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Experimental and theoretical studies of one-electron capture in collisions?fibtes with H,O molecules
have been carried out in the range 0.025-12 keV ansorresponding to typical solar wind velocities of
70-1523 km s Translational energy spectrosco@ES), photon emission spectroscof§ES, and fragment
ion spectroscopy were employed to identify and quantify the collision mechanisms involved. Cross sections for
selective single electron capture ime 1, 2, and 3 states of the Hén were obtained using TES while PES
provided cross sections for capture into the*(2g) and Hé&(3p) states. Our model calculations show that
He*(n=2) and H&(n=3) formation proceeds via a single-electron process governed by the nucleus-electron
interaction. In contrast, the Flgls) formation mechanism involves an exothermic two-electron process driven
by the electron-electron interaction, where the potential energy released by the electron capture is used to
remove a second electron thereby resulting in fragmentation of $e olecule. This process is found to
become increasingly important as the collision energy decreases. The experimental cross sections are found to
be in reasonable agreement with cross sections calculated using the Demkov and Landau-Zener models.
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[. INTRODUCTION ciation products. The density distribution of cometary water
molecules is thus closely linked to the heliocentric distance
Cometary X-Ray and far-ultraviolet emissions are pro-of the comet. The probability of a solar wind ion reaching the
duced when multiply charged ions in the solar wind collidewater vapor dominated region depends on the sublimation
with neutral particles in the comld]. The resulting charge rate from the comet and the electron capture cross section of
exchange spectra can be used to probe solar wind propertigze ion involved. In practice, water vapor plays a major role
such as the velocity, density, and composition as shown prén almost all of scenarios where solar wind helium ions in-
viously [2-4]. To make full use of the diagnostic qualities of teract with cometary atmospheres. _ .
comets as solar wind probes, experimental data on typical An understanding of the interaction of alpha particles with
comet-solar wind collision systems are essential. Although120 molecules is also directly relevant to a detailed under-
some experimental and theoretical work exists, many majoftanding of radiation damage in biological systems. The in-
data gaps still need to be bridgEsl. One of the most strik- duction of DNA smglt_a and double strand b.reaks is to a'Iarge
ing gaps is the lack of knowledge on the interaction of alphaex.tent due to _the action of_secondary particles formed in t_he
sul\)/?i/rr:fa?ecc;wgtfa?ggrglim;hgfsgar\]é r;;:r lerjrr:]zl%e ;gusrfgrttsr}élgmentation and ionization of water molecules by alpha

; . articles is an important prerequisite for building micro-
comet, the nucleus of which produces mainly water VapOrg onic models.

The spatial extent of the molecular cloud formed is deter- In this paper we present, a comprehensive set of experi-

hmined prima;]rily tﬁ' t_he solar radia(tjion.fri]eI((:j.SBHand é)g mental data and theoretical predictions for state selective
ave very short lifetimes compared wit » 1, and Y SOyne_glectron capture by Reions in H,0 at velocities typi-

that, whereas the inner regions of the coma consist mainly of ;" t5;  the solar wind (70-1523 km s or

water vapor, the outer regions are populated with its disso;0_025_12 keV amt). The experimental data have been

obtained in four independent laboratories using the experi-
mental techniques of translational energy spectrometry
*Permanent address: MTA ATOMKI, H-4001 Debrecen, Hungary.(TES), photon emission spectroscopES, and fragment
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Energy change (V) FIG. 2. Photon emission spectra for one-electron capture in

N He?*—H,0 collisions observed at two different velocities. The fol-
FIG. 1. Energy change spectra for one electron capture By He lowing emission features are indicated: |—second order of

ions in KO at thrge representative energies recorded by the QU%|ell (4p-19) at 24.3 nm: ll—second order of He(3p-1s) at 25.6
and WMU translational energy spectromet&se text nm: lll—He (12p-18) at 58.4 nm; IV—second order of

Heu (2p-1s) at 30.4 nm.

ion spectrometry(FIS). Previously, only total electron cap- Il. EXPERIMENTAL METHODOLOGY
ture cross sections were availapte-8] and these have been
combined to provide a set of recommended cross sections for
both one- and two-electron capture in the energy range Two TES spectrometers were employed in this work. At
0.05-5.19 keV amt [9]. Measurements of state selective Queen’s University, BelfasttQUB) measurements were car-
single electron capture processes for théHel,0 system ried out in the energy range 250-2000 eV amwhile at
were carried out by Abu-Haijat al.[10], using translational Western Michigan Universitf WMU) measurements were
energy  spectrometry (TES in the range of carried out in the energy range 25-375 eV amun the
25 to 375 eV amtt. Dissociative transfer ionizatiofDTI) ~ QUB measurements, Aeions were produced by an ECR

was found to become more important than nondissociativéon source while the WMU experiment employed a recoil ion
processes as the impact energy was decreased. source. Full details of these spectrometers and measurement

procedure have been given in previous publicatifiis12
and references therein. Only a brief summary of the main
features need be given here.

TABLE 1. Product channels and corresponding energy defects The TES measurements rely on careful measurements of

A. Translational energy spectrometry (TES)

for one-electron capture by Fieions in HO. the differenceAT between the kinetic energy of the He
primary ion and the fast forward-scattered*H®oduct ion.
Product channels Energy defe¢®/)  The identification and determination of the relative impor-
~ tance of the collision product channels characterized by en-
F (e + A2 —7.79—10.61 ) . :
He" (n=3)+H,0 [szl] ergy defect\E was carried out with an energy resolution of
He™ (n=3)+H,0"[XB,] —6.57—17.35 1 eV (full width at half maximum. The angular acceptance
He* (n:2)+H20+[§ZBz]D OH*,0"  H* —4.50—5.11 of the product ion energy analyzer was 3° for the QUB
He' (n=3)+H,0°B%B,] —3.57—6.39 measurements and8° for the WMU measurements.
. o 0.23--3.05 Figure 1 shows three representative energy change spectra
He™ (n=2)+H,0"AA, ] : : from the QUB and WMU translational energy spectrometers.
He* (n=2)+HZO+[§<ZBl] 0.20-0.98 Analysis of the position and magnitude of the peaks in the
He" (n=1)+H,0%°B,]+e 17.90 observed energy change spectra enables identification and
He' (n=1)+H,02''A,1B]+e 12.40-14.40 dﬁtermiri_tiobr? Olfl'tr:e tLelative _(t:)?ntribltj_tipn of ((ajacrg ;?]roduclt
He (n=1)+H,02(2)'A,]+e 9.10 channel. Table | lists the possible collision product channels

with energy defects which correlate with the observed peaks
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in the energy change spectra for one-electron capture bsource, with energies between 1.5 and 12 keV dnwas
He?* ions in H,0. Energy levels for the relevant,B* states  crossed with a neutral gas jetee Ref[16]. A VUV spec-

and their associated vibrational energy distributions were obtrometer(5-80 nm was used to record the emission spectra
tained from photoelectron spectroscopy measureméi®s  following charge exchange. Absolute wavelength and sensi-
and, for the HO™ states, from the photo ion—photo ion co- tivity calibration of the VUV system was achieved by cross
incidence measurements of Richardgbd]. The He energy  referencing previous measurements on systems with well es-
levels were obtained from the tabulations of Bashkin andgpjished cross sectiorisee Ref[17]). The spectrometer is
Stoner[15]. The sum of the relative yields of the individual equipped with a position sensitive detector allowing for the

capture processes resulting in‘He=1), He" (n=2), and gy yitaneous detection of a wavelength window of approxi-
He* (n=3) formation, identified in the QUB energy change mately 20 nm.

spectra, were normalized to the recommended total one- |0 representative spectra for collisions betweer?*He
electron capture cross sections of Greenwebdl.'[Q]. The and water vapor are shown in Fig. 2. Note that theliHe
WMU ‘?'a‘a for He (n=1) and Hé (n=2) formation were Lyman series is observed in second order, therefore the
determined from absollu.te measurements of the target Pregia, (2p-1s), Hen (3p—1s) appear at 60.4 and 51.2 nm, re-
sures and detector efficiencies. spectively. Emission from higher H&np) states is detected
(around 48 nm At 58.4 nm, the He(1s2p-1s?) transition
is observed which results from simultaneous a two-electron
In the photon emission spectroscofBES experiment at  capture process. The spectra are clearly dominated by the
the KVI, a H&" ion beam, extracted from an ECR ion Heun (2p-1s) line emission.

B. Photon emission spectroscopy (PES)
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% 10 l H,0(2p") %10 = FIG. 4. (a) Correlation diagrams of molecular
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RN AL @ @'@QQ' T j TABLE Il. Absolute cross sections for transfer ionizati@r) in
10 | ,ﬁﬁ @ii He?*-H,0 collisions obtained by subtracting cross sections for
C s 8 §§ ] double capturéDC) from our measured surfT|+DC) as detailed
[ i in the text. Cross sections DC are interplated values from the data
- . of Greenwoocet al.[9].
§ | %i o ] Energy TI+DC DC TI
2 } (keV amu?)  (10-16cm2  (10%cn?)  (107%cn?)
i '% E 0.33 7.89 5.60 2.29
'§ i 1 0.67 7.01 4.11 2.90
- L 1 1.00 7.26 3.51 3.75
é B 1 1.33 6.81 3.18 3.63
- 1.67 6.48 3.03 3.45
3.33 7.08 2.89 4.19
0.1 '} E 5.00 6.48 2.80 3.63
L sl il el h 6.67 6.70

0.1 1 10
Energy (keVamu'™)

. + + +
FIG. 5. Cross sections for one electron capture by*Hens in Peak labeled oxygen: 5@2 - 9 +H"+H°and
H,O. Total cross sections: open squares, Redldal. [6]; open — OH'+H*,
circles, Greenwooet al.[9]; open triangles, present work. Capture
into He" (n=2) states: closed circles, QUB; closed triangles, WMU.

-0- 2 0

Heu (2p-1s): closed diamonds, KVI. Capture into Hén=1) state: Peak labele@=0: H,0*" — O°+H"+H",
closed squares, QUB; inverted triangles, WMU. Transfer ionization:

circles with cross hairs, HMI. Theory: solid line, Hen=2) forma- Peak labele@=1: H,0*" — OH*'+ H_+ and

tion; dashed line, He(n=1) formation.
— O +H"+HC.

Note that the peak labeled oxygen is formed by the slow
fragment ions O and OH, while the other peaks are formed

The fragment ion spectrometéFIS) at HMI has been by H*. With the present experimental techr_lique we cannot
described by Pegiet al.[18] so that only a short description Separate the fragments'@nd OH, both of which contribute
will be given here. H& ions in the energy range to peaks labeled oxygen. Dug to their relatively small energy,
0.25-5 keV amtt were produced by a 14.5-GHz ECR ion W€ expect a low dete.ctlon efficiency for'@nd OH ions so
source. The experimental chamber contains an electrostaif®y Will not be considered further.

parallel-plate spectrometer with a relative energy resolution " Fig: 03 thf FIS speitra are plotted for the observation
of 5% and an angular resolution of 4°. The spectrometer wagngdles 25°, 90°, and 135°. The observed structures are rather

rotated from 18° to 135° with respect to the incident ion-Similar while the overall intensity is found to be anisotropic
beam direction. The absolute efficiency of the spectromete\f‘"tr‘ a spectral enhancement in the angular range from 70° to
was calibrated by reproducing data from previous measure20”- To obtain total cross sections for the production 6f H
ments[18] where a detailed description of the normalization Tagments, the experimental data were integrated over the

procedure to determine absolute cross sections has also be@H"9Y range from 3 to 35 eexcluding the oxygen peak
reported. and, subsequently, over the emission angle. Our measured

The spectra of ions measured using the FIS method corz'0SS sections are determined by mechanisms involving the
tain dominant peaks in the energy range from 0 to about 3§€moval of two electrons from the @ molecule through
eV as shown in Fig. 3. The spectral structures are associatdipnsfer ionizatior(Tl) and double capturéDC):
with Coulomb explosior{CE) mechanisms after removal of pe2+ 4,0 — He? + H,02* (DC) — He' + H,0%* + e (TI).
two electrons from the FO molecule. The kinetic energy
distribution of the detected ions is interpreted within a sce-To obtain cross sections for Tl, leading toH@=1) forma-
nario where two or more electrons from the molecule ardion, the DC cross sections measured previously by Green-
suddenly removed by the incident ion so that the moleculavoodet al.[9] have been subtracted from the present results
becomes unstable and dissociates into charged and/or neutfarf the cross section sum TI+DC. The Tl cross sections ob-
particles. Then, knowing the initial separations of the atomdained in this way are shown in Table Il and plotted in Fig. 5.
in the H,O molecule and treating the ions as point chargesUncertainties in the Tl data are estimated to=h25%.
one can calculate the kinetic energies of the fragments. Thus
the following fragmentation channels are identified and the
observed fragments from each channel that contribute to the In the theoretical treatment we consider two types of cap-
peaks in Fig. 3 are underlined: ture mechanisms. First, transitions between quasiparallel po-

C. Fragment ion spectroscopy (FIS)

IIl. THEORETICAL DESCRIPTION
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TABLE IlI. Cross sectiongin units of 1016 cnm?) for one-electron capture by Fieions in H,0 leading
to He" (n=1), He" (n=2,) and H& (n=3) formation measured using the TES and PES techniques.

Energy TES(n=1) TES(n=2) TES(n=1) TES(n=2) PES(2p-1s) TES(n=3) PES(3p-19)
(keV/amy  (WMU) (WMU) (QUB) (QUB) (KVI) (QUB) (KVI)

0.025 0.84+0.13 0.10+0.01
0.050 1.40+0.17 0.23%£0.03
0.075 1.57+0.18 0.41+0.05
0.100 1.94+0.19 0.61+0.07
0.125 2.30+0.24 0.88+0.10
0.150 2.40+0.23 1.11+0.11
0.175 2.42+0.23 1.28+0.14
0.200 2.26+0.23 1.73+0.19
0.225 2.14+0.20 2.00+0.19
0.250 1.99+0.19 2.31+0.23 2.56+0.35 1.98+0.31 0.04+0.01
0.275 1.96+0.21 2.41+0.27
0.300 2.02+0.23 2.67+0.30
0.325 2.08+0.24 2.90+0.38

0.350 2.07+0.28 3.05+0.45 2.30+0.25 2.92+0.29 0.05+0.01

0.375 2.11+0.29 3.31+0.43

0.500 2.03+0.13 4.20+0.30 0.06+0.01

0.750 2.45+0.43 5.32+0.53 0.12+0.05

1.000 2.80+£0.16 6.18+0.45 0.19+0.04

1.250 2.69+0.38 7.32+0.58 0.21+0.14

1.500 3.45+0.31 7.22+0.64 6.43+0.65 0.39+0.15 0.04+0.01
1.750 3.19+0.13 8.15+0.67 7.22+0.52 0.43+0.26 0.07+0.01
2.000 3.24+0.17 8.62+0.62 7.32+0.53 0.46+0.02 0.07+0.01
2.500 7.75%£0.78 0.07+0.01
3.000 8.54+0.61 0.10+0.01
4.500 9.12+0.92 0.14+0.02
6.000 9.43+0.28 0.18+0.01
7.500 10.12+1.02 0.29+0.03
9.000 8.99+0.91 0.29+0.04
10.50 9.01+0.91 0.39+0.05
12.00 8.30+£0.84 0.50+0.06

tential curves, treated by the model developed by Demkoelectron is transferred into the MO correlated with thel
[19] and second, transitions at curve crossings, treated by tHevel and another electron is ionized. This transfer ionization
Landau[20]-Zener{21] model. The capture mechanisms are(TI) process is produced by an electron-electron interaction,
visualized using correlation diagrams of molecular orbitalswhere the potential energy, liberated by the transition into the
and corresponding potential curves shown in Figa) &nd  deeply lyingn=1 orbital, is used to emit another electron
4(b), respectively. The MO diagram in Fig(a} is useful to  (the sum of potential energies is equal to zein Fig. 4(b),
visualize the different capture mechanisms whereas K. 4 the dielectronic transitions, denotétl ¢), occur at the loca-
shows the transition energies involved. The transitions intdions where the incident channel He H,O crosses a series
the n=2 states of Heoccur at distances near 4 a(gee the of potential curves Her H,0%*(g). This results in the trans-
arrow labeled Rinitiated by the mechanisms considered byfer of one electron of KO to the H&" ion while a second
Demkov [19]. Similarly, Demkov-type transitions into the electron is transferred into the continuum of@H with an
n=3 level of HE occur at about 3 a.ularrow labeled B In  energye.
Fig. 4(b), the Demkov transitions occur at locations where  Since the models of Demkov and Landau and Zener have
the potential-energy difference is equal to twice the interacheen extensively treated in the literature by Salop and Olson
tion matrix elemend/©. [22] and by Stolterfohf23] the theoretical method will only
Population of then=1 level of H& occurs near 2 a.u. as a be briefly described here. Within the Demkov model the tran-
result of a two-electrortdielectronig process in which one sition probability from the initial and final state is given by
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where AE; is the energy difference between the potential .
curves involved and,, is the @dialielocity of the projectile. “
The velocity parameter=(y2l;+2l;)/2 is obtained from j
the binding energiek andl; of the electron in the initial and =
final state, respectively. Since the transition region is passed g
twice in a collision, the double passage probability is evalu- g
ated using the well-known statistical rule of Salop and Olson g o
[22], Pi¢=2pp(1-pp). ©
We recall that the transitions considered here take place at
a specific distancd?; so that one may use a “geometric”
expression for the cross section,
0.0
oyt = Pit(R) 7Re (2 1
which implies thatP;(R)=P;;(R;)=const for R<R. and Enerey (keVame
Pi:(R)=0 elsewhere. FIG. 6. Cross sections for Hgn=3) formation through one-

The Landau-ZeneflLZ) model treats transitions at cross- electron capture in Hé-H,O collisions. Closed circles, TES data;
ings of diabatic states at distanBg In Fig. 4(b) the region  closed diamonds, measuredH8p-1s) photon emission cross sec-
of crossings of the initial states e H,O with various tions; closed squares Hén=3) formation cross sections from PES
(continuum) states Hé (n=1)+ H202+ (e) is labeled(1, &). measurements assuming a statistical distribution of capture irito He
The LZ model evaluates the probabilipy; to remain in the (3s, 3p, and 1) states; solid line, our calculated H&=3) forma-

initial diabatic state in a single crossing, tion cross sections.
2.H2 eV can be correlated with Hgn=2)+H,0* and Hé (n
PLz=exp —- Fv <], 3 =3)+H,0" product channelésee Table). The broad distri-
cVp

bution above 4 eV corresponds to Hg=1) formation with
where the “force”F, is obtained as the derivative of the H,O formed in doubly charged states via an Auger-type pro-
energy difference\E at R.. The dielectronic matrix element cess(see Ref[14]). These doubly charged states are unstable
H.=H{YR)) is evaluated aR. andu,, is the projectile veloc- and subsequently dissociate. Cross sections for the formation
ity, as before. For dielectronic transitions, produced by theof He" ( n=1, 2, and 3 states at energies above

electron-electroried interaction, the matrix element may be 0.025 eV amt' have been determined by normalizing the

approximated by integrated TES energy change spectra at each energy to the
ce ) recommended total one-electron capture cross sections of
Hif = 0.15%“exp(- 0.8&R) Greenwoodet al. [9]. As stated earlier, for energies below
il
[24], wherea is the velocity parameter already given in con- 0-25 €V amd’, the TES measurements by the WMU group

junction with the Demkov theory. were obtained by absolute calibration of the target gas pres-

For p_z<<1 the probability for populating the numbeof sure af‘d detector efficiencies. . .
final states is obtained t’fozl—pE%- The unknown number In Fig. 5 the_measured crois sections for selective capture
of final states was set to be equalits 20. For such a large into the H€ (n=1) and He (n=2) states through the chan-

number the results do not change significantly with increasP®!S listed in Table | are compared with the corresponding
ing v. Therefore the choice afis uncritical for the transition 'esults of the model calculations described above. These

probability. It should be noted that the dielectronic matrix Cr0Ss sections are also tabulated in Table Ill. Since capture

elementsHZ® are relatively small in comparison with the ma- into then=3 levels of H& is insignificant compared with
trix elementsV;® responsible for Demkov-type transitions. :1+and_n:2, we have also Sh°V_V” the sum OfH‘.ﬂzl) a_nd
However, this smallness is compensated by the relative hight€" (N=2) formation cross sections for comparison with the
numberv of final states. After the transition probability is "€commended total cross sections of Greenwebadl. [9].

evaluated, the corresponding cross section is again obtaindd'€ agreement is excellent in the energy region of overlap.
using Eq.(2). However, at energies below 0.2 keV arhwour measure-

ments are seen to fall below the Greenweodl.[9] data. In
the energy region of overlap, the ratio between the PES data
for Hen (2p—1s) and the TES results for Hign=2) forma-

The TES measurements, as illustrated by the three reprdion is in accord with a statistical distribution. The Hen
sentative spectra shown in Fig. 1, enable the relative impor=1) formation channels were observed using the TES and
tance of the various one-electron capture channels to be d&iS techniques. There is good agreement between the TES
termined. The two main features evident in these spectra aresults from QUB and WMU in the energy range of overlap
sharp peaks in the energy change region below 3 eV and and also with the He(n=1) formation data derived from the
broader peak in the region of 4-17 eV. The peaks below ¥FIS measurements.

IV. RESULTS AND DISCUSSION
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4Cross sections for Hgn=3) formation measured using range from 0.025-12 keV ariti Nondissociative capture
TES and our calculated values are shown in Fig. 6. We alsito then=2 states of H&is the dominant channel for col-
include He& (n=3) formation cross sections derived from our lision energies above 250 eV amwvhile dissociative trans-
PES measurements of the H8p—1s) emission cross sec- fer ionization leading to He(n=1) formation dominates at
tions by assuming a statistical distribution over the angulafower energies. Simple model calculations have been applied
momenta. The agreement between the TES and PES datati satisfactorily explain this behavior. Capture inte3
the energy region of overlap is not unreasonable. In additionstates of Hé never accounts for more than a few percent of
despite the simplicity of the theoretical models used there ishe total one-electron capture cross section. Our measured
good general accord between experiment and theory. Theoss sections have also been shown to be in reasonable

probabilities for one-electron capture into the'He=2 and  agreement with cross sections calculated using the Demkov
3) states predicted by the Demkov model, increase with ingnd Landau-Zener models.

creasing projectile energy. This is due to the fact that the
transitions are produced by dynamic coupling effects initi-
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