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Charge transfer cross sections of 7Li* ions in collisions with Hy, HD, and D, molecules have been measured
in the energy range from 1.4 to 4.0keV using the growth rate method. Significant differences in the charge
transfer cross sections between collisions of “Li* ions with H, and HD, and with H, and D, molecules, the so-
called target isotope effect, are observed at collision energies from 1.4 to 2.4 keV. The observed charge transfer
cross section ratios of o (HD)/o- (H,) and o (D;)/o (H,) are found to be approximately 0.7 at 1.4 keV. They are
gradually increasing, and finally approaching unity at energies above 2.4 keV.
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1. Introduction

Among many interactions and dynamical processes,
the charge transfer process of slow Li* ions in colli-
sions with H, molecules is one of the fundamental “ion-
molecule” collisions. Since a valence electron (2s) of the
ground-state lithium atom belonging to alkaline metals is
far from the two electrons in the K shell (1s), the ioniza-
tion potential of Li atoms is relatively small, i.e., 5.4eV
and singly charged lithium ions are easily produced.

Lithium atoms and ions are sometimes used for the
purpose of plasma diagnostics in fusion devices. There-
fore, cross-section data and any knowledge of collision dy-
namics for these charge transfer processes at low collision
energies are known to be important and useful in controlled
thermonuclear fusion research [1] as well as in a number
of other applications.

However charge transfer cross section measurements
of Li* + H; collisions are sparse, particularly at low col-
lision energies. To the best of our knowledge, Allison et
al. [2], VanEck and Kistemaker [3], and Ogurtsov et al. [4]
reported the cross section measurements below 50 keV.
Furthermore, few studies, e.g., Elizaga et al. [5], treated
theoretically the charge transfer process of slow Li* ions
colliding with H, molecules.

On the other hand, we have previously investigated
the isotope effect on charge transfer by slow hydrogen ions
(H* and D* ions) from hydrogen molecules (H,, HD, and
D;) [6-8]. The charge transfer cross section ratios o (H* +
D)/ (H" + Hy) and o= (D" + D,)/o- (H* + H,) decreased
to a value smaller than unity below a collision energy of
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1keV/u, and reached a value of about 0.6 at 0.18 keV/u.
Contrary to the cases of H, and D,, the experimental o
(H* + HD)/o (H" + Hy) and o (D* + HD)/o- (H* + H;) ra-
tios were found to be almost unity in the entire investigated
energy region from 0.18 to 1.5keV/u. Theoretical analy-
ses based on the molecular-orbital close coupling method
were applied to these collisions taking into account the dif-
ference of the vibrational energy of the product hydrogen
molecular ions and the Franck-Condon principle.

To establish the cross section data and obtain more
comprehensive understanding of the isotope effect on the
charge transfer in ion-molecule collisions of the hydrogen
family, therefore we have measured, in the present study,
the charge transfer cross sections of ’Li* ions colliding
with H,, HD, and D, molecules in the energy range from
1.4 to 4.0keV using the growth rate method.

2. Experimental Method

A detailed description of the experimental apparatus
and methods employed in this study has been reported pre-
viously [6]. Only the essential features and different points
are mentioned here.

As shown in Fig. 1, singly charged lithium ions were
produced from a surface ionization ion source (SIIS) [9]. A
2 x 2 x 0.03 mm? platinum foil spot-welded to a 0.15 mm
diameter tungsten filament was used as the anode for a
lithium ion emitter, which was coated with a mixed pow-
der of Li,CO3, Al,O3, and Si0,. The extracted lithium ion
beam was analyzed according to its energy, charge, and
mass with a Wien filter using two ferrite permanent mag-
nets. A typical mass spectrum for lithium atoms is shown
in Fig. 2. Pure "Li* ions were separately obtained with nat-
ural isotope °Li* ions. In the present study, "Li* ions were

© 2013 The Japan Society of Plasma
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Fig. 1 Cross sectional view of the SIIS and electric circuit for
ion extraction.
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Fig. 2 Typical mass spectrum of lithium extracted from the SIIS.
The ion accelerating voltage is 1.7 kV.

used for charge transfer cross section measurements.

After mass separation with the Wien filter, the TLi*
ion beam was introduced into a 4-cm long collision cell
in which target gases of high purity (Hy 99.999%; D,
99.9%; HD 97.0%) were filled. The lithium ions and ener-
getic neutral particles emerging from the cell after the col-
lisions were charge-separated using electrostatic parallel
plates and detected with a position-sensitive micro-channel
plate detector (MCP-PSD). Charge transfer cross sections
were derived based on the so-called growth rate method.
Target gas pressure was directly measured in the present
study with an MKS-Baratron capacitance manometer, and
ranged from 0.1 to 2 Pa. Back pressure was less than about
5 x 107% Pa in the vacuum chambers, which were evacu-
ated by 5001/s and 501/s turbo-molecular pumps and a 6”
cryogenic pump.

The statistical uncertainties of the cross sections de-
rived from the growth curves were less than 8.83% for the
present work. Uncertainties due to target thickness, tem-
perature of target gas, and so forth were estimated to be
from 8.25% at high energies to 17.2% at low energies. To-

Table 1 Charge transfer cross section of ’Li* ions colliding with
H,, HD, and D, molecules.

Energy Cross section ( x 10 17 cmz)

(keV) H, HD D,
1.4 1.29+0.18 0.92+0.14 0.89£0.13
1.7 1.49+£0.19 1.18 £0.17 1.15+£0.15
2.0 1.62+0.17 1.51£0.17 1.39+£0.15
2.4 1.78 £0.18 1.92+£0.21 1.72£0.18
3.0 2.10+£0.19 2.10+0.22 2.01+0.18
4.0 2.45+0.22 2.45+0.25 2.48 £0.22

tal experimental uncertainties of the absolute cross sections
were given as the quadratic sum of these uncertainties in-
volved.

3. Results and Discussion

The present experimental charge transfer cross sec-
tions of "Li* ions colliding with H,, HD, and D, molecules
are listed in Table 1.

3.1 H, molecules

The present experimental charge transfer cross sec-
tions of “Li* ions in collisions with H, molecules are
shown in Fig.3 together with the earlier measurements
of Allison et al. [2], VanEck and Kistemaker [3], and
Ogurtsov et al. [4], and the theoretical calculations by
Elizaga et al. [5].

Previous experimental data coincide only to each
other at the narrow energy range of 10 to 20keV, and the
connection of these data is found to be unsatisfactory in the
other energy region. The present experimental measure-
ments increase monotonously with the collision energy,
and are close to the data of VanEck and Kistemaker [3].
However the data of Ogurtsov et al. [4] are about 50%
smaller than the present experimental results.

The specific processes we are concerned with are
charge transfer from the ground electronic and vibrational
states of target molecules, viz.,

TLi*(1s% 'Sp) + Ha(X'Zg; 01 = 0)
— "Li(nl) + Hi (vy) + AE, (D

where v; and v are the quantum numbers for the initial
and final vibrational states, respectively, and n and [ rep-
resent the final principal and angular quantum numbers of
the lithium atom, respectively, and AE is the energy defect.
When n = 2 and [ = s, this process is largely endothermic
and the large energy defect AE is — 10.0 eV. This can qual-
itatively explain the smallness and energy dependence of
the present observed cross section data.

The theoretical results for the total charge transfer
cross sections to Li (1s> 2/) reported by Elizaga et al. [5],
based on a secondary sudden approximation are found
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Fig. 3 Charge transfer cross sections of "Li* ions colliding with
H, molecules. Experimental data: ®, present data; O,
Allison et al. [2]; m, VanEck and Kistemaker [3]; <,
Ogurtsov et al. [4]. Theoretical calculation: Elizaga et
al. [5] (solid line, transfer to 2/; broken line, transfer to
2s).
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Fig. 4 Charge spectra of incident Li* ions and charge-
transferred Li® atoms in Li* + H, collisions. The pressure
of target H, gases was about 1 Pa.

to reasonably agree with the present experimental results.
While their results for the partial charge transfer cross sec-
tions to Li (1s> 2s) are close to the data of Ogurtsov et
al. [4] and of VanEck and Kistemaker [3].

We attempted to measure the charge transfer cross
sections at energies below 1.2keV. However, charge-
transferred lithium atoms were found to be heavily scat-
tered at large angles as pointed out by Ogurtsov et al. [4].
Therefore, a considerable portion of charge-transferred
lithium atoms could not pass through the exit aperture of
the collision cell, and the absolute cross sections of Li*
ions colliding with hydrogen molecules could not be deter-
mined at energies below 1.2keV. In Fig. 4, the charge spec-
tra of incident lithium ions and charge-transferred lithium
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Fig. 5 Charge transfer cross sections of ’Li* ions colliding
with HD and D, molecules. Experimental data: X, H,
molecules; v, HD molecules; A, D, molecules.
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Fig. 6 Charge transfer cross section ratios of HD and D, to H,
molecules. Experimental data: X, HD molecules; O, D,
molecules.

atoms, which were measured with the MCP-PSD and
recorded in the memory of the pulse height analyzer, are
shown. The peak width of the charge-transferred lithium
atoms spreads with a decrease in the incident energy, and
they do not form a significant peak at 1.2keV.

3.2 HD and D, molecules

In Fig. 5, the present charge transfer cross sections of
Li* ions colliding with HD and D, molecules are shown
together with the present data for H, molecules. Figure 6
shows the charge transfer cross section ratios of Li* ions
colliding with HD and D, molecules, i.e., o (HD)/o (H;)
ando'(Dz)/a' (Hz)

Both the present charge transfer cross sections of HD
and D, molecules are almost the same over the present
investigated energy range and become gradually smaller
with a decrease in incident energy than those of Hj
molecules. The observed charge transfer cross section ra-
tios of oo (HD)/o (H,) and o (D,)/o (H,) become smaller
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than unity below 2.4 keV, and reach a value of about 0.72
and 0.69, respectively, at 1.4keV. It is noted that the peak
profile of the lithium atoms after charge transfer was al-
most the same for each collision energy, regardless of tar-
get hydrogen molecule species.

In conclusion, marked characteristics in the charge
transfer cross sections between collisions of "Li* ions with
H,, HD, and D, molecules, the so-called target isotope
effect, are observed at energies below 2.4keV. It is un-
derstood that the isotope effect in the charge transfer of
ion-molecule collisions originates from the combination of
small offset in binding and vibrational energies and differ-
ent spaces occupied by wave functions of the target Hj,
HD, and D, molecules. In H* + HD collisions, how-
ever, this target isotope effect was not experimentally ob-
served [8]. At present, the cause of the difference in the
isotope effect by incident ionic species is unknown. Fur-
ther progress of both experimental and theoretical studies
to clarify this reason is expected.
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