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Abstract

Using the available experimental and theoretical data, as well as
established cross section scaling relationships, a cross section database for
excitation, iomization and charge exchange in collisions of Li3* ion with
ground state and excited hydrogen atoms has been generated. The critically
assessed cross sections are represented by analytic fit functions that have
correct asymptotic behavior both at low and high collision energies.

The derived cross sections are also presented in graphical form.
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1. Introduction

Collision processes of Li%* ions with atomic hydrogen are of interest in
magnetic fusion energy research in the context of TESPEL based CXRS
plasma diagnostic and transport studies [1,2] and proposed liquid lithium
plasma facing divertor concepts {3,4].

Processes of interest include:

Lis*+ H(n,>1) — Li#* + H(n>n,), (1)
Li3*+ H(n,>1) — Li>*+ H* + ¢, (2)
Lis*+ H(n,>1) — Li2* (n'¢") + H, (3)

where n{n,) and ¢ are the usual quantum numbers of electronic states.

In this report we present a complete set of cross sections for the processes
(1)-(3). As basis for this cross section set we have used the available
experimental and theoretical data from the literature, critically assessed for
their accuracy,. and appropriate, well-established cross section scaling
relationships. Most of the available data are pertinent to the initial n,¢,=1s
state of hydrogen atom. The data sources for each of processes (1)-(3), and
the method (procedure) of evaluation or derivation of the cross section for
each particular reaction, will be discussed in detail in the sections that
follow. For each cross section we shall provide also information about its
estimated accuracy.

The evaluated (or derived) cross sections of individual reactions within
processes (1)-(3) for the lower initial levels n, are presented by analytic fit
functions that have correct physical behavior at both low and high collision
energies. For the cross sections with high initial »,, appropriate scaling
relations are used.

2. Excitation

2.1. Excitation from the ground state (n,¢,= 1s)

Cross section measurements for Li3* induced 1s— n(>2) transitions do not

exist in the literature. There are two sets of cross section calculations by the



adiabatic superpromotion model for 1s—#n=2 [5] and by the atomic orbital
close coupling (AOCC) model (with 24 AOs) for 1s—n= 2,3 {6]. There are also
cross section calculations for 1s—n(<4) induced by Ae* fully stripped ions
with q=2,4,6,8,14,and 26 performed by two-center atomic orbital
close-coupling (2C-AOCC) and classical trajectory Monte Carlo (CTMC)
method [7,8] in the intermediate to high energy range { ~
10keV/amu—800keV/amu), and “hidden-crossings” superpromotion method
[9,10} (for g=2,4 only) at low collision energies (<25 keV/amu). (More detailed
information on this and other work is given in {11}.)

The results of these extensive calculations show that for a given ls—n
transition the excitation cross section o'? () scales with q, for q > 2, as [11]

o —qy(@o®E/g, E/q>10keV/amu o ' (4a)
o' —~qyl@c?(E), E/q<10keV/amu (4b)

where Z (q):20,5238(1—‘l%) .

2.1.1. Transitions to »=2,3,4 levels

The cross sections for 1s— n=2,3,4 transitions in H by Li** impact have been
determined by using the data from [5] and [6] (for »=2,3) and scaling the
corresponding recommended cross sections for He?* and Be# impact [11]
according to the relations (4) and, then taking the average of obtained scaled
cross sections. The obtained excitation cross sections are fitted by the
analytic expression (n=2,3,4)

oD (n) = a, exp(-a,/E)en(1+a,E) 2 exp(—a,E) LG exp(- a, /E) (x 1075 o )
E E® b+ a,E™

(5)

where E is expressed in keV/amu units, and the values of fitting parameters
a, are given in Table 1. The rms deviation of the fits is smaller than 1% for
all ». Comparison between the fitting line and the theoretical results of Ref.



[5,6] is also displayed in Figure 1 for 1s-n=2 excitation. We note that
o,.(n=2) given by Esq. (5) agrees well with the results of superpromotion
model [5] for E < 25 keV/amu. The accuracy of the cross sections given by Eq.
(5) and Table 1 should be close to the accuracy of corresponding cross sections
for He?t and Be4* impact, from which they have been derived. For E < 20
keV/amu, their uncertainty (defined as combined experimental and/or
theoretical error) is 30-80%, for 20 < E(keV/amu) < 200 it is 20-30%, and for

E > 200 keV/amu it is expected to be 15-20%, or better.

2.1.2. Transitions to n= 5,6 levels

The cross sections for the transitions 1s—#n=5,6 have been determined by
using the corresponding He2* impact data from [11] and the scaling relations
(4). These cross sections have somewhat simpler structure and can be fitted
by the expression (#=5,6)

exp(—b,/E)¢n{(l+ b,E) N b, exp(—b,E)
E E% +b,E®

o, .(n)= b,{ } (X107 em?) (6)

where E is in keV/amu units. The values of fitting parameters b, in Eq. (6)
are given in Table 2. The rms deviation of the fits is smaller than 1%.

The expected uncertainty of the cross sections given by Eq. (6) and Table 2 is
40-100% for E < 5keV/amu, 30-40% for 5 <E (keV/amu) < 20, 30-40% for 20
<E (keV/amu) < 200, and better than 20% for E > 200 keV/amu.

2.1.3. Transitions to n > 7 levels

The cross sections for 1s-»n > 7 excitation transitions can be obtained by
using the well-known scaling relation (see, e.g., [11])

o, .nz27)= [g] o, (ls—>n=6), (D

which should be accurate for E 2 20 keV/amu. Given the large uncertainty
(>30%) of o, (1s— n=6) cross section for E £ 20 keV/amu, the scaling
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formula (7) can be safely used also for E < 20keV/amu.

2.2. Excitation from n, > 2 levels

Specific cross section measurements or calculations for transitions from the
n, > 2 levels of H by Li3" impact do not exist in the literature. Calculations
exist only for the transitions from #,¢,= 2s to higher n¢ states, performed
by the superpromotion model in the low energy region [12]. The contribution
from the n,¢,= 2p state to the total excitation cross section from the n, = 2
level to any higher level is expected to be significant. Total excitation cross
section from the levels n, = 2 and n, = 3, however, do exist for He?* [9} and
Be#* [10] impact. In determining the Li3* impact excitation cross sections
from n, =2,3 we shall use these data.

2.2.1. Excitation from #»,= 2 level
a) Transitions to »n= 3,4,5 levels

The cross sections for transitions n,= 2—n= 3,4,5 have been determined by
scaling the corresponding cross section data for He?* and Be* impact from
[11] according to Eqs. (4), and taking their average. The obtained cross
sections have been then fitted to the expression (n=3,4,5)

0. (2—n)=c [exp(— SIS L. - CSE)} (10" cm?) ®

with collision energy E expressed in keV/amu. The values of fitting
parameters ¢, are given in Table 3, and the rms deviation of the fit is well
below 1%. The uncertainty of the data is expected to be 40-80% for E <
5keV/amu, 30-40% for 5 < E(keV/amu) < 20, 20-30% for 20 < E(keV/amu)
<200 and 15-20% for E > 200 keV/amu.

b) Transitions to »> 6 levels

The cross sections for n, = 2— n=6-10 transitions have been determined by
scaling the corresponding cross sections for He?* (or proton) impact from Ref.



[11] according to Eq. (4a). The obtained cross sections can be expressed in
the form

0. (2-n=6-10)=¢, 0. (2-5) (9

where coefficients ¢, have the values given in Table 4.
For the transitions n,= 2—#n> 11, one can use the »n~ -scaling,

exc

o (2~+n)=[9)am(2—>10) , n >10 ' (10)
e

The uncertainty of the cross sections given by Eqs. (9) and (10) should be by
5-10% higher than that for ¢, (2 = 5).

exc

2.2.2. Transitions from »n,=3
a) Transitions to n=4,5,6 levels

For the n,= 3 — n= 4,5,6 transitions in H, induced by Li3* impact, the
cross sections have been determined as an average of the corresponding
He?* and Be#* impact cross sections of Ref. [11], scaled according Eq. (4a).
So derived cross sections were then fitted to an expression having'the same
form as Eq. (8). The values of fitting parameters ¢, are given in Table 5.
The uncertainty of derived cross sections is 40-80% for E < 5keV/amu,
30-40% for 5 < E(keV/amu) < 100, and 20-30% for E > 100keV/amu.

b) Transitionsto » > 7 levels

The cross sections for n,=3 — »n = 7-10 transitions have been determined
by scaling the corresponding He?* impact cross sections of Ref. [11]
according to Eq. (4a). The obtained cross sections can be expressed in the
form

0,.3->n=7-10)=c, 0,3 >6) (11)



where the coefficients ¢,  for n=7,8,9,10 have the values given in Table 6.
For the transitions to # > 11 levels, the cross sections can be evaluated by
using the n™ -scaling

.
o.(3- n)-—[EJ o, (3—10), n>10 (12)
. _

The uncertainty of the cross sections given by Egs. (11) and (12) is expected
to be by 5-10% higher than that for o, (3 —6).

2.2.3. Transitions from », >4

In absence of any systematic cross section data for transitions from »n, >4
levels, the g-scaled proton-impact semi-empirical formula of Lodge et al. [13]
can be used. In order to account for the small deviations of the g-scaling at
large energies and for high ionic charge q, a correction factor &(g) has been
introduced in Ref. [11]

£(g) = 20220 | ()

which for g = 31s &(3)=1.042. The q - scaled Lodge et al. formula [11} for g=3
and the n,—nr transition can be written as

4 ' \
o, (n, > n)=27602[ADL+ FGH]  (x10™cm?) . (14)
- |
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where

= E(keV/amu)
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The accuracy of the cross sections given by Eq. (14) is expected to be by
5-10% worse than for the o, (25 5) or ¢,.(3—6) cross sections.

£xe

3. Ionization

3.1. Ionization from the ground state (n,¢,= 1s) -

The ionization of H(1s) by Li3* impact has been subject to extensive both
experimental and theoretical studies. The experimental cross section
measurements exist in the energy range 50 — 500 keV/amu [14,15] and have
accuracy on the level 10%. Theoretical cross section calculations have been
performed by using the adiabatic superpromotion model {5], atomic-orbital
close-coupling (AQCC) method [6,16], molecular-orbital close-coupling
(MOCC) method [17], classical trajectory Monte Carlo (CTMC) method [18]
and continuum distorted wave (CDW) method [19]. These results are plotted
in figure 2, as well as the fitting line using the formula déscribed below. The
theoretical calculations cover the energy range from 1 keV/amu to — 650
keV/amu, and agree with each other within 10-20% in the overlapping
regions of their validity. While the MOCC method is valid at energies below
— 25 keV/amu, the AOCC method (with a large expansion basis) should be
valid down to —1-5 keV/amu. The validity of CTMC methods is restricted to
the range —30-200 keV/amu, while CDW is a typical high-energy method
valid for E > 150-200 keV/amu. For E > 200-300 keV/amu, the Bethe-Born
approximation (BBA) should also be valid. The BBA gives the ionization
cross section for H(1s) in closed form for any fully stripped ion [20] (g-scaled



cross section). It should be noted that the low-energy ionization cross section
for H(1s) by fully stripped ion impact allows also a g-scaled representation
[21]. The Li%* +H(1s) ionization cross section recommended for use is based
on the very extensive AOCC calculations [16], experimental data [14,15], and
CDW and g-scaled BBA cross sections. The AOCC cross section for E < 20
keV/amu is consistent with the cross section derived from the adiabatic
superpromotion data [5] and g-scaling formula [21). So determined
“recommended” ionization cross section for H(1s) by Li3* impact was fitted to
the analytic expression (n,= 1)

Gl )= a,[exP(_ az/EE)fn(l+a3E)+ agixi(; ‘;ff)] (x10™¢cm?) (15)
7 ' .

where the collision energy is in keV/amu units and the values of fitting
parameters are given in Table 7. The rms deviation of the fit is about 5%,
most of it generated in the range 7-30 keV/amu where the AOCC cross
section data are about 10-20% below the fit. By choosing a more complicated
fit expression for o, (ls) (such as given by Eq. (5), for instance), the rms
could be reduced to a much lower level. However, for the sake of uniformity
with fitting expressions foro,, (n0), for n¢=2,3, (see next subsection), we
have kept the fit of o, (Is) in the form of Eq. (15). The estimated

uncertainty of o, (Is) is 15-20% for E < 50 keV/amu and 10-15% for E > 50
keV/amu.

3.2. Ionization from #n, > 2 levels

3.2.1. Ionization from », =2 and n, =3

There are no cross section data for Li3* impact ionization of H(nO) for the n,
= 2, 3 levels. A single cross section calculation exists for the metastable 2s
state, performed within the adiabatic superpromotion model [12].

The cross section o,

cross section for He?* impact from Ref. [11] according to scaling relation
[22,23]

(n, =2) was determined by scaling the corresponding



o-ion(q;n()) =f(l’1§ E/C]), ] (16)

qn,

The cross section o, (n, =3) at high energies was determined from the

scaled BBA formula (see [11]), and at low energies (below ~— 20keV/amu) by
using the ratio

o-ion (‘Li3+;n0 = 3) O-r'on (H€2+;n0 =3

_ )
o \Li*n, =2) o, (He™;n, =2) (D

in which o, (H.ez“;n0 = 2,3) were taken from Ref. [11].

The cross sections o, (n, =2,3) derived in this way have been fitted to an
expression of the form given by Eq. (15). The corresponding fitting
coefficients a, are given in Table 7. The uncertainty of o,,(n, = 2,3) cross

sections is estimated to be 30-40% for E<10 keV/amu, 20-30% for 10 <
E(keV/amu) < 100, and —20% for E > 100 keV/amu.

3.2.2. Ionization from #n, > 4 levels

The cross section o, _(n, >4) can be derived by using the scaling relation

won

: 4 2
o-fon(no;ErIO):(f;ﬂJ o-iun(n() =3’E)’ En(, =[i) E . (18)

where o, (n, =3;E) is the ionization cross section for n, = 3 level given in
the preceding sub-section. The scaling relation (18) should be fairly accurate
(—10% uncertainty) for En, > 100 keV/amu, but it becomes less accurate at
lower energies.

4. Electron Capture

4.1. Electron capture from H(1s)

Electron capture in Li3* + H(1s) collisions has been subject to many both

10



theoretical and experimental studies. The motivation for this is the fact that
at low and intermediate collision energies the electron capture process
populates dominantly the excited states of Li?*(n¢) ion, the radiation from
which can be used for diagnostic purposes (see, e.g., [1,2]). As a result of
these studies, both the total and state-selective (for a given /), cross
sections for this process are known to a high accuracy in the energy range
froni —100 eV/amu to 10 MeV/amu.

4.1.1. Total cross section

There have been two experimental measurements of the total cross section of
Li3* + H(1s) charge exchange reaction covering the energy ranges 15-250
keV/amull4] and — 1-6 keV/amu [24]. Theoretical calculations are
numerous; they employ different types of methods with varying accuracy and
taken together, cover the energy range from 80 eV/amu to 10 MeV/amu. The
most accurate of these calculations agree with each other, as well as with the
experimental data (except for the lower measured energies of Ref. [24]).

The total charge exchange (CX) cross section is sum over the electron capture
cross sections to specific (1,£) final states, o, of product ion Li2*(nf),

o8 =205 =308 | (19)
n,f n .

where

onl =Y ok (20)
¢

is the electron capture cross section to all ¢-sub-states within a given

n -shell. Since in most applications (e.g. CX recombination spectroscopy,

CXRS) ol are of main interest, we present in the next sub-section the
fal

best available theoretical information for &% . The total cross section &% is
then obtained from Eq. (19).

4.1.2. o) and o0 partial cross sections

11



While experimental measurements of state-selective electron capture cross
sections o%? in reaction (3) have not yet been reported, there have been
many theoretical calculations of these cross sections, several of them
having high accuracy ($10% uncertainty) in the energy region of their
applicability.

In the low energy region (E £ 20keV/amu), accurate calculations of 02’}”
have been performed by the advanced adiabatic (superpromotion) method [5]
and by the MO-CC method employing large number of MOs [25,26]. The
calculations in Ref. [26] go down to energies of —80 eV/amu. In the
intérmediate'm'high energy region (E=15-200 keV/amu), there exist a
number of large-base AQ-CC calculations of ol” [6,27,27a,28], some of
them employing also a large number of pseudo-states [27,27a,28}. In this
energy range (but above 37.5 keV/amu) there exist also extensive CTMC
calculations [29], some of them being performed (for the n=6 states) in the
course of the present work. For the capture to 2s state, a cross section
calculation has been performed in Ref. [30] by a second-order type method.
In the high-energy region (E > 100 keV/amu), accurate o:* cross sections
for the reaction (3) have been performed within the second-order continuum
distorted wave (CDW) approximation [31] up to 10 MeV/amu, and by using
other less sophisticated methods [32-34]. For ¢!, CDW data are also given
in [35}). The most accurate of these calculations are those of Refs.-[25,26] for
low energies, Refs. [27,27a,28] for intermediate-to-high energies, and Ref.
[31] for the high-energy region. In the energy range of applicability of the
employed method, all these calculations have an uncertainty of about 10%,
or smaller, at least for the dominant channels. For the electron capture (s,¢)
channels having small cross sections, the accuracy is not expected to be so
high. The cross section results from these references have been taken as a
basis for constructing the o) cross sections in the energy region from —
80 eV/amu to 10 MeV/amu. Since the energy ranges in which the above
calculations been made have a significant overlap (mainly due to validity of
AO-CC method with inclusion of pseudo-states in the broad region from —
10-200 keV/amu), a smooth connection of the results from different energy
regions was possible.

The O'(C’j) partial cross sections show the following properties. In the energy
region below —2 keV/amu, O'(C’f? cross section is dominant, while for E > 2

12



keV/amu, the cross sections ¢'=? and 0’(" =) have comparable magnitudes
and are the largest ones. The cross sections 0‘") for n=4,5,6,7- - - rapidly
decrease with increasing » (particularly at energies below —50 keV/ amu;
for energies above — 200 keV/amu this decrease follows the n
Oppenheimer’s rule). The ¢ cross section is very small: in the region of
ite maximum at E = 100 keV/amu it is of order of magnitude of 108 ¢em?
and is about an order of magnitude smaller than oy -7} the higher n for
which state-selective calculations have been performed.

The o!%cross sections show a more complex dependence on parameter ¢
for a given n and energy. At very low energies (<1 keV/amu), the maximum
populated ¢ -sub-level for a given n is ¢/_=n-1. For n =2,3, the

{r.n- l}

dominance of o"™" persists even up to E = 300keV/amu. With increasing
both the energy and n, however, the maximum of ¢ -distribution of
captured electrons (i.e. the ratio o:*'/ o)) shifts towards lower ¢ -values
(for instance, for #» = 4 and 5 < E(keV/amu) < 100, ¢,=n-2). At
sufficiently high energies, the most populated ¢ -sub-level becomes always
the £¢=0 level for all n. These findings are consistent with the general
features of »- and ¢- distributions of captured electrons in collisions of
H(1s) atoms with multiply changed ions [36].

The constructed cross sections o' on the basis of the data from Refs,
[25-28,31] (considered to be the best) have been fitted to the following types
of analytic expressions, the different form of which reflects the different

energy behavior of the cross sections

g}f] — a, exp_‘;(az /E) Ju (xlo—l‘(pcmz) (21)
1+(E/a4 ' "'(E/a‘s)7

a exp_—' a,/E @]
o) = L (4, r,,) - (<107 cm?) (22)
+(E/a,)” +{Efas)” +(E/a)"

1 [ 2/ E 10 —(an/E "

o) _ ae:xp —(a,/ ) +a exp[ (a /a) } (xlO'”’cmz) (23)
+(Efa,)" + (E/aa) +(E/as)a° 1+(E/ay)™

o-g;” ) a, €xp (az/E)a’ yy GXP[_(GH/E)%] (xlO'"’cmz) (24)

+(E/a, ) (E/ )“1 +(E/ay)” ' 1+(E/als)a]4 +(Efay, )am

13



where collision energy E is expressed in eV/amu, and a, (i=1-16) are fitting
parameters. The values of fitting parameters a, for o cross sections for
n=1 and n=2, and »=3-6 are given in Table 8, and Table 9-12, respectively.
The number of parameters in these tables indicates the used analytic fit
expression from those given by Eqs. (21)-(24). We note that o@? for nf =6k
is small, and corresponding values of parameters a, are not shown in Table
12,

The shell-selective partial cross sections O'CX, obtained by summing 0'"”
over ¢, can also be represented by an analytic fit expression in the same
form as Eq. (21-24). The corresponding values of fitting parameters a, for »
= 2-7 are given in Table 13.

For all the above electron capture processes, the available theoretical results
and the fitting line for the preferred (“recommended”) cross section are
displayed in figures 3-28.

The extension of o) and ol%? data to higher n (>8) cannot be done
because of absence of appropriate scalings. Only in the high-energy region (E
> 200 keV/amu), the Oppenheimer’s n> rule for O'(C';) is known to be valid
[36].

4.2. Capture from H(#n,> 2) levels

Electron capture in H(2s)+ Li3* collisions has been studied at low collision
energies by the Landau-Zener [37] and superpromotion [5,38] models, and at
intermediate-to-high energies by the AO-CC [39] and other less accurate
models [40]. The total electron capture cross section shows a broad maximum
in the energy region 0.5-5 keV/amu of about 10™“em?. For energies below
~—0.5-5 keV/amu, dominantly populated final n-shells are n=5 and n=6
(O'(" =6 is, however, by a factor of two smaller than a 5)) while for E > 0.5
keV/amu, »n=4 shell is dominantly populated. Within »=4 shell, the 4f state
is dominantly populated up to E=5 keV/amu and then its population
becomes comparable with that of 4d. Within »= 5, dominantly populated
state is 5f for energies below —10 keV/amu.

The state-selective electron capture cross sections for H(2p)+Li3* collisions
have been calculated only by the AO-CC method [39]. The cross section

magnitude and relative importance of individual final (capture) channels are
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similar as in the case of H(2s)+Li3* case.

For n, > 2, total electron capture cross section calculations are available (for
selected n, between n,=2and n,= 20) from the CTMC calculations of Ref.
[41] (for q = 2) and Ref. [42] (g = 5,10). These data, together with the
experimental data on H(n,) + He?* collision system (n,= 8-24) [43], have
been represented in Ref. [44] in a compact, scaled form (within an
uncertainty of 10-30%)

where E = Enl/q® (keV/amu), a=1507x10°, b=1.974x107,
Below E—10 keV/amu, the energy dependence of o is very weak, and
for £—0, &% =1.06x10"°¢m”. The experimental data of Ref. [43] for H(#,>
8)+ He2* | represented by Eq. (25) with an accuracy of —20%, extend down to
E=10 keV/amu. For the partial cross sections o{n,) and ¢%"”(n,) with
n,> 3 neither direct calculations nor scaling relationships are available.
From the general theory of charge exchange reactions of one-electron
systems with multiply charged ions [36] it follows that dominantly populated

n-shell of Li2* (n) at energies below ~—1/n, keV/amu should be [36]

n, =2"nq" =2.71n, | ‘ (26)

5. Conclusions

In the present report we have compiled and critically assessed the available
cross section information on collision processes of Li* ions with atomic
hydrogen. The processes include excitation, ionization and charge exchange
from the ground and excited hydrogen levels. The energy range considered
extends from —100eV/amu to the MeV/amu region.

The cross section information on these processes found in literature pertains
mostly to H in its ground state. For the processes involving excited initial
states it is either sparse (the case of charge exchange) or completely missing
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(for excitation and ionization). Therefore, certain well established cross
section scaling relationships had to be employed to generate the missing
cross section information.

In the case of charge exchange process from H(1s), capture to specific states
of Li2* (n¢) ion has been also considered in view of its importance for plasma
charge exchange recombination diagnostics.

The éritically assessed cross sections for above processes have bheen
represented by relatively simple analytic fit functions. These fit functions
have been chosen to have correct physical behavior at both low and high
energies and can ensure reliable extrapolations. The error of the analytic fits
to the cross sections is well within the uncertainty of original data.

Although the present database can usefully serve the needs for Li3* -based
plasma diagnostics, its completion with the presently missing cross sections
(especially for electron capture from excited H(zn > 2) levels) is highly
desirable.
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Table 1. Values of parameters a, in Eq. (5) for excitation of n»

levels

a, n=2 n=3 n=4

a, 4.84520(+2)* 5.04618(+1) 1.59325(+1)
a, 6.69602(+1) 8.21366(+1) 7.94188(+1)
a, 2.78499(-2) 4.50894(-1) ' 8.82429(-1)
a, 1.01627(-5) 7.06132(-6) 6.52302(-6)
a; 4.84603(-3) 15.16969(-1) 4.46519(-1)
a, -3.19529(+0) -4.17842(4+0) -4.24975(+0)
a, 3.36324(-2) 1.67102(-1) 4.12196(-2)
a, 2.64997(+1) 2.87789(+1) 2.28376(+1)
a, 9.56579(-4) 1.59714(-4) 1.58302(-8)
a, 3.84978(+0) 4.77936(+0) 8.74347(+0)

*a(t x)=ax10*

Table 2. Values of fitting parameters b, in Eq. ()

for excitation of » = 5,6 levels

b, n=>5 n=6

b, 1.1204(+1)* 5.7394(+0)
b, 9.6873(+1) 1.1152(+2)
b, 7.0587(-2) 1.3088(-1)
b, 7.2281(-5) 8.8253(-5)
by  1.0354(-1) 8.5857(-2)
b, -2.4161(+0) ' -2.2905(+0)
b, 1.9046(+0) 1.9145(+0)
by -6.3726(+0) -5.5986(10)

*a(x x)=ax10™
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Table 3. Values of parameters ¢, in Eq. (8) for the excitation
transition of n,=2—->n =3,4,5

c, n=2 n=3 n=4

¢, 3.95830(+3)* 5.26643(+2) 1.73597(+2)
e, 4.67919(+1) 5.18702(+1) 5.69191(+1)
¢y 1.72288(-1) 6.21216(-1) 9.68539(-1)
c. 1.42039(-3) 7.86601(-4) 9.00919(-4)
¢s 1.08533(-1) 1.17296(-1) 1.05702(-1)
¢ -1.22181(0) -1.56016(+0) -1.47750(+0)

*a(t x)= ax10*

Table 4. Values of coefficients ¢, , in Eq. (9) for excitation
transition of 2 — n(n = 6,7,8,9,10)

n n=6 n="7 n=8 n=9 n=10
€y 0.4610 0.2475 0.1465 0.0920 0.0605
Table 5. Values of fitting parameters ¢, in Eq. (8) for

n, =3 — n = 4,5,6 excitation transitions

C; n=4 n=>5 n=6

¢, 1.16987(+4)* 1.78730(+3) 5.95331(+2)

c, 3.39570(+1) 3.32880(+1) 3.45210(+1)

c, 8.74514(-1) 9.69935(-1) 1.44722(40)

c, 5.66708(-3) 5.92691(-3) 6.31140(-3)

Cs 1.73728(-1) 1.80588(-1) 1.78202(-1)

C -1.27220(+0) -1.28940(+0) . -1.28810(+0)

*a(+ x)= ax10*
Table 6. Values of coefficients ¢, , in Eq. (11) for excitation
transitions 3 -» n(n=7-10)

n n=7 n=8 n=9 n=10
i 0.4670 0.2545 0.1540 0.1000
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Table 7. Values of fitting parameters a, in Eq. (15) for ionization

cross section of H(n,), n =1,2,3 by Li* impact

a, n,=1 n,=2 n,=3

a, 8.30194(+1)* 1.66484(+2) 7.53658(+2)
a, 1.15973(+2) 5.19714(+1) 1.92724(+1)
a, 2.77580(+7) 4.52808(+21) 1.83610(+9)
a, 4.59930(-6) 2.16126(-3) 4.93943(-2)
a; 1.91247(-2) 4.74902(-2) 1.36404(-1)
ag -3.57909(10) ~2.41416(+0) -1.16090(+0)
a, 6.29546(-2) 1.60611(-3) ' 1.830281(+0)
ay -1.62357(10) 3.88616(-2) -2.77601(+0)

*a(t x)= ax10*

Table 8. Values of fitting parameters a, for ¢%”

in Eq. (23) for n=1 and in Eq. (22) for n=2

a, 1s 2s 2p

a, 8.5833(-1) 1.0795(+3) 1.8660(+3)
a, 1.0919(+6) 1.2027(+6) 1.2061(+6)
a, 4.6504(-1) 2.9973(-1) 2.9785(-1)
a, 2.9509(+4) 4.1258(+3) 1.5605(+3)
a; -2.1907(+0) 1.7088(+0) 8.6085(-1)
ag 9.5881(+4) 9.3273(+3) 1.6528(+4)
a, 3.1259(+0) 3.1257(+0) 3.4454(+0)
a, 2.4012(+5) 4.9259(+4) 5.3094(+4)
a, 5.6032(+0) 5.6066(+0) 6.1615(+0)

ty 1.6874(+1)

a, 1.3618(+4)

N 6.7598(-1)

a, 2.1373(+1)

a, 3.5534(+0)

*a(t x)= ax10*
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Table 9. Values of fitting parameters a, for ol
in Eq. (22) for 3s and 3p, and in Eq. (23) 3d
a, 3s 3p 3d
a, 1.2501(+1) 2.3666(+1) 2.2209(+1)
a, 2.9346(+6) 2.0288(+6) 1.8692(+4)
a, 1.5702(-1) 1.5563(-1) 5.5415(-1)
a, 5.3156(+4) 5.9278(+4) 5.7957(+4)
d, 4.3742(+0) 4.5574(+0) 6.0668(+0)
ag 1.7553(+4) 4.1115(+4) 2.9885(+4)
a, 2.1353(+0) 2.5256(+0) 3.4442(+0)
ay 1.1964(+5) 9.7507(+4) 9.7442(+4)
a, 5.9502(+0) 6.1913(+0) 5.9651(+0)
y, 6.0765(+0)
a,, 2.1264(+3)
a, 2.7457(-1)
a, 1.0146(+3)
a, 3.2956(+0)

*a(t x)=ax10*"
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Table 10. Values of fitting parameters o, in Eq. (24) for 6% for n=14

a, 4s 4p 4d 4f
a, 1.9807(+0) 5.8172(+0) 6.8352(+0) 2.6988(+0)
a, 3.0693(+5) 3.0879(+5) 3.0879(+5) 3.0879(+5)
a; 3.1672(-1) 3.3179(-1) 3.2622(-1) 3.1213(-1)
a, 7.8964(+4) 7.7848(+4) 7.7853(+4) 7.7831(+4)
a; 3.3043(+0) 4.2739(+0) 3.0443(+0) 5.8111(+0)
a, 3.9049(+4) 6.4526(+4) 6.4635(+4) 6.4459(+4)
a, 2.8297(+0) 4.0548(+0) 5.5804(+0) 6.0667(+0)
ay 8.7775(+4) 9.5977(+4) 9.5968(+4) 9.5973(+4)
a, 5.4039(+0) 6.1357(+0) 6.4213(+0) 1.9245(+0)
a, 1.7856(+2) 2.7492(-1) 9.8665(-1) 5.2029(-1)
a, 5.0490(+3) 4.8559(+3) 4.8536(+3) 4.8690(+3)
a, 3.0792(+0) 1.2215(+0) 1.3517(+0) 7.2433(-1)
a, 1.0748(+3) 1.7250(+3) 1.7210(+4) 1.6908(+3)
‘a, 1.3623(+1) 1.1163(+0) 1.7927(+0) 6.5445(-1)
ays 7.5998(+3) 7.5993(+3) 7.5989(+3) 7.6791(+3)
g 5.9852(+0) 4.2605(+1) 5.2865(+1) 4.0681(+0)

*altx)=ax10*
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Table 11. Values of fitting parameters a, in Eq. (24) for ¢

(¢

0 for n=5

a; 5s 5p 5d 5f bg

a, 2.9589(+4) 2.9610(+4) 2.9560(+4) 2.9551(+4) 2.9588(+4)
a, 8.6902(+5) 8.6902(+5) 8.6902(+5) 8.6902(+5) 8.6902(+5)
a, 4.7454(-1) 5.1531(-1) 4.3330(-1)  4.2289(-1) 4.5340(-1)
a, 6.1427(+3) 6.1425(+3) 6.1423(+3) 6.1423(+3) 6.1427(+3)
a, 5.8954(-1) 1.1564(+0) 8.5495(-1) 1.5005(+0) 6.5271(-2)
ag 6.4719(+2) 5.9453(+2) 7.4504(+1) 1.0527(+2) 8.0194(+2)
a, 2.3567(+0) 1.4956(+0) 1.2092(+0) 1.5162(+0) 2.6179(+0)
dy 1.9494(+4) 1.9694(+4) 1.9219(+4) 1.9136(+4) 1.9467(+4)
d, 5.8919(+0) _6.0080(+0) 6.2439(+0) 6.7015(+0) 7.5035(+0)
Gy, 8.8685(-2) 9.2030(-2) 4.3839(-2) 3.1062(-2) 7.2181(-2)
a, 4.1267(+4) 4.1269(+4) 4.1287(+4) 4.1283(+4) 4.1271(+4)
a, 4.0393(-1) 3.3759(-1) 4.1175(-1) 3.9622(-1) 4.0936(-1)
a; 1.1251(+3) 1.3872(+3) 1.1241(+4) 1.1240(+4) 1.1255(+4)
a, -5.5447(-1) -1.9538(+0) 2.0048(+0) 2.2867(+0) 2.3253(+0)
as 6.1107(+4) 6.1108(+4) 6.1148(+4) 6.1149(+4) 6.1124(+4)
a 4.7226(+0) 5.8212(+0) 5.2734(+0) 5.0499(+0) 5.4616(+0)

*a(+x)=ax10*

Table 12. Values of fitting parameters a, in Eq. (21) for o% for n=6

(ol" for nf=6h is small and not shown here)

a, 6s 6p 6d 6f 6g
a, | 2.8852(+5)* 4.1604(+5) 2.5759(+4) 2.5605(14) 2.2209(+4)
a, 7.6028(+5) 1.1919(46) 1.1456(+5) 4.4935(+5) 2.6385(15)
a, 6.4890(-1) 5.8398(-1) 9.5729(-1) 7.4489(-1) 8.3042(-1)
a, 5.0200(+3) 4.5375(43) 1.6186(12) 9.4048(+3) 8.9336(+3)
a; 4.3527(+0) 3.2608(+0) 1.6786(+0) 4.0746(+0) 5.7968(1+0)
a, 1.1099(+4) 1.6024(+4) 1.3463(+4) 1.2281(+4) 1.6229(+4)
a, 5.7395(+0) 6.3637(10) 5.9743(:0) 5.9934(+0) 5.8128(+0)

*al+ x)=ax10*

24




Table 13. Values of fitting parameters a, in Eq. (21-24)
but for #-selective cross sections o, for n=2-7

a, 2 3 4 5 6 7
a, 3.2285(+3) | 4.5013(+5) | 2.7945(+1) | 3.9605(+4) | 1.0645(+0)| 6.8054(+4)
a, 1.2032(+6) 6.0007(-3) | 3.0879(+5) | 8.6902(+5) | 5.9413(+4) | 8.4908(+5)
a, 2.9923(-1) | -1.5258(-1)| 3.2323(-1)| 4.6249(-1) 5.1555(-1) |  4.8405(-1)
a, 2.4583(+3) | 1.3138(+4) | 7.7827(+4) | 6.1422(+3) | 7.9956(+4) | 3.3952(+2)
a; 1.2528(+0) | -3.4971(+0) | 3.9735(+0) | 1.2053(+0) | 4.4936(+0) | 1.7087(+0)
ag 1.8499(+4) | 7.2544(+4) | 6.4553(+4) | 4.6778(+2) | 1.0236(+5) | 1.6477(+4)
a, 3.9143(+0) | 2.5157(+0) | 5.5443(+0) [ 1.4458(+0) | 5.7539(+0)| 5.8670(-0)
ag 4.8151(+4) | 2.1012(+4) | 9.5977(+4) [ 1.9698(+4) '

a, 5.7723(+0) | -1.3108(+0) 1.6934(-1) | 5.7783(+0)

@, 1.4577(+1) | 3.8125(+0) 3.0066(-1)

a, 1.8457(+5) | 4.8562(+3) | 4.1268(+4)

a, 1.3262(-1) | 1.1121(+0) 3.2486(-1)

a, 4.4535(+3) | 1.7255(+3) | 1.3114(+3)

a, 3.5393(+0) | 2.0477(+0) | -1.9767(+0)

a5 7.6001(+3) | 6.1110(+4)

a, 1.8493(+1) | 5.6313(+0)

*a{t x)=ax10*
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Li*+H(1s)->Li""+H (n=2)
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Li*+H(1s) -> Li*"(1s) + H"
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Figure 3. Fit (full line) of preferred electron capture cross section to Li2*(1s)
in collisions of Li% with H(1s).
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Li*+H(1s) -> Li*"(2p) + H’
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Li**+H(1s) -> Li*"(3p) + H’
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Figure 7. Same as in Fig.3, but for capture to Li2*(3p).
Li*+H(1s) -> Li*"(3d) + H”
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Figure 8. Same as in Fig.3, but for capture to Li2*(3d).
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Li*+H(1s) -> Li*"(4s) + H"
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Figure 9. Same as in Fig.3, but for capture to Li?*(4s).
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Figure 10. Same as in Fig.3, but for capture to Li2*(4p)
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Li*+H(1s) -> Li*"(4d) + H"
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Figurell. Same as in Fig.3, but for capture to Li2*(4d).
Li*"+H(1s) -> Li*"(4f) + H
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Figure 12. Same as in Fig.3, but for capture to Li2*(4f).
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Li*+H(1s) -> Li*"(5s) + H”
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Figure 13. Same as in Fig.3, but for capture to Li2*(5s).
Li*+H(1s) -> Li*(5p) + H”
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Figure 14. Same as in Fig.3, but for capture to Liz*(5p).
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Li*+H(1s) -> Li*"(5d) + H"
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Figure 15. Same as in Fig.3, but for capture to Li2*(5d).

Li**+H(1s) -> Li*(5f) + H
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Figure 16. Same as in Fig.3, but for capture to Li2*(5f).
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Li*+H(1s) -> Li*"(5g) + H”
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Figure 17. Same as in Fig.3, but for capture to Liz*(5g).
Li*" + H(1s) -> Li*(6s) + H’
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Figure 18. Same as in Fig.3, but for capture to Li2*(6s).
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Li®* + H(1s) --> Li*(6p) + H”
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Figure 19. Same as in Fig.3, but for capture to Li2*(6p).
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Sl L= P LS

5 < Belkic [31]
S +  Olson [29]

0.01 ;_/0\ e ey DR T

/ ; b — Suggested values

1= 1) SRR — X o W

1E-8 |- : R RS

1E-10

Cross Section (1.e-16 cm’)
]
1

1E-14 . g vp. | " ;TR 3 IS | i g Ly

E(eV/amu)

Figure 20. Same as in Fig.3, but for capture to Li2*(6d).
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Li*" + H(1s) --> Li**(6f) + H
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Figure 21. Same as in Fig.3, but for capture to Li2*(6f).
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Figure 22. Same as in Fig.3, but for capture to Li2*(6g).
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Li¥"+H(1s) -> Li*'(n=2) + H’
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Figure 24. Same as in Fig.23, but for capture to Li2*(n=3).
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Li*+H(1s) -> Li*'(n=4) + H"
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Figure 25. Same as in Fig.23, but for capture to Li2*(n=4).
Li*+H(1s) -> Li*'(n=5) + H'
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Figure 26. Same as in Fig.23, but for capture to Li2*(n=5).
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Li*"+H(1s)-->Li* (n=6)+H’
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Figure 27. Same as in Fig.23, but for capture to Li2*(n=6).
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Figure 28. Same as in Fig.23, but for capture to Li2*(n=7).
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