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PREFACE

The phenomenon of capture of electrons by high speed alpha
particles was first observed by Henderson in 1923, and this
experimental evidence was examined in greater detail by
Rutherford a year later. Since then, many experimental and
theoretical investigations on charge-changing collisions have
been performed. In recent years, particularly, research works
have been extensively made along with the remarkable development
of accelerators and their associated instruments.

One of the purposes for these active investigations may be
responsible for the practical requirements, especially in the
field of the controlled thermonuclear fusion research.

Due to the complexity of the phenomena, however, systematic and
full understanding of collision mechanisms have not been made
hitherto. This is the case even for the light projectile ions
such as hydrogen or helium.

This monograph is a thesis for the doctorate in engineering
of Kyoto University. In this thesis, detailed investigations
are devoted to the electron loss and capture processes of 0.7-2.0
MeV helium particles penetrating through eight kinds of target
27 02, COZ’ CH4, C2H6 and C3H8' Main purpose of
this work is to study the medium dependences of charge-changing

gases HZ’ He, N

cross sections and of equilibrium charge distributions, and is to
verify the applicability of the additive rule by a newly developed

procedure.
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CHAPTER 1

INTRODUCTION

When fast charged particles pass through a matter, not only
do the incident particles excite (excitation process) or ionize
(ionization process) the atoms or molecules in the matter, also
the projectiles lose or capture some electrons in the collisions
with the target substance (charge-changing process).

The investigations of these collision phenomena are quite
significant for the fundamental understanding of the complicated
mechanisms of atomic collisions.

In recent years, the specific efforts have been devoted to
the controlled thermonuclear fusion research. One of the
problems to be settled in the fusion research is the behaviours
of impurity heavy ions in a magnetically confined high tempera-
ture plasma, which play an important role in the plasma cooling;
the plasma would be cooled by the radiation process due to the
massive impurity ions, and the neutralized particles resulted
from the charge transfer process, escaping from the plasma,
would produce the impure heavy atoms again in colliding with the
reactor first-wall. Therefore, the systematic data of atomic
collision processes such as excitation, dissociation, sputtering
and charge-changing are demanded in order to understand the
plasma in the reactors. Furthermore, for the study of influ-
ence of the radiations on the living bodies, there has been

increasingly the need of understanding of these interactions at



the atomic or molecular levels.

In the past years, a large number of experimental and theo-
retical investigations have been made for these collision
processes. The author and his co-workers have also made the
experiments on the excitation, dissociation and charge-changing
processes of various projectiles as well as protons in various
target gasesl-S). Due to the complexity of the phenomena,
however, details of these collision mechanisms are in general
not understood even at the present time other than the relative-
ly simple cases.

The phenomena of charge-changing reactions have been awared
for long in connection with the studies of the penetration of
alpha-rays or fission fragments through matters.

According to the remarkable development of accelerators and
their associated instruments in the field of atomic physics, a
lot of investigations have been performed in recent years.

As the reviews of charge-changing data, Allison4), Tawara and
Russeks) summarized the data of light projectiles such as
hydrogen and helium, and the data of heavy ions are summarized
in the review article by Betzé). The experimental results
published in this last decade have not been summarized yet.
The projectile energies were, however, restricted to the lower
range in most of these experiments, and there are only a few
works in the higher energies. As to the projectile of helium,
experimental charge-changing cross sections in the energy over

0.5 MeV are very few, and these values are not so reliable.

Theoretical treatments of the charge-changing process are



very cumbersome because of the possibility that the multiple
electron loss or capture would occur on a single encounter as
well as single electron transfer. Quantum mechanical calcu-
lations of the electron transfer cross sections have been made
only for the simple collision processes of light projectiles
(hydrogen or helium) in the target atom such as hydrogen, helium
or hydrogen-like heavy ions. As regards the further compli-
cated processes involving heavy ion projectiles, heavy target
atoms or molecules, any exact calculations have not been carried
out. For such a complicated phenomena, there are only qual-
itative descriptions which are usually based on physically
reasonable but relatively arbitrary assumptions. In order to
develop the theory of charge-changing collisions, it is necessary

to accumulate systematically the experimental data.

This work is the experimental investigation of charge
changing processes of helium projectiles in the energy range
0.7-2.0 MeV penetrating through various gases HZ’ He, NZ’ 02,
COZ’ CH4, C2H6 and C3H8' The experiments have been performed
by using 4-MV Van de Graaff accelerator of Kyoto University.
Combinations of projectiles and target gases investigated in

this work are given by open circles in the following list, where

combinations denoted by x were not performed.



Projectile
Energy 0.7 MeV 1.0 MeV 1.5 MeV 2.0 MeV

Charge 01 2 01 2 o0 1 2 0 1 2

Target
H2 0O 0 o o o0 o o o o X o0 ©
He O o0 o 0O 0 o o O o X o O
N2 O o0 o o 0o o o o o X 0 O
O2 0O 0 o 0O o0 o o o o X 0 ©
CO2 0O 0 o 0O o o o o o X 0 O
CH4 O 0 o 0O o o o o o© X 0 o©

C2H6 O o0 o 0O X X o o o X X X

C3H8 o o0 o o o o o o o© X 0 ©

The following four basic features are involved in this
study.
1] Experimental method.
The following problems must be solved in the charge-changing
experiment.
1) How do we prepare the projectile beams with a monoenergy
and with a pure single charge-state ?
ii) How do we localize the gaseous target in the collision
chamber ?
iii) How do we derive the accurate charge-changing cross

sections 7



Experimental technique for the problems i) and ii) are described
in detail in this work. For the derivation of the cross sec-
tions, an integration method is newly developed in this work.
In addition to this new method, some approximate methods are
described including the slope method which is the roughest
approximation and has been frequently used by previous investi
gators. The cross sections derived from these methods are
compared mutually to some extent.
2] Study of the cross sections.

The experimental and theoretical data by other investigators
, which can be compared with the present data in the energy
range from 0.7 to 2.0 MeV, are restricted to the target gases

H He and N2 and the present cross sections for gases 02, COZ’

2’
CH4, C2H6 and C3H8 are the original data. Present cross sec-
tions are also compared with the classical calculations and with
the quantum mechanical ones. In particular, an extention of

the theory of Bohr24)

is attempted, i.e., the charge-changing
formulae derived by Bohr are modified so as to be applicable to
all the single electron transfer cross sections of the helium
projectiles. Furthermore, the quantum mechanical calcula-
tions are developed for the single electron loss processes (Heo
and He® projectiles in H and He target atoms) by assuming that
the loss processes can be treated as the free electron scattering
processes. This calculation model is same as the binary
encounter approximation.

3] Verification of the additive rule.

As already mentioned above, theoretical treatments of the



process invloving multi-atomic molecules are very cumbersome
and there is no reports on these collision processes.
Nevertheless, these complicated processes would be largely sim-
plified if a tractable method called additive rule (Bragg rule)
could be applied. The additive rule was first stated by
Bragg and Kleeman7) in 1905 for the stopping powers of compound
molecules. According to this rule, a compound molecule is
assumed to appear as an assembly of individual atoms if the
velocities of the projectile are much faster than the orbital
velocities of the electrons forming the molecular bonds, whereby
the molecular forces can be neglected. In this case, a cross
section for the molecule is given by adding up the corresponding
cross sections for the single atoms constituting the molecule.
It has been reported experimentally that the rule appears
to hold reasonably well for a description of the energy loss
process of projectiles in molecular targetss). In recent
years, however, experimental results showing the deviation from
the additive rule have been reported in the energy loss pro-
cessg’lo). As for the charge-changing collision, there are
only a few experimental reports which refer to the additive rule.
According to their reports, the additive rule holds for the

11,12)

proton and hydrogen projectiles , but not for the complex

heavy ions of iodinels). These results show that the atomic

structure of the projectile takes an important role for deter-
mination whether the chemical binding effects of the target mol-

ecules could be neglected or not.

In this thesis, is studied the applicability of this rule



for the helium charge-changing process with use of the experi

mental cross sections for gases HZ’ hydro-carbon, O2 and CO2

molecules. For testing the rule, is proposed a new and
simple method in this work. By applying the additive rule,
cross sections for a carbon atom are estimated. This new

method largely reduces the influence of experimental uncertain-
ties of the cross sections in the estimation of carbon cross
sections as compared with the subtraction method in which the
carbon cross sections are estimated from two experimental cross
sections, e.g., o(C) = c(COZ) — 0(02).

4] Study of the equilibrium charge state distributions.
Together with the cross sections, the equilibrium charge
state distributions of helium beam in all the gaseous substances

used in this experiment are studied in detail.

The data of equilibrium charge fractions 1s very important
information for us to produce multi-charged ions in the heavy
ion accelerators. Solid carbon-foils have been commonly used
as charge-strippers. However, carbon foils are very fragile
under low energy bombardment, so that much efforts have been
directed towards a replacement for foils for many years.

Recent works on the equilibrium fractions suggest that the
average charge of heavy ions passing through a gas stripper
composed of very high molecular weight shifts toward higher

14’15). In order

value much more than in usual gas materials
to understand further deeply the medium dependence, it is neces-
sary to examine systematically the average charges of various

projectiles in various gases.



In chapter II, the experimental methods and procedure are
Presented. In chapter III, mathematical descriptions of
charge fractions, some examples of the derivation of cross sec-
tions and, in particular, the data analysis of the present work
are given in detail. In chapter IV, theoretical survey of
the charge-changing processes is described. As a classical
descriptions of the process, the first and extensive theory

24) is reviewed and the modifications of the

presented by Bohr
Bohr's theory is developed. Detailed descriptions of the
quantum theoretical calculations carried out by the author is
given; electron capture cross sections are calculated according
to the Schiff's formulalé), and the loss cross sections are
calculated on the basis of the free-electron-scattering model.
Chapter V, VI and VII give the detailed discussions about the
present experimental results for cross sections, additive rule

and equilibrium fractions, respectively. The conclusive

remarks are stated in chapter VIII.



Glossary of Symbols

The following 1list contains the symbols most frequently

used in this article.

ay Bohr radius (h%/m_e® = 5.29 x 107° cm)

e Magnitude of electron charge

E Projectile energy

Fq Equilibrium fraction of charge-state g

¢qq’ Nonequilibrium charge fraction of state ¢’ when the charge
state of the initial beam is ¢

I Ionization potential

m, Electron mass

Nq Number of particles in charge-state g detected by PSD

v Principal quantum number

0 Target gas density in number/cm3

q Average equilibrium charge of ions

s Number of electrons carried by the projectile before a
single charge-changing collision

cqq, Cross section for a charge changing process g+q' of the
projectile in a single encounter, in cmz/molecule

u Orbital velocity of an electron

v Projectile velocity

v, Bohr velocity (e2/h = 2.188 x 108 cm/sec)

x Target thickness in molecules/cm2

Z Atomic number of projectile

Zp Atomic number of target atom



CHAPTER 11
EXPERIMENTAL METHOD

2-1. Introduction

In this chapter, the experimental set-up used for the
charge-changing collisions of 0.7-2.0 MeV helium beams are
described. In Fig. 2-1, is shown the experimental arrange-
ment which consists of three fundamental parts; beam preparation
system, target chamber, and detection system. Details of

these parts are presented in the following three sections.

2-2. Beam Preparation

In the charge-changing experiments, it is sometimes neces-
sary to vary the initial charge state of incident beams in order
to obtain the various charge-changing cross sections.

L ’ :
incidences, the ion beams obtained from

In cases of He' and He
an accelerator are often used as incident beams. As for the
incident beam of neutral helium Heo, ion beams from the accel-
erator are partly neutralized by an appropriate neutralizer set
before a collision chamber, and by taking away the charged par-
ticles in the beam by an electrostatic or a magnetic deflector
only the neutral particles are led into the collision chamber.

In the present experiment, these usual methods are suitable for

the cases of HeO incidence, but not for the ion beam incidences

1O+



because of the following practical reasons. The first is
that the amount of doubly charged helium ion He 2" produced in
an lon source is very little since a PIG-type ion source is
used. The second is that an ion beam which 1is initially in
a pure charge state becomes to be mixed with unnecessary dif-
ferent charge state particles as a result of charge-changing
collisions with the residual gas until the beam enters the
collision chamber.

In this work, therefore, only the singly charged helium ion
He™ was extracted from the 4-MV Van de Graaff accelerator, and
the desired charge state beams were produced by the following

method.

i) Preparation of He® and He2+ beams.

He® beam mixed with different charge state components
during collisions with residual gas after the accelerator was
led into the deflection chamber consisting of electrostatic
deflectors. Both of the knife-edged entrance and exit slits
(C1, C2) of the chamber are 0.1 x0.1 mmz—hole, and the deflector
plates (El1) are 10 cm-long and 1 cm-gap distance. The beam
collimated by the entrance slit were separated into three traj-
ectories according to charge states of particles in the beam by
applying the voltage to the deflector. The applied voltage
was changed in satisfying the condition, qu/Vo = 1.25 (kV/MV),
according to the incident energy and to the desired charge state

3

ions. The deflection angle was about 7x10 ~ rad. In this

relation, Vd(kV) is the applied voltage of the electrostatic

1=



deflector, VO(MV) is the terminal voltage of the Van de Graaff
accelerator, and g is the desired charge state of the ions;

q =1 for He+, qg = 2 for He2+. This condition was most suit-
able in order to pass only the desired charge state ion beam
through the fixed exit slit of the deflection chamber.

A single charge state beam from the deflection chamber was led

into the following apparatus.

ii) Preparation of He0 beam.
In this case, a neutralizer cell just after the deflection

3 Torr -

chamber was filled with nitrogen gas of about 5 x 10
This cell is 20 cm-long and the exit aperture (Al) is 5 mm-diam.
and 10 cm-long. He' beam selected by the above procedure i)
was passed through this neutralizer cell, and then the charged
components in the beam were electrostatically deflected by the
deflector (E2) in front of the target chamber. The distance

from the exit aperture (Al) of the neutralizer cell to the

entrance aperture (A3) of the target chamber is about 100 cm.

2-3. Target Chamber and Vacuum System

Vacuum system takes an important role in the charge-changing
experiment. At first, it should be necessary to reduce the
background gas pressure as low as possible. Second, due to
the windowless target chamber, it should be necessary to limit
the increase of the pressure in the portions other than the

target chamber when the target gas pressure increases.

L2=



Both of these factors largely influence the cross section
derivations in the data analysis. In this work, therefore,
the double-differentially pumping was employed.

Apertures A2 — A5 are all 2 mm-diam. and 10 mm-long and had
threaded inner surfaces in order to decrease the edge scattering.
Each of these apertures could give a pressure gradient of
approximately 1:103. In actual case, for example, when the
gas pressure in the target chamber(III) was 0.1 Torr, those in

4

portions II and IV were less than 1 x 10 ° Torr, while those in

the portions I and V did not change practically from the back-

6 Torr.

ground pressure of about 2 x 10
The target thickness x in the charge-changing process 1is

given by,
x = p(L)dL (2. 1)

where the lower limit of the integration is, L = 0, the position
where the desired charge state beam was selected and the upper
limit L = Lo is a distance from L = 0 to the position of the
detector, p(L) is the gas density at the distance L in the beam

line. In practical case, the formula (2.1) can be approxi

mated by

z = g Bply = Aphy + Pyphyy * °7°° * Pyly (2. 2)

where s is the measured gas density in the Z-th beam transport

duct, and L, is the length of the duct. The target thickness

13=



18, therefore, calculated from the formula (2.2) by using the
data of s and Li' In this work, gas pressure and lengths
in all these portions were measured, and the target thickness

was finally approximated by z = pr where p and Leff are the

eff’

gas density and an effective chamber length of the target

chamber, respectively. This approximation is based on the
following reasons.

1) As mentioned above, the pressure in the portions other than
the target chamber was significantly low.

2) In the derivation of cross sections, only substantial quan-
tities of fractions resulted from collisions with pure target
gas are used by subtracting the unnecessary fractions ¢(x0)
resulted from the collisions with residual gas (detail of the
derivation method of cross sections will be described in the
next chapter).

These two evidences indicate that the effects due to the resid-

ual gas of the order of magnitude ~ 10_6 Torr are not the matter

in practice. The problem is the effect of target gas flowing
out of the entrance or exit apertures of the target chamber
rather than the residual gas effects. By the rough estimation
of the gas-flowing out of a cylindrical slit of 2 mm-diam and

10 mm-long, it is shown that the gas density relative to that in

the target cell is about 0.1 at the surface of aperture and below

10 5 at the place a few millimeter apart from the surface.

Then, by taking account of these results, the effective length

of the target chamber was estimated 17 cm, which is the sum of

the actual chamber length 16 cm and two half-lengths of entrance

14-



and exit apertures. The errors due to this treatment was
estimated to be less than a few percent in the cross section
derivation.

Finally, the target thickness at the room temperature, the
following formula was obtained after calculating the relations

between gas density (molecules/cms) and gas pressure P (Torr),

16 17

£ = 3.35 x 10 PL = 6.70 x 10

2
eff (molecules/cm®) (2. 3)

Target gases used in this experiment are HZ’ He, NZ’ 02,
COZ’ CH4, C2H6 and C3H8' Pressure measurements were per-
formed by an ionization gauge and a Pirani gauge, both of these
gauges are calibrated for N2 gas. As the relative sensitiv-
ities of the ionization gauge for other gases, the values

71). The gas pressure

tabulated in the Table II-1 were used
was changed from about 1 x 10-5 Torr to the range where the

equilibrium charge fractions could be seen.

2-4. Detection System
The particles with various charge states emerging from the
target chamber were spatially separated by an electrostatic

deflector (E3), and were detected by a position-sensitive-detector

(PSD) . The electronics of the detection system is shown in
Fig. 2-2. An example of energy signal spectrum from the PSD
is shown in Fig. 2-3. The edge-scattering could be almost

completely got rid of by an appropriate adjustment of all the

,15_



slits in the beam transports. Position-signal from the PSD
is proportional to both the projectile energy and a particle
detected position, and examples of position spectra are shown

in Fig. 2-4. These spectra were obtained for 0.7 MeV Heo,

5 Torr.

He' and He2+ incidences on oxygen gas at 3.5 x 10
In this experiment, the number of incident particles was about
400 cps and, therefore, the counting loss or pile-up of the
detection system could be neglected.

In actual experimental conditions, it was sometimes dif-
ficult to distinguish the low pulse height signal (Heo) from
the background noise in the position spectra.
Therefore, the following coincidence technique was used.
The energy output from the PSD was discriminated within the
range between two arrows (see Fig. 2-3) by the single channel
analyzer (SCA). An output pulse from the SCA was led into
the pulse generator which produces an suitable pulse as a coin-
cidence input. The timing between the energy and position
pulse was taken by using the delay circuit. The coincidence
technique made it possible to distinguish the neutral helium
particles from the background in the lower pulse range, leaving
only random coincidenced signals. The errors in the charge
fraction calculations due to the random coincidence were, however,
negligiblly small because the total beam counts per experimental

4 0 20 x 10%.

run were very large; in the range from 5 x 10
In this case, the number of particles with the smallest charge

fraction were larger than about 100.

-16-



The charge fractions ¢q is calculated by the formula,

=N N =N N Z2: 3
where Nq is the number of particles in charge state ¢, Ntot is
the total beam counts. Statistical errors of the fractions

are determined by

_ -3 -3 L 17B
A¢q/¢q ( Nq + N ) (2. 4)

17~



CHAPTER II1

DATA ANALYSIS

3-1. Nomequilibrium Charge Fractions

In this section, mathematical descriptions of the varia-
tion of charge fractions with target thickness are given and
several methods of derivation of charge-changing cross sections
are also given (more detailed methematical descriptions of charge
fractions are given in the articles by Allison4), Betz6) or
Nikolaev17)).

When a particle collides with atom or molecule in a target
substance, the particle may lose or capture one or more electrons
from the target particle. The charge-changing cross section
qu' represents a cross section for the process where the inci-
dent particle of charge state g changes into another state g’
on a single encounter. The variation of the charge fraction

of the incident beam with charge g penetrating through gaseous

target of thickness x is described by a differential equations,
d¢qq,(x)/dx = % ¢qk(x)okq,
=— Jo (3. 1)

where ¢qk(x) denotes the fraction of the particles with charge

k.

18=



For the two components beam fraction (g = 1,2), exact
solution of Eq.(3.1) can be obtained simply in the follow-

ing form.

¢12(x) = 012/0 + (¢12(x0) — 012/0)exp{— o(x—xo)}

¢, (x) = 021/0 * (0, (x,) — 021/0)exp{— G(x-xO)}

(z) = 1 — Ty s ¢22(x) =1 — ¢21(m) (3« 2)

911 %72

where the quantity ¢(x0) is the fraction at the target thickness
z 5, and 0 1is the sum of two cross sections; o = Oig9 * Tgq-
Eq. (3.2) reduces to a well-known formula as presented by
Allison if taken x, = O

As for the three components beam fractions, the direct
solution of Eq. (3.1) is very cumbersome. For example, the
exact solution given by Allison is not tractable in practice.
Therefore, the practical interest is how to obtain an approximate
solution of Eq. (3.1). In the following subsections, the two
representative approximations(slope method, iteration method)
which have been often used by other investigators and a direct
integration method which is newly proposed in this study are
described. All of these approximations are able to be used

in the relatively low gas pressure region which is so-called

single collision region.

-19-



3-1-1. Slope Method

In this approximation, the background gas thickness, which
will be denoted by x, as corresponding to background gas pres-
sure, is approximated to be zero, and the charge fractions at

the thickness z, is approximated by

=1 for q'=q ( y
¢ ,(x ) _ = 6 3- 3
qq' 70" |z ,=0 99" | =9 for q'#q

Eq. (3.3) is substituted into the right hand side of Eq. (3.1)

and one obtains

d¢qq,(x)/dx = % 5chkq' = Oy (3. 4)
consequently,
=8 + O .
gq(®) = %qqr * 9gq'® (3.5)

As pointed out by Datz et alls)

, the slope method can be used
only if the following experimental conditions are satisfied:
i) A pure charge state has to be selected for the incident
beam (Eq.(3.3)).

ii) The total amount of any residual gas must be so small that
its effect on the incident beam is negligible even for the
smallest target thickness.

In actual experiments, it is sometimes difficult to satisfy the

above conditions. Therefore, some modifications should be
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necessary to the simplest slope method Eq. (3.5)
3-1-2. Iteration Method

The slope method is modified into the following form by
taking account of the actual experimental cases; z, # 0, and

¢qq,(x0) = Gq - Instead of dqq,, quantities ¢qq,(x0) must

q
be substituted into the right hand side of Eq. (3.1),

d¢qq,(x)/dx = g ¢qk(x0)0kq, (3. 6)

and the solution of this equation is

¢qq,(m) = ¢qq,(x0) + % ¢qk(x0)0kq,[x - xo] [3: 7}
Eq. (3.7) will be called the first-order-approximation in the
following. By substituting this solution into the right hand

side of Eq. (3.1)

d
¢qq,(x)/dx

; {¢qk(x0) + %, ¢qk,(x0)0k,k[x — xo]}ckq,

(3= 8)
By solving this equation, the second-order-approximation is
obtained in the form,

¢qq,(x) = ¢qq,(x0) + % ¢qk(x0)okq,[x - xo] +

2
# (z/z)% ) ¢qk,(x0)ok,kokq,[x = @yl (3. 9)

k r
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The higher-order-approximations can be obtained by iterating
this procedure. However, they will have very complicated
forms. Therefore, it is necessary to express charge fraction
by another form in order to derive the charge-changing cross

sections more easily.
3-1-3. Direct Integration Method

In this method, the Eq. (3.1) is integrated directly from

the thickness x, to ax, and one obtains

X
¢qq,(x) - ¢qq,(x0) = % {J;o ¢qk(x)dx}okq, (3.10)
By applying the mean value theorem to the integral in the Eq.
(3.10), the solution in the direct integration method is obtained
in the following formula,

¢qq,(x) - ¢qq,(x0) = z% d)qk(x)okq,[x —z,) (3.11)

(x, <% 2 x )

0
The integration method does not contain any approximations, and
, therefore, the formula (3.11) can be applied in principle to
all the target thickness region.

As the simplest case, the Eq. (3.11) was applied to the

range where all charge fractions change linearly with the target

thickness. In this region, the quantity ¢qk(5) in Eq. (3.11)
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can be approximated by (¢qk(x0) + ¢qk(x))/2. when ¢qk(x) in
the bracket of this formula is expressed by the first-order-
approximation Eq. (3.7), Eq. (3.11) reduces to the following

formula.

¢qqh(x) - ¢qq,(x0) = % ¢qk(x0)ckq,[x - xo] +

#(1/2) 1T 0gp0(20) 0 13001 - z,1° (3.12)
This is just the same as the second-order-approximation Eq.(3.9).
In other words, this result shows that the strict solution (3.11)
obtained in the direct integration method contains the approxi-
mate solutions obtained in the iteration method. It is easy
to see that the Eq. (3.11) is much simpler than the second-
order-approximation Eq. (3.9). From this reason, using the
solutions (3.10) or (3.11) is the best way for the derivation

of charge-changing cross sections.

5-2. Equilibrium Charge Fractions

As the pressure of target gas becomes higher, the balance
between electron loss and capture processes will be established
after undergoing several times encounters and all the charge
fractions will not change any more. In this case, the left

hand side of Eq. (3.1) becomes zero, so that
1] B8 .= D (3.13)
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where Fq is defined as the equilibrium charge fractions with
charge gq.

In the case of helium beam, Eq. (3.13) gives the following

relations.
FOGOO + Flolo + F2020 =0
FpOpg * Fy0,, + Fao,, = 0 (3.14)
F0002 + F1012 + F2022 = 0

From the above equations, three equilibrium fractions can be

expressed in terms of cross sections in the forms

Fo = (021010 + 0,405, * 010020)/D
F, = (020001 * 0p909; * 001021)/D (3.15)
Fo = (910%3 * 99192 * 99g972//?

with

D= 0,500, % Opg # Ogp) # 01p(09p + gy + 0pp) +

+ 0,.(0 + 0,,) + (3.16)

&gV Py 02 920%01

In the high incident energy region, neutral fraction F, of the
helium beam is, in general, very small and by neglecting the
neurtral parts in Eq. (3.13) the equilibrium fractions Fz and F2

can be approximated by
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"
I

021/(012 + 0,.)

21

|
Il

P 012/(012 + 021) (3.17)
Equilibrium fractions can then be computed numerically according
to Eqs. . (3.15) or (3.17) if the cross sections are known.

As increases the atomic number of incident particle, it becomes
difficult to obtain all the charge changing cross sections nec-
essary to the calculation of equilibrium fractions.

Therefore, some approximations have been proposed for the ex-

6,19)

pressions of equilibrium charge fractions It has been

shown experimentally that the equilibrium charge distributions

can be represented by a Gaussian type. According to this
expression,
P, - t2nd?)™1/? expl—tq — 7127242 (3.18)

where g is the average equilibrium charge, which is given by

q =] qF (3.19)
g 4

and 4 is the half width of the distributions,

d=1] (q —-a)ZFq}l/Z

q

(3.20)

The equilibrium charge fractions are expressed in terms of two

quantities g and d instead of cross sections.
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Therefore, if the theoretical expressions are given to q
and d, unknown equilibrium fractions of heavy projectiles will
be predicted theoretically . Many investigators have proposed
the theoretical expressions of q and d. For instance, Dmitriev
and Nikolaev??) derived the following semi-empirical formulae

for these quantities by using the experimental data up to that

time.
q/%2 = log(v/mz®')/log(nz®2), (0.3 < q/2 < 0.9) (3.21)
d=dz* k= 1{1-o0/inmz®)}/2 (3.22)

where v is the projectile velocity in unit of 108 cm/sec.
The parameters o, a, m, n and do in Eqs. (3.21) and (3.22),
which are experimentally determined, are presented for projec-

tiles with atomic number Zz < 10 in the following list.

List of parameters for the semiempirical

formula Eqs.(3.21) and (3.22) given by

Dmitriev and Nikolaevzo).

Medium o, 05 m n k do
HZ 0.4 0.3 1.2 4.0 0.43
He 0.4 0.3 1.3 4.5 0.43 0.35
N2 0.4 0.3 0.9 7.0 0.45 0.32

solid 0:1 0.6 1.2 5.0 0.40 0.38
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Measured charge fractions of helium beam (growth curves)
are shown in Fig. 3-1(1)-(30) as a function of target thickness
in unit of Torr-cm. All the fractions ¢qq' with g' # g at
lowest gas thickness are smaller than several percent.

Charge fractions change gradually with increasing the target
thickness, and finally settle down at constant values of each
charge fraction called equilibrium charge fractions.

It can be seen that these constant fractions are determined
solely by the incident helium energy, and independent of the
kind of charge state of the incident beam.

In these figures, the data in the pressure region monitored
by the ionization gauge and those in the pressure region moni
tored by the Pirani gauge are connected suitablly by shifting
the latter data to the former one because of the lack of
relative sensitivities of the Pirani gauge for the gases used
in the experiment.

All the charge fractions in the lower target thickness
are found to change linearly with thickness «x. An example
of the linear variations of charge fractions (1.5 MeV He' on He)
are shown in Fig. 3-2 by plotting them in linear-linear scale.
Therefore, the charge fractions in the linear range may be
approximated sufficiently by the mathematical expressions con-
taining x« to a first order as described in section 3-1.

In this work, however, the following three methods are

used for the derivation of charge-changing cross sections.
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a) The first—order—approximation Eq. (3.7) in the iteration

method.

8) The following further approximation of Eq. (3.7), that is,
= — 3, 7)°
¢qq,(x) ¢qq,(x0) + ¢qq(x0)0qq,[x xo] ( )

This formula was obtained by neglecting ¢qk(x0) with k # g
in the second term of the right hand side of Eq. (3.7).
y) The strict solution Eq. (3.11) in the direct integration
method.
In the cases of the former two methods a) and B), only the
linear part of fractions were used under the condition that the
incident fraction ¢qq(x) is larger than 0.8. The third method
Y) can be applied for all the part of growth curves in principle,
but in this work the fractions which begin to lose its linearity
were taken as the upper limit of the integration.
In all cases of above three methods, charge fractions at the

lowest target thickness x, in corresponding growth curves were

0
used as ¢qq,(x0) in Eqs. (3.7), (3.7)' and (3.11). Therefore,
the quantities, ¢qq,(x) — ¢qq,(x0), represent the substantial
changes only due to the change of target gas under considerations.
The method B) is the simplest of above three methods.
In this case the charge-changing cross sections qu' can be
obtained directly by the slope, ¢qq (xa)oqq,, of growth curves.
The straight lines in Fig. 3-2 were determined by least-square

fitting procedure. In the method a) and Y), three unknown

cross sections are contained in each fraction equation.
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Therefore, it is necessary to solve a series of simultaneous

equations in order to obtain the cross sections. For instance,
Eq. (3.7) is written for the case of He' incidene as follows.
O10(2) = 01p(xp) + {05 (xp)0py + 0y1(2)0s5 + b15(xp)0,,} e — x,]
¢11(x) = ¢11(x0) + {¢10(x0)001 + ¢11(x0)011 + ¢12(x0)021}[x - mo]
01908) = dgp(xp) + 1b0;,(xp)050 + 01 (2p)0 5 + b1(xp)0g ) [x — 2]
(3:253)
In these formulae, 907 %17 and 0,, are mnot independent qunati-
ties (e.g. 0, = —(010 + 012)), but are treated as independent

ones for convenience.

2% . .
0 or He incidences.

Similar equations are obtained for He
The slope, % ¢qk(x0)ckq" of each growth curve of ¢qq,(x) can be
determined by the least-square-fitting, and is denoted by Qqq'

in the following. The qunatities Qqq" ¢ .(xo) and By

qq
form the following matrix equation,

QA - @O/ (3.24)

or

2009192 200%1%02| [ 00%01%2
970971%2] = |®10%11%12|¢] 910%11%12
950921922 %20%21%2| | ®20%21%22 (3.25)

The cross sections can then be calculated by

o - d' Q@
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In the case of direct integration method y), similar equation
to Eq. (3.24) is derivedzz). Cross sections derived by these
three methods were found to be in good agreement with one an-
other within experimental errors.

For 2 MeV incidence, the following formulae are used for

fractions.
¢12(x) = ¢12(x0) + (¢11(x0)012 — ¢12(x0)021)[x — xO]
Po1(®) = Ggp(my) + (8pp(2p)05; = 4py(p)ogp)le = @yl

(3.26)

because the dominant fractions are only charged components ¢1

and ¢2. By similar procedures as mentioned above, the cross
sections 9,9 and 0,, were derived. Cross sections 901 and
0,5 were not obtained since the experiments on He0 projectile

were not made in this work.
In addition to this method, the following one was used, too.

In Eq. (3.2), which is the strict solution of two-components
differential equations, the quantities 021/0 and 012/0 are
exactly equivalent to the equilibrium charge fractions F, and
Fy, respectively, given by Eq. (3.17). Therefore, Eq. (3.2)
can be rewritten in the following form by using the experimen-
tally-obtained equilibrium fractions F, and F

1 2’

q)qq,(x) = Fq' + (¢qq,(x0) = Fq,)exp[—cr(x = xo)] (3.27)

where the unknown quantity is only o( = Tyq * 021)’ and it is
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calculated by fitting the above formula to the growth curves.
Next, with the relations 0,9 = GF2 and Op; = on, the each
cross section can be derived. Cross sections obtained by
this method were in good agreement with those obtained by using
the Eq. (3.26).
Experimental uncertainties of the obtained cross sections
are caused by the followings;
i) pressure fluctuations,
ii) uncertainties of relative sensitivities of the ionization
gauge (Table II-1),
iii) estimation of the effective length of the collision
chamber, and
iv) counting statistics of the detection system.
Counting statistics A¢qq, are the order of magnitude as the
error bars in the figures of growth curves, and must be taken
into account only for the cases of ¢20 or ¢10.
As mentioned previously, the obtained cross sections agreed
within errors in all the derivation methods a)-v).
From this fact, estimation of errors were carried out for the

method B) as in the following. Eq. (3.23) is rewritten by

{¢qq,(x) . ¢qq,(x0)}/¢qq(x0) = oqq,[x — xo] (3.28)

which will be denoted by m, = 0z, 7 stands for the run-number
of experimental data. By using the least square technique,

the cross section is calculated by
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o=Jam /] o (3.29)
7 7

and the uncertainty Ac of the cross section is determined by

2 )2 o) 2
(Ao)® = Z {(—— Am + (= Az.)
m; Gxi 7
m (m.x.)Zm.Z = inz(Zmixi)
_ i 74,2 Be - &g ¢ i g
—z{('_z‘) + k7 [ ] }
g in (} = 2)2
z 57

(3.30)

where Axi = kxi corresponds to the uncertainty of target
thickness caused by the uncertainty k of relative sensitivity,
which are listed in Table II-1, and Ami is the errors deter-
mined by the right hand side of the Eq. (3.24), and square of

it is written by
2 2 2 2
(Ami) = {(A¢qq,(x)) + (A¢qq,(m0)) }/{¢qq(x0)}

_ 2 2 2
+ {[¢qq'(x) ¢qq,(x0)] /[¢qq(x0)] }{A¢qq(x0)}

(3.31)

Actual calculations were made only for the first term of this
formula since the counting statistics A¢qq(x0) in the second
term are almost zero in practice.

Solid curves presented in the growth curves in Fig. 3-1(1)
-(30) are the calculated fractions by using the cross sections

derived by the above procedures.
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For 2 MeV incidence, computations were made by the formula
(3.2), which is strict solution of the two-components differ-
ential equations. For 0.7-1.5 MeV incidences, charge
fractions were computed by applying the Runge-Kutta integration
method to the original differential equation (3.1). All the
numerical computations of growth curves have been performed on
the FACOM M-190 of Kyoto University. The program code 1is
presented in the last pages of this thesis.

In the stage of the computations, the uncertainties of the
cross sections were not taken into consideration.

Therefore, in some cases, calculated values deviated somewhat
largely from the experimental data, especially in high pressure
region. In order to check the agreement between them, the
author computed the growth curves by using the cross sections
containing uncertainties of 10 percent and found that the com-

puted values were in agreement with experimental data very well.
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CHAPTER IV

THEORETICAL STUDIES

4-1. Introduction

The processes involved in the capture and loss of electrons
between the projectile and the target atoms or molecules are in
general so intricate as to make precise and comprehensive
description. Even at the present time the quantum mechanical
calculations of the cahrge-changing cross sections have been
carried out only for the simplest cases, such as for hydrogen
or helium ions passing through atomic hydrogen or helium, and
relatively good agreement could be obtained between theory and
experimental results. As for a heavy target atom with many
electrons, there are few quantum theoretical calculations even
for the lightest ions like hydrogen or heliumzs), needless to
say for heavy iomns. Nevertheless, it is expected to be able
to get over-all pictures of charge transfer process to some
extent from a classical point of view. In fact, from the

24)

classical and statistical arguments Bohr presented the

theoretical pictures of the charge transfer process.

Afterwards, Belllg), Bohr and Lindhardzs), Gluckstern26),

17,27) and Dmitrievzs’zg)

Nikolaev modified the Bohr's theory
particularly for the heavy ion incidence so as to make close
the theoretical values to the experimental ones.

However, it is not too much to say that their arguments are
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nothing but the 'modifications' of the first extensive theory
of Bohr. The major part of the theoretical treatments given
by Bohr and by other authors has been based on Physically
reasonable but relatively arbitrary assumptions and,accordingly,
the applications of these theories are limited to the restricted
region of the basic collision parameters 2Z, ZT and v.
Furthermore, all of these theories have been limited to a single
electron capture and loss. Therefore, it is impossible to
apply these calculations to the processes where the multiple
electron transfer takes place on a single encounter.

In this chapter, the over-all pictures of charge-changing
process of light projectiles are described on the basis of

Bohr's theory. Next, the quantum mechanical calculations

are given for the following processes;

Heo +A—§He+ +A+e
He+ + A - He2+ + A+ e
He2+ + A = He W + At

where A stands for the target atoms H and He.

Descriptions for the heavy projectiles, which are given in arti-

cles by Betz6) or Nikolaev17), are excluded from this thesis.

A4-2. Classical Theory

4-2-1. Theory of Bohr

Elastic collisions between two particles with no electron

can be described by a Rutherford scattering. The cross sec-
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tion of the collision process where incident particle, with

mass m,, charge e  and velocity v, transfers a kinetic energy

1
in the range (T, T + dT) to the target tarticle with my and e,

is given by reforming the Rutherford scattering formula in the

form, 3
2n(e1e2) dr
d¢ = ———<2 = __ 4. 1)
m2v2 T2

By using this formula, Bohr treated the e¢lectrom ¥oss and cap-

ture processes as follows.

1) Loss process.

Electron loss process is, simply speaking, the ionization
process of projectile particle and it reduces to the two body
problem. In the rest frame of the projectile, the process
is assumed as that the atomic nucleus and electrons of the
target particle collide with the projectile independently and
ionize it. This condition is fulfilled when the incident
particle is light atom. In this model, the cross section for
the process where one of electrons in the target particle gives
to an electron in the pfojectile an energy larger than the bind-
ing energy I of the latter electron, is obtained by integrating
the Eq. (4.1) from I to T.» the largest possible energy transfer

- . |
in a free collision,

ome? (l _ 1 ) A g2me?

2 ‘I T 2

m_v m m_v
e e

(4. 2)

N

In a similar way, the cross section for the process where the
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target nucleus Z_e gives the energy larger than I is given by

T

e4

1
— 7T (8- 3)
m
e

2
ZﬂZT
v

Therefore, the total cross section for one-electron-ionization
of the projectile, that is electron loss cross section, is given

by summing these two contributions,

4
2me 2,0 -2 2
iy B —= = dma’ (2, + Z,)z (v, /v) (4. 4)

=

v
e

where a, = hg/me is the Bohr radius, v, = e2/h is the Bohr
velocity. In the final form of Eq. (4.4), the quantity
meZ2v0/2 is substituted into the binding energy I.

Contrary to the case of light target, when the target atoms are
not light, the firmly bound electrons and nucleus in the target
would no longer act independently on the electrons of the
projectile even in the close encounters. Then, the so-called
free electron collision approximation mentioned above can not

be applied. In this case, by taking account of the screening
effects of electrons surrounding the nucleus, Bohr assumed that
the target particle will act on the projectile as a core, and
he found

P

1
~omaszy/ 02T (v fv) (4. 5)

o T

Z
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As for the case of very heavy target atoms, most of the firmly
bound electrons are within the Bohr radious a,- Since the
strong electric field is present in this region, the light pro-
jectile ion penetrating through there loses its electrons
substantially. Then the loss cross section is of the order

of geometrical cross section,
g, "“5 (4. 6)

The formula (4.6) indicates that the loss cross sections for
the very heavy target atoms are completely independent of Z,
Zn and v.

2) Capture process.

As regards electron capture, Bohr stated that the process
is more difficult to estimate because at least three particles
take part in the transfer of energy and momentum.

By applying the statistical considerations, he represented the
capture cross section of alpha particle in heavy substances in

the form,

o, ~ 0:fn 4. 7)

o: the cross section for a collision where the ion transfers an
energy of the order of meu2/2 to an electron with an orbital

velocity u, and is obtained by using Eq. (4.1) in the form
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o 4ﬂaiZZ(UO/U)4 (4. 8)

f: the electron capture probability of the ion after the col-
lision, and is assumed to be of the same order of magnitude
as the fraction of velocity space corresponding to the
orbital velocity Zvo of the ion relative to the incident

velocity, that is
3
fn (Zvo/v) (4. 9)

n: the number of electrons in a target atom with orbital veloc-
ities close to v, and is given on the basis of the statis-

tical model, in the form
n o zl/s(v/v ) (4.10)
S o

Consequently, the single electron capture cross section by a

bare atom is expressed by

. 2,8 1/3
g 4naOZ ZT

(v, /v)° (4.11)

4-2-2. Modification of Bohr's Theory

In the above section, are presented the whole descriptions

of Bohr's theory for the light incident particles, where only
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the ground state of orbital velocity u = Zv,, is taken into con-

sideration as the bound state of the projectile. Therefore,

the above formulae can be applied only for the following cases;
90> 997 for hydrogen projectile

O97s 049 for helium projectile
As for helium projectile, there are still two cross sections
91 and 0, as the single electron transfers.

In this section, the modifications of Bohr's formulae are
presented so as to be applied for the cross sections 957> %70°
too. As the orbital velocity of electron under consideration,
u itself should be used instead of Zvo of the ground state.

Then, the author obtained the following modified formulae.

Instead of Eq. (4.4),

O qr1 sana’ (2l + 2,0 (vE/vou)?, for light z, (4.12)
Instead of Eq. (4.5),

cq,q+1 = snaozz/g(vi/vu), for intermediate Zp (4.13)
Instéad of Eq. (4.11),

oq,q_Z = 4naizé/322(vou/v2)3, for intermediate Zp (4.14)

Here, s stands for the number of electrons with orbital
velocity u carried by the incident particle before an encounter,

that is, s = 2 for He0 and s = 1 for He+.
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In regard to the charge transfer process of the very simple
projectile particle, such as proton or heavy ions with only one
electron arround the nuclei, many investigators have devoted
considerable effort to the quantum theoretical calculations
since published the first theoretical report by Oppenheimerso)
in 1928. Synthetic reviews of these theories are given by
Mapleton31) or by Mott and Masseysz’ss).

Representative examples of approximations are Born approx-
imation, impact parameter approximation, impulse approximation
or binary encounter approximation, and the applicable range of
these theories are in general known empirically. It is known
that, in the high incident energy range (v >> vo), all of these
approximations give the cross sections with same order of magni
tude. Therefore, only the well-known first Born approxi
mation (FBA) is described in this section.

The FBA is usually applied to the processes where the pro-
jectile velocities are very large and the duration of collision
interactions are very short. In this approximation, the
cross section for the collision process, where the total system
of collisional particles changes into a final state indicated
by f from an initial state Z, is given by

do,. = ( 12 ag (4.15)

® 2 B
L L

with Tey = <Wf|V|Wi>
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where m is the reduced mass of two particles, ki and kf are the

wave numbers of the incident particle relative to the target

before and after a collision, v, and ¥, represent the wave

f
functions of initial and final states of the system, respec-
tively, 7 is the interaction potential between particles.

Many authorsl6’23’30’31’34—43) have calculated the charge
changing cross sections of hydrogen or helium projectiles by
using the equation (4.15). Theoretical data for helium
projectile will be compared with the present experimental re-
sults in the next chapter. The calculated values with the
impact parameter approximation by Mukherjee et al61) will also
be compared.

In the following sections, the theoretical formulae with
which the author carried out the calculations will be described
16)

in detail; that is, capture cross sections derived by Schiff

and loss cross sections derived by the author.

4-3-1. Capture Cross Sections.

34)

In 1930, Brinkman and Kramers gave the theoretical cross

sections for capture of an electron into the ground state of
the bare atom with atomic number Z from the target ion of atomic

number Zp carring one electron in the form,

18
_ 2,55 12
o, (BK) = ajz zT(vO/v) (4.16)

enfto

The formula (4.16) does not include the interaction between
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incident and target nuclei, and is called Brinkman-Kramers
approximation (BKA). Schiff generalized the Eq. (4.16) for
the case where the projectile captures an electron into any

excited state with principal quantum number v in the form,

2,18 2 5 8
ﬂa02 v (ZZT/v) (v/vo)

ov(BK) =

5{(v/v0)2 + (2, — Z/v)2}5{(v/v0)2 + (2. + Z/v)2}5

T 7
(4.17)

In this formula, when we take v/vo >> Z_ + Z/v, and leave only

T
the term (v/vo)z in the brackets of denominator, the formula
reduces to

18

2 2. -3 12 -3
0,(BK) » = ma v “(v /v)"" =V

OJ(BK) (4.18)

where ol(BK) stands for the ground-state-capture cross section
expressed by Eq. (4.16). The formula (4.18) implies that
the probability of capture into a state with principal quantum
number v varies as v—s, which was first demonstrated by
Oppenheimerso).

Because the nucleus-nucleus interactions are neglected in
the BK approximation, the generalized formula (4.17) can not be
applied directly. For instance, Jackson and Schiff38)
stated that oV(BK) of hydrogen ions gives larger values than
the experimental ones. From this reason, by taking account

of the interaction between nuclei Schiff presented the following

N 2+ + +
total capture cross section for the process He #+ H=> He + H -
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Oy, = 01{1 + (02/01)(1 + 2.1(03/02)BK)}, (4.19)

where o, and o, are the cross sections for capture into
the ground state (v = 1) and the first excited state (v = 2),

respectively, and (05/0

) represents 03(BK)/02(BK).

2° BK

Exact calculations made by Schiff were, however, only for 9,

and Oys and therefore, the total capture cross section given by
Eq. (4.19) was obtained by assuming v’% 1aw for capture into
the states v > 3. In the higher energy range E > 0.7 MeV,
)

the relation 02/01 Y (02/0 was established by Schiff.

1°BK
By using this relation, the cross section given by Eq. (4.19)

can be rewritten by

Oy, = 0,11 + (05l 0y )y + 2.1(05/01)BK}, (4.20)

where . is given by

o, = 28(ZZT)71ra2(v /0)2 2 /5¢° + svw/at? +
o o
+ (w2 o+ 2vx)/3tS & awxs2t? + x%/4} (4.21)
» _ 1 _
with UV = ZAI(Z,ZT) l/ZZT
_ 1
W = )\3(Z,ZT)
X =

(3/4)A%(z,zT)
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V(1 — z) dx

H =
kv(Z,ZT) =

2

{—(v/vo)2m2 # (o )%+ 2% — gl 4 zT}"/Z

0
and with z = 2, ZT = 1.
The author calculated Eq. (4.21) in the energy range larger
than 1 MeV, since the calculated cross sections are reported
only up to the energy 1.0 MeV in the Schiff's paper-

As for the process, He® + He - He + He+, Schiff reported
the cross sections G p UP to the energy 0.7 MeV. Therefore,
the author calculated in the energy over 0.7 MeV with the
explicit formula given by Schiff,

24 ﬂa2
3 0 {3.8443 4 0. 72252 "
14 2

2 SE{E + (27/8)2}5 E E

9 = 1.40 = 1.4 X

1/2
2 tan_l(gE ) [12.275 & 6.75687 + 1.9500] +

E1/2 27 E E

1/2
+ i[tan_l(gE )]2[10.247 " 7.6886 + 2.6156]},

E 27 E E

(4.22)

where E is the projectile energy in the unit of 100 keV.

4-3-2. Loss Cross Sections

The author carried out the quantum theoretical calculations

of electron loss of helium projectile in a hydrogen atom and a

helium atom as described in the following.
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According to Bohr, the electron loss process in the light
target atom is treated as the process where a bound electron
in the projectile gains the energy larger than its ionization
potential as a result of an encounter. Therefore, the col

lision model may be approximated by an electron scattering by

a light target atom. In the case of electron scattering,
the quantity Tfi in Eq. (4.15) of FBA can be written by
2 Z
7, e T g
‘ £ > Ul e >
T o = exp(-zz »)¢ (t)[-—— ) ———1¢.(1) x
T S N TP
SR ¥ 3% g8
x exp(-z%im a°% a°1 (4.23)

where X and T are the radial vectors of the projectile electron
and j-th electron in the target atom drawn from the target
nucleus (see Fig. 4-1), and a7 = d3?1d3?2....d3;z

After the carrying out the integration over %, ong can get the

differential cross section,

Z
T
2 > *
dofi = 8ﬂ(v0/v) |ZT6fi —-&{jzlexp(zqrj)}¢f(¥)¢i(?)d3¥ 2 3%
(4.24)

where hg = hzi — h%f stands for the momentum transfer in the
collision, and ¢ is the magnitude of the vector 3.
The total differential cross section can be obtained by summing

up all the final states of the target particle, that is,
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The author used the hydrogen-like wave functionssz) for the
ground state (¢ = 0) of hydrogen and of helium atoms,

_ 5 —27%8
¢0(r) = (nao)

exp(—r/ao) for H
(4.25)
:(-3 3 4
¢0(P1,P2) = (ZT /ﬂao)exp[—ZT(rz + r2)/a0] for He
. *
with ZT = 27/16 = 1.69

As regards the elastic part (f = 2) of the cross sections, the

results can be written in a compact form for both H and He,

2,2 2 d
do,,, = 8m(v_/v)°2,(1 — F(q)) ;% (4.26)

provided that

* =
Flq) = (1 + q°a’/a2,%)7° (4.27)

with Z; = 1 for H, Z; = 1.69 for He.

Since the calculations for inelastic part (f # <) is somewhat
cumbersome, the methods proposed by Mottsz) for H and by Kuper
and Teller44) for He were used here, and the result is

do = sn(v /%201 — riq)?) 4 (4.28)
1) r qS

inel

Consequently, the total differential cross section for the
process where the momentum transfer takes place in the range

(hq, ¥Hq + hdq), is given by the following form.
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do = sn(v_sv)¥1zh - r@))? + 2,01 - F(@)?)) 42 (4.29)
q

The electron loss cross section under consideration can be
obtained by integrating the above equation over the momentum
space from mu/h, because the "loss'" will take place when the
incident electron gains the energy larger than I = mu2/2, cor-
responding to hq = mu. The upper limit of the integration
of Eq. (4.29) is, according to Mott and Massey, 2mv/h for the
first term corresponding to the elastic scattering, and mv/h
for the second term corresponding to the inelastic scattering,
respectively. Finally, the following formula was obtained

for electron loss cross section of helium projectile,

g

_ 2 ® 2. 2 * *
rawm = 2na0(vo/ZTv) {ZT[Ae(v/ZTvo) - Ae(u/zvao)] +

+ 2 lA,(v/2800 ) — A (u/2250 )]} (4.30)
with 4 (x) = 2(1 + 287 — 1+ 27878 %(1 + 2 2)78,
A (z) = 2In(1 + FA0L _ at1 p a8t g T e
L1 427873 (4.31)

Eq. (4.30) can be applied when the condition uv > vj is ful
A
7’0’

is written by .

filled. For the case v >> u >> 277 the cross section
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o noamal izl v 2, — /)P lal/e + 2 1Y 02 ou)® (4.32)
and, furthermore, if one takes u/v = 0 in the bracket and takes
u = Zvo, the formula reduces to the Bohr's formula (4.4).
Therefore, we find that the formula (4.4) derived by Bohr can
be applied only for the case v >> u.

In chapter V, the formula (4.30) will be applied for the
target atoms H and He. However, it must be reminded that
this formula was derived on the basis of the free electron
scattering model, and then the more strict treatments of the

40,41)

loss process must be referred to Bell et al or Dmitriev

et aZ43).
In 1963, on the basis of free electron scattering model,

Dmitriev et aZ45)

also made the same calculations as the present
ones. However., the final formula reported in that paper is
clearly incorrect; their expressions would reduce to Eqs. (4.30)

and (4.31) if their misprint is corrected.
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CHAPTER V

RESULTS AND DISCUSSION: CROSS SECTIONS

>-1. Present Cross Sections

In this chapter, the detailed discussions are presented
for the experimentally obtained charge-changing cross sections.
Present results of the single and double electron capture and
01° %022 %107 9795 9y and Oy, aTre shown
in Fig. 5-1(1)-(8) as a function of projectile energy.

loss cross sections o©

A1l the cross sections are plotted in the unit of cmz/molecule.
Experimental errors of the present cross sections were deter-
mined from items i)-iv) described in chapter III.

In particular, statistical errors of the neutral fractions

were large in the higher incident energy region because of the

smallness of the fractions. The total uncertainties of the
cross sections are 20-30 % for 020 and are smaller than 20 %
for cross sections other than 020.

In the present energy region 0.7-2.0 MeV, the loss cross
sections (open symbols) are as a whole larger than the capture
ones (closed symbols) for all the target gases used in the
present experiment. The loss cross sections change very
slowly with projectile energy, while the capture ones decrease
very rapidly. Cross sections can be expressed approximately

by the form o = aE"P, where a and are the constant values
> p
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depending on target gases. The empirical formulae are pre-
sented in Table V-1, where E is the incident energy in MeV, and

A18cm2/molecu1e.

the cross sections are in the unit of 10
The solid lines shown in Fig. 5-1 are the computed values by
using the empirical formulae in Table V-1. As for the cross

section ¢ however, the clear energy dependence is not found

02’
for any gases, so that this cross section may be assumed to
remain constant in this energy region.

All these cross sections seem to increase as the target
substances become heavy; the cross sections for H2 gas are
smallest. About such a medium dependence of the cross sec-
tions, the detailed discussion will be given later.

Contrary to the cross sections for gases H2’ He and NZ’

the present cross sections for 02, COZ’ CH4, CZH6 and C3H8 are

the first data in the helium charge-changing experiments.

5-2. Comparison with Other Cross Sections

5-2-1. Comparison with Other Experiments

Many experimental works have been made for the charge
changing process of helium beam up to the present time.
Projectile energies used in their experiments were, however,

restricted to the relatively lower range and most of them were

below 0.5 MeV46-51). In the higher energy region, the fol
lowing works have been reported. As for the capture cross
sections o o and o Pivovar et aZSZ’SS), Nikolaev et

21° 10 20’
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54,55)

al , Pucket et a156)

and Hvelplund et a257) reported the
data up to the energy 1.5, 1.3, 1.0 and 7.0 MeV, respectively.
and Tpa? Pivovar
reported the

As concerns the loss cross sections o

et aZSS), Dmitriev et aZzs)

12° %01
and Shah et a1°%)

Cross section 0,9 UP to the energy 1.4, 6.0 and 1.0 MeV, res-

pectively, and only a few reports are available for the cross

59,60)

sections o and o by Hvelplund et al and by Pivovar

01 02

et alss).

These investigators used H N He and other noble gases

27 27

as the target gases, and did not use O, or other complicated

2
compounds. Therefore, comparisons with other experimental

works will be made only for the gases H He and N2 in the

2’
following.

1) Capture cross sections [Fig. 5-2(1)-(3)].
Present cross sections Oy, and 0,, are in fairly good
agreement with other data within experimental uncertainties,

while double electron capture cross section o shows a slight

20
deviation from others. This deviation may be due to the
large uncertainties of neutral fraction caused by the rapid

decrease of double electron capture probability.

2) Loss cross sections [Fig. 5-3(1)-(3)].

Present cross sections 0,5 are in good agreement with
other data for all the target gases, while the cross section
o are smaller than the data by Hvelplund et a159’60) for the

01
gases H2 and NZ' As regards the double electron loss cross
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section o large uncertainties are present in both cases of

02’
present and of Hvelplund et al, but both of these cross sec-

tions are in the same order of magnitude. In the lower
energy region of these figures, the experimental data of 91 by

48,49,51)

other investigators are also shown in order to see the

reason why the present values of ¢ for H, and N2 are smaller

01 2
than others. As easily can be seen, the agreement of results
between them are very poor. In particular for the He target,

the discrepancies are the largest and the values by Solov'ev

49)

et al are larger by two or three times at most than the

51). Therefore, the high energy data

values by Gilbody et al
by Hvelplund et al cannot be trusted simply, although there are
no other experimental results to be compared, unfortunately.

One of the cause that the experimental results differ so
largely may be attributed to the presence of metastable (or more
highly excited) neutral helium in the beam which were produced
as a result of neutralization of He® beam passing through the
neutralizer cell. When the metastable neutral particles are
contained in the He0 beam by a fraction f (0 < f < 1), the
formula which was used for the derivation of cross sections

must be written by another form. As a simplest example,

Eq. (3.7)' should be written by the following modified form.

bpq(2) = byq(xp) = byy(z,)0g T [a = 2]
*
= {(1 - Flogplxglo,, + f¢00(x0)001}[x — x,] (5. 1)
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where o??p is the experimentally determined cross section shown
E
in the figures, o and o are the cross sections of ground

01 01
state and excited state neutral particles, respectively.

From Eq. (5.1), the experimental cross section °3§p can be

written by

exp _ _ * .

O ® (1 f)001 + chZ (5. 2)
when the relation 0;1 = 00, is introduced, Eq. (5.2) is written
by

exp _ _

9,7 = [1 + (a l)f]coz (5. 3)

Gilbody et aZSI) reported the single electron loss cross sec-
tions of ground state and of metastable particle for various
target gases in the energy range from 10 to 350 keV, and showed
that the values o* are much larger than o

01
Although the cross sections o

01 for any gas.

have not been reported in the

*
01

present energy region, it will be reasonable to expect that the
helium atom in an excited state will lose its electron easier

than the helium atom in the ground state. Then, the author

>

assumed o that is, a > 1. In this case, the quan-

*
01~ %o1°
tity in the bracket in Eq. (5.3) becomes larger than unity, so

that the relation o??p b 91 is concluded. This relation

implies that the apparent loss cross section cZ?p becomes

larger than the cross section o when the excited particles are

01
contained in the incident beam.
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The present values for H2 and N2 are smaller than other exper-
imental values, so that the influence by the metastable helium
atoms may be absent or neglegibly small in the present experi-
ment.

Among the experimental results shown in the figures, only
the data by Gilbody et al (indicated by small open ciecle) are
the cross sections of ground state helium atom. It is seen
that their cross sections are smallest in all of these results.
For the target gases He and N2 particularly, values by Gilbody
et al are very smaller than the values by Pivovar et al and by
Hvelplund et al. When the data by Gilbody are extrapolated
to the higher energy region, the exptrapolated values seem to
be very close to the present cross sections.

In Fig. 5-4, the experimental cross section ¢ by Pivovar

01
et al, by Hvelplund et al and by Gilbody et al are shown as a
reference for the target gases Ar and Kr. This figure shows
that the results by Pivovar et al, and by Hvelplund et al are
significantly inconsistent with each other over 0.4 MeV, and the
latter results are larger than the former ones by two times in
some cases. The cross sections given by Pivovar et al are
very close to the results of Gilbody et al.

From these considerations, the author concludes that the
present values are not so suspicious. Further more precise

and numerious experimental works should be performed in order

to study the loss cross sections of neutral beam.

_55_



5-2-2. Comparison with Theories

As mentioned in the previous chapter IV, the theoretical
calculations of charge-changing cross sections of helium have
been reported only for simple cases. Theoretical results
which can be compared with the present experimental results are
listed up in the Table V-2. In this table, the classical
calculations denoted by modified-Bohr was described in section
4-1-2, and the quantum mechanical calculations denoted by Itoh
of the loss cross sections for hydrogen and helium atoms was
described in section 4-2-2. All the calculations in the
table are for the target of single atoms, so that the twice of
these cross sections will be compared with the experimental

ones for the target gases HZ’ N2 and 02.

1) Capture cross sections [Fig. 5-2(1)-(4)]
i) H2 gas: 0,
As mentioned previously, the calculated values reported
by Schiff16) are only for the energy up to 1.0 MeV, therefore,
the values in the range over 1.0 MeV are calculated in the
present study. Theoretical values are somewhat smaller than
the present experimental values except for the 2 MeV incidence.
Energy dependence of theoretical curve is very close to the
present one in the range 0.7-1.5 MeV, but is loose as compared
with the present in the range over 1.5 MeV. In this figure,

calculated values with the formula given by Brinkman and Kramers

is also shown as a comparison. These values are much larger
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Table V-2.

Summary of theoretical cross sections which can be

compared with the present experimental cross sections.

Upper and lower part of this table corresponds to quantum

mechanical and classical calculations, respectively.

Author (ref.) Target Atom Denotations

in

He N, O Figures
91 %1 %12|%1 %10 %20 %01 12|%21 °10 %01 12

Schiff(16) ) ) S
Mikherjee (61) o} o M
Gerasimenko (39) o G
Bel1(40,41) o o o Bell
Dmitriev(43) o o Dmit
Itoh(present) o o o o Present
Bohr (24) o] o |o o] B or B'
Modified-Bohr & 5 & B MB or MB'

(present)
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than the experimental ones. This is due to the neglect of
necleus-nucleus interaction in this approximation.
The large deviation from the experimental values is also seen

for the case of proton projectile as reported by Jackson and

Schiff2®),

Apart form the absolute values of cross sections, energy

dependence given in BKA and by Schiff are o, , ~ E'a, and

Oy v E_4'5, respectively. Present cross sections decrease

more rapidly in high energy region than in the lower energy
region, indicating that the energy dependence seems to close to
BK approximation.

ii) He gas: Ogs5 Ogp0 020

As for the helium target, calculations with first Born

39)

approximation by Schiff and by Gerasimenko and Rosentsveig
and those with the impact parameter method by Mukherjee et 6261)
can be compared with the present data.

Schiff's curve for %0 (denoted by S) is somewhat smaller

than the present data and the curve for o given by Mukherjee

21
et al (denoted by M) is somewhat larger than the present.
Theoretical cross section of double electron capture are
larger than the present data over 1.0 MeV for both calculations
by Mukherjee et al and by Gerasimenko and Rosentsveig.
The following remarks should be stated here. In the

calculations by Schiff, exact calculations of o for hydrogen

21
target were made only for the capture into the state v = 2 -and
1, where v is the principal quantum number of the state of

helium atom. Then, by assuming the v"s law for the higher
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excited states v > 3, he obtained the total capture cross sec-
tions. As for the case of 990 in helium target, only the
ground-state capture was evaluated exactly and v-g law was used
for v = 2. In the calculation of Py for He by Mukherjee

et al, ground and the first excited state capture were calcu-
lated, and their cross sections shown in this figure dose not
contain the contributions from the higher excited state capture.
Finally, the double electron capture cross section 990 given by
Gerasimenko and Rosentsveig are the only ground-state capture.
Therefore, it is easy to expect that the reported cross sec-
tions by these authors would be somewhat different from the

true total capture cross sections. For instance, the cross
section Ogq and 990 for helium target given by Mukherjee et al
and by Gerasimenko and Rosentsveig would become larger if the
contributions from higher excited-state capture are included.
However, the reported theoretical values are relatively in good
agreement with the experimental ones. It may be true, there-
fore, that the higher-state capture process does not contribute
so largely to the total capture process.

The author concludes that both the first Born approximation
and the impact parameter approximation give almost same cross
sections in this energy region, and that it is sufficient to
consider only the ground-state and first excited state as the
capturing states.

144 ) N2 and O2 gases: 0,,, 0,4,
As for the heavy target molecules N, and 0,, classical

calculations with use of the formula given by Bohr and its
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modified roumulae (4.13) and (4.14) are compared with the
experimental results because of lack of quantum mechanical cal-
culations. Theoretical cross sections ogl(denoted by B)
given by the Bohr's formula (4.11) are in very good agreement
with the present data for both these target gases, indicating
that the Bohr's considerations are very correct. Modified
formulae for 9.0 (denoted by MB) gives somewhat larger values
than the experimental ones in two cases of N2 and 02.

In N, gas, the energy dependence of 9.0 is different between

the MB and the present data; the former gives E-3, while the

present result is 4. On the other hand, the energy depen-

dences for O2 gas agree with each other. In any way, the
fact that the cross sections 9. calculated with the modified
formula are larger than the experimental ones may indicate the
following. In the case where the incident ion is not bare
but carries more than one electron, one should take account of
interactions between electrons in the projectile and the electron
to be captured. Due to the repulsive force between these
electrons, the capture cross section 9.0 would become smaller

than that given by the MB formula. Therefore, a simple ex-

tension of Bohr's theory cannot be admitted.

2) Loss cross sections; 97> 932

In this subsection, present experimental loss cross sec-

tions for H He, N, and O2 gases are compared with the FBA

43))

2,

2
40,41)

(Bell et al , Dmitriev et al the free electron scat-

tering model by present author, Bohr and its modification.
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i) HZ’ He gases [Fig. 5-5(1)-(2)]

In both gases, quantum theoretical cross sections g by

12
Bell et al and by Dmitriev et al are in good agreement with the
present data. But for the higher energy region in H2 gas,
the present results are much smaller than their calculated

values. As for the cross section agreement between the

ol
calculations by Bell et al and the present data is relatively
good for He gas, but is poor for H2 gas.

When the present data of 991 and 0, are compared with the
classical calculations with Bohr or modified Bohr, the calcu-
lated results are clearly much larger than the present.

The cause of this large deviation is, as mentioned previously,
due to the neglect of the effect of screening of nuclear charge
by the surrounding electrons of the target atom. As compared
with these classical calculations, the cross sections calculated
with free electron scattering model are much closer to the ex-
perimental values, particularly for the cross section O 5t

This is interpreted as follows. In the present calculations
with the free electron scattering model, screening effect is
taken into considerations by using the wave functions for the

target atoms. For the case of © however, the present

01’
calculations are still much larger than the experimental data.
The discrepancies seen for this case imply that the loss process
of projectile carrying one or more electrons should not be
treated simply by the free electron scattering model. It is

interesting to note that the present calculations in the high

energy range approach asymptotically to the calculations by

=6.1



Bell et al using FBA.

In these figures, are shown the classically calculated
cross sections with the heavy-target-formula given by Bohr (de-
noted by B') and its modified one (denoted by MB').
Surprisingly, in this energy region, the heavy-target-formula
given in Eq. (4.13) gives far much closer cross sections to the
experimental ones than the light-target-formula given by Eq.
(4127 For instance, the cross sections 951 and T, with
the heavy-target-formula are larger than experimental ones by
only 30 % in the case of He gas, while the calculated values
are still larger than the experimental ones by a factor of about
1.6 in the case of H2 gas.

ii) N,» O

, gases [Fig. 5-3(3)-(4)]

In this case only the classical calculations with Bohr and

its modifications can be compared. In the case of cross
section PP both the experimental and theoretical cross sec-
tions agree with one another. As for 9570 the MB cross sec-

0 [

tions are larger than the experimental ones by 30 % and by 50 %

for the target gases N, and 02, respectively.

5-3. Characteristics of Cross Sections

As described in the preceeding sections, comparisons with

other experimental and theoretical cross sections can be made

only for the target gases HZ’ He, N2 and 02. As for the
other gases of multiatomic molecules such as C02, CH4, C2H6 and
C3 g? there is no other data to be compared. In this sec-
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tion, the following characteristics of cross sections are de-
scribed for all the target gases.

1) Energy dependence.

2) Ratios of cross sections.

3) Atomic number dependence.

4) Medium dependence.

5-3-1. Energy Dependence

The present experimental cross sections are represented
with the empirical formulae o = agE P as given in Table V-1.
Fig. 5-6 shows the powers p as a function of total number of
electrons in a target molecule. Since the double electron
loss cross section 99 does not show a clear energy dependence,
the powers for this cross sections are not shown in this figure.

The powers p for the capture cross sections are in the
range 3-7, much larger than those for loss cross sections.
Particularly, single electron capture cross sections Py and
9.0 show the almost same magnitude of p for any gas. The p's
for the 1light targets, H2 and He, are somewhat larger than those
for heavier targets. As for heavy target molecules contain-
ing carbon, nitrogen and oxygen atoms, the p's are about 3 which
is in agreement with the Bohr's prediction. This indicates
that the formula derived by Bohr is correct at least as for the
energy dependence.

The powers for the double electron capture cross section
o are in the range 5-7, which are larger by about two times

20
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than those for single electron catpure.
5-3-2. Ratios of Cross Sections

In Fig. 5-7, are shown the ratios of capture cross sections

020/021 and of loss cross sections 001/012. All these values

are the average ones over all the projectile energies.
The ratios 020/021 of capture cross sections (upper part

of the figure) are about 0.04 for H, and hydro-carbon molecules

2
and those for other molecules without hydrogen atoms are about
two times larger than the former ones. The physical meaning
of the factor '"2" is not clear in this stage. It is very

interesting to note that the double electron capture process
does not take place so easier as compared with the single cap-
ture process when the projectile ions collide with hydrogen-
containing molecules.

The lower part of the figure shows the ratio 001/012 of
single electron loss cross sections and the values are about
2 for all these gases. According to Eqs. (4.12) or (4.13)

derived classically, = 2(u1/u0)2 = 2(4.38/2.95)2 = 4.4

991712
for light target, and is 2(u1/u0) = 3 for heavy targets.

Values of orbital velocities Uy and U given in the paper of
Lotz63) were used in the calculations. These theoretical

predictions are the same order with, but somewhat larger than

the present results. As mentioned in the previous section,
the present cross sections T, agreed with Bohr's formula, but
the cross sections o, , were smaller than the values given by

01
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the MB formula. Consequently, the ratios of present cross
sections are different from the predictions. This is, how-
ever, natural when we recollect that a simple extension of the
Bohr's theory cannot be allowed for the projectile with one
or more electrons.

Present values 001/012 may be regarded to be 2.
Then it means that loss probabilities do not depend so largely
on the binding energy, I = mu2/2, of an electron to be lost,
and are rather proportional to the number of electrons carried
by the projectile before a single charge-changing collision.
This result indicates that the loss probability of an electron
in He' is almost equal to that of an electron in He0 irrespec-
tive of their binding energies: I = 54.4 eV for He+, I = 24.86
eV for HeO. Quantitative discussion on the loss probability

will be given in the section 7-1-1.
5-3-3. Atomic Number (ZT) Dependence

In this section, dependence of cross sections on atomic
number Zp of target gases HZ’ He, N2 and O2 are studied.
The experimental cross sections for diatomic molecules are
divided by 2 in order to compare the cross sections per single
atoms. The cross sections in Fig. 5-8(1)-(2) are the rela-
tive values to the hydrogen atom.

The loss cross sections show a fairly clear Zp, dependence,

and within the experimental errors, the cross sections for these

atoms seem to be on a straight line. From these slopes, the
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. . 0.67-1.0
dependence of loss cross sections is found to be Zp .

ZT
. . ; 2/3
This result is very close to the Bohr's prediction, Z, / , de-
rived for the intermediate target atoms. Bohr's formula
(4.4) gives (Zi + ZT) dependence for light target, but it is

too much large compared with the experimental results.

Therefore, it is concluded that the loss cross sections depend

on the target atomic number in the form Zi/s whatever the target
atom is light or heavy. However, the reason is not clear

why the cross sections for an oxygen atom are always equal to
or smaller than the cross sections for a nitrogen atom.

Contrary to the loss cross sections, a single dependence
is not found for the capture ones; rapid increase in the range
Zp 22 and slow increase for the range Zp > 2.

Approximately, the slopes in the range from helium to oxygen

seem to show the nearly same ZT dependence as the Bohr's pre-

1/3

diction ZT .

5-3-4. Medium Dependence

The experimental cross sections are plotted as a function
of total number of electrons in a target molecule in Fig. 5-9
(1)-(2), where the cross sections for hydrogen molecule are
taken to be unity. As can be seen in these figures, charge
changing cross sections increase with increasing the number of
electrons (WN). In particular, the single electron loss
cross section is almost proportional to the number of electrons

in the target gas. The same proportionality was found for
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the double electron loss cross sections. On the other hand,
the capture cross sections are not always proportional to them.
As will be mentioned in the next chapter, the proportionality
of the loss cross sections to the number of electrons can be
explained very well by applying the additive rule and Zp depen-

dence to the molecular targets.
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CHAPTER VI

RESULTS AND DISCUSSION: ADDITIVE RULE

6-1. Additive Rule

In this chapter, the detailed discussion about the additive
rule is presented by using the experimental charge changing
cross sections for the gases HZ’ CH4, C2H6’ C3H8’ O2 and COZ'

The additive rule, as was already mentioned briefly in
chapter I, implies that a cross section for a compound molecule
consisting of several atoms is a simple sum of cross sections
for the individual single atoms. That is, under some spe-
cific conditions of ion -molecule collision, the effects of
chemical bond of the target molecule can be neglected.

In general, the bond energies are of the order of 10 eV, and
the orbital velocities of the bond-electrons are below 5 x 108
cm/sec. When the projectile energy is very high and its
velocity is much faster than the orbital velocities of the
bond-electrons, the molecular forces are negligible and the

target molecule appears as an assembly of the individual atoms.

This statement is expressed by the following formula.
O(Aan) = no(A) + mo(B), (6. 1)
where o(Aan), o(A) and o(B) are the cross sections for a mole-
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cule Aan and for a single atoms A and B, respectively.

A few experimental results have been reported for the
additive rule in the charge changing process. Hydrogen beam
experiments have been made by Toburen et alll) and by Dagnac et
allz). The former workers measured the cross sections 991
and %0 of hydrogen projectile of energy 0.1-2.5 MeV in the

target gases O Cco CH C,H C,H, and C H

2> COg» Hy,» CHy, CoHys Colg 4f10-
They estimated the charge changing cross sections OOJ(C) and
olo(C) for a carbon atom by solving the simultaneous equations
of various combinations of the experimental cross sections.
Estimated carbon cross sections o(C) were found to agree with
one another within experimental errors.

The latter workers made the experiments on 2-60 keV hydro-
gen charge changing process, and they found that the experimen-
tal cross sections for a water molecule o(HZO) can be reproduced

by using the experimental cross sections for H2 and for 02, that

is,
o(H,0) = o(H,) + %0(02) (6. 2)

Both of these experimental results show the validity of the
additive rule in the collision process of hydrogen projectile.

On the other hand, there is a paper of Wittkower and

13)

Betz concerning this rule for the heavy ion projectile.

o ions were passed through the

In their experiment, 12 MeV I
target gases HZ’ NZ’ COZ’ NZO’ CH4 and (CHZ)SO’ and the charge

changing cross sections o, (g = 3-8) were measured.

5q
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They reported that it is completely impossible to reproduce the
cross sections for the complex molecule from the individual
cross sections of constituent atoms of the compound.

For instance, the cross sections obtained for (CHZ)SO are sig-
nificantly smaller than any possible addition of cross sections
for its components, and the single capture or loss cross sec-
tions for C differ substantially when determined from formulae
0(C02) — 0(02) and o(CH4) — Zo(Hz). That is to say, the
additive rule does not hold for the process of 12 MeV I5+ ion
projectile.

The additive rule is, therefore, found to be valid for the
hydrogen projectile with velocity v = (0.62- 21) x lOgcm/sec,
but not for the iodine ions with velocity v = 4.2 x 108 cm/sec.
These two experimental evidences are not only contradictory to
the simple idea that the rule would be valid if the projectile
ions are very fast, but also imply that the electronic structure
of the projectile takes a significant role in the collision
mechanism. It is, therefore, very important to examine the
validity of the rule to what extent of projectile ions, and of

projectile energies.
6-2. Estimation of the Cross Sections for a Carbon Atom

6-2-1. Molecular Chain Method

In general, the subtraction method is unsatisfactory for

the verification of the additive rule because of the large
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influence due to experimental errors of cross sections.
Therefore, the author newly developed a molecular chain method
as is described below. The hydro-carbon molecules were

used as a molecular chain. These molecules can be expressed

by the form CnH where n is the total number of carbon

n+2’

atoms in the molecule. The hydrogen molecule H, is treated

2
as the case n = 0 in the above form. When the additive rule

is assumed to hold in the process under consideration, the
charge changing cross sections for the molecule CnH2n+2 must be
represented by the linear combination of the cross sections

for the constituent hydrogen and carbon atoms,

O(CnH = no(C) + (2n + 2)o(H)

2n+2)

[o(C) + 20(H)]n + 20(H) (6. 3)

where o(C) and o(H) are the cross sections for a carbon and a
hydrogen atom, respectively. The formula (6.3) indicates

that the plot of cross sections o(CnH y(n = 0,1,2,3) as a

2n+2
function of n will show a straight line with slope, o(C) + 20(H),
and with an intersection, 20(H). The experimental cross
sections for these hydro-carbon molecules are shown as a func-
tion of »n in Fig. 6-1(1)-(6), where the cross sections are the
relative values.

Clearly seen in these figures, the fairly good linear re-

lations are obtained for all the cross sections, particularly

for loss cross sections. All the straight lines in the
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figures are obtained by the least square fitting. These re-
sults support the formula (6.3), that is, the additive rule is
valid.

The intersections 20(H) may be regarded to be the exper-
imental values c(HZJ. From the slopes [o(C) + 20(H)] of the
lines, the cross sections o(C) for a carbon atom were estimated.
Results are given in Table VI-1. The carbon cross sections
0(C) estimated in this way are the average values of cross sec-
tions determined by the subtraction method for all possible
combinations of these molecules. Therefore, this new method

is more reliable than the subtraction method; o(CH4) — 20(H2).
6-2-2. Subtraction Method

The carbon cross sections can also be estimated from
O(COZJ — 0(02), and these values are listed in Table VI-1 de-
noted by asterisk. In both cases of capture and loss cross
sections, these values are in fairly good agreement with those
derived by the molecular chain method. Agreement between
them is very well, in particular, for loss cross sections.

As for capture cross sections, the estimated values in the
subtraction method are in some cases much different from those
estimated in the molecular chain method. For instance,
020(0.7 MeV) and 010(1.0 MeV) are the cases (see Table VI-1).
This disagreement is explained as follows. As mentioned in
chapter V, the capture cross sections decreas rapidly in the

present energy region. So that the large experimental errors
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of cross sections influence the estimations in the subtraction

method.

6-2-3. Cross Sections for a Carbon Atom

Fig. 6-2 show the estimated carbon cross sections.
Capture cross sections are from the molecular chain method.
Loss cross sections are the average values of two methods;
= (601 + 02)/(6 + 1), where o, and o, represents the cross

1 2
sections estimated from the present and subtraction method,

o
loss

respectively. The solid lines are the empirical lines de-
termined by the form o = aE_p, and the broken lines denoted

by B and MB are the calculated values according to Eq. (4.13).

6-3. Semi-Empirical Formula of Cross Sectioms

In the first step, the empirical formula for the consti-
tuent single atoms are used to reproduce the cross sections for
CO2 and hydro-carbon molecules, by assuming the additive rule
to hold. The used empirical formulae for H, O and C are
presented in Table VI-2. The formula for H and O are the
half of the experimental formulae given in Table V-1.

By using these single atomic cross sections, charge chan-
ging cross sections for compound molecules were calculated, and
the results are shown by dotted curves in Figs. 6-3(1)-(2).
Agreement between the experimental and calculated cross sections

are very good. Therefore, the validity of the additive rule
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is reconfirmed for helium projectile.

In the second step, the semi-empirical formulae for loss
cross sections were constructed by using the present experimen-
tal findings and the Bohr's theory. As for the capture cross
sections, the energy dependence and Zp dependence are not so
clear, so that the general formula for capture cross sections
could not be constructed.

As mentioned in chapter V, the following experimental
findings are obtained as for single electron loss cross sec-
tiOns .

1). Theoretical cross sections 9,4 calculated with the heavy
target formula (4.5) given by Bohr are in agreement with
the present experimental values for the cases of N, 0, C
and even for He, while for the case of hydrogen atom the
formula (4.5) gives the values somewhat larger than the

experimental ones by a factor of 1.6.

2). Atomic number dependence of cross sections agrees with the

Bohr's prediction ZT2/3.
3). Energy dependence of cross sections can be represented by
the Bohr's prediction 95 . » 1 with a good accuracy.

4). Experimental cross sections 0,; are about twice of 9,9 for

all the target substances.
These experimental findings suggest that, for the atomic target
other than hydrogen atom, the single electron loss cross sec-

tion o can be expressed by the Bohr's formula (4.5) and o

12 01

is 2012, that is
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2/3

_ 8wl
= snaoz (vo/v)ZT

0qq+1 (6. 4)
where s stands for the number of electrons carried by the pro-
jectile before a single encounter. As for the hydrogen atom,
the formula (6.4) divided by 1.6 is regarded as the semi-empir-
ical formula for loss cross sections.

By using the formula (6.4) and the additive rule, the cross
sections for molecules Aan consisting of heavy atoms, i.e., NZ’

0, or CO2 can be written by

2
_ 2,-1 2./3 9/3
Ogqe1 ByBp) = ema 2™ (v /v){n2, 7" + m2p" "} (6. 5)
and the cross sections for hydro-carbon molecules CnH2n+2 can

be expressed by

- snaiz_l(vo/v){nz2/3 + Y%E(Zn + 2)23/5} (6. 6)

(C c

qu+1 nH2n+2)

On the other hand, as mentioned in section 5-3-4, the loss

i he total
01> 912 and G, aTe proportional to the

number of electrons (N) in a target molecule. These results

cross sections o

can be explained as follows. In Eq. (6.5), the quantities

2/3
A

NZ’ O2 and COZ’ respectively, and these values are very close
to the half of the total number of electrons in the respective

(nz + mzé/g) in the bracket are 7.3, 8 and 11.3 for molecules

molecules; 7, 8 and 11. As for the case of the formula (6.6),
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2/3
the quantities in the bracket,{nzé/g + (1/1.6)(2n + 2)ZH/ } =

4.552 + 1.25, are 1.25, 5.8, 10.4 and 14.9 for H,, CHy» C2H6
and C3H8’ respectively, and these values are also very close to
1, 5, 9 and 13, the half values of total electrons.

Therefore, the quantities in brackets in Eqs. (6.5) and (6.6)
can be replaced by ¥/2, and finally the single electron loss
cross sections by eight target molecules used in the present

work are expressed in terms of ¥ in the following form.

2,-1
= . 7
0qq+1 snaOZ (vo/v)N/Z (6 )
As for the double electron loss cross section 002, there are no
theoretical expressions such like Eq. (6.4). Therefore, the
cross sections can be expressed only in the form Opg v U =

kﬂajN, where k is a constant value independent of target mole-
cules. Finally, the author obtained the following formula
which can reproduce the experimental cross sections very well.
I
999 = 77 ﬂaoN (6. 8)
It is clear, in Eqs. (6.7) and (6.8), that the loss cross sec-

tions o and o are proportional to the total number of

2% Y12 02
electrons in a target molecule.
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6-4. Conclusion

From the above mentioned considerations, it is concluded
that the additive rule is reasonably applicable to the helium
charge changing process in the present energy region.
As the theoretical approach to the additive rule, Tuan and

2)

Gerjuory6 calculated the capture cross sections for protons
in the collision with H and H2 with the first Born approxima-
tion. They reported that the cross section for hydrogen
molecule is not twice the cross section for an atomic hydrogen,
and that the interference effect between the atoms in a mole-
cule cannot be neglected. Nevertheless, the experimental

11) 12) and the

results obtained by Toburen et al , Dagnac et al
present results indicate that the additive rule holds very well
for the 1light projectiles such as hydrogen and helium ions.
Contrary to these light projectiles, the additive rule
does not at all hold for the iodine projectile as pointed out

13). As mentioned in chapter I, it is

by Wittkower and Betz
known that the additive rule holds well for the energy loss
process of heavy ionss). The reason why the rule holds
reasonably well in the energy loss process may be due to the
fact that the process has a statistical characteristics.
However, recent experimental studies have shown the deviations
from the additive rule even for hydrogen and helium projectiles.
For instance, Park and Zimmermang) made the experiment on the

stopping cross sections for 40-250 keV 1" ion passing through

H CH

27 CZHZ’ C2H4, € H8’ (CHZ)3 and C3 6° and reported that

4’ 3
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the additive rule does not hold in the projectile energies
below 150 keV. By using similar carbon-containing molecules
as described above, the group of Baylor University made exper-
iments for 0.3-2.4 MeV He® ion, and they reported that the rule
holds for the molecules with single or double bonds, but not
for the molecules with triple bonds.

These experimental results indicate that the validity of
the additive rule in energy loss process 1is dependent on the
atomic number of projectiles, incident energies and the nature
of chemical bond of target molecules. This will be the case
also for the charge changing process. Therefore, in order
to investigate the additive rule, the experiments should be
made systematically over various projectiles, wide range of

incident energies, and various compound molecules.
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CHAPTER VII

RESULTS AND DISCUSSION: EQUILIBRIUM CHARGE DISTRIBUTIONS

7-1. Introduction

In this chapter, the equilibrium charge distributions of
helium particles are discussed. Many measurements of helium
equilibrium distributions have been reported by other investi-
gators, previously. The earlier data in relatively low
energy region up to 1958 was summarized in the article by Alli

4). In the high energy region, Pivovar et alss), Nikolaev
64)

et al , Meckbach et aZ65), Torres et aZ66)

son
, or Hvelplund et
alsg) have reported the data for various target gases.

However, as in the case of cross section measurements, most of
the target gases are restricted to HZ’ NZ’ He and other noble
gases, and no experimental data have been reported for the com-
plex compounds such as used in the present work.

The average equilibrium charge is known in general to be
higher in the solid materials than in gaseous materials, and
solid carbon foils have been commonly used as the charge strip-
pers in high energy accelerators. There are some interpre-
tations for the reason why the mean charge becomes higher when
the projectile passes through the solid than the gas, but it is
not clear even at the present time which is the best one.

It is,however, uncertain whether the relation g(solid) > q(gas)

is true or not in all the projectile ions or in all the energy
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region.

In the following sections, present results of equilibrium
charge fractions and of average charges are described in detail
by comparing those with other worker's data, and discussion is
given to the difference of average charge between solid and

gaseous media.

7-2. Equilibrium Charge Distributions

As mentioned in Chapter III, any fractions approach to a
definite values, namely the equilibrium fractions, in the high
pressure region, independently of the initial charge state of
the projectiles. The results of these equilibrium charge
fractions are presented in Table VII-1 and in Fig. 7-1(1)-(8).
Experimental errors are lower than a few percent for charged
fractions F, and Fy. The neutral fraction F, has somewhat
large errors and are in the range within the data symbols.
The energy dependence of fractions are quite similar for any
target gases. The relation F_, > F_, > F_ can be seen in this

2 1 0

energy region, except for He and O2 around 0.7 MeV.

The equilibrium fractions can be calculated from six cross sec-
tions according to the formula (3.15) and (3.16). Calculated
values were, as mentioned in section 3-3, in good agreement
with the experimental results.

As the experimental data by other investigators, Pivovar

53)

et al reported for 0.2-1.5 MeV in H He and NZ’ Nikolaev et

2’
aZ64) for 0.67-5.9 MeV in He and NZ’ the group of Meckbach and
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Torres65'66) for 60-860 keV in HZ’ He and NZ’

aZSQ) for 1 and 3 MeV in HZ' In these figures, only the data

and Hvelplund et

by Pivovar et al, and by Meckbach's group are shown since their
data are most systematic in respective to the projectile energy.
The solid lines are the guide lines of the present data, and

agreement with other data are very good for gases HZ’ He and NZ'
27 N2 and CH4
are shown. These ratios change linearly with incident ener-

In Fig. 7-2, the ratios FO/F2 and FZ/FZ for H

gies, and the similar linearities were found for other target

gases. Therefore, the ratios can be expressed by the form
ae P, The obtained empirical formulae are given in Table
VII-2. The energy dependence of these quantities are E_(5_7)

-(2.5-3.0)
for FO/FZ and E for FJ/FZ'
7-2-1. Application of the Theory of Dmitriev

In 1957, Dmitriev70) proposed the simple method for calcu-
lation of the equilibrium charge fractions. He tried to ex-
plain the equilibrium charge fractions in terms of the removal
probability of electron which is bound in the projectile parti-
cle. Dmitriev's theory is based on the assumption that the
removal probability P of the i-th electron with orbital veloc-
ity u, in a projectile with velocity » is a function of only
v/ui, and is not affected by the presence or absence of other
electrons in the projectile. Therefore, the probability
P(v/ui) is a universal function and is same for both inner and

outer electrons provided that the v/ui is constant.
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In the case of helium projectile, the quantity P(v/uo) = PZ is
the removal probability of one of two electrons in neutral pro-
jectile Heo, and P(v/ul) = P, corresponds to that of an elec-
tron in He'. By using these quantities, the equilibrium

charge fractions can be written in the form,

"=y
I

(1 — PZ)(J = P2)

0
B, = (3 = PJ)PZ + PZ(J — Py (7. D
Fo= PP,

and the average charge g is given by

q = g qu & % Py = By + Py (7. 2)

By solving the formula (7.1), probabilities Pl and PZ are ob-

tained in the following forms, respectively.

- L _ 2 1/2
B = 2{F1 + 2F [(FZ + 2F,) 4F2] }

2
(7. 3)

. 4 2 _ 1/2
P, = Z{FZ + 2F, + [(Fl + 2F,) 4F2] }

2

By substituting the experimental values FZ and F, into the for-

mula, the probabilities PJ and P2 were obtained. The results
are shown in Fig. 7-3(1)-(8), where the probabilities are plot-

ted as a function of projectile velocity. In this energy
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region, both of these probabilities are very large and approxi
mately Py = P2. Therefore, the quantities (7 — Pl) and

(1 — P2) are plotted in these figures instead of P, and P, in
order to see the difference between them more clearly.
The values (1 — Pi) stand for the presence probabilities of
i-th electron.

According to Dmitriev, the probability P should be a uni

versal function, and necessarily P, must be equal to P2 by

1
shifting the abscissa by a factor of “1/“0 = 1.48.

In order to confirm this relation, the shifted values (I — Pz)
are shown by open circles in the figures. As clearly seen,
the shifted values are always smaller than (I — P2) for most of

target gases. But for the gases H, and He, the agreement

2
are relatively good. Apart from the magnitude of the pro-
babilities, the velocity dependence of (I — Pi) are very similar

each other except for the gases C H6 and C3H8‘

2
Meckbach et alﬁs) have calculated P, and P, for He gas in

1 2

a similar way, and stated that the shifted values (I — Pl) are
still much smaller than (I — P2) in their projectile energies,
and that the theory of Dmitriev cannot be supported. In the
present case, however, the agreement seems to become good as
the incident energy increases and it can be said that the theory
is rather a good approximation in the high energy region, al
though it is very rough approximation.

Finally, the author emphasizes that the experimental evi

dences that both P1 and P, are larger than 90 percent in high

energy region explains well the results described in section

_83_



5-3-2 that the loss cross sections does not depend so strongly

on the binding energy of electrons to be lost.

Average equilibrium charge g is calculated according to
the formula g = FJ + 2F2, where Fi is the experimental equilib-
rium charge fraction. Calculated results are presented in
Table VII 1 and in Fig. 7-4, where the g for the hydro-carbon
molecules are shown in a right hand side of the figure in order
to avoid the complexity.

The characteristics of the average charge are as follows.

1) depends largely on target gases.

Q1

2) in helium gas is the smallest and is largest in hydrogen

Qi

gas.
3) g in hydro-carbon gases are very close to one another, and

particularly the values in CH, are almost equal to that in

4
C.H and both of them are larger than that in N2 gas.

38’

In order to investigate further more deeply the medium depen-
dence of average charge, the measurements were performed for
1.0 MeV He beam by using the various gases in addition to the
previous eight gases. The used gases are Ar and CnH2n+2
(n =5, 6, 7, 8). The obtained average charges for 1.0 MeV
helium projectile are presented in Table VII-3 and in Fig. 7-5.
The characteristics are the following.

1) g in Ar is the larget.

2) q does not differ so much in the gases H2 and hydro-carbon
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gases.

From these experimental results, it is concluded that the g of
helium particles passing through heavier substances are not
alway larger than those in light substances. Particularly,

this conclusion is easily understood by viewing the fact that

q in H2 is very large. In Fig. 7-4, the average charge of
helium ions after penetrating through the carbon—foilé7) are
shown by a broken line as a comparison. The average charge

in C-foil is smaller than that in HZ’ and above 1.5 MeV they

are larger than those only in He and O In order to check

2
if this trend is also seen in the lower energy region, the
average charge in the energy below 1 MeV are shown in Fig. 7-6,
where the presented data are from the papers reported by the
group of Meckbach for various gases and from Armstron for carbon
foil. In this energy region, the following relation is
found: g (C) > ﬁ(Nz) > a(HZ) > g (He). As for the H, gas, the
average charge becomes smaller than that in N2 below 0.6 MeV.
These features indicate that as the target substance becomes
heavier the average charge increases and becomes closer to the
solid carbon data. Briefly speaking, the general trend,
q(solid) > gq(gas), is found in the lower energy region, but in
the higher region this is not the case. In the case of heavy
ion experiment, Ryding et aZl4) pointed out that the compound
perfluorodecalin (C10F18) produce a marginal shift toward higher
charge states, whose trend is shown in Fig. 7-7, and that the
shift becomes very smaller or absent in higher energy region.

In the paper of Moakls), the experimental results of average
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charge measured by Clark et al are quoted as a private com-
munication, which are presented in the lower part of the figure.
Results by Clark et al indicate that the average charge in a
very heavy molecule called Fomblin YR, molecular weight 6500,
is shifted an about a full charge to g in solid (C-foil) above
that obtained in Ar gas.

A series of these experimental results about the heavy ion

projectile show clearly the following relation,

q(solid) > q(heavy gas) > q(light gas).

Two theories are available to explain the gas-solid charge state

difference, i.e. one is the Bohr-Lindhard theoryzs), and the

other is Betz-Grodzins theory68).

The former explanation 1s
that an ion, in solid, can become excited and then be ionized
before having time to de-excite because the collisions occur so
frequently in a solid. According to this picture, the ion
will become more highly stripped in the solid. On the other
hand, the latter explanation is that the ion is in highly-excited
states in solid, too, by gathering a high degree of compound
excitation, but it remains at the same charge it would have in
a gas; in this model the ion will be expected to emit a large
number of Auger electrons after leaving the solid and finally
the ion becomes highly charged.

Recently, Moakls)

suspected a third explanation which 1is
based on the BL-theory. According to his model, the effec-

tive capture cross sections in solid become lesser than in gas,
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while the effective loss cross sections remain comparable as
those in gas, and consequently the charge state distributions
will shift to higher levels.

It is, however, not clear which one of these explanations
is valid, and what can be said for the case of light projectile
such as a helium ion. In the following, the author attempted
to give a discussion for the equilibrium charge of the helium
ions.

The equilibrium charge distributions are dtermined by the
balance between electron loss and capture processes.

Therefore, the equilibrium distributions will shift to higher
levels when the capture cross sections decrease more rapidly
than the loss cross sections. As seen from the empirical
formulae in Table V-1, capture cross sections for H2 decrease
most rapidly. while loss cross sections for H2 decrease with
comparable rapidity to other target gases. This results
explains the experimental result that the average charge in
hydrogen gas is largest in all the target gases.

The smallest average charge obtained in helium gas is due to the
large capture cross sections. Namely, as can be seen in Fig.
5-8, the loss cross sections follow approximately the Z;/S de-
pendendence, while the capture cross sections for He are com-
parable to those in N2 or O2 gas.

In a condition where the equilibrium is established, one
may suppose the neutral helium would be partly in excited
states. Consequently, the calculated equilibrium fractions

from the experimental cross sections obtained in a single col
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lision region will be different from the actual experimentally
measured values. The process where the excited state of the
projectile takes a role is called density effect. About the
density effects in the case of heavy projectiles, Ryding et
aZ69) or Betz72) have reported the experimental results, and
these processes are described in detail in the review article
of Betz6). The density effect is expected to appear partic-
ularly in the heavy projectile carrying many electrons.

The experimental results obtained by the above workers show,
however, that the shift of average charge is only Agq =0.35 at
most in the case of 4.5 MeV iodine 1iomns. Then it would be
reasonable to assume that the shift of the average charge in
the case of light projectile like helium ions would not be so

remarkable and would be within experimental errors.

As a final discussion of average charge, the present re-
sults are compared with the calculated values with the formula
(7.2), and with the semi-empirical formula (3.21), both of two
formulae were given by Dmitriev. The results are shown in
Fig. 7-8, where the calculated values with Eq. (3.21) are de-
noted by broken lines, and those with Eq. (7.2) are denoted by
solid lines. The broken lines are different from the exper-
imental results particularly in the high energy region.

This is, however, natural because the semi-empirical formula
(3.21) was derived primarily for the heavy ion projectiles.
The solid lines calculated with the experimentally-determined
probabilities P, and P, are, as expected, in good agreement

1 2
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with the experimental results. In the calculations, ex-

trapolated values of P, and Py, shown in Fig. 7-3, were used

in the high energy region. The calculated results with Eq.
(7.2) were in good agreement with the experimental data for

other target gases, too, not only for HZ’ He and N2 gases.
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CHAPTER VIII

CONCLUSIONS

This study is a summary of the author's works on charge
changing collisions of helium projectiles in the energy range
from 0.7 to 2.0 MeV accumulated mainly since 1976, and part of
the experimental evidences have been reported previously (ref.
22; 73, 74).

In the preceeding chapters, the experimental procedures in
observing the processes, method of deriving the charge transfer
cross sections, the theoretical models relevant to the transfer
mechanisms, and the results have been described. In this

chapter, the conclusive remarks are made for the present study.

[1] The use of the deflection chamber before the collision
chamber is found quite useful and simple method for charge
selection of initial beam, which enables us to increase the
purity of the initial beam.

[2] In the detection of particles, the method of coincidence
between energy and position output from the position-sens-
itive-detector largely reduce background noise in multi
channel pulse height analyzer. Particularly, neutral
particles detected in lower pulse region are clearly
distinguished. With this method the neutral fractions

of charge distributions can be calculated accurately.
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[3]

[#t]

(5]

(6]

In the low pressure region, where the charge fractions
change linearly, three methods used for the derivation of
cross sections are found to give almost same values if the
actual experimental conditions are taken into considera-
tions; residual gas pressure is not zero, and charge frac-
tion ¢qq(x0) at this pressure is not always equal to 1.
Among them, fhe direct integration method, which is newly
developed in this work, gives most reliable cross sections
because of exclusion of any approximation, although it is
somewhat cumbersome in practice.

Present results of charge changing cross sections and
equilibrium charge distributions relevant to the target

gases 02, Cco CH4, C,H, and C3H8 are the original data.

2’ 276

Quantum mechanical calculations of loss cross sections of
helium projectile in light target atoms such as hydrogen
or helium are performed on the basis of the free electron
scattering model (binary encounter approximation).

The calculated values are in very good agreement with the
experimental results, and approach to the values given
from the first Born approximation in the high energy re-
gion.

The ratios between the double electron capture cross sec-

tion o and the single electron capture cross section Oy

20
are divided into two groups. That is, the ratios are
about 0.04 for H2 and hydro-carbon molecules and about
0.08 for other molecules. This result may indicate

that the double electron capture process does not take

=91



[7]

[8]

(9]

[10]

[11]

[12]

place so easily as compared with the single capture process
when the projectile ions collide with hydrogen-containing
molecules.

Single electron loss cross section 0,; are about twice of

single loss cross section o for all the target gases;

12
indicating that the loss probability of an electron in He®
is almost equal to that of an electron in He0 irrespective of
their different binding energies. Therefore, single
electron loss cross sections are proportional to the number
of electrons carried by the projectile before a single
charge changing encounter-

Target atomic number dependence of loss cross sections 1is

very clear and is approximated by the Bohr's prediction

2/3
Ly

capture cross sections.

, while such a clear dependence is not found for the

The newly developed method for testing the additive rule
is more useful than the commonly-used subtraction method
and it reduces largely the experimental uncertainties of
cross sections.

The additive rule is found to be applicable for both
processes of capture and loss in the energy range from 0.7
to 2.0 MeV.

Carbon cross sections o¢(C), which cannot be obtained by
experimentally, have been estimated by the present new
method.

The loss cross sections are found to increase linearly with

the total number of electrons in a molecule. This pro-
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[13]

[14]

[15]

portionality can be explained very well by using the Zp
dependence and the additive rule. However, such a trend
is not obserbed for the capture cross sections.

The following simi-empirical formulae are given to the loss

cCross sections.

_ 2

qu+1 = snaoz (UO/U)N/Z
s ol B

%o = 24 "%,

where ¥ is the total number of electrons in a molecule.
The equilibrium charge distributions can be explained very

well by the theory of Dmitriev70).

Removal probabilities
of single electron from He0 and He' are almost equal and
they are larger than 0.9 in the high energy region.
It is concluded that the removal probability is independ-
ent of the binding energy of electrons to be lost if the
projectile energy is very high.
Average charges g in various media have the following rela-
tions;

q: H, > CH, » C Hg > C,Ho > Ny > CO, > 0, > He.
The difference of g among the hydrogen-containing molecules
are very small. ‘
Average charge in solid media (carbon foi1)67) lies between
ﬁ(Hz) and g(C0,), and the well-known relation g(solid) >

g(gas) cannot be found in the case of helium projectile in

this energy region. The relative magnitude between
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q(solid) and g(gas) is largely dependent on the projectile

velocities.

Some problems to be solved in the future investigations

are summarized in the following.

(a)

(8)

(v)

(8)

Estimation of fractions of metastable particles contained
in the initial beam.

Identification of the bound state of the projectile into
whichan electron is captured.

Applicable range of the additive rule; which should be
tested by using the various heavy projectiles and various
target gases in the wide range of projectile energies.
Influence of density effect; that is, the difference
between a long-target chamber and a short-target chamber

experiments.
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Table II-1. Relative sensitivities of

ionization gauge71). Values presented

in brackets are uncertaintes in percent.

Relative
Molecule o
sensitivity

H2 0.44 0.05 (0.11)
He 0.19 0.04 (0.21)
N, 1.00 0.00 (0.00)
O2 0.87 0.09 (0.10)
CO2 1.36 0.2% (0:17)
CH4 1.49 0.19 (0.13)
C2H6 2.53 0.26 (0.10)
CSHS 3.80 0.40 (0.11)
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Table VII-1. Experimental values of equilibrium charge

fractions and average charges of helium ions.

Target Energy
Gas Fo Ey Fy q (MeV)
0.02 0.410 0:572 1,55 0.7
H2 0.0025 0,155 0.845 1.84 1.0
0.0002 0.042 0.96 1.96 1.5
0.013 0.986 1.99 2.0
0.075 0.58 0.35 L.28 0:7
He 002 0.377 0.603 L.58 1.0
0.0033 0371 0.826 1.82 1.5
0.080 0.92 1.92 2.0
0.032 0.443 0.526 1.50 0.7
N, 0.0055 0.246 0.748 1.74 1.0
0.0004 0:102 0.898 1.90 1.5
0::052 0.948 1:95 Z:10
0.045 0,505 0.449 1.40 0.7
O2 0.01 0,311 0.678 1,67 1.0
0.0016 0.138 0.861 1.86 L5
0.066 0.934 1.93 2.0
0032 0.473 0.495 1.46 0 7
co, 0.0084 0.289 0.703 L. 70 1.0
0.0016 0.122 0.877 1.88 i >
0.067 0.933 1.93 2.0
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Table VII-1(continued)

0.018 0.398 .584 Dl 0

CH 0.003 0.185 ~8172 81 1.0
0.00053 0072 928 - 9.3 1.5

0.039 961 .96 20

0.02 0.398 : 583 «56 07

C2 0.0005 0.078 <921 « 92 1..%
0.019 0.398 .585 + 57 0.7

C3 0.0027 0.190 .810 <81 1.0
0.00025 0.072 928 « 93 1.5

0.042 .958 .96 20
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Table VII-2. Empirical formulae of equilibrium ratios FO/FZ
and Fl/FZ for various gases, where EF is the projectile

energy in unit of MeV.

Target

Gas FO/FZ FZ/FZ

H, 3.0x10 2 0-72 0.185 -8
He 3.32x10 2> 22 (LAl
N, 7.35x10 S5 6-04 0.558 "8
Dy 1, 47510725 523 0.465 2" °
8y 1.20x10" 25 4-68 0.408 27
CH, 3.70x10 35 %7 0,258 27
C,H 4.93x10 g >4 0.2487%"7
C Hg 3, 38%10" o5 0+%2 0.258 27
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Table VII-3. Experimental values of equilibrium average

charges of 1.0 MeV helium ions.

Value in gas C2H6 is the

interpolated one in Fig. 7-1(7).
Target Gas H2 CH4 CZHG C3H8 CSHIZ C6Hl4 C7H16 C8H18
(Molecular Weight) (2) (16) (30) (44) (72) (86) (100) (114)
q 1.84 1.81 1.77 1.81 1.80 1.78 1.80 1.83
Target Gas He Ar N2 O2 CO2
(Molecular Weight) 4) (40) (28) (32) 44)
q 1.58 1.88 1.74 1.67 1.70
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Fig.

Fipg.

Fig.

Fig.

Fig.

2-1.

2~ 2,

Figure Captions

Experimental arrangement for measuring charge

changing collisions: C1-C2; collimating slits, Al-AS5;
apertures, E1-E3; electrostatic deflectors.

Dimensions of these slit-system are follows; less than

01 x 0.1 mm2

for C1-C2, 5 mm-diam for Al, 2 mm-diam
for A2-AS. Portions of the beam transport ducts sur-
rounded by Cl1 and C2 is an initial charge-state selec-
tion chamber.

Block diagram of the electronics; position-sensitive-
detector bias is about 60 V.

An example of energy spectra obtained from the PSD,

by using the 1.5 MeV He® incidence on methane gas.
Discrimination of energy spectra is taken between two
arrows, which is variable according to the incident
energies.

Examples of position spectra from the PSD, measured by

0Lt 5 2%

using 0.7 MeV He incidences on oxygen gas at

3.5 x 10 3 Torr:

3-1(1)-(30). Variations of charge fractions (growth curves)

of 0.7-2.0 MeV helium as a function of target thickness
(Torr cm). Projectile energies and target gases are
represented in the lower part of figures. Closed cir-
cles; He0 incidences, open circles; He " incidences,
open triangles; Hez+ incidences. Solide lines are the

calculated fraction-curves according to Runge-Kutta
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Fig:

B2 s

integration method applied for Eq. (3.1) with use of
experimentally obtained charge-changing cross sec-
tions.

Example of linear-variations of charge fractions in
respective to the target thickness measured by using
the 1.5 MeV He ' incidence on helium gas, all the other

fractions have also linear relations.

Fig. 5-1(1)-(8). Present charge-changing cross sections(cmz/mole-

Fig.

Fig.

cule) of helium as a function of projectile energy, in
colliding with HZ’ He, NZ’ 02’ COZ’ CH4, C2H6 and C3H8
molecules, respectively. Open symbols represent the
loss cross sections and closed symbols represent cap-
A e U A

ture ones; o0 o ®0C

01 © %12° P 992> 21> % %107 20°
Solid lines are the computed values of the empirical
formulae obtained by applying the form aE P to the

cross sections (see text.).

5-2(1)-(4). Comparisons of capture cross sections for HZ’ He

N2 and O2 with other experimental and theoretical
values: Experimental; —o— present, e Pivovar et al
(refs. 52,53), + Nikolaev et al (ref. 54,55), x Hvelp-
lund et al (ref. 57). Theoretical; S Schiff (ref. 16),

M Mukherjee et al (ref. 61), G Gerasimenko and Rosents-

veig (ref. 39), B Bohr (ref. 24), MB present.

5-3(1)-(4). Comparisons of loss cross sections for HZ’ He,

N, and O2 with other experimental and theoretical
values: Experimental; o A DO present, e Hvelplund et al

(refs. 59,60), + Pivovar et al (ref. 53), ¥ Shah et al
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(ref. 58), o Gilbody et al (ref. 51), A Solov'ev et
al (ref. 49), x Barnet and Stier (ref. 48), ® Dmitriev
et al (ref. 28). Theoretical; Bell Bell et al (ref. 40,
41), D Dmitriev et al (ref. 43), B Bohr (ref. 24).

Fig. 5-5(1)-(2). Comparisons of loss cross sections for H, and

2

He with theoretical values; o A are the pre-

91> ° 912
sent experimental cross sections, and curves shown in
the figures are explained in the text.

Fig. 5-6. Energy dependence of capture (upper) and loss (lower)
cross sections. Powers p in the form o = aE ¥ are
plotted as a function of total number of electrons
contained in a molecule; dotted lines represent the
predicted values (3 for capture and 0.5 for loss) from
the theory of Bohr (ref. 24).

Fig. 5-7. Ratios of cross sections 020/021 and 001/012 as a func-
tion of total number of electrons in a molecule.

Fig. 5-8(1)-(2). Target atomic number ZT dependence of loss and

capture cross sections for Z_, = 1,2,7 and 8.

T
Presented cross sections (cmz/atom) are plotted rel-
atively to the hydrogen data. In the case of loss cross
sections (Fig.5-8(1)), the carbon cross sections (ZT =
6) estimated by using the additive rule are also shown.

Fig. 5-9(1)-(2). Medium dependence of loss and capture cross sec-
tions as a function of total number of electrons in a
molecule; open circles correspond to hydrogen-contain-
ing molecules CnH closed circles to other mole-

2n+28’
cules He, NZ’ O2 and COZ’ and + for carbon atom(Fig.5-9(1)).
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Fig.

Fig.

Fig.

Fig.

Fig.

Big.

Fig.

6-1(1)-(6). Relative cross sections Og75 T905 97092 O Tys
and 951 for the molecules CnH2n+2 (n = 0,1,2,3) as a
function of total number of carbon atoms in the mole-

cule.

6-2. Carbon cross sections (cmz/atom) estimated from the
present newly developed procedure (see the text).
Solid lines are the empirical lines determined by the
least square fitting of the cross sections to the form
g = aE—p.

6-3(1)-(2). Comparisons of experimental capture and loss cross
sections (o, A,0 ) with calculated ones (denoted by
dot-dash curves) from the additive rule. Calculations
are made by using empirical formulae of cross sections
for constituent single atoms H, C and O.

7-1(1)-(8). Equilibrium charge fractions of helium penet-
rated through HZ’ He, N2, 02, CH4, C2H6’ C3H8 and COZ'
0,A, 0 present, e Pivovar et al (ref. 53), + Torres
and Meckbach et al (ref. 65,66). Experimental errors
of the present values are within symbols.

7-2. Examples of the equilibrium fraction ratios FO/F2,

N, and CH,.

2? 2 4
7-3(1)-(8). Presence probabilities (1 — Pz) for keeping one

FJ/F2 for the gases H

of electrons in Heo, and (1 — P2) for a electron in He
as a function of ion velocity. Open circles are the
shifted values of (1 — Pz).

7-4. Average equilibrium charges of helium in various gases

Solid curves are the present values and dotted line
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Fig.

Fig.

Fig.

Fig.

7-5.

T=6

7-7.-

7-8.

represents the average charge of ions penetrating
through carbon foil (ref. 67).

Avera charge of helium ions at 1.0 MeV in various
gases: o0 CnH2n+2(n
0 He, ®m Ar.

A O A CO

= 0,1,3,5,6,7,8), o Ny, 4 0,, 4 CO,

Average charge of helium ions in the energy below 0.8
MeV: All the data are borrowed from others; Torres et
al for H2 and NZ’ Meckbach et al for He, Armstrong et
al for carbon foil.

Charge state distributions of heavy ions in gases and
solid. Upper figure shows equilibrium fractions of
12 MeV iodine ions measured by Ryding et al(ref. 14),
and lower figure shows charge fractions of 87 MeV
krypton ion measured by Clark et al quoted in the
reference (15).

Comparisons of present average charges with calculated
values from the theories of Dmitriev (refs. 20, 70).
Solid lines are from ref.70), and dotted lines are

from ref. 20).
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electron
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target atom

Fic. 4-1. Diagram of free electron
scattering. Open circle is the target
nucleus and closed circles stand for

incident or target electrons.
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