Plasma and Fusion Research: Regular Articles

Volume 7, 2401062 (2012)

Charge-Transfer Cross Sections of Ground State He* Ions in
Collisions with He Atoms and Simple Molecules in the Energy
Range below 4.0 keV*

Toshio KUSAKABE, Satoshi KITAMURO, Yohta NAKAI, Hiroyuki TAWARAD
and Mamiko SASAQ"

Kinki University, 3-4-1 Kowakae, Higashi-Osaka 577-8502, Japan
D National Institute for Fusion Science, 322-6 Oroshi-cho, Toki 509-5292, Japan

(Received 8 December 2011 / Accepted 7 March 2012)

Charge-transfer cross sections of the ground state He* ions in collisions with He atoms and simple molecules
(Hz, D;, Ny, CO and CO,) have been measured in the energy range of 0.20 to 4.0keV with the initial growth
rate method. Since previously published experimental data are scattered in the low energy region, the present
observations would provide reasonably reliable cross section data below 4 keV. The charge transfer accompanied
by dissociation of product molecular ion can be dominant at low energies for molecular targets. In He™ + D,
collisions, any isotope effect was not observed over the present energy range, compared to H, molecule.
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1. Introduction

Helium is the second most abundant element in the
universe. Indeed, helium ions were observed in the outer
space of the Earth by an extreme ultraviolet scanner on
Mars Orbiter Planet-B [1]. In 1990s, X-ray emissions from
many comets were observed, and the origin of this emis-
sion has been interpreted as being due to charge transfer
into solar-wind ions involving He ions from the cometary
gases [2]. Helium will be also one of typical impurities in
D-T fusion plasmas as ashes, if the D-T fusion reactions
are achieved in controlled thermonuclear fusion devices.
The accurate knowledge on charge-transfer collisions be-
tween He" ions as well as He?* ions and common impurity
molecules is critically important in better understanding of
low temperature edge plasmas, and their plasma modeling
in the fusion devices [3].

Total cross sections of these charge-transfer collisions
have been extensively measured since the 1950s [4]. In the
low collision energy region, however, discrepancy is seen
among existing experimental data.

Therefore, we have systematically measured the
charge-transfer cross sections for ground state He* ('S)
ions colliding with He atoms and simple molecules (H;,
D;, Ny, CO and CO,) in the energy range of 0.20 to
4.0keV by applying an initial growth rate method.
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*) This article is based on the presentation at the 21st International Toki
Conference (ITC21).
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2. Experiment

A detailed explanation of the experimental apparatus
and methods used in the present investigation has been pre-
viously given [5, 6], and so some essential features and a
few different points are briefly mentioned here.

A mass-analyzed *He* ion beam extracted from an
electron impact ion source was introduced into a 40 mm
long collision cell. Target gas of high purity was fed into
the cell which gas pressure was monitored with a cal-
ibrated Pirani gauge. The back pressure was less than
about 6 X 107°Pa in the chambers which were evacu-
ated by a 5001/s turbo molecular pump and a 6" cryo-
genic pump. The primary He* ions and product neutral He
atoms emerging from the cell after charge-transfer colli-
sions were charge-separated with an electrostatic deflector
and were detected with a position sensitive micro-channel
plate detector (MCP). The charge-transfer cross sections
were derived based on the growth rate method. Namely,
the cross sections were determined from the slope of the
linear part of the observed fraction curve for neutral He
atoms formed in charge-transfer collisions versus the tar-
get gas thickness.

Threshold electron energies in the ion source for pro-
ducing the ground state He* (15 2S) ions and the metastable
state He** (2s 2S) ions from ground state He atoms are
24.6 and 38.2¢eV, respectively [7]. In order to determine
the charge-transfer cross sections of the ground state He*
(1s 28) ions, the effective electron energy into the ion
source was set to 30.3eV.

The statistical uncertainties of the present cross sec-
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tions were ranged from 0.2 to 8.6%. Uncertainties due to
those of the target thickness, temperature of target gas and
so forth are estimated to range from 10.0% at high energies
to 17.6% at low energies. Total experimental uncertainties
of the absolute cross sections are given as the quadratic
sum of these uncertainties involved.

3. Results and Discussion
3.1 He atoms

The present experimental cross sections for charge
transfer of He* ions colliding with He atoms are listed in
Table 1 and are shown in Fig. 1 together with the previous
representative cross sections of experimental data [4,8-16]
and theoretical calculations [17, 18].

The previous experimental data are found to be some-
what scattered at energies below 5keV. The present data
are found to lie in the middle position of the previous data,
especially two absolute observations by Hayden and Utter-
back [10] and by Kadota and Kaneko [13]. The present
data can be connected with the data of Belyaev ef al. [11]
at energies below 0.1 keV and the data of Shelton and Stoy-
cheff [12] at energies above 2keV. We also measured the
cross sections in this collision below to 0.1keV. These
cross sections are found to steeply decrease at energies be-

Table 1 Charge-transfer cross sections of He* ions colliding with

He atoms.

Energy Cross section

(keV) (107'° cm?)
0.20 102 +1.0
0.25 106 +1.1
0.30 103 +1.0
0.50 104 +1.1
0.55 9.69 +0.93
1.0 9.18 +0.88
1.5 8.67+0.98
3.0 7.61+0.77

Cross section ( x10™ sz)

0.0

Oj 1 i 1.0
Energy (keV)

Fig. 1 Charge-transfer cross sections of He* ions colliding with
He atoms. Experiment: ® - present data, > - [4], % - [8],
+-[9], V- [10], m-[11], ® - [12], O - [13], A - [14],
X - [15], A - [16]. Theory: broken curve - [17], solid
curve - [18].

low 0.18keV as the collision energy decreases. Therefore
we concluded that the detection efficiencies for He* ions
and for energetic neutral He atoms in the present MCP are
practically the same within the experimental uncertainties
in the energy range above 0.2 keV. It is noted that previous
study on the charge-transfer cross section of H* ions col-
liding with H, molecules showed an agreement with abso-
lute measurement of Gealy and Van Zyl at energies above
0.2keV [19].

The He™ + He collision system is so called as the
“symmetric resonant charge transfer” and the energy de-
fect AE of this reaction is exactly equal to zero,

He*(’S) + He('S) — He('S) + He*(®S) + 4E, (1)

and it is, therefore, expected to have a simple decreasing
curve as the collision energy increases. Some theoretical
calculations support this energy dependence [17, 18].

3.2 H, and D, molecules

The present experimental cross sections for charge
transfer of He™ ions colliding with H, and D, molecules
are summarized in Table 2 and are shown in Fig. 2 together
with the previous experimental data [4, 16,20-26]. The
present data for D, molecules are found to be almost the
same as the data of H, molecules, indicating that there is
no isotope effect in the present energy region.

The charge-transfer cross sections for H, molecules

Table 2 Charge-transfer cross sections of He* ions colliding with
H, and D, molecules.

Hy D,
Energy | Cross section | Energy | Cross section
(keV) | (10"cm?) | (keV) | (107" cm?)
0.20 | 0.513+£0.097 | 0.25 054 +0.11
036 | 0.75 +0.14 | 0.50 | 0.87 +£0.13
0.66 | 0.84 +0.12 1.0 0.79 +0.13
1.2 095 +0.14 2.0 0.795 £ 0.088
2.2 090 +0.11 3.5 0.855+0.091
4.0 0.765 +0.084

S

3

Cross section (sz)
3

Energy (keV)

Fig. 2 Charge-transfer cross sections of He* ions colliding with
H, and D, molecules. Experiment: ® - present data for
H,, O - present data for D,, > - [4], O - [20], A - [21],
& - [22], ¥ - [23], O - [24], = - [25], A - [16], m - [26],
solid curve - the recommended value by Janev et al. [27].
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have been measured by many research groups in the energy
range above 5SkeV and these values are almost consistent
each other. However, at low energies below 5 keV, the pre-
viously reported experimental data are a few and scattered.
The present cross sections have a maximum and can be
connected with the data of many research groups at high
collision energy [16,20,21,23,25], and also be connected
with the data of Rozett and Koski [22] at low energies be-
low 50 eV. The data of Moran and Conrads [24] are larger
than ours, while the data of Gao et al. [26] are smaller. The
first measurements of this collision partner by Stedeford
and Hasted [4] is heavily overestimated at energies below
1keV. In 1987, Janev et al. presented the recommended
values from the previously reported data [27]. Therefore,
it seems that their recommended values need to be reexam-
ined.

In all of the present collision partners for molecules,
the energy defect AFE is very large for both the processes of
charge transfer into ground 'S and excited S states of He
atoms. However the charge transfer into ground 'S state
of He atoms is exothermic reaction channel, and the pro-
duced target molecular ions can be electronically and/or
vibrationally excited, and sometimes followed by dissoci-
ation. The following processes are possible in He™ + H;
collisions which lead to simple charge transfer, and disso-
ciative charge transfer:

He*(’S) + Hy(X'ZH, v = 0)
— He('S) + H{(X°E,v') + 4E, )
— He('S) + H* + H(®S) + 6.5 [eV], (3)

where v and v’ are the vibrational quantum numbers of tar-
get molecules and product molecular ions. Since the 4E
value for v’ = 0 in the process (2) is large and 9.2 eV, dis-
sociative charge transfer (3) can be a major process in the
present energy region.

3.3 N,, CO and CO;, molecules

The present experimental cross sections for charge
transfer in He™ + N,, CO and CO; collisions are listed
in Table 3 and are shown in Figs. 3 (a), (b) and (c) together
with the previous data [16,20,21,26,28-35].

As shown in Fig. 3 (a), the charge-transfer cross sec-
tions for N; collision system have been also measured by
many research groups and their values are almost con-
sistent each other in the energy range above 10keV. The
present cross sections have a maximum at 1keV simi-
lar to H, target and can be connected with these data
[16,20,21,32] at high collision energy, and also be con-
nected with the data of Smith and Kevan [33] at 50eV.
While the data of Stebbings et al. [28], Koopman [29], Ma-
hadevan and Magnuson [30], and Schlumbohm [31] are
larger than the present observations and behave the near-
resonant feature. The data of Gao er al. [26] are smaller
than ours.

As shown in Fig. 3 (b), the present experimental cross

Table 3 Charge-transfer cross sections of He™ ions colliding with
N,, CO and CO, molecules.

Energy Cross section (107 cm?)

(keV) N, CO Co,
020 |3.67+0.47 | 3.07+0.45 | 4.07+0.59
036 | 4.58+0.57 | 3.51£0.53 | 5.27+0.69
0.66 | 5.10+0.63 | 4.46+0.57 | 5.16+ 0.64

12 | 5.06+054 | 492+055 | 5.03+0.57
22 | 4.60+£0.49 | 438+047 | 522+0.57
4.0 |4.43+047 | 4.59+0.60 | 5.74+0.61
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Fig. 3 Charge-transfer cross sections of He® ions colliding
with N, CO and CO, molecules. Experiment: @ -
present data, O - [20], broken curve - [28], A - [21],
dotted curve - [29], + - [30], = - [31], x - [32], & - [33],
O -[24], Vv - [34], A-[16], m-[26], ¥ - [35].

section curve for CO molecules has a maximum at about
1keV in energy and can be connected with the data of
Rudd et al. [16] in higher energy region and the data of
Smith and Kevan [33] at 50 eV, but in disagreement with
those of Coplan and Ogilvie [34]. The data of Moran and
Conrads [24] are larger, and the data of Gao er al. [26] are
smaller than the present observations, respectively.

As shown in Fig.3(c), the energy dependence of
the present experimental cross sections is weak for CO,
molecules, but this cross section curve has a maximum at
about 0.5keV and can be connected with the data of Rudd
et al. [16] in higher energy region and the data of Smith
and Kevan [33] at 50 eV, but in disagreement with those of
Koopman [29], Moran and Conrads [24], and Greenwood
et al. [35]. These data behave similar to the near-resonant
feature.

In 1963, Stebbings et al. [28] were interpreted in terms
of the accidental near-resonant charge-transfer processes
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for N, molecules

He*(®S) + No(X!'ZH, v = 0)
— He('S) + Nj(C°Z}, v’ = 3)+0.23[eV], (4)
— He('S) + N(*S) + N*(CP) + 029 [eV].  (5)

We apply the Rapp-Francis theory [17] to the pro-
cesses (4) and (5). The calculated curve for these reac-
tion channels have the energy dependence different from
previous experimental data in low energy range, namely
the theoretical curves have a maximum at about 0.3 keV.
Therefore, the energy defect of 0.23eV is not so “fully-
resonance”, and the energy dependence of the present data
is qualitatively supported by this calculation.

In the He* + CO collision system, the following dis-
sociation channel

He*(®S) + COX'Z",v = 0)
— He('S) + C*(*P) + O('D) + 0.23 [eV],  (6)

can be dominant. Calculated curve has also a maximum at
about 0.4 keV. Similar interpretation may be valid for the
collision system of He™ + CO,, namely it is expected to be
dominant the reaction channel with dissociation of product
molecular ions.

In conclusion, the present observations have provided
reasonably reliable cross section data for the charge trans-
fer of He* ions in collisions with He atoms and simple
molecules (H;, D,, N, CO and CO,) in the energy range
below 4.0keV. The charge transfer accompanied by disso-
ciation of product molecular ion can be dominant at low
energies in these collisions presently studied. It should be
pointed out that it would also be important to determine
the cross sections at still much lower energies which may
be critical in the edge plasma region.

Acknowledgments
The authors would like to express their sincere appre-

ciation to Dr. Hiroyuki A. Sakaue for his valuable discus-
sions. The present work was performed as a collaboration
research program of the National Institute for Fusion Sci-
ence in Japan.

[1] I. Yoshikawa et al., J. Geophys. Res. 106, 26057 (2001).

(2]
(3]

(4]
(3]
(6]
(71
(8]
(91
(10]

(11]
(12]

(13]

(14]
[15]
(16]
(17]
(18]

(19]

(20]
[21]
[22]

(23]
[24]

[25]
[26]
[27]

(28]
[29]
(30]
(31]
(32]
(33]
[34]

[35]

2401062-4

C.M. Lisse et al., Science 274, 205(1996).

R.K. Janev, Atomic and Molecular Processes in Fusion
Edge Plasmas (Plenum, New York, 1995) p.1.

J.B.H. Stedeford and F.B. Hasted, Proc. Roy. Soc. A227,
466 (1955).

T. Kusakabe et al., J. Phys. Soc. Jpn. 59, 1987 (1990).

T. Kusakabe et al., Phys. Rev. A 62, 062714 (2000).

A.A. Radzig and B.M. Smirnov, Reference Data on Atoms,
Molecules, and Ions (Springer-Verlag, Berlin, 1985).

B.L. Moiseiwitsch, Proc. Phys. Soc. (London) A69, 653
(1956).

W.H. Cramer and J.H. Simons, J. Chem. Phys. 26, 1272
(1957).

H.C. Hayden and N.G. Utterback, Phys. Rev. 135A, 1575
(1964).

V.A. Belyaev et al., Sov. Phys. JETP 27, 924 (1968).

W.N. Shelton and P.A. Stoycheff, Phys. Rev. A 3, 613
(1973).

K. Kadota and Y. Kaneko, Jpn. J. Appl. Phys. 13, 1554
1971).

F.L. Eisele and S.W. Nagy, J. Chem. Phys. 65, 752 (1976).
H. Hanaki et al., Jpn. J. Appl. Phys. 22, 748 (1983).

M.E. Rudd et al., Phys. Rev. A 32, 829 (1985).

D. Rapp and W.E. Francis, J. Chem. Phys. 37, 2631 (1962).
D.P. Hodgkinson and J.S. Briggs, J. Phys. B: At. Mol. Phys.
9,255 (1976).

T. Kusakabe et al., Phys. Rev. A 70, 052710 (2004); M.W.
Gealy and B. Van Zyl, Phys. Rev. A 36, 3091 (1987).

C.F. Barnett and P.H. Stier, Phys. Rev. 109, 385 (1958).
F.J. DeHeer et al., Physica 32, 1793 (1966).

R.W. Rozett and W.S. Koski, J. Chem. Phys. 48, 533
(1968).

H.B. Gilbody et al., J. Phys. B 4, 800 (1971).

T.F. Moran and R.J. Conrads, J. Chem. Phys. 58, 3793
(1973).

R.E. Olson et al., Phys. Rev. A 16, 1867 (1977).

R.S. Gao et al., Phys. Rev. A 41, 5929 (1990).

R.K. Janev et al., Elementary Processes in Hydrogen - He-
lium Plamas (Springer, Berlin, 1987) p.184.

R.F. Stebbings et al., J. Chem. Phys. 39, 968 (1963).

D.W. Koopman, Phys. Rev. 166, 57 (1968).

P. Mahadevan and G.D. Magnuson, Phys. Rev. 171, 103
(1968).

H. Schlumbohm, Z. Natureforsch. 24a, 1720 (1969).

G.J. Lockwood, Phys. Rev. A 2, 1406 (1970).

D.L. Smith and L. Kevan, J. Am. Chem. Soc. 93, 2113
(1971).

M.A. Coplan and K.W. Ogilvie, J. Chem. Phys. 61, 2010
(1974).

J.B. Greenwood et al., Astrophys. J. 529, 605 (2000).



