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O estudo quantico do processo B3 + He® B2*+ He' foi invedti gado paraenergias de colisio
variando de 1-102 eV usando um potencial deinteracdo ab-initio. Um método novo foi usado para
resolver a equagdo de Schrédinger na base adiabética, onde os acoplamentos rotaciona e radia
foram considerados. Além disso, uma discusséo sobre os acoplamentos de diferentes simetrias é
apresentada. Usando o modelo de Landau-Zenner, mostramos que o modelo de dois estados ndo
deve ser usado para este sistema. Este estudo poderia indicar que tal modelo deve ser usado
cuidadosamente para outros sistemas onde 0 processo de transferéncia de carga seja considerado.
Findmente, as secfes de choque tota quéntica foram comparadas com trabalhos publicados
anteriormente por Gargaud e co-autores e uma concordanciarazoavel foi observada.

Full quantum charge transfer study of the processB* + He® B2* + He" has been investigated
in the collision energy range 1-102 eV using an ab-initio interaction potential. A new method to
solve the Schrédinger equation in an adiabatic basis was used, where the radial and rotationa
coupling were taken into account, and the importance of the coupling between states of different
symmetry wasdiscussed. Moreover, by using thewell known L andau-Zener model, it was concluded
that the two state model cannot be applied for the present system, and this might indicate that such
amodel should be applied carefully for other systemswhen achargetransfer processis considered.
Finaly, the quantum total cross sections were compared with the previous published work of
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Gargaud and co-workers and afair agreement was achieved.
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Charge transfer in atomic and molecular collisions has
been intensively studied in the past few decades'®. The
importance of this process arises in different branches of
science such as astrophysics, chemistry, laser research,
material science and many others’.

Theoretical or experimental works in this field have
grown up rapidly dueto new techniquesthat have become®
available, especialy in the case of high resolution molecu-
lar beam experiments’.

From the theoretical point of view the mechanisms to
elucidate charge transfer processes need accurate potential
energy functions and therefore exact quantum cal culations
have to be carried out. However, most charge transfer
processes studied have been mainly concerned with only
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single charge transfer systems®. In this case only covalent
dissociating states are involved and hence the quantum
scattering calculations are simpler. On the other hand, for
systemswith multiple charge transfer such calculationsare
more difficult to perform due to covalent and ionic states
being involved. The first quantum theoretical work where
double chargeswere considered wasthat of Bragaet al.® In
the latter work, the Ar?*/He system was analysed by quan-
tum mechanics and an intermolecular potential model was
proposed based on ab-initio calculations. The quantum
scattering calculationswere carried out inthe diabatic basis
and no rotational to radia couplings were included. Nev-
ertheless satisfactory agreement was achieved compared
with the experimental measurements of Friedrich and col-
|aborators’.
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Therecent research review of Herman'® hasupdated the
existing literature on chargetransfer in atomic and molecu-
lar collisons in the experimental and theoretical pictures.
As shown by Herman, the experimental apparatus have
shown better resolution and consequently lower relative
errors can be obtained for the experimental data.

For the charge transfer process with doubly charged
molecules, Herman and co-workers'®! have shown that
theory and experiment are well developed for resolving
excited electronic states. For example, Herman and col-
laborators! have studied the CO?*+Ne system by using the
potential energy function calculated by Larsson et al.*2for
thissingle chargetransfer process. Thislatter work showed
a quantitative agreement with recent experiments of cross
molecular beams perform by Hamdan and Brenton®®, and
has confirmed that the intermolecular potential of Larsson
et al.*?, for CO?*/Ne collision isableto describe the energy
separation of the minima and the equilibrium distance for
the 1°P and 1°S states. However, due to the resolution of
the energy, about 0.3 €V, the vibrational states were not
fully resolved athough the important features of the popu-
lation for the energy spectrawere analysed. For polyatomic
molecules, such as NHz and H2S colliding with He?*, the
theoretical and experimental work of Farnik and co-work-
ers!* arethemost recent advancein multiplechargetransfer
processes. By using the crossed molecular beam technique
with resolution of about 120 meV, they were ableto study,
in detail, the contribution of the energy transfer between all
guantum state. The relaxation into each rotational, vibra-
tional and electronic states has provided important results
such as the Franck-Condon factors.

According to Herman'®, simple models have been ap-
plied to dication-molecule and cation-molecule chemical
reactionsand chargetransfer processes. |n addition, charge
transfer processes with multiple charge are one of the
research areas that have recently turned out to be of con-
siderable interest.

Very recently Boyd and collaborators'® have proposed
aninversion of thediabatic coupling potentialsfor multiple
chargetransfer onthe C*/He system. Experimental inelas-
tic cross sections were used as the input data. By using a
genera inversion algorithm based on functional sensitive
analysis, the diabatic coupling potential for such a system
was derived. Thisinversion was accurate especialy in the

B¥*(1s) + He (1), 3' § *®
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region where accurate ab-initio calculations are difficult to
perform.

The present work will analysethe chargetransfer of the
B%*/Hesystem, whichisisoelectronicto C**/He, and where
ionic and covaent states are also involved. L 6pez-Castillo
and Ornellas'®!’ have recently produced apotential energy
surface where al the important couplings (rotational and
radial) for the dynamics were well defined. The reactions
presented in Eq. 1 were calculated with an accurate basis
set?,

Although the above authors have produced quality po-
tentials and couplings, their ab-initio calculations have
been tested using the classical path method™® for colinear
trajectories and for very high collision energy (1 keV upto
50 keV). Nevertheless, their calculations are in fair agree-
ment with experimental cross sections, but some experi-
mental data'®® are overestimated. Theagreement isalmost
gualitative, but it is quite consistent with the subsequent
experimental results of the lwai et al.?°

This paper aimsto cal cul ate the state-to-statetotal cross
sections for the above process, in the collision energy
ranging from 1 eV to 102 eV and using the renormalized
Fox-Goodwin method as given by Braga and Belchior?.
The latter method provides a powerfull tool to propagate
the radial wavefunction with the intermolecular potential
in an adiabatic basis. This combination of low collision
energy and quantum analysis will provide a better under-
standing of the quality of the potential energy surfaces
given by Lopez-Castillo and Ornellas'®. In addition, the
well known two state Landau-Zener (LZ) model will be
applied to analyse the validity of approaching a problem of
severa states by atwo state model. Such a method iswell
detailed elsewhere® and will not be repeated here. Since
thereisno experimental datain thiscollision energy range,
a comparison with previous theoretical work will be
done??. Actually, the low collision energy used in the
present calculations could be achieved by experimentalists
for carrying out measurementsin this energy range.

Adiabatic quantum scattering theory

The matrix representation of the Schrédinger equation
in the diabatic basis,

d2
TR TQRUR=0

B2 (1% 2s) + He' (1), 11 § *
B?* (1s?2p) + He' (19), 21 § * (1)
B?* (1s° 2p) + He' (19), 1' P

B?* (1s°3s) + He' (19), 41 § *
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where
QR =K2- % - 2mV(R)

k? being the channel wave number, | the angular momen-
tum, mthe system reduced mass and V (R) the intermolecu-
lar potential, isnot aways convenient to usein the study of
charge transfer process. The non-commutability of the
rotational to radial operators prevents the above repre-
sentation from always be useful. In a standard procedure
rotational to radial couplingsare neglected and the diabatic
representation is used for studying charge transfer dyna-
mics.

Concerned with the above problem Braga and Bel-
chior?* have recently developed an agorithm to integrate
the Schrédinger equation in the adiabatic representation,
which is defined in such a way that, in this new repre-
sentation, the diabatic potential becomes diagonal. Cer-
tainly this is performed with the expense of making the
kinetic operator non-diagonal in this adiabatic repre-
sentation. Neverthel ess the two representations should co-
incide for the large scattering coordinate where the
transformation between these two representations, denoted
by U(R), becomes R independent and goes to a constant
equalsto the identity transformation.

In this new representation the Schrodinger equation is
then written as,

dd X (R +2U (R @u (R) de (R +

VRS urRLX R+

0+2)  2m

(- T2 1- ST DRIXR=0 @

The agorithm to solve the above equation?!, which
combines efficiency and simplicity, is based on a three
point recurrence relation established by Fox and Goodwin
in 19492, Defining the quantities,

10+1) _2m
2= DR+

l(R)—U (R (4)

Qa (R =K?-

and,

P(R=2(U'R) 5 U(R)) ©)

the adiabatic Schrédinger equation is then transformed?
into the recurrence relation,
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R(R+h)=(1+5P(R) (2 - P Qa(R) -

(1+5PRY™ (- SPRYIRUR- 1) (6
where R(R) = X(R+h)X}(R). This renormalization gives
the necessary stability for the closed channels as discussed
in detail by Braga and Belchior?. The matrices U(R) and
D(R) are provided by the electronic calculations. A bicubic
spline interpolator was implemented with the quantum
scaterring code and hence no analytical fitting of these
matrices were necessary. For details about the electronic
calculation see references'Y.

In the asymptotic region the Schrédinger equation,
either in the adiabatic or the diabatic representation, is
decoupled. Nevertheless the ionic and covalent channels
have to be matched with different boundary conditions due
to the tail of the coulomb potential that decreases dower
than the centrifugal term. These equations are then given,
for the large scattering coordinate, as

& 1+ ,h. N
(dri2+1- riz -2ri)X.(h,r.)—O (7
wherer; = kkRand
212,€
- gl ®

For the covalent channel this quantity has to be taken
equal to zero.

The Riccati-Bessel functions were generated by using
forward and backward recurrence relations®® whereas the
Coulomb functionsweregenerated using Steed’ salgorithm
in complex form?. Denoting the diagonal matrices that
contain the Riccati-Bessel and Coulomb functions of the
first kind and second kind respectively by J(R) and N(R)
the K matrix can then be obtained by,

K=(RE®NR®-NR+))*RERIR-
J(R+h)) 9)
Scattering matricesand cross sections are then obtained

inthe usual way?®, i.e, an average over al partial waves are
given by

Siej = EZ & @+1e8@ (10)

i =0

where Sj' isthe scattering matrix for each partial wave and
for thetransitioni toj.

The interaction potential

To solve the Hartree-Fock-Roothaan equation, initially
one has to select a set of atomic basis functions for the
molecular expansion. These functions are normally ex-
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pressed as a linear combination of cartesian Gaussians,
which are easier to work in numerical calculations.

The basis sets selected for the [BHe]*" system are of
dupla-zetatype and are described in Refs. 26 and 27. They
also contain p-type and d-type polarization functions for
the He and B atoms respectively. They are represented by
(11s,6p)/[5s,4p] for boron, with three d-type polarization
function with coefficients 1.11, 0.402 and 0.145%® and
(6s,1p)/[4s,1p] for helium?’. The eectronic structure cal-
cul ation was performed using the MEL D program?and the
potential energy curves were then calculated in the adi-
abatic approximation for the quasi-molecule[BHe]** inthe
configuration interaction (CI) level. Single and double
excitations relative to the Hartree-Fock configuration
(B* (1) + He"(1s9)) were therefore generated. For more
details see Ref. 16.

The radial and rotational couplings can be formally
written as

1R

<Ymé1ﬁ_RéYn>=§l cm +

o o U [ R X 5

pm a2 [ab< >]+< >—471+
3) ab(?qp[quﬂqu] Ip9q ‘ﬂR]
3 ﬂag 11
apap R (11)

and

~ _ 9 o
<YmeLyéYn>—a Pr:g a a';
ab pa

ab g pély§ > (12)

where Y nisaCl wavefunction, C" are the CI coefficients,
Pau™ represent the element ab of the transition density
matrix between the Born-Oppenheimer statesy mandy nin
the molecular base {ab}, a® are the SCF coefficients and
j 'saretheatomic orbitals. These couplingswere solved by
the central field method (CFM)%?° where the dependence
with the origin was eliminated.

Results and Discussion

The state-to-state charge transfer quantum cross sec-
tions were calculated by using a new method to solve the
Schridinger equation? where the radial and rotational
couplings can be taken into account. In this case, al cou-
plings were included except the one with unphysical be-
havior.

The state-to-state charge transfer quantum cross sec-
tions and the LZ results are shown in table 1 for several
collision energies. Becausein the LZ calculation only two
states (2'S with 3!S) are taken into account, these cross
sections are to be considered asthe total cross section. For
ananalysisof theseresults, the quantum crosssectionswere
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split out for each allowed inglastic transition. The coupling
between the 2!S and 1P states was neglected since in the
electronic calculations this coupling generally does not
have the correct asymptotic limit. This kind of procedure
was aso adopted recently by Boyd and co-workers'®.
Therefore, the coupling between these states are inferred
from other couplings. Ascan beobservedin Table 1, there
is aweak coupling between the lowest (11S) and highest
(3'S) states used in our calculations and this is expected
because such states have very weak radial coupling and no
rotational coupling et al. The contribution due to theionic
and covalent channels, i.e., the 3'Z* state corresponding to
the covalent and to the second ionic channel, were used in
theLZ calculations. Ascan beseenintable 1 theLZ model
describes correctly the general behaviour of the cross sec-
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Figure 1. Comparison of total cross sections between our results (boxes)
and Gardaud and co-workers? cross sections (triangles).

Table 1. Cross sectionsin A2 The LZ results are the total cross sections
for the process under study. Subscripts 1,2 and 3 refer to the S states and
subscript 4 refersto the P state.

TleV st s13Y s23° s34
10 83.70 0.0 2.576 1.145
5.1 35.92 0.0 6.218 1.424
103 25.18 0.001 5.942 1.646
51.0 11.28 0.1786 3.158 1.858
102.0 7.972 0.7063 3.372 1.915
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Table 2. Comparison of the potential parameters for some ab-initio calculations and the potential model where R is the crossing point and DE is the

difference between the adiabatic potentials at the crossing.

Inner Re Crossing DE Outer R¢ Crossing DE
Model potential(Gargaud et al.??) 46 0.095 74 30x 1073
Ab-initio (L6pez-Castillo et al. 1) 44 0.101 7.0 6.9x 107
Ab-initio (Fraijaet al.?®) 44 0.100 7.0 55x 107
Ab-initio (Shipsey et al.?’) 47 0.070 74 35x10°

tion in this collison energy regime. For higher energies,
corrections for this model have certainly to be taken into
account. Moreover, it can also be observed from Table 1
that the charge transfer processes, for high energy colli-
sionsisnot atwo state problem. Figure 1 comparesthetotal
Cross section out of the covalent state with the calculations
of Gargaud and co-workers??. When the energy increases
above 51 eV the agreement becomes poorer and the main
reason for thisis certainly due to the absence of rotational
coupling which is important for higher collision energies.
Such a deviation can also be attributed to the difference
between the intermolecular potential of Gargaud el al.?
andtheab-initio potential of L opes-Castillo and Ornellas'®.
This can be analysed by checking the potential parameters
used in the two calculations as shown in Table 2 and
compared with other calculations. The present results are
equivalent to those of Fraijaand co-workers and the great-
est disagreement might be due to the small DE of the outer
crossing of the model potential?. In this case our DE is
almost twice that of the Gargaud results.

The important region for a charge transfer process is
near the avoided crossing; athough Gargaud et al. was
more concerned with thedifference of energy intheasymp-
totic region. It isrecognized that the Cl calculationismore
reliable at intermediary R than at the asymptatic limit. In
the former case the potential model was parametrized for
the asymptotic energies which have provided an error less
than 0.0001%. Therefore one can expect that the potential
used in the present work can be morereliablefor describing
the charge transfer process than that reported by Gargaud
and collaborators??, although they have good agreement for
the collision energy range used in this work.

If the results of Fraija and co-workers®, and those
reported by L dpez-Castillo and Ornellast® do not describe
correctly the outer crossing, then the results of Shipsey et
al.*! also should not properly describethe system, sincethe
three cal culations employ the same method for the calcu-
lation. The agreement between Gargaud et al. calcula-
tions* with those of Shipsey and collaborators™, for the
outer crossing, is likely to be incorrect. In addition, since
the Shipsey et al. calculation is less accurate than those
previouly reported'®°, it might be concluded that the re-
sults of Gargaud and co-workers are not quantitatively

correct when compared with thecalculations of Fraijaet al.
Moreover, Shipsey et al. have not used the trandation
factor and from their results'® (Fig. 6) it can be observed
that the use of the central field method (or the use of the
trandation factor) will increase the absolute value of the
total cross section®®. Therefore, a comparison between the
results of Gargaud and those of Shipsey will certainly
disagree if such afactor istaken into account.

The comparison of the total quantum cross section
against the results of Gargaud and co-workers? in Fig. 1
showsthat our resultsincrease faster than those of Gargaud
and co-workers. An extrapol ation of theseresultsfor higher
energiescan show that theab-initio cross section cal cul ated
in the present work will match the experimental results of
Iwai and co-workers®. This can also be observed in the
work of Lopez-Castillo and Ornellas'® where they used a
colinear classical path method. Actually, asimple extrapo-
lation of the semi-classical total cross section presented by
L 6pez-Castillo and Ornellas'® (Fig. 5) to lower energies
indeed confirms this point.
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