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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

gases Hy, He, N~, 0~, C02, CH., C-H, and C_HR. Main purpose of

this work is to study the medium dependences of charge-changing

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 I

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
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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

1-31
target gases ■*. 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.

41As the reviews of charge-changing data, Allison J, Tawara and

Russek ' summarized the data of light projectiles such as

hydrogen and helium, and the data of heavy ions are summarized

in the review article by Betz -1. 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
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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 H^, He, N-, O_,

co2, CH4, C,H, and C_H0
Z O jo

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.
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The following four basic features are involved in this

study.

1] Experimental method.

The following problems must be solved in the charge-changing

experiment.

I) 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 ?

4



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 N? and the present cross sections for gases 0-, C0~,

CH., C2H, and C,HR 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

241the theory of Bohr -*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 (He

and He projectiles in H and He target atoms) by assuming that

0

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
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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

81
process of projectiles in molecular targets . In recent

years, however, experimental results showing the deviation from

the additive rule have been reported in the energy loss pro-

cess
9,10) 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

proton and hydrogen projectiles ' J, but not for the complex

heavy ions of iodine13-'. 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
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for the helium charge-changing process with use of the experi

mental cross sections for gases H~, hydro-carbon, CU and CO-

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., a(C) = a(CO2) ―a(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 is 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

value much more than in usual gas materials ' -*. In order

to understand further deeply the medium dependence, it is neces-

sary to examine systematically the average charges of various

projectiles in various gases.
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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

presented by Bohr > is reviewed and the modifications of the

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 formula *, 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.
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Glossary of Symbols

The following list contains the symbols most frequently

used in this article.

ao

e

E

F
q
V

I

m
e

N

V

p

q

s

V'

u

V

X

Z

ZT

Bohr radius [h2/m e2 = 5.29 x 10
9

cm)

Magnitude of electron charge

Projectile energy

Equilibrium fraction of charge-state q

Nonequilibrium charge fraction of state q' when the charge

state of the initial beam is q

Ionization potential

Electron mass

Number of particles in charge-state q detected by PSD

Principal quantum number

Target gas density in number/cm

Average equilibrium charge of ions

Number of electrons carried by the projectile before a

single charge-changing collision

Cross section for a charge changing process q->q' of the

2projectile in a single encounter, in cm /molecule

Orbital velocity of an electron

Projectile velocity

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

Target thickness in molecules/cm

Atomic number of projectile

Atomic number of target atom
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2-1. Introduction

CHAPTER II

EXPERIMENTAL METHOD

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.

In cases of He and He incidences, the ion beams obtained from

an accelerator are often used as incident beams. As for the

incident beam of neutral helium He , 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 He incidence, but not for the ion beam incidences
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because of the following practical reasons. The first is

that the amount of doubly charged helium ion He produced in

an ion source is very little since a PIG-type ion source is

used. The second is that an ion beam which is 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 He 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

(Cl, C2) of the chamber are 0.1 xO.l mm -hole, and the deflector

plates (El) 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, qV,/V = 1.25 (kV/MV),

according to the incident energy and to the desired charge state

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

relation, 7,(kV) is the applied voltage of the electrostatic

11



deflector, 7q(MV) is the terminal voltage of the Van de Graaff

accelerator, and q is the desired charge state of the ions;

q = 1 for He , q = 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

chamber was filled with nitrogen gas of about 5 x 10
-3
Torr-

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.
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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 1:10 . 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-

ground pressure of about 2 x 10
-6
Torr.

The target thickness x in the charge-changing process is

given by,

0

0

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 = L 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

X =
I

i piLi = PILI + PIILII + "" + PVLV (2. 2)

where p. is the measured gas density in the i-th beam transport

duct, and L. is the length of the duct. The target thickness
1s
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is, therefore, calculated from the formula (2.2) by using the

data of p^.and L.. In this work, gas pressure and lengths

in all these portions were measured, and the target thickness

was finally approximated by x - pL ,,, where p and L ,. are the
efj eJJ

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 <＼>(xQ)

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 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 3 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/cm

co2

x = 3.35 x 1016 PL ,,
eff

) and gas pressure P (Torr)
}

= 6.70 x 1017
2

(molecules/cm ) (2. 3)

Target gases used in this experiment are H~, He, N?, 0?,

CH. , C2H-- and C,HR. Pressure measurements were per-

formed by an ionization gauge and a Pirani gauge, both of these

gauges are calibrated for N~ gas. As the relative sensitiv-

ities of the ionization gauge for other gases, the values

711
tabulated in the Table II-1 were used J . The gas pressure

was changed from about 1 x 10
-5
Torr to the range where the

equilibrium charge fractions could be seen

2-4 Dete c tion Syst em

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

(PSEl) .

Fig. 2-2

The electronics of the detection system is shown in

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 He0,

He and He incidences on oxygen gas at 3.5 x 10 Torr.

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 (He ) 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 4
run were very large; in the range from 5 x 10 to 20 x 10 .

In this case, the number of particles with the smallest charge

fraction were larger than about 100.
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The charge fractions <j)is calculated by the formula,

<|> = N
<7 <7

/
I

q

N
q
N

where N is the number

the total beam counts,

are determined by

/ N
tot (2. 3)

of particles in charge state q, N is

Statistical errors of the fractions

AY*≪ - < %* + *llt >1/2 (2. 4)
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CHAPTER III

DATA ANALYSIS

3-1. Noneguilibrium 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 Allison"1^ , Betz
6)
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

Vr represents a cross section for the process where the inci-

dent particle of charge state q changes into another state q '

on a single encounter. The variation of the charge fraction

of the incident beam with charge q penetrating through gaseous

target of thickness x is described by a differential equations,

d<j>
qq

a
<7<7

,(x)/dx =

V

v (x)o kq>

(3. 1)

where <j>,(x) denotes the fraction of the particles with charge
qK.

k.
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For the two components beam fraction (q = 1,2), exact

solution of Eq.(3.1) can be obtained simply in the follow-

ing form.

$12(x) = °12/a + ($l2(x0) ~ a12/a)exP(~ 0(x-xQ)}

*27 (x) = o /a + (<$>2 (x ) - a21/a)exp{- a(x-x )}

*n(x) = 1 - *12<x), $22(x) = 1 - * (x) (3. 2)

where the quantity §(xn) is the fraction at the target thickness

xn, and a is the sum of two cross sections; a = a + a97.
U 16 a1
Eq. (3.2) reduces to a well-known formula as presented by

Allison if taken x = 0.

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.
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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 x is approximated by

VrV ＼xo=o= V'i
=1 for q '=q

= 0 for q V<7

(3. 3)

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

and one obtains

qq
,(x)/dx =

consequently,

<7<7 U) = V

I

k

S . a, , = a ,
qK kq' qq'

, + a ,x

(3. 4)

(3.5)

181
As pointed out by Datz et at , 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. (3.51

3-1-2. Iteration Method

The slope method is modified into the following form by

taking account of the actual experimental cases; x

<j) , (x o} = V

? 0, and

Instead of 6 ,, quantities $ ,

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

dd> ,(x)/dx = 7 <b , (x.Ja^ ,

and the solution of this equation is

?<7
(X) = *aa (XO} + I *qk(x0)akq<[x - XO]

(x ) must

(3. 6)

(3. 71

Eq. (3.7) will be called the first-order-approximation in the

following. By substituting this solution into the right hand

side of Eq. (3.1J

d*qq,(x)/dx = I ^qk(xQ) + lf *qk,(x0)°k,klx -x0]}akq>

(3. 8)

By solving this equation, the second-order-approximation is

obtained in the form,

V (x) - V' (XQ) +
I

k V (x O)aka'^ ~XO] +

+ (1/2)1 lf *qk.(*0)°k,k°kq,[* -*0]2 (3. 9)
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><*> - v (x ) = (3.111
I

k

(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,

(x)okq,[x - xQ]
*

7

( XQ

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 <t>k(x) in Eq. (3.11)

22

X )

qq.

<_ X _£

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.

3-13. Direct Integration Method

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

the thickness xQ to x, and one obtains

(x) -≪v <.,> - I < V (x)dx}okq



can be approximated by (<j>,
qK (XQ) vqk (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.

,(x) - (x o> -
I

k V

k k' qk

uo ;%' [* - xQ
+

(xO)ak'kakq'[x ~ X0]2 (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. i3.9) From this reason, using the

solutions (3.10) or (3.11) is the best way for the derivation

of charge-changing cross sections.

3-2. 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

q
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where F is defined as the equilibrium charge fractions with

charge q.

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

relations.

Fo°oo

Fo°oi

F0°02

+ F1

+ Fl

+ Fl

aio

all

°12

+ F2a20

+ F2°21

+ F2°22

= 0

= 0

= 0

(3.141

From the above equations, three equilibrium fractions can be

expressed in terms of cross sections in the forms

with

F0 = (a21°10

Fl (a20°01

F2 ' (ai0°02

D ' °12 (aoi

+ °12a20

+ a02a21

+ °01°12

+ °02
+

+

+ °10a20

+ °01°21

+ °02ai2

a20} + °1

°21(aoi
+

)/D

)/D

0(O20

°02)

+

+

°21
+

°20a01

°02
; +

(3.15)

(3.16)

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 F1 and F

can be approximated by
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Fl
= a

F2 = °

21 /(ai2

12/(O12

+ a

+ a

21>

21>
(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-

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,

F = (2i＼d2
q

where q

; 1/2 exp[-(q - q)2/2d2] (3.18)

is the average equilibrium charge, which is given by

q = I

q.
q% (3.19)

and d is the

d = il (q

half width of the distributions,

-v**yn (3.20)

The equilibrium charge fractions are expressed in terms of two

quantities a and d instead of cross sections.
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35

32

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/Z = log(v/mZai)/log(nZaz)s (0.3

k

k = {1 - a2/ln(nZa2)}/2

£ q/Z <^ 0.9) (3.21)

(3.22)

o
where y is the projectile velocity in unit of 10 cm/sec.

The parameters ai, a2j m, n and d in Eqs. (3.21) and (3.22),

which are experimentally determined, are presented for projec-

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

List of parameters for the semiempirical

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

Dmitriev and Nikolaev '.

Medium

H2

He

N2

solid

0

0

0

0

ai

.4

.4

4

1

0

0

0

0

a2

.3

3

3

6

1

1

0

1

m

.2

.3

9

2

n k

4.0 0.43

4.5 0.43

7.0 0.45

5 0 0 40

d
o

0

0

0
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3-3. Data Treatment and Analysis

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 <J> , with q' ^ q 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 a; 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.

3) The following further approximation of Eq. (3.7), that is,

0
,(X) = <f>

?<7
rV + *aa <X0 [x - xQ] (3. 7)'

This formula was obtained by neglecting <)>k(xQ) with k £ q

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 3), only the

linear part of fractions were used under the condition that the

incident fraction <j>(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 re in corresponding growth curves were

used as <j> ,fiJ in Eqs. (3.7), (3.7)' and (3.11). Therefore,

the quantities, <f> ,(x) ―<)> ,(x ), represent the substantial

changes only due to the change of target gas under considerations

The method g) is the simplest of above three methods.

In this case the charge-changing cross sections a

obtained directly by the slope, $ <*0 )0

qq'
can be

qq"
of growth curves.

The straight lines in Fig. 3-2 were determined by least-square

fitting procedure. In the method aj 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.

*10

*11

(x) = d>
10

(x) = *

(xQ) + {

(x ) + {<(>
10

<*0

(xo

)aoo

)aoi

+ *11

+ *77

(xo)aio

(xO )au

+ *12

+ *12

<*o

<*o

)O20

)O21

}[x - x

}[x - x

$12(x) = *12(x ) + i*10(x )a + ^12(^0)o12 + $12(x0)o22}[x -x ]

(3.23)

In these formulae, a , a and a are not independent qunati-
U U i 1 uu

ties (e.g. a = ―(o, + a )), but are treated as independent

ones for convenience.

Similar equations are obtained for He or He incidences.

The slope, I <f>v(xn)av ,, of each growth curve of <)> ,(x) can be
■^ q< u K.q qq

determined by the least-square-fitting, and is denoted by Q

in the following. The qunatities Q

form the following matrix equation,

or

QL

'Q00Q01

Q10Qll
[Q20Q21

9<f

*00*01*02＼

.*20* 21* 22}

The cross sections can then

d --&'Q

I >

aoo°oiao

aio°ii°i

a20°2ia2

be calculated
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2

2

2
/

by

(,,) and a

qq'

a a'

(3.24)

(3.25)



In the case of direct integration method y), similar equation

to Eq. (3.24) is derived -*. 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) = * (x ) + (^21(x0)a - * (x )o )[x -xQ]

*21(x} = ^21(XO} + (*22(x0)a21 - ^21(xO)ai2^X ~ XO]

(3.26)

because the dominant fractions are only charged components <(>

and <j). By similar procedures as mentioned above, the cross

sections a and a were derived. Cross sections a and

O-- were not obtained since the experiments on He 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 oo1/a and aio/a are

exactly equivalent to the equilibrium charge fractions F and

F9> 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 F1 and F ,

<t> t U) = F + o
qq'
(x ) F ,)exp[-a(x - xQ)] (3.27]

where the unknown quantity is only a( = a12 + a ), and it is
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calculated by fitting the above formula to the growth curves.

Next, with the relations a
2 o

cross section can be derived.

- °F2 and a 21 - aFl'
the each

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-l),

iii) estimation of the effective length of the collision

chamber, and

iv) counting statistics of the detection system.

Counting statistics Ac|>
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 <(>,_or <|> .

As mentioned previously, the obtained cross sections agreed

within errors in all the derivation methods a)-y).

From this fact, estimation of errors were carried out for the

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

U
qq>
(x) - f(x o)]%q (XQ) = a <7<7 [* - x (3.28)

which will be denoted by m. = ax., i stands for the run-number

of experimental data. By using the least square technique,

the cross section is calculated by
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a =

I v< /1 4 (3.29)

and the uncertainty Aa of the cross section is determined by

{(

{(

x . m
i

s

)2

* 'tf.^2

* k2

(Am.)
2

(mixi]

+ rA<tV

{*o>l

32

V 2
I'*

(x ))

2x.

2
x .
i

)2

2(Im.x.)

―* 12}

1/{v {xo

8/l*qq(xo)]B

>}*

HA*

(x

<7<7

-/-

(3.30)

<*o>}*

) in the second

I*.

^

2

where Ax . = kx . corresponds to the uncertainty of target
Is (S

thickness caused by the uncertainty k of relative sensitivity,

which are listed in Table II-l, and Am. is the errors deter-

mined by the right hand side of the Eq. (3.24), and square of

it is written by

= {(A*
qq'

* {[v

(x))2

(x) - *

(3.31)

Actual calculations were made only for the first term of this

formula since the counting statistics A<|>

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.



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 is

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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4-1. Introduction

CHAPTER IV

THEORETICAL STUDIES

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

231for the lightest ions like hydrogen or helium J, needless to

say for heavy ions. 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

classical and statistical arguments Bohr * presented the

theoretical pictures of the charge transfer process.

Afterwards, Bell19), Bohr and Lindhard25), Gluckstern26＼

Nikolaev17'27-1 and Dmitriev28'29^ 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 Z, Z_ 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;

He0 + A ->He+ + A + e

He+ + A -≫He2+ + A + e

He2+ + A -≫He+ + A+

where A stands for the target atoms H and He.

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

61 171 v x
cles by Betz J or Nikolaev ', are excluded from this thesis.

4-2. Classical Theory

4-2-1. Theory of Bohr

Elastic collisions between two particles with no electron

can be described by a Rutherford scattering.

35
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tion of the collision process where incident particle, with

mass m1, charge e2 and velocity v, transfers a kinetic energy

in the range (T, T + dT) to the target tarticle with m1 and e£

is given by reforming the Rutherford scattering formula in the

form,

da =
2-n(e2e2)2

m v2 7
&. 1)

By using this formula, Bohr treated the iXectrorrlbss 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 projectile 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,

■V.

2 ire
4

<*-
1_

T
m m v

e

36
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mev2

In a similar way, the cross section for the process where the



target nucleus Z

'Xi

2itZ
2 4

2 I
m v
e

e gives the energy larger than I is given by

(4. 3)

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,

a 2L
2-rre

m v
e

4
2

2(
4

where a = h
o

velocity.

m Z

+ ZT )y = 4-na2
I o'4 + ZT )Z 2(v /v)2 (4. 4)

2 2
/m is the Bohr radius, v = e /h is the Bohr
& o

In the final form of Eq. (4.4), the quantity

v /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

a, ^ -no.
I ― o

-2/3-
ZT Z

1

(VQ/V) (4. 5)
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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
o

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,

°l o
(4. 6)

The formula (4.6) indicates that the loss cross sections for

the very heavy target atoms are completely independent of Z,

Z_ 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,

a
o
^ a-f-n (4. 7)

a: the cross section for a collision where the ion transfers an

o
energy of the order of m v /2 to an electron with an orbital

velocity u, and is obtained by using Eq. (4.1) in the form

38



2(v o/v>
4

(4. 8)

/: 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 Zv of the ion relative to the incident

velocity, that is

/ % (Zv /v)3 (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 1 Z1/8 (v/v ) (4.10)

Consequently, the single electron capture cross section by a

bare atom is expressed by

a
^ 4-na'.'''',"<:'･>･

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

(4.11)

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;

°10' a01 for nydr°gen projectile

021' °12 ^or nel^um projectile

As for helium projectile, there are still two cross sections

°01
and a 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 a > oi0'

too. As the orbital velocity of electron under consideration,

u itself should be used instead of Zv of the ground state.

Then, the author obtained the following modified formulae.

Instead of Eq. (4.4),

a
q ,q+l

= s4va
2,2
o'ZT + ZT

Instead of Eq. (4.5),

<Wi

2 2/Z

)(v

(v2/vu),

Instead of Eq. (4.11),

aq>q~1 = 4va

/vu)2, for light z

for intermediate Zr

y/h^v^/v2)3, for intermediate Z

(4.12)

(4.13)

(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 He and s = 1 for He .
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4-3. Quantum Theory (First Born Approximation)

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 Oppenheimer *

in 1928. Synthetic reviews of these theories are given by

Mapleton31) or by Mott and Massey32'5^ .

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 (u >> v ), 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 / from an initial state i, is given by

^fi

m
(
2
)2
k.

with T-. = <VJ V＼V .>

＼T ＼2 dU

41
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where m is the reduced mass of two particles, k. and k~ are the
^ T

wave numbers of the incident particle relative to the target

before and after a collision, ＼. and ＼, represent the wave

functions of initial and final states of the system, respec-

tively, V is the interaction potential between particles.

Many authors16'23'30'31'34"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 al will also

be compared.

In the following sections, the theoretical formulae with

which the author carried out the calculations will be described

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 Z earring one electron in the form,

o.(BK) = 4 T＼a2Z
1 bo

5 5 12
(4.16)

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,

o (BK) =

5{(v/v )8

.a2
o
2

+

18V2(ZZ /v)

(Z - Z/V)
2

5
(v/v)

}5{(v/vo)

In this formula, when we take v/v >> Z

the term (v/v )

reduces to

°v (BK) ^
I18

5

2

8

2

+ (ZT + Z/v)2 }5

(4.17)

+ Z/Vj and leave only

in the brackets of denominator, the formula

o 1
(BK) (4.18)

where a (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~ , which was first demonstrated by

Oppenheimer ' .

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 Schiff }

stated that a (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

total capture cross section for the process He + H ->He + H .
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°21

where a

= al il + (a /a

and a

2) (1 + 2.l(a /a2) BK)}

are the cross sections for capture into

(4.19)

the ground state (v = 1) and the first excited state (v = 2),

respectively, and (o Jo ) represents o,(BK)/a (BK).

Exact calculations made by Schiff were, however, only for a^

and a2, and therefore, the total capture cross section given by

Eq. (4.19) was obtained by assuming v law for capture into

the states v ^ 3

the relation a

In the higher energy range E > 0.7 MeV,

o/°i 2t (°o/°-i)-m,was established by Schiff.

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

can be rewritten by

o21 = a2{l + (o2/oi)bk + 2.1(os/o2)BK},

where a

al

is given by

= 28 rzz

T)?va2o(vo/v)2{V2/5tS
+ 2VW/4t4 +

+ (W2 + 2VX)/3t3 + 2WX/2t2 + X2/t}

with V = 2＼＼(ZJZT) - 1/ZZT

w = Mrz^;

X = (3/4)＼＼(Z3Z )

(4.20)

(4.21)
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Xl(Z>ZT} ■

j;

{-(v/vo
.2 2
) x

xv(l - x) d

+ ((v/v )
2

X

*)*
+ ZT)W2

and with Z = 2, Z = 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 a 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,

aio
= 1.40 = 1.4 x

tan

+ 2(

*<

8E

iff

214

,a2

5E{E + (27/8)

8E1/2

27

12. 975

E2
+ 6'7587 + 1.9500] +

E

+ 2. 6156]} ,

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

4-3-2. Loss Cross Sections

+

(4.22)

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 T_. in Eq. (4.15) of FBA can be written by
J"2-

･≪-J expf-itji)* (X)[―L― + I * +
T T ＼R＼ d=l＼R

~r.＼

x exp(-it.R) d3R d3x
t

]<!,..ft; x

(4.23)

where R and -rare the radial vectors of the projectile electron

and j-th electron in the target atom drawn from the target

After the carrying out the integration over #, one can get the

differential cross section,

da,,. = 8tt(v /v)

TV O 'iv* 4. I exp(zqr.)}$~
=2 " ^

,+ ,, ,-≫■,j3->-12 do
(t)$.(t)& t -:|-

(4.24)

where hq = hk . ―Kk_p stands for the momentum transfer in the

collision, and q is the magnitude of the vector ~q.

The total differential cross section can be obtained by summing

up all the final states of the target particle, that is,

da
tot

I

f
*"≪
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32")The author used the hydrogen-like wave functions ' for the

ground state {i = 0) of hydrogen and of helium atoms,

$0(r) = (-na3o) 1/2 exp(-r/a ) for H

/< )exp[-ZT(r1 + r2)/aQ] for He
(4.25)

with ZT = 27/16 =1.69

As regards the elastic part (/ = i) of the cross sections, the

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

daela = ^(vo/v)2Z2T(l -F(q),2
*J

q.

provided that

F(q) = (1 + q^a

with Z*

W'-'

= 1 for H, Z* = 1.69 for He

(4.26)

(4.27)

Since the calculations for inelastic part (/ 4 £) is somewhat

321
cumbersome, the methods proposed by Mott ' for H and by Kuper
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and Teller } for He were used here, and the result is

d0inel = **<≫o/≫>*lTn -F(q)2,
d|

q.
(4.28)

Consequently, the total differential cross section for the

process where the momentum transfer takes place in the range

{.hq, Jiq + hdq) , is given by the following form.
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da = 8-n(v /v)Z{zl(l - F(q))2 + Zjl - F(q)2)} ^| (4.29)
O J. J. O

<7

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 = mu /23 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,

9 *

a7 = 2-na (v /Zm
loss o o T v)hzl iAe(v/Z*v ) - A (u/2Z*v )] +

+ Zf[Ai(v/2Z*Tvo) - A£(u/2Z*TVo)]}

with A (x) = 2(1 + x'2)'1
e

(1 + X -2)
2 .1,1^ -2 ,-3
+ j(l + x ) ,

(4.30)

A.(x) = 2ln(l + x'2)'1 - 3(1 + x'2)'1 + (1 + x~2)~2 +
Is

＼(1 + x-2)-3 (4.31)

Eq. (4.30) can be applied when the condition uv >_ v2Qis ful

filled. For the case v >> u >> 2ZZmv , the cross section

is written by
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loss ―
4i＼a
oiZT + ZT - (u/v)2[Zp4 + Z ]}(v2o/vu)2 (4.32)

and, furthermore, if one takes u/v = 0 in the bracket and takes

u = Zv , 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

, 743)et al .

In 1963, on the basis of free electron scattering model,

Dmitriev et al ' 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

5-1. Present Cro ss 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

loss cross sections aQ1, aQ2, a1Q, a12, o2Q and a2J are shown

in Fig. 5-1(1)-(8) as a function of projectile energy.
2

All the cross sections are plotted in the unit of cm /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 a and are smaller than 20 %
CiU

for cross sections other than a
20'

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 symbolsj 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 a = aE~^, where a and p are the constant values
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depending on target gases. The empirical formulae are pre-

sented in Table V-l, where E is the incident energy in MeV, and

the cross sections are in the unit of 10 cm /molecule.

The solid lines shown in Fig. 5-1 are the computed values by

usine the empirical formulae in Table V-l. As for the cross

section a
02'
however, the clear energy dependence is not found

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 H≪ 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 H~, He and N~,

the present cross sections for 02> C0~, CH., C~H, and C_HR 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

sections a
21' °10

and a

As for the capture cross

Pivovar et alS2'55＼ Nikolaev et
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al ' ＼ Pucket et aZ56-* and Hvelplund et al57^ reported the

data up to the energy 1.5, 1.3, 1.0 and 7.0 MeV, respectively

As concerns the loss cross sections a Pivovar

et al55＼ Dmitriev et al2^ and Shah et al58^ reported the

cross section a
12
up to the energy 1.4, 6.0 and 1.0 MeV, res-

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

sections a
01
and a

02 by Hvelplund et alS9>60>} and by Pivovar

et at .

These investigators used H?, N?, He and other noble gases

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

compounds. Therefore, comparisons with other experimental

works will be made only for the gases H-, He and N- in the

following.

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

Present cross sections a
21
and a

10 are in fairly good

agreement with other data within experimental uncertainties,

while double electron capture cross section a shows a slight

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)1

Present cross sections a
12
are in good agreement with

other data for all the target gases, while the cross section

aoi are smaller than the data by Hvelplund et al->9>60) £or t^

gases H_ and N~ As regards the double electron loss cross
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section a , large uncertainties are present in both cases of

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 aQ by

other investigators ' ' are also shown in order to see the

reason why the present values of a for H_ and N2 are smaller

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

491
et al J are larger by two or three times at most than the

values by Gilbody et al . Therefore, the high energy data

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 He beam by a fraction / (d < f < 1), the

formula which was used for the derivation of cross sections

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

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

*oi(x) - ^oi(xo} = *oo(xo)a7iP[x - xo]

= <n - f>*oo(xo)aoi + f*oo(xo)0*oi}[x- xo]
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where aexP is the experimentally determined cross section shown

in the figures, a. and o_7 are the cross sections of ground

state and excited state neutral particles, respectively.

From Eq. (5.1), the experimental cross section aex^ can be

written by

･ 7 - ≪ f)aoi + f°li

when the relation a

by

= aa

(5. 2)

01

°6o7 ≪ [* Wa - l)f]o

is introduced, Eq. (5.2) is written

(5. 3)

Gilbody et al ' 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 a are much larger than a for any gas.

Although the cross sections a have not been reported in the

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

tity in the bracket in Eq. (5

that the relation oe^ > a

3) becomes larger than unity, so

is concluded. This relation

implies that the apparent loss cross section oJy becomes

larger than the cross section a - when the excited particles are

contained in the incident beam.
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The present values for H and N9 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 N~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 a by Pivovar

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.
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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 H2, N_ and 0_.

1) Capture cross sections [Fig. 5-2(1)-(4)]

i) H2 gas: a21

As mentioned previously, the calculated values reported

by Schiff ･* 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

FiguresH He N . 0

°21 °01 al2 °21 °10 °20 °01 °12 °21 °10 °01 °12

Schifi(16)

Mokherjee(61)

Gerasimenko(39)

Bell(40,41)

Dmitriev(43)

Itoh(present)

o

o o

o

o o

o

o o

o

o

o

o o

s

M

G

Bell

Dmit

Present

Bohr(24)

Modified-Bohr
(present)

o

o

o

o

o o

o o

B or B'

MB or MB'
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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

Schiff38).

Apart form the absolute values of cross sections, energy

dependence given in BKA and by Schiff are agl "" E > anc^

o21 -＼iE~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: a^, a1Q3 a^

As for the helium target, calculations with first Born

391
approximation by Schiff and by Gerasimenko and Rosentsveig J

and those with the impact parameter method by Mukherjee et el

can be compared with the present data.

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

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

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 a,, for hydrogen

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.
―3

Then, by assuming the v
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excited states v _> 3, he obtained the total capture cross sec-

tions . As for the case of a in helium target, only the

ground-state capture was evaluated exactly and v~ law was used

for v >. 2 In the calculation of a

a 1
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 a 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 a
21
and o 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,

iii) N2 and 02 gases: a21, a1Q

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 a_ (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.

formulae for a
10

Modified

(denoted by MB) gives somewhat larger values

than the experimental ones in two cases of N2 and O*-

In N~ gas, the energy dependence of a is different between

the MB and the present data; the former gives E , while the
-4

present result is E On the other hand, the energy depen-

dences for 0? gas agree with each other.

fact that the cross sections a

In any way, the

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 a 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, a , a

In this subsection, present experimental loss cross sec-

tions for H2, He, N2 and 02 gases are compared with the FBA

(Bell et al ' ＼ Dmitriev et al -*), the free electron scat-

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

In both gases, quantum theoretical cross sections a12 by

Bell et al and by Dmitriev et at are in good agreement with the

present data. But for the higher energy region in H_ gas,

the present results are much smaller than their calculated

values. As for the cross section afl , agreement between the

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 a and a are compared with the
U1 1Ci

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 o72-

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 oni, however, the present

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
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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.

(4.12). For instance, the cross sections aQ1 and a^2 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 H? gas.

ii) N-, 0 gases [Fig. 5-3(3)-(4)]
Li Lt
In this case only the classical calculations with Bohr and

its modifications can be compared In the case of cross

section a ,, both the experimental and theoretical cross sec-

tions agree with one another. As for a , the MB cross sec-

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

for the target gases N? and 0?, respectively.

5-3. Characteristics of c ro ss Secti ons

As described in the preceeding sections, comparisons with

other experimental and theoretical cross sections can be made

only for the target gases H~, He, N? and 0?. As for the

other gases of multiatomic molecules such as CO-, CH., C~H, and

C,HO, there is no other data to be compared. In this sec-
J O
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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.

41 Medium dependence.

5-3-1. Energy Dependence

The present experimental cross sections are represented

with the empirical formulae a = aE~^ as given in Table V-l.

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 a
02
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 a and

a show the almost same magnitude of p for any gas. The p's

for the light targets, H~ 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

a are in the range 5-7, which are larger by about two times
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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

a20//a?l an<^ °^ l°ss cross sections ao1/a1o All these values

are the average ones over all the projectile energies.

The ratios a0 /a of capture cross sections (upper part

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

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 a. /a 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, a /o = 2(u^/un)2 = 2(4.38/2.95) = 4.4

for light target, and is 2C≪ /m J = 3 for heavy targets.

Values of orbital velocities w and u
0

Lotz ' were used in the calculations.

given in the paper of

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 a , agreed with Bohr's formula, but

the cross sections o were smaller than the values given by
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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 o /a may be regarded to be 2.

Then it means that loss probabilities do not depend so largely

o
on the binding energy, I = mu /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 He irrespec-

tive of their binding energies: J = 54.4 eV for He , I = 24.6

eV for He . Quantitative discussion on the loss probability

will be given in the section 7-1-1.

5-3-3. Atomic Number (Z ) Dependence

In this section, dependence of cross sections on atomic

number Z of target gases H?, He, N~ and 0? 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 Z 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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fi ft7―1 nZ dependence of loss cross sections is found to be Zy" * .

2/3This result is very close to the Bohr's prediction,, Z_ , de-

rived for the intermediate target atoms. Bohr's formula

(4.4) gives (Zy + Z^) 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

2/3on the target atomic number in the form Z 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

Z <^2 and slow increase for the range Z > 2.

Approximately, the slopes in the range from helium to oxygen

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

diction Z 1/3
T

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

(l)-(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 (N). 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 Z depen-

dence to the molecular targets.
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CHAPTER VI

RESULTS AND DISCUSSION: ADDITIVE RULE

6-1. Additive Ru le

In this chapter, the detailed discussion about the additive

rule is presented by using the experimental charge changing

cross sections for the gases H?, CH., C~H,, C_Hg, 0- and C0_-

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

Q
the orbital velocities of the bond-electrons are below 5 x 10

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.

a (A B ) = rca(A) + ma(B) (6. 1)

where a(A B ), a(A) and a(B) are the cross sections for a mole-
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cule A B 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 al ' and by Dagnac et

and a 10

The former workers measured the cross sections a

of hydrogen projectile of energy 0.1-2.5 MeV in the

target gases 02, C02> H2, CH4, C2H4, C2H6 and C4H1Q.

They estimated the charge changing cross sections aQ1(C) and

a (C) for a carbon atom by solving the simultaneous equations

of various combinations of the experimental cross sections.

Estimated carbon cross sections a(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 a(H~0) can be reproduced

by using the experimental cross sections for H_ and for 0_, that

is,

a(H2O) = a(H2) + j°(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

Betz ' concerning this rule for the heavy ion projectile.

In their experiment, 12 MeV I + ions were passed through the

target gases H2, N2, C02, N20, CH4 and (CH2)3O, and the charge

changing cross sections a (q = 3-8) were measured.oq
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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 (CH^^O 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

o(C02J - o(02) and o(CH4) - 2o(H2). That is to say, the

additive rule does not hold for the process of 12 MeV I ion

proj ectile.

The additive rule is, therefore, found to be valid for the

Q
hydrogen projectile with velocity v = (0.62- 21J x 10 cm/sec,

Q
but not for the iodine ions with velocity v = 4.2 x 10 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

6-2-1. Molecular Chain Method

s ec ti ons for a Carbo n At om

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 C Ho ,, where n is the total number of carbon1 n 2n+2

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

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 C H , must be

represented by the linear combination of the cross sections

for the constituent hydrogen and carbbn atoms,

a^CnU2n+2) = M°(C) + (2n + 2)a(H)

[a(Q + 2a(H)]n + 2a(H) (6. 3)

where a(C) and a(H) are the cross sections for a carbon and a

hydrogen atom, respectively. The formula (6.3) indicates

that the plot of cross sections a(C H ){n = 0,1,2,5) as a

function of n will show a straight line with slope, a(C) + 2a(H),

and with an intersection, 2a(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 2a(H) may be regarded to be the exper-

imental values a(H2J. From the slopes [a(C) + 2a(H)] of the

lines, the cross sections a(C) for a carbon atom were estimated.

Results are given in Table VI-1. The carbon cross sections

a(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; a(CH.) ―2a(H?).

6-2-2. Subtraction Method

The carbon cross sections can also be estimated from

a(CO?J ―a(0_), 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,

a..(0.7 MeV) and a..(1.0 MeV) are the cases (see Table VI-1).
uU 1U
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

Tnp1"Vinrl.

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:

a

loss = (6a + a J/(6 + 1), where a and a represents the cross

sections estimated from the present and subtraction method,

respectively- The solid lines are the empirical lines de-

termined by the form a = aE~^, and the broken lines denoted

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

6-3. Semi^Emgirical Formula of Cross Secti on s

In the first step, the empirical formula for the consti-

tuent single atoms are used to reproduce the cross sections for

CO- and hydro-carbon molecules, by assuming the additive rule

to hold. The used empirical formulae for H, 0 and C are

presented in Table VI-2. The formula for H and 0 are the

half of the experimental formulae given in Table V-l.

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 Z 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 a 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 Z
2/3

3). Energy dependence of cross sections can be represented by

the Bohr's prediction E~ ' -v-v~ with a good accuracy.

4). Experimental cross sections a

all the target substances.

01
are about twice of a for

These experimental findings suggest that, for the atomic target

other than hydrogen atom, the single electron loss cross sec-

tion a12

is 2a12,

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

that i_q
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%c,+l

g

= sfra Z
o
2(v0/v)Z2/3 (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 A B consisting of heavy atoms, i.e., N?,

0~ or CO- can be written by

<W*CA≫B≫> " s,a2oZ-2(vo/v){nZ2/3 + mZ2/3} (6. 5)

and the cross sections for hydro-carbon molecules C H , can

be expressed by

qq+1 n 2n+2J o

On the other hand

cross sections aQ1

(V o/v){nZ
2/3
C

+ rr~x(2n + 2)Z
1 . b

2/3

H
} (6. 6)

9

°12

as mentioned in section 5-3-4. the loss

and a are proportional to the total

number of electrons fil/1in a target molecule.

can be explained as follows.

N2> 02

These results

In Eq. (6.5), the quantities

+ mZg/3) in the bracket are 7.3, 8 and 11.3 for molecules

and C02, respectively, and these values are very close

to the half of the total number of electrons in the respective

molecules; 7, 8 and 11 As for the case of the formula (6.6),
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the quantities in the bracket,{nZ^/S + (1/1.6)(2n + 2)Z^/3} =

4.55n + 1.25, are 1.25, 5.8, 10.4 and 14.9 for H2, CH4, C2H6

and C,HR, 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 N/2, and finally the single electron loss

cross sections by eight target molecules used in the present

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

%q+l
-1
(v /v)N/2

As for the double electron loss cross section a

theoretical expressions such like Eq. (6.4).

(6. 7)

02'
there are no

Therefore, the

cross sections can be expressed only in the form 0__ '＼>N =

ktra
2

o
N, 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

°02 44
(6. 8)

It is clear, in Eqs. (6.7) and (6.8), that the loss cross sec-

tions a
01' °12

and a are proportional to the total number of

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

Gerjuory -1calculated the capture cross sections for protons

in the collision with H and H_ 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

results obtained by Toburen et al , Dagnac et al ' and the

present results indicate that the additive rule holds very well

for the light 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

by Wittkower and Betz . As mentioned in chapter I, it is

known that the additive rule holds well for the energy loss

process of heavy ions
8)

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 Zimmerman ' made the experiment on the

stopping cross sections for 40-250 keV H ion passing through

H2, CH4 C2H2' C2H4, C3H8' (CH2)3 and C^Hfi, and reported that
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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 is 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 Alii

son -1. In the high energy region, Pivovar et al , Nikolaev

et al6A＼ Meckbach et al6S＼ Torres et al66＼ or Hvelplund et

591al ^ 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 H?, N , 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 q(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 F . The neutral fraction F has somewhat
la U

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 > Fi > Fo can be seen in this

energy region, except for He and 0- 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

et

al

al^ reported for 0.2-1.5 MeV in H_ , He and N_, Nikolaev et

64^
for 0.67-5.9 MeV in He and N
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Torres65 ･66'1 for 60-860 keV in H2, He and N , and Hvelplund et

591
al for 1 and 3 MeV in H?. In these figures, only the data

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 H~, He and N_.

In Fig. 7-2, the ratios FQ/F2 and F^/F2 for H2, N2 and CH^

are shown. These ratios change linearly with incident ener-

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

-( 5―7)
VII-2. The energy dependence of these quantities are E

for F /F and E~(2-5-3-0) f(jr F /F

7-2-1. Application of the Theory of Dmitriev

In 1957, Dmitriev ■*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 a. in a projectile with velocity y is a function of only
Is

v/ui> and is not affected by the presence or absence of other

electrons in the projectile

P(v/u.

Therefore, the probability

J is a universal function and is same for both inner and

outer electrons provided that the v/u. is constant.
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In the case of helium projectile, the quantity P(v/un) = P1 is

the removal probability of one of two electrons in neutral pro-

jectile He , and Pfv/u^) = Po corresponds to that of an elec-

tron in He . By using these quantities, the equilibrium

charge fractions can be written in the form,

FQ= (1 -P t)(l -P2)

Fl =(1 - pl

F2 = F1 P2

)P2 + pl

and the average charge

q

R

(1 - P2)

is given by

= I qF = j p. = p + p
i * i ^ 2 2

By solving the formula (7.1), probabilities P

tained in the following forms, respectively.

pi =
＼Fi
+ 2F2 - {(F1 + 2F2)2 - 4F ]1/2}

P2 = I{F1 + 2F2 + [(F1 + 2F2)2 ~ 4Fo]1/2}

By substituting the experimental values F

mula, the probabilities T and P

(7. 1)

(7. 2)

and P are ob

(7. 3)

and F2 into the for-

were obtained. The results

are shown in Fig. 7-3(1)-(8), where the probabilities are plot

ted as a function of projectile velocity.
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region, both of these probabilities are very large and approxi

mately P = P.. Therefore, the quantities (1 ― P.) and

(1 ― P ) are plotted in these figures instead of P and P in
Ci la

order to see the difference between them more clearly.

The values {1 ―P.) stand for the presence probabilities of
If

t―-f-Vi plprtrnn

According to Dmitriev, the probability P should be a uni

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

shifting the abscissa by a factor of u /u = 1.48.

In order to confirm this relation, the shifted values {1 ―P )

are shown by open circles in the figures. As clearly seen,

the shifted values are always smaller than (i - P ) for most of

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

are relatively good. Apart from the magnitude of the pro-

babilities, the velocity dependence of {1 ―P.) are very similar

each other except for the gases C H, and C

Meckbach et at have calculated P

3H8'

and P for He gas in

a similar way, and stated that the shifted values {1 ―P ) are

still much smaller than [1 ―P ) 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 P and P are larger than 90 percent in high
1 *

energy region explains well the results described in section
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5-3-2 that the loss cross sections does not depend so strongly

on the binding energy of electrons to be lost.

7-3. Average Equil ibrium Charg
e

Average equilibrium charge q is calculated according to

the formula q = F + 2F , where F. is the experimental equilib

rium charge fraction. Calculated results are presented in

Table VII 1 and in Fig. 7-4, where the q 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) q depends largely on target gases.

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

gas.

3) q in hydro-carbon gases are very close to one another, and

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

C^Hg, and both of them are larger than that in N2 gas.

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,

(n = 5, 6, 7, 8).

The used gases are Ar and C H

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) ? in Ar is the larget

2) <7does not differ so much in the gases H~ and hydro-carbon
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gases.

From these experimental results, it is concluded that the q 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 H- is very large. In Fig. 7-4, the average charge of

helium ions after penetrating through the carbon-foil ' are

shown by a broken line as a comparison. The average charge

in C-foil is smaller than that in H~, and above 1.5 MeV they

are larger than those only in He and 0?. In order to check

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: q (C) > ?(N2) > q(H2) > ?(HeJ. As for the H. gas, the

average charge becomes smaller than that in N~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) > q(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 al * pointed out that the compound

perfluorodecalin (C, nF..,) 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 Moak ', the experimental results of average
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charge measured by Clark et at are quoted as a private com-

munication, which are presented in the lower part of the figure.

Results by Clark et at indicate that the average charge in a

very heavy molecule called Fomblin YR, molecular weight 6500,

is shifted an about a full charge to q in solid (C-foilJ 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 theory -*, and the

other is Betz-Grodzins theory ■*. The former explanation is

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, Moak ' suspected a third explanation which is

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-l, capture cross sections for H≫ decrease

most rapidly, while loss cross sections for H, 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.

2/35-8, the loss cross sections follow approximately the Z de-

pendendence, while the capture cross sections for He are com-

parable to those in N_ or 0? 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

al ' or Betz ' have reported the experimental results, and

these processes are described in detail in the review article

of Betz -*. 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 hq =0.35 at

most in the case of 4.5 MeV iodine ions. 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
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with the experimental results. In the calculations, ex-

trapolated values of F and P , 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 H?, He and N 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] 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 <)>(x ) at this pressure is not always equal to 1.

Among them, the 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.

[4] Present results of charge changing cross sections and

equilibrium charge distributions relevant to the target

gases 0 , CO-, CH., C-H, and C_Hg are the original data.

[5] 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.

[6] The ratios between the double electron capture cross sec-

tion ao/1 and the single electron capture cross section a

are divided into two groups. That is, the ratios are

about 0.04 for H_ and hydro-carbon molecules and about

0.08 for other molecules. This result may indicate

that the double electron capture process does not take
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place so easily as compared with the single capture process

when the projectile ions collide with hydrogen-containing

molecules.

[7] Single electron loss cross section aQ1 are about twice of

single loss cross section a for all the target gases;

indicating that the loss probability of an electron in He

is almost equal to that of an electron in He 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

[8] Target atomic number dependence of loss cross sections is

very clear and is approximated by the Bohr's prediction

72/3 , while such a clear dependence is not found for the

capture cross sections.

[9] 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.

[10] 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.

[11] Carbon cross sections a(C), which cannot be obtained by

experimentally, have been estimated by the present new

method.

[12] The loss cross sections are found to increase linearly with

the total number of electrons in a molecule.
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portionality can be explained very well by usiiig the z

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

r~T*n<£<^QprtinTi<;_

aqq+l

°02

2
= si＼a

o

44

Z~1(v /v)N/2
o

2

where N is the total number of electrons in a molecule.

[13] The equilibrium charge distributions can be explained very

well by the theory of Dmitriev '. Removal probabilities

of single electron from He 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.

[14] Average charges q in various media have the following rela-

tions ;

q: H, > CH. ^ C,H0 > C9HA > N9 > CO9 > 09 > He.
L 4=38 I b L I L

The difference of q among the hydrogen-containing molecules

are very small.

[15] Average charge in solid media (carbon foil) J lies between

g(H2) and q(CO2), and the well-known relation q(solid) >

q(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 q(gas) is largely dependent on the projectile

velocities .

Some problems to be solved in the future investigations

are summarized in the following,

(a) Estimation of fractions of metastable particles contained

in the initial beam.

($) Identification of the bound state of the projectile into

which an electron is captured,

(y) 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.

(6) 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-l Relative sensitivities of

ionization gauge 71) Values presented

in brackets are uncertaintes in percent.

Molecule

H2

He

N2

°2

C02

CH4

C2H6

C3H8

Relative

sensitivity

0.44

0.19

1.00

0.87

1

1

36

49

2.53

3.80

0.05

0.04

0

0

0

0

0

0

00

09

23

19

26

40

CO.

CO.

Co.

CO.

Co.

(0

(0

(0

11)

21)

00)

10)

17)

131

10)

11)
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Table VII-1. Experimental values of equilibrium charge

fractions and average charges of helium ions.

Target

Gas Fo Fl F2
q

Energy

(MeV)

H2

He

N2

°2

co2

0

0

02

0025

0.0002

0.075

0.02

0.0033

0.032

0.0055

0.0004

0

0

045

01

0.0016

0.032

0.0084

0.0016

0.410

0.153

0

0

0

0

0

042

013

58

377

171

0.080

0.443

0.246

0

0

0

0

102

052

505

311

0.1-38

0.066

0.473

0

0

289

122

0.067

105

0.572

0

0

845

96

0.986

0.35

0.603

0

0

0

0

0

0

826

92

526

748

898

948

0.449

0.678

0.861

0.934

0.495

0.703

0.877

0.933

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

55

84

96

99

28

58

82

92

50

74

90

95

40

67

86

93

46

70

88

93

0.7

1.0

1.5

2.0

0.7

1.0

1.5

2.0

0.7

1.0

1.5

2.0

0.7

1.0

1.5

2.0

0.7

1.0

1.5

2.0



Table VII-1fcontinued)

CH,

C2H6

C3H8

0.018

0.003

0.00053

0

0

02

0005

0.019

0.0027

0.00025

0

0

0

0

398

185

072

039

0.398

0.078

0.398

0

0

190

072

0.042

0

0

584

812

0.928

0.961

0

0

0

0

583

921

585

810

0.928

0.958

106-

1

1

1

1

1

1

1

1

1

1

57

81

93

96

56

92

57

81

93

96

0.7

1.0

1.5

2.0

0.7

1.5

0/7

1.0

1.5

2 0



Table VII-2. Empirical formulae of equilibrium ratios F /F

and F1 /F2 for various gases, where E is the projectile

energy in unit of MeV.

Target

Gas

H2

He

N2

°2

C02

CH4

C2H6

C3H8

F /F
0/ 2

3.0x10

3.32x10

7.35x10

1.47x10

1.20x10

3.70x10

4.93x10

3.33x10

h

h

2E

2E

h

6

5

6

5

4

5

5

6

72

22

04

23

68

57

44

29

Fl/F2

0.18E

0.63E

0.33S

0.46£

0.40S

0.25S

0.2AE

0.2SE

3.8

2.8

2.6

2.6

2

2

2

2

5

7

7

7
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Table VII-3. Experimental values of equilibrium average

charges of 1.0 MeV helium ions. Value in gas C-H^ is the

interpolated one in Fig. 7-1(7).

Target Gas

(Molecular Weight)

H2 ffl4 C2H6 C3H8 C5H12 C6H14 C7H16 C8H18

(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

(Molecular Weight)

He Ar N2 02 C02

(4) (40) (28) (32) (44)

q 1.58 1.88 1.74 1.67 1.70
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Figure Captions

Fig. 2-1. Experimental arrangement for measuring charge

changing collisions: C1-C2; collimating slits, A1-A5;

apertures, E1-E3; electrostatic deflectors.

Dimensions of these slit-system are follows; less than

2
0.1 x 0.1 mm for C1-C2, 5 mm-diam for Al, 2 mm-diam

for A2-A5. Portions of the beam transport ducts sur-

rounded by Cl and C2 is an initial charge-state selec-

tion chamber.

Fig. 2-2. Block diagram of the electronics; position-sensitive-

detector bias is about 60 V.

Fig. 2-3. 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.

Fig. 2-4. Examples of position spectra from the PSD, measured by

using 0.7 MeV He ' ' incidences on oxygen gas at

3.5 x 10

3

Torr-

Fig. 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; He incidences, open circles; He incidences,

open triangles; He incidences. Solide lines are the

calculated fraction-curves according to Runge-Kutta
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integration method applied for Eq. (3.1) with use of

experimentally obtained charge-changing cross sec-

tions .

Fig. 3-2. 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(cm /mole-

cule) of helium as a function of projectile energy, in

colliding with H2, He, N£, 02, C02, CH4, C2H6 and C^Hg

molecules, respectively. Open symbols represent the

loss cross sections and closed symbols represent cap-

ture ones; o a , A a , a a02, ･ a^, A a1Q, m a2Q

Solid lines are the computed values of the empirical

formulae obtained by applying the form aE ? to the

cross sections (see text.).

Fig. 5-2(1)-(4). Comparisons of capture cross sections for H?, He

N? and 0? with other experimental and theoretical

values: Experimental; ―o―present, ･ 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.

Fig. 5-3(1)-(4). Comparisons of loss cross sections for H~, He,

N2 and 0? with other experimental and theoretical

values: Experimental; o A D present, ･ Hvelplund et al

(refs. 59,60), + Pivovar et al (ref. 53), TShah et al
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(ref. 58), o Gilbody et al (ref. 51), k 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

He with theoretical values; o a , A a are the pre-

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 a = 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 o^./o,.. and a /a as a func-

tion of total number of electrons in a molecule.

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

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

2Presented cross sections (cm /atom) are plotted rel-

atively to the hydrogen data. In the case of loss cross

sections (Fig.5-8 (1)) , the carbon cross sections (zy =

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 C H , closed circles to other mole-

culesHe, N,, 0 and C02, and + for carbon atom(Fig.5-9(1)). .
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Fig. 6-1(1)-(6). Relative cross sections a21> a2Q, a1Q, o12, aQ2

and aQ1 for the molecules ^n^2n+2 ^n = °>1'2'3) as a

function of total number of carbon atoms in the mole-

cule.

Fig. 6-2. Carbon cross sections (cm /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

a = aE'P.

Fig. 6-3(1)-(2). Comparisons of experimentalcapture and loss cross

sections (o, A,D ) 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 0.

Fig. 7-1(1)-(8). Equilibrium charge fractions of helium penet-

rated through H7, He, N9, 0 , CH. , C,H,, C,HQ and CO..

o,a,D present, ･ Pivovar et al (ref. 53), + Torres

and Meckbach et al (ref. 65,66). Experimental errors

of the present values are within symbols.

Fig. 7-2. Examples of the equilibrium fraction ratios F /Fo,

F2/F2 for the gases H2, N2 and CH4.

Fig. 7-3(1)-(8). Presence probabilities (2 ―P ) for keeping one

of electrons in He , and [1 - P ) for a electron in He

as a function of ion velocity. Open circles are the

shifted values of {1 ―p ).

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

Solid curves are the present values and dotted line
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represents the average charge of ions penetrating

through carbon foil (ref. 67).

Fig. 7-5. Avera charge of helium ions at 1.0 MeV in various

gases: o ^n^2n+2^n = °≫!≫3≫5,6,7,8),･ N2, A 02> A C02

a He, ■Ar.

Fig. 7-6. Average charge of helium ions in the energy below 0.8

MeV: All the data are borrowed from others; Torres et

al for H~ and N_, Meckbach et al for He, Armstrong et

al for carbon foil.

Fig. 7-7- 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(re£. 14),

and lower figure shows charge fractions of 87 MeV

krypton ion measured by Clark et al quoted in the

reference (15).

Fig. 7-8. 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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