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Demonstration of single-electron buildup of an interference pattern
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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.

L. INTRODUCTION

The two-slit interference experiment with electrons is
frequently discussed in textbooks on quantum mechanics,
and is referred to as “impossible, absolutely impossible to
explain in any classical way, and has in it the heart of quan-
tum mechanics.” ' In this experiment (see Fig. 1), elec-
trons incident on a wall with two slits pass through the slits
and are detected one by one on a screen behind them. Accu-
mulation of successive single electrons detected at the
screen builds up an interference pattern. According to the
interpretation in quantum mechanics, a single electron can
pass through both of the slits in a wave form called *“proba-
bility amplitude’ when the uncertainty of the electron po-
sition in the wall plane covers the two slits, and when no
observation is made of the electron at either one of the slits.
The electron is then detected as a particle at a point some-
where on the screen according to the probability distribu-
tion of the interference pattern. However, if the electron is
caught when passing through the slits, it takes place at ei-
ther one of the two slits, never both, and the probability
distribution on the screen will be completely different.

Although in textbooks this experiment is talked about as
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a matter of fact, “this experiment has never been done in
Jjust this way, since the apparatus would have to be made on
an impossibly small scale,” as Feynman points out.' How-
ever, this is not necessarily true. In fact, several attempts
have been made up to now; Zeilinger et al.? confirmed the

Electrons Two slits Screen

NIRRT

Fig. 1. Two-slit electron interference experiment.
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formation of the neutron interference pattern, just as quan-
tum mechanics predicts, by counting arriving neutrons
with a scanning counter. In the case of electrons, two
groups, one at Tiibingen University® and the other at Bo-
logna University,* demonstrated, in the form of a movie
using a highly sensitive TV camera, the observability of the
electron interference pattern as it appears when the fre-
quency of incident electrons increases; they showed the
electron arrival in each frame without recording the cumu-
lative arrivals. In the case of photons, the buildup process
of the interference pattern was recorded on a movie film by
Tsuchiya et al.® with a position-sensitive counter to accu-
mulate the arrival of single photons on the screen. We note
that the typical wavelengths of photons are much larger
than those of electrons. Therefore, the difficulty Feynman
attributes to the two-slit experiments for electrons does not
exist for photons.

The present experiment aims at realizing the two-slit
thought experiment for electrons in the form of biprism
interference.

II. THEORY OF THE BIPRISM INTERFERENCE
PATTERN®

The principle of the electron biprism invented by Mol-
lenstedt and Diicker’ in 1956 has been investigated from
both geometric- and wave-optical aspects.”'* Here, a brief
account of the biprism interferometer is given for the
reader’s convenience.,

The biprism consists of two parallel grounded plates
with a fine filament between them, the latter having a posi-
tive potential relative to the former. If, in the coordinate
system shown in Fig. 2, the electrostatic potential is given
by ¥(x,z) and the incoming electron wave by e, the de-
flected wave is given by

¥(x,z) = exp i(kzz — ;’: V(x,z’)dz’) , (1)
elkxz

T
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Fig. 2. Deflection of electron waves by biprism—the case of plane-wave
incidence.
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when #k 2/2m>e|V(x,z)|, as is the case in the present
experiment.

The two waves having passed on each side of the filament
can be approximated by

exp i(k,z & k,x) up to a constant factor, where

e[ () e o

and the symmetry V(x,z) = V( — x,z) has been taken into
account. Therefore, the wave fronts of the two waves are
deflected as shown in Fig. 2 and, consequently, the waves
propagate toward the center, since &, > 0.

This can be interpreted classically  also:
—el[dV(x,2')/dx], _, is the x component of the force ex-
erted on the electron. Its integral with respect to dz/v,
=dt, v, = #ik,/m) gives the impulse imparted to it, which
is the same in absolute value but reversed in sign, depend-
ing on which side of the filament the electron passes.

If the two waves overlap in the observation plane to give

Yixz) =" e " ey, (3)
then this leads to the interference fringes
|¥(x,2)|* = 4 cos” k, x . (4)

If the potential in the neighborhood of the filament is ap-
proximated by

ik ik .x

Vixz) =V, [In(Jx*+ 22/b)/In(a/b) ] , (5)
then
k. =meV, /tw, In(b/a) . (6)

For v, =¢/2=15X10* m/s, ¥V, =10 V, a =0.5 um,
b=5mm,k, = (7/900) A", and fringe spacing d = 900
A. In the actual experiment, a spherical wave instead of a
plane wave is incident on the biprism and, consequently,
the fringe spacing becomes larger, as described in Sec. III.

ITII. EXPERIMENTS

Experiments were carried out using an electron micro-
scope equipped with an electron biprism and a position-
sensitive electron-counting system.

Coherent electron waves from a sharp field-emission tip
were, after collimation, sent to an electron biprism. The
biprism interference pattern was enlarged by the electron
lenses and the single-electron buildup of the interference
pattern was observed in time sequence on the TV monitor
of a two-dimensional position-sensitive electron-counting
system, which was connected to a storage memory. Elec-
trons could be detected one by one, since the detection effi-
ciency was approximately 100% and the detection error
was less than 1%.

The detailed experimental arrangement is shown in Fig.
3. Electrons are emitted from a field-emission tip by an
applied electrostatic potential ¥, = 3 — 5kV, and then ac-
celerated to the anode of potential ¥, = 50 kV. The elec-
tron beam accelerated to ¥, is associated with a wave of
wavelength

A =h/\2meVy(1 + eVy/2mc?) , @)

which, in the present case, is 0.054 A. The total emission
current is intentionally limited to ~1 uA, only 10~ of
which passes through the anodes. The electrons are fo-
cused through the condenser lens into fine probe P,, and
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Fig. 3. Electron-optical diagram of the interference experiment.

then illuminate the specimen plane. At this stage, |, of the
electrons pass through the condenser aperture. The elec-
tron amplitude in the specimen plane is reproduced
through the objective and intermediate lenses onto the im-
age plane of the intermediate lens. Only the central portion
of the beam passes through the field-limiting aperture lo-
cated just above the intermediate lens and is focused by the
lens into fine probe P,. The total current is controlled by
changing the focal length of the intermediate lens and, in a
typical case, is 1.6 X 107 '® A or 10? electrons/s.

The beam issuing from the probe is then incident on the
biprism, and the two partial beams are deflected by the
angles + k, /k_ [see Eq. (2)] on each side of the biprism.
The divergence angle 2 of the incident beam is approxi-
mately 4X 10~® rad. Consequently, the transverse coher-
ence length given by A /2a is 140 um, which is larger than
the diameter of the biprism filament ( < 1 um) but smaller
than the distance between the two grounded electrodes
(~ 10 mm). The two beams interfere on the image plane to
form interference fringes, one-half of the angle 3 between
the interfering beams being given by

B=1/U+1")(k./k,), (8)
and the fringe spacing by
d=1/28, 9

which is larger by a factor (/ + /') /] than the value given at
the end of Sec. II. .

In this experiment, A =0.054 A, V, =10V, ['/] =6,
and 28 = 8 10~° rad, so that d = 7000 A. The interfer-
ence pattern is finally magnified 2000 times through two
projector lenses onto the detector plane. The detector is
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approximately 12 mm in diameter and the enlarged fringe
spacing is 1.4 mm.

Electrons are detected by a two-dimensional position-
sensitive electron-counting system, which is schematically
illustrated in Fig. 4. This system is a combination of a flu-
orescent film and the photon-counting image acquisition
system. (PIAS) produced by Hamamatsu Photonics K.K.
We paid special attention to suppressing both counting loss
and detection noise to less than 1%. When a 50-kV electron
hits the fluorescent film, approximately 500 photons are
produced from the spot. The photons excite the photo cath-
ode through the fiber plate and photo electrons are pro-
duced. They are accelerated to 3 kV through the electro-
static lens and the point image of electrons is formed at the
upper surface of the multichannel plate (MCP). The num-
ber of electrons is multiplied there and the position is then
measured by the position sensor. The signal of the electron
arrival at each channel is transferred to the storage mem-
ory and the accumulated electron image is displayed on the
TV monitor.

The experiment was performed at the electron arrival
rate of approximately 10° electrons/s in the whole field of
view so that the interference fringes could be formed in a
reasonable time, say, 20 min. The distance from the source
to the screen is 1.5 m, while the average interval of succes-
sive electrons is 150 km. In addition, the length of the elec-
tron wave packet is as short as ~ 1 um. Therefore, there is
very little chance for two electrons to be present simulta-
neously between the source and the detector, and much less
chance for two wave packets to overlap.

An example of the buildup process of the interference
pattern is shown in Fig. 5 in the form of a time series of
photographs. The photographs were taken from single
framesin a TV display. Electrons were detected one by one,
and the total number of accumulated electrons increases
with time. At first, electrons appear to be distributed quite
at random. A dim figure of the biprism fringes begins to
emerge in Fig. 5(c). The fringes can finally be clearly ob-
served in Fig. 5(e), where the total number of electrons is
approximately 70 000, i.e., 14 000 electrons per fringe.

These results unambiguously demonstrate the wave—
particle duality of electrons. On the one hand, a single elec-
tron passes through the two slits as a wave and forms a
probability interference pattern; electron—electron interac-
tion plays no role in this process since the subsequent elec-

? Electron
Fiuorescent film
REAVY AR
. — Monitor
| Memory
Fiber plate TT
Photocathode Tt 22
::::. SR
McP 4 H
Xi, Yi, Zi, ~ -

Position Sensor Image Processor

Fig. 4. Schematic diagram of position-sensitive electron-counting system.
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Fig. 5. Buildup of the electron interference pattern. The central field of
view, 4 width and { length, of the whole field of the detector plane is shown
here. The picture extends similarly to the whole field: (a) Number of
electrons = 10; (b) Number of electrons = 100; (¢) Number of elec-
trons = 3000; (d) Number of electrons = 20 000; and (e) Number of
electrons = 70 000.
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tron is not even produced from the cathode till long after
the preceding electron is detected. At the detector, on the
other hand, an electron is observed as a localized particle.
We must conclude that a certain position on the screen is
selected, onto which the electron wavefunction collapses.
The position cannot be predicted, but occurs in the proba-
bilistic way dictated by the probability amplitude.

A series of similar experiments was carried out for differ-
ent electron intensities ranging from 5000 to 200 electrons/
s. The contrast of the fringes obtained remains the same
within experimental error of 10%. At the smaller intensity,
the error often became large due to the long exposure time,
since the error originates mainly from the drift of the bi-
prism filament.

IV. CONCLUSION

We realized a two-slit interference experiment, once re-
garded as a pure thought experiment with no hope of pre-
cise execution, with a combination of both electron-count-
ing and magnifying techniques. The resultant buildup of
the interference pattern is exactly as predicted by quantum
mechanics.
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