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Elastic and electron-capture processes in H+C,H, collisions below the 10-keV regime
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Electron capture and direct elastic scattering in collisions bfidths with GH, molecules are studied by
using a molecular representation within a semiclassical as well as a fully quantum-mechanical approachs below
10 keV. Calculations are carried out at three different molecular configurations, in wHicpptoachesi)
parallel andii) perpendicular to the €=C axis in the molecular plane, afiid) perpendicular to this plane. We
find that electron capture in th@ii) configuration takes place preferentially over that in theand (i)
configurations at scattering angles above 15°, while the result§)fand (ii) are comparable in magnitude
below 10°, althougttii) dominates slightly at still smaller angles. Total capture cross sections fdiii thend
(i) configurations differ by a factor of 4 above 500 eV, while those(fptie between these values. Below
500 eV, the results fofi) and (iii) are similar in magnitude, while that for th@) configuration sharply

decreases.
DOI: 10.1103/PhysRevA.71.032710 PACS nuntber34.70+e, 34.50--s, 82.30.Fi
[. INTRODUCTION should also help determine optimal running conditions in

Electron capture in collisions of ions with atoms in the these technological areas.
low-keV-energy regions has remained one of the most lively Except for the relative wealth of data for,Hno similar
research areas in atomic physics in the last two decades bkgvel of theoretical study has been reported for other molecu-
cause it provides information fundamental for atomic andlar targets in the low-to-intermediate-energy regime. Because
molecular spectroscopy and many-body collision dynamicsof this lack of investigation, we have initiated a series of
The study of electron capture is also important for manyrigorous theoretical studies of elastic and electron-capture
applications such as nanotechnology, fusion, and medicgrocesses in the collisions of'tbns with various molecules,
sciences as well as basic sciences such as atmospheric gnémarily hydrocarbons, in the region below a few keV down
astrophysical research. Relatively comprehensive studies ilo a few tens of eV. Hydrocarbon molecules are found to
volving a variety of atomic targets for a wide range of colli- exist abundantly in various astrophysical and atmospheric
sion energiesmeV to keV), and for various charged projec- environments, fusion reactors, and plasma-chemistry atmo-
tiles have greatly improved our understanding of electronipheres, and are known to play a crucial role in determining
structure and dynamics of ions and atofi?]. An increas- 5 nymber of physical effecf8]. In this research, we have
ing volume of cross-section data for electron capture is NoW; died collisions of M ions with CH, [4], C,H, [5], C,H,,

becoming avai!ablg for appIicatjon. . [6], and CQO[7] as well as H and D, [8], and this work has
Unlike the situation for atomic targets, both experlmentalShed much light on the isotopic, isomeric, steric, and tem-

and theor_et|cal studies of .m()le.cu'ar targets are scarce b erature effects. These findings have had a significant impact
cause of inherent complexities in treating molecular target

) ; : on various applications and have also stimulated careful re-
in both theory and experimental analysis. Even for a relahssessmentspgf revious experimental studies
tively active research area like chemical-reaction dynamics;, P us experir :

In the present work in this series, a more complex system,

the target species and collision energies are quite limited in ) ’
rigorous investigations. However, because of recent rapid dé€ ethylene moleculéCoHy), has been considered in order
velopments in research areas based on plasma processing dAdtudy its scattering dynamics for electron capture and ex-
ion-beam technology, a proper theoretical understanding dtitation and to examine its fragmentation products based on
dynamical aspects as well as the determination of accura@nalysis of its dissociation reactiof@]. The processes stud-
reaction cross sections is urgently required, which in turried are, in addition to elastic scattering,
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H+ C,H," (electron capture (13
H*+C,H, — {H+ CH 4+* (electron capture with simultaneous target excitgtion (1b)
H*+C,H, (target excitation (1c)

We are concerned primarily with electron capture and di-Hence, only a summary of specific features will be given in
rect elastic scattering in collisions of*Hons with GH,  the present work.
molecules for energies below 2 keV in order to provide ac-
curate cross-section values. Contribution from the process
(1b), i.e., electron capture with simultaneous target excita-
tion, is also examined. The products of procegs lie about Details of the present molecular calculations, that is, adia-
4 eV above the initial channel. There are several intermedibatic potentials, coupling matrix elements, and wave func-
ate charge-transfer channels, and therefore the contributidiPns, have already been published elsewHéie In brief,
from the procesg1c) is expected to be of negligible rel- the adiabatic potential-energy curves and corresponding
evance in the present energy region. As described abov#/ave functions are calculated by means of the multireference
various kinds of hydrocarbons are produced at the edgesingle- and double-excitation configuration-interaction
plasma region in fusion reactors such as in divertors. ThuéMRD CI) method[10-16, with configuration selection and
the knowledge of these hydrocarbons and their fragmente@nergy extrapolation. The Table Cl algoritit®,13 is em-
species is crucial for accurate determination of carbon chenfloyed for efficient handling of Hamiltonian matrix elements
istry in fusion research. At the same time, we have also exfor the many-electron basis functiorisymmetrized linear

amined the fragmentation processes for each of the electronf@mbinations of Slater determinahts
states calculated. The atomic orbitalAO) basis set in the present calcula-

We obtain our results by using a molecular orbital expantions consists of contracted Cartesian Gaussian functions.
sion method within a fully quantum-mechanical as well as aFor the carbon atoms a primitive basigs, 5p, 2d, 1f) con-
semiclassical formalism. For detailed examination of the coltracted to[4s,3p,2d, 1f] due to Dunning 17] is employed.
lision dynamics, three molecular configurations are specifiFrom the same reference, a primitive ba&s, 2p, 1d) con-
cally considered for direct study: a proton approacki¢s tracted to[3s,2p,1d] is used for the hydrogen atoms. AOs
parallel to or(ii) perpendicular to the €<C axis in the mo-  with two s (as=0.02%5> and 0.0058y%), two p (a,
lecular plane, andiii) perpendicular to this plane. :0.0215152 and 0.004952), and oned (ad=0.015862) expo-

Interferences of various origin are a key subject of fundanents have been placed at the midpoint of the-C bond.
mental interest in physics, and they also form an essentiafhe calculations are carried out in ti&, point group, de-
basis for possible use of this technique for material and surpending on the approach of the proton toward the midpoint
face analysis. Hence, these effects will be emphasized in thef the ethylene molecule along the three principal axes.
present investigation. The coordinate system for the projectile and the target
molecule of the[H+C,H,]" collision system is shown in
Fig. 1. Table | contains the designations of the various elec-
tronic states of the colliding system. The target molecular

The theoretical methods emp'oyed are rather standard arﬁiructure iS assumed to be frozen at the equilibrium ConﬁgU'

have been described more extensively elsewligrer,g.  ration of the neutral ground geome{ry8] during collisions.
This restriction is justified since the present collision time is

much shorter, less than T3 s, than the relaxation time of

& 10 13s, or longer. Hence, only the internuclear distaice
between the H projectile and the midpoint of the &C
bond was varied in the molecular-state calculations. The
C=C bond is placed along the axis with its midpoint at

A. Molecular states

Il. THEORETICAL MODEL

1.3992 ~;
—C 117.6

configurations.

H
\
C
H/ H TABLE |. Electronic state designation for three molecular
Y
b
Z

Channel State (i) config.  (ii) config. (i) config.
H+CH," X Bl B1 Al
B H+C,H," A B2 B2 A2
H*+C,H, B Al Al Al
FIG. 1. Schematic diagram indicating the molecular axis orien-H+c,H,** C Al Al Al

tation employed for th¢H+C,H,4]* collision system.
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the origin of the coordinate system, and the-& bonds all . RESULTS
lie in thexy plane, as shown in Fig. 1. The incident projectile
approaches the target from three different directiginsthe
proton moves on th& axis toward the C atom between the Extensive results have already been discussed in detail in
H—C—H bondsii) the proton approaches the midpoint of Ref. [9], and therefore, only specific points relevant to the
the C=C bond on they axis, and(iii) the proton moves collision dynamics discussed below are highlighted in the
along thez axis toward the midpoint of the £-C. present work.
The adiabatic potentials for the present collision systems
for three different configuration§)—(iii), respectively, are
B. Collision dynamics shown in Figs. 2a-2(c) and corresponding representative
radial and angular coupling matrix elements are depicted in

Both fully quantum-mechanical and semiclassical ap--; : .
proaches within a molecular representation have been err.'1:-'gs' E{a)_ and 3b), respectively. T_he InitilH" + CoH,] sta:te
. .~ 1s the third from the bottom, while the grouréi+C,H,"]
ployed, the so-called molecular-orbital close-coupling

method. Accordingly, dynamical transitions are driven bystate after charge transfer is the _Iowest ar_ld the secgnd and
nonadiabatic couplinggl9]. the fourth correspond to electronically excitgd+C,H," ]
The total wave function for scattering in a quantum- states. The valence electron in the first two states possesses

mechanical approach is described as a product of the ele __haractgr, Wh'.le the higher two atein nature fo_r thf:‘(') and
tronic and nuclear wave functions, while it is described as &1l configurations. Hence, the angular coupling is expected

product of a time-dependent coefficient with the electronict® be the primary cause of the transition from the initial state

wave function in the semiclassical picture. Substitution ofl0 charge-transfer channels. For ttie) configuration, all

the total scattering wave function in a quantum-mechanicapt@tes haver character, and hence radial couplings among

approach into the stationary Schrodinger equation yieldéhem are th? primary cause of the dynaml_cs.
As specific characteristics of the potential curves, for the

coupled, second-order differential equations for the nuclea{. di , ) he initial he third f h
wave functionsX®(R). It is computationally convenient to i) and(ii) configurations, the initial state, the third from the

. - . . . lowest, crosses the first and second states because of the
solve the coupled equations in a diabatic representaliph different symmetry, while the initial and fourth states show

The transformation from the adiabatic to the diabatic repre-ather arallel nature for aR. Therefore, for(i) and (ii)
sentation can be readily achieved through a unitary transfon{-rans.t.gnS d ento uﬂr]e an Iér o r in ’mect;an'sm I‘Ielr’e ox-
mation matrixC(R). In this representation the nuclear wave It u > angu upiing ! . X
function for the heavy particles is given byXd(R) pected to be more efficient than those allowed by radial cou-

_ . . ; d . pling at the lower-energy side. For th@i) configuration
=C IX3(R), and the corresponding diabatic potential matrlxp . L
. ) ’ . ) : . “except for the ground-state potential, all curves are repulsive,
is defined ag/?=C~1VaC, whereV2 is the adiabatic potential b g b b

i Th i led . SR ) hence increasing with decreasifRy and they do not show
matrix. The resulting coupled equations ) are given any hint of strong avoided crossings among them because the

in matrix form as interactions are due to relatively weak polarization poten-
tials. This suggests that a Demkov-type mechanism for
1 charge transfer is expected to play an important role. Hence,
(Z_ARI - VY4R) + E|)Xd(R) =0 (2)  depending on the proton path taken, very different collision
K dynamics can be anticipated, i.e., there is a strong steric ef-
fect. This feature will be considered in more detail below.
wherep is the reduced mass of the colliding pair dnd the  Representative radial and angular coupling matrix elements
identity matrix. The coupled equation®) are solved nu- which connect the initial and dominant charge-transfer chan-
merically to obtain the scatterin§, matrix for each partial nels are shown in Figs.(8 and 3b).
wave ¢. The differential cross section as a function of scat-
tering angled is then obtained from the standard formula by

A. Adiabatic potentials and couplings

using the scatterin§,-matrix element for partial wavé and B. Differential cross sections
the momentum of the_ projectile. Int_egration over all angles Differential cross sectionéDCSS9 for the (i)-, (ii)-, and
gives the total scattering cross section. (i )-configurations at 0.5 keVleft pane) and 1.5 keV(right

In the semiclassical approach substitution of the totapane), respectively, are shown in Figs(a#4(c) over the
wave function into the time-dependent Schrodinger equatiogntire range of scattering angle. DCS angles up to 10° are
gives a set of first-order coupled differential equations for thealso depicted separately in Figgab-5(c) for the three con-
time-dependent coefficients. By solving it numerically, onefigurations. Figure 6 shows the DCSs averaged over the three
can obtain the transition amplitudes. Integration of the squargnolecular configurations.
product of the amplitude over the impact parameter gives the Direct elastic scattering processes are found to dominate
desired cross sections. in magnitude over electron capture for all cases at all ener-

In the present calculations we have carried out up to fourgies and for most scattering angles. Beyond the scattering
state close-coupling treatments. The corresponding molecingle of 10° all DCSs show very weak angle independency
lar states arise from the initigflH*+C;H,], the electron-  up to roughly 150°. Then, for all cases at 1.5 keV, electron-
capture[H+C,H,"], the target excitatiofiH*+C,H,’ ], and  capture DCSs for backward scattering beyond 150° jump by
the charge transfer with excitati¢hl+ C,H,""] channels. two to three orders of magnitude, indicating that electron
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7820 s enters the molecular field, it is rather strongly influenced by
785 | : (i) configuration the different atomic centers in the molecule, i.e., there is
7830 | P\ multiple scattering. This feature is also manifested in the
’ i peaks in radial couplings. In order to examine this effect
BT i more clearly, we includs-matrix elements as a function of
__-78.40 | angular momentund for three configurations at 0.5 keV in
g 78.45 | t Fig. 7. In addition to small but high-pitched oscillations,
L | i large gradual irregular oscillatory structures can be seen in
] p all ssmatrix elements, and these are most likely due to the
RIS f ‘ X:H+GHP multiple-scattering effectsee also the coupling in Fig.),3
-78.60 I - l particularly those for¢ larger than 1000. These oscillatory
-78.65 1 features are quite different in pattern from those for atomic
7870 b——— e P S and symmetrical molecular cases where oscillatory patterns
1o 20 30 40 50 60 70 80 90 100 generally show more regular structures. Further, the present
() R@u) oscillatory features differ significantly depending on the mo-
lecular configuration, which is a manifestation of the steric
-78.20 effect. These oscillatory structures indicate that the electron
7835 % (ii) configuration jumps back and forth between the projectile and target con-
1830 b ] tinuously during a single collision, i.e., electron capture and
835 | | electron loss. At the exit, the favored process becomes either
” \ C: H+CHi" direct elastic scattening or electron capture; hence there is
5 Al N e Bl ] interference between these two possibilities as a function of
S -T8AS [ N ) TTTTATARGHS the collision energy and the impact parameter.
M gs0 b ‘ e 1 Since all three configurations exhibit similar magnitudes
755 b4 P for the DCSs as well as similar overall shape, the general
N\ A : 24 . . .
860 | features seen in the averaged DC(_SEg. 6) are easily de-_
duced from these three DCSs. This can be clearly noticed
-78.65 b 1 when DCSs in the region of 10° to 60° are examined. The

-78.70 sharp dip at around 28° in th@) configuration and several

. 2. 5 .0 L 60 7.0 80 90 100 . . . . . . .
1020 30 40 30 small dips in the(ii) configuration disappear, becoming a

(b) R@u) single broad peak similar to the DCSs in tfii¢) configura-
tion.
-78.20
-78.25 (iii) configuration
-78.30 F C. Partial cross sections
-78.35 C:H+CHI" 4 Partial cross sections are illustrated in Fig&)88(c) for
7840 b B:H*+CoHs 1 formation of the ground as well as excitetgl-Q+ ions after

::j 45 | TR qhargg transfer for the three_coqfigurationg. For.(il)lceon-

o 1 FHAGH figuration, theC-state population is far dominant in all ener-
wmOEA gies over the other two, while th&-state population is sec-
-78.55 T X:H+CHY ond largest. Th&- andA-state populations synchronize with
-78.60 \ s . each other, suggesting a strong coupling between the two
865 b\ yd J states. For théii) configuration, theC-state population be-

N comes dominant above 1.5 keV, while thestate population
-78.70 .. . K .
10 20 30 40 50 60 70 80 90 100 is important below this energy. Théstate population is the
© R (au.) weakest in most of the energy range except for the region

below 0.3 keV, where it overtakes ti@population. For the
FIG. 2. The adiabatic potentials of tfiei+C,H,]" system for  (iii) configuration, theX-state population is dominant above
the (@) (i), (b) (ii), and(c) (iii) directions of approach of the proton. roughly 0.5 keV, followed by that of thé&-state, while be-
low this energy that of th€ state dominates, with th& state
capture suddenly becomes efficient. This feature becomeaext. The differences observed above are a manifestation of a
more marked as the energy increases from 0.5 to 1.5 keV, adrong steric effect.
can be see from Fig. 6, suggesting that efficient electron The averaged values for the three configurations are
capture and strong recoil occur simultaneously. shown in Fig. 9. The order of the present computed magni-
Although most of the complex irregular oscillatory pat- tudes of each cross section for most of the energy region is
terns seen for all cases are due to interferences between elaenfiguration(ii)> (iii)>(i). For the (i) configuration, the
tic and electron-capture channels, there are clues for son@ojectile passes through the molecular area of the highest
structures which suggest that multiple scatterings inside theharge concentration, while ttig configuration corresponds
molecule also play a role in these cases. When the projectil® the least interaction with the molecule, and hence this

032710-4



ELASTIC AND ELECTRON-CAPTURE PROCESSES IN PHYSICAL REVIEW A 71, 032710(2005

0.44 . : 12
012 {i} configumtion e, ]
radial coupling 10} S —
ok <BIAARIC>
- —~ 08 (i} condigaration
k] 0.08 ¢ | 2 angularconpling
£ % o5} <BHA>
%‘ 0.06 F 1 % KOMAD wveevmrer
(51 € o4
0.04
voz f 02
0.00 . A 0.0 .
1.0 20 390 40 50 60 70 80 90 100 10 20 30 40 50 60 70 20 90 100
Ri{au,) R (an)
(a)
0.12 v L6
{ii) configuration 14 F (ii} configuention
6.10 } radial cotpling angutar coupling
12 <BHIAD oo 4
<BHVGRIC> OUIAS e
= [$X22. 38 3 ’; 10 % -
= &
2 oo0s {12 os
B
] § 06
© oo}
04
002 ¢ h 0.2
0.00 . . N . 1 o0 i . . N " N . T
10 20 30 490 50 60 20 80 0 100 1.0 20 30 40 50 60 0 80 90 100
(b) R(an) R ()
12 Y | 4
(iit) configuration (it} configuration
1.0 radial coupling ] 1.0 soglar coupling
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i
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(©)

FIG. 3. Representative radidéft pane) and angulafright pane) couplings between the initial and electron-capture states faiajhe),
(b) (ii), and(c) (iii) configurations.

order for the cross sections seems reasonable. When transiveraged over the configurations from 0.1 to 10 keV. As is
tion probabilities as a function of collision time at a fixed apparent, the results for tH® and (iii) configurations have
impact parameter and energy were carefully investigateti  large cross sections with a value (@-2) X 107*° cn? and a
shown), more oscillatory structures in the probability were rather weak energy dependence, while that for(thecon-
observed in thei) configuration because the interaction time figuration shows a sharp increase from a value of 1.6
is longer compared to that in tt@) and(iii) configurations. < 10716 cn? at 150 eV to 7 1071 cn? at 600 eV. This fea-
This feature increases the probability of electron transfeture may be simply understood from the fact that for the
back to the target, that is, an electron loss from the projectilegonfiguration, the molecular size is larger by nearly a factor
in the (i) configuration, thus reducing the cross section. of 2 than it is for the(ii) configuration, and hence the inter-
action time is longer. This has a large influence on the size of
the cross section.

The sum of all electron-capture cross sections for the There have been two early experimental attempts to mea-
three configurations is shown in Fig. 10 along with thosesure charge transfer at relatively high energy above 100 keV

D. Total cross sections
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N 108 r v
10 M R . (i) contiguration
(i) configuration B>C
B>C (3 =15 keV
10° E=0.5keV 10 E=15
Etastic Elastic
o capure - = 10t capture
: e
3 g 10
= 3
¥ 5
= = 10
107 ff
107
(a) 8 (deg)
10* T v wt - v
(i} confignration (ii) configuration
Ba>C < B->C
10° } E=05keV ¢ E=15keV
Elastic Elastic -
TS caplure e - wt b CAPER -wooeememe
& -d
2 2 10?
: 3
g A
107
lo—‘ i i I 1 Y 10—& M i A i i
{ 30 60 o0 120 150 &0 0 0 60 90 120 150 180
(b) 8 ideg) A (dog)
w0? T : 1wt v . :
(iti} configuration (it} configuration
. B->C . B->C
10 E =05 keV 10° ¢ E=15keV
Elastic Elastic —
- !0»5 C?l]ll.ll’(’,' """"" 5 104 Cilpllll’l’. st
g F
H £
2 Q
§ 10 2
3 3
= 10° -]
102
io—l n i i A . i
0 30 60 90 120 150 180 0 30 Ly o0 120 150 130
8 {deg) 4 (deg)
© )

FIG. 4. Differential cross sections for tia@) (i), (b) (ii), and(c) (iii) configurations at 0.8left pane) and 1.5 ke\(right pane) from the
initial stateB to the electron-captured stafe Solid line, direct elastic scattering; dashed line, electron capture.

by Toburenet al.[20], and above 1.0 MeV by Vargheseal. Janevet al. [23] derived an analytical formula for fitting
[21]. The measured results by Tobureinal. give a value of charge-transfer cross sections of+C H,, collisions based
approximately 1.% 107 cn? at 100 keV, decreasing to on the Demkov approximation by evaluating a large set of
2.5x 1078 cn? at 280 keV. The other set of measurementsexperimental data. This formula has also been employed for
by Vargheseet al. gives a value of 5.X 102 cn? at 2 MeV. interpolation and extrapolation of experimental data by them
There is one more recent measurement of electron capture layd they claim that their analytical formula is able to esti-
Sanderst al.[22] in the energy range from 60 to 120 keV. mate experimental results within an order of magnitude at
At 60 keV, their value is reported to be 3.820 1% cn?, but 10 keV/u. For the lower-energy side from 0.1 to 1 keV/u,
it decreases to 0.625106cn? at 120 keV, which is they provide the result by simply fitting the data of by Tobu-
smaller by a factor of 2 compared to the earlier measurememen et al. [20], although the usage of the results by Toburen
of Toburenet al. discussed above. The present results, alet al. may need some care.

though for much lower energy, appear to connect smoothly Figure 11 includes our total charge-transfer cross sections
with the high-energy measurements upon extrapolation.  of the present system along with those estimates by Jenev
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10t . . v . 10t - y .
(i1 configuration {ii) configuration
" B>C " B>C LoV
Hij E=05keV 1 10° E=05ke
Elastic Etastic

!O.; C?IPCIIR' seeesssees -
o B
b T
3 1 £
g 3
'U
B B
~ 10{1‘ =

10~

lo—l i i A 1 ]n‘

o] 2 + & ] 10 0 2 4 & 8 10
4 (deg) 8 (eg)
10! v : 108 T
(iii} configuration average
B-»C B>C
10 E=035keV 10¢ E =035 keV
Etastic Elastic
capire -eeeee 5 caprure - -

= 10t = 10
E g
= = 10
S g
B ®
= 10° H =’

107 ¢ 10 }

o . - L 2 ] 10+ - .

0 Ky &0 90 20 150 180 0 2 4 & & i3]
8 tdepy 6 deg)

FIG. 5. Differential cross sections for small scattering angles up to 10° at 0.5 keV from the initiaBstatee electron-capture stat
are shown. Solid line, direct elastic scattering; dashed line, electron capture.

al. Generally, both results give a similar magnitude of the E. Comparison of capture cross sections with Clil C,H,,

cross section within a value ¢1—3) X 1071° cn?, but show C2He, and CsHg

slightly different energy dependence. Jaretval's results In order for us to examine the possible relationship be-
are found to be larger by a factor of 2 than our result in theween the magnitude of the electron-capture cross section
lower-energy region below 0.3 keV. Their result shows aand molecular quantities such as the number of total atoms in
gradual decrease in the higher-energy region, while ours inRydrocarbons, or the number of valence electrons in a mol-
creases monotonically. Finally these two sets of data mergecule, we have plotted the cross sections as a function of the
at a collision energy of 10 keV. Since, as discussed, the anaumber of atoms in the molecule in Fig. 12, including our
lytical formula by Janeet al.is based on a somewhat crude previous electron-capture cross-section data for,GEH,,
approximation and although this formula provides a usefulC,Hg, and GHg below 10 keV. At the lower-energy side, the
guideline for the fitting, a high-accuracy result is not ex-order of the cross sections is clearly apparent aslsC

pected to be reproduced by this formula. >C,Hg>CH,>C,H,>C,H,. This is suggestive that the
10t v v v : v 10® v . . - .
aveinge average
A B-=C B>
10° } E=05kV A 10° b E=15keV
Elastic Elastic
~ T CAPRIEE oo |
o~ o
g el
g g
167 . . s . . 10 A
] 30 60 20 120 150 1’0 0 30 60 90 120 150 180
a(deg) 6 t(deg)

FIG. 6. Differential cross sections averaged over three configurations.
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magnitude of the cross section depends on the number of

atoms in a molecule, except for the case of ,Cbkince its
cross section is higher than that of botbHz and GH, and

thus is somewhat irregular in this respect. The origin of this

feature may arise from the nature of the bondingHg&

FIG. 8. Partial cross sections from each channel for(itheii),
and (iii ) molecular configurations.

and becomes localized within a narrow spatial region, thus

C,H,, and GHg have a triple, double, and single bond, re- causing a smaller geometrical size and hence reducing the
spectively, and for these hydrocarbons the major portion oéffective scattering region, as reflected in the sizes of the
the charge distribution depends on the nature of this©  cross section for these three hydrocarbons. Since Kd$
bonding. Therefore, as the binding order increases, the momnly four single bonds, and its charge distribution is some-
the electron distribution is concentrated in the-<@© bond what more broadly spread out compared to its counterparts
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FIG. 9. The averaged partial cross sections for XheA-, and

. FIG. 11. Total electron-capture cross sections of the 6,H
C-state populations. p EH,

system along with the estimates by Jamegal. [23].

with double and triple bonds, thus increasing the effectiveand above, the incoming projectile may be viewed as inter-
size of the molecule. The G H bond lengths for Ci acting with the individual atoms in a molecule rather than
C,H,, C,H,4, and GHg are 1.094, 1.058, 1.086, and 1.094 A, with the molecule as a whole, and this is the basis for the
respectively. Indeed, the cross section for CK4 only  additivity rule discussed in Ref22]. As a result, the present
slightly smaller in magnitude than that ofigs where GHg energy region investigated is not consistent with the additiv-
has a cigarlike shape, but only single bonds are present anty rule, and it is doubtful that it holds at all, at least in this
hence it is more similar in charge distribution with @Hhe  energy domain.
ionization potentials are known to be 12.51, 11.4, 10.5, and

11.52 eV, respectivelj24]. Therefore, the magnitude of ion-

ization potential does not appear to correlate closely with ) . .
that of the cross-section size, at least in this range of collision The calculations described above are carried out under the
energy. Note that the ionization potential for Cid the high- assumption th:_;u_the ethyleng molgcule will not decompose as
est among them. a re;ult qf collisions with Hions, i.e., the frozen—tar'g'et ap-

At higher energy above 3 keV or so, the differences ipProximation. _Based on the energy _Iev_els obtalne_d, it is none-
size of the cross section of the various molecules becomi€less possible to provide some insight regarding dissocia-
much narrower because of the increasingly shorter interadion fragments, as discussed below. There are a number of
tion time, making it less sensitive to the individual physical ©ther possibilitie$25], however, which need to be taken into
characteristics of each molecule. From around this energ§ccount when considering the results of the present cross-

F. Fragmentations

1074 . . r . T r .

107% por . r .

~15
10 F B

+

3
B

+0

a2

X

+

x

X +

10—15 | N
C:H»

CyHy

—o
o
o
<<

Cross section (cm?2)

10—16

(i) configuration

(ii) configuration

(iii) configuration
average
B->C

Cross section (cm?)

8 m X +

10—!6 a 1 2 i .

" 4

0.2 0.4 06 08 1
E (keV)

FIG. 10. Electron-capture total cross sections.
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FIG. 12. Total cross sections as a function of the number of

atoms in the molecule.
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section calculations. The dissociation energy of ethylene itergy available during the Hcollisions, it is therefore seen
self is 7.55 eV when the €-C bond is broken, leading to a that a large number of ethylene fragmentations can occur.
pair of CH, (methyleng¢ molecules in their ground3Bl)
state. The latter can further dissociate to produce carbon at-
oms, H, and I—g*. Breaking a single bond of methylene re- ACKNOWLEDGMENTS
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