
 

Merged-beam studies of electron-recombination and
excitation of atomic and molecular hydrogen ions
Citation for published version (APA):
vd Donk, P. J. T. (1993). Merged-beam studies of electron-recombination and excitation of atomic and molecular
hydrogen ions. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Applied Physics and Science Education].
Technische Universiteit Eindhoven. https://doi.org/10.6100/IR398987

DOI:
10.6100/IR398987

Document status and date:
Published: 01/01/1993

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR398987
https://doi.org/10.6100/IR398987
https://research.tue.nl/en/publications/ba882342-b5e4-4df6-b210-2a9b5682704a




Merged-Beam Studies of Electron- Recombination and 

Excitation of Atomie and Molecular Hydrogen lons 

PROEFSCHRIFf 

ter verkrijging van de graad van doctor aan de 
Technische Universiteit Eindhoven, op gezag van 
de Rector Magnificus, prof. dr. J.H. van Lint, 
voor een commissie aangewezen door het College 
van Dekanen in het openbaar te verdedigen op 

woensdag 30 juni 1993 om 16.00 uur 

door 

PETRUS JOHANNES THEODORUS VAN DER DONK 

Geboren te Waalre 



Dit proefschrift is goedgekeurd 
door de promotoren 
prof. dr. H.H. Brongersma 
en 
prof. dr. J.B.A. Mitchell 



Aan mijn Ouders, 
broer en zus 



TABLE OF CONTENTS 

page 

TABLE OF CONTENTS i 

CHAPTER 1 INTRODUeTION . . . . . . . . . . . . . . . . . . . . . . . . 1 

CHAPTER 2 ELECTRON-ION COLLISlONS 
2.1 Dissociative Recombination . . . . . . . . . . . . • . • . . . 3 
2.2 Dissociative Excitation . . . . . . . . . . . . . . . • . . . • . 9 
2.3 Spontaneons Radiative Recombination of Atomie Ions . . 11 
2.4 Stimulated Radiative Recombination of Atomie lons . . . 13 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 

CHAPTER 3 EXPERIMENTAL METHOD 
3.1 Kinematics of the Merged-Beam Technique . . . . . . . . 17 
3.2 Merged Beam Apparatus . . . . . . . . . . . . . . . . . . . . 18 
3.3 Ion Sourees • . . . . . . . . . . . . . . . . . . . . . . • . . . . 22 
3.4 Ion-Energy Calibration . . . . . . . . . . . . . . . . . . . . . 25 
3.5 Electron-Energy Calibration . . . . . . . . . . . . . . . . . . 26 
3.6 Energy Resolution . . . . . . . . . . . . . . . . . . . . . . . . 30 
3.7 Beam-Overlap Measurement . . . . . . . . . . . . . . . . . . 33 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 

CHAPTER 4 FIELD IONIZA TION 
4.1 Principle of Field Ionization . . . . . . . . . . . . . . . . . . 37 
4.2 Field Ionizer . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 
4.3 Electric Fields in the MEIBE Apparatus . . . . . . . . . . 44 
4.4 Verification of the Field Ionizer Setup . . . . . . . . . . . 47 

4.4.1 Detection efficiency . . . . . . . . . . . . . . . . . . . 47 
4.4.2 Radiative or collisional decay . . . . . . . . . . . . . 49 
4.4.3 Scattering in the field ionizer . . . . . . . . . . . . . 49 
4.4.4 Focusing effect of the ionizer . . . . . . . . . . . . . 53 

4.5 Rydberg-atom Detection with Increasing Stripping Field . 53 
4.5.1 Changes in principal quanturn number . . . . . . . . 54 
4.5.2 Changes in parabolic quanturn numbers . . . . . . . 56 

4.6 Field Ionizers in Series; Repopulation . . . . . . . . . . . . 57 
4.7 Production of high Rydberg Atoms in the Dissociative 

Recombination of Hi . . . . . . . . . . . . . . . . . . 62 
Reierences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 

page i 



page 
CHAPTER 5 ION-PAIR FORMATION 

5.1 u; ..................... ; .......... . 
5.2 H2 ................................ . 

References • . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

67 
70 
70 

CHAPTER 6 DISSOCIATIVE RECOMBINATION OF Wa 
6.1 Abstract . . . . . . . . . . . . . . . • • . . . . . . . • . . . . . 
6.2 Introduetion . . • • . . . . . . • • • . . . . . • . • . . . • . . . 
6.3 Experimental Metbod . . . . . . . . . . . . . . • . . • • . . . 
6.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

71 
71 
72 
73 
78 

CHAPTER 7 THE DISSOCIATIVE EXCITATION AND 
RECOMBINA TION OF H3 

7.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
7.2 Introduetion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
7.3 Experiments on H3 . . . . . . . . . . . . . . . . . . . . . . . 
7.4 Experimental Metbod . . . . . . . . . . . . . . . . • . . . . . 
7.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . • 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

79 
79 
81 
82 
85 
89 

CHAPTER 8 DISSOCIATIVE RECOMBINATION AND EXCITATION 
OF D+ 3 

8.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
8.2 Introduetion . . . . • . • • • . . . . . . . . . . . . . . . . • . . 
8.3 Experimental Metbod . . . . . . . . . . . . . . . . . . . . . . 
8.4 Results and Discussion • . . . . . . . . . . . . . . . . . . . . 

References • • . . . . . . . . . . . . . . . . . . . . . . . . . . . 

91 
91 
92 
93 
98 

CHAPTER 9 RADIATIVE RECOMBINATION OF PROTONS 

page ii 

9.1 Spontaneons Radiative Recombination of Protons . . . . . 99 
9.2 Stimulated Radiative Recombination of Protons . . . . . 101 

9.2.1 Experimental Considerations . . . . . . . . . . . . . . 101 
9 .2.2 Illumination of tbe Interaction Region . . . . . . . . 102 
9.2.3 Beam Alignment and Overlap . . . . . . . . . . . . . 103 
9.2.4 Observation Stimulated Radiative Recombination . . 105 

9.3 Workfunction from Laser Experiments . . . . . . . . . . . . 107 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 



page 
CHAPTER 10 EXPERIMENTAL OBSERVATION OF LASER 

STIMuLATED RADIATIVE RECOMBINATION 
10.1 Abstract . . . . . . . . . . • . . . . . . . . . . . . . . . . . . 109 
10.2 Introduetion . . . . . . . . . . . . . . . . . . . . . . . . . . • 109 
10.3 Experimental Technique . . . . . . . . . . . . . • • • . . • 111 
10.4 Results . • • . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 

References . . . . . . . . . . . . . . . . . . . . . • • . . . . . 116 

APPENDIX 
Symbols and Numerical Constants . . . . . . . • . . . . . 117 

SUMMARY 121 

SAMENVA TIING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 

ACKNOWLEDGEMENTS ............................ 125 

CURRICULUM VITAE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126 

page iii 



page iv 



CHAPTER 1 

INTRODUCTION 

This thesis presents measured cross sections for dissociative 
recombination and dissociative excitation of positive small molecular ions and 
electrons. An electron beam is merged with an ion beam, to measure absolute 
cross sections at low collision energies. The neutral products, formed in the 
interaction of the two highly mono-energetic beams, are detected. 

Understanding these processes contributes to the science of ionic 
processes (plasmas, discharges, fusion reactors, upper atmosphere and 
interstellar clouds), but also to chemistry where many chemical reactions 
involve the temporary production of ions. The primary reason for this work is, 
however, that these ions contribute to a better insight in their molecular 
counterparts. In chapter 2, a brief overview of some electron-ion interactions 
is given. 

H2 is the smallest and symmetrie molecule, as well as the most 
abundant molecule in the universe. The positive molecular ion ~. is therefore 
an excellent candidate for experimental research. For the same reasons, many 
calculations for the interaction of electroos with this ion exist. Chapter 6 
presents results of a high resolution dissociative recombination experiment on 
~. as well as an attempt to fit the experimental data with a model. 

The smallest tri-atomie molecular ion, H;, is also investigated; see 
chapter 7. n; is the isotopic partner of ~ and can therefore give a clearer 
understanding of this ion. The dissociative excitation and recombination of n; 
is described in chapter 8. 

The dissociative recombination of the molecular ions, examined in this 
work. can proceed through a doubly excited state, which crosses many Rydberg 
levels. The final product of this state is an ion-pair. In chapter 4, several field
ionization experiments are described, which have been performed to analyze 
Rydberg products formed in the dissociative recombination of ~· Several 
ionization roodels are eyaluated using the results of a unique experiment, where 
the quantization of the electron-energy levels is directly observed. 
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The cross section for producing the final product of the doubly excited 
state, the ion pair, is low. Chapter 5 presents sorne measured cross sections for 
the production of the negative ion. 

A recombination process involving the emission of a pboton bas also 
been studied. This spontaneous radiative recombination is very unlikely to 
occur. Incase of the recombination of a free electron and a proton the cross 
section bas been measured; section 9.1. 

The electron-proton recombination cross section can be enhanced by 
stimulating the pboton emission by illuminating the ooilision area with photons 
of the matching energy. Chapter 10 presents the results of the measurements 
of stimulated radiative recombination of protons. Chapter 9 describes in more 
detail the experiment and lists some considerations for the calculation of the 
production gain. The performed experiment is the mirror image of the 
production of atomie anti-matter. 

Chapters 6 to 8 and 10 are reprints of publications in refereed journals. 
(Style and lay-out are adapted for this thesis.) The experimental techniques are 
only outlined in these publications. In chapter 3, a more detailed overview of 
the apparatus and the applied techniques are described, as well as the various 
calibrations. 

Added note: Mter writing this thesis two more publications have been 
added to this work. Both papers have been submitted to Joumal of Physics B. 
The tilles are: 'Super dissociative recombination of~· and 'Ion-pair formation 
in the dissociative recombination of Hj'. 
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CHAPTER2 

ELECTRON-ION COLLISlONS 

2.1 Dissociative Recombination. 

The large rates for the electron-ion recombination in the E-layer of the 
upper atmosphere1, were explained by Massey and Bates (1947) by proposing 
molecular dissociative recombination. The actual reaction mechanism was 
introduced by Bates2 in 1950. 

A+B 

Nuclear Separation 

Figure 2-1: 'Direct mechanism' for dissociative recombination illustrated in the energy 
diagram. The energy gain (the colliston energy Ec",) ofthe molecular ion AB+ in 
the vibrational state v0 +, is a vertical up-going arrow. The doubly excited state 
AB** can auto-ionize (dotted arrow) or if the nuclei separate more than 'ci'0$8 the 
dissociation into A and B is completed. 
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For a molecular ion, AB", dissociative recombination can be depicted 
by: 

(2-1) 

where e- is an electron. A and B can be atoms, either in the ground state or 
electtonically excited. The reaction products can als<> be molecules, possibly in 
electronically or rovibrationally excited states. Reaction 2-1 shows the initial 
and final products. For the intermediate steps, two processes are known: direct 
and indirect recombination. Both mechanisms compete with each other. 

The direct mechanism for dissociative recombination is a one-step 
process, illustrated in figure 2-1. 

(2-2) 

Equation 2-2 shows how an incident electron is captured directly into the 
doubly excited state AB**. This neutral state with two excited electrans is 
called a super-excited state of the frrst kind. The state is embedded in the 
electtonic continuurn at intemuclear distances smaller than the crossing point 
(r ->· At energies above the ionization threshold, the super-excited state can 
either re-ionize via electtonic auto-ionization, or can dissociate by converting 
the excess electtonic energy into the kinetic energy of the dissociation products. 
Once the intemuclear separation is beyond the crossing point between the ionic 
state and the repulsive curve, the recombination is complete. The cross section 
due to the direct process decreases slowly with increasing collision energy . 

AB+ AB** . ABR 
I 

I 
I 

I 
1 

A+B 

Nuclear Separation 

Figure 2-2: 'Indirect mechanism' for dissociative recombination. In an intermediate step, the 
incident electron can be captured into a vibrationallevel of a Rydberg molecule. 
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The indirect process involves excitation into a Rydberg state of the 
neutral molecule and can be written as: 

(2-3) 

AB R is a super-excited state of the second kind; a rovibrationally excited 
Rydberg state. The electtonic energy of this state is lower than the ionization 
threshold at every intemuclear distance. The total electtonic and rovibrational 
energy lies, however, above the ionization level. At well-defmed energies, the 
incident electron can be captured into such a neutral excited Rydberg state. 
This state, ABR, may auto-ionize or pre-dissociate. via the repulsive doubly 
excited state AB.... Figure 2-2 illustrates the indirect process for an electron 
with energy Ecm. 

Befry3 preluded that the change in the vibrational quanturn number, 
.dv, of the ion AB+ and the Rydberg molecule ABR, bas to be unity in order 
for the transition to have a reasonable probability. This .dv=l limits the 
number of states available for capture. 

Capture of the electron into a Rydberg state enhances the recombination 
rate. The cross section will show resonant peaks at each Rydberg energy. In 
combination with the direct process, capture into a Rydberg state can also 
decrease the overall recombination rate, producing resonant dips. 

A+B 

Nuclear Separation 

Figure 2-3: Temporary capture into Rydberg state, introduced by O'Malley as 'fuU direc( 
dissociative recombinatlon. 
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O'Malley4.S describes a varlation on the two mechanisms. The incoming 
electron can excite the ion into a super-excited state of the first kind, similar 
to the direct process (equation 2-2). One channel is added however: temporary 
capture into a vibrationally excited Rydberg state. This can be summarized by: . . 

(2-4) 

or illustrated in figure 2-3. In this scheme, the change in the vibrational 
quanturn number is not restricted to ..dv=l. The cross section as a function of 
energy, shows resonant dips as the Rydberg states interrupt the dissociation 
process. 

Figure 2-4 illustrates the potential energy curves for the dissociative . 
recorribination of Ri· The 1I:;-state acts as the dissociating curve, although it 
is a bound state with an average bond length of 0.4 nm. At very large 
internuclear separation, a molecule in this singlet state dissociates in a positive 
and negative hydrogen ion. The asymptote of this state lies 0.75 eV below the 
ionization limit. The 1I:;-state intersects all Rydberg levels except the ground 
state. In the dissodalive recombination of hydrogen, the production of two 
ground state atoms is unlikely, since no efficient channel is available. 

-> 15 V 
.._" 

6'3 g 10 
lîl 

5 

0 

0 0.1 

li:+ 
g 

~ ground state 

0.2 0.3 0.4 

Nuclear Separation (run) 

0.5 . 0.6 

Figure 2-4: Potendal energy Clfrves ofH/. The 'semi' repulsive curve 1r.g +, through whlch the 
dissociative recombinatton proceeds, leads at large nuclear separation to the 
formatton of n+ and Jf. 
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The theoretica! accuracy of the calculations of the 1 1::; -state is 
insufficient to determine the exact nuclear separation where this state intersects 
the ground state of the molecular ion. The most recent calculation by 
Gubennan6, gives the intersection point between v=O and v=l level of the ion. 
Schneider7 has shown theoretically that the cross section CT(v-1) is five times 
greater than CT(v-D), which might be expected given the crossing point. 

Other higher energy repulsive curves are omitted from the diagram. 
These states are shown in tigure 1 of Gubennan6• At low energies, these levels 
do not significantly contribute to dissociative recombination. At high collision 
energies or with high vibrationally excited ions, these states can play an 
important role (See section 4.7) 

Just below the ion state, there is a dense manifold of neutral Rydberg 
states, through which the dissociative curve passes. The stationary adiabatic 
non-crossing rule of Von Neumann and Wigner8 requires that curves of the 
same molecular symmetry do not cross. If the electtonic wavefunction is 
independently diagonalized from the nuclear part, the so calculated repulsive 
state could not cross these Rydberg states, since they would have the same 
symmetry. However, if the whole wave-function (electronic and nuclear) is 
diagonalized, this repulsive state does not violate the non-crossing rule, because 
it is a diabatic solution of the Schrödinger equation9. 

Theoretical studies of dissociative recombination have produced detailed 
results illuminating the role of Rydberg states and the vibrational excitation of 
the molecular ion. The theoretica! calculations are not trivia! and are subject 
to research, see for example the review by Mitchell10• 

In genera!, the cross section of the dissociative recombination can be 
expressed as: 

r a - -FC s1 (2-5) 
ECII1 

where r describes the chance of capture of an incoming electron with a 
kinetic energy Ecm [lil. The Franck-Condon factor FC, describes the wave
function overlap of the initia! ion state and the dissociating state. The survival 
factor s1 specifies the prob~bility that the recombined intermediate state will 
stabilize via dissociation rather than auto-ionization. Por the direct mechanism, 
the overlap and stabilization efficiency vary slowly with energy and so the 
cross section is inversely proportional to the electron energy. 

Calculations of the dissociative recornbination cross section involve two 
stages. In the frrst, the potenrial energy curves for the molecular states and 
their couplings are calculated. The second stage involves an analysis of the 
dynamics, teading to the calculation of the capture width and the survival 
factor. 
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The calculations can be divided into two primary groups: configuration 
mixin~ (or resonant scattering theory) and multichannel-quantum-defect theory. 
Giusti 2 showed that the two methods for the direct mechanism lead to the 
same result. Por the indirect mechanism this unitication bas not (yet) been 
achieved. Por H1. both theories converge towards the experimental data7•13-14• 

The next sections briefly describe both methods without going into 
mathematical details. Both theories are analyzed in a review artiele by Giusti12• 

The frrst detailed calculation of dissociative recombination was 
performed by Bardsley15, using the configuration mixing approach. More 
recently O'Malley16 and Hickman17 have expanded the configuration theory and 
applied it to diatomic molecules. 

The repnlsive curve, which plays such an important role in the 
dissociative recombination, is a doubly excited state. The total energy of this 
state can be greater than the ionization energy, but in the independent-partiele 
model, a doubly excited state would be bound. However, the electron-electron 
interaction leads to the mixing of this contiguration with the contiguration in 
which only one electron is excited. This excited electron bas enough energy to 
escape from the molecule and so auto-ionization can occur. 

In configuration interaction, all wavefunctions are explicitly calculated. 
Prom the wavefunctions the physical quantities, such as energy, transition rate 
and cross secdon are derived. Since all interactions between wavefnnctions are 
explicitly introduced, the computations increase significantly in length when 
increasing the number of interactions. 

A traditional treatment of Rydberg levels via contiguration interaction 
becomes formidable becanse of an infmite number of contigurations involved. 
The quanturn-defect theory developed by Seaton18 for atomie-ion collisions bas 
been expanded for molecules and can handle many interactions. Giusti19 and 
Lee20 introduced modifications of multichannel-quantum-defect theory to include 
dissociative recombination. 

This theory allows unified treatment of bound states (=closed channel) 
and continua (=open channel). Extrapolation across the ionization threshold 
makes the same treatment of the free and bound channels possible. The basic 
concept teading to this unified approach is the distinction between short-range 
and long-range interactions. This results in the division of the contiguration 
space into regions. The innennost region contains all short-range interactions 
and is called the reaction zone. Inside the reaction zone, the wavetunetion is 
not calculated, only the net effect of the short-range interactions on the 
wavefunctions in the external zone is computed. The effect leads to a phase 
shift for each long-range wavefunction, and to mixing coefticients between the 
wavefunctions in the external zone. 

page 8 



At large distallees the electron and the molecular-ion separation is much 
greater than the distance between the two atoms of the molecule. In this 
external zone, wavefunctions are expressed as a linear superposition of 
Coulomb potentials, only bere open and closed cbannels are being distin
guisbed. 

2.2 Dissociative Excitation. 

Dissociative excitation is another inelastic process that can occur in an 
electron molecular-ion collision. The dissociative excitation of a molecular ion 
AB+ can be written as: 

(2-6) 

wbere A and B can be atoms or molecules. The process can be more easily 
understood by referring to the potential energy curves of a specific molecular 
ion such as H;. In this case two pathways are open, and reaction 2-6 can be 
rewritten as: 

(2-7) 

(2-8) 

(2-9) 

Figure 2-5 illustrates a (simplified) potentlal energy diagram of H3 with three 
states. 

During an electtonic collision, the electron motion is very rapid 
compared to the vibrational motion of the molecule. The Franck-Condon 
principle states that during sucb a transition, tbe inter nuclear separation does 
not change. As a result, these transitions are sbown by vertical lines in the 
potentlal energy diagram. 

Conservation of energy implies that the dissociative excitation bas a 
kinetic energy threshold below wbich the cross section vanishes. If the energy 
of the incoming electron is large enough, a transition between the ion state and 
the repulsive 3E'-state can be induced (see figure 2-5). In the D3h-symmetry, 
this repulsive state will dissociate into two ground state H(ls)-atoms and a 
W-ion, at large internuclear separation. In C2v·symmetry, this can dissociate 
to H and ~ or H2 and W. 

The dissociative excitation thresbold allows identification of the upper 
limit for the vibrational level of the ions. If H3 is vibrationally excited, the 
thresbold energy for the dissociation is lower than for a ground state ion. 
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0 

0 0.1 0.2 0.3 0.4 

Nuclear Separation (run) 

Figure 2-5: Potentlal energy curves of H3 +, illustrating the dissociative excitation mechanism. 
The probability distribution of the vibrational state of the ion is projeered onto the 
repulsive excited 3e'-curve. On the vertical axis, the excitation cross section as 
tunetion ofthe electron energy is plotted. Potentials are takentrom relerences 21•23• 

The probability distribution of the vibrating atom is projected onto the 
repulsive 3E -curve, shown on the left axis of the diagram. The separation of 
the excitation peaks is several times larger than the separation of the 
vibrational states. For example, the energy between v=O and v=l is 0.5 eV, 
while the excitation thresholds for these two states differ by about 2 eV. The 
separation depends on the steepness of the repulsive curve as illustrated in 
tigure 2-5. A given vibrational state can produce several (v+l) peaks in the 
cross section. 

. u; bas many repulsive states24, but 3E' bas the lowest energy. The 
11E -curve in tigure 2-5 will have a threshold which lies above the triplet state, 
and is therefore left out of the discussion. These states are, however, required 
for the description of the above-threshold cross section. 

The transition between the ground state and 3E' -state is optically 
forbidden, since this singlet-triplet transition requires change of spin. However, 
excitation to this triplet state is possible due to electron exchange near 
threshold, at other energies the transition probability is low. 

Measurements of the dissociative excitation cross section as a function 
of the electron energy show the presence of sharp sub-threshold structures 
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(Y ousif24
• references 8-14 in Bracbetr25). Tbe sharpness and energy of these 

sttuctures suggests a Fesbbach type resonance. 
Feshbach resonances are known in electron-atom and electron atomie

ion scattering experiments26• The projectile electron can excite tbe target ion 
to a configuration tbat creates a potentlal well to trap tbe electron briefly. This 
electron can escape tbrougb auto-ionization or tbrougb dieleetronie 
recombination. Tbe Feshbacb resonances usually lie from 0 to 0.5 e V below 
tbreshold and have a typical energy widtb of 10 meV. 

2.3 Spontaneous Radiative Recombination of Atomie loos. 

A fundamental atomie collision process is tbe recombination of a 
positive-singly-charged atomie ion and an electron. To stabilize tbe reaction tbe 
electron-ion system must lose at least some of the recombination energy. If the 
energy is transferred by emission of a photon, the reaction is called spon
taneous radiative recombination. The process can be written as: 

(2-10) 

and is illustrated in figure 2-6. 

In case of hydrogenic ions. radiative recombination is tbe only two 
body process possible. For other ions, dieleetronie recombination can occur. 

A+ +e-~A* (n)+hv 

Nucleus-Electron Separation 

Figure 2-6: Energy diagram illustrating spontaneous radiative recombination. 
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The time to emit a pboton is typically 10"9 s, which is long compared 
to the typical callision time of a thennal electron with a stationary atom: 
10"15 s. The cross section for radiative recombination is therefore low. 

The fortnation of a hydrogen atom, out of a proton and an electron, is 
the most elementary example of radiative recombination. As no channels to 
transfer this to intemal energy are open, the recombination energy must be lost 
through the emission of a photon. Due to the small probability of pboton 
emission the electron is usually scattered by the ion. Recombination of a 
proton and electron can be written as: 

g+ +e· - H(n) +hv (2-11) 

The hydrogen atom can be formed with the electron in a Rydberg orbit, with 
principal quanturn number n. The energy of the pboton is the sum of the 
collision energy Ecm and the binding energy of the Rydberg electron. The 
frequency of the pboton is therefore: 

Eo hv - E +- (2-12) 
c:m n:z 

E0=13.595 eV is the ionization energy of atomie hydrogen in the ground state. 

Theoretical estimates for radiative recombination cross sections have 
been given by Stobbe27, Menzet28 and Bethe29• At low energies the cross 
sec ti on is inversely proportional to the collision energy. 

Recently, the work of Bethe bas been experimentally confrrmed by 
Anderson30• Using this theory, the cross sections for capture into a particular 
Rydberg states can be estimated by the formula: 

E:z 
a(n) - 2.1 ~~<10-:z:z cm2 0 

nE-(E0+n2E_) 

• 2.1 ~~<Io-:z:z cm2L( Eo )
2 

n!l E_ 

(2-15) 

The equations illustrate, that the cross section is proportional to n -J at low 
callision energies (2-14) and to n -!1 for high energies (2-15). 
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2.4 Stimulated Radiative Recombination of Atomie Ions. 

The chance for emission of a stabilizing pboton during an electron-ion 
collision can be enbanced by illuminating the colliding particles with photons. 
When the wavelength of the pbotons from a light souree is equal to that of the 
emitted pbotons, the pboton field can induce the emission of the stahilizing 
pboton. The cross section for capture of the electron can thus significantly 
increase. This process is called stimulated ( or induced) radiative recombination. 
The reaction can be depicted as follows: 

A • +e- +hv .... A • +2hv 

or for a proton: 
H .. +e- +hv .... H(n) +2hv 

Figure 2-7 illustrates the process. 

(2-16) 

(2-17) 

The gain, G, is defined as the ratio of the induced ( W bid) to 
spontaneous ( W spo~~) recombination probability: 

Willof B P B 
G - -- - p(v)- - --- (2-18) 

WIIJl'OII A cFAvA 

jj~~~~~~~~~------

A + +e-+hv~A * (n)+2hv 

Nucleus-Electron Separation 

Figure 2-7:..Energy diagram illustratlng stlmulated radiatlve recombination. The incoming 
photon stlmulates the emission of a second photon, reducing the electron energy 
below the ionization threshold. 
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where p( v) is the energy density per unit frequency of the radiation field of 
power P, and pboton cross sectional area F. A v is the effective spread in the 
frequency of the pboton beam. The Einstein coefficieilts for spontaneons and 
indoeed emission (A and B), are related by: 

. !J 
.A - 8'1rh V B (2-19) 

c!J 

where v is the frequency of both the emitted pboton and the stimulating 
pboton and is related to the electron velocity by: 

2 
mvCIII E0 --+--hv 

2 n2 
(2-20) 

The fust term is the kinetic energy of the electron in the center-of-mass frame. 
The second term is the binding energy of an electron in a hydragen atom with 
principal quanturn number n. 

The spread of the pboton energy (hA v) is determined by the laser 
bandwidth and the callision energy spread. In the experiment. the electron
elle'lgy spreai is much 1arger than the pboton elle'lgy uncertainty. Therefore, theA v 
in equation 2-18 will be dominated by the spread in electron velocity (in 
center-of-mass frame), A v -· Taking the derivative of 2-20 this effective 
spread in the pboton frequency can be calculated as: 

mvcm 
Av- --Av h cm 

(2-21) 

By combining the above equations, the expression for the gain becomes: 

Pc2 
G----- (2-22) 

FAv8'1rh v3 

The gain is larger for the capture into higher Rydberg states. At low callision 
energies, the gain is proportional with n6 • 

Neumann31 shows that the enhancement of the recombination is not 
unlimited. If the pboton density becomes too high, absorbtion of a second 
pboton can re-ionize the neutral atom. This effect arises if the pboton flux, t/J, 
exceeds: 

q,.:!: _1_ (2-23) 
-rap/& 

where 't" is the exposure time or the lifetime of the Rydberg atom, whichever 
is shorter and aph, is the photo-ionization cross section. 

At certain collision energies and wavelengths, the Rydberg atoms 
(produced by stimulated recombination) can be 'pumped down' into a lower 
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n-value by using the samepboton beam. This is only likely to occur with a 
high pboton flux. . 

. In the dipole approximation, the cross section for stimulated . radiative 
recombination is proportional to r•ë. Where i" is the ooilision and ë the 
polarization-vector (See for instanee Woodgate32). Bransden33 derived the 
following expression for the stimulated radiative cross section for protons: 

C1 - 16tr4v r~ll f"l2cos28 (2-24) 
eh 4tre0 

where 8 is the angle between the polarization direction and, in a merged-beam 
experiment, the electron beam. The last term shows, that the stimulated 
recombination cross section vanishes, if the polarization of the photons is 
perpendicular to the (relative) electron velocity. For unpolarized isotropical 
radiation, the orientation of ë will be at random, and the eosine-square term 
can be replaced by its average of 1/a. 
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CHAPTER3 

EXPERIMENTAL METHOD 

3.1 Kinematics of the Merged-Beam Technique. 

To study the reaction processes between electrons and positive 
(molecular) ions experimentally, the cross section for these low energetic 
interactions is measured. In a merged-beam technique, an electron and a 
positive-ion beam fully overlap each other in the interaction region. Due to the 
long interaction length, the metbod is very sensitive. The kinematics of a 
merged-beam technique show that collisions with extremely small energies are 
feasible. The technique is well-suited for high resolution atomie and molecular 
collision studies, and bas been used tbrooghout this work. 

In the center-of-mass frame, the collision energy of a mono-energetic 
electron (E.) and ion beam (Ei), with veloeities v. and v1 respectively, is 
given by: 

Ecm -'ip(v1-v.l (3-1) 

_ p [ E1 + E, _ 2~ E1E, cos9) (3-2) 
m1 m., m,m. 

where m.,, m1 an~ p are the electron, ion and reduced mass respectively. The 
angle between the two partiele beams is 8. An electron-equivalent ion energy, 
E +, can be defined as: 

m. 
E+-- E1 m, 

(3-3) 

In a merged-beam experiment, the inclination ( 8) between the two 
beams is very small, so cos 8 ""1 - %82• The large mass ratio between the ion 
and electron justifies the approximation: p-m •. In the merged beam case, 
equation 3-2 can be rewritten as: 

Ecm - ({E.. -{E;)2 + JE+E.82 (3-4) 
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The ideal merged-beam experiment (intersection angle zero) has no 
minimum collision energy; the center-of-mass energy converges to zero, if the 
electron-equivalent energy approaches the electron energy. Equation 3-4 also 
shows that in genera!, for a flxed ion energy, two electron energies give the 
same center-of..:mass collision energy: one solution where v. <v1 and the other 
where v41>v1• 

In practice, the intersection angle is not zero. Also, the ion and electron 
energies as well as the intersection angle 8 exhibit uncertainties .dEi' .dE41 

and .48 respectively. The effect of these uncertainties on the callision energy, 
can be calculated by partial differentlation of equation 3-2, and applying 8•0. 
This energy resolution can be written as: 

.dEcm - (1-JE.fE+ }.dE+ + (1-JEJE41 }.dE41 + 2JE+E• 8.d8 (3-5) 

Assuming Gaussian distributions for .dEi' .dE. and .48, the variations in the 
collision energy can be written as: 

.dEcm • ((1-JE.fE+ Y .dE! +(1-JEft. )2 
.dE! +4E+E8 8 2 .482)1 (3-6) 

At low collision energy E+•E •• so the fust two terms are small and the last 
angular term dominates the energy resolution. As the callision energy increases, 
the frrst two terms become more important. 

3.2 Merged Beam Apparatus. 

The experiments described in this work are performed on one of two 
merged-beam machines, at the University of Western Ontario. The principle and 
design of both machines is similar; a description of one will be given: 
MEIDE-I (=Merged Electron-Ion-Beam Experiment). Some measurements have 
been performed on both machines; energy and obtained cross section are 
identical. Figure 3-1 shows a schematic drawing of the MEIDE-I apparatus. 

Before entering the interaction chamber, a bending magnet mass 
analyzes the ions. So in a merged-beam apparatus, the ion species as well as 
the charge is well-defmed, and ion-beam impurities do not exist§. An 
electrastatic ion-steerage system (not shown in the drawing) is used to 

§ The only exception is isotopes. Por example a H3 beam can be contaminated with HD+ 
orT+, but due to the low concentration of these isotopes in the souree bottle, no significant 
contributions are expected. (Producing a pure HD+ beam is however for the same reasou 
impossible.) 
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Figure 3-1: Schematic diagram of MEIBE-l apparatus. The block diagrams of the power
supplies are discussed in the text. 

maximize the ion-beam current tbrough the entrance apertures of the vacuum 
chamber. The steerage system also prevents neutral particles, formed in the 
beamlines due to charge exchange, from entering the chamber by offsetting the 
ion-beam path. 

Two entrance apertures physically limit the diameter of the ion beam 
to 0.75 mm. After the apertures, two sets of plates offset the beam path again. 
Neutral reaction products fonned in the interaction region, can so be precisely 
aligned with the detector. 

An electron gun is mounted inside the chamber and produces a typical 
current of 0.1 mA. The electron beam is generated parallel to the ion beam. 
Both partiele beams are merged using a trochoidal analyzer marked E *B. In 
this device, a pair of plates produce a homogeneaus electtic field perpendicular 
to the beam axis. Electromagnets, in a Helmholtz configuration, generate an 
axial 3 mT magnetic field. In the presence of these crossed fields, the charged 
particles gyrate. The strength of the fields is such, that the electroos complete 
half a spiral, horizontally offsetting the electron path. Due to the mass 
difference the shift of the ions is negligible, while the electroos are shifted 
laterally over several centimeter. The beams are merged over 86 mm. After the 
interaction region, a similar trochoidal analyzer with reversed electric field 
de-merges the two beams. The electron beam is collected in a Faraday cup. An 
electrostatic analyzer deflects the ions of their initia! path, into a second 
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Faraday cup. The neutral products are unaffected§ by this primary-ion-beam 
deflector field and continue their original path, onto a surface harrier detector. 
This type of detector (ORTEC CA-019-300-100) is energy sensitive and 
produces pulses proportional in height to the partiele energy. Single-channel 
analyzers allow distinction between pulses, originating from different reaction 
products. At energies of several hundred kilo-electronvolt, the detection 
efficiencf of this silicon detector is nearly unity for atomie and molecular 
particles . 

The pressure in the interaction region is below 1 o-9 Pa, never the less 
do ion-background gas reacrions still occur. For instance, neutral products 
formed due to charge exchange can reach the detector. The electron beam is 
modulated to distinguish between reaction products formed in an electron-ion 
recombination or a (background) atom-ion reaction. The counting electtonics 
for the neutral particles are gated in and out phase with the electrons. The 
modolation frequency is typically a few kilohertz with an on/off ratio of one. 

The electron-modolation metbod is different for both merged-beam 
machines. In MEIDE-I, the mini-trochoidal analyzers periodically deflect the 
electron beam out of its original path. In MEIDE-n, the electron beam is 
modulated by applying a periodic stopping potential to the focus electrode of 
the electron gun. 

In the merged-beam apparatus, the absolute energy (of the i ons or 
electrons) can he chosen independently of the interaction energy. The choice 
of the ion energy is determined by many parameters; the most important to 
consider are: 
1) For protons and molecular-hydrogen ions, the cross section for charge 

exchange with the background gas decreases exponentially above 80 to 
100 keV. 

2) the neutral detector resolution is typically 20 keV. The presence of low 
pulse height electtonic noise, makes distinguishing between pulses from low 
energy particles and noise difficult. Reaction products with energies of 
more than 50 ke V are preferable. 

3) the electron-equivalent energy must he achlevable. Electron energies less 
than 20 or over 200 e V are difficult to manipulate. 

Normal working conditions for both MEIDE apparatus are with ion energies 
between 330-370 keV. In a few cases, lower or higher energies are used. 

§ Section 42 discusses an exception on this statement. High Rydberg products are fonned 
in the interaction region can be ionized in these electric fields. 
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Pigure 3-1 also illustrates the contiguration of the power-supplies. 
Several power-supplies are electrically floating on top of each other for easier 
adjustments. In this way, small changes in the catbode voltage (center-of-mass 
collision energy) do not alter the overlap of the ion-electron beams. The 
apertures of the interaction region are at ground potential, so the electron 
energy is determined by the voltage of the electron-emitting surface: the 
cathode. However, a significant correction is required; the 'workfunction' (see 
section 3.5). 

In a cross section measmement, the mnnber of neutral particles arriving 
at the detector is counted. The ion-beam current, 11, is digitized and 
numerically integrated to correct for beam intensity fluctuations. The electron 
current, r •• is direcdy measured with a Keithley 602C-electrometer, since the 
current remains constant during an experiment (excluding the modulation). The 
collision cross section, 11, can be calculated with the expression2: 

C,.e
2

1 v1v•l 11-----F1 Il.L vrv. (3-7) 

where C,. is the neutral count rate. The interaction length, L, is the distance 
over which the electroos and ions are merged. The effective collision area, also 
known as the formfactor, is labelled F1 (see section 3.7) and e is the 
electtonic charge. 

In areas such as chemistry and astronomy, the use of a rate coefficient 
is preferred over a cross section. A reaction rate coefficient a can be obtained 
by multiplying the cross section by the electron velocity and averaging over 
the velocity distribution P(EcmJ: 

I~ 2E,. (3-8) a - m. a(EC111)P(ECIII)dEcm 

In case of a Maxwellian velocity distribution of the electroos in the center-of
mass frame, the rate coefficient becomes: 

a(T) - f Bmn.Ecm a(E )e -B."..lT.dE (3-9) 
• (2mn.kT.)~ cm -

Por processes like dissociative recombination, cross sections are often measured 
up to several tentbs of an electronvolt Por most of these cases truncating the 
integral 3-9 leads to acceptable errors for the rate coefficient at temperatures 
of several hundred Kelvin. 
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3.3 Ion Sources. 

Por the production of positive singly charged atomie and molecular 
i ons, two types· of ion sourees are used: a radiofrequency and a storage source. 
Both sourees can be mounted on the terminal of a 400 kV Van de Graaff 
accelerato.-3. 

In a radiofrequency or dischar§e source, gas is fed into a pyrex-glass 
bottle. A thermo-mechanical leak valve allows remote control of the gas flow 
to the bottle. Inside the bottie the pressure ranges from 10+ 1-10-1 Pa. Two 
antennae encircle the bottle, on which a 100 MHz oscillator signal with a 
typical amplitude of 250 V is applied. This radiofrequency induces a discharge 
in the bottle, from which the ions are ejected through an aperture into the 
accelerator column. 

On a probe, opposite the exit aperture of the bottle, a positive potentlal 
(typically 2 kV) is applied. The repulsive field ejects the ions from the 
discharge. By changing the gas condinons and the tuning of the frequency, the 
ion current for different species can be optimized. 

Figure 3-2 illustrates the radiofrequency source. The baffle localizes the 
discharge. Foor permanent magnets surround the discharge bottle, creating a 
field in which the electrans gyrate. The increased electron path improves the 

gas inlet 

baffle _...,. :? 

aperture :.~ •..•.•.•.•. ; ... 1 ................................. . 
1....._ ____ -.... I __ antennae 

Figure 3-2: Simplified construction of the radiofrequency ion source. 
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Figure 3-3: Cross section for Hj dissociative recombination as a tunetion of souree pressure. 

ion-beam intensity; current up to several micro-amperes can be produced. The 
radiofrequency souree is very reliable, and the lifetime/ operating time is long. 
Unfortunately, molecular ions produced in a radiofrequency souree are often 
highly excited. 

Changing the souree pressure and probe voltage, the vibrational 
excitation of the produced ions can be altered. As an example, figure 3-3 
shows the importance of the souree pressure on the cross section of 
dissociative recombination of lf3. This cross section depends on the vibrational 
excitation of the ion (Y ousif), so this graph reflects the vibrational population 
of the ions. Increasing the pressure cools the ions vibrationally due to the 
increasing callision rates. At pressures above 10 Pa, the increased callision rate 
leads to vibrational re-excitation. To operate the radiofrequency souree at such 
high pressores the diameter of the exit canal is reduced to 1 mm. 

In many of the experiments, ions in the vibrational ground state have 
to be produced. The radialion lifetimes of high vibrational states are long6 

compared to the transit times to the interaction region (=1 p.s). A storage ion 
source, similar to the one developed by Teloy7, is used in these expe!iments. 
The souree consists of a stack of ten stainless-steel plates (64*25 mm2), each 
separated by sapphire spheres (2 mm) at the corners (figure 3-4). Each plate 
bas a U-shaped canal, except the top and bottorn plates. Altemate plates are 
conneeled to an oscillator of about 16 MHz. The inhomogeneous field produces 
an effective potential-well with steep walls7, trapping the ions for several 
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Figure 3-4: SimpUfled construction of the Teloy source. (Top plate removed.) 

milliseconds. A thoriated tungsten filament is mounted outside the stacked 
plates of the source. Through a narrow slit in the top plate, electroos are 
injected into one limb of the U-shaped canal. Ions, fonned by electron-impact 
ionization, drift through the U-shaped canal. At the end of the second limb, a 
small aperture facilitates extraction of the ions. By applying a potential to this 
exit aperture the trap-time of the ions can be controlled. By regulating the gas 
flow into the source, the pressure can be varied. At high pressure and low 
extraction voltage, the larger number of collisions between the ions and the 
souree gas vibrationally cools the ions more effectively. 

Nonreactive encounters with neutral molecules can vibrationally cool 
molecular ions. Some vibrational levels in molecular ions, such as H1 (see 
Chupka8), can be effectively depleted by the reactive encounters with the inert 
gases helium and neon. These ion-molecule reaelions are: 

H;(v~3) +He -. HeH+ +H (3-10) 

(3-11) 

The H1-ions in vibrational levels higher than the threshold will react, leaving 
ions in the lowest few levels. Thus, if the trapping time is large enough, 
reactive and nonreactive encounters with rare gases can produce H1-ions in a 
low vibrational state. 
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Vibrational ground state molecular ions have been produced using this 
ion-trap souree (Sen9, Van der Donk10, Noren11 and Yousif12), however the 
extracted beam current are small (typically below w-10 A). 

3.4 lon-Energy Calibration. 

In the interaction region, the ion energy is determined by the Van de 
Graaff terminal voltage. During the experiments this voltage is measured using 
three different methods: 
1) inside the high pressure tank of the accelerator, a rotating vane generating 

voltmeter is mounted. 
2) current measurement in the shunt resistors of the accelerator column. 
3) a voltmeter tied into the feedback system of the corona discharge, used for 

the stabilization of the high voltage. 
The output of voltmeter 3 is digitized and changes of one hondred volt can be 
displayed and are recorded during an experiment. 

The voltmeter is calibrated by detecting a nuclear reaction, which bas 
a well-defined energy threshold. Near the operating energy of the accelerator, 
fluorine bas such a nuclear threshold, when bombarded by protons13. The 
reaction can be depicted as follows: 

In+ + J9p .... "He++ + 160 + r 
(3-12) 

Threshold: 340.46 :t0.04k~J V 

A target is prepared by exposing an alominurn disc to hydrofluoric acid 
vapours. After exposure, the disc is installed inside the straight through beam 
line of the bending magnet The calibration target is mounted so the proton 
beam strikes the disc at an angle of 45 degrees. While scanning the Van de 
Graaff acceleration energy through the threshold, the y-rays emitted from the 
target (perpendicular to the incoming protons) are detected. Figure 3-5 
illustrates a typical measurement. The target is 'thick' and the threshold can be 
determined within 500 eV. 

The ion-energy calibration requires a high current proton beam. The 
Teloy souree produCes a proton beam of too low intensity, so a radiofrequency 
discharge souree is used to produce the ions. The extraction of the ions from 
both sourees is different. A potential of typically -30 V extracts the ions from 
the Teloy source, while in the discharge souree the ions are repelled by a 
typical voltage of +3000 V. The effect of this probe potenrial on the ion 
energy bas been investigated and no dependenee bas been observed. All 
calibrations have been performed with a radiofrequency discharge source, but 
no corrections for a Teloy souree are required. 
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Figure 3-5: Threshold measurement of the 19F(p,a,yl6o reaction, the emitted photons are 
detected as the proton energy is scanned. The llterature value for the threshold is 
340.46 keV, the measured value was 3392 keV. The voltmeter has been re
callbrated accordingly. 

A focusing electrode is mounted at the souree side of the accelerator 
column. The influence of the focus potential on · the ion energy has been 
examined. Large variations in the focus voltage (30 kV) have no measurable 
impact on the proton energy. 

The readout of the Van de Graaff voltmeter was found to be 1.25 kV 
lower than the ion energy, so corrections are made to all measurements. The 
calibration has been repeated, over a one year period, the ion energy drifted 
less than the accuracy of the calibration method. 

3.5 Electron-Energy Calibration. 

An electron gun generates a highly mono-energetic electron beam, 
inside the interaction chamber. The current of the collimated beam ranges from 
10 to 100 !lA. The beam of electrous and i ons are parallel in the same hori
zontal plane, about 40 mm apart. 

Figure 3-6 shows a schematic diagram of the electron gun. Electroos 
are emitted from a barium-oxide cathode, indirectly heated by a tongsten fila
ment with ceramic coating. The filament is almost encapsulated by the cathode, 
so electroos emitted from the filament cannot reach the interaction region. 
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Flgure 3-6: Schematic diagram of electron gun. 

focusing electrode 
anode 

In front of tbe catbode, a plate witb a circular aperture is mounted. In 
combination witb tbe next aperture, this plate is used for focusing tbe electrons. 
A typical voltage is a few volts above tbe catbode potential. The last aperture 
in tbe electron gun is tbe anode. This aperture is connected to plates before 
and after tbe trochoidal analyzers. The anode potenrial determines tbe electron 
energy in tbe E :ttB fields. 

Several experiments are performed under different catbode plate and 
anode conditions; no difference due to these potentials bas been measured. 

The interaction region is electrically grounded, so tbe energy of tbe 
electroos is determined by tbe potentlal of tbe electron-emitting surface. 
However, tbe energy of tbe electroos differs from tbe catbode power-supply 
voltage. When leaving tbe barium-oxide surface, the electroos lose energy. 
Also, contact potentials between tbe power-supply output and tbe potenrial of 
tbe electron-emitting surface, as well as the nonzero potentials of tbe 
interaction region surfaces lead to an energy difference. Furthermore, even 
tbough, tbe catbode power-supply is extremely stabie with reprodoeibie 
settings14, absolute calibration is difficult. These three corrections (surface-exit 
energy, contact potentials and absolute voltage calibration) all contribute to a 
difference between electron energy and catbode power-supply setting. In the 
remaining_ part of tbis work, this difference is called tbe 'workfunction', even 
though tbis name can be misleading. 
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For calibration of the collision energy, detailed knowledge of the 
'workfunction' is required. Two methods are used to determine this potential: 
1) fmding the electron and ion energy, which yield a zero collision energy. 
2) identification of resonance structures in the cross section and comparison 

with theoretica! calculations. 

The kinematics of a merged-beam experiment show that two catbode 
voltages yield the same collision energy at a ftxed ion energy; one (absolute) 
energy where the electroos are slower and one where the electroos are faster 
than the ions. When scanning the catbode voltage, a minimum collision energy 
is found for one voltage setting. Usually, the cross section for dissociative 
recombination increases with decreasing collision energy, thus the zero center
of-mass collision energy can be determined by finding the maximum 
recombination signal. Figure 3-7 illustrates a typical catbode scan for such a 
case. The maximum in the signal can be located from which the electron 
energy and thus the 'workfunction' can be derived. 

Under different conditions and with several ion species, this procedure 
bas been repeated. The value for the obtained 'workfunction' lies between 3.5 
and 5.5 V. The spread in the measurements is very large, approximately five 
standard deviation. No reason is found for the large spread in the 
measurements. No systematic changes in the 'worláunction' are discovered with 
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Figure 3-7: Recombination signa/ while scanning the cathode voltage; the 'work function' of 
electron gun can be determined from the power-supply setting with maximum 
signal. 
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ion species or filament temperature. Measurements have been repeated with 
other electron guns and on both MEffiE machines, but simHar 'workfunction' 
behaviour bas been observed. 

A varlation on the flrst calibration metbod is to measure a resonance 
structure in the cross section ( or more correcdy the neutral count rate ). lf a 
cross section structure is observed when v. <v,, then the mirror image of this 
structure appears at the same callision energy when v.>v,. The symmetry axis 
is the zero callision energy, from which the 'workfunction' can be derived. 
This metbod is impractical however, since resonant structures are mainly 
observed with vibrationally cold ions, requiring long measuring times. 

Table 3-1 illustrates the second metbod of 'workfunction' determination. 
For two sets of measurements the 'workfunction' is fitted such that the 
experimental data and the theoretica} models agree. 

Table 3-1: Determination of the 'workfunction' by camparing structures 
in the cross section with themy. 

Process Energy Souree 'Workfunction' error 
(me V) (volt) (volt) 

DR JI1 10.3 chapter 6 5.61 0.45 

49.5 chapter 6 4.28 0.47 

70.8 chapter 6 4.27 0.50 

SRR W 5.3 chapter 10 4.39 0.49 

23.4 chapter 10 4.31 0.33 

5.23 section 9.3 4.24 0.28* 

DR stands for dissociative recombination and SRR for stimulated radiative 
recombination. 

Except for the 10.3 meV JI1 result, the 'workfunction' derived from 
camparing the experimental results with the theoretical models is nearly 
constant. The listed error in the 'workfunction' emanates from the experimental 
uncertainties (sucb as ion energy) and accuracy of the model. 

As listed in table 3-1, the stimulated radiative recombination of protons 
offers the most accurate metbod for calibration of the 'workfunction'. The 
energy levels for hydrogen n=ll and n=12 are well-known15• The error in the 
theoretical collision energy is mainly due to the uncertainty in the laser 
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wavelength and the uncertainty in the ion energy. The last row in table 3-1 
marked * lists the result of a calculation, which explicitly uses that both 
stimulated recombination measurements are perfotmed under the same 
conditions. Using this and the energy separation of the peaks, the most accurate 
value for the 'workfunction' can be calculated. In all experiments, this potential 
of 4.24 V, bas been used as 'workfunction'. 

3.6 Energy Resolution. 

The ion and electron beam are highly mono-energetic, but a small 
energy spread exists. During an experiment, the energies might also vary 
slightly. In addition, the divergence .18 of each beam and the mis-alignment8 
of the merged beams, will lead to a spread in the collision energy: the energy 
resolution. If these uncertainties are assumed normally distributed around their 
average, the kinematical expression for the merged-beam energy resolution is 
given by equation 3-6. So, at a certain collision energy, three quantities, .1E+,.1E. 
and 8.18 determine the resolution. 

The fust term, .1E+, depends on the stability of the Van de Graaff 
accelerator voltage. An electrooie feed-back system stahilizes this high voltage 
by adjusting the corona discharge current. Measurements have been performed 
where the accelerating voltage remained within 100 V of the set value 
(typically 350 kV) for one hour. 

Before entering the interaction chamber, a bending magnet mass 
analyzes the ions. Apertures in front of the interaction chamber accept only that 
part of the beam, which bas the correct angle. Accelerator voltage fluctuations 
cause the ion beam to be deflected over different angles, reducing the current 
in the interaction region. This means that, the ion-energy fluctuations in the 
interaction region will be smaller than the changes in the Van de Graaff 
terminal voltage. 

The secoud term, the energy spread in the electron energy, can be 
estimated. The catbode voltage which deterrnines the electron energy can be 
maintained within 0.1 mV. The energy spread of the electrous emitted from the 
catbode is much larger. Assuming a catbode temperature of 1500 K the 
average electron temperature is 0.1 eV. Before entering the interaction region, 
the electrous pass, however, the trochoidal analyzer. This analyzer is energy 
selective and the electron-energy spread inside the interaction region is reduced, 
so 0.1 e V is an upper limit. 

The third term, 8.18, is more difficult to deterrnine. In section 9.1 
data are analyzed showing that a 0. 75 mm diameter ion beam increases to a 
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beam of 1.04 mm over 1 m; which results in a divergence of 1 *10-8 radian. 
The largest contribution to 8 and ..18 is, however, due to the electrons. In the 
interaction region, the width and position (relative to the ion beam) varles 
slightly. This enters equations 3-6 as a changing interaction angle 8, making 
quantitative experimental analysis difficult. (The resolution wilt depend on the 
position in the interaction region.) 

Analysis of experimental results is a more accurate approach to estimate 
the energy resolution of a merged-beam apparatus. Any sharp structure in the 
cross section sets an upper limit for the energy resolution. In table 3-2 some 
measured sharp structures are recorded. 

The sharpest structures in table 3-2 are those of the u+ and e
recombination. The width of the hydrogen energy levels, the laser stability and 
the collision-energy resolution, determine the width of these two peaks. The 
collisional resolution is much larger than the frrst two contributions, so the 
measured peak width almost fully depends on the merged-beam energy 
resolution. 

Table 3-2: Several structures in the cross section, from which the energy 
resolution can be calculated. 

Process FWHM of CM-energy Reference 
structure 

SSRW 0.3 meV 5.3 meV chapter 10 

0.6 meV 23.4 meV chapter 10 

DR H+ 2 4meV 18 meV chapter 6 

8 meV 45 meV chapter 6 

12 meV 66 meV chapter 6 

DE lij 0.1 eV 14.8 eV chapter 7 

0.2 eV 18.3 eV chapter 7 

0.4 eV 28.5 eV chapter 7 

DE HeH+ 0.3 eV 20 eV 12 

0.5 eV 26 eV 12 

SRR stands for stimulated radiative recombination, DR for dissociative 
recombination and DE for dissociative excitation. 
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The energy resolution at 5 and 23 me V collision energies, can be 
calculated by using these two peak widths. Quantities such as thermal energy 
spread in the electroos and 8.d8-term can then be calculated, by substituting 
the energy resolution into equation 3-6. Two peaks are measured, so only two 
terms can be determined. The .dE. and .dE+ contribution is similar, so chosen 
is to solve for 8.d8 and .dE •. (The same relative error in the electron and the 
ion energy is assumed; .dE.fE.-I:!t.E;JEJ The results are: 

.dE• - 0.075 eV 
.dE1 - 130 eV (3-13) 

8.d8 - I *10-6 rad2 

The calculated energy uncertainties of both partiele beams fall within the 
expected range (less than 0.1 eV and about 100 eV respectively). The 
8.d8-term is indeed larger than w-8 radian2, confrrming that the major angular 
contribution emanates from the electrons. 

Equation 3-6 shows the relation between the energy resolution and the 
collision energy. Figure 3-8 illustrates the resolution as a function of energy, 
using the results listed in 3-13. At low collision energies, the angular term of 
equation 3-6 contributes the most to the resolution. At collision energies above 
one electronvolt, the contribution of this angular term is negligible. The 
diagram is a wide range extrapolation and should not be used for qualitative 
analysis, but it illustrates the strength of the merged-beam technique . 
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Figure 3-8: Energy resolution of the ME/BE apparatus as a junction of col/ision energy: 
contribution of energy fluctuations and beam intersection angle separately. 
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Figure 3-9: The uncertainty in the cen.ter-of-mass col/ision energy is the sum of two phen.omena. 
Lines A ln.dlcate the upper an.d lower limit due to the uncertain.ty in the work 
function, B lndicates the uncertalnty due to the energy resolutlon. 

The total uncertainty in the energy scale is due to two factors: the 
collision energy resolution and Ûle uncertainty in the 'workfunction'. Figure 3-9 
illustrates Üle uncertainty in the energy scale for both factors individually, for 
a 370 kV H2-ion beam. This diagram shows the nonlinear contribution of the 
'workfunction' on the center-of-mass calculation: a 'workfunction' estimate 
which is too large causes a slightly larger error than one too small. The 
diagmm also shows Ülat the total error in Üle energy scale is mainly due to Üle 
uncertainty in the 'workfunction'. Over the whole energy range, the 
'workfunction' contributes about three times more to the uncertainty in the 
energy scale than the collision energy resolution. 

3.7 Beam-Overlap Measurement. 

Absolute cross section measurements require determination of the 
overlap of ilie ions with Üle electrons. Section 3.2 shows Ülat Üle neutral count 
rate, C,., is proportional to both the ion and electron current (Ii andl., 
respectively) and inversely proportional to Ûle formfactor Ft= 

_ li*I., c,. 
Fl 

(3-14) 
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This formfactor is defined by: 

I f;tx.y)dxdy* I fi_cx.y)dxdy 
Fl- ........,._-----~----. I fNx.y) *i.(x.y)dxdy 

(3-15) 

with i1 and i. the partiele flux densities of the ion and electron bearns, 
respectively. The farmfactor accounts for the overlap area and the spatial 
density of both beams. 

Experimentally, the formfactor is detennined by using knife edge 
scanners, which can interseet the beam horizontally and vertically. A detailed 
description of the mechanical construction, electtonics and denvation of the 
rnathematics is given by Keyser16. A description of the principle will be given 
bere. 

Figure 3-10 shows one scanner plate, the ellipses symbolize both 
partiele bearns. A rotating scanner plate frrst cuts each beam, with the 
horizontal knife edge. Next, the scanner completely obstructs both beams, and 
finally each beam reappears from bebind the vertical knife edge. On the right 
side of the graph, the time derivative of the bearn currents are plotled as a 
function of time. For each experiment these derivatives are recorded. The 
rotation velocity of the scanner is constant so the angular position of the 

Figure 3-10: On the left side, a scanner plate which can be rotated through the two partiele 
beams. On the right side the second time derivative of the current of both beams 
is given. Since the scanner plate is rotated wlth a constant angular speed the 
position can be calculatedfrom the time derivative. 
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scanner plate can be directly calculated. From the recording, the relative 
position and charge distrlbution of both partiele beams is computed. 

In a merged-beam apparatus, the interaction length is long (many times 
the beain diameter) and the fonnfactor may not be constant over this length. 
In MEIDE-I beam scanners detennine the formfactor in three (two for 
MEffiE-II) positions. From these measurements the fonnfactor over the whole 
interaction length is computed. 

Due to the energy of the ion beam, the presence of the magnetic and 
electric fields hardly alters the ion beam direction. The beam intensity is also 
low (lo-9 •• 10-12 A), thus divergence due to space charge can be ignored. The 
width of the ion beam is therefore considered constant in the interaction region. 

The motion of the electroos in the interaction region is more complex 
than that of the ions. FtrSt. due to focusing effects the divergence of the beam 
is not (always) negligible. Secondly, great care bas to be taken. to be sure that 
the electroos do not gyrate around the axial magnetic field. 

lnsufficient data are available to fit a gyrating divergent electron beam, 
so a more simpte second order polynomial interpolation metbod is used. Other 
interpolation methods can lead to differing results; in some cases up to 20%. 
Especially if one of the three measured formfactors deviates considerably from 
the other two, the spread due to interpolation increases. To rednee this 
calculation error, three equally good fonnfactors is aimed at, even if the total 
formfactor worsens. 

For a cross section measurement series, the electron energy is changed 
many times. However, in most cases the electron position and focusing of the 
beam is not altered. The relative error in the measurements because of the 
farmfactor is therefore small. 
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CHAPTER 4 

FIELD IONIZATION 

4.1 Principle of Field Ionization. 

Rydberg states play an important role in electron-ion recombination. 
Using a field-ionization tecbnique, tbe weakly bound electron of a Rydberg 
atom or molecule can be detacbed, allowing tbe Rydberg particles to be 
distinguished from otber neutral products. 

The principle of field ionization will be illustrated witb a bydrogen 
atom as an example§. 

The electron in a hydrogen atom is bound by tbe Coulomb attraction 
of tbe nucleus. Witb an extemal electtic field applied to tbe atom, tbe proton 
is oot tbe only place at wbicb tbe potential bas a minimum. Par from tbe 
nucleus, in tbe direction of tbe electric field, tbe potential is lower. A potential 
harrier separates tbis region from tbe nuclear minimum. The electron cao tunnel 
tbrougb tbis harrier, to tbe outer region. Electroos in high Rydberg orbitals may 
have enough energy to pass over tbe harrier, and direct delachment cao occur. 
In eacb case tbe neutral atom is (Stark) ionized. Figure 4-1 illustrates botb 
stripping mecbanisms. 

Classically, field ionization of atomie hydrogen occurs, if tbe field is 
larger than tbe critica! value g;r. 

3'. - 3.21 •10
10 

vm-1 (4-1) 
er n" 

looization will occur if tbe saddle point (tbe potentlal harrier in tbe direction 
of the electtic field) is lower tban tbe unperturbed Rydberg energy level. 

§Molecules can aiso be field ionized, but the increased degrees of freedom and the exchanges 
between them (for instanee conversion of vibrational into electrical excitation energy) make the 
process more complex. Sakimoto1 describes a quanturn calculation for H2 and Bordasl for ~· 
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Nucleus-Eletron Separation 

Figure 4-1: Principle of field ionization; coulomb potentlal with lowered potentlal barrier. 1f 
no electrlc field is applied (0), the electron is bound. 1n a small external field (1), 
the electron can tunnel through the barrier and detach. With very large field 
strengths (ll) the electron can detach directly. 

Quanturn mechanical calculations are fonnulated using lifetimes. Often 
a lifetime of w-8 s is used, but under experimental conditions the typical 
exposure time for the neutral atoms to the electtic field is one nanosecond. The 
electtic field, which includes this shorter time exposure, is given by 
Brouillard3·§: 

~ - 6.8*10
10 

vm-1 (4-2) 
er n4 

The electtic field calculated quanturn mechanically (4-2) is twice as 
large as the classica! field (4-1). The classica! denvation is however 
oversimplified. Besides not including the perturbation of the energy levels due 
to the change in the potential well, two physical effects are unaccounted for: 
1) tunnelling; penetration of the electron through the potential harrier before 

reaching the critica! field, increases the ionization probability. 

§ In the original calculation Brouillard uses 6.2*1010 vm·1 in the denominator, this value 
bas been adjusted in order to introduce the exposure time to the electtic field. The correction has 
been derived from the results by Bailey4• 
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2) the time for an electron to separate from the proton might be longer than 
the exposure time to the stripping field. This decreases the ionization 
chance. 

Since the quanturn mechanically derived ionization field is larger than the 
classical field, the contribution of the second effect dominates. 

Cooke5 bas refined the classical calculation by introducing the angular 
momenturn of the electron as an effective potential. This critica! field lies 
between the two mentioned electtic fields. 

In the classica! model, all atoms exposed to an electtic field above a 
critical value will be ionized. In the quanturn mechanical model Stark stripping 
obeys an exponentlal decay law, so a small number of Rydberg atoms will 
survive a critica! ionization field. Figure 4-2 illustrates the lifetimes of a 
hydrogen Rydberg atom in an electtic field. 

In actdition to ionization, the electtic field can cause state mixing. The 
Hamiltonian of a one-electron atom in an external electtic field is no Jonger 
invariant under rotation, but the eigenfunctions of the atom can be written as 
combinatloos of the field free functions. Mixing increases with decreasing 
energy separation of the field-free states. Por high Rydberg states, small electtic 
fields cao therefore produce considerable mixing. 
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Figure 4-2: Probability of field ionizationfor a hydragen atom. The marles on each curve show 
the radiative transition probability for that state (Takenfrom Riviere4•7) 
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The presence of an extemal electtic field makes separation of variables 
in spherical coordinates irnpossible. Por a hydrogen atom in an electric field, 
the Hamiltonian is however separable in parabolle coordinates6• The sub-states 
are then characterized by the quanturn numbers: nl' n2 and m. 

The energy shift (E
11 

in eV), due to the electric field (3' in vm-1), in 
a linear approximation is given by': 

E
11 

- 7.93*Io-7n(n1 -nz)3' (4-3) 

When applying field ionization as a detection technique for Rydberg atoms, this 
energy shift bas two important effects: 
1) Rydberg levels with different principal quanturn numbers can have the 

same critical field. In some cases, an atom with a lower Rydberg electron 
can even be stripped in a lower field. 

2) Atoms with the same principal quanturn number can have several different 
critica! ionization fields. This is illustrated in tigure 4-3. Depending on the 
values for n1 and n2 , the energy shift can be positive or negative. 

The first two models, equation 4-1 and 4-2, do not include the above 
corrections. A more complete theory is presented by Smirnov8• Chibisov9 bas 
recently expanded this model to include the Stark effect This model includes 

0 
nl-n2 

,-.... -9 
> -5 ~ -0.1 
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Figure 4-3: Stark spütting of a single n-value, so the critica/ field becomes wide area, over 
which more and more sub-levels are ionized. 
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all parabolle quanturn numbers and an explicit exposure-time dependence. 1be 
complexity of the model however requires numerical calculations to derive an 
expression for the · electtic field as a function of the quanturn numbers. 
Furthermore, this third model requires many parameters, such as the population 
of the sub-levels. The results strongly depend on the initial state of the 
Rydberg atoms, which is not measured under the experimental conditions. 

Even though, the quanturn mechanical result (4-2) does not include 
several physical processes, under special conditions this approximation makes 
analysis of the experimental results possible. (See section 4.5) 

Charge exchange reactions mainly produce atoms with a low n-value, 
while recombination reactions can produce significant amounts of high Rydberg 
atoms. Field ionization of the recombination products can thus lead to an 
improved signal to background ratio. 

4.2 Field Ionizer. 

Field ionization is an inf!P.>rtant tooi for detecting Rydberg particles, the 
necessary high electtic fields being produced in a field ionizer. Figure 4-4 
illustrates a schematic diagram of a field ionizer. A high axial electtic field can 
be maintained between two polisbed smooth surfaces. In this work., two 
different size ionizers are employed, one for atomie and one for molecular 
species, the dimensions are listed in table 4-1. 

Table 4-1 Dimensions of the field ionizers. Ionizer I is used for protons, 
electtic fields up to 2*107 vm-1 have been produced. Ionizer 
11 is used for particles emanating from molecules, a large 
entrance aperture prevents scattering on the edges of the 
aperture. 

lonizer Separation apertures minimum field 
H(n) correction 

back front 3'ar/l'pczr 
(mm) (mm) (mm) 

@ 20kV A B c 
I 1.0 1.2 1.0 8 0.77 

11 1.8 2.9 2.5 10 0.65 
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Figure 4-4: SchertUJtic diagram of a field ionizer, designed and built at Wesleyan university. 
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Figure 4-5: Potentials near the ionizer (11), numerical results of the SIMION program. The 
potentlal applied to the ionizer plates is ±V. The equi-potentiallines of 50, 25, 12, 
6, 3 and 0 percent of the applied potentials are drawn. 
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Figure 4-6: Electricfield as ajunetion ofthe axial distance inside the ionizer. Two curves are 
illustrated: the field on·axis and the field as experienced by a partiele just missing 
the edge of the entrance aperture. 

The entrance and exit apertures cause the ionizer field to be lower than 
the field between two parallel plates with the same spacing and voltage. The 
ratio of both fields is listed in the table. This ax:ial field correction is 
numerically determined by calculating the potentials inside the ionizer. 

Figure 4-5 illustrates the calculated equipotential lines inside the ionizer. 
The potentials extend outside the ionizer plates, but the gradient in the 
potentials (i'-field) is relatively low. The stripping of the Rydberg particles 
mainly takes place between the plates. Particles approaching the field ionizer 
off-axis are exposed to a (small) perpendicular component of the field. This 
can cause mixing of the sub·levels. 

Figme 4-6 shows the electric field in the ionizer as a function of axia1 
distance. Two extremes are calculated: the on·axis and the maximum off·axis 
field. A partiele just missing the edge of the entrance apertme, is exposed to 
a higher electric field and for a Jonger time, compared to an on·axis particle. 

Figure 4-7 shows the electric field as a function of the distance to the 
ionizer ax:is. The electric field exhibits a minimum on·axis. The dasbed line 
marks the position of the entrance aperture. This diaphragm limits the exposme 
of the neutral beam to only the central part of the electric field, reducing the 
effect of small irregularities on the ionizer surfaces. 
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Figure 4-7: Electric field in the plane between the two ionizer plates, as a junction of the 
distance to the axis. The dashed line indlcates the entrance aperture. 

A neutral Rydberg partiele entering the ionizer field can be stripped 
and exit the field as an ion. To detect these ions, a set of deflector plates 
bebind the ionizer deviate the charged particles of the original path. Depending 
on the polarity of the ionizer plates, this ion can be accelerated or 
de-accelerated in the stripping field. Since the deviation angle depends on the 
ion energy, this extra (de-) acceleration requires a different deflection field. Por 
some measurements, this field is so critical, that ionizer voltage changes require 
deflector voltage corrections. The polarity of the ionizer is kept the same for 
all experiments: the front plate positive. Except for the deflector voltage, no 
difference is observed when reversing the ionizer polarity. 

4.3 Electric Fields in the MEIBE Apparatus. 

In a merged-beam apparatus, many electric fields are present, ranging 
from very weak contact potentials to strong fields in ion-beam deflectors. These 
electric fields can Stark strip high Rydberg states and therefore alter the 
reaction products before detection. Most fields are perpendicular to the path of 
the neutral particles; so high Rydberg products can be ionized and deflected 
by the same field. The field ionizer bas an axial field. To deflect the stripped 
particles out of the path of the neutrals. a second perpendicular field is 
required. 
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Collisions between positive ions and electroos take place in the 
interaction region, therefore electtic fields in this region rnight interfere with 
the reaction process. The only electtic field present in the interaction region, 
however, is due to contact potentials, the maximum field being estimated to be 
less than 50 vm·•. 

The electtic fields between the interaction region and the detector can 
ionize reaction products. The fields before the interaction are less important, 
since these fields act on positive ions and removing a second electron (if 
present) is unlikely to occur. Also, ions with a different charge-to-mass ratio 
will be deflected out of the primary-ion path. 

Figure 4-8 illustrates the path of the recombination products after the 
interaction region. The trochoidal analyzer field, used for de-merging the 
electrons, is typical 7*103 vm-1, which can ionize hydrogen atoms withn 
greater than about 55. The primary-ion-beam deflector strips and deflects 
hydrogen Rydberg atoms with principal quanturn number above 25. The 
deflector field (just after the stripper) is high enough to ionize hydrogen atoms 
with n>20. 

T.~ 
Trochoidal analyzer 

Interaction region 

Figure 4-8: Neutral particles produced in the interaction region of a ME/BE apparatus are 
exposed to several electricfields. The E*B2fieldfor de-merging the electrons, can 
ionize hydragen atoms wtth n>55. Thefield used to deflect the primary ionsstrips 
and dejlects atoms with n>25. The field ionizer has an axial field sujjlctent to 
ionize atoms with n>lO. The dejlector deflects the ionized atoms, thefield is high 
enough to ionize n>20. 
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1\:fagnetic fields can also strip high Rydberg particles10, due to the 
Lorentz field. When a charged partiele moves with velocity v through a 
magnetic field B the corresponding electtic field ( 3} is given by: 

a'- lv*B ... I (4-4) 

Ions passing through the magnetic field of the mass analyzer, are 
exposed to an effective field in the order of 5*1cf vm-1• This effective field 
does not interfere with the electron-ion reaction, since the effected ions wi11 not 
reach the interaction region. The initial state of the ions might however be 
altered (see for example field dissociation, later in this section). 

The merging magnetic fields in the interaction chamber are smaller than 
those in the bending magnet. Forther more, the largest component of the field 
is parallel with the ion velocity, reducing the Lorentz field even more. The 
effective electtic field is however, the largest field (estimated Slo3 Vm-1) in 
the interaction region, but does not contribute significantly to the field 
ionization of the reaction products. However, depending on the reaction 
mechanism, this field might influence the reaction. 

Table 4-2 Typical electtic and magnetic fields in the merged-beam 
apparatus. Each field sets an upper limit for the hydragen 
Rydberg atom which survives the field. 

Field Field Strength Maximum n 
H(n) 

Bending magnet 1*10"1 T 20 

E*B magnetic field 3*10·3 T >100 

magnetic correction fields 1*104 T 100 

Accelerator column 5*106 Vm"1 11 (v=18 for Hi) 

ion steerage l*lcf vm·1 30 

E*B electtic field 7*103 Vm"1 55 

Contact potentials interaction region 5*101 Vm"1 =200 

Primary-ion-beam deflector 2*1cf Vm"1 25 

Field ionizer 7*106 Vm"1 10 

ionizer deflection field 4*1cf Vm"1 20 
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For different experiments, the electric and magnetic field can be 
different; even if an experiment is repeated some fields can be set different. 
(For example, the primary-ion-beam deflector consist of four plates, the 
maximum field can be changed by as much as a factor of three, without 
changing the deflection angle.) So, no exact numbers can be given for the 
maximum Rydberg state surviving the field undisturbed. Table 4-2 lists 
therefore an average number. 

If the partiele exposed to the electrical ( or magnetic) field is a 
molecule, a second process can occur; field dissociation. The field required is 
very high 10, and depends on the vibrational excitation of the molecule. The 
only electric field large enough to field dissociate Jii is the field in the 
accelerator column, which dissociates v=l8. This means that of the 19 
vibrational states of Jii the opper level is depleted. (Depending on the focus 
voltage, v=17 might be partially depleted.) 

4.4 Verification of the Field Ionizer Setup. 

To produce high electric field strengtbs in an ionizer, small apertmes 
are required (so the correction factor 3"'axf3"'JIII'I"•l). However, experimental 
alignment of the neutral beam through many apertures becomes more 
complicated if the apertures are smaller. 

Even when the beam is perfectly aligned, a second effect can take 
place: focusing. Field ionized particles can be (de-) focused by the 
perpendicular components of the stripping field, possibly losing some particles 
for detection. Both alignment and focusing are related; the center of the ionizer 
bas a more homogeneons field, so correct alignment reduces focusing. 

Four tests are performed to determine if the neutral beam passes the 
ionizer(s) correctly and scattering does not alter the cross sections measured. 
All test are performed with the dissociative recombination products of Jii. 

4.4.1 Detection efficiency. 

A test is performed to determine if the ionizer obstructs particles from 
reaching the surface harrier detectors, and to verify that all field-ionized 
particles are collected. This detection efficiency bas been measured in an 
experiment with two detectors and one field ionizer. The total dissociative 
recombination cross section of H2 is measured with the on-axis detector. For 
this measurement the ionizer and the subsequent deflector are grounded, so are 
field-free. The measured cross section ( aun~> arises from the reaction 
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producing two hydrogen atoms (or one molecule; see paragraph 4.4.3) with 
both atoms having a principal quanturn number less than 25. 

Next, potentials to the ionizer (and deflector) are applied and all 
Rydberg atoms with n~11 are ionized. The cross section ( a1t.dO) measured with 
the on-àxis detector originates from particles which cannot be ionized: n~10. 
The particles deflected onto the off-axis detector emanate from Rydberg atoms 
with ll~n~. These three cross sections as a tunetion of collision energy are 
lisled in table 4-3. 

Table 4-3: In case of perfect alignment and a detection efficiency of 
unity, the cross section in the last two columns should be 
equal (see text). 

Ecm a1:m~ (total) auiO + allSII~ 
(sum) 

(eV) (lo-15 cm2) (lo-15 cm2) 

0.01 8.80±0.30 9.30±0.40 

0.02 6.32±0.20 6.40±0.24 

0.03 4.96±0.18 5.02±0.19 

0.04 3.80±0.15 4.03±0.17 

0.05 3.20±0.14 3.28±0.15 

0.06 2.93±0.12 2.85±0.14 

0.08 2.27±0.10 2.17±0.11 

0.10 1.72±0.10 1.72±0.11 

0.15 1.40±0.08 1.28±0.09 

0.20 1.00±0.07 1.05±0.08 

0.30 0.61 ±0.06 0.67±0.06 

0.40 0.47±0.05 0.50±0.05 

0.60 0.34±0.04 0.33±0.04 

0.80 0.29±0.04 0.19±0.04 

1.00 0.14±0.03 0.17±0.03 
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Within the experimental uncertainties the total cross section is indeed. 
the sum of the cross section for n:S;10 and ll:S;n:s;24, over the energy range 
from 10 me V to 1 eV. (The listed error represent a one standard deviation 
error in the counting statistics.) This means the separation of the two 
dissociation products is small enough to pass the ionizer without scattering, 
even at high energy. 

The condusion is that no particles are lost due to scattering or mis
alignment of the detectors. All reaction products are collected with the on- and 
off-axis detectors. 

4.4.2 Radiative or collisional decay. 

The reaction products formed in the interaction region are detected 
about 1.5 m from this collision area. The typical transit time is 0.5 11s, during 
which collisions with the background gas can occur. Interactions might occur 
for atoms with large Rydberg radii, even though the gas pressure is low 
(10"7 Pa). Some low Rydberg reaction products might also decay due to the 
radiative lifetimes, before being detected. To study the effects of both decay 
channels on the cross section measurement, one experiment is repeated with the 
field ionizer at two different distances from the interaction region. (Actually the 
experiment is performed with two identical ionizers, mounted bebind each 
other.) 

The flight distance from the interaction region to the second ionizer is 
about double that of the frrst distance. Comparing the results from both 
ionizers, the upper limit due to decay can be measured. 

Measurements using the frrst ionizer can be reproduced by the second 
within 1 or 2%, equal to the counting uncertainty. For hydrogen Rydberg 
atoms, the lifetimes for the n-values which can be ionized (n~lO) are 
sufficiently long that no decay is measured. Before reaching the detector, some 
of the H~-molecules might however decay. The production rate for 
H~-molecules is low and verifying this difference is experimentally unfeasible. 

The conclusion is that no experimentally measurable part of the disso
ciation products (with ll:S;n:s;24) is lost, due to radiative or collisional decay. 

4.4.3 Scattering in the field ionizer. 

Hi-ions colliding with low energy 10 me V electrons, can lead to 
several reactions and products. Reactions of interest are listed in equations 4-5, 
4-6 and 4-7. 
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n; +e---H(ls) + H(nslO) A. 
--H(ls) + H(llsns19) B. 

(4-5) 

-#H(ls) + H(20sns24) c. 

n; +e--HinslO) A. 
... Hz(ll sns19) B • (4-6) 

... Hz(20sns24) c. 
n; +e--H(ls) + H .. + e- ex (4-7) 

Some of these reactions are measured directly, of others only the total of 
several reactions is determined. The detectors are energy sensitive, so some of 
the reaction products cao be distinguished. (A H-atom bas half the energy of 
a Hrmolecule.) 

Reactions 4-5 illustrate the dissociative recombination. Depending on 
the n-value of the excited atom, the reactions cao be divided in three groups§. 
1) atoms, which caooot be stripped under experimental conditions. 
2) Rydberg atoms, which cao only be stripped in the ionizer. 
3) atoms, ionizable by the stripped-atorn deflector. 

Reactions 4-6 illustrate electron capture aod cao be divided in a similar 
way. Reaction 4-7 illustrates dissociative excitation. Protons formed in the 
excitation process are deflected by the primary-ion deflector aod will oot pass 
the field ionizer. 

The purpose of tbis investigation is to show that all reaction products 
reaching the detector indeed originate from the above reactions, aod are oot 
due to scattering in the field ionizer. This is achieved by verifying that all 
particles disappearing from one channel are detected elsewhere, when the 
stripping field is applied. This is a much more stringent test thao the 
experiment of paragraph 4.4.1, since all reaction channels are measured. 
Figure 4-9 illustrates the labelling of the detectors. 

In table 4-4 the top half of shows which of the listed reactions cause 
a peak in the energy spectrum of a specific detector. The lower half illustrates 
the actual measurements. 

§ A fourth group of high Rydberg atoms (n~ 25) is not listed. The electron of these atoms 
is so loosely bound that the electron is detached before reaching the stripper. 
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Figure 4-9: Schematic diagram iUustrating the position of the detectors. All three /11/llll are 
surface barrier detectors, and are energy sensitive. Detector I is also called on-a:xis 
detector. 

Detector I: on-axis. 
Rydberg products, with low n-values, are unaffected by any of the 

stripping fields and will reach the on-axis detector. 
With the ionization field absent, the reaction products with the full 

primary energy originate from two processes: H2 molecules (reaction 6), and 
two coïncident hydrogen atoms with each half the ion energy (reaction 5 ). 
When the stripping field is applied, one of the two hydrogen atoms can be 
ionized (5B), while the remaining H(ls) atom will be counted as a half energy 
partiele on the same detector. So applying the ionization field wiJl increase the 
half energy peak and decrease the full energy peak in the spectrum of the 
straight-through detector. 

Detector II: full energy. off-axis. 
Rydberg molecules will have full energy and if ionized are deflected 

onto detector II. 
With the ionization field present, three events emanating from stripped 

H2(n;?:ll)-molecules are detected. 
Tbe table also illustrates, that the contribution of reaction 6C is zero 

within experimental errors. So in this experiment, Rydberg molecules with 
2~n:S24 are not produced in the dissociative recombination of Iq. 
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Table 4-4 Number of particles detected, emanating from the collision of 
H~ with electrons at 10 me V. The errors listed are the 
statistica! errors (one standard deviation). The electtic field in 
the ionizer is 5.8*1cf vm-1, enough to strip Rydberg atoms of 
n~ll. 

Detector lonizer off Ionizer on 

UIE1 E, UIE1 E, 

Reaelions labelled as in equations 4-5, 4-6 and 4-7 

I SC+7ex SA +SB +6.4 +6B SB+SC+7ex SA+6A 

n --- 6C --- I 6B+6C 

m SC --- SB+SC ---
Measurement 

I 5668:1:181 5359±38 6151:1:178 4609±37 

n --- 0.0:1:0.1 --- 3.0:1:0.3 

m -0.5:1:1 --- 726±8 ---

Detector Ill: half energy. off-axis. 
When hydrogen Rydberg atoms with n~ll are Stark stripped, the 

produced protons have half the primary-ion energy and reach detector Ill. 
In absence of an ionization field, no particles are detected. So, under 

these experimental conditions the Rydberg atom production with 20Sn:Q4. 
(reaction SC) is zero within experimental error. 

In the presence of the ionizer field, 726 counts are detected. Since the 
contribution of reaction SC is negligible, these counts originate from the 
dissociative recombination reaction SB. 

Applying the ionization field decreases the number of full energy 
particles on detector I (=750± 75) by the same amount as the additional counts 
on detector III ( =726 :1: 9). As listed in tab1e 4-4, this is correct within 3%. 

When switching the ionizer field on, the increment of atoms measured 
on detector I (=483 :1: 359) should be equal to the additional counts of atomie 
ions on detector Ill (726 :1: 9). However, the dissociative excitation process 
dominates the on-axis count rate of atoms. Due to the large background the 
accuracy is poor, but within the experimental errors both increments are equal. 
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Analysis of the presenled results show, that within counting statistica! 
errors, all particles are collected, and no particles are emanating from scattering 
processes. The reaction rates for the reactions (4-5, 4-6 and 4-7) will be 
discussed in section 4.6. 

4.4.4 Focusing effect of the ionizer. 

When two field ionizers with subsequent doflectors are installed, a very 
sensitive measurement of the focusing effect of the ionizer can be performed. 
Rydberg atoms are stripped in the first ionizer and separated from the neutral 
reaction products after passing the second ionizer using the second deflector. 
The second ionizer acts as a small aperture, and even the slightest focusing 
effect will be detected. 

The difference between measuring the cross section using the first or 
the second deflector plate, is about 20%. This is significant in this experiment. 
but also proving that during the normal setup focusing can be neglected. The 
detectors are 100 times larger than the ionizer aperture, so all particles will be 
accommodated on the detectors. 

4.5 Rydberg-atom Detection with Increasing Stripping Field. 

The classica! and simpUfled quanturn mechanica! model show the 
relation between the principal quanturn number and the required ionization 
field. Increasing the stripping field allows more Rydberg levels to be ionized. 
In the third model, a different n-value as well as a change in np n2 orm 
can lead to a step-wise increment in the cross section. In all three models, the 
number of stripped atoms increases therefore in steps. 

Figure 4-10 displays the cross sections with increasing potential over 
the field ionizer. The diagram can be divided in two regions. At voltages from 
0 to 6 kV, a gradual increase in the count rate is measured. Discrete steps in 
the cross section occur for ionizer voltage above 6 kV. 

Somewhat surprising is the number of Rydberg atoms detected with a 
field-ionizer voltage below 1 kV. Reaction products having such high Rydberg 
electroos will already be stripped in the primary-ion-beam deflector (see section 
4.3). The nonzero signal can however be contributed to repopmation (discussed 
in section 4.6) 
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Figure 4-10: The production of high n-value hydragen atoms in the dissociative recombination 
of H2 +. As the field-tonization voltage is increased, more n-states are ionized. 
Steps in the cross section can he observed. 

For ionizer voltages up to 6 kV, the nmnber of protons produced in the 
stripper increases monotonously with the applied voltage. No steps are 
observed. The width of the steps might be too small compared with voltage 
increments, or due to physical processes the steps are not distinct. 

At applied voltages of over 6 kV, the number of protons remains 
constant several times when the field is increased; marking the steps. As 
mentioned, the steps can originate from two mechanisms: changes in n -value 
(models 1 and 2) or changes in the parabolk quanturn numbers (model 3). 
Both processes will be discussed separately. 

4.5.1 Changes in principal guantum number. 

With some of the steps measured, the principal quanturn number of 
each step can be identified, by using: 

V - 6.8*Joio d (volt) (4-8) 
er n4 corr 

Where d is the separation between the two field-ionizer plates 1.8 mm, and corr 
the correction for the electric field. (6.8*1010 originates from the quanturn 
mechanica! calculations of field ionization; model 2.) 
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The axial-field-correction factor ( B'ar/3".,_) is less than unity, since the 
axial. electtic field between two apertures is smaller than the field between 
parallel plates. Depending on the calculation method, (classica! or quanturn 
mechanica!) section 4.1 lists two critica! electtic fields, differing by about a 
factor of two. Taking this into account, the correction factor (co") must be 
positive and smaller than two. Table 4-1 shows the results of numerical 
computations for the on-axis electtic field in the ionizer, the calculated value 
is 0.65. 

In the experiment, the steps are measured at 15.0, 12.2, 8.9 and 6.0 kV 
(see tigure 4-10). A comparison of the computed results listed in table 4-5 and 
the measurements shows, that the best fit is obtained by assigning n =13 to the 
highest step in the cross section. However, a least-square-fit shows that the 
assignment of this principal quanturn number is not conclusive. The change in 
the residue in this fit is less than 10% between assigning n=l3, 12 or 11 to 
the highest step. The assignment of n=10 or 11 would be more in agreement 
with this axial-field correction (0.65), while the fit of the steps decreases only 
slightly. 

Trying to fit the data using the classica! model, destroys any agreement 
with the experimental data. 

Table 4-5: Applied field-ionizer voltage to strip hydrogen atoms with the 
principal quanturn number n. The correction factor (co") is 
listed above each column. 

co": 1.12 0.75 0.52 0.38 0.28 

Computed voltage teading to the critica! field (kV) 

n: 

9 16.7 

10 10.9 16.3 

11 7.5 11.1 16.0 

12 5.3 7.9 11.3 15.7 

13 5.7 8.2 11.4 15.4 

14 6.1 8.5 11.4 

15 6.4 8.7 

16 6.7 
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The match of the position of the steps with the theory is not within the 
uncertainties of the measurement. The experiment has been repeated several 
times over a one year period, agreeing with the presented results within the 
uncertainties. The disagreement is most likely due to the simplifications used 
in the derivation of the model. 

Due to the inhomogeneons electtic field in the ioni.zer, each part of the 
beam is exposed to slightly different field strength. The presence of well
defmed steps in the cross sections shows that the neutral beam is exposed to 
the central homogeneons part of the field. 

4.5.2 Changes in parabolic quanturn numbers. 

Steps in the cross section can also be caused by changes in nl' n2 or 
m. Each different 2n1+m+1 value leads to one step9. This a1so means that one 
step can have several (the multiplicity) different combinations of parabolic 
quanturn numbers. 

The decay probability of Rydberg atoms in an electtic field strongly 
depends on the exposure time as well as the local field strength at each point 
in space. Since the neutral Rydberg beam has a finite size and the ioni.zer field 
is slightly inhomogeneous, different solutions are found for different parts of 
the beam. However, an accurate disttibution of Rydberg atoms in the beam is 
not known. To allow computations with this model the beam diameter has been 
neglected. The results of the calculation with sub-states which lead to the 
highest multiplicity (largest step) are illustrated in tigure 4-11. In this model, 
the onset of the steps shift if the beam passes the ionizer off-axis. The 
computations are performed for an on-axis beam, for which the model fits best 
with the experimental results. 

The model and the experiment show similar steps. However, the 
introduetion of the beam size, all sub-levels, and several experimental 
conditions, will make the steps indistinguishable. The experimental observation 
of steps in the production of protons in the ionizer field (see figure 4-10), 
implies that the effect of the Stark splitting of the Rydberg level is reduced. 
lf the Rydberg dissociation products have n1 and n2 values close to zero, the 
Stark shift of the energy level will be small. Also, rapid transitions, on the 
time scale of the exposure (1 ns), between n1 and n2 can explain a small 
energy shift due to the electtic field. 

In the model, the cross section for the detection of field ionized 
particles for potentials less than about 6 kV is negligible. The detection of 
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Figure 4-11: Results from a calculation I:Jy Chibisov9 for the field-ionization probability of 
dissociative recombination products of H2• According to this model the steps are 
due to n=10, 11, 12 and 13. 

Rydberg products with an ionizer voltage below 6 kV is due to atoms with 
n> 13. In the experiments, no steps are distinguished in this region. 
ldentification of the lower part of figure 4-10 is therefore not attempted. 

This model bas many parameters and assumption which are difficult to 
verify. This, as well as the long computation time, make the model impractical. 

Concluding, identification of the steps in the cross section is difficult 
and both theoretical models show significant discrepancies with the 
measurements. For the remaining part of this work the frrst step is assumed 
n=lO and the simplified quanturn mechanical model (equation 4-2) is used for 
practical reasons. 

4.6 Field Ionizers in Series; Repopulation. 

The detection of Rydberg atoms with an increasing ionization field is 
plotted in figure 4-10. At a cèrtain ionizer voltage, for example 16 kV, 
Rydberg atoms with n~lO are stripped (according to the simplified quanturn 
mechanical model). One step lower, 13 kV in this example, electroos from 
atoms with n~11 are detached. So the 'step height' in figure 4-10 is due to 
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only one single Rydberg state: n=lO. Using this method, the cross section for 
a specific Rydberg state can be determined. 

A more sensitive measurement consists of two ionizers placed bebind 
each other; the cross section for the production of a .selected Rydberg state can 
thus be measured directly. Two identical field ionizers are positioned as 
illustrated in figure 4-12. The deflector plates, deviate the ionized atoms from 
the neutral path onto a surface barrier detector. 

Applying two different electtic fields, the cross sections for a single or 
several Rydberg states can be measured. Por example, the fi.rst field ionizer can 
be set to strip atoms with n~ll (the fust deflector will remove these particles 
of the neutral path) and the second for n;;::lO. Only ions originating from 
H~n=lO) will be deflected onto detector II. 

To examine if this technique is practical a calibration experiment is 
performed. Table 4·6 lists the results of such an experiment. The same 
potential is applied to both ionizers, so the Rydberg atoms will be exposed to 
identical electtic fields. On detector II a nonzero signal is collected, the cross 
section increases gradually to 4.5*10"17 cm2 until a voltage of 10 kV is 
reached. At higher electtic field strengths, this cross section remains constant. 
The particles reaching detector II can be due to two phenomena: 

neutral reaction products 

I 

ll T.~-:ll-. 
Field ionizer 1 Field ionizer 2 

Figure 4-12: Position of the two field ionizers and the dejlectors. Both ionizers are physically 
identical. Depending on the applied fields, a Rydberg atom can end up being 
counted by one of the three surface harrier detectors. 
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Table 4-6: The ftrSt column lists the voltage applied to both ionizers. 
Between brackets is the minimum n-value for a hydrogen 
atom, which can be stripped by the electtic field. The second 
column lists the cross section measured with detector ll for 
the Rydberg atoms produced in n; +e--..H(ls)+H(n) at a 
collision energy of 10 meV. 

Ionizer I and ll Cross section 
Voltage in kV (n-value) w-17 cm2 

2.0 (18) 1.7±0.4 

4.0 (15) 2.2±0.4 

6.0 (13) 3.2±0.5 

8.0 (12) 4.0±0.6 

10.0 (12) 4.5±0.6 

12.0 (11) 4.8±0.6 

14.0 (11) 4.4±0.6 

15.0 (11) 4.2±0.7 

16.0 (10) 4.7±0.4 

17.0 (10) 4.6±0.6 

1) repopulation of Rydberg states by lower lying states, due to exposure to 
a non-critical electtic field. 

2) partial ionization in the frrst ionizer. Rydberg atoms surviving the first 
ionizer flled (due to fmite lifetimes) may be ionized in the second identical 
field. 

The cross sections listed in table 4-6 are significant (up to 50% of the 
total capture into the specific Rydberg state), cross section measurements 
therefore require corrections for this effect. 

The data in table 4-6 show that the cross section for n=11, 12 and 13 
measured on detector m are about the same (or the last one even slightly less). 
This is somewhat surprising, since under the same conditions the production 
of Rydberg atoms with n=12 is twice as large as n=ll (See figure 4-10). The 
repopulation must therefore be a complex process, since it depends on more 
than the population of the (underlying) Rydberg state. 
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By including the Stark splitting of the energy levels, llUXlng and 
therefore repopulation can be explained. Figure 4-13 illustrates the repopulation 
of a Rydberg level by one or several lower lying Rydberg levels, depending 
on the ionization model. 

The lower dasbed line shows the classical critical field, all particles 
above this limit are instantly ionized. According to this model only 
neighbouring states mix (Lln=l). Due to the Stark shifting of energy levels 
some atoms will ionize in smaller electric fields than the unperturbed atom. 
However, it is also possible that ionization of a Rydberg atom becomes 
impossible because the shifted level does not cross the classical limit in 
figure 4-13 any more. Once a Rydberg atom bas survived the electric field in 
the first stripper, the partiele will be passing a region which is almost field 
free. Here the split levels become degenerare again, not necessarily the 
same n. When the Rydberg partiele reaches the second stripper, the levels are 
'randomized'. Now particles with the same principal quanturn number which 
could not be field ionized in the fitst stripper can be ionized in the second. 

In the classical model with an external electric field, the upper and 
lower energy levels of the Rydberg states with Lln=2 interseet above the 
critical field. 

.Q.M_ --· 

~.3~~~~~~~~~~~~~ .. 
0 2 4 6 8 10 

Electric Field Strength (106 vm-1) 

Figure 4-13: Starlc mixing can take place with An=±l for the classical model (Clas.), by 
exposing a Rydberg atom toa high but sub-critical electricfield. For the quantum 
mechanical (QM.) model!Mny (or all) Rydberg states can mix before ionization. 
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The upper dasbed Hne illustrates the ionization field in the quanturn 
mechanica! model (see equation 4-2). Depending on the electric field strengtil 
many or even all Rydberg states can mix. 

According to the third model, the electric field can cause mixing of n 1 , n2 
and m sub-states. In the MEIBE-apparatus, the direction of the electric field 
changes several times along the trajectory of the Rydberg atoms. The 
interaction between the electric field and these atoms is adiabatic. This means 
that the rotation of the electtic field leads to a mixing of the n1 , n2 andm 
Rydberg states and repopulation can occw9. 

Table 4-7: Repopulation experiment; two ionizers are installed bebind 
each other. The cross section originates from particles survi-
ving the frrst stripping field, but bein ionized in the second. 

lonizer I Ionizer ll Cross Section 
kV (n) kV (n) cm2 

0 17.0 kV (10) (5.43 :!:0.09)*10-16 

17.0 kV (10) 17.0 kV (10) (4.10:t:0.19)*10-17 

17.0 kV (10) 13.5 kV (11) (6.49 :1: o.80)* 10-18 

An experiment is performed to investigate if a Rydberg level, can be 
repopulated from a state, which lies 2 levels lower (An=2). The results are 
Hsted in table 4-7. The frrst row in this table shows the cross section for the 
production of Rydberg states with n~lO. The repopulation results can be 
compared to this cross section. If the electric field in the frrst ionizer is made 
equal to the second one (row 2), the cross section measured on detector 1I 
reduces to about 10%. 

Row 3 of the table shows the cross section if the field in the second 
ionizer is lower than in the first one. The repopulation cross section is 
about 1% of that of the cross section for the production of atoms with n~10. 
A repopulation of larger differences in principal quanturn number lead to cross 
sections below the experimental detection limit. 

The cross section for the production of hydrogen atoms with n=10 is 
about 20% of that of n~10. This means that repopulation with An=l is about 
50% of the total cross section and An=2 about 5%. Cross section 
measureriients, obtained by using two ionizers in series, have to be corrected 
significantly for repopulation. 
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4.7 Production of high Rydberg Atoms in the Dissociative 
Recombination of H;. 

Figure 4-14 illustrates the total as well as two partlal cross sections as 
a function of collision energy, for the dissociative recombination of "i· 

As already investigated in- section 4.4.1, the total cross section is indeed 
the sum of the cross section for n::ao and ll~nS19, over the whole energy 
range. This shows that even at high energy both dissociation products pass the 
ionizer without scattering. Also the ratio between a":do and a"~11 remain 
constant up to 1 eV. 

About 10% of the total dissociative recombination cross section is due 
to Rydberg atoms with 11SnS19. An extrapolation of the cross sections for 
lower n-values is difficult. However, a large part of the cross section can be 
assigned to: n~ (the minimum value open via the 1:E:-state). 
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Figure 4-14: Cross sectionfor the dissociative recomblnation of H2 +. From top to bottomare 

listed: torol cross section, cross section for the production of aH atom with nS.JO 
mui 1 1SnS.l9. 
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Table 4-8: Calculation of the maximum principal quanturn number, for 
which· the reaction H; (v) +e- .... H( Is) + H(n) is exothermic. The 
second column lists the population of the vibrational states 
according to Von Bush11• 

Vibrational level Population Maximum n-value 

E_=O meV E_=lO meV 

13 0.00374 7 1 

14 0.00258 8 9 

15 0.00175 11 12 

16 0.00109 16 18 

17 0.00056 22 28 

18 0.00012 =82 oe 

At low collision energy, Rydberg atoms with high principal quanturn 
number can only be formed out of vibrationally excited ions. The relation 
between the vibrational and principal quanturn number is illustrated in table 
4-8. The number of molecular ions with these high vibrational quanturn 
numbers is extremely small (column 2). The cross section for the formation of 
high Rydberg atoms must therefore be gigantic; several orders higher than the 
'normal' dissociative recombination cross section. 

Very high cross sections for vibrationally excited molecular ions can 
however be expected, when examining the potentlal energy curves. Except the 
repulsive curve in figure 2-4, Guberman12 bas calculated a whole series of high 
energy curves. Many states, through which the dissociation can proceed, only 
cross the opper few vibrational levels. Even if the probability for each channel 
is small, many states can increase the likelibood for the reaction drastically. 

Figure 4-10 illustrates that the number of reaction products with n>15 
decreases fast at 10 me V collision energy. This is due to the very Iow 
vibrational population of the opper levels (see table 4-8). The accelerator and 
focus field might even partially deplete the opper two vibrational levels through 
field dissociation. 

Unless large resonances in the higher Rydberg atoms are present, the 
contribution for n>25 is less than one percent of the total cross section. This 
means that dissociative recombination measurements on J-J1 with the 
conventional detector collect more than 99% of the dissociation products. 
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Figure 4-15: Cross secnon for the production of H(n=JO, 11 and 12) in the dissociative 
recombination of H2 +,as ajunetion of collision energy. 

Figure 4-15 illustrates the cross section for the production of Rydberg 
atoms in the dissociative recombination of Hi with principal quanturn number 
n=lO, 11 and 12. The cross section for n=12 is about twice as large as the 
other two. This result could be related to the multiplicity (third ionization 
model), but more measurements are required for such a conclusion. 

The cross section for the production of a specific Rydberg atom can 
be measured using two methods (See section 4.5.2). The metbod used to 
acquire the results of figure 4-15 bas been performed with two ionizers in 
series. The alternative metbod determines the individual cross section for each 
Rydberg level from the 'step' measurement (figure 4-10). The ratio between 
the cross sections obtained with both methods is constant within the 
experimental uncertainties, but the absolute value is about 25% different. 

All the field-ionization experiment& are performed with hydrogen atoms 
produced in the dissociative recombination of vibrationally excited H2 ions. The 
initial vibrational population of these ions is not known, and the measurement 
should be regarcled as a 'snapshot' of a certain condition. After a short warm
up period, the sou:n:e conditions are fairly constant over a day. If measurements 
are performed with lengthy periods between the experiment&, the souree 
conditions can change significantly. For instance, changes in the total cross 
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section might change as much as a factor of two§. The difference in the cross 
section between the 'step' metbod and the series measurement, are therefore 
expected. 

The ions in tigure 4-15, are produced in a radiofrequency souree at low 
souree pressure, and are highly vibrationally excited. The cross section for the 
production of n=12 Rydberg states is a few percent of the total cross section 
for recombination, with this vibrational population. 

The cross sections shown in tigure 4~ 15 exhibit two different energy 
dependencies. In the low energy range (up to 100 meV) the cross section is 
pr~ortional to Ec~, while at higher energies this dependenee changes to 
Et:m 8 • All three Rydberg states exhibit similar behaviour, but for n=lO the 
change in energy dependenee occurs at 80 meV. 

The change in energy dependenee is not observed in the partial cross 
section for 10s;nS24. The production of high Rydberg atoms must therefore be 
favoured, at low collision energy. This can be explained by the position of the 
repulsive curves through which the recombination proceeds. Both the repulsive 
curves and the potenrial well of the IJ1~ion have only a small energy 
dependenee in the range of interest. If the collision energy is increased, the 
chance of auto~ionizations increases significantly, reducing the chance of 
capture in very high n~values. Since the dissociation can proceed through many 
repulsive states, a more quantitative assessment is presently not possible. 

Table 4-4 lists the results for the probability for producing a Rydberg 
Hrmolecule in the dissociative recombination of Hi. This cross section bas 
been measured at two energies: 

U • (6.8:tQ9)d0-18 cm2 

u - (3.6:t4.1)*10~19 cm2 
@ JO meV 
@ 100 mev 

(4-9) 

At both energies, about 0.1% of the recombination products are a Rydberg 
H2-molecules with 10s;nS24. The lifetime of the highly excited molecular state 
must be at least in the on:ler of 1 *10-7 s. Under the present conditions no cross 
section for the production of Rydberg H2-molecules with n<lO can be given, 
but it might be significant. 

§ Tiûs is only true for highly vibrationally excited ions. Measurements of cold ions have 
been repeated many times, and always result in the same cross section. 
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CHAPTERS 

ION-PAIR FORMATION 

5.1 Hj. 

An electtonic state, tbrough which the dissociative recombination of Ws 
can proceed, consists of a positive and a negative ion-pair at large intemuclear 
separations. This excited state intersects many neutral Rydberg states of the 
neutral molecule. If capture into one of these Rydberg states does not occur, 
an ion-pair can be formed. 

For the recombination of Ws and an electron, the production of the 
ion-pair can be depicted as: 

Depending on the symmetry, different reaction products are formed. 

(5-1) 

(5-2) 

Reaction 5-1 is investigated with the merged-beam technique1• The 
formation of the Ir-ion proceeds via the 11 A1 '-state, which is the main 
dissociative recombination channel at low interaction energy. For i ons in the 
vibrational ground state, Kulanderl calculated a threshold energy of 5.8 eV and 
a dissociation energy of 5.4 eV. Below this threshold energy, the dissociation 
most likely proceeds through one of the many Rydberg states: dissociative 
recombination. The large dissociation energy requires careful alignment, to 
assure all neutral reaction products are colleeled on the detector. 

Using an inclined beam apparatus, Pearf bas measured the cross 
section for this process in 1979. In the duo-plasmatton source, the vibrational 
excitation of the i ons could be changed slightly, but no changes in the cross 
sections or threshold were reported. In the :MEffiE apparatus, a radiofrequency 
discharge souree with two different diameter apertmes is employed, in order 
to vary the vibrational population of the primary Ws-ions over a wide range. 

Figure 5-1 illusttates a schematic diagram of the experimental setup 
used for the measurements in the merged-beam apparatus. The primary ions are 
deviated into a deflection plate. Due to the extensive shielding between this 
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aperture for current measurement 

r----r-electrons 

Interaction 
rep on 

'-----~ Trochol4al analyzer 

Figure 5-1: Merged-beam setup for the study oftheformation of anion-pair (K+HtJ in the 
interaction of H3 + and electrons. The negative ion is collected on the ojf-axis 
detector. 

plate and the detector, a low background count rate is obtained. The primary
ion-beam intensity is measured by the current from the aperture, which 
physically lirnits the beam in front of the interaction chamber. This is less 
accurate than a Faraday cup, and the uncertainty in the obtained cross section 
is estimated at an additional 20%. 

The solid squares in figure 5-2 illustrate the cross sections, when the 
ion souree is operated at low pressure and high extraction voltage. The absence 
of an energy threshold around 5.8 eV, shows that the ions teaving the souree 
are vibrationally excited. 

The vibrationally de-excited ions (solid circles) are produced in a high 
pressure radiofrequency source. By reducing the exit-aperture diameter of the 
discharge bottie and increasing the helium contents of the souree gas, additional 
vibrational cooling bas been obtained. Under these conditions, earlier 
experiments showed the production of vibrationally cold Hj-ions. (See, for 
exarnple figure 3-3). 

The measurements with de-excited Hj display a threshold energy below 
which the cross section is zero. The measured threshold (5.4±0.2 eV) is just 
below the calculated energy of Kulander (5.8 e V). This can not be explained 
by contributions from vibrational excited states. The energy difference between 
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Figure 5-2: Cross section for the formation of the Jl-ion in the collis ion of H 3 + -ions and 
electrons. The results of vibrationally de-excited H/. excited H/ and the 
measurements by Pearf are illustrated withsolid circles, solid squares and open 
circles, respectively. 

the levels v=O and v=l for m is 0.372 evl41. As illustrated for dissociative 
excitation (see figure 2-5), the threshold-energy shift is larger than the 
vibrational separation, due to the projection on the repulsive curve. The 
threshold energy for v=l is will be 4.0±0.5 eV. So, with confidence the 
threshold energy can be assigned to m<v=O). 

Above the threshold energy' the cross sections for m< V =0) measured 
on the merged-beam apparatus are in agreement with those by Peart (open 
circles). The nonzero cross section below threshold in the experiments by Peart 
implies that the ions are excited. The energy of the threshold in Peart's results 
indicates that the vibrational levels v=l or v=2 are populated. 

The maximum cross section measured for excited m-ions is twice as 
large as that for v =0 ions, in both merged beam measurements. The vibrational 
population of the excited m-ions is, however, unknown. No quantitative 
relation cao be derived, but the trend indicates a larger cross section asv 
increases. 
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5.2 Hj;. 

The Hi-ion bas a similar curve (1I:+-state), through which the 
dissociation proceeds at low rollision energy. At kge separation, this leads to 

the formation of the W-Ir ion-pair. The reaction can be depicted by: 
(5-3) 

For the dissociative recombination of Hi. Peara:S showed that the ion
pair channel accounts for about 0.1% of the total cross section. This yields a 
cross section of 4*10"18 cm2 at 1 eV, decreasing at higher energies. In a 
radiofrequency source, the beam intensity of the Hi-ions is however 
considerable smaller than the Hj beam. The cross section for ion-pair formation 
emanating from highly vibrationally excited Hi ions, is presently below the 
detection limit. 

A theoretical calculation by Dubrovskii6 lists a higher and up to 4 e V 
almost constant cross section of 10·17 cm2 for the production of H" from 
Hi< v=O) ions. Unfortunately, the current of vibrationally cold Hi ions is too 
small. 
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CHAPTER 6 § 

DISSOCIATIVE RECOMBINATION OF H2 

6.1 Abstract. 

High-resolution measurements for the dissociative recombination of 
Hi( v=O) are presented and compared with theoretical calculations. The 
observed structure is explained with a model that invokes the coupling to 
intermediale electtonic states betonging to two separate Rydberg series. 

6.2 Introduction. 

The complex collision process of dissociative recombination can be 
better understood by comparing higb-quality experimental results witb 
theoretical models. The most likely candidate for such a comparison is Wz, the 
simplest molecular ion. For this system, dissociative recombination can be 
schematically written as 

e- + n;- H + H* (6-1) 

A number of tbeoretical calculations have been performed for this 
ion14• These calculations have predicted that the cross secdon for electroos 
recombining with Hi in a specific vibrational state should display a series of 
narrow resonances due to the influence of the neutral Rydberg states lying 
below the ion state. In order to observe these resonances it is necessary to 
prepare the ions in a single vibrational state and to have a collision at a well
defined energy. The most suitable metbod for doing this is to use the merged
beam tecbnique wbicb bas been developed at the University of Western 
Ontario. A preliminary measurement that demonstraled the existence of the 
resonances bas already been published5. This paper describes some recent 
measurements that were performed using very-high-energy resolution and a fine 

§Reprint from Physical Review Letters. volume 67, number 1, July 1991 (pages 42-45). 
Authors: PIT. Van der Donk, FB. Yousif, JBA. Mitchell and AP. Hickman 
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energy mesb. The results are now of sufticient accuracy to associate particular 
features of the cross section with specific Rydberg states. Additional theoretica! 
work is necessary to compare experiment and theory at this level of accuracy. 
Extensions to previous theory4, and the very good comparison with experiment 
thereby obtained, are also presenled in this paper. 

6.3 Experimental Method. 

The merged electron-ion-beam experiment at the University of Western 
Ontario bas been described in detail elsewbere6 and only a brief overview of 
the apparatus will be presenled bere. A beam of JI2 ions are produced by 
electron impact in a radiofrequency ion-trap souree localed in the terminal of 
a Van de Graaff accelerator. This source, when operaled with a low extraction 
potential, is capable of producing i ons with very low intemal energies5•7• The 
ions are acceler.tled to 400 keV, mass analyzed, and passed into the interaction 
region wbere they are merged with a beam of electroos derived from an 
indirectly-bealed barium-oxide cathode, using a trochoidal analyzer. The two 
beams interact over a distance of 8.6 cm before being demerged. The electron 
beam is colleeled in a Faraday cup, the ion beam is deflecled electrostatically 
into a second Faraday cup, and the undeflected neutrals impinge upon a surface 
harrier detector and are detecled. The electron beam is modulated and the 
signals are measured in and out of phase with the modolation in order to 
distinguisb true recombination signals from neutrals produced in collisions 
between the ion beam and the background gas. The overlap of the two beams 
is measured at two places in the interaction region and the effective collision 
area F is determined. 

The cross section for recombination is determined using the formula 
C e2 lv--·v--1 

a--"- --1 -
41 F (6-2) 

ll.L lv-; -v~l 

where C,. is the neutral count rate, e is the electtonic charge, 11, v1, r •• andv. 
are the ion and electron-beam currents and velocities, respectively, L is the 
length of the interaction region and F is the effective collision area. 

The energy in the center-of-mass is given by 

Ecm • (JE; -..{E:Y + JE.E+ 92 (6-3) 

where 8 is the intersecdon angle between the two beams, E. is the electron
beam energy, and E ... the reduced ion energy, is given by E .. -E1m.fmi'E1 
being the ion-beam energy. By differentiating this equation with respect to E .. , E • 
and 8, it is possible to write an expression for the uncertainty in the center-of
mass in this measurement: 
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It can be seen from equation 6-4 that when E.-E+. the first two terms 
go to zero and . the uncertainty is determined mainly by the uncertainty in the 
intersecdon angle. Using well-collimated beams and carefut alignment this can 
be made quite small. The unique property of the merged-beam technique is that 
the ultimate energy resolution at low energies is rather insensitive to spreads 
in the energies of the electron and ion beams. 

The energy scale of the measurement was calibrated using a . metbod 
described in reference 8 in which the ion-beam energy is first determined using 
a nuclear-resonance technique and the electron energy is subsequently obtained 
from the position of the maximum in the dissociative recombination signal as 
the electron energy is scanned through the E.•E+ energy region. E_ can then 
be calculated using equation 6-3. The largest uncertainty associated with this 
calibration is in the determination of E. and this amounts to ±0.5 eV. From 
equation 6-3 it can be seen that this inaccuracy leads to an uncertainty in the 
center-of-mass energy of ± 7 me V at 20 me V and ±5 meV at 100 meV. 

6.4 Results and Discussion. 

The cross sections for the dissociative recombination of Hl ions with 
low internal energy, measured in the present study are shown in figure 6-1. 
The ion- and electron-beam currents used were 2*10"5 A and 1 *10"14 A, 
respectively, and more than 24 hours per point were needed in order to achleve 
the level of statistkal accuracy shown bere. The error bars shown represent one 
standard deviation and systematic errors, mainly associated with measurement 
of F, provide an uncertainty in the absolute cross sections of ±20%. The 
effect of systematic errors on the relative uncertainty in the data points is about 
4%, however, since F is a quantity which changes slowly with energy. 

The merged-beam technique is very stabie regarding the collision 
energy and measured points are very repeatable. Three well-defined window 
resonances are clearly apparent in the data. From figure 6-1 it can be seen that 
at the low end of the energy scale, the resolution must be of the order of 
5 meV. Using equation 6-4 this translates to a value of about 10 meV at the 
upper end. At a higher extraction potentlal the central resonance was found to 
disappear and this is due to the increasing population of v=l states in the 
beam, causing this resonance to be wasbed out By comparison with theoretical 
results it is believed that the results presented in figure 6-1 refer only to v=O 
ions. This is discussed further below. No effort was made to restriet the 
rotational population of the beam and the souree gas was undoubtedly a 
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Figure 6-1: Experimental cross sections for the dissociative recombination of H2 +(v=O). 

mixture of orthohydrogen and parahydrogen. The rotational popuiadon must 
therefore reflect a thermal distribution of odd- and even-J levels. 

The direct and indirect mechanisms of dissociative recombination have 
been identified and discussed in the literature1- 4• 

One can augment equation 6-1 as follows: 
** • .... H2 .... H + H 

(6-5) 

Hlv.n,l,A) 

The top line of equation 6-5 corresponds to direct recombination: an 
incident electron is captured directly into the dissociating 1:E:-state and the 
nuclear motion on this potenrial leads to the final products. At certain well
defined energies, the electron may also be captured into compound resonance 
states, bere denoted on the second line by H2(v,n,l,A). The physical form of 
such a state is an ion core H1 in vibrational level v and a Rydberg electron 
whose quanturn numbers are n, l and A (projection on the intemuclear axis). 
This state is formed when an electron, incident on Wz(v=O) vibrationally 
excites the ion to v=l, thereby losing energy and dropping down into a 
Rydberg orbital. The state H2(v,n,l,A) may decay to H+H* by pre-dissociation. 
This sequence of events provides an alternative mechanism for recombination, 
and leads to classic interference phenomena. The direct mechanism provides a 
slowly varying background cross section; at those energies for which the 
intermediale · compound state is allowed, the cross section exhibits rapidly 
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varying resonance structure. By analyzing this structure, we can infer 
inforrnation about the compound states. 

The specific resonant states Hz( v,11,~A) involved have l =0 or 2 and 
A=O, since the coupling is through the 1:!:: (predonrinantly 2~) state. These 
resonances correspond to sa and oo Rydberg series. Our analysis indicates that 
both series must be included. We do this by generalizing the theoretical 
approach used in reference 4. The matrix element leading to direet 
recombination was written as 

~. - ~ 2~" f ;ry(R)V,!R)F(R)dR 
(6-6) 

where JJ is the reduced mass of H2, x JR) is the wave function of the v 111 

vibrational level of lfi, V.!R) is the matrix element for electron capture (or 
auto-ionization), and F(R) is the regular salution to the Schrödinger equation 
for the final state potenrial V'(R) at energy E~h 7k7/(Brrlp). This integral is 
cssentially a Franck-Condon factor berween initia! and final states, medialed by 
the electrooie coupling v.l' 

The indirect mechanism is introduced using the matrix element 

8,-. - j ;r,.(R')V JR')G(R',R) V.!R) ;r,(R)dR'dR (6-7) 

where G(R',R), defined explicitly in reference 3, is a Green's function for the 
Schrödinger equation with potentlal v• (R). The matrix element 8.· is related •• to the amplitude for vibrational excitation of Hi from state v to v' by an 
incident electron. The two vibrational states are not directly coupled to each 
other, but each is coupled electronically to the resonant state u; . 

The coupling of the resonant state Hi' to both sa and da electrans is 
treated in an approximate way by assuming that the ratio of the couplings to 
the two partlal waves is a constan~ independent of R. Then we can extract the 
necessary matrix elements from available lirerature values of the total widths 
by replacing the coupling matrix element V JR) by a 1V JR) (l =0 for coupling 
to sa and l =2 for da). Then a~+a~-1. and we can wrîte 

~ .. - a1~. (6-8) 

(6-9) 

We use a theoretica! approach based on multichannel-quantum-defect 
theory, which was formulated by Giusti9 and modified by Hickman4 to include 
higher-order effects. The theory is formulated in terms of a reaetanee matrix K 
coupling to different arrangement channels. These channels have the asymptotic 
form H+H' (labelled d) and Hi(v)+e\1 a) (v=O, !, ... and l =0, 2). The 
rotational state of the Hi ion has not been included. The specific stales we 
include in the present calculation are therefore d; sa, v=O; da, v=O; sa, v=l; 
and da, v;J; and the K matrix is given by 
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0 tlo(o a2 ( 0 ao(J a2(J 

aO(D tall(" ll.) 0 • "aoR.fgoJ) rraoazR.fgoJ) 

K· az(o 0 tall( "ll d) rra2a0R,(g01) 2 rra2R.(g01) 

ao(J 
2 rra0 R.(g10) rraoa:zR.(gJo) ran(rrp.,) 0 

az(J "a2ar}l.(g 10) 
2 rra2R.(g10) 0 tan( "ll d) 

(6-10) 

The diagonal blocks contain tbe phase shifts !l, and p. 4 , which are related to 
the energies of the auto-ionizing Slales H2( v-I,11,~A). This matrix is 
"conttacted" into an S matrix for dissociative recombination using tbe general 
multichannel-quantum-defeet tbeory prescription10. S bas a smaller dimension 
that the K matrix for tbe energies of interes~ for which tbe v=l channels are 
closed. 

The K matrix given in equation 6-10 provides flexibility to model the 
data. The quanturn defeets !l, and p. 4 delermine the positions of the two 
series of resonances, given by 

E • .dE - I (6-11) 
' • 2(n-p. 1i 

where AE. is the vibrational excitation energy from v=O to v=l, l =0 and 2, 
and n takes on inlegral values. By inverting equation 6-11, we can estimate 
tbe effeetive values n'-n-p. 1 of the resonances observed experimentally. 

The three resonances shown in figure 6-1 correspond to n'=7.3, 7.7, 
and 8.1, witb error bars of about ± 0.1 due to the uncertainty in the resonance 
energies. This observation suggescs tbat the middle resonance (n '=7.7) belongs 
to one Rydberg series and the other two (n'=7.3, 8.1) toanother series. 

Calculations have been performed to provide a more quantitative 
analysis. The parameters required by the theory were estimated from tbe litera
ture. The values a0 =0.51, a2=0.86, p.,=-0.095 and p.4 =0.044 can he 
determined from the work of Hazi11 • Ross and Jungen12 also obtained quanturn 
defeets: P.,=-0.09 and p. 4=0.12. (We have taken tbe quanturn defeets at the 
equilibrium separation of Hl. 2.0 atomie units rather tban averaging over the 
11 =0 wave function, but the difference is nol large.) Both seiS of quanturn 
defeets yield similar results; the calculations reported used the p., and p. 4 of 
Ross and Jungen. Figure 6-2 shows the calculated dissociative reeombination 
cross seetions. The positions of the resonances are in reasanabie accord with 
the observations. Table 6-1 gives a more detailed comparison, including the 
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Figure 6-2: Theoretica! cross secticms for the dissociative recombinaJ.ion of H2 + (v:;;.Q), 

experimental uncertainties. We emphasize that no parameters were adjusted to 
obtain these results. The quanturn defects are detennined by fitting ab-initio 
potential curves12, and the branching ratios <la and a2 were obtained from 
electron-stcueture calculations on the auto-ionizing 1 :~:;-state11 • 

Forther calculations were performed 10 investlgate the dependenee of 
the resonance energies on the quanturn defects in a predictabie way. To a very 
good approximation, the position of the rniddle resonance is deterrnined by ~ 4 
and the positions of the others are deterrnined by ~ ,. This analysis enables us 
to tentatively identify the experimental 45 rneV resonance as a dcr-state, and 
the other two as scr-states. Somewhat better agreement between theory and 
experiment eould be achieved by using different values of the quanturn defects. 
Table 6-1 illustrates the effect of changing ~, and ~ d by amounts of magni
tude 0.1, with sign chosen to move the calculated resonances eloser to 
experiment. 

In summary, several resonances in dissodalive recombination have been 
observed experimentally with high resolution. A theoretical analysis based on 
two Rydberg series provides an excellent interpretation of the structure of the 
observed resonances. The agreement achieved between experiment and theory 
permits the tentative identification of the electronic configurations of the 
resonanc~ states. 
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Table 6-1: Comparison of resonance posîtions. (Units in meV) 
i 

Experiment Calculation Calculation 
p,=-0.09 and 
pd=O.l2[12] 

p,=-0.19 and p 4 =0.22 

(See figure 6-2) 

18.0± 7.0 7.0 11.0 

45.0±10.0 59.0 56.0 

66.0± 12.0 68.0 71.0 

Note: quoted experimental error Iimits are associated with the energy 
calibratîon. They are not independent but rather represent a sliding 
error factor. 
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CHAPTER 7 § 

THE DISSOCIATIVE EXCITATION AND 
RECOMBINA TION OF Hj 

7.1 Abstract. 

Measurements of the cross sections for the electron-impact dissodalive 
excitation of fl! as a function of electron energy are repork:d. Sharp strucrures 
are observed close to the excitation thresholds for the upper states of the ion 
and, these are interpreled as Feshbach resonances. Direct excitation appears to 
play a subordinate role at the energies studied. The implîcation of these 
findings to previous measurements of the dissodalive recombination of fl! is 
discussed. 

7.2 Introduction. 

The electron-impact excitation of atomie ions1 is a subject that has 
received an immense amount of attention because of its importance to the 
physics of high temporature plasmas. Typical threshold energies range from a 
few electronvolt for singly charged ions to kilo-electronvolts for highly charged 
species. For equilibrium conditions, the ion and electron temperatures in the 
plasmas are comparable and the average ionization state for a given species 
will be determined by electron-impact ionization processes. Electron-impact 
excitation processes play a critica! role in the energy-balance of the plasma for 
the energy lost by the electrans is converted into pboton energy which then 
leaves the plasma if it is optically thin. 

The elecrroi\-impact excitation of molecular ions has received much less 
attention. Prior to 1988, only a few low-resolution studies invalving ions such 
as lrt 12•31 N+ 141 o+ 141 H+ 15-81 and co+ 191 all in a variety of vibrational 3 • 2 . 2 ' 2 • 
states, were performed. This is partly because, in an equilibrium plasma, when 

I Reprint from Physical Review A volume 44, I November !991 (pages 5653-5658). 
AULhors: FB. Yousif. PIT. Van der Donk, M. Orakzai and JBA. Mitchell 

page 79 



!he electron ll:mperature is sufficien1 to cause excitation of the ions, !he 
molecular ions are likely to be dissociated by heavy-partiele impact, !he 
threshold energies for which are typically a few electronvolts. Dissociative 
excitalion is lherefore much less likely to occur sioce at elevated temperatures 
lhe plasma is most likely to be atomie in form. In non-equilibrium 
circumstances, however, for example in situations invalving !he thermalization 
of high energy electruns in ionized media, electron-impact excitation of 
molecular ions may play a role in the energy degradation process. It is also 
important in situallons where a hot plasma impinges upon a wal! causing the 
ejection of molecular species that !hen interact with the plasma 10. Where it 
does occur, it can have an important effec~ namely io the formation of radical 
species, which are highly reactive and which are fonned with high translational 
energies. 

In cooler, molecular plasmas, the dominant electron-impact process is 
generally dissociative reeombination11 , which occurs primarily at thermal and 
sub-thermal temperatures. This is an extremely complex process and the 
underlying mechanisms are still poorly understood. Like dissoçiative excitation, 
dissociative recombinalion produces excited radicals and is t:terefore central to 
the chemica! development of a molecular plasma. lt is very important to 
understand the dynamics of this process but experiments aimed at furthering 
this understanding are complicated by the fact that molecular ions are usually 
formed in a variety of vibrationally excited states. The population of these 
stales at any given time will depend upon the collisional and radiative h.istory 
of the ions. In order to pertorm unambiguous measurements of the dissodalive 
recombination process, it is important that ions wilh well-defined internat 
energy distributions be employed. The greatest clarity comes when the ions are 
all in the vibrational ground state. For the majority of studies, employing 
aftergluw plasma techniques, the ions are produeed in a high pressure 
environment and it is assumed that they are rapidly de-excited. This supposition 
was often not juslified for ion-beam studies of recombination12, where the ions 
were extracted from the high pressure formation environment before they had 
time to relax. There are also circumstances where plasma decay studies of 
dissociative recombination have ulilized excited ions when the de-excitation 
mechanisms have not been sufficiently well-understood13 

In recent merged-beam studies of dissooiative recombination, pertonned 
at the University of Western Ontario14-17, a radiofrequency ion-trap souree was 
used to prepare the ions. This souree has an ion residence time of several 
milliseeonds which is sufficient to allow de-excitation processes to go to 
completion. The internat energies of the ions so formed, however, have been 
determined by examining the observed thresholds for electron-impact excitation 
lo repulsive stales of well-known energies. When vibrational excitation of me 
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ions is present, ilie threshold excitation energies are correspondingly reduced15• 
This technique was frrst applied by Peart and Dolder18, aliliough ilieir findings 
proved to be somewhat ambiguous. 

7.3 Experirnents on H3. 
Hydrogen is ilie most abundant element in ilie Universe and much of 

it exists in molecular form. When molecular hydrogen is ionized, H2 is formed 
but is rapidly convened to the more stabie ~ ion via ilie reaction 

H; + H2 - H; + H (7-1) 

~ is a highly reactive species and so its fate is of great irnportance to roodels 
of hydrogenic plasma chemislry. Por many years, it was believed iliat ~ 
would be rapidly removed via the recombination process 

H; + e· - H + H + H 
- H2 +H 

(7-2) 

A variety of measurements19•24 had established the rate to be 
2•10·7 cm\·1 at 300 K. In 1983 however, Adarns, Smiili and Alge25 publisbed 
ilie results of a flowing afterglew Langmuir probe, experiment which indicated 
iliat ilie process was much slower ilian previously believed. They set ilie upper 
limit for ilie recombination rate to be <2•10·8 cm3s·1 at 300 K. Theoretica) 
studies26•27 have shown iliat ilie dissociating state, ilirough which ilie 
recombination should proceed, was inaccessible to low energy electrous 
interacting with ground vibrational state ions. A remeasurement of iliis process, 
using ilie merged-beam technique, was performed by Hus et al.15 using ions 
prepared in ilie radiofrequency ion-trap. Previous studies28, employing heavy
partiele collisional dissociation, had shown that this souree was capable of 
prooucing ~ ions wiili low intemal energies. In the experiment of Hus et al., 
dissociative excitation measurements were used to delermine ilie internal 
energies of the ions. It was found iliat ~ ions could be formed wiili a variety 
of vibrational state populations by varying ilie ion-souree conditions and iliat 
a lower cross section value, consistent wiili a rate coefficient of 2•10-1! cm3s·1 

at 300 K was obtained for ions with the lowest attainable excitation state 
population. The dissociative excitation measurements were somewhat ambiguons 
however, for it was not clear iliat ilie ions were all in the v",() state or 
whether some were in the v=l leveL This was because the measured excitation 
threshold appeared below ilie threshold for v ",() ions but above iliat for v=!. 

A subsequent recalibration of the flowing aftergluw experiment29 

suggested iliat the rate for the recombination of H~ should in fact be 
<1*10" 11 cm3s 1

, more than iliree orders of magnitude less than ilie merged-
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beam result. The calibration procedure involved the use of the flowing 
afterglow apparatus to examine the decay characteristics of He+, HeW and Hj 
under the same conditions. It was found that the measured decay rate was the 
same and the conclusion was made that the recombination rates for the three 
species were comparable. Hë, being atomie, can only recombine radiatively 
at low electron temperatures in a low density environment and has a calculated 
rate of <1*10"11 cm3s 1 at room temperature30. HeW was also believed to 
have a very low recombination rate due to the absence of a suitable curve 
crossing necessary for direct dissociative recombination31• A recent 
experimenral sllldy of HeW, performed using the merged-beam technique16, has 
shown, however, that in fact the recombination rate for this ion is not 
negligible, having a value of between 5•10·9 and 1*10-1! cm\·1 at 300 K. In 
this case the recombination process must praeeed via the indirect mechanism, 
i.e. electron capture occurring into auto-ionizing neutral Rydberg states. 

One possibility for the discrepancy between the merged-beam and 
flowing afterglow measurements for Hj dissociative recombination was the 
influence of v=l ions. The fact that the measurements of the dissociative 
excitation showed sub-threshold, nonzero values for the cross section suggested 
that these ions might be present in the beam. In order to clarify this point it 
was decided to perfarm a much more careful study of this process using ions 
prepared under the same conditions as those used for the dissociative 
recombination measuremen~ reported previously. To ensure that the vibrational 
state population had not changed, the recombination cross section was also 
remeasured and exactly the same values were found. These measurements were 
however perforrned using a different merged-beam apparatus, MEIBE-II, and 
this gives us greater confidence in our technique. 

7.4 Experimental Method. 

The Hj ions are forrned in a radiofrequency ion-trap souree located in 
the terminal of a 400 keV Van de Graaff accelerator. After acceleration and 
mass analysis, the ions are passed into the ultrabigh-vacuum interaction region 
where they are merged with an electron beam produced using an indirectly 
heated, barium-oxide cathode. The overlap of the beams is measured at two 
places along the interaction path after which the electruns are de-merged from 
the ions and colleeled in a Faraday cup. The ions are electrostatically deflected 
into a second Faraday cup and the neutrats produced in the interaction region 
are detected by a surface barrier detector. Background gas collisions are 
distinguished from electron-ion coltisions by modulating the electron beam and 
counting the neutrats in and out of phase with the modulation. The true signal 
count rate is determined from the difference between these two measurements. 
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The detector is energy sensitive and can therefore distinguîsh between 
the five reactions: 

n; +e--n + H; + e- (a) 

-H1 + H* + e- (b) 

-H + H + H (c) (7-3) 

~H1 + H (d) 

(e) 

Reaction (a) produces a neutral partiele carrying V. of the total beam energy, 
reaction (b) produces a H2 molecule or a H alom pair with % of the total 
energy, while reactions (c,d,e) yield neutral particles carrying the total beam 
energy. The detector by itself cannot distinguish between channels (c), (d) aod 
(e), but a method has been developed to separate out these three decay 
modes32-33• In the measurement described bere, reaction (a) was stodîed. 
Reaction (b) is accompanied by a high background count rate and counting 
times required to produce accurate measurements were too long. These two 
reaelions do have the same threshold energies, howeve~4• as the dissociation 
limits origînate from the same excîted-state surfaces. 

Electron and ion currents of 20 lloA and 0.1 nA, respectively, were 
employed and the beams interact over a distance of 8.6 cm. The diameter of 
the electron beam was 2 mm and that of the ion beam slighûy less. Calibration 
of the energy scale was perforrned using the following method. 

Durlog usu al operations, the energy of the Van de Graaff is monitored 
using a rotating vane generating volttnerer localed close to the terminal of the 
accelerator. This volttneter was calibraled by bombarding an aJuminurn fluoride 
target with a proton beam ~eed by the accelerator and observing the onset 
of the nuclear 1 ~(p.a,y)1 0 reaclion. This reaction displays a resonance that 
is accurately known to be at 340.5 keV. The appearance of this resonance is 
easily detected by measuring the flux of y-rays produced using a Nal photo
multiplier detector as a function of beam energy. It was found that the energy 
of the resonance, as measured with the generating voltmeter was 339.25 ke V, 
indicating that a correction factor of +1.25 kV should be applied to the 
generating voltmeter reading. 

With the energy of the ion beam accurately determined it is then 
possible to calibrate the energy of the electron beam by merging the electroos 
with a beam of m ions aod measuring the neutral signa! resulting from 
dissociative recombination (reactions c,d,e) as a function of electron energy, 
keeping the ion energy fixed. This process displays a cross section which 
increases with decreasing center-of-mass energy. Now the center-of-mass energy 
in a merged-beam experiment is given by: 
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(7-4) 

where E. -E1m.fm1 is the reduced ion energy, E" m1, E. and m. are the ion 
and electron energies and masses, respecrively, and 9 is the angle of 
interse.:tion of the lwo beams. In practice, 9 is very close to zero and so the 
secend term can be negle.:ted. It can be seen from equation 7-4 that the sarne 
center-of-mass energy can be achieved by having the electrons moving slower 
than or faster than the ions. Thus when the electron energy is gradually 
increased so that it passes through the region where E. •E. then E.,. fust 
decreases ontiJ it is practically zero and then increases again. Thus the 
dissodalive recombination signa! displays a cusp in this region. Since E1 and 
hence E. are accurately deterrnined by the previous procedure, !hen the 
electron energy at which the cusp should appear can these be estimated 
accurately. This value is !hen compared with the actual energy at which the 
cusp appears in order to delermine the correction factor which should be 
applied to the cathode potenrial in order to yield the exact electron-beam 
energy. It was found that the calibrared electron energy was 4.48 ± 0.5 e V less 
than the potenrial energy of the cathode, the uncertainty being due to the 
difficulty of locating the exact position of the cusp. The reason for this rather 
large discrepancy is not clear. The vacuum system in the merged-beam 
apparatus uses Santovac-oil-filled diffusion pumps trapped with water cooled 
baffies only. This arrangement has been found to be very successful and 
operating pressures in the apparatus are of the order of 1 •w-8 Pa. It is 
possible, however, that surfaces within the apparatus do have a light coating 
of this oil and that they could build up an electron charge which could alter 
the energy of the electron beam. The difference between tbe catbode potential 
and the electron energy is found to be constant over long periods of time and 
so does nol present any particular problem to the operation of the experiment. 
lt just has to be taken into account when calculating the beam energy. 

The uncenainty of 0.5 e V in the energy calibration yields an 
uncenainty in the center-of-mass energy of ±0.4 eV at 15 eV. This uncenainty 
is very much less at low center-of-mass energies because of the energy de
amplification which occurs when transforming from the laboratory frame into 
the center-of-mass frame. This uncenainty applies, however, to tbe energy scale 
rather than to individual data points. Their relative accuracy is determined by 
I) the linearity of the electron catbode potential power-supply which is better 

than ±0.01 mV. 
2) the accuracy of the determination of the ion energy. 
lt can be seen from equation 7-4 that errors in the setting of tbe ion energy 
(though perhaps ± 100 V in the Iabaratory frame) have a very smal! effect on 
the center-of-mass energy contributing a relative uncertainty of less than 
± 10 me V at 15 eV. 
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7.5 Results and Discussion. 

Figure 7-1 shows potential-energy curves for the ground and excited 
stales of H\ in D3h symmetty, loca!ed within the energy range covered by the 
experiment 5-37• The remeasured cross secdons for the dissociative excitation 
of u; ions prepared with the rninimwn attainable internal energy are shown in 
tigure 7-2 and shows statistica! error bars ( one standa:rd deviation) for the 
measurement The solid curve is sirnply to aid the eye and has no other 
significance. Figure 7-3 is an expanded view of the threshold region. 
Systematic errors in this experiment a:re esdma!ed to be :1:20% and come 
mainly frorn the measurement of the forrnfactor. This is a funcdon which 
varles slowly with energy and so its contribudon to relative errors between the 
data points is less than :1:3%. The electron-bea:rn current is very stabie during 
the measurement of a given data point and ion currents are digitized to 
minirnize measurement errors due to beam variadons. Reladve uncertainties in 
the cross secdon scale due to these measurernents a:re less than :1: I%. 

A threshold in the vicinity of 15 eV can be seen. Examinadon of 
tigure 7-1 (taking account of the Hj' zero point energy of 0.539 eV), shows 
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Figu.re 7~1: Potential~energy curves for H3 + singletand triplet srates in DJh symmetry. The 
r-abscissa refers 10 the H-H disrance as the molecule undergoes a symmetrie stretch 
motJ'on. The left-Jurnd axA's corresptJnds to the equilibrium positîon of the molecule, 
ie. r=0.087 nm (tokenfrom riferences 35-37). 
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that this corresponds to an excitation from the v=O level of the ground 
1A 1'-state to the frrst excited, 3E'-state. This transition is optically forbidden 
but can occur with a significant probability, close to threshold, as a result of 
electron exchange. It can be seen from figure 7·3 that the threshold consists 
of two structures, !he lower one being particularly shrup. In previous 
measurements15, it was nol clear if this structure was evidence for a transition 
from the v=l level of the H3 ground state to the ~·-state. Such a transition, 
however, would be expected to appear at about 13 eV and we could find no 
evidence of dissociative excitation in that region. The shrupness of the structure 
suggests thal it is due 10 a Feshbach resonance similar lo those seen in 
electron-molecule scattering experiments. For a neutral molecule, the resonance 
is due to the temporary formation of a negative ion which decays via aulo
detachment38. For the case of electron singly-ionized-atomic ion scattering, the 
Feshbach resonance is manifest in the formation of a doubly excited state of 
the atom. This state can undergo auto-ionization or it can decay via the 
emission of radialion which leaves the atom in a singly-excited Rydberg state. 
This latter process is known as dieleetronie recombination because it invo!ves 
the simultaneous promotion of two electruns into exciled stales and terminales 
in a stabilized neutral species. lf the initia! ion was multiply charged, then the 
stabilized ion of one less charge is formed. For the case of electron molecular-
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ion scattering, the intermediale state is a neutral molecule which is pre
dissociated by a neigbbourinp repulsive ion state. 

The position of lhe A1'-1E' transition is also indicated on figure 7-2 
and it can be seen lhat bere again lhere is evidence of resonant strucrure in the 
threshold region. What is oot at all clear is why lhe ex.citation function for Ibis 
transition should oot display a much slower falloff at higher energies39-4il. The 
1 A1' _3E' transition, occuning via electron exchange, would display a much 
narrower excitation function but bere again what is seen is much sharper lhan 
expected. Transitions to higher excited stales are also evidenced by resonance 
features, ralher lhan by characteristic excitat:ion functions. Of note is the fact 
that there is little evidence of the transition 1A1'-1 1A2• even though it is 
allowed and has been calculated35 to have a sizeable transition probability. It 
would seem that, in Ibis energy range, the Hj dissociative excitation is 
dominaled by auto-dissociating resonance formation rather than by direet 
excitation processes. We have found Ibis to be lhe case for other ions as well 
including HeW [l6l and N1 [!7J_ This situation is reminiscent of the photo
ionization of molecular hydrogen, which is dominaled by !he formation of auto
looizing Rydberg resonances at lhreshold, lhe direet ionization proeess only 
becoming significant at much higher energies41• 

It is to be hoped that these results will stimulate sorne theoretica! 
analysis of the dissociative excitation process lhat wi1l shed funher light on !he 
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influence of resonant proces.ses. For now, 1he most irnponant fmding is lhat lhe 
suh-threshold cross sections, which were previously interpreled as being due to 
excitation from v=l states of HJ. can now be attributed simply to a 
complication associated with the excitation of the v=O level. In other words, 
the dissociative recombination measurements of Hus et al. (1988) reflect the 
recombination of ground state, v =0 HJ-ions. 

As it tums out, lhe situation regarding H3 recombination is even more 
puzzling now. Shortly after !he publication of the FALP experiment of Adams 
and Sntith indicating the very low value for the H3 dissociative recombina
tion rate coefficient25, Amano42 published results of a spectroscopie study of 
H3 recombination in a plasma indicating a large rate coefficient of 
2*10-7 cm3s·1• This experiment carne under considerable criticism from Adarns 
and Sntith29 who suggested lhat the measurement ntight be strongly influenced 
by three-body collisional radiative recombination4344. Amano45 has re--exantined 
his measurement, ex tending it to include olher rotational levels of lhe v =0 state 
of H3 and reaches the sarne findings as before, narnely that the dissociative 
recombination displays a fast rate, which is not influenced significantly by the 
rotational state. He also presenled arguments to show that the criticism 
conceming 1he influence of collisional radiative recombination was not justified. 
Indeed, the fact that collisional radiative recombination is not found to be 
important implies that there may be a problem with the theoretica! 
interpretation of that process. 

A second startling result comes from the Iabaratory of Rowé6. He 
used a flowing afterglew system to study the dissociative recombination of H3 
and also found that the rate is large. This is in direct contradiedon to the 
findings of Adarns and Sntith because the technique used is very similar. 

lf, indeed, the rate eoefficient for the recombination of Hj with 
electroos is fast, then this must mean that the indirect recombination 
mechanism is very effective, because the direct process appears to be ruled out 
due to the unfavourable position of the ion neutral-curve crossing26-27. Now !he 
indirect mechanism would praeeed via the formation of a Rydberg state of 
neutral triatomie hydrogen, H;, which is subsequently pre-dissociated. We33 

have performed studies of the branching ratio for H3 dissociative recombination 
(reactions 7-3 e,d and e), and have found that channel (e) accounlS for about 
8% of the total proeess. That is, we are able to detect long-lived, (>10"7 s) 
excited H; molecules conting from the recombination process. Befare reaching 
the detector, however, the recombination products pass through a region of high 
electTic field (4*Jo5 Vm'1), which is used to deflect the primary-ion beam. lt 
is possible that this field eould ionize higher excited Rydberg molecules (with 
n>16 under the conditions used), so lhat the total recombination rate that we 
measure is less than the actual rate. At the present time, the merged-beam 
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apparatu1 hu been fitled wtth a field·ionization detector capabte of produclng 
a field of 2*107 vm·1• (Thil il for use lH studies of the luer atimulated 
radiative reeombination of protons with electrons). It is planned to use thls 
detector, in the near future, to perfonn a carefut study of the influence of 
applied electric fields on the recombination signal. 

With regard to the dissociative excitation process, the merged-beam 
apparatus is not ideal for such a study. The dissociative excitation cross 
sections are small and their measurement involves long counting times. The 
real strength of the merged-beam technique is its ability to produce collisions 
at very low, well-defined energies but this is oot needed for the case of 
dissociative excitation where thresholds generally appear at energies in excess 
of several electronvolt. Using the merged-beam apparatus to study dissociative 
excitation is therefore wasteful in tenns of resources which could be used for 
further recombination studies. Because of this, consnuction bas begun on a new 
crossed-beams experiment which will be devoted exclusively to dissociative 
excitation studies and that will allow studies to be perfonned over a much 
wider energy range. 
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CHAPTER 8 § 

DISSOCIATIVE RECOMBINATION AND 
EXCITATION OF Dj 

8.1 Abstract. 

Measurements of the dissociative recombination of de-excited D1 ions 
yield cross sections similar at low energies to those found for Wg [H. Hus et 
al.; Physics Review A Ja, 658, (1988)] Previous measurements [JBA. Mitchell 
et al.; Joumal of Physics B 17, L909, (1984)] petfonned with excited ions 
indicated that there was a isotope effect giving rise to a larger cross section 
for Wg than for Dj. This effect can in fact be explained in tenns of differing 
vibrational-state populations in those studies rather than by molecular-dynamics 
arguments. Dissociative excitation measurements for Dj are found to contain 
a wealth of resonance structure. 

8.2 Introduction. 

The dissociative recombination of Wg is of considerable importance in 
a number of applications, including interstellar and planetary atmospheric 
chemistry, thennonuclear fusion, and high-current-ion-source research. The 
recombination of Dj is particularly important in the latter two applications. It 
also of interest to examine the recombination of isotopic partners in order to 
obtain a clearer onderstanding of this complex phenomenon. 

A review of the status of Hj recombination may be found in several 
papers in reference 1, and the subject bas been addressed more recently bl 
Mitchell2, Van der Donk et al3, Amano4, and Canosa and co-workers5• . 
Previous measurements by Mitchell et al? addressed the subject of the effects 
of isotopic change on the dissociative recombination of triatomie hydrogen ions 
and found that the cross section diminished as the deuterium content of the 

§ RepriÎlt from Physical Review A volume 43, June 1991 (pages 5971-5974) Authors: 
PIT. Van der Donk, FB. Yousif and JBA. Mitchell 
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lon1 tncreaaed. Thh effect wa1 explatned qualltatlvely in terml of a mu1 
dependenee for the survival factor. This quantlty denotes the probability that 
the intennediate neutral compound state, fonned in the electron-capture process, 
does not auto-ionize before the state can be stabilized dynamically, i.e. by 
converting potenrial into kinetic energy and thus dropping the potenrial energy 
of the state below the ionization potential. The results presented in this paper 
indicate that this explanation is not the major reason for the observed 
difference in the cross sections with isotopic change. 

8.3 Experimental Method. 

The merged electron-ion-beam apparatus at the University of Western 
Ontario was used for the measurements. This technique bas been described in 
detail elsewhere8 and wilt only be outlined bere. Ions are produced using a 
radiofrequency ion-trap source9 mounted in the terminal of a 400 ke V Van de 
Graaff accelerator. In this source, ions are produced by electron-impact 
ionization of the souree gas and these ions are confmed to a U-shaped canal 
along which they drift randomly until they reach the exit, which is arranged 
in the form of an octopole lens. In front of this lens is an extraction electrode 
to which a potenrial of up to 100 V can be applied. The application of this 
potenrial results in a larger beam current, but it is our experience7•9-11 that 
when the souree is operated with a very low (<10 V) extraction potendal, the 
resulting beam contains ions with very low internat energy. The reason for this 
is twofold. First, the low extraction potendal allows ions to remain Jonger in 
the source, giving them more time to make de-exciting collisions. Second, a 
high extraction potential can lead to the excitation of the emerging ions due 
to collisions with the souree gas. The souree is typically operated at a pressure 
of 10 Pa and the gas is usually a hydrogen-helium-argon mixture. In this case, 
deuterium was substituted for the hydrogen. 

Once formed, the bearn is accelerated and mass analyzed before being 
injected into the merged-bearn apparatus. This consists of an ultrahigh-vacuum 
(10'8 Pa) chamber within which the electron beam is produced using an 
indirectly heated barium-oxide cathode. The bearn is confmed using a 3 mT 
magnetic field and initially ~avels parallel to the ion beam. The electrons are 
made to merge with the ion beam using a combination of a transverse electric 
field and the axial-guiding magnetic field in a device known as a trochoidal 
analyzer. The beams overlap for a distance of 8.6 cm before the electrons are 
separated using a second trochoidal analyzer. The beam overlap is monitored 
in two places in the interaction region by scanning horizontally and vertically 
with movable vanes. The resulting changes in the ion- and electron-bearn 
intensities are monitored and the currents are differentiated electronically in 
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order to obtain profiles of the two beams in two dimensions, the effective 
callision area subsequently being determined12• The ion beam is deflected 
electrostatically into a Faraday cup and the neutral species resulting from 
collisions in the interaction region pass undeflected to be collected on a surface 
harrier detector. Neutral species formed via interactions between the ion beam 
and the background gas are distinguished from those arising from electron-ion 
collisions by modulating the electron beam and counting the signals in and out 
phase with the modulation. The true signal is the determined by substraction. 

The callision cross section a is determined using the fonnula 
c ,z IV .... , ••. , 

a • ,. ' • F 
11l,L 1 v-; - v~ 1 

(8-1) 

where C,. is the neutral count rate; 1 is the electtonic charge; 11, v1, 1, andv, 
are the ion and electron currents and velocities, respectively; L is the length 
of the interaction region; and F is the effective collision area, sametimes 
known as the fonnfactor. The collision energy in the center-of-mass frame is 
obtained froin 

Ecm • ({E. -.fE.t (8-2) 

where E+ ·E1m,/m1 is known as the reduced ion energy. In practice, the ion 
energy is held fixed and the electron energy is varied in order to measure the 
cross secdons as a lunetion of center-of-mass energy. Recent studies13•14 of IJ1 
recombination made using this apparatus have shown that the energy resolutions 
is better than 5 meV. The ion- and electron-beam currents used in this 
measurement were typically 1"'10"11 A and 30 !-lA, respectively. 

The surface harrier detector is energy sensitive and so is capable of 
distinguishing a single deuterium atom arising from dissociative excitation and 
carrying a third of the total beam energy from a triplet of deuterium atoms or 
a deuterium atom-molecule pair arising from dissociative recombination. 

8.4 Results and Discussion. 

Measured cross sections for the dissociative recombination of o; are 
shown in tigure 8-1. The results taken from ions produced using a low souree
extraction potentlal display two distinct resonance structures which are probably 
due to the influence of vibrationally excited levels of neutral Rydberg states 
lying just below the ion ground state. Such resonances have been seen by us 
in the case of ~ [IJ-l4l HeW [lO] and Ni [llJ although they were not appa
rent in our work on Hl· They have also been predieled theoretically in calcula
tions for-~ [IS·17l, CW f18l and No+ [191, It bas been our experience that 
such resonances are only seen when the ions are in very low vibrational states. 
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Figure 8-1: Cross section for the dissociative recombination of D/. ( • low-extraction results, 
see text; 0 high-extraction results; ,. radiofrequeney souree results.) 

Previous work in this laborat~·9 bas shown that, when operated in 
the low-extraction-potential mode, the ion-trap souree is capable of producing 
Hj ions that are all in the v=O level. It is expected therefore that this also 
applies to this measurement and that the results shown as solid circles in 
figure 8-1 refer to v =0 i ons. The technique used to measure the internat 
energy of the Hj ions was to examine the position of the threshold for the 
dissociative-excitation reaction 

(8-3) 

The reaction is studied by measuring the yield of the hydrogen atoms as a 
function of energy. The threshold for this reacri on is predicted to occur at 
14.9 eV, and this is exactly where the onset was observed to occur for ground 
state ions, although it was found that there were several resonant structures in 
the vicinity of this threshold. These resonances are presumably due to the 
temporary formation of a neutral resonance state lying in the vicinity of the 
excited-ion state. They have been discussed in more detail in reference 1. 

In the present work, the same reaction was studied for o;. the yield 
of the deuterium atoms being monitored. The results are shown in figure 8-2. 
Here the situation is much more complicated. There is a wealth of resonances 
extending down to about 11 e V and it is not clear exactly where one could 
define a threshold for the direct-excitation process. Thus the exact internat 
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Figure 8-2: Dtssoctative excl.tation cross sectionfor D/. 

energy of the n; ions cannot be detennined. Given our experience with Iq. 
however, it can be sunnised that they are in the v=O level. 

Also shown in tigure 8-1 are cross sections for n; recombination, 
obtained using the ion-trap souree in a high-extraction condition and using ions 
produced from a conventional radiofrequency ion source. It can be seen that 
the ion-trap high-extraction results lie just below the cross sections measured 
using a radiofrequency source. This was also found for Iq in reference 9, 
where it was reported that there were no operation conditions where the ion
trap souree produced results as high as those obtained using a conventional 
radiofrequency source. It is intriguing to note that there is evidence for the 
resonance at 100 meV appearing in these results as well as in the low 
extraction measurements. 

In tigure 8-3, cross sections obtained onder low-extraction conditions 
using the ion-trap souree and using a conventional radiofrequency souree are 
shown for Iq and n;. It is very interesting to note that at low energy, the 
low-extraction ( v=O) cross sections agree very closely, while the results 
measured using the radiofrequency-source-produced ions differ by about a factor 
of 2. Previously7, this difference bas been ascribed to an isotope effect that 
altered the recombination efficiency for the two ions. The data presented in 
tigure 8-3 indicate that in fact this is not the case and that the difference in 
the radiofrequency cross sections is due to differing excited-state populations 
in the two ion beams. Table 8-1, taken from the work of Anicich and 
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Ftgure 8-3: Cross sectlonsfor the dlssoclallve recombination of D3 + (0 low-extractton results; 
v radlqfrequency-source results) and Ht (" low-extractlon results; • high· 
extraction results). 

Futtell20, lists the calculated population distribution of the vibrational energy 
for ~ and o;. Also listed are the energies of the various levels. 

It can be seen that the level spacing for o; is much less than that for 
~· This leads to a wider distribution of populated vibrational states with less 
concentration in the lower states and more in the higher. Blakley, Vestal and 
Futtell21 sbowed that the deactivation rate for ~ ions in low vibrational states 
was much smaller than previously believed22•24• Thus for low v but v;;::2., the 
deactivation rate is about 1•10·11 cm3s·1• while for v=l, the rate is closer to 
1*10"'12 cm3s·1• The calculated residence time for the ions in the conventional 
radiofrequency ion souree used in our measurements is about 35 IJ.S. At an 
operating pressure of 10 Pa of hydrogen, this time is insuffi.cient to eosure de
activation of such levels and so it is expected that this souree will indeed 
produce ions in a range of vibrational states. This prediction was confirmed by 
dissociative-excitation studies9• In the ion-trap source, the residence time is of 
the order of rnilliseconds and it is possible to de-activate the ~ ions and 
again this has been demonstrated3•9• Given the greater population of the higher
lying vibrational states in 03, it makes sense that these would be more rapidly 
de-excited, teading overall to a o; beam containing a lower population of 
excited states. This would explain the lower measured cross section for the 
radiofrequency-produced o; ions given that the cross section is seen to decline 
with decreasing vibrational quanturn number. 
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Table 8-1: Populations and energies of the vibrational states of JG' and 
o; formed from Jii-H2 and o;-02 reaelions (From Anicich~ 

V H+ 3 o+ 3 

Population Energy (eV) Population Energy (eV) 

0 0.0341 0.0 0.0106 0.0 

1 0.0919 0.372 0.0290 0.261 

2 0.1601 0.744 0.0556 0.522 

3 0.2197 1.116 0.0853 0.783 

4 0.2303 1.488 0.1156 1.044 

5 0.1387 1.860 0.1424 1.305 

6 0.0796 2.232 0.1587 1.566 

7 0.0299 2.604 0.1483 1.827 

8 0.0109 2.976 0.1146 2.088 

9 0.0037 3.348 0.0672 2.349 

10 0.0010 3.720 0.0396 2.610 

11 0.0001 4.092 0.0187 2.871 

12 0.0083 3.132 

13 0.0035 3.393 

14 0.0014 3.654 

15 0.0001 4.176 

A second interesting observation in figure 8-3 is the fact that above a 
few tentbs of an electronvolt, the JG' and o; low extraction results diverge, the 
latter merging with the high extraction results. In other words, at these 
energies, the cross section i.s independent of the vibrational state. 
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CHAPTER 9 

RADIATIVE RECOMBINATION OF PROTONS 

9.1 Spontaneons Radiative Recombination of Protons. 

The formation of a hydrogen atom out of the recombination of a proton 
and electron in free space is a typical example of spontaneous radiative 
recombination, and can represented by: 

H++e- ... H(n)+hv (9-1) 

Equation 2-13 yields a cross section for this reaction of about w-20 cm2 for 
the formation of hydrogen atoms with a principal quanturn number of 10, at 
10 me V collision energy. The number of atoms produced in a merged-beam 
apparatus by radiative recombination is therefore very small. This recombination 
rate is negligible, compared to the production rate of atoms in charge exchange 
collisions with background gas. Charge exchange leads mainly to the formation 
of neutral atoms with low n-values. So applying a field ionization technique 
improves the. signal to background ratio, allowing the spontaneous radiative 
recombination cross section to be measured. 

Figure 4-8 illustrates the experimental setup, for measuring spontaneous 
radiative recombination. In the interaction region, the electron and proton beam 
are merged. The formed hydrogen Rydberg atoms pass through a field ionizer 
(number I in table 4-1), while the ions are deflected into a Faraday cup. Atoms 
with n~8 are ionized in this stripping field. These secondary ions are deflected 
by a set of parallel plates onto a surface harrier detector. 

At the entrance of the interaction chamber, apertures physically limit 
the ion-beam diameter to 0.75 mm. The divergence of the primary-ion beam 
causes the neutral beam to be partially scattered in the field ionizer. A 
correction factor for this reduction is determined experimentally. The ion 
current on the primary-ion cup is compared with the current at the position of 
the on-axis detector, when the electtic fields in both beam deflectors and 
ionizer are removed. (For this calibration the detector is replaced by a Faraday 
cup.) The latter ion beam passes through the field ionizer under identical 
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conditions as the reaction products do, during a cross section measurement. 
This straight through current is S6% of the primary-ion current. The same 
percentage of the neutral beam of recombination products is scattered in the 
ionizer, and will be lost for detection. All measurements are corrected for this 
decreasè. 

Stripped Rydberg atoms are energy discriminated; so atoms scattered 
in the ionizer can be electronically eliminated. Furthermore, aluminum sereens 
between the interaction region and the detector prevent scattered particles from 
reaching the detector. 

The radiative lifetime (for decay to a level below n=8) of the various 
hydrogen Rydberg atoms is listed in table 9-1. Under the experimental 
conditions, the drift time from the interaction region to the field ionizer is in 
the on:ler of 0.1 j.LS. The 1ifetimes show that less than 1% of the excited atoms 
decay before reaching the field ionizer; so correction of the cross sections is 
not required. 

Table 9-1: Radiative 'lifetimes' of hydrogen Rydberg atoms with principal 
quanturn number n. 

lifetime • lifetime • n n 
(j.LS) ( j.LS) 

8 0.83 14 14.3 

9 0.95 15 20.4 

10 2.47 16 28.4 

11 4.10 17 15.7 

12 9.60 18 51.6 

13 9.78 19 67.9 

• The lifetime in this table is defined as: r(n) ·(I:/ _
1 
A",r1• This is the 

time to decay (directly) to a level below n=S, sine~ the Rydberg atoms 
with n<8 are undetectable for field ionization. (Source: Wiese1) 

The cross section ( 0:.:> for the spontaneous radiative recombination of 
protons and electrons, into a Rydberg atom with 8SnS19, bas been measured 
as: 

0:: - 4.2:1.4 Jo-1' cm2 

0:: - 1.4:0.7•10-19 cm2 
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at E"' • 5.3 msY (9-2) 

at E"' • 23.3 m1Y (9-3) 



The lower limlt for the prlnolpal quanturn number is set by the maximum field 
obtatnable In the ionizert whtch allowa atrtppina of n~S. The upper limit ia 
detemûned by the electric fields in the MBmB apparatus. whtch strip Rydberg 
atoms with n~19, and these ions wilt not reach the field ionizer. The 
experiment with laser stimulated radiative recombination (see section 9.2.1) 
prescribes the choice of the collision energy, E_. The theoretical cross sections 
calculated by using Bethe's equation2, are 4.83*10-19 cm2 and 8.81 *10-20 cm2 

respectively. Within the experimental uncertainties the theoretical and 
experimental cross sections agree. 

9.2 Stimulated Radiative Recombination of Protons. 

9.2.1 Experimental Considerations. 

Radiative proton-electron recombination can be enhanced by illumi
nating the colliding particles with photons. Figure 9-1 shows the results of a 
simulation of the stimulated radiative recombination cross section as a function 
of collision energy. In this calculation the wavelength of the photons remains 
fixed at 10.6 p.m (photon energy of 118 meV). The diagram illustrates that 
each Rydberg level is projected on the energy scale. The dasbed line at 
118 me V arises from the i ooization limit. 

0 

n=ll 

n=12 

13 

25 

14 

50 75 100 

Center-of-Mass Energy (me V) 

125 

Figure 9-1: Calculated spectrum of the stimulated radiative recombination cross section of a 
proton and electron withfixed photon energy of 118 meV (J..=l0.6*10-6 m). 
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The stimulated recombination measurements are performed using the 
same experimental setup as the spontaneons measurements. The interaction 
region is, however, illuminated. 

The wavelength of the photons is determined by the Rydberg state, into 
which the electroos are to be pumped. The choice of the principal quanturn 
number is limited by the experimental conditions. The most important 
considerations are: 
1) The cross section for stimulated recombination deercases as 1/n (at low 

collision energies). 
2) The ratio between the electron recombination rate and the charge exchange 

rate improves proportional to n2 • 

3) The field ionizer can strip Rydberg atoms with a minimum value n=8. 
4) The maximum principal quanturn number is about 20, since the fields 

inside the apparatus ionize and deflect Rydberg atoms with higher 
n-values. 

5) The cross section deercases inversely proportional to the collision energy; 
so a low interaction energy is preferred. 

Due to the de-nature of the MEIBE apparatus, only a continuons light 
souree utilizes the full power of the technique. A practical solution is a 
C02-laser. A high intensity mono-energetic pboton beam is obtainable at 
several wavelengtbs from 9.2 to 10.7 llm (0.13-0.11 eV). At low Collision 
energies, recombination into Rydberg states with principal quanturn numbers 11 
and 12 can be achieved. 

9.2.2 Illumination of the Interaction Region. 

In the stimulated radiative recombination experiment, a 55 W 
continuons mode C02-laser (Apollo model 550A) illuminates the interaction 
region. The wavelength is measured with an infrared-monochromator (typically 
3% accuracy). The TEM-mode is determined by observing the beam intensity 
profile, with luminescence plates. Both the wavelength and mode determination 
are performed before and after each cross section measurement. 

The laser is installed parallel to the ion beam, outside the vacuum 
cbamber. A mirror reflects the pboton beam 90 degrees and before entering the 
chamber, the beam is focused to a narrow parallel beam. The focusing system 
consists of a concave (/"" 1.0 m) mirror and two lenses (/""0.05 m). A parallel 
beam simplifies the alignment. and allows a more accurate measurement of the 
overlap of the three beams. The pboton beam can be adjusted vertically, to 
interseet the partiele beams. 
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The pboton beam enters and exits the chamber through zinc-selenide 
windows. Por practical reasons these windows are not mounted at the Brewster 
angle, and a correction for the reflection and transmission losses is required. 
To obtain this coefficient, the laser beam intensity bas been measured before 
and aftèr the interaction chamber. The intensity between the two windows 
(when intersecting with the merged beams) can so be detennined, since the two 
windows are identical. The measured transmission is 86% for each window, 
agreeing with the 85% specified by the manufacturer. 

Por the stimulated recombination measurement a laser line just below 
10.6 11m is selected. This speetral line bas a high intensity and keeping the 
laser in the TEMoo-mode (giving a single focusing point) is relatively easy. 

Especially during warm-up, the pboton wavelength tends to drift from 
the pre-set value, and mode switching occurs. This can be controlled by tuning 
the laser cavity. The angle of the diffraction grating can be changed manually 
with a micrometer. Over a small range, this grating can also be rotated with 
piezo-electric elements. A microcomputer system optimizes the output power 
of the laser, by awusting the grating using these piezo-elements. An 
optimization program tunes the cavity continuously to maintain maximum 
power, which makes jumping modes and drifting of the wavelength virtually 
impossible. 

Outside the reaction chamber, the pboton beam intensity is monitored 
with a power meter (Coherent radiation laboratories; model 201). The computer 
optimization program also includes a routine for integrating the laser power. 

9.2.3 Beam Alignment and Oyerlap. 

Stimulated radiative recombination is a reaction, where three partiele 
beams interact. Absolute cross section measurements require information of the 
overlap of these three beams. Therefore, the intensity profile and the relative 
position is measured for each of the beams. 

The C02-laser is operated in TEMoo mode, so the output intensity 
proftle is Gaussian. Just before entering the interaction region as well as just 
after the exit, the pboton beam intensity proftie is measured. In two directions 
a pinhole is scanned through the laser beam, the transmitted beam through the 
0.45 mm diameter aperture is measured with a power meter (Scientech: model 
362). The laser beam intersects the ion beam in the middle of the two scan 
positions, therefore the pboton beam proftle in the interaction region is the 
average of the profiles found at each window. Pigure 9-2 shows the de-
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Beam Position (rnm) 

Figure 9-2: Laser beam intensity profile in the interaction region. 

convoluted pboton beam profiles in the interaction region. Due to the focusing 
system, the beam is no Jonger Gaussian or symmetrie. The width of the 
intensity profile in the horizontal direction is 1.4 mm. The laser beam is 
crossed with the merged electron-ion beams, so the length over which all three 
beams are present is the width of the pboton beam: 1.4 mm. 

The diameter of the ion beam in the interaction region is not directly 
measured, but can be determined from the divergence measurement. In the 
interaction region, the diameter of the ion beam is 1.2 mm. 

The electron-beam profile varles slightly over the length of the 
interaction region. From the electron-ion scanners (see section 3.7), the profile 
can be reconstructed. The typical electron-beam width is between 1.5 and 
2.0 mm. 

The relative position of the electron and ion beams is also measured 
with the knife-edge scanners. The position of the pboton in relation to the 
charged partiele beams, is not directly measured due to extensive experimental 
difficulties. The merged electron-ion beam and the pboton beam are both 
almost horizontal. The pboton beam can be vertically adjusted until the beams 
fully overlap, which is detected by the increase of the reaction products. The 
vertical alignment is optimized and in the calculations a maximum overlap is 
assumed. Once obtained, the MEffiE apparatus is extremely stabie and the 
alignments can be maintained without alteration during an experiment 

Since the ion beam is completely imbedded in the electron beam, the 
overlap of the three beams can be approximated, by that of the photons and 
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ions. The percentage of the pboton beam intersecring with the electron-ion 
beams is 61%. 

Electron-ion recombination products are aligned with the field ionizer 
and the surface harrier detectors, by maximizing the number of reaction 
products colleeled on the detector. Oood alignment feduces scattered particles, 
which could lead to a higher background count rate or false signals. 

The neutral beam can be aimed through the ionizer aperture, by 
adjusting the primary ions (and adjusting the electrons, to maintain a good 
overlap). Radiative recombination rate is too low for optimizing the beam 
alignment, instead the dissociative recombination si~ of fli-ions is used. The 
catbode voltage is not adjusted for this alignment §. 

Rydberg atoms formed in the interaction region, can be ionized in the 
field ionizer. The resulting ions are deflected onto an off-axis surface harrier 
detector. Determining this deflector field is a lengthy process, since the number 
of particles is very low. The field is determined by optimizing the signal-to
background ratio on this off-axis detector. After each neutral beam collimation, 
the best deflector voltage is determined. 

9.2.4 Observation Stimulated Radiative Recombination. 

The observation of the stimulated radiative recombination af protons 
and electroos is described by Yousit4, included as chapter 10. This section 
describes a more detailed analysis of the measurements (figures 10-1 and 10-2). 
These two figures illustrate the resonant behaviour of the laser stimulated 
process, for the production of hydrogen Rydberg atoms with n=11 and n=l2, 
respectively. 

The width of the peaks is limited by the resolution of the MEffiE 
apparatus. The full width half maximum is 0.3 and 0.6 meV for n=ll and 12, 
respectively. To reduce the statistica} errors in the measurements, long 
collection times are required, so the narrow peaks underline the stability of the 
MEIBE apparatus. 

The cross section plotted in the diagrams is the total of spontaneous 
and stimulated radiative recombination. The interaction length of both processes 

§ When 185 eV electroos collide with 330 keV protons, the center-of-mass energy is several 
milli-electronvolt If, however, the ions are Ui {330 ke V), the same electron energy leads to a 
collision energy of about 15 eV. Even at this energy, the dissociative recombination rate is 
sufficiently large, to be measured within minutes. 
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is, bowever, different. The interaction length stimulated recombination is 
1.4 mm, for the spontaneous process the total merged-beam length is 86 mm. 

From the peaks in figures 10..1 and 10-2, the cross sections for the 
stimulated recombination into the n=ll and n=12 Rydberg levels can be 
calculated as: 

d'fz - 7.0*10-17 cm2 

tlfz - 5.9*10-17 cm2 
(9-4) 

Under present conditions, the spontaneons recombination cross section 
for a single Rydberg state is too small to be measured. The accumulation of 
the spontaneons cross sections (a'!:> for n=8+9+10+ .... +19 can be measured 
(see section 9.1). Using the theoretica! value for dhfo:C the spontaneons cross 
section of one single Rydberg state can be calculated. Using this ratio, instead 
of a direct cross section calculation, bas the advantage that all three theoretical 
models predict the same ratio. 

dhld'!c - 0.0968 

- afzla'!: - 0.0891 
(9-5) 

For capture into n=11 or 12, the spontaneons cross section can tbus 
be calculated using the experimental data presenled in section 9-1 and the 
theoretica! ratio from equation 9-5. The result is: 

db - 4.1 *10-20 cm2 

~ - 1.2ûo-20 cm2 
(9-6) 

The gain due to the stimulating pboton can be calculated as the ratio of 
equations 9-4 and 9-6. 

Gu - 1700 (9-7) 
G12 -4700 

lf the laser power and energy resolution is known (see equation 2-22), 
the theoretica! gain can be calculated. lnside the interaction region, the laser 
power for n=11 is 12.6 and 15.3 W for n=12. The overlap of the beams is 
numerically computed, after wbich the theoretica! gain for both Rydberg states 
can be calculated: 

G11 - 4100 (9-8) 
G12 - 1700 

Equation 9-7 and 9-8 differ a lot, but the uncertainties in both equa
tions are significant. Due to the statistica! errors in the measured cross sections, 
the uncertainty in the experimental gain is about 50% (Yousif). The determi
nation of the overlap of the three beams and the definition of the resolution 
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introduce an error in the theoretica! gain. The estimated uncertainty is simHar 
to that of the experimental gain. A second experiment is planned, to determine 
if gain for n=ll is larger or smaller than that of n=12. In this experiment. the 
effective interaction length will be increased by multiple passes of the pboton 
beam, reducing the uncertainties in the experiment. The installation of a pboton 
beam scanner mechanism will reduce the theoretica! uncertainty. 

9.3 Workfunction from Laser Experiments. 

The center-of-mass energy scale in both diagrams 10-1 and 10-2 bas 
been calculated. In the actual experiment. a resonance in the cross section is 
measured at a eertaio catbode voltage. The calculations and assumptions to 
attach such an accurate energy calibration will be discussed in this section. 

Section 3.5 describes the calculation of the center-of-mass collision 
energy if the workfunction, catbode voltage and ion energy are known. For the 
stimulated radiative recombination, the pboton energy bas to be known as well. 

The workfunction, V-*' has a relatively large uncertainty, while the 
ion energy is accurately calibrated (section 3.4). By scanning the laser 
frequency, the speetral line can be identified as part of the 10.6jlm-band 
structure. The experimental values for these three quantities are: 

A - 10.6 :t 0.3 pm 
E1 - 331.25 :t 0.5 keV (9-9) 

v_,.1 - 4.5 :t 0.6 v 
These measurements allow identification of the Rydberg state, into 

which the electroos are pumped. A more accurate energy scale can be attached, 
by using an alternative approach. 

For the laser assisted recombination, the following relation must be 
satisfied: 

(9-10) 

wbicb can be rewritten as: 

he ( ~ . }2 hv0 
~- \J"'W;s-VVcat~~-V-w + n2 

(9-11) 

wbere c velocity of light in vacuum. V cati is the catbode power-supply voltage 
and h v0 is the i ooization energy of atomie hydrogen from n = 1. 

Two stimulated radiative recombination peaks have been measured, so 
equation 9-11 bas to be fulfilled twice. This leads to two equations with three 
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unknown variables. The unknown variables are: the workfunction, the pboton 
wavelength and the ion energy. Under present experirnental conditions obtaining 
a third equation is difficult, since n=lO is out of reacb, because of the low 
laser intensity at the required wavelength. n=l3 is difficult to measure, because 
the kinematic factors reduce the cross section for increasing principal quanturn 
number fast. 

The ion energy is known one order of magnitude more accurate than 
the other two quantities. If the measurement of ion energy, E1=331.25 keV, is 
assumed accurate§, a more precise wavelengtil and workfunction can be 
calculated as: 

A - 10.535:t0.004 pm (9-12) 
V 1IIDii - 4.24 :t0.28 Y 

The uncertainties listed in equation 9-12 are calculated by introducing the ion
energy fluctuations into the computations. 

In the spectrum of a C02-laser, one of the brigbt lines in the 
10.6 p.m -band is 10.534 !J.m [SJ. So tbe solution falls witbin expected range, 
even though the computed workfunction is almost one standard deviation below 
the previous measurements. 

This metbod of determining the workfunction is the most accurate 
described in this work (section 3.5). The calibration is bowever, impractical due 
to the extremely long data colleerion times. 
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CHAPTER 10 § 

EXPERIMENTAL OBSERVATION OF LASER 
STIMULATED RADIATIVE RECOMBINATION 

10.1 Abstract. 

Spontaneous radiative recombination between protons and electrons to 
fonn hydrogen atoms with Ss;ns;t9 bas been measured. C02-laser light bas 
been shown to induce stimulated radiative recombination to the n=ll and 12 
levels with an inferred gain in the cross section of 1720 :t: 860 and 4790 ± 2830 
for a laser power of 12.6 and 15.3 W, respectively. This is in line with that 
predieled theoretically. 

10.2 Introduction. 

When a thermal-energy electron makes a close collision with a free 
proton, durlog a very short interval (-10·15 s), the system can have the 
contiguration of a bound electron moving in an excited Bohr orbit around the 
nucleus. lf, durlog this interval, this quasi hydrogen atom undergoes a transition 
down to a lower orbit, emitting a photon, then the energy of the electron may 
be insufficient to escape and the recombination process is stabilized. This is 
known as radiative recombination and is in fact a very low-probability process 
since the characteristic time for radialion emission is of the order of 1 o-9 s. 
Usually, the electron will simply be scattered by the proton and continue on 
its way. 

Bethe and Salpeter1 derived the following expression for the radiative
recombination cross section for capture into a given state with principal 
quanturn number n: 

§Reprint from Physical Review Letters, volume 67, 1 July 1991 (pages 26-29). Authors: 
FB. Yousif, PJT. Van der Donk, Z. Kucherovsky, J. Reis, E. Brannen, JBA. Mitchell and 
TJ. Morgan 
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E2 
a - 2.1 *Jo-n cm2 ----=0

'-----
nEc".(E0+n2E_) 

(10-1) 

where EC1ft-~mv!,. is the kinetic energy of the electron and E0 is 13.6 eV, the 
ionization potentlal of the n=l level of atomie hydrogen. The frequency v of 
the stahilizing pboton is given by 

hv - .!mv 2 + Eo 
2 - n:z 

(10-2) 

If the electton-proton collision takes place in an intense pboton field, 
then it is possible that the stahilizing transition can be pumped by pboton 
impact In other words, stimulated emission of the stabilizing pboton can occur 
with the frequency of the pumping and emitted photons being the same. This 
process, referred to as laser stimulated radiative recombination can be expressed 
as 

H+ + e- + hv .. H(n) + 2hv (10-3) 

and leaves the hydragen atom in a particular n state determined by the 
pumping pboton frequency. Neumann et a1.2 have examined this process and 
its possible application to the production of atomie anti-hydrogen. They have 
given an equation for the ratio of the stimulated recombination rate over the 
spontaneous rate: 

astim Pc2 

G-------- (10-4) 
a"_ F IJ v81rhY 

where P is the laser power in watt, F is the cross sectionat area of the laser 
beam and v is the laser frequency. (This equation assumes that there is 
complete overlap between the laser beam and the electton-ion interaction 
region.) In order to stimulate a given electton to recombine with a proton~ the 
pboton frequency must match the frequency of the pboton which would be 
emitted and this is the sum of the binding energy of the level into which the 
electron capture is to occur and the kinetic energy of the electron, as given by 
equation 10-2. 

In practice, the frequency spread of the laser will be much smaller than 
the energy spread of the electroos in the center-of-mass frame of reference and 
so the IJ v term in equation 10-2 will be dominated by the electron-velocity 
spread, IJ v c•: 

mv_ 
IJv- --IJv 

h • 
(10-5) 

In the experiment reported bere, a C02-laser is used to stimulate the 
recombination of electroos and protons colliding at low energies in a merged
beam configuration. The center-of-mass callision energy is given by 
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10-6 

where 8 is the intérsection angle between the two beams, E. is the electron
berun energy and E".. the reduced ion energy, is given by E".-E1m.Jmi'E1 
and m1 · being the ion energy and mass and m. being the electron ma8s. If 8 
is small then cos8,.,1-*82 and equation 10-6 can be written as 

ECIII - (/E. -{F:Y + JE.E".82 (10-7) 

By differentlating this equation with respect to E"., E. and 8, it is 
possible to derive an expression for the uncertainty in the center-of-mass 
collision energy: 

.dEcm·((l-JEJE. )
2 
.dE; +(1-JE.fE .. )

2 
.dE! +4E.E".82.d82)

112 
(10-8) 

It can be seen that when E.-E .. , the fust two tenns go to zero and the 
uncertainty is determined mainly by 8 and .d8. Using well-collimated beams 
and careful alignment, these quantities can be made very small and so in 
principle the merged-beam approach can produce very high energy-resolution 
measurements even though the uncertainties in the electron and ion energies are 
quite large. Calibration of the center-of-mass energy was performed using a 
procedure described in reference 3. 

A discussion of this experimental metbod and its relationship to anti
hydragen production has been given in previous reviewé-6• 

10.3 Experimental Technique. 

The merged electron-ion-beam apparatus has been described in detail 
elsewhere7• A proton beam of w-8 A is produced using a radiofrequency 
souree mounted in the terminal of a 400 keV Van de Graaff accelerator. The 
ions are mass analyzed and injected into the collision chamber where they are 
deflected to eliminate neutral atoms formed in the beam line. An indirectly 
heated barium-oxide catbode emits a 100 11A electron beam which is merged 
with the protons using a trochoidal analyzer. The two beams interact over a 
distance of 8.6 cm, the overlap being measured at two points along the 
merging region using scanners which interseet the beams horizontally and 
vertically8. After the interaction region the ions are electrostatically analyzed 
and the protons deflected into a Faraday cup. 

The neutral hydrogen atoms formed in the interaction region, due to 
both electron-ion recombination and charge exchange with the background gas, 
pass undeflected into the static electric-field ionizer which consists of two 
highly polisbed alominurn surfaces separated by 1.0 mm, each with an aperture 
of 1.2 mm diameter. This device can generale an on-axis electtic field of up 
to 1.5*107 vm-1 along the axis of the beam which is high enough to ionize 
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atoms in excited Rydberg states with n~7. Ions produced by field ionization 
are then deflected onto a surface harrier detector. Much attention bas been 
taken to eliminate neutral atoms not formed by electron-ion recombination. 
Charge exchange with the background gas is minimized by maintaining the 
pressurè in the chamber below 10-8 Pa and a high primary-ion-beam energy 
(330 ke V) is used so that the total charge exchange cross section is low 
(-5*10-20 cm2). Furthermore, the principle bebind this measurement is to 
examine the formation of hydrogen atoms in high-n states using the field 
ionizer and this forther reduces the background since the charge-exchange cross 
section into a particular n state scales as "-3• 

Multiple apertures inside the chamber minimize the chance of scattered 
particles hitting the detector. Fmal discrimination between background and true 
electron-ion signals is achieved by modolating the electron beam and counting 
the detector signal in and out of phase with this modulation. The background 
count rate is very low {typically 5 counts/ minute) but given the small cross 
sections being measured, counting times of up to 24 hours per point are 
required to reduce statistica! errors to acceptable levels. 

The beam from a 20 W C02-Iaser, operateel in cw-mode {TEM'oo) at 
a wavelength of 10.535 J.Lffi, is reflected into the collision chamber through a 
zinc-selenide window. It is crossed at right angles with the merged ion-electron 
beam in the interaction region and then exits through a second window. A 
computer-controlled feedback system assures that the laser remains tuned on the 
desired wavelength. By measuring the laser-intensity profile, with a two
dimensional scanning pinhole, just before and after entry, the divergence of the 
beam can be determined and losses due to transmission through the windows 
can be corrected for. 

10.4 Results. 

The ionizer was operated with an on-axis field of 1.05*107 vm-1 so 
that hydrogen atoms with n ~8 would be field ionized. The resulting proton 
signal was counted as described above. Prior to arriving at the field ionizer, 
however, the atoms had to pass through the charge state analyzer where the 
field was 2.4*lo5 vm·1, which is sufficient to field ionize atoms with n~l9, 
so that they did oot arrive at the field ionizer. A length of 1.4 mm of the 
interaction region was illuminated by a 10.535 J.Lm beam from the C02-laser 
and the absolute value of the effective recombination cross section was 
measured as a function of center-of-mass energy. [Since the measured 
stimulated recombination cross sections are a function of laser power, 
illumination, distance, etcetera, they are referred to as effective cross sections. 

page 112 



20 

-N 

E 
15 0 

0\ -

I 
b 

I ....... 
'-" 

5 10 

I ·:::: 

I 
0 
V 
til 

I 
fll 

5 î fll 
0 .... 

(.) 

0 
5.00 5.25 5.50 5.75 6.00 

Center-of-Mass Energy (me V) 

Figure 10-1: Measured ejfective electron-proton recombination cross section, with •laser on 
and D laser ojJ. The peak at 5.33 meV corresponds to stimulated recombination 
to the n=ll level. 

In the absence of the laser beam (and off resonance), the cross sections are 
absolute.] The results are shown in figures 10-1 and 10-2. 

The peak in the effective cross section in figure 10-1 at 5.33 meV is 
due to the enhancement of the recombination to the n=ll level of atomie 
hydrogen, by the stimulated emission of radialion induced by the laser beam. 
This enhancement only occurs when the resonance condition given in 
equation 10-2 is satisfied. The widdt of 1he peak. (0.5 meV) reflects the energy 
resolution of the experiment Figure 1()..2 shows the same process occurring for 
the n=l2 level. Here, the peak width is 0.7 meV. The ion energy used for 
these measurements was 330 keV. In order to achieve such a high energy 
resolution, equation 10-8 indicates that 8 and ..4 8 must be less than one-tenth 
of a degree. Off resonance, the measured cross sections are for the spontaneons 
radiative recombination of protons and electroos to form H(8SnS19) and the 
peaks are superlmposed upon this background process. The data points shown 
as squares indicate measurements that were taken with the laser beam off so 
that there was no stimulated contribution. 

Using equation 10-1, the calculated values for u8ptlft(891:d9) are 
4.92*10·19 and 9.41 *10-20 cm2 at 5.33 and 23.3 me V, respectively. The corres
ponding measured values are (4.2 1.4)*10·19 and (1.4:t::0.7)*10-19 cm2• 
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Figure 10-2: Measured effective electron-proton recombination cross section, with •laser on 
and D laser of!. The peak at 23.3 meV indicates stimulated recombination to the 
n=l2level. 

Considering the difficulty of measuring such a small cross section, the 
agreement can be considered to be very good. The peak values of the cross 
sections, including the stimulated contributions are (15.9 :t 3.8)*10"19 and 
(11.2:t3.0)*10"19 cm2• Subtracting the spontaneous recombination contribution 
to the cross section in each case yields effective stimulated recombination cross 
sections of (11.7 :t4.0)*10"19 cm2 for n=ll and (9.8:t3.1)*10"19 cm2 for n=l2. 
Equation 10-1 shows that u8J.IOII(n)/a.IJ'Ofl(8~nd9) are OJNl and 0.089 for n=ll 
and 12. Using these ratlos and the measured values of u8Jl011(8~s19) at 
5.33 and 23.3 meV, one obtains corresponding values for u.!J!O!I(n-11) 
and u.IJ'OII(n-12) of (4.2::t: 1.4)*10"20 cm2 and (1.25::t:0.6)*10"20 cm2• Taking the 
ratio u811m/a8J.IOII gives 28::1:14 for n=ll and 78::t:46 for n=12. The laser beam, 
however, has a full width half maximum diameter of 1.4 mm and this 
intersects the interaction region (length 86 mm) at right angles. The stimulation 
only applies therefore to the small overlap region. If the entire interaction 
region had been illuminated, the resulting gains would have been 1720 :t 860 
and 4790 ::1:2830. The large errors are due to statistica! errors in the 
measurements of the cross sections. 

The laser powers used were 12.6 W and 15.3 W for the measurements 
in figures 10-1 and 10-2, respectively. Using these figures, equation 10-3 
prediets gains of 2388 and 1139, respectively. Given the uncertainties 
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associated with matching the proflies of the three beams, the agreement 
between the predicted and measured gains can be assumed to be reasonable. 

Neumann et ai.3 have discussed the consequence of using too much 
laser power. This would result in the re-ionization of the recombined atom by 
the impact of a second photon. This phenomenon becomes important if the 
pboton flux f~('rupi)-1 , where -r is the exposure time (or the lifetime of then 
state, whichever is shorter), uph is the photo-ionization cross section, and 
f•P/Fhv. In our experiment -r=0.1 ns and f=3*1022 photons cm·2• Since 
uph=7.7*10"17 cm2 for 10.535 p.m photons interacting with the n=ll level of 
atomie hydrogen9, the maximum photon flux before re-ionization can be 
problematic, is -1024 photons cm·2. This phenomenon has little effect on our 
results. 

Clearly, there are many improvements that can be made to this 
experiment, the most important being to modify the apparatus so that the entire 
length of the interaction region can be illuminated by the laser beam. The data 
in figures 10-1 and 10-2, however, clearly show that laser stimulated radiative 
recombination has been demonstraled in the fundamental electron-proton system. 
Analysis of these data indicates that, even with moderate laser powers, one can 
obtain several thousandfold enhancements of the recombination cross sections 
to moderately high-n states. One can envisage that this new atomie collision 
process will have numerous applications, including perhaps the modification of, 
and diagnosis of, the physical and chemica! state of ionized media. 
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10.6 Note Added. 

The authors have been informed that laser-stimulated radiative 
recombination to the n=2 level of atomie hydrogen bas been observed by 
Schramm et al.10• 
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APPENDIX 

Symbols and Numerical Constants. 

In this thesis many parameters, variables and labels are used. Most of 
these are referred to by one or a · few characters. It bas been attempted to use 
symbols which are self explanatory. Although few exceptions exist, the same 
symbols have been used throughout this thesis. A list of the frequently used 
abbreviations is given below. 

.A/B 

.A 'lB + 

.A+ 

.A *(•) 

B 
c 
c 
c" 
co" 
CM 
d 
DE 
DR 
e 
e 
eV 
ECIII 
Eet, 
Eo 
Es 
E+ 
I 
FC 
Fl 
h 
Hz 
1.;; 
i.;; 
J 
k 
keV 

: Einstein coefficients for spontaneous and indoeed emission 
single charged positive (atomie or molecular) ion 
neutral Rydberg atom or molecule 
(doubly) exited neutral atom or molecule 
magnet field 
velocity of light in vacuum (2.99792*108 ms-1) 
Coulomb 
neutral count rate 
correction factor for ionizer field (includes Jt,/et,. -factor) 
center-of-mass frame 
separation between the field ionizer plates 
dissociative excitation 
dissociative recombination 
elementary charge (1.60219*10-19 C) 
electron 
electronvolt (1.60219*10-19 J) 
center-of-mass energy 
electron/ ion energy 
ionization energy of hydrogen (13.595 eV) 
energy correction due to Stark shift 
electron-equivalent-ion energy 
focal length 
Franck-Condon factor 
farmfactor 
Planck's constant (6.62618*10-34 Js) 
Hertz (s-1) 

electron/ion -beam current 
electron/ion flux density 
Joule 
Boltzmann constant 
kilo-electronvolt 
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kg 
kV 
L 
m 
m 
m. 
m, 
m, 
mA 
me V 
mT 
n 
n1.2 
nA 
p 
Pa 
P(EcnJ ,-
re,_ 
s 
sk 
T. 
V 
y;+ 

0 

v•lt 
Vo 
VCGtll 
V 'IKirl' 

will4'..". 
a 
.1ECIIJ 
.::iE..,, 
.dE., 
.dE" 
.::iv 
.::18 
.dv 
eo 
~Jlm" 
'=-A 
A 
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kilogram 
kilovolt 
interaction length (in lab frame) 
magnetic quanturn number 
meter 
electron mass (9.10953*10"31 kg) 
ion mass 
proton mass (1.67265*10"27 kg) 
mill-Ampere 
milli-electronvolt 
milli-Tesla 
principal quanturn number 
quanturn numbers in parabolic coordinates 
nano-Ampere (10"9 A) 
pressure 
Pascal 
electron-velocity disttibution 
(electron-ion) collision vector 
minimum distance beyond which the dissociation will completed 
survival factor 
stimulated radiative recombination 
electron temperature 
vibrational quanturn number 
vibrational ground state of single charged positive ion 
electron/ion velocity 
velocity of the center-of-mass of the dissociation products 
catbode voltage 
workfunction electron gun (see note section 3.5) 
probability for induced/ spontaneons recombination 
rate coefficient 
uncertainty in collision energy in center-of-mass 
uncertainty/ fluctuations in electron/ion energy 
uncertainty/ fluctuations in electron-equivalent-ion energy 
vibrational excitation energy from v=O to v=l 
change in vibrational quanturn number 
uncertainty/ fluctuations in interaction angle 
( effective) spread in pboton frequency 
dielecttic constant 
electtic field (axial field and field between two parallel plates) 
critical electtic ionization field 
pboton wavelength 
projection of l on the nuclear axis 



p 

P1,4 
V 

Vo 
tr 

t1 

a" 
a" 
f1'P 
8 
8 
r 

reduced mass 
quanturn defects 
pboton frequency 
ionization frequency for atomie bydrogen 
pi 3.1415 ....• 
cross section 
cross section for capture in Rydberg state n 
cross section for stimulated radiative recombination 
cross section for spontaneous radiative recombination 
interaction angle between ion and electron beam 
angle between polarization and electron beam 
capture widtb 
polarization vector pboton beam 
pboton flux of exciting laser 
exposure time to extemal field or lifetime of Rydberg atom 
wavefunction of the vth vibrational level 
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SUMMARY 

Absolute cross sections for dissociative recombination and diss<?Ciative 
excitation, of small molecular ions with electroos are measured. The 
experiments are performed on a merged electton-ion-beam apparatus. With the 
merged-beam technique collision energies down to 1 me V have been achieved 
and cross section structures of less than 0.5 meV have been measured. Several 
energy calibration methods as well as the energy resolution are investigated. 

A high resolution measurement of the dissociative recombination of Wz 
is performed. Window resonances in the cross section are identified by 
comparison with a multichannel-quantum-defect theory calculation. By assigning 
the resonances to two separate Rydberg series, agreement can be obtained. 

To investigate the electtonical excitation of the Rydberg atoms formed 
in the dissociative recombination of ~. a field ionization technique is 
employed. Of the hydrogen atoms formed in the recombination 10% are 
Rydberg atoms with n;;::10. At low collision energy, capture into these 
Rydberg-states can only occur from the upper vibrational levels. Since these 
levels are sparsely populated, the cross sections must be very large. 

Several field ionization models are evaluated using the results of an 
experiment, where the quantization of the electron-energy is observed. 

In the dissociative excitation of lf3(v=O), sharp sub-threshold structures 
in the cross section are measured. These structures are explained by Feshbach
like resonances. For the dissociative recombination of H3C v=O), the discussion 
of the results is still open. Experiments using the merged-beam technique have 
been repeated many times on two different machines teading to identical 
results: a rate coefficient of 2*10-8 cm3s·1 at 300 K. 

The cross sections for dissociative recombination of Dj(v=O) and 
Hj(v=O) are similar at low energy. The cross sections differ, if ~xcited ions 
are produced in a radiofrequency discharge source. The vibrational population 
of the ions causes the difference. The cross section for the dissociative 
excitation of Dj(v;o) exhibits many resonant structures. 

The formation of hydrogen atoms out of free protons and electroos is 
measured. The cross section for spontaneous radiative recombination for capture 
into h~dro~en atoms with principal quanturn number between 8 and 19, is 
4*10"1 cm at 5 meV. Using a 20 W C02-Iaser, the cross section for capture 
into n=11 or 12 is increased by more than three orders of magnitude due to 
stimulated radiative recombination. 
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SAMENVATTING 

Experimenteel zijn de absolute werkzame doorsneden voor de dissocia
tieve recombinatie en dissociatieve excitatie bepaald. Het onderzoek is verricht 
aan een 'merged-beam' opstelling, met moleculaire waterstof ionén. 

Met deze 'merged-beam' techniek is een minimum botsingsenergie van 
1 meV bereikt en zijn strukturen van minder dan 0.5 meV gemeten in de 
werkzame doorsnede. Diverse energie-ijkingsmetboden en het energie oplossend 
vermogen zijn onderzocht. 

Een meting met hoog energie oplossend vermogen is uitgevoerd voor 
de dissodalieve recombinatie van H2· Strukturen in de werkzame doorsneden 
zijn geïdentificeerd door vergelijking met een 'multichannel-quantum-defect' 
berekening. Door toekenning van deze strukturen aan twee verschillende 
Rydberg reeksen, kan dit model met het experiment in overeenstemming 
gebracht worden. 

Een veld-ionisatie techniek is toegepast, voor het onderzoek van de 
elektronische excitatie van de Rydberg atomen. Een tiende deel van alle, in de 
dissociatieve recombinatie van H2 gevormde waterstof atomen, hebben Rydberg 
elektronen met n:i!: 10. Indien de botsingsenergie klein is, kunnen deze Rydberg 
toestanden alleen gevormd worden, wanneer dit via de hoogste vibrationele 
niveaus plaatsvindt. Aangezien in de ionenbundel deze niveaus slechts in 
geringe mate aanwezig zijn, moet de werkzame doorsnede erg groot zijn. 

Diverse veld-ionisatie modellen zijn getest met een experiment, waarbij 
kwantisatie van de elektron energie is waargenomen. 

In de dissociatieve excitatie van Hj( v=O) zijn beneden de drempel
waarde scherpe strukturen in de werkzame doorsnede waargenomen. Deze 
strukturen worden toegeschreven aan op Feshbach gelijkende resonanties. 
Metingen van de dissodalieve recombinatie van Hj(v=O) zijn nog steeds 
onderwerp van discussie. Experimenten met de 'merged-beam' techniek zijn 
vele malen gereproduceerd op twee opstellingen. De reaktie-coëfficiënt bedraagt 
2*10-8 cm3s-1 bij 300 K. · 

De werkzame doorsneden voor de dissociatieve recombinatie van 
Dj(v=O) en Hj(v=O) tonen grote gelijkenis bij botsingsenergiën beneden 
0.1 eV. De werkzame doorsneden verschillen echter indien geëxciteerde ionen 
in een ontladings-ionenbron zijn gegenereerd. De vibrationele excitatie van de 
ionen veroorzaakt dit verschil. De werkzame doorsnede voor de dissociatieve 
excitatie van Dj( v=O) vertoont vele resonantie strukturen. 
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De vorming van atomen uit vrije protonen en elektronen via spontane 
stralingsrecombinatie is gemeten. De werkzame doorsnede is 4*10"19 cm2 bij 
5 meV voor produktie van waterstof atomen met 8SnS19. Gebruikmakend van 
een 20 Watt C02-Iaser kan selektief de produktie van atomen met n=ll en 12 
geiäuceèrd worden. Door gestimuleerde sttalingsrecombinatie, neemt de vorming 
van deze Rydberg atomen toe met ruim een factor duizend. 

page 124 



ACKNOWLEDGEMENTS 

The research described in this thesis has been performed at the 
University of Western Ontario in London, Canada. I thank all persons who 
made this possible. The exchange program between Eindhoven University of 
Technology and Western simplified the administration significantly. 

During the whole research period, Parook Yousif supported my research 
with ideas, suggestions and hard Iabour, for which I am very grateful. Tagether 
we have spend countless ( overtime) hours in the lab, pushing the instruments 
beyond specifications. Discussions on various topics certainly broadened my 
horizons beyond physics. The cooperation in the lab was excellent, but also in 
a canoe or on snowshoes many ebaHenges were successfully handled. 

I thank Brian Mitchell for the scientific discussions, and such an 
interesting research field. I appreciated also the opportunities he offered for 
visiting many international conferences. I wish to thank Hidde Brongersma for 
his help and the use of FOG-facilities especially in the last stage of this worlc. 

In an experimental setup as large as the MEffiE machine, several 
teehoiclans are involved. I wish to thank especially Harry Chen, and I hope his 
favourite experiment will work out soon. The machine-shop also requires a 
special compliment for excellent jobs on very short notices. 

I am also thankful to the co-authors of the publications. I want to 
mention especially Tom Morgan and Peete Hickman with whom, I had many 
discussion which made me better onderstand the underlying principals. Michael 
Chibisov expanded my onderstanding of field ionization, and I hope our 
discussions will conclude in a paper. 

During my research, the advisory committee (Dave Rosner and Willey 
Lennard) made several suggestions, which I valued highly. I also recognize the 
helpfut remarks of Herman Beijerinck and Daan Schram in relation with this 
thesis. 

I wish to thank those who fmancially supported my research; especially 
the US-air force and NSERC. The donations of the 'Centre of Chemical 
Physics' (UWO) and 'UWO-graduate Studies' for conference expenses, are 
appreciated. Shell paid my travel expenses to the ICPEAC conference in 
Australia, which allowed me to present the stimulated radiative recombination 
work. • 

During my stay in Canada, I lived with Jean and Frank, I almost 
became a part of their family. I appreciate their efforts and those of the other 
boarders, Richard and Anton, to rnalee my stay very comfortable. They all 
contributed to a lasting impression of Canada and the Canadian lifestyle. 

page 125 



Curriculum Vitae 

Peter J .T. van der Donk 

6-0ct-63 Bom in Waalre, The Netherlands 

67-76 Primary school "De Wilderen" Waalre, The Netherlands 

76-83 Secondary school "Hertog-Jan College" Athenaeum B 
Valkenswaard, The Netherlands 

83-88 ir-study; Department of Applied Physics, 
Eindhoven University of Technology 
Eindhoven, The Netherlands 

88-92 PhD-research; Physics Department 
University of Western Ontario 
London, Canada 

1993 Drafted for military service 

1993 Oral defense PhD-work; Department of Applied Physics 
Eindhoven University of Technology 
Eindhoven, The Netherlands 

page 126 



Postulates 
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I 
The chemica! reaelions which take place during chemica! vapour 
deposition are nol limiled to the surface layer of the substrate, as often 
thought, but can be extended as deep as the outer 100 atomie layers. 

ll 

PAC. Groenen; The reaction mechanism ofW-CVD on Si PhD-thesis 
Eindhoven University ofTechnology (1993) 
PAC. Groenen, JGA. Hölscher and HH. Brongersma; to be 
publisbed 

It is surprising that discrete "steps" are observed in the number of 
stripped hydragen atoms, formed in dissociative recombination of H;, 
with increasing ionization field. 

This thesis, section 3.5 

III 
In contrast to suggestions made by several manufacturers, electronic 
room-thermosrats with fiXed cycle-times are less fuel economie than 
mechanica! thermostats. 

IV 

PTJ. Overman; TemperatuuTregelingen in woningen VEG-gasinstituut 
{1984) 28 
M. van der Donk; Een om:krzoek naar kamerthennostoat-regelillgen 
met behulp van computer simulaties MSc-thesis Eindhoven University 
of Technology {1993) 

The suggestion of Schneider et al. that the energy scale in the 
experimental data by van der Donk et al. should be shifted has no 
physical foundation. 

V 

IF. Schneider, 0. Dulieu and A. Giuisti-Suzor; Joumal of physics 
B volume 24 {1991) L289 
PIT. van der Donk, FB. Yousif, JBA. Mitchell and AP. Hickman; 
Physical Review Letters lll1lltme Q1 (1991) 42 

In contrast to the pub! ie opinion, setting an oil spill on fire is often an 
environmentally more friendly solution than classica] methods. 

Artic and marine oil spil! conference. Proceedings 13'" AMOP 
(1992) 



VI 
It is recommended to introduce translational spectroseopy on a merged 
beam apparatus. In the dissociative recombination of H; and e· this 
technique wilt genera te a wealth of information on the vibrational and 
possibly rotational state of the parent ion. 

PJT. van der Donk, SX. Chen, FB. Yousif and JBA. Mitchell; The 
Western joumal of graduale research volume 2 (1990) 81 
DP. de Bruijn and J. Los; Review scientific instruments volume 53 
(1982) 1020 

VII 
The therm al energy spread of electroos being emitted from the catbode 
is a minor effect on the center-of-mass resolution on the MEIBE 
apparatus. 

This thesis 

VIII 
The unintended deposition of W on SiO, during the WF./Sil·l; -CVD 
processcan be explained by the formation of Si,H,, (with n~3) on the 
Si02 surface. 

IX 

PAC. Groenen; The reaclion meclwnism ofW-CVD on Si PhD-thesis 
Eindhoven University of Technology (1993) 
PAC. Groenen, ÖF. Tecan, JGA. Hölscher and HH. Brongersma; 
to be published. 

The omission of a balance knobon modern mini-HiFi systems sets high 
requirements when installîng the loudspeakers. 

x 
The energy resolutîon calculated by PM. Mul for the merged electron
ion beam apparatus was much too pessimistic. 

XI 

PM. Mul; Dissodalive recombination of smal/ molecular ions PhD
thesis Eindhoven university of technology, (1981) 50 

The exchange program between the physics department of UWO and 
the faculty of physics at TUE will remaio for students a one-way 
contract. 




