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Experimental Observation of Quantum Reflection far from Threshold
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We present first experimental evidence for quantum reflection, originating exclusively from an
attractive potential between an atom and a solid surface, at energies far from the threshold E; — 0.
The system of light and stable *He atoms scattering from an a-quartz crystal allows confirmation of
recent theory on quantum reflection up to its asymptotic behavior, determined by the nonretarded
van der Waals potential —C;/r°. From the data, the gas-solid interaction potential is deduced
quantitatively, covering the energy region, in which retardation plays a role.
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Surprising quantum phenomena may occur when the
wave nature of an atom becomes dominant with respect
to its classical, particlelike behavior. An example is
above-barrier reflection of slow atoms, with incident
kinetic energy exceeding the barrier height [1]. This
effect was recently discussed by Coté er al for an eva-
nescent wave atomic mirror [2,3]. Interestingly, the bar-
rier does not need to be repulsive [4]. In the quantum
regime, reflection also takes place from a purely attractive
potential, which falls off with distance r faster than 2,

Therefore, a wave function impinging on a surface may
be partially reflected already from the attractive well of
the interaction, before reaching the repulsive wall. This
quantum reflection (QR) is predicted to increase with
smaller incident energy E;. As a consequence, the proba-
bility s of the particle sticking to the surface drops to
zero. In the MIT experiment on H atoms scattering from
the liquid surface of He [5], it was confirmed that, at very
low energies (as compared to the unique bound state of
the system) s o E}/Z. At higher energies, s(E;) changes
form, depending on the parameters of the attractive po-
tential tail [6]. It should be noted, however, that using the
reflection probability defined in these experiments as R =
1 — s, it is generally difficult to discriminate between
reflections originating from the attractive and those
from the repulsive branch of the potential.

With new quantum optics experiments on ultracold
collisions it has become very important to investigate
QR from an attractive potential only, without the influ-
ence of the repulsive wall (e.g., for understanding loss
processes in creating 2D quantum gases [7]). The first
experiment hereto, recently performed by Shimizu [8],
involves metastable neon atoms scattering from glass and
silicon surfaces. Since the metastable atoms quench when
approaching the surface, long before they reach the re-
pulsive wall, the detected QR originates from the attrac-
tive tail only. In the following experiment, we scatter and
detect ground state >He atoms, which can come very close
to the surface without such losses. Still, only the atoms
reflected from the attractive branch of the interaction
potential are measured, by virtue of the fact that the
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quartz surface we used is rough. Helium being highly
sensitive to surface disorder guarantees that any atom
approaching the repulsive wall of the rough surface is
diffusively scattered into the background very efficiently.

In earlier theoretical works, Boheim and Brenig and
Carraro and Cole [9,10] establish an extremely low criti-
cal normal kinetic energy required for observing quan-
tum reflection from surfaces, on the order of 107° of the
interaction potential depth V|,. Their value is based on a
coarse criterion for the breakdown of the WKB approxi-
mation (|dAgg(r)/dr| = 1) and therefore represents
merely a rough and rather conservative estimate of the
critical energy. Shimizu’s data were obtained in a lower
energy regime and are thus no test for this criterion. A
more accurate theory on QR, formulated recently by
Coté, Friedrich, and co-workers [11,12], predicts a
much more gradual transition from the classical into
the quantum regime. In this Letter, we present the first
experimental evidence for QR at energies E; up to 1073 X
Vi, mapping out this transition precisely. The implica-
tions for S-wave scattering in ultracold atom-atom colli-
sions is discussed in detail in [13]. We here explicitly
prove the validity of this new theory far from threshold,
which may have important practical consequences. In
addition, the exact gas-surface potential parameters are
deduced, providing information on the surface properties.

The region within the interaction potential, in which
QR takes place, strongly depends on the kinetic energy of
the incident particle. The center of this reflection region is
situated at some distance close to ry, where the kinetic
energy equals the potential one [9,12]. In order to observe
reflection from the attractive branch of a hard wall po-
tential it follows that the kinetic energy of the atom must
be smaller than V. For realistic systems there is an
additional effect: soft repulsive interaction alters the
form of the well near the minimum to be flatter than
r~3, which leads to a decrease of the critical energy below
Vo. When reducing the incident kinetic energy, the
reflection region moves towards larger distances, i.e.,
away from the surface, and the reflection amplitude
increases. By varying the incident energy the attractive
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part of the interaction potential range can thus be sensi-
tively probed.

At energies E; close to V, i.e., far from threshold, the
reflection coefficient shows asymptotic behavior. This was
analytically calculated by Pokrovskii et al. [1] for above-
barrier reflection in the general case, and by Friedrich
et al. for the attractive atom-surface interaction [12]. The
reflection coefficient from a homogeneous attractive po-
tential —C,/r" = — % X (B,)""%/r", which is a function
of the distance r from the surface, takes the asymptotic
form

IRWY™|? = exp[—2B,(k;8,)'~?/"], (1)

where the constant B, depends on the power n of the
potential. The primary normal kinetic energy E; of the
incident atom with mass m and the strength of the homo-
geneous potential are expressed in terms of the wave
number k; = [(2m/h2) X E;]'/? and the length parameter
B, =[(2m/h?) X C,]"/"=2 respectively, so that the
product k;(B, is dimensionless. The parameters of the
reflecting potential can thus be determined by measuring
the asymptote (1) as a function of the normal incident
kinetic energy.

The long range attractive part of the interaction poten-
tial between a neutral atom and the surface of a solid is in
general not homogeneous but predicted to be well de-
scribed by the Casimir—van der Waals potential [8,12]:

Cy

V(r) = _m,

2)
where [ is the transition length between the two homoge-
neous parts of the potential: the van der Waals potential
—C;/r at the distance r < [, and the retarded potential
—C,/r* = —C51/r* at r > [ due to the Casimir effect.

This inhomogeneous potential yields two separate re-
flection coefficient asymptotes of the form (1), deter-
mined by the r~* and r~3 parts, each one having its
own validity range:

|Risymp(ki)|2 for G4 < ki,B4 << pz’ (3)

B3 )3/2‘ @)

R )P for p* < kifis < (22
a

The distance a denotes the position of the potential
minimum and the constants B,,, which enter in (1), are
calculated to amount to By = 1.69443 and B3 =
2.24050. The lower limit G4 = 0.35 [14] for k; B4 defines
the region of relative high energies, E; > (2m/h*)* X
G,/ C,, where the reflection coefficient takes the analytic
form (1).
The dimensionless parameter

:&: 2mC3

Ba "> J/C,
is characteristic for the atom-surface system in general
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and determines the asymptotic behavior for reflection: at
p* = B3/a > G, only the asymptote (3) can be ob-
served, whereas when p>3G, the asymptotic behavior
(4) dominates.

In order to measure the asymptote (4), determined by
the nonretarded van der Waals potential only, the incident
atom should have a normal incident energy E; >
C3/C35 = C3/P. In the entire validity range of (3) and
(4) for high energy QR, the incident atom is reflected
relatively close to the surface. In the recent experiment by
Shimizu [8] exactly this asymptotic region was not ac-
cessible, because the metastable Ne atoms they used
decay at the distance of some nm from the surface.

Here, we report on the first observation of QR of neutral
helium atoms from an a-quartz crystalline surface in the
high energy region, far from threshold. In this system the
asymptotic behavior of the reflection coefficient is deter-
mined by the nonretarded van der Waals potential only.

The experimental results presented here are obtained
on an apparatus designed for surface studies, using the
novel atomic beam spin echo technique [15]. In this
machine, the nuclear magnetic moments of 3He atoms
are manipulated, so as to obtain detailed information on
changes in the particle’s energy before and after scatter-
ing [16]. For the data here, however, the actual spin echo
part of the *He spectrometer is of importance only in as
much as it allows us to determine the velocity distribution
in the beam precisely. The atomic *He beam is produced
in a 500 wm diameter nozzle source, cooled by a 4.2 K
“He bath cryostat and detected in a commercial mass
spectrometer with a saturation rate of 2 MHz. The target
crystal is mounted in the scattering chamber, half way
between source and detector, and can be manipulated
around the three Cartesian axes for incident angle 6;,
in-plane and azimuthal orientation. The detector can be
rotated in the horizontal plane to include a total scattering
angle 90° = (0, + 0;) = 180° with the incident beam.
Since the rotation axes of incident and scattering angle
are aligned to coincide, the specularly reflected He atoms
can be followed directly in a so-called (6 — 20) scan,
with an angular resolution of A@; ~ 0.17°. Further de-
tails on the *He spectrometer will be presented elsewhere.
A sketch of the experimental setup is given in Fig. 1.

The QR experiment is performed on an @-quartz single
crystal having a diameter of 25 mm, a thickness of 1 mm,
and a polish on both sides. The *He-beam average kinetic

3 ; —_——————————————
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FIG. 1. Schematic representation of the experimental setup.
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energy E, = 0.63 meV amounts to approximately 10% of
the He-quartz interaction potential well depth V, =
9.6 meV, reported in literature [17]. The atomic beam
has a wavelength distribution with a relative width of
circa 20% at an average de Broglie wavelength Agg of
6 A. Atomic force microscopy measurements, performed
prior to chemical etching of the quartz sample, indicate a
randomly stepped surface structure. The terrace width is
of the order 100 nm and their height is Gaussian distrib-
uted with width = 12 A. Because of an atomic roughness
within the terraces, there is no specular reflection from
the repulsive potential wall. Indeed, when scattering elec-
trons (LEED), “He or 3He atoms close to normal inci-
dence from the surface, no reflectivity could be detected.
However, upon incrementing 6; beyond 84° a rapidly
growing *He specular intensity is measured. By increas-
ing the impinging angle, the incident kinetic energy of
the atom perpendicular to the surface E; = Eycos®8; is
decreased. For 6; ranging from 84° to 89.73°, this means
a reduction of the average normal energy from 6.9 ueV
down to 14 neV, corresponding to 1073, respectively, 107°
of V,. The angular width of the reflected peak at this
grazing incidence is machine limited. No broadening of
the specular peak, as measured for classical reflection
from stepped surfaces [18], is observed. The coherence
length (or transfer width) for specular reflection, w =
Agg/(AB; X cosf;), is 0.2 um at normal incidence and
ranges from 2 up to 42 pm for the angular range in which
QR is measured. The surface area illuminated by the
atomic beam and the fraction of atoms actually involved
in the scattering experiment depend on the incident angle.
This was determined in an independent measurement and
taken into consideration when analyzing the data.

Figure 2 shows the resulting reflection coefficient as a
function of the dimensionless average normal wave num-
ber k;a = 27 cosf;(a/Agg), With a = 2.65 A being the
position of the potential minimum [17]. For a constant
energy beam, the normal wave number is varied by
changing the incident angle ;. Open circles in the figure
represent the experimental data from the randomly
stepped surface. Since the step height distribution is
Gaussian with width o = 12 A, the terraces are wide
and the illuminated surface area consists of a large num-
ber of them; the reflection coefficient of the rough surface
(open circles) can be related to that of a smooth one (full
circles), through

8. £(0)do
Riougn(k; 2= dk 4'[00‘}( :
|Rrougn (k)* = e 0 7(9)d0

|Rsmooth(ki)|2- (6)
The first term quantifies the reduction of the reflection
coefficient due to dephasing of the wave function upon
scattering from terraces at different heights. This effect
is more pronounced at higher energy, because then the
de Broglie wavelength normal to the surface, Agg/ cos6;,
becomes comparable to ¢. The second factor in (6)
takes into account the loss of atoms hitting the
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FIG. 2. Reflection coefficient as a function of the dimension-
less incident wave number k;a ( = cosf;). Open circles: experi-
mental data from the stepped surface. Full circles: corrected
data, representing QR from the smooth surface. Solid line:
computer simulation using the potential (2) parametrized with
C, =23.6 eVA*and [ = 10 nm. Inset: replot of the same data.
The straight of slope = 1/3 shows the asymptote (4) with 83 =
347 A; the straight at small In(k;a), with slope = 1 and ordi-
nate axis intercept = In(2.48;/a) for p = 1.9 [12], is the near-
threshold asymptote.

steps from the side and becomes noticeable only at
grazing incidence. Here, 8 = (90° — 6;) and f(6) =
(L/o)/\27 X exp[— (L tand/c)?/2] describes the pro-
bability that a step has height Ltané. In Fig. 2, the
average terrace width L is taken to be L = 75 nm and
o = (10 =2) A. The error bars on the corrected data
(full circles) contain both the statistical error and the
uncertainty in o.

We can now directly compare the corrected experi-
mental data with a computer simulation for QR from a
smooth surface (solid line). Our calculation is based on
the method suggested in [11] for an attractive potential of
the form (2) and shows very good agreement with the
data. This method matches the WKB wave function to the
exact solution of the Schrodinger equation in every point
of the interaction. We have seen no significant difference
when including the entire wavelength distribution (as
determined using the spin echo technique) in the simu-
lation instead of just the average value of Agp.

The C, coefficient for the inhomogeneous interaction
potential (2) entering into the computer simulation can be
written as [8,19]

C, = 1 .3ﬁca

B 4mey 8w

- p(e) - i=23.6 eVAY. (7)

e —
e+
Herein, a = 2.3 X 10~*' Fm? denotes the polarizability
of the incident He atom and e = 4.5 is the dielectric

constant of the a-quartz crystal [20]. The terms contain-
ing & in expression (7) correct the interaction with a
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dielectric surface for that with a conductive one, whereby
¢ () is found in [19]. The transition length I, the only
adjustable parameter in the simulation, is determined to
be I = (10 £ 1) nm in order to give the best agreement
with experiment. This value is in perfect agreement with
the wavelength A/(277) = 9.3 nm corresponding to the
atomic transition between the electronic ground and the
first excited state in helium. In addition, the important
dimensionless parameter p characterizing our system and
defined in (5) then becomes p = 1.9 = 0.2. p being so
small, the asymptotic behavior of the reflection coeffi-
cient is expected to be determined entirely by the non-
retarded interaction potential —C5/r>. That is, from the
two high energy asymptotes only the higher one (4)
should be observed. For our system this lies at incident
energies E; > 7 X 107% X V, = 69 neV, corresponding
to incident angles cos@; >> 0.011 . Our experimental
data acquired at nongrazing incidence approach this
asymptote very closely.

Replotting the reflection coefficient on a In(— In) scale
as a function of In(k;a) turns the asymptotic behavior (1)
into a straight line, as shown in the inset of Fig. 2. From
this, full information on the homogeneous part of the
reflecting potential can be obtained: the slope gives the
potential power n and the ordinate axis intercept yields
the length parameter 8, (and therewith C,). The high
energy asymptote for the nonretarded branch (n = 3) in
the figure results in a van der Waals coefficient C3 =
C,/1 =236 meV A3,

Kunc et al. [17] calculate the potential power n to vary
from 3.8 to 6 within the distance r < 50 A. Their poten-
tial follows (2) with the given parameters only at the
distances < 10 A from the surface. This is perfectly con-
sistent with the authors not including retardation in their
model. As an independent check of the resulting attractive
potential the parameters for the potential minimum with
and without retardation are calculated. The latter show
agreement within 3% with the values given in [17].

In contrast, potential parameters can principally not be
derived from the near-threshold E; — 0 asymptote in a
single experiment only. On a In(— In) scale (inset in Fig. 2)
this asymptote always has slope one, independent of #n. It
causes the universal quantum sticking behavior, s « \/Ej,
first measured by Yu et al. [5].

In conclusion, ground state *He atoms allow experi-
mental access to QR from the attractive potential far from
threshold they sense from an a-quartz surface. We confirm
the high energy asymptotic expression given by (1)
and show that it is determined by the nonretarded
van der Waals potential only. Deviation of the experimen-
tal data from this asymptote shows that the interaction
potential near the surface falls off steeper than a pure
van der Waals potential. This is due to the retardation
effect even at the distance of 30 A above the surface. Our
analysis, based on the complete theory on above-barrier
QR, shows excellent agreement with the experimental
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data for the potential coefficients C, = 23.6 eV A* and
[ = (10 = 1) nm. The interaction potential compares well
to the one calculated by Kunc et al [17] in the vicinity of
the potential minimum. Moreover, [ perfectly matches
the transition wavelength from the electronic ground to
the first excited state of He.

We have recently installed a highly efficient mass
spectrometer [21], allowing us to measure in the even
higher energy range, where the influence of the repulsive
wall becomes visible. We have now obtained QR data also
on metal and semiconductor targets, which we are cur-
rently analyzing.

We are grateful to the Konrad-Adenauer-Stiftung for
supporting the work of V.D.
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