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Abstract

Thanks to the recent development of experimental techniques, it has
become possible to measure the cross sections of the final (n, &) state-
resolved electron capture processes. As for the process of electron capture
by incident multicharged ions from neutral atoms, many theoretical
calculations have been made using several different methods, for example,
impact parameter methods using molecular basis wavefunctions, or using atomic
basis wavefunctions, classical trajectory Monte Carlo method. In this Article
a review on the theoretical calculations for the process is given. A
particular attention is paid to the difference of the theoretical methods
applied %or the physics governed in the process, for the selective properties
of the capture process and for the absolute values of cross sections from the

practical point of view.



1. Introduction

The electron capture process, often called charge transfer process, is
ore of the major problems in atomic ccllision physics. The main theoretical
difficulty in treating this process arises from the situation that the
unperturbec Hamiltonian of the system is changed before and after the
collision. The difficulty of such rearrangement collisions is actually solved
by- taking into consideration practical situation and by taking proper
approximations for actual problems. Considering that the co]]%ding system in
the initial and final states consist of two incoming and two outgoing .
particles with some structures, respectively, and these particles are much
heavier than the transferred particles (electron), the trajectories of the
colliding heavy particles are mainly determined by the two-body (ion-atom)
interactions and is not influenced by the electron transfer process itself.
This situation makes it possible to treat the problems using the ‘
approximations that divide the process into the following two parts; 1)
relative motion of the colliding particles and 2) their internal motion of the
respective colliding particlgs. Almost all the methods used to treat the
process are approximated basically by this concept; i.e., because of the
magnitude of their masses, compared with electron mass, the relative motion
follows almost the straight line trajectory or slightly curved trajectory in
classical mechanical terminology, or plane-wave or slightly distorted-wave in
quantum mechanical terminology. In high velocity collisions this situation
allows us to formulate the problem using the straight-Tine impact parameter
approximation or plane-wave Born approximation, meanwhile, in Tow velocity
collisions, it can make the adiabatic approximation useful in solving the

problem.



Let us consider the following electron capture process by a bare ion from

a neutral atom, i.e.,

A% wp s al0 ¥ gy 4Bt (1-1)

<%
where (n,lz) means a particular hydrogen-Tike atomic state with the principal
quantum number n and the angular momentum quantum number 2. Experimentaliy
the final atomic state or the final ionic state can be determined by one of
two methods, i.e., ion-energy spectroscopy or photon spectroscopy. If an
electron is captured from B atom to Aq+ ion resulting in the A(q'1)+(n, )
state, the kinetic energy of A(q"l)+ jon is determined in order to satisfy the
conservation law of the total energy. Through measurements of the kinetic
energy of A(q'l)+ ion, we can determine the particular (n,%) state (ion-energy
loss/gain spectroscopy). If the final state (n,2) of the electron-captured

ion in eq. (1-1) is the optically allowed excited state, the ion can emit a

photon through the process:
A0 Dr, gy s Al gy ey (1-2)

that can be analyzed by X-fay, UV or visible 1ight photon spectroscopy. Owing
to the degeneracy of the energy levels of hydrogen-like ion in the same
principal quantum number n, it is difficult to discriminate the angular
momentum states by thé translational ion energy spectroscopy. Optical
measurement can only be méde in the case of the allowed excited states and the
accurate measurements of the absolute emission intensities are not easy.

Thus, both types of the experiments p]ay a complementary role with each other.



.

When the excited state (n,¢) is in autoionizing state, the ion can emit an

electron by the process
AlOD* gy 5 a% (net) + e (1-3)

By the measurement of kinetic energy of the electron, one can obtain the cross
section for this process. ‘

For low velocity collision, the cross sections are determined mainly by
the level crossing points of potential energy curves. Accordingly the
magnitude of cross sections and their behaviour as a function of the incident
velocities are quite case-dependent and the electron capture processes are
considered to occur selectively into a particular (n, &) state. On the other
hand, in high velocity collisions, the cross sections are determined mainly by
the overlap of the momentum distributions between the initial and final states
of the electron to be transferred. They can be treated universally and some
unified treatments are proposed to produce the scaling relationship among
various combinations of the colliding systems. The cross section decreases
rapidly with the increase of the velocity. The final (n, &) states after
electron capture become non-selective and they distributes over a broad range
of n and &. This can be interpreted that in high velocity collisions the
collision time At becomes short and from the relationship of the uncertainty
principle between the time and energy, the system can transfer to the state
with the energy difference ™/At.

One of the most important facts in discussion of the final 2-state
distribution of electron capture process is the effect of the long range
interaction between ions after collision. Following the electron transfer
process from a neutral atom to an excited state of multicharged ion shown in

eq. (1-1), the eneryy levels of A(q'l)+(n, 2) ions are nearly degenerate with



those of many angular momentum states of 2. If we expand the interatomic
perturbation Hamiltonian in terms of the multipole interaction, the
monopole-charge and transitioﬁ«dipo]e ineteraction term is of the lowest order
of the interaction which can change the electronic stafe of A(q'1)+(n, ).

The interaction can be written by

-2

<n, ¢ |zai( n, 2'> R (1-4)

where R is the internuclear distance between the bare ion and the neutral
atom, gi( = X;,y; OT zi)thecomponent of the Cartesian coordinate of the i-th

electron centered at the nucleus of A(q'l)+ ion. Due to the long range
property of the interaction (<rR'2), the state-changing process from (n, 2) to
(n, #') is important and can not be ignored. In the case of the fine
structure transitions in collisions with rare gas atom such as

2

K(42P1/2) +He = K(4%Py,) + He, (1-5)

the cross section is of the order of 100 RZ. Considering that the
interaction is 6f short-range in a transition-dipole and induced dipole
interaction, compared with that in the present case of the charge transfer,
the cross sections relevant to the transition can be 103 RZ or more. In this
sense, the role of the electron translation factor (ETF) is very impbrtant to
avoid spurious interactions which appear in the matrix eiements with the same
center in the usual treatment.

In this Report, firsf]y we introduce and discuss -some simple models for
the electron capture process such as the classical over-barrier model (COBM or

OBM), Landau-Zener model. Then we describe the classical trajectory Monte

Carlo (CTMC) method where the colliding particles and an electron are treated



in the completely classical mechanical way. The quantum mechanical
probability for finding the system in some particular state which can be
Uetermined under the quantum mechanical condition is replaced by the classical
statistical prcbebility tec find the system in the states which is distributed
uniformly in phase space under a given quantum mechanical condition. The
uniform distribution is obtained by taking physical quantities using the
randomization procedure (Monte Carlo method). Then, as one of typical
theoretical techniques, the impact parameter method with atomic basis and that
with molecuiar basis is introduced and discussed. Further, to check

the agreement, some compiled data of the cross sections for the final state-
resolved electron capture processes by experiments and by theoretical
calculations are compared. In the last chapter, the summary and discussion are

given. Atomic units are used throughout this article unless otherwise

specified.



2. Simple model

Among many theoretical methods for calculating the cross section of the
electron capture from a ngutral atom by multi-charged ion, the close-coupling
method provides the most reliable values if we use sufficient time and
labor. However, with increasing the ionic charge and complexity of the
electronic structure of the collision system, the application of the close-
coupling method encounters considerable practical difficulties. While the
simple models such as the over barrier model (OBM) and the multichannel
Landau-Zener model (LZM) do not need much timevand effort, they can provide
the qua]itafive]y reliable values of the cross sections and are useful to
obtain the general trend of the cross section behavior.
2.1 Over barrier model

Some different versions of the over-barrier models (0BM) have been

proposed and applied to electron capture process. In this section, firstly

the 0BM proposed by Grozdanov1

is described and, then, the one by Ryufuku et
a]z. is explained briefly.

Under the adiabatic approximation, Grozdanov treated the motion of
electron in the electron capture process from one-electron species by fully
stripped ions as motion of fluid of non-interacting classical particles
in the field of two Coulomb centers of charges Z1 and 22. The electron
capture is considered as the events in which the classical particles go

through  surface F. The motion of the classical particles is governed by

the Hamilton-Jacobi equation and the continuity equation:

BS/at + H=0 (2_1)



af/st + V(fVS/m) = 0 . (2-2)

where S is the classical principal function of Hamiltonian, H is the
classical Hamilton function, p= VS is the momentum of the classical
particle, m is the mass of the particle and f is the spatial probability
density. Introducing the prolate spheroidal coordinates (£, n, ¢) and
separating the variables in equation (2-1), the solution for the classical
principle function S is obtained. This solution involves two kinds of
one-dimensional momenta, p(&) and p(n) , which are separated completely.
It should be noted that the potential experienced by tﬁe electron is also
separated into two one-dimensional potentials, one (V(&)) is along the &
coordinate and the other (V(n)) is along the n coordinate. Knowing the
solution for the classical principle function and with the help of the
separation of the variables again, the spatial probability density is
obtained from equation (2-2).

The obtained formula has been applied to the electron capture where an
electron in the ground state of hydrogen atom (Zl=1) is captured into the
bare ion (22=Z). The electron energy E and the separation constant A
necessary for the calculation of the transition probability are obtained

from the equation of the quantum mechanical asymptotic expansion:

-1/2 - Z/R (2-3)

Tl
it

>
i

LR : o X (2-4)

where R is the distance between the bare ion and proton. The classically

allowed region for the motion of the electron is bound by two kinds of two



turning points £, , and ny 5, where the momenta of the electron for
9 9
one-dimensional motions along the & and n coordinates, p(£) and p(n), are

zero, respectively. Initially the two allowed regions are separated
and belong to the bare ion and proton, respectively. The electron

capture becomes possible by the overlappiong of these regions.

Here n 1.p are more important than & 1.2 for the electron capture prbcess.
9 3

Substituting equations (2-3) and (2-4) into the equations of momentum, we

obtain

n = -[2021) £ (RZ 82 4 021/ (R + 22) (2-5)

$

where suffixes 1 and 2 correspond to + and - in the bracket, respectively.

The physical meaning of n 1.2 is as follows: From Ny = Ny, We obtain

Wi

Ry = 2(22-1)". '(2-6)

This internuclear distance is the maximum distance beyond which no electron

capture is eXpegted to occur. Thus, the collision process is considered as

follows:

(1) for R>R0 (t<0), the classically allowed region is -lgnsn,y that is, the
electron is bound to the hydrogen atom.

(2) for R<Ry, the classically allowed region is -lsn<l, that is, the
electron can move around both centers.

(3) for R>R0(t>0), the'classica11y allowed region is nj;<n<l or -1<n<ny,
depending on whether or not the electron capture occurs.

Let us define the surface F by the following equation:



n=n_ = -2(2-1)/(R+22), 1s£<E), 0<¢<2m (2-7)

where " is the point where the potential V(n) exhibits a maximum. When
R<RO, the surface F divides the whole classically allowed volume for
electron motion into two parts: V1 (which is defined by the condition
-lsnsnm) and V2 (which is defined by the condition nmSnsl). When the
electron is Tocalized in volume Vl or VZ’ the electron is considered to
belong to the proton or the bare ion, respectively. We can consider the
event in which the electron, localized in the volume vl, goes through the
surface F into the volume VZ’ as the electron capture. As,uming that, once
the electron is captured by the multiply charged ion, the strong Coulomb

field of this ion makes the recapture of the electron by the proton

unlikely, the electron capture probability per unit time is written

W(R) = (2/R?) - fl [nm (£2-n2)d&dn .
1 (52"1)1)(5) 1 _1 (Ez—l)p(g)(l_n?.)p(n) .

(2-8)

The electron capture probability per collision with a given impact parameter

is found to be

1 - exp[-(2/v) IbeW(R)RdR/ (Rz—b?)%] for b<R,

p(b) ={ (2-9).
0 for b>R0 .



For ionic charge Z<10, this model is expected to be valid in the

intermediate range of 10 - 100 keV/amu, while the applicability for larger

ionic charge is extended toward lower energies(i.e., E>0.5 keV/amu for Z=30).
The calculation of the transition probability using this model is

easier than that usfng the close-coupling method or classical trajectory

Monte Carlo method (CTMC), but it is not a spare-time work. Ryufuku et a1.2

have proposed more simplified 0BM. In their OBM, the motion of the electron

is considered only in one dimension. The motion of the electron is restricted

to the direction along the internuclear axis between the bare ion

and proton. Using this model, the cross section can be written

o = 3R (2-10)
P
where
= 2(Z~ 2725 _ <
Rp (z-1)/[(z /“p) 1] (2-11)

»

and np is the principal quantum number of the bare ion where the electron is

transferred and is written as follows:

% 1 1
n, = [{(2z2%+ 1)/(Z + 22)}%] 2 (2-12)

— 10~



Here the squared bracket [x] is the Gauss symbol to denote taking a largest
integer not exceeding x.

We have interpreted the O0BM for one-electron system. For the cases
where ‘the target is not hydrogen atom and (or) where the projec:cile jon is
not bare, the OBM can be applied by using the effective nuclear charge.

Recently, some extensions of the above mentioned simplified OBM have been

done by Barany et a13. and Niehaus”.

2.2 Multichannel Landau-Zener model
According to the Landau - Zener (LZ) mode]s’6 , the transition
prcbability between two adiabatic states (1 and 2).at a

pseudocrossing at the internuclear distance Rc is given by

2
p = exp(—21rU12 / Vg bF) (2-13)

where )
AF = [d(U11 - Uz2)/dR]p_p (2-14)
o o

d

and the radial velocity at the crossing point is

=Y
2

Vg = V[l - Un1(R)/E - b2/R(2:] . (2~15)

Here U12 is the relevant coupling matrix element, v_ and E are the

collision velocity and energy, respectively, U11 and U22 are the diabatic

— 11 -



potential energies and b is the impact parameter. The coupling matrix
element can be determined by the method discussed by Bates and Moiseiwitch7.
Using their method, Salop and Olson8 have presented the analytical formula
for evaluating this matrix element. On the other hand, we can also employ
the empirical formula obtained by Olson et a]g. It must be noted that in
deriving the Landau-Zener probability two assumptions have been made. The
first assumption is that in the vicinity of the crossing the magnitude of the

interaction isconstant.The second is that the diabatic potential energies, U11
and U22, as a function of the internuclear distance are replaced by their

tangents at Rc‘ Thus,
U11 - U22 = CO(R - Rc) C0 >0 . (2-16)
For the case where there are only two states and a single crossing, the

total transition probability after two transversals of the crossing region

during the collision is approximated by summing over two possible ways of

making the transitions and is given by

P12 = 2p(1-p). (2-17)
In deriving this equation, the phases, which are developed along the

. . . . . 10
trajectories and are introduced at the crossing point, have been

neglected. The total cross section is
07 = 2w J Plzbdb = 41ng[1-U11(RC)/E]G(g) (2-18)

where G(g) is the following universal function:

—-12-



I’.

S8 = llm eXP('gx)[1£1 exp(-gx) Jdx/x3. (2-19)

Since this universal function has a maximum value of 0.113 at g = 0.42, the

maximum value of the cross section is 0.452ﬂR§.
This method has been extended to a multichannel system and applied to

the electron capture by bare ions from hydrogen atom by Salop and 01son8.

They assumed that the crossings occur only between the initial state 0 and
electron capture states j (j=1,2,...,N) and that the corresponding crossing
regions are well separated from each other. By sunming over the possible
paths necessary to make the transition from state O to state j, the equation
of the total probability for the electron capture to the state j is given by

- cee 12
Pj =Py Py .- pj(l'pj)[l+(pj+1pj+2 PN)

ves 2 2
+ (pj+1pj+2 pN-l) (1'pN)

2 2
# (pyypeeoPyp) 2 Lpy 2 + e

2 2 2 o
+ pj+1(1-pj+2) + (l“pj+1) ] (4‘20)
where 1<j<N and the transition probabilities pj are evaluated using equation
(2-13).

The diabatic crossing distance RC is given by

Re= 2(2-1)(2%/m - 1)L, naz (2-21)

- 13—~



where n is the principal quantum number of the channel concerned; The LZ
probability (2-13) is applicable only when both the initial and final states
have the same symmetry.. Since the initial channel has Z-symmetry, the LZ
probability is applicable only for the Z-: transition. It is well known
that for one electron system in the two center Coulombic field,

among the I states having the parabolic quantum numbers [n, NysNos M ]
(n=n1+n2+m+1), only the I-state with n1=m=0 interacts with the
initial channel by a strong radial coupling.

The multichannel LZ model presented here neglects the electron capture
caused by the rotation of the internuclear axis. This leads to an
underestimation of the cross section in low energy region by a factor of
about two. This rotational mixing was taken into account in the LZ model by
11

Demkov et al Janev et a].lz have proposed the equation of the

multichannel LZ model including rotational mixing for the total transition
probabiiity.

It shou]d’be noted that the validity of the LZ model is restricted to
the adiabtic energy region. Furthermore, the multichannel LZ model, even
with the rdtation of the internuclear axis included, significantly
overestimates the partial cross sections for state n with n<n while it
drastically underestimates them for n>n_. Here N is thg principal quantum
number where the cross section becomes maximum. Since the ionic states of
n>Z do not cross the initial state, the partial cross section for such
states can not be evaluated by the muitichannel LZ model.

One of the phys%cal background that LZ formula can be applied
successfully is the localization of the interaction region between diabatic
levels. Usual LZ model was restricted only to transfer or excitation efffect

due to the radial component of the relative motion. Transitions due

— 14—



to votatioral ‘motion of the internuclear axis during atomic collision are
considered in the two-state epproximation by Russek13, Rotational coupling
matrix element spreads over a wider range of the internuclear distance,

" because differential operator with respect to the angle of internuclear axis
can be relpaced by the operator of the angular part of electron coordinate
in the body-frame. In this case, LZ type formulas are not applicable to
these transitions as they stand. This is due to the peculiar analytical
properties which are different from those of the radial transition. We can

wr%te the total Hamiltonian of a diatomic system as follows:

_ 1 3 520
H = 2uR2 aR(R BR)+ Hrot * Hel * Hcor (2-22)
where
1 1 .9 . 3 1 92
= - — [——(~sin0 -—) + —] 2.221
rot 2uR” sin® 90 30  sin20 32¢ ' ( )

p is the reduced mass of the collision system, Hrot is the rotational
Hamiltonian of the diatomic molecule, Hel is the electronic Hamiltonian,

and Hcor denotes the Coriolis interaction given by

1 2 1

H = L - Z(L U + L_U-) > 2-23
cor 2uR2 JuRZ * * ( )
with
Li = Lg * iLn (2-24)
and
u, = $§—- PR 3 + L_coto .
* 30  sinode °© (2-25)

- 15—



The angles © and & are the ordinary angle variables to define “the molecular
axial orientation, L is the electronic angular momentum vector and Lg, Ln and
LC are the components of L in the molecular fixed-coordinate system with the
c-éxis along the intérnuc]ear axis and £ and n are perpendicular to ¢. In
the radial coupling (usual LZ model) cases, t'he eigen states of Hel are taken
as the basis functions and Hoor does not appear becasue of different symmetry.
In the rotational coupling cases if.we take the eigen states of Hel + Hrot +
Hcor as the basis function (dynamical basis), the interaction between the
eigen states can be taken by

1 9 ]
- '—(Rz'—) s

2uR2 3R R (2-26)

just the same as in the case of radial coupling. By taking dynamical basis
function, the interaction can be confined into small region of R and LZ
formulas can be taken in a way similar to the usual LZ method. This
dynamical basis theory for rotational coupling has been formulated and
extended by Nakamura and his coworkersl4’15, and was applied to the case of
Li* + Na and Na© + Li co]]isionslﬁ. It will be possible to extend this

method for the change transfer probability involving highly charged ions.

— 16—
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3. Classical trajectory Monte Carlo method (CTMC)

The classical equations of motion for a three-body system interacting
with one another can be solved accurately by means of a modern high-speed
computer in contrast to the corresponding®Schrodinger equation which is

difficult to solve without any approximate procedurel'S.

Though the
relation between the quantal and the classical results has not been
clarified in a rigorous manner, it has been proved empirically that the
classical mechanics gives results close to the quantal calculations in such
cases as charge transfer processes.

One may suppose that the long-range nature of the Coulomb interaction
is one of the reasons which make the classical mechanics applicable to those
processes. In fact, the Rutherford scattering cross section is correctly
given by the classical mechanics. However, Rutherford scattering is a
two-body problem and we can not extend this finding directly to the
three-body scattering problem because the latter involves partly bound
states of two-body subsystems, in which pure quantal effects such as
discretization of energy levels are important. Bransden and Janev4 implies
that the 0(4) dynamical symmetry inherent in the one-electron atomic systeﬁ
and the separability of the coordinates in the two-center Coulomb system are
the reasons of the success in the capture processes between a hydrogen atom
and a multicharged naked ion. Their suggestion is impressive but we can not
accept it easily because it is difficult to expect that the classical
mechanics abruptly breaks down as we go further to the problems of two- or

multi-electron systems.

The classical Hamiltonian for a three-body system is given by

— 18 —



H=% [l/mA + I/mc] pf\-—C + %[l/mB + 1/(mA + mc)]Pic_B

+V, o+ V (3-1)

a8 ¥ VB-c * Vc-a

where mys Mg and me are the masses of the particles A, B, and C,
respectively, and the part of the center-of-mass motion of the whole system
has been excluded. V, n, Vg . and V._, are the interactions between the
pairs A-B, B-C and C-A, and P, . and P;. o are the momenta between A and C
and between the pair (AC) and B, respectively. The kinetic energy part can
be expressed in three different forms according to the choice of the Jacobi
coordinates. The classical motion of the particles is described by

Hamilton's canonical equations of motion:

dqi oH dpi oH

—&_—:%i’ -a-—t-:-—-:-—a*(i-i (1=1‘6) (3-2)

where 4 and p; are the components of the coordinates and momenta of the
relevant relative motions. (ql, 9y q3) represent the coordinates of the
relative motion between A and C and (q4, 95 q6) represent those between
(AC) and B.

The twelve coupled equations are solved under the randomly selected
initial conditions which simulate statistically the quantum-mechanical
distribution of probability of the particles. The initial internal state of
the target atom is usually represented by the microcanonical ensemb]e5 in
which the square of the eccentricity of the elliptical orbit is uniformly
distributed. In this distribution the substates belonging to the same
binding energy but to different angular momentum quantum numbers (s, m) are
uniformly populated in acccrdance with the quantum-mechanical description,

and the distribution of the momentum p summed over the -substates coincides

— 19—



with the quantal one which is obtained by the sum of the momentum-space wave

function:

o(p) = 8>/ [n2(p? + pZ )] (3-3)

vhere Py is the representative momentum related to the eigenenergy En as p,
= VTEE;. The initial quantum state of the projectile motion is distributed
uniformly over the square of the impact parameter. This uniformity
corresponds to the plane-wave description of the incident wave.

The probability of.the relevant reaction is calculated by counting the
number of events classified by the classical energy relation after the
collision has finished. For example, if the energy between the particles B

and C
Bpe = #[1/my + 1/mc1pg. + Vg ¢ (3-4)

becomes negative, the particle C is identified as being in a bound state of
particle B, that is, the particle C (electron) is transferred to the

projectile B. The cross section for a final channel f is given by

- 2
O = (Nf/N)bmaxﬁ

) ' (3"5)

where N is the total number of trajectories and Nf is the number of the
trajectories for which the electron remains in the state f after the
collision. bmax is the maximum impact parameter beyond which no event of
the channel f is expected to occur.



The identification of the atom%c internal quantum numbers (n,s) is not
so easy because the binding energy and the orbital angular momentum can take
non-integral values in the classical mechanics. The "quantization" of them
is made by regarding the values locating in a certain width centered at a
discrete quantum vaiue as the corresponding one. In the choice of the

boundaries of each width there remains some arbitrariness and ambiguity.
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4, Impact parameter approach

Since the masses of the target atom and the incident ion are large,
compared with the electron mass, the impact-parameter approach is applicable
to charge transfer processes involving highly charged ions except for those
at energies lower than 100 eV/amu. In this approach the relative motion of
the colliding pair is treated classically, meanwhile the internal

(electronic) motion is treated quantum mechanically. As a result the
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Hamiltonian includes the coordinates of the relative motion as a parameter

which determines the interaction potential affecting the electron:

ATy - Zp/Ty - Z,Zp/R (4-1)

where T, and Ty are the position vectors of the electron with respect to the
nuclei A and B, respectively. R is the position vector of B with respect to
A and is determined beforehand as a function of the time t. In addition the
heavy bartic]es can be assumed to move along a straight-line trajectory with
a constant velocity v if the collision energy is higher than several hundred

electron volts per atomic mass unit:
R(t) = b + vt (4-2)
where b is the impact parameter vector.
The Schrtdinger equation which determines the electronic motion is
given by -
.3 _ '
(H - iz¥(r,t) = 0 (4-3)

~

where r is the position vector of the electron with respect to the

coordinate origin. The wave function ¥(r,t) is expanded as the sum of basis

functions wn:

N
‘}'(r,t) = nglan(t)wn(r’t)' (4_4)
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Substitution of eg. (4-4) into (4-3) yields the coupled differential

equations for coefficients a, as;
isa = ha , (4-5)

where a is the state vector whose components are the expansion coefficients

{ an} and the overlap matrix s and the interaction matrix h are defined as

Sij = S wi(r,t)wj(r,t)dr, (4-6)

*
h,, = - i
ij = ¥(x)H i5p)¥; (x,t)dr. 4-7)
Since the internuclear distance R is the function of t and independent
of r, it can be eliminated from the Hamiltonian by the following

transformation:
¥(r,t) = Wo(r,t) exp(-ifdt'ZAZB/R). (4-8)

From the above expression we realize that the internuclear interaction
affects only the phase of the wave function; that is, the transition
probability does not depend on the irteraction if the
straight-1line trajectory is employed. Keeping this knowledge in m'nd we
often drop the internuclear interaction. However it should be noted that we
must take this phase factor into consideration explicitly in calculation of

the differential cross sections.



4.1. Atomic orbital expansion

When the relative velocity between the nuclei is-larger than the
average orbital velocity of the transferred electron, we can expect that the
nature of the electronic wave functions does not deviate significantly from
that of the atomic states. Thus the choice of atomic orbitals {¢n}for the
basis functions ¥y in equation (4-4) is convenient in intermediate or high

‘energy region:
lpn = ¢n(rA) exp(-ient)F s 7 (4-9)

where €n is the energy of the state % and F is the atomic electron

translation factor (ETF) defined as

. i 2 4-10
F = exp(lvA’B- T *‘ivA,Bt) . ( )

A and vy are thg velocity vecters of the nuclei A and B with respect to the
coordinate origin. If the origin is located on the internuclear @xis and
divides it as p:q (p*q=1) then v,=-Pv and vy=qv. The atomic ogbita]s
dentered at different nuclei are generally nonorthogonal to eaéh other so
that we must calculate the overlap matrix at each time step. Multiplying

the inverse matrix of s we obtain

p.
i

-is 'ha . | (4-11)

The matrix h is not hermitian but it satisfies
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is=h =R .o . o (4-12)
where hf denotes the hermite corjugate of the matrix h. As a consequence
§'lg is not hermitian and the conservation of probability (unitarity)

is not represented by |a|2 = 1 but as

aTE? =1 at any time t. - (4-13)

As s becomes unit matrix at the infinity t=«, a retrieves its unitarity
there.

The calculatied results often agree with experimental data down to
energies lower than expected. One reason of the agreement at low energies
arises from the fact that charge transfer cross sections are mainly
determined at relatively large imgact—parameters, where the atomic nature of
the wave function is reserved.

In order to take into consideration the ionization channel, which may
play an important role as the intermediate states, the pseudostates are
occasionally incorporated fnto the basis functionsﬁ The pseudostates also
play a part of molecular states in the united-atom limit. Winter and Lin1
made a triple-center expansion, in which the third center is located at the
center of charge. The increase of the basis funttions and the expansion
centers certainly improves the description ot the wave function but, as a
matter of fact, the required labor and computational time increases in

»

return.

4.2, The unitarized distorted wave approximation
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Ryufuku and Watanabe2 presented an approximate expansion procedure

based on the distorted-wave formalism. The matrix ﬂ=s'1h is divided into

two parts:
=0+, (4-14)
where ﬂo is a matrix composed only of the diagonal part of H. The S matrix

defined as

a(t==) = § a(t==o) (4-15)

can be written as

o]

s = exp(-is K0 dt) s'"F, (4-16)
where
int _ . “nint
S = Texp(~is H W (t) dt), (4-17)
with
9 t 1 t
A1 = exp(i s KO dt) W™ exp(-1 s HOdt) (4-18)

~Co -00
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.

and'T is thé chronological ‘opérator. The above expressions are still exact.
They introduced the following approximations keéping the unitarity of the S
matrix:

(i) drop the operator T.

(i) include only the initial state for the atom A and ignore all the matrix

elements which are not related to the initial state directly.

(ii1) expand 5”1 and retain terms up to the first order with respect to the

overlap matrix element sij' The transition amplitude for the electron

capture from the initial state |0> to a final state |n> is given by
<nlsjo>= it o p7H/% sin pt/?, (4-19)

oP

where

- 2 '
P = Zltygl (4-20)

and tnO is the transition amplitude of the distorted-wave Born

app! 0.“‘1mat'i on;
= - - d ']
t = dt (h s .h expli f 4 € + h - h t
no f ( no n0 00) P[ ( n 0 nn 00) ¢

(4-21)

’

. Though it is rather difficult to assess the reliability of the

approximations employed-in’the UDWA quantitaively and -its Timitation of the
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applicability rigorously, the cross sections predicted by.the UDWA have been
proved to be in good agreement with experimental data cover a surprisingly -
wide energy region. As for the second approximation, Suzuki et a1.3
examined the contribution of the couplings among the final states and
developed -a revised version named the exponential distorted wave
approximation (EDWA). They found that the difference between the UDWA and

- the EDWA cross sections is small down to a few keV/amu and the couplings
among the final states are not important there. Generally speaking, the
third approximation is valid when the distant collisions dominate the
scattering processes. This is really the case for the electron capture from
a hydrogen atom by multicharged naked ions.

One of the features of the UDWA is that it can incorporate the
contribution of an exceedingly large number of the states. As the nuclear
charge of the projectile increases, the number of the final excited states
which contribute to the capture process increases rapidly. Another is the
consideration of the distortion effect of the atomic orbitals due to the
Coulomb interaction. This distortion is an important factor that determines
the principal quantum number W of the states to which the electron is
transferred most effectively. The prediction for the averaged. principal

0.774

quantum number n = z agrees well with other calculations and

experimental findings.
4.3. Perturbative approach
We can expect that the perturbation theory generally works better as

the collision energy becomes. higher. However, as for the electron capture

processes, we have to pay special attention to-its applicability. The
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ordinary first-arder Born approximaticen called the Brinkmann-Kramers (BK)
approximation4, in which only the interaction between the electron and the
projectile (or the target) is incorporated, gives the considerably
overestimated cross sections. One of the reasons of this overestimation is
due to the lack of orthogenality between the atomic orbitals of the initial
and the final states. Bates5 mcdified the first-order treatment by taking
into account the non-orthogonality explicitly and the agreement with
experimental data has been improved to great extent. On the other hand, it
was shown that the addition of the internuclear interaction to the BK

foermula, which is called the Jackson and Schiff (JS) approximation6’7

or the
full Born approximation, reduces the cross sections and makes them closer to
experimental values in proton-hydrogen capture processes. However, this
agreement is proved to be fortuitous because the JS approximation gives
cross sections which are greater than the experimental data by several
orders of magnitude in the case of highly asymmetric system such as the
capture to the K-shell of argon ion from hydrogen atom.

The BK and JS approximations possess both the pure-quantal and
impact-parameter versions, which give identical results at high energy
region.

Dewangan8 has applied the eikonal approximation to proton-hydrogen
system and has shown that the eikonal cross section can be represented as a
product of the BK and a factor which is a slowly varying function of the

collision velocity. The transition amplitude in the prior form is

represented as

oo

ag = _ij_wdt<wf(r33l'ZB/rB|¢i(rA) exp(-1AEL) (4-22)
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_states and ¢i(rA)'ismthe initial atomic-wave: function'with an abﬁ?obrﬁﬁté‘

ETF and the eikonal phase factor;

Wf(rB) = ¢f(rB) exp(-i[a;A/rA dt'). (4-23)
t

9

Chan and Eichler” applied this approximation to electron capture processes

from-hydrogen atom by multicharged naked ion.
It is widely recognized that the leading term in the high energy limit

is the double scattering process which is adequately described by the second

100

‘Born approximation™. Those perturbative treatments mentioned above do not

include it. On the contrary, the impulse approximation11

12

and the continuum
distorted-wave (CDW) approximation™“ include this contribution and the high
energy behavior of their cross sectinns coincides with that predicted by
the second Born approximation.

Recently Dewangan and Eichlertd

have pointed out that the disagreement
of OBK with experimental data in high impact velocity is due to the
long-range nature or the Coulomb potential. The operators in the transition
amplitude should be taken to match the asympotic condition of the incident
and scattered wavefunctions. In order that the asymptotic forms of

wavefunctions are well defined, the operators in thé first order of Born

amplitute are desired to be of sufficiently short range, such as-

-
0

ag = Ei <@, exp[ivy (R + vt)]IZT/rT - Zp/RI(I)i exp[iv, 4n(R - vt)>dt

~
1

(4-24)
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where R, rT,‘Zf”aﬁdep'ére the interﬁue]ear'distante,'the‘distanéé:bét@eéh
the electron and the target nicleus, target nuclear charge and projectile
nuclear charge, respectively. L and P include the translational factors
and vp = ZT(Zp - 1)/v, and vy = Zp(ZT - 1)/v. It turns cut that the
first-order amplitude which is consistent with the long-range nature of the
CouTomb interaction yields reasonable agreement with data even without any

further correction.
4.4 Molecular orbital expansion

When the collision velocity is smaller than the orbital velocity of the
active electron, we can use, as the basis functions, the adiabatic molecular

wavefunctions Xn:
¥o= Xn(r,R) exp(-iE,t) F. (4-25)
Here En is the adiabatic energy of the state X obtained by

Hyp X, (£.R) = E (R) X (x.R) (4-26)

el

where He] is the electronic Hamiltonian and F is the electron translation
factor (ETF). Since the molecular basis is employed for the case of small
collision velocity, the calculation of the cross section including ETF was

scaﬁcéiy'pérfoﬁméd‘unti1 about ten years ago. The neglect of ETF makes the

. A "
Lo !

<
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coupled. equation considerably simple. As a result, the expansion

coefficient corresponding to the 1i--th channel is written as follows:

t

. R . B .
aj(t) = '§(VRVij + evij) exp[-lfw(Ej - Ei)dtv]aj(t) (4-27)

where VR is the radial velocity, 6 = vmb/R2 is the angular velocity of the

internuclear axis, v is the velocity at R== and b is the impact parameter.

The radial coupling matrix element ng is given by

R -
Vij = <Xi(r,R) I (a/aR) lXJ (I‘,R)> (4 28)

and the rotational coupling matrix element ng is given by

vgj = <x, (r,R) 1L [X; (r,R)>, (4-29)

where Ly is the electronic angular momentum operator around the y axis.

Here the z axis is assumed to be along the internuclear line and the y axis

is perpendicular to the scattering plane.

This molecular orbital close coupling method has a fundamental drawback

resulting from the absence of ETF. The wavefunctions do not have & proper
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asymptotic- behavior. Moreover, the coupling matrix elements depend on the
coordinate origin and some of them tend to be constant values at large
internuclear distances. During the past ten.years, many attempts taking ETF
into the coupled-equation have been made. In 1978 Thorson and De]os14 have

solved this problem at least formally. They wrote ETF as follows:

F(r,R) = exp[ivrf(r,R)] (4-30)

where f(r,R) is a switching function and has the following properties:

+1if (rg/R) > 0
1im f(r,R) ={ (8-31)
Reveo -1 if (ry/R) > 0.

However, apart from equatioﬁ (4-31), there is no criteria for their
construction at present. An optimal choice of the switching function can be
performed by using the variational methodls. The Euler-Lagrange equations
for switching function have to be solved simultaneously with the coupled
equations for the expansion coefficient. Besides this method, the

16 and many kinds of parametric forms of ETF17’18

plane-wave type ETF
obtained from the physical intuition have been emp]oyed’in practical
applications.

The switching function depends on states in general. In this case, the

matrix h in equation (4-11) is not hermitian and the overlap matrix $ is not
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unit matrix. As a result, the coupled equation becomes complex and in order
to solve the equation much labor and computational time are required. For
small velocity collision, often the switching function is expanded with
respect to the velocity and only the term up to the first order is retained.
If furthermore the switching function can be assumed to be common to all
states, the coupled equations take a form similar to equation {4-27) with

R

modified coupling matrix elements, W.. and wﬁj, as given by

ij
W= VR 3<x, (,R) [ £0z,R) 2| X, (r,R)>(E, - E.)
ij ij 2 i s : 3 j 2 j i 3
(4-32)
e _ .8 1
Wij_ Vij + 2R<Xi(r,R)If(r,R)x[Xj(r,R)>(Ej - E;)

where x and z are the perpendicular and parallel components of r with

respect to the molecular axis, respectively.

For relative velocities below vy 0.1, the cross section may not be
influenced by ETF so much in some cases, but for v>0.3 their influence
becomes significant. With increasing the basis size, the results become

less sensitive to the choice of ETF.
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5. Experimental techniques

In order to experimentally determine the (n,s) distribution in electron
capture processes, the following three spectroscpic methods are commonly
used: 1) translational energy (or energy-gain/loss) spectroscopyl, 2)
photon spectroscopy2 and 3) electron spectroscopy3.

In the translational energy spectroscopy technique, the energy-gain or -loss

of projectile ions which have captured electron is measured by electrostatic
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or magnetic energy analyzer. The advantages of this method are high
detection efficiencies and straightforward interpretation of experimental
data. In fact, the measurements can be made with the projectile intensities
as lTow as 100 cps. On the other hand, the inherent low energy resolution
(at best 0.2-0.5 eV) does not allow us to discriminate the contribution from
(n,») sfates with the same n, except for some Timited cases. Thus, usually
this method can provide information only on the n-distributions.

In the photon spectroscopy technique, the characteristic photons
emitted from the projectile ions which have captured an electron into an
excited state and decayed into Tower state are measured. Since
the energy resolution of photdn spectroscopy is much better than that of
translational energy spectroscopy, the differentiation among different (n,%)

states is relatively easy. However, the detection efficiencies of photons

are very low and, therefore, intense ion beam sources are required. Even
through the energy resolution is good, the interprelation o% the observed
results is not simple. Accurate wave-lengths of transitions and their
probabilities ( branching ratios) of electron-capturéd ions have to be
known. A wide'range of photon energies have to be measured and usually no
single spectrometer can cover the whole range of photon energies concerned.
The calibration of the absolute efficiencies of spectrometers is sometimes
quite difficult, in particular in ultra-violet or very-ultra-violet region.
Furthermore, data of transition probabilities of highly ionized ion are

incomp]ete4

and have to be extrapolated from the known data. The cascade
contribution and po1arizétion effect to the observed photon data should be
corrected properly. Thus the overall uncertainties of the data on photon
emissions (emission cross section) are large (20 - 50% at best and usually

more than that). Further, the absolute cross sections of electron capture
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/
into (n, #) states should contain more uncertainities due to uncertainties
of transition probabilities.

In electron spectroscopy technique, electrons emitted from projecti]e
jons are energy-analyzed. As one-electron capture processes dominantly
result in photon emission in most cases, the cross sections for only limited
cases, for example twc-electron capture processes into the autoionizing

states, are measured with this method.
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6. . Comparison between theory and experiment .

Because of technical difficulties, only a few experiments on (n, £)
distribupion‘of electron capture in multiply charged ions collided with neutral
atoms have been reported. In this section, two examples are shown which have
been studied fairly systematicalliy in both theory and experiment:

3t (15%25)%s + H(1s) » 2% (1s? 2ene' ) + H' (6-1)
and

c®* + H(1s) » ¢ (n, 1) + H. (6-2)

6.1 C3+ (15225)25 + H(1s) -~ C2+ (ls2 2ene' ) + W process
As this process is important in interstellar cloud, some theoretical
investigations, in particular those at very Tow energies, have been made.l'4

1

Blint et al.” calculated the cross sections for electron capture into

1

(1522535)35 and °S at around 1 eV. Their calculation of the energy diagram

shgws that the avoided crossing of the electron capture into 35 state occurs at
the internuclear distance RC = 11.5 a.u., whereas that for 15 state at RC =

15 a.u. Thus the cross sections for 1S state are small and only 1-2 % of
those for 35 state. By further extending their calculation to fully quantal
calculation, Watson et a1.2 gave the cross sections for (35)35 state over the
energy range of 0.1 - 200 eV which were also compared with those by

Landau-Zener calculations. Following their quantal investigation3, Heil et

4

al.’ made the detailed studies on the potential energy surfaces where they

showed two avoided crossings in both 12 and 32 states at RC = 5.2 and 2.5 a.u.
and 11.0 and 5.2.a.u., respectively, and then calculated the cross sections for
electron capture into various states. Their calculation was extended by

Bienstock et a1.5 over the energy range of 0.1 - 60 keV. A1l these calculations

2

2
indicate the dominance of the electron capture into (1s°2s3s)”S state in this

process.
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On the other hard, this processshas been studied experimentally using
different techniques, namely ion-energy spectroscopy (IES) and photon
spectroscopy (PS). MuCuilough et a].6 succeeded in determining the cross
sections for some states by IES. However, because of the Timited energy
resolution of their system (~3 eV), some states can hot be separated but mixed
as follows:

their (35)38 : (35)13 included

(3p)°P% : (3p)LP0 + (34)%D + (3d)1D
(2p2)lc :
(zp?)lp = (2p%)%p.

well separated

Recently Ciric et a1.7 used the photon spectroscopy with much better energy
resolution and succeeded in separating the cross sections for most of the
important states. They noted that some states, which are neglected in
theoretical calculations, could contribute to total cross sections. Thus, the
detailed comparison between theory and experiment should be worth to be made.

According to the classical over-barrier model (see section 2.1), though
the energy dependence can not be represented properly, the electron should be
captured mostly into n=2 state (see eq.(2-12)). However, this prediction is
accurately valid only for naked ions. In the present partially ionized‘C3+
ions, all the theories predict that the dominant capture occurs into

3

(15‘2535) S state at relatively low energies and the following processes can

occur with relatively high probabilities:

3 +

c3*(1s225)%s + H(Ls) » €¥¥(1s%2s3s)%s  +H (6-3)
(2s%2s3s)s (6-4)
(1s2253p)3pY (6-5)
(1s 25 p)lP (6-6)
(1s%253d)3p (6-7)
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(1s22s3d) D (6-8)

(1s%2s4d)3D. (6-9)
- (1s22p%) s " (6-10)

(1s%2p%) D (6-11)

(1s22p2)3p. (6-12)

Fig.1 shows total electron capture cross sections as well as partial cross

sections into (1522535)35 and 1

S states. Generally speaking, experimental data
of total cross sections are reproduced quite well by the calculation of
Bienstock et a1.5 over the whole energy range (10'1 - 102 keV) 1nvestigate08,
with the minimum value of 5 x 10'160m2 at around 2 - 3 keV. On the other hand,
data for (35)35 state by McCullough et a].6 are roughly in agreement with the

7 tend to level off

calculation of Bienstock et al. but those of Ciric et al.
and are apparently in dfsagreement with the calculation at high energies. At
the moment no clear reasons can be identified for this discrepancy. However,
it should be noted that total cross sections of Ciric et al. obtained by
summing up all their partial cross sections are also in disagreement with the
calculation and fhose of McCullough et al. Small cr;ss sections for (35)15
state observed by Ciric et al. agree qualitatively with the estimation by Blint

et al.

2253p)1P0, (152253d)3D and

In Fig.2 are shown data for C2+(152253p)3P0, (1s
(1522$3d)lD by Ciric et al. As mentioned already, data by McCullough et al.
represent the sum of all tﬁese four states. Both experiments are generally in
agreement with each other.' It should be noted that data by PS indicate the
main contribution comes from (3d)30 state at the energy higher than 10 keV,
which is in contrast to the prediction of the dominance of (3p)3P0 state by

Bienstock et al.
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Figure 3 shows those for (4d)3D state where no theoretical estimation is
available. The experimental data, which represent cnly 1 - 2% of total cross
sect{ons, indicate to increase with ircreasing the collisions energy.

Figure 4 shows those for (1322p2)15 state which involve two electron
transition, ore electron excited and the other captured. Experimental data by
McCullough et al. obtained by IES are roughly in agreement with the prediction
of Bienstock et al. and also agree with those of Ciric et al. at the Towest
energies overlapped, the latter tending to decrease too rapidly andjgbparent1y
in disagreement with calculation with increasing the energy. b
Z 2)1

A comparison is shown in Fig.5 of (1s“2p°)'D and 3P states. Bienstock et

al. did not calculate those for 3P state, apparently assuming the dominance of

1D state. Indeed, experiment of Ciric et al. shows dominant 1D state. The sum

of 1D and 3P states are in agreement in both experiments.

At the energy lower than 10 eV, only theoretical calculations are
available. There all theories assume the dominance of (2535)35 state. The
cross sections are predicted to increase with decreasing the energy. This
trend can be understood from the potential energy curves of this system,
suggesting the avoided crossings at relatively large internuclear distances
which are effective even at zero energy. It should be noted that their
detailed calcuiation of Heil et al. gives the cross sections by a factor of two
too large, compared with those by Watson et al. and Blint et al., though they
tend tu converge at lower enerygies around 10 eV. Furthermore, it should be
noticed that the simple Landau-Zener calculation is in perfect agreement with
the quantal ca]cu]atidn of Watson et al. down to 0.2 - 0.3 eV. Their quantal
calculation suggests some resonances at 0.045 and 0.065 eV which remain to be

. . . L -
contirmed experimentally (Fig.6).
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The radiative electron capture process

3+ 2+

+H->C" + hv (6-13)

_1
has the rate coefficients which are of the order of 10 *4cm3/s, much smaller
than-those for non-radiative electron capture discussed above over the

temperature of 10 - 105K9.

6+ H(is) » C5+ (n, 2) + Ht process

6.2 C

As this system has only one electron and there are no ambiguity and
complexity arising from electron correlation, it is a good model system to test
the computational methods. Furthermore electron capture by slow (v < 1.0 au),
fully stripped ion from atomic hydrogen is very important reaction in
astrophysics and fusion plasmas. ~Thus this system has been the subject of
intensive theoretical studies. On the other hand, though there are some
experiments for total cross sections, only a single experiment of Dijkkamp et
a].lo has been reported for the final state resolved cross sections.

This is because the production of the target hydrogen atoms is not so
easy and the s-distribution of product ions can not be determined by the
efficient energy gain spectroscopy and thus measured by less efficient optical
method. | ;?

We first compare typical calculations with experiments for total cross
sections. Fig.7 shows the results of three elaborate impact parameter methods

(the 33-state MO expansion of Green et a].ll

12

, the 35-state A0 expansion of

Fritsch and Lin~“ and the A0-M0 (25-state-26-state) matching method of Kimura

and L1n13) together with the results from Landau-Zener model (Salop and 01sonl?

1.15 17

and Janev et a ), CTMC of Olson and Sa]op16 and UDWA of Ryufuku™'. The

Landau-Zener model by Janev et al. includes the rotational transitions (= MLZR).

18 19

Three experimental results by Phaneuf et al.”~, Panov et al.”” and Meyer et

N
a].‘o are also shown. There are small discrepancies among experiments. In

particular, the irregularity of the energy dependency of the results by Panov et

al. is conspicuous.
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Ryu“fuku17 and Ryufuku and Watanabe21 have calculated the total electron
capture cross sections for this system using UDWA method. Their results are in
good agreement with experiment in high energy region (E>2 keV/amu). The results

of MLZ by Saiop and Olson14

but their absolute values are smaller than experiment by a factor of two or
15

have the energy dependence similar to experiment

three. dhe results of MLZR by Janev et ai. are in good agreement with
experiment at the energies above 0.3 keV/amu. There are no experiment and
reliable close coupling calculation for the energies overlapping the results by
Olson and Salop using CTMC method16, which agree with the results of UDWA. The

11, AO12 and AO-MO13 are in

results of the close coupling calculation using MO
good agreement with each other and also with experimental results.

There is some accidental agreement among theoretical calculations
for total electron capture cross sections. In order to test computational
methods more critically, the final state resolved cross sections should be
compared. Fig.8 shows the n-distribution of the cross sections calculated from
the AO, MO and A0-MO matching methods. In this figure, the results of more
feasible MO method by Bendahman et a1.22 which involves only 5 molecular states
with ETF are also shown. The results for n = 4 agree with each other among the
four calculations. Comparing the results of the A0, MO and AO-MO matching

13 insisted that the AO-MO results agree better

methods for n = 5, Kimura and Lin
with the AO results while the MO predicts much higher values. However, as
shown in Fig. 8, the results of the MO method with 5 states agree pretty well
with the results of the A0 and A0O-MO matching methods.

Fig.9 shows the calculated relative population of specific ¢ -substates
within the n = 4 and 5 manifolds at incident energies E = 1.0 and 0.64 keV/amu.

23 used the impact parameter method which did not consider ETF and used 11

Salin
mo]ecu]ar‘states with the coordinate origin fixd on the projectile. In his

calculation, after solving the coupled equations, the covrling by Stark effect
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between the states in the selected n-manifold has been considered. Fig.9(a)
indicates that the results of A0 are in good agreement with the results of
AO-MC. Furthermore, it suprises us that the results by Salin are also in good
agreement with the above two results. Fig.9(b) shows the discrepancy between
the results of A0 and MO at higher ¢ values.

Dijkkamp et al..0

have observed VUV emissions for n=3 <« n=4, n=2 « n=4 and
n=2 « n=3 transitions at 52.0, 13.5, and 18.2 nm, respectively. In order to
compare the theory with these data, we constructed the emission cross sections
from the calculated partial cross sections, taking into account the appropriate

hydrogenic branching ratiosz4

and all the cascade contributions from higher
levels. Fig.10(a) compares the experiment by Dijkkamp et al. with the close
coupling results of MO11 and AOlz. Three data are in good agreement with each
other. Fig.10(b) compares the experiment by Dijkkamp et al. with the results of
AO-MO matching method and of Salin. As a matter of convenience, the results of
AQ are also included in this figure. In contrast to very good agreement between
AO and AO-MO matching methods in Figs. 7, 8 and 9, the results of A0O-MO do not
agree so well with the results of A0 and of experiment in this figure.
Furthermore, though the results by Salin are 1in agreement with those of AQ and
A0-M0 as shown in Fig.9(a), those for emission cross sections do not agree so
well with the latters in Fig.10(b). The other computational methods appeared in
Fig. 7 are not suitable for estimating the (n, ¢) distributions, so we did not

cite these results in Fig. 8, 9 and 10 intentionally.
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method with rotational transitionls, classical trajectory Monte Carlo
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s Panov et a and Meyer et
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C6++H(1s)—>C5+(42 52)+H*

E=1.0 keV/amu

Fig.9(a) Relative population of specific £-sublevels in the electron capture

collisions C6+ + H~> C5+ (n, 2) + H within the n = 4 and 5 manifolds at

the incident energy E = 1.0 keV/amu. The solid, dashed and dotted lines

12 13

represent the results of AO™", AO-MO™" and 11 molecular states with

intershell mixing by Sa1in23, respectively.
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C8++H(1s)—>C5t (42 54 )+HY

E=0.64 keV/amu

Fig.9(b) Relative population of specific z-substates in the electron capture

collisions C8F + H » ¢®(n, 2) + H' within the n = 4 and 5 manifolds at the

incident energy E = 0.64 keV/amu. The solid and dashed lines represent the

12

results of AC™" and M011, respectively.
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function of the impact energy. Error bars indicate total uncertainties.
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Experimental results are by Dijkkamp et al. Solid and dashed lines

represent the results by MO and A0, respectively.
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Experimental results are by Dijkkamp et al. Solid, dashed and dotted lines

represent the results by A012, AO-MO]'3 and Sah’n23, respectively.

_ 57—



7. Concluding remarks

In the present work we have outlined some aspects of various theories for
the electron capture of multiply charged ions in collisions with neutral atoms
and discussed their limitation of validity. Some are relatively easily handled
and expressed in analytical forms but they can not produce properly the
behaviours such as the energy dependence of the cross sections, in particular
the partial cross sections for (n, #) distribution, even though total cross
sections are compared favorably with experimental data. Even sophisticated,
time-consuming calculations for simple collision systems involving atomic
hydrogens are not always in good agreement with other calculations and Timited
experimental data though their predictions for dominant (n, £) distributions
generally agree with each other. Thus we are a bit uncertain if such
sophisticated calculations as multichannel close coupling method provide
reliable cross sections for somewhat complicated collision systems involving
partially ionized ions and multi-electron targets. One of the reasons of these
complications is due to the fact that reliable experimental data for (n, 2)
distributions are only a few, though most of the measurements for total cross
sections of the electron capture have been found to be in agreement with such
calculations. Those given in section 6 are a few examples which have been
investigated relatively well from both theory and experiment using different
techniques. It is very clear from the present work that reliable and systematic
measurements of the cross sections should be made in order to investigate and
compare with theories. It should be emphasized, as mentioned already, that the
reliable data for (n, ¢) distributions are urgently required in many
applications such as in use for diagnostics of high temperature plasmas as well

as in rigorpus test of the theories.
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