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Collision mechanisms in one-electron capture by H& ions in collisions with hydrocarbons
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Translational energy spectroscopy has been used to study one-electron capture by 200-2000 eM4mu
ions in CH,, C,H,4, and GHg. The main Hé(n,l) excited product channels have been identified and their
relative importance assessed. Although significantly different patterns of behavior are observed, all three cases
exhibit the highly selective nature of the electron capture process in spite of the large number of possible
nondissociative and dissociative product channels associated with a wide spread in energy\@efects
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[. INTRODUCTION standing of collisions of H& ions (as an important compo-
The process of one-electron capture by?Hens in slow nent of the solar windwith cometary and planetary atmo-

collisions with simple molecules may be highly selective be-SPheres(see, for example[4]). In magnetically confined

cause of the nature and position of the initial and final po_fusion plasmas, these measurements are also relevant to im-

tential energy curves describing the molecular system&roved modeling of the transport of Hein edge plasmas
formed during the collision. Thus in the reaction containing hydrocarbon impurities arising from the use of
carbon composite facing materidfs,6].
He?* +Y,Zj — He'(n,]) + Y;Z(2) + AE

WhereY_iZjJ"(E) includes all final bound or dissociative states, Il. EXPERIMENTAL APPROACH
only a limited number of product channels leading to excited _ ) )
products H&(n,1) corresponding to energy defeck&E may A detailed explanation of the apparatus and experimental

be involved. In addition to identifying and assessing the rela@Pproach has been given in our previous publicatieas{7]
tive importance of the main product channels, the extent t@nd references thergiso that only a brief summary need be
which dissociative and nondissociative collision mechanismgiven here. In the TES approach, the’Hprimary ion beam
contribute to the selective electron capture process is also & Well-defined energyl; is passed through the target gas
considerable interest in view of the many possible fragmenand the kinetic energ¥, of the forward-scattered Heons
tation modes involving a wide spread in valuesAd. formed as products of single collisions is then measured. The
In previous work in this laboratory, we have used thedifference in kinetic energAT is then given by
well-established tephni_que pf trz_inslational energy spectros- AT=T,-T,=AE- AK
copy (TES) to provide identification and a quantitative as-
sessment of the main product channels and the collisiowhereAK is a small recoil correction of the target. Provided
mechanisms involved in many different processes. Such inthe raticAE/T,; <1 and the scattering is confined to small
formation is particularly important in cases where reliableangles, the measured change in translational en&rgy
theoretical models of the collision have not yet been estab= AE. The relative importance of collision product channels
lished. For example, our earlier TES studies ofHe, col-  (characterized by particular values AE) may then be as-
lisions in this laboratory1] provided direct evidence of the sessed from a careful analysis of the energy change spectra
great importance of highly selective dissociative excitationsubject to the limitations of the available energy resolution.
mechanisms in the one-electron capture process at low ener- A beam of Hé* ions, produced by an all-permanent-
gies. Our subsequent TES studj@$of one-electron capture magnet 10 GHz ECR ion source, was extracted into an ac-
by 200—-1000 eV amid He?* ions in CO have also confirmed celerator beamline held at a potentiadt kV. This beam was
the dominant role of processes involving dissociative electhen momentum analyzed using a 90° double-focusing mag-
tron capture at low energies. net and passed through two hemispherical electrostatic ana-
In the present work, we have used TES to study onelyzers. The energy of the emergent beam was then adjusted
electron capture by Héions in CH,, C,H,, and GHg inthe  to that required by passage through a cylindrical electrostatic
range 200—2000 eV ariiti There are no detailed theoretical lens system before entering a voltage-labeled target gas cell.
predictions for electron capture collisions with these hydro-The target gas of interest flowed into the cell at constant rate
carbons, and in our previous wofkee, for exampld3]), we  low enough to ensure single-collision conditions. The
have shown that simple predictions based on reaction winforward-scattered Heproduct ions emerging from the cell
dows using a Landau-Zener approach are of very limitedwithin an acceptance angle af 3°) were then energy ana-
value when both dissociative and nondissociative channellyzed by a third hemispherical energy analyzer and recorded
are important. It is of interest to determine to what extent theby a computer-controlled position-sensitive detector. By
general pattern of behavior in these cases is similar to thatcanning the retarding voltage, a translational energy spec-
found in our previous studies of collisions of Hewith H,  trum of the product ions could be obtained while maintaining
and CO. These processes are also relevant to a better unden energy resolution of about 1 eV. An analysis of the posi-

1050-2947/2005/12)/0227135)/$23.00 022713-1 ©2005 The American Physical Society



SEREDYUK, McCULLOUGH, AND GILBODY PHYSICAL REVIEW A71, 022713(2009

10
e*(n = 2) non-dissoc T

2keV/iamu

E 8 He'(n = 2) non-dissoc.

—y
I
H

$ oz

'L He'(n = 1} dissoc. 3 {

1keV/iamu

Cross section (107'® cm?)

o
-
]
L

fyoL

{ } He*(n = 3) non-dissoc.

500 eV/amu | } {

.01 P R S A SR TR T R L1
0.0 500 1000 1500
Energy (eV/amu)

He+ yield (Arbitrary Units)

|
2000

FIG. 2. Measured cross sections for main product states 6f He
formed in one-electron capture by 300-2000 eV ahte?* ions in
300eV/amu CH, together with total one-electron capture cross sections.

He?* + CH, — He*(n = 2) + CH}['T,] + (0.05-0.85 eV

leading to H&(n=2) formation. The spectra also indicate the
presence of a much smaller nondissociative contribution
I BT B B from the endothermic channel,

-10 -5 0 5 10 15 20 He?* + CH, — He*(n=3) + CH}['T,] - (6.7-7.5 eV
Energy defect (eV)

leading to H&(n=3) formation.
FIG. 1. Energy change spectra for one-electron capture by The spectra in Fig. 1 also show the presence of a broad
300-2000 eV amtt He?* ions in CH,. peak centered on an energy change of about 12 eV. This
peak, while small at 2000 eV amy becomes larger with
tions and magnitudes of the peaks in the observed spectgiecreasing energy and at 300 eV afit provides the main
(using PEAK-FIT software allowed identification and deter- contribution to the total captures. This broad peak comprises
mination of the relative importance of each product channela number of possible product channels involving a variety of
In principle, cross sections for each observed product charfragmentation modes,
nel gould_ then be derived by normalizing the sum o_f the_ He? + CH, — He"(n= 1)+(CH‘21+D fragmentatioh
relative yields to total one-electron capture cross sections if
available. Energy defects corresponding to specific product +(3.3-21 eV
channels were identified by reference to photoelectron Spe(fﬁrough transfer ionization accompanied by*He=1) for-

troscopy data and we have assumed that Franck-Condon . : . .
transitions are valid throughout. For Gite used the data of mation. The energy resolution available in our TES measure-

Brundle and Robiri8], Dujardin et al. [9], and Rabalaiet ments is insufficient to distinguish between the many pos-

al. [10], for C,H, the data of Pollarét al.[11], and for GHg ?)ﬁl:elf(rai?rrgr?nct:“?nrembc’dlgis‘é' les IThZurrgsri\r/]Itogsecs:?rjsIefo-Of
the data of Mackieet al. [12]. pture by Feions, p p p

vide no evidence of contributions from autoionizing double
IIl. RESULTS AND DISCUSSION capture. O\{erall, in _spite of the many different product chan-
nels involving a wide range of energy defeci&, one-
Figure 1 shows our observed energy change spectra falectron capture in Hé-CH, can be seen to be highly selec-
one-electron capture by 300-2000 eV amiie?* ions in  tive in the energy range considered with only*He=1, 2,
CH,. At 2000 eV amt, the spectrum is dominated by the and 3 formation observable. In Fig. 2, we show cross sec-
peak centered on an energy change of about 0.5 eV whictions for H& (n=1, 2, and 3 formation which have been
(by reference to photoelectron spectroscopy Jdapgears to  derived from the measured energy change spectra by normal-
correspond mainly to the nondissociative product channel ization to total cross sections for one-electron capture. These
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TABLE I. Measured cross sectiorig units of 10 cn?) for one-electron capture by Pieions in CH,
leading to H&(n=1, 2, and 3 formation compared with total electron capture cross sections.

Energy(keV amu?) Totals Hé(n=1) He*(n=2) He*(n=3)

0.25 1.80£0.27 1.56%0.16 0.23+0.03

0.30 1.91+0.28 1.39£0.10 0.52+£0.03

0.35 2.03+0.30 1.44+0.07 0.56+0.03 0.02+0.02
0.50 2.37+0.35 1.44+0.08 0.89+0.04 0.03+0.01
0.75 3.56+0.53 1.40+0.10 2.09+0.10 0.06+0.01
1.00 3.86+0.57 1.02+0.10 2.76+0.13 0.07+0.01
1.25 5.16+0.77 0.86+0.13 4.18+0.21 0.11+0.03
1.50 5.95+0.89 0.81+0.07 5.05+£0.25 0.08+0.01
1.75 6.71+1.00 0.61+0.07 6.01+£0.30 0.07£0.01
2.00 7.43+1.11 0.62+0.15 6.65+0.33 0.14+0.03

total cross sections were measured using a simple attenuation There are no measurements of total cross sections for one-
technique in which we normalized our values to a value meaelectron capture by Hé ions in GH, in the present energy
sured at 2 keV amid by Hoekstra[13]. Strictly, our mea- range so in Fig. 4, we show simply the relative cross sections
sured cross sections, which necessarily include contributionfor excited state formation derived from our energy change
from two-electron capture, are an upper limit to the totalspectra. While both dissociative and nondissociative capture
one-electron capture cross section. All our measured crod®th lead to H&n=2) formation, the dissociative capture
sections for one-electron capture by2Héons in CH, are  process is clearly dominant at our lowest impact energy. Our
listed in Table I. measured relative cross sections for one-electron capture by
Figure 3 shows energy change spectra for one-electroHe?” ions in GH, are listed in Table II.
capture by 215-2000 eV amu He?* ions in GH,. At e
215 eV ama! the main peak can be correlated with ‘e [ 2 keV/amu 1
=2) formation through one of the following possible disso-
ciative channels

He*(n = 2) non-dissoq.

He*(n = 2) dissoc.

HE?* + CyH, — He'(n=2) + CHI[A%B,] O (C,Hs" H) ' He'(n = 2) non-dissoc
I He*(n = 3) non-dissoc.
+0.38 eV, EERRRRRRNEEaassEsss aesas SEEEEEEEES FEEEE S S
| 1keV/amu
He?* + C,H, — He'(n=2) + CHA[A2B,] O (C,H," Hy) 2|
s
+0.46 eV, =
>
which our available energy resolution cannot separately dis- 5 |
tinguish. This peak can be seen to decrease in relative imE HHHHHeReRFRRRRERRAHHHHHHHHHHHHH
portance with increasing impact energy. E | 500 eV/amu
At 2000 eV ama', the peak centered on an energy =
change of about 2.6 eV corresponding to the nondissociative% I
channel =t
+d.)
He?* + CH, — He'(n=2) + CHI[X Byl + (2.42-2.92ev, & [ ey
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
leading to H&(n=2) formation can be seen to provide the L 215 eV/amu

main contribution to the total although there is little evidence
of this at our lowest impact energy. Small endothermic con-
tributions from the channel

He?* + C,H, — He'(n = 2) + C,H;[B ?A] - (1.89-1.19 eV T TN VU TS co ot PO
12 10 8 -6 4 2 0 2 4 6
Energy change (eV)

and, at the higher energies,
He?* + C,H, — He'(n=3) + CZHZ['S( ?B,] - (5.13-4.63eV

FIG. 3. Energy change spectra for one-electron capture by
are also evident. 215-2000 eV amtt He?* ions in GH,.
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FIG. 4. Measured relative cross sections for main product states
of He' formed in one-electron capture by 215-2000 eV ahie?*
ions in GH,.
Figure 5 shows energy change spectra for o L
200-2000 eV amtt He?* ions in GHg. In this case also, 10 5 0 5

He*(n=2) formation is the dominant excited product. At the
lowest energy, rather surprisingly, the spectrum is dominated
by a single endothermic peak associated with the nondisso- FIG. 5. Energy change spectra for one-electron capture by

Energy change (eV)

ciative channel

He?* + C,Hg — He'(n=2) + C,Hs'[ °E,] - (2.6-1.79 eV.

However, at the higher energies the spectra indicate increa

ing contributions from the channels

He?* + C,Hg — He'(n=2) + C2H6+[2Alg] 0 (fragment$

+0.1eV,

He?* + C,Hg — He'(n=2) + C,H,[°E,] O (fragments
+(0.35-1.) eV,

200-2000 eV amtt He?* ions in GHe.

g_OOO eV amul, there is evidence of a small Ha=3) con-
tribution from the nondissociative endothermic channel

He?* + CyHg — He"(n=3) + C,Hg [ ’E, ] - (7.29-6.54 eV.

IV. CONCLUSION

Our TES studies of one-electron capture by

in which, according to the photoionization measurements 0200-2000 eV amiut He?* ions in CH,, C,H,, and GHg have
Mackie et al. [12], the main breakup fragment is, ;. At

revealed significantly different patterns of behavior. How-
ever, in spite of the large number of possible nondissociative

TABLE IIl. Measured relative cross sections for one-electronand dissociative product channels associated with a wide
capture by H&" ions in GH, leading to H&(h=2 and 3 formation
through both dissociative and nondissociative processes expressbighly selective nature of the electron capture process lead-
as a percentage of the total captures.

Energy He*(n=2) He*(n=2) He*(n=3)
(keV amul) nondissoc. dissoc. nondissoc.
0.35 38.76+1.93 53.94+2.69 7.28+0.36
0.50 44.30+£2.21 50.28+2.51 5.40+0.27
0.75 55.58+£2.77 36.85+1.84 7.55+0.37
1.00 61.89+3.09 31.82+1.59 6.28+0.31
1.25 54.85+2.74 36.97+1.84 8.17+0.40
1.50 52.43+2.62 39.33+1.96 8.22+0.41
1.75 54.13+2.70 38.74+1.93 7.12+0.35
2.00 56.00+2.80 38.46+1.92 5.52+0.27

spread in energy defectAE, all three cases confirm the

ing to a very limited number of product states*tgl). In

the case of H& ions in CH,, while nondissociative electron
capture into the H&n=2) state is dominant at the highest
energies considered, at low energies*(ie1) formation
through exothermic channels is dominant. This behavior is
similar to our previous observatioh2] of one-electron cap-
ture by slow Hé* ions in CO. The present TES results for
He?* ions in GH, exhibit a very different behavior with
He*(n=2) as the main product ion arising through a variety
of different dissociative and nondissociative channels. Disso-
ciative channels of small exothermicity are found to provide
the main charge transfer contribution at the lowest energies.
Our TES results for H& ions in GHg also identify Hé(n

=2) as the main product ion. This arises from both dissocia-
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tive and nondissociative channels but, unlikgHg electron  part of the LEIF (HPRI-CT-1999-4001p and European
capture at low energies takes place predominantly througl@ommunity Framework 5 Thematic Network on Low Energy
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