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Abstract. We explore how atoms and polar molecules can be manipulated using evanescent-wave mirrors
(EWM). We review the simpler case of ultracold atoms incident on EWM, and show that quantum effects
such as tunneling, above barrier reflection, and Casimir retardation corrections, can be probed. We show
that it is possible to enhance significantly quantum effects by engineering sharp features in the effective
atom-EWM potential. We illustrate the concept with a bichromatic EWM created by using red and blue
detuned lasers. Finally, we extend the treatment to ultracold diatomic polar molecules. Quantum reflection
and molecular state selection are demonstrated under attainable physical conditions. By facilitating the
manipulation and trapping of ultracold molecules, such molecular mirrors could have several applications,
e.g., as devices to filter and select state for ultracold chemistry, or to manipulate states for quantum
information processing.

PACS. 33.80.-b Photon interactions with molecules – 42.50.-p Quantum optics

1 Introduction

Evanescent-wave mirrors (EWMs) have been used as a
tool for examining fundamental effects in quantum me-
chanics. In addition to quantum reflection and tunnel-
ing of ultracold atoms [1–4], fundamental types of in-
teractions, such as the classical van der Waals atom-wall
potential or QED retardation effects [5–7] have been stud-
ied. These devices have also been utilized in various appli-
cations, such as gravito-optical traps for ultracold atoms
[8]. Molecular EWMs are just starting to be investigated;
they have been first prepared in [9], and quantum state
selection by molecular EWMs was also implemented in
[10]. Recently, Schulz et al. [11] presented the possibil-
ity of miniature molecular EWMs. Such devices could
serve as components in quantum computers based on po-
lar molecules [12].

The recent advances in producing and trapping of ul-
tracold molecules via various techniques, such as photoas-
sociation [13–16], buffer-gas thermalization [17,18], and
Stark decelerator [19–21], have opened the way to study
molecules in the few µK regime [13–16]. In that temper-
ature regime, the kinetic energy of ultracold molecules is
comparable with the energy of the molecule-wall interac-
tion. Hence, one could use ultracold molecules to measure
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the molecule-wall long-range interaction, as was done in
the case of atoms [5,6].

In this paper, we first review EWMs for atoms un-
der realistic physical conditions. We explore the reflection
probability for a “monochromatic” atomic EWM with and
without retardation effects, and investigate more compli-
cated interaction potentials created, e.g., with a “bichro-
matic” atomic EWM. We then present a description of the
interaction for a molecular EWM. We consider ultracold
polar diatomic molecules, and show that the light field of
the EWM couples internal molecular states, so that quan-
tum reflection from such devices can lead to quantum state
selection.

2 Atoms

An evanescent-wave mirror for cold atoms is created when
a blue-detuned laser beam undergoes total internal reflec-
tion inside a dielectric prism [1,2]. The effective potential
acting on the atom combines two contributions: the opti-
cal potential originating from the evanescent optical field,
and the atom-wall interaction (see Fig. 1).

2.1 Optical potential

Optical potentials are induced by space dependent
changes to the internal energy of the atoms. A simple
model for a two level atom was given within the dressed
atom approach [22]. By solving the optical Bloch equa-
tions in the electric dipole approximation, one finds two
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Fig. 1. Schematic of an atomic mirror. The blue detuned laser
light produces a repulsive force, after total internal reflection.
An approaching atom will feel the effective potential formed
by the atom-wall and light induced potentials. The lower panel
shows the contributions to the effective potential for Na atoms.

forces acting on an atom in its ground state: a radiation
pressure force and a dipole force [22]. The dipole force can
be described by the effective potential

Vdipole =
�δ

2
ln
[
1 +

Ω2/2
δ2 + Γ 2/4

]
, (1)

where Ω is the Rabi frequency, and δ ≡ ωL − �kL · �p− ω0

is the detuning from the atomic resonance of frequency
ω0 and natural linewidth Γ of an atom of momentum �p

interacting with photons of momentum �kL and frequency
ωL. For large δ, the dipole force dominates [22] and Vdipole

reduces to

Vdipole
large δ−→ �Ω2

4δ
, (2)

with Ω2 ∝ Id2 where I is the laser intensity and d is
the atomic dipole. The dipole potential is therefore pro-
portional to the intensity of the laser and inversely pro-
portional to detuning, and can be attractive or repulsive,
according to the sign of δ. For red detuning ωL < ω0,
δ < 0, and the atom is attracted by high intensity, while
for blue detuning, ωL > ω0, δ > 0, it is repelled by high
intensity.

2.2 Atom-dielectric interaction
with and without retardation effects

A simple model for the interaction of a ground state atom
and a wall of dielectric constant ε considers the interac-
tion between a dipole �d and its mirror image. It gives the
Lennard-Jones potential

VLJ = −
(
ε− 1
ε+ 1

)( 〈d2
||〉 + 2〈d2

⊥〉
64πε0

)
z−3 = −C3

z3
, (3)

Table 1. Parameters for sodium used in this paper. The values
of Cmetal

3 and Kmetal
4 are taken from Karchenko et al. [26], and

K4 is from [27].

parameter value
n 1.805
kL 5.645 × 10−4 a.u.
θ 45◦

κ 4.4771 × 10−4 a.u.
Cmetal

3 1.889 a.u.
Kmetal

4 2676.71 a.u.
K4 1081.03 a.u.
m 41907.782 a.u.

where 〈d2
||〉 and 〈d2

⊥〉 are the expectation values of the
squared dipole parallel and perpendicular to the sur-
face [23], ε = n2 and n is the index of refraction of
the dielectric. This expression for the potential is ap-
proximately valid for constant ε and small z. C3 is re-
lated to the constant Cmetal

3 of a pure metallic wall by
C3 = Cmetal

3 (n2 − 1)/(n2 + 1). The numerical values for
Na atoms used in this paper are given in Table 1.

If we take into account retardation effects, the Casimir-
Polder potential is obtained where the finite propagation
time between the dipole and its image results in a different
asymptotic power-law behavior; V (z) ∝ z−4 as z → ∞
[24]. The complete QED treatment depends on the dy-
namic dipole polarizability function [25], and gives

VQED(z) = −f(z)
C3

z4
, (4)

where f(z) → z for small z and f(z) → K4/C3 for z → ∞.
Using semi-empirical results for the dynamic dipole polar-
izability, accurate QED potential curves were obtained for
alkali atoms [26].

2.3 Effective potential of the evanescent-wave mirror

An evanescent-wave mirror for cold atoms is created when
a blue-detuned laser beam (δ > 0) with wave number
�kL undergoes total internal reflection inside a dielectric
prism. The effective potential felt by an approaching atom
is simply the sum of Voptical and Vwall. Because the laser
intensity drops exponentially with the distance z outside
the surface of the dielectric prism, we have

Voptical = C0 exp(−2κz) exp(−ρ2/ρ2
0) , (5)

where κ = kL

√
n2 sin2 θ − 1, and the incident angle is θ.

For large detuning [28], C0 � Id2/8�ε0δ, where d is the
atomic dipole moment, and ε0 the vacuum permittivity.
The exp(−ρ2/ρ2

0) factor accounts for the Gaussian profile
of the focused laser beam of width ρ0. We have shown in
reference [29] that this Gaussian profile needs to be con-
sidered when analyzing experimental results. However, we
assume a constant intensity and set ρ2 = 0 for simplicity.
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Fig. 2. The effective potential with retardation Vexact (solid
line) and without retardation Vnoret (dashed line) as a function
of z for various values of C0. As C0 decreases from (a) to (f), the
barrier diminishes and is pushed out. Notice that for (e) and
(f), there is no barrier for Vnoret. The corresponding numerical
values are listed in Table 2.

The exponentially decaying optical potential and the
attractive atom-wall interaction add up to generate an ef-
fective potential barrier. It is given by one of the following
two formulas, which, respectively, neglect retardation ef-
fects or take them into account [30],

Vnoret(z) = C0 exp(−2κz) − C3

z3
, (6)

Vexact(z) = C0 exp(−2κz) + VQED(z) . (7)

The height of the barrier Vmax varies as a function of
the intensity of the laser beam, as do its location and
shape. This is illustrated in Figure 2, where we used the
various numerical values listed in Table 1. As I is re-
duced, Vmax decreases and moves out to larger distances.
For Vmax = 1

2mv
2
top corresponding to sodium atoms with

vtop = 10.0 cm/s, the top of the barrier is located at a
distance of roughly 2000a0, i.e. far out from the prism
itself. This enable us to treat the system without tak-
ing into account many surface phenomena, e.g. the stick-
ing of the atoms to the surface, the creation of phonons,
etc. At such large distances, retardation effects could be
noticeable. Indeed, when z becomes of the order of the
transition wavelength λ/2π, the time-of-flight of the vir-
tual photons becomes large enough to cause retardation
effects. For sodium, λ/2π = 1772a0, and a barrier located
at 2000a0 could probe retardation corrections. We plot-
ted the effective potentials with and without retardation
corrections in Figure 2: the height, its location and the
curvature of the potential at the top of the barrier vary
strongly when one compares the two set of effective po-
tentials (see Table 2).

Table 2. Parameters for the curves of Figure 2. For a given
value of C0, there are two potential curves, Vexact (with retar-
dation) and Vnoret (without retardation). We give the height
of the potential Vmax, the corresponding velocity vtop, (Vmax =
1
2
mv2

top), the location of the maximum of the barrier zmax, and

the curvature α = ∂2V/∂z2
∣∣
z=zmax

at the top of the barrier.

For Vnoret of Figures 2e and 2f, there is no barrier.

Figure C0 type Vmax vtop zmax α
(10−10 (10−11 (cm/s) (a0) (10−16

a.u.) a.u.) a.u.)

2a 9.877 exact 13.454 17.53 1629.5 –3.7754
no ret. 4.378 10.00 2243.4 –1.0531

2b 7.463 exact 8.207 13.69 1793.0 –2.1277
no ret. 1.576 6.00 2614.9 –0.4077

2c 6.023 exact 5.483 11.19 1935.2 –1.3649
no ret. 0.394 3.00 3022.2 –0.1542

2d 5.375 exact 4.378 10.00 2017.5 –1.0541
no ret. 0.013 0.54 3334.6 –0.0739

2e 3.391 exact 1.576 6.00 2416.9 –0.3447
no ret. – – – –

2f 2.119 exact 0.394 3.00 3000.4 –0.0828
no ret. – – – –

2.4 Quantum reflection and tunneling

Classically, a particle of mass m and velocity v (momen-
tum �k = mv) incident on a one dimensional poten-
tial barrier V (z) can be either transmitted or reflected;
the classical reflection probability is a Heavyside function
Rclassic(E) ≡ Θ(Vmax − E), where E = 1

2mv
2 is the en-

ergy of the atom and Vmax = max[V (z)] is the height of
the potential barrier. In quantum mechanics the reflection
probability R(E) is a smooth function of the energy: the
classical step-function is replaced by a quantum S-shaped
curve, with a finite overbarrier reflection probability as
well as a finite underbarrier transmission (or tunneling)
probability.

The reflection probability for an arbitrary potential is
evaluated as in [31]; the procedure is based on matching a
superposition of incoming and reflected Wentzel-Kramers-
Brillouin (WKB) waves to an exact or accurate approx-
imate solution of the Schrödinger equation bridging the
region where the WKB approximation is inaccurate. For
quantum reflection (or above barrier) to occur, the WKB
approximation must be violated. This observation offers
a simple way to optimize laser parameters for quantum
reflection, based on the concept of “badlands” [29–31], a
notion introduced to quantify the extent to which WKB is
violated for a given energy of the incoming atoms at each
coordinate z. The essential condition for applicability of
the WKB approximation is that the de Broglie wavelength
λdB = 2π�/p, with p(E, z) =

√
2m[E − V (z)], varies
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Fig. 3. The dimensionless badlands ∆(z) (dashed lines) for
the exact potentials Vexact of the Figure 2 (solid line), for an
incoming atom with E = 5.2975×10−11a.u. (or v = 11.0 cm/s).
The potential Vexact and energy E (the horizontal dashed line)
are on a scale of 10−10a.u., and the badlands on a unit scale.
(a), (b) and (c) correspond to tunneling through the barrier
(the classical turning points are indicated by the intersection of
E with Vexact) and (d), (e) and (f) represent the above barrier
cases.

sufficiently slowly,

∆(z) ≡ 1
2π

∣∣∣∣dλdB

dz

∣∣∣∣ = �

∣∣∣∣mp3

dV

dz

∣∣∣∣� 1. (8)

The “badlands” are the regions where the condition (8)
is not fulfilled and the “badness” is ∆. Alternative defi-
nitions for the badlands are also useful [32,33]. Note that
the badlands are determined by both the potential and
the energy. The stronger and wider are the badlands, the
larger is the quantum reflection.

Experiments can be performed in two distinct ways;
by keeping the intensity of the laser constant and chang-
ing the energy of the incoming atoms, or by keeping a
constant energy and varying the intensity of the laser. We
computed and compared the reflection probability R(E)
for Vexact and Vnoret for both approaches. We found that
by varying the velocity of the incoming atoms (for a con-
stant intensity), the difference in the shape of R(E) being
extremely small so that only a threshold change could be
measured [30]. For a constant velocity, by varying the in-
tensity of the laser (or equivalently C0), we change the
shape and extent of the barrier; as C0 is decreased, the
barrier is lowered and moved out (see Fig. 2). By doing
so, one probes different regions of the atom-wall poten-
tial. The results of calculations for incoming atoms with
velocities of 3.0, 6.0 and 10.0 cm/s are presented in Fig-
ure 4. In order to quantify both above barrier reflection
and quantum tunneling, we define the areas A1 and A2

(see Fig. 5) for R(E) as a function of C0. As illustrated in
Table 3 below, retardation has an effect of nearly 25% on
A1 and A2 at v = 3.0 cm/s.

0.0 0.2 0.5 0.8 1.0 1.2 1.5
C0 (10

−9
 a.u.)

0.0

0.2

0.4

0.6

0.8

1.0

R

exact
no ret.
no ret. shifted by 3.91X10

−10

0.0

0.2

0.4

0.6

0.8

1.0

R

exact
no ret.
no ret. shifted by 4.07X10

−10

0.0

0.2

0.4

0.6

0.8

1.0

R

exact
no ret.
no ret. shifted by 4.50X10

−10

(a) v=10.0 cm/s

(b) v=6.0 cm/s

(c) v=3.0 cm/s

Fig. 4. Comparison of the reflection probability R(E) as a
function of C0 for Vexact and Vnoret., at three different incident
velocities: 10.0 cm/s in (a), 6.0 cm/s in (b), and 3.0 cm/s in
(c). Near the classical threshold C0 = Cclassic, (Vmax = E),
R increases from zero to one. These thresholds are shifted by
the retardation effects. The shift, given in each plot in a.u.,
is larger for a higher velocity. The S-shape of the curve re-
sults from quantum effects and is also sensitive to retarda-
tion. As v is decreased, this S-shape becomes steeper. To il-
lustrate the variation in shape, with and without retardation,
we shift the curves without retardation by the differences in
Cclassic.
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Fig. 5. A reflection probability curve of R(E) as a function
of the laser intensity C0. The areas A1 and A2 correspond to
above barrier reflection and quantum tunneling, respectively,
and they are defined by the vertical line cutting the curve at
R = 0.5 located (by definition) at C0 = C1/2.

2.5 Enhancement of quantum effects

By using more than one laser beam, it is possible to en-
hance quantum effects by creating “sharp” features in the
effective potential V (z), i.e. regions were the variation in
the potential |dV/dz| is larger than p3/m� so that ∆(z)
becomes of the order one or larger. For example, using a
red-detuned in addition to the blue-detuned laser, and by
selecting the appropriate incident angles, we can produce
a potential that is everywhere attractive (i.e. negative) but
for which the “badlands” would become quite important,
leading to sizable quantum effects.

Here, we investigate a realistic system based on a
bichromatic evanescent-wave setting (Fig. 6). We show be-
low that it allows for a significant increase in above barrier
reflection. Note that two colors evanescent-wave potentials
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Table 3. Quantum reflection and tunneling signatures. C1/2

and Cclassic are defined in Figure 4, while A1 and A2 are defined
in Figure 5 and represent above barrier reflection and quantum
tunneling, respectively, for the curves of Figure 4. A1 + A2 are
measures of the total quantum signature. For all quantities
(expressed in units of 10−11 a.u.), we give the ratio ret./no ret.
As the velocity v is reduced, the effect of retardation is more
pronounced. At v = 3 cm/s retardation has an effect of nearly
25% on A1 and A2.

v (in cm/s)
Quantity type 10.0 6.0 3.0

(10−11 a.u.)

C1/2 ret. 53.327 33.563 20.852
no ret. 98.439 74.400 60.126

Cclassic ret. 53.755 33.901 21.188
no ret. 98.735 74.622 60.246

ret. 3.2350 2.6049 2.1485
A1 no ret. 4.0013 3.4540 2.9779

ratio 0.8085 0.7542 0.7215

ret. 3.5009 2.8654 2.4245
A2 no ret. 4.2543 3.6976 3.2683

ratio 0.8229 0.7749 0.7418

ret. 6.7359 5.4703 4.5729
A1 + A2 no ret. 8.2556 7.1516 6.2462

ratio 0.8159 0.7649 0.7321

R

atom−wall

red effective

z

blue

V
(z

)

θ

Bθ

z

Fig. 6. Bichromatic evanescent-wave mirror. On the left panel,
we show a schematic of the prism and the two lasers, defining
θR and θB. The right panel illustrates the various contributions
to the effective potential V (z).

[34] together with hollow laser beams were proposed [35]
to create atom traps where evaporative cooling can take
place [36].

The two exponentially decaying optical potentials [red
(R) and blue (B) detuned] and the attractive atom-wall
interaction add up to generate the effective potential:

V (z) = CBe
−2κBz − CRe

−2κRz − C3

z3
, (9)

with κB/R = kB/R

√
n2 sin2 θB/R − 1, where θB/R are the

incident angles of the laser beams, and kB/R are their
wave numbers. The maximum of the optical potentials
at z = 0, CB/R, are determined by the intensity IB/R

and the detuning from the resonance δB/R. For large de-
tuning, we have (as before) CB/R � IB/Rd

2/8�ε0δB/R.
We use here the simplest approximation for the atom-
wall interaction — the Lennard-Jones potential with C3 =
Cmetal

3 (n2−1)/(n2 +1). Extending our treatment to more
accurate potentials, including in particular retardation ef-
fects, is straightforward. In this example, we use n = 1.5
and kB/R = kL; we vary detunings and angles (all other
parameters for Na atoms are given in Table 1).

We want to enhance a fully quantum effect — above
barrier reflection — and so V < 0 for all z. For ∆ to be
significant, p(E, z) must be small and/or dV/dz large. The
various parameters are restricted by experimental con-
straints [37]. The incident angle must be larger than the
critical angle θc for total reflection (here 41.8o for n = 1.5)
and roughly smaller than 55o [37], while detunings from
resonance should be detuned 1 GHz or more to avoid spon-
taneous emission. The intensities are typically of the order
of 100 mW/mm2. The values of CB and CR will be of the
order of 10−9 a.u. (or about 6 MHz), while κB and κR will
vary more wildly depending on the angles.

So, we consider incident sodium atoms with v =
10 cm/s. We keep the red-detuned laser beam intensity
and detuning at fixed values (I = 100 mW/mm2 and
δ = 2π × 1.1 GHz), so that CR = 1.3 × 10−9 a.u. (or
8.6 MHz): the values of CB optimizing the reflection coef-
ficient R, labeled Copt

B , depends on the angles of the beams
[28]. We fix θB at 55o (with κB = 4.0304×10−4 a.u.), and
vary θR starting just above θc = 41.8o, from 42o to 45o.
The parameters are listed in Table 4, together with the
corresponding reflection coefficients R. As θR gets closer
to θc, R becomes larger: for θR = 42o, nearly 30% of the
incoming atoms will be reflected by the purely attractive
interaction, a large improvement over the 0.001% value
without lasers on.

The effective potential and badlands are shown in
Figure 7 for the case θR = 43o in Table 4: the effect
of the combined evanescent-waves is drastic, creating a
“sharp” structure in V (z) (i.e. |dV/dz| becomes larger
than p3/m�), and driving the badlands in the regime
where quantum effects are significant (i.e. ∆(z) becomes
of the order one or larger). Because quantum reflection oc-
curs mainly near ∆ maximum [32,33], Figure 7 confirms
our use of −C3/z

3: here λ/2π = 1772 a.u. (Na), while ∆
maximum is located near 1000 a.u., so that retardation
effects can safely be neglected.

In Figure 8, we show R as a function of CB. For each
angle θR, we obtained an S-shape for the reflection co-
efficient R [28–30]. Because IB necessary to produce the
feature in V (z) is smaller for large angles θR (see Eq. (9)
and Fig. 6), S-shape curves are shifted to lower values of
CB as θR increases. The shaded areas illustrate the re-
gion for which the effective potential is purely attractive,
hence the corresponding reflection is purely quantal in ori-
gin. We note that these shaded regions are more extended
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Table 4. Reflection coefficient R for various parameters. Here,
the angle for the blue laser is fixed to 55◦ (or κB = 4.0304 ×
10−4 a.u.), while the detuning and intensity of the red laser
are set to give CR = 1.3 × 10−9 a.u.

θR κR CB = Copt
B R

(10−5 a.u.) (10−9 a.u.) (v = 10 cm/s)
42◦ 4.8578 4.143 0.284
43◦ 12.176 3.641 0.226
44◦ 16.529 3.345 0.180
45◦ 19.958 3.112 0.142
no laser 0.000011

1000 10000 100000
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κR=1.22 X 10

−4
a.u.

Fig. 7. Comparison of the badlands (a) and the potentials (b)
when the lasers are on and off (for θR = 43o in Table 4).

for smaller θR, translating the fact that R for purely quan-
tum reflection is larger and grows more rapidly with CB

for smaller angles θR.
Naturally, the parameter space is much larger than

what we show here, and if the experimental constraints
can be relaxed, even more dramatic results can be ob-
tained. For example, modification and control of the effec-
tive potential could be achieved by changing the detuning
and intensities of the lasers in real time. Finally, one could
employ many lasers to design complicated effective poten-
tials tailored to specific tasks: the possible applications are
practically unlimited.

3 Molecules

Over the last few years, rapid progress has been realized
in cooling and trapping molecules (e.g., see the special
issue [38] of Eur. Phys. J. D), and more recently, many
groups have reported results on polar molecules, such as
KRb [39–42], RbCs [43,44], NaCs [45], or LiH [46]. It
is only natural to ask the question: How does a polar
molecule interact with an evanescent-wave mirror?

In this section, we extend the treatment of EWM to
molecules. More specifically, we describe the interaction

2.5 3.0 3.5 4.0 4.5 5.0 5.5
CB (10

−9
 a.u.)

0.0

0.2

0.4

0.6

0.8

1.0

R θR=45
o

θR=44
o

θR=43
o

θR=42
o

Fig. 8. Reflection coefficient as a function of CB for various
angle θR. Here, CR = 1.3 × 10−9 a.u. and θB = 55o. In (a),
the shaded regions illustrate parameters for which the effective
potential is purely attractive, corresponding to pure quantum
reflection. In (b), the same R are plotted in terms of the scaled
parameter CB/Copt

B on a logarithmic scale: CB/Copt
B < 1 cor-

responds to pure quantum reflection.

of a polar diatomic molecule with a EWM. We consider a
diatomic molecule in its ground vibronic (i.e. vibrational
and electronic) state but with a manifold of rotational
states with the quantum number J . This manifold will be
coupled to another manifold of a single excited vibronic
state. We concentrate our efforts on lithium hydride [46],
but our treatment can directly be applied to other polar
molecules being produced in today’s experiments, such as
LiCs, KRb, etc.

In most cases, we can choose the two electronic states
to be 1Σ states, and hence the states are fully character-
ized by their J and MJ quantum numbers. The model is
presented here in several stages. First we define our system
of coordinates and some physical considerations. Then we
describe separately the interaction of the molecule with
the evanescent wave from the laser light and with the wall.
We then combine both and obtain the dynamical coupled
equations for the system. We solve them using a time-
dependent approach (as opposed to the time-independent
treatment for atoms presented in the previous section),
and comment on the resulting simulations.

3.1 Coordinates and method

In Figure 9, we define the coordinates for the molecular
EWM system. The molecular center of mass is placed in
a distance z from the prism. The light can be linearly
or circularly polarized with respect to some y-direction
perpendicular to the z-axis. The angles θ and φ are the
two rotational angles of the molecule and its dipole �µ with
respect to the y-axis. The angle η is the angle of incidence
of the light normal to the prism, and the evanescent light
intensity is given by: I(z) = I(0) exp(−2κz), where κ =
k
√
n2 sin2 η − 1, k is the wavevector of the light, and n is

the index of refraction of the media. The internal states
of the molecule are given by:

|e, v, J,M,Λ〉 =

√
2J + 1

4π
ψv(R)DJ

−M,−Λ|e〉. (10)
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η

θ

prism

blue
detuned
laser

I

y

z

H

Li

Fig. 9. Experimental set-up for the molecular EWM. A blue
detuned laser light enters a prism of index of refraction n
with angle η. The evanescent part of the light creates an ex-
ponentially decaying wave which interacts with the diatomic
molecule with a dipole moment �µ at a distance z from the
prism. θ and φ are the angles between the molecular axis and
the direction of the polarization of the light.

Here, e and v are the electronic and the vibrational quan-
tum numbers, respectively, and Λ is the projection of the
electronic angular momentum on the molecular axis. The
vibrational wavefunction ψv(R) depends on the internu-
clear separation R, and DJ

M,Λ is a tensor of rank J for the
transformation of the rotation matrices.

We can now move to the task of writing the poten-
tials being exerted on the various internal states of the
molecule as a function of the internal molecular degrees
of freedom. Dynamical equations for the external motion
of the molecules will be obtained by taking the taking the
trace to eliminate these degrees of freedom.

3.2 Molecule-light interaction

The interaction of the molecule with light is described
by −�µ · �E, where �E is the electric field. We relate the
components of the dipole moment µq in the molecule-fixed
frame to component in the space-fixed frame µp (p = 0,±1

Fig. 10. Dipole and its image in a dielectric medium.

for light with linear and circular polarization, respectively)
using the relations [47]

µp =
∑

q

D1∗
p,qµq =

∑
q

(−1)p,−qD1
−p,−qµq. (11)

The interaction between two ro-vibrational states with
light of a certain polarization p is given by [48,49]:

see equation (12) below.
Here, µt

q is the transition dipole moment between two vi-
bronic states, Ep(z) is the space dependent electric field
for the polarization p, and we employ Wigner 3-j symbols
[47,49,50]. The angles θ, φ, and χ are the Euler angles
corresponding to the rotation of a general rigid rotor; al-
though only θ and φ are required for a linear molecule, χ
is necessary in general. The single component of µq that
contributes to the transition is determined by q = Λ−Λ′.
In the rest of this paper, we assume a linearly polarized
light, so that the light does not couple between states with
different M . This simplifies our treatment, but the results
for other type of polarization can be derived in a straight
forward manner.

3.3 Molecule-Wall Interaction

For our purpose, we can model the molecule by a classical
dipole moment, and use the electrostatic image method to
derive the interaction of a dipole in a vicinity of an infinite
dielectric wall [51], as drawn in Figure 10. The dipole �µ is
at the point x0 = (0, 0, z) from the wall, the angle between
the dipole and the z axis is α, and the magnitude of the
dipole is given by |µ|. The image dipole �µ′ is placed at

�

2
Ωe,v,J,M,Λ

e′,v′,J′,M ′,Λ′ = −Ep(z)〈e′, v′, J ′,M ′, Λ′|µp|e, v, J,M,Λ〉 ,
= −Ep(z)

∑
q

〈e′, v′, J ′,M ′, Λ′|D1∗
p,qµq|e, v, J,M,Λ〉 ,

= −Ep(z)
1
4π

√
(2J + 1)(2J ′ + 1)

∑
q

(−1)M−Λ+p−q〈e′, v′|µq|e, v〉
∫
DJ′∗

M ′,Λ′D1
−p,−qD

J
−M,−Λdθdφdχ ,

= −Ep(z)

√
2J ′ + 1
2J + 1

∑
q

(−1)M−Λ+p−qµt
q

(
J 1 J ′

−M p M ′

)(
J 1 J ′
−Λ −q Λ′

)
(12)
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


V 0,0
0,0 0 0 0 0 0 0 0 0

0 V 1,−1
1,−1 + B 0 V 1,−1

1,1 0 0 0 0 0

0 0 V 1,0
1,0 + B 0 0 0 0 0 0

0 V 1,−1
1,1 0 V 1,1

1,1 + B 0 0 0 0 0

0 0 0 0 V 2,−2
2,−2 + 3B 0 V 2,−2

2,0 0 0

0 0 0 0 0 V 2,−1
2,−1 + 3B 0 V 2,−1

2,1 0

0 0 0 0 V 2,−2
2,0 0 V 2,0

2,0 + 3B 0 V 2,0
2,2

0 0 0 0 0 V 2,−1
2,1 0 V 2,1

2,1 + 3B 0

0 0 0 0 0 0 V 2,0
2,2 0 V 2,2

2,2 + 3B




. (21)

x′0 = (0, 0,−z), the angle between the dipole and the z-
axis is π−α, and its magnitude is to be determined from
the appropriate boundary conditions. The field for z > 0
is given by:

�Ez>0(�x) =
3�n(�µ · �n) − �µ

|�x− �x0|3 +
3�n′(�µ′ · �n′) − �µ′

|�x− �x′0|3
, (13)

where �n and �n′ are unit vectors on the direction from �x to
�x0 and �x′0, respectively. The field for z < 0 results from an
effective dipole identical to �µ in its position and direction,
but with a magnitude b to be determined by the boundary
conditions. The field is then given by:

�Ez<0(�x) =
3�n(b�µ · �n) − b�µ

|�x− �x0|3 . (14)

The boundary conditions for this geometry are:

lim
z→0+

E‖ = lim
z→0−

E‖ , (15a)

lim
z→0+

E⊥ = lim
z→0−

n2E⊥ . (15b)

Substituting equations (13) and (14) into equations (15)
gives

|�µ′| =
1 − n2

1 + n2
, (16a)

b =
2n2

n2 + 1
, (16b)

so that the potential energy for a dipole near the dielectric
media is given by

Ve(z) = −
(
n2 − 1
n2 + 1

) |µe|2
16z3

(1 + cos2 α) ,

= −Ce

z3
[1 + (1 − cos2 θ) sin2 φ] , (17)

with Ce ≡ [(n2 − 1)/(n2 + 1)](|�µe|2/16), where �µe =
〈e, v|�µ|e, v〉 is the dipole moment for the electronic state e.
Here θ and φ are the space-fixed rotational angles with re-
spect to the y-axis, defined above. The interaction depends
only on the rotational degree of freedom of the molecule,
and the coupling between two rotational states within a
certain vibronic state is given by:

V J′,M ′
J,M (z) = −Ce

z3
〈J ′,M ′|1 + (1 − cos2 θ) cos2 ϕ|J,M〉.

(18)

The spherical harmonics Y J
M (θ, φ) satisfy the identity

cos θY J
M = jJ+1

M Y J+1
M + jJ

MY J−1
M , (19)

where jJ
M =

√
(J2 −M2)/(4J2 − 1). The coupling be-

tween two rovibronic states is restricted by the selection
rules ∆J = 0,±2, ∆M = 0,±2, and is given by:

V e,v,J,M
e′,v′,J′,M ′(z) = −Ce

z3

[
δJ′
J δ

M ′
M +

(
δJ′
J − jM ′

J′+1j
M
J+1δ

J+1
J′+1

− jM ′
J′+1j

M
J δJ−1

J′+1 − jM ′
J′ jM

J+1δ
J+1
J′−1 − jM ′

J′ jM
J δJ−1

J′−1

)

×
(
δM ′
M

2
+
δM ′+2
M + δM ′−2

M

4

)]
. (20)

Note that while all the diagonal terms are attractive, some
of the off-diagonal terms result in repulsive coupling po-
tentials. In addition, the coupling between two states with
different J ’s is non-vanishing only for states with |M | < J .

3.4 Combined potential and dynamical equations

Substituting the relations derived in the previous two sec-
tions into the full Hamiltonian, we obtain a matrix made
of four blocks, two diagonal blocks which involve interac-
tion within a single electronic state, and two off-diagonal
interaction blocks, which contain the molecule-light inter-
action. As an example, we consider only the coupling be-
tween the various rotational states of the ground electronic
v = 0 vibrational state, and adopt the simplified notation
V J,M

J′,M ′ ≡ V g,v=0,J,M
g,v=0,J′,M ′ . Using a dressed state picture, the

block of the interaction within the ground electronic state
up to J = 2 is given by:

see equation (21) above.

Here B ≡ 2B0, where B0 is the rotational constant for
the ground electronic state. The corresponding block for
the excited electronic state will have the same form, with
additional diagonal detuning term �∆, and with B0 begin
replaced by B1. We assume a linearly polarized light, and
the off-diagonal blocks �

2 Ω̃ will be two hermitian conjugate



S. Kallush et al.: Manipulating atoms and molecules with evanescent-wave mirrors 11

with the matrix Ω̃ of the form:



0 0 Ω1,0
0,0 0 0 0 0 0 0

0 0 0 0 0 Ω2,−1
1,−1 0 0 0

Ω1,0
0,0 0 0 0 0 0 Ω2,0

1,0 0 0
0 0 0 0 0 0 0 Ω2,1

1,1 0
0 0 0 0 0 0 0 0 0
0 Ω2,−1

1,−1 0 0 0 0 0 0 0
0 0 Ω2,0

1,0 0 0 0 0 0 0
0 0 0 Ω2,1

1,1 0 0 0 0 0
0 0 0 0 0 0 0 0 0




.

Now, we can choose an excited electronic state such that µe � µg, and then, using the fact that the light intensity is
very low (at the order of W/cm2 or less), we can adiabatically eliminate the upper vibronic state manifold of states,
i.e. set −i�∂t |e, J,M〉 = 0, and get for the upper manifold:

|J,±J〉e = −�

2
ΩJ,±J

J,±J |J + 1,±J〉
�∆+ J(J + 1)B1

, (22)

for the case |M | = J , and:

|J,M〉e = −�

2
ΩJ−1,M

J,M |J − 1,M〉 +ΩJ+1,M
J,M |J + 1,M〉

�∆+ J(J + 1)B1
, (23)

for |M | < J . We can then substitute these expressions into the equations for the ground vibronic manifold and obtain
the following dynamical equations

−i�∂t|0, 0〉 =
(
T̂ + V 0,0

0,0

)
|0, 0〉 − �

2

4

∣∣∣Ω0,0
1,0

∣∣∣2 |0, 0〉 +Ω0,0
1,0Ω

2,0
1,0 |2, 0〉

�∆+ 2B1
, (24)

−i�∂t|1,±1〉 =
(
T̂ + 2B1 + V 1,±1

1,±1

)
|1,±1〉+ V 1,∓1

1,±1 |1,∓1〉 − �
2

4

∣∣∣Ω1,±1
2,±1

∣∣∣2 |1,±1〉+Ω1,±1
2,±1Ω

3,±1
2,±1 |3,±1〉

�∆+ 6B1
, (25)

−i�∂t|1, 0〉 =
(
T̂ + 2B1 + V 1,0

1,0

)
|1, 0〉 + V 3,0

1,0 |3, 0〉 −
�

2

4

∣∣∣Ω1,0
2,0

∣∣∣2 |1, 0〉 +Ω1,0
2,0Ω

3,0
2,0 |3, 0〉

�∆+ 6B1
− �

2

4

∣∣∣Ω0,0
1,0

∣∣∣2 |1, 0〉
�∆

, (26)

−i�∂t|2,±2〉 =
(
T̂ + 6B1 + V 2,±2

2,±2

)
|2,±2〉+ V 2,0

2,±2|2, 0〉 −
�

2

4

∣∣∣Ω2,±2
3,±2

∣∣∣2 |2,±2〉+Ω2,±2
3,±2Ω

4,±2
3,±2 |4,±2〉

�∆+ 12B1
, (27)

−i�∂t|2,±1〉 =
(
T̂ + 6B1 + V 2,±1

2,±1

)
|2,±1〉+ V 2,∓1

2,±1 |2,∓1〉+ V 4,±1
2,±1 |4,±1〉+ V 4,±3

2,±1 |4,±3〉+ V 4,∓1
2,±1 |4,∓1〉

+
�

2

4

∣∣∣Ω2,±1
1,±1

∣∣∣2 |2,±1〉
�∆+ 2B1

+
�

2

4

∣∣∣Ω2,±1
3,±1

∣∣∣2 |2,±1〉 +Ω2,±1
3,±1Ω

4,±1
3,±1 |4,±1〉

�∆+ 12B1
, (28)

−i�∂t|2, 0〉 =
(
T̂ + 6B1 + V 2,0

2,0

)
|2, 0〉 + V 2,+2

2,+2 |2, 2〉+ V 2,−2
2,−2 |2,−2〉+ V 4,±1

2,±1 |4,±1〉 + V 4,0
2,0 |4, 0〉 + V 4,+2

2,+2 |4,+2〉

+V 4,−2
2,−2 |4,−2〉+

�
2

4

∣∣∣Ω2,0
1,0

∣∣∣2 |2, 0〉+Ω2,0
1,0Ω

0,0
1,0 |0, 0〉

�∆+ 2B1
+

�
2

4

∣∣∣Ω3,0
2,0

∣∣∣2 |2, 0〉+Ω2,0
3,0Ω

4,0
3,0 |4, 0〉

�∆+ 12B1
. (29)

In general, for general J > 2, there are four cases:
(1) |M | = J :

−i�∂t|J,±J〉 =
(
T̂ + J(J + 1)B1 + V J,±J

J,±J

)
|J,±J〉 + V

J,±(J−2)
J,±J |J,±(J − 2)〉

− �
2

4

∣∣∣ΩJ+1,±J
J,±J

∣∣∣2 |J,±J〉 +ΩJ+1,±J
J,±J ΩJ+2,±J

J+1,±J |J + 2,±J〉
�∆+ (J + 2)(J + 1)B1

, (30)
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(2) |M | = J − 1:

−i�∂t|J,±(J − 1)〉 =
(
T̂ + J(J + 1)B1 + V

J,±(J−1)
J,±(J−1)

)
|J,±(J − 1)〉 + V

J,±(J−3)
J,±(J−1) |J,±(J − 3)〉

+V J−2,±(J−3)
J,±(J−1) |J − 2,±(J − 3)〉 + V

J+2,±(J−1)
J,±(J−1) |J + 2,±(J − 1)〉

+V J+2,±(J−3)
J,±(J−1) |J + 2,±(J − 3)〉 + V

J+2,±(J+1)
J,±(J−1) |J + 2,±(J + 1)〉

−�
2

4

∣∣∣ΩJ+1,±(J−1)
J,±(J−1)

∣∣∣2 |J,±(J − 1)〉 +Ω
J+1,±(J−1)
J,±(J−1) Ω

J+2,±(J−1)
J+1,±(J−1) |J + 2,±(J − 1)〉

�∆+ (J + 2)(J + 1)B1

−�
2

4

∣∣∣ΩJ−1,±(J−1)
J,±(J−1)

∣∣∣2 |J,±(J − 1)〉
�∆+ J(J − 1)B1

, (31)

(3) |M | = J − 2:

−i�∂t|J,±(J − 2)〉 =
(
T̂ + J(J + 1)B1 + V

J,±(J−2)
J,±(J−2)

)
|J,±(J − 2)〉 + V J,±J

J,±(J−2)|J,±J〉 + V
J,±(J−4)
J,±(J−2) |J,±(J − 4)〉

+V J−2,±(J−4)
J,±(J−2) |J − 2,±(J − 4)〉 + V

J+2,±(J−2)
J,±(J−2) |J + 2,±(J − 2)〉 + V J+2,±J

J,±(J−2)|J + 2,±J〉

−�
2

4

∣∣∣ΩJ−1,±(J−2)
J,±(J−2)

∣∣∣2 |J,±(J − 2)〉 +Ω
J−1,±(J−2)
J,±(J−2) Ω

J−2,±(J−2)
J−1,±(J−2) |J − 2,±(J − 2)〉

�∆+ J(J − 1)B1

−�
2

4

∣∣∣ΩJ+1,±(J−2)
J,±(J−2)

∣∣∣2 |J,±(J − 2)〉 +Ω
J+1,±(J−2)
J,±(J−2) Ω

J+2,±(J−2)
J+1,±(J−2) |J + 2,±(J − 2)〉

�∆+ (J + 2)(J + 1)B1
, (32)

(4) For all other M :

−i�∂t|J,M〉 =
(
T̂ + J(J + 1)B1 + V J,M

J,M

)
|J,M〉 + V J,M+2

J,M |J,M + 2〉 + V J,M−2
J,M |J,M − 2〉 + V J−2,M

J,M |J − 2,M〉
+V J−2,M−2

J,M |J − 2,M − 2〉 + V J−2,M+2
J,M |J − 2,M + 2〉 + V J+2,M

J,M |J + 2,M〉+ V J+2,M−2
J,M |J + 2,M − 2〉

+V J+2,M+2
J,M |J + 2,M + 2〉 − �

2

4

∣∣∣ΩJ−1,M
J,M

∣∣∣2 |J,M〉 +ΩJ−1,M
J,M ΩJ−2,M

J−1,M |J − 2,M〉
�∆+ J(J − 1)B1

−�
2

4

∣∣∣ΩJ+1,M
J,M

∣∣∣2 |J,M〉 +ΩJ+1,M
J,M ΩJ+2,M

J+1,M |J + 2,M〉
�∆+ (J + 2)(J + 1)B1

. (33)

Note that there is no mixing between states with odd and even J . In Figures 11 and 12, we present separately the
coupling schemes between the odd and even states for the EWM system, respectively. Despite this very complicated
interaction picture, we can tune the light frequency so it couples only one pair of J levels, e.g., �∆ ≈ −2B1 couples
only J = 0 and J = 2. In that case, we can prepare our system to initially occupy only these two levels and then have
an effective six level system. Moreover, because the states with M �= 0 are not coupled by the light, the potentials
for these states are purely attractive (since Ce < 0), and molecules in these states will undergo perfect sticking to
the surface of the prism (unless extremely slow so that significant quantum reflection occurs [7]). We can treat these
populations as a loss and simulate only the two remained levels.

J= 1 , M= −1 1

J= , M=3 −3 3

J= , M=5 −5 5

Interactions: light : , wall : , wall + light :

Fig. 11. Interaction scheme for states with odd J numbers.
States with J = 1, 3, and 5 are presented.

Interactions: light : , wall : , wall + light :

J= , M=0 0

, M=J= 2 −2 2

J= , M=4 −4 4

Fig. 12. Interaction scheme for states with even J numbers.
States with J = 0, 2, and 4 are presented.
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Fig. 13. Adiabatic and molecular-light potentials for J = 0
and J = 2. Also shown is the exponentially decaying electric
field. See text for details regarding the physical parameters.

3.5 Results

As an example we take LiH, a molecule with a large
dipole moment and well-known spectroscopic parameters
[48]. We took the laser frequency to be slightly detuned
from the A1Σ+ → X1Σ+ transition so that: �∆+ 2B1 =
−1 × 10−6 a.u. = −0.2 cm−1 (|µe| for the excited state
and therefore Ve is very small compared with these en-
ergy scales), and n = 1.8. In Figure 13, we present two
adiabatic potentials corresponding to J = 0 and 2 states
at z → +∞ for 2Ω1

0(z = 0) = 1.4 × 10−9 a.u., and the
corresponding molecule-wall potentials. The potential for
J = 0(2) shows a maximum with E = 5.90×10−12(3.94×
10−12) Hartree at z = 4710(5283) Bohr.

To obtain the reflection probability PJ of the J =
0 and 2 states, we solved the time-dependent coupled
Schrödinger equation by the split step method. We started
the simulations with an equally weighted Gaussian wave-
packet of the two J states, i.e. |ψ〉 = |0〉+|2〉, with average
velocity Vmol and velocity spread ∆V from which we de-
fined the temperature T .

Figure 14 presents the reflection probability PJ for an
incoming translational velocity of 10 cm/s vs. the light
intensity for η = 45◦. The initial Gaussian wave packet
velocity spread corresponds to 100 nK = 2.5 cm/s. The
difference between the two reflection coefficients allows for
quantum state selection of 15% between the two J states.
In Figure 15, we present PJ vs. the incident angle η. Both
curves are almost linear with the same slope within the
experimentally feasible range of angles. The decrease in η
reduces the effective length of the light intensity decay and
thus influences the position and energy of the maxima of
the adiabatic potentials. Note that the state |ψ〉 = |0〉+|2〉
is not normalized to unity, so that each component can be
reflected with a probability PJ ≤ 1, and hence P0+P2 ≤ 2
in both Figures 14 and 15.
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Fig. 14. Reflection probability as a function of the Rabi fre-
quency 2Ω1

0(z = 0) for J = 0 and 2.
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Fig. 15. Reflection probability as a function of the incident
angle η for J = 0 and 2 with 2Ω1

0(z = 0) = 1.5 × 10−8 a.u.

Finally, we expect a better state selectivity as T →
0 K, because then the two J states have a well-defined
momentum. Consequently, for kinetic energies above the
J = 2 but below the J = 0 potential barrier, one would
expect a complete separation. For molecular velocity of
100 cm/s, we achieve a separation of 55% at T = 100 nK
between the two states.

4 Conclusion

In conclusion, we have shown that one can use EWM for
atoms to probe quantum effects, and even study retar-
dation effects. In addition, we showed that it is possible
to design atom optic components that optimize quantum
effects, in particular above barrier reflection, by creating
features in the interaction potential such that the bad-
lands become significant. We demonstrated the scheme
with a bichromatic evanescent-wave mirror. In the future,
detailed studies of tunneling and resonances could be per-
formed with this system, and because the exact shape of
the potential depends on the long-range atom-wall inter-
action, sensitivity to retardation could be studied. The
evanescent-wave setting complements recent nanofabrica-
tion approaches to quantum reflection, allowing for high
reflectivity for higher incident velocities.
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Finally, we extended our studies to the dynamics of
an ultracold molecular EWM. We showed that it might
be an interesting tool for investigating state selection in
ultracold molecules and various fundamental quantum ef-
fects. These were obtained at nearly attainable experi-
mental parameters. The observed features at less realistic
conditions, i.e. colder temperatures and lower Vmol, are
enhanced. The cold molecules field of research is still very
new, and a lot of very interesting aspects and applica-
tions of molecular EVMs are yet to be explored. As in
the case of atoms, the use of time-dependent light fields
and potentials will allow one to increase significantly the
control of the dynamics of the system and might make
molecular EWMs good new devices for trapping ultracold
molecules. The possibility of manipulating quantum states
with molecular EWMs in a controlled but non-unitary
fashion might serve as a future tool for processing quan-
tum information.
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discussions. Support received from the United States-Israel Bi-
national Foundation and the UConn Research Foundation are
gratefully acknowledged.
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42. Z.T. Zemke, R. Côté, W.C. Stwalley, Phys. Rev. A 71,
062706 (2005)

43. A.J. Kerman, J.M. Sage, S. Sainis, T. Bergeman, D.
DeMille, Phys. Rev. Lett. 92, 153001 (2004)

44. A.J. Kerman, J.M. Sage, S. Sainis, T. Bergeman, D.
DeMille, Phys. Rev. Lett. 92, 033004 (2004)

45. C. Haimberger, J. Kleinert, M. Bhattacharya, N.P.
Bigelow, Phys. Rev. A 70, 021402 (2004)

46. E. Taylor-Juarros, R. Côté, K. Kirby, Eur. Phys. J. D 31,
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