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Abstract

®

CrossMark

We present target ionization and charge exchange cross sections in a collision between

C>* ion and H atom. We treat the collision dynamics classically using a four-body classical
trajectory Monte Carlo (CTMC) and a four-body quasi-classical Monte Carlo (QCTMC)
model when the Heisenberg correction term is added to the standard CTMC model via model
potential. The calculations were performed in the projectile energy range between

1.0 keV/amu and 10 MeV/amu. We found that the cross sections obtained by the QCTMC
model are higher than that of the cross sections calculated by the standard CTMC model and
these cross sections are closer to the previous experimental and theoretical data. Moreover, for
the case of ionization, we show that the interaction between the projectile and the target
electrons plays a dominant role in the enhancement of the cross sections at lower energies.

Keywords: ion—atom collision, ionization, electron capture, classical trajectory Monte Carlo

method, Heisenberg correction

(Some figures may appear in colour only in the online journal)

1. Introduction

Carbon ions are one of the main impurities in present toka-
mak plasmas, where carbon composites are used in first wall
tiles. The impurity particles originate especially from the lim-
iter and the vacuum vessel wall called diverter [1-3]. Small
amounts of carbon impurities will be present in the Interna-
tional Thermonuclear Experimental Reactor (ITER), and the
future devices may include materials that will release C/™ ions
[2, 3]. The processes leading to impurity release are complex
and still poorly understood, as are the mechanisms of impurity
transport.

Collisions between multiply charged ions and atomic
hydrogen have received considerable interest [4—8]. The moti-
vation for studying these types of collision systems is not only
because of the general scientific interest but also has signif-
icant practical importance in fusion related research [9—-12].
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For instance, the collisions between multiple charged ions and
atomic hydrogen are important in determining the radiation
losses and neutral beam heating efficiencies in tokamak plas-
mas [13-15]. For the latter case, the presence of impurities in
the plasma limits the effectiveness of such heating. In order
to heat and refuel a fusion reactor plasma, the depth of pene-
tration of fast hydrogen atoms into the plasma before they get
ionized and held by the magnetic field is key significant [16].
The successful injection of a beam of fast hydrogen atoms into
a fusion reactor for heating purposes and refueling the plasma
is contingent on the ability of the beam to penetrate the plasma,
among other factors [16]. It is important to ensure that the rate
of ionization is not too high to prohibit sufficient beam pene-
tration, nor too low to allow a significant portion of the beam
to pass straight through the plasma [16]. Therefore, the com-
mon plasma impurities like carbon, nitrogen, and oxygen are
of special interest as well as metallic species sputtered from the
container walls [17-19]. So, the accurate knowledge of var-
ious cross sections when the multiply charged ions of these
elements colliding with hydrogen atoms are key important.

In this work, we will focus on the carbon ion and present
the ionization (see equation (1)) and single capture (see
equation (2)) cross sections to the projectile bound state in a

© 2021 The Author(s). Published on behalf of IAEA by IOP Publishing Ltd
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Flgure 1. Schemat1c diagram for the four-body collisions. A 4 =Ty — T, B= Py — 13, Az‘; =73 —r,and C= 7y — 7}, in such way that
A14 + Az‘; + B+ C=0. Also, O(53) and O(7)4) are the position vector of the center-of-mass of the target and projectile systems,

respectively. b is the impact parameter.

collision between C>* ion and H atom.

Cr+H(s) - CT +H" e, (1)

C*t +H(s) —» CH +HT. )

The collision dynamics are modeled classically utilizing
a four-body classical trajectory Monte Carlo (CTMC) [20]
and a four-body quasi-classical Monte Carlo (QCTMC) model
[21, 22] when the Heisenberg potential is included to the
standard CTMC model via model potential. Classically, when
more than one electron is taken into account in the simulation,
a necessary condition for stability of atomic or ionic forma-
tion is partly that the electrons are not allowed to collapse to
the nucleus, and partly that the autoionization must be avoided.
The effective factor enforcing this condition is introduced by
the Heisenberg uncertainty principle r;p; > &y h, where r;, p;,
and &, are relative distance, the relative momentum of an elec-
tron to the ionic core (nucleus), and a dimensionless constant,
respectively. For hydrogen atom, this condition is equivalent
to the de Broglie—Bohr description of the hydrogen atom,
the electron treated as a particle on an ellipse with wave-like
properties. This leads naturally to the quantization of electron
momentum and kinetic energy, and consequently a manifold
of allowed energy states for the electron relative to the nucleus
[23, 24]. Generalizing the calculation scheme of the QCTMC
model, we apply it for our collisions system. Our calculations
are in the range between 1.0 keV/amu and 10 MeV/amu. This
energy range covers the typical energies of many astrophysi-
cal and laboratory plasmas, including the radiation losses and
neutral beam heating efficiencies in tokamak plasmas. Atomic
units are used throughout unless stated otherwise.

2. Theory

2.1. The four-body CTMC model

In this work, the four particles (target nucleus, target’s
electron, projectile’s electron, and projectile nucleus) are
described by their masses and charges. P stands for projectile

nucleus, P for projectile electron, T for target nucleus, and
T. for target electron [25]. Our four-body calculation explic-
itly includes the electron—electron interaction. At the time
(t = —00), we treat the four particles as two isolated particles,
consisting of the C>* projectile system (P, P.) labelled as par-
ticles (1,4), and the H target system (7', T ) labelled as particles
(2, 3) [25]. Initially, both the projectile (P, P.) and the target
(T, Te) are in the ground state (n,/ = 1,0). The interactions
among the particles are Coulombic ones [20, 25, 26]. Figure 1
shows the relative position vectors of our four-body collision
system.

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:

= 1 5,
pe,(X,X) = K\6(Eg — E) = § (Eo = FHapX® = V(X)
3)

where K is a normalization constant, £, is the ionization
energy of the active electron, V(X) is the electron and ionic-
core potential, X is the length of the vector X, and fhop 18
the reduced mass of particles a and b. For the target sys-
tem: X A23, a=T, b =T, and for the projectile system:
X = A14, a =P, b = P.. According to the equation (3), the
electronic coordinate is confined to the intervals where the
equation (4) is verified:

1 5,
EUa,hX =Ey—V(X) > 0. 4)

The Hamiltonian of the system can be expressed as:

H= Zpii]i — L(qi, gi, 1), 5)

i=1

where (g;, p;) are the position and momentums of the system,
respectively. From equation (5), the Hamilton’s equations are
determined by

OH

7= api,

(6)
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. OH

pi = g
where i= p,t,e,, e, The Runge—Kutta—Gill method is
employed to numerically integrate the equations of motions
with an ensemble of about 1 x 10° primary trajectories for
each energy [25]. To maintain statistical uncertainty less than
2%, a large number of trajectories are usually required. The
total cross sections can by calculated by

2 bmax
0p = TN b, (®)
J

(M

N

where bgp ) is a given impact parameter that meets the condi-
tions for process P with N being the total number of trajectories
calculated, and by, is a greatest value of the impact param-
eter that the above processes can occur [25]. The statistical
uncertainty of the cross section is given by

€))

N—Np 1/2
NNp ’

Aazap[

where Np is the number of trajectories that satisfy the criteria
for the process P.

2.2. The four-body QCTMC model

The QCTMC model is a one-step forward in the extension of
the standard CTMC model improved by including quantum
mechanical principles [21]. Generally, in the modified Hamil-
tonian effective potentials (V, which mimics the Heisenberg
principle, and Vp, which mimics the Pauli principle) are typi-
cally added to the pure Coulomb inter-particle potentials [25].
Thus

Hoetme = Ho + Vg + Vp, (10)

where Hj is the standard Hamiltonian containing the total
kinetic energy of all bodies as well as Coulomb potential terms
for all particles. The correction terms are

N
1
V = T is Dis 5 5 11
4 ;mr?f(r pis € ) (11)
and
N N 2
Vi=> > o f (rippiépiap) o (12)

where the 7, j index the electrons. Also, r;; = r; —r; and
relative momenta are:

mipj — m;pi

P,’j:
m; + m;

13)

ds;s; = 1, if the ith and jth electrons have the same spin and 0
if they are different. Ultimately, the constraining potentials are
chosen as

. _ 52 Faxv P 4
f(VAV,PAV,ﬁ,a)—WeXp all— ¢ .
AV AV
(14)

The hydrogen atom consists of one electron and one proton.
As a consequence, the Heisenberg constrain was applied with
the scale parameters, hardness (ay = 2.8) and dimensionless
constant (£ = 0.9211). The Heisenberg potential of the target
is given by equation (15):

f (’”T,Te, Prr.;cm, OéH)

&’

P T
4aHrT,Te/’LT,Te

- 4
Frr.Prr,
exp{ ay |1 — [ =<
&n

5)

The Heisenberg correction should be considered also
between an electron and ionic core of the projectile as follows:

f (rP,Pe, Ppp.;€n, OéH)

&’

D PN R
dapr PP PP,

- 4
7pp.Ppp,
exps ay |1 — [ ———=
7

(16)

Finally the Pauli correction term was included according to

equation (17), as:
4
) o=
) iiPij
_ & expl ap |1 (L)

frijppijséprap) =
( J ]2 Sp P) 4ap;‘12jyu’ij é-p

(17)

According to figure 1, the equations of motion taking into

account the Hamiltonian mechanics besides the correction
terms to calculate the cross sections are as follows:

5 _ _9Hoctve
p o7

ZpZp, L
= ﬁ (Fp — 7p.)
rp - rPe‘

. 4
&’ (P P,Pe)

1 - 2
2auTpp rp.  pppH

ol 2]

7 7%
+%(rp—rr)+%(rp—rre),
7p — Fr] Fp — Fr.|
(13)
2 0H,
Pp, = — —-mMC
(Srpe

ZpZp,

B {7,,_;,)5
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Figure 2. Target ionization cross sections in a collision between C>* ion and H(1s) atom as a function of impact energy. (a) Blue solid line:
the present four-body CTMC results. Green dashed line: the present four-body QCTMC results. Red circles: the three-body CTMC
calculation by Janev and McDowell reference [26]; (b) dark green dashed line: the present reduced four-body CTMC, i.e. V(2,4) = 0. Black
solid line: the present reduced four-body QCTMC, i.e. V(2,4) = 0. Red circles: the three-body CTMC calculation by Janev and McDowell

reference [26].
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3. Result and discussion
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-
2apTr, p, T Pe

21

3.1. lonization

At first, let us begin with the target ionization channel when the
target lost its electron and the projectile remains in the same
charge state after the collisions.

Figure 2 shows our present ionization cross sections of
the target as a function of impact energy. Our results are
compared with the previous target ionization cross sections by
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Figure 3. Electron capture cross sections of the projectile as a function of impact energy in a collision between C3* ion with H atom.
(a) Dark green dots: presents four-body CTMC results. Red solid line: presents four-body QCTMC results. Blue dashed-dots line: the
three-body CTMC calculation by Janev and McDowell reference [26]. Black dashed line: the PSS method by Shipsey et al reference [9].

Green dashed line: experimental data by Crandall ef al reference [34].

Janev [26]. It can be seen that the present standard four-body
CTMC results are close to the previous classical simulation of
Janev particularly between 0.1 MeV/amu and 1.0 MeV/amu
impact energy. However, at lower than 40 keV/amu impact
energies enhancements of the cross sections are obtained both
for our standard four-body CTMC and four-body QCTMC
approaches (see figure 2(a)). On the other hand, the four-body
QCTMC cross sections are slightly higher than that of the
results by the standard CTMC method and closer to the pre-
vious cross sections. The ionization of the target is limited
to the time when the projectile (C3T) overlap with hydrogen
atom during the collisions. For understanding of the enhanced
cross sections at lower energies, we can take into account the
followings: (1) since the collision is much slower, the inter-
action time in the overlapping region is larger. (2) The slow
collision may also indicate that the neutral target atom at least
can treat as an enhanced electric dipole during the collision
and the ionization probability can increase. (3) The repul-
sive electron—electron interaction dominant at low energy. In
principle we performed a so called reduced four-body CTMC
and QCTMC calculations when the electron—electron inter-
action was switched off (V(2, 4) = 0). To test our assump-
tions. The results were in agreement with our expectations.
For the case of the reduced calculations the enhancement
in the cross sections disappeared, emphases the importance
of electron—electron repulsion. In addition, the reduced four-
body CTMC approach shows an excellent agreement above
0.9 MeV/amu with the three-body calculations. Meanwhile,

the reduced QCTMC shows quite differences in the energy
range of 15 keV/amu to 0.9 MeV/amu (see figure 2(b)).

3.2. Electron capture

Electron capture by multiply charged ions play a key role to
specify the penetration of the injection-heating [32]. It has also
importance in the neutral beams diagnostic [33], and in astro-
physics as an important mechanism that reduces the ionization
[27-31, 34]. Therefore the accurate knowledge of the elec-
tron capture cross sections by multiply charged ions is crucial
point in many cases like in understanding the atomic transport
and spectral emissions spectroscopy.

Figure 3 shows our present cross sections o, (C**) for
electron capture process of C3* + H(1s) collision. Figure 3
also shows the previous results of the electron capture cross
section by Janev and McDowell [26], Shipsey et al [9], and
experimental data of Crandall er al [34]. Janev et al applied
the three-body CTMC method to simulate a four body colli-
sion system of the C3*+4 H(ls), Shipsey et al used the per-
turbed stationary-state (PSS) method at low impact energy.
The present four-body CTMC provide a good agreement with
the theoretical data at higher impact energies. On the other
hand, at low energies, the present four-body CTMC calcu-
lations underestimate the experimental and other theoretical
observations (see figure 3). Similarly, to the case of ionization,
however, a four-body QCTMC model provide a much higher
cross sections and show an excellent agreement with previous
results.
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4. Conclusion

Target electron removal in C>* + H collision were pre-
sented in the projectile energy range between 1.0 keV/amu and
10 MeV/amu and compared them with previously obtained
theoretical and experimental results. A four-body CTMC and a
four-body QCTMC model of the Kirschbaum and Wilets were
used to calculate the ionization and charge exchange cross
sections. According to our knowledge, this is the first time to
present cross section data using the QCTMC method for this
collision system. We found that the QCTMC method improved
the cross section data significantly compared with the results
of the standard CTMC method. We found also a reasonably
good agreement between the experimental data and our results
obtained by QCTMC method.
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