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Quantum reflection engineering: The bichromatic evanescent-wave mirror

PHYSICAL REVIEW A 67, 041604R) (2003

R. Caet and B. Sege¥
IPhysics Department, University of Connecticut, 2152 Hillside Road, Storrs, Connecticut 06269-3046
2Department of Chemistry, Ben-Gurion University of the Negev, P.O. Box 653, Beer-Sheva 84105, Israel
(Received 27 May 2002; published 22 April 2003

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.
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The realization of atomic condensates provides cohererdtudy scattering from this potential, complementing previous
matter wave for atom-optics experimerits]. Atom-optic  theoretical studies of reflection from purely red-detuned eva-
components can be designed and used to guide, manipulategscent mirrorg§18], and Bragg reflection from a periodic
and trap atomg2], as well as to study fundamental aspects ofoptical potentia[19]. We show below that while the combi-
guantum mechanics, such as quantum suppreddbror  nation of the vdW potential and a red-detuned evanescent-
above barrier quantum reflection and tunneling. In this papemave does not enhance quantum reflection as compared to
we show that by desiging sharp variations in the atom-the pure vdW potential, the bichromatic scheme allows for a
component interaction potential, enhanced quantum effectsignificant increase in above barrier reflection.
can be achieved. We illustrate this general feature using a Atoms incident on evanescent-wave mirrors move in an
reglistic setup: above barrier reflection with evanescent-wavgfiective potential produced by the combination of a light-
mirrors. _ _ _ ~ induced potential and the attractive atom-wall interaction.

Atoms incident on a dielectric-vacuum interface can stickyeglecting spontaneous emission and internal transitions, the

to the surface or be reflected. Quantum mechanics tells ugnica| dipole potential for the atom is proportional to the
perhaps counter intuitively, that as the velocity of the 'ncom'intensity of the laser beam which drops exponentially with

ing atoms decreases, t_he reflection probability approaches the distance outside the surface of the dielectric prism, and
due to quantum reflection from the purely attractive van det i

Waals(vdW) potential. Such quantum reflection of hydrogen:c?gegseenlz pwﬁgsl?hn§||;§e:r:: tﬂﬁ;ugggnferzr?h;hg ;isa(ljn%?gﬁ_
from liquid *He was observef#,5]. The incident velocities q 4 P P

of atoms should be extremely small to see any quantum retjal is repulsive and a potential barrier is formed. If instead a
flection from other bare atom-surface vdW potentigdd red-detuned evanescent wave is used, the effective potential

Shimizuet al. used the fact that only the component of the becomes attractive everywhere. Any reflection from such a

velocity perpendicular to the surface needs to be extremely’®d mirror” would be a purely quantum effect. However,
small and observed quantum reflection of neon atffs €VeN for small velocities of the incoming atoms, the reflec-
They also showed that quantum reflection can be selectivelffon probability from a red mirror would be extremely small
enhanced by rapidly changing structures on the reflectin§g~ 10> for sodium atoms at 10 cmisTo design a compo-
surface. Recently, quantum reflection far from the thresholdient enhancing quantum effects, we suggest a bichromatic
limit has also been observéd]. mirror created by two evanescent laser fields, one red de-
Reflection from evanescent-wave atomic mirrors has beetuned and one blue detuned from the atomic resonance. The
studied: such mirrors are obtained when detuned light undeeffective potential can be made attractive everywhere by
goes total internal reflection inside a dielectric prig@r22].  choosing a weak enough blue-detuned field: any reflection
Without lasers, the atom-surface potential is purely attractivevould then be a pure quantum effect.
[23-26. Reflection from blue-detunetrepulsive mirrors In the limit of incoming atoms at zero velocity, Wigner
was used to measure the vdW fof@?2]. The influence of threshold laws come into play and the reflection probability
vdW potentials on diffraction of atoms through transmissionapproaches 128]. Our interest here is connected to this
gratings was likewise measurf2l7]. Two colors evanescent- limit, yet we ask a different question: given some small but
wave potential§17] together with hollow laser beams were finite velocity of the incoming atoms, achievable with to-
proposed20] to create atom trap where evaporative coolingday’s technology29], can we construct an evanescent-wave
can take placg21]. To illustrate how enhanced quantum ef- mirror with a purely attractive potential but with high reflec-
fects can be engineered by designing sharp features in atortivity? In addition, we require that the reflection occurs far
component potentials, we investigate a realistic system basexhough from the prism itself, so that we could treat the sys-
on a bichromatic evanescent-wave settifg. 1). Here, we  tem without taking into account surface phenomena.
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of a pure metallic wall byC;=CJ*¥n?—1)/(n?+1). The

numerical values for Na atoms used in this paper m@mre

=1.5, kgr=k_ =5.645<10 * a.u., CJ**=1.889 a.u., and
blue m=41907.782 a.u.

We want to optimize the potential in Eql) for pure
quantum reflection, i.e., for a potential everywhere attractive.
For given parameters of the two laser beams, the reflection
probability R is obtained by assuming perfect sticking at the

U(z)

N
N

red effecnv/e// wall and numerically solving the Schiimger equation as
/ atom—wall described in C et al.[30]. We are free to choose the wave
o numberskgr (and hence the detuningg), the incident

/

anglesfgr, and the intensity of each laser at the dielectric-
vacuum interfacégr. In this way, we can contrdCg/r and

kgr- But how do we choose the best parametegs and

Kg/R?

FIG. 1. Bichromatic evanescent-wave mirror. In the left panel, A simple way to choose the optimal laser parameters for
we show a schematic of the prism and the two lasers, defiing quantum reflection, which also explains why a similar effect
and g . The right panel illustrates the various components contrib-cannot be achieved in a monochromatic mirror, is based on
uting to the effective potential. the concept of “badlandsf30]. For quantum reflection to

occur, the Wentzel-Kramers-BrillouitWKB) approximation

In the bichromatic mirror considered he(Eig. 1), two  must be violated. The notion of the badlands is a concept
exponentially decaying optical potentidled (R) and blue introduced to quantify the extent to which WKB is broken
(B) detuned and the attractive atom-wall interaction add up for a given energy of the incoming atoms at each coordinate

to generate the effective potential, z. The essential condition for applicability of the WKB ap-
proximation is that the de Broglie wavelengthgg
Cs =2mhlp, with p(E,z)= y2m[E—U(z)], varies sufficiently
U(2)=Cge 28"~ Cge ™ #R— —, (D) slowly,
z
with kgr=KkgryVNZsirfdsr— 1, wherez s the distance from A@)=5—4,1=" 03 dz <1 2

the prism surfacen is the index of refraction of the dielec-
tric, fg/r are the incident angles of the laser beams, langl
are their wave numbers. The maximum of the optical poten
tials atz=0, Cgjr, is determined by the intensitys,z and
the detuning from the resonan&g,z. For large detuning,

The “badlands” are the regions where the conditi®@) is

not fulfilled and the “badness” id\. Alternative definitions

for the badlands are also usefGll]. Note that the badlands
are determined by both the potential and the energy. The

— 2 . .
we have[30] Cgr=1grd*/8% €9dpr, Whered is the atomic  gyonger and wider are the badlands, the higher is the quan-
dipole moment and, is the vacuum permittivity. If the la- ,mq reflection. With Eq(1), we get

sers are tightly focused, the intensity profiles may need to be
taken into account30]. In the case of above barrier reflec- 3
tion from blue-detuned evanescent mirror, the tight focusing 5T kpCge ™ 2¥82+ krCre™ 2 R?+ EC3/24

may obscure the experimental ability to distinguish between A= )
classical and quantum reflection. We have suggested ways to J2m [E—Cge 2%82+ Cre ™~ 24R%+ C4/23]32

overcome this difficultyf30]. In a purely attractive potential,

however, every reflection is a quantum reflection, and thd-or A to be significant, one needs a smpllE,z) and/or
tight focusing is less of a concern to the interpretation of thdarge dU/dz. In addition, we requirdJ<0 for all z. The
results. We use here the simplest approximation for the atomvalues of the parameters are restricted by experimental con-
wall interaction—the Lennard-Jones potenfi2B]. Extend-  straints[32]. The incident angle must be larger than the criti-
ing our treatment to more accurate potentials, including, ircal angle 6, for total reflection (41.8° hejeand roughly
particular, retardation effects, is straightforward. We havesmaller than 55{32]. The wave numbers should be detuned
previously considered retardation effects on reflection fronii GHz or more from resonance to avoid spontaneous emis-
the purely vdW potential and from a blue-detuned mirrorsion. The intensities are typically of the order of
[30]. It was shown that for the cases studied quantum reflect00 mW/mn?t. The values ofCg andCg will be of the order

tion from the retarded potential is larger than from the non-of 10™° a.u. (or about 6 MHz, while kg and kg will vary
retarded one. On quantum reflection from pure Casimir-vdWmore widely depending on the angles and the index of re-
atom-wall potentials see also R¢B1]. Retardation effects fraction n. As an example, we consider sodium atoms with
become relevant foe larger than\/2w, where\ is the  v=10 cm/s incoming towards a prism with=1.5, and we
atomic transition wavelength, and we leave their study orkeep the red-detuned laser beam intensity and detuning at
reflection from the bichromatic mirror to future work. In the fixed values (=100 mW/mnt and §=27x 1.1 GHz), so
Lennard-Jones potential; is related to the consta@]®®  thatCg=1.3x10"° a.u.(or 8.6 MH2): the values ofCg op-
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the angle for the blue laser is fixed to 53dr xg=4.0304 ror
X 10 * a.u.), while the detuning and intensity of the red laser are 0.8 | .
set to giveCr=1.3x10"° a.u.
o 06 .
KR Cg=Cj§ R 04 } J
Or (10%au) (10°au) @=10cm/s) 02
42° 4.8578 4,143 0.284 it
43° 12.176 3.641 0.226 2.5 5.5
44-° 16.529 3.345 0.180
45° 19.958 3.112 0.142 o
no laser 0.000011 10
107 E
. . y , > [ quantum | 6.45°
timizing the reflection coefficienR, labeledC% , will de- e 107 F reflection o | e“ 44° :
pend on the angles of the beams. We fix at 55° (with 10° | : :_ GRT43° :
kp=4.0304x 10 % a.u.), and varyfy starting just above B IR e
6.=41.8°, from 42° to 45°. The parameters are listed in W : Op=42"
Table |, together with the corresponding reflection coeffi- 10°° . . L . .
cientsR. As 6 gets closer tdd,, R becomes larger: fofg 060 070 080 080 1.00 1.10 1.20

=42°, nearly 30% of the incoming atoms will be reflected
by the purely attractive interaction, a large improvement over

Co/Cq”

FIG. 3. Reflection coefficient as a function 6f for various

the 0.001% value without lasers on. The effective potentiagngle 0. Here, Cx=1.3x10"° a.u. andfs=55°. In (a), the

and badlands are shown in Fig. 2 for the ca#ge=43° in

shaded regions illustrate parameters for which the effective poten-

Table I: the effect of the combined evanescent waves is drasi) js purely attractive, corresponding to pure quantum reflection.

tic, creating a “sharp” structure in the effective potential, |n (b), the sameR are plotted in terms of the scaled parameter
and driving the badlands in the regime where quantum efCB/CE on a logarithmic scaleCg/Cg<1 corresponds to pure
fects are significant, hence a large reflection coefficRnt quantum reflection.

With the red-detuned laser alorfe would be similar to that

from the pure vdW potential. Without the red-detuned |aserparameters have the values listed above. For each #@gle
keepingU(z) <0 would require decreasing the intensity of e optained arg shape for the reflection coefficieRt[30],

the blue-detuned laser which, again, would substantially reshifted to lower values of; as 6y increasegsee Fig. 8],
duceR. Because quantum reflection occurs mainly n&ar sjnce the blue-detuned laser intensity necessary to produce
maximum [31], Fig. 2 confirms our use of-C;/z* here  the feature in the effective potential is smaller for large
M2mw=1772 a.u.(Na), while A maximum is located near anglesdy (see Eq(1) and Fig. 1. The shaded areas illustrate

1000 a.u.

the region for which the effective potential is purely attrac-

In Fig. 3, we showR as a function oCg, while the other  tjve, hence the corresponding reflection is purely quantal in

1.5

1.0

A(z)

0.5

U(z) (10™°a.u.)

—— lasers on
——— lasers off

— lasers on
——— lasers off

Distance z (a.u.)

10000 100000

origin. We note that these shaded regions are more extended
for smallerég, translating the fact tha& for purely quantum
reflection is larger and grows more rapidly witbg for
smaller anglesg. To better compare the different curves,
we plot them as a function of the rescaled param€teiCy

[see Fig. 8)]. The logarithmic scale emphasizes the more
rapid growth ofR for smaller angles, a€g/Cj is increased,

in the pure quantum reflection regime. Naturally, the param-
eter space is much larger than what we show here, and if the
experimental constraints can be relaxed, even more dramatic
results can be obtained.

In conclusion, we have shown that one can design atom-
optic components that optimize quantum effects, in particu-
lar, above barrier reflection, by creating features in the inter-
action potential such that the badlands become significant.
We use the bichromatic evanescent-wave mirror as an ex-
ample. In the future, detailed studies of tunneling and reso-
nances could be performed with this system, and because the
exact shape of the potential depends on the long-range atom-

FIG. 2. Comparison of the badlands) and the potentialgb) wall interaction, sensitivity to retardation could be studied. It
when the lasers are on and ¢fér 6g=43° in Table ).

remains to be seen whether the purely quantal nature of the
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reflection would be of interest for practical applications in effective potentials tailored to do specific tasks: the possible
atom-optical devices. Clearly, coherent reflection can bepplications are practically unlimited.
achieved more easily with a blue-detuned mirror, yet the sen-

sitivity of quantum reflection to the full potentialand
especially to sharp variationsnay prove useful, as was
demonstrated in Ref[7]. The evanescent-wave setting
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