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General introduction

The single or multiple ionization of atoms (or molecules) by charged particle (or by photon) impact
is one of the most interesting and most important domains in atomic pfigs®s The electron
impact ionization is amanthe most fundamental cases of such processes. The detailed knowledge of
the single ionization (SI) and double ionization (DI) is strongly needed in other physics branches such
as plasma physics, astrophysics, where the basic interaction mechamnisnmigation, excitation,
electron capture, etctare involved. It is also needed in other sciences such as biology science, where
the prime importance is to understand the various mechanisms leading to energy deposition by

radiation in living mattef3].

From the study of single or double ionization by electron impact, depending on different
kinematical regimes, we can obtain fundamental information on two aspects: (a) dynamical
information on Sl or DI process such as projedtigyet interaction, electneelectron correlation,
postcollision interaction (PCI), etc.; (b) target structure information using theak®d electron

momentum spectroscopy (EMS).

In this work, we mainly focus on the experimental investigation of electron impact DI dynamics at
intermediate incident energy for atomic targets and small molecular targets. To this purpose, we use
the secalled (e,3e) and (eB) experiments which yield very detailed information in the form of

fully differential cross sections.

The (e, 3e) experimentefer to electron impact DI experiments in which the scattered projectile
and the two target ejected electrons are selected and analyzed in energy and direction and are detected
in triple coincidencd4]. Besides, the scalled (e, 3le) experiments also bear thignature of DI
process as in the (e, 3e) case, but they differ from (e, 3e) experiments by analyzing in energy and
direction only two of the three outgoing electrons and detecting them in double coincjégnice
other words, the direction of the third electron is unknown as it is distribute8soldl angle space,
whereas its energy is fixed due to the energy conservation wieeresiiual ion is assumed to be in
its ground state after interaction.

Due to the inherent small DI cross section and detection technique limitation, it is difficult to
measure the (e, 3&)lly differential cross section of DI procedsp to presentwith the development
of multi-detection techniqué4, 11], however,only few DI experiments with Ebelow 1 keV were

performed, most of them being related to He.

Generally, depending on the number of interactions between incident electronrgety ttae
various DI mechanisms can be assorted into two categories: (a) first order mechanisms characterized

by one single targetprojectile interaction, such as Shake Off (SO) mechanism and Two Step 1 (TS1)
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mechanism; (b) second (or higher) order maedms characterized by two (or more than two)
successive target projectile interactions, such as Two Step 2 (TS2) mechanism. The previous DI
experimental results with high incident energyXE5 keV) could be described successfully by first
order mechasms[6-10]. Howe\er, McGuire[10] argued thathe TS2 mechanism plays a more and
more important roleelative to the SO mechanism when the incident energy is decredssslthan
about 1 keV.Therefore, in order to answer this questioning, mghly differentialDI experimental
measurementat intermediate incident energy I(keV) on He as well an other atomic and
molecular targetis imminently necessary. With these new DI results, we can examine the second
order mechanism (TS2) contribution at intermediate incident enertfyeane hand, and extend the

DI studes to other more complex targefsud as small molecu in orderto examine if the second
order mechanismlays a similar role for ionization of molecules, the other hand.

In this thesis by using the recently developed (e, 2e)/(e,3e) spectrometer muttiangle
collection andmulti-coincidencedetection in Orsay4], a series of new (e,-B) measurements
(vielding fourfold differential cross sections, 4DCS) perfornied different targets (He, Ne, Ar,.N
and CH), under various energy sharfgetweenthe two ejected electronand at anntermediate
incident energy of ~ 600 e\are presented and discussed. Moreover, ness, 3e) measurements
for N, (yielding five-fold differential cross sections, 5DC8&je performed fothe first time for a
molecular targetDifferent first order and second order theoretical models available up to date for
present experimental targesand kinematics are used for comparison wi experimental results.
Moreover, the predictions @he classical IS2 kinematical mod§l GHYH ORSH G [1IZar& XU JUR X
compared with all (e,-2e) and (e, 3e) resuls.

The presentation of the thesis is organized in the following way:

In chapter 1, the electron impact single and double ionization are ewexvi anda brief
presentation ofhe electron impact double ionization theorygigen. A description ofthe different
theoretical mechanissrand modelss presented for the comparison with the following experimental

results.
The experimental apparatus atata analysis methods are described in details in chapter 2.

In chapter 3, the coplanar asymmetric (de3 measurements on He, Ne and Ar atoms at various
energy sharing casdetweerthe two ejected electrons are presented and discussed. Theseamesults
compared with different first and second order theoretical maell TS2 kinematical analysis
prediction to confirm the predominance of the seemmfr, twestep mechanism in the electron
impact double ionization.



The (e, 3e) and (e;B2) measurenmts for N, are presentedith two different equal energy sharing
cass. (E,E) = (12:12) eV and (BE.) = (37:37) eV.The results of dirst order theoretical model
which includescorrelation betweethe two ejected electrons are compared with the exparial
results. For this more complex target, since there is no theoretical calculation faejee3ultspnly
the TS2 kinematical analysis predictorare used for comparisoryielding a straightforward

comprehension of TS2 contribution.

In chapter S5preliminary (e, 3le) results for Ne and CHare obtainedat intermediate incident
energy. For these isoelectronic targets, it is interesting to investigate the behavior of two targets with
same final kinematical statand to search for possible molecuidfects We give some tentative
explanation for these new resultéowever, these are to be understood as an opening for a prospective
future extension of the present workurther analysis anddiscussionof the resultsand further

consideratiorof complementary experimengsunderway.
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Chapter 1 Theory of electron impact doubl®nization and

motivation of experimental investigation

1.1 Introduction

In recent years the studies of multiple ionization processes by charged particle impact has known
considerable interest in many branches in physics such as astrophysics and plasma physics or in other
science such as biology scienfd, where the prime importance is to understand the various
mechanisms leading to energy deposition by radiation in matter. To this end, understanding of the
mechanisms of multi ionization and the role of electron correlation is of fundamental impgaatce
These multiple ionization processes atudied by using various incident particles, such as electrons
[3, 7-10], photons[11] or other chargegarticles [12-14]. Single and double electron impact
ionization of atoms and molecules are the most basic and simplest processes in particle impact
multiple ionization process. In this worlye focus on the electron impact double ionization (DI)
mechanism study (see Fig. 1.1).

1.1.1 Electron impact ionization process and notations

As usual, electron impact multinization research can be assorted into two categories: structure
study (electron moméum spectroscopy (EMS)15] and collision dynamics study, 16], depending
on whether the target core participgaitter not to the interaction. This will be introduced in detail as
follows.

The electron impact single ionization (Sl)dwuble ionizationDI) can be schematically written as
A+ #7 A+ A+ # or A+ #7 A+ A+ A+ # (1.1)
and it obeys energy conservation and momentum conservation (see Fig. 1.1):

0= Ttk gt 42, L= e Le 4 (S) (12)

or 'g= "ot ot ot Tggt 20 = Lk 1+ Ly L 0. (1.3)

Here the notations areelated tothe caption of Fig. 1.1. The notation®", +2* and L.,

represent Sl potential, double ionization potential and target recoil momentum, respectively. The
difference between Sl and Dl is that in SI case, there is only one ejected electron while in DI there are
two ejected electrons from target after interactibhe Sl and DI are usually called (e, 2e) and (e, 3e)
reaction for short.



(b)

ko

Figure 1.1 The coplanar scattering geometry for the (e, 2e) (panel (a)) and (e, 3e) (panel (b)) experiment. The
notations‘ y '+, '~ ("9, £ Z(and T) respresent the momentum ofincident, scattered, faster ejected, slower
ejected electron(s), the angles of scadtkrfaster ejected and slower ejected electron(s) in (e, 2e) ((e, 3e))
experiment, respectivelyis the momentum transfer from incident ¢&len to the target. The (two) ejected
electron(s) g(and g) is (are) detected in the plane defined by incidegt #ad scattered (g electrons with g

in coincidence.

The momentum transfem} is defined as the momentum difference betweerinthigent electron

(ey) and scattered electron)easgiven by thefollowing equation:
w= Ly Fl (1.4)
A. Structure studies

The momentum transfer direction plays a key role in distinguishetgeen electron impact
ionization structure studies (or-salled electron momentum spectroscopy (EMS)) and collision
dynamics studies. Asis known if the Bethe ridge condition is satisfied, e.g., intBg wholeenergy
and all momentum are trangfed to (or absorbed byhe ejected electron Whetherin SI [15] or DI
[17] case, once the Bethe ridge condition is satisfied, the residual ion plays no role but it only behaves
as a spectator in the interaction process. Thus the angular distribution of single (or double) ejected
electron(s) contains (or contain) the target e®@ctmomentum information (or electrafectron
correlated momentum distribution) of corresponding ionized orbitdlfjer Bethe ridge condicitons
Egs. (1.2) and (1.4)ecome

WF'_F42'= 'sand 1= W= LFY a
Similarly, for DI caseEgs. (1.3) and (1.4) become
'OF'-F 42t =+ 'sand L+ L= W= yF L (1.6)

Traditionally, in SI (e, 2e) EMS study, symmetric coplanar orcmplanar[18] experiments are
performed at impact engies of ~12 keV, with two outgoing electrons sharing the energy evenly.

The incident energy is significantly larger than the ionization potential and the single-dutock
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collision is sufficient to eject the initially bound target electron into contmuMultiple collisions of
the projectile with the target can be safely neglected in this case. Thedrettaientof the EMS
only considerghe lowestorder tem (or first order termin expansion series of transition matrix
wherethe magnitude of transition are treated pertubativelythaghrojectile and outgoing electrons
are described gdane wavesuch as Plane Wave Born or Impulsppfoximation (PWBA or PWIA)
[19].

B. Collision dynamics studies

In this thesis, we mainly focus on the experimental dynamicy studlectron impact DI process
The characteristic of this category is usiagymmetric kinematics whetbreeoutgoing electrons are
detected at very different energies, and the momentum traineferincident projectile to target is
usually small. The incident energy is very different from one experiment to another, from threshold
[20] to a few hundred e\[21] and up to 8 keM[22]. These are the conditionsider which most
ionizing collision occurs, and hence the main emphasis has been placed at understanding the
ionization dynamics.

C. Electron impact double ionization

For DI reactions theRXWJRLQJ HOHFWURQV WKRXJK LQGLVWLQJXLVK
MVFDWWHUHGY RQH DQG pEYT DQG pFY IRU WKH VORZ HMHFWHG R

The target and the residual ion are assumed to be in their ground state. The ion recdd,grnergy
generally negligible because of the smallness of the electron to ion mass ratio. The recoil ion

momentum ‘%, is obtained by subtracting from the momentum transfer vedtbe momentum of

the center of mass of the ejected electronigt (). In Fig. 1.1 in a coplanar geometry case, all
electrons are observed in the collision plane gtlame anglesT., T.and T,with respect to incident
direction, while the oubf-plane (azimuthal) angles.and 1 ,are set to 0 oS The fully differential

cross sections are measured in (e, 3e) experiment with completely determined kinematics (apart from
spin and magnetic sublevels), where all three final electrons are simultaneously analyzed both in
energy and in direction and aretelcted in coincidence. So measuring the double ionization rate
means to resolve simultaneously the vector momentum of all particles in the continuum final state.
Thus, a multcoincidence detectidechniguehas to be utilizedThe nature osmall cross actions of

DI event implies verjow counting rates (as compared to Sl) dodg data accumulating time for

satisfactory statistics, etelenceit makes tle experimental realization a chalengtagk.
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1.1.2 Definition of different n-fold differential cross sctions

Because a DI experiment involves many variables (10 variableE; E, T gwith j=a, b, c) linked

by energy and momentum conservations, it is necessary to unify the terminology used and a precise
definition of nfold differential cross sections. Though DI process is mainly studied in this work, a

general presentation offold differential cross sections definition is shoblow for completeness.

The results obtained from an (e, 2e) or (e, 3e) experiment are represented in terms of cross section.
This quantity gives a measurable probability of certain type of reaction. Wieation occurs, the
fragment particles resulted from the reaction are measured within a spatial window limited to a solid
angle Aand energy deviation'. These cross sections observed are differential in energy and in

angle for these scattered and/gecéed electrons. Thategral cross sectios theintegralof the
GLITHUHQWLDO FURVV VHFWLRQ RQ Wskid aAdigRaDddor \éisekoied) H R |
Depending on different tgpof experiments, we can define differerold differential cross sections

as follows.
A. Single Differential Cross Section

When only one of the emitted particles is detected in a certain direction, no matter what its energy
is, we can say this corresportdsSDCS in angle%. This SDCS is the integral over all energy range.

This quantity has obviously more detailed information in the ionization process than the total cross
section. For example, it has a great interest in molecular structure study.

If one is interested ispectroscopyspecs of the target, one can define another kind of SDCS in

energy,(—g. It represents a major tool in the investigation of various fields of physics such as the study

of energy loss of electrons produced in theosphere land. We cannot directly measure the SDCS in

energy g, it is obtained by integrating over all angles of emission the dalitidgential cross

sections.
B. Double Differential Cross Section

If the information on the emission angle and the energy of ejected electigailaaecdcat the same
time, then wehave adouble differential cross section (DDC§%. This quantity is moraletailed
than the SDCS since it provides the energy and angle distribution of the scattered or ejected particles

after the collision.

The problem with measurements of SDCS and DDCS is the uncertainty about the process seen on
one hand, and ionized states for gegi energy, on the other hand. Theories used to describe the
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SDCS must include all energetically possible ionization process and all states which can contribute to
cross sections. To address this uncertainty, the energy and momentum transfer must inedieterm
specify the particular contributing ionization process. The (e, 2e) measurement technique provides
such information via measurements of triple differential cross sections.

C. Triple Differential Cross Section

If the two electrons in the final stateeaanalyzed according to their directions as well as their
respective energies, it will be called triple differential cross section. In a (e2e) prasegsmtitity is
called completalifferential crosssection angrovides details on the dynamics of iatetion since it
involves all kinematic parameteo$ the DI process namely the energies, B, and E and the solid
D QJQHW @ We note t as:

A3 @é

8% = ———— (1.7)
@@ @-

where E can be derived by energy conservation (see B2j. 1.

It represents the probability of two electrons ejected in the output channel with ene rayes B=
and momentumd and'} LQ WKH G LUMNE® hyRa&yVincident electron energy, Bnd

momentum ‘1.

In (e2e) Sl experiments the scattered and ejected electrons are detected in double coincidence,
which ensures that they are originated from the same ionizing event. By their sensitivity, these
‘complete’ experiments are of considerable importanceh&umnderstanding of the mechanisms of
ionization. They can test the different theoretical models proposed to describe the ptajestle
interaction and thus validate or not the approximations and/or assumptions which are underlying.

D. Five-fold Differential Cross Sectionand Four-fold Differential Cross Section

In DI experiments, there are three outgoing electrons in the final state, one scattered electron and
two ejected electrons, namely, e, and g, respectively. These three electrons haisie degrees of
freedom. If considering the coplanar geometry and energy conservation before and after DI
interaction, these nine degrees of freedom in final state can be reduced to five, which are energies of
two ejected electronsiand E, and directo/ RI WKUHH RXWJIRL@R G WHRWURQV
of these five parameters adeterminedin experiments, hence we call the results as-fine
differential cross section (or Fully Differential Cross Section (FDCS)), which repsssemmplete
detemination of kinematical parameters of all three outgoing electrons after DI interaction. We note
this FDCS obDCS as:
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(1.8)

In (e, 3e) DI experiments the scattered dhe two ejected electrons are detected in triple
FRLQFLGHQFH ZKLFK HQVXUHV WKDW WKH\ DUH LVVXHG IURP W
(or FDCS) experiments provide the most detailed informatiddl gfrocess and can be used as a strict
test to different theoretical models of describing the projetetiiget DI interaction and thus validate
or invalidate these theoretical models and/or approximafig28, 24].

However, these experiments are technically difficult and very time consuming because of very
small DI cross section (about2orders smaller than SI (e, 2e) experiments) and very low signal to
noise ratio in detection. It is therefore also of interestasider a type of experiments intermediate
between (e, 2e) and (e, 3e) experiments, in which two of the three electrons present in the DI final
state are detected: hence the name-{&)&xperiment25-27]. In these experiments, an arbitrary pair
of electrons, (g &) [23], (e, €) or (8, €) [28-30], is detected in coincidence, irrespective of the
emission direction of the third unobserved electron. Its enesgyiEgeneral also unknown since the
ion final state is not determined (except for He target), unless we assume that the residual ion is in its
JURXQG VWDWH 7KXV LQWHJUDWLRQ LV SHUIRUPHG RYHU WKH
yielding a fourfold differential cross section, 4DCS, or

R < AEC é
6'4’: IE'S’@\') @

?~ 0-0--G (1.9)

1.2 Collision theory of double ionization

lonization processes caused by chargedicle impact such as ionization with simultaneous
excitation and double ionization are strongly dependent on many electron corrd@tiddewever,
unlike the tweelectron singlephoton ionization processes, which are driven entirely by correlations,
chargeeparticle impact can cause a two electron transition in the absence of correlations simply by
repeated interaction of the projectiletivihe target. This competition of the electron correlations in
the target and a complicated dynamics of the reaction make it difficuft to interpret padigted
two-electron ionization. However, there exists a case when the correlations and dyramios c
disentangled. Indeed, if the projectile is fast, its interaction with the target can be treated
perturbatively (the scalled low perturbation regime) by employing a Born series expansion. This
effectively reduces the problem of four interacting gealr particles to a threeody Coulomb
problem which is encountered in the telectron ionization caused by photon impact. The latter
problem can be treated by employing either an asymptotically exactbidugeCoulomb wave
function or a closeoupling eyansion to account for interaction of the two target electrons in

continuum. In the following part, we will describe the pertubative theory angewuabative theory
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briefly and focus on the formula development of the pertubative theory in 8L.3, whiskedsfor as a

primary theorycomparison to our experimental measurements.

1.2.1 Pertubative theory

7KH HDUOLHVW TXDQWXP PHFKDQLFDO PRGHOV RI LRQL]DWI
approximations for the ionization amplitude. This model uses a scatteraage viunction
approximated by the product of the wave function of the target atom (or molecule) and a plane wave
for the incident projectile folded between the elece@ttron potential and a finatate wave
function that is a product of a plane wave thoe fast scattered and a Coulomb wave for the slow

ejected electrons.
A. Dynamical ionization theory for atomic target

In order to extend the application and enhance the precision of Born series approximation, many
methods are developed for description of DI dynamical process, such as includigpllsien
interaction (PCI) process involving exchange of energy andanmumenta between outgoing free
electrons after the collisiof81-34], employing distorted wave for describing incident and scattered
electrons (e.g., Distorted Wave Born Approximation (DWBP3%-37], employing different target
wave functiond38], including second or higher order mechanigB8# (double or multi interaction
between projectile and target ), etc..

Several hypotheses have been made to describe the mechanisms of the DI. In the early time, the
electron impact DI problem was first discussed systealgtiby Tweed in 1973[40-42] by
employing Born series approximation. In these articles, Tweed used the Schrdlinger equation as a
starting point, th asymptotic form of the wave function is derived for the total and differential cross
section. The first Born and second Born approximation are discussed in the context of DI at high
incident energy and small momentum transfer. He emphasized that ekigh atcident electron
energies the contribution from the second Born amplitude is quite imppt&niweed proposethe
following DI mechanismsthe projectile interacts witthe target to eject one dhe target electrons.
Another electrofeaves the target because of the resulting chantje délt effective potential

The SO process is a single interaction between the incident electron and one target[é#ctron
45], leadingto a first ejected electron. This first ionization is followed by a relaxation process due to
the sudden change of potential that is responsible for a second ejection (see Fig. 1.2).
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Figue12 6 FKHPDWLF RI pVKDNH RIIT GRXEOH LRQ lUé&sieRinFig.AKM®QOLVP 7KH

Carlson and Krauspt5 have proposed two other mechanisms in the case of electron impact. In
first case the incident projectile interacts witle target successively to ejeatd different target
electrons, ejecting them one by offé52 process)in the second case, the incident projectile ejects
one target electron and is scattered off friilatarget, then this ejected electron plays a role as an
intermediate incidenprojectile and collide with another target electron, resulting pair ofejected
electrons McGuire investigated the DI of He with higinergy ofincidentelectronand estimated the
contribution of two different mechanisms under investigated conditidhPH O\ pW6KDNH 2119
PHFKDQLVP DEOMHSWZRHFKDQLVP OF*XLlkbe ®Bs@F O¥cBahi@nsW KD W
(including thefirst case py7ZBWHS 76 P H FtReDVOHWR QG QIEBWHH 87 AR7 6
mechanismcontribute appreciably at incident energies belokeV [39, 46] while SO mechanism
gives a constant contribution to DI, independent of incident energy.

The TS1 procesgly consists of a first interaction between the incoming electron and one target
electron. It leads to a first ejected electron that interacts with another target electron. This second

interaction leads to an ejection of another bound electron (see Fig. 1.3).

The TS2 procesps] takes into account two interactions between the incoming electron and the
target. The first is concerned with the collision of the incoming electron with one target electron. Then
the intermediate scattered electron interacts with another target elesetedrid. 1.4).
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Figure 136 FKHPDWLBWHS7ZRGRXEOH LRQL]DWLRQ PheEatR @Livilg. 7TKH QR WL
1.1(b).

Figure 1.4 6FKHPDWLF6RIHB7ZRGRXEOH LRQL]DWLRQ P thEsadaashFFig7 KH Q R W I
1.1(b).

B. Theoretical models for molecular dynamical ionization process

There are mainly three different theoretical models for describing dynamical mechanisms in
electron impact ionization of molecular targets. Of course there are other models such as modified
additive rule (MAR) methoanodel[47], two-effectivecentre (TEC)48 approximatiormode) but
they arebeyondfrom the present work and will not be discussed. Note that the Sl or DI sedss
goregarded as a pure electronic transition since the closure relation over all possible rotational and
vibrational states of the residual target can be appliedethéon between the collision time and the
characteristic time of the rotation and viboatijustifies this. Moreoverexchange effects wil be

neglected since the scattered electron is faster than the ejected one in all the cases considered here.
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Although presentlyall of the following models are used fathe description of S| problem of

molecular targetheir frameworksaredesirableto be extendetbr description DI process
1) First Born Approximation Two Center Continuum model

This theoretical mdel uses a first Born framework in which the taentre continuum (TCC)
approximation with correct boundary conditions in the entrance and exit chid®jedsapplied The
TCC accurately describes the slow ejected electron in the electrostatic field of the residual diatomic
ion as it producefs0] results in very good agreement with those obtained by a partial wave treatment
of the exact solution of the tweentre Schrdlinger equation in prolate spheroidal coordingi#ls
Here, the relatively fast incident and scattered electrons are described by plane waves and the bound
electron is given by sefonsistent field (SCF) linear combination of atomic orbitals (LCAD)
which the molecular wave function is expressed as a sum of orbitals for each nucleus. In averaging

over all orientations of the molecular axis, all directions are considered to be equally probable.

2) Molecular Three-body Distorted Wave approximation copled with an

Orientation-AveragedMolecular Orbital approximation model

This is molecular threbody distorted wave (M3DW) approximation coupled with an orientation
averaged molecular orbital approximation (OAM@H2, 53]. In this approach, the OAMO is
generated first and then it is used in the transition (T) matrix. As a result, the T matrix is evaluated
only once with a single OAMO instead of many tsrfer many orientations. The M3DW is a two
centre approach in which all three continuum electron wave functions are represented by distorted
waves calculated on a sphericaly symmetric potential obtained from the Haotrkecharge
distribution for moleclar target (for instance, N coupling with anaveraged orientations over all
molecularobtained bythe OAMO method The final state postollision is included in the final state
wave function which means that the final state jpadlision interaction (PCI) between the two

continuum electrons is included to all orders of perturbation theory.
3) Molecular Brauner-Briggs-Klar model

The MBBK models was first developed by C. R. Stia €ttd] to study the interference effects
observed in single ionization of molecular hydrogen by electron injp&ctin this model, the single
ionization process is assumed to be produced in the proximity of one of the two molecular nuclei,
while the passive electron completely screens the other molecular nucleus. @howléicular
amplitude is reduced to a coherent sum of two timady amplitudes (where the three bodies are the
ionized electron, the scattered electron, and one or the other molecular nucleus). Moreover, the
correlated motion of these three unbound plestiin the final channel is considered in the same way

as was done previously for the atomic ci.
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1.2.2 Non-pertubative theory

In[theoretical physidsanonperturbativetheory is one does not simply describe the dynamics of

perturbations around some fixed background. For this reasomperturbative solutions and theories

yield insights into areas and subjects which perturbative methods cannot reveal.

By the late 1970s significant progress had been made in developing optical potential,-coupled
channels and fatrix methods to descritedectroratom discrete inelastic scattering. These methods
relied on the development of powerful computers that enabled larger and larger calculations to be
performed. Each of these methods was based on the solution of thied#pendent ¢hrdlinger
equation utilizing a,in principle, convergent expansion of the scattering wave function in terms of a
complete set of target states. In the following section, three of frequently usexrhanbative
approach in electron impact ionization process wil be introduced briefly. Howevergrer=so
other norperturbative methods, such asnftrix with pseudstate (RMPS)57-59, the integre
differential closecoupling (IDCC) methodi60], etc. Nevertheless, they will not be discussed in detail.

A. Convergent closecoupling

The Convergent Clos€oupling (CCC) method is a technique for treating a projetetiiget
collision problem. The aim is to solve such systems at any collision energy for the major scattering
and ionization processes. A full implementation of a convengetihod to treat the continuum states
was practically achieved by Bray and Stelbo\igY in 1992. Initially, the method was implemented
for the simplest welstudied Coulomb threbody problem of the electron scattering on atomic
hydrogen for excitation and total ionization. A few years later, it was shown to work fgr ful
differential ionization[62] as well. Furthermore, this technique has been generatzeother
projectiles, including photons, positrons, and more recently to heavy projectiles such as antiprotons
[63].

The strength of the CCC method is that convergence is assured in principle by using a complete set
of expansion functions to construct the discretized target wave functions for the continuum. In
numerical calculations the convergence is established byasing the number of expansion
functions. However, the convergence with increasing number of basis functions is slow (of the order
0 FUwith x1) and very large systems of coupled equations are required to be solved for each particle
wave. With ever incrasing computer power the method is being extended to more complex targets.
To date the method has been restricted to ionization from the valence shell of atoms and ions.
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B. Exterior complex scaling

As well known, specifying the asymtotic form of the saattewave function for electrempact
ionization is a major challenge due to the loagge Coulomb forcg64]. In order to carry out
numerical calculations for ionization, one needs alternative methaedgisfythe ionization boundary
condition. The Exterior Complex Scaling (ECS) is one method that seeliminate the complexity
of dealing with the true ionization boundary condition. This method was developed in the late 1990s
[5, 65, 66] and seeks to solve the tinmedependent coordinatgpace Schrdlinger equation by rotating
the configuration space coordinates into the complex plane at sufficiently large dishiRcgs
where the asymptotic form of the mlary condition can be emplayevithout approximation and

hence provide a compleéb initio solution.

Since the method is so computationally intensive, relatively little work has been carried out
beyond the threbody problem and was limited to a narrow range of projectile enetgiesder to
realize the potential of the method for other targets it was vital that development of more efficient
algorithms take place. The propagating exterior complex scaling method (PECS) is one of such
computational enhancement and could be appliedntrgies near the ionization threshold and at

moderately high energies, where other stdtart methods had difficulty reaching.
C. Time-dependent closecoupling

Similarly to the ECS method the tirtlependent closeoupling (TDCC) is a direct approach to
the solution of the threbody Schrdalinger equation, which all@wone to avoid the difficulties
associated with formulating the correct asymptotic boundary conditions. However, the TDCC
approach differs fundamentally from these previouspenturbative apaches in that it solves the
time-dependent, rather than tinredependent, Schralinger equation. It avoitle needof a finatstate
boundary condition in order to extract scattering information. The TDCC approach takes advantage of
the rapid advances madh highperformance computing resources to efficiently solve the discretized
Schrdinger equation for two (or more) electrons moving in the field of a charged nucleus (or nuclei)
[67-70].

The TDCC approach has also been extended to ttresggt active electrons, which is required to
calculate electron impact double ionization of telectron systems, as well as electimpact
ionizationexcitation cross sections. Extension to three active electrons results in a significantly more
complicaed calculation compared to a two active electron case, as wel as a much more
computationally intensive problem. The complications are due to the large number of coupled
channels which arise due to the coupling of three active electrons, which is dieo éunnplicated
since the spatial and spin components of the #lkasron wave function do not separate. This latter
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point also complicates the projection technigues used to extract probabilities for the many excitation

and ionization processes.

1.3 Three Double ionization mechanisms

In the DI experiment the cross sectiong)lis measured. This quantity, which is defined in a nhine

dimensional momentum space spanneddyand &, is calculated as the coherent sum of all the
transition amplitudes which may lead to interference phenomena. However, in some regions of the
momentum space (that can be selectively probed by the experiment by t@ningnd &

appropriately) the nmex elements of some terms may become particularly dominant.

As described aboveVKHUH DUH WKUHH VLIJQLILFDQW GRXEOH LRQL]D
62 uU7ERHS T 76 -B\YBGSHERpectively.

Here we consider that the incomingdatine scattered electrons are fast so that they can be
described by plane waves. We take He as an example. The fivefold diékoeosis section (FDCS)
in the Born approximatiorj44] is written as

@é _ GG
@:@>@:@>@? CE)

85 = G / 51t / 63 T / 6&2 (110)

The amplitudes 51, / g5 and/ g correspond, respectively, to the SO, TS1 and TS2 process.

The following formulae of different mechanism amplitudere been givehy Dal Cappello et al [72].
A. Shake Off (SO)

This onestep mechanism (because there is only one interaction between theninetoiron and
the target) can be described by the first Born approximffijn(see 8..2.1, Sec. A and Fig. 1.2). The
SO process leads to

1
18 >

Is1= Py 18 kG &Y MOAEBE s ——+ —— BN MiADBE (111
where d @and 6;; represent the initiadtate and final state wawefunctioaf the system

B. Two-Step 1 (TS1) mechanism

This TS1 mechanism is described by the first Born approximation because only one single
projectiletarget interaction is involved (see 8L.2.1, Sec. A and Fig. 1.3).

The TS1 process leads to
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where + represents the energy necessary to eject one target electron leaving the residuaihiia He

groundstateand 63* *(or 63F) is an incoming(or outgoing Coulomb wavefunctiory &..stands for

the momentum vector @jected electron ia first SI step which plays a role agident electrorn a
second Sl step.

C. Two-Step 2 (TS2) mechanism

These twastepinteractionsbetweerthe incident electron anthe targetcan be incorporated in the
second Born approximation because two successive projeatiet interactiom occurin TS2. (see
8l.2.1, Sec. A and Fig. 1.4).

The TS2 process leads[i®]
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with Tk F Glo= %7 1 F Beriand &= 1,

The intermediate scattered electron, described here by a planeﬁﬁ"a@e collides with the
secondbound electron after a first ionization without or with simultaneous excitation. Because of

these two successive interactions in the TS2 mechanism, the symiritetrgspect tahe momentum

transferdirection -1= & F & is broken.

As mentioned above the analysis done for the matrix elements of the various transition operators is
rather qualitative. A more precise estimate of the transition amplitude entails one complicated multi
dimensional integrals. E.g., McGuif@9 has estimated the importance as the incident energy is
varied of the process SO, I.and TS2 in the case of a helium target considering the (integrated) total

double ionization cross sections. The cross sections for the TS1 and TS2, are expected to behave
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essentially as the product of two single ionization cross sections. Thus, tbeseections decrease

rapidly with an increasing incident energy (roughly'gs). Hence the cross section shows a slower

decrease with energy (roughly btgllz $FFRUGLQJ WR 0B9Xthd B vonuituhoX O W V

should be dominant at electron impact energies larger lakeV.
1.4 Motivation of experimental studies ofdouble ionization

7KHUH DUH WZR GLITHUHQW NLQG RI H[SHULPHQWDO VHWXSV |
3e) multidetection spectrometers and the (e, 2e+ion) spectrometer. Both methods useulirgle
detection technigue. Main difference is that sleéid angle collected in the s@lled cold target recail
ion momentum spectroscopy (COLTRIMS) (where the recoll ion is detected in coincidence with two
emitted electrons) is close td{with some dead zones), whereas it is a factor of 10 or so lovss in
conventional (e, 3e) case and being limited to a coplanar geojvidti4], or to a series of discrete
out-of-plane measuremenfg5]. The statistics are essentially limited by the accidemmkc@ence
rate in conventional (e, 3e) experiment®n the other handh COLTRIMS nine momentum
components are determined, one more than necessary to completely fix the kinematics, and the
redundant information obtained is used to discriminate agairthance reduce the accidental
coincidence. The detailed comparison between two different philosophical designed setup can be
found in[7]. Therefore they have differences in many aspiey are not mutually exclusive but
mutually complementary. COLTRIMS is analog to a kigbh camera embarked on a satellite at high
altitude, for instance geostationary, taking a picture of the earth. One sees all of the Earth, that is one
has in pringle all the information but with a modest resolution. Whereas (e, 3e) corresponds to the
same higiech camera (the same imaging techniques and the same position sensitive detectors are
used), embarked for instance in a plane at lower altitude: a paftaremaller region is taken looking

at much smaller details.

,Q RXU ODE WKH pF R Q-déieQtidhlspeQtiprofer isl applied Brdondfrical study of
electron impact double ionization measurement. Historic&liy, V DokdLg has performed (e, 3e) and
(e, 31e) at various kinematical conditions for different targets. All parameters are listed in the
following two tables (see Tabs. 1.1 and 1.2).
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Table1.1$00 SDUDPHWHUV RI H H PHDVXUHPHQWY DW 2UVD

Target E, (eV) E.(eV) E,(eV) E.(eV) Publication
Ar 5553 5480 20 10 Phys. Rev. Lett63(1989)1582 LahmaBennani, A. et al
Kr 5500 5371.6 B+ E=90 eV J. Phys. B, 25(1992)2872884, LahmanrBennani, A. et al
Ar 5563 5500 10 10 J. Phys. B30(1997)367-8696,El Marji, B., et al
Ne 5583 5500 10 10 J. Phys. B31(1998)131143, Schrier, C. et al
He 5599 5500 10 10 Phys. RevLett., 81(1998)4600, Taouil, I. et al
He 1099 1000 10 10 J. Phys. B, 34(2001)307%3087, LahmanBennani, A. et al
Ar 561.4 500 9 9 J.Phys. B, 35(2002)116B113, JiaC. C. et al
He 601 500 11 11 Phys. Rev. A, 67(2003)010707(R), Lahm&ennani, A., et a|
Ar 561.4 500 9 9 J. Phys. B, 36(2003)L1z24, Jia C. C. et al
Ar 953 500 205 205 J. Phys. B, 40(2007)2872884, Naja, A. et al.

Table 1.2All parameters ofe,3H PHDVXUHPHQWYV DW 2UVD\TV *URXS

E(eV) L
Target E (eV) E.(eV) B (eV) Publication
(undetected)

Ar 5623 5500 75 5 Phys. Rev. Lett.63(1989)1582 LahmaBennani, A. et al
Ar 5623 5500 B+ E=80 eV J.Phys.B, 24(1991)6 75682, Duguet, A., et al
Ar 5730 5500 B+ E=230eV J. Phys. B, 24(1991)364553, LahmanBennani, A., et
Ar 5623 5500 B+ E=80 eV al
Ar 5500 undetected 96 17.5 J. Phys. B, 29(1996) L197161, E| Mariji, B. et al
He 5560 undetected B+ E=35eV J. Phys.B, 28(1995) L733.737, El Marji, B. et al
He 640 500 51 10 J. Phys. B, 35(2002), L5963, LahmamBennani, A, et
H, 612 500 51 10 al

601 621 (BEx.E)=(17:5), (37:5),
He 500 J. Phys. B43(2010)105201, Lahmaennani, A. et al.

658 613 (74:5) and (17:17)

‘E9)=(72:12) and i
He 663, 735 500 (B Eo)=( ) J. Phys. B44(2011)055201, Staicu Casagrande, E. M.
(144:12) al

In this thesis, | continue the work of (e, 3e) and (&eBexperimental studies by extending the
target from atomic targeignost of them are noble gases) to molecular targets (such &sNCH)
under intermediate incident energy of ~600 eV to investigatethe different mechanisms woirk
DI by comparing with different theoretical modesd] experimental parameters studied in this thesis
are listed in Tabs. 1.3 and 1.%he experimental results are also compared with the simple TS2
kinematical modetleveloped by LahmaiBennanjet al[76]. The experimental results are given and
discussed in chapter 3, 4 and 5.
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Table 13 All parameters of (e, 3e) measure mentthis work

Target E, (eV) E.(eV) E,(eV) E.(eV) Publication

N, 567 500 12 12
J. Phys. B, 45(2012)135201, Li, C., et al

N, 617 500 37 37

Table 14 All parameters of (e,-3e) measurements this work

Target B (eV) E.(eV) B (eV) Fe(eV) Publication
(undetected)

He 663 500 72 12 J. Phys. B44(2011)055201, Staicu Casagande, E. M.
He 735 500 144 12 al

Ne 586.6 500 12 12

Ne 646.6 500 72 12

Ne 718.6 500 144 12

Ar 567.2 500 12 12

Ar 627.2 500 72 12 J. Phys. B44(2011)115201, Li, C., et al
Ar 699.2 500 144 12

N2 567 500 12 12

N> 627 500 72 12

N> 699 500 144 12

N, 617 500 37 37 J. Phys. B, 45(2012)135201, Li, C., et al
Ne 611.6 500 37 12

Ne 636.6 500 37 37

unpublished

CH, 612 500 37 12
CH, 587 500 37 37
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2.1 General presentation of the setup

In this chapter, the setup used forthekB OOHG H H RU H H H[SHULPHQWYV
will be described in details.

The setup mainly consists of four parts: the chamber and related components, the electron beam
production system, the apaers and the data acquisition and analysis system. A schematic diagram
of the vacuum chamber is shown in figure 1. All elements are housed in this chamber, which is a
cylinder of 120 cm diameter and 85 cm height. The earth magnetic field is compesdigdiging
three pairs of squared (2.5 m per side) mutually perpendicular Helmholtz coils, togethemeital
shields surrounding the vacuum chamber. This ensures the residual magnetic field along the electron
trajectories is less than 10 mG. The vanuwatisfying the experimental requirement is accomplished
E\' WKH GLIIXVLRQ SXPSV VA\VWHP VHH )LJ 7TKHUH DUH W2z
GLIIXVLRQ SXPSY DQG uDX[LOLDU\ GLIIXVLRQ SXPSYT UHVSHFWL
twomecKkDQLFDO SXPSV QDPHG puPDLQ PHFKDQLFDO SXPSY DQG uD
PHFKDQLFDO SXPS QDPHG pvVPDOO PHFKDQLFDO SXPSY LQ WKH
Inside the chamber, there are three toroidal analyzers named analyzemd,@for analyzing and
detecting by double (or triple) coincidence technique the two (or three) electrons resulting from the Si
(or DI) process, depending on which kind of experiment we are interested in. The target gas is
introduced into the center dig chamber through a moweapillary of 0.2 mm internal diameter and 8
mm in length, while the electron beam is produced by a homemade electrostatic electron gun.

The collision center is defined by the intersect volume between the electron beam and gas jet,
whereas the collision plane is defined by the incident (before collis¥)nand scattered (after
collision, ‘1) beam directions (see Fig. 2.2). In this coplanar case, the scattering plane which contains
the vectors'} and ‘1 is characterized by the azimuthal angle= 0. The other azimuthal anglés.
and 7 ,can have values either 0 & The polara. and & will vary between 0°and 360° A Faraday
FXS FDOOHG p%HDP 6WRSY %6 LV LQMWds@e & ~D30 RQ oW KH LQF
the collision center with the function of collecting those electrons which did not have any interaction

with the target. Al ejected electrons emitted into the collision plane are energy analyzed and
collected over almost fuplanar angular range £ 20%-160°and 7: 200>340) and detected in

coincidence with the scattered one.
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Figure 2.1 A schematic drawing of the (e, 2e)/(e, 3e) medincidence spectrometer
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Figure 2.2 Schematiaiagramshowing the angular ranges accessible for the three outgoing eledirotise
collision plane)

2.2 Vacuum system

It is well known that higkvacuum diffusion pumps are always operated in conjunction with fore
vacuum pumps. A PAD 6250 type oil diffusionimp is installed for our setup as main diffusion
pump (see Fig. 2.1). It has a pumping speed of 285@éw pump: DIP 30003%) and an uttimate
limit pressure of less than 4xi0orr. A mechanical pump with ability of pumping speed of about 65
m’ i' and ultimate pressure less than IX@bar is combined with the main diffusion pump. Besides,

a water cooling system and a freon cold trap are utilized routinely for the main oil diffusion pump to
prevent fluid from flowing back into the vacuum vessBhte auxiliary mechanical and diffusion
pumps are operated in a similar way, except there is no freon cold trap. The small mechanical pump
serves for evacuating the main diffusion pump when the main mechanical pump is used for pumping
the chamber (by swikung on or off the valves to achieve, see Fig. 2.1). Typically, with these
combined pumps, a high vacuum of ~1XI0orr is achieved inside the chamber without target gas
injection, and ~2X16 Torr with gas injected through the nozzle. Such a pressurgesna good
backgroune o-signal scattering ratio for the planned (e, 2e) or (e, 3e) experiments.
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There are five vacuum gauges in total allocated at different positions for vacuum control and
measurement. The gauge named J1 is used for low vacuum emeastu> 18 Torr ) whereas the
ionization gauge located on the top of the chamber is for high vacuum measuremehireer1
The two gauges located between mechanical and diffusion pumps named G1 and G2 are used for
monitoring the vacuum before difion pump to make sure they are working under permitted

pressure (typically < 10Torr).
2.3 Electron beam system

The aim here is to produce a monochromatic and well focused beam of electrons at a
predetermined energy, where the direction and energgadpof the electrons is reduced until it is
almost monochromatic. In general, the beam production consists of an electron gun with an extraction
electrode and a focusing electrostatic lens system, associated with deflector plates and a collimation
aperture A Beam Stop (BS) and a gimle assembly serve to monitor the beam intensity and shape.
Because of the double or triple coincidence technique itself, one significant characteristic of the so
called (e, 2e) or (e, 3e) experiment is the long data acquisine to approach satisfactory statistics.
Therefore, a long time stable, well focused electron beam with a constant current intensity becomes
crucial. The three parts of the electron beam production will be introduced individually.

2.3.1 Electron gun and electrostatic lens system

The scheme of the electron gun is presented in Fig. 2.3. With this electron gun, a well focused

electron beam with a wide energy range of ~400 eV to 2000 eV can be produced.

A tungsten filament emits electroiy thermo electronic effect. It is identical to those used in
electronic microscopy, foldeid the shape of hairpinon top of whichis deposited aeryfine tip
point ofdiameter 0.3nm. This point ensures a better local electron emission and thussallow
obtaining a point source. A negative high voltage is applied to the filament in order to accelerate the

emitted electrons.

The Wehnelt electrode eguipped with aiaphragm oR mmin diameter and is biased with
avoltage slightly more negative than tlw the filament.The adjustmendf thisvoltage changes
theflow rateand concentration aflectrons emittetly thefilament. Thus, the role of this electrode
to optimizethe trajectoryof the electrons emittelny the filamen@and thereforéo minimize the
angular dispersionf the beamThe conical shapand sizeof the diaphragmof the Wehnelt
electrodearechosen toninimizethe angular dispersioof the electron bean@ptimaloperations

achievedvhen the tipof the filament igpositioned close tthe diaphragm, within £few tenths of mm.
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Figure 2.3Schematic diagram of the electron gun

The electrode denoted, Iplays the role of an anode: it is connected to ground and is used to

accelerate the electrons.

The electrostatic Einzel lens [10][12][13] is used for adjustimg focusing of thelectron beam. It
consists othree electrodewith a central opening 0B mmin diameter. Two of these electrodes
(L; and Lg) are at zero potential and thage arrangedymmetrically oreither side of the central

electrode(L,), on which an adjustable negative voltage is applied.

Two pairs of deflector plates apesitioned at the exit of the electron gun. They consist of
four planar electrodes arranged as orthogpaat. Each sets used to movéhe beam horizontally or

verticallyto maximizeits focus orthe axisof the gas jet.

2.3.2 Beam Stop and pithole

$V PHQWLRQHG DW WKH EHJLQQLQJ RI 6HFWLRQ D )DULI
positioned immediatelat the exit of the dual toroidal analyzers along the incident direction at a
distance of ~130 mm from the collision center. The BS plays two roles: 1) to collect the projectile
electrons which have not undergone collision and trap them, hence mininfigingektraneous

scattering in the chamber; 2) to monitor the intensity of the incident electron current.
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Electron beam

/Beam Stop pin-hole

[ > e

l,, measurement

lssmeasurement

Figure 2.4 Schematic diagram of tHeeam stop and pihole

,QVLGH WKH %6 WKHUH LV DQ RSHQLQJ KROH RI PP LQ GL
metal conductive rod which is used for measuring the cupasging though the hole. This-salled
HSLQ KROHHFXIWMIWRSALF D,OO\ DERXW WR ) RdeMgRH). n%6 PDLQ FX

The electron gun deflectors (see Fig. 2.5, &&h also be used to meastire shape and size of
thebeam at B&nd pirhole assembly. The spatial distribution of the intensity of the electron beam is
of Gaussian type whodall width at halff maximum (FWHMYefines thédiameterof the
beamtypically in the order of ~1mm. We can image thatsl the intensity irgiven coordinates, each
lon corresponds to a unique coordinate Z). If we move the beam in horizontal and vertical direction,
then it gives an intensity distribution gflin Y- Z plan. A good beam is then a beam which is thin

(~1 mm in diameter) and symmetric bothyirandZ directions [12].

Under normal operating conditions, the full width at half maxinfgvHM) of the beam is
estimated to be about 1 to 1.5 mm in both Y and &ctlbns, at the incident energies considered in
this work,E, ~500700€V.

2.4 Gas source and collision volume

The gas jet (see Fig. 2.1) is of the effusive type. It is formed by expansion though a monocapillary
(SO FDOOHG pPQR]J]OHYT RIdiametBrRand @ moQriNgadinQ Th®nozzle is carefully and
precisely adjusted along the Z axis of the system, which is perpendicular to the collision plan. Also,
the nozzle is electrically isolated so as to allow measuring the current collected. Wheanthis be
WRXFKLQJ LQ WKH PLGGOH RI WKH QR)}] Qdts a Wsirhum Mali®. XhisH G u QR
indicates that the beam is exactly passing through the center of the gas jet in horizontal direction.
Hence, next we need to adjust the beam cdyeiful vertical direction to form a small collision
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volume with gas jet. These alignments, together with the small dimensions of the electron and gas
beams, are needed to ensure a very good definition of the collision volume, which is a crucial point
for the angular resolution of the toroidal analyzers. Usualy, the beam is positioned ~1 mm below the
nozzle, a good compromise between removing it away from the nozzle to minimize secondary

electrons produced by metal scattering from the nozzle tip and bribgiloger to increase the target

density in the collision volumeAs mentioned before, the pressure inside the chambeR.B x
10 ®~2.04.0° Torr with target gas. However, typically the gas density of collision volume is of the

order —10%? - 10" atoms/crf, about two orders of magnitude larger than the background pressure.
This collision volume gas density guarantees the experimental condition that the average distance
between two atoms or molecules (5%0) is much larger thathe distance where van der Waals
force works (18 10" m). Meanwhile the mean free velocity is much less than incident electrons
with energy about ~50000 eV ¢1.0 x 10 ™ | / @1.0x 10 m/s, assuming the electron has static

mass). So we can &eeach target as to be free and static with respect to the incident electron (without
van der Waals force acting between each other).

2.5 Three toroidal analyzers

A general schematic view of the present spectrometer is shown in Fig. 2.5. The eleatnon bea
produced by the electron gun comes to collide with the gas jet issuing from a small capillary at the
center of the apparatus, and the cismstion of the two beams defines the collision volume. After
interaction with the target, the electrons emittetd ithe collision plane (defined by incident and
scattered directions) are analyzed in our 3e) sgctrometer in energy and angl@he main
components of the eH VSHFWURPHWHU DUH WKH WZLQ WRURLGDO DQDC(
forenergy HOHFWLRQ DQG DQJXODU DQDO\WLV RI WKH HMHFWHG HO
for energy selection and angular analysis of the scattered electrons. Each toroid is equipped at its end
with a position sensitive detector (PSD) comprising 3 mairannel plates (MCP) and a resistive
anode. All of the two (or three) outgoing electrons are detected by MCP in coincidence. From the
arrival position on MCP, the 4plane angular and energy distributions of the scattered and ejected

electrons can be recsinucted.
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Figure 2.5 Schematic view of the (e, 2@, 3e) electroimpact ionization spectrometer. The beam of
XQVFDWWHUHG HOHFWURQV LV FROOHFWHG LQ WKH EHDP VWRS 7KH G
symmetry about the Z axiBhey are preceded by the entrance annular lensetland followed by twéour-

element toroidal lenses; Hy,. Electrons ejected in theyhorizontal plane of collision are imaged as two half

rings on the position sensitive detectors (PSDs) at theatwp the bottom, respectively. The fast, scattered
HOHFWURQVY DUH DQDO\]HG LQ WKH WRURLG puDY RYHU WKH 3XVHIXO " DQ.

2.5.1 Twin toroidal anayzers

The main function of the twin toroidal analyzers is for enesgjgction and angular analysis of the
ejected electrons. Theye exactly identical to each other. Each toroid consists of a cylindrical radius
a = 60 mm and a spherical radibs= 75 mm, with a deflection sector angle of 145° Felement
semiannular @trance lenses, named to L, in Fig. 2.5, are positioned between the collision center
and the entrance to the toroids. Their function is to accelerate or decelerate the electrons before
entering the toroids. The prior acceleration decreases the ensojytion of the analyzer whereas
the deceleration increases it. The last elemejtigldesigned as a slike shape whose openingdi)
can be adjusted mechanically. The voltage) @pplied on L. (with respect to ground) combined with

T1ie @and Te determine the pass energy of the analyzer, which is
E,= Epc- €V (2.1)

where g VWDQGYV IRU WKH HMHFWHG HOHFWURQ HQHUJ\ RI HOHFWL

-38-



Figure 2.6 Vertical crosssection of théoroidal analyzer, which defines theain parameters

Because the field is constrained between two toroidal metal surfaces in the actual analyzer, the
electric field is nearly normal to these surfadég. 2.6represents a vertical crassction of
simplified scheme of the toroidal analyzer. From this scheme we can define the main parameters of
the toroid [7] which are described as follows.

If Q( 3 is the functionof chargequantity withspecific angleZ[7], then according to Gaussian law

the electric field with arbitrary radius r can be written as

- 3( )

N7 "N =+ nsin )’ (2.2)

If we apply a potential difference8= 8 F 8 between internal electrode (J) of radius Nand

external electrode (T,) of radius N, the electric field between i and T with radius of N

(N< N< Bl) can be expressed by:

‘=t Nsin i

N:i=+ Nsin i ;

F1
'NiNAGE Fe8 =Dd C N=+ Nsin i) E (2.3)

If we define >= %for non relativistic electrons, the kinetic energy of the electron &/,

when passing into the analyzer, we have the following relation:

| R= 7= A3 (2.4)

NI
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For the case where electron path corresponds to the central circle obradibave

. | R _27_2M8
R(H=—=—5=— (2.5)
Then we obtain the equation:
8:N= 22 :a=+ 2>In B2N ¢ (2.6)
e= N2 >+ e=;

which gives the polarization of the two tores, the interior one far(called T;;,,) and the exterior one

for r =r, (called T.x), Which are applied tdetermine the passing energy.

We recall that the geometrical parameters of our double toroida a®0 mm,b =75 mm, =60
mm and = 90 mm. In practice, the values of the calculated potentjal dnd T are adjusted
slightly for fixed pass emgy to ensurghe electrons analyzed beipgopety focusedon the surface
of the detectors.

An exit slt SsFDOOHG p)f VHH )LJ LV HTXLSSHG MXVW DIWHI
potential as L (playing a role of entrance siit) is applied and also the opertihgde Fig. 2.6) can be
adjusted mechanically combining with, ldepending the energy resolution requirement of the

experiment.

There are other three pairs of electrodes named@;Tand T,. These three pairs of electrodes are
used as electrostatic lenses to focus the energy selected electrons and ensure them impacting normally
onto the surface of the detectors. There are two reasons that the trajectory of the detected electrons is
requiredto impact normally onto the surface of the detector. First, as to be discussed in 8.6, for
energetic electrons the detection efficiency of MCPs is largely improved. Otherwise the efficiency is
enormously reduced and the distortions caused by differama@sdence angle onto the detector are
brought in [8]. Second, the electrons with &e further focused by AT, before impacting the
detector. The final geometrical configuration of the three elemep{$,(Eee Fig.2.5) corresponds to
a cylindrical a a spherical radius of 222 and 206 mm, respectively, and deflection sector angles of
10; 15°nd 305 respectively [5].

Aqtioroidal fanalyzer

7KH pWRURLG $9 FRUUH YV SR&O)>XXE0 WhiRarid aFspbdriCa-atiug D-O113nG L XV
with a deflection angle of 135° The designed angular acceptancgi®f30? However, due to the
edge effects which produce fringing electric field distortions and due to the limited size of the MCP

(40 mm in dameter), the useful angular range was limited to 20°?
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Before the scattered electron entering into the toroid A to be analyzed, they have to pass two
symmetric slits (with respect to incident direction) in front of the entrance lens of the toroid to
determine the scattering angle within collision plane. The width of these two slits can be adjusted to
satisfy different angular resolution requirement for the experiment. In this work, because we aim to
study the double ionization (DI) process at interntedimcident energy, for accumulation time
consideration, the two slits were set for the scattering ang@+8tand +6°t3°(see Fig. 2.7, right
panel at bottom). That means the slits open #8%o -9°and +3°to +95 where the 0°is defined by
incident beam direction (see Fig. 2.2).

Similar to the twin toroidal analyzers, a feelement toroidal lens is positioned between the
collision center and the entrance of the toroid for focusing thefguiane electron trajectories onto
the entrance slitot the toroidal sector on the one hand and for accelerating or decelerating the
electrons prior to analysis, depending on the requirements of the experiment, on the other hand. A
threeelement toroidal lens is also positioned between the exit of the tondidhe detector and is
used to further focus the azimuthal angle of electron trajectory onto the detector [1][12] (see Fig. 2.7).

Figure 2.7 Full view of toroidal analyzer A and its physical picture

The energy of scattered electrdh)(is given by

2= ' oo F o 2.7)

-41-



where B, is the pass energy at which the electrons are actually analyzed between the toroidal

electrodes, Y. is the decelerating (or acceding) potential. The energy resolution of toroid A is
largely determined by the combined opening of the entrance and exit slits, and can be obtained from
the measurement of the elastic peak width by setting E.. The elastic spectrum and energy

determmation as well as the energy resolution will be discussed in details in 8.8.
2.6 Position sensitive detectors and coincidence technique

As mentioned in 8.5., a position sensitive detector (PSD) is installed at the end of each analyzer.
From PSDs, the angular and energy as well as the time informaitidetected electrocan be
provided from the arrival position on the surface of micrarctel plate (MCP). The time signal can
be analyzed by coincidence technique. With the time and position information, the electron impact
single ionization $l) or double ionization DI) physical picture can be fully reconstructed. In the

following part wewill describe the PSD and the coincidence technique applied in our apparatus.

2.6.1 Position Sensitive Detector

The detection system mounted with each of the three analyzers consists of three commercial Micro
Channel Plates (MCPs) with a 40 mm diametetiva area and a twdimensional resistive anode.
Each arriving electron is amplified by the MCPs and induces a charge distribution on the resistive
anode. The first MCP gives a time signal when one electron impacts on its surface, and the resistive

anodegives four corner charge signals, from which the arrival position can be determined.

A. Micro Channel Plate (MCP)

Figure 2.8 Appearance and crossection view of a MCP
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A MCP is an assembly of tubes or channels (each of 12.5 pm in diameter and 0.48ength

(see Fig. 2.8). The total number of channels is aboutdlad. The distance between channels is
15um. The inner channel wall is made of a material with a high power of secondary electron emission.
An incident electron produces several electraitsr collision on the wall. The tubes which form the
MCP are inclined by about 8°to normal, first to increase the collision chance on the wall and second
to minimize electron backscattering from the tubes, while the incident electron impacts on in
pergendicular direction with respect to MCP surface. It has been shown that for energetic electrons
the detection efficiency of MCPs is largely reduced when the angle of incidence with respect to the

normal exceeds 30°or 40°8].

Each of our detectors corisisof three MCPs. The gain of each plate is abotitol0d, so that a
total gain of about 0to 10 can be obtained by each detector. The three MCPs are in zigzag

alignment to maximize secondary electron gain. (see Fig. 2.11)

B. Resistive anode angbosition signal
7KH UHVLVWLYH DQRGH XWLOL]J]HG IRU RXU WKUHH GHWHFWRUYV

Figure 2.9 Scheme of the resistive anode

As shown in Figs. 2.9 and 2.11, when the electron cloud impacts on the surface of the anode, it
induces a charge distribution at four corners of the anode. By measuring the amount oQgh@sge
Qc andQp from four corners of the anode, the impact position coordinates (X, Y) can be determined

by the following formula:

3ot 3g _ 3o 3g

3u+ 3¢+ 3o 3g 3
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3wt 3 — 3t 3 (2.8)
3+ 3¢+ 3o 3g 3 )

y =

whereQ = Qa +Qp+Qc+Qp is the total collected charge afl, Qs, Qc and Qp are the charges
corresponding to each corner named A, B, C and D (see Fig. 2.9). These corner signals are firstly

amplified by preamplifiers and then connected via shaping amplifiers to the data acquisition system.

Figure 2.10Diagram of angular reconstiction by electron distributiomt the surface of MCP

As shown in Fig. 2.10 [1]f we create a coordinate system with collision center as the origin, the

incident direction $&as zero degredrom the arrival position of the detected electron onto the
surface of the detectahe position information then can be converted into angular distributiere
the surface of the detect@presents the collision plane. We detine origin O andzerodirectionas

the collision center and incident directiob&in Fig. 2.10,respectively. The ejected angle is defined

clockwise starting from incident directiof&l The intensity of ejected electrons is represented by

false color pixels. In the offlinanalysis, the angular range is divided into sectors of 5°width. Thus

the angular distribution at fixed@, can be reconstructed eventually.
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Figure 2.11.Simplified assembly diagram of PSD

C. Time signal
The arrival time signals associated to talevantcollision event are directly picked up on the rear
face of the third MCP of each detector (Fig. 2.11). These signals are used for the coincidence

technique, see next section.

2.6.2 Double and triple coincidence technique in (e, 2e)/(e18)/(e,3e)
experiments

The data acquisition system is based on two identicattraenplitude converters (TACs) and a
homemade system called correlation cube (CC), whose role is to adequately correlate the signals
depending on the type of experiment which idgened, to make the corresponding analogligital
(AD) conversions and to establish the dialog with a computer specially dedicated to the control of the

experiment and to the data storage [5][12].

The two TACs are started by the same time signal fraendartector, say detector A and stopped
by the time pulse from detector B or C. Thus this process generates two single channel analyzer (SCA)
logical signals and two analog signals whose amplitudes are proportional to the arrival,tane
T, for the two ejected electrons &nd celectrons, respectively, relative to the fast oretegtron. In
a complete (e, 3e) experiment, ten signals carrying time and position information are fed into the CC:
two time signals (3 and T.) issued from théwo TACs and eight charge signals issued from the four
corners of the two resistive anodes of detectors B and C. In (e, 2e) dre(ec8ses, of course, some
of them are not present. For instance, in {€¢Babmode experiment (where the scatterexkeatron

and one ejected-électron are detected in coincidence), only i§ needed. Alternatively, in an
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complete (e, 3e) experiment, both two time signals ahd T,. from TACs are needed for triple
coincidence acquisition. That is, two time signals ahd T, from TACs and eight charge position

signals are processed by analog to digital converters. The correlation cube (CC) is a modular system,
designed for measuring time correlation between two or three particles. If the three outgoing electrons

are corelated to the same event, then two time signals and eight position signals will be registered by

the computer. Otherwise, the event is rejeeted he system will be rénitialized and wait for next

start signal. Therefore, a triple coincidence is reedrdnly if the two time signals from TACs are
ZLWKLQ D WLPH ZLQGRZ RI QV , I VXFK DQ HYHQW RFFXU\
computer that a true event has happened and send all the information of the event to computer. Then
the computer RPSXWHV HEY DQG RU pFY SRVLWLRQ LQIRUPDWLRQ LQ
information T,, and T, (see Fig. 2.12).

Figure 2.12.Electronic data acquisition system
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2.7 Procedure of data analysis

Because of long time of data acquisition needed to obtain satisfactory statistics, and also because
of the stability consideration of (e, 2e) / (18) / (e, 3e) experiments, the data are accumulated into
several separated files. Before and after eaphraee file, for all kind of coincident experiments the
nortcoincident, named double differential cross sections (DDCSs) of analyzer A, B or/and C are
recorded and compared both with previous measurements obtained with our spectrometer under same
experimer VD O FRQGLWLRQV DQG ZLWK WKH(seeH@Q.QR. O FBRABRMWIHG 2SDO
addition, measurements of the (e, 2e) triple differential cross section (TDCS) for tHenovet
target He are performed before and after (e, 3e) data acquisidoooarpared with our previous
measurements as well as with theoretical calculation results to confirm the stability of the apparatus in
data acquisition duration. This comparison of DDCS and (e, 2e) TDCS with known results allows
making sure that these tesins yield practically identical angular distributions, thus excluding any
ORQJ WHUP GULIWYV LQ WKH GDWD 7KH VDPH FRPSDU1&YRQ LV PI
and (e, 2e)) files, with their inherent bad statistics, to also excludeothfud ones, if any. The raw
GDWD IURP WKH 3JRRG” ILOHY DUH WKHQ FRQFDWHQDWHG LQWR

We first introduce the (e, 2e)/(e;18) (they are identical in technique point of view) data
exploitation procedure then alternate to explain how to exgigramiore complicated case of (e, 3e).
Here we take an (e, 2e) ac coincident experiment of He for instance. The others use the same
procedure.

2.7.1 Experimental data exploitation

As shown in Fig. 2.13, when the (e, 2e) data of ac coincident experimétd @imported into
the exploitation program, the false color image of two detectors is displayed. The false color
represents the intensity of correlated electrons in coincidence. To avoid any distortion due to edge
effect, the mechanical angular accep&arenge (157) of the toroidal analyzers B and C is usually
limited to the 140°range extending from 20°to 160°(in (e, 2&c experiment, analyzer B is absent
here). The two inner circles allow us defining the width of effective energy window, whiskdsfor
data analysis procedure. This energy window in fact is the energy resolution, which might be changed
E\ DGMXVWLQJ WKH PXWXDO GLVWDQFH "5 EHWZHHQ WKH WZR L
range are fitered and excluded from furthatadprocess.
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Figure 2.13False color images of detector A and C in the double coincident exploitation

Figure 2.14Time spectra of a typical double coincident experiment

In double coincidence experiment, there is one start signal triggered by ftistescalectron
QDPHG puDT DQG RQH VWRS VLIQDO WULJIJHUHG E\ HMHFWHG HC
signal, it will open a time window of 200 ns waiting for the ejected one. Hence the ejected electron
arrives as a stop signal within 208, this event will be recorded and the system will bmitalized
for next event. If the arrival time of the ejected electron is longer than 200 ns, the event will be
rejected and the system will be reinitialized either. The background signal whicbrrglly
averagely distributed in time spectra should be considered in analysis stage. The parameters c1 and c6
in the time spectra is to determine the analysis range of the data, ydiildetermines the true events
WLPH UDQJH D QG ED¥eN JThéR tKe@ckgriound Bobdidénézsignal will be subtracted
from the total true coincidence signal. Hence, the data after subtraction of the background signals are

pure true coincident events (see Fig. 2.14 and 8.7.2 for more details). We have teredaatgles
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at-6°and +6; so ac coincidence experiment utilizing analyzers A and C (angular acceptance is 20°

160y can be extended to almost full angular range according to the symmetry property of the
apparatus. As shown in Fig. 2.2, the scatterecirele are detected & = - 6°+ 3°and + 6°+3°by
DQDO\]HU p$Y ,Q GRXEOH FRLQFLGH QF HeHd@atitddni} theVéjected FK DV
electron are detected in coincidence withlectron at both positive and negative directions. Because

of symmetric propey of the scattered direction, if we reverse the coincidence dateel®ctoon and

aelectron atT. = + 6°+3°to T = - 6°% 35 the corresponding b-electron coincident angular
distribution () ranging between 20°and 160°withf, = + 6°£3°becomes T, ranging between 200°

and 340°with T, = - 6°+3? Combining the coincident data set of], ranging between 20°and 160°

with T =- 6°t3°nd in spite of the angular acceptance limitation of the spectromeigrins almost

from 0°to 360?

In the folbwing part, 1 will focus on explaining the principle and procedure of (e, 3e) data

exploitation.

Figure 2.15 Typical time spectra in an (e, 3e) experiment. Left panel: two dimensional time spectgum (T

versus T, see definition in 8.6.2) of the triplcFRLQFLGHQFH 7KH FURVV ,YRF&SEARU RI WKt
diagonal T, (represents band ¢ electron coincidence event) is the (e, 3e) triple coincident signal. Right panel:

separate time spectrum ofyland T,., each of them corresponding to an (e, dedible coincident event of ab or

ac coincidence.

The two dimensional coincidence time spectga, and g€, (see Fig. 2.15) and then a false color
image of the triple coincidence time spectrum (from which the true and accidental coincidence
windows used in the data analysis are determined) are displayed in Figs. 2.15. A false color image of
the triply coincident events accumulated on each PSD is displayed [see Fig. 2.16]. The center of the
image represents the collision center. The angular shapetsetthe intensity distribution over the full
DQJXODU UDQJH VXEWHQGHG E\ WKH WRURLGDO DQDO\]HU LQF
while the radial distance from the center corresponds to varying transmitted energy. Though the

-49-



collision vdume and the detector assemblies are carefully mechanically aligned on the Z axis of the

toroids, some slight misalignment (especially of the detectors) may subsist.

Fig. 2.16 displays the false color images of three detectors in the triply coincideis. eliee
circles and rings stand for the same meaning as in (e2e) ac coincident cases described above in
addition of a third analyzer B. Because of low count rate in (e3e) experiment, usually the integration
is performed over all transmitted energy rangegRZHYHU LW LV SRVVLEOH WR OLPL

energy resolution.

Figure 2.16False color images of three detectors in the triply coincident events

Finally, the Cartesian coordinates (X, Y) are converted into polar coordinatdsgnd the total
XVHIXO DQJXODU UDQJH LVRGTEYhGsH width G WitRgratét RomEpkesent the
middle angle as one data point of an angiak V W U L E XOMD IGRéN bé different, depending on
the type of the measurements. The sectors widths are usually £1aaf%8°for double differential
cross sectiofDDCYS), triple differential cross sectiofifDCS) and fie-fold differential cross ection
(5DCS), respectively.

A typical threedimensional triple coincidence time spectrum is shown in Figs. 2.17 and 2.18.
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Figure 2.173-D histogram diagram of a measured triple coincidence time spectra

Figure 2.182-D projection of triple coincidentime spectra

In these figures, the data from &lland T angles have been combined, that is integrating over the
whole useful areas of the detectors. Theahd T,. axes of the spectrum are the arrival times of the
slow b and c electrons with respect to the fast one. The peak at the center corresponds to the triple

coincidence double ionization signal, superimposed on a background due to four different
contributionsas detailed below:
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) Fully accidental signal, where the three electropsseand ¢ are uncorrelated, hence a
uniform time distribution, corresponding to the areas marké8 i Fig. 2.18.
1)) €,-6, coincident contribution (named-e, ZD OO0 R U u DhEcod &lafed pair L4, &vid
random arrival time of € This corresponds to the areas marked 7 and 4.
11)) e;-€; coincident contribution (named-ec ZD OO RU puDF ZDOOY Zdanw&K FRUUH (
random arrival time of & corresponding to the areas markeahd 5
V) e,-€. coincident contribution (named-e. ZD OO RU pPEF ZDOOY #édh& FRUUHC
random arrival time of gcorresponding to the areas marked 6 and 3
V) e-e,-€; triple coincident contribution, corresponding to the area marked 1
Note that ach of these walls is also a double ionization signal, which measures the respective
(e, 31e) cross sections within collision plane, but with a very low efficiency given by the probability
of simultaneously finding a third electron within the 200tinge interval corresponding to the TAC

ramps.
2.7.2 Quantitative analysis

)LJ VKRZVY D W\SLFDO HH FRLQFLGHQFH WLPMNY,SHFWUX
which is divided into 256 channels (0.78 ns per channel). The time spectrum in fact consists of three
parts. The first part is the central peak that contains n channels. Besides the central peak, there are two
other blocks which correspond to falsencaences for which the scattered and ejected electrons are

not correlated between each other. These two blocks containd\\, channels respectively.

The centralpeak is constituted of the false and true coincident contributions [3,9]. We can define

the following relations [6]:
OB: OBL+ OQ

OB

N= 5o (2.9)

N¢ represent the total false coincidence out of the peak,;ahd false coincidence number per
channel out of the peak. To obtain the pure true coincidence numpen ({Ne peak, one has to

subtract the false coincidence contribution, hence the following relation:

Op= O F NJ= O F NDgwhere Ne % and

0= g+ 0 (2.10)

where N is the total coincidence number in the peak and n is the number of channels of the peak.
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Figure 2.19 Double coincidence spectrum: above, experimergpéctrum; below, simplified schematic
LOOXVWUDWLRQ 7KH LQGLFDWLRQV uyWY DQG pulf FRUUHVSRQG WR pWU X
§.7.2)

To estimate the statistical uncertainty on\We can write:

2 2
:¢0p2 = keOg0+ NkiOg0 oralternatively &= &+ N&g .

(2.11)

The convolutiorof N andN; whosestandard deviatiois the square roaif the sum of squared

deviationsof each otthe twocontributions. So the above relation could also be written as:

&= Op+ NOg (2.12)

7KH UHODWLYH VWDWLVWLFDO XQFHUWDLQW\ 1 FDQ WKHQ EH

@ - O+ N Og

z (2.13)

The signal to noise ratio (SNR) is also a critiparameter in coincidence experiments. The
LQIOXHQFH RI WKH H[SHULPHQWDO SDUDPHWHUV PLIJKW EH TXLV
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There are two parameters in an experiment, the accumulation time T and the beam current I, which
influencetiH 615 DQG 1 , QasdNR&Wid Writen As:

Op= 6B and Og= 6BBOiI= 6BB200 10P (2.14)

Here N=N;+N,, iis the time duration of each channel of the spectfuig, the count rate per
second or frequency of true coincidences &ndndf, are the non coincidence frequencies on
detectors A and B, respectively. Each of these frequencies is proportional to current | and we can

write such relation as following
= -pt= Gpé=>+ B= -_+= G&+B= -.+= G&+ (215)

where é-., é-and é. are the cross sections for production of correlated pgdg)escattered electron

e, and ejected electron,&espectively.

If we substitute all of these relations into definition &f, then we get:

Opt NDg+ NOg -p#6+ NN 1)60i---.% 1 Oi---»
éZ: = = + m1+ m
-%262 -,234?62 - pt6

> ~_ Op-NOgr N Og _ -pi6+ NN1)60i---5% _ 1 N
or & 6= 276 - 276 == NL+ NOi---»
(2.16)

Thus the SNR have the new form:

504= = _E® - _ ‘P (2.17)

0g  60i-2-52  0i-—-s+

The above formulandicates an inverse relation betwe&nand current for a fixed duration time
7 RI WKH H[SHULPHQW )RU ODUJH , FDVH 1 WHQGV WR D OLP
inversely proportional to I. It is necessary to choose an adequate | vakiarioe its influence on
and SNR. For (e, 2e), a current | is set to have a visually satisfactory SNR and the duration of the
experiment is then adapted.

Basically, an acquisition of (e, 3e) type experiment is not much different from (eas®) There
are three electrons which are detected in coincidence rather than two and the time spectrum is a two
dimensional one. Here we usewtith j=a, b or c, to indicate the number of channels contained in the
wall j and N is the number of eventSimilarly, n, andN,, are the number of channels and events of
uniform noise. Therefore, each wall containsiINHYHQWV Rl WZR FRUUHODWHG HOH
case. Hence NJ D Ql@vaé the following relation:
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" J
0= Of FJ—; 0g (2.18)

Ny denotes the number of events in the coincident peak. To obtain the true events namber N
the peak, the contributions of eagall and the continuum noise should be subtracted frensil
that

_ X Jared A x J I 3
Op= Om F A =’>’?TFOF FJ—QOQ— O F AE?Z?J_F@FFJ_QOQAFJ_QOQ—

O F Ag -5~ Ot 2= 0g (2.19)
T JE Jo

Do note that the contribution of noise to the walls has already been counted in for; glatchl
the factor 2 appears in Eq. 2.19.

Or, using the notation for j=a, b, c or u:

(2.20)

Similarly as (e, 2e), we can write the relative statistical uncertainty as:
(2.21)

Instituting by the above equation, we get a new expressidét of.

(2.22)

Again similarly as (e, 2e), the different contributions are of the functioh wf the fixed

accumulation timd, and can be written as following formulae:

(2.23)
(2.24)

(2.25)

The different terms G, G, Gand GYdepend on the experimental condition, mainly contributed

by the gas intensity and beam current is the cross section of one electron with the eneygy &
accepted solid angle of analyzer. This term is proportionaj. t&4 is the cross section of two
correlated electrons. Finalhg-.-is the six fold differential cross section of (e) peocess.

Instituting above equations into Eq. 2.16, the expression can be rewritten as:
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(2.26)

The first two terms are compaitaho (e, 2e) case, while the third term is proportiondl tib is
clear that if the beam currelnis great, the third term will increase the value of and if the current
is smalll, the first term will increase the value &f It is dovious that there is an optimized currént

with which we can obtain the lowest value &t

We recall that, is the ratio between the channel number in the peak region (n) and the channel
number of uniform noiseN,). It is clear that (in other word, , for M= 080q
). Because the uniform noise has an identical contribution per channel in all regions of the

time spectrum, its contribution in the wall j is simply proportional to the number of channels

contained in the wall. That means

0 6- of J
6-FQ: JFJ—ZOT 6-FQ'3= JFJ—Z Where-,:Q= J_Z'Q (227)
Utilizing the relation: we obtain:
o~ 1 X “F, -Q A
& 6= =t A-NKL + INOE-'- 2 ChhKR N+ 1+ ApNogr (2.28)

A straightforward calculation also leads to the sigoadackground ratio as
(2.29)

The final & is determined by the total contribution of three terms (see Fig. 2.20).

From Eq. 2.28it is shown thaté? 6is determined by the sum of three terms with the function of

. 1 X - .
electron beam current I. inverse teFH; , constant term AgNKL + I}:IO—ZF and proportional
- P

term—; R N+ 1+ A Nogtr which are labeledi§ 16, fand 16; 1 respectively with the same
P

labels asn Fig. 2.20.The dependence @ 6uponl, shown schematically in Fig. 2.20, implies the
existence of a minimum which determines the optimum choice, olamedI,,. Similarly, an
additional term also appears in the expression ofSN®of Eqg. 2.29, which makes this quantity
decrease very rapidlas | increases, roughly aa function of 1?. This criterion might make it
preferable to choosevalue smaller that,},, depending on the experimenkafactors of the particular
experiment. In our real experimental data exploitation program, theizgdinmcident electron beam
current can be calculated to be a reference for the current experiment itself and for the next

experiment both in (e, 2e) and (e, 3e) cases.
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Figure 2.20 Variation of statistical precision as a function of incident electb@am intensity. Arbitrary units

are used on both axes. The successive terms in thehagiat side of Eq. 2.28 are represented by the dot, dash
dot and dash curves labeled, T, and T;. Note that Thas same form as Eq. 2.16 except a constant term. The
optimum choice for |, dy, is obvious in the (e, 3e) case as being represented by the solid curve labeled
T1+To+T3.

2.8 Calibration and experimental procedure

In this section, we will introduce the method used for the determination of the analyzedaewkrgy
of the energy resolution for each toroidal analyzer. The angular calibration and resolution will also be
introduced in this section.

2.8.1 Energy calibration and energy resolution

As mentioned in the end oR&, the energy resolution of toroid A cae determined by an elastic
scattering experiment. As well known, electtanget interaction results in different scattering
channels strongly depending on incident energy. Generally speaking, all etacg@ninteraction
channels are divided into tvigpes: elastic and inelastic scattering. The differences are that in elastic
scatteringl) the total kinetic energy of the colliding bodies is conserved, meaning that no energy is
lost to other processes; 2) the colliding particles remain intact. Omtltlee hand, in inelastic
scattering the total kinetic energy of the colliding bodies is not conserved, meaning that energy is
taken up by other processes. For example, electron impact excitation and ionization belong to inelastic
processes. In elastic casiee incident electron only changes direction but there is no energy exchange
with target, so that we have the relation of elastic collisigrEE Here we consider Jsis constant
for fixed E, and the scattering angle is fixed-&t Because E = Eyxs + €Vieo If We vary Vye, the
detected EDOVR FKDQJHV DFFRUGL® JA\O 0 KLYVY B HWVQMVAHNDHN/GE W1\ GLV W L
scattering spectrum as function ofeyand thus approach the maximum intensity when satisfy the
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following condition: E=E,=Epasst €Vues Where Eassand B are fixed. So by varing M, we can
obtain an energy loss spectrum for electaoat T= -6°in a non-coincidence mode, including the
elastic scattering channel and the inelastic ones. A typical example is given i2.Bigand 2.22.
With known Vjecand E at maximum position in the energy loss spectrumsEan be calculated. By
varying Vye, according to the formal E~= E,.ss €Vaeo WE Can set any scattering energy value we
want.

From elastic scattering peak rdsplwe find a maximum position at arow881.1r 0.3 V. If we
substitute this value into the equati@®i=E,=Epass €Viec (hereE,= Eo= 536.6 eV), the practical ks
is thus 205.5r H9 $OVR ZH FDQ REWDLQ WKH HQHUJ\rasrHReR OXW LR (
FWHM of elastic peak, which is 4.80.3 eV in this case.

6R IDU WKH GHWHFWHG VBQWBMHBKQ O HHGH HD YO OLRX Y UHL
experiments presented in this thesigisHixed at 500 eV. This meangd#500-205.5 = 294 r 0.3
ev).

Figure 2.21Energy loss spectrum obtained for He target using the toroid A with36.6 eV. The black solid
square represents the experimental data. The elastic peak is seen on right red rectangle (seeitné-zpom
2.22).
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Figure 2.22Same data as in Fig. 7, but local zoomed @f.¥om 322 to 340 V (embraced by a red hollow box
in Fig. 21) with a Gaussian fit (red solid line), which gives a prediction at maximu&8atl r0.3 V.

As mentioned above, ksis constant for fixed £ However, we try to study the variation of.&
as E changes. As stated above,dfjuals Ein an elastic spectrum. Each time with fixegkE,, the
V4ec is kept changing until approaching the maximum of DDCS for the scattered electron. pJJhen E
can be determined from the equati@i=E,=E ass €Vieo CONSisting one data point: {Ep.s). We
selected 7 different EE,, ranging from ~430 to ~780 eV, angpresent the final results in Fig. 23.
The result indicates that,Benhances slightly whenyEE, increases.

The data is fitted by polynomial, represented by red solid curve in Fig. 2.23. For validation of
above conclusion, we choose a point g936.6eV, which is same as the real elastic energy,of E
The polynomial fit gives ark,.ss prediction at ~205.6 V. fle elastic spectrum also indicate the
passing energy at,E E, =500 eV is about 204.T 0.3 eV, which has about 1 eV difference to=E£
E, = 536.6 eV. This conclusion is useful to predict the value Qfs with different energy kE
However, this difference is within the energy resolution of each analyzer, which is ~ 4.0 eV.

-59-



Figure 2.23Variation of Basswith the function of k. for toroid A

Then we can perform thesSseD OOHG pPELQGLQJ HQHUJ\ VSHFW.(bDE, PHDV XU
as they are essentially equivalent) to determine the other two detected energies of ejected electrons,
namely  and E. the results are shown in Fig. 2.24 and Fig. 2.25 for analyzer B and C, respectively.
7KH pPELQGLQJ HQHUJ\ VSHFWUDY RiH@rvax)UeHpetir@nt/iv whikh £ FRLQF L
corresponds to total energy needed for single ionizatign Bg+ E, .+ IP"), E, and E,. correspond to
VFDWWHUHG DQG HMHFWHG HOHFWURQ HQHUJLHV DQG WKH H
detected in coincidence at fixed scattering direction. Usually, we choose He as a target for these
binding energy spectra measunents because He is well studied and it has a distinguishable energy
JDS “(@%IB'=79 eV- 24.6 eV=54.4 eV) between single (#24.6 eV) and double ionization
(IP**=79 eV) potentials, so that there wil be no mixture channel doguvhich would affect the
observed coincidence energy resolution. From the maximum position of such binding energy test, we
FDQ REWDLQ WKH GHWHFWHG HQHUJ\ LQ SUPIFWG Bffandy@6& GULYH
B or C from energy resolutionlo WRUR L@ afid coificidence energy resolution by

following formulae [6]:
(¢ % 9%= o2+ ¢'%,

(2.30)

where is what we can obtain from

binding energy spectrum. In Fig. 2.24 and Fig. 2.25, and are 5.5r0.3eV and 5.4r 0.3
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eV for ab and ac cases respectively. The maximum positions sare 295.0 r 0.3 V and Ve~ +

295.3r 0.3 V for ab and ac binding energy measurements, so the detected energy of analyzer B and C
can be derived from energy conservation and are E~ E ~11.2r 0.3 eV
ZLWKLQ HUURU EDUV +HQFH, W KK~ BQMHO3 &V. OThe\WBUDIX ¥dihdtient LV ~ (

energy resolution can also be derived from the last two equations, that’ ~ ¢' %8 ~2.7r0.3
eVv.

The energy uncertainty of triple coincidence is defined as [3,6,9]

o — AT AT A,
§ o T —————— (2.31)
8¢'% % '%

0 ZH LQVWARIXWH 9(, 'a "~ 3.4r0.3 eV into above equation, then we obtain the

energy uncertainty of triple coincidence is about 7073 (eVY.

To summarize the above discussion, the energy resolution of the three analyzers A, B and C are
"Ea~4.3r0.3eVdrectyobD LQHG IURP HODV\VdLH~\B83HEG3N\eV Mdrived (from
binding energy spectrum, respectively. The energy resolutions of ab and ac double coincidence
experiment are;,' X8 ~ ;' X8 ~ 2.7 r 0.3 eV. and for triple coincidence exgment, the energy
resolution is ~7.7r 0.3 (eVY according to their definition. Such energy resolution is satisfactory for

both electron impact single and double ionization investigation.

Figure 2.24Binding energy test of aboincidence experiment withy8536.6 eV which corresponds to (e, 2e)
experiment on He with E500 eV and =12 eV. Here {ab represents integration including contribution from
all accessible detection angles of triple differential cross section. The smlidre with one standard deviation
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error bar and red solid curve represent the experimental data and a Gaussian fit, respectively. The Gaussian fit
indicates a maximum position at abe®5.0 V and full width at half maximum (FWHME of 5.5 r0.3 eV.

Figure 2.25Same as Fig2.24 but for ac coincidence case. The Gaussian fit indicates a maximum at about
295.3Vand FWHM'E of5.4 r0.3 eV.

2.8.2 Angular Calibration

If the collision volume is an ideal point source, the detected electrons will travel along ideal
trajectories issued from a point source located on the axis of the toroidal analyzer and follow the
radial electric field lines all the way up to the deteetbere they appear at exactly the same angle as
their emission.

In practice, the electron trajectory inside analyzer are effected by many factors, such as edge
effects, mechanical misalignments of the electron optics elem#wsimpinge on the detectat a

different angle from the emission angle-¢sadled spiraling effect), etc.

To determine the linearity of the angular scale and the angular resolution of each analyzer, an
DQQXODU pVWRSY ZKHUH ILYH VPDOO FLUmRX®@PE darkKiRe @i ZLWK |
front of the analyzer before the entrance of the electron to the analyzer insteg8]oEach opening
hole corresponds to the scale of 1? Instead of gas jet, scattering from the tip of a thin wire (0.1 mm
diameter) placed at th@ R]]OH SRVLWLRQ LV XVHG WR VLPXODWH DQ pLGt
the detector, there are five equally spaced narrow peaks with FWHM of +1? Then using the real gas
source, five peaks are still observed equally spaced but with a FWHM ofl#& above is operated
in no-coincidence mode. It is difficult to estimate the angular resolution in coincidence mode,

however since the overlap of the peaks is smaller than Hwinoident collision volume seen by
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each toroidal analyzer, the angularaleson in coincidence mode is thus better than +7°(see Fig.
2.26).

Figure 2.26 Angular intensity distribution on the detector when the entrance to toroidal is blocked by five small,
equaly VSDFHG KROHYV 1DUURZ SHDNV pedd3 Rabove) §aR [eThW resiRtX arétddle ZL G H
from Ref.[5].

However, once the above calibration is finished, it is not convenient to be operated routinely
without interrupt the experiment. Hence it is necessary to find reliableasedipted standards to
validate and calibrate the angular measurement. Generally, we choose He as a calibration target. We
FRPSDUH RXU ""&6 PHDVXUHPHQW ZLWK 2SDOYfV UHVXOWV > @

theoretical calculation as well as reference results under exactathe experimental condition.

Here is the example of DDGS and DDC&A. Note that for DDCS\, the symmetric structure
and identical intensity distribution with respect to 0°(incident beam direction) between positive and

negative angle are essential.
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Figure 2.27 DDCS-C distribution of He with =596.6 eV and E72 eV. The solid black squares, solid red

FLUFOH VROLG EOXH UHJXODU WULDQJOH DQG VROLG LQYHUWHG WU
measurement irApril, 2009, reference measurement in February 2008 and present measurement with one
standard deviation statistical error bar, respectively. All resultsantatrarily scaled to 100 for the best visual

fit at maximum.

Figure 228 DDCS-A distribution of He with E=596.6 eV and E500 eV. The minimum at middle indicates the
zero degree direction or incident direction. The solid square symbols represent the experimental measured
DDCS of A with one standard deviation statisticalogrbar. The experimental results are arbitrarily scaled to

100 for the best visual fit at maximum.

2.8.3 Validation of the experimental procedure

To validate the calibration of the apparatus, an (e, 2e) experiment is performed on He with
E,=596.6 eV, E=500 eV and E72 eV. The measurement is also compared with results from the
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convergent closeoupling [15] (CCC) method which describes the single ionization process on He
very well and the calculation is well accepted. We find the experimental re§igt. iB.29 is in good
agreement with CCC calculation. This ensures the valdation of the following experimental

measurement.

Figure 2.29 Triple differential cross section distribution of He with£596.6 eV E= 500 eV and E= 72 eV.

The solid square with standard deviation error bar and solid curve represent the experimental measurement
and CCC theoretical calculation, respectively. The experimental and theoretical results are arbitrarily scaled to
100 for the best visualtfat maximum.
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3.1 Introduction

The first (e, 3e) measurements of 5DCS and -(e)3neasurements of 4DCS were peried on
Ar by LahmamBennani et al[1] [2] in 1989 andl991, respectively. Their results indicated good
consistence with a Shak#f mechanism for the DI process, at the high incident energy (several keV)
considered in these works. Soon later, in 1992, (e,3e) angular distributions from the DI of krypton
have been measured at ~5.5 keV incident energy and at a variety of ejected energies. In those
measurements, the angular distributions were detected b@tmiade (whereTis varied while T is
kept in constant) and if,-mode (whereT is varied while T and T are fixed atT,=-1°and T =104°
(or 2543, respectively) in[3] by Orsay group. It was found that the momentum transfer direction is
no longer a symmetric axis, indicating the presence cfirsirorder features. Thell Marji, et al[4,

5] studied Ar and He by (e,Be) experiments in which only two of three outgoing electrons are
detected in coincidence wdithe third one is undetected. In their work the observations provide clear
indication for a Shak@®©ff mechanism being responsible of the doubigzation process at ~5.5 keV
incident energy. Afterwards, similar (e, 3e) experiments were performed 8] &I Mariji, et al)

and Ne[7] (Schrder, et al), respectively. All of above (e, 3e) experiments are operated with two
electrons in fixed direction, while the third one is variable. The real breakthrough came with the
experiments published Byaouil, et al[8] andLahmamBennanj et al[9] , where fully determined (e,

3e) experiments for DI of He were reported on an absolute scale. In that work, bently e otwo
ejected electrons are nable in collision plae while only the scattered electrondstectedat fixed
angle (e.g.,T=0.45%.10% 20& T<160°and 200% T<340j. Dorn et alalso performed a series of

(e, 2+ion) experimentausing secalled reaction microscope setipinvestigate the mechanisms in

DI of helium by fast electron impagto-13.

Basically, all of these measurements have been carried out at a relatively high impact energy (~5.5
keV to ~1.1 keV) and a small momentum transfer to the target. Therefore the corresponding
theoretical models byahmamBennanj et al. and other grougd44-17] have been designed in the
spirit of the first Born approximation (FBA) for the projectirget interaction. Most of these
theoretical results have been obtained using He as a target since the residual ion is a pure positively
charged particle without internal structure. This property of He leads to a simplified theoretical
treatment. The calculations compared to experimengalstrements have in common the following
aspects. First, the absolute magnitude of the calculated cross sections was largely different from one
calculation to another and from the experimentabkibs data of LahmarBennaniet al[9, 14, 1§.

Second, however, the qualitative features of the measured angular correlation patterns aixearious f
ejection angles were reproduced by the theories. Third, the significant deviation of calculations from
experimental data was partly attributed to the-firsih Born effects which were not included in these

first Born approximation models.
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Such norAirst Born effects are expected to be more important or even predonmname
experiments reported at intermediate incident energy (~600 eV) in electron impact DI process by
LahmamBennanj et al.[19, 2(]. In [2]] (LahmamBennani, A., et &), the great importance of
secondor higherorder effects were observedthe projectiletarget interaction on He and molecular
hydrogen at intermediate incident energy of ~600 eV with a symmetric energy sharing among the two
ejected electrons. At the same time, several (e,3e) experiments onJ@y étyal[22, 23] and He by
LahmamBennanj et al[18] were reported, providing more evidence of seeaomd higherorder
contribution in DI process. Simultaneously, new theoretical modeluding correlated wave
function Bolognesiet al. [24], second Born approximatidélazzouzj et al[25 and post collision
interaction (PCI) as well as all exchange effdelszzouzj et al[26] were developedwhich can
better describe DI than the ones which only include first order term.

In the work performed by Gaz et §27] the 4particle continuum (consisting of 3 electrons and
the ion) was describegy six coulomb wavainctiors (6C)which takes all 2ody interactions it
account, and hence goes beyond the Bmoh approximation. Even then, this 6C treatment could not
reproduce the previously published experimental rekaltsnamBennanj et al[21]. For this reason,
Giazetal[2Z7] TXHVWLRQHG WKHVH UHVXOWYV E\ VD\LQJ pZH VXJIJHVW
YbDoLGLW\ RU RWKHUZLVH RI WKH DV\PPHWU\ LQ WKH H[SHUI
guestioning, LahmarBennani et al measured the (&g 4DCS for DI of helium in coplanar
asymmetric geometry for a wide range of ejected electron energies and at an incident energy of about
600 eV (LahmamBennani et al) [28]. The main features of the experimental data are large angular
shifts ofthe forward and backward intensity distributions with respect to momentum transfer direction
or its opposite. This validated the previous resutdhimamBennanj et al. [21] and prove a
predominance of the secondler, twestep mechanism in the electron impact DI of He at
intermediate impact energy. Meanwhile, LahrAlBennani et al developed a simple tatep2 (TS2)
kinematical analysis (a detailed description will be given laténigrchapter) which can well explain
the disagreement between experimental results and first order calculations. In this chapter, we aim to
extend such (es3e) study at intermediate incident energy to a wider range of ejected electron
energies and very ssmetric energy sharin(Staicu Casagrandet al) [29]. Furthermore, we also
extend it to more complex atomic targéts et al) [30] such as Ne, Ar rather than only He to get a
general conclusion on the role of sedarder effects. The experimental results are compared with
both first order and second order theoretical calculations.

3.2 Details of theory used for comparison

Before going further to show experimental results and discussion, the details of theory used for
comparisonin Chap. 3will be introduced. Generally, DI theoretical models can be classified into two
different groups, depending on the number of interacbemseen the incident electron and the target.

In the following, we introduce first and second ortlezorettal models used for comparison
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3.2.1First Born Approximation with Three Coulomb waves and First Born

Approximation with Two Coulomb waves plus Gamow &ctor

The First Born Approximation Three Coulomb waves (FB2 or B13C in short) calculation
uses the BBK (Brauner, Briggs, and KI§8)l] or 3C model where the final state, orthogonalized to
the initial state, is described by the product of three Coulomb waves. Two of the three Coulomb
functions describe each electron in the field of the residual ion and the third Coulomb function
describes thenteraction between the two emitted (slowest) electrons, i.e. takes into account the
electronelectron correlation in the continuum. In this model, the initial and final states of the collision
system are described by correlated wave functions. The taiteit State is described by a wave
function which only includes a part of the radial correla{ibal Cappellg et al) [32]. The incident
and fast scattered electrons are dbedriby plane wave functions. These calculations only include
first order DI mechanisms, namely the $&3 (in which Tweedshowed that S@ominatel in DI at
about 5keV incident energyd3) and TS1[34] (developed byCarlsonand Krausg (which plays a
important role at about 1 keV incident enef8®, 36] (described byMcGuire)). In this work Heis
taken as amxample to describe the procedure of theoretical calculafion other more complex
targets, the initial and final state as well as interaction potential are different, but have same frame of
calculation process as He. Furthermore, the +aléittron target problem can be reduced to a two
electron target by usinghe weltknown frozercore approximation. In this case, the two target
outermost (or valence shell) electrons wil be ejected during the double ionization process and the
other electrons in the doubly charged ion core are assumed to remain unaffectedobyz#tion
procesHda, et al. and Coopeet al.[37, 3§. In all first order DI models for muiglectron targets
rather than He, the interaction between residual doubly chargeadotwa ejected electrons is not

included in these models since a frozeme approximation is used.
The following formulae description is developedJnulakiaret al 65 and Ancarani et al [66]
In DI process of He, the 5DCS is given by

@e 282G GG 2
= : ¥
@-@.e,@8/2) @&/2) - (3.1)

Z KH U H; arKthEk; (i=a,b and c) represent, respectively, the detection solid angles and the moduli

of the different waveectors. The conservation ehergy imposes
€3
é: _12++_—+ é_}_é’ (32)
2 2 2 2
where f* represents the double ionization energyrépresents the-fatrix element given by

Ge= AY 8 QA (3.3)
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where the integration runs over all space and spin coordiné@and Ocrepresent the wave

functions describing the whole system in its final and initial state respectivelyprésemts the
interaction between the incident electron and the target:

8= F—+ —+ — (3.4)
1 L3S -

where . and {l, stands for the relative distance between incident and two ejected electrons. Z is the

nuclear charge.

The initial state consists of the incident electron and two bound electrons. The incident electron
will be described by a plan wave:

AEb B
28732

(3.5)

where 7 stands for the position of the incident electron; The ground state of the two bound electrons

will be given by a Hylleraasype [39 solution of the form
Tl g= 0™ ANy AN AN+ A gy, AN 0 (3.6)

where N is the normalization factamd . the electrorelectron distance. The inttial state can also
be described by a Hartrdack wave function of Clementi and Roé#] for more complex targets
than He, for instance Ne and Ar. Therefore the inttial state of the system is taken to be

, B ;
|0= |5z TEN MiA (37

In the final state, the scattered electron will be described by the same plane wave solution as in the

initial state and the two ejected electrons by the BBK41] wave function in its general form:

~. e}
Rf|= B @iy i+ T 0A 3.9

At the exception of the 6C mod&kdz, et al) [27] which rapidly reveals to be very tedious or
even untraceable, the BBK or 3@odel is actually the best treatment to describe the double
continuum of the two ejected electrons in the field of an ion. But it is not easy to apply to complex
targets rather than He because of the complexity of tarJéterefore one may consider the
approximate method where the third Coulomb wave function which describes the elgettvon
correlation of the two ejected electrons is replaced by a simplifieded Gamow factor, hence the
name B12CG[37] for this approximation. With this Gamow factor, we lose the pree@germhination
of the magnitude of the cross sections but we keep the repulsive factor which is sufficient to explain
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the strong angular correlation in the final state. This approximation was checked by comparison with
pure 3C model in (e3e) on He and theame angular distribution was found, the only noticeable

differences being on the amplitude of the cross septign

3.2.2 Second Born approximation model and Second Born approximation
with two Coulomb functions plus Gamow factor

Second Born approximation is similar to first Born but differs by taking into account sexterd
mechanisms, such as T3 initial state is described by a wdueaction which only includes a part
of the radial correlatiofid32] and the final state is orthogonalized to the initial one. Thekmelvn
closure approximatiofd3 is used with a parameter corresponding to the averag@ton energy
fixed here to 79 eV for He case. This value corresponds to the energy of the initialséat®al
state is described either by three Coulomb wave functions or by two Coulomb functions plus Gamow
factor, hence the designations B2 modedl 822CG model, respectively. For numerical reasons,
these models can only be applied to light atoms such as atofdig| KByron Jr et al) and He[32
44] (Dal Cappello, et al. and Byron Jret al) and to the simplest molecule,.H The following
formulae description is developed by Dal Cappello ¢33l

In the second Born approxitman the SDCS is given by

A5 _ @é _ GGG 2
1 = e + .
e @>@?@:@>@? (é %1 % (39)

ZKHUKH G D QG represent the elements of solid angles for the scattafahd the ejected
electrons pTand g9 respectively, whereas the energy intervals for the ejected electrons are
represented by dEand dE.

The first Born ternfig, is given by
B = FL Aexp(Eh ) ok kd, 1, G M08 @p( ¢ B Ol WA (3.10)

where Og i, &;is the initial wave function of the target aﬁg @& 1, é?;, W As the final wave

function of the system of two continuum electrons and ion which is orthogonalized to the initial state
and [, Ml and Y represent the position of incident (or scattered), fast ejected and slow ejected

electrons, respectively. The potential V stands for the Coulomb interaction between the incoming
electron and the target electrons which is given by

8= —+ — F= (3.12)
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The initial state is represented by an accurate Hylletgmswave function given by Bonham and
Kohl [45]. The final state wave function is the-salled approximate BBK wave function with the
Gamow factor being used instead of the third Coulomb wave furietr{(Dal Cappello, C. and B.
Joulakian, hence the more appropriate name 2CG.

This model includes the second Born teflgnwhich describes a process where thadent

electron interacts twice with target as is the case in the TS2 mecha88giMcGuire).

This term is given by

B = 57 A I grgem ALK BOGFKE, 1, &, MO8 ATLBY ;0 1Y, Iy >
{ATL:BY WO 14, Y 8ATLKES MoO: 1y, 1y;e (3.12)

where the summation over n means thitha contributions of the n discrete and continuum states of

the target are taken into account.

The electron impact DI can be analyzed in terms of different mechanisms. Thus the theoretical
calculation may describe the DI process by contributions from various reaction mechanisms to the
5DCS. However, from a theoretical perspective it is the inclusfi@tectronelectron correlations that
makes the calculations difficult. Up to now there has been no calculation that includes these three
mechanisms. In first order mechanisms (SO), the second electron is ejected through a rearrangement
process in the tget ion induced the change of the target Hamitonian due to the ejection of the first
electron. In second order mechanism (TS2), though the two target electrons probably being ejected
independently from two successive incidénget interaction (here tredectronelectron correlation
does not play an essential role), the intermediate state in TS2 mechanism process obviously will
increase the order of integration for calculation of 5DCS. This is really a challenge for theorist.

3.2.3 Two Step 2Monte Carlo Event Generator

The two step Monte Carlo Event Generator (T-BRCEG) calculationis based on the first Born
approximation (FBA), but second order contributions are included using the MCEG technique to
simulate the TS2 mechanism by convoluting two succeSdieaents which are both calculated in the
FBA. These are first a Sl of the target by the incident electron followed by another Si of the resulting
singly charged ion by the intermediate scattered electron. Thestatel repulsion between the
ejected adctrons was accounted for by the Gamov factor.

The MCEG technique, welinown from elementary particle physity Gieseke[46], is very
powerful because it allows performing the convolution repeatedly and-keyenent. This method

was firstly applied to ion impact Ody Fischer, et al47] in a context where it was claimed that the
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observed discrepancies between experiments and model calculat®omeesgly a result of the
experimental resolution. Thereafter, the method was later extended to electron impaCiidpipiaya
et al. and Diir, et al[48, 49].

The TS2MCEG simulation results were convoluted with the experimental resolatiatescribed
by Diir et al[50] for ion impact ionization firstly. Then Ciappina ef4f] extended this technique to
electron impact DI of He. The idea is to convolute twice of the singleaiboriz(SI) events, which are
both calculated by FBA model. The first SI step corresponds to the single ionization of the neutral
helium atom by the incoming electron, while the second step is the ionization of ‘timHéor each
ionization event the @ contains momentum components which are required to fully determine the
kinematics. This file thus represents a theoretical simulation of the events recorded during a
measurement. From the simulated data, cross sections are extracted using the samg analyz
procedure applied for the extraction of the real experimental spectra from the data. The experimental
resolution can be modeled by adding random numbers to the individual momentum components of
each generated event, which simulate the various expd¢aimancertainties. The random numbers
follow a certain distribution, which is chosen according to the expected instrumental influence. This
way the experimental error sources included in the simulation can be easily varied in order to
systematically studtheir effect on the extracted cross sections.

The FDCS of each Sl step is given by

6ot = 28 R BL UK F ' o (3.13)

where we have ignored the constants because they cancel out during the normalization procedure

required by the MCEG. Within the FBA, the transition amplitu’d@# €£an be written as
B = (i § 8L (3.14)

where the initial (final) wave it (1£5) is an approximation to the initial (final) state which
satisfies outgoingvave (+) (incomingwave €)) boundary conditions. The perturbation

potential 8is the Coulomb interaction between the projectile electron and the active target

electron.

Note that in all models described above we neglect the exchange effects between the incident
electron and the ejected electrons because both the incideriteaswhttered electrons are faster than

any ejected one.
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3.3 Experimental conditions and calibration

The experiments described here were performed on the (e, 2e)/(e, 3e) spectrometer currently in use
in Orsay. Its main characteristic is the unique combination of threeeffigiency, multiangle
toroidal electrostatic energy analyzers. A detailed dasmmipf the apparatus and energy and angular
calibrations has been given@hap.2.

Due to the low coincidence rate, all three toroidal analyzers were operated at reduced energy
UHVROXW'LR 9 (DQXG.2€V. Hence the coincident energy resbli& Q..i, & ~16.8 eV.
This value did not allow resolving the final ionic states of the targets. For argon, the ground state of
the AF* 3p™-ion final states is théP ground state and the excited metastable staté®aend'S,,
with excitation energe of 1.9 and 4.2 eY27 ( Jia, C.C., eta), in Ne-25°2p' case, the ground state
is °P and the excited metastable states@m@nd'S with excitation energy of 3.1 eV and 6.8 klih,
V.A., et al.[5]]. Accordng to former works and theoretical calculation, the ground state of the final
double ionic target in the present study gives the dominant contribution to the measured cross section
[6, 22, 52-55 (El Mariji, B., et al., Wiesemann, K.,et al. and Naja, A., ét al.

The experiments were performed in the coplanar asymmetric geometry. The collision plane is
defined by the incident and scat@momentum vectors, andk,. The zero degree is defined by
incident direction. Throughout this work, positive angles are counted clockwise starting from incident
EHDP GLUHFWLRQ 7KH IDVW VFDWWHUHG HOHFWI0REY aldQGH[HG
at two symmetric scattering angleg=+(633) and 633} as set by input slits at the entrance of
W K HtonoBef| analyzer. In the unequal energy sharing (UES) case, the two ejected electron shares
differently the excess energy. The faskRiQH ODEHOHG pEY DPRQJ WKH WZR HMF
from DI of the target is detected with energy EQ F RL Q F L G He@€&ttan, AMbEvdas i §lower
RQH ODEHOHG pFT UHPDLQ%1ey @petivert.FOV Eo8e iKdd@@aFdthgD Q H
sharingFDVH ZKHUH pEY DQG pFY KDYH LGHQWLFDO HQHUJLHV VX
ODEHOLQJ HEY LV NHSW IRU W Kelecters \@rel mlaAde &haydddWwhuieQ 7 KH\
double toroidal analyzer over the angular range®0°160°and 200%340? In the off-line analysis,
the total T DQJXODU UDQJH LV GLY LGES AtpWIR the Errissidh dikecidh & LGWK -
WKH WKLUG pFY HOHFWURQ L\ cXrQbe Qerize® fromveénerdy capseivatioh: H Q H U J
E=E,-E.-E,-IP**, where IB* is the double ionization potential of the target, leaving the ion in its
ground state (the DI process leading to the ground state largely dominates over excited ibvfastates
der Wiel, et al[56], when removing two outermost orbital electrons). Thaslational energy of the
target atom and the recoil energy transferred to the ion are here neglected, due to the small electron to

ion mass ratio.
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The experiments were performed at a variety of ejected electron energies ranging from 12 to 144
eV and coresponding either to an equalflE;) or unequal (B°E;. HQHUJ\ VKDULQJ DPRQJ HI
DQG pFY HOHFWURQV 7KHOHENUUIR R ILG Y\ H E WG @dflieE Has/dKH X QG
constant energy at.EL2 eV. The energy loss {f£;) sufferedby the projectile varies from 67 to 235
eV. The incident energy is consequently adjusted to fuffill the energy conservation requirement for the
different targets, with 1P=79.0, 62.6 and 43.0 eV for He, Ne and Ar, respectively. The investigated

kinematial conditions are summarized in Tab. 3.1.

The momentum transfer from the projectile to the target, definedks ‘1, varies in magnitude
from K=0.88 au at FFE.=24 eV to K=1.46 au at EE.=156 eV, while its directionk varies from
~46°to ~26°for these two extreme cases. Simultaneously, due to the quite large acceptaBce in
DQJOH* f WKH PRPHQWXP WUDQVIHU UHVROXWLRQ DPRXQWV W
PRPHQWXP WUDQVIHUWHOGLUHFWLRQ LV ~

To validate the calibration of the apparatus, (e, 2e) experiments for Sl of the He 1s orbital are
performed with the same,Bnd E values as those used in the {#¢3 experiments. The method of

calibration is described in chapter 2, see 8.8.3.
3.4 (e,3-1e)results and discussion

The angular distributions of the (e18) 4DCS 8¥dEdE,d .d ., for DI of He, Ne and Ar are
shown in Figs 3 to 3.6. The kinematical parameters considered in this study are listed in Tab. 3.1.
To summarize, the (e;Be) 4DCS measement for He with energy sharing,(E) = (72:12) eV and
(144:12) eV, for Ne and Ar with energy sharing:fg) = (12:12) eV, (72:12) eV and (144:12) eV are
performed, respectively. The experimental results in Figs. 3)afig. 3.2(c) and Fig. 3(f) have
been previously published lyahmamBennani, A., et aJ28]. The other cases are the neagults.

For completeness of the discussion, vepresent these former results, in which the two ejected
electrons have unequal energy sharifige 4DCS scale shown is arbitrary, where all experimental

and theoretical results are inteormalised for best visual fit at the maximum of the forward lobe.
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E. = 500eV {=-6deg

Target Case Eo  Ey(eV) Es (eV) K (au) kI Frso Bz KkErsoy
(eV) detected (undetected) (deg (deg Le-1s2)

ax 601 17 5 0.88 46 / 226 82 /290 262/110

b* 621 37 5 0.96 41/221 79/297 259/117

He c* 658 74 5 1.12 34/214 741297 254/117
d 663 72 12 1.14 34/214 76/300 256/120

e 735 144 12 1.46 26/206 67/315 247/135

f* 613 17 17 0.93 43/223 84/282 264/102

a 586.6 12 12 0.77 50/ 230 86 /280 266/100

Ne b 646.6 72 12 1.07 36 /216 771299 257/119
c 7186 144 12 1.39 27/ 207 67/ 315 247/135

a 567.2 12 12 0.76 56 / 236 86 /278 266/98

Ar b 627.2 72 12 0.99 40/ 220 771301 257/121
c 699.2 144 12 1.30 29/ 209 67/ 318 247/138

Table 3.1 Iginematical parameters studied in this work. Experimental data for the cases indicated with the
superscript have been published [[10]. The eighth column indicates the forward and backward directions

RI HMHF W L RelecRan Y\Ekskand EfYs, respectively) as predicted by our kinematical model, the ninth
column indicates the recodontribution prediction ( Tx-ts2) and K s-1s), respectively) in second SI step of
TS2 kinematical analysis, see text.

-77-



Figure 3.1 Relative foufold differential cross sections (4DCS) for double ionisation of He. The scattered
electron with energie, = 500 eV is detected at an anglg= +6%n coincidence with the fasemitted electron

with energyEy, whereas the slowwmitted electron with enerdst remains undetected. Panel (@E£E.)= (17:5)

eV, (b): En:Eo)= (37:5) eV. Full squares are the experimental data, with one standard deviation statistical
HUURU EDU 7KHRUHWLFDO &R Grst-Orief FBAICQdofed LbRi© vunz4), HTSRCEG

(dashed green curves) and secarder B2 (full black curves). The 4DCS scale shown is arbitrary, where all
experimental and theoretical results aaebitrarily inter-normalised for best visual fit ahé maximum of the

forward lobe. The thin dotted vertical lines indicate the direction of the momentum trarfgfand its opposite

(k 7KH KHDY\ GDVKHG YHUWLFDO OLQHV LQ GleEtW (. 1Wadath Besh BsHFWLRQV
predicted by the given TS2 kinematical analysis, see text.
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Figure 3.2 The sane as Fig. 3.1 but for panel (c)E{Ey)= (74:5) eV, (d):(E:E))= (72:12) eV.
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Figure 3.3 The sime as Fig. 3.1 but for panel (€5,:Ec)= (144:12) eV and (f)(Ey:Ec)=(17:17) eV.
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3.4.1General observation and comparison with theoretical calculation

First of all, we emphasize here that the agreement between our experimental data and theoretical
models refers mainly to the position of the peaks, the shape of theaiiGle backwartb-forward

peak ratio at the maximum of the two peaks, since the experimental data are given on a relative scale.
A. (e, 31e) results discussion of He

The experimental (e;Be) measurements show the 4DCS dGdE, G .G, for electron impact
DI of He at (BE;) = (a): (17:5) eV, (b): (37:5) eV, (c) (745) eV, (d): (72:12) eV, (e): (144:12) eV
and (f): (17:17) eV in Figs. 3.1 to 3.3, respectively. Our data are compared with the calculated results
using FBA3C or BBK model (which is based omsti order mechanisms such as SO and TS1); TS2
MCEG and B2 models (which include second order mechanism such as TS2). Details of these models
have been given in 8.2. The full squares are experimental data while3EBAS2MCEG and B2
calculations are repsented by dotted blue, dashed green and full black curves, respectively in Figs.
3.1-:3.3. Since the experimental cross sections are obtained on a relative scale, both experimental data
and theoretical calculations are normalized to an arbitrary valuebthe maximum intensity of the
angular distribution.

All the experimental as well as theoretical distributions of the 4DCS show-bletructure: a
forward lobe pointing roughly in the momentum transfer directiom}(and a backward lobe roughly
pointing in the opposite direction\§}. These two directions are indicated by the vertical thin dotted

lines inFigs 3.1 to 3.3

However, a significant disagreement is observed between thioffist theory and experiments

for all energy sharing considered in Figs. 3.1 to 3.3. The most distinct differences are:

(i) The breaking of symmetry abatitwidirections in the measured distifions whereas the
FBA-3C calculations do show such symmetry
(i) The large shift in the angular position of the experimental lobes, ~30°to 70°with respect to
T« . The uncertainty in the momentum transfer direction due to angular resolutipis in
~107 that is significantly smaller than the observed shift, and hence it only marginally
affects this shift.
(iif) The existence of structures in the forward and backward lobes, for instance, in Figs. 3.1(a)
and 3.1(b) at ~ 3007 in Figs. 3.2(c) and 3.2(d) at ~ 300Figs. 3.3(e) at ~315°and 3.3(f)
at ~270° new structures far away fronwidirections lobes are observed.
These differences clearly indicate the presence of significantinsorBorn effects in (e, -3e)
4DCS distributions for He under the present kia¢ical conditions. As predicted by McGuig5]
the TS2 mechanism contribution to DI process is significantly important with respect to SO
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mechanisms at intermediate impact energy (see Fig. 3.§B85Inthe DI of helum impacted by
proton at high projectile velocities, v, is considered in terms of two mechanisms: SO and TS. The
observed energy dependence of the cross sectioneadaible ionization of helium near v~30v
(where v is the Bohr velocity, 1Qwcorresponds to ~1keV for proton) and observed differences in
this cross section for ionization by proton and electron impact have been explained in terms of a
combination of amiiudes for SO mechanism and TS mechanism. At low incident energy, TS

mechanisms are more important than SO since TS contribution increases very fast as the incident

Figuer 3.6 Taken from Ref.11]. Ratio, R, of doubleto singleionization cross sections in helium vs projectile
(proton) velocity (in units of g=2.2x10° cm/sec).The closed circles, open circles and-bp#n circles
represent the experimental data by proton impact,respectively, corresponding to the below two energy scales.
The open squares, closed squares, squares devided into horizontal halves and stpvided into vertical

havles represent the experimental data by electron impact, respectively, corresponding to above energy scale.
The curve TS denotes thélaw) ! velocity dependence of the twtep mechanism, and curve SO represents the
constant vedcity dependence of the shake off (SO) mechanism. Amplitudes for these mechanismd #8erfere

energy decreases, whereas SO contribution is independent of the incident energy. These observations
are also consistent with former studiesaj)mamBennanj et al. in[21] and[28]. In [21], Lahmam

Bennani et al performed coplanar (el experiments on DI of helium and molecular hydrogen at

about 600 eV incident energy with asymmetric energy sharing among the two ejected electrons. The
results showed two important observations: first, the symmetry abekig hroken; and second, a

large shift in the angular position of the lobes, ~80°ar e observed. 1f28], the (e, 31e) 4DCS are

measured for the DI of helium under same experimental condition, in addition of more different
energy sharing among the two ejected electrons. Similar results are obsej2gd in addition,

VRPH QHZ VWUXFWXUHY DSSHDU LQ '&6 DQJXGOIREHKLY W WLEXFPMWL
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predicted by first order theory. These are clearly the evidences dirsteorder effects in DI by
electron impactHence, LahmarBennaniet al developed a TS2 kinematical analysis based on TS2
DI mechanism and was successfully usedefglaining the DI experimental results recently in the
group ofLahmamBennaniet al[19, 20, 28-3(].

Having noted the failure of FBAC calculation, we proceed further by comparing our measured
4DCS distributions with the calculated results obtained using two newly developed theoretical models.
Details of these models have been given in 8.1. Briefly, the first model is based on tBorirst
approximation, but higher order effects are incorporated using the Monte Carlo event generator
(MCEGQG) technigud48] (Ciappina, M.F., et gl.to simulate the TS2 mechanism by convoluting two SI
events which are both calculated in the FBA. This means that in the first SI of He, the incident
electron impact results in one intermediate scattered electron, one slower ejected electron ahd the He
ion, whereas in the second Sl of *Hen, the intermediate scattered electron impact results in one
scattered, one faster ejected electron and tHé ible Note that the basic idea of these two steps
MGHFRPSRVLWLRQY LV WKH VDPH KHUH DV WKDW RI WKH NLQ!

paragraphs.

The second theoretical model is more elaborate as it makes use of the second Born approximation
and the closure approximation in the way describe®@&lyCapgllo, et al.[32]. In this model, the
final state is described by the approximate BBK or 3C wave functions where two of the three coulomb
wave functions describe the two ejected electrons and the third one describes the interaction between
these two ejected electrons.

The catulated results of these two models (ICEG and B2) are displayed in Figs. 3.1 to 3.3
by dashed green and solid black curves, respectively. The main general observation is the overall
improved agreement with experiments, as compared with-BBAesults Bcussed above. Although
both theories yield some differences in their results, they both predict correctly the large angular shift
of both forward and backward lobes to larger angular direction with respeoctlémd also have
additional structures, espially in the backward region, similar to the behaviour found in the

experimental data.
B. Discussion of Ne and Ar (e, de) results

Figs. 3.4 to 3.5 show the experimental {3 measurements of the 4DCS1d GIE, G .G, for
electron impact DI oNe and Ar at (a): (EE) = (12:12) eV, (b): (72:12) eV, (c): (144:12) eV,
respectively. There is no theoretical T99CEG calculation up to date for Ne and Ar under
considered kinematical conditions due to the complexity of the target with respect to He. €herefor
we only have BA3C calculation of Ne. Instead of BBC and B2 modelswe compared our

experimental resultéor Ar targetto B1-2CG and B2CG models,which have two coulomb wave
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functions representing two ejected electrons ianghhich the correlation etween them is described

by a simplified Gamow factor rather than a third coulomb wave function (see details in 8.1.2).

The discussion and conclusions of He hold for Ne and Ar cases. Compared to He, the ejected
electron angular distributions exhibit similar features, that is, large shifts from the momentum transfer
axis as well as marked structures in the forward and badkales. To better understand the origin
of these features, the experimental data are compared with the calculated results obtained for Ne using
the first Bornthree Coulomb waves (BAC) model and BRCG model (see details in 8.1.2.1).
However, due tohe very long computational time needed for the ful¥1model, it was decided to
perform only B32CG calculation for the Ar case. For both Ne and Ar tardgie¢stheoretical models
B1-2CG and B2CG have included the contributions of the three residizés, nameljP,'D and
'S. Both these B1 calculations are shown as dashed curv&C|Bdnd dotted curves (BACG) in
Figs. 3.4 to 3.5. | recall here that they only include -trster DI mechanisms, namely the SO and
TS1. To account for the secendder TS2 mechanism, calculations were also performed for Ne and
Ar within the framework of the second Born approximation where the final state is described by the
approximate 2CG wavefunction. Here again, the use of the full 3C wave function with the second
Born approximation needs much computer time especially for-{&).3The B2CG results are
shown as full curves in Figs. 3.4 8.5. Note that thexperimental data are relative differential cross
section. Hence in all result presentations, both expetahand theoretical results are normalized to

the maximum of the forward loheith an arbitrary scale

Strong disagreement is found between first Born calculations and experiments for Ne and Ar, the
disagreement being appreciably more pronounced than bsesved for He[28, 29 (Lahmam
Bennanj et al. and Staicu Cagrandeet al). Indeed, for both atomic targets the-8Q@ and B12CG
models yield forward and backward angular distributions which are symmetrically distributed about
the &K directions which are not observed in the experiments. Moretiverpredicted backward
intensity by B1-3C and B12CG is much smaller than the experimental regrdistive to the forward
one) This feature is a clear evidence that strongfinehBorn effects are present in the (el€
4DCS distributions. In other words, the contribution of Ti®2 or higher order mechanisms to the DI
process is sufficiently important with respect to that of SO and/or TS1 to impose its fingerprint on the
angular distributions. We thus confirm the observations made for |28 28] (LahmamBennanjet
al. and Staicu Casagrand# al). However, the qualitative success of the second BorB@2 nodel
reported for He is far from being found here again in the Ne and Ar cases. Indeed, when compared to
B1-2CG predictions, the B2CG model does yield a breaking of symmetry with respeckto
directions (at least in Figs 3.4(a) and 3.5(b)) as seeneiredperiments. But, ifive despite the
magnitudedifference of the differential cross sectionabsolute quantity given by the mode ke

smalldifferencein the shape of thengular distributions is not sufficietd bring the B2CGresults
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Figure 3.4 Relative fousfold differential cross sections (4DCS) for double ionisation of N&Y2Fhe scattered

electron with energi, = 500 eV is detected at an anglg= +6°%n coincidence with the fasemitted electron

with energyEy, whereas the slowmitted electron with energlf. remains undetected. Panel (aE£E.)=

(12:12) eV, (b): By:EQ)= (72:12) eV, (¢): En:E))=(144:12) eV . Full squares are the experimental data, with

one standard deviation statistical error bar. Theolebh O PRGHOVY SUHGL FaeRFBASOWH IURP IL
B1-3C (dashed green curve), RCG (dotted black curve) and second BornZB2G models (full blue curve).

The 4DCS scale shown is arbitrary, where all experimental and theoretical results aradmbegilised for best

visual fit at the maximum of the forward lobe. The thin dotted vertical lines indicate the direction of the
momentum transfer §) and its opposite (). The heavy dashed vertical lines indicate the directions of ejection

RI Wketecpdn Y] ( Erspand E.rsp as predicted by the given TS2 kinematical analysis, see text.
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Figure 3.5 The sme as in Fig. 3.4 but for DI of Ar (3. For Ar, the B13C calculation is absent.
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significantly in betteragreement with experiments thBa-2CG. The disagreement between our B2
2CG and experiments here is certainly due to the approximations made for treating the DI of a noble
gas. In this case, we reduce the problem okéeétron target (npYo that of two active electrons (the
two ejected electrons)57]. Moreover, Dal Cappelleet al [57] have shown that the closure
approximation used in the B2 model yields results which strongly depend on the value of the

parameterfused, wherelis the average excitation energy. We note that hereused the same

kinematical parameters for the cases of the DI of noble gases as for helium.

3.4.2 Two-Step 2kinematical analysis

LahmamBennani et a[28] developed a kinematical analysis based on TS2 mechanism, which
treats TS2 DI process as two successiv@églike events. This simple kinematical analysis reveals
WKH IHDWXUHV RI VHFRQG %RUQ HIIHFWV DQG JLWhi¢lWardHDV RQD
(as noticed above) noticeably distinct frekh direction. Since we use this methiad analyss all (e,
3-1e) experimental results, in the followiggction,a detailed descriptio@bout this kinematical

analysis methods given by taking Fig. .3 (e) as example.

For the simplicity of the presentation, we first ignore the remmitribution in first SI step
However, we will see that it is needed to include the recoil contribution in order to explain most of the

observed structures
A. Including only the binary contribution

The experimental parameters in this case (Fig. 2.3(e), He) are as follpw85E€V, E=500 eV,
E,=144 eV E=12 eV, T=-6°IP '=24.6 eV, IB'=79 eV.

In the first step (sketched in the top panel of figure 7) the sloswelsttron (E=12 eV) is ejected
in an (e, 2eJike process where the relevant scattered electron a* has the epery-E-1P"'=735
12-24.6=698.4 (eV) with highest probability to appear at the Compton scattering angle, +
corresponding to Bethe ridgmndition: E,-E..=Esirf( Z:). For the given kinematicsT. is ~ #13°
The *sign stands for the fact that the scattere@lattron has two possibilities to appear both at
positive or negative direction. The associatedlectron is most likely to be ejected at the

corresponding momentum transfer direction, ihak- ~ £7%With respect to incident direction.

In the second step of TS2,-alectron plays the role of an incident electron in a second (e, 2e)
ionization of the target, where the scatteresdeztron withE,=500 eV andT=-6°and fast ejected b

electon with energyk, = 144 eV are detected effectively. Theelbctron is also most likely to be
ejected at the momentum transfer direction but with respect 4t @HFWURQfV GLUHFWLF
depending upon whether the intermediateslttron is scattered &. ~ #3°r +13; two scenarios
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may occur, which are sketched in Fig. 3.7 on top and bottom panels, respectively. In both scenarios,
the scattered-alectron is detected &’

Figure 3.7 Sketch of the kinematics of a two step 2 (TS2) procedw icatse of (EE.) = (144:12) eV of He.

Top panel displays the procedure for the case where the intermediate a* electron is scattered at a gositive
angle while the bottom panel for the case of intermediate a* electron being scattered at a nggatngge.

The positive angles are counted clockwise from the incident direction. See details in the text.

(1) In scenario 1 (top panel in Fig. 3.7k is ~ +13°with respect to incident direction, hence it
will be scattered at ~19°in second Sl step to safis the experimental requirement that a
electron is detected af? While the b-electron in second step is essentially ejected from the
target via a binary collision and appears in the momentum transfer direction, wiick i854°
but with respect to aincident direction. So the-bjected electron is expected to appeahat
+(54+13)°= +67; which is labelled E s, in Tab. 3.1(eighth column) and displayed by vertical
thick dashed lines in Fig. 3.3(e). This value is far away from momentum transfetici &
~27°where the maximum position of forward lobe is predicted by first order mechanisms SO
and TS1. However, the experimental results indicate a lobe position at ~65°which is in good
agreement with this TS2 kinematical prediction. Thus we cdadhbat the shift of the forward
lobe is largely due to TS2 contribution according to this scenario 1. However, the contributions
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of SO and TS1 of course exist but they are of marginal importance with respect to TS2
contribution.

(2) The scenario 2 (bottom pal in Fig.3.7 is similar to scenario 1 except that the intermediate a*

electron is scattered & ~ - 13%With respect to incident direction thus thesaattered electron

will appear at ~7°from the intermediate a*electron direction for the same described in
scenario 1. While the associateeklbctron in second step is most likely ejected in the
momentum transfer direction from-&fectron direction, which isk .~ -32¢? So the bejected
electron is expected to appearft--(32+13)°= -45 or alternatively at T, ~ 360245°= 315°

from the primary incident direction. Thish - angle is labelled&rs; in Tab. 3.1 and is
displayed by vertical thick dashed line in Fig. 3.3(e). The experimental results show a lobe
located ahost at the same position of 3157 which is in very good agreement with TS2
prediction while it is far away from opposite momentum transfer direcion k ~ 2075

where the firsorder SO and TS1 contributions should be at their maximum. This confiems th
conclusion in scenario 1 once again that SO and TS1 contributions are much smaller than TS2
at present kinematical conditions.

The conclusions drawn above from the combination of scenarios 1 and 2 hold for all energy
sharing considered in this work (s€ab. 3.1and Figs 3.1 to 3.5), from equal (Fig.s 3.3(f), 3.4(a) and
3.5(a)) to highly unequal (Figs. 3.3(e), 3.4(c) and 3.5(c)) sharing. The comparison is reasonable not
only for He but also for the other targets considered here. However, there are $eraacdi for
different targets. For instance, the intensity of the backward lobes of Ne and Ar is much higher than
He.

7R VXPPDUL]H WKH IRUZDUG DQG EDFNZDUG VWUXFWXUHVY
influenced or even dominated by the TSahtcbution, according to the above kinematical TS2
analysis while the first order SO and TS1 contributions are less important than that of TS2 in present

study.

Note that in all above discussion about-2 &inematical analysis, we only consider the binary
collision effect in two successive (e, g processes in which the electrons are ejected at
momentum transfer direction (relative to incident and intermediatident direction) in each step.
The recoailcontributionin these (e, 2elke processes, where the ejected electron goes at opposite

direction of momentum transfer (see Fig. 3.8), is completely ignored.
B. Including both binary and recoil contributions

To move a step forward, we decided to incorporate the remditibutiors in this TS2 kinematical
model by considering that in the two successive (elikieprocesses, rather than being ejected with

highest possibility in the two momentum transfer dioes, % and 7 4n first step and second step
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for both cases of %, alternatively, the ejected electron also has the possibility of being emitted in the

directions opposite to momentum transfers in each sie@nd %
The recoil contributiors incorporated into TS2 kinematical analysis for the following reasons:

First, the recoil lobe in (e, 2e) studies is generally interpreted as due to ddbyemteraction
electronelectronion where the ejected electron is elastically reflected backwiardbe target
potential well before being emitt¢85, 58-62], hence named recoil lobe. The enhanced magnitude of
the recoil peak is generally assigned to a strong interaction of the ejected electron with the residual ion
[59 63. It is well known from previous (€e) studieg55, 60, 62] that the intensity ratio of recoil to
binary lobe is generally small for helium (typically less than 10%) in the impact energy regime
relevant for this workl, ~ 500 £700 eV, except in the limit of small ejected electron energies, say
below ~ 10 eV, where the magnitude of the recoil lobe progressively becomes comparable to that of
the binary one (or even higher in the case of more complex targets).

Second, somef the measured 4DCSs for the three atomic targets considered here (He, Ne and Ar)
exhibit puzzling multilobe structure which cannot be explained neither by first order and second
order theoretical calculations, nor by the TS2 kinematical analysis pe@isove. These are, for
instance, the forward lobe in Figs. 3.4(b) and 3.5(c) or else the backward lobes in Figs(dg.2(c)
3.3(e), 3.4(b)c), 3.5(a)(b)-(c), etc. Hence, it strongly encourages us to take into account the recoil
contributiors in the T2 kinematical analysis model as first step to attempt to figure out the origin of
those structures from the given predictions including rexamitributionrather than just considering
binary part.

Third, in the cases depicted in Figs. 3.3(f), 3.4(a) alfal the two ionized electrons share
equally the energy and hence are fully undistinguishable: one neither knows which one is emitted first
and which is emitted in the second step, nor which one is detected and which one is undetected. This
results aren two additional emission angles for the detected electron, which are located along the

intermediate momentum transfer directieh and its opposite directiorF-¥ of the first SI (e,2e)

collision.

Based on the above considerations, we extend here th&ifénatical analysis by including the
recoil contribution in the second step of (e,-lé&) process founequal energy sharirases and in
both first and second steps of (e,-Beg process for equal energy sharing cases between the two
ejected electns. Note that as stated above, égual energy sharingases, the TS2 kinematical
analysis will give four more angular positions tharequal energy sharimgases.

Here we take Ne (Fig. 3.4(b)) wittE£E.)=(72:12) eV as an example to explain the recoil
contribution in TS2 kinematical model. The conclusion is generally holds for all other cases.
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This is anunequal energy sharirgase, so we only take into account the rexaitributionin the
second Sl (e,2dke step because whether the first ejeatdsttron is emitted in the momentum
transfer directionrK™ (binary contributior) or in the opposite directiofik™ (recoil contributior), it is
undetected in practical (e32) measurement. Thequal energy sharingases are similar to this
procedure exqe that recoicontributionin first SI (e, 26OLNH VWHS SUHGLFWYV IRXU PRU
(see Fig. 3.15, indicated by blue dash dot lines) because the two ejected is undistinguishable in real (e,
3-1e) detection. The predictions incorporating recoifitribution are summarized in last column in
Tab. 3.2 and indicated in Figs. 3.9 to 3.15 by vertical-diatied lines.

Figure 3.8 The ame as Fig.3.7, but for Ne at{E.) = (72:12) eV. In addition, the recail contribution
(indicated by dotted arrovines in each step) is taken into account.

In Fig.3.8, the recoil contribution in TS2 kinematical analysis is incorporated, which are indicated
by dotted arrow lines both in first and second step. In first step;électron is ejected into opposite
directions of momentum transferly.. These are predicted at ~103°and ~257°f&.=12 eV,
depending on whether the intermediate scattered electron is emitted above or below incident direction,
UHVSHFWLYHO\ ,Q WKH VHFRQG VWHS WKH 76 NLQHPDWLFDO

position due to recottontribution which ae at ~-103°(or ~257) and ~120°for scenarios 1 and 2
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cases, respectively. We note that these recoil contribution predictions in first-(ike 2&!) step will

not appear in (e;3e) 4DCS angular distribution fanequal energy shariraase since the tvejected
electrons are distinguished by their different energy and the ejected slowest electron in first step is
undetected. In contrast, these predictions appeaeqgiml energy sharingase of (e, de)
measurement since the two ejected electrons distimguishable in real experimental detection. All
binary and recoilcontribution will be shown in (e, 3e) measurement where all three outgoing
electrons are detected simultaneously by triple coincidence technique (see details in Chapter 4),
whatever theéwo ejected electrons sharing equal or unequal energies. In this examplenatisl

energy sharinge, 31e) 4DCS measurement, so the recoiitributionprediction in first step will not
appear in the results. These new predictions by TS2 kinematiedysis model including recoil
contributionare summarized in the last column of Tab. 3.1 and indicated in Figs. 3.8 to 3.15 by dash
dot lines.

Figure 3.9 The eame as Fig. 3.4(b) for Nat (E,:E¢) = (72:12) eV but in additionthe recoil contribution
(indicated by dash dot lines) is taken into account.

It is remarkable that the experimental 4DCS distribution displayed in Fig. 3.9 for Ne shows a small
peak at ~ 130°and a saddle structure at ~ 245} which are very close to the TS2c@tobution
angle predictions locatedtH9°and ~ 257° Considering the angular uncertainty of our spectrometer,
maybe we can propose that this reveals the contribution of recoil contribution in second step of DI
TS2 mechanism. Similar features can be found in almost all cases such as in Fig. 3.11(d) of He a
~256; Fig. 3.12(a) of Ne at ~2807 3.12(b) at ~257 3.12(c) at ~247; Fig. 3.13(a) of Ar at ~2477
3.13(c) at ~138°etc (see Figs 3P13). In spite of the modest angular resolution of [€4, which
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is necessary to reach reasonable statistics in a reasdadb®/D DFFXPXODWLRQ WLPH WKI
position predictions of TS2 kinematical model are in good agreement with the observed experimental
structures. All of these proofs strongly drive us to make a general conclusion that the recoil
contributionplays also an important role in TS2 mechanisms. Though they have smaller contribution

thanbinarycontribution they are at least not negligible.

Figure 3.10The ssme as Fig. 3.1 for He apanel (a): E,:Ec)= (17:5) eV, (b): Ey:Ec)= (37:5) eV, respectively.
In addition the recoil contribution (indicated by dash dot lines) is taken into account.
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Figure 3.11 The saame as Fig. 3.2 for He at: panel (¢)EfE.)= (74:5) eV, (d): (En:E)= (72:12) eV,
respectively. In addition the recaibntribution(indicated by dash dot lines) is taken into account.
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Figure 3.12 The same as Fig. 3.3 for He at for panel (eEf£E.)= (144:12) eV, ():(Ey:E))= (12:12) eV,
respectively. In addition the recoil contribution (indicated by ddstlines) is taken into account.
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Figure 3.13 The sme as Fig. 3.4, 4DCS measurements for Ne gE(E= (12:12) eV (panel (a)), (72:12) eV
(panel (b)) and (144:12) eV (panel (c)), respectively. In addition the recoil contribution (indicateéashydot
lines) is taken into account.
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Figure 3.14The &ame as Fig. 3.5, 4DCS measurements for Ar giHfE = (12:12) eV (panel (a)), (72:12) eV
(panel (b)) and (144:12) eV (panel (c)), respectively. In addition the recoil contribution (indicatashydot
lines) is taken into account.
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Figure 3.15TS2 kinematical prediction with recaplanel (c): En:Ec)= (74:5) eV, (d):(E:E)= (72:12) eV,
respectively. In addition the recodontribution (indicated both in first step and second step of (elied
processes for equal energy sharing cases: upper panel, HEJE (17:17) eV; middle panel, Ne {(E.)=
(12:12) eV; bottom panel, Ar (EE¢)= (12:12) eV, respectively. The recoil contribution in firststEf (e,2e)
are indicated by bluelashdotted lines.
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C. Two-Step 2kinematical analysis including both binary and recoil contribution in

equal energy sharingcase

In Fig. 3.15, the equal energy sharing cases are collected together for three different atomic targets:
He, Ne and Ar. Because of the undistinguishibility of the two ejected electrons, theoatdiution
in first Sl step is also included in TS2 kineioal analysis and these predictions are indicated by blue
dash dot lines in Fig. 3.15. We can find that recoil prediction in first and second Sl steps are on either
side of TS2 binary prediction. All of TS2 kinematical predictioneguoal energy sharintases form a
set of relatively narrow angular band. These bands extend from 75°to 102°and 264°to 285°in the
case of He (BE;) = (17:17) eV, from 76°to 100°and 266°to 284°in the case of Ne (E;) = (12:12)
eV and from 77°o 98°and 266°to 283°in the case of Ar (BE;) = (12:12) eV. It is remarkable that
most of additional structures rather than first order prediction positioh fall within these angular
bands for both forward and backward lobes. The presence of these structures is obviously at the origin
of the norsymmetry about- w. We thus conclude that the angular distributions are strongly
influenced by TS2 mechanism. Obwse, the contributions from TS1 and SO mechanism are not
excluded but their effects should be more important in the momentum transfer directidrisan at

larger angles. Hence these observations comfort the conclusion that a first order theonotbeld

sufficient to explain the experimental data.

Note that this kinematic model does not include any quantum effects or post collision interaction
(PCI). The electromlectron correlation within target is also not considered. So the remaining
disagreerant between the experimental results and the model prediction are probably mainly due to
its simplicity, being based on pure kinematical considerafi@dis

The conclusions obtiged from TS2 kinematical model are consistent with -fiet order
theoretical models (TSRICEG, B2 and B2CG) that second or higher order mechanisms are

predominant over first order mechanism under present kinematics.
3.5 Conclusion

The (e, 31e) experiments for the DI at few hundred eV impact energy are extended from simplest
atomic target helium to more complex targets, namely neon and argon. The ejected energy of two
emitted electrons in this work is extended from small and equetg sharing to large ejected and
more asymmetric energy sharing. For all targets, the ejected electron angular distributions exhibit
similar features, that is, large shifts from the momentum transfer axis as well as marked structures in
the forward and dckward lobes. For He, the first BeB& prediction does not reproduce the observed
shifts and structures of the 4DCS distribution, whereas the two new developed theoretical models,
namely the TSMCEG and B2 treatments, very clearly constitute a congatieianprovement, both
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for the position of the forward lobe which is correctly reproduced and for the structure of the
backward lobe which is qualitatively well predicted. For Ne and Ar, these features are not reproduced

by a first Born B13C model, nor bya second Born (B2CG) model which does only slightly better.

For all targets, the qualitative TS2 kinematical model shows that under present kinematics the TS2
mechanism dominates over the SO and TS1 and is mostly responsible for the structures and angula
positions of the measured lobes. This TS2 kinematical model is extended by consideragxpihe
contributonLQ HDFK VWHS RI 76 PHFKDQLVP DQG WKH QHZ SUHGLFW
good agreement with 4DCS measurements for all targétsvever, it needs more elaborate
theoretical calculations to confirm the origin of the roleeafoil contributionin DI process.
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4.1 Introduction

4.1.1 Overview of previous works on ionization of molecular targets by

electron impact

Over last few decades, the single and double ionization dynamical studies have been extensively
performed both theoretically and experimentally for atomic targets but remain very rare until today
for molecular targets. For theory, it is mainly due to tiigicdlty in describing the mulelectron
process and also in finding tractable target wave functions. There are several reasons for this scarcity.
First, because of the close spacing and contributions from vibrational and rotational states of
molecular é&ctronic states, it is difficult to resolve them in an experimental measurement. Second,
theoretical calculations are obtained for a fixed molecular orientation whereas the experiments are in
general performed for randomdyientedmolecular targets. Thefore an average over all orientations
must be made in the theoretical calculations to compare with experimental results. Third, but not least
most important reason is the difficulty of correctly describing electron impact Sl and DI process from
theoretich point of view, especially due to the molecular characteristic of multicentre nature of the
target wave function (or nespherical nature which has less symmetric properfigls)Although
many measurements are concerned with atomic tai@lets growing interest in the investigation of
molecular targets has appeared in the last few years due to the development of powerful experimental
techniqueg3-5]. The Sl or DI dynamical studies span a wide range of molecular targets, from simple
diatomic molecules (H[6-8], O, [9], N»[1, 10-13]) to more complex molecular targets such as CO
[10, 14, CH, [15, H,O [16-2Q], etc. On the theoretical side, the most difficult problems of molecular
target are multcentre nature of the target and the random orientation of the molecules whitle is to
handled by averaging the cross sections for all molecular orientations. This orientation average can be

achieved by an orientation averaged molecular orbital (OAN@)method.

There are only few theoretical researches relevarthdoinvestigation of dynamics of DI for
molecular target Mansouri et al[8] and Serov et al[22] used second Born approximation for
describing the DI of Kl Dal Cappello et &l20] investigated the DI of isolated water molecules fixed
in space within a theoretical approabased on the secomdder Born approximation. Besides,
Chuluunbaatar et aJ123 applied the modified twaentre continuum wave function to the
dissociative double ionization of,Hby electron impact. Later they used a correlated product of two
two-centre continuum Coulomb waves to describe the state of two ejected electrons in the (e, 3e)

double ionization of theato diatomic molecules, Hand N [24].

On the experimental side, to our best knowledge, there are very few DI dynamical investigations

on molecular targe{®5]. Therefore, such DI experiments on molecular targets are highly expected.
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In (e, 3e) measurement, the scattered and the two ejected electrons are detected in triple
coincidence, while only two of three ouigg electrons are detected in double cimlaace in (e, de)
measuremeniThese (e, 3e) experimeraselimited to noble gases and more particularly to the helium
atom, which is an ideal target for the theoretical studies (see details in 8.1.1). Bdsields, the
difficulty of describing the molecular target wave function on theory side, there are up to now no such
(e, 3e) experiment existing to our best knowledge. This is another reason for us to perform (e, 3e)

experiments on N

In chapter 3, we appld the TS2 kinematical analysis model to predict electron impact DI process
of atomic targets. Here we extend this TS2 kinematical model to molecular target under alike
kinematics to validate or invalidate its prediction both in {&#eBand (e, 3e) meaements.

4.1.2 Description of the theoretical model for moleculardouble ionization

In this work, our (e, 3e) experimental results gfede compared with the theoretical calculations
performed in Metz by Joulakian and coworkg?4] using the correlated two centre continuum (TCC)
wave for the description of the ejected electrons, in a procedure which takes into account only the first

term of the Born series. Hereafter, we give a brief description of this model.

Because of randomly iented targets, the integration over all possible and equaly probable
directions of the molecule in space must be done at the beginning, reducingftild di¥erential
cross section to fivéold differential cross section (5DCS).

@9 = 21 @4 (4.1)
where €is the internuclear distance.
The conservation of energy for the fixed internuclear distagiees
Eo=E. +E,+EHP* (4.2)

where By, E,, E, and E; represent the energies of the incident, scattered, faster ejected and slower
ejected electrons respectively, wih** being the energy necessary to eject two electrons from the
target at the equilibrium internuclear distance (efrsSb OOHG PGRXEOH LRQL]DWLRQ SRW

The transition matrix is given by the first term of the Born series:
6= 51 @Li @I | @xpkEL NOTH( NLM 87 ¢ NI Y. (4.3)

Here, the over line indicates that the complex conjudafeNl M. represents the space part of the
initial state wavefunctionNlis the position of the fast incidestattered eldmon, which are described
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in [24] as a plane waveld(j=b, c) refer to the positions of the bound (ejected) electibnk, *k, is

the monentum transferred to the target and V represents the Coulomb interaction between the
incident electron and the target given by

1 1 1 1
8= F — F —+ + : (4.4)
NIF é1.2 NE 2 NIFN1  NIFNL

The final state wavefunction

LM = 6 sKGINIGINIS 05kGINLGIND

o NLD = (4.5)

describes the state of the two equivalent ejected electrons, where

0skGINLGINO= RG,; ( @@Ly 1, FEKG, N+ GINAOAGKGL NIOG GIN.  (4.6)

in which the electromlectron correlation is introduced. Hefg;l= NLF Mand

eUs,
2

RG,;= exp @——A(1 F HL) (4.7)

represents the Gamow factor with
. 1 1
- = - (gl
U= 5 G > (GIF G}. (4.8)

The TCC wavefunction is borrowed frof23] for describing the ejected electron in the field of

two Coulomb centres.
4.1.3 Two-Step 2kinematical model for double ionizationof N,

The TS2 kinematical model is described in 8.4. The full details of this analysis have been first
reported iM26] and so are only briefly summarized here. TS2 is adtep process, which is assumed
to proceed via two successive (e,-Z2L. NH LRQL]DWLRQV RI WKH WWBdidHW LQ WK
ejected while the projectile is scattereithvihe highest probability at the® angle corresponding to
the Bethe ridg¢27,28] 7KLV L QW H sEditdeed @IR¢trbniabts s a new projectile in a second
(e, 2e) ionization of the intermediate, singly charged ionXr@WV LQJ LQ WKH SDLU RI HOHFW

However, only the binary scattering, associated to each of the two (e, 2e) Sl events which
constitute the TS2 mechanism, were taken into account in our previou$2@prkn the (e, 3le) and
(e, 3e) measurements of,Nve also consider the complex situation where the recoil scattering from
the nucleussiincluded13. The details will be discussed in §.3.1.
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4.2 Results and discussion

4.2.1 Experimental conditions

The experimental sefp and procedure used in this work are identical to those u$bdlig, 13,
26]. The incident electron with energy, i scattered with fixed energy,£00 eV under two
symmetrical anglest = + (6°t3y and T = - (6°t3). Coplanar equal and unequal energy sharing
configurations are used for 4DCS (el&®) measurements while only coplanar equal energy sharing
configuration is used for 5DCS (e, 3e)asearements. In (e-B2) experiments, the slower ejected
electron (labeled-HOHFWURQ LV XQGHWHFWHG ZKLOH -#kkttbniIBVWHU H
GHWHFWHG-BDOWE WK Ui GRXEOH F ReedonGHeiét indridéii) HDV WK
GLUHFWLRQ $OWHUQDWLYHO\ LQ WKH H H FDVH-aWgkKH pEY DC
DQDO\|JHG DQG GHWHFWHG LQ WULS GéectroR linQrbpla@ad @ymhtetdcl W K W K
energy condition.

The present (e, 3e) as has the (e, 3le) experiments for Nare performed with ejected electron
energies (EE) = (12:112) eV and (EE;) = (37:37) eV (saalled equal energy sharing case). In
addition, the (e,-3e) experiments with ejected energiesEf = (72:12) and (EE.) = (144:12) are
also performed (soalled unequal energy sharing case). Same as stated in 8.2, due to the low DI
coincidence rate, all three toroidal analyzers were operated at reduced energy resolution. In order to
ensure reasonable coincidence ratésK H HOQHUJ\ UHVROXWLRQ IR "D FK DQDO\]
a H9 UHVXOWLQJ LQ DQ pHIIHFWLYH H [29 (sHeQ#.81)\ofUHV ROX\
"Es a"( By EJ( 2+ '2+ 'Y ~52eVi DQG DQ pHIFHEWHQHUB UHVROXWL
"E, a “{ E,~ 9.0 (eV§. We suppose that the measured 4DCS and 5DCS are dominated by DI
SURFHVYVY UHPRYLQJ WZR HOHFWU BQ‘WZ.IHKR/@\/eWﬂheﬁmEGXGMEMP RVW R
are influenced due tinis limited energy resolutiofi, 10, 15. Toestimate the amount of influence of
the target outermost orbital from the neighboring orbitals, we assume the coincidence energy
distribution to be a Gaussian function. It was shown in previous (e, 2e) studies[8@ Hkat the
satellite structure located a few electron volts from the main line is fairly weak. Moreover, van der
Wiel and Wiebeg31] have shown that contribution from the ionizing processes where the ion is left
in its ground state are dominating over processes including ion excited states. Though the above
arguments are valid for Sl study, we may transpose an (e, 2e) conclusioifeto31e) and (e, 3e)
PHDVXUHPHQWY DQG KHQFH ZH F R NLGhe thehiircdRixdtet bRV W R U |
detected signa31].

The incident energy s adjusted to fuffill the energy conservatiog,=EE, + E, + E. + IP**, with
IP?* = 43 eV being the DI gential of the N PROHFXOH UHPRYLQJ WZR)HOHFWU
outermost orbital.

- 109-



As it is well known that (e, 3e) experiments are very time consuming due to theidifieintial
character, the measurements need a very long accumulation time teeaehgonable statistics. The
final cross section distribution is obtained by adequately adding up the data fronT, lbotti- T,
angles[5, 32. Itis to be noted that the raw (e, 3e) data were analyzed using overlapping sectors with
D ZLGp™IB ™

Given the above experimental parameters, the momentum transfer to the target, definekl by
k., varies in the magnitude frok= 0.76 au aE, = 567 eV toK = 1.30 au aE, = 699 eV, while its
direction % varies from ~56°to ~29°for these two extreme cases (shown in the fifth and sixth rows

of Table 4.1). Simultaneously, due to the 13°acceptance inangle, the momentum transfer

UHVROXW LR X D#OR dancMharsgread in the momentum tran§&drU H F WIL-RQO?LYV

The experimental kinematical parameters are summarized in Table 4.1.

Target: N, E,=500eV T=-6deg IP"=43eV

E, (V) 567 617 627 699
£, V) 12 37 72 144
E. V) 12 37 12 12

K(au) 0.76 0.95 0.99 1.30

T/ T(deg) 56/236 42222 40/220 29/209

Table 4.1 Kinematical conditions of (e, -Be) and (e, 3e) experiments on. Nrhe first two columns
((En:Eg)=(12:12) eV and (BEE.)=(37:37) eV) are measured both by (e18) and (e, 3e) experiments. The third
and faurth columns are only measured by (e1&) experiments.

4.2.2 (e, 31e) measurements of equal and unequal energy sharing

The angular distributions of the (e18) 4DCS,@¢& @ - @-@ - @ »for the DI of the outermost
orbitals of N ;)'2 are shown in Figs. 4.1(a), 4.1(b), 4.2(a) and 4.2(b) at the four different energy
sharings for the ejected electrors; E) = (12:12), (37:37), (72:12), (144:12) eV, respectively (listed
in Table 4.1). Note that the experimental data are obtainededatave scale and have been arbitrarily
normalized to the same value at the maximum of the forward lobe.
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(En:Ee) = (12:12) eV

(Ep:Ec) = (87:37) eV

Figure 4.1Four-fold differential cross sections (4DCS) for double ionization ofTthe scattereélectron with

energy i =500 eV is detected at an anglg= -6°in coincidence with one of the emitted electrons, while the
VHFRQG HOHFWURQ UHPDLQV XQGHWHFWHG WKHVH DUH GHVLJQDWHG
(Ep:E¢) = (12:12) eV;Panel (b): (B:Ec) = (37:37) eV. The experimental data (full squares) are represented

with one standard deviation statistical error bar. The dotted vertical lines indicate the direction of momentum
transfer (%) and its opposite (k). The dashed areasdicate the angular ranges predicted by the kinematical

76 PRGHO IRU HM{dIEAVdnRs€e RB.WKH pET
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(Ep:Ec) = (72:12) eV

(Ep:Ec) = (144:12) eV

Figure 4.2 Four-fold differential cross sections (4DCS) for double ionization ofTthescattered electron with

energy i =500 eV is detected at an anglg= -6°in coincidence with one of the emitted electrons, while the
VHFRQG HOHFWURQ UHPDLQV XQGHWHFWHG WKHVH DUH GHVLJQDWHG
(Ep:E¢) = (72:12) eV; Panel (b): (EEQ = (144:12) eV. The experimental data (full squares) are represented

with one standard deviation statistical error bar. The dotted vertical lines indicate the direction of momentum
transfer (%) and its opposite (k). The thi& dash lines and dash dotted lines indicate the binary and recoil
contribution predictions of TS2 kinematical model, respectively, see &.3.1.
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As a general observation, some important common features are noticed.

I.  We find for all energies cases (symme#iw asymmetric) the same general behavior. That
is all angular distributions display a forward and a backward lobe. Here, the labels forward
lobe and backward lobe designate the lobe pointing roughly in the momentum transfer
direction (4K) and in the oppmite direction {K), respectively. These two directions are
indicated by vertical dotted lines in the Figs. drib4.2.

Il. We also observe that both lobes are not symmetrically distributed abouK téueistand
that their maxima are shifted from this axis direction by large amounts, ~30°(see Fig.
4.1(b)) to ~60°(see Fig. 4.2(b)). The uncertainty of ~10°in momentum transfer direction is
significantly smaller than the observed shift, and hence itroalginally affects this shift.

.  As a consequence of second point, the intensity distribution in each lobe is not
symmetrically distributed about theKtdirection, as it would be expect¢d3 34 if the
electron impact DI process was solely due to a first order mechanism (SO and/or TS1).
Moreover, we observe an important backward intensity relative to the forward one, which
shows that strong nefirst order effects are present in the (€,€3 didributions.

IV.  The distributions exhibit additional structures for both the forward and backward lobes.
These additional structures are located at larger angles with respect to the momentum
transfer direction.

Thus, in order to explain the above featuregdthind fourth items), it is necessary to take into

account not only first order mechanisms (SO and TS1) but also higher order mechanisms (such as
TS2).

In the absence of theoretical calculations for 4DCS gf &hd considering the fact that the
kinematichdanalysis proposed 26 has proved to be greatly successful to predict the observations
madein the (e, 3le) measurements for atomic targets, He, Ne and 226, we aim to apply this
TS2 kinematical model to our new (e18) results for molecular target.NIrhis model is expected to
give a qualitativeinterpretation of the observed structures as well as an estimation of the angular
positions of the lobes in terms of physical effects included in the TS2 mechanism. The full details of
this analysis has been reported2€]. Furthermore, we extended this analysis by considering the
recoil contribution in each Sl (e, 2e) step of TS2 mechanism, which gives two more angular
SUHGLFWLRQV RI WKH OREHV SRVLWLRQ 7KLV PH[WHQGHGTY 76
All angular predictions by this TS2 kinematical model includiagoil contribution are summarized
in Tables 4.2 to 4.5.

At this point, a concise elucidation is necessary for clarifying the different notations used in 8 and
8. Briefly, the essence of this analysis was to consider that the double ejection results from two
successe binary (e, 2e) processes where each of the ejected electrons is mostly emitted along the
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direction of the intermediate momentum transfer direction K* for the first Sl (e, 2e) collision and
DORQJ WKH PRPHQWXP WUDQVIHU @d) odiidion keRggctve s §siveH VHFR
rise in the (e, de) case to two possible scenarios depending on the sign of the &nglethe

L QW H U P H-Gchiel/d+Elgecon In our earler wglé], thesescenarios yielded two expectation

values for the emission angles of the detected ejected electron, which are essentially located along the
PRPHQWXP WUDQVIHU -cllisioh. Thirefore,Hve RaGeGthése directions&@s and

& ¢ (see tables 4.2 to 4.5)where the superscriptS(respectively 3§ stands for the emission in the

half-plane corresponding to ejection angles smaller (larger) than 180°

In the previous (e,-2e) work[12] WKH pEY DQG pFY HOHFWURQ VKDUHG Y
HQHUJ\ OHIW WR WKH WDUJHW +HQFH WKH XQGHWHFWHG uFY F
WKH GHWHFWHG pEY HOHFW U R QotbMy Ehel ir@dually ishared @Ressiandgy , Q FR
cases but also equally shared excess energy cases between two ejected electrons are studied. The
major difference comes from the fact that the two ionized electrons can share the excess energy
equally and hencera fully undistinguishable in the final state: one neither knows which one is
emitted in the first step and which is emitted in the second step, nor which one is detected and which
one is ignored. This results in two additional expected emission angldbefatetected electron,
which are essentially located along the intermediate momentum transfer dik€ttithe first Sl

(e,2e) collision. Therefore, we label these directionsiasand & § (see Tables 4.2 to 4.5).
(Ep:Ec) = (12:12) eV

first order second order TS2 mechanism
mechanisms | intermediate first step second step expected | expectedf
(%D for (e,31e)
for (e,3e) case
bin = 87° (283°87Y 283°r 87°
bin =283°
- rec = 267°
positive
bin = 87°
rec =103°
rec =267° | (103267 103°or 267°
56°/ 236°
bin = 278° (7732785 77°r 278°
bin =77°
. rec =908°
negative
bin =278°
rec =257°
rec =08° (257°98) 257°r 98°

Table 42 ([SHFWHG HPLVVLRQ GLUHFWLRQV IRU WEH=(PNL2D&Y@sgoEifteH OHFW UR
to: first order mechanisms SO and/or TS1 (first column); second order mechdi®anpredicted by our

kinematical model in the (e;Be) case (columns 3 and 4); in the (e,3e) case, taking into account the fact that

both ejected electrons are detected in opposite-pialies (column 5); in the (e;Be) case, sae as in (e,3€)

case (caimn 6).

In previous published articles and in 8, these directions were labeleGdasand g sz
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(Ep:Ec) = (37:37) eV

first order second order TS2 mechanism
mechanisms |  intermediate first step second step expected | expected?
(%D for (e,31e)
for (e,3e) case
bin = 87° (283%87) 283°r 87°
bin = 287°
o rec =267°
positive
bin = 87°
rec =107°
rec =267° | (107°267j 107°or 267°
42° 222°
bin =276 (732276Y 73°r 276°
bin =73°
) rec =96
negative
bin =276
rec = 253°
rec = 0F° (253°96) 253°0r 96°
Table 4.3The same as in Table 4.2 but for (fE.) = (37:37) eV.
(En:Ee) = (72:12) eV
first order second order TS2 mechanism
mechanisms e dinte first step second step expected T
/ for (e,31e) case
bin =77 77°
bin =282 N
. rec =257° 257
positive _
bin = 77°
rec =102
rec =257°
40° 22°
. bin =302 302°
bin =78
. rec =122 122°
negative
bin =302
rec =258
rec =122

Table 44 ([SHFWHG HPLVVLRQ GLUHFWLRQV IRU WEH=PN2paY GsqoEiftec OHFW UR
to: first order mechanisms SO and/or TS1 (first column); second order mechanism TS2 predicted by our
kinematical model in the (eBe) case (clumns 3 and 4); in the (e,Be) case, taking into account the fact that

both ejected electrons are detected in oppositefiaties (column 5).
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(Ep:Eo) = (144:12) eV

first order second order TS@echanism
mechanisms " it first step second step expected 7
/ intermeaiate for (e,31e) case
bin = 68 68°
bin =281° °
N rec = 248 248
positive ;
bin = 68°
rec =101°
rec = 248°
27 207
_ bin =318 318
bin =79
_ rec =13® 138°
negative
bin =318
rec =259
rec =138

Table 4.5The same as in Table 4.2 but for {(I.) = (144:12) eV.

Moreover, the recoil scattering from the nucleus, associated to each of the (e, 2e) Sl events which
constitute the TS2 mechanism, was not taken into account in previous published]p2a 2635 .
In contrast, in present case, one must take into account the possibility for one electron to be ejected in
the & direction in the first Sl step, and for the other electron to be ejected i tfairection in the
second step. The necessity for including recoil contribution is motivated by two reasons: first, the two
ionized electrons have the same kinetic energy and second, the molecular nitrogen target considered
here was shown in former (e, 2sfudies[10, 36] to produce large recoil intensity as opposed to
helium [37]. Making the same analysis as above yields four other possible ejection directions. These
additionalrecoil contributionangular predictions of TS2 kinematical model are: (a) in the opposite
directions of & § and & § in the first (e, 2e) collision; (b) in the opposite directions &f€ and & ©
in the second (e, 2e) collision. Henceg iabel these directions a‘ﬁ_éoand é}_éofor the first Sl step,
and a<Fe and aﬁe for the second Sl step, respectively, where the implication of the notation is

obvious.

For the (e, 3le) unequal energy sharing case, because thedwaie@ electrons are distinguishable
in energy and the slower one ejected from first Sl step is undetected, the recoil contribution only
keeps its signature in the second Sl step. The corresponding angles are denoted similar to the equal

energy sharing casi.e., & % and & ® (see Tabs. 4.4 and 4.5).

Alternatively, in the equal energy sharing case, the recoil contribution in both first and second
steps is included as stated above. As a consequence, this TS2 kinematical model inedoiling
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contribution gives two more angular predictions in equal energy sharing case than in the unequal

energy sharing case in (e18) measurement (see Tabs. 4.2 and 4.3).

At the end, using this TS2 kinematical model we obtain eight possible values in equyl ener
sharing casesK{E.) = (12:12) and (37:37) eV) and four possible values for unequal energy sharing
cases ([, E. DQG H9 IRU WKH HPLVYV L8RtranQrh©ddV RI WK

predicted values are listed in Tables 4.2 to(la%t columns), for the energies considered in this work.

For equal energy sharing case, since one electron is undetected in-aa)(experiment and both
electrons are here fully undistinguishable, each one of these eight values of emission angles can occur
in our (e, 3le) experiments, which makes the analysf the data displayed in Fig. 4.1 quite
complicated. However, the situation is not desperate, as these eight angle values can be grouped into
two sets which are well separated from each other as well as franktlirection (corresponding to
first order mechanisms), each set forming a relatively narrow angular band. These bands extend from
77°0 103°and 257°o 283°in the case of &:E.) = (12:12) eV and from 73°to 107°and 253°to 287°
in the case ofiy,:E.) = (37:37) eV. They are represented igsk4.1(a) and 4.1(b) as the dashed areas.

It is remarkable that most of the additional structures mentioned in forth item above fall within these
angular bands for both the forward and backward lobes and are located at larger angles with respect to
the momentum transfer direction (the most noticeable exception is the structure at ~315°whose origin
cannot be associated with any of the emission angles predicted by our kinematstdgvoodel.)

The presence of these structures is obviously at the aigihe norsymmetry aboutt K of the
distributions discussed in third item above. We thus conclude that the angular distributions are
strongly influenced by the TS2 mechanism. Of course, we do not exclude contributions from TS1 and
SO mechanisms but thesiffects should be more important in the momentum transfer direetigi (

than at larger angles. The present results pagkee with those obtained for DI of rare gases in the
same kinematical regime, hence comforting the conclusion that a first order ghaot sufficient to

explain the experimental data.

For unequal energy sharing case, since one electron is not detected in-aa) (ex@riment, but
the two emitted electrons are distinguishable because of unequally shared energies, the TS2
kinematcal model gives only four angular predictions with consideratioreobil contribution In
first SI (e, 2e) step, the ejected electron (corresponding to slower ejected elegteithee from
binary orrecoil contributionas well as intermediate scattered electrpme not detected in the final
(e, 31e) 4DCS measurement. The 4DCS of unequal energy sharing coplanar measureiehty at (
= (72:12) eV and (144:12) eV are displayed in Figs. 4.2(a) and 4.2(b), respedtvelmomentum
transfer direction and its opposit’ are presented by dotted vertical lines, where the TS2
NLQHPDWLFDO PRGHO D QJX Odnhaty Suthb@ibi WO @@ poBtngutiod. DXMAH G W
denoted by dashed and dakitted verticallines, respectively. We find the fact that all the
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experimental results shown in Fig. 4.2 do display prominent structures for both forward and backward
GLVWULEXWLRQV 5H P Ddinarpdetributdhf HD Q UGB WSHRY W LRQ YD OXH
agreewith the angular positions of the structures located at largest angles. This holds for all energy
sharings considered in this work, from equal to highly unequal sharing. We thus conclude that the
IRUZDUG DQG EDFNZDUG VWU XF W42AkarE\sTorg R WilllahcdRiQy the QS2 LIV
contribution, according to the above qualitative kinematical analysis where the TS2 process is
considered as two successive, independent (e, 2e) Sl of the target. However, the contributions of first
order mechanismgSO and TS1) might also be present in the (de)3 measurements. Their
contributions should have their maximum close to momentum transfer direction or its opfosite,

F« , but their intensity appears to be appreciably smaller than that of the TS2 contribution for the
IRUZDUG OREH PRUH VR IRU WKH EDFNZDUG OREH 7KH pUHFR!
nice agreement with the lobes position of experimentasmements, for instance, in Fig. 4.2(a) at

~1227 in Fig. 4.2(b) at ~138°and 248°(see Fig. 4.2 and Tables 4.4 to 4.5). This might indicate that

even in the asymmetric case, tteoil contributionplays a very important role in DI under present

kinematc conditions. However, all above analysis are generated from purely kinematical
considerations. More elaborate theoretical calculations are needed to quantitatively confirm this

argument.

To summarize, the (e;Be) measurements demonstrate large deviations from first order prediction,
such as large angular shift of the lobes fréin direction, symmetry breaking of the lobes with
respect toiK direction, new structures, etc. We apply the2Ti@nematical model to give an
explanation for the experimental results. This model yields good agreement with the observed lobes
positions, especially for the new structures which are not in the vicin# ofThe success of this

TS2 kinematical mode| sgifies that the second order dominates in DI process at present kinematics.

4.2.2 (e,3e) symmetric coplanar measurements

A. General analysis with TS2 kine matical model

Figs. 43(a) and %44(a) show in 2D representation the measured (e, 3efdaifferentialcross
section (5DCS) angular distribution of, for (Ey:E.) = (12:12) eV and (37:37) eV, respectively. To
our best knowledge such (e, 3e) angular correlation diagrams are experimentally obtained here for the
first time for a molecular target. We also daplin Figs. 43(b) and 44(b) the calculated results
obtained by Chuluunbaatet al[24] using a correlated two center continuum (TCC) wave function
for the description of the ejectetbctrons in a procedure which takes into account only the first term
of the Born series (see $.1.3). The presentation of these results is limited to the angular ganges (
accessible in our experimental set up, where the angular detection rantjagext¢o one half plane
for each emitted electron, that is, 20&160°and 200% T,<340? Note that we do not show here the
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less sophisticated theoretical results obtaind@4hby neglecting the correlation in the final state and
ZKLFK GUDVWLFDOO\ GLIIHU ITURP WKH FRUUHODWHG UHVXOWYV

to 4.11, both theoretical calculations either with a correlation or without correlation imahstate

are compared with the experimental data.

(Ep:E¢) = (12:12) eV

(@) (b)

Figure 4.3 Five-fold differential cross sections (5DCS) for double ionization pfdnel (a):experiment; panel

(b):FBA theory using a correlated TCC waftmction (Ref[149]). The scattered electron with energy £

500 eV is detected at an anglg = -6°in coincidence with both emitted electrons with an energy sharing of
(Ep:E¢) = (12:12) eV. The bar gives the relative scale of the cross section. The most preeminent and the
secondary structures in the experimental results are encircled and laBelBdC, D and I, respectively. The
crosses indicate the most probable emission directions predicted by our kinematical two step model. See text.
The dashed red line indicates the symmetry line for two emitted electrons with respect to momentum transfer
direction+K. The diagonal line (L) indicates the batdcback emission direction.
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(Epn:Ec) = (37:37) eV

(@ (b)

Figure 44 The same & in Fig. 43, but for an energy sharingg,:Ec) = (37:37) eV. The encircled most
preeminent and secondary structures are now labeled E, F, G, Hardd J; Js, respectively (See sections A

and B). The diagonal line (L) indicates the bdokEDFN HPLVVLRQ GLUHFWLR®syhieéiryu69 OLQH
line for two emitted electrons with respect to momentum transfer direeKon
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The experimental 2Bliagrams display rich structure with several maxima, indicating the complex
interaction with the target at low ejected energies. We want to emphasize that, despite the modest
energy and angular resolution, we believe these structurkawdophysical meaning for two reasons.

First, each peak structure is not made of one single bin but of several neighboring bins. It is the
integral of the structure which defines whether a peak is present or not. Second, the intensity that is
present oubf the peaks is not a background but pure true (e, 3e) triple coincidence signal forming a

more or less uniform contribution. The noise signal contribution has been subtracted from the raw
data.

For convenience, the structures present in Figgayam 44(a) are encircled in the figures and
are labeled as A, B, C, D, | for (12:12) eV case and E, F, G;,H,, 1%, J, for (37:37) eV case,
respectively. Though there are plentiful structures shown in F&fa)dand 44(a), only preeminent
structuredor instance A, B, C, D and E, F, G, H wil be discussed in details and for other secondary
structures such as L, d, %, J;, we only make a tentative interpretation.

Firstly we compare our experimental results with the theoretical[@psNe may have a general
observation that there is almost general disagreement between experiments and theory as to the
intensity distribution for both considered energy sharings. None of the maximtemsify structures
predicted by theory is found in the experiments. In Fig¢bd.of (37:37) eV case, the theory predicts
D uYDOOH\Y DOR@J WKH fGVKREQWLRQWKH GLDJRQDO OLQH QDPH
stands for the weknown forbidden node in the back to back emission geometry predicted by theory
in the case of photo double ionization of He, see[88).39]. The experimental results in Fig. 4a)
display some similarity with the theory as to this feature, though same as in3@&g. the valley is
only partially present and is interrupted in different angular domains. This partial filling of the node in
the backto-back emission might be due to the complexity of the molecular target and also due to the
experimental overall energy resolution which does not allow discriminating among the first states of
the residualos* ion. In Fig. 43 D IRU H9 FDVH WKH VWUXFWXUH ps$1
with the theoretical prediction that the maximum position located at aofing = (260; 50§ if we
WDNH LQWR DFFRXQW WKH IDFW WKDW u$Y H[BEHIRE00 RYHU D
~40% T<~80°? This could be the signature of the presence of first order contribution in the measured
5DCS distribution. Since the first order (first Born) fails to predict the experimental results, we could
conclude that under the presemeknatics, the DI process is largely dominated by second (or higher)
order mechanism, such as TS2. Thus due to the absence of elaborate theory of DI for molecular, we
compare the experimental results with TS2 kinematical model we discussed in Chap. 3.

The angular distributions show that under different equal energy sharing cases, the profile of the

PD[LPDYV DSSHDUDQFH LV GLIIHUHQW ,Q H9 FDVH WKH
localized while in (12:12) eV case the maxima are more diffussids (e, 2e) studies,g.[40, 4],

showed that the (e, 2e) lobes become narrower as the ejected energy and/or the momentum transfer is
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increased. Thus we conclude that our experimental observation is consistent with the (e, 2e) feature
This indirectly supports our TS2 kinematical model where DI is understood as two successive (e, 2e)
Sl events.

Because the two ejected electrons are detected in opposite halves of the collisiokopladoy
the (e, 3e) spectrometer, this limits the eight pairs of possible emission angles discussed in Tables 4.2
to 4.3 (columns 3 and 4) to only four pairs of andlgs 7) as given in column 5 of these Tables.
These TS2 kinematical model predictions @ thost probable emission directions of the two ejected
HOHFWURQV pEY DQG pFY DUH LQGLFDWHG ZLWK WKLFEN FURVVE
there is few or noelationship between experimental results and first Born model. The first Born
mode| shows maxima positions at (505 2607, (705 210y for (12:12) eV case and at (90; 3407, (359
250y and (607 200} for (37:37) eV case. In fact, most of the above positions do not appear in
experimental results. In contrast, we find some quaftasimilarities (or even quantitative in some

cases) between the positions of the experimental structures and TS2 kinematical model predictions.

For instance, we observe for the (12:12) eV case that:

X structure A partly corresponds to the gaF. 7 = (775 278;

X structure C partly corresponds to the gak 7 = (2837 87). Note that both of these two
structures result from two successive binatginary (e, 2e) Sl collisions by TS2 kinematical
mode | prediction.

X structure A shows two wingslongated symmetrically with respect to upper right corner, these
two wings may correspond to the two peaks predicted by theory which are locatg&dfat(

(507 260§ and (705 210j. Hence the wings could be at least partly the contribution from first
order mechanisms.

X structure D corresponds to an admixture of the ga¥s?) = (1037 267) and (257 98j.

Similar as structure C, this structure D may result from two successive butteaxiil (e, 2e)
Sl collisions.

Similarly, we observe for th87:37) eV case that:

X structures F and E are very close to the pdir) = (735 276) and (287; 87}, respectively.

From Table 4.3, we can find that these two structures F and E may result from two successive
binary tbinary (e, 2e) Sl collisions.

x Structure G corresponds to an admixture of the pafsg = (965 253) and (1075 2675.

Again, from Table 4.3, we find that both of these two pairs result from two successniet
recoil (e, 2e) Sl collisions. Hence, structure G also may have a corresponding relationship that
it may originate from TS2 recotrecoll (e, 2e) Sl collisions.
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B. Discussion of Sche matic emission diagrams
In[32], Naja, A. et al proposed a new analysis method for the results of their (e, 3e) measurements
of Ar under similar experimental conditions (coplanar, equal energy sharrgj but with higher
energy of 205 eV for the two ejected electrons. AccordRgW KH SHDNYV ORFDWLRQ LQ H
distribution, they indicated the corresponding emitting directions of two ejected electrons and gave a
physical explanation of the origin for those peaks.
We list all the emission directions of two ejected 8¢ RQV LQ ', IRU WKRVH uDGGLW
which could not be interpreted so far neither by first Born theoretical model nor by TS2 kinematical
PRGHO 7KRVH VWUXFWXUHY DUH ODEHOHGT DW-4,DPROGQP% Y LQ
(87:37 eV case, respectively. For completeness, we also list the emission directions of the outgoing
HOHFWURQV LQ ', SURFHVV IRU RWKHU VWUXFWXUHYV ZKLFK KDY
H&T p'T LQ H9 FDVH DQG:37)§asqus8e ROsT4.5uanll 4170
) ,Q H9 FDVH WKH VWUXFN XG55 +BOFap@onimbtell G D UR X Q
corresponds to the emission direction where the two electrons are found at about equal but
symmetrical angles #60°from thehird scattered electronT=-6°is close to 0j. We can
ILQG VLPLODU ¥\l Y kHSW80Y iR thp {37:37) eV case. These positions of
WKH WZR VWUXFWXUHYV 1 R WKKH ROKHVYLGHGB QG UH V
structure nameqt) Y LQ 1DMD3A$ WKIW O LV LUUHOHYDQW ZLWK R
of the present work). These specific peak structures located afiduade also found in
previous (e, dle) experiment$42] on Ar and in recent (e-Be) measurements of, INL3]
(also presented in 8.2.2). The (e18) results if13] display peak structures at ~60°and
~240°(or -60J in both (12:12) eV case and (37:37) eV case. The common feature of these
(e,3e)and (,-3H PHDVXUHPHQWY LV WKDW WKH SHDNVY SRVL)\
close to momentum transfer direction (see Figs. 4.1(a) and 4.1(b)). Sincg,03e)
PHDVXUHPHQWY UHSUHVHQW WKH WZR GLPHQVLRQDO DQ.
which are indistinguishable, these peaks are found along the momentum transfer direction
Rl uFf HOHFWURQ H J VWUXFWXUH (&3 1@5+603 H9 FDV]|
ZKHUH WKH PRPHQWXP WUDQVIH O=&G6UTHds&VieRk® b&lg HOH FW
adjacent taK in (e, 31e) measurements are attributed to first order contribution. In this
emission geometry, all of three outgoing electrons move to forward direction, thus it is
FDOOHG plRUZDUGYT HPLVVLRQ

i) Naja, A., et a[32 also found the s&-DOOHG PEDFNZDUGY HPLVVLRQ RI EF
ejected at about equal angles #120°from the third one with respect to the incident direction.
7KH\ DUJXHG WKDW WKH pPEDFNZDUGY HPLVVLRQ ZLWK k
minimizH WKH ILQDO VWDWH &RXORPE UHSXOVLRQ EHWZHHQ
DQG PEDFNZDUGY VWUXFWXUHYVY DUH DVVRFLDWHG WR D 67
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(Ep:Ec) = (12:12) eV

Figure 4.5 The ame as in Fig. 4.3(a). The diagrams at the bottom illustifageemission directions of the three
electrons, for the peaks labeled A, B, C, D and |, respectively, see section B.
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i

In our experiments, correspondingly, the similar structure can be found in the (e, 3e)
results of (12:12) eV and (37:37) eV, rdsF WLYHO\ QDPHO\ WKH VWUXFW X
DQG WKH VWUXFWXUH u*f LQ )LJ D KO FKIOOORFDWH D
+105). Despite the fact that these two structures had already been attributed to TS2
contribution in previous discussion (see #.3.2, Sec. A) and more precisely to an
admixture of two successive reecoil (e, 2e) Sl collision, we can reemiae the origin
RI WKHVH VWUXFWXUHV p'Yf DQG p*Y E\ WDNLQJ LQWR I
mechanism andts possible interference with the TS2 mechanism. This leads us to
FRQVLGHU VWUXFWXUHYVY u'Yf DQG p*Y DV D FRBEBOH[ FRP
mechanisms.
We recall the welestablished general feature of (e, 3e) measurement which states that if
the DI process is the result of one single projetdifget interaction (or first order
mechanisms) then the cross section distribution must iexhilsymmetry axis whose
existence corresponds to both electrons being ejected symmetrically with respect to the
momentum transfer directid8]. This symmetry line or s DOOHG u6Y OLQH LV Gt
T- k=-(T- k), see Figs. 4.3(a) and 4.4(a), where it is indicated by dash thick line with
WKH QRWDWLRQ p6Y DW ORZHU OHIW FRUQHU +RZHYHU
transfer and due tthe practical angular range limitation of present spectrometer for the
WZR HMHFWHG HOHFWURQV WKH V\PPHWilbeLéanpdPb&J URU | V
DFFHVVHG LQ RXU H[SHULPHQWY 7KHVH pPLUURUY VWUXF
of 0% 7<180°and 180% 7<360°whereas the present angular detection ranges are roughly
200% 7<340°and 20% 7<160° Therefore, it is highly desirable to perform full angular
range (e, 3e) coplanar experiments (§%360; 0% 7<360j under same kinematici
SRVVLEOH WR WHVWLI\ WKLV V\PPHWULF pPLUURUY VWU
confirm the validity of our previous observations on the other hand.
We realize that the relative intensity of the structures reported in Figs. 4.3(a) and 4.4(a),
that is the intensity ratio oach structurdo maximum intensity reveals the relative
importance of the contribution by different mechanisms under various kinematical
FRQGLWLRQV $V VWDWHG LQ WKH DERYH WZR JLDRGHV Z
Y WR ILUVW %RUQ FRQW[U3 predivteédrtigat in DI4prodeEs; $éddmd
order contribution increases very fast as the incident electron energy decreases below ~
1keV whereas the first order keeps a constant contriutidapendent of incident energy
(seeChap. 3,Fig. 3.6). It would k& interesting to list all parameters of the (e, 3e)
experiments (including Naja et 2] on Ar), and the intensity ratio of the corresponding
forward peaks to the maximum of the scale. From Table 4.1, it is seen that the ratio of the
VWUXFWXDMVRFLDWHG WR H9 FDVH LV URXJKO\ W
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(associated to (122) eV case). This is due to the small incident energy difference of 56

H9 +RZHYHU LQ 1DMD $ HW DOV UHVXOWY DW WKH PX
forward peak intensity is comparable to the maximum intensity. Moreover, the incident
energyand detected energies are larger than in the present work. This observation is
FRQVLVWHQW ZLWK O0F *X43J Fhis might ¥ tiRUndiGdt fexpdriméntal

proof that as the incident energy is decreased, the role of first order mechanism
contribution will become less important. In other words, the-filshorder mechanisms

sich as TS2 mechanism play a more and more important role or even predominate over

first order mechanisms when incident energy decreases to present kinematics. This

conclusion is also consistent with previous stuflls13, 44, 45].

(EvEo) N, (12:12) eV[ N, (37:37) eV| Ar (205:205) eV
El/eV 561 617 953
Relative intensity of forward peg ~ 185 ~ 88 ~ 37
Maximum intensity of the scale ~ 240 ~ 120 ~ 37
Intensity ratio ~0.77 ~0.73 ~1.0

Table 4.1Relative intensity ratio of forward emission peak to maximum of the scale. Ar resulledueed

from the data oNaja, A. et a[32].
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(Ep:Ec) = (37:37) eV

Figure 4.6 The same as irFig. 4.4(a). The diagrams at the bottom illustrate the emission directions of the three
electrons, for the peaks labeled E, F, G, 4,3, J; and J,, respectively, see section B.

V) We come back now to the emission diagrams shown in Fig. 4.5@nd4KH VWUXFWXUHYV
occur attheanglesfi ) =(- f f LQ WKH H9O FDVH DBDWRG WKH "
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D Q &Y uR F F X507 000y, (+65; -110} and (-1405 +90j in the (37:37) eV case. The
VWUXFWXUHY p%Y DQG p+Y DUH ORFDWHG URXJKO\ DW W
GLITHUHQW ZKLOH WNKH WWUREWXRIWH SRV LWTREGOZLWK UH\
Indeed the WU XFW XUHV U %-§lebtiQrGs pjecied W Kefpendicilar direction from
LQFLGHQW GLUHFWLRQ ZKLOHEWKIA pRY HOHINAWRKE HMH P |
electron is ejected to perpendicular directiof €+90} with respect to the nicident

GLUHF W L-BleztrénXs\ejgected to symmetric direction §f~ -140; with respect to
MEOHFWURQ GLUHFWLRQ RI YWUWKWFWEXKHPWYW WR JEB Q@& W HMPDH)
first order nor second order mechanisms. The similaritf\oK HVH IRXU VWUXFWXUH
Ly DQ® LV WKDW RQH RI WKH HMHFWHG HOHFWURQV LV |
direction from incident directonA more elaborate theoretical model is desirable to

explain these structures.

These two structes i ORIBODW G ~ (- f f DOQORFDWHG DW

1103 +65) will be discussed in detail in 8.3.2, Sec. C.

Vi) )LQDOO\ WKH GHYLDWLRQ RI WKH H[SHULPHQWDO VWUXF
VWUXFWXUH p&OQIRVWUXFWXUHYV pu(T DQG u)Y LQ )LJ D
simplicity of the TS2 kinematical model, in which neither the post collision interaction
between the outgoing electrons nor the initial and final electronic state of the target is taken
iIQWR DFFRXQW ORUHRYHU ZH QRWLFH WKH WHFMERVKDW
exist in Figs. 4.3(a) and 4.4(a) which are not be predicted by the kinematical TS2 model.

Their presence certainly testifies of the intrinsic complexity of moleddlaprocess. In
particular, it should be noted that the observed structures B and H (for the (12:12) eV and
(37:37) eV cases, respectively), do appear at about the same angular position as the
structures at ~315°shown in the (el®) results (Figs. 4.1(aand 4.1(b)) whose origin
could not be associated with none of the emission angles predicted by this TS2 kinematical

model.

C. Different cuts mode discussion

The relative success of our TS2 kinematical model as compared to the almost complete failure of
thefirst Born predictions leads us to conclude that the measured (e, 3e) angular distributions for DI of
N, molecule under the present kinematics is largely dominated by higher order processes such as TS2.
Such conclusion is consistent with and confirms the r@ported above for (e;1&) experiments. It is
also in good accord with the previous works of our group on atomic targets in a very similar
kinematical regime, both in the (el8) casd12 25, 26, 45 and in the (e,3e) cagd6]. Due to the
dual multtangle data accumulation in this work, andthhe continuous nature of botff- and -

variables, the data may be sorted in a variety of modes, which correspond to different cuts through the
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2-dimensional intensity angular distribution in Figs. 4.3(a) and 4.4(a). Hence, a large number of
angular distibutions can be produced.
The information contained in the2 diagrams presented in Figs. 4.3(a) and 4.4(a) is a global one.
To go into a detailed discussion of the corresponding (e, 3e) results, we here consider different cuts of
the 2D diagrams.
Thereare different methods to make such cuts. For examgdlé7linEl Mariji, et al proposed three
different modes:
i) either at fixed and varyingE RU YLFH YHUVD KHUHDDWHNEOHI HPRGHEG W
i) oratvaryingT, and T, but keeping fixed the mutualang. KHUHDIWHU GHQRWHG pl|
DQJOH PRGHY $ FDVH RI SDUWLF Xotdlang®@ W fiketkouvhe/ valve WKH R«
of Sthis corresponds to a batikback emission of both ejected electrons.
iy RU LQ WKH VR FDOOHG puV\PPHWULF JHRBEBHMOUTEIEW.K YDU\LC
In [48], Jiaet al considered a new mode, namelgyBmetry or Snode As expected from any
first-order mode[49], the theoretical results exhibit a symmetry axis whose existence corresponds to
both electrons being ejected symmetrically with respect totimeentum transfer}, - k=-(T- &)
or its oppostte.
In [50], Hda et al proposed that in order to test the first Born approximation, a coplanar situation
where an ejected electron leaves the target in the direction of thentwomtransfer, the second
electron being ejected in the plane defined by the incident electron and momentum transfer. If the
angular distribution of the second ejected electron is not symmetric around the momentum tfansfer
it will be a proof that the twstep mechanism is not negligible. We note that this is a particular case
of the Fvariable mode, wheri; or Tis fixed to +-1direction, i.e. & or Tx.
In [5]] and[52], the 2dimensional intensity angular distribution of the (e, 3e) results was analyzed
E\ - YDULDEOH PRGHU DBREOK PRGHY 7KH GDWD ZHUH DOVR DQ
angle modeas well as in the symmetric geometry mode, that is, ijith- T, and S mode.
In this work, the momentum transfer is small so that tsgr@retry line proposed by Jiat al in
[48] lies in the left bottom corner of 2D (e, 3e) angular distribution, so tsgn8netry property
originated from first order mechanism cannot be exploited in the analysis due to the limitation of the
detection angular range of the two ejected electroddH H )LJIV D DQG D ueq  OL
other hand, since the TCC theoretical results and experimental ones have barely any similarity, it is
not useful to perform all accessibl- or T-fixed mode cuts to get more detailed information. Thus,
we choose the following geometry cuts to investigate the (e, 3e) measurements in detail (sée Fig. 4.
0) fixed T or T corresponding to momentum transfer and its opposite directins (
i) backto-back geometry,f= S+ T

iii) symmetric geometry,f=- T
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We emphasize here that in the following cuts analysis, the theoretical calculations are normalized to

the maximum of corresponding experimental data over the detected angular range.

Figure 4.7 Schematic of three cuts geomefd)K; (b)backto-back geometry; (c)symmetric geometihe
red lines indicate the cuts from measured (e, 3e) results.

The cuts are presented in Figs. 4.9 to 4.12. The solid black squares represent the experimental data
with one standard deviation error baffie green vertical arrows represent the directions where the
SHDNV pu$9Y WR p-1 GLVFEFXVVHG DER YadareQcared &#long Ehe® Wit [Mie R1 ) LJ
solid red and dash blue curves represent theoretical calculations within first Born apiooXirGa:
mode| respectively with and without correlation between the two ejected electrons in final state wave
function. The model does not take into account the interaction between incident electron and the core
and employs an appropriate correlated tveater continuum wave function to describe two slow
ejected electrong24]. For convenience, the models with correlation and without correlation in final
state are written for short as TEC(Two Center Continuum with Correlation) and TQXC (Two
Center Continuum without Correlation) in following text, respectively. The theoretical results are
normalized to the maxima of the experimental measurements in each energy sharing case,
respectively.

From Figs. 8 to 4.1 we find large difference between experimental results and theory, either in

fixed angle mode or in the symmetric geometry mode and-tualokck geometry mode.

In Fig. 48(a) (backto-back geometry mode), the experimental resuliswsla double peak
structure which is symmetric with respectTe ~90; while both theoretical models only display one
peak structure which is very roughly in agreement with the left peaks of the experiment. The right

peak shown in experiment is complgtabsent in both theoretical models.

$Q LOWHUHVWLQJ REVHUYDWLRQ LV WKDW WKH VWUXFWXUHYV
FRPSDUHG WR WKH H[SHULPHQWDO OHIW EHORZ f DQG ULJK
agreement with #n position predicted by these two first order calculations: -GCé&nd TCGOC
PRGHOV ZKLOH WKH VWUXFWXUH p'Yf ZKLFK KDG EHHQ DWWULEX
Sec. A) is absent in these two first order models. Thus we can conclude thaW(& H VWU XFW XUH
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UHOHYDQW WR ILUVW RUGHU FRQWULEXWLRQ DQG VWUXFWXUF
under this kinematical condition, ndinst order mechanism plays more important role during the

interaction process.

Similarly, in Fig. 48(b) (symmetric geometry mode), the experimental results display a symmetric
structure with respect t@&= ~90? In contrast, the TC&C model shows one single peak distribution
with peak position att= ~90; whereas the TCE&C reveals two peakstructures which are more or
less symmetric in position relative = ~90? The intensity of right lobe is some 30% lower than
that of the left one, which is roughly in qualitative agreement with the experimental results, although
the intensity asymntey is less pronounced in the experiments. Also, the experimental distribution
exhibits more than two peaks. The improvement from TWC to TCGC model denotes the
importance of including correlation in the final state.

In experiment, the two highest pesaklose toT= 90°are in agreement with the positions of the
VWUXFWXUHY p$T DQG p&T DORQJ WKLV FEKWQGHRFENVHVUYHGLWKD
structure at the uppeight corner which is almost symmetrically distributed with respé&ct i/ OLQH
(backtoo EDFN HPLVVLRQ GLUHFWLRQ 2Q WKH H[SHULPHQWDO VLG
DV ZHOO ODEHOHG pu$T LQ )LJ D WKRXJK WKHUH LV DQ DQ
respectively, with respect to the po&tiQ RI pZLQJY SUHXGMoHAWNHG E\ 7&&

In Fig. 48(b), tKkH SRVLWLRQ RI VWUXFWXUHV p$T DQG p&yY DORQJ W
DUURZV :H ILQG WKDW WKH SRVLWLRQ RI p&Y LV URXJKO\ LQ
TCC-C model. We also noticed that the prediction of TS2 kinematical mdelél fV W U XiENGXUH p&
LQ WKH FHQWHU RI WKH HQFLUFOHG DUHD 7KHUHIRUH ZH PD\
combined contribution of first order and second order mechanisms.

For the (BE.) = (12:12) eV case, Fig. @displays the fixed ang mode 5DCS distribution in
panel (a),T= &k = 56°and panel (b), T =- &k = 236° We notice that the TCOC model in both cuts
exhibits a single peak distribution centeredikatdirection while the TCE&C model gets partly success
in large angular rang240% T<340j in panel (a) and in small angular range (20%90j in panel
(b). This inadequacy is probably at least partly due to the absence of the second order mechanism in
the model.

7KH DUURZV GHQRWHG 983 fireDd@ateduatfth&d QS HWLPHQWDO SHDNVY S
However, their positions are not in agreement with both first Born theoretical calculations. In
FRPELQDWLRQ ZLWK WKH GLVFXVVLRQ LQ ft 6HF % ZH PL
contributed by first order mechaviP 62 RU DQG 76 ZKHUHDV VWUXFWXUH u,1
first order mechanism (SO and/or TS1).
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(Ep:Ec) = (12:12) eV

Figure 4.8 (e, 3e) 5DCS angular distribution for,ND W H9 LQtOWEKDH-NLE DFNRPHWU\ PRGH S
(@), §= S+ T DQG pV\PPHWULFYT JHRPHWIX PR Gee sedianHIFullBquares,

experiments; full red curve, first Born results without correlation in final state; dashedcbiwe, first Born

results with correlation in final state. The green vertical arrows labeled I, D, C and A represent the positions

where the peaks appearing in Figh4re located along the cuts.
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(Ep:Ec) = (12:12) eV

Figure 49 (e, 3e) 5DCS angular distribution at (12:12) eV fosiN the fixed angle mode: panel (aL= k=

567 panel (b), § = - & = 236; see section C. Full squares, experiments; full red curve, first Born results
without correlation in final state; dashed blue curve, first Born results with correlation in final state. The green
vertical arrows labeled | and A represent the pasis where the peaks appearing in Fig.4bcated along the

cuts.
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(Ep:Ec) = (37:37) eV

Figure 4.10 The same as Figure 9 but for the casey(E)=(37:37) eV. The green short vertical arrows labeled
J; and F represent the positions where the peaks appearing in Figgated along the cuts.
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(Ep:Ec) = (37:37) eV

Figure 4.11 The & me as in Fig4.9but for the case (FE;)=(37:37) eV. Panel (a),f= k= 42?panel (b), §

= Ik = 222 see text. The green vertical arrows labelegrdpresents the positions where the peaks appearing
in Fig.4.7 located along the cuts.
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For the (B:E.) = (37:37) eV case, Fig. O() presents results for batkback geometry. Here,
the TCGC model is roughly in agreement with the experimental distributgmen the large
statistical error bars) H{fFHSW D ODUJH DQJXODU VKLIBtR$mM EnduSHD NV S

rarge. Again the TC&C model is in better agreement with measured result thar@C@nodel.

Fig. 4.10(b) presents results for the symmetric geometry. It is remarkable thaCTi@@del is in
good agreement with experimental angular distribution. Same a2.12)EV case (see Fig.8b)),
TCC-OC model predicts a maximum at ~90°whereas the experimental and @®del show a
minimum which corresponds to the case where the two ejected electrons are emiftel) at (907
+90j geometry. Combined with th@bservation in (12:12) eV case, we may conclude that: (a) the
first order mechanism such as SO and TS1 still play a role and keep its feature present especially in
symmetric geometry mode under present kinematics; second, the correlation in the énsl\stay
important: its inclusion definitely improves the results without correlation.

Fig. 4.11 displays the fixed angle mode 5DCS distribution forEE = (37:37) eV case: in panel
(@), T= &k = 42°and in panel (b),T = Tk = 222? We notice thathe TCGOC model in both cuts
exhibits a single peak distribution#¢ direction while the TCE&C model indicates a minimum #
direction. In Fig. 4.1(a), due to the low experimental statistics, it is difficult to discuss. In Fig.
4.11(b), compared to experimental measurements, the position of maxima predicted by #@&CTCC
model which is at 42°has an angular shift of ~40% with respect to the experimental maximum
position which is at ~80? Including the correlation in the T@Omodelreduces this angular shift to ~
252 Hence we can say that the large angular shift between experiment and theory partly due to the
electronelectron correlation in the final state. However, on the other hand, since the first order
theoretical model is n@ufficient to describe this large angular shift, it might also be associated to the
contribution of norfirst order mechanisms.

In Fig. 4.1 E WKH SRVLWLRQLRI LQWLDNHFWHARHDW- ZLWK WKH SRVLW
maxima. Unfortunately, thh VWU XHWXUBRW SURGXFHG E\ WKH ILUVW RUGH
nor produced by our second order TS2 kinematical model. Thus the new theoretical development for

DI of molecular target is awaited for.

To summarize, the first order theories almtmsit to predict the (e, 3e) 5DCS measurement.
However, the TCEC model succeeds in predicting parts of the cuts with particular geometry. For
HIDPSOH LQ WKH FXW RI p\ChiteWsUr gool RgBeErfientWiiknHexpeéiriental
data for bothen& J\ VKDULQJ F&pVEDF NRQ JHERPHW U\ PRGH DQG plIL[HG DQ.
eV case, the TCL model more or less succeeds in predicting the experimental results over parts of
the covered angular range, etc. These features may indicate thersighdinst order contribution in
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DI of N, at present work. Therefore, elaborate theoretical models are highly needed to give a better

insight into more details of the DI dynamical process for molecular target.

4.3 Conclusion

We have reported new measuremdotd| of molecular nitrogen at about 600 eV electron impact
energy and both equal and unequal energy sharing among the two emited electrondah (e,3
experiments and also at equal energy sharing among the two emitted electrons in full (e,3e)
experimets. We note that these are the first (e, 3e) experiments ever performed for a molecular target.
The data are compared with the predictions of a simple kinematical model describing the TS2
mechanism as two successive (e, 2e) Sl interactions. Due to théexorafure of the target, the
model is extended to include binary as well as recoil scattering during the two successive Sl events. It
is shown to qualitatively predict the correct angular positions for most of the observed structures.
Besides, it allowselating the majority of the structures present in the (e, 3e) distributions to particular
FRPELOQDWLR@AULQEULYDRUUHBREABTLIOVFDWWHULQJ GXULQJ WKH W

events.

The (e, 3e) experimental data are also compared wibréaictions of a first Born model which is
found to yield different angular distributions. Only in some special cut sndlole first order TC&C
model is partly in agreement with experimental results. This observation, together with the relative
success of the kinematical tvetep model leads us to legitimately conclude that the molecular DI
process is largely dominated by Z mechanism (without excluding the intervention of higher order
mechanisms). This work together with our previous ones on atomic targets thus constitutes a large
body of experimental evidence that under the present kinematics the TS2 mechanism dorenates o
the first order SO and TS1 mechanisms. To further confirm this conclusion, it is highly desirable to
develop elaborate first order and/or second order calculations, which are lacking at the time of writing
and to which our experimental data could benpared. Two noifirst order models have been
recently proposed for atomic targets, based on a second Born treatment on the % S3Hend

on a Monte Carlo approach of TS2 mechanism, on the otheld§ide4].
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Chapter 5Preliminary results for Ne and CH at

intermediate incident energy
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In this chapter, new (e,-B2) measurements for Ne and OMill be presented and discussed
briefly. The experimental (e,-Be) results of Ne are compared with both first order and second order
theoreticaimodels recently developed by Dal Cappello. Up to date, there is no theoretical calculation
existing for the (e,-3e) results of CH4 under present kinematidse TS2 kinematical model which
has already been used and successfully validated for previ@e) @nd (e,-3e) measuremeni§-4]
is employed for the comparison with the experimental resftdNe and CH. For the two
isoelectronic targejsit is also very interesting to investigate the target structafluience in DI
process under same final kinematical states (see Fig. 5.1).

(a) Ne: 1825°2p° (b) CH:: 1a°2a°1t,°

Figure 5.1 Schematic diagram othe charge distribution (a) atomic target Ne and its ground state
configuration; (b) molecular target CHand its ground state configuration.

5.1 Experimental conditions

The experimental setup and configurations are the same as used in Chap. 3 and Chap. 4. Briefly,
W KH VF D3eatrdrintiGene @y of 500 eV is detectediat + (6°t3yand T =- (6°t3J in
FRLOQFLGHQFH ZLWK-ckEDtonV (the sbviH kel ditah ig1 Bfdetected) in coplanar

geometry.

The experimental parameters are listed in Tab. 5.1. The preseritdl eRperiments for Ne (2p)
and CH (1t,) are performed with ejected electron energiesE(F= (37:37) eV and (&) = (37:12)
eV, respectively. The incident energy E adjusted to fuffill the energy conservation,£E, + , +
E. + IP**, where IB* = 62.6 eV is the DI potential of Ne for removing two electrons from its (2p)
outermost orbital and f®= 38.0 eV is the DI poteati of CH, for removing two electrons from its

outermost orbital 1t
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E.=500eV T=-6deg

target Ne CH,
Eo (eV) 636.6 611.6 612 587
Es (eV) 37 37 37 37
E. (eV) 37 12 37 12
K (a.u.) 1.03 0.93 0.93 0.83
T/ Tc(deg) 38/218 43/223 43/223 50/230

Table 5.1(e, 31e) experimental parameters for Ne and/CH
5.2 Results and discussion

The angular distributions of the (e]18) 4DCS, for the DI of the outermost

orbitals of Ne (2p) and CH(1t;) are shown in Figs. 5.2 and 5.3 at the two different energy sharings
for the ejected electronEf{E,) = (37:37), (37:12) eV, respectively (listed in Tab. 5.1). Note that the
experimental data are obtained on a relative scale and have been arbitrardtyizeorto the same
value at the maximum of the forward lofigne 4DCS scale shown is arbitrary, where all experimental
and theoretical results are arbitrarily intermalised for best visual fit at the maximum of the
forward lobe.

5.2.1 General observabns

From a general, first view, some important common features are observed from the above
experimental results, similar to the observations made for-1e) $ Chap. 3 and Chap. 4. Briefly,
they can be summarized into four items:

a) in all energies ca&s (including equal and unequal energy sharing) for Ne ang tGél
angular distributions exhibit a forward and a backward lobe, which roughly point in the
momentum transfer directionk)} and in the opposite directiorK(), respectively;

b) both lobes are not symmetrically distributed about tKeakis, and their maxima are
shifted from these directions by large amounts;

c) the intensity distribution in each lobe is not symmetrically distributed about khe +
direction;

d) besides, from these fward and backward lobes, there are additional structures exhibited in
both Ne and CH4 (e-Be) measurements.

- 143-



Ne (@): (5:Ec) = (37:37) eV

Ne (b): (Ep :Ec) =(37:12) eV

Figure 5.2 Four-fold differential cross sections (4DCS) for double ionizatidNe. The scattered electron with

energy § =500 eV is detected at an anglg= -6°in coincidence with one of the emitted electrons, while the
VHFRQG HOHFWURQ UHPDLQV XQGHWHFWHG WKHVH HMHFWHG HOHFV
respectvely). Panel (a): (EE.) = (37:37) eV; Panel (b): (EE;) = (37:12) eV. The experimental data (full

squares) are represented with one standard deviation statistical error bar. The dotted vertical lines indicate the
direction of momentum transfer) andits opposite (%&). In panel (a), the dashed areas indicate the angular
UDQJHV SUHGLFWHG E\ WKH NLQHPDW L-EIBaDor, 6ee FRUGHHOInl pabdelHiY thEW LR Q R
thick dash lines and dash dotted lines indicate the binary and recnitibation predictions of TS2 kinematical

model, respectively, see Tables 5.2 and 5.3. The solid black and dash blue lines represent the first Born and
second Born theoretical calculatisnunpublished) by Dal Cappellusing same model as |i7]. The 4DCS

scale shown is arbitrary, where all experimental and theoretical results are arbitrarilymatenalised for best

visual fit at the maximum of the forward lolNnte that in panel (b), the theoretical calculations are normalized

to the second highest point of experimental data for best guide of view.
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CH4 (a): (Ev:Ec) = (37:37) eV

CH4 (b): (Ep :Ec) = (37:12) eV

Figure 5.3 The ame as Fig. 5.2 but for GfdPanel (a): (k:Ec) = (37:37) eV; Panel (b): (EE¢) = (37:12) eV
The TS2 kinematical model predictions are listed in Tables 5.4 and 5.5.

The first order or first Born mechanisms involve only one single interaction of the projectile with
the target andra characterized by its well known features namely the presence of two lobes located at
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1K axis, and the symmetric intensity distribution about tkeaxis. In the (e,-3e) 4DCS distribution,

the symmetry of first order mechanism is obviously broken. réfbee these experimental
observations (see above items (a) to (d)) are clear signatures of the presencdiret-order
mechanisms in the DI procegk 5, 6]. This means that the contributiof TS2 mechanism to the DI
process is sufficiently important with respect to that of SO and /TS1 mechanism. These observations
are also consistent with previous res{@st]. Thus, in order to explain the above features (third and
fourth items), it is necessary to take into account not only first order mechanisms (SS1aralit

also higher order mechanisms (such as TS2).

Recently, Dal Cappello et al developed first and second order nugt@imed within first Born
(B1) and second Born (B2)r DI of Ne under the same kinematics as our experimental results. These
new, yet unpublishetheoretical redts arecompared with the experimental resyee Figs. 5.2(a)
and 5.2(b)). In both B1 and B2 models, the incident and scattered electrons are described by plane
wave. The final state wave function is a BBK wave fianc[13], where the interactions between
outgoing electrons are included. In B2 model, the closure approximation isfarséaking into
account of all excited state of Ne by Dal Cappello ¢f]al

The first Born (B1) and second Born (B2) are represenesblid black and dash blue curves for
both energy sharing cases in Fig. 5.2, respectively. Both theoretical results are normalized to the
maximum of experimental results. Note that as stated in the legend of Fig. 5.2, the two theoretical
results in Fig5.2(b) are normalized to the second highest point of experimental data for best guide of
view.

From Figs. 5.2, we can observe tBdt model shows symmetric distribution with respectto
directionsand shows almost flat intensity in backward lobe. G ¢bntrary,B2 modelcorrectly
reproduce the angular shift of the forward lobe respectkodirection and isroughly in good
agreement with the experimental 4DCS angular distribution both in forward and backward lobes
Particularly, B2 model predict mudhgher intensity than B1 model in backward lobe of both energy
sharing cases. We notice that in Fig. 5.2(b), the highest point is remarkably higher than its neighbor
points. Because in the experiments, the standard deviation statistical error bar wgeusad,safely
consider this point as a statistics result. Hence it does not bring in any essential influence to our
discussion. Though there are stil some structures cannot be reproduced by B2 model, e.g. the
structure located at ~325°in (BE.)=(37:37) eV (see Fig. 5.2(a)), the agreement between theory and
experiment are satisfactory. Thkege deviation between B2 model and experimental results in the
angular range from 150°to ~ 210°might associate to the edge effect of the analyzers revB2
shows a lobe and high intensity whereas the experimental results exhibits a minlimese.
observations lead us to the conclusion that under present kihnematics, second order mechargdsm plays
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important role to the 4DCS contribution and the (de3experimental results on Ne can be correctly
reproduced by B2 model.

5.2.2 Two-Step 2kinematical model analysis

As discussedn Chaps. 3 and 4, due to the suctsschiexementsin comparison with previous
electron impact DI results at intermediate impact energy, the TS2 kinematical model is employed
once again for comparison with the experimental results. This TS2 kinematical model was firstly
developed by LahmaiBennani, A., eal[1] and described in 8.4.2. Moreover, we extend this model
by including recoil cotribution in second (e, 2dike step for unequal energy sharing case and in first
and second (e, 2dike steps for equal energy sharing case, respectively. The extension of this TS2
kinematical model has also been described in details in 8.4.2 SecdB&a2.2. Because of
indistinguishibility of the two ejected electrons for equal energy sharing case, this TS2 model gives
four more angular position predictions than unequal energy sharing case. For unequal energy sharing
case, only the ejected electriomized from second (e, 2éke step (binary orecoil contributior) is
detected in coincidence with the scattered one whereas the ejected electron from firdikée ste)

(binary or recoil contributior) can be distinguished due to their differenemgies of two ejected
electrons. The predictions of TS2 kinematical model are represented in Tables 5.2 to 5.5 and indicated
in Figs. 5.2 and 5.3 by different vertical lines (see captions of these figures).

Ne (B:Ec) = (37:37) eV

first order second order TS2 mechanism
mechanisms |~ | first step second step expected T
/ intermediate for (e,31e) case
bin = og 288°or 98°
bin =288
N rec =278
positive
bin = 98°
=108
rec rec = 278° 108°0r 278°
38/ 218
bin =266 72°r 266°
bin =72
. rec =86
negative
bin =266
rec =252
rec =86° 252°0r 86°

Table 5.2Expected emissio6 LUHFWLRQV IRU WKH pET D QE)=HI7 B ¢VRvsetROd L Q WKH
to: first order mechanisms SO and/or TS1 (first column); second order mechanism TS2 predicted by our
kinematical model in the (eBe) case by taking into account the fatat both ejected electrons are detected in

opposite halplanes (columns 3 and 4). The expected angles by TS2 kinematical model in our experiments are
listed in column 5.
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Ne (B,:Eo) = (37:12) eV

first order second order TS2 mechanism
mechanisms " it first step second step expected 7
/ intermeaiate for (e,31e) case
bin = 109 109°
bin =284
N rec =289
positive
bin = 109°
rec =104
rec = 289° 289°
43 223
_ bin =262 262°
bin =76
. rec =82
negative
bin =262
rec =256
rec =82 82°

Table 5.3The ame as Table 5.1 but for N&,:E.) = (37:12) eVcase.

CH4 (Ep:Eo) = (37:37) eV

first order second order TS2 mechanism
mechanisms | t diat first step second step expected ]
/ ntermediate for (e,31e) case
bin = 96° 287°0r 96°
bin =287
o rec =276
positive .
bin = 96°
rec =107 rec = 276° 107°r 267°
43 223
_ bin =267 73°r 267°
bin =73
. rec =87
negative
bin =267
rec =253
rec =87 253°0r 87°

Table 54 ([SHFWHG HPLVVLRQ GLUHFWLRQV IRU \Wdése (BEJ =DEB7)pv] HOHF W L
associated to: (first column): first order mechanisms SO and/or TS1; (columns 3 and 4): second order
mechanism TS2 predicted by our kinematical model in thel@),8ase by taking into account the fact that both

ejected electrons are detected in opposite-pdhes. The expected angles by TS2 kinematical model in our
experiments are listed in column 5.
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CHq (Ex:Eo) = (37:12) eV

first order second order TS2 mechanism
mechanisms " it first step second step expected
/ intermedaiate for (e,31e)case
bin = 137 137°
bin =282
N rec =317
positive
bin = 137° 317°
rec =102
rec =317°
500/ 230
_ bin =258
bin =78
_ rec =78
negative o
bin =25 258
rec =258
rec =78 78°

Table 5.5The aime as Tab.5.4 but for GHEyEo) = (37:12) eV case.

The predictions of TS2 kinematical model including recoil contribution are compared with the
experimental data. In Figs. 5.2(a) and 5.3(a) of equal energy sharing case for Ne,atte $eHT S2
predictions listed in Tables 5.2 and 5.4 (fifth column) are indicated by the dash areas, respectively. In
Figs. 5.2(b) and 5.3(b) of unequal energy sharing case for Ne apdif@de TS2 predictions are
indicated by the thick dash lines (binary contrioniti@nd dash dotted lines (recoil contribution),
respectively. As shown in these figures, all TS2 predictions generally succeed to predict most
VWUXFWXUHVYT SRV LWERQ¢rihty Theréfand, GveLoQnclidle that TS2 mechanism

has a importancontribution as first order mechanisms (SO and/or TS1) at present kinematical
conditions in DI process of Ne and €H

However, there are still some structures that cannot been described by neither firstoyaher (
TS2 prediction, such as the lobesdted at ~140°shown in Figs. 5.2(a) and 5.2(b) of Ne; the lobes
located at ~3107 shown in Figs. 5.3(a) and 5.3(b) of,CHhis limitation of the TS2 kinematical
mode| should be attributed to its simplicity of classical kinematical collision analysis.

5.2.3 Influence of target nature on (e, 2e) and (e;Be) results

Since the targets Ne and ¢hhve the sameumbers of electrons and kinematics of three outgoing
electrons it might beinteresting to investigate theontribution of the target natuie DI process.
Naturally, some ofthe differencesn (e, 31e) 4DCS measuremenketweenNe and CH can be
attributed to the difference of target structure (or positive charge distribution) and electronic
distribution. For Ne, it is an atomic target ankas a single nucleus structuf®r CH,, because it has
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one heavy and four light nuclei, the 10 target electrons are more diffuse with resNecf(see Fig.
E diknhetev &f Ne and CHare 0.072 nm and 0.414 nm, respectively. This meanshiat
scale of molecular target Gh$ ~6 times larger than atomic target Néws we might say thatH,
might have a more diffused nuclei structure than Ne. Thus, we may assume that the differences in (e,
3-1e) measurements between Ne and, Ghtler same kematics might essentially be influenced by

the target structure and electronic distribution.

Therecoll lobe in SI TDCS results represents the contribution of the target nuclei refléciien.
compare thesingle ionizatiorof Ne and CH in the same kiamaticsto show the structure influence in
S| processthe structure influence can be easlaluated by comparing the recoil lole TDCS
angular distributionHowever, in DI casayherethe target structure influence is much more complex

than Sl casgonly some comments will be done

Structure influence on (e, 2e) results

As a first step we recall the previously published (e, 2e) measurementg&jfaxel CH[9] as an
evidence for the above argument (5&ss. 5.4 and 5.5).

The triple differential cross section (TDCS) distributions for ionization of the outer 2p orbital of
Ne and Ltorbital of CH, at B, = 37 eV are shown in Figs. 5.4 and 5.5. For,GhRe data (taken from
Ref[9]) are compared with thealculated restd obtained using two modeld Coulomb Wavd1Q
(1CW) mode| where the scattered electron is described by a plane wave and the ejected electron is
described by a Coulomb wave) and BrauBeggs-Klar (BBK or 3C)[11] mode] where a correct
asymptotical Coulomb tke-body wave function for the projectile and the ejected electron in the field
of the residual ion is used, whereas for Ne, the data (also taken from Ref [8]) are compared with
Distorted Wave Born Approximation with Gamow fact'WBA-G) model[8]. Both two sets of
HISHULPHQWDO GLVWULE XW-loBeQYuctirel 6f Ghe WBCS: frisDfRé@aldd U WZR
binary lobe pointing roughly in the momentum transfer directid€) ( This structure isittributed to a
classical binary collision between the incident electron and the target electron to be ejected, the rest of
the target playing only a small role. The second lobe pointing more or less in the oppOsite (
direction is usually smaller anddader than the binary one, and is thought to be due to a first binary
collision sending the target electron in thK direction, followed by a quantum backward reflection
in the potential of the residual ion. This lobe is known as the recoil lobe sinnadlees must recoil

to conserve the total momentum in the collision.
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Ne (e, 2e) E=500 eV =37 eV

Figure 5.4 (e, 2e) TDCS for ionization of the outer valence orbitaf2f Ne at Ea=500 eV,7=-6°and E, =

37 eV. The solid (blue) line denotes the results of Distorted Wave Born Approximation with Gamow factor
(DWBA-G) model. The experiment is shown by red squares stéthdard deviation statistical error bars. All

the calculations and the experiment arermalized arbitrarily to the number of 5.0. The vertical dash lines
indicate the directions of the momentum transiér Ehe results is taken from Rg4.3] . The TDCS scale shown

is arbitrary, where d experimental and theoretical results are arbitrarily inteormalised for bestisual fit at

the maximum of thieinary lobe.

CH4 (e, 2e) E=500 eV E=37 eV

Figure 5.5(e, 2e) TDCS for ionization of the outer valence)(atbital of CH,, plotted versus ejection angl§,

at fixed scattering angle £ = -6° Kinematical parameters are E= 500 eV and E= 37 eV. The vertical lines
indicate the momentum transfdirection, % and its opposite Ik. Full black and dash blue lines represehét

1CW and BBK theoretical results, respectively. Solid squares are the experimental data with one standard
deviation statistical error bars. Both experimental data and theoretical results are arbitrarily normalized to 5.0
for best guide of view. The ressillis taken from Ref9]. The TDCS scale shown is arbitrary, where all
experimental and theoretical results are arbitrarily iMeormalised forbest visual fit at the maximum of the
binarylobe.
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Because the TDCSs measurements are relative cross seicttemecessary to use tieensity
ratio of recoil to binaryobesto represent the importance tbe contributionof the interaction with
different targets. Here we take this rafias maximunof recoil peak (R) to maximum of binary peak
(B), B=R/B. All the parameters are listed in Tab. 5.2. We defas the relative intensity ratio

between maximum of recoil peak to maximum of binary peak for both cases.

Target Ne CH,

Maximum of Recoipeak (R) 2.14 1.05
Maximum of Binary peak (B) 5.0 5.0
Ratio D(R/B) 0.43 0.21

Table 5.2 The TDCS ratio of recoil to binary for Ne and £Hnder same kinematical condition in (e, 2e)
measurements at fixed scattering angles -6° Kinematical parameters are £= 500 eV and E= 37 eV.

From Table 5.2, we can find that the most obvious difference betiieémno sets of TDCSs can
be found in their recoil lobes. The ratio of recoil to binary of Digis ~ 2 times larger than the ratio
of CH; Qx4 though the scattered and ejectdettron energiearethe same for Ne and CHn the (e,
2e) measurements. This can tentatively be attributed to the different target structure influence as
discussed beforel-or Ne, because of its single center property, the target electron might have a
localized charge distribution. Hence the quantum backward refleationucleus(or interaction
between ejected electron and the nucleus) should be strongdortt@id,, in which it has a multi
center structure (hence a more diffuse charge distribution) thus resulting in a weaker quantum
backward reflection (or interaction between ejected electron and nuclei), with respect to Ne.

Structure influence on (e, 3le) results

As stated above, the target structure influence on-(e)3DCS is much more complex than in SI
case. Indeed, in Sl process, the recoil lobe is originated from the reflection of the single ejected
electron by the nucleus, whereas in DI there are two ejedémtrans. Both these two ejected
electrons have the possibilities of being refledi@dnot) by the nucleus. Moreover, due to different

DI mechanisms, the ejected electron may experience different pathways before being detected.

Despite this difficulty, ve can compare Figs. 5.4 and 5.5 for Sl to Figs. 5.2 and 5.3 for DI. A
striking observation can be made here: as stated above, the Sl of the molecular targetd€H
smaller recoil intensity (relative to the binary one) than does the atomic targetimilarhs if we
take a global look to the Figs. 5.1 and 5.2, the DI of the f@élecule yields a smaller backward lobe
(relative to the forward one) than does the DI of Ne atom. However, this comparison can hardly be
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pursued any further since the DI fondaand backward lobes are intrinsically different in nature from

the Sl binary and recoil lobes. Indeed, the DI lobes are formed by complex combinations of binary
and recoil scattering events, which are very difficult to disentangle from each other. Similar
observation were made in (e18) experiments on He and H.2]. Nevertheless, we think that such
comparison (atom versube iseelectronic molecule) might be a promising path which could be
exploited in the future with the help of theoretical models to be developed, and which might be able to

disentangle first order and second order contributions.

5.3 Conclusion

The (e, 3le) 4DCSs at ~600\eimpact energy are represented for DI of the outer valence of Ne
(2p) and CH (1t;) in equal and unequal energy sharing cases, respectively. To the best of our
knowledge there ardhe first experiments performed on methane to study the dynamics of faplecu
DI by electron impact. All 4DCS results are compared with the prediction of TS2 kinematical model.
It is found that these TS2 predictions satisfactorily explain most of the structures shownlie)e, 3
experiment of Ne and CHthough few structuresaonotyet be explained by this model. Due to the
absence of theoretical calculatsdor DI of CH,, only the theoreticaksults recently obtained by Dal
Cappello for DI of Ne withiB1 and B2 models are compared wgilr data forNe. The B2 model
shows god agreement with experimental results. We conclude that the TS2 mechanism has an
important contribution with respect to first order mechanisms (SO and/or TS1) at present kinematics.
Also, due to the target property, the influence of the target struaturau€leus distribution) is
explored tentatively. We observed that DI of the ;Ghblecule yields a smaller backward lobe
(relative to the forward one) than does the DI of Ne atom. However, it is difficult to disentangle the
target recoil contribution in (e8-1e) 4DCS results due to the complexity of DI process. New theories
for DI of moleculesat present kinematics are highly awaited. Further DI experimental data under this
kinematics and for different molecular systems are also desirable.
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Conclusion and Perspectives

In this thesis, we have presented a series of experimental results on electron impact double
ionization(DI) from atomic targets to molecular targets at intermediate incident energy. These results
are obtained from the smalled (¢,3 H RU IURP WKH pFRPSOHWHY H H H[SHUL
kinematical conditions, characterized by a large momentansfer to the residual ion who thus also

plays an important role.

We extended the previous (el8) measurements for DI of He at ~ &@D eV impact energy to
larger ejected energies and more asymmetric energy sharing. Our new data display largengiifts as
as marked structures in the forward and backward lobes for the ejected electron angular distributions.
The TS2 kinematical analysis model recently introduced by our group, and which treats the DI
process as two successive (e,2e) single ionizatiolsm@ applied to all data sets. This analysis
shows that under the present kinematics thediep 2 (TS2) mechanism dominates over the shake
off (SO) and twestep 1 (TS1) and is mostly responsible for the structures and angular positions of the
measuredobes. Besides, the recoil contribution in TS2 kinematical model is considered, which did
not appear in previous discussion. By including not only the binary contribution but also the recoil
one in each (e, 2dike step, we get two or four more angulaspion predictions for unequal or equal
HQHUJ\ VKDULQJ EHWZHHQ WKH WZR HMHFWHG HOHFWURQV
contribution predictions are in good agreement with the structures shown g n&asurements,
which were not predictedE\ SUHYLRXV 76 NLQHPDWLFDO DQDO\VLV H[FO
Therefore, we emphasize that the recoil contribution in TS2 mechanism plays a comparable role as
the binary contribution in each (e, 2 step in TS2.

The prediction of the first BarB1-3C mode| does not reproduce the observed shifts and structures
of the crossection distribution for He whereas the theoretical results from two second order models,
namely the TSMCEG and B2 treatments, very clearly constitute a considerable inmeoteThe
forward and backward lobes are correctly or qualitatively well predicted. This confirms again that
under the present kinematics the 4fiost-order mechanism such as TS2 are mostly responsible for
the structures observed in the measured disitifsit

Further, the (e, -3e) experiments for the DI of helium at few hundred eV impact energy are
extended to more complex targets, namely neon and argon. Compared to He, the ejected electron
angular distributions exhibit similar features, that is, lafdgéssfrom the momentum transfer axis as
well as marked structures in the forward and backward lobes. For Ne and Ar, these features are not
reproduced by a first Born BAC model, nor by a second Born (B€G) model which does indeed
constitutes an improveents over the first Born. The TS2 kinematical model is applied to these new
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data, and it is shown to successfully predict the angular positions of some of the structures of the
measured lobes. Similarly as in He case, the extension of TS2 kinematicaDméde LQF OXGLQJ pUH
contribution in each (e, 2dike step remarkably predicts more unknown structures which are not
predicted neither by the considered theories nor by the previous kinematical model. This work
together with the previous one on He tlamnstitutes a large body of experimental evidence that

under the present kinematics the TS2 mechanism dominates over trerd@istSO and TS1
mechanisms. We also observe that the measured angular shifts of the forward and backward lobes are
quasiindependent of the nature of the target, as also supported by our kinematical model.

The (e, 31e) and full (e, 3e) experiments for DI of molecular nitrogen at about 600 eV electron
impact energy and equal energy sharing among the two emitted electrons asslnepier the same
kinematics. The (e, 3e) results are displayed by two dimensional angular distribution of the two
ejected electrons and exhibit rich structures. Moreover, we also presentde )ee8ults for nitrogen
molecule at unequal energy shartgses. Up to date neither elaborate -firster nor secondrder
calculations exist to which the present (eLe€3 experimental data for,Mould be compared. Hence
the TS2 kinematical model is applied again for comparison, including both binary and recoi
contributions in each step of TS2 mechanism. Again this TS2 kinematical model is found to predict
most of the structures shown in (e16) angular distributions.

The (e, 3e) experimental data fos &e also compared with the predictions of a first Boouel
ZKLFK LV IRXQG WR \LHOG GLIIHUHQW DQJXODU GLVWULEXWLR
modes to explore the original contribution of the rich structures shown in the two sets of (e, 3e) 5DCS
measurements. These observations, togetharthe relative success of the TS2 kinematical model
lead us to legitimately conclude that the molecular DI process is largely dominated by the TS2
mechanism (without excluding the intervention of higher order mechanisms).

This work together with our préus ones on atomic targets thus constitute a large body of
experimental evidence that under the present kinematics the TS2 mechanism dominates over the first

order SO and TS1 mechanisms.

In the end, (e,-3e) 4DCSs at ~600 eV impact energy are presdatddl of the outer valence of
the two isoelectronic targets Ne (2p) and,GH;,) both in equal and unequal energy sharing cases.
All 4DCS results are compared with the prediction of TS2 kinematical model. It is found that these
TS2 predictions satisfaaity explain most of the structures shown in (€16 results, though few of
them still can not be explained by this qualitative analysis model. We conclude that the TS2
mechanism has a comparable contribution with respect to first order mechanisms{&QO &) at
present kinematics. Also, due to the target property, the influence of target structure (or nucleus
distribution) is explored tentatively. We conclude that the different target structure has a certain
influence on the DI process. New theotaltidevelopments for DI of molecules at present kinematics
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are highly expected. Further DI experimental data under this kinematics and for different molecular

systems are also desirable.

Perspectives:

¥ Since there is bare complete (e, 3e) experiments oni@targets at intermediate incident
energy, especially for He which is an ideal target to theorist (&iig.et al, Phys. Rev. Letter,
98, 193201 (2007), where (e, 3e) experiment is performed on He,=tO& eV and
E+E,+E=27 eV), such experiments ahighly awaited for to be performed with as high

accuracy as possible, in order to provide a stringent test for theoretical calculations. Only two

sets of SOFDOOHG p H H LRQYT H[SHULPHQWYV ZKLFK LV HTXLY

performed by Diiret al (Phys. Rev. Lett.,, 98 (2007) 193201) at106 eV and Dorn et al
(Phys. Rev. A, 68 (2003) 012715) ath00 eV. However, due the inherently small DI (e, 3e)
cross sections and to the subsequent long accumulation time needed to reach good enough
statistics, it remains a challenge for experimentalists.

¥ The (e, 3le) experiments for Hat intermediate incident energy are also desirable since it is
the simplest molecule and these (el€3 results can be used for examining the existing
models for dexibing DI process of H The DI experiments for Hnay open a way for fully
understanding the DI process on molecules.

% Also, new theoretical models are expected for comparing with, and tentatively explaining the
present experimental results op &hd CH, etc, which are not well reproduced by the theory.

% Finally, the comparative study between isoelectronic atomic and molecular targets,
commenced here for Ne and ¢Hhould be pursued both experimentally and theoretically
with the aim of evidentiating pethble molecular effects in the description of the DI process.
The same idea was underlying the work on He andullished by Staicu Casagrareteal (J.

Phys. B., 41 (2008) 025204 (7pp)) for SI, and the work published by LaiBeamani et al (J.
Phys. B. 335 (2002) L59.63) for DI.
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