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Using a molecular-orbital close-coupling approach, the authors study ionization processes
in antiproton—hydrogen atom collision and present visualizations of the electron densities’

time development during the collision.

he study of dynamical aspects in
ion—atom collision processes is im-
portant in atomic physics. It helps us
fundamentally understand particle
interactions and the corresponding dynamics for
applications in many subfields, such as fusion sci-
ences, astrophysics, and material sciences. Fur-
thermore, it presents an interesting problem as
the basic physics. Energetic collision of two par-
ticles can produce processes; for example, ion—
atom collisions frequently produce elastic scat-
tering, electronic excitation, charge transfer, and
ionization. An accurate description of the elec-
trons’ behavior during the collision is essential
to better understand the dynamics and precisely
determine cross sections for these processes.
"To investigate the collision dynamics in detail,
we must observe how the electronic state varies
as the incident ion nears the target atom. Be-
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cause measuring various observables as a func-
tion of the collision time is difficult, numerical
simulation of the collision process is the only
way to “see” the instantaneous collision, so it has
attracted much attention."” The simulation
study must also include effective visualization
schemes.

We study the dynamics of ionization in an-
tiproton—hydrogen collisions using a molecular-
orbital close-coupling (MOCC) method.! We
present the numerical result using a simulation
technique to visualize the ionization and better
understand the collision dynamics.

Antiproton-hydrogen collision

To illuminate the disparity between the
amount of matter and antimatter in the universe
(for more on antimatter, see the sidebar), re-
searchers are conducting several projects—using
various approaches—that attempt to differenti-
ate ordinary hydrogen and antihydrogen (which
comprises a positron and an antiproton).’~

Most calculations agree reasonably well with
the experimental results'® at the high-energy re-
gion (above a few tens of kilo-electron volts)
but—in our opinion—not the lower energy re-
gion (below a few tens of keV). Furthermore,
physicists have not explored collision dynamics’
details, such as the evolution time of charge den-

24

COMPUTING IN SCIENCE & ENGINEERING



sities, to better understand this collision’s essen-
tial physics.

So, we investigated the collision dynamics of
ionization stemming from antiproton—hydrogen
collisions at energies below 50 keV. In this en-
ergy region, the colliding partners’ relative ve-
locity is much smaller than the electron’s veloc-
ity, so we can safely assume that the particles
form a quasimolecule during collision. There-
fore, we can describe the collision system’s elec-
tronic state in terms of molecular states, which
is known as molecular-orbital representation. Ad-
ditionally, we can use the semiclassical approxi-
mation, wherein we treat the baryon motion
classically but the electron quantum-mechani-
cally. We employed an MOCC method! in the
semiclassical formulation to study the scatter-
ing dynamics.

First, we determine adiabatic potentials using
a configuration interaction method with Stur-
mian-type wave functions as expansion bases, as
we explain later. Consequently, many electronic
states with positive eigenenergies appear, which
probably correspond to ionized states. By in-
cluding these positive-energy states in a dis-
cretized manner in our CC formulation, we can
investigate ionization processes resulting from
the collision.

Theoretical model

You can find details of the MOCC’s basic for-
mulation in the report by Ayako Watanabe and
her colleagues.!! We consider the antiproton—
hydrogen collision system in the collision energy
region from several electron volts per unit to
several keV/u. Figure 1 shows colliding particles’
coordinates.

The large disparity between the nuclear and
electron masses makes it reasonable to approxi-
mate the nucleus’s relative motion classically
above a few tens of eV. We use an atomic unit
system throughout this article unless otherwise
stated (e =72 = h = 1, where ¢ is the electronic
charge, 7 the electronic mass, and 7 the Planck
constant/2m). The relative coordinate is given by
Newton’s equation

2
M d Rz(t)
dt

=-VV(R), 1)

where M is the reduced mass of two nuclei. We
can solve the equation of motion (Equation 1)
for the given impact parameter b and initial ve-
locity v to determine the relative coordinate’s
time dependence. We use a straight-line trajec-

Antiparticles

Because of technological advances in experimental methods in

the last decade, various types of particle beams are readily avail-
able. Using these beams, we can conduct different collision ex-
periments to investigate spectroscopic and dynamical quantities

of atomic and molecular species. Until now, these particle beams

comprised mostly electrons, ions, neutral atoms, and molecules.

Recently, antiparticles (such as positrons and antiprotons), which

cannot exist as stable particles in our natural environment, have

become available for atomic collision experiments. Using the anti-

proton beam, especially, opens up a new physics field.
Physicists believe a particle and its antiparticle have the same
physical properties, such as mass, but the opposite charge. How-

ever, only a small fraction of antimatter is known to exist in nature,

a fact that scientists have been unable to explain. The suspected
reason is CP asymmetry, first noted by James Cronin and Val Fitch.
Recently, the European Center for Nuclear Research (CERN) pro-

duced cold antihydrogen atoms.' This research’s ultimate goal will

be to test the CPT theorem using this antihydrogen.

Reference
1. M. Amoretti et al., “Production and Detection of Cold Antihydrogen Atoms,"”

Nature, advance online publication, 18 Sept. 2002; www.nature.com.

Figure 1. A model of antiproton-hydrogen atom
collision. R, r, and r denote the distance between
the proton (P) and antiproton (P-bar), the electron
(e) and proton, and the electron and antiproton,
respectively. b is the impact parameter, and v is
the initial velocity.

tory for heavy particles because we believe it is
a good description when the collision energy is
larger than several tens of eV/u. The electron
motion satisfies the Schrodinger equation

. d
la—th(I‘,t;R(t)):HellP(I‘,t;R(t)) y (2)

where H, is the electronic Hamiltonian, and
Y(r, ; R(2)) is the total scattering wave function.
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Figure 2. The X
molecular
coordinates.
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Close-coupling method
In the close-coupling method,' we expand the
total wave function ¥ in terms of known func-

tions {¥}:
¥(r,;R@) =
Y ¢ (0% (r;R0))
J
1dR(t) dR(t)
~exp|:—z > ]
exp|-i] E(R®)dr]. 4)
ex l:—i l dRt) ~r:|
Here, P72 a represents the electron

translation factor, which accounts for an electron
moving together with moving nuclei.

At the low- to intermediate-energy region, we
consider it appropriate to choose the electronic
Hamiltonian’s eigenfunctions {‘¥;}—that is, a
molecular state within the Born-Oppenheimer

approximation—as the basis of the expansion:
Yi(r; R) = E(R)¥(r; R), )

where \¥; satisfies an orthonormality condition

[ (s R)w (R =5 ©

By substituting the expansion (Equation 4)
into the Schrédinger equation (Equation 2), we
derive a set of coupled equations in terms of the
expansion coefficient ¢(t) as follows:

S
lfi:_[i
8
~iY R <V —%vr\yj>
j
exp[ J(E E)dt]
—z Ec]l"{- < ‘Pl.|r|‘I‘j >
j
expl-if (E, - E,)at]. )

We solve these coupled equations under the
appropriate initial condition {¢; (~)}.

Equation 7 clearly shows that if the relative
speed R is nonzero, then the transition between
different states becomes possible. Because we as-
sume the nucleus’s relative speed is slow com-
pared to that of orbital electrons, we ignore the
term beyond the square of the relative speed and
must only evaluate up to the second term.

Generally, it is convenient to represent the
coupled equation in terms of the molecular co-
ordinates. We use i, j, k—basic unit vectors—
and M, a subscript, for the molecular coordi-
nates. Figure 2 shows the molecular coordinate
(0 — xppyaszag) System.

Using the molecular coordinates, we can rewrite
the second term in the coupled Equation 7 as

R~<‘I’,—VR—%V,,‘I’ >
d 1 0
=R<¥|—--—,
aR ZaZM >
0
-0 <¥li > 8)
Xy

In this equation, the first term is called a radial
coupling term owing to the nuclei’s radial motion,
while the second term is a rotational coupling term,
which arises from the molecular axis’s rotation.
From now on, we omit the subscript M from the
notation because all our discussions are based on
the molecular-coordinate framework. We derive
the new form of the coupled equation:

0 190
=i {R <¥lor "2
J
1.9
—®<‘I’zly+2Rax }
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Molecular orbitals
We describe the electronic wave function with
a linear combination of basis function -

¥R = Y RV, (6). (10)

Because electrons and antiprotons have nega-
tive charges and, therefore, repel each other, we
assume that the electron localizes around the
proton. Therefore, the one-center expansion
method should describe the electron distribu-
tion reasonably well. Sturmian functions' are
regular solutions of the hydrogenic radial equa-
tion with a fixed alpha value, and as a result, we
can simplify the general formulation using or-
thonomalized sturmian-type basis functions. So,
we adopt the Sturmian-type basis function and
expand it on the hydrogen atom:

Yim (R)
3 1

=aiN,-e - p! LI (p)Y,,6,9), (1)

where p = ar, and o is a nonlinear variable pa-

rameter. [27 (p)is the Laguerre polynomial,

which has the form

LY 4(p)
n—1-1

_ 1y (n+1+1)! .
- ;( ST Yy g g L .(12)

Here, Y,,,(6, ¢) denotes the spherical harmonic.

Using the variable method,'? we can derive the
secular equation for the electronic Hamiltonian:

detlHi]‘—El‘l =0. (13)

We can solve this secular equation to obtain en-
ergies and wave functions.

"To solve Equation 13, we must evaluate the
matrix element of the electronic Hamiltonian
(Equation 3):

1o2
H, =<nlm,|-=V
2

i il jm ;>

— <ml;m;

1nlm> 15-. (14)

+<mlm; i R i

In this equation, the first term

ndm; >

<n,-l,-m,-}—lV2
2

represents the nuclear kinetic energy operator,

1
—<ndm—

rn,-l/-mf->

is the Coulomb interaction between the electron
and nuclei, and

1nlm >

<nlm,; i

) 1

is the Coulomb repulsive interaction between
the electron and antiproton.
"The kinetic energy operator is
_lvz
2

<m;l;m; nilm;>

aZ
= ?5”«5"””'/1 X (21 + k + k,)'

-[412+6l—k2+k+2kk’—k’2+/e’+2],
15)

where

n—I[-1 k
(D (n+1+1)!
A=N,N,
" 2 KQl+k+2)(n—1-1-Fk)!

D¥ (@ +1+1)!
QL+ k +2)\( =1 -1-k)!

(16)

w—l—
x> 7

k'=0

The Coulomb interaction between the elec-
tron and nuclei can be expressed as

<ml;m; j

1
—n]»ljm>
,

=000, A2 +1+k+ k)" a7

We rewrite the Coulomb repulsive interaction
between the electron and antiproton as

njl]m]>

I1+1
rrN ol or
_ OCA(_DW[(21+1)(2/’+1)]V2 z [0 0 OI*’” m 0]

[1-11(2)

<mlm;

tt;

xFoz, I+ +k+k +2,17),
(18)
i1 2 73 .
where (m1 ", m3) means the 3j symbol, and
Floz, I+ +k+k +2,1")

- JE—PPHI kb +2 pl;<+1 pdp - (19)
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By using the incomplete gamma function, we
express the function I as

Fo, 1, 1)

YU+ +1L0)+' T -1, 0). (20)

061 +1

Then, we can easily evaluate these matrix ele-
ments analytically.

Thus, we determine adiabatic potentials from
Equation 13, as Figure 3 shows.

Positive energy states correspond to ionized
channels. So, to treat ionization processes, we in-
cluded these states explicitly in the CC calculation.

Because the electron motion cannot follow the
nuclear motion, we obtained the radial coupling
term as

d 10

Wyl
< OR 20z

i

d
\Pj >_§akia—Rak,- ) (21)

The rotational coupling term can be simpli-
fied as

1//j>=<y/i‘ily/‘y/j>

i/ +—i
X

22)

< l//i‘ily»‘l//j >
= ;;“ki“bj < %\—ily/\rp;, > (23)
< (pk‘—z’l y ‘(pb >= %6@";,5& I,
A= s Ay =711+, +1)
O, \/ (1 + 7y (1, =y +1)}. 24

Using the coupling matrix elements we evalu-
ated and the initial condition, we solve the cou-
pled Equation 9 using the third-order Runge-
Kutta method and obtain the expansion coefficient
¢/?) as a function of time.

We wrote these computer codes in Fortran 95
and calculated them in quadruple precision.

Visualization of collisions

"The study of collisions through visualization has
been rare, and almost no investigation for the pre-
sent P-bar hydrogen—atom collision systems have
been reported. Furthermore, the numerical simu-
lation of collision processes often
generates enormous amounts of

data. Proper handling of these
data through visualization is
helpful and informative for col-
lision dynamics studies.'®

] For this study, we calculated
both the colliding particles’

electron density, which changes
as the collision time changes,

and animated time-dependent
aspects of the charge densities

as a function of time.

We conducted two types of

simulation studies. The first
i type used the electronic density
of the stationary ground-state
wave function as a function of
the collision pair’s internuclear

10 15 20 25 30 35 40
Relative coordinate R (a.u.)

distance. We based the second
simulation on the electron den-
sity the scattering wave function

45 50

Figure 3. Adiabatic potentials of an antiprotonon-hydrogen atom system. Adiabatic
potentials E below 1.0 atomic units are shown as a function of internuclear distance
R. The solid lines represent X~ (m = 0) states, the dashed lines are IT (m = 1) states, and
the dotted lines are A (m = 2) states. We calculated these potentials, which we
determined from Equation 13 using basis function v, (Equation 11, where n< 5 and
m < 2). Then we got the potential energy of 31 states: 15X, 101, and 6 A.

obtained from the MOCC. By
comparing the two simulations,
we can extract the dynamical ef-
fect and highlight its signifi-
cance, which permits a detailed
study of the dynamics.
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Step 100

Y

Even though there are various methods that vi-
sualize 3D volume data, such as the charge density
distribution, it is difficult to understand all the in-
formation using only one visualization method.!*
So, we employ two different methods—direct
volume rendering, which grasps the whole image
easily, and interval volume rendering, which di-
vides the image into small regions appropriate for
clearly revealing the internal structure’s de-
tails.!>!6 For a phenomenon that we cannot di-
rectly observe, we can grasp the whole image at
once by analyzing a huge volume of data.

We express the charge density discretely us-
ing the orthogonal and periodic lattice. For the
visualization scheme, we set the hydrogen atom’s
position at the 128 = 128 # 128 boxels at the lat-
tice’s center. A charge density on the lattice point
is given as

plr,t) = |[¥(r,t;R())| 25)

and is normalized with a minimum value of 0
and a maximum value of 255. A continuous-
charge density map is created by the discrete
data’s linear interpolation.

In these simulations, we adopted these condi-
tions: the antiproton-hydrogen system’s relative
velocity is v = 1.268 atomic units (20keV), and
the impact parameter b is set to 0.1 a.u. (see Fig-
ure 1). At the initial starting distance of 20 a.u.
from the hydrogen center for the integration, we
calculated the simulation using 3,147 time steps
with a time interval of 0.01 a.u.

"The origin of the time, # = 0, is defined when
an antiproton is nearest to hydrogen. We made
our animations using 200 time steps from -5 a.u.
to +5 a.u. in time.

Figure 4. An example of direct volume rendering
(R=0.11 a.u.). The hydrogen atom'’s position is
set at the 128 = 128 = 128 boxels at the lattice’s
center. A charge density on the lattice point is
normalized with a minimum value of 0 and a
maximum value of 255. The discrete data’s linear
interpolation creates the continuous charge density
map. The white line denotes an approaching
antiproton. The direct-volume-rendering method
enables whole-space visualization by using the
semitransparency effect. First, the field data
correspond with the color and semitransparency.
Then, we resample the corresponding data at
regular intervals with a projection of a ray, which
links between viewpoints and each pixel, and is
composed by finalizing the pixel’s color.

170.00

Figure 5. An example of interval volume
rendering (R = 4.98 a.u.). The manner of display is
the same as in Figure 4. Interval volume is a
generalization of iso surface with a fixed value
and represents a 3D subvolume for which the
associated scalar values lie in a user-specified
closed interval. Interval volume can be displayed
as an opaque solid and can visualize the change in
field values on the perimeter boundaries on the
basis of the color transfer function. Coloring

the cross sections lets us directly explore the
volumetric region of interest’s inner structure.
This interval volume was set at the normalized
charge density p = 140 — 255 and was cut to a
quarter for a better view. On the cross section, we
can see the distribution of the electron density
directly. Furthermore, we covered this picture
with the direct-volume-rendering figure to obtain
an image consistent with the direct-volume-
rendering image.
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Figure 6. Nine interval-volume
snapshots excerpted from an
animation (animation A) of a 4D
collision simulation. The
antiproton (the white line)
enters the visualization domain
from the left and leaves to the
right after the collision. R
denotes the distance between
the proton and antiproton. We
show animation A by the static
calculation results on the
internuclear distance R.

Step 120

"To make the visualization more effectively, we
used commercially available visualization software
from Advanced Visual Systems and added an in-
terval volume rendering module that Ochanomizu
University’s Fujishiro laboratory developed.'®

By using direct volume rendering, we could vi-
sualize the whole image (see Figure 4). We showed
the inner structure of the volumetric region of in-
terest specified with interval volume rendering (see
Figure 5). Furthermore, we covered this picture
with the direct volume rendering figure to obtain
an image consistent with the direct volume ren-
dering image. This lets us understand the phe-
nomenon clearly and systematically.

In Figures 6 and 7, we visualized each snap-
shot using interval volume rendering. We set
these interval volumes between normalized p
=140 - 255 and cut to a quarter for a better view.
On the cross section, we can see the electron
density distribution directly.

The antiproton enters the visualization from
the left and leaves to the right after the collision.
The negative charge of the moving antiproton
characteristically distorts the electron charge
density’s field around the hydrogen nucleus. As

Step 110

the antiproton leaves the collision domain, the
electron charge density distribution returns to
its spherical shape.

"To further understand the collision dynamics,
we must see an electron’s behavior during the col-
lision, particularly as an antiproton comes closer
to hydrogen. In ion—atom collision research, in-
vestigating how far the electron cloud spreads at
each moment is important. As an antiproton ap-
proaches the target hydrogen nucleus, the dis-
crepancy between Figure 6 (animation A) and
Figure 7 (animation B) emerges clearly.

Comparing these two figures, we can clearly
see the dynamical effect from step 80 to step 120.
In Figure 6, the antiproton’s negative charge
strongly repels the electron density. However, in
Figure 7, because the time of reformation is not
as quick as the nucleus’s relative speed, the elec-
tron density is not so widely spread.

Even after the collision, the electron cloud is
still deformed by the antiproton, which is at the
far right. At step 200 in Figure 7, we know the
ionization takes place from the smaller radius of
the electron charge density. Thus, we can easily
grasp the whole collision process.
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Figure 7. Nine interval-volume
snapshots (animation B). We
based this simulation on the
electron density obtained by
the scattering wave function
from the molecular-orbital
close-coupling. The
antiproton-hydrogen system'’s
relative velocity is v=1.268

. atomic units (20 keV), and the
Step 100 impact parameter b is set to 0.1
a.u. (see Figure 1). As an
antiproton nears the target
hydrogen nucleus, the
discrepancy between animation
A (see Figure 6) and B emerges
clearly from step 80 to step 120.

Step 150

Dynamical effect

"To comprehend the dynamical effect, we com-
pared the simulations based on the static picture
to those of the dynamic ones. We subtracted the
charge density of animation A from B at the same
nuclear distance to create the animation Figure
8 shows. Red and blue volumes denote the result
from animations B and A, respectively, and we
rescaled the volumes to obtain a better view.

"The negative charge of an antiproton deforms
the ordinary electron cloud, animation A (static
calculation) shows. However, for closer investi-
gation including the dynamical effect, the elec-
tron cloud’s reformation is actually less repellent
than in animation A.

Therefore, in Figure 8, the electron charge
density in animation B is at first attracted to an
antiproton. In animation A, however, the anti-
proton’s negative charge strongly repels the elec-
tron density. Therefore, we can see the red vol-
ume on the left side from step 1 to step 70.

On step 200 of the dynamical figure, we know
that the blue volume represents the ionized elec-
tron charge density. Thus, we can easily view the
whole image of this collision process.

T Step 200
—— Y
s

learly, the reformation of the electron

cloud is less repulsive with the dy-

namical effect. An accurate descrip-

tion of electron behavior during colli-
sion is essential to better understand the
dynamics and accurately determine cross sec-
tions for these processes. Through the anima-
tion, we sufficiently utilized the simulation tech-
nique to analyze the dynamics of collision
processes. We investigated the collision dynam-
ics in antiproton—hydrogen collisions at inter-
mediate collision energies below 50 keV, using
a straight-line trajectory for heavy particles. To
extend the present investigation to lower colli-
sion-energy regions, we plan to conduct MOCC
calculations based on a fully quantum mechani-
cal formulation. Then, we will visualize the re-
sult using improved treatment of wave function
charge density at an arbitrary point. &
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Figure 8. Snapshots excerpted
from the simulated animation
of the difference between
adiabatic (animation A) and
dynamical (animation B)
collision simulation. We made
these by subtracting the charge
density of A from B at the same
nuclear distance. The red and
blue regions come from the
dynamical results and static
calculation results, respectively,
and we rescaled the volumes to
obtain a better view. As the red
volume appears on the left side
in step 1, we know the moving
antiproton’s effect. Because
reformation of charge density is
sufficient in the static N
calculation (blue), the electron Step 120
cloud repels more from the an-
tiproton. At step 200, we know
that the blue volume represents
the ionized electron charge
density.
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