SINGLE AND DOUBLE IONIZATION CROSS SECTIONS FOR ALKALI
ALKALINE EARTH IONS BY ELECTRON IMPACT

Takato HIRAYAMA

Department of Physics
Faculty of Science and Technology

Sophia University

A thesis submitted to Sophia University
in partial fulfilment of the requirements

for the degree of Doctor of Sciénce

January 1987

AND



ABSTRACT

The absolute cross sections for electron impact single and
double ionization of singly charged alkali and alkaline earth
ions have been measured as functions of électron energies with
the use of the electron-ion crossed beam technique. The fdllowing

cross sections have been measured;

e + Nat ——— Na2* + e + e

——— Na3* + e + 2e

e + KY¥ ——— K2* i+ e+ e
. ——— K3* s+ e + 2e
e + Sr* ———= 5r2* + e + e

——= Sr3* ¢ e + 2e
e + Ba* ——- Ba* + e + e

——— Ba3* + e + 2e

The target ion beams produced in a thermionic emission type
or a surface ionization type ion source were crossed at right
angles by the electron beam.

The results for the single ionization cross sections of
these ions are in good agreement with the previous measurements
by the other groups. The results for single ionization of K*, Sr*¥
and Ba* show the evidences of the excitation-autoionization pro-
cesses.

The results for the double ionization cross sections of
these ions provide the first experimental data obtained by the
systematic measurements. The results for double ionization of K%', -

Sr* and Ba* show evidences of the inner-shell direct ionization

followed by autoionization. Especially for Bat* distinctive



structures which are attributable to the direct ionization of 4d
and 5s electrons followed by the autoionization are clearly
observed.

Experimental results for single ionization are compared
with the semi-empirical Lotz formula, distorted wave calculations
by Younger and other theoretical predictions available for these
ions. For the double ionization there are a limited number of
theoretical calculations available up to now. Younger has suc-
ceeded in reproducing the Ba‘ double ionization results qualita-
tively, in which he showed that the contribution from indirect
processes are dominant, using the distorted wave method.

The thesis contains a brief review of experimental and
theoretical approach on our subject up to now, followed by a
detailed description of the experimental method, apparatus and
procedures used to obtain absolute cross sections. The experi-
mental results are presented with discussions of experimental
accuracies. The experimental results are compared with published

experimental data and theoretical calculations.
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CHAPTER 1
INTRODUCTION

1-1 General Introduction

. Collisions between electrons and ions have long been of
interest to astrophysicists who require knowledge of the basic
collision processes involved between the electrons and ions in a
plasma, in attempting to model conditions in non-equilibrium
plasmas occurring in stellar atmospheres which are usually so
tenuous that the laws of equilibrium thermodynamics cannot be
strictly.applied. Many of the plasma properties, for example the
radiation emitted, depend on the state of ionization of ions in
‘these plésmas. Moreover, cross section data on the electron-ion
collision processes with high accuracy has been strongly reques-
ted in recent years by fusion research aiming towards controlled
thermonuclear plasmas as energy sources.

It is also interesting to discover how the Coulomb charge of
an ion influences a reaction. A striking example is the excita-
tion of positive ions by electron impact including the excitation
to the autoionizing levels where the attractive field ensures
that many partial waves contribute to excitation, even at thresh-
old. Thus the excitation function of a positive ion is finite and
usually large at threshold, whereas for a neutral atom it is
zero.

While the electron impact ionization of atoms has been
investigated experimentally since the end of the last century,1)
it was not until 1961, because of experimental difficulties, that
the high-quality crossed-beam experiment measuring electron im-

pact ionization of an ion (He') was reported by Dolder et al.2)

—



The experimental problems will be discussed in Chapter 2-4.

Theoretical treatment of electron impact ionization of ions
is also very difficult. There is a variety of possible ioniza-
tion mechanisms which have to be considered. Possible processes
including not only direct mechanisms but also indirect mecha-
nisms, which lead to ionization, are listed in Table 1-1.

In addition to the complexity in the ionization mechanisms,
ionization theory is difficult as the two (in single ionization)
or more (in multiple ionization) free electrons continue to
interact with the ion core and each other out to infinity due to
the Coulomb potential. Thus, the asymptotic region should be
treated as a three—bddy or many-body problem whose full solution
is not possible and various simplifying approximations are needed
to be applied. A survey of theoretical work will be given in

Chapter 3.

1-2 Derivation of the Cross Section from Measured Quantities.

In this section an expression for the cross section for the
crossed-beam experiments will be developed in terms of experimen-
tally determined quantities.

To measure absolute cross sections for atomic collision
processes it is necessary to know and control the densities of
the colliding atomic species A and B and to measure the rate at
which collisions occur within a well defined volume. The cross
section at a collision energy E corresponding to a collision
velocity v is given by

G(E) = R, (NN B oo (1-1)

B

- 13 -



Table 1-1. Electron Impact Ionization Processes.$

Direct single ionization
e + a9+ —__ ala+l)+ L o 4 ¢
Excitation-autoionization
e + A9Y ___ [Aq*]* + e
. A(q+1)+ ‘e
Resonant-recombination double autoionization
e + A9t o (ala-V)ep*
- (a9%]* 4 e
e
Resonant-recombination auto-double ionization
e + $q+ _— [A(Q’1)+]*
) —alarl)e Lo o
Direct-double ionization
e + a9 —__ alQ+2)+ L o L e 4 e
Ionization-autoionization
e + A9* ___ (ala@tlin)* Lo e
- ala+2)+ _ o
Excitation-double autoionization
e + A9 —__ [(a91)* L e
- [A(q+1)+]* + e
——- al@+2)+ o
Excitation auto-double ionization
e + A9% ___ (A9*]* + e
L--— ala+2)+ [ o L o

$Although other names for these processes have appeared in

literatures, these names are recommended to be the most descrip-

tive and least confusing.

3)
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where R is the number of interactions occurring per second, Na,
Ng are the densities of species A and B, respectively, V is the
collision volume.4)

When the both species or the either of A or B are the
neutral atom or molecule, it is very difficult to determine the
densities N, , Ng and the collision volume V accurately. But in
the case of the electron-ion collision experiment as in this
study, these quantities can be easily determined experimentally
by measuring the current and the current density distribution of
both beams because the projectile (electron) and the target (ion)
are both charged particles.

Because Np, Ng, v, and V in equation (1-1) are not directly
measurable gquantities, they must be modified in terms of experi-
mentally determined parameters.

The current densities of both beams are usually non-uniform.
In electron-ion collisions, the ion beam is uniform in its direc-
tion of motion, and any variation in the direction of motion of
the electrons will be averaged out. Similarly, fo; the electron
beam, only non-uniformity in the direction perpendicuiar to the
beams, z direction need to be considered.

Taking account of the above consideration, it is convenient
to consider the beam interaction geometry as shown in Fig.1-1,
i.e. the width of both beams at a position z are W,(z) and Wg(2z)
where the z-axis is the direction perpendicular to the plane
including the beam A and B, the beam A and B with the velocity of
vp and vg, respectively, collide with each other at right an-
gles.

The number of collisions occurring per second in the element
of height dz at z is given by diffe}entiating the equation (1-1)

as follows,

- 15 -



R.(z)dz = 0 (E). N, (2) e Np(2)eve dV(z) , —-==----—me- (1-2)

where NA(z) and Ng(z) are, respectively, the particle number

densities in the beam A and B at height z.

Here Np(z), Ng(z), v and dV(z) must be rewritten in terms of

experimental parameters.

NA.(Z) = i,(2) (qA-e-WA(z)-vA)_l, ----------------- (1-3)

Ng(2) = ig(2) (qB~e-WB(z)-vB)"l, _________________ (1-4)

v =:(v§ + vg)l/2 y e e (1-5)
and

av(z) = WA(Z) Wy (z)+dz , ———------momo——ooo—m—e- (1-6)

where i,(z) and ig(z) are the linear current densities at height
z of beam A and B, respectively, v, and vp are the velocities of
respective beam, g, and gg are the respective charge states of
beam A and B, and e is the magnitude of the electronic charge.

By substituting these equation to eq(1-2), one can obtain

i (z) ig(z) dz (y2 4 3)1/2
Re(z)dz = g(E) —> CR A B = (1-7)
9p 9 ¢ Va VB

For the collisions between electron and singly charged ion,
9p and dp equal to unity and iA(z), iB(z), va and vg can be
written as ii(z), ie(z), vy and Var respectively.

Finally, the total number of interactions per second is

- 16 -



given by integrating eq(1-7) over the beam heights which is

assumed to extend between plus infinity and minus infinity.

. . 2 2,172
i,(z)i_(z)dz (v, + v))
Ro = 0(E) S 1 ze 1 e . ——— (1-8)
e Vi Ve

Solving for o(E) eq(1-7) is rewritten as

. F
VlV

e -
5172 , - (1-9)
e

R 2
o(E) = e 5
. I.T (vi + v

i e D

where R is counting rate of product particle, I;, I, are the
respective beam currents of ion and electron, D is an efficiency
of product particle detector, i.e., Ro equals to R/D; and F is
the form'factor of the interaction region which takes account of
non-uniform current densities within the beams defined by

. (i;(maz (i (2102 e o109

jii(z)ie(z)dz

The form factor F is evaluated from the measurements of the
spatial current distributions of electron and ion beams by moving
a shutter with a narrow horizontal slit (0.1 mm high), vertically

(i.e. along the z axis). (See Chapter 5-4)

- 17 -



CHAPTER 2
EXPERIMENTAL APPROACH TO ELECTRON IMPACT IONIZATION

In order to determine the ionization cross section, it is
necessary to measure the reaction rate in an experimental condi-
tion where the densities of the electrons and ions, the relative
impact velocity and the collision volume are known, as shown in

eq (1-1)-in chapter 1-2. The techniques which have been commonly

used to measure all or some of these parameters, i.e. to measure.

the ionization cross sections of ions are the plasma spectroscopy
method, ghe trapped-ion method and the crossed-beam method.

In this chapter a.brief description of these methods will be
given.~Add the some difficulties commonly encountered in the
crossed-beam arrangement, which is adopted in this study, will

also be discussed.

2-1 Plasma Spectroscopy Method.

Analysis of the spectral emission of a plasma can provide
information about the ionization rate coefficients of the plasma
constituents, and the ionization cross sections can be determined
from these. If the electron temperature and density of a plasma
are known (and a variety of measurement techniques are available)
the excitation or ionization reaction rates can be deduced from
intensity measurements of the time-resolved spectral emission of
a transient plasma. Using a computer program, the ionization rate
coefficients are searched for by varying them until the calcu-
lated time histories of properly chosen lines emitted by the
desired ions agree with the observed ones.

This method suffers from the disadvantages that it is diffi-

- 18 -
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cult to isolate a particular process to study, and that the rate
coefficients determined may include ionization from excited
states as well as from inner shells.

This technique has the advantages that rate coefficients are
measured directly and that measurements can be made even for
highly charged ions which may be unable to be produced in suffi-
cient numbers usable for crossed-beam experiments.

Rate coefficients obtained by this method for hydrogen-like
ions aré in good agreement with those obtained from crossed-beam
measurements, but are increasingly lower for more complex ions
(about 15% lower for helium-like and 40% lower for lithium-like
ions).S) The reason for this discrepancy is not understood.

For more detail, refer to the referencesﬁ)'7)

2-2 Trapped-Ion Method.

This method is based on the ionization of ions held in a
trap, and bombarded by electrons. Cross sections for successive
ionization to higher charge states can be deduced from the charge
state analysis of extracted ions by means of a mass spectrometer
or a time of flight method.

Several experimental approaches have been developed for the
trapping of ions.8) The most successful method is the onedevel-
oped by Baker and Hasted?). They make use of the space charge of
an electron beam constrained by an axial magnetic field. Since
the trapping time can be increased considerably by applying
proper potential wells to the ends of the beam, the electron
énergy dependenée of currents of multiply charged Cs™* and Ba*
ions (up to n = 10) could be measured.!0)

In recent years Donets and Ovsyannikov have further devel-

oped this concept to a high degree of perfection. By variation of

- 19 -



the trapping time, the charge state distribution of ions extrac-
ted from the Electron Beam Ion Source (EBIS) can be control-

2-3 Crossed-Beam Method

The technique of crossed electron-ion beam has provided the
most accurate and detailed information on electron impact ioniza-
tion mgchanisms-described in Table 1-1. The general features
and/or results of crossed-beam experiments have been discussed
and reviewed by a number of authors12-20),

The principle of the crossed-beam apparatus is shown in
Fig.2-1. A target beam of ions of a given species, charge state
and enerqy is collided with a monoenergetic electron beam, which
further ionizes a small fraction of the target beam. Parent and
product ions are separated downstream by the field of an electric
or a magnetic analyzer and detected by collectors.

This technique was first applied successfully by Dolder et

al.21), who measured the cross sections for the process

He* + e ——- He?* + e + e.

Since that time, the ionization cross sections for a wide.

range of ion species are measured using the crossed-beam method.
Recent activities of the some groups in this field are as fol-
lows.
(i) Culham Laboratory
Since 1983, Culham group has been studing the species which
are likely to be present as impurities within fusion plasmas.
The results recently reported by this group are single ionization

. . . . 2
cross sections for AlY, Fe*, w*, Nit, Ti%, Ti%*, Ne* and Ar<*

- 20 -
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ions22-27)
They have also started to measure the ionization cross
sections of neutral atoms using the crossed-beam technique and

28) ang Fe?6).

reported the results for He
(ii) Giessen University

This group mainly has been studing the single and multiple
ionization processes for multiply-charged ions.

Iﬁ 1980 they reported the first systematic measurements of
multiple ionization cross sections for multiply charged Ar
ions28). 1n this paper, they found the contribution from inner-
shell direct ionization followed by autoionization became larger
as the charge state became higher. o

In 1985 they reported that at higher'energies the electron
impact single ionization cross sections for Sb2* and BiZ* ions
were larger than the corresponding cross sections for Sb* and Bi'
ions, respectively.zg) This extraordinary behaviour was explained
by a consequence of the effect that the nd hole configuration
goes to bound state from autoionization state when the charge
state of the Sb and Bi ions is increased from +1 to +2.

And they also reported the systematic measurements on the

30)

single and multiple ionization cross sections for Xe ions and

Kr ions31). »
(iii) Oak Ridge National Laboratory. (Partly with the collabora-
tion with the Joint Institute for Laboratory Astrophysics)
They have been measuring the single and multiple ionization
Cross sectioné for highly-charged ions produced in a Penning
IonizationGage type ion source (ORNL-PIG). They reported the
measurements of the iso-electromic sequence (Li—like32), Na-

like33) anda Mg-like34’ ions) and iso-nuclear sequence for rare-

gas ions35'36).

- 21 -



Very recently, they made a new Electron Cyclotron Resonance
(ECR) type ion source37), which works remarkably well. With the
use of this new ion source, they measured the cross sections of
triple ionization for Xe®* 38), and the single ionization of Fed+*
ions for ion charge states q=5 up to g=15 (Na—like)3gt

(iv) Institute of Plasma Physics, Nagoya University.

They measured the single ionization cross sections of dou-
bly-charged rare-gas ions with the ECR ion source.49) tn the
resulté of Ar2+, they found a structure which suggested a charac-
teristic contribution from a sub-shell (3s) ionization.41) They
are now in progress to study the ionization for the ions whose
configuerions are 3523pn systematically in order to confirm the

idea mentioned above.1/42)

2-4 Experimental Problems in Crossed-Beam Experiments
(i) Background signals

The particle density of ion beam is very low. In the present
study, the ion beam of order of 1078 A of singly charged ions are
used giving particle densities of order of 10° cm'3, which corre-
spond to the vacuum pressure of 10-11 Torr. Even when a large
electron current is used the.probability of an ion being ionized
is small and typically lies in the rage of 10-7 _ 10-11, The
ratio of product to target ions is extremely small and careful
design of the analyzer and particle collectors is required.

The pressure in the vacuum system usually lies in the order
of 10”2 Torr during the both beams on and so the residual gas
density exceeds the target béam density. Thé beam energy (2-3
keV) is sufficient to produce product ions in stripping colli-
sions between beam ions and the residual gas at a rate of the

comparable order to the true collision rate. These background

- 22 -
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signals must be separated from the true signals. To realize the
separation of true signals from background signals, the double
beam modulation technique43) is used in this study. Details of
this method will be discussed in chapter 4-7. In this method
electron and ion beams are pulsed. Pulsing the beams can be a
source of error since the chopped beam may hit the surface of the
electrode which can lead to the modulation of the background gas
density. To avoid this background modulation, high chopping fre-
quency'must be used, and the measured cross section is shown to
be independent of both pulse rate and electron current. (see
Chapter 5-7)
(ii) Contaminated ion beam

In électron-ion collision experiment, various types of ion
source are used. For example, -Electron Cyclotron Resonance (ECR)
type, Penning Ionization Gauge (PIG) type, Electron Beam Ion
Source (EBIS), are widely used. The method of the production of
ions in these ion sources are different but, in principle, the
ions are produced by the collision between electrons and atoms
and/or molecules, and the successive collisions between electrons
and ions. So there is a possibility that the parent ion beam
extracted from these ion sources may contain some states other
than the ground state. The possibility of this is reduced by
using an electron energy which is too low to produce ions direc-
tly in excited states in the source, and by having the time of
flight to the collision region sufficiently long that these
excited states will have enough time to decay. Ions in metastable
states, however, will reach the collision region and can become a
source of error.

In this study a thermionic emission type and a surface

ionization type ion source are used. Because ions are produced by
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thermal reaction in these ion source and the thermal energy is so
low (less than 1 eV) that the excited states of ions can not be
produced except for the heavy ions. In Ba* there is a possibility
that the ions can contain some fraction of metastable states,
which will be discussed in Appendix A-3.

(iii) Space Charge

The current densities in the beams must be kept sufficiently
low to ensure the beams do not expand unacceptably as a result of
mutual.repulsion between their charges. This can be a problem
especially with a low energy electron beam, but not with the ion
beam because of its low density.

An additional problem concerning the space charge is the
interaction of the two beams at the crossing region. The space
charge oé the electron beam will have a focusing effect on the
ion beam, and ions which would normally reach the collector may
be deflected so that the some part of the ion beams can not be
detected. This effect gives a modulation of the collected current
and a 'spurious signal which can be of either sign. It has been

12) This problem can be reduced

discussed in detail by Harrison
by making the electron beam wider than the ion beam so that the
focusing effect is not so large. Moreover, in order to collect
all of the ions, including those deflected, the ion collectors
should be made with large entrance apertures and mounted close to
the collision region. Any change in the recorded signal due to
this effect will be found as a non-linearity in a graph of signal
against electron current. (See Chapter 5-7)
(iv) Beam profiles

The unstability and the change in shape of the profile of

the both beams with time can be a source of error of the form

factor, F. To minimize this error, in general, the one beam is
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made wider than the another beam and the current density profile
of the wider beam is kept as flat topped as is possible. The
advantage to adopt such beam configuration will be shown in
Chapter 5-4.

The difficulty in measuring ‘the beam profile with high
éccuracy and a means of avoiding the necessity has been proposed
by Brouillard et al. in 1981.44) They suggest sweeping one beam
across the other at a constant speed so that the one beam inter-
sects éach part of the another beam in turn. This method has
several advantages. It does not require a separate measurement of
the form factor and, furthermore, since both beams are always
‘on', bacgground pressure modulation effects cannof occur.The
amplitude of the sweep displacement is large enough to produce no
overlap of the beams in the extreme positions. This gives a
convenient way to measure the background events due to gas-
stripping collisions. The number of accumulated signal counts
obtained in the overlap region is directly proportional to the
ionization cross section and to the total intensities of both
beams, no matter how these intensities are distributed spatially
across the beams. This technique has recently been applied by the

Giessen group with good results.45)
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CHAPTER 3
THEORETICAL APPROACH TO ELECTRON IMPACT IONIZATION

As mentioned in Chapter 1-1, the theoretical treatment of
electron impact ionization is very difficult. Additional to the
hany-body nature of the problem there are a variety of possible
ionization mechanisms which have to be considered as seen in
Table 1-1.

In this chapter a brief outline of the theoretical methods,
both classical and quantal, is given. The details can be found in

references 46-48).

3-1 Classical Theory

In 1912 Thomson??) had used classical theory of the binafy
encounter approximation to describe electron impact ionization of
neutral atoms. Considering the energy transfer via Coulomb inter-
action from the incident electron to one of the atomic electrons
at rest he deduced that the total ionization cross section o at
collision energy E is given by

n

2 P |
o(E) = 4majy R — (1 - —) ;| == (3-1)
P.E E

where n is the number of equivalent electrons of a shell with
binding energy P;. ag is the Bohr radius, and R = 13.6 (eV).
Thomson's theory implies a scaling of cross sections of an

atom, 04(x), and an isoelectronic ion, 0,(x), according to

o(E) I
= (Lz)2 P it T TP, (3-2)
g (E) IPl
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where x = E/Pi are reduced energies, i.e., the incident electron
energies are expressed in terms of the respective ionization
energies P;4q and P;,. The attractive Coulomb field of the ion
however increases the kinetic energy of the incident electron and
leads to a reduction in its impact parameter. Thus the cross
section of the ion is enhanced for electron energies in the
threshold region, whereas fast electrons are scarcely influenced.

This simple formula for the cross section reproduce the
shape of the cross section curve remarkably well, although it
overestimates the cross section at low energies and has the wrong
energy dependence at high energy (1/E instead of 1nE/E as re-
quired by quantum mechanics).

However, because of its simplicity, Thomson's approach has
formed the basis for many attempts aiming at improved classical
binary encounter calculations. The theory has been modified for
ionization of ions to incorporate the Coulomb effect on the
incident electron®?). The restriction that the target electron is
at rest prior to the collision was removed and various distribu-
tions of initial velocities were taken into accoun£51). A further
modification of the model, known as the 'exchange-classical'
approximation, included certain quantum features like electron
exchange and interference.>2)

Another classical approach is based on the impact parameter
treatment of the ionization collision processS3). This method
reproduces the correct high energy behaviour of the cross section
({lnE/E) since the binary nature of the collision is removed and
ﬁany—body effecfs are accounted for.

Finally, in the ‘'exchange-classical impact-parameter' (ECIP)
methodsz), both previous approaches have been combined to incor-

porate the complementary advantages of the two theories. The
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‘exchange-classical' approximation is used to describe the close
collisions ( r < Ro) and the impact-parameter approximation is
used to treat the distant collisions ( r > Ry ). Thus the correct
behaviour of the ionization cross section is obtained at both low
and high energies. The main difficulty of the method is that it
involves choosing the correct cutoff impact parameter Rp-

All of these classical and semiclassical approximations only
treat ghe direct knock-on ionization process. The effects of
inner-shell excitation or ionization followed by autoionizing

transitions have to be accounted for by independent calculations.

4-2 Quantum Theory

Thefirst quantum calculation of ionization was performed by
Bethe in 193054),using the Born approximation. Since that time
numerous quantum approaches have been carried out, most of them
concerned with the ionization of neutral atoms?7). The methods
employed can be readily extended to the case of ionization of
positive ions, but the theoretical procedures involved in all
these calculations are very complex and lengthy. The difficulties
mainly arise from the long range Coulomb potential requiring a
full solution of the many-body problem in the asymptotic region.
Various approximations have been developed to treat this problem.
Exchange and interference between the two continuum electrons
have to be taken into account. For ionization of complex ions,
additional problems arise from the need to find accurate wave-
functions for the target states before and after the collision.

The most commonly used and generally accepted quantum ap-
proach to calculate electron-ion ionization is the Coulomb-Born
approximation in which both the ionizing and ejected electron are

described by Coulomb wavefunctions. Several versions of the Cou-
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lomb-Born approach have been developed differing mainly in their
approximations to treat (or not) exchange effects. Coulomb-Born
type calculations are available now for a number of ion species,
preferentially of hydrogenic structure®5:56), 2 scaling prescrip-
tion' for ionization cross sections of hydrogenic ions with con-
figurations from 1s up through 4f was given too>6:57),

The Coulomb-Born approximation has been modified to account
for screening effects close to the target ion by using distorted
waves instead of Coulomb waves to describe the ionizing elec-
trons>8):592)_ on the other hand, if the charge of the target ion
is neglected the plane wave Born approximation applies. This
gives, involving only relatively easy computationalefforts, a
good representation of the high energy behaviour.of the cross
section. At low energies however the cross section is underesti-
mated, particularly for highly charged ions.

The necessity to take indirect processes like excitation-
autoionization into account further complicates the theoretical
treatment. Considerable complexity results from the presence of
configuration interaction and intermediate coupling in the auto-
ionizing state. For highly charged ions it is important to

account for non-unit branching ratios for autoionization versus

- radiative decay. Usually direct and indirect ionization mecha-

nisms are assumed to take place independently.In this case the
crosssection for excitation (multiplied by the branching ratio
for autoionization) is merely added to the cross section from

direct ionization to yield the total ionization cross section.

4-3 Semi-Empirical Formula
In view of the very complex theoretical approaches and

motivated by the need to provide reasonably accurate estimates of
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unknown cross sections in a very simple fashion, several semi-
empirical formulas have been proposed6°‘62). The most successful

one, which has been used extensively in the calculation of plasma

properties, was given by Lotz92-64),
N ln(E/pi)
U(E) = E ain.——_—(l - b.exp(_c.(E/P. - l))), _-(3_3)
i=1 E Pi

where E is the incident electron energy, P:; is the binding energy

i
of the electrons in the i th sub shell and n; is the number of
electrons in the i th subshell. The aj, b;j and c; are constants
determined by fitting to the measured cross sections. For most
species it is sufficient to include only the 3 outer-most sub-
shells. The best fit values for aj, by and c; were determined for
measured cross sections and estimated for unknown cross sections
and are tabulated by Lotz in the references.

The formula gives reasonable agreement with experiﬁent for
simple atoms, but rises too slowly from threshold in the case of
ions. For more complex systems with electrons in d and f orbitals
the agreement with experiment is poor for two reasons. Firstly,
few measurements on complex systems were available when Lotz
fitted his values for the a, b and c constants, and secondly the

formula takes no account of autoionization from inner shells and

this becomes significant for complex systems.
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CHAPTER 4
THE APPARATUS AND THE EXPERIMENTAL METHOD

Two types of experimental setup are used for the measure-
ments of alkali metal ions and alkaline earth ions, respectively.
Schematic view of the crossed beam apparatus is shown in Fig.4-1
for the measurements of alkali metal ions and in Fig.4-2 for
those of alkaline earth ions.

The experimental apparatus used for alkali metal ions con-
sists of three chambers, i.e. the ion source chamber, the ion
chopping chamber and the collision chamber. Singly charged ion
beam produced in a thermionic emission type or a surface ioniza-
tion type ion source is mass-selected by an electromagnet and
focused and collimated to 1 mm diameter using several sets of
electrostatic lens systems and collimator slits. A rectangular
shape electron beam produced in a Pierce type electron gun col-
lides with the ion beam at right angles. An L-shape slit scanner,
which is controlled by a micro computer, is used for the measure-
ments of the spatial distributions of both beams in the collision
region;

After colliding with the electron beam, the ion beam is
separated according to its charge state by a parallel plate
charge state analyzer. The primary ion and the product ion are
detected by a Faraday cup and a single particle detector, respec-
tively. The beam modulation technique is used for the separation
of true signals from various kinds of background signals.

For the measurements of alkaline-earth ions, the impurity
emission in the ion beams produced by the surface ionization type

ion source is negligibly small, and the magnetic field produced



in the mass-selector used in this study is so weak that the Ba*t
ion beam of sufficient energy ( > 2 keV ) can not be analyzed in
the mass-selector. And to get enough ion current the path length
of ion beams between the ion source and the collision region
should be as short as possible. Because of the above reasons the
mass-selector and the ion chopping chamber are removed and the
ion source chamber is connected to the collision chamber via a
gate valve.

The rémaining sections in this chapter will be devoted to

the detailed description of the each part of the apparatus.

4-1 Vacuum System .

Each chamber is pumped separately depending upon vacuum
requirements.

The ion source chamber is evacuated by a 10" o0il diffusion
pump with a water cooled trap. The base pressure of this chamber
is 5 x 10~8 Torr and rises to 1-2 x 10”7 Torr with the ion source
in operation. The ion source chamber is connected to the ion
chopping chamber through a gate valve with an ICF253 flange and a
flat cross section mass analyzer tube. The chopping chamber is
pumped by a 270 1/s turbo molecular pump and is capable of ob-
~ taining pressures in the 10~ 8Torr range. This chamber is connec-
.ted to the collision chamber with a 1 cm diameter by 14 cm long

tube to provide differential pumping. The collision chamber, or
main chamber is pumped by a cryogenic pump, whose pumping speed
is 1000 1/s. The pressure during the operation of electron gqun is
in the order of 10;9Torr.

For the measurements of alkaline earth ions, the ion source
chamber is connected to the main chamber with a gate valve with

an ICF70 flange and the main chamber is evacuated by a cryogenic
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pump and a turbo molecular pump.

An interlock system closes all valves and shuts off all
povwer supplies to the vacuum system automatically when sudden
rise-up of the pressﬁre or suspension of water supply occur, to
prevent the breakdown of the pumping system and the glow dis-

charge in vacuum.

4-2 Ion Source
The requirements on the ion source imposed by the experimen-
tal conditions are as follows:
i)the ion source can produce a collimated beam current of
10f8A or more,
ii)the beam current and shape must be stable for periods up
to several days, and
iii) the ion source must produce only the ground state ions.
In order to fulfil the above requirements, a thermionic
emission type ion source and a surface ionization type ion source

are used for the production of alkali metal ions and alkaline

earth ions, respectively.

4-2.1 Thermionic Emission Type Ion Source.

A thermionic ion emitter is a material which, when heated in
the presence of an electric field, will emit ions in a manner
andlogous to the way that thermionic electron emitters emit
electrons.®5) This type of ion source is suitable for the species
of which the ionization potential is relatively low. Therefore we
chose this type -for the alkali ion source. The alkali aluminosil-
icates (x20A1203ZSi02, X:desired element) are widely used for the
thermionic ion emitters. We use.the commercial Na-zeolite

(Na;0A1,032S8i0,) to produce singly charged Na* ion. For K* ion,

- 33 -



the Na-zeolite has been exchanged with K using the techniques
described in the literature®®),

The manner we use to make the ion emitter is as follows. The
zeolite powder is placed inside a spiral made of a 0.2mm diameter
platinum or tungsten wire with 6-7 windings around a needle (1mm
in diameter). The spiral is heated up to 1100°C in vacuum. After
proper aging time (about 5-10 hours), impurity emission from the
ion em;tter becomes less than 0.5% and the order of 10-8 A of Na*
and K* can be obtained at the collision region. The life time of
this emitter is about 100 hours.

The schematic view of the thermionic type ion source is
shown in Fig.4-3. The spiral coated with ion emitter is placed at
SP in the figure. Electrodes A, B, C and D are used for extrac-
ting and focusing the ion beam. Typical voltage applied to these
electrodes for a 2 keV ion beam are given in Table 4-1.

The mass spectrum of this ion source for Kt ion after proper
aging time is shown in Fig.4-4. This spectrum shows that the
impurity, most of which is Na*, can be negligible and that inten-
sity ratio in K% peaks is consistent with the isotopic ratio

K39/Kj, of 13.5.

4-2.2 Surface Ionization Type Ion Source.

Thermionic emission type ion source described in section 4-
2.1 is not suitable for the production of the singly charged
alkaline earth ions because of their higher ionization potentials
compared with those for alkali metal atoms. Therefore, a surface
ionization type ion source is chosen as the alkaline earth ion
source.

Atoms or molecules incident on hot metal surfaces leave the

surface partly as positive or negative ions. This process is
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Table 4-1. Typical Applied Voltage in the Thirmionic Emittion

Type Ion Source.

Electrode Voltage (V)
SP + 2000
A + 2015
B + 1965
c + 1830
D 0
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called surface ionization®>). This phenomenon was first observed

67) and

in the cage of caesium atoms on hot tungsten surfaces
applied to the other alkali metal atoms and heavier alkaline
earth atoms (Ca, Sr and Ba). A detailed discussion of the ioniza-
tion efficiency and the other characteristics of this type of ion
source will be found in Appendix A-1.

The first attempt on this type of ion source was carried out
using a compact ion source with indirectly heated ionizer de-
signed by Sakai et al1.68)

A schematic of this source is shown in Fig.4-5. The beam
material in a stainless steel reservoir was heated up to 450%C by
a 0.25 mm tantalum heater placed around the reservoir. The atom
vapor produced in the reservoir was led to the ionizer region
through é guiding pipe made of molybdenum. The ionizer consisted
of an ionizer holding pipe made of molybdenum, of which the inner
diameter was 3 mm, and an ionizer which was a 0.1 mm Pt wire
bundle. The ionizer was indirectly heated by a 0.3 mm.tantalum
heater up to 1100 °C with 200 W of power supply. The ionized
particle were extracted by a extracting electrode. This electrode
was made of 1 mm thick molybdenum disk with a hollow cone whose
opening is 2 mm in diameter. Because this electrode was placed
near the ionizer region, this part could be heated by ionizer
heater up to enough temperature to emit thermal electron, which
resulted in the discharge between the ionizer and the extracting
electrode. To prevent this discharge, the molybdenum disc was
covered with an 8 mm thick copper disk of which the thermal
conductivity is very high.

This source had some weak points as follows,

i)the life time was too short (typically only a few days)

because of heater burnout,
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" ii) the beam intensity was not enough for the ionization
measurements ( less than 10'9 A at collision region),

iii) the beam was not stable because of the discharge between the
ionizer and the extracting electrode, even though the
extracting electrode was covered with copper disk, and

iv) a manner to make the heater assembly was complicated.

The biggest cause of the 1st to 3rd weak points was thought
that the volume of the ionizer region was so large that much
power was necessary to heat it up to enough temperature for
surface ionization of atoms.

Following this initial ion source test, a new ion s$ource
with directly heated ionizer was constructed with the object of
obtaining increased beam current, and improved stability and
simplicity of construction. '

Schematic diagram of the ionizer region of the new source is
shown in Fig.4-6. The design of the new ion source was based on
theone by Lyon and Peart®9) except for the shape of an output
slit of the reservoir. Neutral atom vapor is produced in-a stain-
less steel reservoir which can be heated up to Ssoi:by a 0.3 mm
diameter tungsten heater with a heating power of 120 W. The atom
beam is led to an ionizer surface through a circular slit which
is 0.35 mm in width. The ionizer is a 0.025 mm thick Re ribbon
which is directly heated up to 1600°C with a power of 40 W. The
effective cross section of the ionizer is about 0.2 mm2. The

advantage of this arrangement with a circular slit is that the

~spatial distribution of the ion beam will be axially symmetric,

which is a desirable property in electron-ion crossed-beam exper-
iments.
Schematic diagram of the ion source with the several sets of

lens optics and deflector plates is shown in Fig.4-7. The ions
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are extracted from the ionizer surface by some extracting elec-
trodes. The reservoir block also works as a extracting electrode.
Then ions are focused and steered by an einzel lens and deflector
plates.

An ion beam of adequate current of 3-5 x 10-8 A at the
collision region can be obtained using this new ion source.
Moreover the beam produced from this source is remarkably stable
and the life time is more than 1 month.

Because of high temperature of the ionizer surface, it is
possible that some fraction of the produced ions include some
metastable states. This problem will be discussed in Appendix A-

2.

4-3 Electron Gun
70)

2

A Pierce type electron gun with an oxide-coated cathode

whose cross section is 4 x 25 mm“ is used to produce a rectan-
gular and uniform electron beam. A side view of the electron gun
with the collision region and the Faraday cup is shown in Fig.4-
8. The electrons are extracted by a grid G with a positive poten-
tial and collimated by three sets of grounded electrodes. The
beam defining slit placed at the entrance of the collision region
is 3 mm in height and 15 mm in width, and the output slit of
collision region is 10 mm in height and 30 mm in width. The
electron beam is collected in a cylindrical Faraday cup whose
inner diameter is 36 mm. The Faraday cup is coated with colloid
carbon (Aqua Dag) and positively biased to prevent escape of

secondary electrons.

4-4 Beam Probe

In order to get the absolute cross sections, it must be
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known how the both beams collide with at the collision region,
i.e. the current density profile of the both beams must be me-
asured, as described in Chapter 1-2.

Schematic view of the beam probe used in this study with the
beam crossing region and electron gun is shown in Fig.4-9.

An L-shape shutter with a narrow horizontal slit of 0.1 mm
height can move vertically with the stroke of 20 mm. The spatial
distributions are evaluated by measuring the transmission of beam
current through the slit in the shutter as a function of slit
position. A stepping motor and a micrometer drive system outside
the vacuum are used to accurately position the shutter under
computer _ control. The computer records the profiles 6f the both
beams and performs an on-line calculation of the required inte-
grals in eq (1-10) to obtain the form factor. (éee Chapter 4-8)

As will be shown in Chapter 5-4, the form factor corresponds
to the effective beam height of the electron beam. In this stﬁdy,
an L-shape slit scanner, which measures the current density
profile of both beams at some distance from the real collision
region, is used. Therefore, the measured form factor may contain
some error.The discussion of-this problem will be given in Chap-

ter 5-4.

4-5 Charge State Analyzer

The analyzer is a 45 parallel plate analyzer with three
exit slits such that, when a beam of a given Ei/q passes through
the slit designated the A* exit slit, beams of E;/2q and Ei/3q
simultaneously passes through the other exit slits, designated
the A2* and a3* exit slits, respectively. The analyzer is comple- .
tely enclosed to prevent entering of stray particles and is

equipped with three guard plates to minimize effects due to
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fringing fields. A set of vertical deflection plates is placed at
the entrance slit to check the transmittance of ion beam, as will
be discussed in Chapter 5-3.2.

A drawing of the analyzer appears in Fig.4-10.

4-6 Single Particle Detector

In the measurements for alkali ions, a direct incident type
detecto;, which is shown in Fig.4-11, was used. It consists of a
channel electron multiplier (Ceratron EMT6081B, MURATA) and an
entrance aperture, whose diameter was 10 mm, which is the same as
that of the entrance cone of the multiplier. The product ions
were accelerated with a voltage of about 3.5 kV before entering
the entrance cone. The potential of the entrance aperture was
adjusted so that the counting efficiency of the ion counter gave
the maximum.value.

After the measurements for alkali ions, a drop of output
gain of the multiplier was observed. This was thought to be due
to the change of the condition of the entrance cone surface of
the multiplier because the alkali atoms are very active. And
there was a possibility that in the alkaline earth measurements,
the surface condition of the multiplier would also change with
time. For this reason it was decided to use the single particle
detector with a secondary electron converter developed by Rinn et
al.71)

This new detector is shown in Fig.4-12. It consists of a
Ceratron and two electrodes; the converter plate 'P' made of a
copper-beryllium metal sheet and a repeller electrode 'Rep' in
front of the Ceratron funnel.

The incident ions hit the converter plate P. In order to

obtain a high secondary-electron yield, the converter is inclined
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relative to the ion-beam axis with an angle of 45° and is made of
a copper-beryllium metal sheet. Secondary electrons are extracted
from P and focused onto the Ceratron entrance funnel. The repel-
ler electrode Rep is necessary for a proper adjustment of the
electric field in front of the Ceratron funnel. In addition, a
grid is installed across the entrance part of the ion beam to
conserve the rotational symmetry of the extraction field for the
secondary electrons. The optimum voltages for high detection
efficiency are also indicated in Fig.4-12 for the respective
electrodes.

This detector has some advantages;

(1) larger cross section of sensitive area than that of the
entrance funnel of the Ceratron,

(2) reduction of the damage of the surface of the Ceratron by
the impinging ions, and

(3) high average number of secondary electrons released by an
incident ion from the converter plate, which results in the
high detecting efficiency.

A proper voltage is applied between the outpuﬁ end of Cerat-
ron and the electron collector to extract the electron pulse
effectively. This method is reported to enlarge the pulse height
of the output pulse72).

The pulse-counting electronic chain is shown in Fig.4-13. An
output pulse of electronic-charge is converted to voltage pulse
by a load register (designated as 'R' in the Fig.4-12)and ampli-
fied and shaped to a pulse whose pulse-height is a few Volts.
Then a single channel analyzer (SCA) cut off the low level elec-
tronic noises and generates a TTL pulse, which is triggered by an
input pulse. The cut-off voltage in SCA (lower discriminator

level) is set at 0.2 V, which is high enough to remove the
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electronic- noises and low enough to pass the pulses from the
product ion detector through the SCA. The pulses accepted by the

SCA are fed to the data acquisition system, which will be shown

in Chap.4-9.

4-7 Beam Chopping Technique.

The signals detected by a product ion detector consist of
the true signals Sq, the background signals caused by ion beam S4
(mainly due to charge stripping collisions of the target beam on
residual gas atoms and molecules and on the slits), background
signals caused by electron beam S,, and dark noise of the secon-
dary electron multiplier Sp. As mentioned in chapter 2—4,.the
double begm chopping technique is used in this study to separate
the true signals from the background signals.

A pulsing sequence for the double beam chopping method is
shown in Fig.4-14. The both beams are chopped squarely-and the
phase differs by a 1/4 period each other. The signals recorded in
phase-1 to phase-4 are, respectively, the sum of Se and Sg in
phase-1 (Cy), the sum of Sp, Sj+ Sg and Sy in phase-2 (Cy), the
sum of S; and SB in phase-3 (C3), and SB in phase-4 (C4). So the.
each signals (Sq, S;, Sg and Sg) can be obtained by calculating
from the signals in each phase as follows,

Sl = C3 - C4
Se = C<| - C4
SB = C4 -

The signalcounting for each phases are controlled by ap-
plying the gate control pulses on the scaler. The output pulses
from the product ion detector are counted when the gate control

pulse is 'ON', and not counted when the gate control pulse is
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'OFF'. The duration of the gate control pulse is chosen to be
slightly shorter than a 1/4 period of the beam chopping, as shown
in Fig.4-14, to avoid a difficulty that occur during the tran-
sient time caused by the incomplete rizing and shutting of the
beam current.

When the background signals due to electron beam Sg is
negligibly small compared to Sj, the single beam chopping method
can be used. A pulsing sequence for single chopping mode is shown
in Fig.4-15. In this mode, only the electron beam is chopped. The
signals in phase-1 in Fig.4-15 is the sum of the Sq and Sé, and
those counted in phase-2 is qé, which in its turn includes Sjr Se
and Sg iq the double chopping mode. So Sq and Sg can be obtained
by a simple subtraction as follows,

ST =Cy - Cy

Sé = C2 .

In the present study, the counting rate of S, is a few count
per second, being negligibly low in the measurements for large
cross sections, i.e. for large count rate of Sq, which is the
case where the single beam chopping method islsatisfactory.
However, when the count rate of Sp is as low as that of Se as in
the measurements at the threshold region, most of data are taken
using the double beam chopping method.

An electronic circuit system, which can generate the beam
control pulses and the gate control pulse, was designed and
constructed by the author himself in order to realize the beam
chopping method. The detail of this system is given in Chapter 4-
9.

4-8 Micro-Computer System to Measure The Form Factor

To determine the form factor, it is necessary to measure the
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vertical current density profile of both beams by a L-shape slit
board which must be able to be controlled precisely from the
outside of the vacuum. A stepping motor which is controlled by a
micro-computer (NEC,. PC-8801mkIIsr) is used in the present study.

A block diagram of this system is shown in Fig.4-16. A step-
ping motor is connected to a. linear-motion inducer whose stroke
is 20 mm. The inducer can convert a rotative motion in the atmos-
phere to a linear motion in the vacuum. Minimum step angle of the
stepping motor is 1.8 deg, and the one rotation of the inducer
corresponds to 1 mm linear motion in vacuum, so one step of the
stepping motor corresponds to 0.005 mm of the linear motion of
the slit board. In our device, the sampling pitch of the densitf
profile is 0.1 mm, so the number of step of the motof for each
sampling is 20.

The ion and electron current passed through the slit board
are collected by each Faraday cups, which are connected to the
pico-ampere meters (TAKEDA RIKEN model TR-8641 and KEITHLEY model
485). The analogue-voltage outputs from each electrometers are
converted to digital signals by Analogue-to-Digital Converter
(ADC) and stored in the memory in a micro-computer and the densi-
ty profiles of the both beams are displayed in a graphic monitor.
The form factor is then calculated by the micro-computer using
the stored numbers.

The sequence of the measurements of the form factor is
controlled by the micro-computer as follows,

(1) the parameters of the micro-computer are initialized,

(2) the slit board goes up to the upper limit position where the
slit board completely interrupt the both beams,

(3) the slit board goes down to the position of the first

sampling,
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(4)

the current signals are converted to theanalogue voltage

signals by the electro-meters,

(5)the analogue signals are digitalized by the ADC and stored

(6)
(7)

(8)

(9)

in the memory, and the recorded data are displayed on a
graphic monitor,

the slit board goes down to the next sampling position,
repeat the above procedure (4) to (6) until the sampling
number becomes the preset number (normally 100 times),

when the above iteration finishes, the slit board goes down
to the lower limit position where the slit board does not
interrupt the both beams at all,

micro-computercalculates the form factor and saves the data
to a floppy disk.

The uncertainty in the form factor measurements will be

discussed in Chapter 5-8.

4-9

Data Acquisition System.

To realize the beam chopping method, an electronic circuit

system has been designed and constructed by myself. The functions

of this system are as follows,

(1)

(2)

(3)

(4)

this system can be used in both the double chopping method
and the single chopping method,

the chopping frequency can be varied from 31 Hz to 4 kHz in
order to check the background modulation effect (see Chap.2-
4),

the timing of the gate 'ON' and 'OFF' of the gate control
pulse can be variable,

the real-time calculation of Sqpr Sir Se and Sp can be done
and the results of the accumulation can be displayed individ-

vally,
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(5) the data accumulation time can be preset with a crystal-
controlled timer,

(6) the maximum amplitude of the output pulses for beam chopping
is 500V, which is large enough to chop both beams completely,

(7) the chopping pulses are isolated from the ground potential in
order to be applied to any floated electrodes, and the possi-
ble isolation voltage is about 2 kV.

A block diagram of this system is shown in Fig.4-17. This
system consists of a control pulse generator unit, a timer unit,
a multiplexer (control) unit, a counter unit and a chopping pulse
driver unit. All of the circuit, except for the chopping pulse
driver unit, is composed of TTL and C-MOS IC. Circuit diagrams of
each unit are bound into this thesis as Appendix B.

In Ehe control pulse generator unit, an ion controlApulse
(designated as 'A' in the figure) and an electron control pulse
('‘B' in the figure) and a gate control pulse ('C' in the figure)
are generated using a crystal-controlled oscillator and some
logic circuits. The chopping frequency can be set to 31Hz,
62.5Hz, 125Hz, 250Hz, 500Hz, 1kHz, 2kHz and 4kHz. The delay and
the width of the gate control pulse can also be varied.

The pulses A, B and C are fed to the multiplexer unit. This
unit generates the counter control pulses, i.e. 'counter up/down'
pulses, and '‘count inhibit' pulses, for each counters for Spe Sy
Se and Sg, by the logic calculation using the pulse A, B and C.
For example, a counter up/down pulse and a count inhibit pulse

for Sq counter are produced by the calculation as,

Sq(up/down) (A AND B) + ((not A) AND (not B))

Sp(inhibit)

(not C)
The pulses obtained by these logic calculations are shown in

Fig.4-18.
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These control pulses are fed into the counter unit, which
consists of 4 up/down counters and 6-digit LED display. The
signal pulse from the product ion detector is added or subtrac-
ted according to the control pulses.

Control pulses A and B generated in the control pulse gener-
ator unit are also fed into the chopping pulse driver unit. In
this unit, these pulses of TTL level (0 - 5 V) are amplified to
the voltage high enough to chop the electron and ion beams com-
pletely. The maximum output voltage is 500 V. These pulses are
isolated from the ground potential by a photo-coupler (HP-6N135),
and can be applied to any floating electrodes. The maximum isola-
tion voltage is 2000 V from the ground potential.

The data acquisition time is controlled by the timer unit,
which consists of a crystal-controlled clock, a time set swich,
and a digital comparator. The comparator compares the time indi-
cated by the clock with the preset time on the switch, and when
the clock time coincides with the preset time, a ‘stop' pulse is
generated and fed to the multiplexer unit, then the.system stops.
The preset time can be set from 1 second to 99 hour 59 minutes 59

seconds.
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CHAPTER S
CROSS SECTION MEASUREMENTS AND SYSTEMATIC CHECKS

In this éhapter, the method to determine the quantities in
equation (1-10) and the various routine daily measurements will
be discussed. Some systematic checks for the absolute measure-

ments are also given.

5-1 Routine Measurements.

The data-taking sequence for the experiments begins with
tuning of the ion beam. This starts with heating up the ion:
source to, an adequate temperature. It takes about 10 minutes for
the thermionic emission type ion source and about 30 minutes for
the surface ionization type ion source. Then the beam is tuned by
adjusting several sets of deflectors and einzel lenses to obtain
the maximum currents into the in-line Faraday cup in the paral-
lel-plate charge state analyzer. Then the ion beam is deflected
and collected in the final Faraday cup. Some adjustments are done
using deflectors and an einzel lens in the collision chamber,

(1) to insure that the primary and the product ion beam is fully
collected in the final Faraday cup and the product ion detec-
tor, respectively, (see chapter 5-3.2)

(2) to obtain the signal to background ratio of about 5 to 10 at
the impact energy where the cross section has the maximum
value.

When the count rate of product ion exceeds 104 cps and 3 x
103 cps in the measurements of alkali ions and alkaline earth
ions, respectively, the ion current is reduced in order not to be

affected by the dead time of the counting electronics. (see chap-
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ter 5-5)

At this point, the beam is said to be tuned. During a data
accumulation, only small adjustments of the lens voltage in the
ion source chamber are made to keep the ion current optimum.

Then, the channel electron multiplier (CEM) operation is
checked by observing a pulse height of output signal by an oscil-
loscope. Various instrumental checks are performed, including
checking the amplifier gain and the lower level discriminater in
SCA.

Following these initial measurements and checks the data -
accumulation sequence begins. Typical integration time, which
depends on the cross section, is about 600 to 1200 sec at the
threshold region and 30 to 120 sec at the higher energy region.
At each energy, a few times of the integrations are carried out.
The beam profiles are measured at every energy and the form
factor for the every electron energy is calculated. This sequence
is repeated until the impact energy reaches about 1000 eV.

A typical data run includes cross section measurements at 80
to 100 energies and takes approximately 10 to 15 ﬁours to comp-
lete, not including the time required to tune the ion beam and
compleéte the various pre-measurements, which generally required a
few more hours to the acﬁual déta accumulation time.

The data accumulation as described above is repeated a few
times to check the reproducibility of the measured cross sec-

tions.

5-2 Cross Section Calculation

A cross section is calculated by equation (1-9) using the

measured quantities.

The electron current is measured directly from the ampere-
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meter because the electron current is very stable with time.
However, the ion current changes with time (in the worst case,
the changes are about 20 to 30 % in 60 to 120 seconds). So it is
necessary to obtain the average current over the accumulation
time. A current'integratorAfor the ion beam was designed and made
by the author. A block diagram of the integrator is shown in
Fig.5-1. By dividing the integrated current which is displayed on
the integrator by the integration time, the average current is
obtained.

The counting rate R is obtained from the results of the
calculation in the data acquisition system described in chapter
4-9. The.R (count/second) is calculated using the accumulated
-count N during the integration time T as follows,

R E‘(N/T) x Ax 100/w ,
where A = 4 in the double chopping mode and A = 2 in the single
chopping mode, and W is the width of the gate control pulse, when
the interval of each phase in fiqure 4-14 and 4-15 is represented
as 100.

The form factor is directly measured using the manner as

and v_ are

described in chapter 4-8. The beam velocities v. B

i
calculated from each acceleration voltages and the masses of
electron and ion. The detection efficiéncy D is assumed to be
unity in this study. The consistency of this assumption'in the
results of present work will be given in chapter 5-6.

Using these measured gquantities, the absolute ionization
cross sections can be calculated. The following sections in this

chapter will be devoted to an overview of the possible systematic

effects and some measurements for the check.

5-3 Beam Collection
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To obtain the absolute ionization cross section from the
measured quantities, it is essential that all particles of the
electrons and the ions existing in the collision region are
completely collected and accurately measured. Various measure-
ments are done to check the complete collection of the both

beams, including the product ion beam.

5-3.1 Electron Beam Collection

A problem concerned to the accurate measurements of a large
electron current with a large cross section is commonly encoun-
tered in the experiments whose purpose is to get absolute cross
sections. The openning of the electron collector is 10 mm in
height and 30 mm in width, which is much larger than the beam
defining slit placed at the entrance of the.collision region
which is 3 mm in height and 15 mm in width. The complete suppres-
sion of the secondary electrons from the collector surface was
the biggest problem in this work. The electron collector is
positively biased to prevent the escape of the secondary elec-
trons. Grid wires in front of the electron collector, as shown in
figure 4-8, are grounded to avoid the distortion of the electric
field -in the collision region. The bias voltage of the collector
is normally set to +5V during the experiment.

Moreover, the surface of the collector is covered with the
Aqua Dag (Colloid Carbon) to suppress the secondary electron

emission due to the incident and the scattered electrons.

5-3.2 Ion Beam Collection

To verify the analyzer transmittance of the ion beanm,
several methods are used. The first is the comparison between the

current measured at the in-line Faraday cup in the charge state
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analyzer and the final Faraday cup. In most of this test measure-
ments, the agreement is quite well. If it is not so well, then
the further adjustment of the deflector and the lens system are
done until the agreement becomes quite well.

The next test is done by scanning the ion beam vertically
and horizontally by scanning the applied voltage of the vertical
deflector placed just before the analyzer entrance aperture and
the analyzer retarding voltage, respectively, and the beam cur-
rents passed through the final ion collector and the count rate
detected by the product ion detector is measured as functions of

the scanning voltages. The results of these measurements are

shown in Fig.5-2 for the vertical scanning and in Fig.5-3 for

thevhorigontal scanning. The insurance for the perfect transmis-
sion lies in the flatness of the transmitted currents at their
peaks. It is true that the flatness on the top of these curves
are not the proof of 100% transmission in itself. However, in
order to produce a flat topped scan for an imperfectly transmit-
ted beam scan, it must have an uniform horizontal current distri-
bution. In view of the fact that our beam has a circular cross
section and is collimated to 1 mm in diameter at the entrance of
collision region, while the width of the exit slit of the analyz-
er is 8 mm, this is extremely unlikely. Therefére, the top-
flatness in these measurements is believed to be the evidence for
the full transmission.

In addition to the analyzer transmission, we have verified
that no secondary electrons escape the final Faraday cup by
variation of the bias voltage applied to the Faraday cup. Normal-
ly the bias voltage is set at +15V.

The collection efficiency of the product ion detector, i.e.,

the detection efficiency D in equation (1-10) will be discussed
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in chapter 5-6.

5-4 Form Factor Measurements.

As shown in chapter 1-2, the form factor F is defined by

Sii(z)szie(z)dz

Sii(z)ie(z)dz

This integration is approximated as follows,

(R iinAz)(ﬁ ienAz)

F_
g(linlenAz)
i, Ii
in en
= — Az, -~ (5-2)
2(linlen)

where Az represents the interval of the current sampling, and iin
and i,, are the linear current densities along the z axis at nth
sampling point, and they have a dimension of currént/length. The

measurable guantity is not the linear current density i but the
current i‘ passed through the slit of height S. So the equation

(5-2) can be rewritten as,

] L}

oo Zlin? Zle?s As
:f%insjiens)

- 1in Zlen
N

(i, i
(lln en

AZ . —mmmmmm e (5-3)

It must be noted that the form factor does not depend on the
slit height S, but the slit height must be small enough compared
to the beam height for the approximation done in equation (5-2).

The form factor is measured and calculated using the equa-
tion (5-3) by the computer described in chapter 4-8.

Form factor represents the non-uniformities of the both
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beams at the interaction region. So the change of beam shape with
time can be a source of error. In the present study, the electron
beam is stable but the ion beam current is sometimes unstable
with time. Hereafter in this section, the influence of this
unstability of the ion beam on the form factor will be discussed.

When we consider the current density profiles of both beams
as shown in Fig.5-4, i.e. a narrow ion beam is completely super-
imposed on the top-flat region of electron beam, the form factor
is calculated as

14 1
£i. i

F in i en Az
;(ulin)

where u is the current of the electron beam at top flat region.
This results shows that, in the ideal case as shown in figure 5-
4, the form factor does not depend on the density profile of ion
beam, so the unstability of the shape of ion beam has no influ-
ence on the form factor. And the form factor, which has a dimen-
sion of length, corresponds to the effective height of the elec-
tron beam.

But to make the electron beam which has such an ideal den-
sity profile as described above is not possible. A typical exam-
ple of the measured current density profile of both beams is
shown in figure 5-5. Although a perfect top-flatness can not be
obtained, the electron has an approximately top-flat current
density at the region where it crosses with the ion beam. There-

fore an error due to the unstablity of ion beam is minimized by
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having the beam arrangement as shown in figure 5-S.

As shown above, the effective electron beam height can be
estimated from the form factor measurement and, in this work, it
varies 4 mm to 5 mm depending on the impact energy, whereas the
height of the beam defining slit of the electron gun is 3 mm.
This fact suggests a beam spread due to a space charge effect or
the other reason. The beam spread due to the space charge effect
is est;mated to be less than 1 % at the collision center under
the present experimental conditions, and it does not explain such

ﬁi\ a large spread. So the sauce of this spread is concluded to be
~ due to the other reason, mainly due to the lens focusing effect.

As an L-shape slit is used in the present work, the measured
profiles are those measured at the 2 mm downstream from the
collision center. Therefore, it is necessary to interpolate the
form factor at the collision center from the measured density
profile. From the discussion in the last paragraph, this correc-
tion is done by the linear geometrical interpolation, as shown in
Fig.5-6 for all of the results presented in this thesis. ‘Fp' in
the figure is the effective beam height at the ddwnstream from
the collision center, i.e. the form factor measured using the L-
shape slit, and 'F' is that at the collision center. F is

calculated as

where the 'S', 'A' and 'B' are the height of the entrance slit,
Ehe distance ffom the entrance slit to the collision center and
the slit board, respectively. This correction factor is within a
few percent. The uncertainty due to this interpolation will be

discussed in chapter 5-8.
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5-5 Counting Rate

The product ion detector and the counting electronics have
an overall dead time T, i.e., after one ion has hit the detector,
the time until the next ion can be counted is at least T. If
another ion hits within the dead time T after an initial pulse,
the next ion can not be counted. For a given incident flux of
ions J, the Poisson probability for time intervals t between two

successive ions where t is larger than T is given by

(a1) °

PO(JT) = exp(-JT) = exp(-JT) . ————————ev (5-6)

0!
This also gives the probability D that the second ion can be

counted, i.e., the detection efficiency D, is,
D=2/J =exp(-JT) , ——====mmemmmmmmeeee o __ (5-7)

where 2 is the observed count rate. Under the condition of small
incident ion fluxes J, i.e., JT is much less than unity, D can be
approximated by D = 1 - JT, and such condition that 2 is nearly

egual to J holds at low count rates, therefore D is,

For the direct incident type product ion detector, the dead
time is estimated to be less than 1 x 10"® second from the
observation of the pulse shape by an oscilloscope. In this case,
when the count rate reaches 104 count per second, the detection
efficiency D becomes 99 %. So for the direct incident type detec-

tor, special attention is paid so that the count rate does not
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exceed 104 cps.

For the detector with the secondary electron converter, the
dead time is measured to be approximately 5 x 10-6 second. There-
fore, in this case, the ion current is reduced by adjusting the
lens optics in the ion source chamber, when the count rafe ex-

ceeds 3 x 103 cps.

5-6 Detection Efficiency

In the present work, the primary is the singly charged ion
and the product is the doubly or triply charged ion. The detec-
tion efficiency D of the product ion detector for the doubly and
triply charged ion must be known, because the detection efficien-
cy depends on both the energy and the charge state of incident
ion. Héwever, the doubly and triply charged ions are not avail-
able using the thermionic emission type and the surface ioniza-
tion type ion sources. Therefore the detection efficiency is not
experimentally determined but is assumed to be unity. -‘The consis-
tency of this assumption is insured by the following reasons,

(1) the present results are in good agreements with the reliable
data of the crossed-beam measurements by previous workers
within the experimental error, if the detection efficiency is
assumed to be unity,

(2) for the direct incident type detector, the entrance aperture
is adjusted so that the detection efficiency gives the maxi-

mum value (see chapter 4-6),

(3) for the detector with the secondary electron converter, the

electron yield from the CuBe surface is reported to be about
10 for 10 kev Ar*! and about.7 for 10 kev Xe'*’1), which
indicate that the all positive ions with adequate kinetic

energy probably release enough secondary electrons to give a
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high detection efficiency, moreover,

(4) the counting rate is not so sensitive to the voltage applied
between the converter plate and the Ceratron entrance, which
is used for the acceleration of electron to the Ceratron
entrance, and

(5) a care is taken so that the count rate does not exceed 10%
cps for the direct incident type detector, and 3 x 104 cps
for the detector with converter, which results in the coun-

tiné failure of the signals as shown in ghapter 5-5.

5-7 Consistency Check of Cross Section.

In this section, some measurements of the dependence of the’

deduced cross sections on several experimental parameters will be
given.mhé checked parameters are the ion current I;, the elec-
tron current I,, the ion velocity v;j and the parameters for the
data acquisition system. Typical results of the checking tests
are illustrated along the following items. These checking
tests are done by measuring the single ionization cross section
for srt.

(1) Ion Current Dependence.

In Fig.5-7, the cross sections as functions of the ion
current is shown at the impact energy of 70 and 200 eV. At both
energies, the results is shown to be independent of the ion
current.

(2) Electron Current Dependence.

The cross section dependence on the electron current is
shown in Fig.5-8. The cross section is shown to be independent of
the electron current from the figure.

(3) Ion Velocity Dependence.

The dependence of cross section on the ion energy, which is
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proportional to the square of ion velocity, is measured and the
results are shown in Fig.5-9. In this energy region, cross sec-
tion does not change with the ion energy as can be seen in the
figure. In the present work, ion beams with 2 keV and 3 keV
energy is used for the measurements of alkali-metal ions and
alkaline earth ions, respectively.

(4) Dependence on Parameter of Data Acquisition System.

Several checks of the parameter of the data acquisition
system are done. Checked parameters are the chopping frequency,
and the width 'W', where either of the start timing 'At® or the
end timing 'Re' of the gate control pulse is varied.

Results for the cross section dependence on the chopping
frequency are shown in Fig.5-10. The measured cross sections are
plotted as a function of chopping frequency froﬁ 31 Hz to 2 kHz.
The cross sections at the frequency from 31 Hz to 250 Hz show
almost the same value within the counting statistics, however,
those at the frequency higher than the 500 Hz show larger values.
This change is thought to be due to the inaccuracy of ion current
measurement which may occur at such high freqﬁency that the
electronics of the amperemeter can not follow. In the present
work, the data are taken at the frequency of 125 Hz.

The measured count rate as a function of the gate width W is
shown in Fig.5-11, where ‘'At' is fixed to 13 and 'Re' is varied.
Linear relation between the count rate and the gate width is
observed and the extraporated count rate at the zero gate width
seems to be zero, which is the desired results.

. The measufed count rate is shown in Fig.5-12 as a function
of the gate width where, 'Re' is fixed to 95 and ‘'At' is varied.
The linear relation breaks at the bate width wider than 80 %,

however, the extraporated count rate indicates zero value. The
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reason of the break-down of the linearity is due to the noise of
electronics generated by the chopping pulse driver which occurs
at ‘At' = 0.

Taking into account of the above results, the data are taken
at 'At' = 10 to 15, 'Re' = 95 to 98 and 'W' = 80 to 85, through-

out the present work.

5-8 Experimental Uncertainty.

All statistical uncertainties are quoted at the 68 % confi-
dence level (68% CL), corresponding to one standard deviation of
the mean. Where systematic uncertainties of a nonstatistical
nature occur, an effort has been made to ésse;s these uncertain-
ties at a confidence level cbnsistent with the statistical 68%
CL. Where different uncertainties are judged to be uncorrelated,
they are combined in quadrature to give a total ﬁncertaintyf

The counting statistics depends on the experihehtal condi-
tions, i.e., the beam currents, the impact energy, the cross
section, the signal to backéround ratio and ofhérs, however, it
is estimated to be less than 1 % for most of the data point
except for the data at the threshold region.

The measurements for alkali metal ions were done in the
early stage of the present work. At that time, as the current
integrator was not used, the ion current I; could not be measured
accurately. Therefore, the results for Na* and K* includes larger
uncertainties than those for Sr* and Ba*‘.

Table 5-1 and 5-2 list the sources of uncertainty and their
estimations in the results for alkali ions and alkaline earth

ions, respectively.
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Table 5-~1. Estimated Experimental Uncertainties

in Alkali Measurements.

-
o
Counting statistics
Systematic uncertainties
" Electron current :
Ion current :
Ion velocity :
Form factor :
Detection efficiency:
Signal count rate H
Total quadrature sum of
- systematic uncertainties
~

e

=

i

i

O m <
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3.
10
1
+1,-7
+0,-5
negligibie



Table 5-2. Estimated Experimental Uncertainties

in Alkaline Earth Measurements.

Counting statistics (depends on the counting rate)

Systematic uncertainties

' Electron current : Ig 3
Ion current : I 3
Ion velocity T vy 1
Form factor : F +1,-5
4Detection efficiency: D +0,-5
Signal count rate : R negligible
Total quadrature sum of +6.7
systematic uncertainties -6.6
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CHAPTER 6
RESULTS AND DISCUSSION - SINGLE IONIZATION

In this chapter, the results of single ionization cross
sections are presented and discussed. Experimental results are
compared with previous crossed-beam results and the theoretical
calculations except for the sr't results, whose theoretical cross
sectioﬁs are not available up to now. The results for Nat and K*
have already been published73) and this paper is bound into this

thesis as Appendix-C.

6-1 Na't éingle Ionization.
6-1.1 Discussion of Cross Section.

The single ionization cross section for Na‘t is shown in
Fig.6-1 as a function of electron energy. Present results are in
good agreement with the previous crossed-beam data of Peart and
Dolder74) and Hooper et al.”75) within the mutual experimental
uncertainties. Also shown in the figure is semiempirical Lotz
calculation, which gives the estimation of the direct ionization
of the 2s and 2p electrons.63) The experimental results and the
Lotz calculation are in good agreement, which suggests that, in
Na* single ionization, only the direct ijonization of the 2s and
2p electrons occurs.

A numerical list of the present results is given in Table 6-

1 together with the total uncertainty.

6-1.2 Comparison with Theory.
Figure 6-2 shows comparisons-of the present experimental

results with the theoretical results by Younger76) and Moores’ /).
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Table 6-1. Numerical List of Na‘* Single Ionization.

Impact Energy (eV) Cross Section (x10'17cm2) Uncertainty (+%)

45 0.00 —_—
50 0.05 50
55 0.21 +33, -32
60 0.40 +16, -15
65 0.60 +14, -13
70 0.88 +14, -13
75 1.05 +13, -12
80 1.33 +13, -12
85 1.51 +13, -12
90 1.51 +13, =12
95 1.73 +13, -12
105 1.87 +13, =12
115 2.00 +13, -12
125 2.13 +13, -12
135 2.29 +13, -12
145 2.30 +13, -12
155 2.45 +13, -12
165 2.50 +13, -12
175 2.48 +13, -12
195 2.58 +13, -12
215 2.61 +13, -12
225 2.67 +13, -12
255 2.46 +13, -12
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Table 6-1. (Continued.)

Impact Energy (eV) Cross Section (x10"I 7cmz) Uncertainty (+%)

295 2.64 +13, -12
335 2.58 +13, -12
365 2.41 +13, -12
395 2.46 +13, -12
445 2.23 +13, -12
495 2.39 +13, -12
595 2.22 +13, -12
695 2.14 +13, -12
795 2.11 +13, -12
895 1.98 +13, -12
1995 1.73 +13, -12
1195 1.68 +13, -12
1395 1.58 +13, -12
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Moores calculated the cross section using the Coulomb-Born
approximation without exchange, including the contributions from
direct ejection of both the 2s and 2p electrons. This calculation
overestimates the cross section about 40% near the maximum, and
the agreement between the experiment and the theory is poor
especially for the lower energy region, although, the agreement
seems to become better at higher energies.

Younger calculated the cross section using the distorted-
wave Born-exchange approximation at the incident electron energy
range from one to three times of the threshold energy. This
calculation includes the direct ejection of the 2s and 2p elec-
trons, but does not include the indirect processes such as exci-
tation-aupoionization. This results also overestimates the cross

section about 30 to 50%.

6-2 K%' Single Ionization.
6-2.1 Discussion of Results.

The results for single ionization of K* are shown in Fig.6-
3, together with the results of Peart and Dolder74) and Hooper et
al.7s} Although, our results and those of Peart and Dolder are in
good agreement, results of Hooper et al. are about 13% smaller
than ours in the energy region where the cross sections show
their maximum. A curve by Lotz calculation, which includes con-
tributions by both the 3p and 3s electrons, is also shown in
Fig.6-3. The values of cross section are listed in Table 6-2 with
the experimental uncertainties.

In our results an abrupt rise is observed near the thfesh-
old, which is attributable to the excitation-autoionization of
K*. Aizawa et al.’8) studied the autoionizing states of K% in the

ejected electron spectra resulting from low energy Kt¥ + He colli-
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Table 6-2. Numerical List of K% Single Ionization.

Impact Energy (eV) Cross Section (x10'17cm2) Uncertainty (+%)
30 0.00 -——
32 0.18 80
35 1.51 +16, -15
40 6.14 +13, -12
45 8.13 +13, -12
S0 9.02 +13, -12
55 9.08 +13, -12
60 9.16 +13, -12
65 9.34 +13, -12
75 9.52 +13, -12
85 9.40 +13, -12
95 9.58 +13, =12

105 9.68 +13, -12
115 9.50 +13, -12
125 9.77 +13, -12
135 9.12 £13, -12
145 8.97 +13, -12
155 8.86 +13, -12
175 8.50 +13, -12
195 8.23 ’ +13, -12
215 : 7.77 +13, -12
235 7.40 +13, -12
255 7.13 +13, -12
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Table 6-2. (Continued.)

-1 7cm2)

Impact Energy (eV) Cross Section (x10 Uncertainty (+%)

275 6.66 +13, -12
295 6.57 +13, -12
325 6.10 £13, -12
355 6.01 +13, -12
395 5.83 +13, -12
445 5.18 +#13, -12
495 4.80 +13, -12
545 4.42 +13, -12
595 4.14 +13, -12
645 3.86 +13, -12
695 3.87 +13, =12
795 3.41 +13, -12
895 3.02 +13, -12
995 2.93 +13, -12
1195 2.55 +13, -12
1395 2.27 +13, -12
1595 1.98 +13, -12
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éions. Typical spectra is shown in Fig.6-4. They identified three
groups of autoionizing states, which correspond to the
K*(3s3p®nl), K*(3s23p%nin'l') and K (3p°nln'l'). Decay from the
first and the second autoionization states leads to the produc-
tion of K2+ ion. Core excited autoionizing states are situated
ranging from 5.28 eV (K* 3s3p®4s 1s) to 10.81 ev (k* 3s3p%44d D)
above the ground K2+ (J=3/2) state. Doubly excited autoionizing
states are from 11.29 ev (K* 3p%('D)4s?) to 12.88 ev (K*
3p%('D)3d4s) above the ground K2* state. The positions of the
lowest core excited and doubly excited states are indicated by

arrows in Fig.6-3.

6-2.2 Comparison with Theory.

Cémparison of the present results with the calculation by
Younger79)is shown in Fig.6-5. Younger calculated the cross
section using the distorted-wave Born-exchange approximétion at
the incident electron energy range from one to five times of the
threshold energy. This calculation includes the direct ejection
of the 3s and 3p electrons, but does not include the indirect
processes such as excitation-autoionization.

The agreement between the experiment and the distorted-wave
calculation is rather good in magnitude, but it is poor in shape.
The distorted-wave cross section shows more rapid rise near the
threshold region and the energy where it has a maximum value is
lower than the experimental results.

The theoretical estimation of the contribution of indirect

processes in K' is not available up to now.

6-3. Results and Discussion of Cross Section

for Sr* Single Ionization.
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The experimental results of single ionization cross section
for Sr* are shown in Fig.6-6 and their numerical values are
listed in Table 6-3. Also shown in the figure are the crossed-

80) an abrupt rise in the cross

beam results by Peart and Dolder
section curve is observed at an impact energy about 21 eV. An
additional enhancement is found at about 32 eV in the present
result, whereas the results of Peart and Dolder do not have this
structure and they have another structure at about 50 eV, which
has not been observed in the present results. Our results are 15
to 20% larger than those of Peart and Dolder at low impact ener-
gy, but 10 to 20% smaller at impact energies higher than 70 eV.
The.abrupt rise at 21 eV suggests the onset of autoioniza-
tion. This idea is supported by the theoretical calculation by
Hansen31); in which he reported the autoionizing levels in Sr* to
be 21.60 eV and 27.13 eV for 4p>4d(3p)5s(2P) and 4p34d('P)5s(2P)
states, respectively. Experimental results indicate that only the
former transition is significant. These autoionizing levels are
schematically shown in Fig.6-7 together with some other levels
which can contribute to the single ionization. The position of
the additional increase at 33 eV observed in the present study is
near the 4p-ionization threshold energy 35.8 eVBZ), therefore,
this increase may be the contribution of the direct ionization of
the 4p electron and/or 4p-excitation to the autoionizing levels.
Dolderand Peart reported that the small hump in their results at
about 50 eV are probably due to the contribution from the direct
inner-shell ionization. The binding energies of the inner-shell
electron in Sr* are 35.8 eV and 57.5 eV for the 4p and 4s elec-
trons, respectively, according to ref.82), therefore the smail
hump observed in the results of Dolder and Peart can not be

explained as a contribution from the inner-shell ionization.
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Table 6-3. Numerical List of Sr* Single Ionization.

Impact Energy (eV) Cross Section (x10'17cm2) Uncertainty (+%)

11 0.00 —
12 1.31 10
13 1.52 9
14 2.53 8
15 3.90 7
16 5.30 7
17 7.18 7
18 8.03 7
19 8.92 7
20 9.50 7
21 10.26 7
22 11.86 7
23 14.05 7
24 16.66 7
25 20.05 7
26 24.64 7
27 26.30 7
28 26.94 7
29 26.84 7
31 27.15 7
33 28.94 7
35 28.51 7
37 28.80 7



Table 6-3. (Continued.)

Impact Energy (eV) Cross Section (x10‘17cm2) Uncertainty (+%)

e — —— — —— — —— — — ——— > S - —— — —— - - - — ———————

39 29.25 7
41 29.02 7
43 28.78 7
45 28.41 7
47 27.66 7
49 26.46 7
51 26.25 7
53 26.58 7
55 26.22 7
57 26.58 7
59 26.09 7
63 25.89 7
67 25.32 7
72 24.48 7
77 24.16 7
82 23.89 7
87 23.04 7
92 22.54 7
97 $21.98 7
102 21.54 7
107 20.93 7
112 20.12 7
117 19.59 7
127 18.76 7
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Table 6-3. (Continued.)

137 17.65 7
147 17.34 7
157 16.51 7
167 16.73 7
177 16.21 7
187 15.49 7
197 15.17 7
217 14.41 7
237 13.22 7
257 12.48 7
277 11.84 7
297 11.22 7
317 11.11 7
337 10.52 7
367 9.92 7
397 9.27 7
447 8.47 7
497 7.94 7
547 7.59 7
597 7.22 7
697 6.67 7
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However, because of the shortage of the knowledge of the auto-
jonization levels in Sr*, there is no evidence available which of
the two results is more correct. The reason of the systematic
discrepancies between the two experimental results can not be
made clear at the moment.

Although many other autoionizing states may lie between 21
eV and 30 eV (for example, 4p5552 autoionizing state is at about
24 eva?’), the identification of the 4p54d55 state for the most
prominent enhancement at 21 eV must be reasonable because the
transition of the 4p --- 4d excitation will have the largest
probability since the two electrons have the same principal
quantum gumber and hence the overlap between their orbitals must’

be the most considerable.

6-4. Ba‘' Single Ionization.
6-4.1 Discussion of Results.

The experimental results of single ionization cross section
for Bat are shown.in Fig.6-8 together with the results of Peart
and Dolder83), and Feeney et al.84) Although the results of Peart
and Dolder and Feeney et al. are in good agreement in both magni-
tude and shape, the present results are 15 to 20% smaller than
the others.

An abrupt rise is found at an impact energy 16 eV, which has
already been assigned to be the contribution of the 5p55d(3P)
6s(2P) autoionizing state. The excitation energy to this state is
calculated to be 16.26 eV by Hansen.8!) some distinct structures
are found in the energy region from 18 to 25 eV. Fig.6-9 shows
the ionization cross section near the threshold region. The

1.85)

. crossed-beam results of Peart et a are also shown, where

they adopted the electron energy selector in place of the normal
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electron gun used in the previous measurements83) in order to
enhance the energy resolution to make more detailed observations
of the structures in the Ba' ionization curve. As shown in the
figure, they succeeded in resolving the structures with the
refined electron beam of 0.15 eV energy resolution. Although the
electron energy selector has not been used in the present study,
we also succeed in resolving the structures and the energy posi-
tions of these structures are in good agreement with those of
Peart et al. These structures are believed to be the contri-
butions of the many autoionizing states with the configuration
5p°5d6s.

The numerical values for Ba' single ionization cross sec-

tions are listed in Table 6-4.

6-4.2 Comparison with Theory.

Griffin et al.86¢) calculated the excitation-autoionization
cross section of 5p%6s --- sp35d6s --- 5p® + e in Ba*. Their
results are shown in Fig.6-10 together with the present experi-
mental results. The theoretical autoionization créss section is
added to an estimate of the direct ionization cross section
calculated using the Lotz formula. They used the unitarized
distorted-wave method to calculate the excitation cross sections
to 23 autoionizing states of the configuration 5p65d65. They
identified 21 dipole-forbidden excited states which are located
between 15.6 eV and 19.9 eV, and 2 dipole-allowed excited states
5955d(1P)6s (2P) at 21.8 eV. The agreement between the theory and
éhe experiment is fairy good in both the magnitude and the shape
at the eﬁergies below 22 eV and in the higher energy region above
40 eV. However, the distorted-wave calculation far overestimates

the dipole-allowed excitation cross section to the 5p55d(1P)
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Table 6-~4. Numerical List of Ba' Single Ionization.

Impact Energy (eV) Cross Section (x10'160m2) Uncertainty (+%)

10.0 0.00 ———
11.0 0.18 20
12.0 0.34 10
13.0 0.49 9
14.0 0.67 8
15.0 0.81 7
16.0 1.00 7
16.3 1.15 7
16.5 1.50 7
16.7 1.69 7
17.0 1.98 7
17.3 2.35 7
17.6 2.59 7
18.0 3.16 7
18.5 3.70 7
19.0 3.30 7
19.5 2.99 7
20.0 2.96 7
20.5 3.46 7
21.0 3.60 7
21.5 3.50 7
22.0 3.18 7
22.5 3.32 7
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Table 6-4. (Continued.)

Impact Energy (eV) Cross Section (x10'16cm2) Uncertainty (+%)
23.0 3.68 7
24.0 3.38 7
25.0 3.43 7
26.0 4.03 7
27.0 4.04 7
28.0 4.02 7
30.0 3.74 7
31.0 3.68 7
32.0 3.25 7
33.5 3.37 7
35.0 3.48 7
36.0 3.25 7
37.0 3.39 7
38.0 3.45 7
40.0 3.70 7
42.0 3.60 7
44.0 '3.54 7
46.0 3.55 7
48.0 3.67 7
53.0 3.62 7
58.0 3.59 7
63.0 3.50 7
68.0 3.43 7
73.0 3.35 7

- 77 -



Table 6-4. (Continued.)

Impact Energy (eV) Cross Section (x10'16cm2 Uncertainty (+%)
78.0 3.36 7
88.0 3.25 7
98.0 3.14 7

108.0 3.10 7
118.0 2.92 7
128.0 2.68 7
138.0 2.58 7
148.0 2.25 7
158.0 2.42 7
178.0 2.34 7
198.0 2.13 7-
228.0 2.01 7
258.0 1.80 7
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65(2P) state in the energy region around 22 eV.
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CHAPTER 7
RESULTS AND DISCUSSION - DOUBLE IONIZATION

In this chapter, the results for double ionization cross
sections are presented. The results for Na* and K* are already
published73) and this paper is bound to this thesis as Appendix-
c. |

Several double ionization processes are possible as listed
in Table 1-1. Process 6, 7 and 8 in Table 1-1 are the one-
electron-target processes, on the other hand, process 5 is the
two-electron-target process, which is very difficult to calcqlate
the cross section theoretically.87) Therefore only a limited num-
ber of ‘calculations for the double ionization cross section is
reported previously especially for the two-electron-target proc-
ess. Among the ion species presented in this chapter, it is only
for Ba* that the theoretical cross section is available. So this

chapter does not include the comparisons of experimental results

with theory except for Ba®.

7-1 Results and Discussion of Cross Section

for Na* Double Ionization.

Cross sections for the Na‘* double ionization are shown in
Fig.7-1 as a function of impact energy. The present data are the
first systematic measurements with the crossed-beam technique.
Sayle and Feeney88) reported the maximum value of double ioniza-
tion cross section for Na* tobe 7 x 10~12 cm2 at electron energy

400 eV; however the maximum cross section in our results is 9.6 x

107192 cm? at electron energy 450 eV. As the cross section curve

has not been published by Sayle and Feeney, there is no means to
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make clear the cause of this discrepancy.
Numerical values of the cross sections for the Na' double

ionization are listed in Table 7-1.

7-2 Results and Discussion of Cross Section

for K* Double Ionization.

Results for the double ionization of K* are shown in Fig.7-
2. A small but well reproducible increase in the cross section,
which starts at impact energy about 300 eV, is observed. Consid-
ering that the ionization energy of the L2‘3-e1ectrons are about
320 ev82)' we interpret this structure to be attributed to the
contribution from the L-shell ionization-autoionization (Auger)
process,

Numerical values of the cross sections for the K* double

ionization are listed in Table 7-2.

7-3. Results and Discussion of Cross Section

for Sr* Double Ionization.

The results of double ionization cross section for Sr* are
shown in Fig.7-3 and their numerical values are listed in Table
7-3.

As shown in the figure, some structures and changes in slope
are found in the present experimental results, i.e. a small
enhancement at an impact energy about 60 eV, a small structure at

about 140 eV and a small change in slope at about 160 eV. To find

possible mechanisms for these structures, some energy levels

which can contribute to the double ionization process in Sr' are
shown in Fig.7-4. The long dashed line in the figure is the
double ionization threshold energy,.i.e. the excited states above

this line can contribute to the double ionization cross section.
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TPable 7-1. Numerical List of Na‘t Double Ionization.

Impact Energy (eV) Cross Section (x10'19cm2) Uncertainty (+%)

100 .00  eee—-
120 0.89 100
140 1.29 50
160 2.40 +24, -23
180 3.47 +20, -19
200 3.98 +16, -15
240 5.62 +14, 13
306 8.51 +13, +12
350 9.12 +13, +12
400 9.12 +13, +12
450 9.55 +13, +12
500 9.12 +13, +12
600 7.94 +13, +12
700 7.94 +13, +12
800 7.41 +13, +12
900 6.17 +13, +12
1000 6.46 +13, +12
1200 5.89 +13, +12
1300 5.13 +13, +12
1500 4.51 +13, +12
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Table 7-2. Numerical List of K' Double Ionization.

Impact Energy (eV) Cross Section (x10'18cm2) Uncertainty (+%)

80 0.00 ———
90 0.60 60

100 1.48 +33, -32
110 1.79 +20, -19
120 2.30 +15, -14
130 2.55 +14, -13
140 2.76 +14, -13
150 2.88 +13, -12
160 2.87 +13, -12
170 2.90 +13, -12
180 2.95 +13, -12
190 2.87 +13, -12
200 2.93 +13, -12
220 2.76 +13, -12
240 2.54 +13, -12
265 2.42 +13, -12
300 2.35 +13, -12
350 2.20 £13, -12
400 2.30 £13, -12
450 2.02 £13, -12
500 1.92 +13, -12
550 1.83 +13, -12
600 1.68 +13, -12

- 83 -



Table 7-2. (Continued.)

Impact Energy (eV) Cross Section (x10‘1acm2) Uncertainty (%)

700 1.67 +13, -12
800 1.39 +13, -12
900 1.29 +13, -12
1000 1.27 +13, -12
1200 1.15 +13, -12 _ -
1400 1.05 +13, -12
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Table 7-3. Numerical List of Sr* Double Ionization.

Impact Energy (eV) Cross Section (x10'18cm2) Uncertainty (+%)

53 0.00 -——
54 0.09 100
55 0.33 12
56 0.44 10
57 0.64 8
58 0.98 8
59 1.36 7
60 1.79 7
61 2.06 7
62 2.89 7
63 3.62 7
64 4.20 7
65 4.91 7
67 6.12 7
69 7.82 7
71 9.36 7
73 10.94 7
75 12.25 7
77 13.09 7
79 14.09 7
81 15.09 7
83 15.56 7
85 16.56 7

- 85 -



Table 7-3. (Continued.)

Impact Energy (eV) Cross Section (x10'18cm2) Uncertainty (+%)

87 17.34 7
89 17.89 7
21 18.62 7
93 19.06 7
95 19.72 7
97 19.63 7
100 20.59 7
10§ 21.74 7
110 21.60 7
115 22.06 7
120 21.94 7.
125 21.43 7
130 21.03 7
135 21.33 7
140 21.35 7
145 20.91 7
155 19.56 7
165 18.29 7
175 18.24 7
185 17.66 7
195 17.34 7
205 16.82 7
215 16.36 7
225 16.12 7
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Table 7-3. (Continued.)

Impact Energy (eV) Cross Section (x10‘18cm2) Uncertainty (+%)

235 15.60 7
245 15.31 7
255 14.97 7
275 14.14 7
295 13.65 7
315 13.08 7
335 12.40 7
355 12.13 7
375 11.67 7
395 10.91 7
415 10.62 7
43s 10.60 7
455 10.30 7
475 9.51 7
495 9.18 7
525 8.96 7
555 8. 44 7
595 7.91 7
645 7.35 7
695 6.74 7
745 6.19 7
795 5.91 7
895 5.23 7
995 4.87 7
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These enefgy levels are adopted from the Auger electron spectros-
copyag) (labeled °‘AS' in the figure) and the Hartree-Fock calcu-
lation of Clementi and Roetti82) (labeled ‘HF' in the figure).

From Fig.7-4, tentative identifications of the structures
observed in the experimental results are done. Their energy
positions observed at 60 eV, 140 eV and 160 eV correspond to
those of 3d'0%4s4pbss state in sr2+, 3d%4s24p%5s25p state in Sr
atom, and 3d94sz4p6552 in Sr* and/or 3d94524p655 states in Srz*,
respectively, all of which can contribute to the double ioniza-
tion process. The 1st and 4th processes are the inner-shell
ionization-autoionization, the 2nd is the resonance capture-
multistep autoionization, and the 3rd is the inner-shell excita-
tion-double autoionization and/or -auto double ionization.

Fof the confirmation of these identifications, further quan-
titative investigations of the energy levels and the excitation

cross sections are necessary.

7-4. Ba' Double Ionization.

The double ionization results for Ba* are presented in this
chapter. Some ionization processes, 'which can contribute to the
double ionization, are identified in the experimental results.
The processes include the direct double ionization, i.e.,

e + Ba*(KLM4s24p®43105525p565)

---- Ba3*(4d'05s525p5) + 3e , —cmemeoccmcm_ (7-2)
and the direct single ionization of 4d and 5s electrons followed
by autoionization, i.e.,
e + Ba‘(KLM4s24p®4d105525p665)
---- Ba?**(4a%s25p66s) + 2e
---- Ba3*(4a'0%5s25p5) + e , —cccoo__ (7-3)

and

- 88 -



L)

e + Ba*(KLM4s24p84d105525p56s)
---- Ba2**(4a'05sV5p665) + 2¢
-——- Ba3%(4d195525p5%) + @ , ~mmmmeen- (7-4)
where the superscript * indicates the excited state.

Addition to the above processes, the experimental results
suggest the contribution of the 4d-excitation-double autoioniza-
tion and/or 4d-excitation-auto-double ionization, such as

e + Ba‘*(KLM4s24p64d105525p56s5)

--—- Ba**(44%95s25p66s2) + e
-——- Ba2*¥*(4a10ss1spb6s) + e
---- Ba3*(4a'05s25p%) + e --(7-5)
and,
o= Ba3+(4a1%5s25p5) « 2e . —-ccem- ~(7-6)

Téking into account the theoretical calculation for the
processes (7-3) and (7-4) using the distorted wave Born-exchange
approximation by Younger, it is recognized that the contributions
from two step double ionization processes such as the processes
(7-3) and (7-4) are dominant in the case of Ba% double ioniza-
tion.

Following sections deal with the bases of the above discus-

sion and the comparison with the theory.

7-4.1. Discussion of the Cross Section.

Results of double ionization cross section for Ba* are shown
in Fig.7-5. Fig.7-6 shows the results in an expanded scale near
the threshold. The results show some characteristic features; the
cross section Begins to increase from its threshold (45.5 eV),
additional increases can be found at impact energies about 50 eV
and 90 eV, the cross section has a sharp maximum at about 120 eV,

and there is a small shoulder at around 200 eV. These features
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suggests tﬁe contributions from the indirect double ionization
processes such as the excitation-autoionization process. To find
possible indirect ionization mechanisms, some energy levels which
can contribute to the double ionization process in Ba‘ are shown
in Fig.7-7. The dashed line in the figure is the double ioniza-
tion threshold energy, i.e. the excited states above this line
can contribute to the double ionization cross section. These
energy levels are adopted from the Hartree-Fock calculation in
refefences 90) and 91). -

The double ionization cross section curves for I+(5p4)92),
Xe*(5p>)92), cs*(5p®)93), and Ba*(5p®6s) are compiled in Fig.7-8.
it can be found that these cross section curves have very similar
vshapes'§XCept that only the curve for Ba‘t has the additional
increase near the threshold.

For_i+ and Xe*, Achenbach et al.92) reported that the sharp
maxima could be the contributions from the 4d direct ionization-
autoionization (process of the type shown in equation (7-3)) and
.they estimated the 4d-partial ionization cross section from the
estimation of the direct double ionization cross sections using a
fitting procedure. Figure 7-9 shows their attempt to estimate the
43 ionization cross section. Solid lines in the figure represent
their estimation for the contributions from the direct double
Vionization which are obtained by a fitting procedure with the
fitting function

1n{E/P.)

G(E) = A—— 2 (1 - Bexp(~C(£- = 1)) ., =—-mun (7-1)

EPi 1

where E is the impact energy, P; is the double ionization thres-
hold energy and A, B and C are the fitting parameters. They

obtained the partial cross section for 4d-ionization by subtrac-
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ting the direct part (represented by the solid lines in Fig.7-9)
from the measured total cross sections. The resulting 44 ioniza-
tion cross section curve has only one sharp peak and the cross
section is close to zero at impact energy about 230 eV.

An experimental approach to determine directly the 4d-ioni-
zation cross section has been done by Takayanagi et al.94)'95)
They measured the partial ionization cross section of 4d-elec-
trons in Xe atom by measuring the emitted electrons from the 4d4-
hole sﬁates via autoionization processes, in other technical
term, the N4'500 Auger electron emissions in xé. Their results
are shown in Fig.7-10. The cross sections increase rapidly from
the threghold and form a fairly sharp maximum followed by a broad
maximum at about 500 eV. The cross section curve reveals a char-
acteristic of the double maxima. Characteristic features in the
cross section curves of I*, Xe', Ccs* and Ba* (Fig.7-8), i.e. a
rapid rise from the~£hreshold, a sharp maximum, and a distinct
shoulder at higher energy, are considered to be a reflection of
the features of double maxima in the 4d-ionization curves of
respective species. These experimental observations strongly
suggests that not only the sharp peak at 125 eV, but the small
shoulder around 200 eV are also the contributions from the 4d-
ionization-autoionization in the cross section curve in Ba*.

Although the sharp peak in the cross section curve begins at
impact energy about 90 eV, the 4d ionization energy is reported
to be 109 eV from the Hartree-Fock calculation?0). This differ-
ence can be understood by the contribution from the excitation-
.double autoionization and/or the excitation-auto-double ioniza-
tion (processes of the type shown in equations (7-5) and (7-6)).
Calculated energy levels of core excited Ba+(4d95525p66s2
205/2'3/2) states are about 93 eV and 96 eV above Ba' ground
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stated'), These excited states are high enough to decay with the
emission of additional two electrons, which results in the double
ionization. Other excitation processes may be possible to con-
tribute the double ionization below the 4d-ionization threshold,
however, data of the energy levels of such excited states are
not available up to now.

In addition to the 4d-direct ionization, direct ionization
of 5s electron can contribute to the double ionization (processes
of the type shown in equation (7-4)), whose binding energy calcu-
lated using Hartree-Fock method is 45 evgo), whereas the double
ionization threshold is about 45 eV. As the binding energy of Ss
electron is very close to the double ionization threshold energy,
it may be difficult to distinguish: the respectivevcontributions
of the Ss-ionization-autoionization and direct double ionization.
Anyway, the small increase in the slope fQund in the present
results at ébout 50 eV should be interpreted as an appearance of
the 5s-ionization cohtribution.

Table 7-4 lists the numerical values‘of the experimental

results for Ba* double ionization.

7-4.2 Comparison with Theory.

Reliable quantum methbd ;o calculate the direct double ioni-
zation cross section has not been developed up to now. In this
section, the experimental results for Ba* double ionization are
compared with the theoretical calculation of the direct single
ionization cross sections for 4d and S5s electrons by Younger
using the distorted wave Born-exchange approximation (DWBEA)QOL

The method of Younger's calculation is described in detail
in the previous papersgs'ge). So a brief outline of his method

will be presented here.
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Table 7-4. Numerical List of Ba* Double Yonization.

——— - - ————— —— ——— " " — — - e - . > G = ——— — - - A . S > A = - S = ——— A 0 = T = ———

Impact Energy (eV) Cross Section (x10“17cm2) Uncertainty (+%)

- s o e > > > e e " — — — —— ——— — — — —— - - > ——— - ——— — — ———— ———

44.5 0.00 ——
45.5 0.01 100
46.5 0.07 12
47.5 0.14 8
48.5 0.23 8
49.5 0.32 7
50.5 0.38 7
51.5 0.47 7
52.5 0.57 7
53.5 0.68 7
54.5 0.82 7
55.5 0.89 7
56.5 1.04 7
57.5 1.11 7
59.5 1.30 7
61.5 1.42 7
63.5 1.53 7
65.5 1.64 7
67.5 1.72 7
69.5 1.80 7
71.5 1.91 7
73.5 1.97 7 -
75.5 2.02 ° 7
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Table 7-4. (Continued.)

Impact Energy (eV) Cross Section (x10'17cm2) Uncertainty (+%)

e e e e e et e = et = e - S S " . . - - —— — — — " S = ——— o — — —— - —

77.5 2.10 7
79.5 2.16 7
81.5 2.22 7
83.5 2.31 7
85.5 2.44 7
87.5 2.67 7
89.5 2.87 7
91.5 3.21 7
93.5 3.61 7
96.5 4.05 7
99.5 4.34 7
103.5 4.87 7
108.5 5.22 7
113.5 5.46 7
118.5 5.45 7
123.5 5.36 7
128.5 5.03 7
133.5 4.86 7
138.5 4.67 7
143.5 4.45 7
153.5 4.23 7
163.5 4.05 7
173.5 3.96 7
183.5 3.94 7
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Table 7-4. (Continued.)

Impact Energy (eV) Cross Section (x10'17cm2) Uncertainty (+%)

193.5 3.78 7
203.5 3.81 7
213.5 3.62 7
223.5 3.51 7
233.5 3.47 7
243.5 3.45 7
258.5 3.31 7
273.5 3.17 7
293.5 3.03 7
318.5 2.86 7
343.5 2.67 7
373.5 2.49 7
393.5 2.48 7
423.5 2.30 7
453.5 2.26 7
493.5 2.08 7
543.5 1.97 7
593.5 1.85 7
643.5 1.80 7
693.5 1.71 7
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The Earget ion is described by a Hartree-Fock wave function.
Incident and scattered partial waves are computed in the poten-
tial of the initial target state, whereas the ejected partial
waves are computed in the term-dependent Hartree-Fock potential
of residual ion. For the 4d ionization, only the dominant dipole
excitation of 4d10 -__ 4a%s channel is computed and the ground
state configuration interaction of the type 4a19 + 4a84f2 is
included. Electron exchange among the two free electrons in the
final state is accounted for by using the maximum-interference
exchange approximation of Peterkop.gg)

Younger's DWBEA results are shown in Fig.7-11 together with
the present experimental results. The long dashed curve and the
short dashed curve in the figure represent the calculated ioniza-
tion cross sections for S5s and 44 electrons, respectively, and
the solid line represents the sum of the 5s and 4d ionization
cross section, i.e. calculated contribution to the double ioniza-
tion from the inner-shell ionization-autoionization processes.

Both the calculated S5s and 4d ionization curves rise rapidly
near the respective ionization thresholds. A very sharp resonance
is found for the 4d ionization, whereas the experiment indicates
a much broader resonance feature. This resonance, named 'giant
resonance', is a shape resonance which arises from a double well
nature of the potential of the scattering partial wave.

For I*, Xe* and Cs*, Younger's DWBEA results agree well with
the experimental results in both magnitude and shape.ga) The
agreement between the present experimental results and the DWBEA
calculation is poorer than those for I*, Xe' and Cs*. This disa-
greement may be due to the added complication introduced by the
presence of a weakly bound 6s electron in Ba*.99) For the other

cases, the valence electrons are tightly bound and the polariza-
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tion of the target by the incident electron is expected to be
weaker than that in Ba*.

Although the agreement between the experiment and the theory
seems to be poor for Bat compared to the other ion species up to
now, ‘we believe that the Younger's DWBEA calculation has suc-

ceeded in reproducing and interpreting.  the experimental results

qualitatively.
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CHAPTER 8

CONCLUSION

8-1. Summary of Results.
Absolute cross sections of single and double ionization by
electron impact for singly charged alkali and alkaline earth ions

have been measured using the crossed-beam apparatus, which has

been designed and constructed by the author himself in coopera- .

tion with several other members for the electron-ion collision
team of the atomic physics group of Sophia University. The cross
sections have been obtained by monitoring the product doubly or
triply charged ions with the use. of the single particle detection
technique; Many possible systematic effects have been carefully
studied, and the cross sections have been demonstrated to have
the . correct functional dependence on_the experimentally measura-
‘ble quantities.

The results of the single ionization cross section for Na*t
are well reproduced by the Lotz formula which estimates the
contributions from the direct ejections of the 2s and 2p elec-
trons,while the experimental results of single ionization for K*
suggests the contribution from the excitation-autoionization
processes. The autoionizing levels are adopted from the identifi-
cations by Aizawa et a1.78), where they studied the autoionizing
levels in K* by measuring the ejected electrons in low energy K*
- He collisions.

Single ionization cross sections for Sr* and Ba‘* shows lafge
contributions from the 4p --- 4d and the 5p --- 54 excitation-
autoionization, respectively. The contributions of these autoion-

ization processes are estimated to exceed about 2 and 3 times of
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those of direct single ionization processes in Sr* and Ba*, re-
spectively. The present results for Sr* shows systematic discrep-
ancies with the previous crossed-beam results by Peart and
Doldereo), whose reason can not be made clear at the moment.
Double ionization cross section results presented in this
thesis are the first systematic measurements up to now. Double
ionization results for Na‘t have shown that only the direct double
ionization process is dominant. For the K* double ionization, the
contribution from the Ljshell direct ionization followed by auto-
ionization have been found. Results of double ionization cross
sections for Na* and K*, together with the results of other
alkali metal ions, Li+}190) rRb*,101) and cs*,23) are shown col-

lectively in Fig.8-1. From this figure one can find a systematics

- in which the cross section increases with atomic number Z of the

ion. In order to display a general trend of the systematic varia-
tion of the double ionization process with atomic number %, the
ratios of the double ionization cross section to the single
ionization cross section are plotted as functions of impact
energy in Fig.8-2, for the same species of alkali metal ions as
in Fig.8-1. These ratios are generally known to become constant
at higher impact energies when the direct ionization process is
dominant.30)/102) rThe ratios for Li* and Na* ions tend to become
constant with increasing the electron energy. On the other hand,
those of K*, Rb* and Cs* tend to increase further with the impact
energy, which suggest the influence of indirect processes as the
excitation-autoionization and/or the inner-shell ionization-auto-
ionization.

The experimental results of the double ionization for srt
suggest the contribution of inner-shell ionization-autoionization

(M4'5-NN Auger) and/or inner-shell excitation-double autoioniza-
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tion (M4’;-NN Auger). This idea can not be confirmed because of
the shortage of the knowledge of the energy levels and the theo-
retical calculation for the cross sections in Sr*.

The curve of the double ionization cross sections for Ba?t
has an a very distinguished shape in which cross section in-
creases at impact energies about 50 eV and 90 éV, a sharp maximum
at about 120 eV, and a distinct shoulder at around 200 eV. These
characteristic features are analyzed and identified as contribu-
tions of the 5s and 44 ionizations followed by autoionization
with the aid of the theoretical calculation using the distorted-
wave Born-exchange approximation (DWBEA) by Younger.go) A very
sharp resonance found in the experimental results have been
explained as the contribution from the 44 direct ionization by
the théory. This resonance is the shape resonance and named
‘giant resonance'. This identification is supported by the direct
measurements of 4d-ionization Ccross sections in Xe-atom by
Takayanagi et al.94),95)

The 'giant resonance' feature has not been observed in the
Sr* double ionization results. The disappearance'of the giant
resonance in Sr* is consistent with the'experiméntal results of
3d-ionization cross sections in Kr atém; whose configuration is

KL3sz3p63d1°4sz4p6, measured by Takayanagi et al.94).95) (Fig.8-

3), which have proved nonexistence of such resonance-like fea-

tures.

8-2 suggestions for Further Study

As the measurements for alkali ions were done in the early
state of the present work, the experimental results contains
relatively large errors. Therefore it is to be desired that these

measurements will be refined in order to investigate the indirect
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ionization processes found in the results of the single and
double ionization for K* in more detail.

For the single ionization of the alkaline earth ions except
for Bet and Mg*, the contributions from the np _— nd excitation-
autoionization process have been found to be dominant by the
previous workers890) and our group. These cross sections are
compiled in Fig.8-4. The abrupt rise found in the results of cat,
Sr* and Ba' are attributed to the np —— nd excitation-autoioni-
zation. The Ba* results shows some distinct structures in the
energy region from 18 eV to 25 eV, however, such structures are
not found in the results of ca* and Sr*. As shown in chapter 6-
4.2, Grigfin et al.esl succeeded in reproducing the structures
due to the np --- nd transition followed by the autoionization in
Ba*. They also calculated the single ionization cross sections
for ca* 86) 5pqg their results shows some structures similar to
those found in Ba®t, although such structures are not observed in
the experimental results of Peart and Dolder89), 1t is worth mea-
suring carefully the single ionization cross section for Ca*
especially at low impact energy in order to find whether the
theoretical prediction is correct or not.

In the results of Ba*t double ionization, the experimental
ionization function curve can not be interpreted completely by
the sum of the 5s and 44 ionization curve calculated by Younger
using the DWBEA method, as shown in Fig.7-11. The experimental
curve shows a huge broad peak followed by a distinct shoulder, in
spite of a sharp single peak in the calculated curve. In our
opinion, the partial cross section curve for the 4d-ionization in
Ba* does behave very similarly with_that in Xe atom, for which
the partial 4d-ionization curve has been experimentally investi-

gated.94)'95) The 4d-ionization curve in Xe atom reveals the
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double maximum character, where the first peak has a width of
more than 50 eV (see Fig.7-10) as described in chapter 7-4.1. Not
only for the difference in the shape of the curve, there are some
discrepancies in the position of the resonance structure between
the experimént and theory. For instance, the abrupt rise in the
cross section is observed at around 90 eV in the experimental
curve, whereas the calculated threshold of the 4d-ionization is
109 ev; This discrepancy suggests the importance of the contribu-
tion from other processes, such as the 4d-excitatioq-double auto-
ionization. Further investigations in both the theoretical and
experimental sides are desired to clarify the behavior of the
partial ;ross sections for ionization and excitaﬁion of the 44
and other inner-shell electrons in Ba*.

As the 4d-ionization threshold energy in Ba* is 109 eV,
while the triple ionization threshold is 102 eV.1°3){ the 44-
ionization event cén contribute to the triple ionization. Be-
cause the contribution from the direct ttiplé ionization may be
very small compared to that from the 4d-ionization-double éuto-
ionization in Ba%*, it will be very useful to measure the triple
ionization cross section for the further investigation on the 4d-

ionization function.
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APPENDIX-A
CHARACTERISTICS OF SURFACE IONIZATION TYPE ION SOURCE

In this appendix, some characteristics of the ion source
used in the present study and a discussion for the possible

metastable fraction in the product ion are given.

A-1 Ionization Efficiency.

The process of surface ionization can be characterized by

the degree of ionization, expressed as

a = B (A-1)
n
a
or the surface ionization efficiency given by
n.
= T, e A-2
B = —o— . (a-2)

where n; and n, are the numbers of ions and atoms leaving the

surface, respectively, and ng; is the number of particles incident
on the surface, i.e.,
Ng = N§ + Ny ¢ ——————==-— oo e (A-3)

1

The degree of ionization is related to the ionization efficiency

as

and
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When thermal equilibrium between adsorbed atoms and the
ionizing metal is assumed, the degree of ionization is given by

the Saha-Langmuir formula as follows,

95 e(W - I)
@ = — exp(———) |, ———mmmmm (A-6)
9, kT

where W is the work function of the ionizing metal, I the ioniza-
tion potential of the adsorbed atom, T is the surface tempera-
ture, k is the Boltzmann constant, and gj and g, are the statis-
tical weights of the ionic and the atomic state, respectively.
The ratio gi/g,a is equal to 1/2 for alkali elements and 2 for
alkaline earth elements in the ground states. Table A-1 lists the
ionization potentials of alkali and alkaline earth eleménts and
the work functions of commonly used ionizing metals. The ioniza-
tion efficiencies for Sr and Ba on Re as functions of ionization

temperature is shown in Fig.A-1.

A-2. Estimation of Metastable Fraction.

The £irst excited state of Ba* is Ba*(5s525p%5d 25/, 5 /,),
which lie at above 0.60 eV and 0.70 eV from the ground state of
Ba‘t, i.e. Ba+(5525966s 281/2). These excited states are the
metastable states, so there is a possibility that the primary ion
beam may include some fraction of excited states. This metastable

fraction can be estimated by using the Saha-equation as follows,
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Table A-1. Ionization potentials I of alkali and alkaline earth

elements and work functions W of ionizing metals.65)

Element I (eV) Ionizing metal W (eV)
Cs 3.87 Ta 4.10
Rb 4.16 Mo 4,24
K 4,32 W 4,52
Ba 5.21 Re 4.96
Na 5.14 Ir 5.27
Li 5.36 Pt 5.32
Sr 5.70
Ca 6.11
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vt (%D

— = 5 exp(-————) = (A-7)
N ( 81/2) kT 0.08 (at T = 2200°)
for J=3/2 state, and
+,2
N ( DS/Z) 6 0.70ev 0.05 (at T = 2000°)
— = 5 exp(-———) = (A-8)
N ( Sl/z) kT 0.08 (at T = 2200°)

for J=5/2 state, where N+(2D3/2), N*(ZDS/Z) and N+(281/2) are the
fraction of the excited states of J=3/2 and J=5/2, and the ground
state, respectively. As a result, about 10 % of the primary ion
beam can be in metastable states at the ionizer temperature about
2000 K. However, in the present results, the contribution from
the ion beam in metastable states to the cross section seems to
be negligibly small. This may be due to a large energy spread of
the electron beam (about 1 eV) while the excitation energy of
these metastable states are 0.6 to 0.7 eV.

In the case of Sr%, the first excited state are Sr*(4s24p®4d
203/2'5/2), which lie above 1.80 and 1.84 eV from the ground
state sr*t (45249655 281/2), respectively. By the calculation
using the Saha-equation, the metastable fraction in the Sr* ion
beam is estimated to be less than 0.01 % at ionizer temperature
of around 2000 K. Therefore it is concluded that the contribution

from the metastable Sr* ion can be negligible.
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APPENDIX - B

DIAGRAM OF ELECTRIC CIRCUIT

As described in the previous chapters, some electric cir-
cuits for the data acquisition and the measurements of the expe-
rimental parameters have been made by the author. The diagrams of
these electric circuits are given as appendix-B.

The data acquisition system (see chapter 4-9 and Fig.4-17.)
is divided into S units and their circuit diagrams are given in
Fig.B-1 for the control pulse generator unit, in Fig.B-2 for the
multiplexer unit and the counter unit, in Fig.B-3 for the chop-
ping pulse driver unit, and in Fig.B-4 for the timer unit.

A circuit diagram for the current integrator (see chapter S5-

1 and Fig.5-1) is given in Fig.B-S5.
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APPENDIX-C

"Measurements of Cross Sections fop Single and Double Ionization
of Na¥ and k' by Electron Impact"

Journal of the Physical Society of Japan,
Vol.55, No.S5, May, 1986, pp.1411-1414.
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Cross sections for single and double ionization of K* and Na* by electron impact
have been measured as a function of electron energy from their respective threshold
to approximately 1500 ¢V with the usc of the electron-ion crossed-beam technique.
The results for single ionization of Na* and K* are in good agreement with the
previous crossed-beam data within the experimental uncertainties. Contributions
from an autoionization and an L-shell direct ionization followed by autoionization
(Auger effect) have been found in the results of single and double ionization cross sec-

tions for K*.

Measurements of absolute ionization cross
sections by electron impact for various ions
have been extensively done in recent years.
However in the case of double ionization,
there are limited numbers of reports available
up to now. We have measured cross sections
of single and double ionization for Na* and

lon Chopping Chamber

lon Source Chamber
Ouadrupole

€inzel Lens

Deflector

K* ions using the crossed-beam technique.
As the detail of the apparatus and the ex-
perimental procedure will be described in a for-
thcoming paper, only their brief outlines are
presented here. Schematic view of the ap-
paratus is shown in Fig. 1. [t consists of an ion

" source equipped with a mass-selector, an ion-

Collision Chamber

Electron Gun Charge State

Vertical Gauge
Quadrupole Movable Deflector
Lens Faraday Cup Ceyo P
Einzel Lens
[ —
30cm
Fig. 1. Schematic diagram of the crossed-beam apparatus.
1411
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chopping chamber, and a collision chamber
which includes an electron collision device and
a charge state analyzer with detectors. The
three parts are connected with various types of
ion lenses and slit systems. These chambers
are evacuated separately, providing ultimate
pressures of about 3X10~%*Pa, 2X10~7Pa
and 2X107¢ Pa, in the collision chamber, the
chopping chamber and the ion source
chamber, respectively. .

An ion beam is generated in a thermionic
emission type ion source" and is accelerated to
2 keV. The ions are mass-selected by an elec-
tro-magnet and focused to 1 mm diameter and
collide with an electron beam at a right angle.
After the collision region, primary and pro-
duct ions are separated by a parallel-plate elec-
trostatic analyzer according to their charge
state and detected by a Faraday cup and a pro-
duct ion counter, respectively. The ion
counter consists of a channel electron
multiplier (Ceratron EMT6081B, MURATA)
and an entrance aperture, whose diameter is
the same as that of the entrance cone of the
multiplier. The product ions are accelerated
with a voltage of about 3.5 kV before entering
the entrance cone. The potential of the en-
trance aperture is adjusted so that the count-
ing efficiency of the ion counter gives the max-
imum value. The ion current at the collision
volume was 1 to 10nA at 2keV of energy,
while the electron current was about 0.1 mA
for 100 eV. The double beam chopping tech-
nique™ is used for the separation of true sig-
nals from background signals. Typical S/N
ratio was 1 to 10 and the acquisition time was
300 to 600 sec in the single ionization measure-
ments and 600 to 1200 sec in the double ioni-
zation measurements.

To obtain the cross section, a form factor,
which represents the overlap integral of the
beam current profiles, must be determined.?
An L-shape scanner with a narrow slit moving
vertically through the two beams is used to
measure the form factor.

Direct measurements of the detection
efficiencies of the ion counter for the product
ions, which is necessary to deduce the absolute
cross sections from the counting rate, have not
been performed because doubly or triply ioniz-
ed ions were not available with our present jon

source. However the detection efficiencies for
the product Na?* and K** ions of the incident
-energies, 9 keV, were supposed to be approx-
imately unity, because our data for single
ionization cross sections for both Na* and K* ions
give the best agreement in absolute value with
those by Peart and Dolder,” when we assume
the efficiencies to be unity. As for the Na’~ and
K**, which are produced in the double ioniza-
tion process, the detection efficiencies must be
closer to unity, as the efficiencies are generally
larger for the jons with higher charge and
larger kinetic energy.?

Uncertainties in the absolute values of cross
sections are deduced from the quadrature sum
of the estimated error in the counting efficien-
cy and those in the directly measured quan-
tities, i.e. ion current, electron current, count-
ing rate of product ions, the form factor, and
others. Dominant parts of the errors are in-
volved in the form factor and the counting
efficiency, which are estimated to be +7% and
+0 to —5%, respectively. Uncertainties' in
counting statistics are about 1% near the max-
imum cross sections. The overall uncertainty
is estimated to be —10% to +14%.

The results for single ionization of Na~ are
shown in Fig. 2. Our results are in good agree-
ment with the previous crossed beam data of
Peart and Dolder” and Hooper ef al.® within
the experimental uncertainties. A curve by the
calculation using the semiempirical formula of
Lotz is also shown in Fig. 2.

The results for single ionization of K~ are
shown in Fig. 3, together with the results of
Peart and Dolder” and Hooper er al.®
Although, our results and those of Peart and
Dolder are in good agreement, resulis of
Hooper er al. are about 13% smaller than ours
in the energy region where the cross sections
show their maximum. A curve by the Lotz
calculation, which includes contributions by
both the 3p and 3s ionizations, is also shown
in Fig. 3.

In our results an abrupt rise is observed near
the threshold, which is attributable to the ex-
citation-autoionization of K*. Aizawa ef al.”
studied the autoionizing states of K~ in the
ejected electron spectra resulting from low
energy K* +He collisions. They identified five
core excited autoionizing states, which are
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Fig. 2. Single ionization cross sections for Na*. Closed circles—present results, open triangles—Peart and
Dolder,” crosses—Hooper er al.,” solid line—Lotz calculation.®
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Fig. 3. Singlc ionization cross scctions for K ~. Symbols are the same as in Fig. 2. Arrows show the thresholds of
core excited and doubly cxcited autoionization state. (Sec text)

situated raging from 5.28 eV (K~ 3s3p®s 'S)
to 10.81 eV (K~ 3s3p®4d 'D) above the ground
K*" (J=3/2) state. Besides these, they iden-
tified three doubly excited autoionizing states,
which are from 11.29 ¢V (K~ 3p*(*D)4s('D))
to 12.88c¢V (K- 3p'('D)3d4s) above the
ground K*" state. The positions of the lowest
core cxcited and doubly excited states are in-
dicated by arrows in Fig. 3.

Results for double ionization of Na~ and
K~ are shown in Fig. 4 together with the results
of other alkali metal ions, Li~," Rb*," and
Cs™.'"" From this figurc one can find a
systematics in which the cross section in-
creases with atomic number Z of the ion.
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For Na“ and K*, the present data are the
first systematic measurements with the
crossed-beam technique. Sayle and Feeney'”
reported the maximum value of double ioniza-
tion cross section of Na* to be 7X 107" em? at
clectron energy- 400 eV; however the max-
imum cross section in our results is 9.6 X 107"
cm!? at electron energy about 450 eV. As the
cross section curve of the results of Sayle and
Feeney has not been published, the cause of
this discrepancy cannot be made clear.

In the curve of K*, a small but well
reproducible increase in the cross section is
observed at about 400 eV of impact energy.
Considering that the ionization energies of L-
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Fig. 4. Double ionization cross sections for Na* and
K* together with the results for Li*," Rb*™ and
Cs*." The size of the error bar is almost the same as
the diameter of the data circle.

shell electrons in K* to be 300 to 380 eV, this
increase is attributed to the L-shell ionization
followed by the Auger-effect, which cause the
removal of two electrons from the parent ions.
In order to display a general trend of the
systematic variation of the double ionization
cross sections with atomic number Z, the
ratios of the double ionization cross section to
the single ionization cross section are plotted
as functions of impact energy in Fig. 5, for the
same species of alkali metal ions as in Fig. 4.
These ratios are generally known to become
constant at higher electron energies when the
direct ionization process is dominant.'>"" The
ratios for Li*, Na* and K~ ions tend to
become constant with increasing the clectron
cnergy, except for that of K~ which gives a
slight increase at higher energics than 300 eV
as shown in Fig. 5. On the other hand, those
of Rb* and Cs* tend to increase further with
the clectron energy in the same energy regions,
which suggest the influence of indirect pro-
cesses as the excitation-autoionization or
Auger-effect.

The authors wish to thank the members of
ACE-IT group of the Institute of Plasma
Physics, Nagoya University, for their
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