Discovery of the positron by Anderson,1932
Cosmic rays traversing a cloud chamber

Super-
saturated
water
vapor

Pb plate

Fi1G. 1. A 63 million volt positron (Hp = 10 gav m) p ng through a 1 lead plate
and emerging as a 2! mi ion \'ul itron (H /10 g R ) The I gtl t l l atter path
is at least ten times greater than th ; »ssible ler 5 th of a A pr p ath of this ature,
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Av=1058 MHz = 0.035 cm-1
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Deviations from Dirac theory observed by Houston and
Williams

Williams Phys.Rev. 54.558 (1938)

Dirac Theory

v=0.364 cm! (f=10.9 GHz)

A=2.74 cm (micro-wave)

Note: 1/\ = f[GHZz]/29.97 [cm]

41 3

2 3>
V- 10° ecm
—108—{36 ———3 28 —%—/08 1

F1G. 1. Theoretical fine structure of He.
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from Willlams Phys.Rev. 54.558 (1938)

TABLE 1. Recent measurements of the doublet interval in

Ha and Dea.
n — 3 tO n — 2 I S H a ' ‘DOUBLET INTERVAL IN CM ™!
INVESTIGATOR 0. T Hea ga
Houston and Hsieh! 0.312
Williams and Gibbs? 0.304
Kopfermann? '
Spedding, Shane and Grace! 1934 0.314
Williams and Gibbs Dec. 1934 . 0.314
- (Udnptslblished) 1037 .
. 1leyden
Da deuterium
] [ L] 1 ..
ine broadening is mostly o i, P, R 5 0% OOy
Zé{ olgfi'rmansri{ Naturcviv iés' 2 1%%18 (1%34)'47 38 (1935)
edding, ne and Grace, s. Rev. 47, .
doppler @100K } Spedding, Shans and Crace, Phye, Revs:

TR it 1) WAy

F1G. 3. Interferometer fringes of Da obtained with a 5 mm
é¢talon spacing.

5mm = Av 1 cm-?

F1G. 4. Microphotometer tracing of part of the fringe
pattern shown in Fig. 3.
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Pasternak (1938) suggested that these results
could be 2512 2P12 splitting of 0.03 cm-1 .
However, most attributed discrepancies with Dirac

to Impurities in the source.

Ha both 1(3Dgj2-2P1/2)/I(3P3/2-251/2)=2.4

0.344
0.330
0.330

Houston and Hsieh, Phys. Rev. 45, 263 (1934)

H~y Hé

0.353 0.358
0.339 0.345
0.339 0.343

3rd row: 2S level displacement of 0.030 cm -

M. Gold
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Houston and Hsieh, Phys. Rev. 45, 263 (1934)

TABLE 1.

Av (cm™)

0.3298 4-0.0004
3388+ .0004
3451+ .0006
3506+ .0006

do (mm)

7.58 +0.01
7.38 &+ .01
7.245+ .015
7.13 £+ .015

The method of measurement we have used is
not directly applicable to Ha, and so we have
not given much attention to it. We have, how-
ever, made five measurements of three plates
in the ordinary fashion, and have obtained
Ay=0.3171+0.0020. On the other hand, with
an interferometer separation of 7.91 mm the
minima were far from being equal. A rough
estimate indicates that the minima would be
equal at about 8.1 or 8.2 mm. If this could be
applied directly to determine the separation of
the centers of gravity of the lines, the separation
would be 0.3086 or 0.3049. Of course this direct
application is not justified in the case of He,
but the graphical analysis based on the theo-
retical form of this line, indicated that these
results need to be increased by only about one
percent to get the correct separation. Hence we
must conclude that the method of direct visual

measurement gives results which are too large,
at least for this line. This is not difficult to
understand, since the peak of the line stands
out much more on a plate than does the weaker
companion, and so the measurement tends to be
of the strong lines, rather than of the center of
gravity. We hope to make a further analysis of
Hea immediately, but this observation explains
the difference between our present results and
previous work on these doublets.

DiscussioN OF THE RESULTS

Table II shows the position and the intensity
of each of the components of the first five
members of the Balmer series, as computed from
the present theory, without the inclusion of the
effect of a nuclear magnetic moment. The posi-
tions are those given by Sommerfeld’s formula,
which gives the energy levels permitted by
Dirac’s theory. The intensities are calculated by
the methods of Sommerfeld and Unsold. ¢ For
small atomic numbers, this method gives the
same results as a more rigorous calculation with
relativistic functions.

6 Saha and Banerji, Zeits. f. Physik 68, 704 (1931), get
the same results from Dirac’s relativistic theory.
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Fine Structure of the Hydrogen Atom by a Microwave Method* **

WiLLis E. Lamg, Jr. AND ROBERT C. RETHERFORD
Columbia Radiation Laboratory, Department of Physics, Columbia University, New York, New York

(Received June 18, 1947)

HE. spectrum of the simplest atom, hydro-
gen, has a fine structure! which according
to the Dirac wave equation for an electron
moving in a Coulomb field is due to the combined
effects of relativistic variation of mass with
velocity and spin-orbit coupling. It has been con-
sidered one of the great triumphs of Dirac’s
theory that it gave the ‘‘right” fine structure of
the energy levels. However, the experimental
attempts to obtain a really detailed confirmation
through a study of the Balmer lines have been
frustrated by the large Doppler effect of the lines
in comparison to the small splitting of the lower
or n= 2 states. The various spectroscopic workers
have alternated between finding confirmation? of
the theory and discrepancies® of as much as eight
percent. More accurate information would clearly
provide a delicate test of the form of the correct
relativistic wave equation, as well as information
on the possibility of line shifts due to coupling of
the atom with the radiation field and clues to the
nature of any non-Coulombic interaction between
the elementary particles: electron and proton.
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radar technology

During World War II, Willis worked on radar at Columbia. That expertise, together
with his deep knowledge of quantum theory, put him in a good position to carry
out his famous level-shift (that is, the Lamb shift) measurements in the hydrogen
atom shortly after the war.

February 1940, Great Britain developed the

, capable of producing microwave power in the
Kilowatt ranlnge, opening the path to second-generation
radar systems...... Bell Labs was able to duplicate the
performance, and the at MIT was
established to develop microwave radars. (Wikipedia)
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https://en.wikipedia.org/wiki/Cavity_magnetron
https://en.wikipedia.org/wiki/Cavity_magnetron
https://en.wikipedia.org/wiki/Radar_in_World_War_II#cite_note-4
https://en.wikipedia.org/wiki/Radiation_Laboratory

Lamb Nobel 1955
a,b,c,d m=3/2,1/2,-1/2,-3/2

——AE

wf M=1/2-12

) ‘ e, m=1/2,-1/2 o

Electric dipole atomic transition rules:

Al=1-1 Ami=1,0,-1 As=0 allowed T ~ ns

Al =1,0,-1 2S1o01S512 T=1/7s
Micro-wave induced transitions:

atoa,b,c ptob,c,d atoe qtof
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schematic of apparatus

A=2.4-18.5 cm
|

T

r"l N

Electron tunable
beam 1 ...10 GHz

The excited atoms passed through a region containing both microwave radiation and an
adjustable magnetic field, and then hit a metal foil. The excited atoms (2S1,2) would,
upon hitting the foil, drop back to the ground state emitting electrons that the team
could detect as a current. The key to the experiment was that if the magnetic-field-
induced energy difference between the two states was equal to the energy of the
microwave photons, then the long-lived 25,2 state would absorb a photon and turn into

to the short-lived P-state. These atoms would drop back to the 1S;2 ground state before
reaching the target, and the current in the detector would essentially vanish.

M. Gold physics 522, Spring 2025



Lamb Nobel 1955

FINE STRUCTURE OF THE HYDROGEN ATOM

Y

/

70 electrometer
Hydrogen
inlet

Magnet poie piece

R
4 e e e e e

Fig. 3. Cross section of second apparatus: (z) tungsten oven of hydrogen dissociator,
(b) movable slits, (c) electron bombarder cathode, (d) grid, (e) anode, (f) transmission
line, (g) slots for passage of metastable atoms through interaction space, (h) plate
attached to center conductor of r-f transmission line, (1) d.c. 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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Fi1G. 1. A typical plot of galvanometer deflection due to
interruption of the microwave radiation as a function of
magnetic field. The magnetic field was calibrated with a
flip coil and may be subject to some error which can be
largely eliminated in a more refined apparatus. The width
of the curves is probably due to the following causes:
(1) the radiative line width of about 100 Mc/sec. of the 2P
states, (2) hyperfine splitting of the %S state which amounts
to about 88 Mc/sec., (3) the use of an excessive intensity
of radiation which gives increased absorption in the wings
of the lines, and (4) inhomogeneity of the magnetic field.
No transitions from the state 22Si(m= —31) have been
observed, but atoms in this state may be quenched by
stray electric fields because of (the more nearly exact degen-
eracy with the Zeeman pattern of the 2P states.

Lamb, 1947
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Lamb, 1947

F1G. 2. Experimental values for resonance magnetic
fields for various frequencies are shown by circles. The
solid curves show three of the theoretically expected
variations, and the broken curves are obtained by shifting
these down by 1000 Mc/sec. This is done merely for the
sake of comparison, and it is not implied that this would
represent a ‘‘best fit.”” The plot covers only a small range
of the frequency and magnetic field scale covered by our
data, but a complete plot would not show up clearly on a
small scale, and the shift indicated by the remainder of
the data is quite compatible with a shift of 1000 Mc.

2S1/2 =2P32 shifted down from
expected it 251/2,2P12 were
degenerate, implying
E(2512)>E(2P4/2) by 1000MHZz
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Lamb Nobel 1955
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The Electromagnetic Shift of Energy Levels

H. A. BETHE
Cornell University, Ithaca, New York

(Received June 27, 1947)

Y very beautiful experiments, LLamb and
Retherford! have shown that the fine struc-

ture of the second quantum state of hydrogen
does not agree with the prediction of the Dirac
theory. The 2s level, which according to Dirac’s
theory should coincide with the 2p; level, is
actually higher than the latter by an amount of
about 0.033 cm™! or 1000 megacycles. This
discrepancy had long been suspected from spec-
troscopic measurements.>® However, so far no
satisfactory theoretical explanation has been
given. Kemble and Present, and Pasternack* have
shown that the shift of the 2s level cannot be

! Phys. Rev. 72, 241 (1947).

2W. V. Houston, Phys. Rev. 51, 446 (1937).

3 R. C. Williams, Phys. Rev. 54, 558 (1938).

1 E. C. Kemble and R. D. Present, Phys. Rev. 44, 1031
(1932); S. Pasternack, Phys. Rev. 54, 1113 (1938).

explained by a nuclear interaction of reasonable
magnitude, and Uehling® has investigated the
effect of the ‘‘polarization of the vacuum’ in the
Dirac hole theory, and has found that this effect
also 1s much too small and has, in addition, the
wrong sign.

Schwinger and Weisskopf, and Oppenheimer
have suggested that a possible explanation might
be the shift of energy levels by the interaction of
the electron with the radiation field. This shift
comes out infinite in all existing theories, and has
therefore always been ignored. However, it is
possible to identify the most strongly (linearly)
divergent term in the level shift with an electro-
magnetic mass effect which must exist for a bound
as well as for a free electron. This effect should

5 K. A. Uehling, Phys. Rev. 48, 55 (1935).
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