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Abstract

High energy neutral hydrogen atom beam is used in the Neutral atom
Beam Injection (NBI) for effective plasma heating in nuclear fusion research.
There are two methods for production of neutral hydrogen atoms; one is
electron capture process of positive hydrogen ions (protons) and the other is
electron detachment process of negative hydrogen (™) ions. However, at high
energies (more than 100 keV), the single electron detachment from H™ ions is
much more efficient because the electron detachment cross sections from H™
ions are far larger than the electron capture cross sections of protons.

In the present thesis, we perform some theoretical analysis on the single
electron detachment processes of H™ ions in collisions with neutral atoms and
also with positive ions.

There are two elecirons with different ionization potentials in a H= jon in
the ground state. We treat independently two electrons with different binding
energies: one is the tightly bound 1s electron (ionization energy = 13.6 ¢V)
and the other is the loosely bound 15" electron (ionization energy =~ 0.75 eV) in
the Hylleraas-Eckart function. Therefore, we take into account two different
detachment processes, namely i) detachment of the tightly bound (1s) electron
and ii) detachment of the loosely bound (157} electron. To deseribe more detail
of the electron detachment processes, the binding energies of each electron are
taken into account in the detached electron wave funetions. By these methods,
we calenlate the eross sections for produetion of hydrogen atoms not only in
the ground state, 1(1s), but also in the excited states, HY(2s) and H"(2p).
in the exit channel.

In collisions with neutral atoms inchuding rare gases and atomic hydrogens.

we use Lhe first Born approximation to caleulate the electron detachment



cross sections from H™ ions. we also consider the target excitation in the
exit channel. However, as it is too much time-consuming to calculate all the
possible states of target in the exit channel, we use the closure approximation
for the target excitation.

First, we present the calculated results of the total and partial single-
electron detachment cross sections from H™ ions in collisions with e and
H neutral atoms. Then, we compare the calculated total cross sections of
electron detachment with experimental data awvailable and find reasonable
agreement between them.

The calculated partial cross sections for the production the ground state
hydrogen atoms, H%(1s), are found to be dominant in all the collision energy
range (10 keV ~ 10 MeV) investigated in the present study. The cross sections
for H%(2s) formation are found to account for about 20 % and those for H%(2p)
formation about 10 % of total electron detachment cross sections.

The present caleulated results show that the dominant contribution to the
procduction of the ground state H”(1s) comes from the electron detachment of
the loosely bound 1s' electron in H™ ions. On the other hand, in the produc-
tion of the excited state hydrogen atoms H%(2s) and H"(2p), the detachment
of the tightly bound 1s electron in H™ ions is found to be dominant over the

detachment ol the loosely bound 18" electron.

L cotlisions with positive ions, we usge the Four-Body Continuum Distorted
Wave-Fikonal Initial State (4-B CDW-IIIS) method to caleulate the electron
detachment cross sections [rom H™ ions because there are strong distortion
effects 1o its clectrons due to the Coulomb field of the incident positive lons.

Thus we consider the distorted waves and the distorted potentials, Though
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the transition amplitudes are given in two different forms, namely the 'prior’
and the 'post’ because there are two distortion potentials, we treat the prior
transition amplitudes only here.

Then, we compare the calculated total electron detachment cross sections
from H~ ions in collisions with protons with experimental data.

We also notice that in general, in collisions with pesitive ions, the calcu-
lated partial cross sections of production of H%(1s) is far larger (more than
two orders of magnitude) than those of H%(2s) in all the energies investigated.

The present calculated results also show that the total electron detachment
cross sections of H™ ions in collisions with protons are roughly one order of
magnitude greater than those with neutral hydrogen atoms and suggest a
simple scaling which indicates that the electron detachment cross sections at
high energies are roughly proportional to the square of the positive ion charge
colliding with H™ ions.

These results suggest that H™ jons can be converted into neutral hydrogen
atoms with more fraction of the ground state more efficiently in collisions with
positive ions than in collisions with neutral atoms, indicating that in produc-
ing neutral hydrogen atoms for NBI from H™ ions the plasma neutralizer is

indecd more promising than the neutral gas neatralizer which is widely used.
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1 Introduction

The electron detachment (neutralization) processes from negative hydrogen ions
(H™) is important not only in basic collision physics but also in applied fields. For
example, high energy (~ MeV), powerful (~ MW) neutral hydrogen atom (H%) beam
is often used in Neutral atom Beam Injection (NBI) for plasma heating. Also the
neutral atom beam is used for diagnostics of plasma parameters such as ion density
and temperature.

At such a high energy region, H™ ions can be converted into neutral hydrogen
atoms more efficiently because the electron detachment cross sections from negative
ions are generally larger than the electron capture cross sections into positive ions
(protons). In order to get better understanding on such neutral hydrogen atom beam
production processes it is necessary to study in detail the collision mechanisms of
the electron detachment processes of 11~ ions under various conditions.

A number of experimental investigations involving H™ ions had been reported so
far and summarized by Tawara and Russck (1973). The calculated cross sections for
electron detachment from H™ ion in fast atomic collisions have also been discussed
in several reviews. For example, Gillespie (1977) calculated those based on the Born
approximation. On the other hand, Bales and Walker (1967) used the classical
inpulse approximation and Dewangan and Walters (1978) used the free-collision
model. Recently Riessehmann et al. (1991} used the free-collision classical impulse
approximalion. As the calculations of Gillespie (1977) and of Dewangan and Walters
(1978) were based on so-called closure approximation in the matrix elements of the
electron detachment part, then they considered only the sum of all product states

of hydrogen atoms formed from H™ ions in the exit channel. Their results for total



cross sections are in reasonably good agreement with experimental data. Also very
recently some partial cross sections for formation of the excited state hydrogen atoms
(H") in the course of electron detachment from high energy (MeV) H~ ions have
been measured by Radchenko and Ved’'manov (1995). However, in these previous
theoretical investigations, any contribution of the excited states of hydrogen atom
in the exit channel was not discussed in detail.

In the first part of the present work, the first Born approximation is used to
calculate the electron detachment cross section from H™ ions under neutral atom
collisions. But, in contrast to these previous investigations, our calculations include
more detailed matrix elements of transition probabilities of such electron detach-
ment reactions. Firstly, we treat independently two electrons with different binding
encrgies, namely 1s” and 1s electrons in H™ ion: one is the tightly bound electron (1s
: ionization energy =~ 13.6 eV) and the other is the loosely bound electron (1s’ : ion-
ization energy == 0.75 eV) in the Hylleraas-Fekart function. So we take into account
two different detachment processes, namely, i} detachment of the tightly bound (1s)
electron and ii) detachment of the loosely bound (18"} electron. To describe more
derail of the electron detachment processes, the binding energies of each electron are
taken into account in the detached electron wave functions. Secondly, we consider
the cross sections for production of hydrogen atoms not only in the ground state,
H"(1s). but also in the excited states, T1°(2s) and H"(2p), in the exit channel,

It the present calculations, the matrix elements of electron detachment processes
for these two electrons are assumed to be independent of each other and depend
on their initial binding energies in H™ ion. We then calculate the single-electron
detachment cross sections for each of two electrons (1s and 1s87) in H™ jons.

Then the present caleulated results are compared and found to be in good agree-



ment with experimental data (Almeida et al. 1987, Anderson et al. 1980, Berkner
et al. 1964, Dimov and Dudnikov 1967, Heinemeier et al. 1976, Kvale et al. 1995,
Simpson and Gilbody 1972, Stier and Barnett 1956, Williams 1967) in high energy

range.

In the second part of the present work, we also consider the single electron
detachment processes from H~ ions colliding with positive ions. This process is
important to obtain more powerful, high energy neutral beam with better conversion
efficiencies. So far, very few experimental investigations of H™ ions colliding with
positive ions have been reported only at low (< 10keV /amu) energies mainly due to
technical difficulties.

In this case, it is necessary to take into account the distortion effects for electrons
in H™ ions due to the Coulomb field by positive ions. Previously Belki¢ (1997a,
1997h)} caleulated the single electron detachment cross sections from H™ ions in
proton collisions based on the modified Couloinb-Born approximation, He used
the Four-body Continuum Distorted Wave (4-B CDW) approximation to caleulate
the electron detachment cross sections, while using the plane wave to describe the
detached electron in his calculation. We also use the 4-B CDW methods in the
present calculations where we add the effects of the electrie field of H™ ions. The
presemt results clearly show that the electron detachment cross sections from H
ions in collizions with positive ions (protons) are one order o magnitude larger than
those with neutral hydrogen atoms and, thus, that H™ ions can be converted into
neutral hvdrogen atoms more efficiently through the electron detachment processes
in collisions with positive ions than with neutral atoms.

We also discuss briefly the important consequences obtained in the present work



in applications to NBIL
In this thesis, in order to distinguish the converted neutral hydrogen atom from
H~ ions from target hydrogen atom, we represent the former as H®. Unless otherwise

stated, we use the atomic units throughout the present paper.
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2 Choice of wave functions

2.1 Wave function in the entrance channel

Firstly, we consider the electron wave function of negative hydrogen (H™) ions
in the unperturbed condition (in the asymptotic condition).

There are two electrons and one proton in H™ ion (see Figs. 3.1 and 4.1 later)
and the interactions between two electrons are strong, Consequently two electrons
in H™ ion have different binding energies: the first and second ionization energies
are .75 eV and 13.6 eV, respectively. Thus, we define the coordinates of electrons
in the entrance channel: @, and @, are the position vectors of two electrons relative
to nuclens in H™ ion.

H~ ion is assumed to be in the ground state and can be described approximately

by the Hylleraas-Eckart function (Shull and Léwdin 1955);

¢IH_{3':|1$2:| = Ni{e—mrne—ﬁ:m | e—.d:ue—nrn) {2_])
a=v(l=u), B=v(l+pu

v =0.6612, pu=05717.

where N; represents a normalization factor of the entrance channel, ¥ the scaling
parameter and g the split parameter. These parameters are given by Shull and
Lawdin (19535). Equation (2.1) includes two different bound electrons in 1™ jon,
namely, one heing the tightly bound state (1s) and the other the loosely hound
state (1s'). o corresponds to the loosely bound clectron and g the tightly hound
clectron. This structure indicates that the loosely bound electron moves around the

hvdrogenic system (the tightly bound electron plus proton).



2.2 Wave function in the exit channel

In the exit channel, namely after collisions, a H™ ion is transformed to a neutral
hydrogen atom (H) and a detached electron. We have to take into account two
effects here. Firstly, H° atoms are formed not only in the ground state, H%(1s),
but also in the excited states, H?(2s) and H"(2p). Secondly, the detached electron
moves under the influence of different effective charge of hydrogen-like system with
different bound states in H™ ions (see Appendix A).

Now we define the coordinates of two electrons in the exit channel: @, is an
position vector of the electron still bound to H relative to nucleus (proton) of H°
and @, the position vector of the detached electron relative to nucleus (proton) of
H? (see Figs. 3.2 and 4.2 later).

Then, in such conditions, the wave functions can be represented with neutral
hydrogen atom (H”(nlm)) and the detached electron (e~). We assume that electron
coordinates x; and x; are independent of each other and, therefore, the form of the
total wave function is given as the product of the detached electron wave function
and the remaining electron in neutral hydrogen H®(nim).

We use the hydrogenic function for the wave function of product neutral hydrogen
atom, H*(nfm), n, I and m being the principal, azimuthal and magnetic quantum
numbers, respectively (see Sec. 3.2 and Sec. 4.2).

On the other hand, the detached electron wave function is given as lollows:

q‘J',-- (Tq} = .'"'I'.I:'f:z(ﬂ}} F[ (l"'{z[ﬂ, I.I'l:i‘{."{-‘i - K- :I-'.'])L"N L {22)

FAg}
f T'(1 = (g5 )e™ 2w
N(Czin) = - _"H[_'?;}%;?E_‘_'"

Cz“]. = %1_} = Teor 1§, ['23:]



where Z(j) indicates the effective charge which each electron feels in H~ ion, namely
Z(1s) or Z(1s") (see Appendix A). We consider two detached-electron wave fune-
tions, one corresponding to the tightly bound electron and the other the loosely
bound electron. Here k& and N((z(;)) are the wave vector and a normalization fac-
tor of the detached electron wave function in the exit channel, respectively, ; F; the
usual Kummer confluent hypergeometric function and I' the gamma function.
Thus there are two different detachment processes of either 18’ or 1s electron

(Imai et al. 1999), as indicated in the following :

‘I’H— — @HD{mm}(ﬂeélmf (2.4}
with  Z(1s") = /2],
i~ = B Puontm), (2.5)

with  Z(1s) = /21,

Equation (2.4) represents the electron detachment process of the loosely bound
electron and Eq. (2.5) the electron detachment process of the tightly bound electron
in H™ jon. I, and I, indicate the ionization energies of the loosely and the tightly
bound electrons in H™ ion. And the initial binding energies of each electron in the

entrance channel are included in Eqs. (2.4) and (2.5).
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3 Single electron detachment from H™ ions in

collisions with neutral atoms (He and H)

3.1 Outline of present theory

Let us consider the electron detachment process of H™ jon moving with velocity v
in collisions with neutral atoms (A), resulting in the production of neutral hydrogen

atoms either in the ground state H%(1s) or in the excited states H%(2s) and H%(2p):
H™+A(0) — H°(1s,2s and 2p) +e™ + > A(n'). (3.1)

On the L.H.S. of reaction (3.1), both particles (H- and A(0)) are assumed to be
in the ground state in the entrance channel. The third term on the R.H.S. of
reaction (3.1) indicates the summation over all the possible states (n’) of target
atoms including the jonization in the exit channel.

We calculate the cross sections for reaction (3.1) based on the Plane-Wave-Born-
Approximation (PWBA) over H™ ion incident energy ranging from 10 keV to 10
MeV, which is important in NBI and plasma diagnostics.

We do not need to take into account any distortion effect in reaction (3.1) as it
i« not important in interactions with neutral target atoms, A{0).

Aot of PWBA calculations for various atomic collisions had been performed so
far. PWBA is basically the perturbation theory and, in this way, is a good Lreatinent
for high velocity collisions (~ 25keV/amu). As mentioned in Sec.2.1, we introduced
the parameters of the binding energies of two electrons (1s and 1s7) in H™ ions for
the detached electron wave function in PWBA and, thus, there are two different

electron detachment processes.
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3.2 Calculations

The total Hamiltonian of reaction (3.1) is given by

_qu_v?ﬂl_v?h 1 1 1

H L
2M 2 2 ) Iz T
Vi OB
+ZZ|—T’— _ |--;]+v, (3.2)
I F#f 3 17

where M is the reduced mass of II™ ion system, x,; and s;; are the electron-electron
distances in H™ ion and in neutral atom, respectively. We denote the detailed
description of this coordinate system in Fig. 3.1 and Fig. 3.2. The first term in Eq.
(3.2) represents the kinetic energy of H™ ion, the second to sixth terms the kinetic
and the potential energies of two electrons in H™ ion and the seventh to ninth terms
the kinetic and the potential energies of electrons in neutral target atoms (nuclear
charge, Zr). The last term is the perturbation between H~ ion and the neutral

target atom and is given by

Zy Zr Zr
¥ omn Bl
7 liR==1iR-=l
o 1 1 I
| — | | . 3.3
0 Gl ey A e i G

where the first term in Eq. (3.3) corresponds to the interaction between nucleus
(proton) in H™ jon and nucleus of neutral target atom, the second and third terms
the interaction between nueleus of newtral target atom and two electrons in H= ion,
the fowrth terin the interaction between proton in H™ jon and electrons in neutral
target atom, and the last two terms the interaction between two electrons in 1™ ion
and electrons in neutral target atom (see Fig. 3.1).

The wave function ol total system in Lhe entrance channel is given as follows:

Vi = ‘IJFF'{IHEQJT;}{'?J}E‘&FH (3.4)
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where k; (parallel to v) is the initial momentum of H™ ion, R the inter-nuclei
coordinate and Ty represents the target state (ground state) in the entrance channel
and ® - the wave function of H™ ion (see Sec.3.1).

On the other hand, the total wave function in the exit channel, ¥;, is given as

follows:

V(2 22) = ‘buuwm}.e;m(ﬁl-mz]Tnf(Sj)Eik"Ra (3:5)

Z(i) = 18 or 1§

where k; is the final momentum of neutral hydrogen atom (H). ® HO(nim).e5) is the
wave function for a system consisting of H%(nlm) atom and the detached electron
€7 System (see Sec.2.2). Here we treat the electron detachment processes of both
electrons coordinates a; and ®,; and, then, the wave function in the exit channel is

given as follows:

ch':'{n.frn]Pﬂ i\ J—[ﬁ") ( |j¢”"ﬁ’t“”][m?} 1 (lée}:,(‘] [m?)¢’IG{Fiim}{m1}]' (36}

And T, (s;) in Eq. (3.5) represents the target states in the exit channel.
As the present calculations are based on the PWBA, the cross section can be
written by

- IY ‘;;' J [ and

rdre '

oy 1r{‘3 [; Mf ) dgde. (3.7)

wlm n'
where the summation in Eq. (3.7) is performed over all neutral hydrogen atom
states (H(nln)) and also over all states (T'(n")) of the neutral target atom in the

exit channel, v the incident velocity of 1™ ion, gui, and e, the minimum and
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maximum momentum transfers, Km.. the maximum momentum of the detached

electron and q denotes the momentum transfer
l]'—k;' —k!, (38]

with the wave number of the detached electron with «. In Eq. (3.7), f(q) is the

matrix element given as follows:

fl@) = - [(@IVI¥)dR
= = [ @uoumraz,, @1, @) T (8)IVI®1- (21,20)To(s,))e* R (3.9)

Using the Bethe integral (Bethe and Jackiw 1968), Eq. (3.3) can be written as
follows:

Vv _fi_g[zz,{]_e—iq-zh_E—fq-mz}_Z{eiqﬂ; b ' T1Ei=%1) ¢ Eiq-[ﬂj—ﬂ-‘zl}l. (3.10)

1

Substituting Eq. (3.10) into Fq. (3.9),

o : ’
f{{J] - .[q_?{(}qum'm},l.;{;}l:ﬂ:!me}Tn’{sJ}l-{l —-£ " =€ Tq Eg}

X{‘z;r = ZEW-E’;”‘I’H- Tﬂ(ﬁ:}}. {3 1 |)

Equation (3.11) can be separated into two factors corresponding to H™ jon and

neutral atom systems:

-"F{QF\.} {"-D_,,n[“,m}l'.émI:ﬂ:;,;l‘q”[ T {’_‘_TQ'II i g"'PQ-:ﬂ-J|'iI}H.. I[mj Ig:]} {3[2}
Fuolg) = (Tw(s)|%r = 3 €% Ty(s;)). (3.13)
F

Fquations (3.12) and (3.13) represent the form factors of H™ jon system and of

nentral target atom system, respectively.
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Then the total cross section is given by

= 2T

mlm n ¥ 9min

mar

Kmax 5 d
L e mPIF@P s, (3.14)

Furthermore, the H™ ion factor, Eq. (3.12), can be separated into two matrix el-
ements, one being the electron detachment part and the other the remaining neutral
hydrogen atom. As mentioned in Sec.2.2, there are two processes for single electron
detachment and, then, we assume that single electron detachment processes for two

electrons in H™ ion are independent of each other and, therefore,
|FP(Q:'€'}I2 = I‘F':'-*(qa H-}{IS — e, 1s' — Hu{“h”}}lz
b |Fplg, &)(18' — e~ 1s — H(nim))[? (3.15)

where the first term on R.H.S. denotes that the 1s electron is detached, meanwhile
the 1s' electron remains in neutral hydrogen atom forming H(nlm) and the second
term on R.H.S. that the 1s' electron is detached and the 1s electron remains in
neutral hydrogen atom. We assume also that two electron coordinates, &, and s,
are independent of each other. Then the first and second terms in Eq. (3.15) can be
separated into two parts, namely the electron detachment part, which had already
been introduced by Belkié (1984) in one clectron systems, and the form factors of

H~ ion system as follows (Gradshteyn and Ryzhik 1994):

Folg.k)(ls' = ¢, 1s — II"{:J.’m}]

N S 4 2K - K — 12Ky =iz,
— f"n"f.f"hf po g QE(I + R ) F;ﬂ{fﬂ
Ao 2K« K — 12K00\ =620y .
K24 &'2( O REa? ) Fiala.P)
Amey 2p - K~ 12K —i€z00 . -
_!J? 4 f:-i'(l : P? +o? J r”:’{"'ﬂ] 8357
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and

Fy(g,k)(1s — e, 1s' — H(nlm))

' 4711',5 ( IR - K — 32&,8)-;'4:3{;.}&2(&}

2 4 32 K2 + 12
dr (3 26 - K — 20\ ~iz04 .
_ﬁ:?-l-ﬁ?( K2 + 32 ) " En(q,0)
4w 2}] K- !2&!3 =10 2(14)
FAEt T ) @] @

where p denotes the sum of momentum transfer, g, and the wave number of the
detached electron, s

P=qtk. (3.18)
In Egs. (3.16) and (3.17), Fa(a), Fpa(q, o). Fp(/3) and Fye(q, 8) denote the matrix

element parts of an electron-remaining in H%(nim):

Fpu(d) = ] AT oy (z)e ™" (3.19)
P;ﬂ{q }LJ = ffl'm{.ﬁf;:rf,ﬂm]{:ﬂ}fﬂiq'mﬁ_h {32[;)

where
A= or g (3.21)

(sce Eq. 2.1).

On the other hand, the neutral target atom form factor, Eq. (3.13), can also
be separated into two terms, one being Lhe neutral atom left in the ground state,
T(0), and the other the neutral atom excited state, T(n'), in the exit channel and,
assuming that they are independent, total cross sections are given as the sum of
Lhese two terms,

& = Tnp + Ty, {322}
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where
- maox Kmazx 2| 2@
qoa = Eg,mz j-:..-,. _/,; |Fp(q, &)I* | Fool q:;d"' (3.23)
Jmar .ﬁ.muzt.ﬁt‘] d{?
O = —— Folq, k)| FuolP—=de (3.24
9 ES‘.’TU? mell{mf?j‘; I p('—'}' }| n_'zfiﬂF {I| q* ( :]
|Fof? = |{To(s;)|2r = Y 1| Ty(s;))I* (3.25)
I
Y 1Fwol? = Y KTw(s;)| D 9% |Ta(s;)). (3.26)
n'#0 ' £0 3

Equations (3.24) and (3.26) should be summed over all product states (n') of neutral
atom target in the exit channel. But it is time-consuming to calculate those for all
product states of neutral target atoms. Therefore, the closure approximation is used
for summing over the final state (Dmitriev and Nikolaev 1963, Victor 1969, Levy
1969, Lodge 1969, Belki¢ and Gayet 1975, Rule 1977, Gillespie 1977, Dewangan
and Walters 1978, Briggs and Drepper 1978, Briggs and Day 1980, Kaminsky et
al. 1980, McGuire et al. 1981, Day 1981, Anholt 1986, Hartley and Walters 1987,
Montenegro and Meyerhof 1991, Montenegro et al. 1994). Thus, we can rewrite Eq.
(3.26) into the following form :

Z | Fuo(q) |2: | (Tu(s;)] Zzeiq-sJ-{,_iq.sJ: ITo(s;) |

I 2

= [(To(s;) e [To(s;)) I (3.27)

The closure approximation has some merits: i) it is not necessary to individually
calenlate all states of neutral atom, i) it is easy to lead the matrix elements of
and iii) the closure relation includes all the states of neutral atom target.

However, introducing the closure approximation accompanies another problem.

In Egs. (3.23) and (3.24), the minimum momentum transfers, qumin and G (As),
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are given as

I
Gunin = (3.28)
Lo &
Gmin(Ae) = -‘LL,—E (3.29)
where [, is the energy transfer from H~ ion to H"(nim) atom :
I, = Enogm) — Eg-, (3.30)

with Egopum) being the eigenenergy of H(nim) atom in the exit channel, Eg- the
eigenenergy of H™ ion in the entrance channel and As the average excitation energy
of the neutral target atom. The maximum and minimum of k-integral in Egs. (3.23)

and (3.24), Kmaz, fmaz(A€) and Knin, are given as follows :

Kmaz = @\/ﬂ'_— Gmin (3.31)
\/ET-’\/‘T__ qmin(D) (3.32)

Kmin — [] {3?3]

Fmar {&5}

In the closure approximation, the average excitation energy is not clearly defined
because the closure relation includes all states (except for the ground state) of neutral
target atoms.

For this problem, Montenegro and Meyerhof (1991) and Montenegro et al. {1991)
proposed the average value ol excitation energy of Larget based on the Bethie sum

rile for energy loss (Bethe and Jackiw 1963},

E?T?H.m[l I II-.hrliri.'Jr:zt:}Q‘ZT

= (3.34)

q:mirl{'&f] = min |
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Finally, we summed the calculated cross sections of the production of H(2p)

over all the magnetic quantum numbers of 2p states, namely,
a(2p) = o(21 = 1) + o(210) + o(211), (3.35)

In Sec.3.3, we will present the caleulated results and detailed discussion on compar-

ison with experimental data available.

3.3 Results and discussion

Using Eq. (3.22), we have computed the electron detachment cross sections for
H~ ions in collisions with neutral helium and hydrogen atoms in detail. In this
section, we discuss and compare our caleulated results of partial as well as total
cross sections with experimental data for process (3.1) mentioned above.

It should he noted that so far no theories had shown any partial cross sections

for H” atom formed in the electron detachment processes from H™ ions.

3.3.1 Colliding with helium atoms

In this section, we show the calculated results in colliding with neutral helium

atoms,;

W™ f He(0) —  N°(1s.2s and 2p) +e” + > He(n'). (3.36)

In order to describe neutral helium target, we use the Roothan-Hartree-Fock Fune-
tions (Clementi and Roetti 1974) in the present calculations.

Numerical cross section data caleulated arve given in Appendix D. 1.
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Pigure 3.3 displays some partial cross sections corresponding to the formation
of H%(1s), H%(2s) and H%(2p) atoms as well as total cross sections of the electron
detachment process from H™ ion colliding with He atoms. As can be seen in Fig.
3.3, when one of the electrons in H™ ion is detached, the calculated cross sections
for the formation of the ground state hydrogen atom, H%(1s), are dominant in all
the collision energy range investigated. In Fig. 3.3 some important consequences
are noticed. Firstly, the cross sections for formation of H%(2s) atom is roughly
50 % larger than those for H%(2p) atom in high energy (> 100 keV) region and,
secondly, H%(2s) atom formation is found to account for about 20 % and H%(2p)
atom formation about 10 % of total electron detachment cross sections.

We also compare our calculated partial cross sections with experimental data
which are taken from Geddes et al. (1981), Orbeli et al. (1970) and Radchenko
and Ved'manov (1995). In particular, our results are in good agreement with ex-
perimental data by Radchenko and Ved'manov at MeV energy range. However, in
low energy (< 30 keV) region, the observed electron detachment cross sections for
production of H%(2s) become smaller than those for production of H?(2p), which is
in sharp contrast with our calculated results. This difference can be understood, as
discussed by Risley et al. (1978), due to the fact that the electron detachment at low
energies proceeds via so-called electron promotion mechanism through formation of
a quasi-molecule where the excitation to the 2p state is favorable over that 1o the
25 state. In the present ecalculation this mechanism has not been included.

The present calculations clearly show that the formation of the excited state hy-
drogen atoms, H?(2s) and H?(2p), is an important and non-negligible process in high
energy region, suggesting that neutralization efficiencies of H™ ions in applications

to NBI (see Introduction) will be significantly influenced by these neutral hydrogen
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atoms in the excited states, which are easily ionized than those in the ground state.

In order to understand the contribution of two electrons with different binding
energies in H™ ion to electron detachment processes, I'ig. 3.4 displays partial cross

sections of electron detachment processes:
1s' — e, 1s — H(1s) (3.37)
1s — ¢~, 1s’ — H%(1s) (3.38)

where Eq. (3.37) indicates the processes where the loosely bound (1s') electron is
detached, meanwhile the tightly bound electron (1s) remains in the ls orbit of the
neutral hydrogen atom, and, on the other hand, Eq. (3.38) those where the tightly
bound electron (1s) is detached, meanwhile the loosely bound electron (1s') remains
in the Is orbit of the neutral hydrogen atom. In production of the ground state
hydrogen atom, H%(1s), the detachinent process from the loosely bound electron (1s)
(solid-curve) is dominant over that from the tightly bound electron (1s') (dotted-
curve), as expected.

We show similar results of the production for H(2s) and H(2p) atoms. Figure

3.5 displays partial cross sections of electron detachment processes:
Is' — e, 1s ~» H%(2s) (3.39)
Is — ¢, Is' — H%(2s) (3.10)

where Eq. (3.39) indicates those where the loosely bound electron (1s’) is detached,
meanwhile the tightly bound electron (1s) is excited to the 2s orbit of neutral hydro-

gen atom (solid-curve) and Fq. (3.40) those where the tightly bound electron (1s)
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is detached, meanwhile the loosely bound electron (1s’) is excited to the 2s orbit of
the neutral hydrogen atom (dotted-curve).

Figure 3.6 displays partial cross sections of electron detachment processes:
1s' — e, 1s — H(2p) (3.41)
1s — e, 15" — H(2p) (3.42)

where Eq. (3.41) indicates those where the loosely bound electron (1s’) is detached,
meanwhile the tightly bound electron (1s) is exeited to the 2p orbit of the neutral
hydrogen atom (solid-curve) and Eq. (3.42) those where the tightly bound electron
(1s) is detached, meanwhile the loosely bound electron (1s’) is excited to the 2p
orbit of the neutral hydrogen atom (dotted-curve).

In Figs. 3.5 and 3.6, it is interesting to note that, in formation of the excited
state hydrogen atoms, H%(2s) and H%(2p), Drukarev (1970) and Orbeli et al. (1970)
suggested quite some time ago that the process, where the 1s electron is detached
while the 18" electron is excited, can be dominant over that, where the 15" electron
is detached while the 1s electron is excited. When the nuclear screening is suddenly
changed after the 1s electron detachment, the loosely bound 1s’ electron favorably
goes Lo the 2s or 2p states, producing H%(2s) and H%(2p) atoms because their energy
levels are close to the 1s' electron energy level in H™ ion. In high energy region,
our results are consistent with this mechanism. But in low energy region as seen in
Iig. 3.6, the present calculated results for the production of H%(2p) atoms are not
consistent with their explanation. This disagreement may come from the Hylleraas-
Eckart function (Eq. (2.1)) which we used because this function does not include
the orbital angular momentum part, meanwhile the hydrogenie wave function of 2p

state includes this part and, then, Eq. (3.19) is canceled out in the cross section
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for the production of H%(2p) atoms. The final forms of Eq. (3.20) are different in
the production H%(2s) and H%(2p) atoms. The influence of different forms between

H"(2s) and H%(2p) is very large near the lower limit gun.

Figure 3.7 displays a comparison of the present calculated results for total elec-
tron detachment cross sections with the results previously calculated by Dewangan
and Walters (1981), Riesselmann et al. (1991) and also with experimental data.
The experimental data points are taken from Almeida et al. (1987), Anderson et
al. (1980), Berkner et al. (1964), Dimov and Dudnikov (1967), Heinemeier et al.
(1976), Kvale et al. (1995), Simpson and Gilbody (1972), Stier and Barnett (1956)
and Williams (1967). Our calculated results of the total cross sections summed over
three processes including formation of the ground state hydrogen atom, H%(1s), and
the excited states hydrogen atoms, H%(2s) and H%(2p), are in a good agreement with
the experimental data available, except [or those at the lowest energies where the
Born approximation is known to break down and also with the previously calculated

results based on different calculations over the present collision energy range.

3.3.2 Colliding with hydrogen atoms

In this section, we show similar results for electron detachment from H™ ions
colliding with neutral (ground state) hvdrogen atom target, 11(0),
H™ + H(0) — H"(1s,2s and 2p) +e” + > H(n'). (3.43)
n’
We use the hydrogen wave function for targer hydrogen atoms.

Numerical cross section data caleulated are given in Appendix .2



22

Figure 3.8 shows partial cross sections corresponding to the formation of H%(1s),
H(2s) and H"(2p) atoms as well as total cross sections of electron detachment
process from H™ ion colliding with hydrogen atom. Comparing Fig. 3.8 with Fig.
3.3, we note the results similar to those in helium atom. Namely, at high energies
(> 100keV), cross sections for H%(2s) formation is found to account for about 20
% and those for H*(2p) formation about 10 % of total electron detachment cross
sections. Unfortunately, there is no experimental data of partial cross sections to be
compared with the present calculated results.

The present results for atomic hydrogen targets also show that the inclusion of
the excited state neutral hydrogen, H%(2s) and H"(2p), converted from H~ ions in
the exit channel is important in many applications.

Figure 3.9 displays partial cross sections of clectron detachment with neutral

hyirogen atom processes:
Is" — e, 1s — H(1s) (3.44)

Is —e7, 1s" — H"(1s). (3.45)

The notations are already given in the previous section (see Egs. (3.37) and 3.38)).
In production of the ground state hydrogen atom, H(1s). the detachment process
of the loosely bound electron (1s) (solid-curve) is also dominant over that from the
Lightly bound state(1s') (dotted-curve) in conversion from 1~ ions.

We also show the results for production of H*(2s) and H"(2p) atoms. Figure 3.10

displays partial cross sections of electron detachment processes:
Is' = o™, 15 — H(2s) (3.46)

Is — e, 18" — H"(2s). (3.47)
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In Fig. 3.10, the solid-curve indicates those for process (3.46) and the dotted-curve
those for process (3.47).
Similarly, Fig. 3.11 displays partial cross sections of electron detachment pro-

Cesses:
1s' — e, 1s — H°(2p) (3.48)
Is — e, 18’ — H%(2p). (3.49)

In Fig. 3.11, the solid-curve indicates those for process (3.48) and dotted-curve
those for process (3.49).

Qualitative explanation on the dominance of 2s and 2p state formation from
the loosely bound electron (1s'), while Is electron is detached, has been given by
Drukarev (1970) and Orbeli et al. (1970), as discussed in the previous section. The
present results for cross sections of formation of the excited state hydrogen atoms,
H"(2s) and H%(2p), in collisions with atomic hydrogen target are practically the
same as those in neutral helium atom target.

Finally, we show the total cross sections in Fig. 3.12. The experimental data
points are taken from Hvelplund and Andersen (1987) and Geddes et al. (1980).
Our caleulated results of the total cross sections summed over three processes in-
cluding formation of the ground state hydrogen atom, H%(1s), and the excited state
hvdrogen atoms, 11°(2s) and H°(2p), are in good agreement with the experimental
data, confirming that the present caleulation method can provide reasonably aceu-
rate cross sections for single electron detachment from ™ ions in collisions with

neutral atoms at high energies.
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Figure 3.1: The coordinate system of the entrance channel
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Neutral Atom

Figure 3.2: The coordinate system of the exit channel
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H™ + He(0) — H°(1s,2s and 2p) + e~ + ) _ He(n')
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Figure 3.3: Partial cross sections of single electron detachment processes from H~
ions in collisions with neutral helium atom target, forming hydrogen atoms in the
ground state, H(1s), and the excited states, H(2s) and H(2p). The symbols repre-
sent experimental data of Geddes et al. (solid square), Orbeli et al. (solid triangle)
and Radchenko et al. (solid circle) for production of H%(2s) in the exit channel
and Geddes et al. (open square), Orbeli et al. (open triangle) and Radchenko et al.
(open circle) for production of H(2p) in the exit channel. The solid-curve represents
the calculated cross sections for production of hydrogen atom in the ground state,
HO(1s), the dashed-curve those for the excited 2s state, H%(2s), and the dotted-curve
those for the excited 2p state, H(2p).
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Figure 3.4: Calculated partial cross sections for formation of the ground state hydro-
gen atoms. The solid-curve represents those for hydrogen atom in the ground state
H%(1s) accompanied with the loosely bound 1s’ electron detached and the dotted-

curve those for hydrogen atom in the ground state H(1s) accompanied with the

tightly bound 1s electron detached.
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Figure 3.5: Calculated partial cross sections for formation of the excited hydrogen
atom, H%(2s). The solid-curve represents those accompanied with the loosely bound
1s' electron detached and the dotted-curve those accompanied with the tightly bound

15 electron detached.



29

H™ + He(0) — H%2p)+e” +)_ He(n)

Ho gt e . .

16k g
u’Em—n 0
E b
=
(=]
=
8107 .
9
5

1077 15'-> e-, 1s > H(2p) E

' - 1s -» e-, 1s' > H(2p)
TD-ZU 3 R T T | N T BT s P T el |
10’ 102" 10° 10*

Incident Energy (keV"

Figure 3.6: Calculated partial cross sections for formation of the excited hydrogen
atom, H°(2p). The solid-curve represents those accompanied with the loosely bound
1s’ electron detached and the dotted-curve those accompanied with the tightly bound

1s electron detached and hydrogen atom.
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Figure 3.7: Comparison of calculated total single electron detachment cross sections
with experimental data in H- + He collisions. The symbols represent experimental
data and are taken from Almeida et al. (plus), Anderson et al. (solid circle),
Berkner et al. (open square), Dimov and Dudnikov (solid triangle), Heinemeier et al.
(solid square), Kvale et al. (open triangle), Simpson and Gilbody (diamond), Stier
and Barnett (cross) and Williams (open circle). The dotted-curve represents the
caleulated results of Dewangan and Walters, the dashed-curve those of Riesselmann

et al. and the solid-curve the present results.
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Figure 3.8: Partial cross sections of single electron detachment p;mcsesses from H~
ions in formation of hydrogen atom target in the ground state, H°(1s) and the excited
states, H%(2s) and H%(2p). The solid-curve represents the calculated cross sections
for production of hydrogen atom in the ground state H°(1s), the dotted-curve those
for the excited 2s state H(2s) and the dashed-curve those for the excited 2p state
H®(2p).
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Figure 3.9: Calculated partial cross sections resulting in formation of the ground
state of hydrogen atom H%(1s) in the exit channel. The solid-curve represents those
with the loosely bound 1s’ electron detached and the dotted-curve those accompa-

nied with the tightly bound 1s electron detached.
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Figure 3.10: Calculated partial cross sections resulting in formation of the excited
state hydrogen atom, H%(2s). The solid-curve represents those with the loosely
bound 1s’ electron detached and the dotted-curve those with the tightly bound ls

electron detached.
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Figure 3.11: Calculated partial cross sections resulting in formation of the excited

states of hydrogen atom, H°(2p). The solid-curve represents those with the loosely

bound 1s’ electron detached and the dotted-curve those for the tightly bound 1s

electron detached.
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Figure 3.12: Comparison of ealculated total single electron detachment cross sections
with experimental data in H~ + H collisions. The symbols represent experimental
data and are taken from Geddes et al. (cross) and Hvelplund and Andersen (open
circle) and the solid-curve the present results. The dotted-curve represents the

calculated results of Gillespie.
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39
4 Single electron detachment from H™ ions in col-

lisions with bare positive ions

4.1 Outline of present theory

In this section, we consider the electron detachment processes of H™ ions in
collisions with bare positive ions with the charge Z, A", where strong Coulomb

interactions may play a role,
A +H- - A® 4+ H%(1s and 28) +e. (4.1)

It is assumed that the electron capture into positive ions from H™ ions is negligible
at the present energy.

In order to describe the distortion effects in atom-ion or ion-ion collisions, the
Continuum Distorted Wave (CDW) method is widely used for calculations of cross
sections (see, for example, Cheshire 1964, Dodd and Greider 1966, Gayet 1972,
Belki¢ and Janev 1973, Belki¢ 1977, Belki¢ 1973). And the Eikonal Initial State
(EIS) method is used for the distorted wave in the entrance channel in the CDW
approximation (CDW-EIS approximation, Crothers and McCann 1983, Fainstein et
al. 1990, Fainstein ef al. 1991).

The present collision system consists of four particles, namely two electrons and
two nuelei. The 4-Body CDW method was introduced by Belki¢ and Mancev (1992)
and in some calenlations was used the 4-Body CDW or 4-Body CDW-EIS method
(Belki¢ and Mancev 1993, Belkié¢ 1996, Gayel ot al 1996, Belkié 1997a, Belkié
1997h, Belki¢ et al. 1997) in four particle collision systen.

Here we use the 4-Body CDW-EIS method to investigate the collision process

shown in (4.1). The process (4.1) was treated by Belki¢ (1996 and 1997) based
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on the 4-Body distorted scattering theory using the plane wave for the detached
electron wave function. In the present calculations, we take the plane wave for the
detached electron wave function which includes the effect of the Coulomb field in
H™ ions (see Sec.2.2).

The coordinate of this collision system is shown in Fig. 4.1 and Fig. 4.2 : x,
and xs are the electron coordinates from proton in H™ ion, 8; and s2 the electron
coordinates from positive ion, r, the positive ion coordinate from the center-of-mass
in H™ ion system in the entrance channel, v, the positive ion coordinate from the
center-of-mass for neutral hydrogen atom and the detached electron system in the

exit channel:

1 M, I

To = M+ 5(@1+ @) — (81— 82) (4.2)
1 .Illl.ft 1

Ty = §ﬂfh T ?[:31 } 3-2} - E(Il — IE} {43)

where M, is the mass of the incident positive ion and M; the mass of proton in

atomic units.

4.2 Calculations

The total Hamiltonian for reaction (1.1) in the entrance channel is given as

follows:

H = K.+ H, (4.4)

vz
f{“ = e Eﬂ,-;: {‘15)

H,=H, +V, (4.6)
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Ha = 2m om "a:'[ "E;+;':; (+1)
g £ 7

Vy=—— — — — ;

* R 5y So (48}

where K, is the kinetic energy of total system in the entrance channel, H, the
Hamiltonian of H™ ion system, V; the perturbation term between positive ion and

H~ ion, M the reduced-mass of the total system, m the reduced-mass of H™ ion

system:
Y - Mp(M, +2)
M, + M, +2
m o~ Mtl
TOM 2

and 2 the distance between two electrons,
riz = |@) — 22| = |81 — &l (4.9)

On the other hand, the total Hamiltonian for reaction (4.1) in the exit channel

is given as follows:

H = Kyt H; (4.10)
-V,
Ky —m (4.11)
Hy=H,+ T (4.12)

?Eﬂh vgf_- L
Ryl =2 (113
Z 1 4 7 |

Ve s e (4.14)

H o] LT 8o T2
where R} is the kinetic energy of total system in the exit channel, f, the Hamiltonian
of neutral hydrogen atom system and the kinetic energy of the detached electron

in the exit channel, V, the perturbation term among neutral hydrogen atom, the
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detached electron and positive ion in the exit channel.

Firstly, we consider the wave function in the entrance channel. We take the

undistorted wave function in the entrance as follows:
thy = Py- {Ih $2}€_ip'“t, {:4. 15}

where ®5 - is the wave funetion of H™ ion which is defined in Sec.2.1 and E, the
corresponding energy of H™ ion. Then Eqs. (4.7) and (4.15) satisfy the following

Schrodinger equations:

(H,~i2)ide) = O (4.16)
(Ho - EJ)|®y-) = O. (4.17)

Now we must define the distorted wave function in the entrance channel. The

asymptotic behavior of the perturbative potential in the initial conditions is

)
7

f — _.x.:l L{:I. = {4-] 8]

And the wave function in the asymptotic condition (t — —oc) is given as follows:

"I"I - @ae—wuﬁn{uﬂ—ﬂ-.ﬁ] {]]E]]

where

g —B)
- L 4.20)
7 (1.20)

My

[Equation (4.19) includes the long range interaction between positive ion with nuclear
charge # and electrons in H™ ion and the interaction of the inter-nucleus. So, the
e~ walnlvR—V-R) 4o hased on the Eikonal Initial State (E1S) approximation which

was introduced by Crothers and McCann (1983).
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Here we choose the distortion effect of the interaction between a detaching elec-
tron at x; and the positive ion because in the present calculations the detachment of

another electron at @, is not treated. Then, Eq. (4.19) can be rewritten as follows:

wt o ¢“ﬁ—i”uf¢ﬂ{v3|+v'51}e- iwnin{vR-U-R) (4.21)
i f, g ﬂ&:.___ﬂ} (4.22)
v v

where Z is the charge of positive ion, Zy- the charge of H™ ion, and v the incident
velocity of this collision system.
The distorted potential satisfies the conditions of Eqs. (4.16) and (4.17) as

follows:

(Hy = i)W = Vi, [9Y) (1.23)

where Vy, is the distorted potential in the entrance channel. Equation (4.23) leads

to the following form (see Appendix B)

I ; sy 4081 ) . —ivrelnfvR—D-
Vot = ‘fﬁﬂ{‘ﬁv?m.f_w"‘m“qms'}*—" i eln(vR—0- )

—Vz,b.-Vs o~ Wartn{vs: H'I’}g_“’n”“f{l'ﬂ—l?-.ﬂ}
4z Z
Hg - v o

and the distorted potential is given as follows:

| [
v, L SRS O VR
o o ?‘."'i| 1 1."31 : el !

Hs — =) .25
) (1.25)
Zy- s equivalent to proton in the present collision system (4.1), namely

2y =

P—iuﬂnhi{vﬂ—l’-ji} = 1
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The final form of the wave function in the asymptotic condition of the entrance
channel is

lII"' =L qu]ne-iunrlﬂftfsp'f U'SI:]‘ (425)

Secondly, we consider the wave function in the exit channel. We take the undis-

torted wave function in the exit channel as follows:

P-i.’.‘;te-iﬂ:t* (42?'}

¢y = q)f.i"{nfm:l.ez{” 3
where Ej is the corresponding energy of H”(nlm) atom, E, the kinetic energy of the
detached electron (e;,) and ¢H0{n;m}_egm the wave function representing H”(nlm)
atom and the detached electron which is defined in Sec.2.2. Here as we do not treat

the electron detachment process of another electron at coordinate x,, the form of

the wave function is given as [ollows:

‘I’H”{nim).e;m(xlr'-”?} - f""f‘?f'egm(mlJﬁ"uﬂ[nim}(?-‘*z]- (4.28)

Then Egs. (4.13) and (4.27) satisfy the following Schrédinger equations:
(Hy - io)ldw) = O (1.29)
at

{.l.'.?-b o Eﬁ o EE}Ifli‘ﬁff”[rﬂﬂl},(_ } = ﬂ. {4-35}

Zi3)
Now, we define the distorted wave function in the exit channel. The asymptotie
hehavior of the perturbative potential in the final conditions is

B i
, HZa-—1)

dapa, W =il 4.31
h'|_ R { :]

And the wave lunction in the exit channel is
VT~ g™ (1 + i) Fi(—ivg. 1, —ipsy — ip - 8))e~ e RIV-R) (4 39)

A Ey-—
=, = Lt el (4.33)

U
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The distorted potential in Eq. (4.32) satisfies the conditions of Eqgs. (4.29) and
(4.30):
A _
(H;—ia—i]lf'li Y=V ¥ (4.34)
Equation (4.34) leads to the following form (see Appendix C)

v B B T e _
R e (4.35)

and, finally, the distorted potential is given as follows:

& 1 1
Va, = (ﬁ —- 3—2} f {'r_m = 3:_,} (4.36)

(see Appendix C). Zg - is equivalent to proton in the present collision system, namely

Zu- = 1

—iv ln{vR-1- )

£ = 1.

Thus, the final form of the distorted wave can be rewritten as:

W = e e™Y (1 + vy ) Fi(—ivy, |, —ips, — ip - 81 ). (4.37)

Using the distorted potentials ¥V, and Vj,. and the distorted wave functions ' and

o

W= the transition amplitudes in “prior’ and "post” form lead to the following forms:
.Ir‘:'rr'u'lr =" {."I] - ! l'l:f“ |"I" + :I {1.38]
P = (W, |3, (4.39)

(t represents the complex conjugate inversion). These transition amplitudes can be

written as



and

Forior =

Prost =

[ [ ] dsidzidzs
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X Eiq'r“fﬁ:im{ma)ﬁf';fﬂ{nm]{ﬁz)”“f}lFl(—i'-"b’* L, ~ips) — ip- 81)

1 : o
T N LT PP

b Vg, Py-(x),22) - vslﬁ-w"'h{“' H0-81)

s 2. .
v (S_ _ I_{)E—wﬂ:h{ual-l-ﬂ-ﬂl}gpﬁ_ {;];11 mz}}
1

[ [ [ dsdzid

£z
L Lo
+ {(3_ = f_i)e—w_:fn[trsl l-'U*Sﬂ'@H_ Ethz}
1
1 L, :
e {r P ﬁ}e— b rim{vs +T SJJ(I,H {$|~ mz}}
12

(4.40)

x e dTog '[_][:ml}qb;j'u{nl'mj () N(W)1 Fi(—ivy, 1, —ips) —ip - 8))

(4.41)

(Belki¢ 1977, McDowell and Coleman 1970}, where N (¥} is the normalization factor

in the exit channel given as;

N() = e™ T(1 + ivy)

and g the momentum transfer given as follows:

(4.42)

(1.43)

Here v is the incident velocity, AFE the internal energy change between the entrance

channel and the exit channel,
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AE = Ey- — Epopim) — E.-
where Ey- : the eigenenergy of IT" ion
Eogmy : the eigenenergy of H(nlm) atom

I p0umy ¢+ the kinetic energy of the detached electron

and 1 the transversal component of the momentum transfer, g, which has the fol-

lowing relation:

n-v:-0. (4.44)

In the present calculations the last two terms in Eqs. (4.40) and (4.41) vanish
because 2y, < 8, and 8, ~ A.

Finally the corresponding eross sections are given as follows:

Tprior _/ K f in| ‘;;:.2 (4.45)
Opost = fdnfrff?f—';:%ﬁ (4.46)

In the present work, we calculate the cross sections using only the 'prior’ form

of Eq. (4.45).

4.3 Results and discussion

In this section, we show the calculated results of total and partial cross sections
for electron detachment process (4.1) and compare them with experimental data

available.
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Firstly, we calculate the cross sections for electron detachment of H™ ions in

collisions with protons:
HY+H™ — H'4 H(1s and 25) + ¢™. (4.47)

Numerical cross sections data calculated are given in Appendix D.3.

Figure 4.3 shows the calculated partial cross section for process (4.47). The
solid line denotes those for production of the ground state neutral hydrogen atoms,
H®(1s), in the exit channel and the dotted line those of the excited state neutral hy-
drogen atoms, H%(2s). The cross sections of production of H%(1s) is far larger (more
than two orders of magnitude) than those of H%(2s) in all the energies investigated.
This feature of cross sections is similar to that in collisions with neutral atoms men-
tioned in Sec. 3. However, ratios of production of the ground state H%(1s) to that
of the excited state H%(2s) are verv much different from collisions with protons and
with neutral atoms. This difference can be understood as follows: In Eq. (4.40),
interactions between proton and the remaining electron disappear in the asymptotic
condition. It should be noted, however, that the cross sections for production of
the excited state hydrogen atoms H(2p) become zero because the direct transitions
of the ground state (Hylleraas-Eckart function) to the excited 2p state (neutral hy-
drogen atom wave function) included in Eq. (4.40) vanish. The hydrogen like wave
function of the 2p state includes the orbital angular momentum component. On
the ot her hand, the Hylleraas-Eckart function does not include the orbital angu-
lar momentum component. Therefore, the transition amplitude becomes zero in
integration in Eq. (4.40).

Figures 4.4 and 4.5 show the cross sections for production of H(1s) and H(2s)

atoms in the exit channel due to the tightly bound electron (1s) and the loosely
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hound electron (1s’) detachment processes, respectively. In produetion of the ground
state hydrogen atoms, H(1s), the loosely bound 1s’ electron detachment process is
dominant in all energies. On the other hand, in production of the excited state hy-
drogen atoms, H%(2s), the tightly bound 1s electron detachment process is dominant.
Surprisingly, the difference of formation of the excited H?(2s) from the contribution
of two (1s and 1s’) electrons is huge (more than four orders of magnitude) (see Fig.
4.5).

From the view point of applications to NBI, the present results for proton impact
may provide better conditions than those for neutral atoms because of very small
fractions of the excited stale I-i“{ﬂs} atoms. Indeed, the excited state H atoms are
easily ionized before reaching the main plasmas to heat them, thus reducing the

heating efficiencies.

Now, we compare the calculated results for clectron detachment cross sections
with experimental data for collisions with protons, namely, process (4.47) and for
those with neutral hydrogen atom:

H(O) 4+ H=  — > H(n') + H°(Is,2s, and 2p) + e~ (4.48)

o

In Fig. 4.6, the solid-curve represents the calculated results for process (4.47), the
dotted-curve those for process (4.48) and the open squares the experimental data
(Peart et al.  1970) for process (4.47), the solid-triangles the experimental data
(Peart et al. 1976) in collisions with electrons with the equivalent velocity and the
dashed-curve the previous theoretical work (Belki¢ 1997a and 1997b) for H* + H~
collisions. Figure 4.6 indicates that our caleulations overestimate the cross sections

in all collision energies studied, but in high energy region, our results approach the
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experimental data, meanwhile, the calculation results by Belkié is in good agreement
with the experimental data. Belki¢ used the detailed wave function for H™ jon.
On the other hand, we used the Hylleraas-Eckart function for H™ ion. Thus, the
difference between two calculations may be due to the wave functions used for H-
ion.

Finally, we calculate those for other positive ion (He*? and Li*®) impact.

Numerical cross section data calculated are given in Appendixes D.4 and D.5.

In Fig. 4.7, where the electron detachment cross sections divided by the square
of positive ion charge are plotted against the collision energy, the solid-curve denotes
those for proton, the dashed-curve those for Het? and the dotted-curve those for Lit?
ion impact. The present calculated results suggest that the cross sections of single
electron detachment from H™ ions in collisions with various bare positive ions are
roughly proportional to the square of positive ion charge, Z, at least in high energy
region. So far no experiment has been performed in such positive ion-negative ion
collisions at high energy region, except for one preliminary work (Tawara ef al.

1999).



Figure 4.1: Coordinate system of the entrance channel.
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Figure 4.2: Coordinate system of the exit channel.
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Figure 4.3: Calculated partial cross sections for single electron detachment in H* +
H™ collisions. The solid and the dotted lines represent those for hydrogen atoms in

the ground state H%(1s), and those for hydrogen atoms in the excited state H%(2s),

respectively.
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5 Applications to NBI heating

5.1 Influence of present calculated results to NBI

The present studies of single electron detachiment from H™ ions described above
is useful for many applications, for example, plasma heating through Neutral atom
Beam Injection (NBI) (Tawara 1995).

In fusion devices, it is necessary to heat the plasmas up to a few tens of keV in
order to achieve nuclear fusion reactions. As most of fusion plasmas are confined by
strong magnetic field, it is difficult to inject any charge particles into the devices.
One of the most promising methods for plasma heating is the NBL In order to
obtain the high energy (~ MeV), powerful (~ MW) neutral hydrogen atom beam
for NBlL it is already known that H~ ions are converted into neutral hydrogen atoms,
H", with better efficiencies as mentioned in Introduction. To diagnose the plasma
density and temperature conditions in the main plasma, NBI is also used.

The knowledge of the cross sections of single electron detachment from H~ ions
are indispensable to analyze the details relevant to NBI technique. Indeed, these
data are very important in determining rates ol conversion into neutral hydrogen
(Janev et al. 1985, Shevelko and Vainshtein 1993, Tawara 1995 and Tawara and
Russek 1973). The present calculated cross sections for production of the excited
state hydrogen atoms are found to be relatively large compared with total cross
sections, which had not been discussed in any past studies, and may influence the
over-all conversion efficiencies.

By taken into account the contribution of H” atoms in the excited state, in
particular of H?(2s) atoms, we consider the variation of fractions of H- ions, H°

atoms, H”(2s) atoms and H* ions when H™ ions are sent to neutralizing media
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(such as neutral gas or plasma). It is assumed that H"(2p) atoms promptly decay
into H(1s) atoms. The rate equations for the fractions of these particles are given

as follows (Tawara and Russek 1971):

dF_

.~ (0-1009 + 01020 F- (5.1)

dF;

% = (0-1001) F~ — To(1sn Fo) (5.2)

dF;

“"“‘““;::3} = (- 10026) F= = Fogasy Fogas)) (5.3)

dF,

d_t = og1a)1 Fo + Uu{zalen{Es} (5-4}
n

F_+ f‘h{h,} -+ F.i][g,;_] + F+ =1, [55)

where n is the density of target particles and Fy, Fy14, Forasy and F_ denote the
fractions of H* ions, H%(1s) atoms in the ground state, H°(2s) atoms in the excited
state and H™ ions, respectively. o_infis), 0-10(25), Tor1s)1 and angz. denote the cross
sections for H™ ion into H%(1s) atom, H~ ion into H%(2s) atom, H%(1s) atom into
H¥ ion and H(2s) atom into H' ion, respectively. Here we do not take into account
the cross sections of excitation process for H%(1s) atom into H%(2s) atom which are
assumed to be small at the present energy. We also neglect the double electron
detaclhment processes from H™ ions into " ions as the cross sections are expected
to be two orders of magnitude smaller than those for single electron detachment
(Tawara and Russek 1973).

We have already shown our calculated cross sections for H and HY impact (see
Appendixes D.2 and D.3). The data of electron impact ionization cross sections for

the excited H"(2s) atoms with the equivalent velocity of ion,

e” + H'(25) e +H' + e, (5.6)
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and the data of proton impact cross sections for detachment process of H? atoms,
HY + ' - H* + B 4+ ¢, (5.7)

are taken from the experimental data (Defrance ef al. 1981, Dxion et al. 1975, Fite
et al. 1958).

In Fig. 5.1, we show the variation of fractions of H™ ions, H%(1s) atoms, H(2s)
atoms and HY ions in collisions with H atoms at 500 keV /amu incident energy. In
Table 5.1 are shown the cross sections relevant to the present calculations. This
fizure indicates that, as the target density increases, the primary H™ ions decrease,
meanwhile H® atoms increase. At the optimal target density, the H® atom fraction
becomes maximum and, then, when the target density increase further, its fraction
decreases due to the conversion of HY atoms into H' ions which finally become
dominant over H™ ions and H” atoms. The highest conversion efficiencies into H?(1s)
are found to be about 38 %, meanwhile those of H%(2s) atoms about 5 %. It is
important to note that when the effects of the excited H(2s) atom formation are
excluded, they increase up to 42 %.

In a previous literature (Berkner et al. 1970} it has been shown that the neutral-
ization efficiencies are 60 % of D=(H™) + 5 collisions at the same collision energy.
This difference of the conversion efficiencies is attributed to the magnitude of the
cross sections in different targets, namely H and H;. The observed cross section of

D7(H7) + I is larger than onr caleulated results.

On the other hand, in Fig. 5.2, we show the fractions of different particles in
collisions with protons at 500 keV /amu incident energy. In Table 5.2 are shown the

cross sections used in the rate equations. The highest conversion efficiencies into
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H(1s) are about 70 % and those into H”(2s) atoms below 1 %. Indeed, the plasma
targets increase the conversion efficiencies for 500 keV /amu H™ ions, namely roughly
by a factor of two. Another importance is the fact that the maximum conversion
efficiencies can be obtained at the target densities which are roughly one order of
magnitude smaller in HY ion target, compared with in those in H target atom.
Practically H"(2s) state atom formation does not change the conversion efficiencies,
as it is small, compared with H” state formation. We have shown that interactions
with positive ions is provide much better conversion of H™ jons into neutral hydrogen

atoms compared with neutral gases.

7 _10(1s) 0 10(2s) To(1:)31 To(2:)1

58x 1077 37x10-¥® 20x10°¥ 3.9x 107V

Table 5.1: The cross sections for H™ ions in collisions with H atoms used in the rate

equations (5.1) ~ (5.5)

F_10{12) F_ 10{2s) (1)1 T 2s)1

1.8x 107 19X 107 22% 107" 90x10°7

Table 5.2: The cross sections for H™ ions in collisions with protons used i the rate

equations (5.1) ~ (5.5)
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Figure 5.1: The fractions of H™ ions, H%(1s) atoms, H%(2s) atoms and H* ions
in collisions with H atoms at 500 keV/amu as a function of target density. The
long-dashed-curve represents the fraction of H~ ions, the solid-curve the fraction of
HO(1s) atoms, the dotted-curve the fraction of H%(2s) and the short-dashed-curve

the fraction of H* ions.
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Figure 5.2: The fractions of H™ ions, H%(1s) atoms, H%(2s) atoms and H* ions
in collisions with H* ions at 500 keV/amu as a function of target density. The
long-dashed-curve represents the fraction of H™ ions, the solid-curve the fraction of
H°(1s) atoms, the dotted-curve the fraction of H%(2s) and the short-dashed-curve

the fraction of H* ions.
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6 Future problems

6.1 Double electron detachment

In this section, we discuss some of future problems in the analysis of electron
detachment processes.

In this thesis, we have treated only the single electron detachment processes of
H~ ions. However, the double electron detachment from H™ ion processes is an
interesting topics. We briefly consider some effects for double electron detachment
here.

Firstly, we consider the correlation of two free electrons in the exit channel. Here

we introduce the following formula:

{bj = ¢é}ij-'.eéh_r]{m11 m?}ﬂ("l?}: {5.]]

Tia =71 —T2 {'EJJ}

where ¢, indicates the two detached electron wave function. This form is

AT EGT)

given as follows:

€201 E 15} (1, 22)

T5lbi, @k @2k 46, (@k)d @k} (63)

(6.1)

where ¢, and ¢,-  indicate the electron detachment wave functions which are
' 2P

(F) ]

given as follows:

Qﬁﬁ;:{mi} = ‘NF[CZ}I'FI ('!ECE. l,i-{ﬁ.'l-‘{ — K- Ei})eiﬂi-mi {ﬁﬁlj

(1 = {z)e™e
N(Cz) (—@;ﬁﬁ—
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K=~Fkyor ks
Z = 2() or 2(7),

where Z(j) and Z(j') represent the effective charge of each electron in H~ jon,
namely Z(1s) or Z(1s') (see Eqs. (2.4) and (2.5)) and g(r2) the correlation effect.
Pluvinage (1951) and Munschy and Pluvinage (1954) introduced the same function
of the correlation effect for helium atom which depend on the scaler ry3. However,
we have to introduce g(r;z) in Eq. (6.1) which includes the vector 72 because two
free electrons have their momenta, k, and k., and each electron is separated out in

the following momentum:

k = ky — ks. (6.6)
And g(r,,) satisfies the following differential equation,

1 1
(=3 Vra + o~ Fglra) =0 (6.7)

Then the solution of Eq. (6.7) is given as follows:

Q[Tm} = r:’“’l"(l 4 il’}[Fl{‘EIU,],‘ﬁl‘u“l"u“‘ik*f’]g], {GB)
: 1
;= —,
k

Equation (6.8) represents the correlation effect for the two free electrons.
[n the present work, we have not treated this effect. However the correlation
effect between two out-going [ree electrons is important in the two electron detach-

ment processes from H™ ions.



References
Pluvinage P, 1951 J. Phys. Radium 12, 78

Munschy G and Pluvinage P, 1954 J. Phys. Radium 15, 122

68



69
7 Conclusion

We have presented the calculated single electron detachment cross sections from
H~ ions in collisions with neutral atoms and bare positive ions at high energies.

In the present theoretical analysis, we have treated independently two electrons
in H™ ions, the loosely bound 18’ electron and the tightly bound 1s electron. The cal-
culated results show that the dominant contribution to electron detachment comes
from the loosely bound 18’ electron in the production of the ground state hydrogen
atoms, H%(1s). On the other hand, in the production of the excited state hydrogen
atoms, H°(2s) and H(2p), the tightly bound Is electron detachment is dominant
over the loosely bound 1s’ electron detachment. it has also been found that our cal-
culated resulis for total and also partial cross sections for helium target are in good
agreement with experimental data at high energies (> 100 keV) but are in some
discrepancies at low energy range. The discrepancy is due to the first Born approx-
imation which we have used throughout the present calculations. In particular, it
should be noted from the present detailed calculations that atomic hydrogens in the
excited states formed in electron detachment processes can significantly change the
overall conversion efficiencies of H™ ions into neutral hydrogen atoms in applications
to NBI and to plasma diagnostics.

In collisions with various positive ions, we have calculated the single electron de-
tachment cross sections of ™ ions based on the 4-B CDW-EIS approximation. The
present caleulated results clearly show that the electron detachment cross sections in
collisions with protons, though still no experimental data are available to compare,
are one order of magnitude larger than those with neutral hydrogen atoms. It has

also been found that the cross sections of single clectron detachment from H™ ions
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in collisions with various bare positive ions are proportional to the square of positive
ion charge, at least, in high energy region.

In collisions with neutral atoms and positive ions, though the cross sections of the
single electron detachment from H™ ions are different size, we note similar features
in formation of the excited states of H” atoms, the electron detachment process of
the tightly bound electron (1s) is dominant over the loosely bound 1s’ the electron
detachment process. This is understood due to the fact that, in the processes of
production of the excited states, H%(2s) and H°(2p) atoms, their energy levels are
close to the 1s’ electron energy level in H™ ion.

Finally, we would like to point out two important consequences obtained in the
present work from the view point of applications to NBI, compared with those in
collisions with neutral atoms which are presently in use:

i) Higher conversion efficiencies from H™ ions to H” atoms in collisions with positive
ions,

ii) Lower target densities for getting optimum conversion efficiencies in collision with
positive ions

Thus, the present results suggest that the plasma targets are quite promising
in converting H™ ions into HY atoms in use of powerful NBI for effective plasma

heating.
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Appendix

A The wave function for the detached electron

The total electronie Hamiltonian of hydrogen atom and a detached electron sys-

tem is given as
Ve, Vi, 1 1 1
S, GOy SR P R T ek (A.1)

H= ;
2 2 Xy Iy Tio

And the wave function in the exit channel ¥, is given as follows:

lpf = ¢H°[ﬂfm:l{m|:’¢¢3{. (m?J {Az}

5

Equations (A.1) and (A.2) satisfy the following Schrédinger equation:

Vi Vi 1 1 1
(__"2 = —2.2 = ;] = E + T_EE = Eﬂ‘f'nﬂwm}{ﬂ'—‘l)‘I’e;m(mz} =0, (A.B]

f.‘;.-lf = .r[i.r”um;m] + HK
., K
B =— .
: (A4)

where Egoqup, is the binding energy of H"(nlm) atom, F the kinetic energy of the
detached electron, k£ the wave number of the detached electron. The wave function

of hydrogen atom In Eq. (A.3) satisfy the following differential equation:

< ]

(—i T E 0 )P o gamy (1) = 0. (A.5)

The remaining differential equation form of Fq. (A.3) is

V2 ] ] )
M T SR,

2 Ta NET

( (@) =0 (A.6)

E’z{
Immediately after collisions, the second and third terms in q. (A.6) are approxi-

mately given as follows:

1 1 Z(4)?
S R --—{j} 1 (A.7)
I ri T



72

where Z(j) is the effective nuclear charge felt by each electron in H™ ion. Then, Eq.

(A.6) can be rewritten as

The wave function for the detached electron form

("-132} = N(Cz{j])[f‘-]('I.{:z{j}'l?j{ﬁ_:rz__.H_m2})€fﬁ-mi

(1 = Cz; TCZ )
N(Czi») = ( éfri]f}f

Ezis

satisfies Eq. (A.8) (Abramowitz and Stegun 1970)

Reference

(A8)

(A.9)

Abramowitz M and Stegun I A, 1970 Handbook of Mathematical Functions, Dover
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B Distorted potential in the entrance channel

We choose the distorted wave function in the entrance channel as follows:

O = by (2, mg}e“'Ifﬂ*;.'i%rf“{!*l-f 1"5L]c—fFﬂ:rilifl'R—ﬂ-Rjj

and this wave function satisfies Eq. (1.23):

i

(Hi — iz )Wt = Vo, 0.

The L.H.S. of Eq. (B.2) can be rewritten as:

(B.1)

(B.2)
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9.,
(Hi - EE}\D

1 1
[_Evzﬂ:i - Ev:?mﬂ
1 1 1 i
_____ Jr — e ]
Ty Xz T2 O

}‘l‘-‘H (:Bl,:1:2}e'iﬂ“le"w“'m[”’+v'31]e_ipﬂ‘“1“{"ﬁ_v'ﬂ}

sz ] _ |
+ @H_{ml, 332)3_‘3“'! ﬁ v?rlﬂ_w“ml:wl+ﬂ_3”ﬁ_w“”m[uﬂ_v'ﬂl

e | : .
_'vm|¢'ff‘ (ml ' mEJe_iﬁqtﬁvﬂj e_w“'ll"{”sl-lﬂ-st]E_tv""tn{”R—v-RJ

L Z Z . : . R
_____ NPy T =tEuf =i ednfvs +U-81) < win(vA-T- L)
Hy 2 Sg} - (@1, 2)e " e e

" WO . - )
—idy- (1, mz)e—:E“tae—w‘ﬂln{vﬂ-}-l}-ﬁﬂgh worln(vR-V-F) (B.3)

Equation (B.3) can be rewritten as follows:

[_r_l(ml + - Sl]-iuu;-l —iv uln(vR-v- 1)

vy

€

F 1 L . £ g
_vml(l)hr__{:nhxﬂ}e—tﬂ‘ulﬁvsle e ednfvsy +T 3|}E v win{vR-U R}

.r{% - s£ = E}‘I’n (21, Tp)e ™ Eate=Warln(vs1+V-81) g-ivuin(vR-V-R)
I
VAVATEREES | i ; i '
—( { HR - S_}‘l’n—fmhEEJIE_‘E‘tf_'”ﬂ’I"“'SL+ﬂ'51}€_w""mwﬁ_u}ﬁa-q]
1
TR

The final form of the distorted potential Vs

Z1 . o
!’r:fall” — (-;;{“ﬁ'l b ‘sl}-irfﬂr-Ic—w“m'-!{t,ﬁ--'l?-fll}

Bl ; B8y ) i R—-
_vmiqlﬂ'{I]:aIZ)'ﬁ_‘EuIEvﬁle_wﬂ;hl“hl+ﬂsl}€ (i ﬂR}

4 7 =1Eat y—ivln{vs; 40.81) ,~iv,nin| eR=-1. )

+['f_f - é}fb”-(m,,mg)e é
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C Distorted potential in the exit channel
We choose the distorted wave function in the exit channel as follows:

Vo= gy, )

xe™¥ (1 + vy ) By (—ivy, 1, —ips; — ip - s;)e“""b‘“'“f"n'v'ﬂl (C.1)
V== = =, (C.2)

and this wave function satisfies Eq. (4.34):

[

(i~ %)xp- ~ Y, ot (C.3)

The L.H.S. of Eq. (C.3) can be rewritten as:
d
Hy— ey~
(Hy =iz )V

1 ;.
= ‘i’b(mhm?}{"ﬁv%:l}r'[l + vy 1 Fi(—iwy, |, —ips; —ip - SI)E"’""”I“M“TJ'R}

X (X1, @2)e™T(1 + iy )y Fy(—ivy, 1, —ips, —-ip~3|]e"""‘*”‘t“{"3+ﬂ'R]'

-qbb(ﬂ:l-. ma}ié?ll_ewu” l-l:l + i”b"}l F] |::_'£Vfr"- l. '_"EPSI — I‘P i Sj}e—iuhu!ﬂ(l'ﬂ v )

Vg, W (C.4)

and the wave function (C.1) satisfies the following differential equation:

Yoo ] Y,
i, 7. ; _‘ﬁat)

xe™ (1 + vy ) Fi(—ivy, 1, —ips; — ip - 8 )e~ R+ V-R) g (0 5)

where

vﬁ: == ?5‘:1- (CG]



(]

Using Eqgs. (C.4) and (C.5), the final form of the distorted potential is as follows:

L4 1 1
W = i i} o i o Y .7
=l ) ©)

D Numerical tables for electron detachment cross

sections from H™ 1ons

We summarize our calculated cross sections in the following tables where the
cross sections in units of em? are given against the laboratory incident energy in

units of keV/amu.



D.1 Collisions with helium atoms

H- + He

H(1s, 2s and 2p) + e~ + > He(n')

n'

76

E(keV [ama) THO(13) T HO(25) T Ho(2p) & siirn

10 8.5724 x 107'% 94413 x 10777 1.2147 x 10~17 9.6380 x 10~16
20 5.6374 x 10718 85389 x 10°Y 1.9615 x 10~'7 6.6875 x 10~16
30 4.3352 x 107" 7.1122 x 107" 2.9686 x 10~'7 5.3433 x 10~16
10 3.5754 % 107" 59201 x 101" 2.9824 x 10~'7 4.4657 x 10~16
50 3.0756 x 1071% 5.0804 x 10~17 2.7603 x 10~'7 3.8597 x 10~16
60 2.7141 x 10716 44729 x 10~17 2.5157 x 10~'7 3.4130 x 10-1¢
80 2.2201 x 1071 3.6483 x 10~ 2.1032 x 10717 2.7953 x 10-1¢
100 1.8944 x 107'% 3.1082 x 1077 1.7983 x 10~'7 2.3850 x 1018
200 1.1378 x 107" 1.8518 x 1077 1.0455 x 10717 1.4276 x 10716
300 8.3210 x 1017 1.3533 x 10~'7 7.4235 x 10~'® 1.0417 x 10718
100 6.6514 x 10~'" 1.0803 x 10~'" 57749 x 10~ 8.3091 x 10~
500 5.5608 x 10717 9.0602 x 10-'% 4.7339 x 10~"® 6.9402 x 10~17
600 4.7905 x 1017 7.8303 x 10~'% 4.0150 x 10~ 5.9750 x 10~
800 3.6510 x 10717 6.1724 x 10~'% 3.0843 x 10~"® 4.5767 x 10~
1000 2.9361 x 107" 5.1114 x 10~% 25067 x 10~1¥® 3.6979 x 10-17
2000 1.4870 x 107Y7 2.8352 x 107" 1.2994 x 10°® 1.9004 x 1017
3000 9.9983 x 107" 2.0010 x 10~ 8.7849 x 107" 1.2878 x 107°V°
1000 7.5423 x 107"® 15577 x 107" 6.6391 x 107'* 9.7639 x 1018
5000 6.0506 x 10~® 1.2807 % 10~'® 5.3369 x 10~'? 7.8649 x 10~®
6000 5.0475 x 107"%  1.0893 x 10~'* 4.4623 x 107" 6.5831 x 10~'®
3000 3.7988 x 10~'® 84141 x 107" 3.3613 x 10~'? 4.9763 x 1018
10000 3.0479 x 107"% 68712 x 1071 2.6063 x 107" 4.0046 x 10~




D.2 Collisions with hydrogen atoms

H-+H — H(ls, 2sand 2p) + e + ) _H(n')
=

T

E(keV/amu)

10
20
30
10
50
60
80
100
200
300
100
200
GO0
800
1000
2000
3000
4000
5000
6000
8000
10000

THo(15)

T H0{25)

__ THo2p)

Jsum

7.9258 x 1071
5.6006 % 10716
4.4243 x 10716
3.6919 x 10716
3.1877 x 10716
2.8162 x 10716
2.3007 x 10718
1.9565 x 10~16
1.1536 x 10~18
8.3490 x 10717
6.6035 x 1077
5.4912 x 10~
4.7135 x 10717
3.5949 x 10~17
2.8948 x 10~V7
1.4727 x 10717
9.8999 x 1078
7.4625 x 10718
5.9907 x 1071*
5.0051 x 10718
3.7674 x 10718
3.0212 % (0718

6.3712 x 10-17
5.4849 x 10~17
4.2310 x 10717
3.4471 x 107
2.9456 x 10~'7
2.5991 x 10~'7
2.1437 x 10~17
1.8495 x 10~
1.1627 %10~
8.8180 x 10~
T.2379:% 1018
6.2042 % 10~
5.4607 x 10~1¢
4.4286 x 10~
3.7445 x 10~
2.1998 x 1071
1.5957 x 10~18
1.2635 x10~18
1.0506 x 10~'*
9.0149 x 107"
7.0517 x 10~
5.8088 x 10~

2.1974 x 10~
5.7760 x 10~18
T.0487 x 10718
7.3749 x 10718
7.3812 x 10718
7.2549 x 10718
6.8591 x 10~'8
6.4238 x 10-18
4.7143 x 1018
3.6970 x 1018
3.0421 x 1018
2.5864 x 10718
2.2509 x 10~'®
1.7804 % 1018
1.4865 x 10~18
8.0852 x 10~1?
5.5652 x 10~1°
41,2461 x 10~1
3.4338 x 10~
2.8830 x 1071
2.1835 x 1019
1.7576 x 1071

8.5840 x
6.2159 x
49179 x
4.1103 x
3.5560 x
J. 1487 =
2.5837 x
2.2057 x
1.3170 x
9.6005 %
7.6315 x
6.3703 %
5.4847 x
4.2167 =
3.4179 x
1.7736 x
1.2052 x
9.1506 x
7.3847 x
6.1949 x
4.6909 x
:%,T?TB X

”}—IB=
IU—HS
“'}—IE
IU_ 16
]ﬁ—lﬂ
10~ 16
0= 16
]G-—IG
]ﬁ_lﬁ
Jigrt
In-—t?
1[}— 1T
lﬂ—lT
ID—IT
ln-l‘f
]l]—lT
10~ 17
0= 18
“]—IE
i
1[]—18
-



D.3 Collisions with protons

H* + H-

—  H* 4+ H%(ls and 25) + e~

E{keV famu) TH0(15) T Ho(25) e

10 1.5044 % 10~ 5.2147 x 10~"%  1.5949 x 10~4
20 2.2642 % 107" 1.1793 x 107 22654 x 10~
30 2.1898 x 10~ 1.4087 x 10~17 2.1912 x 10~
40 1.9677 x 107 1.4507 x 10~ 1.9691 x 10~
50 1.7409 x 10~ 1.4189 x 1017 1.7423 x 10~M
60 1.5410 x 10~ 1.3594 x 107 1.5424 x 10~
80 122945 1071 12285 % 1" 1.2306 % 1M
100 1.0080 x 10~ 1.0083 x 10~ 1.0091 x 10~
200 49811 x 107" 7.0091 x 10~ 49882 x 10~1®
300 30791 x 1071 5.2522 x 10°% 31843« 10
400 2.2937 x 10~ 1.1890 x 10" 22979 x 10~1°
500 1.7766 % 10~'% 3.4971 x 10~'% 1.7801 x 10~'®
600 1.4411 x 1071% 3.0096 x 10~1® 1.4441 x 10~1°
800 1.0356 x 10~'% 23656 x 10~* 1.0380 x 10~1%
1000 8.0211 x 107" 19572 x 10~%¥ 8.0406 x 10~'%
2000 3.6557 ¥ 1071 10737 2 10-% 3.6664 % 1076
3000 2.3251 x 10~"% 7.1960 x 10~ 2.3326 x 10~1°
4000 1.6924 x 10~ 5.7874 x 10~ 1.6982 x 10~'%
5000 1.3252 % 101 4.7252 x 101" 1.3299 x [0~'®
6000 1.086G6 x 107" 3.9980 x 10~" 1.0906 x 10~1%
8000 7.9593 x 1077 3.0631 x 10~ 7.0890 x 10~'7
10000 6.2622 x 10°'7 24857 x 107" 6.2871 x 10717

8



D.4 Collisions with He'? ions

US'H:PTI-

Het?2 4+ H- — He*? + H%(Isand 28) + e~

E(keV famu) THO(15) T K (25)

10 1.7811 x 10~"* 5.8230 x 10~1°
20 1.0805 x 107" 5.6199 x 10~1®
30 1.9800 x 10~ 1.2707 x 10~V
40 2.5919 x 10~ 1.9046 x 10~V
50 2.9511 x 10~ 2.3957 x 10~Y7
60 3.1346 x 10~ 2.7526 x 1077
80 3.2006 x 10~ 3.1682 x 10~
100 3.0774 x 10~ 3.3334 x 10~17
200 2.1330 x 107" 3.0201 x 10~
300 1.5162 x 10~ 2.4892 x 1077
100 1.1454 x 10~™ 2.0796 x 10~7
500 9.0679 x 10" 1.7753 x 10~V
GO0 7.4341 x 10715 1.5448 % 10~V
200 5:3T63 10t 292wt
1000 4,1558 » 10~1% 1.0001 % 19~1
2000 1.8401 x 10" 5.3913 x 10~
3000 1,1420°% 10~ 36752 x 10718
1000 8.1618 x 10-1% 2.7872 x 10718
5000 6.3014 x 10-'% 2.2444 x 1078
6000 5.1095 x 10-'% 1.8781 x 107®
8000 3.6796 x 10~ 1.4151 x 10~1®

10000 2.8594 x [)~10

1.1343 x 10~

1.7817 x 10~1%
1.0811 1014
1.9813 x 10-M
2.5938 x 10~
2.9535 x 10~14
3.1374 x 10~14
3.2038 x 10~
3.0807 x 10~
2.1361 x 10~
1.5187 x 10~"
1.1475 x 10~
9.0857 x 10~1°
7.4495 x 10~1°
5.3885 x 10~1°
4.1659 x 10-13
1.8455 x 1018
1.1456 x 10~1®
8.1897 x 1016
6.3239 x 1016
5.1283 x 10718
3.6938 x 10-16
2.8707 x 10716

79



D.5 Collisions with Lit? ions

Lit¥*+ H- —  Li*¥® + H(1sand 25) + ¢~

E(keV/amu) THo(1s) O 1o (25) o

10 6.2064 x 10="7 2.0585 x 10~% 6.2085 x 10~17
20 1.6349 x 10~'% 8.5034 x 10~ 1.6358 x 10~15
30 57053 x 10~'® 3.6611 x 10~'® 5.7089 x 10~1®
40 1.0063 x 10~ 8.0553 x 10~'® 1.0972 x 10~
50 1.6220 x 10~ 1.3164 x 10~ 1.6233 x 10~¥
60 2.0898 x 10~ 1.8345 x 10~ 2.0916 x 10~
80 2.7960 x 10~ 2.7662 x 10~"7 2.7988 x 10~
100 3.2294 x 10~ 3.4953 x 10~ 3.2329 x 10~M
200 34826 x 10~ 4.9225 x 10°"7 34875 x 10~M
300 2.9621 x 107" 4.8526 x 10°'" 29670 x 10~
400 2.4638 x 107" 4.4626 x 10~"7 2.4683 x 10~
500 2.0685 x 10~" 4.0396 x 10~'7 2.0726 x 10~
600 1.7627 x 10~ 3.6536 x 10~ 1.7663 x 10~"
300 L33 = 107 R0 %107 LAsTTrx g
1000 1.0576 x 10~ 2.5647 x 10~'" 1.0601 x 10~
2000 4.8369 x 101 1.4147 x 1077 4.8510 x 10-1°
3000 29975 % 107'% 9.6342 x 107" 3.0072 x 10~1®
4000 21293 % 10~ 7.2637 % 10°* 2.1366 x 10~1®
5000 1.6332 x 1075 5.8118 x 10~'® 1.6390 x 10~'%
6000 1.3162 x 10~ 4.8341 x 107" 1.3210 x 10~15
8000 0.3791 % 10~'%  3.6047 x 10~"% 0.4152 x 10~1¢

10000

T 2008 % 10718 QRRRS % 107

7.2565 x 10~16
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