LOW-ENERGY ELECTRON INTERACTIONS
W I T H BIOLOGICALLY RELEVANT
MOLECULES

Violaine Vizcaino

A thesis submitted for the degree of
Doctor of Philosophy at
The Austrahan National University

THE AUSTRALIAN NATIONAL UNIVERSITY

September, 2008

^^^USTRALM^N

Declaration
This thesis is an account of research undertaken between Marcli 2005 and June
2008 at The Research School of Physical Sciences and Engineering, The Australian
National University, Canberra, Australia. To the best of the author's knowledge
and belief, this thesis contains no material which has been accepted for the award
of any other degree or diploma in any university. It contains no material previously
published or written by another person, except where due reference is made in the
text.

Violaine Vizcaino
9 September 2008

111

J

'•-mnw-

Acknowledgements
Firstly I would to thank Professor Steve Buckman to make this PhD possible and
allow me to work in his dynamic research group. I also want to thank hirn for his
support and trust which made this three years a really fruitful experience.

I would like to thank my other supervisors: Dr James Sullivan, Dr Julian Lower
and Prof Michael Brunger. Especially, I would like to thank James for his support,
encouragement and helpful advices he gave me during these past three years.

I would like to acknowledge the work accomplished by the staff of the A M P L mechanical workshoj). Fve been impressed by their ability to solve any sort of problems
with ingenuity ... Many thanks go to Graeme Cornish and Steve Battisson but also
to Gary Picker, Kevin Roberts, and Tom Cave.

I also would like to thank the personnel of the electronic workshop, Tony Cullen,
Dennis Gibson, Michael Blacksell and Steven Huynh for fixing many of my power
supplies and teaching me various aspect of electronics.

I had the opportunity to visit the lab of Dr Todd Maddern at Flinders University for a few days, I would like to thank him for showing me how to use the simplex
algorithm and for sharing with me his precious code. Thanks to this fruitful collaboration, the operation of our spectrometer has been significantly improved.

It would like to acknowledge Dr Laurie Campbell from Flinders University for the
phase shift analysis of the DCS data.

I would like to thank people (past and present) from our group:

Milica, Chris,

Adric, Peter, Jason, Ryan, Daniel, Casten, Stan, Subbhendu and Bob for being
such good colleagues and friends. I am also grateful to Prof Greg Karwasz, Prof
Paul Burrow and Prof Gustavo Garcia for sharing their knowledge with me and
showing some interest in my work.

In general, I would like to thank people for being patient and understanding with

me and my far from perfect English.

Finally, I would like to thank Gabriel. This three years would definitively not have
been the same without him.

VI

Abstract
Recent experiments have demonstrated the critical role that low-energy electrons
play in the damage to biological systems.

There have been tremendous break-

throughs in that area in recent years and the goal of the present work is to add
to this experimental endeavor by providing accurate, absolute cross section for lowenergy electron scattering from a range of biologically relevant molecules.
thesis presents measurements of electron scattering from formic acid

This

{HCOOH),

tetrahydrofuran [0^11^,0) and 3-hydroxytetrahvdrofuran (C4//8O2). Formic acid is
used as a model for much more complex molecules, such as amino acids, as it is
the simplest molecule featuring the formate group —COOII.

Tetrahydrofuran and

3-hydroxytetrahydrofuran are two connnon molecules used to model the deoxyribose
ring in DNA.
Experiments are performed on a crossed beam apparatus. T h e electron beam, obtained from a conventional electron monochromator, is crossed at right angles with
a molecular beam effusing from a beam-forming needle. Scattered electrons are energy analyzed and detected at a fixed scattering angle. Absolute values for elastic
differential cross sections are obtained using the relative flow technique with helium
as the standard gas.
Absolute differential cross sections as a function of angle or incident energy have
been measured for both the elastic and vibrational excitation charmel for each of
these three molecules in the energy range from 1 eV to 50 eV. Integral and momentum transfer cross sections are also calculated after extrapolation of the angular
difl'erential cross section using a phase shift analysis technique. All the experimental
data have been compared, where possible, with theoretical calculations and other
experimental work.
A new experimental system to perform measurements on molecules such as DNA
bases or amino acids is also presented.

These molecules are solids at room tem-

perature so they need to be heated to create an effusive beam.

T h e sublimation

temperature for these molecules being above 150°C, a new gas handling system featuring a high temperature pressure gauge and pneumatic valves had to be designed
to perform the relative flow technique for these molecules.
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Chapter 1

Introduction

Collision processes between low-energy electrons and atoms or molecules are of great
interest from both a fimdamental viewpoint and for a range of technological applications. The low energy range from a few meV to a few tens of eV is full of interesting
processes such as vibrational and rotational excitation, electron attachment, resonances and ionization.

Applications of these collision processes cover a wide range of topics such as plasma
processes, atmospheric and interstellar clouds, pollution control and radiation damage in biological systems. Indeed, in recent years there has been a significant interest
in the processes induced by low-energy electrons to biological systems, especially in
relation to damage to nucleic acids (DNA and R X A ) or amino acids. High energy
radiation is known to create severe damage to living cells either by direct damage
of the D N A (around one third) or indirect damage (two thirds) much of the latter
being due to the chemistry induced by the O H radical. It has been show that many
low energy electrons, which are a by-product of this high energy ionizing radiation,
participate significantly in the damage of D N A . High energy radiation, such as a-,
(5- or 7 - rays, induces ionization in the medium, generating free electrons which undergo further inelastic collision processes, loosing part of their kinetic energy. It has
been estimated that every 1 MeV of primary radiation produces around 5x10^ secondary electrons with an energy distribution extending from zero to a few tens of eV.

Several years ago, Sanche and coworkers [1, 2] have shown that these low-energy
electrons can induce single and double strand breaks in plasmid D N A through resonant scattering processes. The mechanism that leads to this irreversible damage in
D N A involves the capture of the incident low-energy electron by the molecule forming a short lived negative ion which then dissociate into a (quasi-) stable negative
ion and one or more neutral species. This process, dissociative electron attachment
(DEA), often results in either the ion or neutral fragment being a reactive free radical. Since that discovery, many studies have been devoted to understanding this
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mechanism by looking at electron interactions with specific molecular constituents
of DNA. Experiments in the gas phase have been performed on DNA bases [3]-[10]
or constituents of the DNA backbone [7, 11] as well as some amino acids [12, 13].
These experiments have revealed evidence of bond breaking initiated by low energy
electrons at some specific energy. While most of these experimental studies are only
qualitative, a first quantitative experiment by Aflatooni et al. [7] estimated the total
dissociative electron attachment cross section, for most of the DNA bases, to be of
the order of lO-i*^ cm^.

From a radiological perspective, it is important to be able to quantify precisely the
mechanism involved in the damage of DNA by low-energy electron impact. Such
data may be used, for example, to calculate more accurately patient dose in radiotherapy, a process which is currently based only on the primary radiation absorption.

This work presents the first results of an ongoing program to provide accurate absolute differential and integral cross sections for electron collisions with molecules of
biological interest. The aim is to quantify, at a fundamental level, the interactions of
low energy electrons with a immber of important biomolecules ranging from simple
acids such as formic acid to the sugars and bases that constitute the DNA strand.
This work focusses on measinements of fundamental scattering processes such as
elastic scattering or vibrational excitation.

This thesis consists of nine chapters, including this introduction as the first one.

Chapter 2 gives a brief overview of the different theoretical approaches and common
approximations used to describe the electron-molecule scattering processes.
Chapter 3 describes the experimental apparatus used during this project.

This

includes the high resolution electron spectrometer, the vacuum system and gas handling system.
In Chapter 4, the different experimental methods used to perform the experiment,
such as the relative fiow technique and the new computer controlled optimization of
the electron spectrometer, are described. This chapter also provides some information about the data acquisition and error analysis procedures.

Chapter 5, 6 and 7 present the results of the electron scattering experiments on
formic acid, tetrahydrofuran and 3-hydroxytetrahydrofuran respectively.

Elastic

scattering cross sections for incident energies below 50 eV are reported as well as
viljrational excitation and negative ion resonance formation.

In Chapter 8, a new molecular beam source featuring an oven for biomolecules
is described and suggestions for future direction are made.

Finally, Chapter 9 gives a brief sunnnary and some concluding remarks.
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Chapter 2

Background of electron-molecule
interactions

This chapter provides some background knowledge on the fiekl of electron-molecule
interactions. First, in section 2.1, the possible processes which can occur in electronmolecule collisions, such as vibrational excitation or negative ion resonance formation, will be discussed. In section 2.2, the present state of the art regarding the
different experimental techniques used to study such collisions will be given. And
finally, in the last section, a brief overview of electron-molecule scattering theory is
presented, in particular those theoretical approaches that are relevant to the present
experiment.

2.1

Overview of scattering processes

Depending on the type of interaction between the incident electron and the target
molecule, the scattering process is either elastic or inelastic. In an elastic scattering
process, the incident and target particles retain their initial energy and only their
momenta may be changed. In an inelastic scattering process, the state of the target
molecule is changed. It could be a simple excitation of the molecule (rotational,
vibrational or electronic excitation) or an ionization event or it can even lead to the
dissociation of the molecule. The collision process can also be defined as a direct
scattering process or an indirect process which takes place via a resonant state
(negative ion resonance). Some of the main pathways in electron-molecule collisions
are summarized in Table 2.1.

In this project, only elastic scattering and vibrational excitation have been studied.
Negative ion resonances have also been investigated. Some details about vibration
of molecules are given in section 2.1.2 while negative ion resonances are discussed
in section 2.1.3. First, in the following section, the concept of the scattering cross

Background of electron-molecule interactions
Direct scattering
e- + AB

e~ + AB
+ A B*
e~ + A + B
2e" + A B ^
2e" + /I + B+
A + B~

elastic scattering
excitation
dissociation
ionization
dissociative ionization
dissociative attachment

Indirect scattering via a transient negative ion
e-+ AB
[{AB)-]t
e' + AB
elastic scattering

Table 2.1: Possible channels of electron-molecule collision

section, one of the most essential tools for studying collision processes, is introduced.

2.1.1

Concept of scattering cross section

The magnitude of a collision process is usually described by a function known as the
differential cross section which has the dimension of an area. It relates the number
of scattered particles which emerge from a target in a direction in space relative to
the incoming beam flux. To illustrate this concept a schematic diagram is presented
in Figure 2.1. The target particles are within the framework of the laboratory system which is located at the center of the co-ordinate system. In the present case,
the incoming beam is a rnonoenergetic, collimated electron beam with a flux density
/Q , in particles per centimeter squared per second, as it represents the number of
incoming electrons crossing a unit surface area per unit of time. Ng {9, ip)dQ. is the
number of scattered electrons emerging into the element of solid angle dQ in the
direction {0, ip) per unit of time.

Diflferential cross section
The differential cross section da(6, (f) is defined as:

•'o
and therefore has the dimension of an area. However, it is often expressed per unit
of solid angle (area per steradian):

=

(2,2)

6
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e\ NgdQ (electrons/s)

In (electrons/cm2.s)
I

0

''Target'-,

^

e

Figure 2.1: Schematic diagram of electrons scattering from molecules.

Details are given in Chapter 4 about the technique used to measure this differential
cross section in the present experiment.

Integral (or total) cross section
The integral cross section, sometimes called the total cross section, refers to the
integration of the differential cross section over all 47r steradians:

da
dn
=

27ry ^{0)

{0,^)

sm{0)d0d^

sm{d)d0

(2.3)

The integral cross section can be calculated or measured for elastic Qe/astic
elastic collision processes such as electronic excitation Qf®"^, vibrational excitation
dissociation Q f ' ' etc . . .

Grand total cross section
The grand total cross section QGT is the sum of all the possible integral cross sections
for all possible open channels:

QGT

=

+

QF"^

+

QT'

+

QF''

+

...

(2.4)
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2,1.2

Vibration of molecules

Vibrations in polyatomic molecules can be very complex, but the motion can be decoupled into a limited number of simple motions called the normal or fundamental
modes of vibration.

F u n d a m e n t a l or normal modes of vibration
A non-linear molecule containing N atoms has 3N-6 "vibrational" degrees of freedom. i.e. 3N-6 fundamental (or normal) vibrational modes [14]. Indeed, a N-atom
molecule has 3N degrees of freedom because each atom can vibrate along the x-, yand z-axis. However, if we consider ouly those motions that change the shape of the
molecule, i.e. internal vibration of the molecule, one has to subtract the 3 degrees
of freedom required to describe the translational motion of the entire molecule and
3 more for the rotational motion. Thus, the molecule is left with 3N-6 degrees of
freedom. In the case of a linear molecule, it becomes 3N-5 degrees of freedom as
there is no rotation about the molecular axis. Each of these fundamental modes
has a distinct frequency however some of the modes can be degenerate (same frequency) due to the symmetry properties of the molecule. The normal modes can be
divided into two categories: the skeletal vibrations which involve all the atoms of the
molecule (such as a ring deformation) and the group vibrations where a small group
of atoms imdergo nuich more vigorous vibrations than the rest of the atoms. This
second type of normal modes have specific frequencies which are almost independent
to the structure of the molecule. In Table 2.2, frequencies for stretching vibrations
are reported for some common groups (such as OH, CH2, C = O) [14] along with
values from some of the molecules studied for this project.

Group

Frequency (cm

Formic acid

Tetrahydrofuran

-OH

3600

3570

—

-CH2-

2930 (asymmetric)

—

3068 - 3104

2860 (symmetric)

—

2999 - 3045

1470 (deformation)

—

1393 - 1534

1750 - 1600

1770

—

1000 - 1200

1105

—

c =
C - 0

o

Table 2.2: Characteristic stretching frequencies for some molecular groups

Overtone bands and combination bands
The concept of an overtone is probably easiest to consider at first for a diatomic
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molecule. A diatomic molecule can be consider as two masses attached together by a
spring and separated at equilibrium by a distance Veq- In a first approximation, the
vibrational motion can be described as a simple harmonic oscillation. The harmonic
energy potential t//,(r) and the oscillation frequency tOh are defined as:

Uh{r) = ]^k{r-re,f

and

= ^ ^ ^

(2-5)

where k is the force constant, r the internuclear distance and /i the reduced mass
of the system. The allowed vibrational energies can be calculated by solving the
Schrodinger equation for that energy potential [14]:

+

(2.6)

where u is called the vibrational (}uantum number. The transition u = Q ^

v — 1

corresponds to the fundamental (or normal) vibrational mode discussed previously.
The transition v — {) ^

u — 2\s called the first overtone, v = {) ^

u = 2 the second

overtone and so on. Within the harmonic oscillator approximation, the overtones
are equally spaced but in fact the spacing between the discrete vibrational energy
levels decreases as v increases. Therefore, the anharmonic Morse potential is usually
a better representation of the vibrational motion of molecules. The Morse energy
potential Ua{,r) and the oscillation frequency tOa are defined as [14]:

f4(r) = D[l-exp(-a(r-re,))]2

and

cv^ = iOa[l - Xa{iy +

(2.7)

where D is the dissociation energy of the molecule, and a and Xa are constants.
The discrete vibrational levels are then [14]:

K

= {l^ +

- {l^ + \fcOaXa

(2.8)

A diagram of both the harmonic and the anharmonic energy potential and the discrete vibrational energy level are shown in Figure 2.2.

For a polyatomic molecule, each of the 3N-6 normal modes

can have overtone

bands. In addition, combination bands which are the resvilt of the addition or subtraction of two or more fundamental modes or overtones can be excited. In general,
the intensities of the overtone and combination bands is very weak compared to the
fimdamental, but can sometimes be enhanced through resonant processes [14].

Background of electron-molecule interactions

Morse Potential

req
Intemuclear distance r

Figure 2.2: The harmonic oscillator and the Morse energy potentials

Vibrational excitation by electron impact
When an incident electron interacts with a molecule, part of its energy (AE) can
be transferred to the molecule and excite any of the 3N-6 fundamental transitions,
the overtone bands or combination bands. The excited molecule then returns to its
ground vibrational level

2.1.3

= 0 by emitting one photon of energy AE.

Negative Ion Resonances

Electrons can attach to molecules at well defined energies to form a negative ion. If
the electron attachment reaction is exothermic then a bound negative ion is formed,
however if it is endothermic then the electron is just temporarily trapped in the
molecule and forms a transient negative ion. This process is highly resonant in energy and is commonly called a negative ion resonance. The temporary negatively
charged target is in a non-stationary state and decays by the autodetachment of the
electron or through dissociation of the molecule. The incident electron is weakly
bound and typically attaches to the molecule for a period of time
which is longer than the typical transit time through atom or molecule

to
to

This process manifests in the energy dependence of the scattering cross
section as a feature (a dip or peak) with the natural width of the resonant feature
being inversely proportional to its lifetime.

There are different types of negative ion resonances (shape, Feshbach or core excited) depending on the processes involved in the trapping and the release of the
10
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electron.

For a shape resonance, the incident electron is trapped in an initially empty molecular orbital of the neutral molecule. The resonant state is a "weakly bound" transient
negative ion [AB^]t which lies above the parent state AB and decays preferentially
into that state. The incident electron is trapped by the potential barrier of the
target, and only some appropriate "shapes" of the interaction potential between the
electron and the target will allow a resonant state, hence the name shape resonance.

For a Feshbach resonance or a core excited resonance, the incident electron gives
energy to the molecule by exciting one of the target electrons and the incident electron then is trapped in the potential barrier associated with the excited state of the
neutral molecule. Therefore, contrary to the case of a shape resonance, the resonant
state here is an excited state of the negative ion [AB^*]t.

For a Feshbach resonance, the electron is ejected when the energy is transferred
back (i.e. when the molecule is de-excited) because the resonant state lies below its
parent (excited) state so the transition [AB'*]t —>• AB* is forbidden and therefore
two transitions are necessary to eject the trapped electron {[AB^*]t

AB~

AB).

For a core excited resonance however only one transition is needed to eject the electron as the resonant state [AB'%

lies above the parent state AB* (as for a shape

resonance) but the molecule is left in an excited state, hence the name core excited
resonance.

A Feshbach resonance usually has a longer lifetime and therefore has a narrower
width than a shape resonance. For example, the helium ls2s^ ^S Feshbach resonance which occurs at 19.36 eV just below the first inelastic threshold has a natural
width of only 11.0 meV. A shape resonance, on the contrary, can be a few eV wide.

In most cases, the electron is trai)ped just temporarily and then ejected as mentioned
previously. However, sometimes the transient negative ion A B ' can dissociate into a
stable negative ion B~ and a neutral fragment A. This process is called dissociative
electron attachment (DEA). A schematic of the mechanism is shown in Figure 2.3.
While this process is usually less likely to occur than electron autodetachment, it is
not negligible and is well known to efficiently break bonds of large molecules such as
DNA constituents or amino acids. DEA cross sections are of the order of
for most of the DNA bases, for example.

11
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Non-Resonant
Dissociation
(monotonic rise)
A+ + B-

Resonant
Mechanism
(DEA)

A+B-

B" Yield

Intemuclear distance r

Figure 2.3: Dissociative Electron attachment

2.2

Experimental Background

The most common type of experiments used to determine electron-molecule cross
section measurement nowadays are: electron transmission spectroscopy and crossedbeam experiments.

In electron transmission spectroscopy, an electron beam Iq is introduced into
a gas cell and its attenuation by the gas in the cell is measured. This attenuation is
related to the total cross section ar by the Beer-Lambert law:
/ =

loexpi-arnl)

(2.9)

where n is the gas density and / the length of the scattering cell. The determination
of the absolute cross section is therefore straightforward as all that is required is
an accurate measure of the incident and transmitted electron beam flux and the
gas pressure. However, performing or interpreting such experiments has to be done
carefully. For instance, the gas pressure has to be kept low enough to avoid multiple
scattering events. Furthermore, in the case of highly polar molecules, the scattering signal at forward angles is enhanced by the dipole moment of the molecule and
therefore forward scattered electrons can distort the measured transmitted current.
An other limitation of this technique is the inability to differentiate between different
types of scattering process and to provide any information about the angular dis12
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tribution of the scattered electrons. Nevertheless, this method is useful to highlight
the presence of negative ion resonances. In some experiments the derivative of the
transmitted current is measured and resonances are characterized by a minimum
and a maximum in the derivative of the transmitted current, and the energy of the
midpoint between these extrema corresponds to the energy required for the electron
to attach, and is called the vertical attachment energy (VAE).

In a crossed beam experiment, the electron beam is crossed at right angles
with the collimated molecular beam.

The scattered electrons are detected in the

plane perpendicular to the molecular beam, containing the incident electron beam,
at selected scattering angles. The scattered electrons are usually energy analyzed so
that one can distinguish elastic scattering or vibrational and electronic excitation.
This is typically done with electrostatic selectors or time-of-flight discrimination.
The scattered electrons can also be detected in coincidence with other particles
such as in a (e,2e) experiment after ionization of the target. The main difficulty in
such experiments, in general, is to obtain the absolute cross section. Various normalization techniques can be envisaged. In the present case, the relative flowrate
technique, which compares the scattering from the target gas to that for the well
establish scattering cross section for helium, has been used. Details of this technique
are given in Chapter 4.

2.3

Theoretical Background

During the course of this project, experimental measurements have been compared
with theoretical calculations, where possible. This section will introduce some basic
concepts of electron-molecule scattering theory and describe briefly the theoretical
methods relevant to this present work. In the last few decades, several books and
reviews have been published on electron-atom/molecule collisions, and for a more
complete description one can refer to work from Lane [15], Massey [19] Bransden
and Joachain [16], Newton [17], Geltman [18] among others.

2.3.1

Collisions

In order to describe the collision process between an electron and a molecule,
the time-independent Schrodinger equation has to be solved for the wave function
1'(r,x):
/7>I'(r,x) = E'P(r,x)

13

(2.10)

B a c k g r o u n d o f e l e c t r o n - m o l e c u l e interactions
The spatial coordinates of the incident electron are defined by r while those of the
molecule are given by x.
The Hamiltonian H for an electron-molecule interaction is expressed as follows [15]:
H =r

+

+

(2-11)

where:
T"" = - j V r is the kinetic energy of the incident electron,
Vint is electron-molecule interaction potential and
Hm is the hamiltonian of the target molecule.
The wave function 'I'(r,x) has to satisfy the asymptotic boundary condition and
therefore is expressed (for r ^ o o ) as the sum of an incoming plane wave function
and an outgoing spherical wave function
^{r,

-

x ) ' " + >I'(r,

x

f

(

2

.

1

2

)

where:
=

exp(^-ko •r)V'o(x)

(2.13)

=

i J ] e x p ( / k „ •r)/„o(0,^)^n(x)

(2.14)

n

Here k represents the momentum of the electron projectile and ipix.) the state of
the target molecule. The indices zero and n refer to the initial (before collision) and
final (after collision) states.

fno{0,>f) is the scattering amplitude and is directly related to the differential cross
section we wish to obtain by the following expression [15]:
=

(2.15)

Analytic solutions of the Schrodinger equation are impossible to obtain for complex
scattering problems and therefore numerical methods are usually used to get an
expression of the scattering amplitude. Relevant methods for this study, such as
the Complex Kohn Variational Technique or the Schwinger Variational Technique,
are discussed later in section 2.3.4. First, some commonly used approximations for
14
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describing the Hamiltoriian of the target molecule //^ and the electron-molecule
interactions are presented and discussed.

2.3.2

The Molecular Hamiltonian

The molecular hamiltonian can be written as [15]:
//„(x,X) =

+ T^(X) +

X)

(2.16)

where T^ is the kinetic energy of the Ng electrons, T^ is the kinetic energy of the Nn
nuclei and Umi^,'^) is the total potential energy of the system. The spatial coordinates of the bound electrons are defined by x while those of the nuclei are given by X .

These three terms can be expressed for a molecule containing Ng electrons and
Nn nuclei of charges Z and mass M as follows [15]:

1
3=i
=

(2.18)

i=l

'

Ne Ne
j=l j^f
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I
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Nn Nn
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^
\ J

'I
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Born-Oppenheimer a p p r o x i m a t i o n
The Born-Oppenheimer approximation permits a separation of the nuclear and electronic variables. Therefore, the molecular hamiltonian can be written as [15]:
/ / „ ( x , X ) = /y^(x) + //;;(X)

(2.20)

where:

'C(x)

, Ne

Ne Ne

J=1
1 A'n ,

J=l J>J' '
Nn Nn

Nn Ne

=

i=l

i=l i>i' ' '
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Background of electron-molecule interactions
Fixed-nuclei formulation
Within the Born-Oppenheimer approximation, we can simphfy the problem by first
fixing the nuclei and solving only the electronic part of the system. The electronic
wave function in the fixed-nuclei approximation ^ ' f ^ ( r , x . X ) depends only parametrically on the nuclei coordinates X.
^ ™ ( r , x . X ) is the solution of the Schrodinger equation:
H'

X. X)

=

[T^(r) +

x) + //^.(x)] >I'f^(r, x, X)

=

(2.23)

where T'^(r) is the kinetic energy of the incident electron, V^^t the electron-molecule
interaction potential, that we will be discussing in the following section, and

is

the electronic contribution of the molecular hamiltonian expressed in equation 2.21.

Adiabatic nuclei approximation
In the adiabatic nuclei approximation (also called the nuclear impulse approximation), the nuclei of the target molecule undergo an "impulse" movement due to the
collision and the target electrons respond adiabatically to that impulse. In that approximation, the wave function 'I'(r, x, X) can be expressed simply as the product of
the fixed nuclei electronic wave function

x. X) and the nuclear wave function

[15]:
vI/(r,x,X) = 1 ' f ^ ( r , x , X ) v]/„(X)

2.3.3

(2.24)

The electron-molecule interactions

The interaction between the incident electron and the molecule can be reduced
to three components: an electrostatic (Coulomb) interaction between the incident
electron and both the electrons and the nuclei of the target molecule, an exchange
interaction between the incident electron and one of the target bound electrons,
and a polarization effect which takes into account the redistribution of the target
electronic charge density due to the approach of the incident electron.
Depending on the impact energy or the properties of the target molecule, some interactions can be neglected and thereby simplify the calculation. This leads to the
16

2.3 Theoretical Background
three following common approximations : the Static Field (S), the Static Exchange
(SE) and the Static Exchange + Polarization (SEP) approximations.
Static Field Approximation
hi this approximation, only the electrostatic interaction (or Coulomb interaction)
between the incident electron and the molecule is considered. It is described by a
short-range potential which is quite strong at short distances and vanishes beyond
a distance of the order of the size of the molecule. This potential

can be

expressed as :
K - m ( r ) = (Vo|V^mi(r,x,X)|Vo)

(2.25)

where I/JO is the ground state of the molecule and Vi„i(r,x,X) is defined as [15];
vi„,(r, X. X ) = - J ]

+ E

TTTin

(2.26)

The first term represents the interaction between the incident electron and the nuclei
while the second term represents the interaction with the target bound electrons.

Static Exchange Approximation
In the static exchange approximation, the indistinguishability between the incident
electron and the molecular electrons is taken into account.
This can be done by writing the wave function as the antisymmetrised product
(with respect to the exchange of pairs of electrons according to the Pauli exclusion
principle) of the scattering wave function F and the ground state of the target ipo •
^ =

F]

(2.27)

where A is the antisymmetrisation operator.
Another way to take into account this exchange interaction is to introduce a local
exchange potential

This potential can be related to the charge density p{r)

of the unperturbed ground electronic state of the molecule. One simple formulation
of this potential which can be found in some theories is [15]:
V;^™(r) = -|^«[37rV(r)]^

(2.28)

where a is energy dependent and can be considered as an adjustable parameter.
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Static Exchange + Polarization Approximation
As mentioned before in both the static field or static exchange approximation, the
state of the target molecule is considered to be the unperturbed ground electronic
state of the molecule. In the Static Exchange + Polarization approximation however
the theory includes the polarization effect which results from a redistribution of the
target electronic charge density. The polarization efltect is particularly important
at low energy. Indeed, when the incident particle approaches the target slowly, it
distorts the charge distribution of the target electrons and induces a dipole across
the molecule. This is a long range effect as this induced dipole will have an effect
at large distances on the incident electrons which usually results in larger scattering
at forward angles.
As for exchange, the polarization effect can be included in the formulation of the
wave function "I* (see the Complex Kohn variational method. Equation 2.34 for example) or through an empirical potential ^^^^(r). The asymptotic form (for r^cxo)
of the polarization potential Vjl^{r) can be expressed as [15]:
=

(2.29)

where a{r) is the dipole polarizability of the target molecule.

2.3.4

Variational method

During this project, experimental cross sections have been compared to theoretical calculations including the Complex Kohn variational calculations and
Schwinger multichannel calculations.

A full description of these numerical

methods can be found in great detail in many papers. In this section only a brief
explanation of the principles upon which these methods are based will be given.
For more details, one can look at books from Nesbet [38] and Geltman [18] for general information on variational principles, or papers from Kohn [21], Schneider and
Rescigno [22] for the Kohn and Complex Kohn variational method, and from Takatsuka and McKoy [23, 24], Watson et al [25], Bernman et al [26] for the Schwinger
multichannel method.
Both of these methods are based on a variational principle, however, the Kohn
variational method is based on the differential form of the Schrodinger equation
while the Schwinger variational method is based on its integral form. In any case,
the exact solution

of the Schrodinger equation cannot be easily determined so
18
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the idea is to get an adequate trial wave functions

to approximate the exact so-

lution, and thereby obtain a good approximation of the scattering amplitude f{0, tp).

K o h n variational method
In the Kohn variational method the scattering amplitude is defined as [18]:
= /'(k,,-k2) +
where

(2.30)

and 'l/'^^ are two trial wave fimctions that have the correct asymjjtotic

behavior, / ' ( k j , — k 2 ) is the trial scattering amplitude and / is the integral defined
by [18]:
= J fir«I'k.(r)[// -

(2.31)

The trial functions depend on variational parameters ci,c2...c„.
One choice for the trial function

could be [18]:
n

= exp(y:k, • r) + (/(r) exp{y:k, • r ) / r / ' ( k , . k ) + ^ c , , i'j(r)

with the functions g{r) and Vj{r) chosen such that g{r)r^oo

(2.32)

1 and Vj{r)r^oc —* 0

so the trial functions ^^^ satisfy the same asymptotic boundaries condition as the
exact solution 'I'. Here / ' ( k , . k) represents the amplitude for scattering in the k direction from an incident wave in the k, direction, in case of elastic scattering k = k,.
The variational parameters are chosen such that [18]:
dl

dc,,

= 0

dI

and

, ^ - An
a/'(k„k)

(2.33)

Therefore, the problem now consists in solving a set of algebraic equations to get
the coefficients Cj^.

In the complex Kohn variational method, the trial function is chosen such that the
static exchange and polarization effects are taken into account. The trial function
for electron scattering can then be written as [22]:
¥ =

+

Y^d^e,

(2.34)

j

The first term is the antisymmetrised product of the scattering wave function F and
the ground state of the target ^o- The scattering wave function F can be further
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expanded and expressed as a function of the T-matrix elements and the coefficients
treated as variational parameters. The second term inchides polarization or correlation effects through the functions Qj, while the coefficients dj are also variational
parameters to be determined.
Schwinger variational method
The Schwinger variational principle is based on the integral form of the Schrodinger
equation. In this approach, the T-matrix is the exact solution of the LippmannSchwinger equation. The T-matrix is expressed in the Schwinger variational method
as [25]:

{k\T^\k') = W

J

k

(2.35

K

where Go is the Green's function, U is the electron-molecule interaction potential and
are the trial wave functions. The trial functions are expanded in a set of basis
functions (in general Cartesian Gaussian functions) with only linear parameters [25]:
=

=
a

1/5)

(2.36)

0

In this method the trial wave functions don't need to satisfy the boundary conditions
as

is zero beyond the range of the potential. Thus, the trial functions have

to approximate the true function only close to the target. Therefore the method
requires a limited number of basis functions compared to other techniques. One
disadvantage of the method is that the polarization effect is not incorporated in the
solution as for the Kohn method and has to be added through the potential U. If
not done properly, the calculation fails at low energies where polarization effects are
predominant.
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Chapter 3

Experimental Apparatus

This chapter provides a description of the experiinental apparatus used diu'ing this
project to measure low-energy electron scattering cross sections. The electron optics
of the spectrometer are discussed briefly in section 3.1, the vacuum system and gas
handling system are detailed in section 3.2. The last section details the hardware
and software which was utilized for the computer control of the experiment.

3.1

Electron Spectrometer

The electron spectrometer consists of an electron monochromator (section 3.1.2),
an interaction region (section 3.1.3) and an electron analyzer (section 3.1.4).

The electron monochromator produces a collimated monoenergetic electron beam
which is crossed at right angles with a molecular beam effusing from a beam-forming
needle. Scattered electrons are energy analyzed and detected at a fixed scattering
angle by the electron analyzer. The analyzer is momited on a turntable and rotates
from -20° to 130°. An overall picture of the spectrometer is shown in Figure 3.1.

In both the electron monochromator and analyzer, all the electron optics (lenses,
deflectors) are made of molybdeimm while the supporting structure is made of nonmagnetic stainless steel.

Macor spacers and ruby balls are used to insulate the

various components from each other and provide alignment.

The electron optics

were designed using the parameters from Harting and Read [27]. All the physical
dimensions and recommended voltage ratios have been reported in detail in previous
work by Gulley [29] and Gibson [30]. In this section, we will just provide a brief
overview of the electron spectrometer.
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ELECTRON
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Molecular Beam
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Differentially Pumped
(See Figure 3.9 for delail)

SCATTERED ELECTRON
ANALYZER

Figure 3.1: Schematic of the electron spectrometer (not at scale)

3.1.1

Some basic principles of electron optics

Before describing the various components of the electron spectrometer, some basic
principles of electron optics are summarized in this section. For more details, one
can refer to "Electrostatic lenses" by Harting and Read [27] or "Electron optics" by
P.Grivet [28].
Charged particles in an electric field
When passing through an electric field, the electron velocity (energy and trajectory)
is changed. The behavior of the electron in this case is often compared to a light
ray which passes through a medium with a different refractive index. As for light,
it is possible to create lenses to focus an electron beam by creating the appropriate
electric field.
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Electrostatic lenses
In this study, two types of electrostatic lenses have been used, the so-called cylinder
lens and aperture lens. They are called "weak" lenses, as opposed to the quadrupole
lens which is considered as a "strong" lens [31]. A schematic of a cylinder lens is
shown in Figure 3.2. The shape of the electric field created in the gap between the
two cylinders (set at different potential Vi and V2) bends the electron trajectory
toward the axis [31], and therefore acts as a lens as it focusses the electron beam.
Similar focussing properties can be obtained from aperture lenses. An aperture lens
is a set of two or more parallel plates each with a hole in their center. The separation
of the plates, the diameter of the holes (aperture) and the potentials applied, define
the focal properties of the system.

V2(<V|)

Figure 3.2: Electrostatic Cylinder Lens

The three-element lens
To keep the image position constant while varying the energy, one more element
needs to be added to the previous system. An example of a three-element cylinder
lens is shown in Figure 3.3. The properties of the lens system depend on both the
lens geometry (in particular the length of the central element) and the voltage ratios
V3/V] and V2/V1. In short, the ratio V2/V1 changes the focussing strength of the
lens whereas the ratio V3/V1 changes the energy of the image (where V3/V1 > 1 for
an accelerating mode and V3/V1 < 1 for a decelerating mode).
Again, one can refer to Harting and Read [27] for lens properties for various geometrical configurations and voltage ratios and to the PhD thesis of Gulley [29] for
this particular experiment.

V,

V3

Figure 3.3: The three-element cylinder lens
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3.1.2

Electron Monochromator

This electron monochromator is designed for the production of a low energy electron
beam (0.5 eV to 50 eV) with high energy resolution.
It consists of (see Figure 3.4);
- an electron source
- a set of electron lenses to transport electrons away from the source (the gun optics)
- an hemispherical energy selector
- a further set of electron lenses to transport the energy resolved beam and focus it
upon the molecular beam (the target optics)

GL2B
GLIB
ME :
GLIC
GLIA-Anodc
^
Grid
field free
Picrcc
Hoops ...
Tungsten
/

Gun GD2
Optics

Filament

GDI Electron
Source

electrostatic
deflectors

(b)

Target
"
1D2 Optics

••••
SD2

TDl

rfrnpripnm}

c

ZESuSOM

Hemispherical
energy selector

TAl

Faraday cup

TA2

fielJ/ree

BE

GLlC

ME
TLIB

TZ

(a)
Figure 3.4: The electron monochromator: (a) Schematics (not to scale) and (b) Picture

Electron Source
Electrons are evaporated from a home made, resistively-heated thoriated tungsten
filament. A current of about 1.5 A is passed through a hairpin configuration and
the emission current is a few tens of /iA. The filament is biased by a small voltage ( ± 1 V) to overcome the contact potential/work function of the metal (Tungsten/Molybdenum). The electrons are extracted and focused by a Pierce electrode
( ± 5 V) and accelerated toward an anode plate (GLIA) kept at 60 V. Between the
Pierce element and the anode, the angular divergence and the width of the electron
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beam is controlled by a grid aperture (0 = 2 mm and ~ 15 V).

G u n Optics
The purpose of the gun optics is to focus the electron beam from the source stage to
the entrance plane of the energy selector. The electron beam is retarded in energy
from the extraction voltage (GL1A~60 V) to the pass energy (ME) of the energy
selector (< 5 V). The gun optics consists of two 3-elements aperture lenses (GLIAGLIB-GLIC and GL1C-GL2B-ME) with a common central element (GLIC) acting
as a field free region. The beam is collimated in the field free region by two apertures
(GA2 and GAS, 0 = 1 nun) and the correct alignment is maintained by two sets of
deflectors (GDI and GD2).
Hemispherical Energy Selector
The energy selector consists of two concentric hemispherical surfaces, the inner hemisphere of radius r^ = 27.5 mm at potential V] and the outer hemisphere of radius
To = 51.5 nun at potential Vo- Inside this hemisj^herical energy selector, the electrons
"see" a spherically synnnetric electrostatic field created by the potential difference
between the two hemispheres. The electrons move on a Kepler ellipse, where electrons with energies above the mean energy V^ have larger elliptic radii while those
with lower energy have smaller radii. Therefore only electrons which are within an
interval around the mean energy leave the selector.
Six circular electrode hoops are used in order to correct the field distortion at the
entrance and exit of the selector because of a change in the field geometry (cylindrical to spherical to cylindrical).

The operating voltages for both the hoops and the hemispheres are determined
by the expression:
V » = K„(^-1)

(3.1)

where Vm is the mean energy, r ^ is the mean radius (r^ = 39.5 nun) and r the radii
of the hoops or hemispheres.

Target Optics
The purpose of the target optics is to focus the energy resolved beam from the
exit plane of the energy selector to the interaction region where it crosses, at right
angle, the molecular beam. Contrary to the gun optics, the target optics consists
of cylindrical lenses. It consists of an assembly of two 3-eIement cylindrical lenses

25

Experimental Apparatus

(ME-TLIB-TLIC and TLIC-TZ-BE) with a common central element ( T L I C ) , two
defining apertures ( T A l and TA2. 0 = 1 mm) and three deflectors (SD2, T D l and
TD2).

Depending on the final beam energy, these lenses can act as retarding or

accelerating lenses. The eff'ective length of the central element of the second lens
(TZ) can be varied by changing the voltage configuration of the three narrow cylinders. This moveable lens center is necessary to keep the same focussing properties
(position and magnification of the image) for a wide energy range. The beam energy
is defined bv the last element of that lens.

3.1.3

Interaction Region

The interaction region is the vohune of intersection between the electron beam and
the molecular beam.

The diameter of this volume has been estimated (previous

studies) to be around 1.5 mm. The interaction region is surrounded by a cylindrical
mesh made of molybdenimi and kept at the same potential as the electron beam to
ensure the electrons move in a field free region. The molecular beam forming needle,
also made of molybdenum, has an internal diameter of 0.7 mm and sits around 2 mm
below the axis of the electron beam. It is kept at the beam energy potential but can
be slightly different if necessary as it is controlled by a different power supply.
A picture of the interaction region is shown in Figure 3.5.

Figure 3.5: Picture of the interaction region

The electron beam intensity is measured by a Faraday cup located outside the interaction region. The Faraday cup consists of an outer cup (cylinder) and an inner
cup (cone). The current (from the inner cup or from both the inner -I- outer cup) is
read by a picoammeter (Keithley 485). The faraday cup is mounted on a swinging
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arm controlled by a stepper motor. This allows the cuj) to be moved out of the way
to enable the analyzer to access forward scattering angles.

In Figure 3.5, we can see the cold trap above the interaction region, this trap has
been added recently to act as a dump for the molecular beam for condensable species.
It is made of copper and kept at a temperature below 15°C. Details of the operation
of the cold trap are given in Chapter 8.

3.1.4

Scattered Electron Analyzer

This analyzer has a similar design as the electron monochromator. It is essentially
a reverse analogue and its function is to energy analyze and count the scattered
electrons. It consists of (see Figure 3.6):
- the analyzer lens optics
- the liemispherical energy selector
- the channeltron lens optics.
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\
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ULLHiHJLJ
' I'
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AZ2

^^^

Hemispherical
energy selector

AL2B ^ ^ ^

(b)
Figure 3.6: The electron analyzer: (a) Picture and (b) Schematics (not to scale)
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Analyzer Lens Optics
The analyzer lens optics changes the energy and focusses the scattered electrons from
the interaction volume to the entrance plane of the hemispherical energy selector.
It consists of two 3-element cylinder lenses (AZ1-AZ2-AZ3 and AZ3-AL2B-AME)
with a common field free region (AZ3), three defining apertures and three deflectors
(Adl, AD2 and AD3). The first lens is designed to keep the object position constant
(at the interaction volume) while the acceptance energy can be varied.

Hemispherical Energy Selector
The scattered electrons are energy analyzed by an hemispherical energy selector
which is the same design as that used for the monochromator. This hemispherical
selector is usually operated with a mean energy (AME) of 1 eV.
Channeltron Lens Optics
The electrons are then accelerated and focussed into a channeltron with a three
element aperture lens (AME-CLIB-CLIC) and one deflector (CDl). The electrons
are multiplied within the channeltron and they generate small electric pulses at the
channeltron output (amplitude ~ 10 mV, width ~ 10 ns). These pulses are capacitively coupled, amplified by a fast preamp (Ortec 9301) and discriminated by a constant fraction discriminator (Ortec 473A) before being counted by a timer/counter
(NI PCI 6722). Details of the counting system are given in Figure 3.7.

"X"

•HV
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Ortec 9301

^

E

°
<N

V

^

H /-10ns
I\ //

To Timer/Counter
NI DAQ Card
PCI 6722

Constant fraction
Discriminator
Ortec 473A

J

Figure 3.7: Schematic of the counting system

The channeltron has a circular input aperture of approximatively 1.25 mm, a resistance of 3.10® n and a gain of ~ 10®. The response of the channeltron as a function
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of the high vohage apphed is ilhistrated in Figure 3.8. As the chaniiehron gain
can degrade over time, it is important to regularly check its response and ensure
that the operating voltage corresponds to the plateau of the curve. This was done
periodically.

2.5
3
Channeltron Input Voltage (kV)

3.5

Figure 3.8: Channeltron resjjonse: Chaimeltron counts as a function of the high
voltage apphed.

3.2

Vacuum system and gas handling system

The experiment underwent major transformations in the last year of this project
with the installation of a new oven to produce a molecular beam from powder samples and to enable high temperature relative fiowrate measurement. This oven will
be described in detail in Chapter 8. The present section describes the vacuum system
and the gas handling system as it was for the study of formic acid, tetrahydrofuran
and 3-hydroxytetrahydrofuran all of which are liquids at room temperatiu'e.
The chamber is pumped by a 500 1/sec turbo molecular pump (TPU 510 U) which is
backed by a rotary pmnp (DUO 20 MC). The base pressure is read by an ionization
gauge (MDC 432005) and is typically of the order 10"^ Torr during operation. The
electron monochromator is differentially pumped (turbo molecular pump (TPU 170)
and rotary pump (DUO 10 M)) to reduce any reaction between the electron optics
(in particular the tungsten filament) and the studied gas. The base pressure for
the differentially pumped monochromator box is around 10~® Torr. i.e. a factor 10
lower than the main chamber. This pressure is measured with a full range vacuum
gauge combining a Pirani and a ionization Gauge (Pfeiffer Vacuum, PBR 260). A
diagram representing the system is given in Figure 3.10.
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Figure 3.10: Schematics of the vacuum system (not to scale)

To implement the relative flowrate technique (see section 4.3 for details) both the
gas under study and helium have to be sent to the vacuum chamber. While measuring scattering processes from the "target" gas, helium is sent to the chamber
background and vice versa to ensure a constant base pressure in the chamber at all
time. It also ensures that the spectrometer is exposed to the same overall pressure
and mixture of the two gases, which helps to maintain stability. This is achieved by
an assembly of four pneumatic valves (Swagelok, SS 4BK). The driving pressure is
controlled by leak valves (Granville-Phillips, Series 203) and read with a baratron
capacitance manometer (MKS, 122AA, lOTorr). Helium is stored in a large pres30
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surized tank (500 Torr) and the target (liquid at room temperature) in a small glass
vial. The pressure of each gas in their storage vessels is read by a baratron (MKS,
2220A, 1000 Torr). The vapor pressure at the surface of the licjuid was in most
cases high enough (>100 Torr) to create a stable driving pressure for the molecular
beam. In the case of 3-hydroxytetrahydrofuran, the gas handling system had to be
entirely heated to get sufficient vapor pressure, and details of that particular case
are given in Chapter 7. A diagram representing the gas handling system is given in
Figure 3.9.

To interaction region

To chamber

(beam forming needle)

background needle

Figure 3.9: Schematics of the gas handling system (not to scale)
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3.3

Computer Control Hardware

During the course of this project, the experimental set-up has been modified to perform the computer-controlled optimization of the electron spectrometer (see Chapter 4), The experiment is interfaced to the computer via a GPIB connection or
National Instrument DAQ card. A total of 6 NI cards are used. Each of these cards
are connected to a shielded screw terminal block (NI SCB 68) to access easily the
various Inputs/Outputs provided.
Electron Spectrometer
A schematic diagram of the computer and its associated interfaces to the electron
spectrometer is illustrated in Figure 3.11.

Computer
Digital I/O

GPIB

N! PC!

6()24E

Picoammeter
Keithley 485
Mutiplexer

Analog Output
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A n a l o g Input
NI PCI

Timer / Counter
NI PCI

6024E

6722

Elbatech Amplifiers
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-—

Discriminator
Preamplifier

Picoammeter
Keithley 485

Pick-off box
HV

Vacuum Chamber
Faraday Cup

Electron Optics
(Monochromator and Analyser)

Channeltron

Figure 3.11: Schematics of the various interfaces.

The voltage supplies for the different lenses and deflectors for both the monochromator and the analyzer, are supplied using amplifiers from Elbatech. The installation
of these amplifiers was a major upgrade to the electronics of the spectrometer during
the course of the project. These amplifiers, chosen for their low noise (few mV rms
on the output) require an input of 0-10 V and provide a variable gain of 10, 20
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or 30. The inputs are controlled by static analog voltage output cards from National Instrument (NI PCI 6703 and 6723). Depending on the amplifier range (0 100 V/ 200 V/ 300 V) and the resolution of the card used (16 Bit or 12 Bit), we can
achieve a voltage resolution as good as 3 nieV on the critical spectrometer elements
such as the hemispheres or hoops.

The electron beam current collected in the faraday cup is read via a picoammeter (Keithley 485). The picoammeter is interfaced with a GPIB connection to the
computer.

In order to read the beam current at different stages of the electron

monochromator, on selected elements with defining apertures, another picoammeter is used. A multiplexer has been designed to allow the user to select and then
measure the current to these difi'erent elements. This multiplexer can be controlled
manually via a rotary switch, or automatically via binary logic inputs.

The channeltron pulses, after amplification, are passed through a constant fraction
discriminator (Ortec 473A) in order to discriminate against low noise and to provide
standard logic pulses. These pulses are then coimted with a 16 Bit timer/counter
provided in the NI Analog Output card PCI 6722.

V a c u u m system
A 12-channel TTL interface is used to control the different pneumatic valves of the
system. The interface can be controlled manually (switch) or remotely via binary
logic inputs provided by the PCI 6703 and PCI 6024E cards.

The driving pressure measured by the baratron is displayed on a read-out unit.
This unit provides a 0-10 V analog output which is then read by the computer via
the 12-bit NI Analog Input card PCI 6024E. The analog output is read in a differential mode to get a resolution as good as 3 mTorr on the pressure reading.

The pressure in the chamber and in the differentially pumped monochromator box
are displayed on a Granville-phillips vacuum gauge controller (model 307) and a
Pfeiffer rnaxi gauge controller respectively. The latter is connected to a vacuum interlock. If the pressure in the chamber rises above 10"'' mbar the vacuum interlock
switches off the high voltage channeltron power supply, the filament power supply,
and closes all the valves by switching off the TTL interface.
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Analyzer turntable and Faraday C u p
Both tlie analyzer and the Faraday cup movement are controlled by stepper motors
(Baldor DSM-34) . These stepper motors run on 24 V, 4 A power supplies and are
controlled by binary logic inputs (NI PCI 6703). Three lines are used: the clock,
the direction and a enable/disable command. The resolution (number of steps per
revolution) is configured at the start using software provided with the stepper motor
but can be changed at any time. Two interlocks for each stepper motor (CW and
CCW limits) are used to stop the stepper motors in case the analyzer or the Faraday
cup have reached a physical limit. Logic inputs provided by the NI PCI 6703 card
are used to read the state of the interlock (high or low), in the case an interlock is
reached (low), the disable command is immediately activated and the stepper motor
stops.
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Chapter 4

Experimental Techniques

The previous chapter gave a comprehensive description of the experimental apparatus used during this project to measure electron scattering processes. In this chapter,
the different experimental procedures which were employed to perform and analyze
such experiments will be presented. The new multidimensional optimization of the
spectrometer, the calibration procedures, the relative flow technique and the data
collection will be described and discussed in the following sections.

4.1

Electron Spectrometer Optimization

Electron monochromators require periodic optimization to compensate for time dependant processes which typically degrade their performance, resulting in loss of
ciUTcnt or resolution or both. This optimization is usually performed maruially by
adjusting, individually, the various potentials while monitoring the electron beam
current in order to identify an optimal setting. During the course of this project, a
control system has been developed in order to perform multidimensional optimization. The technique used is the Downhill Simplex Method, a commonly used nonlinear optimization algorithm created by Nelder and Mead in 1965. It was applied
successfully to electron spectrometer optimization for the first time by Howell et
al. [32] at Manchester University, UK.

The software developed diu'ing the course of this project to control the electron
spectrometer is written in Labview. The potential applied to the 63 different electron optic elements (lenses, hemispheres, deflectors) can be changed manually using
slide icons with immerical displays. The range and increment can be changed at
any moment, although the choice of the increment is limited by the resolution of the
DAQ card and the amplifier range. The software also provides different types of optimization procedures such as a 1-element or 2-element scan which will be discussed
in the next section 4.1.1 and, of course, optimization using the downhill simplex
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algorithm for higher dimension (see section 4.1.2).

4.1.1

Examples of optimization in one or two dimensions

l-element scan
To optimize one specific element, one can decide to scan its potential over a range
suspected to contain the optimal value. The parameter to be optimized (electron
beam current, scattering signal, signal to noise ratio) is evaluated for each value over
that range and the maximum or mininmm is kept as the best setting.
Zoom lenses

optimization

This technique has been used mainly when an optimization of the zoom lenses is
required. Optimization typically involves scanning the mid-element (focal element)
of the zoom lens and monitoring the signal to noise ratio, for example. An example
of such an optimization is shown in Figure 4.1. For an incident energy of 20 eV. the
mid element of the zoom lens (TZ2) is ramped from 70 V to 120 V. the scattering
signal is recorded when the gas (helium in this case) is admitted to the interaction
region through the needle (S+B) and when it is directed to the background (B). The
corresponding signal to noise ratio (S/B) is then calculated in order to determine
the optimum value of TZ2. The electron beam current can also be recorded while
ramping TZ2.
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Figure 4.1: Optimization of the monochromator zoom lens mid element TZ2 for an
optimal signal to noise ratio.
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2-element scan
This technique can be particularly useful in two dimensions when a pair of voltages
is scanned simultaneously, as it can provide interesting information about the spectrometer performance.

Focussing properties of a lens
Figure 4.2, it shows the different modes of operation of the first 3-element lens of
the target stack by scanning TLlB(\/2) and TL1C(V3) while SME (Vj) is kept constant.

It is equivalent to a search of the best V^jVi and V2/^i ratio to achieve

good focussing properties. The current on the electrode with the defining aperture
(TA2) is recorded as both T L I B and T L I C are ramped. The red areas represent
a situation where the beam is not well focussed and is almost entirely collected on
the electrode (20 nA). The blue areas (area 1 and 2), however, represent the area
for which the current is passing through the defining aperture, i.e. a good focussing
setting, and the current read on the electrode is therefore lower (below 10 nA). If
now we look at the electron beam out of the monochromator for these two different
settings for T L I B and T L l C , it has been seen that the area 1 gave more current out
of the monochromator ( ~ 5 nA) but poor resolution ( ~ 110 meV) while the area
2 less current

3 nA) but better resolution ( ~ 60 meV). This means that, in the

second case, the size of the object at the exit plane of the hemispherical selector is
smaller. This type of information can be really useful when trying to improve the
performance of the monochromator such as improving the resolution.

30

40

50

60

T L 1 C ( V3 )
Figure 4.2: Current in nA collected on the electrode with the defining aperture TA2
as both T L I B and T L I C are scanned.
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Needle alignment
In Figure 4.3, the two components (X and Y ) of the last deflectors (TD2) of the
monochromator are scanned while both the current read in the Faraday cup and the
scattering signal (elastic scattering) are recorded. From that result it seems that
the beam forming needle was not well aligned at that time as a negative value of
X is required to get a maximum signal but a positive one for best current.

This

assiunption has been confirmed later.

Figure 4.3: Electron beam current and scattered electron signal as a function of the
voltages applied on both components (X and Y ) of the last deflector (TD2) of the
electron monochromator

Optimization in dimensions greater than two is in principle possible but becomes
very difficult to interpret and takes an extremely long time to perform. To optimize
various elements simultaneously, the downhill simplex algorithm is used.
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4.1.2

Multi-dimension optimization: the downhill simplex
method

Principle
The Downhill Simplex Method is a numerical method for minimizing an objective
function in a many-dimensional space. The method uses the concept of a simplex,
which is a geometrical figure of N + 1 points in N dimensions (i.e. a triangle in 2D,
a tetrahedron in 3D and so forth). The downhill simplex method must be started
not just with a single point, but with N + 1 points, defining an initial simplex. Then
the algorithm takes a series of steps until it encounters a (local, at least) minimum.
The simplest step is to replace the worst point with a point reflected through the
remaining N-1 points considered as a plane (reflection). If the new point is better
than the best current point, then the algorithm can stretch out the simplex along
this line (reflection and expansion). On the other hand, if this new point is worse
than the previovis value then it shrinks the simplex towards the best point (contraction or shrink) [33], These basic moves are sunnnarized in Figure 4.4. A detailed
structure of tlie algorithm is reported in Appendix A.

A(x,y,z)
D(x,y,z)

"worst

C(x,y,zi

B(x,y,z)

(a) Initial Simplex

(b) Reflection

(c) Reflection and Expansion (d) Contraction (e) Shrink

Figure 4.4: Possible outcomes for a step in the downhill simplex method [3^

Labview Interface
The software is ciuite simple to use, the operator selects the elements he wishes to
optimize and for each element a scale is defined to restrain the search over a range
suspected to contain the optimal value. The parameter to be optimized (called the
objective function) is then selected. This could be the current in the faraday cup or
current measured on other elements (electrodes with a defining aperture). To allow
the algorithm to stop, different parameters have to been defined before starting the
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program. The most crucial one is the convergence strengtli (expressed in %), this is
related to the size of the simplex. When locating an optimum, the simplex intends
to shrink toward it. The algorithm stops when all the points of the simplex give a
value of the objective function similar to the "best" point defined by some percentage. The convergence strength used is usually 1%. In the case that the algorithm
fails to find an optimum, it is prudent to determine a maximum number of iterations
to make it stop the search. However this parameter is not strictly necessary as the
operator can stop the search at any time. While the optimization is performed, a
new window opens and allows the operator to follow in real time the different steps
of the simplex (reflection, expansion contraction or shrink) and the value of the
objective fmiction associated with these steps.

Efficiency of the optimization technique
Optimization has been performed successfully on the entire monochromator lens
configuration (excluding hemispherical energy selector components and field free elements which are typically held constant), which represents 17 elements. It has been
shown to be efficient for both the search for the optimum and the time required for
that search. The time required for the algorithm to locate a optimum depends on
various parameters: the objective function, the convergence strength required, the
initial setting and the dimension in which the optimization is performed.
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Figure 4.5: Convergence of the algorithm: the value of the objective function (beam
current in nA) is recorded, every 5 iterations, for each point of the simplex (16 in
total). The beam intensity increases from 5 nA to 12.5 nA in 83 iterations.
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Figure 4.5 shows the typical number of iterations needed for the algorithm to
optimize the settings for the entire monochromator. The convergence parameter has
been set at 1% which means the algorithm stops when the standard deviation of the
final simplex AI is below that value. In this case, the algorithm has converged after
only 83 iterations, which represents a real time of less than 2 minutes, and the beam
current is increased by a factor of 2.5. The beam current corresponding to each of
the 16 points of the simplex is recorded for every iteration. In this graph only the
value for every 5 iterations is reported to make the data simpler to view.

Another way to show the efficiency of the algorithm is to compare it with the other
optimization techniques. While it is difficult to make a comparison with a manual
optimization, as it depends essentially on the expertise of the operator, one can
compare with a simple 2-element scan. Figure 4.6 shows a scan of the deflector SD2
for both the X and Y components (SD2 being the deflector located just after the
hemispherical energy selector), the parameter optimized is the beam current read
in the faraday cup. By saving the coordinates of the "best" point of the simplex
generated during the search, it is possible to reconstruct the search path of the algorithm [32]. This measure show the efficiency of the algorithm to find the optimal
setting as less than 10 iterations is needed.

-0.8

-0.7 -0.6 -0.5

-0.4 -0.3 -0.2 -0.1

0

S D 2 X Voltage (V)

Figure 4.6: Search path of the algorithm: the coordinates of the point corresponding
to the best value of the objective function (beam current in uA) is reported for each
iteration and superimposed on a two dimensional scan of the deflector SD2.
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In some cases, it can be useful to keep track of the electron beam current through
the monochromator, and to do so, the current on some of the electrodes is monitored
using a picoammeter (see section 3.3 for details). In this type of optimization, the
result has to be interpreted carefully. Indeed a maximum of current read on the element (see square2 on Figure 4.7) does not correspond to an optimum setting which
is a maximum of current out of the monochromator (Faraday cup). The simplex
algorithm will certainly converge to that maximum while we are actually looking
for a local minimum (see square 3 on Figure 4.7) when part of the electron beam is
passing through the aperture.
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Figure 4.7: The current to TAl and Faraday cup vs SD2XY voltage

In principle the algorithm can be used to optimize a wider range of functions such
as the scattered electron signal (analyzer transmission optimization) or the electron
beam resolution. However, to implement this algorithm the objective function has
to be defined with good enough precision at each node of the simplex. Therefore
if this procedure takes time, which is obviously the case in the determination of
the electron beam resolution (as an energy loss spectrum has to be recorded), the
algorithm loses considerably in efficiency. In the course of this project, only electron
beam current optimization have been performed.
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4.2
4.2.1

Calibration technique
Energy Calibration

The energy of the electron beam is, in principle, determined by the potential difference between the last element of the monochromator and the filament. However,
because of effects such as different contact potentials between the monochromator
elements, the true energy of the beam is often different to that potential difference.
It is therefore critical to determine the true impact energy. One common technique
is to calibrate against the position of well-known spectroscopic features such as negative ion resonances. For this project, we typically use the He resonance at 19.36 eV
or the N2 resonance at around 2 eV for lower energies.
Is2s^ ^S He~ Feshbach resonance
The helium (ls2s^ ^S) resonance was measured for the first time by Schulz in 1963
and was the first Feshbach resonance to be observed in electron-atom scattering.
Due to its energy being below the first inelastic threshold it can only be observed in
the elastic scattering channel. It has been the object of considerable experimental
and theoretical investigation since the 1970s. The resonance has been determined
to be at 19.365 eV with a natural width (FWHM) of 11.0 ± 0.5 meV [34]. The
resonance shows a different profile depending on the angle of observation. But, at
an angle of 100°, the shape is nearly a symmetric dip and therefore it is convenient
to do the calibration at that angle.
Power Supply Voltage (V)
20.5

21

19

19.5
Beam Energy (eV)

Figure 4.8: helium Negative Ion resonance observed at a scattering angle of 100°
with a beam resolution of 60 meV.
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Figure 4.8 shows an example of the resonance profile measured during this project.
The measured signal is a convolution between the gaussian profile of the electron
beam (FWHM around 60meV) and the resonance profile. Therefore the width observed is greater than the actual natural width of the resonance and reflects the
energy spread of the beam.

N2 ^Hg shape resonance
The cross sections for both vibrational excitation and elastic scattering of N2 molecules
show a broad resonance feature between 2-5 eV, with a sequence of narrow peaks
superimposed. These narrow peaks appear at different energies and with slightly
different spacings in different scattering channels and different scattering angles.
These peaks are therefore not a set of distinct resonances but the result of some
interference effects.

As explained in [35, 36], the oscillations are caused by the

interference between the outgoing and reflected waves in the N2 potential. This
mechanism is known as the boomerang effect. Figure 4.9b shows an example of
the resonance feature measured for the inelastic channel {v = 0 ^

1 vibrational

excitation) at a scattering angle of 100°. The calibration is made against the second
peak (E = 2.28 eV).

Nitrogen
Fundamental mode
Outgoing
wave packet

Rebounding
wave packet
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,
/
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Figure 4.9: Nitrogen Negative Ion Resonance: (a) Schematic of the boomerang
effect in the N2 potential [35, 36], (b) m = 0
1 excitation function recorded at a
scattering angle of 100°
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4.2.2

Angular Calibration

hi principle the angular calibration can be determined simply by aligning the monochromator and the analyzer at 0°. However the electron beam trajectory does not necessarily match with the mechanical axes of both the monochromator and the analyzer.
It is therefore preferable to calibrate the 0° position of the analyzer just before starting a measurement. To do so the intensity of scattered electrons is recorded as close
as possible to 0°, usually between [-20° ; -5°] and [5° ; 20°]. The scattering signal
being symmetric, an extrapolation from both sides allows us to determine the "real"
zero.

4.3

A b s o l u t e D C S : T h e R e l a t i v e Flow T e c h n i q u e

The main goal of this project is to provide accurate absolute cross sections in order
to quantify the scattering process but also to provide "benchmark" measurements
for theorists. The challenge that faces theorists is to find the best model for the
interaction potential between the electron and the molecule, this generally involves
a number of assumptions and approximations. Often, experimental data are the
best confirmation whether these approximations are valid.
For experimentalists, providing absolute cross sections is not a trivial task either.
The relationship between the differential cross section DCS{Eo. En, 0) and the number Nn(Eo, En, 6) of scattered electrons detected per second at the angle 6 and with
an energy of EN = EQ- AE {EQ being the incident beam energy and AE the energy
loss) can be expressed as follow:

where I^. is the intensity of the incident electron beam, C{En) is a hmction of the
energy distribution of the incident electron beam and the energy dependence of the
detector response, and Veff{0) is a function of the density distribution of the intersection between the molecular beam and the electron beam and the acceptance
angle of the detector.
Whilst, in principle, it
is possible to obtain these parameters, it is often subject
to large uncertainties especially the determination of the molecular beam density, in
order to get Veff{0). Therefore, in order to determine an absolute value for the cross
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section the usual practice is to use a normalization procedure. The most common
procedure is the relative flow technique [37]and this was the one used during this
project. The following section describes this method for elastic scattering only. The
procedure to get absolute inelastic (vibrational) cross sections will be discussed later
in Section 4.4.3.

4.3.1

Principle

The relative flow technique is based on comparative measurements of electron scattering intensities for the gas under study (target) and for a so called "standard" gas
under identical experimental conditions. For low-energy electron scattering experiments, the standard gas is typically helium, and this is the gas used in the present
study. The elastic DCS for helium has been studied extensively both experimentally and theoretically, and the agreement is good enough for it to be considered a
"benchmark" system, hi this project, the cross section established by Nesbet [38] is
used as the absolute calibration for energies below 20 eV, and the tabulated cross
sections of Boesten and Tanaka [39] for higher energies.
The differential cross section for the target gas DCS^ at a given incident energy
EQ and a scattering angle 6 can be then expressed as a function of the helium cross
section DCS"'' as follows [40]:

where the subscript zero refers to elastic scattering and the superscripts T and He
refer respectively to target and helium.
As the parameter C{Eo) does not depend on the gas (target gas or standard gas),
it can be removed from equation 4.2.
The parameter Veff{0) depends on the molecular beam density distribution, the
electron beam flux and the acceptance angle of the detector. Both the electron
beam flux and the acceptance angle of the detector don't change when one switches
from the target gas to the standard gas, therefore only the molecular beam density
distribution p^ and p"" remains in equation 4.2 which can now be written as:
JVfT jHe He
DC Si {E, J) =

(4.3)
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Tlie molecular beam density distribution p can be described as the product of the
total number of molecules in the beam {n^ and n^®) and the spatial distribution
function of the beam [40], However, if the driving pressure of the two gases behind
the beam-forming needle is chosen such that the mean free path A of the two gases
are identical then the spatial distributions should be identical. The mean free path
is given from kinetic theory as:
A=

(4.4)

where k is the Boltzmamrs constant, T the temperature (K), F the pressure (Pa)
and a the molecular hard sphere diameter.

Therefore, for equivalent mean free

paths, the ratio of the driving pressures of the two gases is given by:
Pt

_ <7%.

Under such conditions, only the total number of molecule in the beam n^ and n " "
remains in equation 4.2. This ratio is equivalent to the ratio of normalized flow rates
of the gases through the needle [40]:
nHe

pHe^J^jHe
~

FT^AJT

(4.6)

So, equation 4.3 becomes [40]:
pjT I He pT

fTjf
(4,7)

where the incident electron beam current 4 is measured via the faraday cup, the
immber of scattered electrons N via a channel electron multiplier, and the flow rates
for both the target gas and helium are determined from the measured driving pressure behind the needle, which is monitored by a capacitance manometer.

4.3.2

Normalized Flow Rate Determination

To determine the flowrate of the molecular beam corresponding to a given driving
pressure, we measure the rate of the pressure rise behind the beam-forming needle
when the pneumatic valve Vpiowrate is closed, with a baratron pressure gauge. A
simplified picture of the gas handling system is shown in Figure 4.10 to illustrate
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that section.

To interaction region
(beam forming needle)

^ Flowmte
Baratron
Pressure Gauge
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VT or He (IR)

^TorHe
Target or He
leak valve

VT or He (Bckgnd)

T

Figure 4.10: Gas hanciling system

First, the driving pressure P (PT

OR He) is set manually with the leak valve. Once

stable, the pneumatic valve Vfiawrate is closed and the rise of the Baratron pressure
is recorded for a short period of time. The flowrate F for that given driving pressure
is then calculated as shown in Figure 4.11a for hehum.
This procedure is repeated for a large range of driving pressure. The normalized
flowrate y / M F is then plotted against the driving pressure and fitted with a third
order polynomial. An example of the flowrate curve for both nitrogen and helium
is shown in Figure 4.11b. These fitting parameters are then used during the data
accumulation for the DCS measurement to convert the driving pressure into normalized flowrate and calculate the absolute cross section.

4.4

D a t a Collection and Error Analysis

All of the data acquisition for the present experiment is done with software written
in Labview. This software controls:
- all the power supplies for both the monochromator and the analyser
- the position of the analyzer and the Faraday cup
- the measurement of the incident beam intensity
- the measurement of the driving pressure
- the counting of the scattered electrons
- the pneumatic valves for the gas routing

Both the raw data and the calculated cross section are saved as text files. These
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Figure 4.11: Flow Rate Measurement; (a) Flowrate determination at one given
driving pressure for helium, (b) Normalized flowrate versus driving pressure for
both helium (blue line) and Nitrogen (red line)
text files are then analyzed using software written in Matlab which calculates the
average value for the differential cross section

J ) C S ^ { E o ,

and the error associated

0 )

A D C S ^ { E o , 9 ) for each incident energy EQ, and scattering angle 0, ineasiu'ed.

4.4.1

Elastic Scattering Differential Cross Section (DCS)

At each scattering angle and each incident energy the relative flow technique is applied. The ratios of scattered electron signal, incident electron beam current and
driving pressure for both gases (helimn and target gas) are measured. Both gases
are present at all times in the vacuum chamber to ensure a constant base pressure
and prevent shifts in the contact potential. When the target gas is directed to the
needle, helium is sent to the background and vice-versa.

In order to ensure that NQ (or N"^) represents the scattering signal from the target
gas (or helium) only, both gases can be directed to the background inlet and the
background signal, NQ, can be measured and subtracted.
The equation 4.7 becomes:

D C S ,

{ E „ e )
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^^^^^^^^^

_

y v B / ^ B )

p

H

e

^

e

^

^

^

^

(4.8)

As stated previously, the cross section is measured at a specific scattering angle 9
49

Experimental Techniques
and a specific incident energy EQ. TO determine the cross section we can choose
to keep either one of these variables constant, and vary the other.

Therefore, we

can measure the angular dependence {EQ constant and 9 variable) or the energy
dependence {6 constant and EQ variable) of the the differential cross section. These
two t y p e of measurements are complementary and usually are used to emphasize
different aspects of the scattering process.

Energy dependent DCS
Energy dependent D C S , also called excitation functions ( E F ) , give some information about structure in the cross sections, such as negative ion resonances.

Indeed

resonances usually appear in the cross section, at well defined energies, as a peak or
dip, with the width depending on the lifetime of the resonance.

T o perform these types of measurement, the beam energy and the monochrornator and analyzer z o o m lenses ( T Z 2 , A Z l , A Z 2 ) are ramped synchronously. Some of
the deflectors ( T D 2 X Y and A D I X Y ) can also be ramped if necessary. T h e different
values for the z o o m lens ramps are determined to be those for which the signal-tobackground ratio is the highest. These values don't necessarily vary linearly with the
b e a m energy, especially for a large beam energy range. Therefore these elements can
be ramped following a higher order polynomial ramp (third order usually) to ensure
the spectrometer efficiency remains as identical as possible over the energy range.
A n example of an EF measurement for the Tetrahydrofuran molecule is shown in
Figure 4.12a.

Angular dependent DCS
T h e angular dependent D C S , usually simply called the D C S , is the more c o m m o n
way to present scattering data. In this experimental set up, we are able to perform
measurements from 20° t o 130° with a usual increment M

= 10° (or 5° at forward

angles where the cross section usually increases rapidly due to dipole scattering
effects).

A n example of a D C S measurement for the tetrahydrofuran molecule is

shown in Figure 4.12b.
As the incident beam energy is kept constant, the z o o m lenses and deflectors should
not, in principle, be changed over the angular range. However if the alignment electron beam - needle - analyzer aperture is not perfect, the voltage of the z o o m lenses
should be checked and adjusted at different angles to ensure that signal/background
ratio is still optimal, especially at forward angles where the background contribution
can b e c o m e more important.

50

4.4 D a t a Collection and Error Analysis
The electron beam current Ig is recorded while counting scattered electrons for both
heliiun, target and backgroinid. However, for scattering angles less than 60°, for mechanical reasons, the faraday cup cannot be aligned with the electron beam and has
to be moved away. The current is therefore read before and after each measurement
and averaged.

Tetrahydrofuran
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Incident Energy = 10 eV
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Figure 4.12: Example of elastic differential cross section for the tetrahydrofuran
molecule: (a) Energy dependent DCS at a scattering angle of 120° and (b) Angular
dependent DCS at an incident energy of 10 eV.

4.4.2

Elastic Integral Cross Section (ICS) and M o m e n t u m
Transfer Cross Section ( M T C S )

Elastic integral cross sections (ICS) and elastic momentiun transfer cross sections
(MTCS) can be calculated after extrapolation and integration of the measured angular dependent cross section.

By definition the integral cross section is:

ICS = 27r [ DCS{9) smO de
Jo

(4.9)

And the momentum transfer cross section:
MTCS

= 2TT

/ DCS{9)
Jo
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The measured DCS have to be extrapolated in the region where the measurement
is not possible, i.e. between [0° ; 20°] and [130° ; 180°]. During the course of this
project, two different methods have been used to perform this extrapolation.
The first method consists in extrapolating the data "by eye", but using an existing theoretical calculation as a guide. A spline interpolation is used to link the
data points. The error associated to the ICS and MTCS calculation is difficult to
determine but can be estimated to be as high as 20%. This method has been used
for formic acid (see Chapter 5) and an example of the extrapolation is shown on
Figure 4.13a for an incident energy of 5 eV. The shape of theoretical calculations
are used as a guide to extrapolate the experimental data even if the magnitude is
different, most notably at backward angles.

The second method, which is in principle more reliable, uses a phase shift analysis
technique developed by Dr. L. Campbell and Dr. M. Brunger [41] at Flinders University. In the phase shift analysis, the scattering cross section DCS{9) is defined by:

= [ ^ ^ ( 2 / + l)(exp(2i<5, - I)PiicosO)]''
' /=o

(4.11)

where k is the momentum of the electron and Pi[cos6) and 6i are respectively the
Legendre polynomials and the phase shift for each partial wave. The experimental
data set is fitted by equation 4.11 using a least-squares algorithm. Once the contribution of each individual phase shift component is determined the differential cross
section can be calculated at all angles. An example of such extrapolation is shown
in Figure 4.13b for a total of 10 partial waves.

4.4.3

Inelastic Scattering

The experiment can also be used to measure inelastic processes. During this project
only vibrational excitation has been studied. Rotational excitation necessitates a
better energy resolution than this apparatus can achieve. The method used to determine absolute inelastic DCS, for the target gas of interest, is to measure the
intensity ratio between elastic and inelastic scattering and then achieve the normalization through the target elastic DCS, determined as described previously.

At a given incident energy EQ and a scattering angle 0, the inelastic cross section
D C S ^ can be expressed as a function of the elastic cross s e c t i o n D C S j as follow:
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Tetrahydrofuran
Elastic Scattering
Incident Energy = 30 eV
•

Elastic D C S

10 •

Extrapolation
w i t h 10 partial w a v e s

OT
O
Q

•••I-.

s

40

80
120
Scattering angles

160

40

,

/

80
120
Scattering angles

(a)

160

(b)

Figure 4.13: Extrapolation of measured elastic differential cross sections: (a) for
formic aid using theoretical calculation as a guide and (b) for tetrahydrofuraii using
the phase shift technique.

DCSl{E,,e)

-0

=

DCS^iEo.e)

(4.12)

The main concern here would be to determine the energy dependence of the detector
efficiency C^{E).

Previous studies have shown that for a small energy loss range it

is quite uniform especially at incident energies above 5eV. However to ensure that
the analyzer transmission does not affect the measurement, the zoom lenses can
be optimized for best signal/background at different energy loss values, and then
ramped as the energy loss is varied. The ecjuation 4.12 then becomes simply:

DCSl{E^,e)

=

DCS^{Eo,e)
NliEoJ)

(4.13)

As for an elastic DCS measurement, the background contribution is measured and
subtracted and the electron beam current is recorded to normalize the scattering
intensity. The equation 4.13 becomes:
MT /tT

_

pjB /TB

(4.14)

Once again the cross section can be represented at fixed incident energy or fixed
scattering angle depending on the information we want to emphasize. A third way
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to present the data will be to fix both parameters and vary

This is called an

energy loss spectrum and shows the different vibrational modes of the molecule and
their contribution at a specific incident energy and scattering angle.

Energy Loss spectrum and fitting routine
An example of an energy loss spectrum is given in Figure 4.14 for nitrogen at an
incident energy of 2.8 eV and a scattering angle of 100°. The first peak is the elastic
peak {EQ), its width [FWHM]

corresponds to the resolution of the electron beam.

It is calculated after the gaussian fit {FWHM

= 2cr\/21n2 where a is the param-

eter of the gaussian function). Inelastic peaks (vibrational modes of the molecule)
can also be fitted by gaussian functions whose width is the one calculated from the
elastic peak (see Figure 4.14).

Nitrogen
E = 2 . 8 e V , 100°

Fundamental m o d e

' 0 = 0 —. 1

First overtone

u = 0 —.2

0.2

0.4

0.6

0.8

Eloss (eV)
Figure 4.14: Example of an energy loss spectrum for N2 at an incident energy of
2.8 eV and a scattering angle of 100°, the data (clear blue dots) is fitted by gaussian
functions (dark blue line) with a fixed width of 57meV corresponding to the energy
resolution of the electron beam at that time.

4.4.4

Error analysis

Experimental errors are classified into two types: random errors and systematic

er-

rors. Random errors (A^) are related to the fluctuation in the measurements of a
quantity and can be reduced statistically by repeating the measurement a number
of times. This type of error affects the precision of the measurement. Systematic
errors ( A J , however, affect the accuracy of the measurement and are generally due
to the absolute calibration of the equipment. They cannot be reduced easily. The
total error or uncertainty on a measurement ( A t ) is the addition in quadrature of
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these two types of errors as long as they are independent:

A t = x/A2 + A2

(4.15)

R a n d o m (or statistical) error
- Statistical

error associated with one DCS

measurement

In the present experiment the statistical error {ADCS)
related to the error (AN)

on the measured D C S is only

on the measurement of the number of scattered electrons

N . By applying the rules of error propagation to equation 4.8 for elastic scattering
and equation 4.14 for the inelastic scattering one can obtain the relation between
(ADCS)

and {AN^,

AN"^

and A i V ^ ) .

To calculate and reduce AN,

two different methods can be envisaged.

The first method will be to repeat x times the measurement of N, calcvilate the
mean N and the standard

=

=

error associated aj^. A n d therefore:

and

=

X

(4.16)
\/x

The second method is to use the properties of the Poisson distril^ution. The Poisson distril)ution descril)es a measurement where events occur at random but at a
definite and expected average rate. This is the case for the scattered electron signal
we measure. By definition, for a phenomenon following a Poisson distribution, the
error AN

associated to a measurement N is simply its square root. Therefore to

reduce the ratio AN/N,

we just have to increase the counting time tc.

Both methods are ecpiivalent and converge to the same error if x and tc are large
enough. The second method is obviously easier to compute. However, if some irregularities in the measurement of N (such as saturation of the detector) occur during
the experiment, the error calculated with that method will not necessarily reveal
them. The first approach, consisting of repeating the measurement several times,
has finally been the one chosen for this study.

- Weighted

Average

D C S measurements are performed several times (up to ten times) for each angle and
energy. The final value is the weighted average of all these different measurements
( D C 5 8 ) . T h e weighted average and its associated error are given by:
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=

EiMDCsf

and

ADC'S =

-

i/^DCS;

(4.17)

This error represents the overall statistical uncertainty.

Systematic error
The systematic errors associated with this experiment have been studied in previous work [29]. The total systematic error has been estimated to be between 7% and
8%. It includes uncertainties on the calculated helium cross section, the accuracy
of certain equipment such as the picoammeter for the determination of the incident
beam current, the Baratron gauge for the reading of the driving pressure, but as well
the uncertainty due to the determination of the flowrate from the measured driving
pressure, and of course, the relative flowrate technique itself. This systematic error
is inherent to the experiment and cannot be reduced, it is often the predominant
error as well and therefore usually A ^ ~ A^ fts 7 - 8%.
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Chapter 5

Formic Acid HCOOH

In this chapter, we report absohite cross sections for elastic electron scattering from
formic acid. Angular dependent DCS have been measured for 8 different impact
energies between 1.8 eV and 50 eV and have been compared with recent theoretical
calculations (Section 5.4). Integral and momentum transfer cross sections have been
derived from these measurements and are reported in Section 5.5. Energy dependent
DCS have been measured for both elastic scattering (Section 5.7.1) and vibrational
excitation (Section 5.7.3) in order to investigate the presence of the TT* negative ion
resonance.

5.1

Introduction and properties

Formic acid is the simplest carboxylic acid. Its formula is CH2O2 or HCOOH.

The

molecule belongs to the i)oint group Cs (one plane of symmetry) and is highly polar,
its dipole moment is 1.41 Debye. It has also a large dipole polarizability (22.5 a.u.).

The formate group {—COOH)

is a key component of more complex biomolecules,

including several amino acids (see Figure 5.1). It has been shown that electrons can
attach into the empty n* orbital of the C = O bond of the -COOH

group [12, 48].

This electron attachment leads to the formation of a temporary anion state (or
transient negative ion resonance) and could lead to the dissociation of the molecule
[45, 46, 47]. Therefore formic acid, as the simplest molecule from this group, can be
used as a reference for the study of the dissociation process.
NH.
R H-C-COOH

M

CH,-C-COOH

HSCH,-C-COOH

M

(a) Glycine

(b) Alanine

H
(c) Cysteine

I '

V L J /

"
(d) Phenylalanine

Figure 5.1: Some biomolecules with the -COOH component
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5.1.1

HCOOH

Cis and Trans configuration

Formic acid has two stable planar forms, the cis and trans conforrners (see Figure 5.2). For the trans form the two hydrogen atoms are located on opposite sides
of the C-0 bond, as pictured in Figure 5.2a.

H

\

O.

O

/

O
(a) Trans

(b) Cis form

form

Figure 5.2: Formic Acid Conformer

The energy difference between the two conformers was estimated experimentally in
the gas phase to be 1365 cm~^ (0.169 eV) [52]. A Boltzmann calculation of the
population ratio between the trans and the cis conformers indicates a clear predominance of the trans form at room temperature with the trans form around 1000
times more abundant. In the range of temperature we are working (maximum temperature ~130°C for the beam forming needle), the percentage of trans conformer
is still above 99% (see Figure 5.3).

50

100 150 200 250 300 350
Temperature in Degrees Celcius

400

450

500

Figure 5.3: Boltzmann calculation of the trans conformer percentage of Formic acid
versus temperature

5.1,2

Monomers and Dimers

At room temperature, the vapor above a liquid sample of formic acid is predominantly constituted of hydrogen bonded dimers, rather than monomer molecules.
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5.1 Introduction and properties
The degree of dinierisatioii depends on tenii)erature and pressure, and can be estimated using the apparent uioleciilar weight of the gas. The apparent molecular
weight for formic acid has been measured and listed for various temperatures and
pressures by Coolidge [42, 43].

The total apparent molecular weight M of the gas is defined by:

M

=

n ] M ]

+

with

n2M2

nj + % = 1

(5.1)

where n\ and n2 are the fractions for monomer and dimer respectively and M\ and
M2 the apparent molecular weight.

The apparent molecular weight for each species is defined by:

Mx

=

with

M^onomer{^+a\P)

a/2 =

+

Mmonomer

with

=

Md^mer =

46.02 a.U.

(5.2)

92.03 a.M.

(5.3)

where F is the pressure in Torr, ai and Q2 represent the deviation from an ideal gas
behavior. From the inunerical value given by Coolidge [42], Waring [44] established
the following relations between these coefficients and the temperature:

a , = - 7 . 9 4 / T + 5760/T2

(5.4)

a2 = - 1 1 . 8 / T + 8620/T^

(5.5)

The total apparent molecular weight M depends on the pressure P and the temperature T and is defined by the two following equations:
piqo 03 — M)'^
=

46.02)

»•'"

> o g , . ' - " ) 7 5 8 - 3092/T

(5.6)

where K is the dissociation constant.
We can therefore find a value for M at a specific temperature T and pressure P
and then solve the equation 5.1 to determine the fractions rii and 7^2:
92.03(1 + QiF) - A/

y\/-46.02(1 + a i F )

46.02(1 + ( 2 a 2 - a i ) P )

" 46.02(1 + (2a2 - a O P )
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Calculations for different values of pressure and temperature have been performed
and are reported in Figure 5.4a. Typically, the dissociation into monomers is favored at higher temperature and lower pressure. This calculation gave an idea of
the monomer/dimer proportion and allowed a temperature to be found for which
the beam was predominantly composed of formic acid monomers.
For instance, in Figure 5.4b, the percentage of monomers versus the temperature at
a pressure of 0.3 Torr is shown. This value corresponds to the pressure behind the
beam-forming needle chosen to comply with the relative flow technique conditions
(see Section 5.3 for details). At that pressure and at room temperature, 10% of the
gas will be composed of dimers. By heating the gas lines to 70°C the percentage is
reduced to only 1%.

So
c

o

240 260 280 300 320 340 360

240 260 280 300 320 340 360

Temperature (°K)

Temperature (°K)

(b)

(a)

Figure 5.4: Monomer percentage (a) versus temperature and pressure and (b) versus
temperature only for a pressure of 0.3 Torr

5.2

Previous studies

Studies of formic acid involving electron impact have been motivated by the discovery, a few years ago, that low-energy electrons can damage biomolecules. This has
prompted the development of both experimental and theoretical studies. However,
the first study on electron scattering from HCOOH dates from 1987 [48].
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5.2 P r e v i o u s studies
Experimental studies
Electron transmission

spectroscopy

Temporary anion states have been studied using electron transmission spectroscopy
(ETS). Tronc et al. [48] were the first to see a resonance in HCOOH

(n*

C=0

resonance) and estimated it to be at an energy of 1.8 eV. More recently, Aflatooni et
al. [12] studied, with the same ETS technique, temporary anion states of several
biomolecules including formic acid. In all these molecules (mostly amino acids),
they found this same feature, at energies from 1.7 eV to 1.9 eV, characteristic of
this temporary occupation of the TT* orbital. For formic acid they measured the
resonance energy to be 1.73 eV.
Dissociative Electron

Attachment

Two groups have investigated dissociative electron attachment for formic acid [45,
46, 47]. These studies reveal different resonances leading to the decomposition of
formic acid into HC()0~, ()H~, ()~ and H". The main peak is found at 1.25 eV
[45, 46] or 1.4 eV [47] and is correlated with the formation of the formate anion
(HCOO-).

Total Cross Section
Several years ago, Kimura et al. [49] reviewed benchmark measurements for both
l)Ositron and electron scattering from jjolyatomic molecules [49]. For formic acid,
they have measured the total cross section for energies between 0.6 eV to 500 eV. For
electron scattering, the total cross section has a small peak at 1.8 eV (TT* resonance)
and a broader one between 7 eV and 15 eV.
Dimer study
Tronc et al. [48] have measured energy loss spectra for both the monomer and dimer
(in the case of ~ 50 — 60% diniers in the molecular beam). It appears that the hydrogen bond in the dimer molecule is responsible for a shift of the energy loss for
two vibrational modes: Vi (OH stretch) and

Vibrational

(CH stretch).

excitation

Allan [56] reported absolute differential elastic and vibrational excitation cross sections at 135° from threshold to 5 eV. The TT* shape resonance appears strongly in
most of the channels as a broad peak around 2 eV with a boomerang structure. At
that energy and that scattering angle, the magnitude of the vibrational excitation
channel is almost 50% of that of the elastic channel.
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Theoretical studies
On the theoretical side, Lucchese and Gianturco [50, 53] carried out calculations
for elastic scattering using a density functional approach within the fixed-nuclei
approximation. They include short-range correlation through the addition of a local, energy-independent potential, this potential is then corrected to agree with the
long range polarization effects. They localize, in the low energy region, two distinct resonances, a TT* resonance at around 3.5 eV and another resonance at around
12 eV. They believe that this vr* resonance leads indirectly to the dissociation of
the molecule through vibrational energy redistribution from the C = 0 bond to the
dissociative 0-H stretching mode.
Trevisan et al. [51, 54], also performedfixed-micleicalculations for elastic scattering
but using the complex Kohn variational method. They determine the low order
partial-wave components of the T-matrix variationally. Due to the polar nature of
formic acid, they included the high order partial wave components of the T-matrix
via a Born correction. They localize the negative ion TT* resonance at 1.9 eV with
a width of 0.2 eV, at equilibrium geometries and for the elastic cross section. They
explain the DEA process leading to the formate anion as a non-adiabatic transition,
at a non-planar geometry, from the TT* anion state to a second anion state (2A')
which dissociates the molecule.
More recently, Bettega [55] completed calculations of DCS and MTCS using the
Schwinger multichannel method. Calculations were performed in the static exchange
(SE) above 20 eV and static exchange plus polarization (SEP) below 20 eV. The
shape resonance is found around 1.9 eV when the polarization effect is accounted
(SEP), in the SE approximation, however, the resonance is shifted to higher energy,
around 3.5 eV.

5.3

Flow rate determination

Formic acid is admitted to the scattering system at a relatively low driving pressure via a temperature-controlled needle valve and gas-handling system. The needle
valve and gas lines are set to a temperature of 70°C and the beam-forming capillary
tube, through which the gas enters the collision region, is held at 130°C, at which
temperature the beam is predominantly (~ 99%) composed of formic acid monomers
(see section 5.1.2)
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5.3 Flow rate determination

We could find no values of the hard sphere diameter for formic acid in the literature so we have used molecular bond lengths to estimate its hard sphere diameter
(see Figure 5.5), from which the mean-free-path is calculated. The hard sphere diameter OficooH has been estimated to be ~ 3.8 A. From that value the ideal driving
pressure ratio is

^ H e / ^ h c o o h

for that study were

Phb

=

^ h c o o h / ' ^ h e

= 0-9 Torr and

Typical driving pressures used

—

P h c o o h

=

0-3 Torr.

x(A)

Atom
Ci

z(A)

y(A)

0.00
0.42
-0.41
-1.05
1.15
0.07
-0.08 • 1.51
-0.69
-1.31

02

03
H4
H5

0.00
0.00
0.00
0.00
0.00

Hard Sphere Diameter - 3.8 A

Figure 5.5: Geometric coordinates of the formic acid molecule and estimated hard
sphere diameter.
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Figure 5.6: Flow Rate measurement for Formic Acid: (a) at T=70°C and (b) at
room temperature (T=25°C)
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Normalized flow rates are measured for both gases as a function of driving pressures
and fit with a third order polynomial.

Measurements for formic acid are shown

in Figure 5.6 at room temperature and at 70°C. As discussed previously, at 70°C
the beam consists of ~ 99% monomers so the flowrate is simply normalized by
\JMmonomer- However at room temperature, the measured flowrate is normalized
by y/Mapparent as the percentage of the dimers becomes more significant. The total
apparent weight Mapparent value used for the normalization is shown in the inset of
Figure 5.6b and is calculated from Equation 5.6.

5.4

Elastic angular dependent DCS

Absolute differential cross sections for elastic electron scattering from HCOOH

are

reported in Table 5.1, and shown graphically in Figure 5.7, Figure 5.8 and Figure 5.9.
In Figure 5.7, we compare the angular dependence of all of the DCS measurements.
We see that the DCS does not change very much in shape for energies between
10 eV and 50 eV, with a minimum at about 90°. However, the overall absolute
magnitude of the DCS increases significantly with decreasing energy. At the lowest
energy (1.8 eV), the DCS is essentially constant beyond a scattering angle of ~ 60°.
In Figure 5.8 and Figure 5.9, we make a comparison of the present results with
the recent theoretical calculations of Gianturco and Lucchese [53], Trevisan et al.
[54] and Bettega [55], which have been carried out in both cases for the trans conformer. In general, the overall level of agreement between theory and experiment is
quite good.
At 1.8 eV (see Figure 5.8a), the only direct comparison is with the calculation
of Trevisan et al. [54], which is about a factor of two higher than the experiment.
However, in this region the cross section magnitude is extremely sensitive to energy,
as it is the region of the vr* resonance, and fixed nuclei calculations often lead to
resonant cross sections which are larger than experiment.
At 5, 10 and 15 eV (see Figure 5.8b, 5.8c and 5.8d), the three theories follow the
experimental data closely, especially at forward angles. We note that Bettega calculation present a shoulder below 30° which, according to the author, is a compu64
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—

ICS

37.8

27.8

27.3

25.5

22.8

18.7

15.6

14.8

MTCS

16.3

15.6

16.3

14.6

16.8

10.8

8.75

9.2

(9)

(9)

11.50

(9.2)

(15.7)

9.30

(9.3)

(17.7)

Table 5.1: Absolute differential cross sections for elastic scattering from formic acid,
in units of 10"'®cm^/sr. The uncertainty is given in parentheses (%).The integral
(ICS) and the momentum transfer cross section (MTCS) for each incident energy
are given in units of
cm^ at the base of each cohunn and the uncertainty on
this value is estimated to be between 20% and 25%.
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Figure 5.7: Absolute DCS for elastic scattering from formic acid.
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Figure 5.8: Absolute Differential Cross Section for elastic electron scattering from
HCOOH at: (a) 1.8 eV, (b) 5 eV, (c) 10 eV and (d) 15 eV. The experimental
measurements are shown as red full circles. Calculations from Gianturco and
Lucchese (orange full lines), Trevisan et al. (green full lines) and Bettega (blue full
lines) are also shown where possible.
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Figure 5.9: Absolute Differential Cross Section for elastic electron scattering from
HCOOH at: (a) 20 eV, (b) 30 eV, (c) 40 eV and (d) 50 eV. The experimental
measurements are shown as red full circles. Calculations from Gianturco and
Lucchese (orange full lines) and Bettega (blue full lines) are also shown.
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tational artefact [55]. At backward angles the agreement with the computed vahies
from Trevisan et al. [54] and Bettega [55] is better. The calculation of Gianturco and
Lucchese is lower than experiment at backward angles, and this difference becomes
gradually larger as the energy increases (see Figure 5.9a, 5.9b, 5.9c and 5.9d), while
at forward angles the agreement is still good. According to Gianturco and Lucchese, this difference in the cross section magnitude is probably due to their model
treatment of the correlation-polarization forces.

5.5

Elastic Integral and Momentum Transfer CS

The differential cross sections have been extrapolated to both forward and backward angles in order to calculate the integral elastic cross section and the elastic
momentum transfer cross section for each of the 8 incident energies. For a strongly
polar molecule such as formic acid, the extrapolation to forward angles is a highly
uncertain process. As the agreement between the present DCS measurements and
the theoretical calculations is quite good, we have used the shape of theoretical
calculation as a guide for the extrapolation process for both forward and backward
angles. The integral and momentum transfer cross section values are given in Table 5.1 at the foot of each column. The uncertainty on these values, mainly due to
the extrapolation, is between 20% and 25%.

In Figure 5.10a, we make a comparison between the ICS values derived from the
present DCS measurement and the grand total scattering cross section measured by
Kimura et al. [49] and there is a broad overlap, within the experimental error bars.
This comparison would appear to indicate that inelastic scattering (vibrational, electronic, dissociation, ionization) is apparently quite small or negligible but this seems
unlikely. Indeed, in his paper, Allan [56] estimated the vibrationally inelastic cross
section to be around 50% of the elastic cross section at 2 eV for a scattering angle
of at 135°. While this result is not enough to quantify the integrated vibrational
excitation cross section as the angular dependence of the cross section is not known,
it tends to indicate that the difference between Kinmra et al.'s total scattering cross
section and our integral elastic cross section should be much larger, at least in the
region of the TT* resonance.

In Figure 5.10b, we compare our derived MTCS with the computed values from
Trevisan et al. [54] and from Bettega [55] for the monomer {trans conformer). The
discrepancies between theory and experiment which were seen at the DCS level are
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reflected here. Indeed, in the region of the tt* resonance, the M T C S is more than
three times smaUer than the calculated values of Trevisan et al. or Bettega.
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Figure 5.10: (a) Integral and (b) momentum transfer cross section for elastic electron
scattering from HCOOH.
The present result (red full circle), the total cross section
from Kimura et al. (grey full square), the Trevisan et al. (green full line) and
Bettega (blue full line) calculations are shown.

5.6

Role of dimers

At room temperature, and for a driving pressure of 0.3 Torr, the formic acid beam
is estimated to contain around 10% dimers. By operating the apparatus (gas lines
and the beam-forming capillary tube) at room temperature, the influence of dimers
on the DCS magnitude can be shown.
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In Figure 5.11, we compare the values of DCS measurements for an incident energy of 15 eV for both room and high temperature operation. The room temperature (dimer) DCS is similar at forward angles to the high temperature (monomer)
measurement, but somewhat higher at backward angles. Using the calculations of
Gianturco and Lucchese as a guide, they indicate a similar DCS magnitude for the
dimer at forward scattering angles, but a much larger dimer cross section beyond
about 60°. Thus the trend in the experimental cross section as a function of temperature are largely consistent with theory.

100
15 eV Elastic
Present Data at 70°C
Present Data at Room Temperature
Trans
Gianturco and
Cis
Lucchese
Dimers

40

80

120

160

Scattering angles

Figure 5.11: Absolute Differential Cross Section for elastic electron scattering from
HCOOH for an incident energy of 15 eV. The experimental measurements are
shown at room temperature and elevated temperature. The Gianturco and Lucchese
calculations for trans, cis and dimers are also shown.

In principal we could estimate the absolute DCS for the dimer from these data but
in practice it would be highly uncertain as the estimated percentage of dimers constituting the beam is based only on the calculation discussed in section 5.1.2. A
better way would be to measure the composition of the molecular beam with a mass
spectrometer, for example. Another limitation is that the experiment was performed
with the needle valve still at 70°C, to enable a stable flow, while the rest of the gas
handling system was operated at room temperature. As a result, it is difficult to
estimate the absolute DCS, as the measured flow rate used (see section 5.3) in the
calculation of the cross section is probably not entirely appropriate in that situation.
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5.7 TT* Negative Ion Resonance
However, the d a t a shown in Figure 5.11, while not strictly speaking accurate, still
highlight the presence of dinier species in the molecular beam when the experiment
is performed at room temperature.

5.7

TT* Negative Ion Resonance

In order to make a closer investigation of the TT* C = 0 negative ion resonance, the
energy dependence (excitation function, E F ) of the cross section has been measured,
at different scattering angles, for both elastic and inelastic (vibrational) scattering.

5.7.1

Elastic energy dependent D C S

For elastic scattering we measure the absolute D C S in the energy range from 1.5 eV
to 20 eV at two different scattering angles: 60° and 90° (see Figure 5.12).

Also

shown on this figure are the D C S results at each of the eight energies collected in a
angular dependent D C S type of measurement. The level of agreement between the
two types of measurement, while expected, gives further confidence in the accuracy
of the procediu'es used.

As already shown in Section 5.4, the cross section rises as the incident energy decreases. From 20 eV to 5 eV, the shape of the cross section does not present any
structures but rather shows a monotonic increase. For both scattering angles, the
magnitude at 5 eV is more than twice the magnitude at 20 eV.

Below 5 eV the shape of the cross section becomes more interesting. In both cases,
the cross section presents a shallow m i n i m m n at around 2.5 eV and then increases
rapidly. This change observed in the slope of the cross section is likely to be caused
by the presence of the TT* negative ion resonance which is known, from previous
studies, to occur in that energy range.

Vibrational excitation measurements (see

Section 5.7.3) confirm that assumption.

Allan [56] reported a similar measurement at 135° from threshold to 5 eV and
demonstrated that the cross section continues to rise below l e V and reaches very
large values ( >

30 x 10"'® cm^/sr) near threshold.
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Figure 5.12: Elastic Excitation Function for a scattering angle of (a) 60° and (b)
90°. The data points (blue dots) are fitted by a line to guide the eye. The data from
the angular dependent DCS measurement (red dots) is also shown.

5.7.2

Energy loss Spectrum

Formic acid has nine vibrational modes which may be symmetric {A') or antisymmetric [A") with respect to the plane of the molecule. The symmetry, the type of
deformation and the energy associated with these modes are listed in Table 5.2.

An example of what has been observed is presented in Figure 5.13 where we show
an energy-loss spectrum for an incident electron energy of 5 eV and at an scattering
angle of 60°. Because of the limited resolution of the spectrometer (60 meV), it is not
possible to resolve all the vibrational modes. A first inelastic peak appears at around
150 meV and is due to the overlap of several modes present in that energy range:
C-H bend (fg), C-0 stretch (fg), 0-H bend [u^] and C-H bend (^'4). At 220 meV,
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Synnnetry

Mode

Type of deformation

Energy (eV)

A'

0-H stretch

0.4426

A'

C-H stretch

0.3649

A'

C = 0 stretch

0.2195

A'

C-H bend

0.1720

A'

O-H bend

0.1524

A'

C-O stretch

0.1370

A'

O-C-O deform

0.0775

A"

C-H bend

0.1281

A"

Torsion

0.0791

Table 5.2: Vibrational modes of formic acid

a weak shoulder due to the C = ( ) stretch (1/3) can be distinguished. At higher energy loss, the 0-H stretch peak (i^i) and C-H stretch peak(f2) are quite well resolved.

The energy loss spectrum has been fitted using a sum of gaussian functions.

The

fit appears in orange in Figure 5.13. The width of the gaussians is determined by
the width of the elastic peak (60 meV in the present case), and the position by the
vibrational mode energies from Table 5.2.
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Figure 5.13: The energy-loss spectrum for H C O O H for an incident electron energy
of 5 eV and at an scattering angle of 60°. The data points are fitted by a sum of
gaussian functions.
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Vibrational Excitation Function

Vibrational excitation functions have been measured for three different vibrational
modes: the C = 0 stretch (5.14a), C-H stretch (5.14b) and the O-H stretch (5.14c).
The measurements have been done at a scattering angle of 60° and in the energy
range between 1 eV and 3 eV.

1.5
2
Incident Energy (eV)

1.5

2.5

2

2.5

3

Incident Energy (eV)

(b)

1.5

2

2.5

Incident Energy (eV)

(c)
Figure 5.14: Vibrational Excitation Function (non absolute) at 60° for: (a) the C = 0
stretch, (b) the C-H stretch and (c) the O-H stretch. The data points are fitted by
a line to guide the eye.

The measurements are not absolute cross sections but rather the relative scattering
signal recorded at the specific energy loss of the mode, as the incident energy is
increased. They have not been normalized to the elastic scattering cross section. As
a consequence, quantitative comparison of these different EF are not possible and
therefore only a qualitative description will be made. One can argue that a proper
normalization could change the shape of the cross section, however the measurements have been taken under stable conditions (stable electron beam current and
stable driving pressure) and the elastic cross section from which the normalization
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is done does not present any sharp feature between 1.5 eV and 2.5 eV but rather
a constant slope. So we believe the features observed on the measured excitation
functions are indeed real.

The three vibrational channels show a similar shape with a broad peak, around
2 eV wide, centered in 1.8 eV. Such a broad feature is often characteristic of shape
resonances, therefore we believe the broad peak observed in these vibrational EF is
due to the TT* negative ion shape resonance of formic acid.

Allan [56] has measured absolute vibrational excitation cross section at 135° from
threshold to 5 eV for various modes. His data show a narrow threshold peak followed by a similar broad peak around 1.9 eV with evidence of "boomerang" structure. Only the 0-H stretch {vi) and its overtone (2 x i/j) don't reveal the TT* shape
resonance feature but instead show a slow decrease from threshold to 5 eV with
narrow structures that the author attributes to vibrational Feshbach resonances or
cusps. In the present data, the broad feature due to the TT* shape resonance is clearly
present in the 0-H stretch (5.14c) channel, although it is possible that the feature
observed is due to the C-H stretch rather than 0-H stretch as these two modes are
not completely resolved by our experiment. It is also important to notice that the
measurements have been taken at different scattering angles (135° for Allan, and
60° in the present study) which could also explain the differences observed. However
it is true that for this 0-H stretch mode the signal drops much slower than for the
two other chaimels after peaking at 1.8 eV. And it is therefore possible that other
resonant processes may be involved in the excitation of that channel, as discussed
in [56].

5.8

Conclusion

In this chapter, we provide the first angular dependent differential cross sections for
elastic electron scattering from formic acid. The experiment has been performed
at elevated temperature (~ 70° C) to ensure the molecular beam was composed
predominantly of the monomer species. DCS have been measured for eight impact
energies between 1.8 eV and 50 eV in the angular range from 20° to 130°. These
measurements are in reasonably good agreement with the recent theoretical calculations of Trevisan et al. and Gianturco and Lucchese.
Integral elastic and momentum transfer cross have been calculated from the DCS
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using the theoretical values of Gianturco and Lucchese as a guide for the extrapolation process. The data is compared with both theories and the integral elastic
cross section is also compared with the total cross section measured by Kimura et al.
A measurement at room temperature has been performed to highlight the presence
of dimers at lower temperature. The DCS magnitude is quite similar at forward
scattering angles for both measurements (room temperature and elevated temperature), but the cross section is larger beyond about 60° for the data taken at room
temperature i.e. when a small but significant percentage of dimers is present in the
molecular beam. This trend is largely consistent with theoretical calculations from
Gianturco and Lucchese.

Energy dependent cross sections have been measured for both elastic and vibrational excitation in order to get a better insight into the TT* shape resonance of
formic acid, thought to be playing a central role in dissociation of the molecule at
low energy. Absolute elastic cross sections have been measured in the energy range
between 1.5 eV and 20 eV for two scattering angles (60° and 90°). The shape of
the cross sections are quite similar for both angles with a monotonic increase as the
energy decreases from 20 eV to 5 eV, a shallow dip around 2.5 eV followed by a
rapid increase toward 1.5 eV. The change in the slope between 1.5 eV and 2.5 eV is
likely to be due to the presence of the TT* resonance. Indeed, vibrational excitation
functions measured at 60° for various channels (0-H stretch, C-H stretch and C = 0
stretch) confirm the presence of a resonance in that energy range as they all reveal
a broad peak, characteristic of a shape resonance, centered around 1.8 eV.
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Chapter 6

Tetrahydrofuran C^H^O

This chapter presents absohite cross sections for electron scattering from tetrahydrofnran (THF). These nieasnrenients are compared with theoretical calculations
and other experimental data where possible. Elastic differential cross sections as a
function of angle are reported in section 6.4 for 8 different electron impact energies
between 6.5 eV and 50 eV. Integral and momentum transfer cross sections derived
from these results are shown in section 6.5.

Excitation functions have also been

measured at different scattering angles (60°, 90° and 120°) for both elastic scattering from 1 eV to 20 eV (section 6.6) and vibrational excitation from 5 eV to 12 eV
(section 6.7).

6.1

Introduction and properties

There is significant interest in tetrahydrofuran as it represents a simple model for the
sugar ring of the DNA backbone. A DNA molecule consists of two polynucleotide
antiparallel strands, hydrogen bonded through the foiu' fundamental bases (Adenine,
Cytosine, Guanine, Thymine). The backbone consists of repeated sugar-phosphate
units. The bases are covalently linked to the sugar component of the backbone. A
schematic picture of a short double stranded segment of the DNA molecule along
with the tetrahydrofuran molecule is shown in Figure 6.1.

Tetrahydrofuran CiII%0 is a hve-member hydrocarbon ring containing a oxygen
atom. The molecule can belong to three synunetry point groups: C2 (1 7r-rotation
axis), Cs (1 plane of reflection) or C2,, (1 7r-rotation axis and 2 vertical mirror planes).
In the last, the four carbons and the oxygen are coplanar. A representation of these
three geometrical structures is shown in Figure 6.2 (the Figure has been taken from
Winstead et al. [73]). The bond lengths computed by Cadioli et al. [58] show little
difference between these three forms, and the ground state energy difference is also
quite small. C2, the most stable conformer, is less than Cs by around 20 meV and
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Figure 6.1: Segment of the DNA molecule

Cs is less than C2U by around 200 meV.
Tetrahydrofuran is a highly polar molecule it has a dipole moment of 1.63 Debye
and a polarizability of 7.97 A^.

9
u

O Ov
(a) C2

(b)

(c) C2.

Figure 6.2: Geometrical structures of the tetrahydrofuran molecule.

The T H F vapor was obtained from a liquid sample of T H F , which has a purity
greater than 9 9 % (SigmaAldrich Australia), and has been further purified by a
number of freeze, pump and thaw cycles. To prevent condensation, the needle valve
and gas lines are heated to about 323 K and the beam-forming needle, by which the
gas enters the collision region, is maintained near 348 K.
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6.2

Previous studies

Tetrahydrofuraii has previously been the subject of several theoretical and experimental studies.

Experimental studies
Solid Phase

Spectroscopy

An early study by LePage et al. [59] was focused on differences in electron spectroscopy between the gas and solid phases.

A resonance feature is reported for

gaseous THF at 8.5 eV in the vibrational excitation of the C-H stretch modes, but
is shifted about 1 eV lower for the solid state measurements. Low-energy electron
damage in the solid phase was reported by Breton et al.

[60], who discuss the

production of aldehydes in terms of electron resonances, and also list previous investigations with gas, licjuid and solid state THF.
Several absolute experimental scattering measurements in the gas phase have apl)eared more recently.
Total Cross

Section

Zecca et al. [61] reported grand total cross-section (GTCS) measurements for both
electrons and positrons at energies below 21 eV, while Mozejko et al. [62] reported
similar measurements, using electrons only, from 1-370 eV. Both groups observe a
broad shai)e resonance centered around 6-8 eV in the GTCS.
Dissociative

Electron

Attachment

Total dissociative electron attachment cross sections have been also measured by
Aflatooni et al. [63] and present two maxima at 6.2eV and 8eV leading to the loss
of an hydrogen atom. The negative ion resonances leading to that dissociation have
been assigned to core excited resonances.
Elastic

and Vibrational

DCS

The first differential cross-sections for elastic electron scattering were published by
Milosavljevic et al. [64] in the energy range 20-300 eV for scattering angles ranging from 10° to 110°. In 2007, three similar studies on tetrahydrofm'an have been
published including the work presented in this thesis [65]. Dampc et al.

[66] re-

ported absolute DCS in the electron impact energy range from 6 eV to 20 eV and
covering the angular range between 20° and 180° using the magnetic-angle-changing
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technique. Allan [68] extended measurements to lower energies (0.1 to 20 eV for
the energy dependent DCS and 2 eV for angular dependent DCS) and reported
vibrational excitation cross sections from threshold to 16 eV. Shape resonances are
observed in these measurements at 6.2 eV and 10.8 eV for the C - C bend, a low
lying shape resonance at 2.6 eV is also observed for the CH2 scissoring. Dampc et
al. [67] also published a study on vibrational excitation (only for the CH2 stretch)
and the cross section reveals an overlap of three resonances located at 6.0 eV, 7.9 eV
and 10.3 eV.

Theoretical studies
Independent atom method
Theoretical investigations concerning THF have also become more common in recent times.

DCS for elastic electron scattering have been computed by Mozejko

and Sanche [69] using the independent atom method (lAM) for collision energies
in the range 50-2000 eV. They also calculated the cross-section for electron impact
ionization of THF, from the ionization threshold up to energies of 4000 eV.

R-matrix method
Integral cross-sections, both elastic and electronically inelastic, have been calculated
for THF by Bouchiha et al. [70] using the R-matrix method, at collision energies
from 1-10 eV. Although they did not observe a shape resonance, a few core-excited
resonances are reported.

Also, using a variation of the R-matrix method, Tonzani and Greene [72] computed
elastic integral cross-sections for both THF and phosphoric acid, which constitutes
the remainder of the DNA backbone.

Resonances for THF have been observed

around 8.6 eV and 14.1 eV, but the authors indicate that their model usually predicts resonances 1-2 eV higher than experiment due to the use of the static exchange
approximation.

Complex Kohn variational method
Trevisan et al. [71] completed calculations of DCS and momentum transfer cross
sections of elastic electron scattering by THF using the complex Kohn variational
method, and they report a broad shape resonance in the 8-10 eV energy range in
the MTCS.
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6.3 Flow rate determination
Schwinger multichannel

method

Winstead and McKoy [73] published elastic integral, DCS and MTCS from deoxyribose and related molecules, including THF. Using the Schwinger multichannel
method, shape resonances in the integral cross-section and MTCS of THF are reported at energies of 8.3 eV and 13.5 eV, after compensating for the static exchange
approximation.

6.3

Flow rate determination

For the application of the relative flow technique, the mean free path of both helium and THF have to be identical. The hard sphere diameter nmst be known to
calculate the driving pressure of each gas to obtain that condition.

Initially the hard sphere diameter for THF, was estimated to be 5.1 A based
on molecular bond lengths.
PHe/PrHF =

(^THp/'^He —

From that value, the ideal driving pressure ratio is

5-4,

SO

for typical

P//e

= 1 Torr,

PTHF

should be held

at 0.185 Torr. A study using both the Lennard—Jones model [74] and the equation
of state estimated the hard sphere diameter to be 4.897 A. This latest value gives
a driving pressure ratio

PHC/PTHF

— 5 and therefore

PTHF

=

0.2 Torr.

In order to test the effect that these diff'erent values might have on the DCS, we
conducted measurements using different values for the hard sphere diameter, and
thus different driving pressures for THF (see Table 6.1). From that study it appears
that these different operating conditions have no significant effect on the DCS in the
region around the calculated values. Actually, even with a ratio of 6 or 4 between
the two gases, the difference measured DCS differ only by a few %.

(Torr)'

DCS^F/DCS^e

PHE (Torr)

PTHF

1

0.166

6.0

5.82

(±0.42)

1

0.182

5.5

6.08

(±0.46)

1

0.200

5.0

6.05 (±0.44)

1

0.222

4.5

6.20

(±0.47)

1

0.250

4.0

6.29

(±0.47)

PHC/PTHF

Table 6.1: Influence of the driving pressure ratio on a DCS measurement
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Normalized flow rates are measured for both helium and THF as a function of driving pressures and fit with a third order polynomial (see Figure 6.3). Details of that
procedure have been given in Section 4.3.
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0.3
0.4
Driving Pressure (Torr)
(b)

(a)

Figure 6.3: Flow Rate measurement for (a) helium and (b) Tetrahydrofuran

6.4

Elastic angular dependent DCS

Absolute DCS for electron scattering from the THF molecule have been measured at
eight incident energies between 6.5 eV and 50 eV, the values in units of 10"^® cni^/sr,
as well as tlie absolute error associated with each measurement, are reported in Table 6.2.

In Figure 6.4 and 6.5, a comparison is made at selected energies between the
present data, the theoretical calculations of Trevisan et al. [71], and Winstead and
McKoy [73] and the experimental DCS of Milosavljevic et al. [64] above 20 eV and
Dampc et al. [66] and Allan [68] below 20 eV.

At 6.5 eV (Figure 6.4a) the present values are in excellent agreement with both
of the theoretical calculations across the entire angular range.

Note that in Fig-

ure 6.4a the calculation of Trevisan et al. is at the slightly different energy of 6 eV.
We also note that at this energy the cross-section is quite large, being everywhere
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Incident Energy ( e V )
Angle

6.5

8

10

—

—

20

15

30

40

50

—

—

69.0

(5.48)

11.1

(0,84)

10

—

20

—

25

9.62

(0.86)

10.4

30

6.16

(0.65)

6.34

(0.72)

7.66

(0.60)

7.00

(0.73)

5.09

(0.38)

3.80

(0.31)

2.36

(0,18)

1.79

(0.14)

40

3.34

(0.28)

3.29

(0.38)

3.17

(0.25)

2.38

(0,20)

2.07

(0.16)

1.69

(0,12)

1.32

(0.10)

1.08

(0.08)

50

2.47

(0.28)

2.33

(0.19)

2.27

(0.18)

1.86

(0,16)

1.65

(0.12)

1.21

(0.10)

0.90

(0.07)

0.75

(0.05)

60

2.13 (0.17)

1.83 (0.15)

1.82 (0,14)

1..50 (0.11)

1.31 (0.12)

0.91 (0.07)

0.67 (0.05)

0.49

(0.04)

70

1.57 (0.15)

1.45 (0.13)

1.52

1.32 (0,10)

1.14 (0.11)

0.71

0.45

0.31 (0.03)

80

1.27 (0.11)

1.49 (0.11)

1.48 (0.11)

1.27

(0.10)

1.02 (0,10)

0.55 (0.05)

0.34 (0,03)

0.27

90

1.43 (0.12)

1.74 (0.13)

1.63 (0.12)

1.26 (0.11)

0.92 (0,10)

0.47 (0.05)

0.33 (0,04)

0.25 (0.02)

100

1.89 (0.15)

2.03 (0.15)

1.79 (0.14)

1.35 (0.11)

0.89 (0.10)

0.51

(0,06)

0.38 (0.05)

0.24 (0,02)

110

2.45 (0.19)

2.30 (0.17)

1.97 (0.16)

1.45 (0,13)

0.99 (0.12)

0.66 (0,09)

0.53 (0.08)

0.32

120

2.79 (0.23)

2.57 (0.19)

2.24 (0.18)

1.54 (0,16)

1.11 (0,14)

0.94 (0,11)

0.82 (0.14)

0.49 (0.05)

130

2.93 (0.27)

2.63 (0.20)

2.42 (0.18)

1.57 (0,15)

1.30 (0,16)

1.26 (0.16)

1.22 (0.23)

0.74 (0,08)

ICS

41.01

38.18

40.97

36.93

37.71

33.38

27.81

22.95

MTCS

29.31

28.26

29.72

20.46

19.20

14.82

14.02

7.71

17.1

—

(1.78)

—

(2.87)

—

—

16.1

(3.52)

—

(0.11)

21.4

(2.07)

—

23.7

(2.76)

—

15.3

(1.26)

—

(0.06)

—

(0.04)

(0.02)

(0.02)

Table 6.2: Absolute differential cross sections for elastic scattering from tetrahydrofuran, in units of 10"'® cin^/sr. The absolute luicertainty is given in parentheses.
The integral (ICS) and the momentum transfer cross section (MTCS) for each incident energy are given in units of 10"'® cm^ at the base of each column and the
uncertainty on this value is estimated to be between 20% and 25%.

greater than 1.0 x 10

cm^/sr.

At 8 eV, 10 eV and 15 eV (Figures 6.4b, 6.4c and 6.4d) in addition to comparison
with the theoretical calculations, we can also compare with the results of Dampc et
al. and Allan [68] at 10 eV . The level of agreement between the three experimental
cross-sections is very good across the entire, common angular range. And there is
generally good accord with the two theoretical calculations, in particular that of
Winstead and McKoy.

At an energy of 20 eV (Figure 6.5a) the present experimental DCS is compared
with that of Milosavljevic et al. [64], Dampc et al. [66] and Allan [68]. We see
relatively good agreement in both shape and magnitude of the DCS, especially that
of Allan. The present cross-section is also in excellent agreement with the calculated values of Winstead et al. but is about a factor of two lower than the Kohn
variational calculation above 60°.

At 30 eV (Figure 6.5b) the present cross-section is slightly lower than that of
83

T e t r a h y d r o f u r a n CiH^O

40
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160
Scattering Angle (deg)

40
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160
Scattering Angle (deg)
(b)

40
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160
Scattering Angle (deg)

40
80
120
Scattering Angle (deg)
(c)

(d)

Figure 6.4: Absolute Differential Cross Section for elastic electron scattering from
Tetrahydrofuran at: (a) 6.5 eV, (b) 8 eV, (c) 10 eV and (d) 15 eV. T h e experimental measurements are shown as red full circles. The theoretical calculations from
Winstead and McKoy (brown full line) and from Trevisan et al. (green full line)
and the experimental data from Dampc et al. (open triangles) and Allan (black
dashed line) are also shown where possible.
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6.4 Elastic angular dependent D C S

20 eV Elastic

Present Data
Trevisan et al.
Winstead et al.
- Mozejko and Sanche
Milosavljevic et al.
Dampc et al.
^
Allan
1

40

80

120

160

120

160

Scattering Angle (deg)

40

80

80

120

160

40

80

120

160

Scattering Angle (deg)
(b)

(a)

Scattering Angle (deg)

40

Scattering Angle (deg)
(d)

Figure 6.5: Absolute Differential Cross Section for elastic electron scattering from
Tetrahydrofuran at: (a) 20 eV, (b) 30 eV, (b) 40 eV and (d) 50 eV. The experimental measurements are shown as red full circles. The theoretical calculations
from Winstead and McKoy (brown full lines), Trevisan et al. (green full lines)
and Mozejko and Sanche (pink dashed line) and the experimental data from
Dainpc et al. (open triangles), Milosavljevic et al. (open squares) and Allan (black
dashed line) are also shown where possible.
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Milosavljevic et al.

at most angles less than 90°, and while it is in g o o d agree-

ment with the Schwinger variational calculation at forward and backward angles it
lies about 30-40% below the theory between 50° and 110°.

Very similar trends between the two experimental data sets, and between experiment and theory, are seen at energies of 40 and 50 eV (Figure 6.5c and 6.5d). At
50 eV it is also possible to compare with the independent atom model calculation
of Mozejko and Sanche [69] which predicts the shape of the cross-section rather well
but is larger than experiment at all angles by between 10 and 50%. We note also that
at this and other energies at forward angles, the Schwinger variational calculation
is significantly lower in magnitude than the experimental cross sections, principally
because there is no explicit inclusion of the long-range dipole interaction through a
Born-type approach.

6.5

Elastic Integral and Momentum Transfer CS

The angular distributions measured here have been used to derive elastic ICS and
M T C S at each incident energy using the phase shift analysis technique of Campbell et al.

[41].

For a molecule such as T H F with a large dipole moment, the

extrapolation to forward angles can be a highly uncertain process and the fitting
of partial waves to the angular distribution helps yield more physically reasonable
values for the forward and backward scattering angles. The uncertainty on these
values is estimated to be between 20% and 25%.

In Table 6.3, the data for both the ICS and M T C S are reported and compared
with experimental data from Dampc et al. [66] and Allan [68]. The agreement between these values is reasonably good considering the uncertainties related to such
calculations. It is also interesting to note that our present data always lies in between these two other experimental studies.

In Figure 6.6, a comparison of the present elastic ICS data is made with the total
cross section measurements of Zecca et al. [61] and Mozejko et al. [62], as well as
with the R-matrix total cross-section calculation of Bouchiha et al.

[70] and the

Schwinger variational calculation of Winstead and M c K o y [73], We see from the
present measurements that the elastic ICS is quite constant in magnitude between
6.5 eV and 20 eV, and this is in excellent agreement with the Schwinger variational
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6.5 Elastic Integral and Momentum Transfer CS

Incident Energy (eV)
6.5

10

15

20

30

40

50

38.18

40.97

36.93

37.71

33.38

27.81

22.95

48.8

44,6

42.5

41.0

—

—

39.4

30.9

—

8

Elastic Integral Cross Section
Present data

41.01

Dampc et al. [66]
Allan [68]

—

Elastic Momentum

Transfer Cross Section

Present data

29.31

28.26

29.72

20.46

19.20

14.82

Dampc et al. [66]

-

32.0

31.4

25.2

22.4

—

Allan [68]

-

—

24.3

--

16

-

14.02

7.71

—

—

Table 6.3: The integral and the nionientuni transfer cross section for each incident
energy are given in nnits of 10"^® cni^.

10

Energy (eV)

100

Figure 6.6: Integral cross section for elastic electron scattering from Tetrahydrofuran.

calculation. We also note that the shape resonance is only weakly present in the
calculated elastic ICS and its appearance in the present measurements is not conclusive. A broad resonance-like feature is also observed in the total cross-section
measurements of both Mozejko et al. and Zecca et al.. The present elastic scattering data is uniformly larger than the total cross-section of Zecca et ai, which
indicates that their measurement may well underestimate the total scattering crosssection. Zecca et al. did not correct their results for forward angle scattering and
the present measurements suggest that could be a serious limitation in their results.
On the other hand the present measurement is consistent with the total cross-section
of Mozejko et al., lying about 15-20% lower in magnitude and suggesting an appreciable contribution to the total cross-section comes from inelastic scattering. The
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present data is also compared to the R-matrix calculation of Bouchiha et al. below
10 eV. They do not detect a shape resonance in their calculation but instead observe a rapidly rising cross-section at low energies and a few core-excited resonances
around 8-9 eV.

The present results for the MTCS are shown in Figure 6.7 and are compared to
the theoretical efforts of Trevisan et al. and Winstead and McKoy. These two calculations are in good agreement with one another and both show a strong resonant
enhancement in the cross-section at around 8 eV. The present measurements are in
good accord with the calculations and do not exclude the presence of a resonance
in this region.

• Present Data
— Trevisan et al.
— Winstead and McKoy

20

30
Energy (eV)

40

50

Figure 6.7: Momentum transfer cross section for elastic electron scattering from
Tetrahydrofuran.

We note that the resonance is more prominent in the MTCS than in the ICS. This
would suggest the resonance to appear more strongly at backward angle. In order
to make closer investigation of the nature of the resonance, we measured the energy dependence of the elastic scattering cross section for different scattering angles.
These measurement are presented in the following section. Further discussion about
the origin of the resonance are also made in the last section of this chapter.

6.6 Elastic energy dependent D C S

6.6

Elastic energy dependent DCS

Cross sections have been measured at the scattering angles of 60°, 90° and 120° in
the energy range of 1 eV to 20 eV. The data are plotted in Figure 6.8a. A comparison of these measurements with the Kohn variational and Schwinger variational
calculations is made in Figure 6.8b, 6.8c and 6.8d.
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3
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Energy (eV)

(b)

(a)
4
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Elastic

3.5
Present Data

Present Data
3

Trevisan et al.

— Trevisan et al.

h-

Winstead el al.

Winstead et al.

b 2
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Energy (eV)

Energy (eV)
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Figure 6.8: Elastic Excitation Function for a scattering angle of 60°, 90°, and 120°.
The experimental measurements are shown as blue full circles, the calculations from
Winstead and McKoy as brown full lines and those from Trevisan et al. as green
full lines. The data points are fitted by a line to guide the eye.

The small structure observed in each of the EF at approximately 19.4 eV is due to
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the He

resonance, which appears as a consequence of the normalization process

using hehum.

At a scattering angle of 60° (Figure 6.8b) the energy dependence and magnitude
of all the cross-sections are in reasonable agreement.

At 90° (Figure 6.8c) the EF measurement and DCS data are in excellent agreement
with the calculation of Winstead and McKoy, while the Kohn variational calculation
shows a similar energy dependence but the features are shifted about 2 eV higher
in energy relative to the experiment.

At 120° (Figure 6.8d) the resonance is observed to be quite strongly present in
both of the theoretical calculations at around 8 eV, whilst in the present measurement it is observed at around 6.5 eV. Consistent with the theoretical calculations
however, its presence in the experimental cross-section is much more dominant at
higher angles.

Elastic EF observed by Allan [68] present a similar shape with a succession of minimum and maximum. For each EF, a first minimum (of Ramsauer-Townsend origin)
has been identified and a second minirnvnn which shifts to lower energies as the
scattering angle increases has also been observed. In the present data, the minima
observed at 4.5 eV on Figure 6.8c and at 2.5 eV on Figure 6.8d are likely to be this
second minimum and is probably not due to the presence of a resonance as discussed
in [68]. Table 6.4 reports the position of these minima for different scattering angles
for both Allan's experimental data and ours.

Angle

hicident Energy (eV)
1®' minimum
Allan [68]

45°

2.1

90°

0.5

120°

—

135°

0.3

180°

0.24

minimum
Present Data
—

3'''^ minimum

Allan [68]
—

Allan [68]
—

4.5

4.5

—

2.5

—

—

1.9

—

1.2

4.5

—

Table 6.4: Minima position.
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6.7

Vibrational Excitation Cross Section

Tetrahydrofuran has 33 vibrational modes, many of these modes overlap and cannot
be resolved by the electron spectrometer used for this study. A detailed study of
the wavelength and the geometrical deformation associated to these modes can be
found in Cadioli et al. [58]. In Table 6.5, we attempt to group the various modes
by types of deformation in order to make the interpretation of the spectrum easier.

Type of deformation

Energy (meV)

Ring deformation

< 100

COC sym. stretch

109

CC stretch

113 - 129

COC asym. stretch

131

CH2 wag,twist,rock

142 - 170

CH2 bend

179 - 187

CH2 stretch

354 - 370

Modes

Ui4
^29,

1^23, I'd, ^22. 1^5

Table 6.5: Vibrational levels for Tetrahydrofuran

An energy loss spectrum has been measured at a scattering angle of 90° and an incident energy of 6.5 eV which is thought to correspond to the negative ion resonance
energy. The spectrum presents a first broad peak which is due to the overlap of various modes including some ring deformation, C-C stretch and CH2 wag, twist rock
and bend. The second broad peak at around 360 meV is due to the contribution of
the eight CH2 stretch modes. Between these two broad structures, the signal is likely
to be due to combination modes (2 x CC perhaps). It is obvious from the energy
loss spectrum that a state-specific vibrational excitation fmiction will be difhcult to
perform. In this study, the vibrational excitation cross section has been measured,
at different scattering angles, for an energy loss of 360 meV to investigate the CH2
stretch contribution as it is mostly separated from the other modes.

Vibrational excitation cross sections have been measured for the CH2 modes at the
scattering angles of 60°, 90° and 120° in the energy range of 5 eV to 12 eV (Figure 6.10). The absolute scale has been obtained via normalization to the elastic
DCS reported in Section 6.6.
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0.1

0.2

0.3

Energy Loss (eV)
Figure 6.9: Energy Loss spectrum at an incident energy of 6 . 5 e V and a scattering
angle of 90°

T h e magnitude of the cross sections is quite high for vibrational excitation, up
to 0.14 X 10"^® cm^/sr around the resonance position which represents almost 1/10
of the elastic intensity. Dampc et al. [67] have reported a similar magnitude while
Allan [68] has measured a lower cross section.

Contrary to the cross section obtained for the elastic scattering, the shapes of the
vibrational excitation cross sections for the three different scattering angles are quite
similar showing a very broad peak in the measured energy range. At both 60° (Figure 6.10a) and 90° (Figure 6.10b), the cross sections reveal a maximum at 6.5 e V
and a weak shoulder at around 8.5 e V at 60° and 9 e V at 90°. At 120° (Figure 6 . 1 0 c )
only a peak at 7.2 eV is observed.

These observations are in reasonably good agreement with other experimental works.
T h e CH2 excitation cross section measured at 135° by Allan [68] presents a similar
broad peak with a maximum at 6.2 eV while the C - C excitation cross sections show
two bands at 6.2 e V and 10.8 eV. T h e CH2 excitation cross section of D a m p c et al.
[67] at 80° reveals three features at 6.0 eV, 7.9 e V and 10.3 eV. Dissociative electron
attachment cross sections measured by Aflatooni et al. [63] present two m a x i m a at
6.2 e V and 8 e V leading to the loss of an hydrogen atom. T h e s e resonances have been
assigned by the authors t o be core excited resonances. T h e nature of the resonances
observed in the present study is still to be determined. While the energy position is
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ill good agreement with the core excited resonances from the DEA exi)eriment, the
resonances are cjuite broad (few eV wide) and are therefore more likely to be shape
resonances as discussed in [68]. Theoretical calculations also reveal the presence of
shape resonances in this energy range: Trevisan et al.

[71] report a broad shape

resonance in the 8-10 eV energy range in the MTCS, Tonzani and Greene [72] observed two shape resonances around 8.6 eV and 14.1 eV and Winstead and McKoy
[73] at energies of 8.3 eV and 13.5 eV. Boiichiha et al. [70] however did not observe
any shape resonances but a few core-excited resonances are reported below 10 eV.
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Figure 6.10: Vibrational (CH2) Excitation Cross Section for a scattering angle of
(a) 60°, (b) 90°, and (c) 120°. The data points are fitted by a line to guide the eye.
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6.8

Conclusion and Discussion

In this chapter, we provided experimental data for electron scattering from tetrahydrofuran, for both elastic scattering and vibrational excitation.
Elastic differential cross sections for eight different impact energies have been measured in the angular range from 20° to 130°. These measurements have been compared with the complex Kohn variational calculation from Trevisan et al. [71] and
the Schwinger multichannel calculation from Winstead and AIcKoy [73]. The agreement is good, especially at energies below 20 eV. At higher energies, the only theory
available for comparison (Schwinger multichannel calculation) is in good agreement
at forward angles but appears to be systematically higher than experiment at angles above 60°. The present data have also been compared with the experimental
work from Dampc et al. [66] and Milosavljevic et al. [64], while comparisons with
data from Allan can be found in [68]. The agreement between these different studies
is also generally good, the differences being usually within the errors bars of the data.
Elastic integral and momentum transfer cross sections have been derived from the
angular dependent DCS using a phase shift analysis. Despite the large uncertainties
20%) associated with such extrapolations/integrations, the agreement with both
other experiments and theory, is satisfactory.
In order to provide a deeper insight into the coupling between negative ion resonances and the ground and vibrational modes of the tetrahydrofuran molecule,
energy dependent DCS have been measured for both elastic scattering and vibrational excitation (CH2 stretch modes) at three different scattering angles (60°, 90°
and 120°). A broad shape resonance, predicted at around 8 eV by several theoretical calculations [71, 73, 72] and also observed experimentally in total cross section
measurements [61, 62] is observed in the present study in the elastic channel at
6.5 eV. The excitation cross section for the CH2 stretch modes {E^oss = 0.360 eV)
also reveals a broad feature with a maximum at 6.5 eV. Several open questions remain regarding the nature of the resonance (shape or Feshbach) as it appears that
both types of resonance are present in that energy range. The dissociative electron
attachment cross section [63] presents two maxima at 6.2 eV and 8 eV leading to
the loss of an hydrogen atom through the formation of a core excited negative ion
resonance. However, the large width of the feature (few eV wide) observed in the
present study would tend to indicate it might be a shape resonance.
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6.8 Conclusion and Discussion
assigned the resonances measured at 2.6 eV, 6.2 eV and 10.8 eV in other vibrational
channels (C-C or CH2 scissoring) to shape resonances for similar reasons.
Moreover, it has been suggested [75, 76] that the resonance might be a superposition of shape resonances associated with trapping in the two lowest-lying empty
valence orbitals of THF. These orbitals are CO a* orbitals, but they also have significant density spread around the ring. An analysis of the orbital plots allows to
assign them with angular momenta I > 4. This agrees with the results of Tonzani
and Greene [72], who found through partial-wave analysis that the dominant partial
wave in the THF resonance was I = 4. The high-partial-wave contributions they
bring in can therefore be expected to show up in the large-angle DCS. This is indeed
in good agreement with our experimental results, as the broad shape resonance appears more clearly at 120° (Figure 6.8d) than at 60° or 90°.

A similar situation occurs in cyclopropane, where there is an / = 3 resonance at
about 6 eV that creates observable structure in the DCS [80] —[83].
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Chapter 7

3-hydroxytetrahydrofuran

In this short chapter, the first absolute cross sections for electron scattering from
3-hyclroxytetrahydrofuran (3-hTHF) are presented. 3-hTHF is a molecule which is
thought to provide another good analogue for the deoxyribose component of DNA.
This study follows the study on tetrahydrofuran. A set of angular differential cross
sections is reported at five different incident energies (6.5, 8, 10, 15, and 20 eV)
in Section 7.3. Integral and momentum transfer cross sections derived from these
results are shown in Section 7.5. The energy dependence of the cross section at a
scattering angle of 120° has also been measured and is discussed in Section 7.4. Experimental measurements are compared with a Schwinger nmltichannel calculation
(Winstead and McKoy) at the static-exchange plus polarization (SEP) approximation level. Comparison with electron-tetrahydrofuran scattering cross sections are
also mafie.

7.1

Introduction and properties

3-hydroxytetrahydrofuran (3-hTHF) is another common analogue to the deoxyribose sugar component in DNA. It is essentially a molecule of tetrahydrofuran where
one hydrogen atom on the third carbon is substituted by an O-H (see Figure 7.1).

Vapor pressure
3-hTHF has a very low vapor pressure at room temperature (a few Torr only), as
opposed to THF which has a vapor pressure in excess of 140 Torr at that temperature. Therefore, the gas-handling system (gas source, gas lines, needle and shut-off
valves, baratron gauge, beam-forming needle) had to be uniformly heated at 90°C
to produce a stable driving pressure for the molecular beam. At that temperature
the vapor pressure above the liquid sample is typically 20 Torr.
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chain

CH;

CH,

CHj CH,
Tetrahydrofuran

CHj

CHj

CH- -CH,
3-hydroxytetrahydroturan

Figure 7.1: A single strand of the DNA molecule along with the tetrahydrofuran
and 3-hydroxytetrahydrofuran molecules

Vibrationally excited species
3-hTHF has 36 vibrational modes, many of which have small excitation energies.
Therefore, at a temperature of 90°C, the beam will contain a significant fraction
of rotationally and vibrationally excited species. Figure 7.2 shows the initial population of the vibrationally excited states of 3-hTHF at 90°C assuming a Boltzman
distribution. This simple calculation shows that at that temperature, less than 30%
of the molecular beam will be initially in the ground vibrational state. The ground
vibrational state is represented by a red bar in Figure 7.2.
30
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^ 25
Boltzman Distribution
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Figure 7.2: Boltzman distribution of the vibrationally excited states of 3-hTHF at
90° C
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Conformers and dipole moment
3-hTHF has several coiifomiers that he at low energies and which might be populated
in a hot thermal beam such as that used for the present measurements. Geometrical
structures and spectroscopic properties of the 3-hTHF conformers can be found in
Speranza et. al. [78]. The two most stable conformers (lowest lying conformers) are
found to differ in energy by only 1.28Kcal.mor' [78]. Using the Boltzman distribution, one can obtain roughly the percentage of each conformer at the operating
temperature of 90°C (see Table 7.1). While the lowest lying conformer, the most
stable conformer, is the predominant structure (85%) at that temperature, the percentage of the second most stable rotational conformer (14.5%) is non negligible.

Similarly to THE, 3-hTHF is a highly polar molecule.

Lavrich et al. [77] have

estimated, experimentally, the dipole moment to be 1.67 Debye. Calculations using the Gaussian package [79] gave a value of 1.74 D for the dipole moment and
50.68 a.u. for the dipole polarizability. These calculations have been also performed
for the higher conformers of the molecule and reveal quite different values for the
dipole moment (see Table 7.1).

Conformers
2nd lowest

3rd lowest

0

1.28

3.37

Percentage at 90°C

85%

14.5%

< 1%

Dipole (Debye) [79]

1.74

2.87

1.14

50.68

50.98

50.94

lowest lying conformer
(most stable)
Energy (Kcal.niol

,[78]

Polarizability (a.u.) [79]

Table 7.1: Conformers of 3-hydroxytetrahydrofuran

Previous studies
Contrary to tetrahydrofuran, which has been the subject of several studies in the past
few years, 3-hydroxytetrahydrofuran has only been studied in a DEA experiment
recently by Afiatooni et al. [63]. This study has shown the presence of a resonance at
around 6.2 eV (as for tetrahydrofuran), which decays through a number of means,
one of which (DEA) causes the molecule to dissociate, leading to the loss of a
hydrogen atom. The DEA cross section for 3-hTHE is fomid to be around 30 times
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greater than that for THF, and this is thought to be due to the presence of the OH
group.

7.2

Flow rate determination

The driving pressures for both gases (3-hTHF and hehum) are determined in such
a way that their coUisional mean-free-paths are the same in the beam forming capillary. Typical driving pressures used were 0.19 Torr (3-hTHF) and 1 Torr (He).
Normalized flow rates are measured for both gases around these values and fit with
a third order polynomial (see Figure 7.2).

0.2-

0.05
Helium

3-hydroxytetrahydrofuran

Fnlrnomial lining

parameters

Y = MO • M1-X • M2V • M3'x'

4! 0 . 1 5

M1 0.11
M2 0.027
M3 -0.004

a

Qi

S
E
"S 0.1
«p
c
o
_o

Z

Polynomial fitting

R

Oi.

0.999

parameters

) 04- Y = M0*Mrx»M2V«M3'x'
MO -0.03
Ml 0.11
M2 0,11
M3 0.06

0.03r

R

0-999

_o
tL.
).02h

o

0.05-

Z

0.1

0.3

0.5

0.7

0.9

1.1

0.01

0

Driving Pressure (Torr)

0.05

0.1 0 . 1 5 0.2 0 . 2 5 0 . 3
Driving Pressure (Torr)

(a)

Figure 7.3:
Flow Rate
hydroxytetrahydrofuran

0.35

(b)
measurement

for

(a)

helium

and

(b)

3-

Despite the efforts made to keep the driving pressure as stable as possible by heating
the gas lines and the needle valve, the behavior of 3-hTHF was quite unpredictable.
During a measurement the pressure for 3-hTHF varies typically between 0.19 and
0.21 Torr. This was thought to be due to partial condensation occurring at critical
parts of the gas lines, such as the needle valve, and the subsequent release of a
burst of gas when these condensates or bubbles broke free. The significant pressure
fluctuations that resulted had to be closely monitored, and accounted for, during
data accumulation. Typically for 3-hTHF measurement, we reduced the counting
time to minimize the fluctuation of pressure for each measure but we increase the
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number of times the measure was repeated.

7.3

Elastic angular dependent D C S

Absolute differential cross sections for elastic electron scattering from 3-hTHF are
reported in Table 7.2. These values are shown graphically in Figure 7.5 and 7.4 ,
where we also compare with the Schwinger calculations and our previous measurements for THF.
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30.6

26.7

30.4

28.6

32.7

MTCS

27.0

22.3

21.4

20.7

18.0

Angle

6.5

8

20

7.25

(7.41)

7.74

25

5.22

(7.26)

30

3.59

40

(7.96)

(7,43)

21.34

(7.85)

Table 7.2; Absolute differential cross sections for elastic scattering from 3hydroxytetrahydrofuran, in units of 10"^® cm^/sr. The uncertainty is given in parentheses in %. The integral (ICS) and the momentum transfer cross section (MTCS)
for each incident energy are given in units of 10"'® cm^ at the base of each column
and the uncertainty on this value is estimated to be between 20% and 25%.

In general we can see from the various panels in Figure 7.4 and 7.5 that the shape
and magnitude of the cross sections are quite similar for both 3-hTHF and THF.
The theoretical calculation suggests that 3-hTHF has a slightly bigger cross section
than THF. The experimental data however seems to show the contrary, especially
at forward and backward angles where the 3-hTHF cross section is systematically
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Figure 7.4: Absolute Differential Cross Section for elastic electron scattering from
3hydroxytetrahydrofuran at: (a) 10 eV, (b) 8 eV, (c) 6.5 eV . The experimental
measurements are shown as red full circle for 3-hTHF and red open circle for THF,
the Schwinger calculations as full brown for 3-hTHF and dash brown for THF.
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Figure 7.5: Absolute Differential Cross Section for elastic electron scattering from
3hydroxytetrahydrofuran at: (a) 20 eV, (b) 15 eV. The experimental measurements
are shown as full circle for 3-hTHF and open circle for THF. the Schwinger calculations as full brown for 3-hTHF and dash brown for THF.

smaller. This tendency increases as the incident energy decreases. Indeed for a scattering angle of 30°, the cross sections for the two gases differ only by 1% at 20 eV
(Figure 7.5a) but by 40% at 6.5 eV (Figure 7.4c).

A first approach to explain the relative behavior of the DCS at forward angles
is to consider the dipole moments and dipole polarizabilities of the two molecules.
In general one can expect a larger dipole moment and/or dipole polarisability to result in a larger cross section at forward angles and lower energies. An experimental
determination of the dipole moment of THF suggests a value of 1.63 Debye , while
for 3-hTHF, the only experimental value in the literature is 1.67 Debye [77] - i.e.
there is little difference between the two. It is thus not expected that one would see
substantial differences between the scattering cross sections for these two molecules
due to dipole scattering.

As discussed previously, at the operating temperature of 90°C, the second lowest lying conformers of 3-hTHF would also be present in the hot molecular beam
(around 15%). This conformer has a larger dipole moment, it has been estimated
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to be 2.87 Debye using the Gaussian package [79]. Based on that vahie, one might
expect the measured scattering cross sections for 3-hTHF to be larger and not lower
than those for THF.

The high operating temperature also increases the presence of vibrationally excited
species in the molecular beam. As mentioned in the introduction, only about 30%
of the molecules in the interaction region would have been in the ground vibrational
level. This is quite different to the situation for THF and this initial distribution of
vibrationally excited species could possibly be the cause for some of the observed
differences. However, it is not possible at this stage to confirm this speculation as
there is no information about the cross sections for electron scattering from vibrationally excited species of these molecules.

7.4

Elastic energy dependent D C S

In Figure 7.6, we show the energy dependence of the elastic differential cross section
over an energy range from 3 to 20 eV and at a fixed scattering angle of 120°. At
this angle, for THF, the cross section shows a maximum at around 6.2 eV, which
previous studies including our own (see previous chapter), have concluded is due to
the presence of a negative ion resonance. The 3-hTHF cross section also shows a
maximum at around 6 eV but the feature is broader (~4 eV wide) and the magnitude is generally lower. The Schwinger variational calculation shows a similar
relative energy dependence, but the features are shifted by about 2 eV to a higher
energy (8 eV).
At the end of Chapter 6, we made some tentative conclusions regarding the nature
of the 6.5 eV resonance. It appears that the broad feature could be due to a superposition of shape resonances associated with trapping in the two lowest-lying empty
valence CO a* orbitals [75, 76]. In 3-hTHF, the hydroxyl group complicates the
picture because the lowest empty orbitals spread out onto that group, and there is
probably at least one additional shape resonance under the broad peak associated
with it. But two of the three lowest virtual orbitals still look reasonably close to
the lowest two in THF [75, 76]. Therefore the same basic picture regarding the
resonance structure could apply, with the resonance feature being more prominent
at backward angles. Unfortunately, we do not have experimental evidence of that
assumption as we only have the energy dependence of the elastic differential cross
section at 120°.
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Figure 7.6: Elastic Excitation Function for a scattering angle of 120° for both 3hydroxytetrahydrofuran (orange) and Tetrahydrofuran (blue). The Schwinger calculations (Winstead and McKoy) for both molecules are also shown.

7.5

Elastic Integral and Momentum Transfer CS

The integral elastic cross section and the elastic momentum transfer cross section
are presented in Figures 7.7 and 7.8 respectively. These cross sections have been
derived from the present DCS measurements using a phase shift analysis approach
[41], which removes some of the subjectivity from the extrapolation process to those
forward and backward angles not covered in the DCS measurements.

As might be expected the integral cross sections show the same trend as seen in the
DCS, both between experiment and theory and between THF and 3-hTHF.
The differences between the experimental ICS values for the two molecules are
greater than those for the momentum transfer cross sections, reflecting the greater
differences in the forward angle scattering behavior. In both cases the agreement
with theory is acceptable.

As is the case for THF, the shape resonance for 3-hTHF appears to be more prominent in the theoretical MTCS than in the ICS, reflecting the strong backscattering
that occurs in the resonance region, as discussed previously.
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7.6

Conclusion

In this chapter, we present the first set of absolute differential cross sections for
elastic electron scattering from 3-hydroxytetrahydrofuran. We find that at both the
differential and integral cross section levels, the experimental data and Schwinger
variational calculations are in reasonably good agreement.

The present results

also indicate no major differences between the elastic scattering cross sections for
THF and 3-hTHF. However, the measured cross sections for 3-hTHF are somewhat
smaller than those for THF, while the calculations show the opposite trend. These
differences increase as the impact energy is decreased.
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Chapter 8

Experimental developments for
future studies

8.1

Introduction

The interactions between low energy electrons and niolecules, such as the DNA
bases, have been the subject of several studies in recent years. Studies on vibrational and electronic excitation [10] and dissociative electron attachment [l]-[8] can
be found in the literature.
While these studies have helped us to understand some of processes involved between low energy electrons and these molecules, no absolute cross section for fundamental scattering processes such as elastic scattering or vibrational excitation have
yet been provided experimentally. The aim of our research is to provide benchmark
measurement for this fundamental scattering processes for several biologically relevant molecules. In the past few years, several theoretical calculations [84, 85. 86]
have been done for the DNA constituents and accurate, absolute experimental data
would be useful in order to validate the different approximations made for these
calculations.

In order to implement the relative flow rate technique to provide absolute cross
sections, a number of changes have to be made to the existing apparatus. Indeed,
these molecules are in the solid state (powder) at room temperature and therefore, to produce an effusive beam, the sample needs to be heated. The sublimation
temperatures for DNA bases are typically between 150°C and 200°C. In the old
experimental set up, the driving pressure of the target gas was set by a needle valve,
now it is to be set by the temperature applied to the sample.

The new experimental set up featuring the oven, a high temperature capacitance
manometer and high temperature valves is described in detail in this chapter.
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8.2

Description of the apparatus

This new high-temperature beam source consists of:
- a heated enclosure, the "oven box";
- a cyUndrical crucible containing the target sample,
- a high temperature capacitance manometer gauge to help determine the driving
pressure of the molecular beam,
- one valve {Vpiowrate) located just after the baratron to determine the flowrate of
the molecular beam,
- two other valves (V^ (/r) and

VT

(Bckgnd))

to direct the beam to the interaction

region or to the chamber background,
- two cold traps (one above the interaction region and one after the background
needle) which act as a dump for the molecular beam,
A schematic and a picture of the system are shown respectively in Figure 8.1 and
in Figure 8.2. The different components are described in the following sections.

Cold Trap

Flowrate valve

V Flowrate
to baratron
pressure gauge

Gas routing valves
Vj

and V.^ (Bckgnd)

Figure 8.1: Schematic of the oven.
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Figure 8.2: Picture of the oven box inside the vacuum chamber

8.2.1

The crucible

The crucible is a 65 mm high cyhncler with a inner diameter of 20 mm and an outer
diameter of 50 nun. It is made of stainless steel. It is sealed at the top with a conflat
and a silver-coated Nickel gasket. Once heated above the sublimation temperature
the gas escapes through a 4.6 nun hole located on the edge of the cylinder and
is directed to the interaction region or the background chamber depending on the
measurement to be performed. A schematic of the crucible is reported in Figure 8.3.

Figure 8.3: Schematic of the crucible
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8.2.2

Vacuum system and gas handling system

The system is differentially pumped with a turbo pump (TMU 071) backed by the
same rotary pump (DUO 10 M) used for the monochromator vacuum box. The
pressure in the oven box is measured by a full range vacuum gauge (Pfeiffer Vacuum, PBR 200) and is typically in the order 5.10"^ Torr when the box is held at
a temperature of 200°C. A schematic of the new vacuum system is shown in Figure 8.4.
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Rotary Pump
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Ion
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TurboPump

model TPU 170

FT

Pirani/Ion
Gauge

TurboPump

model TMU 071

Thermocouple
Gauge

To exhaust Rotary Pump
DUO lOM
micromaze
trap

Pneumatic
Valve

Figure 8.4: Vacuum system

The gas handling system is quite different from the one previously used and shown
in Chapter 3. The target sample, as well as the valve for the flowrate determina110
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tion {Vpiiyutrate)^
^T

(iR)

valves dedicated to the gas routing (interaction region

and background

Vt

(Bckgnd))

are now inside the vacuum chaml)er. Tlie new

gas handling system is shown in Figure 8.5.

To interaction region

To background

Figure 8.5: Gas handhng system

The three valves used are bellows sealed valves from Swagelock (4H series). They are
made of stainless steel and can operate up to a temperatvire of 350°C. The manual
actuators on the original valves have been removed and replaced by custom made
valve actuators connected to linear motion pneumatic actuator feedthroughs (from
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MDC Vacuum), to allow computer control of the valves.

Also two more valves have been added immediately underneath the base plate of
the chamber. While the target is sent to the interaction region or to the chamber
background, these two valves, Vg

{IR)

and

VB

(backgnd)

(see Figure 8.5), are closed to

isolate the system and prevent the target condensing on the cold gas lines. These
valves are pneumatic valves from Swaglock (HB Series) with a polyimide stem tip
to enable elevated temperature operation (up to 200°C).

The driving pressure of the target gas (and helium as well) is measured by a baratrori
capacitance manometer (MKS, 615A, 10 Torr). It is an absolute gauge and it can
operate as high as 200°C. It is located underneath the base plate of the chamber, a
few centimeter below the flowrate valve, and it is kept at the same temperature as
the oven box. The pressure is displayed on a signal conditioner read out unit (MKS
270B), the unit provides a O-lOV analog output which is interfaced to the computer
via the Analog input card PCI 6024E.

The zero of the baratron has been calibrated by the manufacturer at room temperature but as the temperature increases the zero setting drifts because of small
deflections of the diaphragm in response to the temperature. It is therefore crucial
to record the reading of the zero as the temperature increases and subtract these
values while performing experiments to have the real value of the driving pressure.
The data is reported in Figure 8.6 and fitted by a third order polynomial.
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Figure 8.6: The reading of the zero (Torr) vs the temperature (°C)
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8.2.3

Heating system

The molecules to be studied with this new system have typical sublimation temperatures between 150°C and 200°C. This range of temperature can be achieved easily by
standard resistive heater. Twin core heating wire from Thermocoax has been used
for that purpose. The advantage of the twin core compared to the single core is that
the magnetic field produced from the current in each wii'e is canceled out, a critical
point in the present case as magnetic fields seriously affect the low energy electron
beam trajectories. This heating wire has a line resistance of 20 0 / m , a 2 mm diameter and is flexible enough to be wrapped around several components of the oven.

Two sets of wire have been wrapped around the inside of the oven i)ox (see Figure 8.2). A current of approximatively 0.5A is recjuired to maintain a homogeneous
temperature of 200°C.

Another heating wire has been added aroimd the exterior of the crucible to give
better control of the samjile temperature. Indeed, when heating the whole box it
takes a long time (few hours) to reach a stable and homogeneous temperature on the
different components of the oven. To have a cjuicker response one can increase the
temperature of the crucible itself to increase the driving pressure of the molecular
beam.

Both needles (interaction region and background needles) have to be held at higher
temperatiu'e than the rest of the system to avoid them becoming blocked, and they
therefore need a separate heating control. The interaction region needle is embedded in a copper block wrapped with the heating wire while the background needle
is inside a stainless steel box with heating wire attached on one face.

To monitor the temperature of the system, fiber glass insulated copper-constantan
thermocouples (Type T ) have been placed inside the oven, on the gas lines, at the
top of the crucible and on the needle. The temperatures are displayed on different
meters (Omega, DP116), these meters provide 0-10 V analog outputs which are interfaced to the computer through the Analog input card PCI 6024E. This allows for
a better monitoring of the temperature.

Outside the chamber both the baratron and the two valves Vg (//j) and Vg (//j)
are wrapped with heating tape and kept at the same temperature as the oven.
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8.2.4

Molecular beam trap

In order to avoid the molecular beam depositing on any colder surface, such as the
electron optics, two cold traps have been placed in the apparatus, one above the
interaction region and the other after the background needle to act as a dump for
the molecular beam. They are made of copper and have grooves to increase the
surface area and ensure a better trapping of the molecules. A picture of a trap is
shown in Figure 8.7.

i
Figure 8.7: A picture of the cold trap

The traps are kept at a low temperature using the thermoelectric cooling properties of a Peltier device. A Peltier cooler transfers heat from one side of the device
to the other side. The temperature on the cold side depends on the amount of
current provided and how well the heat from the hot side can be removed. In principle the maximum temperature gradient which can be achieved with that device is
AT = 60°C. In the present case, the hot side is kept at around 15°C thanks to a water cooling system. The cold side of the peltier is attached to a power feedthrough.
The power feedthrough has a exposed, copper bar on both the air and vacuum sides
and is therefore ideal for thermal conductivity. A schematic of the cooling system
is shown in Figure 8.8.

The traps are kept at a temperature of about 15°C. A current of about 2 A needs
to be applied to the Peltier device to keep the traps at that temperature when the
oven box is held at a temperature of 200°C.
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Water
cooling
T~15°C

Figure 8.8: The cooling system featuring the Peltier device and the power
feedthrough.

8.3

Future directions

The experimental set-up has been installed in the vacuum chamber but it is not operating yet, although preliminary testing of its operation with Thymine have been
performed. Thymine will be the first molecule to be studied as it is known to be
one of the easiest DNA bases to handle experimentally.

The preliminary testing seems to indicate that the two valves dedicated to the
target gas routine

[VT { I R )

and

VT

(Bckgnd))

get slowly blocked by the thymine. The

thymine molecules tend to condense inside the valves, gradually restricting the orifice. This seems to indicate that the valves are colder than the rest of the oven box
components or at least reach the maximum temperature more slowly. In order to
solve this issue, we will design individual heaters (with resistive wires) for the three
valves

(VT

{ I R ) , VT

(Bckgnd)

and V » to ensure a better temperature control. This is

not the only issue. Thymine molecules tend to bind water and form crystals that
also contribute in obstructing the valves or the gas lines. To avoid this happening
the system has to be heated up very slowly (over a few days).
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Q u a d r u p o l e mass spectrometer
A quadrupole mass spectrometer (QMS) also will be installed to enable us to analyze negative ion products from the interaction region. The negative ions (either
metastable or stable species), will be extracted from the collision region by a weak
electric field, mass analyzed in the QMS and detected by a channeltron detector.
This additional channel of detection in this apparatus will enable us to study dissociative electron attachment processes. Most importantly, this will provide us with
a mechanism to link the absolute scattering measurements (elastic and vibrational
excitation) with those for the DEA process, in the one apparatus. This will provide
a connection to the wealth of DEA data in the literature that, while clearly identifying the processes that are occurring, are either relative measurements, or suffer from
large absolute uncertainties. Moreover, this mass spectrometer will allow to monitor
the composition of the molecular beam as a function of the temperature. Indeed,
the high operating temperature also favors molecule decomposition. While typical
decomposition temperature for DNA bases is around 300°C, which is still well above
the operating temperature (200°C), the use of this mass spectrometer will ensure
we know accurately the composition of the molecular beam before electron impact.
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Conclusion

In this work, we present measurements of absolute cross sections for electron collisions with three biologically relevant molecules : formic acid {HCOOH),

tetrahy-

drofuran (CiHgO) and 3-hydroxytetrahydrofuran {C4H2O).
Angular dependent and energy dependent differential cross sections have been measured and compared, where possible, to theoretical calculations.

The agreement

between experimental and theoretical work is in general very good, which encourages us to study more complex molecules, such as the DNA bases.

Investigations on negative ion resonances have also been conducted on these three
molecules.

In formic acid, evidence of the TT* shape resonance, thought to be playing a central
role in dissociation of the molecule at low energy, has been seen at around 1.8 eV
in both the elastic scattering and vibrational excitation channels (0-H stretch, C-H
stretch and C=() stretch).

In tetrahydrofuran and 3-hydroxytetrahydrofuran, a wide resonance feature centered at 6.5 eV has been seen. The feature seems to be more prominent at backward
scattering angles. Several open questions remain regarding the nature of the resonance (shape or Feshbach) as it appears that both types of resonance are present in
that energy range, but the large width would tend to indicate it might be a shape
resonance. It has been suggested it might be a superposition of shape resonances
associated with trapping in the two lowest-lying empty valence CO a* orbitals.

For 3-hydroxytetrahydrofuran, the feature is even wider which tends to indicate
that probably one additional resonance is involved.
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Conclusion

During the course of this work, the experimental apparatus has been significantly
improved.

First, the electronics of the spectrometer have been upgraded to use computer controlled power supplies. This allowed us to implement the Simplex algorithm which
permits a multidimensional optimization of the electron optics. This algorithm has
proved to be very efficient, improving the operation of the spectrometer and also
reducing considerably the time spent to obtain an optimal setting.

The second major upgrade of the apparatus was of course the installation of the
oven to study molecules such as the DNA bases. This system should enable us to
apply, for the first time, the flow rate technique to these types of molecules to provide
absolute cross sections. Accurate and absolute experimental data of fundamental
processes such as elastic scattering are needed to quantify the impact that low energy electrons have on these biologically relevant molecules and also to evaluate the
validity of approximations used in theoretical calculations.
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Appendix A

The Simplex Algorithm

Step 1: Simplex

Initialization

In n dimensions, the simplex is a matrix v[i,j] of n + 1 rows ( i = l : n + l ) and n columns
(j = l:n).

T h e first row of the matrix corresponds to the initial values of your n

elements, the vector inii[j]

{— i ; [ l , j ] ) .

Then the rest of the matrix is defined by (for « = 2 : n + 1)

± A, X scale[j]

v [ i j ] = imt[j]

where scale[j]

(A.l)

is the characteristic length scale of each element j, defined by the

user to restrain the search over a range susj^ected to contain the optimal value, and
A, is the value which dehne the initial spread of the simplex.

For each iteration:
Step 2: Read and Sort the objective

function

After creating the initial simplex, the objective function (the vector f [ l . . . n + l ] ) needs
to be evaluated for each of the n + 1 vertices (or rows) of the initial simplex. Then
the algorithm must determine which point is the highest v^ ( " w o r s t " ) , next highest Vnh ("2nd worst"), and lowest vi ( " b e s t " ) by looping over the point in the simplex.

Step 3: Centroid

Calculation

In order to perform the first reflection, the algorithm calculate the centroid of the
simplex (the vector i^ml^']) which is the average of all the points except the worst.
n+1

p

.•,

=

(A.2)
i=i

Step 4-'

"

Reflection/Expansion/Contraction/Shrink

T h e program then creates the reflected point (vector Vr[n]) and reads the value of
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the objective function

for this reflected point.

Vr[j] = 2vm[j] - v[vh,j]

for J = l:n

(A.3)

* If f{vi) < fr < f{vnh), the algorithm makes a reflection,
therefore v[vh,j] becomes Vr[j].

* If /r < f{vi), tiie algorithm will try to expand in the direction of Vr[j], therefore it creates the vector Ve[j] and reads the value /e for this new point.
Ve[j] = "^Vr [j] - v^ [j]

for J = 1 : n

(A.4)

If /e < fr, the algorithm makes a expansion, and v[vh,j] becomes Ve[j\Otherwise it just makes a reflection and v[vh,j] becomes Vj.[i]-

* If /r > f{vnh), the algorithm will try to contract and move away from the worst
point Vk: therefore it creates the vector Vc[j] and reads the value fc for this new
point.
Vc[j] = Vrrtij] -

" v[vh, j])

for j = 1 : n

(A.5)

if fc < f{vh), the algorithm makes a contraction and v[vh,3] becomes Vc[j].
Otherwise it shrinks around the current best point vi and v[i,j] becomes:
v[i,j] = v[vi,j] + ^{v[ij]

- v[vi,j])

for i == 1 : n + 1
for j

Step 5: Check the

(A.6)

— I :n

convergence

The spread A / of the new objective function f[l...n+

1] (corresponding to the new

simplex v[i,j] after the reflection, expansion, contraction or shrink) is calculated.
, ,

Standard Deviationi f\l...n + 1])
Averageif[l.. n l l ] )
*

If the spread is greater than the convergence parameter 5 defined by the user then
the algorithm restarts a new iteration (back to Step 2).
122

However, before restarting, the algorithm checks the standard deviation of the n+1
vahies of each element j (i.e. of each column). Indeed, before starting the algorithm,
the user defines a parameter called the tolerance ^ which relates the spread of the
different values for each element. If for any element j, the standard deviation is
inferior to the tolerance then the algorithm will not only start a new iteration but
also will re-initialize the simplex (back to Step 1), with the first row of the simplex
now being v[vi,j],

the current "best setting". In this case, it means that somehow

the simplex has shrunk without necessarily finding a optimum and by making a new
simplex, more spread, the algorithm should now make its way toward the optimum
value. However, this situation does not occur often as most of the time /[!...?? + 1]
converges before a re-initialization of the simplex is necessary.
^ T h e algorithm stops:
when A / < 5 or if the maximum number of iterations is reached.
Then the final setting final[j]

is:
final[j]

= v[v,,j]

which corresponds to the "best" value of the objective function (/[f;]).
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(A.8)

PW^S^II/ '

jfV -tj'

if'

i^-^vnt^
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