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Metrology with Simple 
Atoms: Fundamental 
Constants of Physics
Massimo Inguscio and Marco Prevedelli 
University of Florence, Italy

European laboratories are leading in 
research where methods of laser 
spectroscopy are applied to the study 
of simple atoms. Ultra precise 
measurements and a comparison with 
accurate theoretical calculations allow 
the determination of fundamental 
quantities such as the Rydberg constant 
Ry, the fine structure constant a and the 
r.m.s. charge radius of the proton rp. 
Stringent tests of QED for bound 
systems have also been performed
Over the last few years rapid advances in 
non-linear optics, optical frequency 
metrology and laser stabilisation tech
niques have stimulated ultra-high resolu
tion spectroscopic measurements at wave
lengths not accessible in the past. Direct

Fig 1 Recording of the two photon 
transitions on rubidium on which 
the new optical frequency standard 
developed in Paris is based

comparison of optical frequencies with 
the caesium frequency standard can lead 
to a resolution Av/v of the order of 1013. 
However, these experiments pose formida
ble technical challenges, and it is only 
worthwhile to work on them if the fre
quency for the transitions to be measured 
can be computed with comparable accura
cy from first principles. In that case, most 
of the amazing experimental accuracy can 
then be transferred to fundamental con
stants. Alternatively, the experiment can 
be considered as a stringent test of theory. 
The requirement for high theoretical accu
racy basically excludes all but the simplest 
atoms, ie hydrogen and helium.

Hydrogen Experiments
Recent accurate two-photon spectroscopy

on the hydrogen atom reduced the relative 
uncertainty in the determination of the 
Rydberg constant Ry, which determines 
the natural energy scale of atomic and 
molecular physics, by a factor of 300 over 
the last two decades. This progress is 
almost entirely due to efforts by the 
groups of the Ecole Normal Supérieure in 
Paris (F. Biraben, B. Cagnac and L. Julien) 
and at the Max Planck Institute for 
Quantum Optics in Garching 
(T.W. Hänsch, previously at Stanford).

In Paris the frequencies of 2S-«S or 2S- 
nD two-photon transitions with n around 
10, are studied. These transitions conve
niently fall within the range of continuous 
wave Ti:Sapphire lasers. The main advan
tage of these transitions is that the uncer
tainty introduced by QED and finite

atoms, to name just a few of these develop
ments.

One of the most striking consequences 
of the wave-like behaviour of atomic mat
ter is the observation of interference 
effects with atoms. Similar to light in regu
lar optical interferometry an atomic wave 
packet can take two separate paths from 
the input port of an atom interferometer 
to its output port. Depending on the phase 
difference experienced between the two 
legs constructive or destructive interfer
ence can be observed. A continuous 
change in the phase difference causes a 
periodic change between both cases, lead
ing to interference fringes. Besides impor
tant studies concerning the very nature of 
quantum mechanics, atomic physics and 
quantum optics, atom interferometers are 
already in use as highly sensitive measure
ment instruments. In addition to the real
ization of a new generation of atomic 
clocks, atom interferometers can be used 
to study a broad range of external poten
tials acting on atoms, one example being 
an interferometer capable of measuring

variations in Earth’s gravity with a resolu
tion of Ag/g of the order of 10-9.

Atomic physics is clearly one of the 
branches of physics that profited the most 
from the invention of the laser. The field of 
controlled manipulation of atoms wouldn’t 
have evolved anywhere close to its present 
stage if laser light had not been at hand. As 
described above, laser manipulation is one 
of the key ingredients in revealing the 
wave-like behaviour of atomic matter, also 
manifesting itself so impressively in the 
observation of Bose-Einstein condensa
tion. A condensate has already been used 
as a reservoir for a pulsed laser-like source 
of atoms. The same leap forward that was 
caused by switching from ordinary light 
sources to laser light is expected to occur 
with the development of a continuous- 
wave laser-like source of atoms. Laser 
manipulation of atoms will have the 
opportunity of paying back all the benefits 
it received from regular lasers by develop
ing laser-like atoms sources which may 
find similarly fruitful applications in other 
branches of physics.
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nuclear size effects are small. As these 
effects scale as n-3 only a modest theoreti
cal accuracy is required for the upper lev
els, whereas a precise experimental value 
is available for the 2S Lamb shift.
Technical progress towards a pure fre
quency measurement involved the devel
opment of a now widely applied sec
ondary frequency standard in the visible, 
using the 5S1/2 - 5D.5/2 two-photon transi
tion in Rb at 778 nm (figure 1). In the most 
recent experiment the 2S-8D transition at 
770 THz in hydrogen and 
deuterium were investigated, 
resulting in a 10 uncertainty 
of less than 5 kHz. The final, 
impressive value for the 
Rydberg constant is:
Ry = 10 973 731-568 59 (10) m-1
The uncertainties due to fre
quency measurement and 
Lamb shift calculations are 
about equal (6.4X10-12  and 
7.7X10-12 respectively) so fur
ther progress needs both 
theoretical and experimental 
improvements.

At Garching the two-pho- 
ton 1S-2S transition has been 
studied. This research was 
started by T.W. Hansch more 
than twenty years ago; 
recently his group succeeded in the first 
pure frequency measurement of this 
ground state transition both for hydrogen 
and deuterium. This transition is most 
sensitive to effects not included in the 
Dirac theory. The 1S Lamb shift is about 1 
Ghz, whereas the shift induced by the 
finite size of the proton is ~o.5 Mhz. The 
study of the 1S-2S transition, which is 
complementary to the study performed by 
the Paris group, required the development 
of a powerful source of highly monochro
matic ultraviolet radiation at 243 nm. 
Thanks to the growth of high-quality, 
non-linear crystals such a source recently 
became possible. Using the coldest atoms 
of a beam of hydrogen atoms at a temper
ature of 6K the transition was recorded 
with a FWHM of less than 1 Khz at a fre
quency of 2466 Thz. Although the natural 
linewidth is still three orders of magni
tude smaller, this result determines a new 
record in high resolution optical spec
troscopy. The experimental value for the 
transition frequency, eliminating hyper- 
fine structure contributions, is:

vls - v2s = 2 446 061 413 187.34 (84) kHz 
with a relative uncertainty as low as 
3.4X1014. Combining the Garching and 
Paris results improves the value of Ry by a

further 10 per cent, and a highly precise 
value for the 1S Lamb shift can be 
deduced:

L1 = 8 172.876 (29) MHz 
Alternatively, assuming QED calculations 
to be correct, the r.m.s. radius of an ele
mentary particle, the proton, can be deter
mined:

rp = 0.890 (14) fm
This last result shows how a small-sized 
experiment in atomic physics can measure 
properties of elementary particles.

Fig 2Third derivative measurement and fit for the J =  2, 
J =  0 fine structure interval of the 2 3P level in helium

Helium Experiments
The helium atom can now compete with 
the hydrogen atom for the measurement 
of fundamental constants. This is due 
both to improvements in experiment and 
theory. For many years laser spectroscopy 
of He was limited to excitations from 
metastable atoms only because the 1 ‘S - 2 
'P transition at 58 nm was out of reach 
for laser sources. Recently, the group of 
W. Hogervorst at the Vrije Universiteit in 
Amsterdam succeeded in generating the 
10th harmonics of a narrowband 584 nm 
dye laser. They recorded the ground state 
transition with a linewidth of 600 Mhz 
(natural width 300 Mhz) and measured 
the absolute frequency for the 1 ‘S - 2 'P 
transition with an accuracy of 45 Mhz. 
This corresponds to a Av/v of 9X10-9. The 
theoretical frequency, which includes a 1 
1S Lamb shift-contribution of about 
41 Ghz and is calculated with an accuracy 
of 35 Mhz, is in good agreement with 
experiment.

The helium atom also can be used to 
accurately determine the fine structure 
constant a. Theory now claims an accura

cy of 15 kHz (possibly 1 kHz can be 
reached) in the calculation of the fine 
structure intervals in the 2 3P level. A pre
cision measurement of the fine structure 
splitting (about 30 Ghz) and comparison 
with theory then gives a value of a with 
an accuracy comparable to results form 
other branches of physics. In Florence we 
observe the 2 3S - 2 3P transition at 
1083 nm, now conveniently accessible with 
diode lasers. The precision in the mea
surement of fine structure intervals so far 

is about 2.5 kHz. A typical 
example of an experimental 
signal is shown in figure 3. 
Further work is in progress 
to analyse systematic 
effects.

In conclusion, high res
olution spectroscopy of 
simple atoms can provide 
highly precise values for 
fundamental constants. 
These results are of broad 
interest even outside the 
spectroscopic community.
In particular it has been 
demonstrated that quanti
ties usually considered to be 
part of the realm of particle 
physics, such as rp, can be 
accurately determined with 

tabletop-sized experiments. These experi
ments, although highly specialised, have 
produced technological breakthroughs 
which are of general use in non-linear 
optics and optical metrology.

Frequency Standard 
The frequency standard for the 1S-2S 
two-photon transition in hydrogen is 
derived from the well known He-Ne laser 
line at 3.39 micrometers, stabilised on 
methane. Its 28th harmonic nearly coin
cides with the 1S-2S transition frequen
cy - nearly in this case is 2.1 Thz, which is 
too large to be measured with conven
tional techniques.The optical frequency 
divider was introduced for this purpose. 
Given two lasers with frequencies v, and 
v2 it is posssible to stabilise a third laser 
exactly halfway, so that v3 = (v1 + v2)/2. 
By cascading successive stages the value 
of v1 - v2 can be determined from v1 - vn', 
which can be made arbitrarily small and 
can be compared to an rf source. These 
optical divider stages, together with 
optical comb generators, wil probably 
lead to a revolution in the field of optical 
metrology
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