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Charge-transfer processes in collisions df iBns with H,, D,, CO, and CQ@ molecules have been studied
based on joint experimental and theoretical approaches in the collision energy from 0.15 to 4.5 keV. In the
present experiment, the ground-staté (&P) ion projectiles have been produced by carefully energy-
controlled electron impact to minimize the influence of the metastable-state ions. The observed cross sections
are compared with the present theoretical prediction, and while the theoretical results are somewhat smaller
than the measurements, they are found to be in reasonable agreemeytier 8hd CO above around 1 keV.

The present experimental cross sections for CO ang &6 smaller by a factor of 2 to 3 than those of earlier
measurements. We provide some remarks on the effect of the metastable-stdi®li066-2947®9)03907-4

PACS numbegps): 34.20.Mq, 34.50-s, 34.70+e

[. INTRODUCTION investigations of slow ion-molecule collisions are scarce. Ex-
periments have been limited to a few attempts Kimura
An understanding of charge-transfer processes at lowet al. have theoretically investigated charge-transfer pro-
collision energies has become increasingly important in aesses in collisions of Hions with CH, and GH, mol-
number of applications such as plasma scidrideand ma- ecules in the collision energy below 2 keV, and shown that
terial sciencd2] where low-temperature plasmas play a keycharge transfer is extremely sensitive to the molecular orien-
role in determining characteristics of plasma behavior and ofation, i.e., a strong steric effe¢8,9]. These separate at-
target materials. Although many investigations have beetempts in the previous studies have suggested the more sys-
performed on charge transfer of various ions in collisionstematic and rigorous study presented here.
with various gas atoms and molecules, data are still limited In the present paper, we have carried out a joint experi-
and fragmentary, in particular at energies less than 10 keMnental and theoretical study for understanding collision dy-
Furthermore, they often contradict each other. namics for charge-transfer processes of the ground-state
Since the electron-capture processes at low energies a€" (>P) ions, which are typical impurity ions in most labo-
known to be strongly dependent upon the internal electronicatory plasmas. Charge-transfer cross sections have been de-
state of ions, even a small fraction of the metastable excitedermined over the kinetic energy of 0.15 to 4.5 keV in colli-
state ions present in the incident ion beam may significanthgions with B, D,, CO, and CQ molecules. The specific
influence the cross sections observed for charge-transfer prprocesses we have studied are collisions of the ground state
cesses. Indeed in our previous measureni@htthe meta- C*(?P) ion with the various molecules:
stables in the C, N*, and O ion beams in collisions with
H, molecules and He atoms in the energy range between 0.2 (?P)+H,,Dy(v=0)—C+H,", D,"(v=0)—4.166 eV,
and 4.0 keV were found to significantly enhance the magni- (1)
tude of the observed cross sections. A similar effect has been
also noted by Moran and Wilcd4] and Moran and Mathur C'(?®P)+CO(v=0)—C+CO'(v=0)—2.754 eV, (2)
[5]. Later, Kimuraet al.[6] have shown theoretically that the
metastable ion contribution to charge transfer inHe col- C'(?P)+ COy(v=0)—C+CO,"(v=0)—2.513 eV,
lisions at a few keV increases the cross section more than a 3)
factor of two if the amount of the metastable-state ions ex-
ceeds 10%. This is consistent with the measurement bwherev describes the vibrational quantum number.
Kusakabeset al. [3]. These collision processes, which are all endothermic with
Contrary to the relatively vast volume of experimental appreciable energy defedas shown aboye are important
and theoretical studies for ion-atom collision systems, thoséo low-temperature edge plasmas such as those in the ther-
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monuclear fusion devices with carbon-coated or graphiteagreement with the previous data down to 0.2 keV.
lined walls as plasma facing mater{dl]. Also collisions of The statistical uncertainties of the cross sections are a few
low-charged ions with the excited molecules are critical in% for most of the present work. Uncertainties due to those of
understanding features in plasma-based material and thifihe target thickness, the temperature of target gases, and so
film production[2]. In addition, these collision systems are forth is estimated to be from 10.5% at high energies to
very important for understanding the dynamics for the cancef 7 69 at low energies. Total experimental uncertainties of
therapy[10], which employs accelerated ion beams, and als@ne absolute cross sections are given as the quadratic sum of
constitute an essential part of the interstellar cloud formatioRnese uncertainties involved.
in astronomy{11]. , o _ The absolutdeffective energyE, of the ionizing elec-

In the present experiments, the ionizing electron energy iR ,nq in the jon source has been determined by measuring the

ion source is carefully controlled to avoid the pr_oductul)n %Tthreshold ionization energies of helium and neon atoms and
the metastable-state ions so that the cross section values e appearance potentials of Geactant ions from CO, of

the ground-state ions are more accurately determined. How,+ ions from N, and of O ions from CQ. In order to

ever, there is glways a possibility that a sma_II amount ofypioin the purely ground state’@P) ions, these ions were
metastables eX|sts_|n t_he ion beam, tl\erefore, Itis 'mportar};repared from CO molecules colliding with the electrons at
to assess the contribution from the q"P) metaste_lble State e _ 25 3eV. The effects of ions in different electronic states
LO tﬂe totallchargeil— tranzfeli] procgssltlas. We examine the effe\%re carefully investigated through measuring the variation
oth experimentally and theoretically. of charge changed fractidf, as a function of the electron-
impact energyE, (see Sec. Il A
Il. EXPERIMENTAL AND THEORETICAL APPROACHES

A. Experiment B. Theory

A detailed description of the present experimental appa- 1he semiclassical molecular orbitdMO) expansion
ratus and method has been previously gij@ri2,13, and method used here is standard and has been described in de-

hence, only essential features will be briefly summarizec%]ail elsewherd17]. Hence, only a brief summary is provided
here. ere.

A carbon ion beam was extracted from a conventional
electron-impact ion source where the electron accelerating
voltageV,, could be varied up to 50 V. The incident Gon Theab initio calculations are performed for two different
beam produced from CO molecules fed into the ion sourcenolecular configurations for JHand D, (the incident ions
was mass analyzed with a Wien filter and introduced into a&zome perpendicular to, and parallel to the molecular)axis
40-mm-long collision cell with a 0.5-mm-diam entrance andwhile for CO molecule, the calculation is done for three dif-

a 3.5-mm-diam exit apertures. The target gases of high puritferent configurationgperpendicular to, and parallel to the
(>99.95% were introduced into the cell and the gas pressurenolecular axis from two endisin the perpendicular case,'C
was measured with a sensitive Pirani ga{i, which was ion vertically approaches the center of mass of the molecule.
calibrated with a MKS-Baratron capacitance manometerThe molecule is located along tlyeaxis. The only symmetry
The front and main chambers were evacuated down to thplane for the system is thgz plane. In the parallel case, the
base pressure less than aboxt® © Pa by a 500 I/s turbo- C* ion approaches § D,, and CO collinearly. The mol-
molecular pump and a”6cryopump. The ions emerging ecule lies along the collision trajectory. For the CO case, the
from the cell after collisions were charge separated with a&C* approaches either toward the C or O atom. In all three
pair of the electrostatic parallel plates and sent into aases, the origin of the scattering coordinates is located at the
position-sensitive detect¢PSD) consisting of a microchan- center of mass of the C-CQsystem. Considering the present
nel plate(MCP) and a resistive anodCP-PSD. The out-  collision energy region, the collision time is much shorter
put signals from both ends of its anode were converted to théhan the relaxation time of the target molecule, which is in
position information in an analogue dividgt5,16 and re-  the order of 10*sec. Based on this argument, the CO dis-
corded on a pulse-height analyzer giving the charge distributance is always fixed at the equilibrium geometry of the
tion of ions after collisions. Peak areas corresponding to thground state of CO during the calculation. In the presdnt
singly charged primary ions and product energetic neutrainitio calculations for the C-CO system, we use Dunning’s
particles were integrated. Relative detection efficiencies o€c-pVTZ basis sets for H, C, and O atofds$)]. The potential
MCP-PSD were assumed to be the same for both the singlyurves are obtained by the configuration-interacti@H)
charged ions and neutral particles as the front end of thenethod, with configuration selection and energy extrapola-
MCP was grounded. After subtracting dark current noises ofion using the Table CI algorithfil9]. In the CI calcula-

the MCP-PSD, the fractions of singly charged ions and oftions, the two lowest MOs are always kept doubly occupied,
neutrals,F, andF,, were determined as a function of the whereas the two highest ones are discarded. The radial cou-
target gas thickneggength of the collision cell times density pling matrix elements are obtained using the calculated mo-
of target gas moleculesThe charge-transfer cross sectionslecular wave functions by a finite-difference metH@d).

were derived based upon the growth rate method by fitting Adiabatic potential curves for three target systems are
the observed fractiors, to a quadratic function of the target rather smooth without much structure and strong avoided
gas thickness. During the present experiment the chargerossing because a polarization potential arising from a sin-
transfer cross sections in FiéHe and H -H, collisions were  gly charged ion-neutral molecule interaction dominates.
also measured from time to time and found to be in goodThere are, however, some avoided crossings among the ex-

1. Molecular states
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o1al TABLE I. Charge-transfer cross sectiofis units of 10 6cn?)

: @H, (b) CO (©) €O, | for C* ions in collisions with H and D, molecules.
012+ icicv 1 1 F
ol ’ I I ] Target molecules
N . : : Energy
£ oosy \ \ﬁ#@ i ‘ W (keV) H, D,
g 006] ] M
= &%9 0.15 0.3090.055
0.04 ¢ % I ! 0.2 0.329-0.062 0.456:0.081
o} ' - 0.3 0.416-0.077
20 30 40 50 60 20 30 40 50 60 20 30 40 50 60 0.4 0.461-0.082
0.45 0.67%0.120
Effective electron impact energy, E, (eV) 0.65 0.630-0.114
FIG. 1. Typical variations of neutral particle fractiofg pro- 1.0 0.770-0.089 0.892:0.158
duced in the 0.8-keV Cions colliding with(a) H,, (b) CO, and(c) 16 0.930-0.098
CO, molecules against the effective impact-electron endegy 2.0 1.19x0.16
Note that the two dotted vertical lines represent threshold energies 2.5 1.09%0.12
for the ground C(2P) state and excited T (*P) state from the 35 1.25=0.13
lower side, respectively. 4.0 1.62 +0.22
4.5 1.35+0.14

cited states considered. Because of the weak-coupling feature

described above, the _dynamical-coupling scheme is typicaére known[21] to be 22.4 and 27.7 eV, respectively. Al-
Demkov-type mechanism. Hence, the relevant and primarg,, g the fluctuations indicated with the error bars are rela-
radial coupling matrix elements are found to be all weakij ey |arge, the constant fractidh, from the threshold up to

except for those in the excited states. 27.7 eV is due to the proce$4), while above 27.7 eV, the
) . sharp increase with increasing electron-impact energy can be
2. Semiclassical approach attributable to the formation of neutral particles from the

A semiclassical molecular-orbital expansion methdd  metastable €' (*P) ions[the proces$5)] produced by elec-
with a straight-line trajectory is employed to study the dy-trons with the impact energy above 27.7 eV. It is noted that
namics for these collisions above 100 eV. Transitions areimilar results were observed for, Barget, too.
driven by nonadiabatic couplings. The total scattering wave Since the effective energy of the ionizing electrons in the
function was expanded in terms of products of a moleculafon source was set to be 25.3 eV during measurements, we
electronic state and atomic-type electron translation factorBelieve that the present cross sections reported should be due
(ETFS. Substituting the total wave function into the time- to the ground-state G?P) ions. However, there can be
dependent Schdinger equation and retaining the ETF cor- SOmMe _possmllmes of the mixing from a'small but non-
rection up to the first order of relative velocity yields a set of"€gligible amount of the metastable-state ions. We examine
the first-order coupled equations. By solving the coupleoth's possibility later in conjunction with theoretical results.

equations numerically, we obtain the scattering amplitudes
for transitions: the square of the amplitude gives the transi-
tion probability, and integration of the probability over im-  The present data for the cross sections of charge transfer
pact parameter gives the cross section. Two sets of the d@f C' ions from H, and D, molecules are given in Table I.
namical calculations have been carried out and moleculafhe cross sections for Hmolecules are shown in Fig. 2
states included in the calculations are the initial sf@@é¢  together with those previously publishggl4,22-27.

+X] both for the ground and metastable states, and two tg AS the collision energy decreases, the present charge-

} e X+ transfer cross sections for the ground-state ions decrease mo-
';?r_eﬁ Chg rgzr:(rjagsger states correspondi X" ] where notonously. Our previous daf&] are slightly larger by 10—
— iz 21 .

15% than the present measurements of the ground-state

C*(°P) ions, but they agree with each other within the ex-
. RESULTS perimental uncertainties. The present data are also in fairly
good agreement with those of Moran and Wild@ at the
energy region overlapped, and those of Xu, Moran, and Tho-

Figure 1 shows typical variations of fractiofg of neu-  mas[25] at energies below 0.5 keV. The present results ap-

tral particles produced in the 0.8-keV"Gons colliding with  pear to tie well with those of Phaneuf, Meyer, and McKnight
H,, CO, and CQ molecules against the effective impact [23] at energies above 9 keV, while the data by Unterreiter,
electron energ¥,. The threshold electron energies for pro- Aumayr, and Winte26] are found to be rather small and
ducing the ground-state@>P) ions and the metastable state show a slightly different energy dependence. On the other
C**(*P) ions from the ground-state CO molecules in thehand, the data of Itokt al.[22] are much larger, suggesting

B. Cross sections for H and D, targets

A. Production of primary carbon ions

following processes, that their beam might have a contamination of the
s 3 metastable-state ions. This speculation seems to be supported
e+CO—2e+C'(“P)+0O(°P), (4 py the fact that their data agree well with, and can be con-

nected with those of Nutt, McCullough, and Gilbo{i38],
—2e+C™*(*P)+0O(3P), (5) Moran and Wilcox[4], Lockwood, Miller, and Hoffman,
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FIG. 3. Comparison of the present charge-transfer cross sections

FIG. 2. Charge-transfer cross sections for, collisions. O, o, C*-hydrogen molecular isotopes collisionsO, H,; W, D,.

the present data#®, the previous dat§3]; M, Itoh et al. [22]; O,
Rottmannet al. [27]; +, Unterreiter, Aumayr, and Wintd26]; X,  indicates that charge-transfer cross section from the vibra-
Xu, Moran, and Thomag25]; ¢, Hoffman, Miller, and Lockwood  tipnally excited ¢ =1) molecule is found to be larger by a
[24]; V, Phaneuf, Meyer, and McKnigti@3]; 8, Moran and Wil- - factor of two or three than that for the vibrationally ground
cox [4]. The solid line is the present theory, and the dashed line 'Yv=0) molecule at 0.1 keV, and the effect of vibrationally
based on the Olson-Demkov model. excited state increases as the collision energy decreases and
indeed is not negligible at low energies. Under the present
[29] and Hoffman, Miller, and Lockwoof24], who all used experimental condition of the gas temperature of about 300
an ion beam apparently mixed with the metastable stat&, however, only a small amount of=1 H, molecules may
C**(*P) ions. Since Itolet al. employed the so-called “re- be presentdue to a filament of the Pirani gauge usedow-
coil ion source” technique to produce a singly chargedever, we have carried out the additional test to check the
carbon-ion beam by impacting 1.7 MeV*Qons on CQ, effect with and without the gauge, and have found very little
they indeed concluded that the incident beam might includelifference. Hence, the contribution from vibrationally ex-
as large as 30% of the metastable-state ions in their primargited molecule thus formed is too small to explain the dis-
ion beams. crepancy. It is possible that the target molecule is vibra-
In Fig. 2, the present theoretical results are also includedionally excited on the incoming part of the collision, and
The theory is in reasonable accord with the energy depersome fractions of vibrationally excited molecules are pro-
dence of the present measurement above 0.3 keV, but tldiced before they really undergo the charge-transfer colli-
agreement becomes less satisfactory at lower energies. TeB®mn event. Another source of the discrepancy may be the
present theoretical magnitude is found to be somewhgbossible presence of a small fraction of the metastable-state
smaller. For the sake of the comparison, the result based dons in the present ion beam. We have examined the effect of
the Olson-Demkov mod€l30] is included in Fig. 2. This the metastable-state ion for charge transfer by performing a
model was originally developed for study of atomic targets,small scale theoretical calculation with the initial metastable-
and hence may not offer accurate results for molecular tarstate ion. The result thus obtained suggests that charge-
gets by a simple modification applicable for molecules. Nev4ransfer cross sections for the metastable-state ion colliding
ertheless, the method is helpful in providing the generalvith H, molecule are larger by nearly an order of magnitude
trend of cross sections for various systems. The result basesien at as low as 0.1 keV and is rather energy independent.
on the Olson-Demkov theory underestimates the cross seétowever, as described above, we strongly believe that the
tion at low energies substantially, and also its decrease of theontamination of the metastable-state ions should be less
cross section with decreasing the collision energy is toahan a few %, and hence, it is highly unlikely that the present
sharp, which is not in accord with the present experimentalevel of the contamination causes such a sizable difference in
and theoretical findings. the cross section. On the theoretical side, there are two ap-
The present theoretical result lies between the presemgarent weaknesses, i.e., the precision of molecular states and
measurement and those of Unterreiter, Aumayr, and Wintethe fixed nuclei approximation used, of which may cause a
below 2 keV, and predicts a cross section that decreasesrious problem as the incident energy becomes lower.
faster than the experimental data below 0.2 keV. The presentherefore, both experimental and theoretical approaches
model is believed to be valid to 1 keV or so, but may beginneed to be further improved for attaining better agreement.
to fail below this energy. Since the procgds is endother-  Based on the above consideration, the experimental results of
mic with the appreciable threshold energy, the cross sectioXu, Moran, and Thomas below 0.5 keV are also believed to
is expected to decrease toward lower energies. In order tbe somewhat in overestimation.
understand the discrepancy, we have analyzed our earlier In Fig. 3, the present cross sections of charge transfer of
investigation[3] on charge transfer from vibrationally ex- C* ions from D, molecules are compared with those of H
cited molecules. The energy defect between0 andv=1 molecules. The cross sections of Bholecules agree with
of H, molecules is approximately 0.516 eV, which is ex-those of H molecules within the experimental uncertainties.
pected to influence charge transfer. Our preliminary studySince the difference of the electron binding energy between
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TABLE II. Charge-transfer cross section§n units of 1o . —— : S
10" 8cm?) for C* ions in collisions with CO and COmolecules.
C'+CoO,
Target molecules s L i
Energy 9 E 107 -""l """"""" -
(keV) co co, s w0
g o,
.2 o
0.15 1.23:0.22 0.952-0.169 b= 10" E 0% 60 4
0.2 1.18+0.21 1.01+0.18 “:’ ’
0.3 1.28+0.22 0.93%-0.169 § ;
0.4 1.42+0.25 1.07+0.19 © 0"k O Present data 5
W Itoh e al (1995) E
0.5 1.43+0.27 0.9410.178 8  Moran and Wilcox (1978)
0.7 1.61-0.17 1.06 +0.11 e Olson-Demkov
-18 NN | L L4y 1 . . Kl |
1.2 1.80-0.19 1.38+0.15 10 0.01 ol ] 10 100 1000
2.0 2.23-0.23 1.98+0.21
2.7 2.45+0.26 2.68+0.28 Energy (keV)
3.0 2.41£0.25 FIG. 5. Charge-transfer cross sections fof'-CO, colli-
3.5 2.68:0.28 3.60=0.38 sions. O, the present datdll, Itoh et al.[22]; B, Moran and Wil-
4.5 3.07-0.36 4.74+0.50 cox [4]. The dashed line corresponds to the Olson-Demkov model.

H, and D, is merely 0.0015 eV, the isotope effect does no

itained by Moran and Wilcok4] are found to be larger by a

show up in the present collision energy region investigated'@ctor of two or three over ours in the overlapping energy

and is not significant for application. However, the different"€9ion, but their energy dependence is in good accord to
population for the different vibrational level for+and D, ours. Approximate extrapolation of the present measurement

may be responsible for a small difference seen in the figuré2PP€ars 1o join reasonably well with that of Rottmatral.
above 100 keV. The present theoretical result is also shown

in Fig. 4. Similar to the Hcase, the present theoretical result
is in reasonable accord with the present measurement al-
The present cross sections of charge transfer of théhough the theoretical magnitude is somewhat smaller. The
ground-state C(?P) ions in collisions with CO and C9 theory drops somewhat faster at lower energies. This colli-
molecules are also listed in Table Il and are shown in Figs. 4ion system is also endothermic, and the cross section is
and 5, respectively. We discuss the CO case first, then followxpected to drop as the collision energy decreases toward the
with the CQ case. threshold. The result based on the Olson-Demkov model
CO: The cross sections for CO decrease with the decreashows the sharp decreasing trend with the decreasing colli-
ing collision energy and become nearly a constant at thgion energy, although its degree of decrease appears to be too
lowest energies below-0.5 keV. For this collision system, fast and the magnitude of the predicted cross section too
only a very limited number of studies has been reported, andmall. The present theoretical result shows significantly bet-
those are the measurements by Moran and Wiletxfor  ter agreement with the measurement.
lower energies, and by Rottmasei al. [27] for higher ener- As stated above for measurements with Bl few sources
gies, both of which are included in Fig. 4. The values ob-are expected to contribute to the discrepancy: a small amount
of the contamination ofi) the metastable-state*Gons in
o™ ¢ e the ion beam(ii) vibrationally excited molecular targets, and
: (iii) a lack of accuracy in the calculations for the theory.

C. Cross sections for CO and CQ targets

all energies, but their energy dependence seems similar. Itoh
et al. acknowledged the presence of the metastable-state ions

O Present data

c'+Co ] COy: _The_ present cross sections for £targets are dis-

T o ._ played in Fig. 5 along with those of Itobt al. [22] and

g T o ] Moran and Wilcox{4]. The present data appear to join with
g @] the recent high-energy measurement by kblal. [22]. The
SR o data by Moran and Wilcox are larger by a factor of 2 to 3 at
L E|

g

S

1 0-17 L O Rottmann ef al (1992)

E ‘ B Moran and Wilcox (1978)
--------- Olson-Demkov
Present theory

-18 1 L 1 PR |
10 0.01 0.1 1 10

Energy (keV)

FIG. 4. Charge-transfer cross sections for"-CO colli-
sions. O, the present dat&;]l, Rottmannet al.[27]; H, Moran and

100 1000

in their ion beam and estimated its amount approximately
30%. We believe that the amount of the metastable-state ions
in our beam is only a small fraction, perhaps, less than a few
%. Moran and Wilcox assessed the effect of the metastable-
state ion by comparing their result for the ground-state ion
and that for the mixed ions. The rough estimation of the
cross section based on the Olson-Demkov model suggests
that the cross section decreases with decreasing energy due
to the endothermicity of the process. The agreement of the

Wilcox [4]. The solid line corresponds to the present theory, and thgrediction based on the Olson-Demkov model with the
dashed line corresponds to the Olson-Demkov model.

present measurement is reasonably good above the collision
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energy of 2 keV. However, a discrepancy exists below thisvith the present theoretical trend, which predicts a much
energy. Possible sources of the discrepancy are the samemsre significant decrease. These results are significant for
described for H ands CO. More rigorous theoretical study application in fusion research. For CO and £@he present
based on the quantum chemistry calculation for adiabati¢esults are significantly smaller than those earlier measure-
potentials and the close-coupling calculation for collision dy-ments. There is no sizable difference found in the cross sec-
namics is highly desirable. tions between KHand D, targets. These processes are impor-
We briefly discuss the similarity and difference of the tant fpr the better understanding of the plasma diagnostigs at
charge-transfer cross sections for these three-target systenfd€ divertor edge. Though we have carefully chosen the ion-
Because of the difference of ionization potentials for thesdZINg €lectron energy far below the production threshold of
molecules (H, 15.426 eV; CO, 14.014 eV; GO13.773 eV: the metgstable Cions, there is a slight chance that the
and C, 11.260 e) the magnitude of the charge-transfer present ion beam may not be comple_tely free from the meta-
cross sections is in the order of GECO>H, at above 3.5 stable ions. To some degre_)e, vibrational e;xmt_ed molecules
keV. Obviously their energy dependence is slightly different MY contribute to the experimental overestimation of all the

As the incident energy increases above a few 10 keV th&l0ss seqtions at lower en_ergies. Further gxperiment_s em-
difference in the ionization potentials would make only aploylng high-purity electronic ground-state ions and vibra-

small effect for charge transfer within the present moleculattlglnealt(?r\?eurir;s_ztﬁt?er:jicu'ar targets would be highly desir-
systems. However, the geometrical size of the molecul& '

would then influence charge transfer more significantly.
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