
VOLUME 86, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 5 FEBRUARY 2001
Specular Reflection of Very Slow Metastable Neon Atoms from a Solid Surface
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An ultracold narrow atomic beam of metastable neon in the 1s3��2s�53p:1P0� state is used to study
specular reflection of atoms from a solid surface at extremely slow incident velocity. The reflectivity on
a silicon (1,0,0) surface and a BK7 glass surface is measured at the normal incident velocity between
1 mm�s and 3 cm�s. The reflectivity above 30% is observed at about 1 mm�s. The observed velocity
dependence is explained semiquantitatively by the quantum reflection that is caused by the attractive
Casimir–van der Waals potential of the atom-surface interaction.
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The interaction potential of a neutral atom on a solid
surface at a distance much longer than the atomic dis-
tance is usually a power-law attractive potential. For
the distance shorter than the wavelength of atomic tran-
sitions the interaction is the van der Waals potential [1] of
the form Uint � 2C3�r3, where r is the distance of the
atom from the surface. At a larger distance it becomes
Uint � 2C4�r4 due to the retardation of the electrostatic
interaction, which was derived by Casimir et al. [2]. The
crossover occurs at about the distance r � l�2p, where
l is the effective atomic transition wavelength that con-
tributes to the polarizability. The van der Waals potential
has been extensively studied because of its relevance to
the adsorption of atoms on solid surfaces [3]. Its magni-
tude has been determined by various techniques [4–13]. It
has also been estimated indirectly from the adsorption co-
efficient. The trajectory of atoms in those experiments is
basically governed by the classical mechanics, where the
atom moves in the classical attractive potential Uint. On a
flat surface the atom will collide ultimately on the repulsive
wall of the surface potential and is scattered or adsorbed.

When the atomic motion is sufficiently slow, how-
ever, the wave nature becomes important. The atom
can be reflected back at a steep slope of the poten-
tial if the spatial variation of the local wave vector

k �
q

�k2
0 2 2mUint�h̄2� is sufficiently abrupt regardless

of the sign of the variation, where k0 is the wave vector of
the atom normal to the surface at r ! `. This condition
states that the variation of k within the distance of the
atomic de Broglie wavelength is larger than the k itself,
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1
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dk
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When the potential is of the form Uint � 2Cn�rn, the f

takes a maximum fmax at a finite distance
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�n 1 1�h̄2k2
0

æ1�n

.

Since the fmax goes to infinity as k0 ! 0 for n . 2, the re-
flectivity is expected to approach unity when the normal in-
cident velocity yn � h̄k0�m approaches zero [14,15]. The
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reflection of this type has been called quantum reflection
and was observed on the reflection of He and H atoms
on liquid helium surface [16,17] and also indirectly from
the sticking coefficient of hydrogen on liquid He [18,19].
The quantum reflection is also expected on solid surfaces.
Kasevich et al. [20] observed the deviation from the classi-
cal reflection of alkali atoms on the potential barrier created
by the evanescent light above a glass surface. There have
been theoretical discussions on the quantum mechanical
effect in various configurations [21–23]. However, to our
knowledge, an experiment that shows a high reflectivity on
a solid surface has not been reported due to the extremely
low velocity required to observe the phenomenon.

We overcame this difficulty by using a well-collimated
atomic beam that was released from a very small trap of
neutral atoms. The reflectivity of metastable Ne atoms on
Si and BK7 glass surfaces was studied. The atomic beam
hit the surface at a very shallow angle, and the yn depen-
dence of the reflectivity was measured by varying the inci-
dent angle. We used a microchannel plate (MCP) detector,
which enabled us to distinguish unambiguously specularly
reflected atoms from randomly scattered ones even at very
low reflectivity. By using a beam with collimation better
than 3 3 1024 rad at the sample, we could measure the
reflectivity at a velocity as small as 1 mm�s and observed
reflectivity higher than 30%.

The experimental setup is shown in Fig. 1. Metastable
neon atoms in the 1s5�3P2� state were cooled and trapped
in a magneto-optical trap. The diameter of the trapped
atoms was typically 100 mm. A 598 nm laser beam was
focused into the cloud of trapped atoms and pumped ap-
proximately half of the 1s5 atoms optically into the 1s3
state. The remaining half decayed to the ground state by
emitting a vacuum ultraviolet (VUV) photon. The 1s3
atoms were freed from the trapping potential, fell along a
parabolic path pulled by gravity and illuminated uniformly
a mask that was placed 37 cm below the trap. The mask
had five holes (see Fig. 2). Atoms that passed through
the middle hole hit a silicon or a BK7 glass plate and
were scattered or quenched. The hole was aligned exactly
along the vertical line from the trap, and its diameter was
2001 The American Physical Society 987
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FIG. 1. The cross-sectional view of the experimental setup.
The 1s3 metastable neon atoms were generated by focusing an
optical pumping laser at 598 nm into the trap of the 1s5 atoms.
The mask, the top of the reflecting plate and the MCP were
placed 37, 39, and 112 cm below the trap, respectively.

either 0.1 or 0.4 mm. The pattern of the scattered atoms
was detected by the MCP that was placed 1120 mm below
the trap. A clear spot arising from the specularly reflected
atomic beam that had approximately the same beam diver-
gence as the incident beam was observed in all velocity
ranges. Atoms that passed other four holes hit the MCP
directly. Since those holes were not on the vertical line, the
atomic image on the MCP spread due to the velocity dis-
persion in the source. The image spread radially from the
vertical line, and the velocity distribution was determined
from its length, while the total intensity of the image was
used to calibrate the relative intensity of the specularly re-
flected spot. The absolute reflectivity was obtained by di-
viding the relative intensity of the specularly reflected spot
by that of the atoms from the middle hole when the plate
was removed.

For a measurement at a larger angle, a 628 nm laser
beam was superposed on the 598 nm optical pumping
laser. The 628 nm laser produced a conical shape attrac-
tive potential for the 1s3 atoms around the trap, and cooled
adiabatically the transverse velocity distribution. This in-
creased the flux by an order of magnitude at the cost of
a larger effective size of the beam source. Because of a
large gravity acceleration, the velocity dispersion of atoms
was reduced within 1% of the vertical velocity (approxi-
mately 3 m�s) at the height of the plate. The velocity dis-
988
FIG. 2. The pattern of the mask and the image on the MCP.
The hole in the center below was aligned exactly along the
vertical line from the trap. Its diameter was 0.1 mm. The four
other holes are at a distance of 1.4 and 2.0 mm from the central
hole. Atoms that passed through those holes did not hit the
surface, and their pattern on the MCP served to align the central
hole, to determine the velocity distribution of the source and to
calibrate the beam flux of the central hole. The VUV and atomic
images do not overlap due to the difference in trajectory, except
those from the central hole. The image of the free fall atoms
were created by atoms that missed the plate. The vertical point
is located slightly below this image. The image shows the case
of yn � 3.8 mm�s and without the 628 nm laser.

persion due to the height difference along the plate was
much larger and amounted to 20%.

A silicon or a BK7 glass plate was placed immedi-
ately below the pinhole. The silicon plate was of B-doped
p-type with the resistivity of 10 V cm, and the surface had
the (1,0,0) face. The length was 20 cm for the silicon and
17 cm for the BK7 plate. We also tried a silicon plate
with the 7.8 mV cm conductivity and a plate without the
oxidized surface layer. The result was nearly the same as
that of the 10 V cm plate. We show only the result of the
10 V cm plate. The relative angle between the plate and
the atomic beam was determined by reflecting a He-Ne
laser beam onto the surface. The spatial distribution of the
1s3 atoms on the MCP was recorded on a video tape and si-
multaneously analyzed by using a personal computer. The
vacuum was typically 2 3 1027 Pa. The plate was not
processed after installation into the vacuum chamber.

Figure 2 shows the image when operated without the
628 nm laser. The figure was taken with a continuous
atomic beam and contained spots by the 74 nm VUV pho-
tons that were emitted from the source. The VUV im-
ages were either weak or well separated in space from the
image of reflected atoms and caused no serious interfer-
ence. However, in the real run the trapping laser, the op-
tical pumping laser, and the discharge of the source were
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switched off every 64�60 s for 32�60 s. The data were ac-
cumulated during the switched-off period when no VUV
photon hit the detector.

Figures 3 and 4 show the reflectivity as a function of
yn incident on the silicon surface and on the BK7 glass
surface, respectively. Both figures are qualitatively simi-
lar. The reflectivity decreased monotonically with yn. On
the high velocity side between 10 mm�s and 30 mm�s, the
reflectivity decreased nearly exponentially. Its decay con-
stant was 5.5 s�mm for silicon and 7.5 s�mm for BK7.
On the lower velocity side the reflectivity changed more
rapidly and seemed to approach unity as yn ! 0 with a
finite slope. The latter behavior showed clearly that the re-
flection was not caused by a positive potential barrier. The
accuracy of the measurement was approximately 620% in
the higher velocity region, which was estimated from the
scattering of the experimental data and the statistical error.
In the lower velocity region below 5 mm�s the error was
larger due to the positioning error of the plate relative to
the pinhole. At about yn � 1 mm�s the error was nearly
650%. In the region yn , 2 mm�s, the length of the plate
did not cover the entire atomic beam, and the reflectivity
was corrected according to the geometrical ratio.

For a perfect conductor the coefficient C4 of the Casimir
potential is [2]

C4 � CC 	
3h̄ca

32p2e0
.

By using the polarizability of a � 2.8 3 10239 F m2

[24], one get rmax � 1 mm at the velocity of 1 mm�s.
Since l��2p� is of the order of 0.1 mm, this suggests
that the reflection in the low velocity side is determined
by the r24 potential, while in the high velocity side it is
governed by the potential in the transition region between
the r24 and r23 dependence.

FIG. 3. The reflectivity vs the normal incident velocity on the
Si(1,0,0) surface. The solid curve is the reflectivity calculated by
using the potential Eq. (1) with l � 0.4 mm and C4 � 6.8 3
10256 J m4, which corresponds to a � 2.0 3 10239 F m2

of Casimir’s theory.
To obtain quantitative comparison we integrated nu-
merically the wave equation with several model poten-
tials. We calculated the reflectivity by assuming that, at
a very short distance rs � nm, the wave function con-
tained only the wave moving towards the surface, C �
A exp�2i

R
k dr�, where A is a slowly varying function

of r compared to the phase variation. The reflectivity
R�yn� � jB�A0j2 was obtained from the solution at a large
distance C � A0 exp�2ik0r� 1 B exp�ik0r�. To test the
influence of rs on the reflectivity we calculated R�yn�
by varying rs from 0.3rmax to 1022rmax for the r23 and
r24 potentials. The reflectivity did not vary more than
3%. Since the WKB approximation improves at a smaller
r , we assumed that the influence on the choice of rs

was small as long as rs ø rmax. We used a fixed value
in the calculation that corresponds to rs � 2.3 nm when
C4 � CC was assumed. This value was more than an or-
der of magnitude smaller than rmax and roughly equal to
the roughness of the Si surface. We tried to fit the slopes
of Figs. 3 and 4 in the low velocity range, yn , 8 mm�s,
with the r24 potential. Using C4 � CC for silicon we
obtained a � �1.9 2 0.9 1 1.3� 3 10239 F m2, which is
in agreement with the value a � 2.8 3 10239 F m2 de-
termined from the dc Stark effect by Noh et al. [24].
To derive a from the data of the BK7 glass we esti-
mated the correction factor for dielectrics from the for-
mula C4 � CCf�e� �e 2 1���e 1 1� and the numerical
plot of f�e� by Dzyaloshinskii et al. and Spruch and
Tikochinsky [25,26] as C4 
 0.51CC . This value gave
�3.2 2 1.6 1 1.9� 3 10239 F m2.

A better fitting over the entire velocity range was ob-
tained with the potential

Uint � 2
C4

�r 1 l�2p�r3 , (1)

which satisfies approximately Casimir’s theory [2] in-
cluding the constant at two limiting distances r ! 0 and

FIG. 4. The reflectivity vs the normal incident velocity on the
BK7 glass surface. The solid curve is the reflectivity calculated
by using the potential Eq. (1) with C4 � 7.3 3 10256 J m4 and
l � 5.0 mm.
989
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r ! `. The least squares fitting of the 43 data in Fig. 4
give C4 � 7.3 3 10256 J m4 and l � 5.0 mm. The range
within s confidence is �4.2 2 22� 3 10256 J m4 for C4
and 1.0 22 mm for l. The R�yn� calculated with the
values outside this range clearly showed systematic devi-
ation from the experimental points. The same calculation
for silicon give C4 � 6.7 3 10256 J m4 and l � 0. The
range within s confidence is �6.7 2 8.4� 3 10256 J m4

for C4 and 0 4.7 mm for l. This C4 give a � �2.0 2

2.5� 3 10239 F m2. Although the accuracy of the present
experimental result is not sufficient for a detailed qualita-
tive comparison, the above result shows that the specular
reflection is caused by the quantum reflection from the
van der Waals–Casimir potential.

The influence from the repulsive core potential was not
observed. This is not unreasonable because the metastable
1s3 neon atom is quenched with high probability when it
approaches within the reach of the core potential. Further-
more, the surface has a roughness of the order of several
nm. Since the de Broglie wavelength of the atom that ap-
proaches near the surface is much smaller than the scale
of the surface roughness, the atom senses the local varia-
tion and is scattered randomly. Since we detect only
the specularly reflected component, the atom scattered on
the core contributes little to the reflectivity. The effect
of the core will become more prominent at a larger yn,
where the amplitude of the quantum reflection becomes
closer to that of the core reflection. Our experimental ac-
curacy was not sufficient to detect such an effect.

In conclusion we have shown clear evidence of specular
reflection of atoms on a solid surface that was caused by
the attractive Casimir potential. The reflectivity of larger
than 30% was observed at the normal velocity of about
1 mm�s. The potential of the same form was found to fit
the velocity dependence of the reflectivity on the BK7 glass
surface. The present technique provides a method to study
the interaction of a neutral particle with a solid surface
in a wide range of distance from the surface and gives
useful information for the designing of coherent surface
atom-optics devices.
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