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The dynamics of deuterons inside a palladium lat-
tice around tetrahedral sites at high deuterium concen-
tration is studied by using both a classical description
and a quantum mechanical representation, and the re-
sults are compared. The classical representation takes ad-
vantage of the similarity between the electrodynamic
confinement of charged particles stored in a quadrupo-
lar radio-frequency trap and the palladium lattice. The
quantum mechanical description of the dynamics of a
charged particle interacting with another charged par-
ticle within a lattice radio-frequency trap is carried out
by solving the time-dependent Schrödinger equation with
a numerical procedure. Both descriptions produce an in-
teraction effect between the deuterons inside the metal
lattice.

I. INTRODUCTION

The electrodynamic confinement of charged parti-
cles stored in a radio-frequency~rf ! electric quadrupole
trap has been widely studied by several authors.1–7 A re-
markable similarity between the aforementioned quad-
rupole rf trap and the lattice structure of some metals like
palladium and nickel allowed a classical study of the dy-
namics of two deuterons moving within the lattice around
tetrahedral sites.8 The hydrogen isotopes within a metal
lattice like the palladium one can be considered as ions

because of the higher electro-negativity of the host metal
atoms.

In the proposed model it has been supposed that the
alternating signal of a lattice rf trap can be generated by
the motion of the electrons of the metal atoms close to
Fermi energy. The motion of the electrons can be traced
back to an oscillating electron cloud producing an elec-
tric field.

Electronic oscillations~surface plasmons! take place
at metal0electrolyte~or metal0gaseous! interfaces and can
be enhanced by surface roughness.9–11

A quantum description of the charged-particle dy-
namics within an rf trap~i.e., Paul trap! has been re-
cently proposed based on the theory that the harmonic
oscillator has a time-dependent frequency,12 and the so-
lution of the problem has been carried out by means of
an operator constant of the motion. In the case under study,
the particle dynamics within the lattice trap cannot be
described in terms of a harmonic oscillator with a time-
dependent frequency because of the interaction with the
other charged particle that introduces an anharmonicity
in the motion when the distance between the particles
becomes very short and the repulsive effect dominates.

In this paper we propose a quantum mechanical de-
scription of the dynamics of a charged particle interact-
ing with another charged particle within a lattice rf trap
by solving the time-dependent Schrödinger equation with
a numerical procedure.

II. SUMMARY OF THE CLASSICAL DESCRIPTION

The basic hypothesis of the model is that the alter-
nating signal of the lattice rf trap can be generated by the*E-mail: violante@frascati.enea.it
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motion of electrons close to Fermi energy. The electron
motion can be traced back to an oscillating electronic
cloud over the palladium atoms that produces an electric
field because of charge separation. A coherent mecha-
nism of the electron cloud’s behavior is proposed for the
model because no phase is subject to random noise.

In the following, the palladium atoms, oscillating at
acoustic frequency, are supposed to be at rest~adiabatic
approximation! compared with the deuterium atoms,
which oscillate in the range of the optical frequencies in
the metal-hydrogen lattice~e.g., palladium-deuterium lat-
tice!. However, the plasma frequency of the deuterons is
about two orders of magnitude less than the electron
plasma frequency. Therefore, their dynamics are studied
only by considering the forces acting in the lattice space
around the tetrahedral sites. The forces are produced by
the charge separation due to the electron cloud oscilla-
tions. In other words, the electrons are seen by the deu-
terons just as an alternating signal.

Figure 1 shows the palladium lattice cell: The octa-
hedral sites~occupied by hydrogen and0or its isotopes in
beta phase! are between the vertices of the cubic struc-
ture; the tetrahedral sites, which could be available for
deuterons abovex 5 0.9 ~Ref. 13!, belong to the inter-
section between the~101 and~10 N1! planes. The electron
cloud spatial oscillations around the palladium atoms pro-
duce, in both planes, an oscillation of the charge density
that creates an electric field.

For simplicity’s sake we consider that the charges
acting in the~101!plane are midway between palladium
atoms 1 and 2 and between 3 and 4~see Fig. 1!, and the
charges acting in the~10 N1! plane are just atoms 5 and 6.

Let Ez andEr be the effective components of the elec-
tric field for ion dynamics in the@101#and@10 N1# direc-
tions, respectively. When the oscillation direction moves
away from the plane direction, the oscillating charge den-
sity decreases within the plane; therefore, the signal across
the plane is also reduced. This effect can be taken into
account in the calculations by introducing a factor that
ranges between 0 and 1 in the peak signal; then, when
the electric peak signal reaches its maximum value in one
plane, it is zero in the other and vice versa because of the
orthogonality between the planes. Such a situation leads
to sinusoidally time-varying forces whose strength is pro-
portional to the distance from a central origin. The trap
geometry reveals a cylindrical symmetry, as can be seen
in Fig. 1, and the model will be developed in the trap
coordinates system.

In this paper we consider that one particle~parti-
cle 2! is at rest~e.g., in a tetrahedral site!, and the other
one ~particle 1! enters the trap with a random energy
~close to the thermal one because it can be considered to
enter the trap by diffusion! as well as random direction
and position. The particle at rest can be allowed to be in
motion when the interaction energy with the other one
becomes larger than its bound energy with the lattice~i.e.,
;1 eV!.

The motion equations in dimensionless form in the
trap coordinates system are3,7 as follows:
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and
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where

Sr 5 radial coordinate

Sz 5 axial coordinates

Fig. 1. Palladium lattice cell with palladium atoms~large cir-
cles! and octahedral and tetrahedral positions~small cir-
cles!. The axes of the system of coordinates arer andz.
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indexes 1, 25 particles 1 and 2, respectively

q1, q2 5 charges of the particles

Zk12, Zk21 5 unit vectors pointing, respectively,
from particle 1 to particle 2 and vice
versa

l0 5 trap characteristic length~the radius
or the length from the central origin,
which are assumed to be equal in this
case!

b 5 Thomas-Fermi screening factor.8

Furthermore,Vacr andVaczare the peak values of the
alternating signal, having angular frequencyV, in the di-
rections@101#and@10 N1#, respectively:

Vacr,z 5 4pneh2 , ~5!

whereh is the maximum distance between the positive
and negative centers of charge during the oscillations~i.e.,
the distance between the palladium atoms!: h 5 2.83 Å
andVacr,z ; 103 V.

The particle dimensionless radial and axial coordi-
nates and the dimensionless time are

Sri 5 ri 0l0 and Szi 5 zi 0l0 ,

x 5 Vt02 , ~i 5 1,2! . ~6!

The frequency of the alternating signal can be evalu-
ated by means of an approximation to an ideal electron
plasma14:

V >
e

me
102 n102 ' ~1016 s21! , ~7!

whereme is the electron mass andn is the electron plasma
density. Assuming that the number of electrons at the

Fermi level is equal to the density of state at such a level,
we have;7 electrons for atoms in palladium~;10 elec-
trons for atoms in nickel!15; hence,n ; 1023.

The weak damping effect due to the average gradi-
ent of the energy barrier8 has been neglected because it
does not produce any significant effect on the particle
dynamics.

Figure 2a shows the results of a classical study of a
“collision” between two deuterons. We assume that par-
ticle 2 is at rest within a tetrahedral site@ Sr2~t 5 0!5 0.5,
Sz2~t 5 0! 5 0#, while particle 1 is entering the trap with
initial position, direction, and energy evaluated ran-
domly, but effective to have a collision. The initial posi-
tion of such a particle isSr1~t 5 0! 5 0.5, Sz1~t 5 0! 5 1.
The initial conditions of the velocity components, cho-
sen randomly, do not modify the dynamics of the parti-
cle, because if the particle is supposed to be initially at
thermal energy, the effect of the trap force dominates.

We can see from Fig. 2 that the moving particle
approaches the other particle at rest until their distance
decreases to;0.1 Å. Figure 2b shows the classically
evaluated evolution of the energy of particle 1. Figure 3
shows the evolution of the radial and axial coordinates
of the particle entering the trap, and it is clear that the
motion develops mainly in the axial direction until the
collision takes place. In this study the oscillation direc-
tion of the electron clouds is assumed to be mainly along
the ~101! plane.

III. QUANTUM MECHANICAL REPRESENTATION

In Sec. II we briefly discussed the classical model-
ing of particle dynamics in the trap by solving the equa-
tions of motion. We calculated that a charged particle

Fig. 2. ~a! Evolution of the distance of the deuterons.~b! Deuteron energy evolution in the trap.
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moving in the trap can reach an energy of some hundreds
of electron volts~see Fig. 2b!. Then the particle gains
hundreds of photons from the lattice trap because the elec-
tromagnetic signal frequency is 1016 s21; in this case,
the particle dynamics can be classically approximated.
On the other hand, as can be easily seen, the energy of
the field in the trap is of the order of 104 photons be-
cause of the very high peak value of the electric field;
therefore, the field can also be classically approxi-
mated. However, when the distance between the collid-
ing particles becomes small, the momentum of particle 1
also diminishes, and its De Broglie wavelength becomes
the same as the distance between the particles~i.e.,
;1021 Å!. A quantum mechanical analysis is then car-
ried out to complete the description of the particle dy-
namics and to see if there are significant differences
between the classical and the quantum mechanical de-
scription of the particle dynamics.

Based on the classical trajectory, we have seen~see
Fig. 3! that the motion of particle 1 until the collision

Fig. 3. Evolution of the radial and axial coordinates of the par-
ticle entering the trap.

Fig. 4. Potential shape along thez axis for three consecutive time steps.
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can be approximated by a motion along thez axis.
Consequently, the quantum description can be reason-
ably obtained by studying, in one dimension, the in-
teraction of a wave packet with the system potential.

The one-dimensional, time-dependent Schrödinger equa-
tion is

i Sh
]c

]t
5 Hc . ~8!

The Hamiltonian is

H 5 2
Sh2

2m1
¹ 2 1 V~z, t! , ~9!

wherez is the position of the particle with massm1, and
V~z, t ! is the potential, which combines the Thomas-
Fermi screened potential between the interacting charged
particles and the potential due to the trap force; then

V~z, t! 5 Qint 2EF Trap dz , ~10!

whereQint is the screened interaction potential andF trap

is the rf trap force along thez direction. The poten-
tial shape along thez axis is shown in Figs. 4a, 4b, and

Fig. 5. Initial probability density distribution.

Fig. 6. Evolution of the square module of the wave function with the potential shape of Fig. 4a.
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4c for three consecutive time stepst3 . t2 . t1. The delta-
like behavior of the potential in the middle of the system
~z5 0! is due to the charged particle at rest.

The Schrödinger equation can be written in terms of
the real and imaginary partscre andcim of the wave func-
tion, resulting in the set of coupled equations

Sh
]cre~t,z!

]t
5 Hcim

and

Sh
]cim~t,z!

]t
5 2Hcre . ~11!

The numerical solution has been carried out by means of
the following finite difference scheme16:

cre~t 1 0.5cDt,zi ! 5 cre~t 2 0.5Dt,zi ! 1 DtHcim~t,zi ! ;

cim~t 1 0.5Dt,zi ! 5 cim~t 2 0.5Dt,zi ! 2 DtHcre~t,zi ! .

~12!

The integration is performed through the time interval

Dt '
Sh

2DE
, ~13!

whereDE is the energy lost by particle 1 during the
collision.

Figure 5 shows the probability density distribution
6c62 at initial timet 5 0; the particle is supposed to move
within the trap toward the tetrahedral site, where the other
charged particle is at rest.

Figures 6a, 6b, and 6c refer to the potential shape
shown in Fig. 4a, while Figs. 7a, 7b, and 7c refer to the
potential shape shown in Fig. 4c.

Figures 6a, 6b, and 6c report the probability density
6c62 at different times within the Eq.~13! interaction time
in correspondence with the potential shape of Fig. 4a. It
is evident that there is a nonzero probability that the mov-
ing particle approaches close to the other charge.

Correspondingly, in Figs. 7a, 7b, and 7c the square
modulus6c62 of the wave function is plotted at three dif-
ferent times for the potential shape of Fig. 4c. Basically,

Fig. 7. Evolution of the square module of the wave function with the potential shape of Fig. 4c.
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the trend of the probability density is similar even if
the transmission effect is reduced for the potential of
Fig. 4c, as a consequence of which the charge interacts
with an increasing well in addition to the deltalike barrier.

IV. CONCLUSIONS

The proposed study is mainly designed to make a
comparison between the results of a classical description
and those arising from a quantum mechanical approach.
However, the aforementioned quantum study should be
considered preliminary because it is a first approach to
the problem, and it has been carried out within the frame-
work of some previously discussed limitations. Conse-
quently, the results should be considered as indicative of
a possible dynamics that in both representations~classi-
cal and quantum mechanical! reveals an interesting ap-
proaching mechanism of two deuterons embedded inside
a metal lattice like palladium.

The comparative analysis shows that the classical de-
scription of the particle dynamics in the lattice can be
considered a satisfactory and conservative approxima-
tion in accordance with the relatively high energy that
the deuteron gains in the trap. The interesting aspect is
that there is a reasonable agreement between the descrip-
tions according to the relatively high energy that the par-
ticle achieves in the trap as previously mentioned.
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