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Abstract
The evolution of quantum packets in the presence of an impenetrable boundary is studied. Due to an effective ‘quantum
repulsive force’, the mean value of the momentum in the direction perpendicular to the boundary gradually changes in time
at the expense of the energy of quantum fluctuations, and the packet becomes significantly narrower than it would be in the
free space under the same initial conditions. For zero initial mean transverse velocity, the asymptotical value of the
transverse momentum depends only on the initial form of the packet, being independent of its initial position Žprovided this
position is much greater than the initial transverse width of the packet.. As a consequence, narrow beams of ultracold
particles Že.g., atoms with velocities about 1 mrs and the initial transverse uncertainty in position about 0.01 m m. directed
along an impenetrable surface will be deflected to observable angles due to the quantum Žwave. nature of particles. The
possibilities of the experimental verification of the effect are discussed. The conclusion on the inelasticity of collisions
between ultracold particles due to the transformations of the shapes of their wave functions is made. q 2000 Elsevier
Science B.V. All rights reserved.
PACS: 03.65.Bz; 03.75.-b
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1. Introduction
The propagation of quantum packets in free space
is one of the most known problems of quantum
mechanics, discussed in practically all textbooks. It
is well known that initially localized packets spread
unlimitedly over the space with the course of time.
Moreover, the mean position ² x : ' Hc ) x c dx and

the mean momentum ² p : ' yi"Hc ) Ž EcrE x . dx remain completely independent of the Žco.variances,
sx ' ² x 2 : y ² x :2 , sp ' ² p 2 : y ² p :2 , sp x s sx p
' 12 ² xp q px : y ² x : ² p :, which are related to the
shape of the packet. The ŽEhrenfest. equations of
motion for these average values are the same as in
the classical case:
d² x :rdt s ² p :rm,

s˙x s
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sx p ,

s˙x p s

d² p :rdt s 0,

Ž 1.

sp ,

Ž 2.
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where m is the particle mass.
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The situation changes, if a particle moves in some
external potential. Excluding the case of quadratic
Hamiltonians, studied in detail, e.g., in w1x, the evolution of the first-order mean values depends on the
higher-order moments, and instead of simple independent equations like Ž1. and Ž2. one has to solve,
generally speaking, an infinite set of coupled equations. Various kinds of semiclassical wave packets
were considered in the frameworks of different approaches, e.g., in w2–7x.
The limiting case of an abrupt infinitely high
potential is equivalent to the problem of motion in
the semispace x ) 0, when the presence of an impenetrable boundary imposes the boundary condition for
the wave function

c Ž 0,t . ' 0.

Ž 3.

This problem was considered in several studies, devoted, in particular, to calculating exact or quasiclassical propagators in the presence of additional potentials and for various geometrical configurations and
boundary conditions w8–12x. Another direction of
research is connected with theoretical and experimental studies of ultracold particles bouncing on an
impenetrable boundary due to the gravitational force
or its equivalents Žsuch systems are usually called as
‘gravitational traps’ in the neutron physics w13,14x
and ‘gravitational cavities’ in the atomic physics
w15–19x..
We would like to draw an attention to the problem of influence of an ideal boundary on the motion
of ultraslow quantum particles, whose initial mean
momentum ² pŽ0.: is less than the mean squared
value of the quantum fluctuations sp Ž 0 . Žan oppo-

(

(

site case of ² pŽ0.: 4 sp Ž 0 . was studied recently
in w20x.. Despite its mathematical simplicity, this
problem could be interesting from the point of view
of possible experiments with ultraslow particles, emphasizing their quantum Žwave. nature. Namely,
throwing an ultracold atom Žwith the velocity of the
order of 1 mrs or less. in the direction parallel to an
impenetrable boundary, one could observe that the
atom would be deflected from the boundary. What is
the most impressive, it is the fact that the deflection
angle Žwhich can be, in principle, arbitrarily large,
depending on the initial velocity and the initial transverse uncertainty of the particle position. does not

depend on the initial distance from the boundary.
Therefore, this is a pure quantum effect, which could
be performed on the basis of the available skill of
experiments with ultracold particles.

2. Evolution of packets and mean values in the
presence of an impenetrable boundary
In the case involved, the integrals defining the
mean values have the lower limit x s 0. This fact
does not affect the first Ehrenfest equation, d² x :rdt
s ² p :rm. To calculate the time derivative of ² p :,
we replace the time derivative of the wave function
by its second-order space derivative according to the
Schrodinger
equation
¨

EcrE t s Ž i"r2 m . E 2crE x 2

Ž 4.

and apply the integration by parts. Taking into account the boundary condition Ž3., we obtain the
modified second Ehrenfest equation:
"2
d² p :rdt s

2

Ec

2m E x

Ž x s 0 . ' Fr Ž t . ,

Ž 5.

where Fr Ž t . can be interpreted as an effective
‘quantum repulsive force’. This force is always positive, so it causes the ‘center of mass’ of the quantum
packet to move far from the boundary. The noncentralized second-order moments, ² x 2 :, ² xp q px :,
and ² p 2 :, obey the same equations as in the free
space case. Therefore the variances are no more
independent of the first-order mean values, since the
second and the third equations in Ž2. take the form

s˙x p s

1
m

sp y Fr Ž t . ² x : ,

s˙p s y2 Fr Ž t . ² p : .

Ž 6.
In this Letter we confine ourselves to studying the
evolution of the packets in the special case of zero
initial mean momentum: ² pŽ0.: s 0. Then the quantities Fr Ž t ., ² x : and ² p : are always nonnegative,
and all three Žco.variances turn out less than they
would be in the case of the free space evolution Žfor
the same initial conditions.. This means that the
presence of the boundary makes the packet narrower,
both with respect to the momentum and coordinate.
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The solutions to the Schrodinger
Eq. Ž4. satisfy¨
ing the boundary condition Ž3. can be easily obtained
from the solutions in the full space c f Ž x,t . w21x:

Using the recipe Ž7. we obtain the following
normalized solution in the semi-space x ) 0:

c Ž x ,t . s c f Ž x ,t . y c f Ž yx ,t . .

ca Ž x ,t . s 2 N Ž < a < .

Ž 7.

We confine ourselves to the family of solutions
originating from the well known Gaussian packets
in the free space. We use the parametrization of such
packets proposed in w22x for the problem of quantum
oscillator with a time-dependent frequency:

=exp

=sin

caŽ f . Ž x ,t . s

1r4

m

exp

p "´ 2 Ž t.

'

qi 2 mr"

im ´˙
2"´

q

´

1
2

<a <2 .

Ž 8.
The time dependence is ‘hidden’ in the complex
function ´ Ž t ., which is an arbitrary solution to the
classical equation

´¨ q v 2 Ž t . ´ s 0,

Ž 9.

satisfying the normalization condition

´´
˙ ) y ´˙ )´ s 2 i.

Ž 10 .

The case of a free motion corresponds to v ' 0 in
Eq. Ž9., i.e., to the linear dependence

´ Ž t . s a q ibt , Re Ž ba ) . s 1.

Ž 11 .

Function Ž8. can be considered as a coherent state,
since it is the eigenfunction of the nonhermitian
time-dependent annihilation operator integral of motion w22x:
aˆcaŽ f . s acaŽ f . ,

aˆ s

´ pˆ y m ´˙ xˆ

'2 m"

,

im ´˙
2"´

ž'

x2q

2 mr"

´ )a 2

w a,a
ˆ ˆ† x s 1.
Ž 12 .

The general form Ž8. can be used, besides the cases
of the oscillator and the free motion, also for the
‘upside-down oscillator’ Žwhen v 2 - 0. and Žafter
some modifications. for the most general one-dimensional quadratic Hamiltonians: see, e.g., w23x.

1
y

2´

ax

/

´

N Ž < a < . s 1 y exp Ž y2 < a < 2 .

y
2´

p "´ 2 Ž t.

x2

´ )a 2

ax

1r4

m

2

<a <2

,

y1 r2

.

Ž 13 .

The solution Ž13. was found for the first time in w24x
under the name odd coherent state. It is the eigenfunction of the operator aˆ 2 defined in Ž12., with the
eigenvalue a 2 .
We assume, without any loss of generality Žsince
any change of constant phase of the complex number
´ can be compensated by the change of the phase of
the complex number a ., that constant number b in
formula Ž11. is real and positive. Then a s Ž1 q
ig .rb, where a constant real number g is responsible for the initial nonzero covariance sp x Ž0.. In this
Letter, we do not analyse the most general situation,
confining ourselves to the most simple Žbut quite
interesting. case of zero initial covariance and mean
momentum, sp x Ž0. s ² pŽ0.: s 0. These conditions
are satisfied for the following specific choice of the
complex function ´ Ž t . and the complex coherent
parameter a :

´ Ž t . s by1 q ibt ,

a s yi b ,

b, b ) 0.

Ž 14 .

Besides, we assume that the initial mean value of the
coordinate is much greater than the initial packet
width. This condition is equivalent Žsee below. to
b 4 1, therefore the factor N Ž< a <. can be replaced
by unity with the accuracy of the order of
exp Ž y2 b 2 . . Under the assumptions made, the initial coordinate distribution Px Ž x,t . s < c Ž x,t .< 2 is
very close to the Gaussian,
Px Ž x ,0 . f Ž p s 2 .

y1 r2

2

exp y Ž x y x c . rs 2 , Ž 15 .
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where the initial distance between the boundary and
the center of the packet x c , and the packet width s
are given by the expressions

(

(

2

x c s b 2 "r Ž mb . ,

2

s s "r Ž mb . .

Ž 16 .

Consequently, x crs s b'2 .
The quantity ² p 2 : does not depend on time:
² p 2 : s 12 m"b 2 s " 2r Ž 2 ms 2 .

Ž 17 .

Žhereafter we neglect small corrections of the order
of exp Ž y2 b 2 . in all the expressions.. Two other
second-order moments depend on time as
² x2:s

"
2 mb
s

2

2

erf Ž x . s

xc

q x c2 q

p˜ s

Ž "t .

2 Ž ms .

,

2

Ž 18 .
Ž 19 .

p

ps

b'm"

s
"

ts

,

b2

b

ts

"'2
msx c

t.

Ž 20 .
Then the first-order average values of the momentum
and coordinate in state Ž13. can be expressed as
² p˜ Ž t . : s '2 b erfi

² x˜ Ž t . : s erf

dt ,

erfi Ž x . s

2

x

'p H0 e

t2

ž(

'2 b 2t

ž(

2 2

1qb t

'2 b

1 q b 2t 2

q bt erfi

ž(

dt.

The wave packet preserves its initial form Ž15.
only for rather short time, until b 2 t < 1 Ži.e., t <
by1 .. Then it begins to spread with almost constant
velocity "rŽ ms'2 . Žsee Eq. Ž18. .. For bt 4 1,
using the asymptotical formula w32x
erfi Ž x 4 1 . f Ž 'p x .

y1

2

ex ,

t
² x˜ Ž t . : s erf Ž 1rt . q

Ž 23 .

Ž 24 .

/

2

ey2 b ,

Ž 21 .

/

'2 b

'2p

exp Ž y2rt 2 . .

F̃r s

d² p˜ :

4b 3r'p
s

dt

Ž 1 q b 2t 2 .

s 4 Ž t 3'p .

y1

ž

exp y
3r2

2b 2
1 q b 2t 2

exp Ž y2rt 2 . ,

t

2 2

1qb t

/

2

ey2 b .

Ž 22 .

/
Ž 26 .

where the last expression holds for bt 4 1. We see
that the mean values and the ‘quantum force’ exhibit
universal Žindependent of b . behaviours for t 4
by1 . The exponential functions in Eqs. Ž24. – Ž26.
can be replaced approximately by 1 if t ) 5. Then
the average momentum assumes practically constant
asymptotical value, which does not depend on b :

'

² p` : s b m"rp s "r Ž s'p . .

(

Ž 27 .

Consequently, ² p` :r ² p 2 : s 2rp f 0.8, i.e.,
64% of the energy of quantum fluctuations are transformed ultimately into the energy of the center of the
packet due to the presence of the wall. The final
width of the packet in the momentum space is
1 y 2rp f 0.6 of the initial one. The variance sx
is no more independent of the mean position ² x :.
Asymptotically, for t 4 1, we have sx r² x :
pr2 y 1 f 0.75. The plots of ² x˜ Žt .:, ² p˜ Žt .:,

'

'
2

Ž 25 .

The dimensionless ‘quantum repulsive force’ is given
by

(

,

yt 2

² p˜ Ž t . : s py1 r2 exp Ž y2rt 2 . ,

We see that for t ) 0, the correlation coefficient
r s sp xr sp sx is different from zero. The states
with r / 0 were named correlated states in w25x and
Žin the special case of Gaussian packets in the free
space. ‘contractive states’ in w26–28x. For other studies on such states see, e.g., w1,29–31x.
It is convenient to introduce the dimensionless
variables
x

x

'p H0 e

2

² px q xp : s "b 2 t.

x˜ s

2

we have

Ž 1 q 4b 2 q b 4 t 2 .

2

s

The error function erfŽ x . and its modification erfiŽ x .
are defined as follows,

™'

(
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and F˜r Žt . are given in Fig. 1. They show that the
particle begins to ‘feel’ the presence of the wall
when t ) 0.5. This value agrees, by the order of
magnitude, with the time necessary for a quantum
packet to spread from its initial dimension s to the
value x c : see Eq. Ž18.. ŽNote that the classical
particle, for which formally " s 0, would never
‘know’ about the boundary..
The probability density in the coordinate space,
Px s < c Ž x .< 2 , can be expressed as follows Žin the
dimensionless variables.,
Px Ž x˜ ,t . s

)

32 b 2

exp y

p Ž 1 q b 2t 2 .

= sinh2

qsin2

ž

ž

2 b 2 x̃
1 q b 2t 2

2 b 3t x̃
1 q b 2t 2

/

2 b 2 Ž 1 q x˜ 2 .
1 q b 2t 2

/
.

Ž 28 .

For bt 4 1 we have
Px Ž x˜ ,t 4 by1 . s

(

32

pt 2

= sinh2

exp y

ž ˜/
2x

t

2

ary and the ‘quantum force’ is practically zero., the
oscillating sin2 term in Ž29. is unessential, and the
probability density is given by the smooth Gaussian
curve. For larger values of t , this curve spreads into
a wide strip, filled in with rapidly oscillating function sin2 Ž 2 b xr
˜ t . . The space period of these oscillations is of the order of the initial packet width:
D x s p str '2 , therefore in the case b 4 1 the plot
looks like some dark region confined with two envelopes, given by Eq. Ž29. with sin2 Ž 2 b xr
˜ t . replaced by 1 and 0, respectively. Typical examples of
the coordinate distribution are shown in Fig. 2, where
for t s 3 we plot only the maximal and minimal
values of the rapidly oscillating probability density,
and its mean value averaged over oscillations. Of
course, Px Ž0. s 0, but already at x˜ f ptrŽ4b .,
Px Ž x˜ . assumes the maximal value of the order of
3ty1 expŽy2rt 2 .. The time dependence of the probability of detecting the particle to the left from the
initial mean value position, W s H01 Px Ž x˜ . dx˜ ., is also
shown in Fig. 2.
The momentum distribution

2

t

1 q x˜ 2 .
2 Ž

q sin2

2b x

Pp Ž p . s

ž ˜/
t

.

177

1

2

`

2p "

H0 c Ž x . exp Ž yipxr" . dx

.

has the following form Žin the dimensionless variables.:

Ž 29 .
For small values of t Žactually, for t - 1r2, when
the main part of the packet did not reach the bound-

Pp Ž p,
˜ t . s Ž 16p .
=erfc

y1 r2

exp Ž yp˜ 2 . exp Ž yi b p˜'2 .

ip˜

b

ž' '

1 q i bt y

2

=exp Ž i b p˜'2 . erfc

/

ž' '
2

1 q i bt

2

b
q

ip̃

'1 q i bt

'1 q i bt

/

,

Ž 30 .

where the complementary error function is defined
as
Fig. 1. Evolution of dimensionless mean values of the coordinate
and momentum defined in Eq. Ž20. Žtildes are omitted., and the
dimensionless ‘quantum repulsive force’ Ž26., versus the dimensionless time t ' t, for b s10 4 .

erfc Ž x . s

2

`

yt 2

'p Hx e

dt.
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senting the quantum particle. with negative wave
numbers are reflected from the boundary, becoming
the waves with positive wave numbers. Eventually,
as t `, all negative components are transformed to
the positive ones. The oscillating structure of the
asymptotical distribution can be explained by the
interference between the waves which were outgoing
from the beginning and those which have reversed
their direction after passing the distance x c Žthis is
especially clear, if one takes into account that the
phase b p˜'2 of the sine-function in Ž31. can be
rewritten, due to Ž16. and Ž20., as px cr" .. Therefore, some waves disappear completely, whereas
some others can be significantly amplified Žup to 4
times in energy.. However, if the precision of a
measuring apparatus is not sufficient to resolve the
oscillations, one can use very simple average asymptotical distribution Pp Ž p,`
˜ . s 2 Pp Ž p,0
˜ . Žfor p˜ ) 0..
Now it is easy to understand what can happen in
the case of a nonideal boundary. If the potential
energy increases to infinity not abruptly, but continuously, then the aÕeraged asymptotical momentum
distribution will be 2 Pp Ž p,0
˜ . for any initial distribution Žsince all initial partial plane waves with
p - 0 will be finally reflected from the boundary.,

™

Fig. 2. The coordinate probability density versus the dimensionless coordinate x ' x˜ for b s10 4 . Solid curve – a spreaded
Gaussian distribution for the dimensionless time t s 0.5. Broken
curves correspond to t s 3: lower dashed curve – minimal values
of the rapidly oscillating probability Ž29.; upper dashed-dotted
curve – maximal values of the rapidly oscillating probability Ž29.;
middle dotted curve – probability distribution Ž29. averaged over
fast oscillations. In the insertion we show the dependence of the
probability W of detecting the particle between the wall and the
mean initial position Ži.e., in the interval 0 - x˜ -1. versus the
dimensionless time t ' t, also for b s10 4 .

At t s 0, the real part of the argument of the first
erfc-function in Ž30. is close to y` for b 4 1, so
the value of this function is close to erfcŽy`. s 2.
At the same time, the value of the second term is
close to erfcŽq`. s 0. Thus we have a symmetrical
initial distribution Pp Ž p,0
˜ . s py1 r2 exp Ž yp˜ 2 . . On
the contrary, for t 4 1 Žand fixed b . the second
terms in the arguments of the erfc-functions become
negligible. The real parts of both erfc-functions
become close to yp˜ btr4 , resulting in the strong
asymmetry for t 4 1. If p - 0, then the real parts of
both erfc-functions are large and positiÕe, so these
functions turn into zero. But if p ) 0, then both
functions are close to 2. As a result, the asymptotical
distribution at t ` is different from zero only for
p ) 0, and it exhibits strong oscillations:

'

™

Pp Ž p,`
˜ . s 4 Pp Ž p,0
˜ . sin2 Ž b p˜'2 . ,

p˜ ) 0.

Ž 31 .

The period of oscillations is proportional to the ratio
of the initial packet space width to the initial mean
distance from the boundary. In Fig. 3 we show the
plots of the maximal and minimal values of Pp Ž p,
˜ t.
for t s 6.
The phenomenon can be interpreted as follows:
partial waves Žforming the total wave packet repre-

Fig. 3. The momentum distribution versus the dimensionless
momentum p' p˜ for b s10 4 and t s6. Upper solid curve –
maximal values of the rapidly oscillating probability Ž30.; for
p) 0.5 the ordinates of this curve are exactly 4 times higher than
the ordinates of the initial Gaussian distribution given by the
middle dashed curve. Lower dotted curve – minimal values of the
rapidly oscillating probability Ž30.; they are different from zero
only in the interval < p < - 0.25, where the amplitudes of oscillations are relatively small. In the insertion we show the details of
the behaviour of function P Ž p . in the interval y0.25- py0.20.
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although the time of establishing this distribution, as
well as the details of the oscillating structure, will
depend on the form of the potential. For the particle
moving initially toward the boundary, the center of
the initial momentum distribution is shifted to the
left from point p s 0. In this case, the difference
between the asymptotical mean value of the momentum and its initial absolute value, ² pŽ`.: y <² pŽ0.:<,
will be less than in the case of ² pŽ0.: s 0, going to
zero when ² pŽ0.: is much greater than the width of
the momentum distribution, d p ; "rs Žthis case was
analyzed in w20x.. If the potential barrier has a finite
height, then some partial plane waves will not be
reflected completely, and the final distribution, being
deformed and asymmetrical, will have some nonzero
part in the region p - 0, which also diminishes the
asymptotical value ² pŽ`.:.

3. ‘Quantum deflection’ of ultracold particles
The results of the preceding section seem almost
obvious from the point of view of wave mechanics
Žto the same degree as the phenomenon of diffraction
of electrons, atoms, or molecules, for example..
Nonetheless, they can be used for an impressive
demonstration of the quantum nature of ‘particles’.
Indeed, suppose that one can throw very slow particles in the direction parallel to an impenetrable
surface. Eventually, some part of energy of quantum
fluctuations related to the transverse degree of freedom will be transformed into the energy of the
motion of the center of the packet in the direction
perpendicular to the boundary. Consequently, the
particles will be deflected from the boundary.
In order to see a significant deflection, the initial
mean velocity in the direction parallel to the surface,
Õ I , must be of the same order of magnitude as the
asymptotical transverse velocity given by Eq. Ž27.:
Õ` f "rŽ2 ms ., where s is the initial width of the
region of localization of the particle in the transverse
direction Žperpendicular to the boundary.. Taking
s s 10y6 cm, we obtain Õ` ; 5 = 10 3 mrs for electrons and Õ` ; 2 mrs for neutrons or hydrogen atoms,
which correspond to the kinetic energies of the order
of 10y4 eV and 10y8 eV, respectively.
Let us take the initial distance from the boundary
x c s 1 cm, which is a quite macroscopic parameter

179

Žin this case b ; 10 6 .. Then the particle will be
deflected to the angle about 458 after the time interval
td f 5 brb 2 s 5 b Ž ms 2r" . f 4 msx cr"

Ž 32 .

which equals tdŽe. ; 5 = 10y6 s for electrons and tdŽn .
; 10y2 s for neutrons or hydrogen atoms. During
this time the particle will pass about 2 x c in the
parallel direction and about x c in the perpendicular
direction. So, the ‘quantum deflection’ can be quite
observable, especially if one takes the initial distance
x c bigger, say, 10 cm. The effect is rather impressive
from the classical point of view: a particle passes in
10 cm from the wall, nonetheless, in the absence of
any visible force, it ‘feels’ the presence of the
boundary and changes the direction of motion by 458
Žor even more, if the initial parallel velocity is less
than Õ` .. In a wide sense, this is an analogue of the
famous Aharonov–Bohm effect, when a charged particle is deflected by the localized magnetic flux,
although it travels through the region where there is
no magnetic field. Both phenomena have the same
origin: quantum nonlocality and the existence of
‘wave properties’ of quantum objects.
However, to observe the effect of ‘quantum deflection’ one has to resolve several problems: to slow
down the particles to the necessary velocity, to direct
them in the proper direction with very small uncertainty in the transverse position, to compensate various external perturbations, and, finally, to detect the
deflected particle. In the case of electrons, ‘cooling’
them to the energy about 10y4 eV ; 1 K can be a
difficult problem. Besides, although the gravitational
force can be neglected due to the small mass, and the
force of the electrostatic interaction with the surface
Žthe attraction by the effective image charge. is also
negligible due to the macroscopic distance, it could
be rather difficult to ensure the variations of the
electrostatic potential at the level less than 10y5 V in
the region with dimensions of several centimeters.
The experiments with ultracold neutrons having
velocities about 1 mrs have been performed for a
long time w13,14x. It is unclear, however, how to
prepare them in the necessary initial state. Therefore,
the most promising candidates are ultracold atoms,
since the methods of cooling them to the energies
much below 10y8 eV ; 10y4 K are well elaborated,
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and many experiments with such atoms have been
done already w33–36x. Cooling atoms in a trap and
letting them to exit the trap through some long thin
‘atom waveguide’ w37–39x, one could prepare the
necessary initial state with the velocity directed along
the surface and with a small uncertainty in the
transverse position.
In this case, the influence of gravity becomes
essential, since the vertical shift of the hydrogen
atom by 1 cm changes its potential energy by
10y9 eV. One can partially overcome this difficulty,
using the Õertical boundary and directing the particle upwards Žsome kind of the ‘atom fountain’ w40x..
Moreover, adjusting the initial velocity, one can
achieve zero displacement in the vertical direction
due to the force of gravity, and a significant displacement in the horizontal direction due to the
‘quantum repulsive force’. For example, for the atoms
of 9 Be and the initial distance x c f 3 cm, one has
td ; 0.3 s. Taking the initial vertical velocity Õ I f
1.5 mrs, in 0.3 s one shall discover the neutral atom
at the same horizontal level, but shifted Žin average.
to about 3 cm from the initial position, so that the
center of the distribution will be in 6 cm from the
boundary Žthe maximal vertical displacement will be
about 10 cm.. The same result holds for the hydrogen atoms, if the initial transverse position uncertainty is s s 0.1 m m. Unfortunately, increasing parameter s diminishes the asymptotical transverse
mean velocity and increases the time td , which makes
difficult the compensation of the gravity force. To
verify the effect, one could put a detector at different
positions at the same horizontal level and measure
the probability of detecting the particles as a function
of the distance to the boundary. The theoretical curve
ŽFig. 2. exhibits a strong asymmetry with respect to
the initial particle position x c . Moreover, if the
space resolution of the detector could be made less
than the initial transverse position uncertainty s, than
the oscillations of the probability density due to the
quantum interference effects could be discovered.
Note that the effect discussed does not depend on
the internal state of the atom, since it is related only
to the translational motion of its center of mass.
Moreover, for the velocities required, the De Broglie
wavelength has the same order of magnitude as the
initial transverse uncertainty s, so it is much greater
than the interatomic distances in solids. Therefore

the atomic structure of the solid surface seems to be
unessential Žsince there is no ‘direct’ collision between the atom involved and the atoms of the boundary., and the surface seems to be close to an ideal
impenetrable boundary. If it is not ideal for some
reasons, one could use, e.g., the evanescent wave
atomic mirrors w41–44x, or magnetic mirrors w45,46x.
In any case, in spite of many difficulties Žwe did not
discuss, e.g., the problem of detecting the atoms., an
experiment on ‘quantum deflection’ of ultracold
atoms seems to be possible, and it could be interesting to try to do it.
Another conclusion is as follows. We have shown
that in the presence of the wall, the mean momentum
of a particle is changed at the expense of the energy
of internal quantum fluctuations, due to some effective nonlocal quantum interaction. But the ideal wall
is the limiting case of repulsive potentials. Therefore
one could suppose that the initial form of the wave
packet could be important in the processes of
collisions between ultracold particles, when absolute
values of their initial mean momenta are less or
comparable with the square roots of the momenta
dispersions Žthis is a further step to the true quantum
domain, compared with the cases studied till now
w47x.. As a result of a distortion of the shapes of the
particle wave packets during the collision, the absolute values of the mean momenta will not be conserved. In this sense, the collisions between ultracold
particles turn out inelastic, as far as the initial states
are not idealized plane waves, but wave packets of
finite spatial extensions.
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