CANADIAN THESES ON MICROFICHE

-

1.8.B.N.

THESES CANADIENNES SUR MICROFICHE ’
.* National Library of Canada Bibliothéque nationale du Canada
Collections Developrnent Branch Direction du développement des collections
Canadian Theses on Service des théses canadiennes
Microfiche Service sur microfiche
Ottawa, Canada ‘
K1A ON4
NOTICE AVIS .

The quality of this microfiche is heavily dependent
upon the quality of the original thesis submitted for
microfilming. Every ‘effort has been made to ensure
the highest quality of reproduction possible.

If pages are mis§ing, contact the university which
granted the degree.

Some pages may have indistinct print especially
if the original pages were typed with & poor typewriter
ribbon or if the university sent us a poor photocopy.

!

Previously copyrighted materials (journal articles,
published tests, etc.) are not filmed. "

Reproduction in full or in part of this film is gov-
erned by the Canadian Copyright Act, R.S.C. 1970,
c. C-30. Please read the authorization forms which
accompany this thesis,

_THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

NL-339 (r. B2/08)

La qualité de cette microfiche dépend grandement de
la qualité de la thése soumise au microfilmage. Nous
avons tout fait pour assurer une qualité supérieure
de reproduction.

S’il manque des pages, veuillez communiquer
avec l'université qui a conféré le grade.

La qualité d'impression de certaines pages peut
laisser & désirer, surtout si les pages orlgmales ont été
dactylographiées a I'aide d'un ruban usé ou si l‘univer-
"sité nous a fait parvenir une photocopie de mauvaise
qualité,

Les documents qui font déja l'objet d'un droit
d‘auteur (articles de revue, examens publiés, etc.) ne
sont pas microfilmés.,

* La reproduction, méme partielle, de ce microfilm
est soumise a la Loi canadienne sur le droit d‘auteur,
SRC 1970, c. C-30. Veuillez prendre connaissance des
formules d'autorisation qui accompagnent cette thése.

~

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE

Canad"'



0318 178)~4  /By)

.* National Library- . Biblioth'eqde nationale i
of Canada du Canada - " .

Canadian Theses Division  Division des théses canadiennes
Ottawa, Canada

K1A ON4 - 65720 \ . | - S

PERMISSION TO MICROFILM — AUTORISATION DE MICROFILMER

e Please print or type — Ecrire en lettres moulées ou dactylographier

Full Name of Author — Nom complet de I'auteur

* RAHMAN, Fazal-Ur

-Date of Birth — Date de naissance Country of Birth — Lieu de naissance -

September 2, 1953. - . PAKISTAN
Permanent Address — Résidence tixe

c/o Department of Physics
University of Ottawa ’

Title of Thesis — Titre de la thése

SINGLE AND DOUBLE ELECTRON DETACHMENT CROSS SECTIONS
OF, F~, Cl= AND [ IN RARE GASES

University — Université
UNIVERSITY OQF OTTAWA

Degree for which thesis was presented — Grade pour lequel cette thése fut présentée

Ph.D.(Physics)
Year this degree conferred — Année d’obtention de ce grade Name of Supervisor — Nom du directeur de thése
1984 Dr. Brian Hird

LN
Permission is hereby granted to the NATIONAL LIBRARY OF L'autorisation est, par la présente, accordée a la BIBLIOTHE-
CANADA to microfilm this thesis and to lend or sell copies of QUE NATIONALE DU CANADA de microfilmer cette thése et de
the film. préter ou de vendre des exemplaires du film.

aw .

The author reserves other publication rights, and neither the L'auteur se réserve les autres dreits de publication; ni la these
thesis nor extensive extracts {rom it may be printed or other- ni de longs extraits de celle-ci ne doivent étre imprimeés ou
wise reproduced without the author's written permission. autrement reproduits sans l'autorisation écrite’ de 'auteur.
Date . Signature

October 11, 1984. - | F%J"" sz___/—__

NL-21 (4/77)



Single and double electron detachment cross sections
of .

i

F-, Cl~ and I in rare gases

by

3

Fazal ~ur—-Rahman

A thesis submitted’to the Schoocl™of.
Graduate Studies and Research of
the University of Ottawa in partial
fulfilment of the requirements for
the degree of Doctor of Philosophy

in Physics.

.ﬂegaftment of Physics
Faculty of.Science and Engineering
Univérsity of Ottawa
Ottawa, Canada

1984.

(::) Fazal-ur-Rahman, Ottawa, Canada, 1984



oy - .

UNIVERSITE D'OTTAWA / UMIVERSITY OF 6TTAWA'

Ecole des €tudes supérieures/S5chool of Graduate Studies
’ et de la recherche and Retezrch

-—

NAME OF AUTHCR RAHMAN, .Fazal-Ur -

~

-Tmormmw SINGLE AND DOUBLE ELECTRON DETACHMENT CROSS' SECTIONS

_OF F_, C1~ AND I~ IN RARE GASES

DEcreg Ph.D. (Physics) , " YEAR GRANTED 1984

¢

The author hereby permits the consultation and the
this thesis pursuaat to the regulations established by the
of the University of Ottawa. The author also =
‘University of Ottawa, its successors and astignees, to
productions of this copy by photographic means or by
Pying and to lend or sell such reproductions at cost t Libraries
and to scholars requesting them,

The right to publish the thesis by other means and to sell it .
to the public is reserved to the author, subject tothe regulations
of the University of Ottawa governing the publication of theses,

Fiful o R

{>igned) / {Author)

Date: October 11,. 1984.

Permancnt Address:
c/o Department of Physics

University of Ottawa




-
.

i

UNIVERSITE DOTTAWA |

'UNIVERSITY OF OTTAWA



UNIVERSITE D'OTTAWA / UNIVERSITY OF OTTAWA
Ecole des études supéricures/School of Graduawe Studies

[ Y . . -

Title of thesis SINGLE AND DOUBLE ELECTRON DETACHMENT CROSS SECTIONS ' ~

- - < - .
OF F , Cl1~- AND 1 JIN RARE GASES

Name of caudidar:e RAHMAN, Fazal-ur

Degree | ° Ph.D. Department PHYSICS
p T
! -
Date of defence October 11, 1984.
This thesis prepared under the cupervision of B. Hird has been approved by a jury

composed of the following examiners:

¢

J. ARMITAGE
P. BERNARD
R.L. CHAMPION
"J. HEBERT

//éa" ;:Zfiglf*-

(Dean of Graduate Studics)




ABSTRACT .
. {
The single electron-detachment cross section o:° and two
electrons loss cross sectxonc -From negative :u:ms of F , CI,- and

I” in a single collision with rare gas’ atoms were measured
between 10 keV and 125 keV energy range. 'Fhe initial growth

method was used with a thin target - to calculate the cross

sections. The q_‘o cross section is -Fol..md to be almost energy
independent for.F and Cl in He and Ne and for 1~ in He only, but
are found to increase wi'i':h energy in heavy targets. '

A good theoret_i::al fit, 'u;-j.ing’a zero radius potential
formulation for the sxngle electron detachment cross section has
been cbta:ned for the Cl + Ar system up to 920 keV energy, bevond
which disagreement was found . The predictions of the complex
potential model for ti‘ne C1™ + Rg system show an increasing cross
section with energy F;'om threshold to some few hundreds of eV,
atter wr:ich it decreases <for all rare gas; targe.ts throughout our

»

energy range.

The q‘_" cross. sectior( is found to have its largest
magnitude for F and Cl  in lighter rare gas targets, whereas for
I_, it is found to depend on target atdmic number. A close
similar;ity between the G_'+ and the q;'.'.c:ross sections suggests
that two electron ?etachment is a sequental process in which one

electron is detached first and then a second el®ctron is removed

at a smaller interaction radius.
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CHAPTER 1 ‘

INTRODUCTION )

1.1 HISTORICAL BACKGROUND.

- Beside spectroscopic studies, anocther powerful tool to
investigate the ataomic structufé is scattering, where the beam of
particlzf. is made to scatter from the target particlgs an?
measurements of scattering angles, energy losses and atomic cross
sections provide useful infarmatian about the atom. Among

possible scattering events, charge exchange processes are

important because of their 1leading role in Astrophysics, Plasma

‘a

Physics, the design of heavy'ions acceleratorsrand more recently

;n Laser Physics. Much work has been done on charge exchange
processes involving positive ions. However similar work on
negative ions was started in 1952 Qy Hastedl, who measured the
electron detachment cross sections from negative ions in negative
ion—atom collisions.

Negative -ions poééss very interesting properties but
prior to 1935 there were not  much information available.
Massey% monograph2 on negative ions published in 1937 was the

first attempt to compile all the information available at that

time. The publication.of this motiograph bhelped: to stimulate
research on negative ions. Many properties of negative ions such

as electron binding energies, recombination, photoionization

~



etc., were discussed in detail in this monograph. Other important

publications on negative ions are, the review article by Popp3

-

and a recently published monograph by Smirnuv4.
X

Electron detachment from a negative ion when it
céllides with an atom is an important process which has been
under intensive investigétions for last three decades. Both
Hasted in England and Bydin and Dukelskii5 in 1955 in U.S.S.R
made the first measurefients of electron detachment cross sections
at low energies. Many review articles have been published, of
which the most important are by Allisoné, which gives the details
of electron detachment cross section measurements * invdlving
hydrogen negative ions and by Risley7, which reviews the work up
to 1978 for almost every kind of atomic negative ion detachment

cross section measurement. Some theoretical work has also been

reviewed in Smirnovs monograph on negative ions.

1.2 GENERAL CONSIDERATIONS

"A single collision between a negative ion and an atom
may result in the production of a neutral atom, positive ion or a
molecule. Considering the collision partners in their ground
states, the following processes can be expected as a result of a

:ollision between a negatiVé ion A and a neutral atom B,



-
b >
+
o

2. A 4+ B -————o >A '+ B + 2e
3. A +B ————- >A+ B
4. A + B —————— > AB + @

These processes are identified in order as a single eleétron
detachment, double electron detachment, charge exchange, and the
associative detachment of the electron which 1leads ¢to the
formation of a molecule. In the present measurements the target
atoms involved were all rare gases which have the highest
ionization potentials and no excited states of comparable energy
to the valence electron binding energieé in the incident
negative ions. This indicates that the electron detachment
_précess is the dominant one among the others. It is also reievant
to mention that the electron transfer process which dominates
most positive ions charge changing cross sections is probably not

{
important even for target atoms which have stable neggtive ions,

and can not occur!otherwise. However a neg;tive ion may be formed
by charge transfer to an intermediate state, which then decays by
electron emission after the ion and atom have separated. At
kinetic energies up to about 1 keV, it has been poﬁsible to
distinguish between simple Hetachment a;d_ihe_formation of an
intermediate state by using energy loss spectrdscopy on thg fast
ions and atoms from the collisiona.

Several meaSurements.have been reported in which the

electron detachment cross section 0"0 for halogen negative ions on
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rare gas atoms has been stuﬁied thorougly with beam energies froﬁ
the electron affinity to a few‘kev energyl’s’qﬁlo. Generally two
different approaches have been used to explain the eléctron
detachment mechanism. Both of these models are based on the
quasi- molecular description of the collfsion which assumes that
the particle velocities are much less than the velocity of
electrons in their classical Bohr orbits. The idea of Demkdv11
that the detachment can be described in terms of transformation
of an incident discrete state intc a virtual state, was used by
Devdarian112 to develop the so-called zero radius poatential (ZRP)
theory and was tested successfully by Bydin et al13 for negative
halogen ion-rare gas collisions in an energy range of 100 eV to
1.4 keV - On the other hand the complex potential model
describing the detachment process as a consequence of the decay
of a quasi-stationary state, was used quite sucessfully by
Champion and Doverspikg§ and Smith et 3110 to fit their electron
detachpent "cross section measurements for halogen negative ions
with rare gas atoms in the energy range from a few eV to about
200 eVv.

The two electron detachment from a negative ion during
its collision with a neutral atom was first identified by
Dukelskii and Fedorenko14. They measured the q; éross section for

I ions in argon and nitrogen targets in the energy range 5 keV

to 17.5 keV . They found a rapid increase in the c‘ cross section

‘'Wwith energy. Matic and Cobic15 found that the ¢” cross section

-t
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always increasad with energy for C and O ions in rare gas
targets in the 4 keV to 32 keV aenergy range. The collisional loss
of two eiactl_'-ons from negative ions has not been studied
theoretically.

The work presented in this thesis concerns single (ﬂ:o)
and double electron detachment (o':*) cross section measurements
for negative ions of fluorine’® !’ chiorine’®’!? and ;iodineZ°
incident on rare gases in the energy range from 10 keV to 125
keV. The 0:0 cross section is found to be almost energy
independent in He and Ne targets but increases with energy for
heavier targets throughout cur energy range. The self consistent
field energies V(r) for the Cl + Ar system21_ were used in the
Devdariani mod2112 with a modification made by Gauyacq22’23 to
fit the present measureménts. The agreement was quite good up to
2?0 keV energy beyond which the theory predicts a constant value,
contrary to our measurements. As far as the G:+ cross section is
concerned it is found that F and Cl1~ ions incident on rare
gases, have larger magnitudes in lighter targets than in heavier
targets. Somewhat simi;ar behaviour was observed by Matic and
CObiC15 for O on rare gases. However' for I on rare gae'f.es, the
c+ cross section isg found to depend on the target atomic number.
No data has previously been reported on % and d:+ cross
section measurements in the 10 keV to 125 keV enerqgy range for

halogen negative ions incident on rare gases with the exception

of Lichtenberg et a124 who measured O-Eot and o“+ for I incident
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on He and Ar targets in the 20 keV to 220 keV energy rangq.

A review of the theoretical wokr is outlined in chapter
2. Chapter 3 describes the experimental teéchnique and the
measurement procedure, whereas chapter 4 is a discussion of the
experimental data, together with a qualita?iv- theoretical fit.

The final conclusions are drawn in chapter 5.
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\\Eh# APTER 2

THEORETICAL ASPECTS OF NEGATIVE ION DETACHMENT

2.1 MOLECULAR ORBITAL DESCRIPTION OF THE COLLISION AND POTENTIAL
CURVES. ~

In s}dw collisions, where the particle velocities are
smaller than the classical brbital velocities, collisions can be
treated within the frame-work of the Born Oppenheimer
approximation of separating the nuclear and electronic motions
and dealing with them independently. In iocnization and exciﬁftion
collisions among the two atomic particles, a diatomic mole;ule
(quasi molecule) is temporarily formed. Thus in order to get a
better Qndersta&ding of these collisions, a molecular orbital
treatment . is more appropriate. The two body approximation becomes
less satisfactory, except in the other extreme of very high
energy collisions.

Consider an ion A and a neutral atom B at a fixed
distance R apart. The allowed energies for the total system,
which we may refer to as the molecule (A + B)“, can be calculated
by the usual quantum mechaniéal metheods. This is done at each
internuclear separation R. As R ——>@), the total internal energy
1 (B), where Elcn_)

and El(B> are the energies of the ground states of the isolated

3

particles A  and B Now if the two particles start approaching

of the system will be equal to U@Q)= EI(A_)+E
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Fig.2.1:- Potential energy curves for 'two approaching particles,
(a) For stable molecule formation.
(b) _Fpr unstable molgcule formation.
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[
each other slowly, then the elegtronic energy takes up'the value
corresponding to the inst#ﬁtaneoﬁs position of the atoms. Thus in

order to changé the position of the atoms, not oniy the work must
. N
be done against the mutual interaction of the nuclei but also
work must be ‘supplied for the necessary change, of electronic
energy. The sum of elect;onic energy ana the mutual interaction
energy of the atoms acts as the potential energy of the 'syséem.
The curves representing the variation of the ei%ect}ve potential
energy of the atoms are referred to as potential curves. In fig.
2.1 two such potential curves are shohn. For small internuclear
separations, the total energy of the system Has the form (&) or
(b)Y of fig. 2.1. The curve (a)'represents the potential energy of
4 system where a ;table molecule is formed whereas curve (b}

corresponds to an unstable molecular state.

2.2 ELECTRON DETACHMENT THEORIES.

The merging of a discrete energy level of a quasi
molecule with the continuum of energies in negative ion—étom
collisions is thought to be responsible for the detachment of
electron from a negative ion. Various models and theories, in
spite of their different approaches, are generally based on a
curve crossing mechanism. This is a créssing of a discrete state
with an infinite number of energy states so that'tﬁé Landau-Zener

two state formalism, which holds good in those cases where only
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two discrete states intersecﬂ, is not appropriate. A review of
the electrogzdetachment theories will be given in the <following

pages.

2.3 EARLY WORK.

The very first experimental work of Hasted1 on electron
detachment cross sé&tgon measurements was interpreted in terms of
Masseys adiabatic criterion. According to this criterion for slow
collisions, transitions from one state to another are possible
only, when the collision time and the ¢transition time are
comparable. This criterion is a statement of the Heisenberg
uncertainty principle as applied to atomic collisions. If Z}t -%%
is the time of interaction of the atoms, where a is an arbitrary
inteééction distance and v is the relative velocity of the
colliding atoms, then in this time, the internal (electronic)
energy is defined only to with;.n'_ A(ov—'- . Transitions to states
having energies within this range of energy of the initial state
may° occur with a high probability, but the traﬁfitions to other

states will be wunlikely. Thus from " the above one gets a

condition, accerding to which transitions are improbable unless
&-.e.?_LLI

Here 6’6 is the separation between the energy states. Hau-.ta«:.!1 used

asymptotic atomic energies to calculate AE . Althaough he
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successfully accounted for a number of observations this way,
such a usage is not always appropriate, because‘“the energies of
electronic states can change substantially with internuclear
distance, and two states that have quite differeht energies at
infinite separations may become degenerage at finite R.

The #fiFst theoretical model specifically for electron
detachment was proposed by Bydin and Dukelsk115 and independently
by-nason and Vanderslicezs. It is based on the postulate that the
potential energy curves of the colliding system (A +B) and (A+B)
cross or come close ta each other at some interﬁuclear distance
Ro. When the distance of closest approach Rminiis less than Ro’
the probablity of detachment i's asé:;ed to be unity and when Rmin
is greater than Ro it is fésumed to be :zero. From the
conservation of 'energy at the distance of closest approach, where
the radial component of velocity is zero, we can write for the

kinetic energy of relative motion

; ﬁ?"- +V(R,,.,) .-.-.L Mv* @n

where M is the reduced mass of" the system, v is the initial
velocity of relative motion and L is the angul ar momentum of the

particle at Rmin' Rearrangment of above equation gives,

{1 Y2

e~
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(i2)

but o ’

_Where b is the impact parameter. From the last two squations we

get N

- £=R '[l-!&')]% (22)
» = Dimin - E y

The electron detachment cross section is obtained from
‘0 a. JL}I"Q
a"w=(ur&al = A |
[

R A S

Where V(R ) is the common potential energy at R = R - E is the

k1net1c energy of the particles in the center of mass system and

is related to the laboratory energy by

. - P
E= M+ M, E. (&4

where M, is the mass of the projectile particle and M, is that of

2
target particle. Bydin and Dukelikiis assumed that Ro and V(Ro)

were variable parameters and obtained a good fit to their
experimental data from 150 eV to about 2 keV center of mass
energies. This formula ceases to valid when the center of mass

collision ene}gy E, approaches the repulsive interaction energy
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»

V(R ) between the two particles at internuclear diftance R,. At

the other extreme the formula gives poor aqr..ncnt.for energies,

E > V(Ro), where the theoretical ';;rcross section is constant,

contrary to experiments. In the low snergy region the nonvalidity
of equation (2.3) is due to the importance of sub—barrier effects
near threshold which are not taken into account. For higher
enérgies the constant value of the cross section obtained from
equation (2.3) is due to the unrealistic assumption that the
detachment probébility igs unity for Rmin < Ro and zero for Rmin >

RD. In fact significant detachsEnt does take place for Rmin > RO

and the particles may not spend enough time with R < Ro for

complete detachment.

2.4 COMPLEX POTENTIAL “MODEL.

-

The complex potential treatment’2®

of the electron
detachméﬁt prbcess from a negativg ion is bﬁﬁli:able tg slow
collisions so that the formalism lies w;thin the. framework of a
molecular orbital descr}ption of the -collisiéﬁ. At infinite
intérnuclear separations the potential energy curve of ghe (A +B)
system 1lies below the corresponding curve 6f/;he (A+B+e) system
by an amount equal to the electron af+inity of the negétive ion.
The decrease in internuclear distance results in raising the

energy of bound state of the system (A +B) ‘re;ative to the

(A+B+e) system, until at some internuclear separation Ro they
3

1)
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E(R) .
A \
h P ’ "si’.
L) ft"
¢
- ,
'; - (A+B+e)
i (A"+ ﬁj
. o Ry -

Fig.2.2:- The crossing of a bound (A~ B) state with the continuum of
(A+B+e) states. ]-' is the width acquired after the crossing

Bgint. -

ﬁ;
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become degenerate. At still smaller separations, the curve of the
) AN . .
(A +B) system lies in the continuum of curves of the (A+B+e)

system (fig.2.2). Lam et a12

6 have used a complex potential to
describe the quasibound positive energy state, where ' \ (R) has
the significance of the width for the decay to a free electron

4

with kinetic energy E,

E=VR)-LT® - (29)

In the absence of detachment T\(R) {s zero and the real part of
the potential, V(R) determines the elastic scattering cross

section. The survival prnba?ility of negative ion is by

definition the solution of the equation, \\M‘_u/
et

2= E o AR
C=irdt L Tw = )
f = g = EJK" R :

Which gives

Where Ro is the classical turning point and v the radial

R!
velocity, is given by

-

‘o
vy = 1{0{1—- !%‘-? -~ %1 | (27)

Here a0 is the velocity of the particles at infinite internuclear
separations . and b is the impact parameter. ~ The electron

detachment probability is then,
*

-—

™

~
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The total electron detachment cross section is obtained from

ao '
Soer = AR\ [1-Ad] LdL 23)

Where the impact parameter b is the same as given by equatidn
(2.2). In equation (2.7}, E .is the center of mass collision
energy. In order to calculate the total electron detachment cross
section, one has to choose some suitable form of the real and the
imaginary part of the interaction potentials as mentioned -in
equation (2.5). A complete test o% the theory will be described

later in chapter 4.

2.5 ZERO RADIUS POTENTIAL THEORY.

]
Transitions are possible between the negative ion

(A" +B) and continuum (A.+ B + e) states, elCen when this is not in
the unbound degenerate region due to the time dependence o? the
interaction. This is called dynamic coupling, and, since the time
- dependence of the interaction is derived <+rom the- collision
;elccity, this type of transition increases with the beam energy.
It is largest in the reéion where the neqgative ian is nearly
unbound. The wave function of %he electron which is bound to the

neutral molecule by a short-range potential acquires dimensions
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Fig.2.3:- Demkov’s zero radius potential approximation showing the

variation of f(t) with time.
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which more and more exceed thg range of the. molecul ar
potential as the binding energy decreases. The electron wave
function then nearly satisfies the Schrodinger egquation for a
free particle except over & comparatively localised region. The

range of~jnfluence of this field may be neglected and effective

potential as iated with it may be approximately replaced by a

zero radius potent; wellii, with a time dependent boundary
condition to account for variation of the core potential as the
internuclg;r distance changes. The boundary condition is defined
by specifying the logrithmic derivative.of the wave function at
the 1location of the zero radius potential. The wave function
which describes the behaviour of the weakly bound electron, is

assumed for simplicity to be spherically symmetric. The non

stationary Schrodinger equation for a free particle is

R A
dt T 31+ (29)

and the boundary condition becomes

L) _lw |
53t | | i

-Q
Where all the guantities are assumed to be in atomic units. The

situation is illustrated in +ig.2.3, for t —> %@ , and the
function f(t) -—-> Y < O where =% is the electron affinity,
corresponding to a bound state of the system. For f(t} > 0, the

potential well is too shallow to bind the electron.
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2.6 DEVDARIANI MODEL.

For those collisions where the velocity. of relative
motion is very slow, so that Rmin >> Ro' the -detachment
probability is almost zero5 and the electron remains bound in the -

negative ion. For the opposite case, R

. << R, Demkc;v11 assumed
min o .

that the detachment probability is unity and f(t) is a linear

<

function of time t, f(t) =—(constant)t. The intermediate case s

Rmin = Ro has been discussed by Devdarianiiz. He assumed f(t) to

be a quadratic function of time,
I =—xt*+B 5 70, Byo (2

Where Rszin defines the zero of time. In the calculations it
turns out that )\ = w 1/3 plays an important role in the
detachment probabilxt?. The coeffzc;en%sc( and P in equation
(2.11) are determzned from the time t1 during the collision when
the discrete state merges with the continuous spectrum boundary
-F(tl) = 0 and from the derivative of f(t) at t,, so that }\

1
given by

_B _ (-t.)/ t, (.
A’,(Vs-' o~ U( )] (2:12)

Using the free flight rectilinear approximation and within the

semiclassical description of the collision, we obtain
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Where b is the impact parameter. The electron detachment cross

section is again given by,

G, = 2n{B W LdL (1)
0

Devdariani found that for R;J®R . _ and -1.3 < N< 0.8, a good

approximation was

By = 062 +0-42 ) +ormer(X) | - (s)

Substitution of b from equation (2.13) into equation (2.14) gives

2 M
T« - NR}S ?p nyd
}. £7

o
'-D

where

\ o Lk (t-)] Y a

(217)

and

_ Dl s, et
%

(212))
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Where m is the mass of energetic negative ion of energy E. In
getting equat?on (2.16) from equation (2.14), the limits also
change. The new limits follow directly from equation (2.13), for
b=0, A = )‘o and for b=@) , A\ =-00. Devdariani obtained two

different expressions for the electron detachment cross section

corresponding to different ranges of Ab. For A°> 0.9,

= NR,[|+ .29 EV"] (219

and-with the approximation of equation (2. 15),

In contrast to equation (2.3 ) which gives a constant value for
the cross section in our energy range, the equaticns (2.19)

and (2.20) show a cross section which increases with energy.

2.7 GAUYACGS MODIFICATION.,

The use of an analytic function f(t)= —-(constant)t by

11

Demkov and f(t)= - dtz + ﬁ by Devdarianil? was moderately

successful in the study of the dynamic electron detachment
mechanism. These functions give analytic solutions for the
electron detachment probability in terms of p{ and F parameters.
Gauyacq22 has pointed out that for H + lHe collisions these

formulations do not produce satisfactory results. He replaced the
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Fig.2.4:- Gauyacq’s step function sudden approximation.



(23)

smoothly wvarying function f(t) by a step -function which" goes

discontinuously from the ¥ value at t = t to the value at t=0 .

1,

and he located the step at the mid point between t=t and =0

1
(fig. 2.4). f(t) was derived from the sel¥f consgstent field

calculations of O0Olson and L:i.u21 which provide the potential
energy V(R) and the binding energy € (R) for the electron in the
H—+He, H +Ar and Cl +Ar systems. Using standara barrier
reflection relations, he was able to finq the preoportion of
negative ions which survived the square well, and hence those
which did not. The latter were assumed to contribute to the
detachment cross section. The characteristic time was defined by

equating the time wvariation of Hamiltonion é(dAt) with
&

oscillation period of the bound electron, ] sa that

-é-—-' g}ﬁ‘ =€ | (z-2)

Changing the time variable to the internuclear separation-R this

equation becomes _

”*

()

Je \luz) E{] C et

Where :O is the velocity of the particle at infinite internuclear
separation. The analytiE solution of this equation within the
limit of the straight line approximation can be obtained easily

and the characteristic time at the distance of closest approach

is
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G

£ = (Rn-Ko) [_.. V(Rw) _ ﬂ; ]
"

Here RD is the crossing distance and R" is the measure of the
active region which inereascs with increasing collision ernergy.
Using the analytic. wave functions in the constant potential
region on either side of the sudden variation, bhe cobtained the

following expression for the survival probability of negative

ion,)
| polt e M |
=2 X .
.

Where a=1/2 ffti, f_= ,ze(xn) . By taki_ng‘*bth as the threshold

impact parameter, the total electron detachment cross section is

then

x5 0-R)

where (1 -~ Ps) is the mean detachment probability. The formalism
will be discussed in detail later in chapter 4 while applying to

the C1~ + Ar collision case.

2.8 APPROXIMATION FOR WEAKLY BOUND NEGATIVE IONS.
| Lopantseva and Firsov2 have treated the case where the

velocity of the ion is much greater than the extra bound electron



t2s)

velocity in its classical Bohr orbit. Using the idea of Demkov
and perturbation methods, they found an expression for the
detachment probability of the electron from those negative ions
where electron is bound very weakly to the atom. Their formalism
is applicable to the alkali metal negative ions colliding with
rare gases. They also pointed out that in this case the electron
detachment cross section from negative ions equals the cross
section for the elastic scattering of slow electrons by a rare

gas atom, which is given by -

= 4%
’5L
here IIP is the scattering length of electrons for the rare gas
atoms involved. This approach is not suitable for those negative
ions in which the extra electran have relatively greater binding

energy and the collision velocity is smaller than the extra bound

electron velocity in its orbit.
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CHAPTER 3 X ‘

EXPERIMENTAL TECHNIQUE

3.1 EXPERIMENTAL ARRANGEMENTS.

The apparatus used for single anda.double. electron
detachment cross section measurements consiﬁis of a 130 kv
accelerator (Model 150-1IH, Texas Nuclear Corporation Austin,
Texas), a ¢0° deflection, 66 cm radius double focusing magnet
(Model 90-26, High Voltage Eng. Corporation), and a scattering
chamber consisting of a target gas cell and three channe;tron
eleﬁtrcn multipliers as particle detectors. A diagram of the
equipment is shown in fig.3.1. The total beam linme is 10 m long,
provided with four diffusion p;mps at different positions; The

vacuum attained by these pumps was between 107% to 1077 Torr

along the beam line.

3.2 SCATTERING CHAMBER GEOMETRY.

The scattering chamber was the samelas used before for
the previous positive ions charge exchange cross section
measurements 8 except for some geometrical changes and the
replacement of Faraday cup detectors by channeltron detectors.

The detector replacement was necessary because the Faraday cup
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detector was not sensitive enough to measure the smaller currents
from some of negative ion beams. The scattering chamber has a
cy;inﬁrical . geometry with a 36 cm inner diameter and 15 cm inner
height. The top and the base of the chamber are symametrical .and
each has an internal rotating platform of 35 cm di&mater, qhich
could be rotated from outside tﬁe chamber;. The co;limatér,
electrostatic deflector and jchgn;eltronéhwerermouﬁtgd on -the
rotating base platform. The loEatioés of the channeltfons and th;
other target geometry was calculated-éarefuLiy. A diagram of the
interior of the chamber is shown in fig.3.2. Collimating slits A
and B were each 0.8 mm in diameter and were 20 ca apart, thﬁs
defining the inciéen; beam d;rection to a cone of  0.5° full
angle. Slit B ser:es as the gntrance to the differehtially pumped
target_gas cell, 3.81 cm in length, with a 1.5 mm diameter slit-C
as a beam exit port. The diménsions of the'target gas cellhuere a
compromise between-ihe requirement that few multiple collisions
should occur, that the fast atoms and ions after the collision
could .escape, and that the pressure range of the target gas was
reasonable to give sufficient nﬁmbers of detached atoms. Possible
end leorre:tions with slits .8 mm and 1.5 mm in diameter were
considered small and were neglected. Two tubes were connected
through %he target cell wall, at right angle tc each other, one
was connected to the gas supply bottle through a thermal
mechanical leak, and the second tube led to the.target pressure

gauge. Just after the slit C and 2 cm from it an electrostatic
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deflector was used to separate the various charged components of
the scattered beam, as it emerges from the target region through
slit C. The distance between the target gas cell and the
channeltron detector was 12 cm. The aperture of each channeltron
is 1 cm, which makes it possible to collect all those / particles
which scatter into a cone of 2° half angle. In order to test that
most of the scattered partjcles, .a§ter electron detachment
collisions were collected by the channeltron detectors, the
following test wasﬂperformed. The straight through channeliroﬁ
detector was mcv;é one meter away from the target cell and
neutral particle distribution was measured in a plane
perpendicular to the.incnming beam direction at our lowest energy
of 10 keV. It was found that more than 90% of the particles were
scatfered into a cone of 2° half angle and were thus collected by
the channeltrons when at their 12 cm position. Three chanﬁeltruné
used were, a Phillips B419B101 at the undeflected position of the
beam 1line and at one sidé while a Bendix 4039C was used at the
other side position. The central cﬁanneltron counted the neutgal
beam, whereas other two, placed symmetrically on either
side couﬁted the negative and the positive ion beams. All
;he three channel trons were alligned carefully with the
vertical height’ of khe beam line ‘and at the same deflection
angle. Each channeltron was separated From the other by an
aluminum partition. If the channeltrons were placed so that

their cones could 'see each other?, then it was found

’ 2
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.that coincident pulses were sometimes produced by a single
incident ion due to secondary electrons being transferred +from
one cone to another.l Similarly, se:cndari;; from any projecting
metal surface whiéh intersected khe ions in front of a cone, were
counted. The solution was found to be to locate the front of all
three channeltrons and the front of the aluminium separator
carefully along a common plane. All three were kept in a grqunded
metalic enclosure with a 2.5 cm diameter window for beam

entrance. Since channeltrons are sensitiée to 1light, all

transparent viewers on the scattering chamber were replaced by

opaque covers.

3.3 INITIAL GROWTH METHOD.

The initial growth technique was used in finding the
single and two electron detachmenf cross sections from negative
ions in collision with rare gas atoms. If a beam of negative ions
is p;;sed ?hrough & thin target, then the emerging charge
composition of the beam depends linearly on the étoms per unit
area of the target. The measured rate of change of each charge
component of the beam with target pressure for a known constant
target thickness, gives the cross section of the various
processes. | N

The single and two electron detachment cross sections

can be determined experimently by the relation,
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) rz'ﬁ'r. :a X ! : ' | )

For the single electron detachment cross éection, i=m—-1, 3=0,
N°/N” is the ratio of the neutral particlés produced during the
collision to the total number of negative ions passing through
the target of atomic density n and effective 1length L, the
product nl is known as the target thickness. Similarly for double
electron detachment cross section j=+1. This thin target
approximation neglects multiple collisions, so0 is only exactly
true for an infinitly thin targét. For a practical thin target
where a sma}l proportion of ions make double collisions, the
theory will ‘be developed later. The conditicn that a target can

be considered as thin is that

mLZ'd:a L)

‘L

3.4 EXPERIMENTAL PROCEDURE.

The equipment can be used for both, positive as well as
negative ion?atom collision studies. In order to use either of
. these beams, the polarity of the voltage of the following
equipment has to be ch;hged,

1. Accelerator ~

2. Extractor voltage from the ion source
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3. 90° deflection magnet

A sufficient beam of negative ions was obtained from a
radio <frequency typé of ion source without changing its polarity
and negative ions were presumeably produced from positive iongrin

the extraction canal region by electron capture collisions. It

was found that for the fluorine negative ions beam, the
optimum ion source conditions required somewhat higher than
normal gas pressures and higher ang@de voltages and their

adjustment was found to be more criticaf than was the case for
other negative ion beams studied. The £19.3.3 shows the gas

supply to the ion source. The F and‘ Cl~  ions beams were

obtained by using a commercially available Freon 12 gas(C C;zF

2

whose aeroseol cylinder was placed inside a bellows having a sharp
needle at the center of its closed bottom end. The otﬁer end of
the bellowshwas blanked off with a cover having a control valve
leading éo the thermal mechanical lea;.~“The previously evacuated
bellows was squeezed, thus puncturing the gas cylinder inside the
bellows and the valve to the thermal mechanical leak was opened
to fill it to someisuitablé pressure and then was ke?t shut. The
ion source Qas then fed with gas through t#ermal mechanical leak.
To obtain the I beam, iocdine crystals were placed in an extra
glass tube connected directly to the ion source., This tube was
pumped after putting the iodine crystals in. The procedure was to

leave the tap to the ion source open overnight. During the

experiment this tap was kept shut and the ion source was run

s
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supplied through the ther?al mechanical leak. The iodine formed
on the surfaces was sufficient to produce . the beam during the
day. With the tap open during measurements there was lgss beam,
. 4
probably because the iodine partial pressuﬁe was too high. The
maés analysis of the beam was made by 90° deflection magnet. One
such mass spectrum plot is shown in fig.3.4. The distance between
the magnet exit slit and the target gas cell was chosen in such a
way that the center of the target gas cell lies at the image
focus point of the magnet.

The negative’ ion beam selected by the magnet and
collimated by slits *A* and ’B” enter the gas target (fig.3.2)
where the target gas pressure was varied ' in steps. Th; ctime
interval between the pressure changes was kept suffi:ientl? long
to aliow the pressure to stabilise. Because all the cross section
results are pfobortional\to the target pressure, this had to be
known absolutly and with sufficient accuracy. An M.K.S .Baratron
capacitande manometer with an estimated accuracy of 5X10_6 Torr

was used. This estimated accuracy is. suggested by the
manufacturer. The absolute calibration of the capacitance
manometer was ;he&kéﬁ by connecting a second identical new
manometer through a separate pipe into the target. A difference
of 'abnut I % was féund in their absolute calibrations. The
pressure inside the target gas cell was always restricted to less
than 8X10_4 Torr. The incident negative ion beam intensity was

adjusted so that,%he neutral atoms and the positive ions rate

-
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were high enough to keep the dark count relatively small and at
the same time the negative ion rate was kept below 1 kHz as to

avoid pulse pile up problems.

3.5 TARGET THICKNESS CORRECTION.

Corrections for multiple collision in the target can be
made, wusing the series solution methodzq, if the proportion of
multiple collisions is kept to a few percent. The target

thickness in atoms’' per unit area'ﬂ:is obtained from the ideal gas

equation of state

_ NLP | .
A T

Where N is Avogadros number, L is the length of the target gas
cell, P is the target gas pressure, R is the gas constant and TK .

the Kelvin temperture. For numerical calculations

9. uxlo % LCoo) P(Togr)
A V)=
N (e 2)= T (Weloi)

The wvariations in the charge state of an ion beam

traversing through a target material of thickness '7T is given

J.Ni [E 19 NQ] (3.3).

by
Where N7 is the fraction of ions in the charge state ; and N'  is

the +Fraction of ions in the charge state i of the beam. We can
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include tHe term i=; in the summation of equation (3.3), by

writing
U S N
=} SN ' o G4
113% ¢4 )

Where
Wl o9

has been subsituted for the second term of equation “(3.3). The
integration of equation (3.4) results in exponential functions,
but it is possible to obtain a power series solution when 7‘ is
small. Using the initial boundary condition namely, at X=0, N1=

Ni, N5=0, the solution of equation (3.3) is given by29
., . " _
N B gy + 4 () ) L y)®r -] 6o

Neglecting the cross sections faor the transfer of three
or more electrons and making use of equation (3.6) for the case

i=—1 and ;=0, we get

Nz N A+ L (G, + O+ S % )a] ()
- o
-0

Similarly by taking j=-1, i=-1 in equation (3.6), we get

N—=N:[|+EZ(K)+J£(£1+£; u;_-i-q_;o;_)?&z] Gy

I, =
Now neglecting the X term in equation (3.8), dividing equation

I3

(3.7) by it and using the binomial expansion we obtain,

-
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Where the expressioﬁ with 1{3is"neglected. Now using equation

(3.5) in the last expression for o"'o and ¢ _we get

o

N g — — rd'
T '*Ji(-o"‘i? Ha SR o “’;_”)"].

This equation is further simplified as

-] Ja
T = N V-] - -0 —g —¢ 7,
-p = ""—N.. X_k_[l "i (6:0*'9:‘. oo-_ o4 o;_+ __"?.)x
e

Which on rearrangment gives the expression for single electron:

detachment cross section as

- N L Cac—0—9 G'J-x] G4

o

Proceeding in a similar manner, by taking i=-1 and =1 in
equation (3.6), we get an expression for two electron detachment

cross section as

NT ‘ (¢ +0F +5 -6~ _ C
qa = 1+1 +S + ) .

-+

In equations (3.9 and <(3.10) N° is the number of neutral
particles and N+ is the number of positive ions produced during
the collisions, whereassN_ is the number of negative ions which
were left without charge exchange. It should be noted that the
carrection for wmultiple collisions in the target is wvalid +to

first order in target thickness for a pure N: incident beam and

neglecting triple and higher charge states.



(a0)

3.6 DATA ANALYSIS

The single and double electrons detachment éross
sections were first calculated without taking into account the
target thickness ;orriction. Complete data on the cross sections
needed in the correction term is not available in most of the
experiments studied. Therefore the pressure in the taréet gas
tell was restricted so that the thickﬁess was always below
1013 atams/cmz, when the dougle collision terms were kept to a
few percent and triple collisions were negligible. A computer
program was available to calculate the cross sections from the
slope of a loinear' least square fit to thehratios, N°/NT  for 6_'_"°
and N+/N- for q:* as a function of target gas pressure. A
small positive intercept in the linear relation was found which
is .due to residual gas at about 5X10-7 Torr pressure in the 3
meter length of vacuum between the end of the magnet and ﬁH;
target which created neutrals and positives before the target. It
was assumed that both the U'_‘o and the 0:.‘_ cross sections were
the same in the residual gas'as for the actual target gas so that
this background gas increases the effective target thickness. To
first order they do not effect the slope of the linear relation
and hence the cross section values. It was noticed that there was
considerable cancellation within the correction term resulting in
a change of measured cross section by less‘ than 5 %, though‘
individual terms produced 10 % changes. -As a check, the cross

section wvalues were recalculated omitting the highest . pressure
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reading in each measurement where the correction was largest. The
cross, sections were found to change typically by 1 % to 2 % with

no prefered sign, well within error estimates.

3.7 PULSE COUNTING SYSTEM.

All the three channeltrons were operéted with their
coneé; at ground potential and a sufficiently large positive
potentiai on the collector so as to give a reasonable pulse
height distribution. It has been 'Found31 that when channeltrons
are operated with a negative potential on the cone so as to Have
the collector near ground potential, the loss of electrons to the
grounded external region reduces the effective gperture of the
cone, unless a negatively biased guard ring is used to repel
these electrons back into the cone. To investigate any simiiér
loss, the cone of the channeltron was biaéed by 200 Volts
positive and the positive collector voltage was incréased by the
same amount. No signiffzant increase in the effective area of the
particle detection was found, when a small diameter beam ’uas
traversed across the diamete;:of the cone, and the counting rate
was constant out to near the geometric edge.

A block diagram of the pulse counting system is shown
in fig.3.5. Thé pulse amplifiers and the discriminators were all
set just above thé background noise level and the channeltron

bias was raised until the pulse height distribution showed a

clear maximum well above the noise threshold. When operated

e p—
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this way the detection efficienéies-bf the channeltrons were
probably near 100 X for the ions and the atoms in this energy
range.

L T ~

3.8 ERROR ESTIMATE.
~The total error on these measurements was estimated to
come from the following sources,

1. Target gas pressure.

‘2. Particle collection.

The/ target pressure was measu;ed on the most sensitive
fange of the capacitance manometer. It was found that during the
three hour run of the e;perimént there was a.-drift in ‘the zero
re+eﬁgnce of the manocmeter. The eéfor due to this zero drift Q;s
minimiiedl in the following way. - Before gas was ;dmitted to the
‘target the ;anometer readihg indicating the ta;get residual
pressure was noted, then gas'ﬁas admitted to the target through
the . thermal ﬁechanical_ leak:in'¥our or five steps up to the
highest pressure and heasuremengﬁ were taken at each step. After
the highest target gas p}qssure was reached the process was
repeated for desgending pressu;es till théCtarget residual gas
pressu?e was reached and a new reference zero of pressure was
recorded. - From these two zero reference points an average was
calculated and 'each 'p;essure Feading was then corrected with

respect to this average zero reference point. The error estimated

due to this zero drift was about 2 % for a single experimental
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run;_ An additional 3 % error was estiﬁated from(,the\_relative
pressure measurements on two‘kimilar gauges, Ane‘bf them was a
brand new and recenfly calibrated by the manufacturer, and the
other was in use throughout the last six years.

The channeltrons were set to collect all the "scattered

o

partifles in 2 half angle cone at the target center. The

channeltron effective area was found to be of 9 mm diameter qpt

™ .

of ‘ifs total apertureﬁof 10 mm diameter. This was done by
écanning t;e'beam across the channeltron aperture and pbserving
the pulse height distribution. The particle loss, even in the two
electron detachment process, at larger angles is not more than
S %.

+he target gases are claimed by the supplier to be pure
to 99.99 % and therefore cause no serious erro;. .

All these possﬁble errors make the measured electron

} C, )
detachment cross sections accurate to within 10 .
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CHAPTER 4

RESULTS AND DISCUSSIONS
. frNLt
The fo and t ¢, cross sections are 'tkhulated in
" tables 4.1 to 4.6 and are shown .graphically in figs. 4.1 to 4.6,
.wheré they are plotted as a functionyof incident ion energy. The
errors shown are obtained +rom tﬁe addition of 10%Z instrumental
error and those obtained from the least sduaretiit. The error
from the length of the targei was small and was fneglected.
Hawever in those cases wheré the ‘errors resulting from the target

thickness correction were relatively large, they were included.

<

4.1 DATA FOR F . 2
L]

4.1a . THE @, CROSS SECTION. S

l . The q; cross section fnf_the F o+ Rg system is shown in
fig. 4,@ and tSbula%ed in table 4.1; The previbusly measured low
energy data ch-Hasted1 and of Byd{n -and Dukelskii5 is also
plotted in the %ame_%igurg'¥nr comparision purpéses.' The data of
Hasted (Hollow circles).has é higher values of the éross' section
at an energy of 4 keV ghan the present measure@ents in 25 to 125
keV energy range. The data of ﬁydin and Dukelskii5 {Crosses)

gives a good extrapolation tp our data. Since Hasted found that

his cross section results were dependent on the ion source gas
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>

.which he used to generate the F ion beam, it is likely that

Bydin and Dukelskii data are more accurate. This is also
indicated from a good extrapolation of the lower energy data of
Hug et alﬁggtdashes) to the data of Bydin‘ and Dukelskii. The
¢;cr055 _seétion is found to be almost e&érgy independent in He
and Ne targets but there is a continuous increase for heavier
targets. It should be pointed out that all three previous

measurements used the slow electron collection technique, where

they effectively measured q;,+ZG: . Our measured Cf+ cross

—
]

. S
section (table 4.2) have its largest magnitude in the He and Ne

targets where it. is between one third and hai-F_ of d'_'o s thus
suggesting that it may be significant throughout the range of
energy of Bydin and Dukelskii and up to our lowest energy.
‘Due to the unavailablity of parameters required for

L] . : )
£4E®ing - the complex potential model and zero range potential
theory, it was not possible to compa?e the results with theory.

2
De Vreugd et a\I:53 have observed a stable molecular ion state XeF

. <

with a life time of 10_3 seconds and an dlectron affinity of .28
VR This state was observed at an energy of 300 eV and at a
scattering angle of O to 4 mrad range. In the keV energy range,

the collisions are much more violent and this type of long lived

association of the énlliding partners is very unlikely. .



TABLE 4.1:- The

(48)

cross section for the removal of

one electron

from - a beam of Ff.ions By rare-gas atoms (10 1€
cmz). B -~
TARGET

ENERGY

(keV) He Ne . Ar Kr Xe .
25 3.25 = 3.06 5.00 5.66 4.87
30 - 2.73 - - -
35 - 2.89 - - -
37.5 3.12 2.84 4.92 5.57 5.58
45 - 2.95 - - -
50 3.30 ° 2.9a 5.59 5.57 5.81
55 - 3.12 - - 5.63
&0 3.35 3. 18— 5.17 5.92 5.67
65 .- 3.20 - - 6.43
70 3.61 3.12 6.63 6.67 7-13
75 - . 3.08 - - -
80 - 3.03 - - -
85 3.67 2.89 6.88 7.27 7.52
20 - ' 3.14 . = - -

95 3.39 3.13 6.91 7.89 B. 18
100 Q- 3.07 - - -
107.5 3.68 3.28 7.48 8.07 8.07
112.5 - - - - 8.60

3
120 3.22 3.10 7.55 B.38 9.10
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4.1b  THE ¢, CROSS SECTION.

The‘ o_'_‘f- cross sections .for the F + Rg system are
plotted againstv energy on a linear scale in %19.4.2 and are
tabulated in table 4.2. In the same figure are shaown the 0;+
Cross sections measured by Fogel et a134. The measured g-, cross
sections have their largest magnitude in lighter targets and are-
smallest in heavier ones. The general behaviour of the charge
exchange cross section is that they are targét atomic .number
depen?ent in the low energy range. The departu;; of the q:; Cross
section from this general behaviour may be attributed to the‘
Projectile and target ionization potentials. The‘large magnitude -
of q; in He and Ne target may be due toitheit . higher ionization
potentials’ (He=24.58 eV, Ne=21.1 eV) ‘as compared with the
ioniz#tion potential of fluorine atom (F=17.4 eV). This suggests
thét after the removal of the first electron from F_, the second
electron removal is more probable from fluorine than from the He
dr Ne targets. However the situation is not quite the saﬁe for
the heavy targets, ar, Kr and Xe which have. lower ionization
poPenti#ls (Ar=15.76 eV, Kr=13.99 eV and Xe=12.13 eV) as compared
with thé ionization potential of the f{ydrine atom. In this case
target‘iunization is more favgurable than electron loss from the
+1uur£ne atom. In negative ions the second electron is more
'tightly bouﬁgafhan the first électron‘and its collision with the
neutral atom involves crossing of the gquasimolecular negative

ion state (F + Rg’ with (F + Rg + @) and F* + Rg + 2e

A
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TABLE 4.2:~ The cross section for the production of F' ions from

F in single collision with rare—gas atoms (10-.17

* cmz).
TARGET
ENERGY -
(ke\) He Ne Ar Kr Xe
25 12.6 10.5 2.22 0.99 1.46
35 14.1 T 9.19 3.70 1.92 1.91
35 14.1 11.3 4.96 3.31 1.
55 14.0 11.7 5.88 4,73 2.29
65 13.9 13.7 6.70 6.07 3.73
75 13.6 - 15.6 7.75 6.35 4.99
85 13.9 14.7 7.85 7.3t 4.82
95 14.0 15.2 8.90 .42 - 7.59
166 - - - 8.58 -
105 ‘ 14.2 15.6 7.70 11.10 6.52
110 - - - 10.00 - -
115 16.5-. 15.1 9.70 2.70 _ 6.15‘
120 : -~ - . - 7.94 -
125 14.8 ' -*1a.o 10.5 6.68 6.26 ]
/“'" -
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states. Therefore it is likely that the crossing which leads to
the detachmeﬁt of a second eiectroh occurs at smaller interaction
distance than the crossing to the continuum of single free
electron states. This means that the second electron detachment

. .occurs, after the negative ion has already lost one electkon at

lérger interaction distance. The very close similarity ofq:a_uit
tﬁe °;r cross section (fig.4.2), both in energy variation ~and
in magnitudé for heavier targets confirms this sequental
detachment hypothesis. The intresting feature of q:* and d;+ is
that in the He target, q:t is greater than thé q;bcross section.
Thié may be perhaps due to the formation df some mefastablé

states in the final produét of dif cross section measurements,

which may'nét be contributing in the @~ cross section.

o
4.2 DATA FOR C1™.
4.2a THE Q:b CROSS SECTIONS.
The measured 0_p cross sections for the ClT + Rg

system are tabulated in table 4.3 and are plotted on a logrithmic
scale as a function of 1aborator9 energy in fig 4.3. In the same
figure are plotted the previously measured low energy data of

Hasted1 and of Bydin and Dukelskiis. The energy independent

-

behaviour of the u:o cross section as observed for F ions in He

-and Ne targets is also present for Cl1~ ions incident on these

lighter targets. However for heavier rare-gas targets there is a

s _ o
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3 . i . ’
TABLE 4.3:- The cross section for the removal of one electron,

from a.beam of C1~ ions by rare—gas atoms ‘(10716
cmz). A
TARGET
ENERGY a
(keV) He Ne Ar Kr . Xe
. 15 3.66 4,53 5.63 ° 6.59 7.57
20 3.83 ~4.21 . 6.19 7.38  B.45
25 3.61 4,62 - S.94. 7.49 . 9.09
30 . 3.65 3.49 6.44 .  7.42 8.50
35 3.82 4.51 6.49  7.60 8.38
40 3.92 - - 4.07 6.68 7.49 9.08
45 3.94 .71 &.85 .8.32  8.11
50 4.08 = 3.85 "7.89 7.7 9.00
55 3.94 T O3.73 7.56 8.16 9.19
&0 4.01 3.91 8.83 - 8.48 . 9.16
65 - 3.94 3.90 7.82 8.24 . 9.18 -
70 - 4.08 °  4.13 B.51 9.24 .60
75 . 3.92 3.86- . .34 8.99 %.84
80 3.16 3.75 8.30 9.78 10.00
85 53,39 3.86 .79 9.41 10.60
90 4.06 " 4.04 8.84 '9.49 £0.30
95  4.33 4,15 9.06 9.91 . 10.70
100 5.28 4.11 8.80 ' 8.83 10.40
105 4,32 - 3.75 50.40 ?.78  11.00"
110 4_31 3.80 9.83 ' 9.17 11.60
115 . 4.19 4.10 10.30 10.10 11.70

120 4.0 . 4.16 10.30 9.98 11.70
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continuous ‘increase in the cross section with énergy. .The-data
of Hasted1 in the 1.5 to 4 keV energy range has ;.larger value of
the cross sectidn section th;n the present measurements, but. the
data of Bydin and Dukglski:i.5 up to 2 keQ:energy provides a gopd
extrapolation to our low energy Qata, aithough in'séée cases its
-magnitude is slightly higher than thg’b?esent me;;urements. As
mentioned be{g;e;_both previous low energy measurements are based
on the .c-tallection of <low électrons produced ciuring the
collisipn; éffectively measuring q:o-+14:f « However at 1low
energies it may not be contributing sufficiently. Furthermore the
data of Hasted is not reliable becausego* contamination of his
Cl~ beam with other gases. It is also evident from tables 4.1 and
4.3 that -the q:b cross section for-ci_ is bigger than for F
~correspondingly in all rare gases, thus indicating some kind of

. . ~
dependence of cross section on projectiles atomic number.

4.2b PREDICTIONS OF COMPLEX POTENTIAL MODEL.

f comparision of the data with a 1local complex
potentiﬁl model ‘is shown in fig. 4.3a. Thé parameters of the
complex potential theory were taken from the work of Champion and

Doverspikeq. The real part of the potential used by them was a

sCreened coulomb type of potential,
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Where A and B are constants and R is the internuclear

separation. They used * the following functional form for the-

imaginary part of the ihteracﬁion potential,
0 RIRs
TR)=1 FR, —ro RiLRLR

- S —R) RLR, . S
B e

4 - T ) n

A

The other parameters used in conjuction with tﬁése relations and
with "the formulation already discussed in section 2.4, are

-

tabulated in table 4.3a The survival probability of C1” ions im
their coligszans w;th rare gases was calculated by making use of
these parameters in equatzon (2.6). The electron detachment cross
section was obtained from equation (2.8). It was found that - the
‘detachment cross section.calculated from this model increases
wi£h energy from thresheld to'a %ewrh;ndred eV after which . it

decreases .throughout the range _ Bf energy of the . present

measurements to a 'value which is much less than the measured

experimental crossdsections.

»
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TABLE 4.3a The complex potential parameters for C1~ + Rg.

, .
T,rglt ) A /}B' Rx F R1
Ne = 826 /_‘1/.39 2.61. .. 4.8 2,40
ac - 2530  1.37 3.39. - 5.4 " 3.07
Kr 3062 1.39 3.46 - 4.6 . 3.00
‘. Xe 4530 ' 1.36 3.73 2.0 3.25
‘ . 3
~ I'd
v T
. : £/ : .
4.2c  PREDICTIONS OF THE ZRP THEORY. . ° - Cos .
. N

In contrast to the complex potehtjal model, the. Zero -

-

Range Potentiél-theory includes quantum mechanical tunneling and

provides .a better it with the present measurements for. the

12 of th@‘ -Zero WRadius

22,23

Cl- + Aar system. Devdarianis formulation

-

Potential '%heory was used with Gauyacqs modification to

derive .the parameters of the thegryl- The formalism was outlined
B .

'in chapter 2. The self consistent field enérgies, calculated as a

function of.\}hternuclear separation, by Olson and Liu21 were

fitted ¢tor exponential fuﬁciians for ‘the C1~ + a@r system. The
%}f¥erences - when displaced by the electron affinity give the

t_:‘:‘i.nding- éner'gy ecr) of thé electron to the molecule and predict
. - o~ -

-

a crossing radius R° = 3.4 au to an unbound state and a second

crossing back to a bound sgpte at R = 2.7 au. A Morse type
- _ - ; _ = .
was used for fitting purposes to provide an analytic
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description of 6 (r}. For each collision energy the value of er

and GE(RH)‘were'extracted from™this fitting procedure and the

characteristic time t1 at the distance of closest approach was

~

calculated from equation (2.23). The survival’ probability of the

-

negative ion was calculated from equation (2.24). The threshold

impact parameter bth is determined such that the corresponding:

turning point R, verifies f(R ) = °§_/3.35, where f, = IZG(RH)..
Finally the electron detachment cross section was calculated from
equation (2.25).

.The cross sections obtained from the theory are plotted

in fig.4.3b , where they are compared with the experimental dz:%

for the Cl + Ar system. There is a dip in theoretical cross

section at about &0 keV, this is because at about this energy the
distance o;. closest approach for small impact barameters. has
\penetrated through the unbo;nd region of the molecu;ar ion far
‘ enough-to reach the bound fegion at smaller radii. Calcuiations
were :madg'to’tést'tﬁe effect of insipe region by Feplaﬁing the
Morse function wi%h a Ferai Diraélfupqtion fit to the Olson and
Liu G?hﬁ"valugs. The Fermi Dirac ¥unct;on. does ™ not become
positive at sgall r values like the Morse function but gives an
excellent fit beyoﬁd the crossing rédiu;. The cross sectian;,with
this function were unchanged atw:ﬁall energies but the dip was
éﬁsent and the values continued to r;ée to a higher plateau than

“when the Morse function was used. 'The correct énergy dependénce

is probably somewherqi between'/zge péedictians' of the two

4 . - -\.

y
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functions with a finite but small probability of survival 6f the
negative molecular ion into the inside stable region ﬁor small
impact parameters. The overallmagnxtude of the exper1menta1 cross
sections is fitted quite well by this theory which does not .
‘contain any +free paramsters, in spite of the use of the 'ze;o
range approximation in a ¥5r6 which is ﬁnly valid fbr s—state
electron wave functions. fh;s model like the complex 'potentigl
model does not include the excitation effects occuring along with
the detachment process. The risé“in tﬁe experimental cross
section ‘ above :about S0 keV is p%dbably due to the increased

) ‘
production™ of excited states of the negative .ions and the

neutrals. Such states have been identified in the energy 1loss
spectra of Fayeton et alB and in the electron .spectra of de

Vreugd et a135, who est1mated that about 1/40 of the cross

1sectzon goes -b;yhay of the low lying negatxve metastables at 2

keV beam energy; With increasing energy a higher production of
metastable states is expected.

N

4.2d . THE GF' CROSS SECTION.

The cross sections for the prnductzon of Cl from aCcl
beam in collisions wzth rare gases are tabulated in table 4.4 and
shown in fig.4.4, where they are plotted against the energy of

the incoming Cl  beam. ‘The_q:* cross section increases with

energy in the lower energy region and then starts showing energy

-
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TABLE 4.4:— The cross section for the production of Cl+ ions from

. Cl ™ in single collision with rare—-gas atoms (10”16
. énz).
TARGET ’
ENERGY
. {(kaV) He Ne Ar Kr Xa
12.5 . 1.15 0.65 '1.38 0.80 0.33
22.5 1.52 0.79 1.78 1.15 0.36"
32.5 1.90 0.76 2.14 1.26 0.80
42.5  2.17 1.28 ;?22 1.42 1.39
52.5 2.53 1.66 2.92 1.90 1.65
&62.5 2.84 1.67 2.76 2.29° 2.16
72.5 2.80 1.81. 3. 11 2.95 2.25
82.5 2.88 1.84 3.29 3.08 2.49
92.5 3.08 2.02 3.34 2.97 2.72
102.5 3.02 1.92 . 3.41 3,11 3.16
112.5 3.00 ___2.12 3.44 3.58 3.13
122.5 3.22 2.28 3.75 3.45 3.30
) v
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-

independent behaviour in the higher energy region for all the
targets. The q:* cross sections-are found to have their largest
magnitude_ in Ar target bué,smallast in Ne target. Above 20 kev
energy the magnitude.of the cross section is almost the same for
all the targets but Ne. The inverse atomic number dependenc. of
- cross section as nbserved in the F case, is not strong in ih.
cr - Rg system.' The icnization potertial of €1 atom is 12.97 eV
which is less than the ionization potentials of He, Ne, Ar and Kr
but greater than for Xe. This indicates that preferentzal target
ionization may '6ccur in the Xe target only. It may also be-
éf{ective to 'some extent in the Kr target where the ionization
potential differs only by about 1 eV and perhags.it could be a
reason that the cross section in Kr and Xe targets have a smaller
magnitude than for the Ar target. However in the He targe% the
cross section is smgller than that in Ar throughout the energy
range, but not smalle} than in'the Kr and Xe targets . Above 435
keV energy the cross section in Ne target is the smallest. This
suggests that beside ére+erentia1 target ionization there are
other factors as well which make the q:r cross section behave . in
an anomalous way. For those beam target combinations wheré both
the q_‘o and the ¢:+ have been measuredls, it has been -Found that
both cross s ions have very simillar dependence on collision
energy, o the target-ma;; and on the abgolute magnitude of the
cross sections. While simple detachment seemS'usuarl; to be'.the

dominant process in most ¢~ detachment collisiens, it has been
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N

that C1 + Ar is unusual in that

LY

suggested by FaQeton et alB

single detachment. occurs mostly through‘:the formation: of

metastable !:1t ions , which-auto detach on their way out, rather

than by ‘simple detachment from the 'ground' state;: If auto-
detachment from excited metastables dominates single detacbment,
then it is possible éhat the ,¥irst- electron from -double
detachment is also mainly produced in this way. The neutral
molecular state ieft behind would, then differ from that formed in
neutral neutral collisiéns and there would be no reason for the

d_'_'o an.d the ¢~ cross sections to be simillar.

4.3  DATA FOR I .

4.3a. THE 0:0 CROSS SECTION.

Tr\e o:o cross section for the production of neutral

iodine atoms, 1° from negative iodine ions I- in rare gas
collisions is shown in fig 4.5 and are tabulated in table 4.5.

Also shown in fig.4.5 are the results of early low energy

measurements of Bydin and Dukelski is'and of HMHaywoad et a136

Lichtenberg et a124 have measured the G;ot and the q_’; Cross

section in 20 keV to 220 keV energy range in He and Ar targets.
We have plotted in +fig.4.5, their o'at cross section after

subtracting their Cgs of the 0‘+ cross section. These
Nei

corrected values of th c-e cross se@ction are in agreement with

Ll

the present measurements within their estimated error of 20 L in
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TABLE 4.S5:— The cross section for the removal of

(67)

one electron

from a beam of I ions by fare-gas atoms (10“-16
2
o cm ).
TARGET
' ENERGY - -
(keV) He Ne Ar Kr Xe @
10 S.18 2.83 7.45 7.65 '8.45
20 4.82 ' s5.17 8.90 . 8.90 8.20
30 43.99 &6.10 8.83 8.90 9.20
40 5.23 5.89 8.61 .29 .53
50 5.32 5.57 8.27 ?.51 10.30
&0 5.45 5.62 8.85 9.78 9.83 ‘ér
+ 70 6.32 5.78 8.87 10.70 10.40
80 &.20 5.55 9.10 10.40 9.98
20 6.20 S.44 9.58 11.30 10.10
100 &5.18 5.45 9. 69 11.00 Q.66
& . -‘ g
(" - N - -
Y .
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their data. The fncrease of the €, cross section with energy is
slow as compared with other ion atom combinations. Generally the
magni tude of the u:o cross section for 1 is bigger in all the

rare 'gases as compared with the corresponding o:o .cross section

for F  and €1” in the same target, the only exception is the
xenon target in which both I~ and Cl1~ have the same mégnitude of
the G, cross section. The -o:”o cross section also increases with

the target atomic number except for the Ne target' throughout our

'energy\'ange and for the Xe target from 70 keV to 100 keV er;ergy.
The unusual behavior of I in Ne was first obs’erved by Bydin and

Dukelskiis in their low energy measurements off O, Fross section

36

and later by Haywood et al in their near threshold to a few

hundreds eV energy rangé measur/ements. Bydin and. It-.ri=<l=e3'7 measured
the energy spectrum of ejected electrons for the 1+ Rg syétem

.and observed that the energy spectrum differs for I + Ne <+rom
\ . .

other I +. Rg systems investigated. They noticed that while other
systems have an extra peak at 6-7 eV above the first peak which

occurs at 2-3 eV energy,-_the I + Né system shows only a single

Peak representing a group of 2-3 eV electrons. They postulated

‘the existance of an autodetaching state of I which was later

observed by Cunningham and -Eduardsse.‘

36

4
. The data of Haywood et al in the Xe target increases

with energy from thresho!.d to about 190 eV energy after which it

*.is energy independent and is in agreement with .the data of Bydin

and Dukelskiis. The extrapolation of our data with these low

-4
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enargy mca;uremants is good<46r Ne; Ar and Kr targets because -
their cross section i; increasing continuously in their energy
range and ;pérhaps between their highest energy and our laué%F
energies a; well. However for the *e takggt their values are
higher than the presént measureménts'hnd extrapolation' is not

e ’ :
good unless one assumes that the cross section decreases slowly

-

between théir highest and cur lowest energy range. No attempt was
made to .obtain a theoretical fit, because the parameters for

neither the complex potential model nof—/;he\-ZRP theory are

[N

available. .

=ty

4.3b THE ., CROSS SECTION.
The q:+;crgss section for the I + Rg "system is . shown

in table 4.6 and are piotted on a linear scale in fig 4.6. In the

. same fig. the data of Lichtenberg et al and of Dukelskii and

14

Fedorenko is also shown. The agreement is good exce for the

He target where present measurements have a iarger magnitude. ‘The
u;usual behaviour of the q:+cross se;tion‘as found in F + Rg and
the Cl *+ Rg collision systems thi& it hasllarger magnitude in
lighter targets than heavier qnes;: is not preéent in the I; + Rg
collision - system but instead roughly targei atomic number
dependence. is observed. However in thé Ne target the cross

section is of smallest magnitude and this bebhaviour 1like the

q:o cross section in Ne target, ‘perhaps could be explain if
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- Fig.4.6:- The-tross- section for the-detachment:of
two electrons in a single_atomic.collision.

e The crosses are the data of Dukelskii and -
Fedorenko!4,'i'-he open circles.are the data of -~

4‘Licht"e;1berg et‘a'[ 2_4. - X -
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TABLE 4?9=- The cross section for prduction of I+ from 1 in

\\\\u:ingle collision wWith rare—-gas - targeti (10-_'16

nz . | i : .
) " . e
TARGET. ' '
ENERGY
(keV) He Ne Ar Kr Xe
v ' .
10 0.09 . . 0.03 _ 0.50 0.46 >  0.64
15 0.30 | 0.03 - - - -
20 __-0-.46' L 0.14 1.93 -~ 1.24 _
30 '9.93 -0.25 3.06 = 1.83 1.12 o '
43 | o0.95 0.31 3.28 2.75 . 1.57
, . 1.15 0.40  3.58 2.82 1.60
60 - 1.23 | 0.45 3.57 .3.23 3.21
70 1.60 0.77  4.07 v'3.99 \‘\3.98 i
© .75 . 0.89 - e
g0 . . 247 0.94 3.25 .94 4.53 f
85" 2.00. '+ 1.01 - - -
90 - ’ - ’ 4.58 4.48 5. ._'55
95 - 1.06 ; - - -
100 2.62 1.08 . 4.56 3.32 5.55,,
- . =
- ; - . - | e
ey I .



measurements were made on tha'sp.cﬁra of bjectnd ‘electrons  in

-~

this eﬁerg9 nangi. The 1onizatian potont{al of ggiine is gmalléf

o e
than tha ionization patential of a11 the rare gases and therefore

the _prefergntial target ionization which caused.a reduction in
" the 0", cross section for ‘the ¥~ + Rg and the c1” - Rg .collision
- systems, ig les; prababie_in tre I_,+ Rg case. it is observed.
that the F~ +'Rg and the I Rg- are the two extrﬁe cases, of
the -.effect of preferentigl target ionization éeducing the
maénit;de_ of tHe_g:* cross sectioﬁ; It is most effective in F
andl I;ast. effective in I . The C1~ + Rg_an& thé Br "+ Bgsq
systems shbw arr intermediate behaviour beéweeh tﬁqsé_twa extreme
cases. | -

. .
.

: . @ :
.
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. CHAPTER"®S I

CONCLUSIONS.

[ ] .
This thesis presents the study of one and two electron

detachment :ro-_:-.;'; sections from F-,‘ Cl™ and I ions with ;rare
gases 'in the multi keV energy range. An improved .expef'imental
technique w&s_ followed thch permitted™ measurements of the
neutral and charged particles diréctly instead'o{- meaéuring the
slow electrons detached from negative ions during the 'collision.
The wuse of three chapnel,tro;':s made it possible to measure both
the 6:° and the 0:‘_ cr'of.-',s’ séctions simultaneously and accurately.

. The single glectron detachment cross section is found
i:o be alm‘olst energy independent ;?or- F- and €1~ in He and Ne
tai‘gets, whereas 'F.or' other targets it increases with energy. For

the I + Rg system the_ﬁ"o cross section increases with energy in

-

all targets. It has been observed39 that for the Br + Rg. system,

TN

the g:ocross section increases with e?ergy in all té.rgets ex::ept'
Ne where it is almost energy independent. Therefore it is
conclud_éa that the 6:0 cr&s section has anamolev$S behaviour in Ne
target for halogen negative ions and it is in confirmation with

the results obtained at low energies.

A comparigion with theory could be made only for

&

thre C1  + Rg system, because the theoretical parameters are not

b
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available for other systems. The predictions of the complex

— ~

potential theory which had been found to be qQuite successful - in
fittiqg_lnu energy measurements, are far from Sgreement with thé

present measurements for thkkﬁ}_ + Rg system. The disagreement

'may\be due to the following reasons,

1. The assumptions made in the.theoretical model may be
suitable at low energies but not at higher energies.

2. Thé theory does not ' take into account the

. * excitation occuring either in the PFOjECtilE ot‘ in the

‘target or in both, which may not be important at 1low

. _ -
energies but may be important in,6 the energy. range of the

' N -
present measurements. \E\\ﬂ/// o

On the‘other hand the zero radius pofehtial theary gives better
agreement with the present measurements for gné C;_'+ Ar system,

both in, magnitude and #n the variation with energy. The theory is

P _
also found to be good in fitting. experimental datas? for the Br

-

+ He system. However these agreemehts may”be accidental, since

_the 'theory is developed for s—-state electrons atomic systems

o
whereas all halogen negative ions have p-state outer electrons.

Lo«
The measured two electron ﬁetachmengémfross . sections

have”no"regular pattern. For the F + Rg syétem, it of largest

"magnitude in lighter tﬁégets and decreases as the target af'mic

numb{@s. ,: In the I + Rg system the g“+ cross section is
4 M . B - o . . -

target atomic number dependent except in the Ne target where it

is)/j?allest. In- the Cl1 + Rg system it ‘has an intermediate

Y
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behavicur, similaY. behaviour has been obser'ved>’ for the Br  +

'"Rg system. The lar'ger' magni tude og thel 'c'* 'cro?s. sect;'.tzn :i.n
lighter targets which have higher icnization potentials,b‘hnq
smaller cross sectiqn~ in heavy targets which have smaller
ionizatien 'poténtials suggests éﬁat ErOjectile and tﬁe. target

ionization potentialé play an important role in this unusual

\?ehaviour‘_yhich is more evident in the F + Rg system and least

in the I~ + Rg system. The similarity betweei the G- and the

'qg* Cross 5ec€ions, (which exists ohly for the F_+ Rg and has

£

-

‘not been measured for other systems) suggests that the *two ‘

electron detachment from a negative ion in a single collision

o

with rare gas atom is a two stép processes where the first
electron is,detached first at some Jntefnuc}ear distance.and then

the second electron is detached at &maller internuclear

- separations. . “\\‘

. I}' is coﬁcluded from the overall view of the

.measureﬁgqts that the single and the two electron detachment
o e e .

L Lo . : . . P . .
.Cross sectidns from negative halogen ions in collisidms. with rare

gas‘atoms, depend on the following factors,

S 1. The projectile velocity.
2. ﬁpe projectile and the target atomic numbers. o
3. . The projectile and the target ionization potentials.

The -complications within these factors may arisg_gée to some kind
of excitation acompanying the singlé and the two electron loss
processes from negative halogeg ions-rare gas collisions. It is

N
. o

.
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¥

//;/”“fh!xgig;p//-ugg.stud that in order to get more detailed and

better information about these proc‘ss.s, . MOre seasuresents are

required ‘especially on the angular distribution of the collision

products and on the eher?y spectr

of the ejqcted electrons
( . . - . . f

during the collision.

N e~

e rm——— e - m R - . L]
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