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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'S and
23S, 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,
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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: s, =2 uym, s, =1 um.

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 =Agp/s=5%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 pum thick, whereas the surrounding gold foil is 20
um thick. An additional support grid, having a periodi-
city of 100 yum 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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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 pm 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-pm-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"Ag¢p/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 7=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 ¥=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) Ag=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==35
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 Aqg =1.03 A. The
slits are approximately 4 ym 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 Agp=1.03 A.
The average distance between two maxima is determined
to be 7.7x0.5 um, which differs from the theoretical
value by about 5% and is within the limited accuracy of
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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.
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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 7 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.



