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Abstract

®

CrossMark

We present excitation cross sections in collision between two ground state hydrogen atoms
using a four-body classical trajectory Monte Carlo model. Calculations were performed for
impact energies in the range between 1.0 keV and 100 keV where the cross sections are highly
relevant to the interest of the fusion research. Beside the total excitation cross sections for
target and projectile we also present partial excitation cross sections into the 2s and 2p states
of the target. The partial excitation cross sections are compared with the previously obtained

theoretical and experimental results.
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1. Introduction

It is a long history in fusion research to find realistic and
precise models and establish a complete databases of cross
sections for excitation, ionization, charge transfer, and recom-
bination [1, 2] in the fusion related energy range. Great
progress has been made along these lines, but the type of reac-
tions and the collision energy range investigated have been
specified mainly by the need to understand the physics of
the central core plasma in such magnetically confined plasma
devices as tokamaks [1, 3]. The new generation reactors, such
as ITER (International thermonuclear experimental reactor)
has, however, highlighted the need for new studies of atomic
and molecular cross sections. The engineering and also the
physics issues are recently focussed on (i) the edge plasma,
which must be tailored to suppress the ingress of impuri-
ties into the core and to entrain them, and (ii) the divertor,
which will be used for hydrogen recycling and heat (power)
and particle (impurities, helium ash) exhaust [4, 5]. Because
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these plasma regimes are characterized by lower temperatures
and higher densities than the core, correspondingly different
atomic, and even molecular, reactions play crucial roles [5].
We note that in previous years a huge effort was carry out to
establish a database for ionization cross sections from inter-
mediate to high collision energies [3, 5]. In order to classify
the various theories, it is useful to divide the collisions into
three different classes which can be characterized by relative
velocity between the projectile (v) and the target electron (v)
investigated. These are the followings: (1) the adiabatic energy
region (v < v.), the intermediate energy region (v ~ ve) and
the high-energy region (v >> v.). In this work we will work in
the intermediate and high-energy regions.

Due to the lower temperatures and higher densities, sig-
nificant amounts of neutrals present in the edge and divertor
regions. Since the excitation cross sections for neutral-neutral
atoms can be large compared to the ionization channels at low
collision energies, these processes may play a dominant role
in the momentum balance of these regions [3—5]. In the pro-
duction of atomic data relevant to fusion energy research a
database for excitation and other cross sections related to trans-
port properties has not been compiled so far and even more
many processes still lack the cross section data. In particular,
the slow, neutral particles are important because of their role

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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Figure 1. The schematic diagram of the four-body collision system.
The relative position vectors of the partlcles involved in four-body
collisions. A34 = r4 - r; A12 = r2 - rl,B = r3 - r2, C = }’1 - r4,
O(712), O(734) are the position vector of the center-of-mass of the
projectile and target systems, and b is the impact parameter.

in radiating and dissipating power and in providing a high-
recycling region that shields plasma-facing components from
the high heat and particle fluxes [1, 3-5].

Recently, most of the theoretical and experimental work
has been performed for H(1ls) 4+ H(1s) collisions to study
the excitation cross section of H*(2s) [6, 7], H*(2p) [7], and
electron loss to continuum [8—12]. Flannery [13] applied the
four-state impact parameter model with rectilinear trajectories,
neglecting electron exchange and translation factors, in a study
of H(1s) + H(1s) — H(1s) + H* (n = 2).Later, Bottcher and
Flannery [14] included the effects of electron and nuclear
exchange in their multi-state impact parameter calculation. We
note that the electron translation factors were again neglected.
Ritchie [15] performed a two-state impact parameter calcula-
tion in which both electron exchange and translation factors
were included. The results of previous calculations differ con-
siderably from each other, illustrating the sensitivity of the
cross section to the physical assumptions made.

In this work, we present the excitation cross sections in
collision between two ground state hydrogen atoms in the
range between 1.0 keV and 100 keV. This energy range cov-
ers the typical energy conditions of many astrophysical and
laboratory plasmas, including the edge plasmas of thermonu-
clear fusion devices (ITER). Atomic units are used throughout
unless stated otherwise.

2. Theory

In our model, the four particles (target nucleus, target electron,
and projectile electron, and projectile nucleus) are character-
ized by their masses and charges. Let us denote the projectile
nucleus by P, the projectile electron by Pe, the target nucleus
by T and the target electron by T.. The electron—electron inter-
action is explicitly included in our four-body calculation. At
the time (f = —o0) we consider four particles as two separate
atoms, consisting of the projectile system (P, P.) labeled as
particles (1, 2), and the target system (7', T.) labeled as parti-
cles (3, 4). Initially, both the projectile (P, P.) and the target
(T, T.) are in the ground state. Figure 1 shows the schematic
diagram of our present four-body collision system.

In the present CTMC approach, Hamilton’s classical
equations of motion for the four-body system is solved numer-
ically for a statistically large number of trajectories with initial
conditions determined pseudorandomly. The initial electronic
state can be obtained from a micro-canonical distribution, with
the spherically symmetric orbit satisfying a random Euler’s
transformation from the two-dimensional Kepler’s equation. A
micro-canonical ensemble characterizes the initial state of the
target and projectile constrained to an initial binding energy of
the given shell can be expressed as:

i, (A, A) = K16(Ey — E)

1 5,

=9 (Eo - E/JT,TC,P,PEAZ - V(A)> , (L
where K; is a normalization constant, E, is the ionization
energy of the active electron, V(A) is the electron and ionic-
core potential, A is the length of the vector A, and 7.7, pp, is
the reduced mass of particles ‘T’, ‘T’, ‘P’, and ‘P, . Accord-
ing to the equation (1), the electronic coordinate is confined to
the intervals where the equation (2) is verified.

1 5

FHrA = Eo = V(A) >0, 2)
The initial and the final distances R; and Ry between the pro-
jectile and the target are determined by considering that out of
the distances the reaction probability is negligibly small. The
Hamiltonian of the system can be expressed as:

H:Lg+ﬁ P, + Pi, ZiZi 7
Zmp ZmT ZI’I’lpe ZmTe ‘rp — rT| |rp —_ rTe‘
ZiZj Z,'Zj Z,'Zj ZiZj
o —re| rr—rr|  fre—re] e —rr|
(3)

where (r,, pp),(rT, pr)» (., Pp.)» and (rr,, pr,) are the positions
and momentums of the projectile, the target, the electron on the
projectile, and the electron on the target, respectively. From
equation (1), the Hamilton’s equations are determined by

. OH oOH . )
rij:a_p’ pij:_E, l:P,t;ep,et; J=Xy2
(€))
where
= Y2z ®
i#j i J‘
and i
Fij = - (6)
m,‘j

The Runge—Kutta—Gill method is employed to numerically
integrate the above 18 coupled equations of motions with an
ensemble of about 10° primary trajectories for each energies.
A large number of trajectories are usually needed to keep sta-
tistical uncertainties less than 1%. The total and state selective
cross sections can by calculated by

Np )

) 7
N max ( )

Op =
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Figure 2. Projectile excitation probabilities, when the target atom remains in ground state after the collisions, in collisions between two
ground state hydrogen atoms as a function of impact parameter. Black square: the projectile energy is 200 keV. Red circle: the projectile
energy is 90 keV. Green triangle: the projectile energy is 20 keV. The lines through the calculated data are the results of the best fit ‘Gaussian

curve’ to guide the eyes.
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Figure 3. Target excitation probabilities, when the projectile atom remains in ground state after the collisions, in collisions between two
ground state hydrogen atoms as a function of impact parameter. Black square: the projectile energy is 200 keV. Red circle: the projectile
energy is 90 keV. Green triangle: the projectile energy is 20 keV. The lines through the calculated data are the results of the best fit ‘Gaussian

curve’ to guide the eyes.

where o,1s the cross section for process P, Np is the number of
trajectories satisfying the criteria for process P with N being
the total number of trajectories calculated, and by« is a given
largest value of the impact parameter in which the above pro-
cesses can occur. The statistical uncertainty of the cross section
is given by:

®)

N — Np 1/2
g, .
P NNp

In the CTMC calculations, the energy level E of an electron is
determined simply by calculating its binding energy U = —E
X A classical principal quantum number is assigned according

to
uT, 1/2
ne =2l | = . 9

2U

The classical values of n. are ‘quantized’ to a specific level n
[16] if they satisfy the relation:
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Figure 4. Probabilities for the simultaneous excitation of projectile and target in collisions between two ground state hydrogen atoms as a
function of impact parameter. Black square: the projectile energy is 200 keV. Red circle: the projectile energy is 90 keV. Green triangle: the
projectile energy is 20 keV. The lines through the calculated data are the results of the best fit ‘Gaussian curve’ to guide the eyes.

[(n — 1)(n—1/2)n]'"? < ne < [n(n+ 1/2)(n+ DIY3. (10)

The classical orbital angular momentum is defined by

le = /mel(xy — y2)?2 + (xz — 202 + (2 — 292, (11)

where x, y, z are the Cartesian coordinates of the electron rel-
ative to the nucleus. Since /. is uniformly distributed for a
given n level, the quantal statistical weights are reproduced by
choosing bin sizes such that

1< L <+,

ne

12)

where [ is the

momentum.

quantum-mechanical orbital-angular-

3. Result and discussion

To study the collision between two ground state hydrogen
atoms, we performed a classical trajectory simulation. In this
work, we focus on the investigation of the excitation channels.
At first, let us begin with the projectile excitation channel when
the target atom remains in ground state after the collisions.
This channel can be defined by equation (13) as:

Hp (1s) + Hr (1s) — Hf (n > 1) + Hy(1s), (13)

Classically, this channel is a sum of all excitation channels
of the projectile. Figure 2 shows the projectile excitation
probabilities as a function of impact parameter at 20 keV,
90 keV and 200 keV projectile impact energies respectively.
The impact parameter dependent excitation probabilities were
fitted by a Gaussian function. The peak maxima of the results
of the Gaussian fitting is also shown in figure 2. We found
significant difference in the peak maxima of the excitation

probabilities. The larger maximum of the impact parameter
the lower impact energy. This systematic behaviour can be
easy understand with the simple kinematical picture. Dur-
ing the collision the ground state target atom is responsible
for the excitation of the projectile. The lower the velocity
(energy) of the projectile the more time it spends near the
target thereby extending the interaction time. This may indi-
cate that the excitation may have higher probabilities at higher
impact parameters. Here we note that the in this case the source
of excitation is always the same, namely the ground state
target atom.

Our recent collision system is completely symmetric. As
a test, we also investigated the total target excitation channel
when the projectile remains in ground state after the collisions.
This channel can be defined as:

H(ls)+ H(Is) —» Hp (Is) + Hy (n > 1). (14)

As for the case of projectile excitation, classically this chan-
nel is also a sum of all excitation channels of the target.
According to our expectation, we found the same behaviour
for the impact parameter dependent excitation probabilities of
the target excitation channel when the projectile remained in
the ground state after the collision as for the case of projec-
tile excitation with the same conditions (see figure 3). The
larger maximum of the impact parameter the lower impact
energy.

Last but not the least, we also calculated the total excita-
tion cross sections for the simultaneously excited projectile
and target after the collisions. This channel can be described
as:

H(s)+H(Is) = Hp(n > 1)+ Hyp(n > 1). (15)

This channel is the sum of all excitation cross sections chan-
nels of both target and projectile. Figure 4 shows the proba-
bilities for the simultaneous excitation of projectile and target



J. Phys. B: At. Mol. Opt. Phys. 54 (2021) 065202

S J Al Atawneh and K Tokési

in collisions between two ground state hydrogen atoms as a
function of impact parameter. The impact parameter dependent
excitation probabilities show completely different behaviour
compared with the previous two cases. We did not recognize
a well-defined trend in the peak maxima of the results of the
Gaussian fitting. We found that the maximum impact parame-
ters are very close each other as a functions of impact energy.
We can say that they are in agreement each other within the
estimated uncertainties of our results. This may have in direct
consequence of the fact that this channel washes out the results
of previous channels and finally we can have an average maxi-
mum of the impact parameter resulting the waiting sum of the
projectile and target excitation channels.

The corresponding excitation cross sections can be obtained
from figures 2—4 by integrated the impact parameter depen-
dent probabilities with respect to the impact parameter.
Figure 5 shows the total excitation cross sections as a func-
tion of impact energy for projectile excitation when the tar-
get remained in its ground state (figure 5(a)), for target
excitation when the projectile remained in its ground state
(figure 5(b)) and for the simultaneously excited projectile and
target in collisions between two ground state hydrogen atoms
(figure 5(c)).

Due to the complete symmetry of the collision system, the
obtained total excitation cross sections for target and projec-
tile excitations when the partner of the collisions remained
in ground state are identical. This channels are the dominant
excitation channels. When both collision partner are excited
simultaneously the total cross sections are dropped about 10
times smaller and has a maximum around 30 keV. The litera-
ture has lack of cross section data for these channels. However,
it is available for the partial excitation ones, namely for the
target excitation of the 2s and 2p states. Therefore, in the fol-
lowing we present cross section data for these two channels
defined as:

Hp (1s) + Hr (1s) — Hp (1s) + H3(2s), (16)

Hp (1s) + Hy (1s) — Hp (Is) + Hi(2p). (17)

Figure 6 shows the excitation cross sections of the target from
the 1s state into the 2s state as a function of impact energy.
Our results are compared with the calculation of Bottcher
and Flannery [14], McLaughlin and Bell [17], Shingal et al
[18], and with the experimental data of Morgan et al [6], and
Hill et al [19]. Flannery applied the four-state impact param-
eter model with rectilinear trajectories, neglecting electron
exchange, and translation factors. Later, Bottcher and Flan-
nery included the effects of electron and nuclear exchange
in their multi-state impact parameter calculation. Ritchie per-
formed a two-state impact parameter calculation in which both
electron exchange and translation factors were included. The
present CTMC calculations provide a good agreement with
the experimental data below 10 keV projectile energy. At
the same time, in this energy range, all theories are higher
than those of the present CTMC calculations except the

0 100 200
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Figure 5. The total excitation cross section in a collision between
two ground state hydrogen atoms as a function of impact energy.

(a) Black square: presents CTMC results for the total projectile
excitation cross sections channels defined by equation (13). (b) Red
square: presents CTMC results for the total target excitation cross
sections channels defined by equation (14). (c) Green square:
presents CTMC results for the total simultaneously excited projectile
and target sates defined by equation (15). The lines through the
calculated data are the results of the best fit to guide the eyes.

Bottcher and Flannery calculation which shows very low cross
sections. On the other hand, at high energies, the present
CTMC calculations overestimate the experimental and other
theoretical observations.

Figure 7 shows our present excitation cross sections of the
target from the 1s state into the 2p state as a function of impact
energy. Figure 7 also shows the previous results of the 2p tar-
get excitation channels by CHEN Lan-Fang et al [20], using
the CTMC calculation, and by Bottcher and Flannery [14],
using the four-state symmetrised exchange calculation. It can
be seen that the present CTMC results for 2p target excitation
cross sections are close to the previous classical simulation of
CHEN Lan-Fang et al [20]. Moreover our present results are
in good agreement with the experimental data of Morgan et al
[21]. This good agreement especially valid in the low projectile
energy region.
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Figure 6. Excitation cross sections of the target from 1s state into the 2s state as a function of impact energy in collision between two
ground state hydrogen atoms. Red circles: presents CTMC results for 2s target excitation cross sections defined by equation (16). Blue
square-dashed line: two-state based calculation by Shingal ef al [18]. Green dashed-dots: four-state based calculation by Shingal ez al [18].
Pink dashed line: two-state based calculation by McLaughlin and Bell [17]. Dark pink dashed line: four-state based calculation by Bottcher
and Flannery [14]. Open circles: experimental data by Morgan et al [6]. Green triangles: experimental data by Hill e a/ [19].
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Figure 7. Excitation cross sections of the target from the 1s state into the 2p state in collision between two ground state hydrogen atoms as a
function of impact energy. Red circles: presents CTMC results for 2p excitation cross sections of the target, defined by equation (17). Green

triangles: the CTMC calculation by CHEN Lan-Fang et al [20]. Dark yellow dashed-double-dots: four-state results of Shingal ez al [18].
Pink dashed line: 2p target excitation cross sections calculated by McLaughlin and Bell [22]. Black dashed line: the Four-state results of

Bottcher and Flannery [14]. Cross section for Hp (1s) + Hy (1s) — Hp (

n > 1) + H1(2p). Blue square-dashed line: 2p target excitation cross

sections calculated by McLaughlin and Bell [22]. Open circles: experimental data by Morgan et al [21].

4. Conclusion

We presented four-body classical trajectory Monte Carlo sim-
ulation of excitation in collisions between two ground state
hydrogen atoms. Calculations were performed for impact ener-
gies in the range between 1.0 keV and 100 keV where the
cross sections are expected relevant to the interest of the fusion

research. Beside the total excitation cross sections for tar-
get and projectile we also presented partial excitation cross
sections into the 2s and 2p states of the target where previ-
ous date were available. While we found systematic trend in
the impact parameter maximum of the excitation probabili-
ties as a function of impact energy for the target and projec-
tile excitations when the collision partner remained in ground
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state after the collision, namely the maximum impact param-
eter are higher for lower energies, this systematic trend dis-
appear for the channel of simultaneous target and projectile
excitation. We also show that the combined target and projec-
tile excitation cross sections are about 10 times smaller than
that of the single excitation cross sections of target and pro-
jectile. Due to the symmetry of the collisions these latter cross
sections are identical. The partial excitation cross sections of
the target from the 1s state into the 2s and 2p stats were also
calculated. Our recent cross sections for 2s excitation show a
good agreement with the experimental data for energy below
10 keV, and show higher values at higher energies. The exci-
tation cross section of 2p shows a good agreement with the
experimental data over the energy range between 4 keV and
22 keV.
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