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Quantum reflection engineering: The bichromatic evanescent-wave mirror
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We explore the design of atom-optic components, such as mirrors, to manipulate ultracold atoms. We show
that it is possible to enhance significantly quantum effects by engineering sharp features in the interaction
potential between atoms and the component. We illustrate the concept by calculating the reflection probability
for ultracold sodium atoms incident on a bichromatic evanescent-wave atomic mirror created by lasers red and
blue detuned from resonance with intensities and detunings chosen to enhance quantum reflection of a purely
attractive potential. With realistic parameters for sodium atoms incident on glass at 10 cm/s, up to 30%
reflection can be obtained.

DOI: 10.1103/PhysRevA.67.041604 PACS number~s!: 03.75.Be, 03.75.Dg, 34.20.2b, 42.50.Vk
re

la
o

pe
m
ec
g
av

ic
u

m
s

de
en

r

he
e

ve
tin
o

ee
de

tiv

ion
-
re
ng
f-
to
s

us
va-
c
-
ent-
d to
r a

an
t-
n.

, the
e

ith
and
ce

ten-
a

ntial
h a
r,
c-
ll

atic
de-
The
by

tion

r
lity
is
ut

o-
ve
c-
ar
ys-
The realization of atomic condensates provides cohe
matter wave for atom-optics experiments@1#. Atom-optic
components can be designed and used to guide, manipu
and trap atoms@2#, as well as to study fundamental aspects
quantum mechanics, such as quantum suppression@3# or
above barrier quantum reflection and tunneling. In this pa
we show that by desiging sharp variations in the ato
component interaction potential, enhanced quantum eff
can be achieved. We illustrate this general feature usin
realistic setup: above barrier reflection with evanescent-w
mirrors.

Atoms incident on a dielectric-vacuum interface can st
to the surface or be reflected. Quantum mechanics tells
perhaps counter intuitively, that as the velocity of the inco
ing atoms decreases, the reflection probability approache
due to quantum reflection from the purely attractive van
Waals~vdW! potential. Such quantum reflection of hydrog
from liquid 4He was observed@4,5#. The incident velocities
of atoms should be extremely small to see any quantum
flection from other bare atom-surface vdW potentials@6#.
Shimizu et al. used the fact that only the component of t
velocity perpendicular to the surface needs to be extrem
small and observed quantum reflection of neon atoms@7#.
They also showed that quantum reflection can be selecti
enhanced by rapidly changing structures on the reflec
surface. Recently, quantum reflection far from the thresh
limit has also been observed@8#.

Reflection from evanescent-wave atomic mirrors has b
studied: such mirrors are obtained when detuned light un
goes total internal reflection inside a dielectric prism@9–22#.
Without lasers, the atom-surface potential is purely attrac
@23–26#. Reflection from blue-detuned~repulsive! mirrors
was used to measure the vdW force@22#. The influence of
vdW potentials on diffraction of atoms through transmiss
gratings was likewise measured@27#. Two colors evanescent
wave potentials@17# together with hollow laser beams we
proposed@20# to create atom trap where evaporative cooli
can take place@21#. To illustrate how enhanced quantum e
fects can be engineered by designing sharp features in a
component potentials, we investigate a realistic system ba
on a bichromatic evanescent-wave setting~Fig. 1!. Here, we
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study scattering from this potential, complementing previo
theoretical studies of reflection from purely red-detuned e
nescent mirrors@18#, and Bragg reflection from a periodi
optical potential@19#. We show below that while the combi
nation of the vdW potential and a red-detuned evanesc
wave does not enhance quantum reflection as compare
the pure vdW potential, the bichromatic scheme allows fo
significant increase in above barrier reflection.

Atoms incident on evanescent-wave mirrors move in
effective potential produced by the combination of a ligh
induced potential and the attractive atom-wall interactio
Neglecting spontaneous emission and internal transitions
optical dipole potential for the atom is proportional to th
intensity of the laser beam which drops exponentially w
the distance outside the surface of the dielectric prism,
inversely proportional to the detuning from the resonan
frequency. When the laser is blue detuned the optical po
tial is repulsive and a potential barrier is formed. If instead
red-detuned evanescent wave is used, the effective pote
becomes attractive everywhere. Any reflection from suc
‘‘red mirror’’ would be a purely quantum effect. Howeve
even for small velocities of the incoming atoms, the refle
tion probability from a red mirror would be extremely sma
(;1025 for sodium atoms at 10 cm/s!. To design a compo-
nent enhancing quantum effects, we suggest a bichrom
mirror created by two evanescent laser fields, one red
tuned and one blue detuned from the atomic resonance.
effective potential can be made attractive everywhere
choosing a weak enough blue-detuned field: any reflec
would then be a pure quantum effect.

In the limit of incoming atoms at zero velocity, Wigne
threshold laws come into play and the reflection probabi
approaches 1@28#. Our interest here is connected to th
limit, yet we ask a different question: given some small b
finite velocity of the incoming atoms, achievable with t
day’s technology@29#, can we construct an evanescent-wa
mirror with a purely attractive potential but with high refle
tivity? In addition, we require that the reflection occurs f
enough from the prism itself, so that we could treat the s
tem without taking into account surface phenomena.
©2003 The American Physical Society04-1



up

-

en

b
c-
in
e

ys
,
th
th
om

, i
v

om
ro
e
n

dW

o
e

ve.
tion
he

e

ic-

for
ct
on

ept
n
ate
-

The
an-

con-
iti-

ed
is-

of

re-
ith

g at

e

rib

RAPID COMMUNICATIONS
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In the bichromatic mirror considered here~Fig. 1!, two
exponentially decaying optical potentials@red ~R! and blue
~B! detuned# and the attractive atom-wall interaction add
to generate the effective potential,

U~z!5CBe22kBz2CRe22kRz2
C3

z3
, ~1!

with kB/R5kB/RAn2sin2uB/R21, wherez is the distance from
the prism surface,n is the index of refraction of the dielec
tric, uB/R are the incident angles of the laser beams, andkB/R
are their wave numbers. The maximum of the optical pot
tials at z50, CB/R , is determined by the intensityI B/R and
the detuning from the resonancedB/R . For large detuning,
we have@30# CB/R.I B/Rd2/8\e0dB/R , whered is the atomic
dipole moment ande0 is the vacuum permittivity. If the la-
sers are tightly focused, the intensity profiles may need to
taken into account@30#. In the case of above barrier refle
tion from blue-detuned evanescent mirror, the tight focus
may obscure the experimental ability to distinguish betwe
classical and quantum reflection. We have suggested wa
overcome this difficulty@30#. In a purely attractive potential
however, every reflection is a quantum reflection, and
tight focusing is less of a concern to the interpretation of
results. We use here the simplest approximation for the at
wall interaction—the Lennard-Jones potential@23#. Extend-
ing our treatment to more accurate potentials, including
particular, retardation effects, is straightforward. We ha
previously considered retardation effects on reflection fr
the purely vdW potential and from a blue-detuned mir
@30#. It was shown that for the cases studied quantum refl
tion from the retarded potential is larger than from the no
retarded one. On quantum reflection from pure Casimir-v
atom-wall potentials see also Ref.@31#. Retardation effects
become relevant forz larger thanl/2p, where l is the
atomic transition wavelength, and we leave their study
reflection from the bichromatic mirror to future work. In th
Lennard-Jones potential,C3 is related to the constantC3

metal

FIG. 1. Bichromatic evanescent-wave mirror. In the left pan
we show a schematic of the prism and the two lasers, defininguR

anduB . The right panel illustrates the various components cont
uting to the effective potential.
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of a pure metallic wall byC35C3
metal(n221)/(n211). The

numerical values for Na atoms used in this paper aren
51.5, kB/R5kL55.64531024 a.u., C3

metal51.889 a.u., and
m541 907.782 a.u.

We want to optimize the potential in Eq.~1! for pure
quantum reflection, i.e., for a potential everywhere attracti
For given parameters of the two laser beams, the reflec
probability R is obtained by assuming perfect sticking at t
wall and numerically solving the Schro¨dinger equation as
described in Coˆté et al. @30#. We are free to choose the wav
numberskB/R ~and hence the detuningsdB/R), the incident
anglesuB/R , and the intensity of each laser at the dielectr
vacuum interfaceI B/R . In this way, we can controlCB/R and
kB/R . But how do we choose the best parametersCB/R and
kB/R?

A simple way to choose the optimal laser parameters
quantum reflection, which also explains why a similar effe
cannot be achieved in a monochromatic mirror, is based
the concept of ‘‘badlands’’@30#. For quantum reflection to
occur, the Wentzel-Kramers-Brillouin~WKB! approximation
must be violated. The notion of the badlands is a conc
introduced to quantify the extent to which WKB is broke
for a given energy of the incoming atoms at each coordin
z. The essential condition for applicability of the WKB ap
proximation is that the de Broglie wavelengthldB

52p\/p, with p(E,z)5A2m@E2U(z)#, varies sufficiently
slowly,

D~z![
1

2pUdldB

dz U5\Um

p3

dU

dzU!1. ~2!

The ‘‘badlands’’ are the regions where the condition~2! is
not fulfilled and the ‘‘badness’’ isD. Alternative definitions
for the badlands are also useful@31#. Note that the badlands
are determined by both the potential and the energy.
stronger and wider are the badlands, the higher is the qu
tum reflection. With Eq.~1!, we get

D5
\

A2m

2kBCBe22kBz1kRCRe22kRz1
3

2
C3 /z4

@E2CBe22kBz1CRe22kRz1C3 /z3#3/2
. ~3!

For D to be significant, one needs a smallp(E,z) and/or
large dU/dz. In addition, we requireU,0 for all z. The
values of the parameters are restricted by experimental
straints@32#. The incident angle must be larger than the cr
cal angleuc for total reflection (41.8° here! and roughly
smaller than 55°@32#. The wave numbers should be detun
1 GHz or more from resonance to avoid spontaneous em
sion. The intensities are typically of the order
100 mW/mm2. The values ofCB andCR will be of the order
of 1029 a.u. ~or about 6 MHz!, while kB and kR will vary
more widely depending on the angles and the index of
fraction n. As an example, we consider sodium atoms w
v510 cm/s incoming towards a prism withn51.5, and we
keep the red-detuned laser beam intensity and detunin
fixed values (I 5100 mW/mm2 and d52p31.1 GHz), so
thatCR51.331029 a.u.~or 8.6 MHz!: the values ofCB op-
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-
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timizing the reflection coefficientR, labeledCB* , will de-
pend on the angles of the beams. We fixuB at 55° ~with
kB54.030431024 a.u.), and varyuR starting just above
uc541.8°, from 42° to 45°. The parameters are listed
Table I, together with the corresponding reflection coe
cientsR. As uR gets closer touc , R becomes larger: foruR
542°, nearly 30% of the incoming atoms will be reflect
by the purely attractive interaction, a large improvement o
the 0.001% value without lasers on. The effective poten
and badlands are shown in Fig. 2 for the caseuR543° in
Table I: the effect of the combined evanescent waves is d
tic, creating a ‘‘sharp’’ structure in the effective potentia
and driving the badlands in the regime where quantum
fects are significant, hence a large reflection coefficientR.
With the red-detuned laser alone,R would be similar to that
from the pure vdW potential. Without the red-detuned las
keepingU(z),0 would require decreasing the intensity
the blue-detuned laser which, again, would substantially
duceR. Because quantum reflection occurs mainly neaD
maximum @31#, Fig. 2 confirms our use of2C3 /z3: here
l/2p51772 a.u.~Na!, while D maximum is located nea
1000 a.u.

In Fig. 3, we showR as a function ofCB , while the other

TABLE I. Reflection coefficientR for various parameters. Here
the angle for the blue laser is fixed to 55°~or kB54.0304
31024 a.u.), while the detuning and intensity of the red laser
set to giveCR51.331029 a.u.

kR CB5CB* R
uR (1025 a.u.) (1029 a.u.) (v510 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

FIG. 2. Comparison of the badlands~a! and the potentials~b!
when the lasers are on and off~for uR543° in Table I!.
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parameters have the values listed above. For each angleuR,
we obtained anS shape for the reflection coefficientR @30#,
shifted to lower values ofCB asuR increases@see Fig. 3~a!#,
since the blue-detuned laser intensity necessary to prod
the feature in the effective potential is smaller for lar
anglesuR ~see Eq.~1! and Fig. 1!. The shaded areas illustrat
the region for which the effective potential is purely attra
tive, hence the corresponding reflection is purely quanta
origin. We note that these shaded regions are more exten
for smalleruR, translating the fact thatR for purely quantum
reflection is larger and grows more rapidly withCB for
smaller anglesuR. To better compare the different curve
we plot them as a function of the rescaled parameterCB /CB*
@see Fig. 3~b!#. The logarithmic scale emphasizes the mo
rapid growth ofR for smaller angles, asCB /CB* is increased,
in the pure quantum reflection regime. Naturally, the para
eter space is much larger than what we show here, and if
experimental constraints can be relaxed, even more dram
results can be obtained.

In conclusion, we have shown that one can design ato
optic components that optimize quantum effects, in parti
lar, above barrier reflection, by creating features in the in
action potential such that the badlands become signific
We use the bichromatic evanescent-wave mirror as an
ample. In the future, detailed studies of tunneling and re
nances could be performed with this system, and because
exact shape of the potential depends on the long-range a
wall interaction, sensitivity to retardation could be studied
remains to be seen whether the purely quantal nature of

e

FIG. 3. Reflection coefficient as a function ofCB for various
angle uR . Here, CR51.331029 a.u. anduB555°. In ~a!, the
shaded regions illustrate parameters for which the effective po
tial is purely attractive, corresponding to pure quantum reflecti
In ~b!, the sameR are plotted in terms of the scaled parame
CB /CB* on a logarithmic scale:CB /CB* ,1 corresponds to pure
quantum reflection.
4-3
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reflection would be of interest for practical applications
atom-optical devices. Clearly, coherent reflection can
achieved more easily with a blue-detuned mirror, yet the s
sitivity of quantum reflection to the full potential~and
especially to sharp variations! may prove useful, as wa
demonstrated in Ref.@7#. The evanescent-wave settin
complements recent nanofabrication approaches to quan
reflection, allowing for high reflectivity for higher inciden
velocities as well as for modification and control in real tim
by changing the detuning and intensities of the lasers.
nally, one could employ many lasers to design complica
B
n.
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effective potentials tailored to do specific tasks: the poss
applications are practically unlimited.
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