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Quantum reflection of atoms from a periodic
dipole potential
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Quantum reflection of neutral atoms from a periodic far-detuned dipole potential is proposed and analyzed.
This periodic atom mirror relies on constructive interference of small reflections from each cell to yield a high
reflection coefficient even for very weak potentials. The reflected energy spectrum is calculated as a function
of the potential height and the number of cells for both positive and negative potentials, and its relation to the
reflection from one potential cell is derived. Two ways of increasing the reflection bandwidth, one based on
changing the envelope of the potential and the other on changing its period gradually (chirp), are investigated.
The phase of the reflected atoms and its dependence on experimental parameters are calculated, as well as the
interaction time of the atoms with the potential and the spontaneous-emission rate during the reflection. Fi-
nally, it is shown that atoms with velocities of a few tens mm/s can be coherently reflected from a negative
periodic potential with readily available laser diodes. © 1998 Optical Society of America
[S0740-3224(98)02705-2]
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1. INTRODUCTION
In the past few years, several experiments have demon-
strated the reflection of atoms from laser light fields.1–3

These atom mirrors consist of evanescent light that es-
capes from a dielectric medium, and the atoms are re-
flected from the dipole potential created by the light field.
In these mirrors the kinetic energy of the atoms is lower
than the maximal potential height, and the reflection can
be understood from classical considerations. However,
particles with kinetic energy that is higher than the po-
tential can also be reflected, according to quantum me-
chanics. Recently, such quantum reflection of cold atoms
from negative potential (red-detuned evanescent wave)
was suggested.4 The reflection in that case is limited to
very cold atoms, with kinetic energy lower than the at-
om’s recoil energy ER 5 \2kL

2/2m (kL is the laser wave
number, and m is the mass of the atom). The limit on
the reflected energy is due to the limited depth and the
steepness of the potential that can be achieved. As an
example, a laser with intensity of ;104 mW/cm2, red de-
tuned 100 GHz (0.2 nm) from the 85Rb 5S1/2
→ 5P3/2 (D2) transition, and a penetration depth of 200
nm of the evanescent wave into the vacuum will reflect at-
oms with velocity of only 0.4 mm/s (1/15 of the recoil ve-
locity) with a probability of 50%.

As is known from optics, reflection can be enhanced by
the use of periodic structures, in which small reflections
from many interfaces interfere constructively, to form a
high total reflection. The same idea can be used to reflect
cold atoms from a periodic light structure (e.g., a standing
wave) that induces a periodic potential U(x) 5 U(x
1 L) through the light–atom dipole interaction. For
certain energies the reflections from all the potential cells
interfere constructively, and atoms at these energy bands
are totally reflected. As we show below, such a periodic
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potential can reflect atoms with much higher energy than
in the nonperiodic case.

Interactions of atoms with periodic light structures
were investigated extensively in past years, in various ex-
periments in one-dimensional5,6 (1-D) and three-
dimensional7,8 optical lattices. In particular, phenomena
that reveal the long-range spatial order in the lattice,
such as Bragg reflection of light from the bounded atoms,
were demonstrated.9,10 In the case of 1-D lattices, anal-
ogy to solid state physics was demonstrated in phenom-
ena like Bloch oscillations11 and Wannier–Stark
ladders12 of atoms inside the lattice. In all those experi-
ments the atoms were trapped in the lattice potential and
occupied its allowed energy bands. In the suggested pe-
riodic mirror the potential is also a 1-D lattice, but the at-
oms strike the potential from the outside, and atoms with
energies inside the forbidden energy gaps of the potential
are reflected.

In the following we analyze reflection of atoms from
both positive and negative potentials (blue- and red-
detuned light, respectively), where the kinetic energy of
the atoms is always above the potential height. The en-
ergies of the reflection bands and their width as a func-
tion of the potential height are calculated, and the rela-
tion between the reflection from the periodic potential to
that from a single cell is derived. Next, the phase shift
and the spontaneous-emission rate during the reflection
are calculated. It is shown that atoms with kinetic en-
ergy of a few tens ER above the potential, in a reflection
bandwidth of ;2ER , can be coherently reflected from a
far-detuned periodic potential, created with available di-
ode laser power. In the particular case of a red-detuned
potential, Rb atoms with velocities of a few tens mm/s can
be coherently reflected with probability close to one from
a negative (attractive) potential.
1998 Optical Society of America
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2. REFLECTED ENERGY SPECTRUM
Consider a 1-D configuration, where two-level atoms
move horizontally toward the light-induced potential and
are then reflected from it. The potential is created with
two monochromatic plane waves, which interfere and
form a standing wave. The angle between the two
waves, u, can be different from p, so that along the x axis
the potential extends over a limited range (see Fig. 1),
and its period is L 5 l/@2 sin(u /2)#, where l is the wave-
length of the laser (for counterpropagating beams u 5 p
and L 5 l/2). If the potential is created with far-
detuned laser beams, several simplifying approximations
for the atom–light interaction can be used. First, the
dissipative force in the transverse direction [parallel to
the z axis in Fig. 1(a)] can be neglected,13 and the only
force caused by the light–atom interaction in that case is
the dipole force. Second, if the laser detuning, d, is large
enough, such that d @ g, Vr , then the dipole potential
can be written as

U~x ! 5 \Vr
2~x !/4d, (1)

where g is the natural linewidth and Vr is the Rabi fre-
quency given by Vr

2(x) 5 (g 2/2)@I(x)/Is#. Here I(x) is
the total light intensity in the point x and Is is the satu-
ration intensity. The above condition also ensures a low
spontaneous-emission rate during the interaction, an es-
sential condition for coherent reflection. A 1-D analysis
is a good approximation if the atomic cloud is much
smaller than the typical scale of changes of the potential
in the transverse directions and if the gravitational fall of
the atoms during the interaction is negligible.14

Consider now an atom with a kinetic energy E that is
propagating along the x axis in the positive direction.
Under the above assumptions, the spatial part of its wave
function is a solution of the 1-D time-independent Schrö-
dinger equation:

Fig. 1. Schematic diagram showing the two laser beams that in-
terfere to form the periodic potential. (a) The orientation of the
two laser beams (L1,2) and the cold atomic cloud to be reflected.
v0 is the mean velocity of the atoms, and g indicates the gravi-
tational acceleration. (b) The resulting 1-D potential, shown
here with a Gaussian envelope. The propagation directions of
the incident, reflected, and transmitted parts of the atomic wave
function are also indicated.
2
\2

2m

d2c~x !

dx2 1 U~x !c~x ! 5 Ec~x !, (2)

where the dipole potential is given by

U~x ! 5
A~x !U0

2
@1 1 cos~2kLx !#. (3)

Here kL 5 p/L, U0 is the potential amplitude (peak to
peak), which is derived from the laser parameters by Eq.
(1), and A(x) is a slowly varying envelope function that
depends on the energy profile of the laser beams. We be-
gin with the simple case of a rectangle envelope, A(x)
5 1 for 0 , x , NL, and A(x) 5 0 elsewhere (N is the
number of potential cells), and in the next section we ana-
lyze other envelope functions.

Equation (2) is transferred to dimensionless variables,
by counting energy in units of the standing-wave equiva-
lent recoil energy, EL 5 \2kL

2/2m (for u 5 p, EL 5 ER),
and distance in units of the potential period L. Using the
dimensionless variables e 5 E/EL , V 5 U/EL , and j
5 kLx, Eqs. (2) and (3) become

2
d2c

dj2 1
A~j!V0

2
@1 1 cos~2j!#c 5 ec. (4)

The solutions of Eq. (4) outside the potential are of the
form

c~j! 5 exp~ikj! 1 r exp~2ikj!, for j , 0,

c~j! 5 t exp~ikj!, for j . NL.
(5)

Inside the potential, Eq. (4) is the well-known Mathieu
equation,15 and its solutions have a more complex shape.
However, it is possible to calculate the amplitude reflec-
tion and transmission coefficients, r and t, without calcu-
lating the wave function itself. For that purpose we used
the method of transmission-line analogy.16 Briefly, the
method is using an analogy between the 1-D Schrödinger
equation and the equation for electrical-wave propagation
in a transmission line. The transmission line is solely
characterized by its impedance, and an analog wave im-
pedance is introduced, so methods developed for
transmission-line analysis can be used to numerically
solve the 1-D Schrödinger equation with an arbitrary po-
tential shape. The equivalent impedance of the potential
is calculated backward, from right to left. First, the load
impedance of the region with zero potential to the right is
calculated, and then the impedance of the whole potential
is calculated in recursive steps, until the beginning of the
potential (x 5 0) is reached. Finally, the reflection coef-
ficient is derived from the difference between the imped-
ance of the potential and that of the zero potential region
to the left (x , 0). We found that computing time using
that method was typically a hundred times shorter than
using methods based on direct integration of Eq. (4). (In
Section 4 we use the integration method to obtain the
wave function itself ).

The reflection coefficient, R 5 uru2, was calculated with
the transmission-line method for different V and e. A
typical solution is given in Fig. 2, for a potential height
V0 5 640, and N of 10, 100, and 1000 potential cells.
Some general features of the reflected energy spectrum
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clearly emerge. First, the reflection bands for the blue
and red detunings are in the same energies above the po-
tential maximum, i.e., Rblue(e 2 Vmax) 5 Rred(e 2 Vmax),
where Vmax is the maximum of the potential. For a posi-
tive (negative) potential, Vmax 5 V0 (Vmax 5 0). Second,
the higher the energy of the reflection band above the po-
tential, the more cells are needed to achieve a given value
of reflection, and the reflection band gets narrower. That
dependence can be understood in terms of the reflection
from a single potential cell, which is discussed in the next
section.

An interesting situation occurs when the potential is
very weak, since substantial reflection may occur even for
atoms with energies much larger than the potential for
values of N that are readily achieved experimentally.
For example, a potential as low as 1/1000 ER , 3000 cells
long (;1 mm), will reflect atoms with energy of 1ER ,
with R ' 0.6. The reflection bandwidth in that case is
very small, ;3 3 1024 ER . In that case, it is clear that

Fig. 2. Reflection coefficient from a periodic cosine potential
with a rectangle envelope, for different numbers of potential
cells, N 5 10, N 5 100, and N 5 1000 in dashed, solid, and
dash-dotted curves, respectively. The normalized potential am-
plitude is V0 5 40, either blue or red detuned. The horizontal
axis is the normalized atomic kinetic energy above the potential
maximum, e 2 Vmax .

Fig. 3. Energy spectrum of the Mathieu equation. The vertical
axis is the normalized energy of the atom above the potential
maximum, and the horizontal axis is the normalized potential
amplitude V0 . The gray area indicates the allowed bands of the
potential, and the white areas are the forbidden bands, in which
reflection occurs. The arrows indicate the first three forbidden
energy gaps of the V0 5 40 potential.
the reflection is actually a first-order Bragg reflection of
the atom from the periodic potential. It can also be in-
terpreted as absorption of a photon from one of the light
beams by the atom, followed by stimulated emission of a
photon to the other beam, with a total change of 2\kL in
the momentum of the atom along the x direction.

For a very large number of potential cells the problem
of calculating the reflected energy bands is analogous to
the problem of calculating the forbidden energy bands of a
particle with energy E . U0 , which is found in the poten-
tial U(x) with periodic boundary conditions. These
bands for a potential of the form U(x) 5 (U0/2)@1
1 cos(2kL x)# were discussed in the context of optical
lattices,17 and are readily calculated with methods used
in solid state physics.18 The energy bands for that poten-
tial, as a function of the potential height, are given in Fig.
3, as they serve a useful tool in the following discussion of
the reflection. It can be seen that the forbidden bands
are at the same energies as the reflected energies of Fig.
2.

The values of the reflected energies do not have a
simple analytic dependence on the potential height.
However, approximated values for the center of the reflec-
tance bands can be found from the following arguments,
which give physical insight to the reflection process. Let
k0 5 Ae and k(j) 5 @e 2 V(j)#1/2 be the atom’s normal-
ized wave number outside and inside the potential, re-
spectively. The phase delay of a matter wave reflected
after one potential cell (and thus going twice through the
cell) with respect to the phase of a wave reflected from the
previous cell is

f1 5 2E
0

p

k~j!dj, (6)

where the normalized length scale is used. This phase
delay should equal 2pn (n an integer) for a constructive
interference to occur. Expanding k(j) to second order in
powers of V/e, the reflected energies are found to be

ereflect ' n2 1
V0

2
1

V0
2

32n2 . (7)

Approximation (7) is almost identical to an approximation
based on series expansion of the Mathieu functions,15

with the difference between them smaller than 0.5% over
the whole range of parameters discussed hereinafter.
However, it yields a clearer physical insight in the context
of atom reflection.

3. REFLECTION FROM ONE POTENTIAL
CELL AND THE REFLECTION BANDWIDTH
In this section the width of the reflection bands is ana-
lyzed and its connection to the reflection coefficient from
one potential cell, r1 , is derived. We also demonstrate
how the reflection width can be controlled by changing
the parameters of the standing wave, such as its ampli-
tude and its period.

Let N0 be the number of cells needed to achieve reflec-
tion of the order of 1. As seen in Figs. 2 and 3, the re-
flection bandwidth De decreases, and N0 increases when
the mean energy of the band increases. N0 depends on
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the reflection from one cell, r1 , in a simple and intuitive
way. Since in the center of the band a constructive in-
terference of the reflection amplitudes from all the poten-
tial cells occurs, the number of cells that are needed for a
reflection amplitude of ;1 is expected to scale as N0
' ur1u21, which is confirmed in our numerical calcula-
tions.

Figure 4 shows the reflection coefficient R1 5 ur1u2 cal-
culated for a single cosine potential cell with V0 5 640,
as a function of the atom’s normalized energy. For a one-
cell cosine potential, the reflection coefficient for e @ V0
can be evaluated analytically by the Born approximation,
as

R1~e! >
V0

2kL
4 sin2@LA~e 2 ^V&!#

16e2~e 2 kL
2!2 , (8)

where ^V& is the average of V.19 That approximation is
also plotted in the figure, and the good agreement to the
exact solution for high values of e is apparent. The
asymptotic behavior for large energies is found from ap-
proximation (8) to be R } e24. As seen in Fig. 4, the val-
ues of R1 for red and blue detunings are usually different.
However, in the center of the reflection bands, R1,red
5 R1,blue ; therefore all quantities evaluated using R1
(such as N0 and the reflection bandwidth) are the same
for both red- and blue-detuned potentials.

To find the dependence of the reflection bandwidth on
the number of cells N0 and hence on r1 , consider again
the model used in the previous section to approximate the
reflected energies. In the center of the reflection band,
reflections from all cells are in the same phase (up to
2pn). However, a change in the energy of the atoms will
change the phase of the reflection. The total reflection
will fall to about half of its maximum value when the
phase difference between the first and last cells, DfN ,
will change considerably from its value in the center of
the band, say, by p/2 rad. DfN is approximated by

DfN~e0 1 De! 5 Nf1~e0 1 De!

' Nf1~e0! 1 N
df1

de U
e5e0

De, (9)

where f1 is given by Eq. (6). Evaluating df1 /de to a
first order in (V/e), taking into account that Nf1(e0)
5 2np, and equating the phase difference DfN to (2n
1 1/2)p yields an estimate of the full width at half-
maximum (FWHM) of the energy band, as

De '
4e0

3/2

N0~4e0 1 V0!
. (10)

N0 was used in the last expression instead of N, since in
a long potential the cells after N0 have a very small con-
tribution to the reflection. The reflection bandwidth for
the first five bands of the V0 5 40 potential are shown in
Fig. 5, both from a direct solution of the Mathieu equation
and from approximation (10). The fast decrease in De
with increasing e, as well as the agreement between the
two methods of evaluation, is evident.

Reflection bandwidths much narrower than 1ER are
not easy to measure in an experiment owing to the high
velocity resolution needed and the low number of re-
flected atoms. We describe here two methods in which
the reflection bands can be largely broadened: the first
achieves broader bandwidth using a nonuniform envelope
of the potential, the second by changing its period gradu-
ally (chirp). The first method may be intuitively under-
stood with the aid of Fig. 3, considering the nonuniform
potential to be composed of several adjacent uniform re-
gions. Each region will act as a periodic mirror having a
different potential and thus different reflected energies.
If the slope of the potential envelope is properly adjusted,
these different reflection bands can just overlay so as to
form a much wider and continuous band (for the price of a
longer potential). In an experiment it is most convenient
to use a Gaussian potential envelope, by use of readily
available Gaussian laser beams.

In Fig. 6 the calculated second reflection band of a po-
tential with a truncated half-Gaussian envelope20 is
shown, in a solid curve. The potential length is 700 cells.
As can be seen, the reflection bandwidth is ;2ER , ;10
times higher than for the constant envelope case. The
reflection coefficient is not constant over the reflection

Fig. 4. Reflection coefficient from a single V0 5 40 cosine poten-
tial cell versus the normalized kinetic energy above the potential
maximum, for red (dotted curve) and blue (solid curve) detuning
of the laser. The Born approximation of Eq. (8) is given as a
dashed curve. The energies of the first three reflection bands of
the periodic potential are also marked.

Fig. 5. Width of the first five reflection bands of the V0 5 40 po-
tential as a function of the band mean energy. Both energy
mean and bandwidth are shown in normalized units. The val-
ues obtained from a numerical calculation of the energy bands of
the Mathieu equation are marked with ‘s’, and the values ob-
tained from approximation (10) are marked with ‘3’.
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band since R1 is different for different potential heights,
and thus the number of cells needed for a given reflection
changes. Similar results were obtained for other smooth
potential envelopes, such as a linearly varying one. The
envelope of the potential can be tailored so as to yield a
constant reflection coefficient over the entire band.

The second method to increase the reflection band-
width involves nonuniform period of the potential. The
second reflection band from a chirped potential is also
shown in Fig. 6, in a dashed curve. The period changes
linearly from 2.01kL to 1.985kL along the potential
(1.25% change in the period). Here, also, the bandwidth
increased to ;2ER , and the number of cells is 700. Such
a potential can be achieved, for example, if the standing
wave is made of one collimated wave (with linear phase
fronts) and one wave with spherical wave fronts (for 1-
mm-diameter beams, a 1% chirp requires a 100-mm ra-
dius of curvature of the wave fronts21). In both methods,
similar results were achieved. The number of cells
needed for a substantial reflection increases in proportion
to the increase in the bandwidth, consistent with the in-
tuitive concept of an incoherent superposition of reflec-
tions from different regions of the potential.

Next, we give a specific example for reflection of Rb at-
oms from a mirror that can be formed with practical laser
parameters. For linearly polarized light and d much
larger than the excited-state hyperfine splitting of the
atom, the optical dipole potential is uniform among the
magnetic sublevels, and the two-level model may be used.
The potential height of U0 5 40EL , which was discussed
above, can be produced, for example, with a 500-mW la-
ser, split into two beams of 2.2-mm diameter that inter-
sect each other at an angle of u 5 120°, and a detuning of
100 GHz (0.2 nm) with respect to the 85Rb D2 line. Table
1 summarizes the reflection parameters for the lowest
three reflection bands. The reflected energies above the
potential are those of Fig. 2, and R1 is taken from Fig. 4.
The number of cells needed to get a reflection of the order
of one is given together with the physical length of the po-
tential, which is lower than the beam’s diameter in all
three bands. However, De, calculated from approxima-
tion (10), is very low for the third band, hence an addi-
tional length noted as LDe'1 is presented, which is the
length needed for a reflection bandwidth of ;1EL by a
chirped potential. With the above parameters a band-
width of 1EL cannot be achieved in the third band, since
LDe'1 is longer than the diameter of the beams. The spe-
cific example is further discussed in the next section.

4. COHERENCE, PHASE DELAYS, AND
INTERACTION TIMES
Several important characteristics of the periodic mirror
are analyzed in this section: the interaction time of the
atom with the light field, the probability for spontaneous
emission during the reflection, and the phase acquired by
the reflected atoms. Evaluation of the interaction time
allows the gravitational fall during the interaction to be
determined, in order to confirm the validity of the 1-D
model for the periodic mirror. A low spontaneous-
emission rate is essential for the coherence of the reflec-
tion and for the transverse scattering force to be negli-
gible. The phase of the reflected atoms is a critical
property for configurations for which coherence is impor-
tant, such as atomic cavities, traps, and interferometers.

The interaction time of a particle with the potential can
be calculated from the phase of the reflection coefficient.
The time delay, in normalized units, is measured in units
of vL

21 (where vL 5 EL /\ is the standing-wave equiva-
lent recoil frequency) and is given by22

t 5 S df

de D
e5e0

, (11)

where f is the phase of the reflection coefficient [r in Eq.
(5)], and the derivative is evaluated at the kinetic energy
of the incoming atom. We calculated f (e) with the
method of transmission line described above, and we cal-
culated the time delay using Eq. (11). The results for the
V0 5 40 potential are given in Fig. 7. In Fig. 7(a) the
phase inside the first and second reflection bands above
the potential is shown. The results are the same for both
positive and negative potentials (keeping in mind that the
x axis is e 2 Vmax). In Fig. 7(b) the time delay is given,
both in normalized units and in seconds, where data for
85Rb were used. It can be seen that the time delay in the
second band is almost an order of magnitude larger than

Fig. 6. Second reflection band from a potential with a truncated
half-Gaussian envelope (see text), solid curve, and from a chirped
potential, dashed curve. Parameters of the half-Gaussian are
s 5 1770L and V0 5 42 (maximal potential height). Param-
eters for the chirped potential: period changes linearly from
2.01j to 1.985j and V0 5 40. The number of cells in both cases
is N 5 700. The reflection from a uniform envelope and period
potential with N 5 N0 5 63 is also shown (dotted curve) as a ref-
erence.

Table 1. Numerical Values of the Reflection
Parameters for the First Three Reflection

Bands from a V0 5 40 Potential

Reflection Parameters

Reflection Band

I II III

^e& 2 Vmax 7.2 17.46 30.036
R1 5 ur1u2 2.8 3 1022 2.5 3 1024 1 3 1026

N0 5 r1
21 6 63 1000

L 5 N0L (mm) 2.7 28 450
De 0.94 0.1 0.007
LDe'1 5 N0L/De (mm) 3 285 64000
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in the first band, which is consistent with its N0 , which is
63 compared to 6 for the first (see Table 1).

The time delay in the case of a total reflection can be
calculated also from the wave function inside the poten-
tial. Consider an atom that is moving from a very far
point 2X toward the potential and is then reflected from
it and moves until it reaches 2X again. The velocity of
the atom outside the potential is v0 , and the total time for
the movement is given by Ttot 5 2 X/v0 1 t [ T 1 t. The
ratio t/T can be interpreted as the probability to find the
atom inside the potential during one reflection, when X
→ `. On the other hand, the same probability is given
by the normalized square of the wave function inside the
potential:

E
0

`

uc~x !u2dx

E
2X

`

uc~x !u2dx
5

E
0

`

uc~x !u2dx

E
2X

0

uc~x !u2dx 1 E
0

`

uc~x !u2dx

→
X→`

E
0

`

uc~x !u2dx

X/2
. (12)

Here the wave function c is normalized such that its am-
plitude equals one to the left of the potential.23 Equating
the two results for the probability of finding the atom in-
side the potential, we find the interaction time in units of
vL

21, as

t 5

2E
0

`

uc~j!u2dj

k0
, (13)

where k0 5 Ae is the normalized velocity of the incoming
atom.

To evaluate t in that method, the wave function was
calculated with a direct numerical integration of Eq. (4).

Fig. 7. (a) Relative phase of the reflection from a V0 5 40 po-
tential, in the first and second reflection bands. (b) Interaction
time of the atom with the potential in the same energy bands.
Time values are given both in normalized units and in seconds,
for 85Rb atoms and parameters as in text. The solid curve is cal-
culated from the phase of the reflection, with Eq. (11), and the
asterisks are values calculated from the wave function by use of
Eq. (13). Note the different scale of the energy axis in the two
bands.
A transmitted wave of the form exp(ikj) is assumed as the
solution to the right of the potential (j . NL), and the
equation is solved in the reverse direction, from right to
left. The resulting wave function is then normalized as
discussed above. The interaction time was calculated in
that method for three energies inside the first band and is
shown as asterisks in Fig. 7(b). The good agreement be-
tween the two calculation methods is apparent.

In a similar way, the average number of spontaneously
scattered photons during the reflection can be calculated.
An atom found inside the potential, in a given light inten-
sity and detuning, scatters photons at the rate

gs~j! 5
g3

8d 2 3
I~j!

Is
5

gvLV~j!

d
. (14)

Now, to determine S, the number of spontaneously scat-
tered photons during a reflection, that rate has to be nor-
malized by the probability distribution of the atom inside
the potential, as

S 5

2E
0

`

uc~j!u2gs~j!dj

k0vL
. (15)

The reflection may be regarded as coherent when S ! 1.
From Eqs. (13) and (15) it is evident that the longer the
interaction time, the higher is the spontaneous-emission
rate. From that reason the reflection at higher energy
bands, which requires longer potential for reflection and
hence longer interaction times, has also a higher
spontaneous-emission rate. For very long potentials the
numerical accuracy of the integration of the wave func-
tion is limited; hence for high reflection bands (large N0),
S was approximated by the average of the potential in
Eqs. (14) and (15). The accuracy of that approximation
was found to be about a factor of 2 compared with the ex-
act result.

In order to use the periodic potential as a mirror or a
beam splitter in atomic interferometers, it is important to
know the total phase of the reflected and transmitted at-
oms, and its sensitivity to experimental parameters. A
common method for the calculation of the total phase is
by integrating the ac Stark shift over the classical trajec-
tory of the atom.2 In the case of the periodic potential,
however, that approximation cannot be used owing to the
short length scale of changes in the potential compared
with the atomic wave-packet uncertainty. Therefore it is
possible to calculate only the sensitivity of the reflection
phase to the experimental parameters. As an example,
we calculated the phase change for the second reflection
band of the V0 5 40 potential to be Df 5 400DI/I with
respect to the laser intensity. Such dependence requires
laser intensity stability better than ;1:400 to prevent re-
duction in the fringe contrast of atomic interferometers
and much better stability to prevent systematic shifts in
the measured quantities.

Coming back to the numerical example of the previous
section, the interaction time and the number of spontane-
ously scattered photons during the reflection are given in
Table 2. The velocity of the reflected atoms outside the
potential and the gravitational fall during the interaction
are also given. The gravitational fall in all bands is
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lower than the diameter of the beams. However, if the
potential would be modified to enlarge the bandwidth of
the reflection to ;1EL , the interaction time would in-
crease, and hence the gravitational fall for the third band
would extend out of the potential. Moreover, in that case
the spontaneous-scattering rate for that band would be
larger than one photon per reflection, which destroys the
coherence of the reflection. In contrast to the case of a
far-detuned light trap,24 here the spontaneous-emission
rate for a red-detuned laser is lower (by a factor of ;0.6)
than for a blue-detuned one. The reason is that the wave
function is concentrated near the potential peaks, which
have high light intensity for blue detuning but are dark
for a red-detuned laser. We conclude that for an atomic
cloud with diameter of ;200 mm or smaller, the 1-D ap-
proximation is valid for the first and second bands, and so
is the model that ignores the spontaneous emission. If
the potential would be linearly chirped, with ;1% change
in its period the reflection bandwidth in the second band
will be ;1ER FWHM, and atoms with velocity of 39.4
6 0.4 mm/s (21.7 6 0.8 mm/s) will be quantum reflected
from a blue (red) detuned potential.

5. CONCLUSIONS
We presented a theoretical analysis of the quantum re-
flection of cold atoms from a periodic light-induced dipole
potential. The reflection occurs in discrete energy bands,
which correspond to the forbidden energy gaps of an infi-
nite potential. A simple model based on coherent inter-
ference of atomic wave functions along the potential was
introduced. This model gives good approximations for
the values of the centers of the reflected energy bands and
their widths. The connection between the reflection
bandwidth, the number of cells needed to get a substan-
tial reflection, and the reflection coefficient from one po-
tential cell was derived. It is interesting to note that the
reflection from one rectangle potential cell is much higher
than from a cosine potential cell, especially in high ener-
gies above the potential. As a result, a periodic rectangle
potential has much wider reflection bands high above the
potential, as compared with a cosine potential with the

Table 2. Numerical Values of the Velocities,
Interaction Time, Gravitational Fall, and

Spontaneous-Scattering Rates, for the First Three
Reflection Bands of a V0 5 40 Periodic Potentiala

Parameters

Reflection Band

I II III

vred (mm/s) 13.9 21.7 28.5
vblue (mm/s) 35.7 39.4 43.5
t (ms) 0.12 1.0 10.3
h, gravitational fall (mm) 0.07 5 530
Sred 0.0020 0.028b 0.291b

a Values are for 85RB atoms, and the laser parameters are
I5 6500 mW/cm2 in each beam, u 5 120°, and d 5 6100 GHz for blue/
red detuning.

b Approximation, accuracy limited to a factor of 2 due to the long poten-
tial (see text).
same height, period, and number of cells. The last result
can be generalized to conclude that, as each potential cell
becomes steeper, the periodic potential will have wider re-
flection bands at higher energies.

Other properties of the periodic mirror, which are of
importance for experimental realizations, were also
treated. We have shown that the reflection bandwidth
can be increased by using incoherent superposition of re-
flections from different parts along the potential, using
nonuniform envelope or period. Expressions for the
spontaneous-emission rate during the reflection and for
the interaction time of the atom with the potential were
derived, based on the time-independent atomic wave
function. As expected, in higher reflection bands, for
which longer potential is needed to achieve high reflec-
tion, the interaction time is larger and so is the
spontaneous-emission rate. In a specific example, for
85RB atoms, we have shown that, for potential depth and
detuning that can be achieved with available laser power,
atoms with velocities of a few tens mm/s can be coherently
reflected from both positive and negative periodic poten-
tial.

A periodic potential can serve also as a coherent atomic
beam splitter, where its length can be tailored to give any
desired reflection/transmission ratio. With the param-
eters of the above example, a momentum difference of
more than 10\k with angular separation of 180° between
the two parts of the atomic wave packet can be achieved,
which may be very useful for atomic interferometers.
Unlike other suggested atomic beam splitters, which also
have a momentum separation of a few tens \k,25,26 this
periodic potential beam splitter has only two narrow dif-
fraction orders (reflection and transmission), and the
large detuning enables the beam splitter to act on cold at-
oms coherently, with a negligible spontaneous-emission
rate. Other possible applications of the periodic poten-
tial, in analogy to periodic structures in optics, may be
narrow velocity filters and high-reflection narrow-
bandwidth mirrors for atomic cavities.
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