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Electron capture and excitation in collisions of St* ions with He atoms at intermediate energies
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We have investigated electron capture and excitation in collisions6fi@is with He atoms in the collision
energy range from 0.02—6 keV/u based on a molecular representation. Molecular states are determined by
using the multireference single- and double-excitation configuration-interaction method. We have considered
electron capture and excitation both by the ground singlet and metastable trffléoi®i. The capture cross
section by the ground singlet %iion increases with increasing collision energy and reaches a value of
~1.5x10 ¥cn?, while that by the metastable triplet ion is found to be large with a magnitude of
4x10 *cn? at the highest energy studied. Weak but conspicuous oscillatory structures are found for both
cases, which are due to multichannel interference. The present rate coefficient for the ground gihgpet Si
impact is found to be much smaller than those of[tBé" +He] system studied earlier.
[S1050-2947@9)01311-9

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

I. INTRODUCTION significant disagreement with all available theoretical results.
The[Si** +He] system has only been studied recently in the
Reaction processes which involve®Siions in collisions  molecular representatiof9,10]. Both results are in fair
with H, H,, He, and other neutral species have recently atagreement with the experimental data of Fang and Kwong
tracted a great deal of interest due to their potential applica-13].
tion in astrophysics, fusion research, and thin microfilm tech- However, until now there has been no theoretical or ex-
nology [1]. However, the majority of studies have been perimental study of th€Si** +He] system, which may also
concerned with H atomic targef8—5], and to the best of our be important for astrophysical environments as well as Si
knowledge, there are only six theoretical investigations forthin-film manufacturing with ion-beam technology. In x-ray
He target§6—11]. Butler and Dalgarng6] estimated the rate gjssociation regions of interstellar clouds, multiply charged
constants for Fhe e!ectron—capture process in ion-atom colligns can coexist with Kand He, with atomic H usually
slons, |+.e.,[S+|3+,S|4++.He], and the reverse processes,peing of small abundance. Fast sequential charge transfer
[Si",SF*+He"], by using a simple Landau-Zener method (e ces the multiply charged ions to singly charged, but for
for a few temperatures bgtween 1000 an.d 31600 K. Oprggg case of many doubly charged ions charge transfer may be
dolce, McCarroll, and Valiroii7] and Stancikt al. [8] have slow or have a significant energy threshold, therefore creat-

o .
a_lso ireated the ele.ctron—capture procegsSit” +He colli dhg a bottleneck in this charge-transfer cascade and a signifi-
sions at low energies, 1 meV/u-1 keV/u and 3 meV/u-1 . : e

cant population of doubly charged ions. #Sis just such a

eV/u, respectively, both based on the molecular represent%hse as it is expected to have small charae-transfer rate co-
tion. Stancilet al. [8] have noted that these two theoretical LIS exp v 9

results are in qualitative agreement but that there are some‘eﬁ'c'en_tS for collisions with 'i!"’_md He. Itis then |mport§1nt
unresolved discrepancies at the low and high ends of thp obtain accurate rat_e coefficients to_ be_: able to predict the
energy region they studied. Recently, Bacchus-Montabonéioundance of Si and its expected emission flux. In techno-
and Ceyzeriaf11] reported electron-capture cross sectionsogical applications, Si-ion beams are expected to play a ma-
for [Si** +He] collisions. At the lower-energy end of their Jor role for future ion-beam-based thin-film manufacturing.
calculation, fair agreement with the results of Stamtinl.  These ions are charge transferred, hence becoming neutral Si
[8] was found. Further, the only experimental dita] are in ~ atoms before they reach surfaces for deposition. As de-
scribed above, a precise knowledge of charge transfer rates
for collisions with H, and other molecules are essential for
*Present address: Institute for Theoretical Atomic and Moleculasuccessful production of thin films. Therefore, we conduct a
Physics, Harvard-Smithsonian Center for Astrophysics, 60 Gardetheoretical investigation of electron capture resulting from
St. Cambridge, MA 02138. Si?*+He collisions within the molecular representation be-
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low 6 keV/u. The processes we are concerned withiatbe TABLE |. Number of reference configurationd,.;, and num-
projectile ground state: ber of rootsN,,, treated in each irreducible representation and the
corresponding number of generatetl, ) and selected Ngg)
Si#*(1S)+ He—Si"(?P°)+He" electron capture, symmetry-adapted functions for a threshold of X010 °E, at an
(13 Si-He internuclear distance of 2.
—SiP*(!P°) +He projectile excita’ziﬁg, State Nret/Nroot Niot Ngel
A, 118/7 214 225 25070
(i) the projectile metastable state: B, 7214 158 300 17718
A 56/2 145 407 10280
2+/3po it2po + 2
Si"(°P°) +He—Si" (“P°%) +He™ electron captur(ez,a) 3A, 104/5 305 449 32143
3B, 84/5 259980 29779
—Si*(*P)+He" electron capture. A 5973 231034 22246
(2b)

The triplet state lies above the ground singlet state by 6.58lectron-translation factor. Substituting the total wave func-
eV. All processes, both in the singlet and triplet manifolds,ion into the time-dependent Scliiager equation yields a
are endoergic with a larger energy defect between the initiafet of coupled equations, which are solved numerically under
and capture channels in the singlet manifold. Therefore, th&1€ assumption of straightline trajectories for heavy-particle
contribution from the triplet is expected to be dominant formotion. By squaring the resulting amplitude, the transition

scattering dynamics. However, it is important to verify this Probability is obtained as a function of collision energy and
quantitatively. impact parameter. The cross section is given by an integra-

tion of impact-parameter-weighted transition probability
over the impact parameter. States included @refor the
singlet manifold, the initial 3" channel, electron capture
2 13%, 1MI channels, and excitation & *, 2 I chan-
Details of the theoretical treatment in this paper have beenels and(ii) for the triplet manifold, the initial 23", 1 311
already described earli¢l4—17, and hence only the spe- channels, electron capture®2 ™, 2 31, 133, and 3311

Il. SUMMARY OF THE THEORETICAL METHODS
AND CALCULATIONS

cific information used in the present paper is shown. channels as described in more detail below.
A. Molecular states Ill. RESULTS AND DISCUSSIONS
The AO basis set used in the calculation for the silicon A. Adiabatic potentials and dynamical couplings

atom is the (1810p4d1f ) basis contracted 10s7p4d1f] All the states from the singlet and triplet manifolds used

[1.8]' but a new exponent of 0.34 for_ thefunction Is ob- in the calculation are listed in Table Il with corresponding
tained from reoptimization and used in the present calcula-

; . o : asymptotic atomic levels. Two quintet states’3l~ and
o o ot et e culated xctaton et o 1 e corespond to he () e ('S chamel
erin)":en%al values quite satisfactorily when Ssin the preserd'® not calculated since the effect of spin-orbit interaction in
peri 4 y using P The collision process is expected to be negligible. The
basis set. For helium, the and p-type functions are from

(2 +(2 ; ; =
Ref.[19]. Additionally, threed-type functiond20] are added ;Ie(sgz‘:lr:")-'i I—(|e§)(zcsr)]acnhn;rl,rlghlcccr)]rr|:eess olrf dist(()) (t:r:ﬁr eaebgi\:]e let
and the final contracted basis set is £303d)/[ 7s4p3d]. ' P 9

The botentials and counling matrix elements are Com_and three triplet states. These states are not included in the
P pling collision calculation.

pute_d using the multlr eference single- and doub!e excitation It can be seen that the present calculated asymptotic rela-
configuration-interactiofMRD-Cl) method[21], with con- . . - .
. X . ; X tive energiegat R=50.0g,) for all the states agree well with
figuration selection and energy extrapolation employing th : ) ;
. : ; hose derived from available experimental dg24]. Note

table CI algorithm[22] for the range of Si—He internuclear . L

: ; . that for the states corresponding to thé/Sie* channels, an
distances from 2.0 to 20ag. In the CI calculations, the five : .

. - _energy value of 0.C2, is already subtracted in Table Il to
lowest molecular orbitals are always kept doubly occupied ceount for the Coulomb repulsion of the positive ionRat
whereas the five highest ones are discarded. A small sele&-50a P P

=50a,.

. 77 - .
tion threshold21] of 2X 10" ‘E,, (in units of Hartreeshas The potential curves for Sité are shown in Figs. (&

been used in the present treatment. More details of the ; : .
present MRD-CI calculations can be found in Table I. Theand Xb) for the singlets and triplets, respectively. It should

radial coupling matrix elements are obtained using calculateBe noted th?t for the s_lnglet manifold ne@s 13"?0’ there
MRD-CI wave functions in a finite-difference meth@2g]. are two avoided crossings between th&ll and 211 states

as well as the 23* and 313" states. Accordingly, the

slopes of these states change abruptly there. At aroagd 4

a few strongly avoided crossings are present among higher-
A semiclassical molecular-state expansion method halying states including 33" and 21 states, which are ex-

been employed at collision energies from 20 eV/u to 6pected to play an important role for exit of the flux to higher

keV/u. A total scattering wave function is expanded in termslevels through a ladder-climbing mechanism at higher-

of the product of an electronic wave function and ancollision energies.

B. Collision dynamics
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For the triplet manifold, the initial £2* and 1°I1 states
show no obvious avoided crossing within the predeme-

S. SUZUKI et al.

TABLE II. Calculated relative energies of the electronic states of SiHa the asymptotic limit R

Calculated Relative Experimental
Asymptote States energy €,)2 energy(cm™4)P (cm™h
St (ts)/He(*s) 1137 —290.938 65 0 0
S (PPO)/He(*S) 1357 —290.704 32 51429 52 984
130 —290.704 31 51432
Sit(?P°)/He" () 213 * —290.614 71 66 707 66 664
11 —290.614 37 66 782
233 —290.614 68 66714
2311 —290.614 33 66790
S (*P°)/He(*S) 3t —290.561 67 82737 82884
21 —290.561 70 82731
Sit(*P°)/He" () 133 —290.426 88 107 931 109 666
33 —290.426 27 108 065

@riginal calculated values for all states.
PCorrected values by subtracting OEj2for those states corresponding to"&le” channels(see text

PRA 60

cited states. However, because of the lack of an avoided
crossing with the initial state, the corresponding dynamical

gion since all excited states are well separated energeticallgoupling should be relatively weak. Nonetheless, they are
Electron-capture stat¢8 33 and 2°I1] are located nearest energetically more dense than their counterparts of the sin-
to the initial state with the asymptotic energy separation ofglet manifold, hence suggesting a stronger transition prob-

1.7 eV. In the region oR=3-4a,, similar to the singlet

ability than that for the singlet manifold.

manifold, there are a few avoided crossings among the ex- The potential of the ground 13 state of the SiHg,
which asymptotically corresponds to tH&i?*(*S)+ He]

channel, is very flat in the region near the energy minimum,

-290.2 T T T T
I SiHe®* Singlet and in such a case it is quite difficult to determine an accu-
rate equilibrium distanceR., value. According to the
2904 § present calculations, the B * state has a shallow potential
minimum located aR.=4.3%,, which is smaller than pre-
~ Si2*('P) + He viously reported theoretical valu¢g5-27. In Table IIl, R,
i -2906 22, 1 Si*(P) + He' values, which give the potential minimum for some selected
= i states and adiabatic energy differences, are presented,
together with those available in the literature. Note that the
2908 - 1 potentials of the 23", 1 11, and 133~ become dissocia-
L tive at infinity.
1'z* 5i2*(!S) + He
-291 : ' : . TABLE lll. Potential minima,R,, and adiabatic energy differ-
(@) 4 8 R (units :fza ) 16 20 encesAE, between the selected excited states and the ground state
o of SiHE*, and comparison with earlier theoretical results.
-290.3 T T T T T T
A 198, 3% ] State Re(ag) AE (eV)
| S T T s e -
=290.4 | = 1 2 4.39 0.0
P 4.853
-290.5 \ 2T en i 5.244
3 ) ] 5.42%
< ML 131 3.22 5.84
206 ] 3.21F
. ] 3.29¢
2907 1 ST + He ] 1M1 3.00 9.31
e Triptr 217 4.87 10.3
2908 s s s S . 135~ 2.78 13.9
4 8 12 16 20 2819
) R (units of a)
3Referencd25].
FIG. 1. (a) Adiabatic potentials of the singlet (SiHe) sys-  °Referencd26].
tem. (b) Adiabatic potentials of the triplet (SiH&) system. ‘Referencd27].
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FIG. 2. (a) Representative nonadiabatic coupling matrix ele-
ments for the singlet manifold.(b) Representative nonadiabatic
coupling matrix elements for the triplet manifold.

FIG. 3. (a) Cross sections for electron capture and excitation in
collisions of the ground &t (1S) ions with He atom. The solid line
is for electron capture and the dotted line is for excitatioth)
Cross sections for electron capture in collisions of the excitéd Si
Representative radial coupling and rotational coupling el{ *P°) ions with He atom. The dotted line is for '§Bs3p?) for-
ements are shown in Figs(82 and 2b). These matrix ele- mation, the dash-dotted line is for '$Bs?3p) formation, and the
ments reflect some prominent features in the adiabatic potersolid line is for the sum of both.

tials discussed above. passes through these avoided crossings with a probability

greater than 99.9%. Therefore, in what follows, we treat the
crossings diabatically.

In the present collision system, the?Siion and the He For the processes from the metastable triplet state
atom are considered to be mostly in the ground electroni€Si**(3s'3p*; °P) + He('S)], the six molecular states dis-
state under usual conditions. In such a case, the initial charplayed in Fig. 1b) that correspond to electron capture
nel corresponds to the singlet’®* molecular state, i.e., [Si*(3s°3p';®P°)+He"(1s';%S); 2°3%2*, 2°], and
[Si?*(3s% 1S) + He(1s% 1S)]. However, the lowest excited [Si*(3s'3p? *P)+He'(1s;%S); 1337, 3 °II] states, in
state of the i ion (3s'3p?; 3P°) is located at about 6.5 eV addition to the initial 133 % and 1% states, were included
above the ground Si ion state, so electron capture by the in the scattering calculations. In this case?31" and 1°1
lowest excited Si" ion is also interesting. states can be considered as the initial state, so we have de-

For the reaction from the electronic ground statetermined the cross sections by multiplying each state by its
[SiPT(1S)+He('S)], the five molecular states shown in Fig. Statistical weight. It should be noted that the spin-orbit inter-
1(a), which correspond to electron capty 'S *, 1 I; action is not important in the collision energies considered,
Sit(3s23pt; 2P%) + He'(1s'; 2S)] and excitation[3 '3, SO it was neglected.

2 I; Si*™(3s'3pt; 1P%) +He(1s%; 1S)], were included in o )

the dynamical calculations. Corresponding energy splittings 1+ Eléctron capture and excitation by ground 8i('s)

between 2!3* and 313", and 1111 and 211 at the cross- ion Impact

ings aroundR=13.5, are quite small with values less than  Figure 3a) shows our calculated cross sections for the
10" *a.u. and the preliminary calculations show that the fluxelectron capture and excitation processes by the ground

B. Cross sections
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Si#*(3s?:1S) ion impact. The total cross sectiofthe sum 10
of capture Si(3s?3p) and excitation to $i'(3s3p)] are o St e colisions L
rather small, in particular at low collision energies, and they Wl e ]
increase with increasing collision energy. This is a typical W e d
characteristic for an endoergic system, in which there is no . S '
strong avoided crossing between the initial, and electron cap- triplet /

ture and excitation channels. As shown in Fidga)l the L7
potential-energy difference between the initial, and electron i 7 e uglet
capture and excitation channels is quite large except at small wey 3
internuclear distances, so the electron-capture and excitation

processes should occur at relatively small internuclear dis- .
tances R<2.53,) and at relatively large collision energies o E """" singlet
for ions to penetrate deep inside the target. At lower collision — - triplet
energies, the electron-capture process of the 169 ‘
Si*(3s?3p?: 2P°) state becomes dominant over the excita- 0.01 0.1 1 10

tion process to the 3i(3s'3p’: 1P°) state except for the E (keV/u)

two lowest energies. However, at higher collision energies, _ o
both processes have similar cross section magnitude, sug- F'G- 4. Total electron-capture cross sections for the sirigiet
gesting a strong mixing of the flux among these channel lal ground-stateand triplet(initial metastable-stajenanifolds.

The two cross sections oscillate in an out-of-phase manner

above 1 keV/u, but the oscillations are more frequent angonservation except for the indirect two-step process through
conspicuous in the excitation cross section over the entirél states, which function as intermediaries. Hence, to a rea-
energy range because these levels are somewhat wealé@nable approximation, the electron capture process is still
channels. Such oscillations are a common prediction of modconsidered to be similar to the case of the ground singlet
ern molecular-orbital calculations and are usually attributecS”(*S) ion impact. The cross section reaches a value of
to phase interferences between different reaction pathways @< 10~ '®cn? at 6 keV/u, and it begins to level off at higher

a multichannel scattering problem. For an alternative viewenergies.

point, see Ref[28]. The transition to the 33 and 2111 Both total cross sections for the singlet and triplet mani-
states occurs by a two-step mechanism, i.e., first the transiold are included in Fig. 4. The magnitude for the triplet
tion to the 213 * and 111 states occurs near the distance of Cross sections are consistently larger than those of the singlet
closest approach and then the flux is distributed to the exin the entire energy range studied. However, the singlet cross
cited 313" and 211 states during the outgoing part of Sections approach those of the triplet as the collision energy
the collision. The cross section reaches a value ofncreases above a few keV/u, and they may reverse their
~1.3x 10 %cn? at 6 keV/u, and it appears that it continues order at much higher energies.

to grow as the collision energy increases. Experimental mea-
surements for this system would be useful.

1077 F

Cross sections (cmz)

IV. RATE COEFFICIENTS

: Beon i
2. Electron capture by excited S1(**) ion impact The present calculations are not intended to evaluate the

Calculated cross sections for electron capture by the lowrate coefficient accurately, but they are found to vary from
est excited triplet $i" (°P°) ion impact are presented in Fig. 10" *2cm®/sec at 6< 10°K to 10”8 cm?/sec at 2 1B K for
3(b). There is no avoided crossing in this system between thioth the singlet and triplet processes.
initial and any electron-capture channels except Rr Although the charge of the %i ions and the calculated
<2.5,, so the behavior of the total electron-capture crossollision energies are different, it is relevant and important to
section is similar to that of the ground?${'S) ion impact.  compare our results with those of th@i*", Si*"+He] sys-
However, in the case of the%{(3P°) ion, the cross section tems studied so far. The results of {t&i** +He] system by
is somewhat larger than that of thé'§i'S) ion because the Butler and Dalgarng6] are almost independent of the tem-
energy defect between the initial and final states is smalleperature, but both the rate constants obtained by Opradolce,
than that for the ground singlet%iion. The cross sections McCarroll, and Valiron[7], and Stancilet al. [8] increase
of the Sif(3s?3p': 2P°) state are dominant over that of the with temperature. All these results have similar values
SiT(3s'3p?: “P) state at all collision energies considered.(~10 °cm?/s) at a temperature of =10*K. Opradolce,
Again, we find mild oscillations both in the total and partial McCarroll, and Valiron and Stancdt al. calculated the rate
cross sections of the §j3s?3p: 2P°) and Si'(3s'3p%:*P)  constant at temperatures lower thar 50* K, but the colli-
states, but the behavior is somewhat complex compared t&ion energies for which we calculated correspond to higher
the case of the ground single?$§*S) ion. This feature is a temperatures approximately in the region of®1Q(K.
manifestation of a weaker coupling between the twoHowever, the temperature dependence of our rate constants
electron-capture channels because of the larger asymptotihiows a more rapid increase than that of Opradolce, McCar-
energy splittings as compared to the singlet case. roll, and Valiron and Stanciét al. Extrapolation of our re-

As seen in Fig. (b) the potential energy of the 35" sults seems to suggest that the rate constant of the
state begins to approach that of the’Sl™ state at small [Si?"+He] system is smaller by about two to three orders of
internuclear distances belowag. However, the transiton magnitude than that of thgSi*"+He] at the temperature
between these tw& states is forbidden by the symmetry 5x10*K. This prediction is not surprising because there is
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no strong avoided crossing between the initial and electron96 000 K. This value is far smaller than those calculated for
capture channels in the presdigi’"+He] system, while the[Si**+He] system.

there is an avoided crossing at the appropriate internuclear

distance in the case of tH&i** +He] system, making elec-

tron capture more effective. ACKNOWLEDGMENTS
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