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| -Chapter 1 -

' Introduction

When two atomic particles in the keV range collide, a number of different
processes ma.y occur which produce fast neutrals and cha.rgeci particles. For many
yecars, astrophysicists focused their attenrtion on ion-atom collisions. They tried
to explain the spectroscopic observations and construct theoretical models of the

)

stellar atmosphere,

ks

Collisions between ions and atoms which lead to the ionization and
excitation of atomic ions, detachment from negative iéns, and the formation of
the doubly charged ions, were considered for many years. Collision processes
involving the destruction and the formation of negutivc- ions have been inves-
tigated using charged and neutral beams of several keV, while at much lower
cnergies, the determination of the threshold for charge transfer reactions and for

&

ion-ion production in neutral-neutral collisions has yielded valuable information

p
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about ”electron*afﬁnities. These investigations have scientific and practical im-
pertince. For instance, negat:ive ions are employed in Tandem and other particle
accelerators, and at TRIUMF.

In ion-atom collisiqris, one of the most extensively studied inelastic col-
Esion processes, and one which continues to be widely studied, is cha.rgé exchange.
The practical impofance of this process in man}\laboratories and astrophysi-
cal plasma has been recognized quite recently. For example, collision between
multiply charged ions and atomic hydrogen are important in determining the
radiation losses and' neutral bea';n.hea.ting efficiencies in a fusion plasma, so that‘
it contributes significantly to the energy' and'pa.rticle balance in the hot center
of the plasma.

This thesis presents the measurements of nh‘e ch‘arge changing cross

sections in neutral-neutral atom collisions. Table (1.1) describes a summary of

the processes which can be identified separately.
e -
1.1 Summary of the charge changing processes

-r

‘A4 B o AT+ B+e—AE loss by ionization (1.1)

A4+ B> AT+ B*_ AE pair production by transfer (1.2)



A+B— A% + B+2%— AE double loss by ionization (1.3)

All these processeaﬂa)utral-neutra.l atom collisions al.re energeticlaliy
possible at keV energies. The probabilities of these processes depend on the
quasi-molecular structure oi: the interacting particles. An important parameter
is the energy rdefect AE, which is th‘e total change in the intern?.l energies that

! -
take place during the collision. Its value can determine thé magnitude of the cross
'section. The targets involved in the measurements reported in this tl‘lesils wclre all
rare gas targets, whicil have no stable negative ions. Therefore electron transfer
to the target cannot occur. The cross sectipn of double ionization has been
found experimentally to be very small, so it was neglected. Ion pair production
which. can bg described in terms of single electron capture, and electron loss
were therefore the dominan%orocesses among those which were considered in the
. .
. present expériments.

A nev;r apparatus was designed to measure the ion pair product;prr’and
electron loss cross sections. If the neutral beam is produced by positive ion neu-
tralization, then it would probably contain a mixture of excited states, and it
would be useless for cross section sneasurements because of the unknown mixture
of the metastable states. Thereéme a different method of neutral beam produc-

tion was developed. The neutral beam was obtained by electron detachinent

during collisions between a previously accelerated negative ion beam within a



neutralizer gas. The advantage of this method is that it produces neutrals which
are effectively all in the ground state.

| The cross sections for the ion pair production and electron loss were
measured as & function of projectile energy, by passing the neutral beam through

a second region of low pressure, which was separated from the first neutralizer

gas. This was called the target cell.

, : N
The equipment consists of two differentially pumped cylindrical gas

chambers, each surrounded by vacuum. They were assembled as a single me?
chanical unit such that the neutralizer entrance and exit apertures formed a
beam co‘llimat(or for the target cell. The four apertures were carefully aligned. A
clearing electric field between the two chambers was established across two par-
allel elect;‘odes b.y an appropriate apialied voltage, which removed the charged

particles, so that only ncutral particles reached the target cell in which the cross

section were measured.

L'

Measurements were taken in the projectile energy range from 10 to
110 keV for neutral fluorine and chlorine beams in collisions with all the rare

g;b{‘he systematic behavior of the cross sections were observed. With the
\

.

fluorine beam, except for He and Ne, the cross section for negative ion production

was found to increase with projectilé energy and pass through 2 maximum, then

decrease with increasing energy.



A

x
energy dependent for all the targets except He and Ne. The cross section showed

a significant broad peak at higher energies for heavy targets. The electron loss -
cross sections, both in fluorine and chlorine,‘w'%re found to increase with encrgy

and then decrease in the higher energy range. A maximum was found in the

Cl-Ar electron loss cross section at about 80 keV energy.

The systematic erro‘rs cﬁ' the cross section measurements were believed
to be less than 10%. This eétimate represents the sum of the individual crrors
arising from the target thickness corrections, pressure measurements, and the
beam intensity ﬂu;:tuations ett.

The mathematical details of the charge cllla.nging cross sections are
described in\:Qhapte; 2. Chapter 3 and Cha-pter 4 outline the neutral beam_
production system and the experimental technique. Finally the results of thé

cross section measurements are discussed in Chapter 5.



Chapter 2

Mathematical Details
o |

b ]

When a beam of particles collide with an atom or molecule of the target

gas, the particle may capture or lose one or more electrons during successive

collisit;ﬁs.;; The probability that a pdrticﬁls:r process occurs in a collision is con-

‘ventionally expressed by its cross section. It is defined by the equation
dN = NoO',';dﬂ’ ' ) (21)

where ¢ and f represents the initial and the final states of charge 7 an f respec-

tively. Np is the infensity of an assumed pure beam in state i before entering a

target.

»

The target thickness  is the product of’ tl‘n;,-.)length L of the target

and n, the number of atoms per unit voﬁume. This formula is defined under -

b -~
P

J
—



.conditions such that

'ZO’;}d‘:T << 1 ) . ' (2.2)
F

so that only single scattering occurs, and dN << Np, where dN is the intensity

of the charge changed particles after the target.

!

The differential equation describing the transitions between possible
charge states of a beam of particles, as they pass through a ta.rg;: gas of thickness
7, is given by

. ' %\'T;{ = #Zf(a‘-,N‘ - o) ‘ (2.3)

where N* is the fraction of the beam in rharge state ¢, and N7 is the proportf‘én
of particles in state f.

We can include the term ¢ = f in the summation of equation (2.3), and we "

i

can write _ .
. o dN! . )
N —_— = o N* ' 2.4
r T Z oisN (24)
by defining -
7
U!.f:—ZO'ﬁ (25)
itf .

’
when the o7 terms are small it is possible to expand N/ as a power series.
'Nf=aof+a,pr'-i-'.agf7r2+a3!7r3+ ........ : (26)

where agy = N{ is the intepsity with no target present, and therefore the incident

intensity. Differentiating with respect to =, and substituting into equ.(2.3}, we



get

aiy + 2agm + Sazm? + e = Za.—;(aoi + a4 aywd +..) 2.7
. — i :
now equating each power of m, we g;-*:t J
"
!
ayp = a'.-_,-am't (28)
or
4 = O','!Né ’ _ ‘ (29)
. 0
Qagr = 3 Okgark CON (2.10)
— .
or
1. ’ '
a2y = 50 D oksTik (2.11)
<7k .
‘/

and similarly
. 1.
azf = EN(; ZI:G'UO'IJ\;O'H (2.12)

By substituting the above equations into equation (2.6), we get

; A B \
'N‘r=N6+0','J'N67T+§7T2Naza'gkﬂ'kf+ ......... (21‘3)
k

The number of terms required depends on the target thickness. If Y ow is a
L .
few percent, only a few terms are sufficient, but if each particle makes many

collisions, many terms may be required for accuracy. Since the projectile beam

used in the present experiments was neutral , i = 0. If we consider electron



ot

transfer as defined in equation (1.2), then f = +1, and equation {2.13) can be

written as
&

Nt = N300+1r [1 -+ §(UOOUO+ + 094044 + Co—0—1 + 0'020'24.)71‘] (2.14)

where, from equation (2.5)

i

o0 = —(004 + do- + 702) . (2.15)

and

Oy = —(040+ 04- +042) - (2-16)

In equation (2.14)*ve assume that the target is thin enough tBat one can neglect
~
terms of higher order than (om)? in the expansion of equation (2.13). In the

measurement {ow) is of the order of a few percent. The neutrals which remain

unchanged after the target correspond to f = 0, and equation (2.13) becomes

v 1 -
NO = Ng [1 !‘- Tag™ + '6(0'0_0'_0 + To+T 30 + 0'30)71'2 . (217)

S,

\> Equations (2.14) and (2.17) give the intensities of the neutrals and positives after

" the target in terms of the intensity N of an initially pure neutral beam. Dividing

equation (2.14) by (2.17), and keeping terms of order = in the large brackets,

r

. 1 1 00—0—4 + 0020
]\_H- = N00'0+7T 1-— 30’00‘”’ + —(O'++_ + 9 + 92 2+)7T

2.18
5 p— (2.18)

The ratio of positives to neutrals after the target cga.n be obtained by dividing



equation (2.18) by (2.14), to obtain

ooy =

N 1 ' ojg:l;":;-[—ama”
1+-3(U+0+0'+-+0'+'2‘“'5"0—‘—0'02‘— p )
A : 04

(2.19)
where N is defined as N*/N°. The incident beam intensity Ny has been elim-
inated and the cross section can be determined experimentally, using equation

(2.19) , from measurements of the charge ratio N after the target, as a function

of the target thickness ..

If we substitute f = —1 in equation (2.13), and repeat the calculations,

the expression becomes

N
1+ 3N

Tlp. =

Ot T4 - + 00202 Y

14+ :)"(U—o +0_4 + 03— 0Opy —Op2 —
= . . Jg-.

4
(2.20)
where N is now defined as N~ /N? which is the general ofm for the single pair

production cross section to second order in #. The right sides of equations (2.19)

and (2.20) represent the correction terms for finite target thicknesses, When the

taréet is very thin, so that N << 1 and (o7) << 1 both simplify to mogy =

10



Chapter 3

Experimental Arrangement

3.1 General Description

The t;chnique used for the measurement of the charge changing cross
sections is an extensim;. of that previously [1] used for negative ion-atom collision
studies. The equipment and the newly designed apparatus for prod&ing an
incident neutral ﬂu;n'ine and chlorine beam are describe.” briefly in this section.
It is convenient to classify the experimental arrangement in the following three |

A

sections.
e Beam Preparation
o Magnetic Analyzer

¢ Collision, Chamber

——

\/f 11
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3.2 Beam Preparation

Generally, the production of a svitable beam for performing the collision
studies is a relatively simple ‘matter. Radio frequcn.cy ion sources have been
utilized for many years to pgoduce ions for use in charge transfer cross section
measurements. A conventional type of radio freqtlency‘ion source consists of a

glass tube surrounded by the coil of a high frequcncy; c;scillator, to produce a

plasma discharge.

An electric field was Inaintainc;d to a féw kV potential between tiic
anode and the exit canal. The dischaligé' tube gas pécssurc was controlled by a
thermal mechanical leak in the range of about 1072 to 10~ Torr’. This device,
consists of a polished steel bdll of 3 mm diameter which is pressed against a small
hole of 2 mm.diamcter by the tension in a wire. An electrical hc-:mter, wound
round the wire, controls thcl tensig}nf'ﬁ;\ghcrrnal expansion and so controls the
gas flow rate round the ball into the hole. The positive ions were extracted from
the plasma boundary by the strong electric field and were accclerated towards a

-

narr()ﬁ metal exit tube, called the canal. Inside the canal, the negative ions were

—— \

procuced from the positive ions by electron capture collisions with the residual
gas there, and these negative ions were pulled into the accelerator column by the |

'reverscd potential of the extractor electrode.

12

~n



The production of negative ions by this method has the advantage that
they are not aécompaniec_i\ by 1arge numbers of electrons. The most convenjent gas
for producing both fluorine and chlorine was found to be conimercial available
Freon-12 (CCL Fy), which gave no unusual contamination. The negative ions
were accelerated to the desired energy by a 150 kV accelerator (Model 150, Texas
Nuclear Corporation).

The total lcngth‘.o_f_ the beam line was about 10 meter from‘qthc accel-
crator to the collision &unb;r ‘A good vacuum was achicved by four diffusion
pumps backed by one 1'otnry. pump, and lécatccl at different positions along the
beam line. The working pressure throughéut the beam line was kept to about

5 x 10~%-Torr.

-

+  The general assembly of the beam line from the accelerator to the colli-
sion chamber is shown in figure (3.1). Two sets of&hagnc.:ic steerers were located
just after the accelerator to make small adjustmelnt.;s of the beam position and
direction before the magnetic analyzer. A third stcngI‘ was used to optimize the
beam through the neutralizer and target. At about 4 1neter from the accelerator
an adjustable aperture was used to set the beam current during the measure-

ments. Negative ion currents striking the first aperture of the neutralizer cell

were typically 10710 A,

13
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Figure 8.1: Equipment and the beam line assembly
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3.3 Magnetic Analyzer

The beam from-the 1on source usually contain a mixture of different species
of ions. jn order to sclt:ct/; the particles of the chosen mass from a beam, a
tccllniguc of magnetic analyzis was applied which separates out the components
of different momentum and sclected one of the discrete mass beams. In the
present experiment, the projectile beam from the ion source was analyzed by
a double focussing, 90° deflection and 66 cm radius uniform rmn.gnctic analyzer

{

(HV Enginecring Corporation,Model 90-26).

In a uniform magnetic field, the radius of curvature is proportional to

the momentum of the particle andis given by

muv
r Bq 1 ( )
where the velocity v is given by
l)
ot = 2 (3.2)

A m’
where the ion energy is qV, and V is the accelerating voltage. Substitution of

equation (3.2) into (3.1) gives

L
) 3
Br = (“mE) , Lo (83

qi

where E is the ion energy E = ¢V. Therefore

ﬂ(;ﬁ = -;-1321'2. ' (3.4)
o 15

N
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Since we have a constant radius of curvature for all the ions which traverse the

magnet and reach the neutralizer, one car write equaéioh (3.4)

- -EQ—- 0.4 Bz. ’ (3.5)

If the magnetic iron is magnetically soft and does not saturate, the field B is
nearly proportional to the magn‘ﬂtic current [ in the magnetic coil windings.

In order to minimize the hyst;aresis effects, the data were always taken
when the current was changing in one direction (increasing). All ions should
therefore lie on the seme line of a. grap.h where mE/q* 1:;. plotted as a function of
I?, as shown in the figurc {3.2). Sufficient number of points were determined ,
using the.most abundant ions, with both positive and negative charges, at several
energiés, so- that the line was clearly determined. A mass spectrum is shown in
the figure (3.3), where fluorine aﬁd chlorine were identified and table (3.1) gives

a proposed identification of peaks of various singly charged ions.

16
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Mass (a.m.u) | I*(dial reading) ';‘—f(ami;,cV/ez) Proposed Species

16 1513 1120 0-
17 1557 1190 . OH-
19 ) 1656 1330 | F-
35{ 300 2450 | . cI°

37 \ 3445 2590 Cl-

Table 3{ Mass spectrum identification of singly charged ions.

A

3.4 Collision Chamber

A prgviously designed lvacuum chamber has a cylindrical gcometry with
15 cm height and 36 cgn in diameter. In addition to sochothcr internal changes,
: v
a newly constructed assembly of the neutral'producing system and the target
gas cell was installed inside the vacuum chamber. A photograph, shown in figure
(3.4), provides a view of the internal gcdniét;ry of the collision charnbgr.

The schematic layout of the beam collimator is shown in figure (3.5)
and the design of the neutralizer and the target gas cells is shown in figure
(3.6). The assembly consists of a 19 cm long brass cylinder. It was threaded

o N
at each end, and into it were screwed two aluminum cylindrical %5 cells, the

neutralizer end the target cell. The machiniry was carcfully done so that all

these cylinders were accurately on the same axis. Into the ends of the aluminum

19



cylinders were installed ceramic plates to which brass discs were attached. "Thus
' 4

providing insulated apertures, so that the beam currents could be monitored for

alignment. The whole system was mounted on the common base plate of the

collision .chamber with two adjustable-V-shaped blocks mounted on three ball
bearings in ‘machined grooves. The design of this equipment was made such
that it could be disassembled and rcéssemble again in e:'cactly the same position.
Photographs of this apparatus are shown in figures (3.7) and (3.8). The vacuum
surrounding the neutralizer and target gas cell was kept at 5 % 10-% Torr by
pumping the whole chamber. y |

The equipment inside the chamber consisted of the followiﬁg three

components.
e Neutral Producing System
o -Target Gas Cell

¢ Channel Electron Multiplier .

20



Figure 3.4: Photog:raph of the collision chamber.

21




NEUTRALIZER -~ TARGET

|

=

|- | | rl_l —T—<

CLEARING FIELD ANALYZING
‘ : . . FIELD

Figure 3.5: Schematic layout of the neutralizer and target gas cells.
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Figure 3.6: Neutral producing apparatus.
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* Figure 3.7: Photograph of the neutral producing system.
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Figure 3.8: Clearing field of the neutralizer gas cell.
~
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3.5 Neutral Producihg System

The neutral producing system consisted of a neutralizer gas cell and

& clearing electric field. The neutralizer was 10 cm long with two insulated -
apertures at either end. The slit A of 0.8 mm diameter serves at the entrance
and slit B of 0.65 mm diameter was‘at tHe exit of the cell. Beyond this, inside the
central brass cylinder, two parallel electrodes 13 ¢cm long were used to produce
the tr;a.nsverse clearing field to sweep away the negative and positive charged

o~

compor.;ents in the beam. - (
Before taking the actual measurements of the oo+ and og_ cross sec-

tions, some preliminary tests were made to chose a suitable gas for the neutraliz-

iné; cell. A number of different ga.ée% were tried in t‘1:4e cell and the charge ratio of
neutral and charge components were determined as a function of the gas prassure
in the cell. When comparing oxyger;, nitrogen and argon, it found that each gas
wes able to produce 60% neutrals from the negative projectile beam. Figure (3.9)
indicates the ratio of negative count as a function of neutralizer gas pressure. To
reduce the effects of contamination of the target gas with a neutralizer gas hav-
ing a very different cross sectic.)n, it was decided to use argon for the neutralizer.

The working pressure in the neutralizer was maintained at 10~3 Torr, which was

monitored continuously by a capacitance manometer (MKS BARATRON).

/

~
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An electric field of about 250 V/cm was found to be the minimum

necessary for the removal of charged particles from the incoming beam. Tests

f

were carried out with different clcar.ing electric fields from 250 V/cm to 400

V/cm. Table /(3ﬂ2) shows the result of a test of the neutralizer in which both the
: oy
_pressure and‘: the ¢learing elc.:ctric field were changed at different cnergies.
It was verified that no significant change was found in the measured
Cross secﬁién values when the neutralizer pressure was increased or decreased from

0.4 x 10~ Torr to 2.5 x 10~ Torr. At the high end of the energy range, when

the clearing electric field was increased up to 400 V/cm at constant pressure, the

‘l-

measur‘-{‘l values of the crc?éection were found to be reduced by 1 to 2%, which

is not statistically significdnt.

A similar check was done for a pgﬁﬁ%beam'incident on the neutralizer
4 B .
. . /
gas, when clearing field was increased at constant pressure, The cross section

value changed by not more than 3% from the value obtained with the negative

ion beam. At low energies, when the beam intensity was small, a pressure of

\,
3 x 1073 Torr was used so as to obtain more intense n\éugral beam.
[N
\
N
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E (keV) | P(Torr) Clearing’field(V/cm) ap-(10"¥em?) | 044+ (10"%cm?)
45 0.4 x 103 250 4.97 1.91
45 2.5x 1073 250 | 5.03 1.;)7
81 9x 101 250 5.81 2.76 -
81 9 x 1074 400 5.60 2.70

~

Table 3.2: Neutralizer Pressure and clearing electric field,

3.6 Target Gas Cell I

The target cell was situated beyond the clearing electric field. It consisted
of an aluminum cylinder with insulated apertures. It was 4.94 cm long with a
0.43 mm diameter entrance and a 1.5 mm diameter exit aperture. In order to
avoid slit generated ions from being counted, the target :—:x'it aperture was made
] wider tha.ﬁ the other apertures, so that with the accurate alignment, it was out
of the direct neutral beam. The dimensions of the target gas cell were chosen
such that a few-percent of the atoms made single collisions, and therefore double
collisions were of the order of a few percent of the single collisions , and higher
order collisions were completely negligible.
The target gas cell was connected by two copper pipes, one was con-

nected to the thg‘}!rmal mechanical leak and the other to the capacitance manome-
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ter, which measured the gas pressure in the cell. The thermal‘metiimnica.l leak
controlled the gas flow to the tar‘get‘ cell. Th(la pressure in the cell was allowed to
stabilize before each measurement.

At a distance of 2.5 cm beyond the target exit aperture, an electro-
static deflector was used for_separate the charge states of the beam leaving 2:(:
target. It was mounted on the common base plate of the vacuum chambefi It
consisted of two parallel plates, separated by 1.5 cm and each of length 5 cm.
Deflecting voltages of %Lbout 4 kV were required to deflect beams of more than
80 keV. The field emissionl then became a problem. A solutionl was found by
usihg a 2.5 cm 1ong aluminum shield with 1 cm window which was attached to
the deflecting plates just in front of the detectors. This shield redLCced the ficld

emission electrons which reached the channeltrons without obstructing the paths

of those particles travelling from the target to the detectors.

3.7 Channel Electron l\/ﬁlltiplier

The electrostatic deflector separated the charge ¢ components of particles

emerging from the target cell. Three channel electrons multipliers (channeltrons)
r

were used as ﬁartiéle detectors to count these different charge state particles™

simultancously. They were placed side by side at a distance of 13 cm from -

the target cell, which made it possible to &llect all those particles which were

: o
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scattered into 2 2° cone. The geometry of the collision chamber, including the

‘pétitra.l producing system and channeltrons was.made carefully such that the

scattered particles were incident upon the cone of the appropriate channeltron

entrance aperture. T
Bgsically, a channeltron'is a nbnmagnetic device fabricated from a
special kind of glass. Its interior surfack is coated with a conducting material

which serves as a continuous dynode'. The current pulse from an incident particle

is increased by secondary electron multiplication. A potential of up to 3 kV is

applied across the ends of channel. Channeltrons must be operated in a vacuum

-

enviromment of less than abcgﬁt 10~% Torr r,;o avoid ionizati;:m of the residual gas
inside the tube. ’

Channeltrons are of various types, dep;ending upon their design and-
use. In the present éxperiment, charge particles as weil as neutrals were detected
by two kinds of channéltrons. The neutral particle counter was B419BL01 Philips
type and the other tv&lfo were 4039-Ga.1i1é0_ Analytic Company Ine, all three.had
circular cones of 10 mm diameter.

All three cha.rmeltl'"ons were used in a pulse counting, digital&modé.

The block diagram of the channeltron and counting system is shown in figure

(3.10). To detennine the pulse heig.ht distribution of a channeltron, the output

of the amplifier was connected to a multichannel analyzer and the negative ion

).

-

)



beam dirccted to it. The pulse amplitude gives the estimate of the current gain of
channeltron as a function of channel number of the multichannel analyzer. The

: {
channeltron voltage was adjusted to give a clear maximum in the pulsg height

distribution for different points of impact over most of the channeltron cone. The

pulse heights from ions which go directly down the channel at the center of the

cone are smaller than those which strike the cone itself. ) -

If the channeltron is treated carefully, and not subjected to bad vac-
uum or contamination, the main factor governing its liftime is the total charge

actumulation. For this reason great care was taken to nevergun a measurable

beam current on to the (;hls. A protective metal plate Was placed over the chan-
g \

neltrons to prevent accidental exposure during preiiminary setting up procedures.

This was moved aside during the measurements.
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Chapter 4

oY

Experimental Technique

>
4.1 Data Deduction

In thé production of fluorine negative ions, higher anode voltages in the
’
ion source was required and the adjustment was found to be more critical than
with the chlorine beam. Measurements of fluorine-rare gas therefore were not
taken below 20 keV due to the low beam intensity.

The raw data consisted of the counting ratio, N* /NP for electron loss
and N~/N° for electron capture cross section at several different targets gas
preseures. Each ratio and pressure reading provided one point on the graph.

; - '
These points do not lie exactly on a line, because the ratio is of two digital

numbers, each of which is subject to statistical fluctuations. Sufficiently large

numbers of counts were obtained to give the ratio to a few percent at each
'\j '
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pressure. The cross section was ca.lculated-using the equations (2.19)4H&(2.20)
where the raw data were N, the counting ratio, and the fa.rget pressure which is
pro'portional to .

A linea,; relation was obtained by pl-otting a graph of the right side
of equations (2.19) and (2.20) as a function of the target pressure. The slopes
of these graphs gave the cross sections, and the best estimates was made by
employing the least squares fit method.

In order to satisfy th;a conditions that the correction terms could be
completely ignored it would have been necessary to use targets so thin that.
the counting N* and N~ rates would have been very small, comparal;le to the
back%round, so some corrections had to be made for multiple collisions. The
target pressure range was chosen such that the correction terms were fairly small,
a few percent.

A typical graph of the right side of equation (2.19) as a function of
target pressure is shown in figure (4.1). A small intercept‘ was found due to the
collisions of the incident beam with the residual gas in a small region between

¥

the neutralizer and the target cell.
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The cross sections in the correction were either obtained frorﬁ publish
measurements, or estimates were made. In fluorine rare-gas collisions, the single
and double electron detachment cross sections were measured by Hird et al [2).
For double electron capture cross section o4 _ , the data of Fogel et al [3] was used.
These exit up to 60 keV in OXygen-rare gas targets: The single electron capture
cross section ¢4o was measured by Lookwood [4] in fluorine-rare gas coilisioﬁs-,
except for the Kr and Xe targets. For Xe and Kr, their data was extrapolated
to OUT energy range. Some o; the cross sections were very small, for example the
o2 cross sections, and these were ignored. The o, were available for helium
(Jorgensen et al [‘5{), and for neon and argon (Brackman and Fite [6] ). These
argon values were used as estimates of the krypton and xenon ¢, cross sections. |

In chlorine-rare gas collisions, the data of Fedorenko [7] for single elec-

tron capture, was used for all the rare gas targets. For the o, cross section,

L

the data of Witkower (8] was used, which exists only for Ne, Ar and Kr targets.
Their Ne and Kr data was substituted for the He and the Xe targets respec-
tively. A complete set of data on single and double electron detachment cross
sections were measured by Hird et al [9] over the range of energies of the present

measurements.
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4.2 Analysis of Uncertainties

In order to assess thé’k{eﬁz.tbility of the prelsent measurements, several
possible sources of the systematic error were considered. The computer repea:ted
the calculatiens with all the correction terms set to zero. The diﬁerence in the
numerical values calculated in the two ways, was used as an estimate of thg
importance of the target thickness correction terms. If the difference exceeded
8%, then the highet pressure readings, where the target thickness terms are k\"“"
largest, were rejected from the data, and the cross section recalcuiated. The
error in. the cross sections, a:ss?L:iated with the target thickness corréctioné, was
estimated to be not more tha{l 2% on any of the final results.

Another possible source of error was due to pressure measurements *
of the target cell by the capacitance manometer, since all cross sections are ex-‘
pressed ;n terms of the absolute target tllickness, which is proportional to pres-

sure. During the six hour run of the experiment, zero drifting in the manometer

was noticed, the error of which was estimated to be 2%.at higher pressures and

‘\_;f

iess than 1% at lower gas pressures. The purity of the target gas was 99.9%
which caused no serious error in the cross section measurements.

The channeltrons, each with a 1 cm diameter entrance aperture, were
positioned side by s.ide to collect all the particles scattered within a 2° half

angle cone from the target center. The effective area of thy channeltron was
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) .. .
found ktc/be 9 mm from measurements of the pulse height distribution when
_the direct beam was traversed across the channeltron a.s\erture. An additional
uncertainty associated with particle loss at large angles was estimated to be not

more than 1%. The combined errors from all sources add up to an estimate of

10% uncertainty on the cross section results.



Chapter 5

Results and Discussion

5.1 Fluorine-Rare Gas Collisions

The results obtained for the energy dependence of the negative ion pfo-
duction for fluorine on rare gas targets is shown in table (5.1). The gen;zra.l
character of the cross section is illustrated in figure (5.1). The systematic errors
associated with the data are estimated to be less than the error bars plotted on

-the graph. The previous data of Fogel et al {10] are shown in the same figure.

5.2 Negative Ion Production

The single electron capture cross section ¢g- are determined for fluorine

collisions with He, Ne, Ar, Kr and Xe gas targets in the energy range from 10 to

40



110 keV.

The cross sections for heavy targets Ar, Kr énd_Xe ingrease and pass
through a muiﬁm. The maxima of these curves becomti ‘narrow as the targe‘t
mass increases, and the peaks are displaced towards lower energies for heavy
targets respectively. The shift in the maxima is probably due to the competition
between the stripping of the neutral fluorine beam with the.femoval of one elec-
tron and the ionization of the target atom. The oo_ cross section in the He aI}d
Ne targets was found to be small-at lower energies but é)ﬁows a systematic rise
in magnitude with the increase of the proj:ectile énergy.

There is no theoretical model for 0:0_ cross section which could explain
the detailed behavior of these curves. However the process during the collision
certainly the transfer of an électroﬁ from the }ﬁfial ground state of the target
atom to projectile where it becomes the va.le'n‘b? electron of thé bound and stable
negative ion. Massey adiabatic criterion [11] can predict ro\ughly the positions of
the energies of maxima of the oy_ cross section. This model is applicable only
when the initial and final states of the collision partners are well defined. The
theoretical basis of the Massey calculation is described in Appendix. Since the

>

neutral fluorine beam was obtained by neutralizing negative ions, we make the1

assumption that the beam is entirely in the ground state.

41



'ﬂ'
|

Table: 5.1: The cross section of the negative jon production vg. of fluorine
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Figure 5.1: The single electron capture cross section-co_. The open circles are
the data of Fogel et al. The present data are shown by error bars. The arrows

show the energy of the theoretical Massey maximum.
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Hasted and Lee [12] modified the M%ssey theory by adding the Coulomb
;Ingly, the max-

and polarization interaction energies to the energy defect.. Acco

imum cross section should occur near a projectile energy- Er, such that

‘ am?| A E | ‘
. Bs 0.157 | (5.1)

where AE is the corrected energy defect described in Appendix, and a is the
parameter which has an empirical value 6.7.:4. The mass of the projectile is in

atomic units and the energies are in eV. These theoretically estimated values for

the energies at which the maximum of cross section should occur are given in

table £5.2).
Fluorine | ground state | metastable state(12.7 eV) | Experiment
Target ' | Energy (keV) Energy (keV) Energy (keV)
He 294.0 11.68 > 110 ‘
Ne 298.3 95.55 > 110,
\/ Ar 56.61 170.0 56
Kr 42.20 198.70 42
! Xe 20.02 259.40 < 20

Table 5.2: The-theoretical predictions and experimental values for the energies

@

where the maximum ¢g_ cross section of fluorine beam occurs.
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) In the curves‘fof the-Ar , Kr and Xe targets, the measured maxima
in the cross section curves appear at very closely similar energices to the. Masscy
maxima predictions. For the flelium and neon targets, the maximum are outside
the range of measurements. The Massey theory, though a crude one, gives a
probable explanation of the maxima on the curves.

| Assu.ming that the fluorine beam is in the metastable state with ex-
citation energy 12.7 eV, then a similar calculati;m predict;zd that the maximum
cross section to be at energies below ours for helium, and tising with ilcavy tar-
gets to higher than our energ{fies for xenon target. This opposite behavior -of

the experimental cross section indicates that the beam contained no significant

proportion of metastable atoms. ~
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5.3 Positive 6n Production

The results of t?ﬁ!s-\ single electron Toss .cross section’ measurements are
shown in table(5.3), and %ﬂﬁ (5.2), where the cross sections are plot‘ted as
a function of the projectile energy. The o¢; cross section was found to have the
largest magnitude in He and the smallest in the Kr target. The cross section
for &ll the rare gas targets, except for Ne, shows a systematic rise in magnitude
with projectile energy. In the Ne target, above 90 keV, the cross section is al-
most cnergy independent. This may be due to the comparable mass of both the
projectile and the target atom. The general behavior of the cross section results
in light fa.rget suggests tha.t- the projectile ionization is the favorable process due
to the low ionizatié)n potential of fluorine (I.P = 17.4 eV) as compai';.ble to the
He tI.P = 24.58 eV) and Ne (I.P = 21.1 eV) targets.

In Ar, the maximum cross section is nearly the same as the He and
Ne cross section at 86 keV. This probably because of .the comparable ionization
potentials of Ar (I.P = 15.76 V) and the fluorine atom. In heavy tosgets, where
the ionization potentials are smaller than projectile atom, target ionization seems
to occur for the Kr and Xe targets. Because of this the cross section has smaller

magnitudes as compared to light targets.
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The present data on the ion pair.produ,ction Cross se;:tiop were com-
pared with the previous measurements of Fogel et al [§] in fluorine-rare gas col-
Lisions. Their data exist only up to 60 keV, and are shown in the same figures.
It is apparent from the figures that the general behavior of the .present curves is
similar to that of the Fogel data, except for some ciifferences in the mz;gnitudes
of the cross section results. The agreement of the present mea.surefnqnts is good
for He and Ne targets. However, for the Ar target,-their magnitude is less than
the magnitude of present data by betweer.1 10% and 20%. In the Kr target, the
différence is between 20% and 30%, and in the Xe target, it is between 25% and
30%. The differences are typically of the variations after founci in these early
measurements between absolute cross sections measured by different research
groups. So that it is not safe to infer any Rhysical significance to the difference

between Fogel et al,s data and our more accurate results.

-
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5.4 Chlorine-Rare Gas Collisions )

5.5 Siﬂpgle Electron Capture -

The results of the oo_ cross section measurements are shown in table (5.4)

and the values are plotted, on a logarithmic scale, as a function of beam energy

in figure (5.‘3) .

The behavior of the curves for Ar, Kr, and Xe targets shows that

the cross section passes through a maximum and then decrease as the projectile
energy increases. The maxima becomes sharp and narrow as the target mass
decreases except, for zhe He and the Ne targets. The magnitudes of the cross
section in light targets are found to be é:: small at lower energies, th.a.t it was
only possible to set upper limits, as shown in figure and table.

g The theoretical predictions for the energy of the Massey maxima wer:a
again calculated and are shown in table (5.5), assuming that the chlorine beam is
either in the ground state or alternatively that it & in the mefastablg (3pids,'p.
state with excitation energy 8.9 eV. Under this assumptiox; that the beam 1s
entirely in the ground state, the cross section of light targets helium and neon
should be small at lower energies‘since the Massey maxima is at much high
energies. The agreemégt of the present m;a.surements with the Massey maxima

appears to be very good.
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Table: 5.4 The cross section for the negative ion production og.., in a single

-

collision between chlorine and rare gas atom.
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Chlorine | ground state | metastable state(8.9 eV) | Experiment
Target | Energy(keV) | Energy (keV) Energy (keV)
He 702 | 45 I >0
Ne 516 . g > 110
Ar 129 I 91"

Kr 88 108 90
" Xe | .4 179 45

_ Table 5.5: The theoretical predictions and the experimental values for the ener-

gies where the maximum og_ cross section of chlorine beam is expected.

As an extra check on the effect of the metastable atoms on present
measurements, the polarity of the ion source was changed and the neutral chlorine
beam was obtained by electron capture collisions with positive ions. The oo_ and
0o+ cross sections were then remeasured in the Xe target with this beam at 45
keV and 80 keV energy range. The magnitudes of the cross sections were found
to be 10% higher than the previous c;ross section values where the beam was
obtained by neutralizing the accelerated negative ions in the neutralizer. This

difference is within the statistical accuracy of cross section measurements, and is

probably not significant.
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Assuming that the neutral beam is in the ground state, the beam
. energy is close to the Massey maximum of the op_ cross section. But it is lower
than the maximum tor the metastable state of Cl atom. This means that the
smaller cross séction from the metastable state atoms in the beam could be
expected. Therefore the measured cross section should be reduced rather than

increased due to contamination of the beam by metastable atoms.
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5.6 Single Electron Loss

The 0o, cross section results are shown in table (5.6) and figure (5.‘4). The
general trend of the cross section for all targets except for Ar, shows a systz;ma.tic
rise in ﬁlagnitude with the projectile energy. Since the ionization potential of
the chlorine atom is much smaller than the ionization potential of the He, Ne ,
Ar and Kr target, it suggests ‘that projectile ionization is _fhore likely to occur
than target ionization. In Ar, the cross section increase and reaches a maximum
at 90 keV, then it decreases i the beam energy increases. The projectile mass
is smaller than the heavy targets and larger than He and Ne, but comparable '

to that of argon. This may be the reason that the cross section increases and

decreases due to comparable mass of chlorine and argon atom. !

\

In the Xe target, the cross section indicatés that preferential targ\;et
ionization may occur due to larger ionization pot?entia.l of the chlorine as com-
pared to theﬁ Xe target. This type of charge transfer cross section is not, detected
in our apparatus since the pt?sitive ions are then slow recoils rather than fast
jons of approximately the beam energy. The behavior of the curve in Kr target

. . -
suggests that both projectile and target ionization may be occurring, and that

perhaps competition between target and projectile ionization, accounts for the

small plateau in the energy range 50 keV to 65 keV,
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Table: 5.6 The cross section for the production of positive ion o4 in a single

collision between chlorine and rare gas atom.
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collision. .
&



Chapter 6 | - v
Appendix ~

6.1 Massey Criterion

#

According to this hypothesis, the transition between two states is most .
likely, when the collision time and the transition time are comparable. The

duration of the collision can be expressed as t = a/v, where a is a distance of the
W i .
order of atomic dimensions and v is the relative velocity of the colliding atoms.

The quantum mechanical oscillation time between two states which differ by AE

s | ' -
o ' h -
= — ) N
. At=TRE (6.)

- 4

Massey associated the transition time with one half cycle of thi® quan-

tum mechanical oscillation so that eléctrons have time to oscillate one way but



not back aé;ain between the two atoms. If the collision is very slow, the colli-
~ sion system are able to adjust themselves to the pertﬁrbation, the two states -
are orthogonal, and a tran‘éition is unlikely. In suck a case the cross section will
. be small. With increasing velo.city, the cross section would increase rcaching a

maximum value and then decrcase when the interaction time becomes too short
\ ' r

for the perturbation to change the wave funtions significantly and the transi-
tion. is again urﬂikely. The combination of the collision time .and the quantum
mechanical time oscillation time gives an expression such that

am?| A E|

EYV? = /7], o (6,2)

]

which is called the Massey maximum rule for a éhayge transfer process. E is the
collision kinetic energy.

Massey calculated the value of &E, from the difference in internal

-

= S
energy of the atoms before and after the collision, when they are at inﬁﬁﬁ'ep—n-m

-

separation. Numerical values were obtained from the ionization potentials and

— Al
-

electron affinities.

Hasted ndodirﬁed the Massey theory by makinz-; the assumption that
the correct energy defect to use is not AE,, but AE,,,,, the effective enecrgy
defect when they are at the sepafation at which transition occurs. This may be

written as )

A Ecor.r. = A-Et:so + E. (63) .
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where E. is the Coulombs energy between the two ions. In other collision pro-
cesses where one of the incident particle is an ion, the polarization energy was

also included. They used a simple model to estimate the correction.

_ 3 21‘? -_ 1‘% ' ’
E; = 5e g ‘ (6.4)
where
% 2 214 - .
ria = kg [zg + zg] - (6.5)

where the constants k; » have values 1.44 and 0.48 respectively. Here Z4 is the
atomic number of the projectile and Zp is the atomic number of the target.

The Coulomb interaction energy for fluorine-helium collision is

E.=10.59 eV ' (6.6)
" The uncorrected energy defect for the process
A+B— A~ + Bt - AE, (6.7)
L
can be written in the form : Co
AE,=Es+ Ep (6.8)

assuming all the colliding particles are in the ground states. where E4 is the
electron affinity of particle A, and Ejp is the ionization potential of particle B.
: b

Using the ionization potential from table (6.1), one can easily find the exi'e/qg,y

defect for the electron transfer process.
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Table 6.1: The ionization potentials used. in the calculations for the Massey -

\
maximum energies.

Atom | I. P (eV) ‘
He 24.58
Ne 21.59
Ar | 1576
Kr °| 14.00
Xe 12.13

Oh substitution into equation (6.3), the corrected energy defect AE’CO-,,, for
fluorine-rare gés collisions are ob’»tained; These are summarized in tables (6.2j
and (6.3), wheﬁ the fluorine beam is in the,ground state or a.ltc;rnatively in the
metastable state. Making use of these values, the maxim;lm cross section can be

predicted at the energy of Massey maximum.
‘ ¢

In chlorine rare gas collisions, a similar calculation was performed and .
. i
- the theoretical predictions were estimated for chlorine beam in the ground state

or alternatively in the metastable state which are summarized in tables (6.4) and

(6.5).
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Table 6.2: Summary of the corrected energy defect for fluorine-rare gas collisions,

when the fluorine atom is in the ground state.

Atom | AE,, (eV) | E. (eV) | AE ., (eV)
- | He | -2118 | 10.59 -10.59
Ne | -18%6 8.61 9.5
. ' CAr | _-12.35 7.7 -4.64
Kr | <1060 | 6.60 -4.00
Xe | -8.73 5.97 -2.76

Table 6.3: Summary of the corrected energy defect for fluorine-rare gas collisions,

when the fluorine atom is in the metastable state, .~

Atom | AEw (V) | Ee (V) | AEcor (eV)
He -8.48 10.59 211
Ne 5.48 8.61 3.12
Ar 0.34 7.71 8.05
Kr 2.10 660 | 80
Xe. 3.97 5.97 9.94
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Table 6.4: Summé..zjr of the corrected energy defect for chlorine-rare gas collisions,

when the chlorine atom is in the ground state.

Atom | AE,, (eV) | E. (eV) | AE.or, (eV)
He -20.96 9.00 -11.96
Ne -17.96 7.68 -10;28
Ar 12.44 7.02 -5.12
Kr -10.38 6.15 -4.23
Xe -8.51 5.64 -2.87

)

Table 6.5: Summary of the corrected energy defect for chlorine-rare gas collisions,

when the chlorine_atom is in the metastable state,

Atom | AEy (€V) | E. (eV) | AEcor (V)
. ~

He | -12.04 9.00 -3.04

. kY

Ne -9.02? " 7.68 -1.34

=k

Ar 322 P 7.02 3.80
Kr -1.46 6.15 4.69
Xe 0.41 563 |  6.04
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ABSTRACT

-

This thesis describes an experimental study of ion pair production and

electron loss cross sections in neutral-neutral atom collisions. Fluorine and chlo- .

rine negative ion beams traversed a neutralizing cell. A clearing electric field
removed the charged particles so that only a neutral beam éntered a target cell,
where the cross sections were measured. New equipment for the neutral beam
production was cons}tmcted for the measurements of these cross sections. The
neutralizer and the target gas cells were assembled as a unit and accurately ma-
chined, so that the entrance and the exit apertures of the system were exactly
aligned. The cross section for the negative and positive ion production wefé mea-
sured in the laboratory projectile energy from 10 keV to 110 keV, under single
collision conditions with rare gas targets. Some interesting behavior of the mea-

sured cross section for negative ion produciion in Ar, Kr and Xe was observed.

The Massey adiabatic criterion was applied to predict the position of maxima
>

of the oo cross section and good agreement was found with our cross section .

results. All the measurements were made with an estimated experimental error -

of less than 10%.





