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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

i
a", // “J Biprism
FIFAAE N
SANCANIRY X
- M‘\ ~{--
U TN vix,)
z
A QilkzZ-kyX)

EitkzZ+kyX)
~

Interference
fringes

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
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| 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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The neutron interferometer as a device for illustrating the strange

behavior of quantum systems

Daniel M. Greenberger
City College of the City University of New York, New York, New York, 10031

The neutron interferometer is a unique instrument that allows one to construct a neutron wave packet of
macroscopic size, divide it into two components separated by centimeters, and then coherently recombine
them. A number of experiments clearly showing the difference between quantum and classical theory have
been performed with it, which are suitable for presentation in elementary quantum courses. This article
presents a simple mathematical model of the interferometer, which can be used to illustrate clearly many of
the surprising features of quantum systems. For example, one can describe an experiment to determine
which component beam the neutron takes (an analog of the two-slit electron experiment). One can then
trace in detail the loss of coherence of the wave function, rather than merely invoke the usual ‘“handwav-
ing” uncertainty arguments. The author discusses the effect of gravity on the neutron beam [the classic
COW (Colella, Overhauser, and Werner) experiment], including a simple analysis in an accelerated refer-
ence frame, and its relation to the equivalence principle, the red shift, and the twin paradox. Also described
are the effect of rotation of the neutron by 360° to change its phase, the effect on the wave function of
measuring the absence of the particle from a beam (“Dicke’s paradox”), and a realizable version of
Wheeler’s “delayed-choice” experiments, as well as their relation to the problem of “Schrddinger’s cat.”

The treatment is suitable for bright undergraduates and first-year graduate students.
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l. INTRODUCTION—THE NEUTRON
INTERFEROMETER

The neutron interferometer is a truly extraordinary
piece of experimental equipment that permits one to per-
form in the laboratory a number of experiments that
check the basic ideas of quantum mechanics. Until the
advent of this device many of these experiments would
have been described as Gedankenexperimente, that is, ex-
periments which point up with particular clarity how the
theory indicates particles ought to behave, but which
would be so difficult to perform that one must be satisfied
with considering them as “thought” experiments.

Reviews of Modern Physics, Vol. 55, No. 4, October 1983

One of the most important attributes of the neutron in-
terferometer is its conceptual simplicity, which allows one
to understand the basic ideas of what is happening
without going into a detailed technical description. Of
course, as with any real device, there are a number of
complicated phenomena taking place inside the inter-
ferometer, but to interpret the experiments we shall
describe, it is not necessary to consider them. Instead we
shall present a simplified model of the interferometer, in
terms of which we can follow the neutron beam through
it, and from which we can calculate all the results we
need. With this model, one can present to students some
of the more surprising properties of quantum-mechanical
systems, in a way that is relatively easy both to under-
stand and to calculate.

The simplest type of interferometer is constructed from
a single crystal' [see Fig. 1(a)]. There are three slabs or
“ears” cut from the crystal, with enough of the rest of the
crystal left to offer structural support. The beam is split
into two coherent sub-beams in the first ear, at point 4,
by Bragg scattering off the atomic planes perpendicular to
the face of the crystal [the dotted lines in Fig. (1b)]. In
the second ear the beams are redirected, at B and C, and

1An introductory overview of the subject, covering the more
important experiments, is given in Werner, 1980. Another ele-
mentary account appears in Overhauser and Colella, 1980. One
with more emphasis on the gravitational experiments is given by
Greenberger and Overhauser, 1980. Two review articles that
cover the detailed physics inside the interferometer, as well as a
wide range of experiments, are Bonse and Graeff, 1977, and
Rauch and Petraschek, 1979. A conference report covering the
state of the art is Bonse and Rauch, 1979, while a detailed treat-
ment of neutron optics can be found in Klein and Werner, 1983.

Copyright ©1983 The American Physical Society 875
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FIG. 1. The neutron interferometer. (a) In the most common
type of interferometer three ‘“ears” are cut from the same per-
fect crystal, ensuring coherence over the entire crystal (about 10
cm long). The incident beam is split at point 4 into two beams,
I and II. These are redirected at B and C and recombined in the
last ear at D. The relative phase at D determines the counting
rates at the detectors C1 and C2. (b) The top view of the inter-
ferometer. The beam is split by Bragg scattering off the atomic
planes perpendicular to the surface of the ear (the dashed lines).
The relative phase of the beams I and II can be changed in a
known way by inserting a wedge in one beam at E, and varying
its thickness by displacing it (varying x). This can be used to
determine the phase shift produced by an experiment performed
at F.

in the third ear they interfere, at D, ultimately going into
the two detectors C'1 and C2. The relative counting rates
in the detectors determine the relative phasing of the
beams. For example, at one particular relative phase, all
the neutrons may be entering the counter C1. If now the
relative phase of the two beams is altered by 180°, corre-
sponding to half a wavelength, then all the neutrons will
now enter counter C2 (assuming the beams are totally
coherent).

An interference pattern can be produced in the follow-
ing manner. A triangular wedge of matter is placed in
the beam I at point E. Because the index of refraction for
neutrons will be slightly different from unity inside the
matter, the wedge will cause a phase shift. If the count-
ing rate in, for example, counter C 1 is monitored, it will
change as x is varied, because the different wedge thick-
ness will produce a phase shift proportional to Ax. The
counting rate can be plotted as a function of x, as in Fig.
2. Then if an experiment is to be performed which alters
the phase of beam II at point F by ¢, the counting rate of
C'1 can again be monitored as a function of x. It is then
an easy matter to read off the phase ¢ from the two
graphs (including its sign). With some care, the value of
¢ can be determined to within 1°,

The building of such a device became possible with the
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counting
rate

FIG. 2. The interference pattern. By moving the wedge at E in
Fig. 1(b), the relative phase between beams I and II is varied. If
the counting rate is a maximum in counter C 1 (and a minimum
in C2), then altering the relative phase by 7 will produce a
minimum in C1 (maximum in C2). The counting rate can be
plotted against the wedge displacement x, for either counter,
yielding an interference pattern. If an experiment is performed
at F, the same graph (dashed line) will reveal any extra phase
shift ¢ due to the experiment. Since the beams are not totally
coherent, the phase cancellation is not perfect, and the
minimum intensity will not be zero.

ability to grow perfect silicon crystals of about 10 cm in
length.?2 Thus the atoms in the third ear of the crystal are
lined up with those in the first ear, which is what makes
coherence over such long distances possible. (Since the
crystal spacing is about 1 A, as is the neutron wavelength,
this represents an alignment through about 10° A.) The
incident neutron beam need not be terribly well defined,
as an extremely accurately defined beam is produced by
the interferometer itself for those neutrons which have
just the right direction and speed to be Bragg scattered off
the planes perpendicular to the crystal face (called Laue
scattering). Inside the crystal (see Fig. 3) the forward-
scattered beam and backward-scattered beam form a
standing wave, which propagates perpendicularly to the
crystal face, and at the far end of the crystal, they
separate and the forward beam becomes beam II, while
the backward-scattered beam becomes beam 1. For our
purposes we do not need to know any of the details of this
process.® (Originally, for x rays it was thought the beam
would be rapidly absorbed, even at the Bragg angle. This
anomalously large transmission process through the crys-
tal is called the Borrmann effect.)

The Laue scattering off the first ear defines the beams I
and II within an angular spread 86~10"°¢ rad (the
“Bragg window”). Typical values of the interatomic
spacing a are about a ~1 A, with A being given by the
Bragg formula A=2a sinf, where the Bragg angle 0 is

2The first such interferometer was successfully operated for x
rays by Bonse and Hart, 1965a, 1965b. It was first applied to
neutrons by Rauch, Treimer, and Bonse, 1974.

3More of the details of the process are discussed in Green-
berger and Overhauser, 1979. A more complete account is
given in Squires, 1978, Chap. 6. Two very detailed accounts
(for x rays) are James, 1963, and Batterman and Cole, 1964,
where the Borrmann effect is especially emphasized.



PHYSICAL REVIEW
LETTERS

VOLUME 66

27 MAY 1991

NUMBER 21

Young’s Double-Slit Experiment with Atoms: A Simple Atom Interferometer
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An atomic interferometer based on a Young’s-type double-slit arrangement has been demonstrated. A
supersonic beam of metastable helium atoms passes through a 2-um-wide slit in a thin gold foil. This
transversely coherent beam impinges on a second microfabricated transmission structure, consisting of
two 1-um-wide slits at a lateral distance of 8 um. This double slit defines two possible paths on which
the atoms can reach the detector slit. The good visibility of the observed fringes should make it possible
to measure differential phase shifts in the interferometer of § rad in less than 10 min.

PACS numbers: 07.60.Ly, 35.10.—d, 35.80.+s

Matter-wave interferometry is a well established field
in physics. Interferometers with de Broglie waves have
been demonstrated for electrons and neutrons and exten-
sively used for fundamental tests of quantum-mechanical
predictions.! The construction of an interferometer for
atoms is rendered difficult by the fact that atoms carry
no charge like electrons and cannot penetrate through
condensed matter like neutrons. Therefore novel tech-
niques are required to provide coherent beam splitters
for atomic waves. In the last few years, different propo-
sals were published on how to realize an atomic inter-
ferometer.? In this Letter, we present probably the sim-
plest configuration in which the atoms cover two spatial-
ly well separated paths: the quantum-mechanical analog
to Young’s double-slit interferometer in classical optics
(see Fig. 1), which has already been demonstrated for
electrons® and neutrons.* In our arrangement, the slits
are mechanical transmission structures with widths in
the micrometer range. As atomic species we used meta-
stable helium atoms: The helium atom has a low mass
which leads to a large de Broglie wavelength. Moreover,
helium is inert, thus facilitating the use of very delicate
transmission structures,” and the production of an in-
tense helium beam is a well-known technique. In addi-
tion, metastable helium atoms are easily detected and
have optical transitions in the near infrared, so that their
internal and external degrees of freedom can be manipu-
lated by laser fields.

The scheme of our experimental setup is shown in Fig.
2; details of the apparatus are given elsewhere.’ An in-
tense atomic beam of helium atoms is produced by a su-
personic gas expansion. A collinear electron-impact ex-
citation creates metastable atoms in the states 2'So and
238, with relative populations of 90% and 10%, respec-
tively.® After the excitation, the beam of metastable
atoms has a spectral brightness of B==10'" (metastable
atoms)/(secsrcm?) (Ref. 7) and a velocity ratio of vo/
Av=15-20, where vy denotes the mean velocity in the
beam and Av the full width at half maximum of the
Gaussian velocity distribution. The mean velocity of the
atoms, and therefore the mean de Broglie wavelength,

T~ Path 2
Double
Source Slit Detector

FIG. 1. Scheme of a double-slit interferometer. The atoms
can move along two spatially separated paths from the source
to the detector.
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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 um, L =L'=64 cm;
slit widths: sy =2 um, s;=1 ym.

can be adjusted by changing the temperature of the gas
reservoir and the nozzle system. At present, the reser-
voir temperature can be set to 7 =295 K, corresponding
to a mean de Broglie wavelength of A4p =0.56 A, or to
T =83 K, corresponding to Aqg=1.03 A.

After the electron-impact excitation, the atoms pass
through a slit with a width of s; =2 um, imprinted in a
thin gold foil. A scanning-electron-microscope picture of
this transmission structure is shown in Fig. 3(a). The to-
tal slit height amounts to 4 mm. After having traveled
L =64 cm downstream, the atoms pass through two 1-
pm-wide slits, separated by 8 um. This double slit is ir-
radiated coherently, as the atomic waves passing the nar-
row entrance slit are, in analogy to classical optics, trans-
versely coherent over an angle 8 =A4p/s;=5x%10 ~° rad.
This double-slit structure [see Fig. 3(b)] is 2 mm high.
The edges forming both the entrance and the double slit
are 1 um thick, whereas the surrounding gold foil is 20
um thick. An additional support grid, having a periodi-
city of 100 um and made of 11-um-wide by 20-um-thick
gold bars, ensures that the edges of each slit are parallel
to better than 10 ~* rad. This support structure reduces
the total transmission of the slits by approximately 10%.
The atomic waves emerging from the double slit then
recombine coherently and produce an interference pic-
ture in the atomic density distribution. This density
profile is detected in a plane located another L'=64 cm
behind the double slit. The interference pattern can be
monitored either with a 2 um slit, identical to the en-
trance slit, or with a grating with a periodicity of 8 um
formed by ten bars [see Fig. 3(c)]. The complete detec-
tor system consists of a secondary electron multiplier
(SEM) behind a single gold foil with imprinted microfa-
bricated slit and grating, both (SEM and foil) mounted
on the same translation stage. The detector system can
be moved in steps of 1.88 um by means of a stepper mo-
tor and a precise lead screw. The electronic pulses gen-
erated by the SEM are preamplified, discriminated
against background noise, and finally added up by a
counter. The resulting background noise level of the
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100 um

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 pum and slit separation
d =8 um); (c) detection grating (grating periodicity 8 um).
The 100-um scale is the same for all three pictures.

detector without atomic beam amounted to only 2-3
counts/min. The great number of atoms remaining in
the ground state (approximately 10° times more than in
the two metastable states) does not have any effect on
the experiments, since ground-state atoms are not detect-
ed. The three successive microfabricated slit structures
forming the interferometer were adjusted parallel to
better than 5% 10 ~* rad using the diffraction pattern of
a 5-mW HeNe laser: For this purpose, the laser beam
passed through 20-um-wide adjustment slits, which are
imprinted in the same three gold foils as the transmission
structures.

The microfabricated transmission structures were
manufactured by Heidenhain Inc., using the manu-
facturing process “DIAGRID.”® In this special process,
a flat glass substrate is covered with an electrode layer.
A thin film of insulating photoresist, put on top of this
electrode layer, is structured by a printing process in ab-
solute contact with the original chrome mask. A thin
gold film is then deposited by galvanoplating on the pho-
toresist depth profile. No gold accumulates where pho-
toresist is still present. After peeling the gold layer off
the substrate, one obtains a gold foil with transmission
structures. These thin gold films are finally mounted on
flat stainless-steel holders. The gold structures manufac-
tured with this photolithographic technique have ex-
tremely precise and steep edges, as shown in Figs. 3(a)-
3(c).

The interference pattern, obtained with our double-slit
setup, can be calculated to good approximation in the
Fraunhofer limit. In the detection plane, we expect a
modulated intensity distribution with a periodicity dx
=L"\qs/d and an envelope with a full width of 2L'A4p/s2;
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here d and s, are the distance between the two slits and
the width of the double slits, respectively. The total
number of interference maxima is further reduced by the
finite velocity ratio. In a first experiment, we investigat-
ed the interference pattern with the single 2-um slit by
moving it laterally to the beam axis in 1.88-um steps.
The integration time at each detector position was 10
min, in order to obtain a reasonable signal-to-noise ratio.
The experimental results for two different atomic wave-
lengths are shown in Figs. 4(a) and 4(b). With a de
Broglie wavelength of A4 =0.56 A, the average distance
between two maxima is dx =4.5+ 0.6 um [Fig. 4(a)l,
which agrees well with the theoretical value dx =L'A4p/
d=4.5 pym. The different interference maxima are not
resolved completely, since the interference period is only
twice the detector slit width. The scan covers half of the
interference pattern, fading out on the right side, due to
the finite width of the two slits and the residual velocity
spread in the beam. In order to improve the visibility of
the fringes we repeated the same experiment, but with a
nozzle temperature of 7T=83 K (A¢qg=1.03 A). In this
case, the distance between two maxima increased and
was measured to be 8.4 +0.8 yum which is close to the
theoretical value of 8.2 um. In Fig. 4(b) we find a visi-
bility ¥ (Ref. 9) of the fringes greater than 60%, if we
subtract the detector background. The difference from
the expected value of ¥V =80% could be due to a small
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FIG. 4. Measured atomic intensity profiles in the detector
plane as a function of the lateral detector position x. The
profile is probed with the 2-um-wide single slit. Atomic wave-
length (a) Asg=0.56 A and (b) A¢zg=1.03 A. The number of
detected atoms during 10 min is plotted on the vertical axis.
The dashed line is the detector background, with the atomic
beam blocked in front of the entrance slit. The line connecting
the experimental data is a guide to the eye.

misalignment of the three transmission structures or to
small-angle collisions of the atoms with the background
gas in the vacuum chamber (background pressure p=5
x10 "7 mbar). Since these incoherent processes destroy
the phase information between the two paths, this would
cause a broad unstructured background signal. Because
of the long integration times and a slow thermal drift in-
side the beam machine, it was not possible with the actu-
al beam intensity to monitor the whole interference pat-
tern in one scan. Nevertheless, the scans displayed in
Fig. 4 cover a sufficiently large part of the atomic density
distribution, so that the presence of an interference pat-
tern is clearly demonstrated.

Instead of using a single slit, a grating can be inserted
to monitor the intensity distribution. If the grating
period and the period of atomic interference pattern
coincide, the signal at the detector is maximum when the
slits are at positions of the intensity maxima, and a
minimum signal occurs when the grating is displaced by
half a grating period. Scanning the interference struc-
ture with the grating yields an interference picture simi-
lar to the one obtained with a single slit in the detector
plane [Fig. 4(b)], but with a much higher count rate.
For our experimental geometry, the grating period of 8
um was chosen so that it matched the period of the in-
terference pattern at L'=64 cm for Agg=1.03 A. The
slits are approximately 4 um wide, resulting in a grating
transmission of 50%. Monitoring the interference pat-
tern with the grating is of interest for applications of this
interferometer where only the relative phase between the
two different paths and not the actual shape of the in-
terference pattern is important. Figure 5 shows a typical
result of an experimental run with the 8-um grating in
the detector plane and a wavelength of A4g=1.03 A.
The average distance between two maxima is determined
to be 7.7+ 0.5 um, which differs from the theoretical
value by about 5% and is within the limited accuracy of

300

200
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Intensity (counts/5min)

Scanning Grating Position

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.
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out setup. The visibility amounts to 30%, whereas 50%
can be expected under ideal conditions. The total num-
ber of detected atoms is increased by a factor of 10 com-
pared to the case where the interference pattern is moni-
tored with the single slit. With this increase in signal,
the integration time could be lowered to 5 min/point,
thus reducing the effect of thermal drifts. Since the
number n of detected atoms in a given time interval is
distributed around a mean number # according to Pois-
sonian statistics, the mean relative error at each detector
position is given by 1/7'2, In our case the mean relative
error is less than 10% at any detector position; measure-
ments of phase shifts on the order of + rad are therefore
possible within 10 min.

To improve the signal-to-noise ratio for future experi-
ments, the brightness of the beam has to be increased.
Recent experiments have shown that transverse laser
cooling of a metastable helium beam can increase the
beam intensity by more than a factor of 10.'° Since a
double-slit interferometer is sensitive to a velocity spread
in the atomic beam, a very narrow velocity distribution is
a prerequisite for precision measurements. Additionally,
a larger separation of the double slit is only efficient in
connection with an increased velocity ratio. In this
respect, investigations by our group on a beam of meta-
stable argon atoms have demonstrated that longitudinal
laser cooling in the center-of-mass frame of the atoms
can increase the speed ratio in the beam to vo/Av
> 500.!" Thus with present laser cooling techniques, it
should be possible to increase the spectral brightness of
the He* beam by at least 2 orders of magnitude.

An interferometer of the double-slit type has several
applications. Since both paths are spatially separated, it
is possible to introduce a relative phase shift between the
two arms of the interferometer by applying an external
potential to the atoms that varies over the distance be-
tween the two paths. Many experiments already carried
out with neutrons can be translated to atoms, like tests of
the Aharonov-Casher effect, demonstrations of Berry’s
phase, or measurements of phase changes caused by a
rotating or accelerated reference frame.' In all these
cases, atom interferometry benefits from the larger mass
and magnetic moment of atoms compared to neutrons.

Moreover, atom interferometers offer the possibility to
investigate various effects due to resonant light-atom in-
teractions. The influence of spontaneous decays on the
phase information can be tested, e.g., by irradiating one
or both paths with resonant laser light.'> Another in-
teresting situation arises if an off-resonant laser beam of
high intensity induces a pseudopotential for the motion
of the atomic center of mass; under appropriate experi-
mental conditions, spontaneous decay processes can then
be neglected.

In conclusion, the atomic interferometer presented in
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this paper is of great simplicity, since all splitting and
recombining elements are mechanical structures. More-
over, helium atoms combine many properties that are of
great importance when building an interferometer, for
example, their low mass and high detection efficiency in
the metastable state. First experiments to study laser-
induced phase shifts are now in preparation in our labo-
ratory.
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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 um, L =L'=64 cm;
slit widths: s;=2 um, s>=1 um.
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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 gm).
The 100-um scale is the same for all three pictures.



Quantum interference experiments with large molecules
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Wave—particle duality is frequently the first topic students encounter in elementary quantum
physics. Although this phenomenon has been demonstrated with photons, electrons, neutrons, and
atoms, the dual quantum character of the famous double-slit experiment can be best explained with
the largest and most classical objects, which are currently the fullerene molecules. The
soccer-ball-shaped carbon cageg &e large, massive, and appealing objects for which it is clear
that they must behave like particles under ordinary circumstances. We present the results of a
multislit diffraction experiment with such objects to demonstrate their wave nature. The experiment
serves as the basis for a discussion of several quantum concepts such as coherence, randomness,
complementarity, and wave—particle duality. In particular, the effect of longitudsectral
coherence can be demonstrated by a direct comparison of interferograms obtained with a thermal
beam and a velocity selected beam in close analogy to the usual two-slit experiments using light.
© 2003 American Association of Physics Teachers.
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[. INTRODUCTION served if the disturbances in the two slits are synchronized
with each other, which means that they have a well-defined
At the beginning of the 20th century several importantand constant phase relation, and may therefore be regarded
discoveries were made leading to a set of mind-bogglingts being coherent with respect to each other.
guestions and experiments that seemed to escape any anFor water the picture appears intuitive because the wave is
swers based on classical, pre-quantum physics. The first weg@mposed of many particles, each interacting with its neigh-
the discoveriels 3that implied that optical radiation has to be bors. But the experiment turns into the mind-boggler men-
composed of discrete energy packages that can be well I¢gioned above if we repeat it with an ensemble of isolated
calized in space and time. This localization was in markedbjects—photons or even massive particles—which we send
contrast to the existing knowledge based on Maxwell'sthrough the double-slit one by one.
theory which successfully represented light as electromag- We shall present experimental results with, at present, the
netic waves. The second and complementary breakthroughost massive particles that exhibit wave properties. The re-
was the theoretical result by de Brogfiend the experimen- sults confirm that under appropriate circumstances we still
tal demonstration by Davisson and Gerfrtliat massive par- obtain interference patterns, the shape of which can be pre-
ticles also propagate in a wave-like manner. dicted with certainty. However, it is important to note that in
Both statements were stunning at the time that they wersuch investigations a single particle always gives a single
proposed and both keep us busy thinking even today becauséck at one detector position only, and we have no means of
we generally associate the notion of point-like locality with acalculating the position of this event in advance because, as
particle while we attribute spatial extension to a wave. Thdar as we can tell, it is governed by chance.
observation of both phenomena in one and the same experi- Therefore, the double-slit experiment with single particles
ment leads us also to the concept of delocalization, whicheads us to the following questions: How can a single par-
goes beyond the simple concept of “being extended,” be4icle, which we observe both in the source and in the detector
cause single quantum objects seem to be able to simultas being well-localized and much smaller than a single open-
neously explore regions in space—time that cannot be exng in the barrier, acquire information about the statpen/
plored by a single object in any classical way. closed of a very remote opening, if it were considered to
To illustrate the wave—particle duality we shall briefly re- pass only one through the openings? Why can’t we track the
call the double-slit experiment as sketched in Fig. 1 becausparticle position without destroying its wave nature? How
it is both one of the simplest and most general quantuntan we understand the emergence of a well-defined interfer-
experiments used in introductory quantum physics and is thence pattern in contrast to the random hitting point of the
prototype for our studies with molecules. single object if none of the particles can interact with the rest
Let us first discuss an experiment that is usually performeaf the ensemble in any way that we kndw?
in a ripple tank. If we excite surface waves in water and let We thus find many fundamental quantum concepts in the
them propagate through a small hole in a barfieig. 1, context of double-slit interferometry. First, we find the
left), we would observe a circular wavelet emerge behind theomplementarity between our knowledge about the particle’s
barrier in agreement with Huygens’ principle. If we now position and the visibility of the interferogram. If we open
open a second hole in the barrier, we could create regionsne slit only, the particle must pass this opening and the
where the water remains completely siiffig. 1, center. interference pattern must disappear. Perfect interference con-
This phenomenon is simply explained by the fact that thdrast can be obtained only if we open the second slit and if
surface waves superpose on each other and the wave minimg exclude all possibilities of detecting, even in principle,
can be filled by wave maxima at well-determined places. Wahe path the object has taken. The wave—particle duality
call this phenomenon interference. It can only be easily obstates that the description of one and the same physical ob-
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electrons, atoms and dimer3,and neutron$®!! Young’s
double-slit experiment with matter waves was then done by
Jmnsson for electron¥, by Zeilinger and collaborators for
neutrons®> by Carnal and Mlynek for atom$, and by
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5 ) Schdlkopf and Toennies for small molecules and noble gas
[ o clusters:>*®
—— ey e Further advances in matter wave physics with atoms were

made possible by sophisticated techniques exploiting the in-
Fig. 1. The double-slit experiment is the prototype experiment demonstratteraction between atoms and light. Already in 1975 ideas
ing the wave—particle duality in quantum mechanies A wave impinging  were put forward for slowing and cooling of atoms using
on a wall Wit_h one sufficiently small slit_wil_l spread out behind this o_bstgcle. light scatteringl.7'18The rapid progress of this field was rec-
An explanation based on Huygen'’s principle tells us that each point in theognized by the fact that the most important developments in

wave front can be imagined as being a source of a spherical wavelet. Th,

fields of many such sources interfere on the screen and form the single slﬁ']Is field were recently awarded the Nobel prize for laser

inl9-21 ; At
pattern.(b) If we open a second slit, which sees the same wave as the firs@oonng1 ~m 1997 and for the_ EXp_e”mental _real|zat|(_)n of
one, the field amplitude at a sufficiently long distance from the slits drops tdBBose—Einstein condensates with dilute atomic vEpOrin
zero at specific points: we observg destructive interference QUe to the oveR001. In Bose—Einstein condensates all atoms have ex-
lap of wave troughs and hill§c) Which pattern can we expect if we replace tremely Iong de Broglie Wavelengths and are coherent over
the continuous source by one that emits quanta, that is, discrete packagesrﬁacroscopic distances up to a millimeter. However. similar
energy and/or mass that are well localized in space and time in the sourc . . B . -
Can a single particle as massive as a buckyball acquire information of twgfJ “ght quanta in a laser b.efam’ the atoms in a Bosg—Emstem
spatially separate locations? condensate are kept sufficiently apart to keep their interac-
tion weak. Therefore, in spite of the large coherence length,
the interfering object is still of small mass and complexity.
Even experiments demonstrating interference between two

h b del for th b d OBose—Einstein condensatésan be viewed as a double-slit
the screen, but a wave model for the unobserved propagatiqQy ,eriment with many individual atoms, as witnessed also by

of thel o(tj)jept. Mhathematicall_y we describe the .statef of th@pe fact that to explain the fringe spacing the de Broglie
particle during the propagation as a superposition of stategy,yelength corresponding to the individual atom rather than
in particular of position states, that are classically mutually, \ayelength using the total mass of the condensate is used.
exclusive. A classical object will either take one or the other o ant questions and new experimental challenges arise

path. A quantum object cannot be said to do that. The intringt \ e sy dy particles in the almost opposite parameter regime
sic information content of the quantum system itself is insufy, here the interaction among the particles is much stronger.
ficient to allow such a description—even in principl&Vve

lso find the dualitv b biecti q dd Covalently bound atoms form a new entity, a molecule or
aiso find the duality between objective randomness and dessier, and the de Broglie wavelength of this system is de-

terminism. The pattern on the screen is well determin_ed f‘?fined by the total mass of all the atoms and by the center-of-

the ensemble, but the detection point of a single object ig, 555 velocity of the bound system. In the following we shall
completely unpredictable in all experiments. focus on these complex objects.

All of these “quantum mysteries” imply that in an experi- — the yery first demonstration of molecule interference

ment the possibility of having a position is often the only yates hack to the days of Estermann and Siera930, who
objective reality in contrast to the property of having a well- demonstrated experimentally diffraction of kit a LiF crys-

defined position. : o .
. . tal surface. Further experiments with diatomic molecules had
These reasons are why Richard Feynman emphasized ﬂ}% await progress ang interest in atom optics. A Ramsey-

tmhgcr?:rxjiElé'?:‘ﬂlltreil(i?er:?c%nr:taliisiaetgil h;agte?f Ehueagg{mBord'e interferometer was already realized for the iodine
: Y, y mystery, dimer in 1994° and was recently usétfor K,. Similarly, a

sic peculiarities of all of quantum mechanics.” We might .
suggest that another central issue of quantum physic&lach—Zehnder interferometer was demonstrefténr Na, .

namely entanglement, is missing in this example. HoweverThe near-field analog to the Mach—Zehnder interferometer, a

it turns out to be an essential ingredient if we consider howT"’“bOt‘L,au |_nt2eBrfe.romet.er, was recently applied to experi-
we could diffuse which-path information to the Ments with Ly.“" Diffraction at nanofabricated gratings also
environment—a phenomenon leading to loss of coherenciined out to be the most effective way to prove the exis-
between the neighboring paths in the double-slit experiment€nce of the weakly bound helium dim@and to measure its
The fact that the wave nature of matter is a cornerstone dfinding energy. o _
guantum mechanics, but that this very feature completely Based on these historical achievements we ask how far we
escapes perception in our everyday life, is one of the remarkight be able to extend such quantum experiments and for
able properties of this theory. The smallness of Planck’s conwhat kind of objects we might still be able to show the
stant and therefore of the de Broglie wavelength of a macrowave—particle duality. Recently, a new set of experiments
scopic object is certainly largely responsible for the€xceeding the mass and complexity of the previously used
nonobservability of quantum effects in the classical world.0bjects by about an order of magnitude has been developed
However, it is interesting to ask whether there are limits toln our laboratory. These experiments with the fullerene mol-
quantum physics and how far we can push the experiment&cule Go will be described in Sec. II.
techniques to visualize quantum effects in the mesoscopi
world for objects of increasing size, mass, and complexity. ﬁ THE C g9 EXPERIMENT
We shall therefore briefly review the experimental efforts The cage-like carbon molecules earned their names
in this field throughout the last century. Soon after Louis de‘fullerenes” and “buckminster fullerenes” because of their
Broglie’s proposed wave hypothesis for material particlesclose resemblance to geodesic structures that were first dis-
matter wave phenomena were experimentally verified focussed by Leonardo da Viritiand implemented in buildings
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Fig. 2. The fullerene moleculegg, consisting of 60 carbon atoms arranged | 7\.

in a truncated icosahedral shape, is the smallest known natural soccer ball.
Fig. 4. Textbook approach to double-slit diffraction. First-order interference
maxima of a monochromatic wave are caused by constructive interference

. . . . of the wavelets that emerge from two neighboring slits. The corresponding
in the United States by the architect Buckminster Fufler. path length difference between the two paths is equal to the de Broglie

This new modification of pure carbon Was' discovered InWavelength. Higher order interference will be spoiled by the limited longi-
1985 by Krotoet al® and shown to be particularly stable tudinal coherence in a thermal source. Velocity selection in our experiments
and abundant when exactly 60 carbon atoms are arranged itreases the longitudinal coherence length by more than a factor of 3 and
one molecule to form the smallest natural soccer ball weherefore permits the observation of higher order interference fringes.
know, the buckyball, as shown in Fig. 2.

Fullerenes are appealing candidates because a successful
guantum experiment with them would be regarded as an im-
portant step toward the realm of our macroscopic worldwherehis Planck’s constant. Accordingly, for afullerene
Many of the known physical properties of buckyballs arewith a mass oin=1.2x10"?* kg and a velocity ob =200
more closely related to a chunk of hot solid material than tam/s, we find a wavelength of=2.8 pm?33
the cold atoms that have so far been used in matter wave
interference. The existence of collective many-particle states
like plasmons and excitons, the rich variety of vibrational ) )
and rotational modes as well as the concept of an interndp- The diffractive element
molecular temperature are only some of the clear indicators
of the multiparticle composition of the fullerenes. And we
might wonder whether this internal complexity could spoil
the quantum wave behavior of the center of mass motion.

To answer this question, we have set up a new experime
as shown in Fig. 3. It resembles very much the standar
Young'’s double-slit experiment. Like its historical counter-
part, our setup also consists of four main parts: the sourc
the collimation, the diffraction grating, and the detector.

Because the de Broglie wavelength is about five orders of
magnitude smaller than any realistic free-standing mechani-
cal structure, we expect the characteristic size of the interfer-
nce phenomena to be small. A sophisticated machinery is
%erefore necessary to actually show them. As the diffracting
lement we used a free-standing silicon nitride grating with a
&ominal grating constant al=100 nm, slit openings o$
=55+5 nm and thickness of only 200 nm along the beam
trajectory. These gratings are at the cutting edge of current

technology and only a few specialists worldwide can actually
A. The source make thens?

To bring the buckyballs into the gas phase, fullerene pow; We can now calculate the deflection angle to the first dif-
der is sublimated in a ceramic oven at a temperature of aboﬂ] action order in the small angl'e approximation as the ratio
900 K. The vapor pressure is then sufficient to eject mol° the wavelength and the grating constant,
ecules, in a statistical sequence, one by one through a small
slit in the oven. The molecules have a most probable velocity
v mp Of about 200 m/s and a nearly thermal velocity spread of
Av/vyn,=60%. HereAw is the full width of the distribution ) ) ) )
at half height. In elementary textbooks E€) is usually derived using Fig.
To calculate the expected diffraction angles, we first needt and noting that the first constructive interference occurs

to know the de Broglie wavelength which is uniquely deter-when the difference between two neighboring paths is equal

; N 2.8X10 2m - g @
d 10 "m H

mined by the momentum of the molecule to one de Broglie wavelength. Because our detector is placed
at 1.2 m downstream from the grating, the separation be-
N= L (1) tween the interference peaks at the detector amounts then to
mv’ only LX #=1.2 mx 28 urad=34 um.
grating ionizing Fig. 3. Setup of the diffraction experiment. Fullerene
chopper 100 nm laser detector molecules are sublimated 'in the oven_at 900 K. The
1.04 m | spectral coherence can be improved using a mechanical
T -— . . . .
i velocity selector. Two collimating slits improve the spa-
gt tial coherence and limit the angular spread of the beam
\ -3 7 o — o twdmT T s F"J to smaller than the expected diffraction angle. A SiN
fullerene slotted disk | I ok 3 grating with a 100 nm period and 50 nm openings is
oven velocity selector o —— used to diffract the incident molecular waves. The mo-
ity ?Tfnl.:lmaﬂﬂ"?ﬂms 1.25m lecular far-field distribution is observed using a scan-

ning laser-ionization detector.
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