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Electron capture in collisions of protons with CO molecules in the keV region: The steric effect
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Electron capture resulting from collisions of Hons with CO molecules has been investigated based on the
molecular representation within the fully quantum-mechanical formalism below 10 keV/u. Three different
molecular configurations have been considered for collision dynamicgj)iae proton approaches the center
of mass of the CO molecule in the perpendicular configurationthe proton approaches the C atom in the
collinear configuration, andiii) the proton approaches the O atom in the collinear configuration. Electron-
capture dynamics and corresponding capture cross sections depend very sensitively on the molecular configu-
ration, thus revealing a strong steric effect. The capture cross section from the CO electronic ground state is
about 1.3 10 *®cn? at 10 keVL, which is in good agreement with experimental findings. Differential cross
sections(DCS’s) for three molecular orientations have been examined both for elastic and electron-capture
processes, and the DCS averaged over all the configurations was found to agree well with a measurement from
0.02° to 1° at 1.5 keV/u.

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

I. INTRODUCTION of fundamental atomic physics and in relation to their appli-

| f lecul d .. cation in other fields.
Electron capture from a molecular target due to ion im- continuing this series of papers on molecular targets,

pact has been known to be extremely sensitive to the moye have carried out theoretical investigations for electron
lecular orientation, i.e., the steric effect, particularly for low- capture resulting from proton collisions with CO molecules
energy reactive scattering, as implied by several theoreticdbr collision energies less than 10 keV, and have intended to
studies[1,2]. Recently, there have been reported some exexamine more specifically the steric effect on capture dy-
perimental attempts to fix the molecular orientation duringnamics. The process is important in various applications.
collisions by using the octapole magnet method and to carrppecifically, the process is important for modeling the inter-
out the experiment for various scattering proce§8edl. For ~ action of the solar wind with comets’]. Protons are the

high-energy scattering above the keV-energy domain, thdominant species in the solar wiri8] while the coma is

steric effect becomes somewhat less pronounced because ﬁ‘,%rnposed of about 15% C{3]. Charge transfer with the

g . . . 7 cometary neutrals may explain the loss of solar wind protons
projectile passes through the interaction region very qu'Cklyobserved at comet Halld¥]. The reverse reaction may also

compared to that at lower energies, but it still plays an im-yay 3 role in diffuse interstellar cloud chemistry. Also, the
portant role for understanding collision dynamics. Until re- carhon monoxide(CO) molecule is important for various
cently, the orientation-averaged cross section is usually Oﬂ'ﬁpp”cations in fusion research, p|asma Chemistry, and medi-
considered. cal physics for cancer research. Furthermore, the CO mol-
However, in our series of investigations, we have showrecule is chosen in this study because it is expected to show
that the orientation effect still persists even in low keV-an enhanced steric effect due to its heteronuclear structure,
collision energies for Ci[5] and GH, [6] targets. Depend- and hence can provide much detailed information on colli-
ing upon the molecular orientation, electron-capture crossion dynamics. The processes we are concerned with are
sections were found to differ by more than an order of mag,+ I+ PPN 1
nitude at 1 keWd. However, at small scattering angles IessH FCAX "2 7)—H+CO(X "2 7)—3357 cm

than a few degrees, the magnitude of the differential cross electron capture (1a)
sections for different molecular orientations are comparable. . . .
Further, a strong interference oscillatory pattern in the differ- —H+CO™(2°37)—24090cm

ential cross section was found, which was also experimen-

tally supported. These findings are significant both in terms electron-capture: excitation (1b)

—H"+CO*(A %I1)—48687cm?
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Casel C TABLE I. Number of reference configuratiom§; and number
H* ‘ of rootsN,, treated in each irreducible representation and the cor-
O responding number of generated\) and selected Ngg)
symmetry-adapted functions for a threshold of 3D 8 hartree
at R=2.0a,. Note thatR is the distance betweenHand the CO
o) center of mass.
State Nref/ Nroot Ntot Nsel
Case I1 Case |
H* C o 1A 63/4 4017 024 177 744
O o—(O) 11A7 38/2 2692591 111015
Case Il
A, 52/3 1913718 73838
B, 33/2 1264946 75195
Case I1I Case lll
H* o C A, 46/3 1648651 97 443
O O—@ 1B, 4012 1590851 94 605

FIG. 1. Diagram of the molecular configurations for three cases.

i ) Z axis. CO is located along théaxis. The only symmetry
(1p) are c_ietermmed based_pn'the qssumptlon that the C'9Iane for the system is theZ plane(C, point group and the
distance is f|xec_zl at the equilibrium dlsta_mce. electronic states are classified according to the two irreduc-
As for the orientation, we have considered three molecuible representationgy’ andA”, of theC, point group. In this
: ) ) , s .
I;r cc::gngggratgn:%itcrtﬁalr-rloatphp;rci)ﬁggsqsmth%czin)te|_r| +ofam_ass case the interactions are through radial couplings betwéen
berp g°b b states, thex component of the rotational couplings between

proaches the C atom, in which CO lies along the collision”, tat d th¥ andZ ts of the rotational
trajectory (collinear casg and (iii) the H" approaches to- _states, an , an ”componen s of the rotational cou-
plings betweem’ andA” states. Other interactions are ex-

ward the O atorm(also collinear cage The investigation of .
these three molecular orientations should give significant in¢/uded due to symmetry constraints. In both cases Il and Il
sight into the details of the steric effect for electron capturethe H™ approaches CO collinearly. Transitions are driven by
and is expected to provide a general guideline for furtherelévant radial and rotational couplings. CO lies along the
experimental research. collision trajectory. The H approaches toward the C atom in
Recently, related experimental work has been performegase Il and toward the O atom in case lll. In cases Il and IlI
by several groups. There are numerous experimental studi¢ise calculations are done in the, Csubgroup(the highest
on electron capture, but the following four studies are theAbelian subgroupof the C.., point group. In all three cases,
most relevant to the current investigations. Browning anche origin of the scattering coordinates is located at the mass
Gilbody [10] have investigated molecular fragmentation of center of the HCO system. Considering the present colli-
CO by using proton impact in the energy region from 5 to 45sjon energy region, the collision time is much shorter than
keV/u. Ruddet al. [11] have measured ionization and elec- the relaxation time of the target CO. Based on this argument,
tron capture resulting from proton impact in the energy rethe CO distance is always fixed at the equilibrium geometry
gion between 5 and 150 ke¥/More recently, Shah and o the ground state of CO (2.13229 during the calcula-
Gilbody [12] have measured electron-capture cross sectiong,, |n the presenab initio calculations for the F/CO sys-
from the CO molecule in the energy region from 10 to 1ootem, we use Dunning’s cc-pVTZ basis sets for H, C, and O

keV/_u, and Gacet al. [13] have p_erformed differential cross- toms[14]. The potential curves of the singlet states are
section measurements for various molecular targets at 1. . . . o

+ L . : Obtained by the multireference single- and double-excitation
keV/u by H"- and He -ion impacts. This last study is ex- : 7 . .

. . c?nﬂgurat|on-|nteract|0rqMRD-CI) method[15], with con-
pected to serve as a stringent test for the present theorencta i lecti d ¢ lati ing the Tabl
calculation, and to provide basic understanding of the collj-'guration selection and energy extrapolation using the 1able
sion dynamics. | algorithm [16]. In the CI calculations the two lowest mo-

lecular orbitals(MOs) are always kept doubly occupied,
whereas the two highest ones are discarded. A small selec-
Il. THEORETICAL MODELS tion threshold[15] of 0.32x 10" ® hartree has been used in
the present treatment. More details of the present MRD-CI
calculations can be found in Table I. The radial coupling
The ab initio calculations are performed for three differ- matrix elements are obtained using calculated MRD-CI wave
ent casescases |11} as shown in Fig. 1. That is to say that functions by a finite-difference methdd 7] with an incre-
H™ approaches CO in three different configurations. In casenent of 0.0008,, and the rotational coupling matrix ele-
I, H vertically approaches the mass center of CO along thenents are determined by a standard proce@ife

A. Molecular states
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B. Scattering dynamics TABLE Il. The singlet states and the corresponding asymptoti-

Scattering dynamics is studied on the basis of the fuIIyCal limits of HCO" for three cases studied.

guantum-mechanical formulation of a molecular-orbital ex-

pansio_n me_thod in WhiCh dynamical trans_itions are drivgn b_y Asymptote S(tg;i(g:]s) (C;tztse“(:;gzj n
nonadiabatic couplings. The total scattering wave function is

described in an adiabatic representation as an expansion " +CO(X 13 *) 1A’ X3+
products of electronic and nuclear wave functions and thei+CO"(X 23 ) 2 A 2157
electron translation factor. Substitution of the total scatteringd+co* (11) 31A7,1A" 11

wave function into the stationary Scliinger equation
yields coupled, second-order differential equations for the

nuclear wave functiorX?(R). It is computationally conve- sical analysis for these structures would be sound and would
nient to solve the coupled equations in a diabatic representémprove the understanding of the underlying phydit8].

tion [18]. The transformation from the adiabatic to the diaba-To discuss the scattering pattern, the deflection function
tic representation can be readily achieved through a unitarf) ;(L,E) must be determined for each trajectory and poten-
transformation matrixC(R). In this representation the tial regionJ. This function is expressed as

nuclear wave function for the heavy particles is related to

X9(R)=C 'X¥(R), and the diabatic potential matrix ¥ ® (L.E)=m—2b ‘- V(R) b_2 llzd_R @
=C~1vaC, whereV? is the adiabatic potential matrix. The ne R E R° R?’
resulting coupled equations fotY(R) are given in matrix

form as where b is the impact parameter arfg, is the inner zero

(turning poin} of the integrand. The parametkrrelates to
%Vél “VI(R)+EI|X4(R) =0, (2a) the orbital angular momentuin as
L2=2u[E—V(=)]b?, ®)
and
where the classical quantity is connected to that of quantum
E=k%(2u), (2b) mechanics. We have carried out the semiclassical analysis to

) o identify the origin of oscillations in the differential cross
wherek is the momentum of the projectilg, is the reduced gections shown below.

mass of the systent, is the identity matrix, and/? is the

diabatic matrix. The coupled equatié®) is solved numeri-
cally to obtain the scatterin§ matrix for each partial wave
[. The differential cross section is then obtained from the A. Adiabatic potentials and corresponding couplings

standard formula The adiabatic potentials for three different orientations are
do(6) 1 2 shown in Figs. 2a)—2(c) for cases I-lll, respectively, for all
——=— 2 (21+1){ 6 —g'f}Pl(cosa) ., 3 singlet states included in the scattering calculati¢8se the

dQ 4k7 [T schematic diagram of the initial molecular configuration as

. . ) . illustrated in Fig. 1). Note thatR is the distance between'H
whereS;; is the scatterings matrix element for partial wave 54 the center of mass of the CO molecule.

|, and@ is the scattering angle in center-of-mass coordinates. |, case |(H* approaches CO perpendiculatlhe 1A’

Integration over all angles gives the total cross section. Thgi5ie corresponds to the initiaACO channel whereas all
limitation of this approach comes solely from our computa-i,q remaining states correspond to H/CGharge transfer
tional capability. As the collision energy increases to a feW.pannels. It should be noted that the structures seertil’ 1
keV/u region, the number of partial waves needed in they, 4 3157 gt R=2.53, and 3.3, respectively, are due to

calculation exceeds a few thousand, which may make thsvoided crossings with high-lying states, and they are ex-

num_erltl:al comquatlfréeé(qessr:vea ical calculati ected to become important only for higher energy collision
Singlet states included in the dynamical calculations argyynamics. In both collinear casdsases Il and 1), the

aslfo/llows: for case |, the initial chanr[eiH++2C(3(X lEl*);l, 113+ state corresponds to the initial 'ICO channel
1A', electron-capture channgh+CO™(X “27)], 2 A", \hereas the remaining states belong to electron-capture
and  electron-capture  and  excitation  channelopannels. The 111 states in case Il and case Il have
[H+CO" (A ?II)], 1 *A”, 3 'A’. For both cases Il and lll, avoided crossings with the high-lying 2T state at about
the initial channel[H*+CO(X '=%)] 1'S*, electron- R=4.0a, and 3.3, respectively, and again, these crossings
capture channglH+CO"(X ?X*)], 2'=7, and electron- may become important in the higher-energy regime. The
capture and excitation channgh+CO" " (A 2I1)], 1 I. 2 13 % state also has an avoided crossing with highgr
The correspondence of the singlet states and their asymptotitates in case Il, whereas for case Il it does not, at least for
limits are listed in Table II. distances larger thana. The curve crossing between the
For some systems, differential cross sections and, som& 3" and 1'I1 states for cases Il and Ill is expected to
times, total cross sections display oscillatory structures aplay an important role in the flux redistribution between two
functions of collision energy or scattering angle. A semiclas-electron-capture channels, and hence, explicit inclusion of

IIl. RESULTS
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FIG. 3. Representative radial coupling matrix elements between
the initial and the first electron-capture channels for three molecular
configurations.

tively. Of course, at the asymptotic limit dR=x, these
asymptotic energy differences should become the same for
all three cases. The present asymptotical energy differences
are somewhat better than those previously repofted,
while the high quality basis sets and a CI treatment are used
in the present calculation. The experimental ionization po-
tential of the CO molecule is 14.0 e\20], and the present
calculated value is 13.8 eV, which is within an accuracy of
2%. Therefore, we consider the present level of precision to
be sufficient. Those between the second H/Ghannel and

the initial channel are 3.18, 3.18, and 3.20 eV for cases I-lll,
respectively, which are found to be in good agreement with
experiment. Note that for all three cases, the initial and first
electron-capture channels show a typical Demkov-type cou-
pling schemg 18].

Dominant radial coupling matrix elements between the
initial and first electron-capture channels are plotted in Fig. 3
for all three configurations. This radial coupling between the
initial and first electron-capture channels is the most impor-
tant for the flux to exit to the upper levels. Generally, all
three couplings show some similarities in both shape and
magnitude, that is, a small hump ndar 3.5-4a,, and a
larger peak around 7-&8. Depending on the molecular
configuration, the position of the second peak is found to
shift to largerR values. For example, for the case in which
the proton approaches the C atom in the collinear configura-
tion (case 1), the peak position is found to be farther out at
R=8.6a,, while for the cases which the proton approaches
the O atom and the perpendicular approach, the location of
the peak is nearly the same at arouraf) 7 These are reflec-
tions of the near-avoided crossings of the relevant potential
curves. Also, the magnitude of the coupling varies slightly
from one configuration to another. The small hump seen in
the coupling below 4, plays a secondary role in the colli-

the 1111 state is essential for accurate determination of parsion dynamics, as the dominant part is the major peak at
tial cross sections. The calculated energy differences bearound 6—8&. It is interesting to examine how scattering

tween the first H/CO channel and the initial channel B

dynamics are sensitive to these small changes in the cou-

=20a, are 0.14, 0.18, and 0.16 eV, for cases I-lll, respecyplings.
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20.0 T L L I LA ] In the present calculation, the orientation for which the
i H’ + CO collisions ] proton approaches the C atom in the collinear configuration
18.0 - Electron capture cross sections

(case 1) is found to give the largest electron-capture cross
section among the three configurations. The second largest

contribution comes from case |, while case Il is only the
secondary effect. This is because the case | coupling peak is
located at the largest internuclear distance among the three
cases where the energy defect between the two channels be
comes much smaller, and hence, they couple more effec-

] tively, making this case more ideal for electron capture. Fur-

wer ¢ ! % thermore, electron capture to thgH+CO"(X 23%)]
[ ® Kimura 5 Shah % channel is dominant for all energies studied, which is obvi-
|

cmz)

16.0 F —

14.0F

16
[ )
[
°
[ ]
&
—_—
————
1

12.0 r b . J y

Cross sections (107

8.0 O Rudd + Gao ous from the energy defect between the relevant adiabatic
| © Browning l ! potentials. Electron capture to thid+CO" (*I1)] channel is
6.0~ —— very weak in all three configurations, and in particular, at the
0.1 1 10 , .
lower end of the energy range their magnitudes are less than
E (keV/u) 10" 8cn?. They become comparable, however, with capture
FIG. 4. Total electron-capture cross sectio@s. the present through the[H+CO" (X 22+)]. chan_nel _at the hlghest en-
theory: (7, Ruddet al. [11]; O, Shah and Gilbodj12]; A, Brown- €9y in thg present study. Th|s f|nd|ng is also obvious from
ing and Gilbdoy[10]; +, Gaoet al. [13]. the behavior of the adiabatic potentlal_s and the endoergic
nature of the reaction. As stated, even in the total cross sec-
tion, the steric effect is remarkably conspicuous at 10 keV/
although it begins to diminish at much higher collision en-
Total electron-capture cross sections averaged over thergy.
three molecular orientations, calculated within the quantum-
mechanical molecular representation, are shown in Fig. 4. C. Differential cross sections(DCS's)
Three different types of the averaging procedure were con-
sidered in order to examine the proceduigto sum over the )
scattering amplitudes and then to take the absolute square of DCS’s for elastic and electron-capture processes at 0.5
them, (ii) to take the mean of the probability, arii) to ~ @nd 1 keViiare shown in Figs. @) and 3b), 6(a) and &b),
integrate three total orientation-dependent cross sectior’d @ and 7b) for cases |, II, and Ill, respectively. We
over the orientation angle. The total cross sections detelf-IrSt dlsquss the_d_eta!ls for eac_h case separately, and then
mined with the three averaging procedures agree to within gummarize the similarities and differences of the three cases.

fw percet. A5 a consequence,th resuts repared beloy, CA52 | Bolh slasc and eection caplre DS af o
were obtained with procedui@. Included in the figure are 9 gy y . P

earlier experimental results by Browning and Gilbddg), larly so below 20°, and these strong and rapid oscillations are

. due to the interference arising from the anisotropy of the
Ruddet al. [11], Shah and Gilbod12], and Gacet al.[13].  cpage distribution of the CO molecule. At 0.5 keiAbove

Generally, the overall agreement with the present results angye o, so, the magnitude of elastic and electron capture
the four measurements is found to be very good. The maxipcs's gre comparable, while as the collision energy in-
mum of the cross section is found to occur around 25QeV/ ¢reases to 1.0 keu/ the magnitude of elastic DCS becomes
with a value of 1.7K 10" **cn?. The electron-capture cross much larger by a few orders of magnitude in the small angle
section is found to decrease slowly for higher energies, angegion. Since only a small contribution to the total cross
is consistent with all of the measurements. At 1.5 ke\dur  section comes from angles greater than or equal to a few 10°,
result reaches a value of 30 *cn?, which compares the elastic process is still dominant in the total cross section.
favorably with that of Gaeet al. who reported the value of Small but conspicuous oscillatory structures remain as the
1.48<10 cn?. Shah and Gilbody reported the slightly collision energy increases.

smaller cross section with D0L0™ Pcn? at 10 keVL, but Case Il Electron-capture DCS’s show sharp dips at just
the present result lies well within their error bars. In theirbelow 40° and 130° at 0.5 keW/and at around 90° for 1
measurement Browning and Gilbody found that Gion  keV/u. Based on the semiclassical analysis, these dips are
formation is dominant for energies less than 10 keVHow-  identified due to the rainbow scattering. Except for these
ever, gradually, C- and O"-ion formations increase with dips, the general shape of the DCS’s is rather flat beyond the
increasing collision energy. The present calculation has enmscattering angle of around 20° for both energies. Elastic
ployed the fixed-nuclei approximation, which does not allowDCS'’s show mild wiggles at 0.5 ke\M/ but they begin to

for the change of the C-O internuclear distance during theliminish at 1 keVil. The magnitude for the elastic DCS is
collision. Hence, information on the fragmentation is limited slightly larger than that of electron capture beyond 20°. Be-
in the present investigation. However, based on the behavidow this scattering angle, the magnitude of the elastic DCS
of adiabatic potential curves for CO and CQwe will make  dominates. Particularly below 1°, the elastic DCS's are
some inferences in regards to fragmentation below. larger by one or two orders of magnitude over those of elec-

B. Total croos sections

1. Theoretical results
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FIG. 6. Differential cross sections for case Il @ 1.0 keVlu
and (b) 0.5 keVL. Both elastic and electron capture DCS's are
shown.
tron capture. In fact this is the region that gives the dominant
contribution to the total cross section when integrated ovepa row region of the scattering angle below 10°~12°. For
the angle. , larger angles, all DCS’s drop very sharply by orders of mag-

Case IIL Electron-capture DCS's near 0.5 and 1 k‘“;V/ nitude reaching 107 cm?/sr. Beyond around 20°, both elas-
ShSW a sharp dip due to the rainbow scattering at 40° anfl; and electron-capture DCS's, regardless of whether they
60°, respectively, which shifts from 40° toward 60° as theghg\y small oscillations and dips, become flat in magnitude.
collision energy decreases. This observation is consisteRi,ese features are common in all collision energies studied
with the semiclassical analysis. Except for this dip, thegenerally, although as the collision energy decreases, some-
shapes of the DCS's near at 0.5 and 1 kegffe fairly con-  \hat more pronounced differences in each DCS begin to
stant beyond 20°. Elastic DCS'’s are also nearly flat beyonderge suggesting a more marked steric effect. It is also
20° and no strong structure is seen. Below 20°, however,qrhhile noting that the position of the rainbow dip for the
some few oscillatory structures are found in both elastic angl ses 11 and 111 are located at 90° and 60°, respectively, in
capture processes, and at near 0°, both reach a magnitude gl cron-capture DCS's at 1 kaW/This difference clearly
about 10 cn/sr. The difference in the DCS’s at near 0° and anifests itself from the steric effect as discussed below.
the flat region from 20° to 170° is more than’XOn’/sr, and
hence, most of the contribution to the total cross section
comes from the region below the 12° region.

For all three molecular configurations, a large magnitude There is only one experimental attempt to measure the
of the DCS’s of nearly 18-10 cn?/sr arise only from the differential cross section for this collision systé8] in the

FIG. 5. Differential cross sections for case Kat1.0 keVii and
(b) 0.5 keVL. Both elastic and electron capture DCS's are shown.

2. Comparison with experimental DCS’s
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10° F H' ---> 0-C (Case III) 4
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r ' ' ' 1 0.001 0.01 0.1 1
10° F H' --> O-C (Case III) Y
- E = 0.5 keV .! 0 (deg.)
10* | i . .
o : FIG. 8. DCS’s averaged over the molecular configuration as a
3 function of the scattering angle from 0.001° to 1° at the collision
100 1 . - .
B ] energy of 1.5 keWl. Solid circles are the experimental data by
"5 1| elastie i Gaoet al.[13].
s a K
® 001} 9 angles confirms that our adiabatic potentials and coupling
r matrix elements employed are of reasonable precision at
E electron capture . . .
TUM 1 least for the asymptotic region, which controls the small
r 1 angle scattering. However, the agreement appears to become
10 F ! less satisfactory as the scattering angle increases although
. r _ L . } general agreement is still good considering the difficulty in
107, 45 % 135 180 the experiment and theory. The large angle scattering corre-
(b) 0 (deg.) sponds to small impact-parameter collisions, and hence mo-

lecular states lying at higher levels, which we entirely ne-

and (b) 0.5 keVU. Both elastic and electron capture DCS'’s are participate in the dynamics.

shown.

scattering angle range from 0.02° to 1.0° and at 1.5 keV/ D. The steric effect
They claimed that their angular resolution is better than Itis apparent from the discussion on the DCS’s above that
0.008°. The present theoretical results along with the experielectron capture is very sensitive to the molecular orienta-
mental data are shown in Fig. 8. The present results averagéidn, i.e., the steric effect, and we take a close look at this
over the molecular configuration at 1.5 ke\dre found to be  feature. In Fig. 9 we present the scatterBimatrix elements

in good agreement with the experimental result over the enfor all three molecular configurations at the collision energy
tire range of the scattering angles. The two visible structuresf 0.5 keVU, and some features can be summarizedthe

in the DCS’s are one maximum at the angle of 0.08°, andnagnitude for case Ill is the smallest of all, while that for
another peak at 0.2°, both of which are well reproduced bycase Il is the largestji) the number of oscillations is differ-
the theory, although the theoretical positions shift slightlyent for the three cases, afid) for case I, the last tail of the
towards higher angles. Two sharp dips at 0.05° and 0.15° ar@matrix element stretches out for the largéstalue. All

also reproduced by the theory reasonably well. The theorethese characteristics are the reflection of those of the domi-
ical magnitude of the DCS is in reasonable accord with thenant radial coupling matrix elements seen in Fig. 2, coupled
measurement. The origin of these two structures are a conwith the features of the adiabatic potentials, and are clear
bination of the interference between elastic and electronmanifestations of the steric effect due to the molecular
capture channels and between different molecular configuracharge distribution. In fact there is no obvious similarity in
tions. The theoretical DCS above 0.2° displays regulathe Smatrix elements and hence, in the DCS’s among the
oscillatory structures, while the experimental results decreastaree configurations, the strong steric effect is demonstrated.
rather monotonically. The discrepancy between the two mays the collision energy increases to 10 kaVthe highest

be, in part, due to an insufficient experimental resolution forenergy we studied, this feature of the steric effect is found to
detecting these oscillations. This good agreement at smadfill persist. From the present study, it may be possible that
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Case] — - Case NI lying repulsive states could be reached, leading to the gen-
....... Case 11 eration of C ions. As more energy transferred to C®e-
comes available, Oions could also be produced since it is
1 ———— T then possible to reach still higher repulsive stdtesre re-
r H' + CO collisi 1 I i -
Smati 0 collistons eV | pulsive states leading to'@ could also be populatedAc

cording to Shah and Gilbody.2], at 13 keV1, the dominant
products observed in their experiment are ‘T@olecular
ions (84% CO). The yield of O ions is smaller than that
of C* ions by a factor of two. At higher enerd98 keVi),
the amount of CO decreases to 75%, and the ratio of ©
O" yields increases to three.

2
IS,,I

IV. CONCLUSIONS

We have carried out theoretical investigations of electron
capture in H+CO collisions in the collision energy from
0.1 to 10 keVi based on the fully quantum mechanical mo-

M aar lecular representations. Three molecular configurations are
0 500 1000 1500 2000 2500 specifically consideredi) the proton approaches the center
¢ of mass of the CO molecule in the perpendicular configura-
tion (case }, (ii) the proton approaches the C atom in the
collinear configuration(case ), and (iii) the proton ap-
proaches the O atom in the collinear configuraticase Il).

) Cases | and IIl are found to be dominant contributors to
the geometrical structure of the target molecule can be andsectron capture, while case Il is found to be secondary. The

lyzed baseq on the perturbative procedure similar to an ele‘b‘resent total capture cross section, obtained by averaging
tron scattering studj21]. over the molecular configurations, is in good agreement with

all experimental data available in magnitude as well as en-
E. Fragmentation ergy dependence. The present DCS’s are also in good agree-
For the H'/CO system, the energy difference between thement with the experiment by Gaet al. [13] for scattering
initial channel[H"+CO(X 3 *)] and the charge-transfer angle from 0.01° to 1° at 1.5 kel/in which the theory can
channe[ H+CO* (X 23 %)] is very small(less than 0.5 e)/ reprqduce the oscnlatpry structurgs _q_une we!l. The stenc_ ef-
and the values of the coupling elements between these twi§ct is found to persist rather significantly in all energies
channels are sizable, as seen in Fig. 3. Thus, the Cha@éudled as described in detail. The _present c_ros_s—sectlon data
transfer between the initial and thel+CO* (X 23 *)] chan-  are considered to be useful for various applications.
nels is extremely effective. The final products of the charge-
transfer process depend on the energy transferred t0iGO
the collision process. The lowest CQtate is deeply bound, The work was supported in part by the grant-in-aid, the
with a binding energy of about 8.3 €(20] and has a nearly Ministry of Education through Yamaguchi University
identical equilibrium internuclear distance to that of the(M.K.), and by the Deutsche Forschungsgemeinschaft in the
ground state of CO. Above this state, there exist severgorm of a Forschergruppe and Grant No. Bu450/7 and by the
bound and repulsive states asymptotically corresponding tNational Science Foundation through a grant to the Institute
C*(*P%/0(P) and C (*P%/O(*D). The energy defect for Theoretical Atomic and Molecular Physics at Harvard
between the first ion-pair GQ?P°%)/O(*P) state and next University and Smithsonian Astrophysical Observatory
higher C"(?P%/0('D) state is only 1.97 eV22]. At stil  (M.K., J.P.G., and R.J.B. The financial support of the
higher energy, there are states asymptotically correspondingonds der Chemischen Industrie is also hereby gratefully
to CGP) and O(*s’), which is 0.4 eV above acknowledged. Finally M.K. acknowledges the support from
C*(?P%/0(*D) [23]. Therefore, in view of the Franck- the Deutsche Akademische Austauschdien®AAD)
Condon principle, it seems likely that most of the C@ns  through Universita Wuppertal during the time when much
produced in the charge-transfer process will be in the lowof this study was performed. P.C.S. acknowledges support
lying bound states of COand be quite stable. When the from a grant from NASA Ultraviolet, Visible, and Gravita-
amount of the energy transferred to C@& large, the low- tional Program.

FIG. 9. ScatteringSmatrix elements for three molecular con-
figurations at 0.5 ke\\.
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