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Classical trajectory Monte Carlo investigation
for Lorentz ionization of H (1s)*
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Lorentz ionization of H(1s) is investigated by classical trajectory Monte Carlo (CTMC) simulation. The effect of the
transverse magnetic field on the considered process is analyzed in terms of the time evolution of interactions in the system,
total electron energy, and electron trajectories. A classical mechanism for the ionization is found, where the variation of the
kinetic energy of the nuclei is found to be important in the process. Compared with the results of tunneling ionization, the
classical mechanism becomes more and more important with the increase of the velocity of the H-atom or the strength of

the magnetic field.
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1. Introduction

If an atom moves into a region of space where there is a
constant magnetic field which is perpendicular to the atom ve-
locity, a constant electric field appears in the reference frame
in which the atom or ion is at rest (we call it the atom frame)
as a result of the Lorentz transformation. The atom would be
ionized by the electric field, which has been known as Lorentz
ionization.!":? In the study of magnetic confinement fusion,
Lorentz ionization of atoms at high excited states is an impor-
tant mechanism to trap neutral beam atoms."?! It may happen
in astrophysics where magnetic fields as strong as 10> T-10° T
(white dwarfs), or even 107 T-10° T (neutron stars) can be
found.

So far, people have made many discussions about the
atomic structure in a strong magnetic field* and have much
more understanding about the ionization under an electric
field than about Lorentz ionization. Numerous investigations
have been carried out into the ionization of atoms under the
applied electric fields,®8! which include laser pulses, mi-
crowave fields, electro-static fields, and so on. Usually, if an
electric field is applied, the applied field provides energy for
the electron to overcome the Coulomb potential barrier!® and
the electron becomes free through some mechanisms, such as
tunnel, photon, multiphoton, and over-barrier ionization. As
for Lorentz ionization, as far as we know, Popov et al.ll?]
have studied it based on their results about the ionization of
atoms in combined electric and magnetic fields. They obtained
some semi-classical results for ionization rate, considering the
mechanism of tunnel ionization (TI) caused by the constant
electro-static field in the atom frame. To our knowledge, if
the applied field is the magnetic field, the electron cannot get
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kinetic energy from the field and the Coulomb potential can-
not be influenced by the magnetic field since the Lorentz force
does not influence the atom. It is interesting to ask where does
the energy for the electron to be free come from in Lorentz
ionization and whether the motion of the nuclei plays an im-
portant role in the process. In addition, it is still not well un-
derstood whether some other mechanisms besides tunnel ion-
ization operate in Lorentz ionization. In this paper, we explore
these problems.

The classical trajectory Monte Carlo (CTMC) simulation
is known to be a good method to simulate the ionization of the
atom or molecule under the applied fields, by which good re-
sults can usually be obtained in many cases.[*~'! In this work,
CTMC is used to investigate the Lorentz ionization of H (1s)
in the lab frame where the energy conservation of the system
can be kept very well. The effect of the transverse magnetic
field in the process is analyzed in terms of trajectories, such
as the electron energy and the kinetic energy of the proton.
Though TI is a quantum effect which CTMC cannot describe,
our simulation gives a quite different mechanism. It is a clas-
sical one where the variation of the kinetic energies of the nu-
clei is found to be important, which enhances the electron ki-
netic energy relative to the proton high enough to overcome
the Coulomb potential and make the electron free. Compared
with the TI results in Ref. [1], it is found that the mechanism
competes with TI and becomes more and more important with
the increase of the atom velocity or the applied magnetic field
strength.

This paper is organized as follows: we present a brief
description of the CTMC method in the next section. In Sec-
tion 3, the results for the ionization time distribution are pre-
sented and the comparison with TI result in Ref. [1] is made.
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Section 4 presents some trajectories to analyze the classical
ionization mechanism. The distribution for the variation of the
proton kinetic energy and the momentum distributions of the
ionized electrons are given in Section 5. Finally, some conclu-
sions are presented. Atomic units (e = me. = i = 1) are used

in this work unless otherwise explicitly indicated.

2. Brief description of CTMC

In CTMC, a coordinate system needs to be established
and both the initial coordinates and the momenta of the pro-
ton and electron should be fixed first. In the simulation, the
origin of the coordinate system is at the initial position of the
proton of H(1s) atom. We use v}, to denote the initial velocity
of the proton, which is along the z direction. The initial elec-
tron coordinates and momenta relative to the proton are deter-
mined by the usual field-free micro-canonical distribution. [!3]
The applied magnetic field B is along the x direction. Then,
the atom enters the region of the magnetic field with an initial
velocity vy, and the evolution of the system under the magnetic
field and the Coulomb field is obtained by solving the classical
motion equations of the proton and electron. For simplicity,
we use ve and v, to denote the electron and proton velocities
at time ¢, respectively, and define the total energy of the sys-
tem E and the electron energy relative to the proton Ee; as
E=v2/2+mpv?/2 —1/Ry and Eqy = (ve —v)?/2 — 1/Rey,
respectively. Here R, is the distance between the electron and
the proton, and my, is the mass of the proton. The integration
of motion equations is carried out (from time = 0 ) up to time
when ¢ = 10° for unionized trajectories (E¢; < 0) or Rer > 10°
for ionized trajectories (Ee; > 0). Without the magnetic field,
the conservation of the total energy E is well done with a vari-
ation about 10™%. However, sometimes, it will become quite
different if the transverse magnetic field is applied. The elec-
tron motion will be distorted so intensely that sometimes the
electron is very close to the proton, for example, Re; < 1073,
For such a short distance, the Coulomb force becomes very
strong and the electron velocity is very high, which may in-
duce a high error in numerical calculations. To get reliable re-
sults, 10° trajectories are calculated for each B and vp with soft
Coulomb potential chosen to ensure that |[AE| < 10~* where
AE = Ey — E¢ with E and E¢ being the total energy E at initial
and final time, respectively. This ensures|AE| < E;o,, where
Ejoy is the ionization energy of H(1s). In the simulation it is
found that E., oscillates with time, which will be explained
later. Furthermore, E¢; is always positive after a long time
when it first becomes positive at some time. We define f;,, as
the first time when E.; > 0.

3. Ionization time distribution and the compari-
son with TI

First, we present the i, distribution of the ionization
event number for different values of v, at B = 0.149 in Fig. 1.
Similar results are observed for B = 0.0106, which are not
shown here. Figure 1 indicates that more ionization events are
produced and the ionization happens earlier with v, increas-
ing. Besides this, there is always a peak corresponding to each
vp. Although it is not clear why there is a peak in the time dis-
tribution, we can make a comparison of the peak position #,eax
of the distribution with the TI time 7y, which is the reciprocal
of the ionization rate in Ref. [1]. All these are listed in Table 1
together with those for B = 0.0106. In Table 1, the classical
ionization probability P, is defined as the ratio of the event
number with the total trajectory number, and the z1; with the
symbol star is obtained by extrapolating the curve in Fig. 1 of
Ref. [1] and the others from Table IV or Eq. (14) in Ref. [1].
The table indicates that there are two mechanisms responsible
for ionization: one is tunnel ionization and the other is classi-
cal since our simulation is classical. The two mechanisms are
complementary and competitive with each other. Usually, eax
is shorter than #ry and P, rises up rapidly with v}, increasing,
which indicates that more electrons can be ionized in a clas-
sical way before the tunneling ionization occurs with higher
vp. This means the classical ionization mechanism becomes
more and more important than tunneling ionization when v,
becomes higher and higher.
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Fig. 1. Time distribution of the ionization event number.

Table 1. Classical ionization probability P, peak position #yeqx, and
ionization time ¢y for different v, and B.

Vp Pion tpeak 1
20 74% 3.64 10.15
15 47% 7.0 12.0
B =10.0106 10 13.6% 13.6 53.2
9 7.7% 16.5 67.8
8 3.0% 18.4 137.6
2 94.3% 3.0 4.65
1 46.0% 7.0 18.8
B=0.149 0.8 24.0% 9.4 21.5
0.6 8.2% 145 101.3
0.5 2.5% 16.5 1200
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4. Ionization trajectories

In order to know more about the classical mechanism,
many ionization trajectories are analyzed and two typical cases
are found, which are corresponding to the increasing or de-
creasing of the proton kinetic energy and plotted in Figs. 2
and 3, respectively. Figure 2(a) shows the evolution of E; and
AE;r for a trajectory where E;r is decreased finally. Here,
AEyr is defined as mp(v; —v3 ) /2, which is the increment of the
proton kinetic energy. Figure 2(b) gives the evolution of the
electron kinetic energy Ej and 1/Re; for the same trajectory.
Figure 2 indicates that both E}. and Eyr are decreased in the
process, and R.; becomes larger and larger gradually although
it oscillates with time. In the process, the Coulomb potential
overcomes and the electron is ionized at last. This mainly cor-
responds to the case of slow v, or small B. In Fig. 3, AEyr is al-
ways positive, and Ej. becomes smaller and smaller with time
evolution. Meanwhile, (ve — v;)?/2 is increased high enough
to overcome the Coulomb potential and the electron becomes
free finally. This kind of trajectories mainly corresponds to the
case of rapid vy, for example, v, = 2.0 and B = 0.149. Those
trajectories with Eyy decreased and Ej. increased are also ob-
served, which are not shown here.

1.5
LOF - - ARy
0.5

0 \

Ee, AEyr

—05m 7 Y

~—_— - =

—1.0F !

150 1 1 1 1 1
0

1004

101

Ekea 1/Ret

102

Fig. 2. A trajectory with E;r decreased. Time evolution of E., and
AEyr (a), and Eje and 1/Re; (b).

In addition, all the trajectories indicate that E.; may be
negative after the first time when it becomes positive. It re-
mains oscillating with time although its minimum rises up

gradually and becomes positive at last. The behavior of such
oscillations is due to the longitudinal-Lorentz force. From the

definition of E,;, we know that
[ 2 2 .2 1
Ee = E (Vex + Vey + Ve t+ Vp) — VezVp — Rfet'

Because of the transverse magnetic field, both vy, and ve,
always oscillate with time, which results in the change of E;.
This is more understandable in the proton frame if we notice
that the applied constant electro-static field accelerates and de-
celerates the electron since the electron moves back and forth
in the field.
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Fig. 3. A trajectory with Ey7 increased. Time evolution of E; and AEyr
(a), and Eye and 1/Re; (b).

5. Distribution for AE;; and the electron mo-
mentum

Since the variation of E;r is important for Lorentz ioniza-
tion, which is different from the case in which only the electric
field is applied, figure 4 plots the distribution of AE;r for each
vp with B = 0.149. Obviously, the distribution becomes wider
and wider with the increase of vp,, which is due to the wider
and wider distribution for the initial kinetic energy of the elec-
tron. From the figure, it is seen that when v}, is small, for ex-
ample, v, = 0.6, the proton kinetic energy is always decreased
(AEr < 0). However, with the increase of Vvp, more and more
events with AEy7 > 0 appear. To find this, we define o as the
ratio of the number of those ionization events for AEy;r < 0 to
the total ionization event number. A similar definition of o is
made for electrons. Table 2 gives the results of o and o for
different values of v, and B.

The value of B is given in the parentheses in the first col-
umn of Table 1. From this table we can obtain
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i) When v, is small or v}% /2 << Ejon , for example,
vp = 0.5, both ar and ¢ are equal to 1.0. This is understand-
able since the electron kinetic energy is not sufficient to over-
come the Coulomb potential energy barrier. In this case, both
electron and proton must lose a part of their kinetic energies
for the ionization.

ii) With the increase of vy, vg /2 gradually becomes close
to or even greater than Ej,,. In this case, both oy and o, ob-
viously become lower than 1.0, for example, a7 = 0.80 and
0 = 0.72 when v, = 1.0 and B = 0.149. This is because the
electron can become free at the cost of a part of its kinetic
energy. Meanwhile, another part of the electron kinetic en-
ergy is lost to enhance the proton kinetic energy by Lorentz
force. This results in more and more ionization events being
produced with v, increasing, where the proton kinetic energy
is increased.

iii) When v, is very high, for example, vf) /2> Ejop, both
the values of o and ¢, are close to 0.5 at v, = 20.0. It can be
understood because the loss of a small part of the electron or
proton kinetic energy is sufficient to overcome the Coulomb
potential in this case. This results in the proton kinetic energy
being reduced in about one half of the ionization events and
increased in the other half.
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Fig. 4. Distribution for the change of the proton kinetic energy Eyr.

Table 2. The results ar and ¢ for different v, and B.

B =0.0106 B=0.149
Vp ar Oe Vp or O
20 0.49 0.53 2 0.63 0.61
15 0.52 0.52 1 0.80 0.72
10 0.54 0.52 0.8 0.86 0.80
0.56 0.54 0.6 0.90 0.88
8 0.60 0.53 0.5 1.0 1.0

It is interesting to see whether an ionization event would
happen for a very small v, and a very high B, so that the total
energy of the system E is negative but with a very strong con-
stant electro-static field in the atom frame. For this problem,
some simulations with v, = 0.01 and B = 50.0 have been per-
formed and no ionization events are observed. In this case, the
Coulomb potential cannot be overcome by the full loss of the

total kinetic energy of the system so that no ionization occurs.
But the electron becomes ionized if the simulation is done in
the atom frame. This means that it is not suitable to study the
problem in the atom frame if v}, is very small.

Since different ionization mechanisms may lead to differ-
ent momentum distribution for the ionized electrons, the mo-
mentum distributions obtained from our simulation are pre-
sented in Fig. 5 for v, = 2.0 and B = 0.149, where ve, is the

electron velocity in x direction and vyormal = 4 /vgy +v2Z,. Sim-
ilar results can be found for v, > 1.0. The final kinetic energy
of the electrons is found to be mainly distributed around 0.5\%.
It is easy to see that ve, and vyormga are distributed around 0.0
and vy, respectively. This is because the electron can move
away from the proton either along the magnetic field or in the
opposite direction. Also, the electron is ionized around vey =0
and ve; = vp, which turns out to be the observed vpormar dis-
tributed by Lorentz force. It is different with ve, = 0, ve, = 0,
and ve; = vp, which is converted from the atom frame to the

lab frame according to the TI results in Ref. [1].
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Fig. 5. Momentum distribution of the ionized electrons for vey and vyormar in

arbitary units.

In addition, some comparisons are made for the simula-
tion results in the atom frame between the classical Lorentz
ionization and the ionization caused by the constant electro-
static field, which is equal to v,B and in y direction according
to Lorentz transformation. Almost the same #,, distributions
are obtained but with much more ionization events caused by
the constant electro-static field especially for a low v,B case.
Under such an electric field, the ionized electron certainly can
be accelerated without limitation. But for Lorentz ionization,
the final kinetic energy of the ionized electron will be a con-

stant. This can be seen from the motion equation of an electron
dv dv dv

ex ’ ey _ _VezB - VPB, ez
dr dr dr

where Coulomb potential is ignored if R, is large enough. It

= —VeyB,

is easy to see that v2, + vgy + (Ver + vp)2 is a constant.
In summary, a classical mechanism is found for Lorentz
ionization, which is quite different from the usual tunneling
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ionization. In the mechanism both the variations of the kinetic
energy of the electron and proton, which is caused by the lon-
gitudinal Lorentz force, are important to the ionization. This
mechanism becomes increasingly essential with the increase
of the atom velocity or the strength of the transverse magnetic
field.
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