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Fine Structure of the

Hydrogen Atom

When the Nobel prizes were first
awarded in 1901, physicists knew some-
thing of just two objects that are now
called “elementary particles,” the elec-
tron and the proton. A deluge of other
“elementary” particles appeared after
1930—the neutron, neutrino, mu meson,
pl meson, heavier mesons, and various
hyperons. I have heard it said that “the
finder of a new elementary particle used
to be rewarded by a Nobel prize, but
such a discovery now ought to be pun-
ished by a $10,000 fine.”

In order to determine the properties
of elementary particles experimentally,
it is necessary to subject them to external
forces or to allow them to interact with
each other. The hydrogen atom—which
is the union of the first known elemen-
tary particles, the electron and the pro-
ton—has been studied for many years
and its spectrum has taught us much
about the electron.

Historical Developments

In 1885, Balmer found that the wave-
lengths of 14 lines of the hydrogen spec-
trum were given by a simple equation.
In 1887, Michelson and Morley discov-
ered a fine structure of some of these
lines. The quantum theory was founded
by Planck in 1900, and in 1913 Bohr
gave rules of quantization that permitted
a derivation of Balmer’s formula. Som-
merfeld showed in 1916 that the fine
structure of Bohr’s energy levels was
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caused by relativistic corrections. In
1924, de Broglie attributed wave prop-
erties to the electron, and soon a quantum
mechanics of the hydrogen atom emerged
from the hands of Heisenberg, Born, and
Schroedinger. Spin and magnetic mo-
ment of the electron were suggested by
Uhlenbeck and Goudsmit in 1925, and
their dynamical equations were worked
out by Thomas a year later. In 1928,
Dirac discovered an equation that de-
scribed an electron with wave proper-
ties, charge, spin, magnetic moment, and
a mass depending on velocity as required
by relativity theory. The energy levels of
hydrogen were given by Dirac’s theory
with high precision.

Of special interest to us are his pre-
dictions, as shown in Fig. 1, of the n=2
group of energy levels, which are 10.2
electron volts above the n=1 ground
state. The fine structure splitting 22P; ),—
22P, ,,, which according to Dirac’s theory
arises from spin-orbit interaction, agrees
exactly with the separation of the two
levels of Sommerfeld’s 1916 theory. The
exact coincidence in energy of the
22§, ,, and 22P, ,, states is a consequence
of the assumed Coulomb law of attrac-
tion between electron and proton. Any
departure from this law would cause a
separation of these levels.

Many spectroscopic studies of the hy-
drogen fine structure were made to test
the Dirac theory, but by 1940 they had
failed to establish clearly a decision,
although there was evidence strongly
supporting the theory. (We now know
that the work of Houston, 7, and Wil-
liams, 2, indicated a discrepancy that
should have been taken seriously.)

For the subsequent developments, some
chapters from my own peculiar history
may be of interest. After undergraduate
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training as a chemist, I studied theoreti-
cal physics under J. R. Oppenheimer at
the University of California from 1934
to 1938. My thesis (3) dealt with field
theories of nucleons, which predicted a
very small discrepancy from Coulomb’s
law about a proton. At Columbia Uni-
versity after 1938, I came into a close
relationship with I. I. Rabi and members
of the molecular beam laboratory. My
attention was drawn briefly to metastable
atoms (4) in connection with a proposed
atomic beam experiment. During the war,
I received at the Columbia Radiation
Laboratory some first-hand acquaintance
with microwave radar and vacuum-tube
construction techniques. One of the war-
time projects in the laboratory was the
determination (5) of the absorption co-
efficient of centimeter waves in atmos-
pheric water vapor, and my interest was
started in what was to become the very
active postwar field of microwave spec-
troscopy.

A Workable Scheme

In teaching a summer-session class in
atomic physics in 1945 with a textbook
by Herzberg (6) I found references to
some attempts (7) made in the period
1932-35 to detect absorption of short-
wavelength radio waves in a gas dis-
charge of atomic hydrogen. At first it
seemed to me that these experiments had
failed because of inadequate microwave
techniques. I thought of repeating them
with the greatly improved facilities that
had been developed during the war. On
further study, however, I realized that
atoms in a gas discharge are strongly per-
turbed and that all the n =2 states would
have nearly equal populations. Under
these conditions, there would be no ap-
preciable absorption of radio waves
caused by transitions between the three
states of interest.

It took almost a full year before a
workable scheme was clear in my mind. I
considered making use of the possible
metastability of the 22, ,, state of hy-
drogen. In the simplest terms, this state
should be long lived against radiative
transition to the ground state because a
spherically symmetrical charge and cur-
rent distribution cannot radiate accord-
ing to classical electromagnetic theory.
Nevertheless, quite a few papers be-
tween 1924 and 1933 were devoted to
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Fig. 1. Fine structure of n=2 levels of
hydrogen according to the Dirac theory.

discussion and experiment to determine
whether or not the 225, ), state was ac-
tually metastable. In 1933, Bethe (8)
showed it to be metastable only for the
atom in a region sufficiently free of elec-
tric fields. However, it was by no means
clear that the excitation of the 22§,
state could be carried out without destroy-
ing the metastability of the state. It was
still necessary to detect any interaction
of microwaves with the excited atoms,
and, as already mentioned, a direct-ab-
sorption method applied to a discharge
seemed to be out of the question. I de-
cided to try to form a beam of meta-
stable hydrogen atoms. If a radio-induced
transition to 22P,,, or 2?P;,, did take
place, the atom would lose its metasta-
bility and go in about 10-° second to the
ground state with emission of radiation.
The beam of metastable atoms would
thereby be diminished.

It had been shown in 1924 by Webb
(9) at Columbia University that meta-
stable mercury atoms could liberate elec-
trons from metals, but no one had either
produced or detected the strange meta-
stable form of hydrogen, and it was not
certain that a beam of it could be de-
tected through its ejection of electrons.

On the basis of these rather doubtful
prospects, I persuaded Retherford (10)
to attempt the experiment represented
schematically in Fig. 2. After several fail-
ures, a successful apparatus was made as
shown in Fig. 3. Molecular hydrogen is
dissociated in a tungsten oven, and a
stream of hydrogen atoms emerges from
a slit to be bombarded by electrons,
which bring about one atom in 100 mil-
lion to the metastable state. After a small
recoil deflection, the excited atoms move
on to a metal surface from which they
can eject electrons and thus be detected.
Between bombarder and detector, the
atoms are exposed to radio waves.

For several good reasons, the whole
process is carried out in a magnetic field.
The fine structure energy levels are sub-
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ject to Zeeman splitting, as shown in
Fig. 4, and the frequencies of the pos-
sible transitions depend on the magnetic
field, as shown in Fig. 5. As the magnetic
field is varied with radiofrequency and
amplitude held fixed, 2s—>2p— 1s
transitions occur, and a certain fraction
of the metastable atoms in the beam are
quenched and lose their excitation
energy. Since atoms in the ground state
are unable to eject electrons from the
detector, the electrometer current de-
creases. A typical resonance curve for
deuterium is shown in Fig. 6; a curve for
hydrogen is shown in Fig. 7. The widths
of the resonance peaks are partly due to
natural radiative decay of the 2p state
and partly to hyperfine structure, which
is just resolved for one of the hydrogen
resonarces. ,

By careful experimental study and
theoretical analysis of such resonance
curves, it is possible to determine the
energy separations 22§, ,,-22P,,, and
22P, ,,—228, ,, in zero magnetic field. The
accurate measurements by Dayhoff,
Triebwasser and Lamb (17) gave 1059.0
and 9912.6 megacycles per second for
these separations in deuterium with an
accuracy of about *0.1 megacycle per
second.
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Fig. 2. Modified schematic block diagram
of apparatus.

Studies of other fine structure states
have been made by microwave methods.
For the n=2 state of singly ionized
helium, the separations are 13 to 16 times
larger than they are for hydrogen. In the
work of Lamb and Skinner (12), no beam
of metastable ions was formed, but rather
the ultraviolet radiation emitted in the
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decay of 2p to 1s was used to detect the
transitions 2p to 2s that were induced by
microwaves. A similar method was used
in the later experiments of Deutsch (13)
on positronium, in which a transition
from the triplet to singlet state changes
the rate of emission of annihilation ra-
diation. Recently the fine structure of the
n=23 state of hydrogen was studied by
Lamb and Sanders (7/4) using analogous
microwave methods, and the fine struc-
ture of the 33P state of helium has been
determined by Lamb, Maiman, and
Wieder (15).

Departures from the Expected Pattern

Let me now tell briefly about the ex-
planation that has been given of the de-
partures from the expected fine structure
pattern for hydrogen. The heart of the
matter is that the electron does not be-
have like a point charge as implied in
Dirac’s equation, If space permitted, I
would trace the long history of attempts
to make a theory of the internal struc-
ture of electrons. This was begun by J. J.
Thomson with his calculation of electro-
magnetic mass and developed by Lorentz
using classical electromagnetic theory.

According to relativity theory, energy
and mass are proportional to one another.
In order to obtain a finite mass of the
electron on a purely electromagnetic
basis, it was necessary to assign an ex-
tended structure to the electron. Attempts.
to form a satisfactory relativistic theory
of an extended charged particle failed.

After quantum mechanics had been
applied to matter, it was used by Dirac
and by Heisenberg and Pauli to attack
the problem of the electromagnetic field
and its interaction with charged particles.
This theory had many successes. A good
account was given of the phenomena of
emission, absorption, and scattering of
radiation by matter, including the spon-
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Fig. 3. Cross section of second apparatus: a, tungsten oven of hydrogen dissociator; b,
movable slits; ¢, electron bombarder cathode; d, grid; e, anode; f, transmission line; g,
slots for passage of metastable atoms through interaction space; A, plate attached to center
conductor of radiofrequency transmission line; i, direct-current quenching electrode; j,
target for metastable atoms; k, collector for electrons ejected from target; I, pole face of
magnet; m, window for observation of tungsten oven temperature.
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Fig. 4 (Left). Zeeman energy levels with the 2°S1/, pattern raised
by 1000 megacycles per second. Fig. 5 (Right). Expected resonance ,
frequencies as functions of magnetic field with the 2°Sy/» state raised 0 1000

by 1000 megacycles per second.

taneous radiation postulated by Einstein
in 1917. From the quantum electrody-
namical point of view, spontaneous emis-
sion could be regarded as emission
stimulated by the quantum zero-point
fluctuations in the electromagnetic fields
in the vacuum or lowest energy state.

When, however, the energy of inter-
action of an electron with the quantized
electromagnetic field was calculated by
Oppenheimer (16) in 1930, a meaning-
less result was obtained. According to this
theory, not only was the energy infinite,
but the frequencies of all spectral lines
were displaced by an infinite amount
from the values predicted without con-
sideration of radiative interactions. It
was pointed out by Weisskopf in 1934
(17) that this ultraviolet catastrophe
could be ascribed to the afore-mentioned
zero-point fluctuations in the vacuum
electromagnetic field. These fluctuations
were needed if the correct spontaneous
emission was to occur, and yet they led
to violent disagreement with observa-
tions in other respects. The theory of
electromagnetic energy remained in this
highly unsatisfactory state until May
1947, when the fine structure deviations
were definitely established experimen-
tally.
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A month later, Bethe (18) found that
quantum electrodynamics had really hid-
den behind its divergences a physical
content that was in very close agreement
with the microwave observations. The
crucial step due to Bethe was a successful
application of the very old idea of re-
normalization of mass. The quantum
theory of radiation predicted that a free
electron should have an infinite mass.
Some explanation therefore had to be
found for the observed fact that the mass
was finite. Bethe recognized that this was
outside the scope of the theory at that
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Fig. 6. Observed resonance curves for
deuterium.
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time and simply ignored the electromag-
netic mass difficulty. For an electron
bound in a hydrogen atom, an infinite
energy also occurs, but this was merely
a manifestation of the infinite electro-
magnetic mass that should be eliminated
in some future theory. With the mass
terms properly subtracted, a finite re-
mainder is obtained that would be zero
for a free electron. In the case of a bound
electron, the force field modifies the effect
of the electromagnetic field, and a finite
displacement of energy levels results that
is in quite good accord with observation.
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Fig. 7. Observed resonance curves for
hydrogen.
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A qualitative picture of the level shift
was given by Welton (19) in 1948. The
fluctuating zero-point electric field of the
quantized vacuum acts on an electron
bound in a hydrogen atom. As a result,
the electron is caused to move about its
unperturbed position in a rapid and
highly erratic manner. The point electron
effectively becomes a sphere of a radius
almost 10-12 centimeter. Such an elec-
tron in a hydrogen atom is not so strongly
attracted to the nucleus at short distances
as a point electron would be. States of
zero orbital angular momentum such as
228, ,, are therefore raised in energy
relative to other states such as 22P in
which the electron has a smaller proba-
bility of being found near the nucleus.

In 1949, a relativistic generalization
of Bethe’s calculation was given by Kroll
and Lamb (20), which made his results
definite. They confirmed additional small
contributions of 27 megacycles per sec-
ond arising from polarization of the
vacuum as calculated in 1935 by Uehling
(21) on the basis of Dirac’s theory of
the positron, and of 68 megacycles per
second from the anomalous magnetic
moment of the electron as suggested by
Breit (22) in 1947. Other small correc-
tions have been calculated by various
authors, of which the largest was about 7
megacycles per second made by Baranger

(23) who took the binding of the elec-
tron more exactly into account. At the
present time, there is an unexplained
residual discrepancy of 0.5 megacycle per
second.

Conclusions

It is very important that this problem
should receive further experimental and
theoretical attention. When an accuracy
of comparison of 0.1 megacycle per sec-
ond has been reached, it will mean that
the energy separations of the 2§ and 2P
states of hydrogen agree with theory to a
precision of a few parts in 10° of their
binding energy or that the exponent in
Coulomb’s law of force is 2 with a com-
parable accuracy. Another way of put-
ting it is to say that the anomalous
magnetic moment of the electron would
be determined with an accuracy of 1 part
in 680, which would provide a useful
check on Kusch’s more directly measured
result (24). Finally, I might mention
that the fine structure doublet separation
now, provides the most accurate and
direct determination of the famous di-
mensionless number called the fine struc-
ture constant, whose numerical value of
about 1/137 it will be the task of some
future theory to explain.

U. S. Geological Survey
Radiocarbon Dates 111

Meyer Rubin and Hans E. Suess

The following list (Table 1) covers
radiocarbon dates measured at the U.S.
Geological Survey radiocarbon labora-
tory during the period between 15 Feb-
ruary and 30 June 1955 (7). From 15
October 1954 to 14 February 1955, meas-
urements on modern materials were
made, the results of which have ap-
peared in a separate article (2). The ex-
perimental procedure has remained the

Mr. Rubin, a Pleistocene geologist with the U.S.
Geological Survey, is present head of the Survey’s
radiocarbon laboratory. Dr. Suess, former head of
the Survey’s radiocarbon laboratory, is a research
geochemist at Scripps Institution of Oceanography.
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same (3), and the ages have been com-
puted in the same manner as before (4,
5). Most of the 69 samples in this list
have been measured in the two counting
sets for a total of 3 days each.

Whereas previous efforts were directed
toward the establishment of an absolute
chronology for the last glaciation from
evidence in midwestern United States,
we have now concentrated to a greater
extent on samples from other parts of
the world and have also included mate-
rial that dates events in postglacial times.

Two additional deep-sea cores, for
which the temperature as determined by
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oxygen-18 analysis as a function of depth
had been measured, were investigated
during this period. The results corrobo-
rated those previously reported (5).

With respect to the archeological sam-
ples, one general observation may be
made: in three caves investigated thus
far (Haua Fteah, Shanidar, and Kara
Kamar), no datable culture deposits
with an age between 13,000 and 23,000
years have been present. This may per-
haps indicate a low human population
during the time of the maximum extent
of the last glaciation. Evidence from the
fourth cave (Bockstein) is inconclusive
because the completeness of the strati-
graphic sequence is in question.

An attempt was made to date the im-
portant Brady horizon of the Great
Plains Wisconsin glacial stage sequence,
which represents a soil-forming period.
The results are inconclusive. Two addi-
tional samples relating to the Cochrane
readvance in Ontario, Canada, were
analyzed. These, and the samples previ-
ously run (W-176 and W-136) (5, p.
485) imply that the area was under a
cover of ice from before 38,000 years
ago until somewhat before 6380 years
ago.
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