasers 
to atomic and molecular lines and d i rectly compar ing the 
f requenc ies of lasers , thereby obtaining a short- term 
stability of a few parts in 1014. 

2 4. The investigat ion of the quantum • l imits• of 
measurement and the development of methods for man ipu­
l at ion of these restr ictions. 

2 5. The establishment of limits on the var iat ion o f  
t he fundamental constants with space and t ime. 

2 6. The development of ref ined methods for measuring 
atomic masses. 

27. The development of techniques for s tudying with 
g reat prec is ion the energy levels of s imple molecules. 

28. The d iscovery of the quanti zed Hall res istance 
and its development as a standard for resistance 
measurements. 

Th i s  is only a part ial list. It does not , in 
part icular , g ive proper cred it to the value of good 
s tandards to industry and to the work that has been done 
to promulgate such standards. Mass product ion relies 
heavily on h igh-prec ision machinery for which parts are 
read i ly and eas i ly replaceable. Commerce requ ires un i­
f orm measures of we ight and fluid volume. The electr ical 
industry requires uniform measures of voltage , current , 
resistances ,  electr ical powe r ,  and microwave power. The 
electron ics industry requires mater ials of h igh pur ity 
a nd prec ise control in the manufactur ing of semiconductor 
devices. Med ic ine requires standardi zation of drug s  and 
procedures for chemical d iagnosis. A few of the appl ica­
t ions of techniques developed for preci s ion measurements 
a re the following : 

1. Use of lasers in surveying , microc ircu it tech­
nology , computer storage , manufactur ing control and 
s upe rmarket sales and control. 

2. Use of g ravimeter s  for oil prospect ing and 
d etection of earthquakes. 

3. Use of atomic clocks for navigat ion ,  long-basel ine 
interferometry , televis ion and rad io-f requency standards , 
a nd narrow- band broadcast ing systems. 

4. Use of nuc lear magnetic resonance (NMR) fo r 
magnetic-f ield measurements, whole-body scanne r s .  

s .  U s e  for inert ia� gu idance o f  prec ise voltag e an d 
c urrent measurements and ultra-prec ise ball bear ings. 

6. Use of gallium tr iple-point thermometry in stud ie s  
o f  blood chemistry. 

7. Use for sensors and control mechani sms for 
robot ics . 
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SOME DIRECTIONS FOR FUTURE DEVELOPMENT 

I t  i s  always d i f f icult to pred ict the future of sc ience . 
Important advances often result from unantic ipated d i s­
cover ies or reali zation o f  new avenues o f  approach. I n  
this  chapter , informat ion will be used that i s  now 
ava i lable to suggest both exper imental and theoretica l 
a reas i n  which there will be important advances i n  the 
next decade. A speculat ive point of view will be adopted . 

Advances in the f ield of prec ision measurement and 
fundamental constants have often been assoc iated with th e 
i ntroduct ion of new exper imental techniques. The r ipples 
are only now subs id ing from the introduct ion over a 
decade ago of the Josephson-j unct ion constant-voltage 
current steps and the ir subsequent use with a f ixed 
microwave frequency to determine 2e/h. Th i s  has led to 
an independent determination of the value for the f ine­
s tructure constan t ,  by using aux i liary constants such as 
the Rydberg , the magnet ic moment of the proton in uni t s  
of  the Bohr magneton , the gyromagnetic ratio of the 
proton , and the speed of light. The recent d iscovery o f  
the quanti zed Ha ll effec t  shows promise o f  produc ing an 
equally s igni f icant development in metrology . 

Fo r observat ion of the quantized Hall effec t ,  a 
spec ially prepared semiconductor i s  placed in a h ig h  
magnetic f ield at c ryogenic temperatures and the relat ion­
sh ip between the current and the Hall voltage i s  measured . 
Th e observed resi stance i s  quanti zed , and its value can 
be calculated in terms of known fundamental constants .  
I n  particular , it depends o n  e2/h rather than o n  th e 
Jo sephson effect quantity 2e/ h. With the a id of a value 
for the speed of light and knowledge of the SI value of 
t he unit of resistance in terms of which the measurements 
are made , the quant i zed Hall resistance can be used to 
determine a value of a (= e2/ [ 4w � 0 hc] , wh ich can b e  

24 
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compared with that dete rmined indi rectly us ing th e  
Josephson effect 2 e{ h  and d i rectly us ing measurements on 
s imple atoms and quantum-electrodynamic (QED)  calcula­
t ions. S tudies a re now be ing carr ied out to see i f  the 
quant ized Hall res istance is  independent of the prope r­
t ies of the mate rials used in the samples and to improve 
the prec i s ion with which it can be measured. I f  the 
quant i zed Hall resistance turns out to depend in a 
calculable manne r on the sample , it will provide an 
i ndependent source of a and a check on the rel iabil ity 
of the Josephson effect a . Even if it proves to be 
mate r ial dependent , it  wil l provide an eas i ly ma inta ine d 
and transf errable s tandard for the ohm. I t  might even 
some �ay be used to def ine the standard ohm. 

Another area in wh ich maj or developments a re tak ing 
place is the development of stable tunable lasers  and th e 
techniques for measu ring the i r  waveleng ths and frequenc ies 
with g reat prec ision. It is antic ipated that in the nea r 
f uture we will be able to use the techniques developed 
for rad io and mic rowave f requenc ies over the last fou r 
decades in the optical reg ion of the spectrum. The 
method of separated osc i llatory f ields has already been 
used to achieve l ine widths less than 1 kH z for the 
calcium intercombination trans it ion at 657 nm. Th i s  
development has g reat potent ial both for metrology and 
for tests of fundamental theor ies s ince many of the 
opt ical transit ions a re less l imited by the natural or  
instrumental l inewidth than are the access ible radio­
f requency and microwave transit ions. One can envi s ion 
improvements by factors of 10 0 or more.  

I t  has recently been demonstrated that a spectral 
source as variable and challeng ing to cont rol as a 
j et-stream dye laser may be servo controlled to have a 
phase cohe rence t ime measured in a few tens of mill i­
s econds. S ince the dye-laser frequency of approximately 
5 x 1014 Hz may be tuned anywhere in the vis ible and 
near ultraviolet reg ions of the spectrum by the use of 
appropr iate dyes andVor f requency-doubling techniques , 
the sub-100-Hz l inewidth impl ied by this  cohe rence of fer s 
a spectacular measurement capabil ity .  

Techniques have been developed t o  establ i sh a 
f requency chain based on the Cs-def ined second all the 
way from the mic rowave reg ion up to the vis ible spec­
t rum. Techniques are �e ing developed to beat the output 
of two vis ible lase r s  togethe r and to measure di rec tly 
the beat f requency between them. Th i s  will ult imately 
make feas ible the di rect measurement of the frequency of 
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dye laser s in the visible part of the spectrum and rende r 
obsolete the ted ious and d i f f icult interferometr ic 
measurements of one waveleng th in terms of anothe r .  

Another relat ively new technique o f  great impor tance 
is the development of methods for work ing with trapped 
i ons and trapped electrons. A trap containing a s ingle 
electron has been used to measure g - 2 for the electron 
and the positron with a prec i s ion of 4 parts in 10 8. A 
s imilar trap has been used together with lasers to store 
and observe sing le bar i um ions. Rad iat ion cool ing tech­
n iques have been used to slow down the trapped ions and 
r educe the line width that is due to Doppler broadening. 
By bath ing the trapped ions in l ight red-sh ifted f rom the 
natural f requency , one has a situation in wh ich a photon 
i s  more l ikely to be absorbed dur ing the t ime when the 
thermal veloc i ty provides through the Doppler sh ift a n  
approx imate compensat ion o f  the detuning . O n  the average,  
however ,  the f luorescent rad iat ion is  emi tted in all  
d irec t ions at the natural f requency. Th i s  cycle of  
absorbing quanta redder than the f luorescent quanta g ive s 
r i se to cool ing of the k inet ic deg rees of f reedom. F i nal 
temperatures in the microkelvin range appear feasible. 
Not only will the l i nes be narrower , but the detectabil­
ity of a small number of ions will be enhanced by the i r  
locali zat ion in micrometer-s i zed reg ions. These tech­
n iques are in thei r  infancy , and work is now under way to 
improve the determinat ion of g - 2 for the electron a nd 
to use trapped ions for f requency standards in both the 
m ic rowave and opt ical reg ions. I t  appears certain that 
the synthesis  of the new ultra-stable laser technique s 
w i th trapped- ion spectroscopy will result in dramat ic 
advances in f requency standards. I t  i s  no longer sc ienc e­
f ict ion fantasy to contemplate clocks with a long-term 
stability and reproduc ibility of 1 part in 10 15 • 

Techniques have been proposed for d i rect multipl icat ion 
from the microwave reg ion to the opt ical reg ion through 
the interaction of a focused laser and an electron i n  a 
c i rcular orbit. Th i s  technique may not work , but one 
s uspects that some such method will be made to work. The 
rewards are g reat and worth an intense effort. 

A f ield that i s  certain to expand with the 
introduct ion of ref ined laser techniques is the prec i sion 
spectroscopy of the s implest atoms , hydrogen and hel i um. 
Determinat ion of the Rydberg constant by measurement o f  
t h e  wavelength of the rad iat ion required t o  exc ite the 
2s - 3p trans it ion has reached a precis ion of 1 par t  i n  
10 9 . D i rec t  f requency measurement should make 
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attainable a precision of 1 part in 1 01 2. Somewha t 
less prec ise results have been obtained for the l s  - 2 s  
two-photon trans ition a t  243 nm .  Because the natura l 
l ine width for this t ransition i s  1 Hz , there are pros­
pects for improvement by a factor of 10 6. Independen t 
determination of the Lamb shift and the Rydberg can be 
made by measurement of the f requenc ies for the l s  - 2 s  
t�photon trans ition and for the 2s to n s  Rydberg transi­
t ions. S imilar techniques can be used to study the 
Rydberg states of hel ium in both the singlet and tr iplet 
conf igurations. 

Another domain for new prec i sion measurements with 
lasers is transitions between long-lived Rydberg state s 
i n  both hydrogen and hel ium. Por h igh pr inc ipal quantum 
numbers and espec ially for states with h igh angular momen­
t um ,  the perturbat ions due to electromagnet ic f ields of 
thermal or ig in affect each state almost ident ically. 
Consequently , level shifts due to those f ields will not 
proh ibit prec ise measurements of the intervals. I t  ha s 
been suggested that the hydrogen spectrum might provide 
the ideal quantu�mechanical f requency multipl ier. Th e 
connection between standards of f requency in the micro­
wave and visible spectra would be made through the use of  
t he D irac energy formula and its QED correct ions rather 
than a host of nonlinear mixer s and auxiliary laser s 
spanning the spectral interval between these two 
interesting doma ins of the electromagnet ic spectrum. 

The avai lability of ultra-s table lasers will make 
possible improved tests of spec ial relat ivity. A recen t 
laser vers ion of the Michelson-Morley exper iment improved 
the l imit on the effect of a res idual prefer red frame by 
a factor of 4000 . In the s implest model , wh ich expands 
special relat ivity to include such effects , one expect s  
t o  see i n  the opt ical length o f  an etalon a term propor­
tional to P 2 (cos e ) ,  where e is the ang le between 
t he d irection of propagat ion of the light in the labora­
tory and the direction of the axi s  of spatial anisotropy. 
I f  the 3 mill ikelvin anisotropy in the d irection toward 
the Virgo local superc luster of galaxies observed in 
m icrowave measurements of the spatial ani sotropy of the 
cosmic blackbody rad iat ion is attributed to a Dopple r 
shift , it  leads to a 400 k�s motion of the solar system 
i n  the d irection of Virgo. I f  one takes th i s  veloc i ty a s  
a scale for determining a small deviat ion f r om  the 
predictions of spec ial relativity , the exper imental l imi t 
o f  +2. 5 x lo-l 5  for the fractional frequency shift  of 
the rotated Fabry-Perot cavity translates into a 
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var iat ion that is less than lo- 9 of the shift expecte d 
f rom c lass ical mechanic s ( i. e. , Ga l i lean re lat ivity ) . 

A second test of relativity made poss ible by such 
l asers is a prec ise measurement of the second-order 
Doppler shift. At present the be st exper imental measure­
ment of the relativistic t ime d i lat ion is the ratio of 
the l ifetime of the muon observed for muons at rest and 
in the CERN muon storage r i ng ,  with y • 29 (8 • 
0 . 9 9 9 4) . These experiments conf i rm the theory to 1 part 
i n  103 • W ith the marriage of f ast atomic-beam tech­
n iques and stable lasers it appears feas ible to enhanc e 
the prec is ion of measurement of the relativistic t ime 
d i lat ion by seve ral orders of magnitude. The fast beam­
s table laser system can also be used to measure the 
f i r st-orde r Doppler shif t and to study its dependence on 
the orientation in space of the atomic beam. 

Another area in which there wi ll be impor tant develop­
ments i s  the spectroscopy of lepton ic atoms. The ava i l­
abil ity of meson factor ies with hig h- intens ity beams of 
stopping muons has made poss ible greater prec ision in  the 
measurement of the hyper f ine spl itt ing of muonium and the 
gyromagnet ic rat io for the muon. The detect ion of the 
n • 2 state of muonium has been reported. New technique s  
f o r  slowing down positrons have resulted i n  more intense 
sources of pos itronium. A radio-frequency measurement of 
the Lamb shift in the n • 2 state of positronium has been 

made. The two-photon t rans ition f rom the n • 1 g round 
s tate to the n • 2 exc ited state of pos itronium has been 
observed and a preliminary measurement carr ied out. The 
next decade g ives promise of important advances in this 
domain. These tests will require further ref inements of 
the a ssoc iated theory , probably requ iring sophist icated 
appl icat ions of powerful computers. They will provide 
tests of relativistic bound-s tate theory , which , if 
successful , wil l  g i ve u s  conf idence in apply ing such 
theories to the quark model of hadrons. 

Throughout the last decade , there has been a larg e 
e f fort to establ ish a more prec ise relationship between 
wave length measurements in the microwave and opt ical 
doma in and wavelength measurements in the x-ray and 
gamma- ray domain. This link i s  cruc ial for relat ing 
tests of QED using x rays and tests at lower energy. 
Throughout the f i r st part of thi s  century , this has been 
a sou rce of conf us ion and unce rta inty in the determina­
t ion of the atomic constants. In the next decade , thi s 
link , cur rently at about 1 part in 10 6 accuracy leve l 
u s ing combined x-ray opt ical inter ferometry , will be 
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improved one to two orders of  mang itude. This  wil l  mak e 
poss ible more prec ise tests of theory over a wider range 
in  energy and more prec ise determinations of convers ion 
f actors such as the Avogadro constant. Th i s  will also 
make interpretable measurements of the Lamb shif t i n  
h igh- Z one-e lectron atoms such a s  Kr XXXVI. 

The next decade may also see the development of a 
s tandard of mass based on an atomic quant ity rather than 
t he prototype plat inum- i r idium bloc k at sevres . Although 
this  would requ i re two to three orders of magnitude 
improvement in ex isting dens ity and isotopic abundanc e 
r atio measurements,  it would make poss ible a redefin it ion 
of all the units in te rms of atomic or molecular systems 
r eadily transf erable from one place to another. 

Anothe r area in which the re should be g reat advance s 
i n  the next decade is  the s tudy of the gravi tational 
inte raction. Because of the weakness of the g ravi t a­
t ional interaction , lo -4 0  o f  the electromagnet i c  
i nteraction , i t i s  d i f f icult t o  study its  fundamental 
propert ies with prec is ion. G is known absolutely with a 
prec i s ion 100 to 1000  t imes less than most of the f unda­
mental constants. Techniques are now be ing developed for 
measuring G with g reater prec is ion. A more important 
quest ion is  whethe r the force law for g ravitat ion var i e s  
a s  l/r2 over the complete range from nuclear d imens ions 
to galactic dimens ions. Expe r iments are now unde r way to 
detect any small deviat ion f rom a ll r2 force law .  

An exc i t ing prospect for stabili zed laser techniques 
is the const ruct ion of a new gene ration of g ravitationa l­
wave detectors based on long , h igh- f inesse interferom­
eters. I t  is  proposed to use an interfe romete r with two 
a rms a t  r ight ang les to one another each with a leng th of 
a k i lomete r to detect gravitat ional waves. (See d iag ram 
on frontisp iece. ) The laser is frequency loc ked to one 
of the arms , and the other arm is loc ked to the lase r . 
The correct ion in the second lock is then used as a s ignal 
for detecting gravitational waves. S imilar detectors 
have been proposed for  construction in space with a much 
longer basel ine. This may be the way gravitational waves 
are f i rst detected on the Earth. 

The high sens itivity requi red to measure the smal l 
s tra ins that would be produced by a gravitational wave 
has resulted in a se r ies of efforts to unde rstand the 
•quantum l imits• of measurement and to devi se methods to 
man ipulate these rest dctions to thei r best advantage .  
Exper iments are j ust now being undertaken. Th i s  i s  an 
impor tant area in which activity wi ll inc rease and that 
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should result in a new under stand ing of the ultimate 
l imit to which we can make measu rement s. 

Tests of the equivalence pr inc iple were extended to 
massive bod ies in the solar system in 19 7 6  through the 
luna r  lase r- rang ing exper iment. I n  this case the 
g ravitat ional self-energy of the test body is a s ignifi­
cant f r act ion of the total mas s ,  so a fundamental 
property of gravitat ion is tested accurately. Tests of 
the equivalence princ iple for laboratory-sized bod ies are 
being improved by using liquid f lotat ion instead of thin 
f iber suspens ions in constructing tors ion balances. Both 
the laboratory and space experiments are l i kely to g ive 
bette r accuracy in the future . 

A thi rd l ine of experimentat ion uses h igh-prec is ion 
rotator s to look for deviat ions f rom general relativity. 
W ith c areful attent ion to detai l  it  appears feasible to 
construct in  the laboratory a rotor with a decay t ime 
longer than 50 b illion years. Th is rotor can be used to 
look for the spontaneous creat ion of matter suggested by 
some theories and to compare the gravitat ionally mod ified 
rates of clocks based on d i f ferent electromagnet ic pr in­
c iples , e. g. , electrostat ic ver sus magnet ic interact ions. 

Two add it ional tests of gene ral relat ivity made po s­
s ible by the availability of atomic c locks are the 
prec i se measurement of the g ravitat ional red shi f t  and 
the measurement of the round-t r ip t ime delay for rad io 
s ig nals pass ing very close to the Sun. The gravitat iona l 
r ed shi f t  was measured by comparing the cont inuous-wave 
mic rowave s ig nal gene rated f rom hyd rogen masers located 
in space and at an Earth station. The result of th i s  
exper iment ag reed with the relativist ic frequenc� shift 
pred icted by gene ral relativity at the 7 0  x 10 - level . 
The V i k ing Lander on Mar s  was used as the transponder to 
measure the round-tr ip t ime delay of rad io s ignals pass ing 
very c lose to the Sun. These measurements agreed with 
the pred ict ions of gene ral relativity to 1 in 103 • The 
latter measurement could be improved by using spaceborne 
clock s  to reduce d i sturbances due to near-Earth propag a­
t ion. Both these measu rements have the potent ial for 
provid i ng more prec ise tests of gene ral relativity .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

R e s e a r c h  C o n c e r n i n g  M e t r o l o g y  a n d  F u n d a m e n t a l  C o n s t a n t s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 4 4 1

http://www.nap.edu/catalog.php?record_id=19441


6 

CONCLUSION 

Accurate knowledge of the fundamental constants i s  
e ssential to the development of many branches of sc ience. 
Fundamental constants can provide a un ify ing bas i s  to 
apparently d iverse f ields. Th is report has attempted to 
demonstrate the ir importance to the sc iences and the need 
to know their values accurately. 

Determinat ion of the fundamental constants requ ire s 
c ont inual development of advanced techniques for mak i ng 
prec i s ion measurements and for creat ing rel iable stan­
d ards. The last three decades have witnessed the creat ion 
of atomic standards for leng th ,  t ime , and voltage. The 
i ncreased reliabil ity and reproduc ibi lity of these stan­
dards have made possible more c r i t ical tests of fundamen­
t al theor ies. Pract ical spin-off f rom these developments 
has led to s ignif icant technolog ical advances , wh ich have 
had a profound effect on soc iety ,  both soc ially and 
economically. 

Because of the vital role played by the f ield of 
prec i s ion measurements and fundamental constants in bas i c  
and appl ied sc ience and i n  industry , i t  i s  essent ial that 
the agenc ies responsible for fund ing sc ient if ic and 
eng ineer ing research recognize the contr ibut ions of the 
f ield and be sens it ive to its needs. 

The test ing of fundamental theor ies to ever g reater 
accuracy and the development of new methods for prec i s ion 
measuremnts should always be  g iven ser ious cons iderat ion 
wheneve r an appropr iate opportun ity presents itself. 

3 1  
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APPENDI X 

ORIGINS AND HI STORY OF COMMITTEES AND 
COUNCILS FOR CONSTANTS 

Standards for measurement of t ime , length ,  and mas s  have 
been needed ever s ince the existence of mode rn man in  
order to record observat ions of  celestial and othe r 
natural phenomena , to guide h i s  agr icultural act ivit ies 
and to quant ify transact ions in trade. In view of 
humanity ' s  basic need s ,  it i s  not surpr is ing that many 
d ifferent measurement systems evolved. Coord inat ion and 
uniformity of standards for measurement became a 
necess ity when intercompa r i sons of measurements a s  
performed by d i fferent parties became essent ial. 

By 1875 , the Convent ion du Metre was adopted by 2 8 
nat ions. Th is  resulted in the establ ishment of the 
I nternational Bureau of We ights and Measures ( de s ignate d 
BIPM ,  the init ials of its name in French) . The BIPM is  
the executive body and is  ass igned the respons ibil ity for 
ma inta ining the internat ional pr imary standards. An 
I nternat ional Committee of We ights and Measure s i s  g ive n 
r e spons ibility for technical activities of the organi za­
t ion , each of its 18 member s ,  of d ifferent nat ional ity , 
i s  empowered by the assembly of government representat ives 
but i s  f ree from any instruct ions of his  own gover nment . 
The In ternat ional Committee also has the power to create 
and to dec ide on the member ship of small , scient i f ic 
advisory bod ies called Consultat ive Committees. 

The Consultat ive Committee for Electr ic ity was create d 
i n  1927 to prepare a changeover from the s�called 
internat ional electr ical standard s then legally in forc e 
( the ampere def ined by AgNO) electroly s i s ,  the ohm by a 

mercury column , the volt by a volta ic cell) to the 
absolute standards that are dec imal mult iples of cgs 
units. The date initially dec ided by the Internat iona l 
Committee was January 1 ,  1940 J it was postponed to 1948 
on account of World War II.  The def init ions of the units  

32 
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newton , joule , watt , ampere , volt , ohm, coulomb , farad , 
henry , and weber were d rafted by the Consultat ive 
Committee. 

A second Consultat ive Committee , for photometry , was 
created in 1929 and instructed to establ ish an inte r­
nat ional system of units and standards for the measure­
ment of luminous intens ity and luminous flux to replac e 
t he s�called international candle and the He fner Ker ze , 
wh ich were d ifferent by 10 percent. 

The third Consultat ive Committee , created in 1937 for 
thermometry , establ ished the thermodynamical temperature 
a s  defined by a s ingle point def init ion , the tr iple point 
of water ,  instead of the previously adopted def init ion , 
wh ich used the ice point and the steam point separated by 
an interval of 100 deg rees. 

The fourth Consultat ive Committee was c reated in 1952 
to prepare a redef init ion of the meter based on the wave­
length of atomic rad iat ion. The scope of thi s  Committee 
now covers  secondary wavelength standards , length measu r e­
ment techniques , gas-laser rad iat ions , the stabili zat ion 
of their f requency , and the speed of light. 

The f i fth Consultat ive Committee was created in 1956 
to study the def inition of t ime and f requency units at 
t he t ime when the Internat ional Committee adopted the 
def inition of the second in terms of the tropical year t o  
replace the century-old def init ion based on the mean 
solar day , which had proved to be of var iable durat ion . 
In  1967 the second was redef ined in terms of the atomic 
f requency of 133c s .  

The sixth Consultat ive Committee was c reated in 1958 
to deal with ionizing rad iat ion. The seventh Committee , 
which was c reated in 1964 , deals with units , the i r  def ini­
t ion , the i r  log ical ar rangement in a system,  their  sy� 
bol s ,  and the instruct ions for the ir use. The e ighth and 
most recent Consultat ive Committee was formed in 1979 to 
d eal with quest ions relat ing to mass and the related 
quant ities force and pressure. 

At tempts to base the pr imary standards for measurement 
on accurately reproducible physical phenomena involving 
c onstants of nature started well before the Treaty of 
1875 , although th is idea was not then used in the estab­
l i shment of these ear ly standards. A review by Huntoon 
a nd McN i s� summarizes some of the early wor k  attempting 
to base standards for . measurement on phys ical constant s 
of  nature or fundamental propert ies of matter : 
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Def init ion of the pr imary standards of measurement in 
terms of phy s ical constants has been the hope of many 
physic ists for years. The proposal by Jacques Babinet 
( 1829 ) , Cle r k  Maxwell ( 1870 ) and others to adopt th e 
wavelength of l ight as the pr imary standard of length 
was probably the f ir st step in th is  direct ion. As 
early as 1887,  Michelson and Morley proposed a •method 
of mak ing sodium l ight the actual and practica l 
s tandard of length. • In  1892-93 Michelson and Benoit 
accurately measured the wavelength of the cadmium red 
l ine in terms of the metre. Maxwell ( 1870) also 
suggested tak ing the per iod ic vibrat ion of l ight a s  a 
s tandard of t ime and the masses of molecules as the 
standard of mass .2- s 

Because selected fundamental properties of matter can 
be determined qu ite accurately and always have the same 
value , they form a rel iable and transferable basi s  for 
universal measurement standards. I n  fact all units for 
phys ical measurement , except the un it of mass , are now 
l inked to atomic propert ies. An atomic bas is  for the 
s tandard for mass  i s  be ing developed. Much rema ins to be 
done , however ,  to d i sseminate thi s  technology beyond the 
confines of the standards laborator ies. 

By the i r  very nature , fundamental constants have a 
s ingle • true• value. When , however ,  measurements a r e  
made in the laboratory , the values obtained differ  f rom 
measurement to measurement even if the two measurements 
were made under seeming ly identical cond it ions. Fur ther­
more , the same fundamental constant can often be measured 
in rather different types of exper iments ,  wh ich g ive 
apparently d i fferent results. As a result , unt il  the 
early 1920 s ,  a consi stent set of fundamental constants 
was not ava i lable. Th i s  caused confus ion and was due in 
par t  to apparent inconsistenc ies and nonuniformity in the 
publ ished l i terature. The reali zat ion of the magnitude 
and scope of the problem led to the establ ishment of the 
In ternat ional C r it ical Tables by the Internat ional Union 
of Pure and Appl ied Chemistry ( IUPAC )  in 1919. The 
execut ive , f inanc ial , and ed itor ial responsibil ities for 
thi s  proj ect were g iven to the United States Nat ional 
Re search Counc il  of the Nat ional Academy of Sciences. 
The Inte rnat ional Research Counc il (wh ich later became 
the International Counc il of Sc ient i f ic Un ions ( I SCU) ) 
gave its endorsement to thi s  proj ect . Editors wer e  
c hosen f rom var ious countr ies. The Ed itor- i n-Ch ief was 
Edward w. washburn f rom the u. s. Nat ional Bureau of 
S tandards (NBS ) . 
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The f irst item of business to be completed pr ior t o  
embar king on c r it ical evaluat ion o f  the data was the 
adopt ion of a consistent set of � probable values fo r 
f undamental constants and convers ion factor s. Conse­
quently , the ed itors compi led and accepted a set of nine 
f undamental constants ,  and evaluators were instructed to 
base all the ir  data on these values. In thi s  task , the 
editors obta ined advice from sc ient ists at NBS , the 
Nat ional Phys ica l Laboratory (U. K. ) , and the Soc iete 
Fr an�a i se de Phys ique , after an init ial l ist of funda­
mental constants was prepared by F. E. Fowle of the u. s. 
Smithsonian Institut ion. The l i st appears in Volume I of 
the I nternat ional Cr it ical Tables , wh ich was publi shed i n  
1926. 

As this h istory is be ing wr itten in 1983 , the Academy 
is still receiving requests regarding availabil ity of the 
I n ternat ional Cr itical Tables--test imony to the obv ious 
success it had in fulf illing a need for such authorita­
t ive compilat ion and to the confusion that ex ists today. 
The I nternat ional Cr itical Tables ,  were published for the 
Na t ional Research Counc il  by McG raw-Hi ll , New Yo r k J  Vol. 
1, 1926 J Vol. I I , 1927 1  Vol. I I I , 1928 J Vol. IV, 1928 J 
Vo l. V, 1929 1 Vol. VI I 1929 J Vol. VI I ,  1930 J Index 1933.  

I n  1929 , on the f i rst page of the f irst issue of the 
Reviews of Modern Phys ics ( then called Phys ical Review 
Supplement) , Raymond T. B i rge6 published the f i r s t  
e xtensive treat ise on , and documentat ion of , cr it ical 
values for the fundamental constants. In  add it ion , the 
author desc r ibes the motivat ion for the wor k as well as 
the mult ipl icity of inputs requi red to ach ieve the 
desi red result : 

The need i s  cont inuous since the most probable value 
of to-day is  not that of to-morrow,  because of th e 
never-end ing prog ress of sc ient i f ic research. These 
remarks appear to the wr iter so self-evident that the 
mere statement of them may be deemed superf luous. 
However ,  in spite of these facts , an invest igat ion o f  
t he values o f  general constants i n  cur rent use i n  the 
l iterature reveals a surpr i s ing lack of consistency , 
both in regard to the actually adopted values and to 
the or ig in of such values • • • • 

• • • In attempt ing to respond to this need , the 
wr iter has become only too well aware of the int r insic 
d if f icult ies involved , but at  the same t ime he  has 
become increasingly convinced of the existence of th e 
need itself . The present invest igat ion was unde rtaken 
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only a t  the express r equest o f  others , and the results 
g iven here should be cons idered more as a presentat ion 
of  the s ituat ion than as a f inal solut ion of the 
problem. To obta in a sat isfactory and thoroughly 
r e l iable j udgement in such matters , there i s  requ ired 
the unbiased cooperat ion of many persons situated i n  
sc ient i f ic laborator ies throughout the wor ld. In  the 
preparat ion of th is paper , I have endeavored to obtain 
s uch cooperat ion by means of an extens ive cor respon­
dence , but because of a necessary limitat ion of t ime , 
s uch cor respondence has been conf ined almost ent i rely 
to thi s  country. In add it ion I have received valuable 
advice and suggest ions f rom var ious persons on the 
campus of thi s  Univers ity [University of Cal ifornia , 
Ber keley] • • • • 

Al though the ed itors of the Internat ional C r it ical 
Tables ( ICT ) , as  we ll as ind ividual sc ient ists , at tha t 
t ime r ecogni zed the need for per iod ically reassessing the 
numer ical values ass igned to the fundamental constants , 
s urpr isingly , they establ ished no structured , cont inu ing 
effort to implement such reassessment. The wor k of the 
ICT itself having been terminated , a large port ion of the 
revenues from thei r  royalties were transferred to the 
An nual Ta bles of Constants and Numer ical Data in Chemis­
try , Phy s ic s ,  Biology , and Technology , located in Par i s , 
an  entity that had been functional ever s ince 1912 under 
j oint auspices of ICSU and the International Union of 
Chemi stry , (wh ich later on became IUPAC ) . The u. s. 
contr i but ion to the Annual Tables organi zat ion was 
prov ided by the Nat ional Academy of Sciences/National 
Research Counci l  (NAS/NRC ) D ivi s ion of Chemistry and 
Chem ical Technology , which , on the whole , recorded 
concerns about standards ,  symbols , and other re lated 
matters. The idea was that this would represent an 
annual update of the ICT. It appears , however ,  that th e 
An nual Ta bles d id not address evaluated fundamental 
constants ,  as such. Meanwh i le ,  a separate g roup in th e 
D ivision of Phys ical Sc iences at the NRC undertook from 
1934 to 1936 a large effort to compile a Glossary of 
Phys ical Te rms , which i s  on record as includ ing •a number 
of standa rd tables with physical constants. • There 
appear s  to be no s ing le publ ished result of th is effor t ,  
though the Glossary may well have been published by 
membe rs in an appropr iate j ournal , as was common prac t ice 
at that t ime. 
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I n  194 0 , a joint committee represent ing the interest s 
o f  both phys ics and chemistry d ivisions of the NRC was 
establ ished ( with Lyman Br igg s ,  Jr. , D irector of th e 
Na tional Bureau of Standards , cha irmanJ members were 
Edward u .  Condon , who succeeded B r igg s as NBS d irector , 
Ka rl K. Darrow, Jesse w . M. DuMond , Frede r ick G. Keyes 
and F. G.  Brickewedde , secretary) . The committee ' s  
r espons ibilities included atomic constants , nuclear 
masses , isotope rat ios , thermodynamic data , and othe r 
m i scellaneous g roups of constants. Dur ing World War I I , 
the collect ion of data cont inued in spite of the demand s 
of  war- r elated wor k on most of the committee members. 

It i s  clea r that the establishment of th is committee 
d id not alleviate ambigu ities and dupl icat ion of efforts. 
In 194 1 ,  B i rge independently publi shed an author itat ive 
a nd well-documented update of his 1929 table of fundamen­
t al constants.' B irge ins i sted on rema ining independent 
and pointedly refused to become a member of any committee. 
Fu rthermore , as the NRC committee geared up for postwar 
increased efforts , a Subcommittee on Fundamental Constant s 
of the NRC Committee on Physical Chemistry was formed 
( with F. Rossini , chai rman J member s  were H. L. Johnston , 
L.  Paul ing , G. w . Vinal , and later also F. T. Gucker and 
J .  o .  H i r schfelder ) .  By 1949-195 0 ,  th is subcommittee saw 
a need to re-evaluate the Fa raday , as a result of which a 
new list of fundamental constants was to be prepared. 

The next attempt to un ify the efforts occur red i n  
1953-19 5 4 , br ing ing both N RC  efforts under the Subco� 
m ittee on Fundamental Constants ( F. Rossini , cha irmanJ 
member s  were J. A. Bearden , E.  R .  Cohen , J. w . M. DuMond , 
F. T. Guc ker , Jr. , J. o .  Hi rschfelde r ,  L. Paul ing , and G. 
w . Vinal) . Thi s  grouping brought together not only th e 
two NRC act ivit ies but also the wor k  of Bearden and 
Watts , wh ich ,  up to then , had been independent. 

In 1961 , as a result of cor respondence between the 
then Director of the National Bureau of Standards , A. v .  
As tin,  and NRC representat ive s ,  a Stand ing Committee on 
Fundamental Constants was establ i shed under the admini s­
t rat ion of the Off ice of Cr itical Tables ( now the 
Numer ica l Data Advisory Board) . The members  of th i s 
committee were A. G. McN i sh ,  Nat ional Bureau of Standards , 
Cha irman ' J. A. Bearden , E. R. Cohen , J. w . M.  DuMond , J .  
P. McCu llough, N. F. Ramsey , F. D. Rossini , J. s. 
Thompson , and G. Waddington . 

Al l  this seemingly abundant organizat ional activity 
should not be assumed to have el iminated the confusion 
that ex isted ever since the ICT values for fundamental 
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constants became obsolete owing t o  substant ial leaps i n 
laboratory sophisticat ion .  Only the ICT values of 1923 
were recogni zed and adopted by ICSU. Subsequent table s 
were publ ished by ind ividual author s in a var iet1 of 
j ournals such as Reports on Progress in Phys ics. 
Reviews of Modern Phys ics , B and the I RE  Transactions on 
I nstrumentat ion and Measurement. 9 I t  was the prac t ic e  
of committees to report the ir  recommendat ions a s  journa l 
publicat ions ( e. g. , the summary report by the NRC 
Subcommittee on Fundamental Constants was publ ished i n  
the Journal of the Amer ican Chemical Soc iety. lO) Onl y 
in 1963 was a second list of fundamental constant s l l  
accepted by IUPAC. The 1963 l ist was spec if ical ly not 
endorsed by the Internat iona l Union of Pure and Applied 
Phys ics ( IUPAP ) or by the IUPAP Commission on Nuc l id ic 
Masse s ,  with whose • encouragement• it was carr ied out .  
Th e reasons for this act ion a r e  explained in the followin� 
quotat ion from the minutes : 

The role of the Commiss ion in • r ecommend ing• the 
use of sets of values was d iscussed at leng th. I t  
was r ecalled that , a t  the t ime of our format ion , 
we were instructed to • encourage the compilation 
a nd tabulation of data• . It was agreed that our 
encouragement should only be extended to persons 
of  undoubted competence • • • but that such persons 
should then publ ish the results of the i r  wor k on 
t heir  own respons ibil ity. In keeping with this 
point of view, it  was ag reed to inform the Gener a l  
As sembly of IUPAP of Cohen and DuMond ' s  impor tant 
wor k in the following words :  

The Commission on Nucl id ic and Related 
Atomic Constants has encouraged two of i t s  
members , J .  w . M.  DuMond and E. R .  Cohen, 
to prepare a self-consistent list of the 
most probable values of the fundamental 
constants. Th is l ist was presented to the 
S econd Internat ional Conference on Nuc l id J c  
Masses held i n  Vienna , July 1 5  - 19 , 1963. 
The Commission expects that these values 
will be widely used and will help to remove 
many of the confus ions that have ar i sen 
from the use of d i f fer ing sets of constants . 
In addit ion ,  it i s  expected that the 
appearance of th i s  list will encourag e  
f urther exper imental wor k a imed at 
improving our knowledge of these values . 
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I n  196 6 ,  the Committee on Data for Sc ience and Tech­
nology (CODATA) was establ i shed as an ICSU committee. 
One of its funct ions was ,  and still is , spec if ically to 
d ea l  with the maintenance and updat ing of the constants 
through its Task Group on Fundamental Constants. ( The 
c u r rent chairman i s  E. R .  Cohen, member s  are B. A. 
Bamy r in ,  B. N. Oleini k ,  B. w .  Petley , H . Preston - Thomas , 
T. J. Qu inn ,  B. N. Taylor , B. Kr amer , and M .  Mor imura) . 
Th is Task Group has reviewed and accepted the curren t 
l i st and recommended it  for ICSU adoption. In 1973 , it 
was adopted and recommended for general internat iona l 
u se. 12 In v iew of improved measurements since that 
t ime ,  the values are be ing re-evaluated , and it is antic i­
p ated that the Task Group will recommend a new set to 
CODATA and to ICSU for formal internat ional acceptance i n  
1 9 8 3. Both the 1973 and 1983 adj ustments are two-man 
col laborat ions (E. R. Cohen and B. N. Taylor ) and not th e 
p roduct of a committee . The Ta sk Group ' s  purpose i s  to 
improve informat ion f low and to fac i l itate cooperat ion 
and acceptance by the nat ional laborator ies. 

The princ ipal lesson learned f rom th is history i s  tha t 
f undamental constants must be treated as a f ield in 
itself. I n  the ear ly days of ICSU , the total f ield o f  
science was r elat ively small  and the fundamental constants 
used were manageable by small voluntary efforts. The 
f irst l i st of accepted values was the result. As sc ience 
grew and the number of ind ividuals in different areas 
requ i r ing rel iable values for the fundamental constants 
increased , the i r  measurement , compilat ion , and uniform 
u t i l i zat ion became increasingly complex . Attempts to 
br ing the efforts togethe r fai led unt i l  the deg ree of 
d iver s i f icat ion was recogni zed and the subj ect was 
treated as a s ing le f ield . 

The committee publ icat ions , which present the • r ec� 
mended• values and only a summary of the full analys is , 
a re important in that they provide the basi s  for the 
internat ional adopt ion of a consistent set of numbers fo r 
g eneral use. There should be no impl icat ion that the 
• recommended• values are the cor r ect ones. They should 
be used only to the extent that they are useful in 
providing consistency with other data . For those wor k ing 
in the f ield of prec i s ion measurements the importance of 
the analysis  i s  not the recommended set of cons istent 
values but the space or thogonal--the residuals in the 
least-squares ad j ustment and the incons istenc ies of the 
i nput data . These are what have to be cor rected or 
explained , and thi s  i s  where the important new 
d iscover ies and understand i ng res ide. 
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