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photoelectric effect”
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In fact, it secems to me that the observations on “black-body
radiation”, photoluminescence, the production of cathode rays by
ultraviolet light and other phenomena involving the emission or
conversion of light can be better understood on the assumption
that the energy of light 1s distributed discontmuously 1n space.
According to the assumption considered here, when a light ray
starting from a point 1s propagated, the energy 1s not con-
tinuously distributed over an ever increasmg volume, but i1t
consists of a finite number of energy quanta, localised in space,
which move without being divided and which can be absorbed or
emitted only as a whole. -
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THE

PHYSICAL REVIEW

A QUANTUM THEORY OF THE SCATTERING OF X-RAYS
BY LIGHT ELEMENTS

By Artaur H. Coupron

ABSTRACT

A quantum theory of the scattering of X-rays and v-rays by light elements.
—The hypothesis is suggested that when an X-ray quantum is scattered it
spends all of its energy and momentum upon some particular electron. This
electron in turn scatters the ray in some definite direction. The change in
momentum of the X-ray quantum due to the change in its direction of propaga-
tion results in a recoil of the scattering electron. The energy in the scattered
quantum is thus less than the energy in the primary quantum by the kinetic
energy of recoil of the scattering electron. The corresponding increase in the
wave-length of the scattered beam is dg — hp = (2h/mc) sin? 18 = 0.0484 sin® 4,
where h is the Planck constant, m is the mass of the scattering electron, ¢ is
the velocity of light, and # is the angle between the incident and the scattered
ray. Hence the increase is independent of the wave-length. The distribution
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Figure 2 | Electron energy/ion energy and ion energy/angle correlation maps for the dissociative 6* and bound Rydberg core-excited states.

a, Dissociative ¢* state: the (Eq), Eion) correlation between Auger electron kinetic energy E. and ion kinetic energy E;,, exhibits a slope approximately two
times steeper for the atomic peak (AP) than for the molecular band (MB); dashed lines are drawn to guide the eye. For the molecular band this correlation
follows the law £, + 2, =hw —hwg — (k?/2m) = kucos® = const., because the Doppler shift is small compared with the large width of the molecular band
(AE, =10 eV). b, Bound Rydberg 16;‘4[)5“ state: the (Eq), Eion) correlation for the molecular band. ¢, Dissociative ¢* state: the (Ein, @) correlation, where @ is
the angle between the momenta of the Auger electron and of the ion, reflects the Doppler effect. The observed slope for the atomic peak is two times larger
than for the molecular band. This is due to the site-dependent momentum exchange for the atomic peak, while for the molecular band the momentum
transferred to the whole molecule is shared equally by both sites. This results in a Doppler shift that is half that observed for the atomic peak:

Eipn = (hw - hw;‘é - E, = (k?/2m))/2 - (kucos®)/2. d, Bound Rydberg 15; 4po, state: the slope of the observed (i, 8) correlation for the molecular band is
similar to that for the dissociative 6* state in c.
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The Nobel Prize in Physics 1937

"for their experimental discovery of the diffraction of electrons by crystals"

Clinton George
Joseph Paget
Davisson Thomson
1/2 of the 1/2 of the
prize prize
USA United
Kingdom
Bell London

Telephone University
Laboratorie London,

S United
New York, Kingdom
NY, USA

b. 1881 b. 1892
d. 1958 d. 1975
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On the statistical aspect of electron interference phenomena

bh)

P. G. Merli

306
CNR-LAMEL, Bologna, Italy

Am. J. Phys. Vol. 44, No. 3, March 1976

G. F. Missiroli and G. Pozzi

CNR-GNSM, Istituto di Fisica, Laboratorio Microscopia Elettronica, Bologna, Italy
(Received 29 May 1974; revised 17 October 1974)

a b
c d
e f

Fig. 1. (a—f) Electron interference fringe patterns filmed from a TV
monitor at increasing current densities.



Demonstration of single-electron buildup of an interference pattern

A. Tonomura, J. Endo, T. Matsuda, and T. Kawasaki
Advanced Research Laboratory, Hitachi, Ltd., Kokubunji, Tokyo 185, Japan

H. Ezawa
Department of Physics, Gakushuin University, Mejiro, Tokyo 171, Japan

(Received 17 December 1987; accepted for publication 22 March 1988)

The wave-particle duality of electrons was demonstrated in a kind of two-slit interference
experiment using an electron microscope equipped with an electron biprism and a position-
sensitive electron-counting system. Such an experiment has been regarded as a pure thought
experiment that can never be realized. This article reports an experiment that successfully
recorded the actual buildup process of the interference pattern with a series of incoming single
electrons in the form of a movie.

117 Am. J. Phys. 57 (2), February 1989
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BETRNETPRERF: (a) 1041H
¥; (b) 1004\%¥; (C) 3000/'\EE‘ Interference
Fs  (d) 200004 E#F; (e) 70000 vavern’ / LT )

l EEl 3 Fig. 3. Electron-optical diagram of the interference experiment.
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FIG. 3. Scanning-electron-microscope pictures of the mi-
crofabricated transmission structures, with the slit structures in
the vertical direction and the support gratings in the horizontal
direction: (a) entrance and detection slit (slit width s;=2
um); {(b) double slit (slit width s;=1 um and slit separation
d =8 um); (c) detection grating (grating periodicity 8 um).

The 100-gm scale is the same for all three pictures.
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FIG. 2. Schematic representation of the experimental setup:
nozzle system and gas reservoir N; electron impact excitation
EE; entrance slit A, double slit B, and detector screen C;
secondary electron multiplier SEM (mounted together with C
on a translation stage). Dimensions: d =8 ym, L =L'=64 cm;
slit widths: s, =2 ym, s;=1 pgm.
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FIG. 5. Atomic density profile, monitored with the 8-um
grating in the detector plane, as a function of the lateral grat-
ing displacement. The dashed line is the detector background.
The line connecting the experimental points is a guide to the
eye.

O. Carnal and J. Mlynek, Young’s double —slit experiment with atoms: a simple atom interferometer,

Phys. Rev. Lett. 66, 2689(1991)



Quantum interference experiments with large molecules

Olaf Nairz,®) Markus Arndt, and Anton Zeilinger”
Institut fur Experimentalphysik, Universitat Wien, Boltzmanngasse 5, A-1090 Wien, Austria

(Received 27 June 2002; accepted 30 October 2002)
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grating ionizing
100 nm laser detector
ahapper 1.04 m
v Fig. 2. The fullerene molecule Cg,, consisting of 60 carbon atoms arranged
'-'! ey in a truncated icosahedral shape. is the smallest known natural soccer ball.
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Fig. 6. Far-field diffraction of Cy using a thermal beam of v =200 m/s with
a velocity spread of Av/v~60%. The absence of higher order interference
fringes is due to the poor spectral coherence.

Fig. 7. Far-field diffraction of Cg, using the slotted disk velocity selector.
The mean velocity was v =117 m/s, and the width was Av/v~17%. Full
circles represent the experimental data. The full line is a numerical model
based on Kirchhoff—Fresnel diffraction theory. The van der Waals interac-

tion between the molecule and the grating wall is taken into account in form M Amdt, O NaIrZ, J WOSS'Andreae, C Le”er, G van del'
a reduced slit width. Grating di (holes) additionally ibi I T
zir';trlfotiflzr.su idth. Grating defects (holes) additionally contribute to the ZOUW, and A Zel|lngel‘, Na.ture, 401,680'682 (1999)
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The Nobel Prize in Physics 1932

"for the creation of quantum mechanics, the application of which has, inter
alia, led to the discovery of the allotropic forms of hydrogen"

Werner Karl Heisenberg

Germany

Leipzig University
Leipzig, Germany

b. 1901
d. 1976




Paul Adrien Maurice Dirac

Erwin Schrddinger

The Nobel Prize in Physics 1933
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A. Piccard, E. Henriot, P. Ehrenfest, Ed. Herzen, Th. De Donder, E. Schrodinger, E.
Verschaffelt, W. Pauli, W. Heisenberg, R.H. Fowler, L. Brillouin
P. Debye, M. Knudsen, W.L. Bragg, H.A. Kramers, P.A.M. Dirac, A.H. Compton, L. de
Broglie, M. Born, N. Bohr
|. Langmuir, M. Planck, Mme. Curie, H.A. Lorentz, A. Einstein, P. Langevin, Ch. E. Guye,
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The Nobel Prize in Physics 1954

"for the coincidence method
and his discoveries made
therewith"

"for his fundamental research in
guantum mechanics, especially for
his statistical interpretation of the

wavefunction® Max Born Walther Bothe

1/2 of the prize 1/2 of the prize

United Kingdom Federal Republic 4
of Germany 1

Edinburgh University of
University Heidelberg;
Edinburgh, Max-Planck-
United Kingdom Institut fir
medizinische
b. 1882 Forschung
(in Breslau, then Heidelberg,
Germany) Federal Republic
d. 1970 of Germany
b. 1891

d. 1957
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The Nobgl Prize in Physics 1986
“for his fundamental work **for their design of the

In electron optics, and for scanning tunneling
the design of the first mjcroscope"
electron microscope""

Ernst Ruska Gerd Binnig Heinrich Rohrer
1/2 of the prize 1/4 of the prize 1/4 of the prize

Federal Republic of Germany Federal Republic of Germany Switzerland
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