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Toshio Kusakabe and Kensuke Asahina
Department of Nuclear Engineering, Kinki University, Higashiosaka, Osaka 577-8502, Japan

Jiang P. Gu, Gerhard Hirs¢hRobert J. Buenker, and Mineo Kimdra
Theoretische Chemie, Bergische Univelsitaesamthochschule Wuppertal, D-42097 Wuppertal, Germany

Hiroyuki Tawara
Department of Physics, Kansas State University, Manhattan, Kansas 66506-2601

Yohta Nakai
Atomic Energy Research Institute, Kinki University, Higashi-Osaka, Osaka 577-8502, Japan
(Received 23 December 1999; revised manuscript received 11 April 2000; published 14 November 2000

Charge-transfer processes resulting from collisions dfibhs with H,, D,, CO, and CQ molecules have
been experimentally investigated in the energy range of 0.2—-4.0 keV by using the initial growth-rate method.
Theoretical analysis based on a molecular-orbital expansion method,fandHCO targets was also carried
out. The observed cross sections are compared with previous experimental and theoretical data. The present
results for H are found to be in excellent accord with the recommended data by B@@ttRidge National
Laboratory Report No. ORNL-608@.990], and hence, confirm the accuracy of the recommended data. But,
at 0.2 keV, the present data fop, Bre found to be smaller than those fos. or the CO molecule, the present
data qualitatively agree well with most previous measurements, but show the stronger energy dependence,
while the present theory shows a pronounced structure at around 0.25 keV and ties well with other low-energy
measurements below 0.1 keV. For the O@olecule, the present results are in excellent accord with other
measurements above 1 keV, while they show some differences below this energy where our experimental
result displays the stronger energy dependence. These data are useful for various applications.

PACS numbds): 34.50-s, 34.20.Mq, 34.76-e

[. INTRODUCTION charge-transfer processes, thus initiating a variety of a chain
of chemical reaction§3].
Since a proton (i ion) is one of the most fundamental ~ Although many investigations have been performed on
and important charged particles in the universe, the knowicharge transfer of Hions in collisions with various gas
edge of its interaction with various types of matter consti-atoms and molecules, cross section data are still fragmentary

tutes the essential part of basic atomic and condensed-mat rpd are not consistent with each other. This is particularly so

hvsics. Amona many interactions and dvnamical processeio’ carbon-containing molecules, and more systematic deter-
physIcs. 9 y y P Thination of charge-transfer cross sections is needed for fur-

the charge-transfer processes of kbns in collisions with ther better assessment of available déts].

H, and various carbon-containing molecules at low collision  on the other hand, theoretical approaches applicable to
energies become more and more important in a number aflow ion-molecule collisions are also scarce because of the
applications such as plasma, material, medical, and astralifficulty for treating the intrinsic multicenter nature of mol-
physical sciences. In the research of the controlled thermaecules accurately. Kimura has calculated the charge-transfer
nuclear fusion, these collisions play a key role in low tem-cross sections of Hions colliding with an H molecule ear-
perature edge plasmas of the current fusion devices witlier based on a molecular-orbital expansion metf&d] and
carbon-coated or graphite-lined walls as plasma facing mahas applied it to other collision systef&9]. In our previous
terials [1]. Also, collisions of H ions with hydrogen and studies for C ions in collisions with various molecules, the
various carbon-containing molecules are critical in undertheoretical calculations are found to be reasonably in good
standing features in plasma-based material production. |Agreement with the measurement and provide much insight
medical sciences, proton and other heavy-ion beams haw scattering dynamicfl0]. _

been successfully employed for the treatment of deep-seated !N the present experiment, we determine charge-transfer
malignancy[2]. For the astrophysical environment, needlesscross sections of Hions colliding with the H, D,, CO, and

to say, the cosmic ray and solar wind contain a sizablécO, molecules in the energy range of 0.2-4.0 keV by ap-

amount of protons, which are involved in various types ofPlying an initial growth-rate method to the product atomic
hydrogen by charge transfer. The specific processes we are

concerned with are, with their asymptotic energy defects:

:Deceased. _ o H*+H,,D,(vi=0)—H(1s,29)+H,",D,"(v;=0)
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H™+CO(v;=0)—H(1s,29)+CO"*(v4=0)—0.4155 eV, function of the target gas thickness.
2 The statistical uncertainties of the cross sections are a few
percent for most of the present work. Systematic uncertain-
H*+COy,(v;=0)—H(1s,2S)+CO," (v;=0)—0.1746 eV, ties due to the determination of the target thickness, the tem-
(3) perature of target gases and so forth are estimated to be from
10.6 to 19.7% for determining the absolute cross sections. In
where v and v are the quantum number for the initial and general, the peak width on the charge spectrum measured
final vibrational states, respectively. These collision pro-With the MCP-PSD becomes broader as the incident ion en-
cesses are endothermic with appreciable energy defect, agfidy decreases, so that the systematic uncertainty due to the
hence cross sections are expected to be rather sensitive to thetermination of region of each peak onto the charge spec-
incident energy. trum is estimated to be large at low collision energies. Total
We have also carried out a theoretical analysis for underexperimental uncertainties of the absolute cross sections are
Standing collision dynamics for Charge transfer O‘f bns given as the quadratic sum of these uncertainties involved.
colliding with H,, and CO molecules at low kinetic energies
below a few keV by using the molecular-orbital expansion
method. Olson has derived a simple formula for evaluating
and assessing charge-transfer cross sections by singly Molecular statesTwo sets of calculations for molecular
charged ions in collisions with an atomic target based on thelectronic states were carried out. However, details of each
Demkov-type approximatiofil1]. This is widely employed approach have been described earlier and only a summary of
successfully to guide experimental studies. In order to assegach approach should suffice for the inclusion in this paper
the applicability of this useful formula to molecular targets, [6,8]. (i) For H,, the adiabatic potential energies fog Hare
we have also applied this approach. The present cross sesbtained by a configuration interaction method modified by
tions are compared with the previous experimental and thean inclusion of a pseudopotential to treat (15 X 129) as
oretical results, and we discuss the origin of discrepanciean elongated atom, thus replacing a two-electron system by
and propose the best-suggested values of cross sections. an explicit one-electron problefil7]. This approach has
been proven to be reasonable for an intermediate-to-high en-
Il EXPERIMENTAL SETUP ergy region[18]. Thg pseudopotential used is_ of Ga_ussian
type. Slater-type orbitals are employed as basis functions and
A detailed description of the present experimental appalinear combinations of Slater determinants are used for con-
ratus and methods has been previously giMEn12,13 and  structing molecular wave functions. The present asymptotic
so some essential features will be briefly mentioned here. energies of the adiabatic potentials are better than 0.2% com-
A proton beam produced by 30 eV electron impact frompared with those of experimeft9]. The nonadiabatic cou-
H, molecules into an electron-impact ion source was maspling matrix elements are evaluated numerically by using the
analyzed with a Wien filter and introduced into a 40-mmwave functions obtained abovéi) For CO, the potential
long collision cell with 0.5-mm diameter entrance and acurves of the singlet states are obtained by the multireference
3.5-mm diameter exit apertures. The target gases of highingle- and double-excitatiofMRD-CI) configuration inter-
purity (>99.95% were fed into the cell and the gas pressureaction method 20,21], with configuration selection and en-
was measured with a sensitive Pirani galigd] that was ergy extrapolation using the Table CI algorith22]. In the
calibrated with an MKS Baratron capacitance manometerCl calculations, the two lowest molecular orbitéldOs) are
The front and main chambers were evacuated down to thalways kept doubly occupied, whereas the two highest ones
base pressure less than aboxtB ° Pa by a 500-I/s turbo- are discarded. A small selection threshd®@3] of 0.32
molecular pump and & &ryopump. The ions emerging from X 10 ® Hartree has been used in the present treatment. The
the cell after collisions were charge-separated with the elearadial coupling matrix elements are obtained using calculated
trostatic parallel plates and sent into a position-sensitive deMRD-CI wave functions by a finite-difference methfz#|
tector consisting of a microchannel plate and a resistive anwith an increment of 0.00Gg,.
ode (MCP-PSD. The output signals from both ends of its  Scattering dynamicsA semiclassical MO expansion
anode were converted to the position information in an anamethod with a straight-line trajectory of the incident ion was
log divider[15,1€ and recorded on a pulse height analyzeremployed to study the collision dynamics above 30 €W/u
as the charge distribution of ions after collisions. Peak areal this approach, the relative motion of heavy particles is
corresponding to the singly charged primary ions and prodtreated classically, while the electronic motion is treated
uct energetic neutral particles were integrated. It may be safguantum mechanically. The total scattering wave function
that relative detection efficiencies of the MCP-PSD were thavas expanded in terms of products of molecular electronic
same for both the singly charged ions and neutral particles astate and atomic-type electron translation fact&@$Fs, in
the front end of the MCP was grounded. After subtractingwhich the inclusion of the ETF satisfies the correct scattering
dark current noises of the MCP-PSD, the fractions of singlyboundary condition. Substituting the total wave function into
charged ions and of neutrals &nd iy were determined as a the time-dependent Schiimger equation and retaining the
function of the target gas thickness. The electron captur&€TF correction up to the first order in the relative velocity
cross sections were derived based upon the growth-rateetween the collision partners, we obtain a set of first-order
method by fitting the observed fractiong #© a quadratic coupled equations in time t. Nonadiabatic couplings drive

IIl. THEORETICAL MODEL
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10°F wide range of the collision energy over the decades, only the
data recommended by Barn¢tt] are shown(the double-
— dotted line in Fig. L In this collision system with the rela-
g tively large endothermicity, the charge-transfer cross sec-
g tions increase monotonically with the collision energy. The
g 10" present data are found to be in good agreement with the
2 recommended data of Barnett, except for that at 4 keV,
e which is slightly smaller. It should be noted that below 0.15
© S0 ; keV, the cross sections could not be accurately evaluated
7 / through the present growth-rate method. Indeed, as the target
107 i . . 3 density is increased, not only the peak width of kdns in
0.01 0.1 1 10 100

the charge-distribution spectrum observed with the MCP-
PSD became too broad but also the intensities of the primary

FIG. 1. Charge-transfer cross sections fof idns in collisions H™ ions passing through the collision cell decrease appar-
with H, molecules. Experimen®, Present data: the rec.  €ntly due to their large angle scattering. Then the fraction of
ommended value of Barnefd]. Theory; hexagon with dot, the Product H atoms was found to be not prOPortionf_ﬂ' to the
present calculation based on the MO metheei—, Kimura [6]; target thickness anymore at 0.15 and 0.1 keV. This feature

Energy (keV)

——, Olson formula[11]; M, Baeret al.[26]; —-—, Kuang[27]; seems to agree with the elastic scattering cross sections in
----, Grozdanov, Janev, and Krs{i2g]. H*+H, collisions that increase as the collision energy de-
crease$25].

transitions between molecular states. By solving the coupled The earlier calculated results of Kimuf@] and the
equations numerically, we obtain the scattering amplitudegresent additional calculation, which extended the previous
f_or transition_s: the square of_ the amplitude giygs the tra”Siapproach to cover lower energies from 0.15 keV to 60 eV
tion probability, and_ integration of the_probablllty over the using the MO method, are found to be in excellent agreement
impact parameter gives the cross section. with the present data, except for those at the energies below

thesliziestri\gcrlggliiljgr tgtztggniﬁglﬁg dcﬁictwgt:joynn;(rﬁgg: cal 0.3 keV. As the collision energy decreases below a few hun-
culations are[H" +Hy(X 129)] for the initial channel, and dred eV, the present theoretical model based on the fixed

[H(1S+H,"(1s0,) and [H(1§+H,"(2sm,)] for charge- nuclei approximation becomes inappropriate because the vi-
transfer cZ:hannegIs andii) for tﬁe HCUU the initial brational time becomes nearly comparable to the collision
channel [H++C6(X 15 )] charge-tran'sfer channel time, and hence the model breaks down. Note that the
[H+CO"(X 25%)], and cr;arge-transfer and excitation present MO calculation includes vibrational excited initial

channe[ H+CO™ (2I1)]. Vibrational levels for final prod- and final states in the range of>0-3 and y=1-10, al-

ucts are considered for both systems by adjusting the ionizaigoﬁghsgiiﬁgg:”b#t;%nJgotglf;fc';éﬂg :ilcr)]r?l ()S]}a;:]eelscrfglsjgdsec_
tion potential for each product. Y.

tions in which vibrationally excited states are resolved was
carried out by Baer, Niedner-Schatteburg, and Toer|i2iék

at only a single energy of 30 eV using the infinite-order
A. Cross sections for B and D, targets sudden approximation. The result thus obtained seems to be
. I too large by nearly an order of magnitude, compared with
The cross sections fornolecules are shown in Fig. 1, yh,qe recommended values by Barnett. The calculated cross

tpgether with other measurem.ents.and theoretical predics'ections based upon the Olson formjda] are also included
tions, and numerical data are given in Table I. As a numbe[, gy 1 a5 a reference. This formula is considered to be

of measurements for this target had been reported OVer @sef| for some cases in providing the overall general feature
of cross sections for molecular targets. For the present

IV. RESULTS AND DISCUSSIONS

I@BLE . Charge-tra_nsfer_ cross sect_|on(an units _ of H* +H, collisions, however, the results obtained by this for-
10~ 8 cm?molecule) for H ions in collisions with H and D, mol- . .
ecules mula appear to overestimate the experimental values at least
i 20% at intermediate energies. Also, both the calculations of
Target molecules Kuang[27] by the modified two-orthogonal state expansion
Ener method and the two-state model calculations of Grozdanov,
aqy .
(keV) H, D, J_anev, and Krst|_¢28] dr_op rather sharply at Iov_ver energy
sides, and seemingly fail to reproduce the data in the present
0.20 0.69%0.125 0.41%0.083 energy range. The result of Grozdanov, Janev, and Krstic
0.30 1.05-0.19 appears to flatten out at the higher-energy side above 7-8
0.45 1.99-0.36 1.43-0.29 keV, which is due to a smaller basis size they used. Never-
1.0 4.14-0.44 4.02-0.55 theless, a simple atomic-orbital expansion method is known
2.0 6.07:0.64 6.52-0.90 to be inappropriate for correctly describing the dynamics for
4.0 7.56-0.80 8.3721.15 low-energy collisiong 7], and hence, their failure is not sur-
prising.
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10 T i T T ] TABLE Il. Charge-transfer cross section§in units of
B D +H.D " ¥ 10" *6cm?/molecule) for H ions in collisions with CO and CQ
o v o &7 a molecules.
g e
2 o s
= %2 Target molecules
2 10l &"/0 | Energy
§ 'ﬂf/i’ (keV) CO CO
1] "’
g et i 0.20 18.9:2.6 21.0:2.9
v, 20 000 0.30 18.8-2.6
?vvvvv@% S 0.45 15.5:2.1 14.6£2.0
107 %% |
v . . . 1.0 13.5:1.5 12.8£1.4
0.01 01 ! 10 2.0 14.3-15 12.201.3
Energy (keV/u) 4.0 13.8:15 11.5-1.3

FIG. 2. Comparison of the charge-transfer cross sections for
hydrogen ion and molecular isotopes collisios.the present data
(H*+H,); O, the present data (H+-D,); —--—, the recom-
mended value of Barneftd]; ¢, Cramer and Marcus (D+D,)
[29]; &, Cramer (H+H,) [25]; A, Abbe and Adloff (H +H,)
[30]; A, Abbe and Adloff (D'+H,) [30]; O, Berkner et al.
(D*+H,) [31]; V, Maier Il (H"+D.) [32].

the trajectory surface hopping method as well as based on
the experiment for H+D,, D"+H, and D" +D, collisions
below 20 eV(the center-of-mass energylrhey have found
that above a few eV, charge-transfer processes dominate.
The charge-transfer results of Abbe and AdI¢&O0] for
H*+H, and D"+H, collisions are nearly the same from
0.25 keV to 2 keV regardless the projectile. Their results for
In Fig. 2, the present cross sections of the charge transf@joth projectiles, however, begin to diverge from the rest of
of H" ions in collisions with hydrogen isotopes,ldnd D, the data above 1 keV in which their results are smaller by
molecules are compared with those previously measured fQf0os at 2 keV. Maier 11[32] measured the charge-transfer
different isotope combinationf25,29-32. The projectile  cross section for Fi+D, collisions below 0.04 keV. As can
energy per nucleon in the laboratory frame is used to plobe seen in Fig. 2, however, his data shows the decreasing
these data for different isotope projectiles. The general trengtend with the increasing collision energy, and appears not to
of the cross-section dependence on the collision energye in with any other data at above 0.05 keV. In summary, for
seems to be similar to that shown in Fig. 1. Since the differsome measurements, the cross sections for &li-H,,
ence of the binding energy of an electron betwegrahtl D,  H*+D,, D*+H, and D" +D, collision systems are found to
is merely 41 meV, there is, within their experimental uncer-show a sizable difference even at the present intermediate-
tainties, practically no difference in the present cross sectiongnergy region, which may or may not be real. Therefore,
between H+H, and H" +D, collisions at energies above further stricter studies are very important to examine if there
0.45 keV. However, it is very intriguing to point out that the js any strong isotope effect in this energy domain, and if any,
cross sections for H+D, collisions at 0.2 keV are found to then how much the isotope effect plays a role in the charge
be about 40% smaller than those fof #HH, collisions. This  transfer of hydrogen isotope ions at low energies.
difference due to the isotope effect is outside the uncertain-
ties in the present experiment, and therefore, we regard this
difference as real. The similar appearance of the isotope ef- )
fect even at intermediate energy has been found e§8gly ~ The present cross sections of charge transfer of tﬁ_e H
and this is due to the difference of the vibrational energyions in collisions with CO and COmolecules are listed in
between two isotope molecules. The magnitude of the dataable Il.
for D* +D, collisions measured by Cramer and Mar¢29]
are about half of those for H+H, collisions by Cramef25].
This difference appears to be too large, and is somewhat The present cross sections of the charge transferof H
puzzling since the isotope effect is not expected to be sions in collisions with CO molecules are shown in Fig. 3,
significant in this collision-energy region, and a careful ex-together with those from earlier publicatiof81,38—45.
amination of their experiment is necessary. Except for theNote that data for D ions by Berknetet al.[31] are plotted
present result, other measurements including the differentiat the equivalent proton energy. As the collision energy in-
cross section for charge transfer if HHH, and D, collisions  creases, the present charge-transfer cross sections decrease
at keV-energy regiofi34] indicate practically no noticeable very slowly up to 1 keV and then level off up to 4 keV and
difference for charge-transfer cross sections between twfinally, are smoothly connected with the data at high energies
isotopes at the present energy. Below a few tens of eVpf Chamberd40], McNeal[42], and Gaoet al. [45]. There
chemical reactions, such as the particle exchange or reaappears to be a shoulder in the cross section around 2 keV,
rangement processes, become dominant and should influenard this shoulder becomes more pronounced fog &0dis-
the charge-transfer cross sectiof32,35—-37. For these cussed below. The agreement with other experimental data,
low-eV collisions, Schlier, Nowotny, and Teld6] inves-  except for those of Gilbody and HastEg8], is found to be
tigated charge-transfer and rearrangement processes basedgemerally good.

B. Cross sections for CO and CQ targets

1. CO

062714-4
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FIG. 3. Charge-transfer cross sections fof idns in collisions FIG. 4. Charge-transfer cross sections fof idns in collisions
with CO molecules®, the present datd}], Gilbody and Hasted yith CO, molecules.®, the present datall, Desequelleset al.
[38]; ¥, Gustafsson and Lindhol39]; +, Chamberq40]; H, [41; ----- , Koopman([46]; I Coplan and Ogilvid47]; ¢, McNeal
Desequellest al.[41]; X, Berkneret al.[31]; O, McNeal[42]; A, [42]; A, Ruddet al. [43]; diamond with cross, Gaet al. [45]; B,
Ruddet al.[43]; *, Joneset al.[44]; diamond with cross, Gaet al.  Greenwoodet al. [48]. Theory; ——, Olson formula[11]; -,
[45]. Theory; hexagon with dot, the present calculations based 0fghnson and Parké49].
the MO method;—, Olson formula[11].

2 keV show monotonic dependence on the collision energy.

The present calculations for CO molecules based on th&he origin of the shoulder at around 0.3 keV is not clear, but
MO expansion method, with the vibrational ground-stateit is highly likely that a few different channels contribute to
molecule, show excellent agreement with the present medhe charge transfer that show different energy dependence,
surement in the entire energy region. If we consider the vihence causing some structures when they are summed. Or,
brationally excited molecule of;¥ 1 in the initial channel, another interpretation is that the lowest vibrational excitation
the charge-transfer cross section is found to increase by 20%gr this molecule is th€010) bending mode with the thresh-
thus suggesting the importance of the temperature effect. Agld of 0.08 eV. At the room temperature, th@10 vibra-
the temperature increases above the room temperature,tignally excited CQ molecule constitutes about 16% of the
number of the vibrationally excited molecules is not negli-total number that is a non-negligible amount. If the molecule
gible, and hence their effect should be properly accounted fog in a vibrationally excited state, it reduces the energy defect
in the calculation. Below 0.2 keV, the theory indicates theto increase the near-resonant condition, hence making the
decreasing trend, and they appear to tie up well with thos€harge-transfer reaction more favorable. This might cause
measurements by Gilbody and Has{&8], and Gustafsson the increasing trend at lower energies. As seen before, we
and Lindholm[39] at lower energies. The present theory alsohave found that there is a similar shoulder around 2 keV in
suggests a strong molecular orientatitsterig effect for  the case of the CO molecule. Because of the smallest energy
charge transfer. It is important to examine both the steriglefect among the three molecules studied, thisH&0O, col-
effect and temperature effect for understanding chargelision system satisfies the near-resonant condition, and
transfer processes. The calculated values using the Olson fdience, the cross section does not show any hint of the de-
mula with the assumption that the target molecules are in therease even as the collision energy reaches around 0.2 keV.
vibrational ground state after collisions;&v0) are larger in  This feature is in strong contrast to other molecular targets in
the entire energy region studied, but lie near the present dathis study. It should, however, eventually do so at much
from 0.2 keV to 10 keV. However, they overestimate thelower energy because of the endothermic reaction. The cal-
values below 0.3 keV and above 20 keV rather significantlyculations based upon the Olson formula for the vibrational
In addition, this formula does not reproduce the structureground state are larger than the present observed cross sec-

seen in the present experiment at around 0.2 keV. tions, but predict a near-resonant feature for this collision
system down to 0.1 keV because of the small energy defect
2.CO, as described. Johnson and Parf49] have dealt with this

) ) collision system in more details taking into account the ori-
Figure 4 shows the present cross sections fop @0l enation of CQ molecules explicitly and their results show a
ecules, together with earlier measuremedts—43,45-48  gimijar amplitude and energy-dependence to those from the
The present cross sections show some interesting collisionyson formula. Both calculations show simply a monotonic

energy dependence: As the collision energy increases, th&.rease of the cross sections, and fail to reproduce the struc-
present cross sections decrease relatively steeply up t0 0.4%¢ gbserved in the present experiment.
keV and then the variation becomes much gentler beyond

this energy. Finally, the present results are connected
smoothly to the data at high energies of McNp&Z], Gao
et al.[45], and Greenwood, Chutjian, and Sm[i#8]. On the We have investigated charge-transfer processes from four
other hand, the data of Koopm&#6] at low energies below molecules, H, D,, CO, and CQ in the energy region from

V. CONCLUDING REMARKS
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0.2 keV to 4 keV. We believe that the present measurement@ctor of 2 Kimura considered in his original papé], and
are accurate within 10-20% for all systems and in the entirgvrongfully compared them.

energy region, hence providing benchmark data for use for

the normalization of relative data and other applications. We
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