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ABSTRACT OF THE DISSERTATION 
 
 

Probing the Potential Energy Surfaces of Elementary Neutral Reactions Using 
Dissociative Charge Exchange 

 
 
 

by 
 
 
 

Jennifer Erin Mann 
 
 

Doctor of Philosophy 
 
 

University of California, San Diego, 2008 
 
 

Professor Robert E. Continetti, Chair 
 
 

 The dissociation dynamics of H3, H3O and CH5 and their isotopologs were studied 

by neutralizing their analogous cation by charge exchange. These cations are important 

species in the interstellar medium, while their neutral analogs represent fundamental 

elementary neutral abstraction/exchange reactions H′+H2→H+H′H, OH+H2→H2O+H, 

and H′+CH4→H+CH3H′. This research represents a unique probe of the potential energy 

surfaces of these species in the region of the cation geometry.  Energetically excited



 

xvii 

neutrals were generated in the gas phase following charge exchange of fast beam of 

cations with a slow moving electron donor, Cesium. The neutrals are unstable with 

respect to their lowest dissociation channel and the center-of-mass kinetic energy release 

of the fragments was measured using a time- and position sensitive detection techniques. 

The H3O and CH5 systems were also studied theoretically using quasiclassical trajectory 

calculations with an ab initio potential energy surface of the species. 

 The study on H3 and D3 revealed that in the two-body dissociation the H2/D2 

fragment is formed vibrationally excited.  In comparing the two isotopologs, it was 

observed that the predissociation of certain Rydberg states were suppressed in D3, 

favoring radiative decay to the ground state. Measurement of the branching fractions 

revealed that the three-body channel is increasingly dominant when the principal 

quantum number of the Rydberg state increases.  

 The dissociation dynamics of H3O revealed that only H2O+H products are 

observed.  The H2O is formed vibrationally excited with a vibrational inversion.  

Differences in the magnitude of the vibrational inversion were also observed depending 

on the identity of the eliminated atom (H or D). This research may have immediate 

impact on the understanding of the chemistry of comets.   

 The final system studied is that of CH5
+ and a select number of its isotopologs.  

Only dissociations into CH4+H and CH3+H2 product channels were observed, with the H 

atom elimination channel dominating.  By comparing the experimental and calculated 

branching fractions, it was shown that the CH5
+ is a fluxional molecule. The mixed 

isotopologs of both CH5 and H3O showed dissociations ejecting an H or D atom were not 

statistical and in each case H atom elimination was favored.  
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Chapter 1. 

Introduction 

 

 The goal of any scientist is to gain a better understanding of the world through 

observation, experimentation and theoretical predictions.  Physical chemists seek to 

understand atoms and molecules at a fundamental level.  This understanding includes 

chemical reaction dynamics, interactions between molecules and light, behaviors of 

atoms and molecules on macroscopic and microscopic level and many others.  Molecular 

reaction dynamics and dissociation dynamics of transient species have general 

applications in atmospheric chemistry, plasma chemistry and interstellar chemistry. The 

dynamics of the systems studied in this thesis have strong astrophysical relevance and 

their neutral analogs are elementary neutral reactions of three, four and six atom systems.  

Charge exchange provides a method of neutral preparation resulting in a novel probe of 

the potential energy surfaces of these elementary neutral reactions.  

 The interstellar medium is the region containing interstellar matter between stars.  

It contains gaseous atoms, molecules and ions as well as dust grains.  The interstellar 

medium and stars are in a constant cycle of mass exchange with each other where stars 

take matter from the medium when they are born, then return the material enriched with 

heavy elements at the end of their evolution.1 The interstellar medium is not uniform and 

instead consists of higher density regions called interstellar clouds.  There are two types 

of interstellar clouds diffuse (particle number densities of 10-1000 per cm-3) and dense 

(104-6 per cm-3).2  H2 is the most abundant molecule in interstellar clouds, making 

hydrogen chemistry extremely important.  The cosmic ray ionization of H2, followed by 
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the reaction H2
+ + H2 results in the formation of a key molecule in interstellar clouds, 

H3
+.   H3

+ is depleted in interstellar clouds by proton donation to form larger molecules or 

dissociative recombination, where a free electron recombines with the cation, resulting in 

a highly excited neutral that dissociates into two or more neutral fragments.  The 

molecules studied in this thesis, H3
+, H3O+ and CH5

+ all exist as stable cations in 

interstellar clouds, and the latter two require multiple steps for their formation, involving 

proton donation from H3
+ at some point during the process.  All of these molecules can 

be depleted in interstellar clouds via proton donation to form larger species, dissociative 

recombination, and, to a lesser extent, charge exchange.  In this thesis the charge 

exchange neutralization of these astrophysically relevant species are studied using fast-

ion-beam translational spectroscopy. 

 The neutral analogs of H3
+, H3O+ and CH5

+ are generated by charge exchange of 

the cation with Cs and studied in the gas phase using translational spectroscopy.  Aside 

from being important molecules in the interstellar medium, each species is similar in that 

their parent cation is stable, but the corresponding neutral is not.  Furthermore, the 

excited neutral H3, H3O and CH5 molecules eventually decompose on the potential 

energy surfaces that govern the fundamental neutral H + H2, H + CH4   → H2 + CH3 and 

OH + H2 → H2O + H reactions. In order to generate these highly unstable neutrals, a fast 

cation beam is neutralized using a slow moving electron donating species.  The 

fragmenting products are detected using multi-body coincidence detection techniques.  

This chapter begins with a discussion of experimental methods to study transient 

neutrals. Dissociative photodetachment (DPD) of anions will be discussed briefly since it 

has been the subject of many experimental works from this laboratory, but the main focus 
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of this chapter will be on the generation of transient neutrals starting with cations, 

dissociative recombination (DR) and charge exchange (CE). The chapter concludes with 

a brief discussion of the specific systems studied in this thesis. 

1.1. Background 

Previous work in this laboratory has focused on the generation of transient 

neutrals using dissociative photodetachment (DPD) of anions.3-6 In DPD a fast anion 

beam is generated and the electron is detached using a laser.  Uniquely to the instrument 

in this laboratory, both the electron kinetic energy as well as the kinetic energy release of 

the neutral products are detected in coincidence.  The transition between the anion and 

neutral is vertical so the initial geometry of the anion as well as its rotational and 

vibrational state distribution is preserved.  Many neutral dissociation limits of anions are 

high in energy, requiring a high energy photon in order to access them.  This often limits 

the DPD studies to probes of the neutral ground state or low-lying excited states.  In order 

to access the higher lying neutral states a different method to generate the neutral is 

required, neutralization of a cation.  There are two main methods to neutralize a cation, 

dissociative recombination and charge exchange. 

 Dissociative recombination is a process by which a cation recombines with a free 

electron forming a highly energetic neutral, shown in reaction 1.1.  

 AB
+
+ e

!
" AB

**
" A + B + KER  (1.1) 

After formation of the neutral species, it may either autoionize or dissociate into two or 

more fragments.  This process occurs in the interstellar medium where it is the dominant 

destruction pathway of H3
+ in diffuse clouds.  DR rates, cross sections and branching 

fractions are used in interstellar models to help determine the concentration of species in 
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the interstellar medium.  DR also has importance in combustion chemistry where the DR 

of hydrocarbons can generate highly excited neutral radicals that are chain branching 

points in chain reactions.  Understanding the possible fragmentation products of DR of 

hydrocarbons and energetics can help develop models and potential additives to reduce 

ignition delay times and increase efficiency of ion-assisted air breathing engines.7,8 

 DR is an extremely difficult process to study experimentally.  When merging the 

cations and electrons they ideally are at zero relative velocity with respect to one another, 

because the cross-section for DR drops by orders of magnitude as the relative velocity 

between them increases.  This often requires the use of sub eV electrons or MeV cation 

beams.  Despite this difficulty, there have been several successful experimental studies of 

DR using both storage rings9-11 and flowing afterglow12-14 methods, where DR cross 

sections, reaction rates as well as branching fractions of products are measured.  To study 

the DR process using a storage ring a MeV cation beam is generated, then stored for 

several seconds, allowing the molecules to relax to their ground vibrational state.  The 

ions are then merged with a cold electron beam of equal velocity and the neutral products 

detected using an energy-sensitive detector.  In flowing afterglows free electrons are 

generated in a multi-step process involving the ionization of helium.12 Electron densities 

are measured using a Langmuir probe.15  H2 is often added to the afterglow to generate 

H3
+ that acts as a proton donor to react with the reactant gas (M) to form MH+.  MH+ then 

interacts with the electrons and the dissociating products can be measured using laser 

induced fluorescence or vuv absorption. 
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 Charge exchange is similar to DR, but instead of the cation capturing a free 

electron, the electron is removed from an electron donating species, usually an alkali 

metal, such as Cs.  The charge exchange reaction is given by the following equation 

 AB( fast )
+

+ M (slow) !"! AB( fast )
*

+ M (slow)
+ #M

+

! "!! A + B + KER  (1.2) 

Where AB+ is any diatomic or polyatomic ion and M is an electron donating species.  The 

formation of AB* is in part dependent on the ionization potential of M.  This species can 

be adjusted, depending on the region of the neutral surface under investigation.  If M = 

Cs, K, Na, Ca, Mg, and Zn an IP range of 3.9-9.4 eV will be covered. One of the goals of 

the experiments performed for this thesis was to form a transient neutral as close to the 

cation energy as possible (DR).  The detector on the experimental apparatus is uniquely 

suited to measure three-body dissociation dynamics and three-body dissociation limits are 

often significantly higher in energy (i.e. closer in energy to the cation) than two-body 

dissociation limits. This makes Cs the obvious choice for experiments presented in this 

thesis, because it has the lowest ionization potential (IP) and will form transient neutrals 

closest to the energy of the cation.  There are two types of CE that produce two or more 

neutral products, direct dissociation and indirect dissociation, shown schematically in 

Figure 1.1.  The left hand side of the figure shows direct dissociation, where the initial 

neutral is formed in an unbound state, resulting in a broad kinetic energy release (KER).  

Indirect dissociation is shown on the right.  In this case, the neutral is first formed in a 

bound state (often a Rydberg state) then predissociated, resulting in a narrow KER.  

There are other possible outcomes after charge exchange occurs such as radiative decay 

and autoionization.  In the case of radiative decay, if the photon emitted produces a 

dissociating neutral product, this process can be measured using our experimental 
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apparatus, however no photons are detected in these experiments.  Figure 1.1 also shows 

the relative energy of the neutral formed upon resonant charge exchange.  In resonant 

charge exchange with Cs, the neutral is formed 3.89 eV below the energy of the cation.  

Although it may appear as though CE with Cs has limited these studies to the neutral 

surface only 3.89 eV below the energy of the cation, near-resonant charge exchange 

(NRCE) is also possible, allowing for neutral formation away from resonance. 

 

Figure 1.1 A schematic of the charge exchange mechanism.  The figure 
on the left represents direct dissociative charge exchange and is 
characterized by a broad kinetic energy release (KER).  The figure on the 
right represents indirect dissociative charge exchange and is characterized 
by a narrow KER. 

 
1.2. Near-resonant charge exchange 

 NRCE is a characteristic of CE when using keV cation beam energies with alkali 

electron donors.16-18 The theory of NRCE was given by Demkov19 for atomic systems.  

Demkov deduced that the probability for populating near-resonant states is dependent on 

the relative velocity between the cation and electron donor, a matrix element coupling the 

initial parent cation and final electronic state of the neutral and the difference between the 
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resonant energy and the energy of the near-resonant state.  The cross-section for 

populating a neutral in a state with energy E is given by equation 1.3. 

 P(E)! sech2
" # $E
2 # % #&0

'
()

*
+,

 (1.3) 

In this equation, ΔE is the difference in energy between the populated state and 

resonance, λ is related to the coupling matrix element and ν0 is the relative velocity 

between the cation and electron donor.  As illustrated in the equation, the probability will 

increase as the relative velocity increases, but decrease as the difference between the 

populated state and resonant energy increases.  Experimentally, the only variable that can 

be changed to affect the probability of populating different states is ν0.  This variable is 

changed by varying the cation beam velocity then examining the center-of-mass kinetic 

energy release spectra for changes in relative intensities between the peaks.  If the neutral 

is formed in only one initial state, the change in ion beam velocity may have no effect on 

the resulting kinetic energy release distribution. 

1.3. Previous studies of charge exchange 

 Charge exchange had been used in electron-capture collisions with atoms for 

many years, but it was not until the late 1970s that experimentalists began using it to 

study molecules as opposed to ion-atom interactions.20  Porter and co-workers proposed 

using electron capture coupled with molecular beams to potentially generate any neutral 

species, even those which would be otherwise impossible to make due to their 

instability.21 They investigated the fragmentation of several different species, including 

H3, NH4, H3O and CH5
22-24 using both neutralized ion beam spectroscopy as well as 

neutralization reionization mass spectrometry (NRMS) techniques.  In neutralization ion 
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beam spectroscopy, a fast cation beam is neutralized using an electron donating target (i. 

e. Cs, Na, K, Zn).  The neutrals were detected using an electron-multiplier detector.  By 

translating the detector normal to the beam axis, Porter and co-workers were able to 

measure the neutral beam intensity as a function of scattering angle.  In NRMS, neutrals 

are generated using the same method, followed by reionization of the neutral products 

and detection using mass spectrometry.  Using these methods, Porter and co-workers 

were able to measure electron affinities and determine the stability of the transient neutral 

as well identify the specific products of the dissociation of these neutrals.   

 At nearly the same time that Porter and co-workers were developing neutralized 

molecular beam techniques, de Bruijn and Los developed a microchannel plate based 

detector able to measure the time and position of two particles simultaneously.25 They 

generated the transient neutral by charge transfer and measured the two neutral fragments 

in coincidence, obtaining the center-of-mass translational kinetic energy release and 

unambiguously determining fragmentation channels. Using coincidence techniques and 

multiple electron donors such as Cs, Na, and Mg, Los and co-workers studied the 

predissociation of several Rydberg states of H2 and obtained rotationally resolved spectra 

corresponding to different rotational states of the nascent Rydberg state. 26-28 Los and co-

workers also performed studies on the charge exchange of the first excited state of O2
+ (a 

4Πu) using multiple electron donors.29 They also studied the predissociation of  ν = 0-230 

and ν = 4-831 of the d 1Πg  Rydberg state of O2 and examined Rydberg-valence 

interactions.  Along with the initial works of Los and co-workers, there have been several 

other coincidence experiments where an unstable neutral species is formed by CE of its 
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parent cation with Cs.  Other molecules studied by this method include H3
32 and N2

33,34 as 

well as more complex polyatomic molecules.35-37 

1.4. Current studies of charge exchange 

 Three species, H3
+, H3O+ and CH5

+ are studied in this thesis.  H3
+ and H3O+ each 

have four isotopologs, all of which were studied, although only two of the four 

isotopologs of H3
+ will be presented, along with all isotopologs of H3O+.  There are six 

isotopologs of CH5
+, of those isotopologs only CH5

+, CHD4
+, CH2D3

+, and CD5
+ were 

studied.  The neutral analog of these molecules is known as a Rydberg radical, since they 

are viewed as a closed-shell cation core with an electron in a Rydberg orbital.  The 

electronic ground state of these molecules is unstable.  In all three cases there are a vast 

number of experimental and theoretical studies on the entrance and exit channels of the 

neutral surface because these molecules are intermediates in protoypical reactions.  H3 is 

the simplest polyatomic neutral molecule, making its neutral surface popular to study 

theoretically because it only contains three nuclei and three electrons.  The CH5 potential 

energy surface (PES) has been thoroughly studied through the abstraction and exchange 

reactions of CH4 with H, shown in reactions 1.4 and 1.5, respectively.38   

 !H + CH 4 " !H H + CH 3  (1.4) 

 !H + CH 4 " H + CH 3 !H  (1.5) 

Despite the vast number of studies on the neutral surfaces of these molecules, there are 

very few studies where the initial neutral is in the geometry of the cation in the cases of 

H3O and CH5.  The dissociation dynamics of H3 and its Rydberg states have been studied 

extensively both by theory39,40 and experiment.32,41-43 Dissociative recombination of H3O+ 

and CH5
+ has been studied using storage rings and flowing afterglows.  In these 
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measurements branching ratios, rates of reaction and DR cross sections are measured.  

The experiments presented in this thesis are different in that they provide dynamical 

information as well as branching ratios of these species.   

 H3
+, H3O+, and CH5

+ are all important molecules in the interstellar medium and 

their significance will be discussed in detail in the chapters devoted to them.  Briefly, H3
+ 

and H3O+ act as a proton donors to make larger molecules such as HCO, the DR of H3O+ 

is believed to be a significant source of water in the interstellar medium and CH5
+ has an 

important role in synthesis of methane as well as other hydrocarbons.  Isotope effects of 

these molecules are important as well, branching fractions can be used to model the 

interstellar medium and predict the concentration of deuterated species. 

 This thesis is divided into eight chapters that cover the experimental apparatus, 

data analysis and the molecules studied.  In chapters 2 and 3 the experimental apparatus 

and data analysis is described.  Chapters 4 through 8 are arranged by molecule studied 

and their isotopologs. These chapters include the dissociation dynamics of H3
+, D3

+, 

H3O+, H2DO+, HD2O+, D3O+, CH5
+, CH2D3

+, CHD4
+ and CD5

+ following charge 

exchange with Cesium.  The H3O and CH5 systems were also studied theoretically with 

quasiclassical trajectory calculations. 
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Chapter 2. 

Experimental Methods 

 

 At a fundamental level, the experiments described in this thesis are carried out by 

passing a fast cation beam of a known mass and chemical composition through a gas cell 

with a low pressure of a slow-moving electron-donating target, Cs.  The cations are 

neutralized and can break up into two or more fragments.  The time and position of 

arrival of the fragments at the detector plane is recorded, determining the kinematics of 

the dissociation.  Although the experiment may be conceptually simple, it requires a 

complex vacuum system and sophisticated detection and data acquisition methods.   

 This chapter starts with a description of the overall experimental apparatus and 

vacuum system.  A detailed description each vacuum region of the apparatus will follow 

with special emphasis on the procedure used to replace the Cs.  The last section describes 

the data acquisition methods. 

2.1. Overview of the Experimental Apparatus 

All of the experiments discussed in this work were performed on the multi-

particle translational spectrometer, shown in Figure 2.1, along with the xyz coordinate 

system for the apparatus.  The spectrometer consists of four differentially pumped 

regions, the source, acceleration, time-of-flight (TOF) and interaction/detection regions, 

each of which will be discussed in greater detail.  In short, ions are generated in the 

source by an electrical discharge on a pulsed supersonic expansion (1 kHz).1  The ions 

are accelerated from ground to 7-16 keV, depending on the specific experiment.  Once
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accelerated, the ions are re-referenced to ground using a high voltage switch (HVS).2 Ions 

are separated by mass in the time-of-flight region and are electrostatically deflected, 

compressed and focused into the interaction/detection region.  In the detection region, the 

ions pass through a mass-gate, which allows only the ion of interest into the interaction 

region and deflects other masses away.  Ions are neutralized by passing through a 1 mm3 

interaction region containing 1 x 10-5 torr of Cs.  Any remaining ions are deflected to a 

microchannel-plate (MCP) based ion detector while the dissociating neutrals fly ~ 110 

cm and impinge on a time- and position-sensitive detector.  The detector consists of a z-

stack of three MCP’s backed by four separate delay lines, each of which can detect up to 

two fragments in coincidence for a total of eight fragments arising from a single 

dissociation event.  

2.2. Vacuum system 

Without a good vacuum system, these experiments would not be possible. High 

pressure along the beam line can lead to collisions of the ion beam with background gas, 

reducing the ion beam intensity and producing less ions to undergo charge exchange.  If 

pressure is too high, fast neutrals produced by ion beam collisions with the background 

gas lead to unacceptable noise levels on the detector. Differential pumping is used to 

reduce the gas load from the first region to the last in order to achieve an ultra high 

vacuum in the final region.  To accomplish this, each region has a small aperture dividing 

it from the next, reducing the source gas load on successive regions. Not all pumps are 

capable of exhausting directly to the atmosphere, so a series of pumps within a vacuum 

region are used.  The series of vacuum pumps used for each chamber are outlined in 

Table 2.1 along with their ultimate pressures and operating pressures.  The source, 
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acceleration, and TOF regions each use a diffusion pump backed by the same mechanical 

booster pump and mechanical pump.  Diffusion pumps are used in regions of the 

apparatus with the highest gas load because of their high throughput.  The 

interaction/detection region uses two turbomolecular pumps backed by a third smaller 

turbomolecular pump followed by scroll pump.  Special care is taken to keep the 

interaction/detection region free from compounds with high vapor pressures, such as oil, 

in order to achieve an ultra-high vacuum.  

Table 2.1 The specific vacuum pumps used for each chamber and their 
backing pumps are listed, along with the typical background and operating 
pressures. 

Region Chamber pump Backing pump Background 
pressure (torr) 

Operating 
pressure (torr) 

Source Edwards Diffstak 
250/2000 D.P. 2 x 10-6 2 x 10-4 

Accel. Edwards Diffstak 
250/2000 D.P. 9 x 10-8 2 x 10-5 

TOF Edwards Diffstak 
160/700 D.P. 

Edwards Mechanical 
Booster pump EH500A 
and Edwards E2M40 
M.P. 

6 x 10-8 1 x 10-7 

Detection 
Osaka TG420M T.P. 
and Pfeiffer TMU260 
T.P. 

Balzers TPH240 T.P. 
and Edwards XDS-5 4 x 10-10 1 x 10-9 

 

Foreline pressures are measured with thermocouple gauges, while the pressures 

inside the main chambers are measured with ion gauges.  The measured pressures are 

connected to an interlock system to help prevent damage to pumps and detectors.  The 

interlock system triggers based on the pressure readings of the acceleration and detector 

regions as well as the DP heaters.  If the pressure in either of these regions is too high, the 

interlock system will trigger.  When the interlock is triggered, the gate valve between the 

detector and time-of-flight region is shut, all power to electronics necessary to generate 

the ion beam are turned off, and the pneumatic valve between the turbo pumps and the 

scroll pump is shut.  The foreline pressure in the source, acceleration, and time of flight 
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regions are also interlocked.  The pneumatic valves are linked to the power for the heater 

of each diffusion pump so when the valve closes the heater is turned off as well.  Each 

DP heater also has a thermal snap switch that will trigger the interlock system and close 

the pneumatic valves should the DP become too hot (i.e. if the chilled water system is not 

functioning). The interlock system is vital to protect the expensive equipment used in this 

apparatus. 

2.3. Source, acceleration, and time-of-flight regions 

2.3.1. Source region 

Ions were generated in the source region using an electrical discharge on a pulsed 

supersonic expansion.  Gas enters the source region through a 0.25 mm aperture using a 

piezoelectric valve.1 The pressure behind the valve is 20-30 psig and the source chamber 

pressure is ~ 2 x 10-4 torr.  The high backing pressure expanding into a vacuum through a 

small aperture creates a supersonic expansion, producing vibrationally and rotationally 

cold ions.  The ions produced in this source are expected to be vibrationally less than 

1660 K (3178 cm-1) and rotationally 20 – 60 K.3 After the gas expands into the source 

region it is ionized using an electrical discharge.  The discharge is pulsed at 1 kHz from 

ground to ~ -1000 V for 50 - 80  µs approximately 120 - 160  µs after the pulsed valve is 

triggered.  The ionized gas is passed through a 2.5 mm diameter skimmer as it enters the 

acceleration region.  Ions may form in different regions of the supersonic expansion and 

their temperature can vary within the expansion, therefore it is important to be able to 

change the distance between the nozzle and the skimmer.  This distance is typically ~1 

cm, but the pulsed valve and discharge are mounted to a translator so that it can be 

adjusted while the apparatus is under vacuum.  
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2.3.2. Acceleration region 

The ions are accelerated through a stack of 31 stainless steel plates separated by 

~1 cm.  Each plate is 0.16 cm thick and has an outer diameter of 15 cm and an aperture 

diameter of 4.45 cm, with the exception of twelve plates near the center of the 

acceleration stack, which constitute the three-element variable acceleration Einzel lens 

(VAE). They are identical to the acceleration plates, but have an aperture diameter of 

1.90 cm.  The first and last four plates within the lens are kept at a constant voltage which 

is dependent on the beam energy and the middle four plates are isolated and their 

potential varied from -2000 to -5000 V.  For the experiments described in this thesis 

typical beam energies ranged from 7 to 16 keV.  The remaining 19 plates are resistively 

coupled to ground with a 3.6 MΩ resistor separating each plate.  Several plates are used 

so that the voltage difference across two consecutive plates is low and will not cause 

arcing between plates, leading to instability in the beam and potential damage to 

equipment. The first plate is at ground potential and the last plate is at high voltage and 

defines the beam energy. After acceleration, the ions enter a 25 cm long stainless steel 

through a 3 mm aperture.  This tube is the last element of the acceleration region and is 

used to re-reference the ion beam from high-voltage to ground so that it may be 

propagated through the remainder of the apparatus. When ions enter the tube it is at the 

same potential as the last acceleration plate, but while they traverse the length of the tube 

the voltage is switched to ground potential so that they exit the tube at ground.  In order 

to switch such large voltages over a short period of time an HTS 221-06 MOSFET based 

switch was purchased from Behlke Power Electronics GmbH.  This switch is capable of 

switching from 0 to 22 keV with rise times between 1 and 20 ns.  The specific rise time is 
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determined by the resistive and capacitive loads on the external circuit, shown in Figure 

2.3 and was measured at 45 ns.   

 

Figure 2.3 HVS circuit diagram.  CL (46 pF) is the capacitance of the load 
on the circuit which is the stainless steel tube that the ions traverse while 
the voltage change occurs.  C1 is a 10 µF capacitor.  Rs is an impedance 
matching resistor with a value of 185 Ω.  RL the working resistor that 
charges the circuit and capacitances during turn off and has a resistance of 
200 kΩ. 

 

2.3.3. Time-of-flight region 

The ions enter the TOF region with a pulse width of ~2  µs, determined by the 

HVS.  The ions go through a series of electrostatic optics in order to focus and guide 

them into the interaction region.  The specific order and identity of these elements is 

shown in Figure 2.4.  The specific electrostatic optics used are a Bakker-type mass 

spectrometer (MS1),4,5 compressor (COMP), horizontal (H1) and vertical (V1) deflectors,
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Figure 2.4 Time-of-flight region.  Ion optics are labeled as follows and the 
beam propagates from left to right in the diagram. 1) MS1, 2) COMP, 3) 
H1/V1, 4) EIN1, 5) EIN2, 6) NBB, 7) H2/V2, 8) MS2 (kept at ground for 
all experiments presented in this thesis). 

 

an Einzel lens (EIN1)6,7 and a neutral beam block (NBB).  The NBB is used to prevent 

neutral flux generated in the higher pressure regions of the apparatus from entering the 

detector region.  Cations are jumped over a plate that is in direct line with the beam.8,9  

Neutrals hit the plate, while the ions pass over it and continue through the second Einzel 

lens (EIN2) and second set of deflectors (V2 and H2) into the detection region.  

 
2.4. Interaction and detection region 

The focused cation beam enters the interaction/detection region through a 1 mm 

aperture.  The ion pulse travels through one more set of vertical (VUHV) and horizontal 

(HUHV) deflectors and an Einzel lens (EINUHV) immediately after the aperture, then flies 

82.5 cm to the mass-gate.  The mass-gate has two plates positioned in the ±y direction.  
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One plate is static at ground potential while the other is pulsed from ground to a range of 

-50 to -200 V.  The pulse is essentially a square pulse with a short 20 ns rise and fall time 

and a variable width.  When the ion packet of interest goes through the mass-gate plates, 

the potential on each plate is at ground, and when the remaining masses go through, one 

plate has a high potential (150 V), deflecting them out of the way.  In experiments where 

neutralization is achieved by using a pulsed laser this is not necessary because the laser 

pulse is timed such that it only interacts with the ion of interest.  However, for CE, the Cs 

can essentially be thought of as a continuous laser and ions arriving at different times will 

be neutralized.  If dissociations arising from different parent masses are not first removed 

by the mass-gate, they can be removed later in data analysis, however, this increases the 

number of events collected from unwanted dissociations.  In some extreme cases such as 

a high beam velocity and two parent ions with very similar molecular weights, this 

separation can become increasingly difficult.  After the ion of interest goes through the 

mass-gate, it travels 26 cm to the Cs cell where ions are neutralized via charge exchange 

with Cs.   

2.4.1. Cesium cell 

The Cs cell consists of three main regions, marked in Figure 2.5, the cell body, 

two bolts with apertures that define the interaction region and the oven.  The cell body is 

wrapped with thermocoax wire to heat the Cs cell while under vacuum.  The top of the 

cell is attached to an xyz translator in order to move the entire cell in three dimensions, as 

well as rotate it, all while under vacuum.  The interaction region is defined by two ½ -20 
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Figure 2.5 Cesium cell assembly.  All structural parts are made from 
stainless steel. 

 

bolts that are screwed into the collision cell.  Both bolts have a 0.64 cm hole with the end 

countersunk down to a 1 mm aperture. For the experiments discussed in this thesis, an 

interaction length of 1 mm was used, for a total interaction volume of 1 mm3.  

Cs is highly reactive with water so it must put in the oven in a glove box with an 

inert (N2) atmosphere.  Cs has a melting temperature of 28 ºC, slightly above room 

temperature so transferring it from the glass ampoule to the oven is achieved by putting 

the ampoule in warm sand, then pipetting ~0.5 mL of the Cs into the oven.  The oven is 

allowed to sit in the glove box long enough for the Cs to cool, ~30 minutes.  The Cs cell 

and translator is too large to fit in the glove box so the Cs containing oven is moved from 
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the glove box and attached to the cell body in room atmosphere.  A black oxide layer 

forms instantly on top of the Cs and as a result, the pure Cs under this layer is left 

undisturbed.  The transfer of the Cs from the glove box to the cell body and to its final 

place in the detection region is done quickly (< 3 minutes). The detection region is kept 

under a positive flow of nitrogen to minimize exposure of the Cs to moist atmosphere. 

Once the detection region is evacuated, the Cs cell body is heated by sending ~0.5 amps 

of current through thermocoax.  The oven is conductively heated by the Cs cell body.  

Gaseous Cs travels up through the oven into the interaction region where it interacts with 

the incoming ion beam.  Cs has a vapor pressure of 6 x 10-6 torr at its melting point 

(28.44 ºC). Experimentally, the estimated temperature of the Cs ~30 – 50 ºC and the 

pressure is 1 x 10-5 torr.   

Following neutralization the dissociating fragments fly 110.1 cm and impinge on 

the time- and position-sensitive multi-particle detector.  Any ions remaining are deflected 

with ~ -1 kV up into a MCP based ion detector with an anode biased at 1.6 kV.  The 

charge from the MCPs is monitored using an oscilloscope and the ion packet is Gaussian 

shaped with a FWHM of 15 ns.  For a 16 keV beam of O2
+ the temporal distribution in 

the ion packet is equivalent to a maximum of ± 80 eV energy spread, which corresponds 

to an ±0.005 eV error in the KER.  This error is an upper limit because it assumes the 

width of the ion packet is only due to energy spread and does not include factors such as 

the bandwidth of the oscilloscope used to measure the pulse (100 MHz ) or the ripple in 

the power supply (300 mV). The ion beam in the interaction region has an estimated 

angular divergence of 0.03° from the center of the beam.  The ion beam angular and 
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energy spreads are small and produce narrow centroid distributions.  The centroid 

distributions will be discussed during the data analysis chapter of this thesis.  

2.4.2. Time- and position-sensitive multi-particle detector 

In this section the multi-particle detector will be discussed in detail including its 

construction and the principle behind delay-line based detectors.  The detector consists of 

a z-stack of three 4-cm-diameter microchannel (Photonis, Inc., aspect ratio 80:1, hole 

diameter 12 µm and pitch 13°) plates in front of a four-quadrant crossed-delay-line anode 

(QXDL), shown in Figure 2.6.  The three MCPs are resistively coupled with the first 

MCP kept at -5000 V and the back MCP at higher potential so that the numerous signals 

that must be measured of the detector anode do not require decoupling from ground.  

Each quadrant in the detector is independent and capable of detecting up to two particles 

arising from a single dissociation event.   

The construction of the anode has been described previously and will only be 

discussed briefly.10,11  A cross section of the detector anode is shown in Figure 2.6. The 

first set of copper conductive strips, interconnecting leads and ground plane are etched 

into a copper clad alumina substrate.  Then a second insulating layer of ceramic strips are 

placed orthogonally to the first set of conductive strips, so that 50% of the bottom layer is 

exposed.  A second ground plane is placed on top of the ceramic strips to reduce crosstalk 

between the two delay lines.  Finally, a second layer of ceramic and a second set of 

conductive strips are placed on top of the ground plane.  The final result is a set of two 

orthogonal sets of fingers isolated from each other and attached to different points along 

the two sets of delay lines. 
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Figure 2.6 QXDL anode and cross-section.  (a) Schematic of the QXDL 
anode showing all four quadrants and delay lines (b) cross-section of the 
anode where the numbers indicate the following planes (1) and (6) are the 
y and x delay line fingers (2), (4) and (5) are ceramic and (3) and (7) are 
ground planes. 
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The neutral fragment enters a channel on the front MCP.  At high incident particle 

energies (> 1 keV), the impact leads to the ejection of secondary electrons from the 

channel surface.  As the electrons move through the channel they trigger the release of 

more electrons, ultimately creating an amplified electron cloud that hits the anode.  The 

charge of the electron cloud is divided over the fingers of the detector.  A simplified 

drawing of one quadrant along with the delay line is shown in Figure 2.7 to illustrate how 

positions are measured.  A fraction of charge propagates through each end of the delay 

line and the x and y position of the event is determined by the time of arrival at each end 

of the delay lines.   The time difference of arrival is given by equation 2.1, where tp1 and 

tp2 are the times on each end of the delay line,  !  is the length of the delay line, pos is the 

position, and νcharge is the velocity of charge transmission through the delay line.  Solving 

equation 2.1 for position yields equation 2.2. νcharge was obtained by using a pulse 

generator to send a signal through one end of the delay line and using an oscilloscope to 

measure the time difference of the signal at both ends of the delay line.  
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Due to the dead time of the electronics a temporal separation with a minimum of 

~ 10 ns is required to detect two events on the same delay-line.  The four independent 

detectors do not require any temporal separation to detect multiple events, so up to four 

fragments could be detected with no temporal separation.  After the charge travels
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Figure 2.7 A simplified schematic of the delay line anode.  A pulse hits 
the anode at ‘X’ and the resulting charge is carried through both the x 
(red) and y (blue) fingers to their corresponding delay line.  After reaching 
the delay line, the pulse splits and travels through both ends where the 
difference in the time of arrival between the two pulses is recorded and the 
position of ‘X’ is proportional to that time.  The actual detector has 20 
fingers per quadrant and the delay lines are significantly longer than the 
anode. 

 

through the delay line the signal is amplified and sent into a time-to-amplitude converter 

(TAC) that will be discussed in the data acquisition section. 

2.5. Data acquisition 

In order to create an ion packet and detect fragments arising from a single 

dissociation event, the timing scheme of the experiment is complex and requires the use 
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of a sophisticated set of electronics.  The timing schematic of the data acquisition system 

is shown in Figure 2.8 and will be discussed in some detail.  The overall detection 

scheme can be divided into three main parts – all of which are ultimately linked to one 

another.  The three parts are: generation of the ion packet, detection of the ion packet to 

trigger the detector electronics and neutral detection.  First, the timing elements necessary 

to generate a high quality packet of ions starting in the source region and ending at the 

ion detector will be described.  This will be followed by a discussion of how the ion 

signal is used to the trigger the detector electronics.  Finally, the acquisition of the signals 

from the neutral detector will be presented. 

2.5.1. Ion Packet Generation   

The start of the experiment is defined by the internal trigger of a Stanford 

Research Systems Digital Delay Generator (SRS-DDG), which initiates the opening of 

the pulsed valve, allowing gas into the source chamber.  The SRS-DDG has four different 

timing channels, A, B, C, and D, which can be timed independently from each other, or 

chained together.   The timing chain is outlined in Table 2.2 along with an example of 

experimental conditions.  The discharge and HVS are triggered 120-140 µs and 220-350 

µs after the pulsed valve opens, using channels A and B, respectively.  MS1 is triggered 

relative to the HVS timing, on channel C.  This timing has a wide experimental range, 

depending upon the velocity of the ion.  For experiments presented in this thesis MS1 

timings range between 200 ns and 1.6 µs.  The last available channel, D controls the 

timing of the compressor and is triggered 80 – 300 ns after MS1.  Additionally, the rising
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Table 2.2 An example of experimental operation conditions. The 
conditions shown are for a 16 keV beam of O2

+.  All abbreviations are 
defined in the text, with the exception of pressures in the chambers, which 
are abbreviated as Pchamber, pulsed valve (PV), pulsed discharge (PD), the 
detector SRS-DDG (SRS DET), the mass-gate (MG), the ion deflector 
(ion defl.) and the ion detector (ion det.). 

Source/Acceleration Time-of-Flight Detector Timing 

Psource 2.3 e -4 MS1 150 V Pdet 1.5 e-9 PV T = 0 

Paccel 1.5 e-5 COMP -90 V VUHV 90 up PD A = T + 122 µs 

PDwidth 62 µs V1 225 up HUHV 200 up HVS B = T + 236 µs 

PDvolt -900 V H1 70 up EINUHV 0 V MS1 C = B + 814 ns 

PVwidth 95 µs EIN1 -6000 V MG 150 V COMP D = C + 87 ns 

PVvolts -150 V NBB 0.59 keV Ion Defl. -1.76 keV CFD 9440 ns 

VAE -3240 V EIN2 0 V Ion Det. 1.6 keV MG 6896 ns 

  V2 300 down   SRS DET A=T+1.2µs 

  H2 25 up     

 

edge of channel C is used to trigger the ion detector oscilloscope that monitors the ion 

packet. 

 Two more timing elements are necessary before the ion signal can be used to 

trigger the neutral detector electronics, the mass gate and the ion detector constant 

fraction discriminator (CFD) gate.  Since all channels on the SRS-DDG are already in 

use, an EG & G 9650A delay generator provides the timing for these final two elements.  

This delay generator has four independent timing channels, but cannot link times together 

like the SRS-DDG.  The EG & G is triggered using the falling edge of channel A from 

the SRS-DDG.  Both of these timings are dependent on the velocity of the mass of 

interest and have a wide experimental range.  The timing from the CFD gate is also sent 

to the ion detector oscilloscope, in order to visualize the location of the gate relative to 

the ion of interest. 
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2.5.2. Ion detector signal 

 Ions are deflected away from the main beam line after passing through the Cs cell 

into an MCP ion detector.  The resulting signal is amplified using an Ortec VT120 fast 

timing preamplifier.  The amplified signal is sent both to the ion detector oscilloscope 

and to an Ortec 935 Quad CFD.  The output of the CFD triggers a second (the detector) 

SRS-DDG that times the detector electronics. 

 2.5.3. Neutral detector signal 

Figure 2.9 follows the neutral detection scheme after being triggered by the ion 

detector CFD.  As discussed earlier, the neutral detector consists of four crossed delay 

line anodes.  The neutral fragments impinge upon the heavy particle detector’s MCPs and 

the amplified charge cloud hits the anode.  The signal from the delay line propagates to 

each end and is amplified using a custom built fast amplifier.  The amplified signal is sent 

into a double hit time-to-amplitude converter (TAC).  The QXDL requires a total of eight 

TACs, two (x and y) for each quadrant.  A signal from one end of the delay line starts the 

TAC and the signal from the other end of the delay line other stops it, resulting in a pulse 

with an amplitude that is proportional to the temporal separation of the two input pulses.  

This temporal separation will ultimately be used to determine the position of the fragment 

on the detector.  The TACs are gated from electrical noise, in particular that of the high 

voltage switch, using the detector SRS-DDG.  The output analog pulse coming from the 

TAC is sent to a peak sensing analog-to-digital converter (PADC).  Timing information is 

also recorded at this time, by sending the output of the y TACs to a time-to-digital 

converter (TDC).  The specific channels of the detector SRS-DDG use to gate the TACs, 

TDCs and PADCs are shown in Figure 2.9.  



33 

 

 

Figure 2.8 Timing scheme to generate and detect ions. 
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Figure 2.9 Timing scheme and data acquisition for neutral detector.  The 
top of the figure shows the detector SRS-DDG and which channels are 
used to trigger the oscilloscope as well as gate the TACs, TDCs and 
PADCs.  The lower portion of the figure shows the data acquisition 
scheme for neutrals as well as the total charge of the QXDL. 
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Figure 2.10 QXDL total charge distribution.  The total charge distribution 
from CE of H5

+ with Cs.  Each peak represents the number of fragments 
detected per event. 
 

The number of particles that impinge upon the detector per event is proportional 

to the amount of charge required to replenish the MCPs.  The charge from the signal is 

collected and amplified using an Ortec 575A amplfier then its output sent to a PADC.  

The PADC for the total charge on the QXDL is gated using the detector SRS-DDG.  The 

charge signal is also monitored on the detector oscilloscope.  An example plot of the total 

charge distribution is shown in Figure 2.10.  Each peak corresponds to a different number 

of total particles per event and can be gated on during data analysis to look at only those 

events with a certain number of dissociating fragments.  
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The output of the PADCs and TDCs are read by a CAMAC controller and 

recorded by the data acquisition computer.  Each quadrant of the QXDL outputs seven 

different channels of data, the charge per quadrant and x, y, and time for two particles.   

Including the total charge measurement from the QXDL, the total number of channels is 

29.  A data acquisition computer reads in the data for these channels using a Pascal 

computer code, and writes a file to be read into the data analysis program, which will be 

discussed in Chapter 3 of this thesis.  The data acquisition computer is capable of 

recording events where only a certain number of circumstances are met, such as two or 

more fragments recorded within a specific time window.  This method allows the 

computer to collect data at a faster rate as well as lowers the number of events arising 

from false coincidences. 

2.6. Conclusion 

This chapter describes the experimental apparatus used to collect the data 

presented in this thesis.  A molecular cation beam is generated then accelerated to an 

interaction region containing gaseous Cs.  Charge exchange occurs, where one of the 

electrons from Cs is transferred to a cation, resulting in the formation of a transient 

neutral that is dissociative.  The dissociating fragments impinge upon the time- and 

position-sensitive detector and multi-body kinetic measurements are made.  The next 

chapter of this thesis will focus on data analysis methods. 
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Chapter 3. 

Data Analysis 

 

In the previous chapter the experimental setup and method for collecting the data 

was discussed.  This chapter presents methods for analyzing the data using a program 

written explicitly for the experiments carried out in our laboratory.  The program is 

extremely versatile and as a result many visualization and methods to gate data (i.e. 

remove events) can easily be implemented into the program. Some of the visualizations 

of the data are used to calibrate, correct for a finite detector, determine the identity of the 

fragmentation pathways and judge the quality of the collected data.  This chapter will 

focus on the mathematics required to obtain the center-of-mass kinetic energy release, 

corrections of the data necessary for having both a two-dimensional and finite detector 

and measuring branching ratios between different fragmentation pathways.  

3.1. Overview 

Once the data is collected, it is analyzed using a program written in the Interactive 

Data Language (IDL) programming language.  The raw data obtained from the data 

acquisition program is stored in binary format with a sequential line-by-line record of the 

data.  Before the data is analyzed it is first sent through a sorting program that sorts it by 

the number of neutral fragments detected for each event.  The sorting program then 

writes a new file that is read into the data analysis program and contains only the data 

belonging to a specific number of fragments. In a single experimental run often more 

than one million events are recorded.  IDL is used since it is able to read in arrays 

containing millions of data points.  The fragment positions, times-of-arrival along with 
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the parent mass and ion beam energy are used to calculate the three-dimensional velocity 

vectors, fragment masses, and center-of-mass kinetic energy release (KER).  Since the 

detector is planar and the dissociation is three-dimensional, a small, non-negligible 

correction is required for each vector.  The process where a three-dimensional 

dissociation is projected onto a two-dimensional plane is referred to as “crushing” the 

data and is detailed in section 3.3. Calibration of the detector is covered in section 3.4 and 

is extremely important in the analysis of unknown systems.  Some dissociations can have 

kinematics that result in events that miss the detector.  The empirical N(KER) 

distributions are corrected for this (section 3.5) and yield the true P(KER) probability 

distributions as well as branching fractions (section 3.7). Several visualization techniques 

are used to analyze the data and will be presented throughout the chapter.  Visualization 

techniques used determine if multiple dissociation channels are present will be discussed 

in section 3.6. 

3.2. Neutral particle calculations 

3.2.1. Center-of-mass positions and velocities 

The detector records the time-of-arrival and position of each fragment.  There are 

many examples of neutral particle detection using this method both from our laboratory1-3 

as well as others.4,5  The position of impact on the detector is directly proportional to the 

time difference in each pulse on each end of the delay lines.  The lab-frame xlab and ylab 

positions on the detector are determined using equations 3.1 and 3.2, where DMCx,y is the 

slope and DACx,y is the intercept.  The slope and intercepts are adjusted during calibration 

and will be discussed in a subsequent section.  

 xlab = DMCx ! "tx + DACx  (3.1) 
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 ylab = DMCy ! "ty + DACy  (3.2) 

The time-of-flight of each particle in the center-of-mass (CM) frame, tCM, is 

determined from the measured time tmeas using a similar method of calculation as the xlab 

and ylab positions and shown in equation 3.3.  Along with the DMCt, DACt and measured 

time, a correction is required for the time the pulse travels through the delay line, given 

by tDL, which is also dependent on the ylab position.  The time the pulse takes to travel 

through the delay line has been experimentally determined to be 14 ns.   

 tCM = DMCt ! tmeas + DACt " tDL ! ylab  (3.3) 

The z position in the CM frame, zCM, is calculated (equation 3.5) using the velocity of the 

ion beam (νbeam) and tCM. νbeam is calculated using equation 3.4, where Ebeam is the energy 

of the ion beam and is nominally set to the HVS switch voltage.   Ebeam is later adjusted 

during calibration but is kept within 1% of the voltage reading on the power supply.  

Mparent is the mass of the parent ion and is simply the sum of the fragment masses.  

 vbeam =
2 !Ebeam

M parent

 (3.4) 

 zCM = vbeam ! tCM  (3.5) 

The time-of-flight of the CM, tflight, can be calculated at this time, using νbeam and the 

distance between the interaction region and QXDL, which is 110.1 cm and represented 

by L in equation 3.6. 

 t flight =
L

vbeam
 (3.6) 

The positions of the particles on the detector in the lab-frame (xlab and ylab) are converted 

to positions in the CM frame, xCM and yCM using equations 3.7 and 3.8.  They are 
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calculated by subtracting a constant offset that corresponds to the position of the center-

of-mass of the dissociation.  The x0 and y0 values are determined using an iterative 

process involving centering the one-dimensional centroids.  To calculate centroids, CM 

frame positions are needed, so a guess for x0 and y0 is necessary and then adjusted after 

the centroids are calculated so that they peak at zero.  

 xCM = xlab ! x0  (3.7) 

 yCM = ylab ! y0  (3.8) 

Before calculating the final centroids and translational kinetic energy release (KER), the 

CM positions must be corrected for a three-dimensional dissociation projected onto the 

planar detector.  This correction will be discussed in section 3.3, but for the remainder of 

this section, the CM positions, xCM, yCM, and zCM will be denoted by their final corrected 

notation, x′CM, y′CM and z′CM.  The velocity vector in the CM frame for each dimension (x, 

y and z) is denoted by νx,i, νy,i and νz,i, where i identifies the fragment.  The corrected CM 

frame positions are divided by tflight to yield the velocity vectors.  Equation 3.9 shows this 

calculation for νx,i.  

 vx,i =
!xCM

t flight
 (3.9) 

3.2.2. Mass calculations 

During data analysis the parent mass is known and the mass of a given 

dissociation channel is assumed, denoted mi, where i again denotes the identity of a 

particular fragment.  However, the mass can also be calculated, mcalc,i. using the three-

dimensional recoil radius at the detector and the parent mass by the following equations: 
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The calculated mass is used to identify other potential dissociation channels, which will 

be discussed in section 3.6. 

3.2.3. Centroid and kinetic energy release 

The centroid for each dissociation event is calculated in terms of the position-of-

arrival of the CM at the detector in each dimension, x, y, and z, where x and y are on the 

face of the detector and z is in the direction of the beam.  The centroid is based on the 

conservation of momentum between the two particles, for example in the z coordinate: 

 centroidz = mi !" z,i

i=1

j

#  (3.12) 

Here, j is the number of fragments, mi is the assigned mass, and νz,i is the center-of-mass 

velocity in the z direction.  Ideally, if the two measured fragments are from the same 

event and the assigned mass channel, they have a centroid value of zero.  Deviations from 

zero are due to false coincidences, the finite velocity and angular distribution of the 

parent beam and, as shown in section 3.6, other fragmentation channels.  The data is 

usually gated with a centroid value of ± 1 mm in order to obtain a KER spectrum with 

events only originating from the assigned dissociation channel. 

Once the CM velocity vectors have been calculated, obtaining the CM KER is 

straightforward and shown in equation 3.13.  The spectra obtained from the measured 
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KER of all events collected is denoted N(KER).  This is the empirical KER and will be 

corrected for events that miss the detector, which is discussed in section 3.5.  Typically 

the N(KER) spectra have a resolution of ∆KER/KER of 7%, which is calculated during 

calibration from the peak arising from the dissociation of O2
*(3Πg) → O(3P) + O(1D). 

 KER =
1

2
mi ! vi

2

i=0

j

"  (3.13) 

3.3. Correction to center-of-mass vectors 

Charge exchange often produces dissociations with large KERs as opposed to 

DPD experiments,6,7 where the maximum KER is often less than 2 eV.  During data 

analysis of the charge exchange of O2
+ with Cs, it was noted that the plot of the KER vs. 

the z centroid began to deviate from zero at high KER.  Panel (a) of Figure 3.1 shows a 

plot of the KER vs. z centroid, clearly showing the deviation from zero at the 3 and 4 eV 

peaks.  This deviation indicated the need for a final correction to the center-of-mass 

recoil radii.  The dissociation is three-dimensional, but is reduced to two dimensions 

when it encounters the planar detector.  Figure 3.2 shows a diagram illustrating the 

projection of a three-dimensional dissociation onto a two-dimensional surface.  The 

correct recoil radii are calculated based on their projected positions at the moment the 

CM hits the detector.  For example, fragments that arrive before the CM would recoil 

farther from the center of the dissociation had they not encountered the detector.  The 

deviation between the true recoil radius and the measured recoil radius is most obvious in 

the z direction with high energy kinetic energy releases.  The corrections can be made for 

xCM, yCM, and zCM using equations 3.14, 3.15 and 3.16, where θ is the angle of a particle 
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Figure 3.1 Plot of KER vs. z centroid for the CE of 4 keV O2
+ with Cs.  

This plot illustrates the effects of correcting the CM radii for projection of 
a three-dimensional dissociation onto a two-dimensional detector. (a) 
without correction (b) with correction 
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Figure 3.2 Diagram illustrating the crushing correction to the recoil radii.  
(a) shows the difference in the measured (zCM) and corrected (z′CM) recoil 
radius.  As shown in the illustration, the corrected value of z′CM

 is longer 
than the measured value.  1, 2, and 3 indicate the first particle, CM and 
center-of-mass intersect the detector.  (b) This figure shows one quadrant 
on the face of the detector to illustrate the necessary correction to the x and 
y radii.  The solid circle shows the measured position of the fragment and 
the dotted circle is the corrected fragment position. 
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relative to the beam axis and is labeled in Figure 3.2.  These corrections are applicable 

towards any number of dissociating fragments. 

 !xCM =
L " xCM " tan#

L " tan# $ xCM
2

+ yCM
2

 (3.14) 

 !yCM =
L " yCM " tan#

L " tan# $ xCM
2

+ yCM
2

 (3.15) 

 !zCM =
t flight

tCM + t flight
" zCM  (3.16) 

The effect of this correction is seen in panel (b) of Figure 3.1.  With the correction for 

crushing, the high KER peaks that once deviated towards negative z centroid values are 

now distributed evenly, with a centroid value peaking at zero.   

3.4. Calibration of the QXDL 

Calibration of the detector using a known dissociative system is important in 

order to obtain accurate information when studying an unknown system.  Ideally this 

system is well known to dissociate and yields atomic fragments with a KER over a large 

range so that both high and low KERs are calibrated. CE of O2
+ with Cs is chosen 

because it has a number of low-lying Rydberg states which readily undergo CE with Cs 

and can dissociate to both the O(3P) + O(1D) and O(3P) + O(3P) channels, 1.967 eV apart.  

The detector is divided into four quadrants in the data analysis code, shown in Figure 3.3. 

The DMC and DAC values for each coordinate (x, y, and t) in each quadrant and Ebeam 

are adjusted during calibration.  Since the detector has four quadrants, each of which can 

detect two particles, a total of 24 DMC and 24 DAC values can be adjusted.  In order to 

simplify this otherwise daunting task, the detector is divided into smaller, more 
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Figure 3.3 Center-of-mass image of the dissociation of O2 → O + O.  The 
solid circle represents the diameter of the detector and the dotted line 
shows that the image is circular, which is necessary for a good calibration. 

 

manageable parts.  Initially, the second particle for each quadrant can be ignored, since 

the O2 will recoil into two symmetric particles 180° from the center of mass so almost all 

dissociations (except those where both fragments hit the center of the detector) will result 

in each fragment hitting a different quadrant on the detector, so long as the detector is 

centered on the beam line.  O fragments arising from a single dissociation event will also 

only land in quadrants that are diagonal from each other, so quadrants 1 and 3 and 

quadrants 2 and 4 can be calibrated independently.  
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 The KER spectrum for the CE of O2
+ with Cs is shown in Figure 3.4.  The labeled 

peaks are those used for calibration.  The ultimate goal of calibration is to place these 

peaks at known locations and with high enough resolution to separate the peaks arising 

from O2 
3Πg   and O2 1 Πg dissociating to O(3P) + O(1D).  The energetics of this system 

are well known.  The dissociation limits of O(3P) + O(3P) and O(3P) + O(1D) are 5.115 

eV and 7.082 eV relative to the ground vibrational state of O2 (X 2∑g
-), respectively.8  

Morrill et al.9 have used a coupled-channel Schrödinger-equation (CSE) model to 

compare the location of the 1Πg state of O2 to experimental work.  Their model predicts 

this level will lie 65652 cm-1 (8.1399 eV) above the ground state of O2.  The 3Πg state of 

O2 was experimentally determined to be 66366.7 cm-1 (8.2285 eV) relative to the ground 

state by Morrill et al.10 using resonance-enhanced multiphoton-ionization (REMPI). 

Using these values, the KER for each dissociation is shown in equation 3.17.  The 3 eV 

KER is too broad to resolve the singlet and triplet states, so the peak is centered as close 

to 3.025 eV as possible, since the dominating peak in the 1 eV energy range originates 

from the triplet state.  Ideally, the peaks in our experimental KER will be centered as 

close to these energies as possible with an error of ±0.005 eV. 
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 Calibration is an iterative process and has been presented in detail previously.11  

Essentially the DMCx,y values are adjusted until the QXDL image is as circular as 

possible, as shown on Figure 3.3.  The QXDL image shows only the recoil distance of the 
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Figure 3.4 N(KER) spectrum of O2 → O + O.  The labeled peaks are 
those used during calibration of the detector and are assigned to low-lying 
Rydberg states dissociating to the O(3P) + O(1D) and O(3P) +O(3P) limits. 

 

two particles in the x and y direction.  Two more two-dimensional plots (not shown) of 

x'CM and y'CM vs. the z'CM are also made as circular as possible.  The z'CM is made circular 

by adjusting DMCt values.  The quadrants can be moved relative to each other by 

adjusting the DACs.  

The final plot used in calibration is shown in Figure 3.5.  It shows the KER 

correlated with  θ, where θ is the angle between the dissociation vectors and the beam 
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Figure 3.5 Two-dimensional correlation of KER with θ for O2 → O + O 
at 9 keV.  The “hole” at high KER and θ near 90° is an indicator of events 
that miss the detector.  Dotted lines are drawn at the two main KERs to 
illustrate the degree of straightness of the plot. 

 

axis.  Ideally, in a good calibration, the KER vs. θ will have straight lines at a specific 

KER for all values of θ.  Dotted lines are drawn in Figure 3.5 at the two main calibration 

features to show that they are straight.  Any deviation from this, such as bending of the 

lines or tilting will produce broadness in the N(KER) peaks and reduce the resolution.   
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 Figure 3.5 also shows a “hole” in the plot starting at a KER of 2.5 eV and θ = 90° 

and extending out to the maximum KER of 4.4 eV and broadening to encompass a range 

of θ (~60-120°).  Certain kinematics, such as a high kinetic energy release coupled with a 

θ near 90° will miss the detector, since the detector has a finite size.  This presents a 

problem, since kinematics with low KER will be more likely to be detected and unfairly 

bias N(KER) spectra towards low energy.  However, the N(KER) can be corrected for 

detector acceptance as discussed in detail in the next section. 

 After the first fragments for each quadrant have been calibrated, the second 

particles can be calibrated.  To first order, the DMC and DAC values for the second 

particles within a quadrant can be set to the same values determined for the first particle 

of that quadrant.  Second particles are calibrated by collecting a second set of data with 

the detector translated so that the center of the dissociation is centered on the quadrant 

whose second particle is to be calibrated.  Second particle calibration is important for 

dissociations involving a heavy fragment and a light fragment.  For example, in the 

dissociation of CH5 into CH4 and H, the CH4 does not recoil far from the ion beam axis, 

but the hydrogen atom does.  If this data were to be collected with the QXDL in the 

centered position, most of the CH4 fragment would hit the center of the detector, on the 

borders and would be thrown out during data analysis.  Instead, data is collected by 

translating the QXDL so that the heavy fragment hits the center of quadrant 3.  Low 

KERs as well as  θ values near 0° or 180° will result in both the heavy and light 

fragments hitting in the same quadrant, so the calibration of the second particle is 
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important.  Once the O2 spectrum is collected with the CM centered in quadrant 3, only 

the DMC and DAC values for the second particle of that quadrant are adjusted. 

3.5. Detector acceptance correction 

 The plot in Figure 3.5 shows how fragments with certain kinematics can miss the 

finite detector.  For DPD experiments, which have been the main focus of work in this 

lab in the past, KERs are often quite small, less than 2 eV and as a result dissociations in 

this energy range do not often produce kinematics that cause fragments to miss the 

detector.  In CE, this is not the case. As discussed in Chapter 1 of this work, CE can 

produce excited neutrals that dissociate with KERs much higher than 2 eV.  Correction 

for detector acceptance is important both in that it will yield true relative intensities of 

features in the spectra as well as providing the ability to measure branching fractions 

from the results of the correction.  Previous studies in this laboratory12 and others13 have 

used the detector acceptance function (DAF) to correct the KER distributions, which was 

a numerical forward convolution approach as opposed to the current method that uses 

Monte Carlo simulations. For the systems studied in this thesis, in order to correct for 

detector acceptance, first the experimental KER distribution, Nn
E(KER), where n is the 

dissociation channel, is obtained.  A Monte Carlo simulation of the experiment is run 

using a constant KER distribution over the same range as the experiment.  From the 

simulation the Nn
MC(KER) distribution is obtained. The final KER spectra, corrected for 

fragments missing the detector is given by Pn(KER) and calculated using equation 3.18. 

 ( )
( )

( )
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n

n MC

n

N KER
P KER

N KER
!= "  (3.18) 
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Figure 3.6 NE(KER), P(KER) and NMC(KER) spectra of the two-body 
dissociation of H3 in panels (a), (b), and (c), respectively.  This spectrum 
illustrates the importance of correcting for detector acceptance. 

 

In this equation, ! is a normalization factor, taken as the maximum intensity of the 

Nn
MC(KER). This assumes that 100% of the particles will be detected at the maximum 

intensity of the Nn
MC(KER) distribution.  The normalization factor is necessary to obtain 

accurate branching fractions, which will be discussed in section 3.7.  Figure 3.6 shows 

the uncorrected (a), corrected (b), and Nn
MC(KER) (c) KER distribution for the two-body 

dissociation of H3.  Correction for detector acceptance can cause drastic changes in the 

relative intensities of peaks in the KER spectra as illustrated in Figure 3.6.  
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3.6. Visualization of multiple dissociation channels 

 Before discussing how to calculate the branching fractions between different 

dissociation channels, it is first necessary to determine if and how many other 

dissociation channels are present in the data.  This section will present a few visualization 

methods within the data analysis program that can be used to determine if there is more 

than one product channel.  To illustrate the visualization methods, the charge exchange of 

CH2D3
+ with Cs is used, because it produces several different dissociation channels. As 

stated in section 3.2.2, the fragment masses are calculated during data analysis.  A one-

dimensional plot of the calculated masses will have peaks corresponding to all 

dissociation channels.  In order to see the peaks more clearly it is helpful to remove 

events falling outside ±1 mm of the x and y centroids. By leaving the z centroid ungated, 

any events not conserving momentum (such as those arising from different dissociation 

channels) will remain.  Figure 3.7 clearly shows there are four dissociation channels for 

the charge exchange of CH2D3
+ with Cs.  Figure 3.8 is a two-dimensional plot of the 

KER vs. the calculated mass.  This plot is an illustration of the ability to separate 

dissociation channels as a function of the KER.  At high KER, the mass channels are 

clearly separated, whereas at low KER, resolution is decreases and there will be more 

mixing of separate channels.  Figure 3.9 is a plot of KER vs. the z centroid and is the final 

visualization plot used to determine the number of dissociation channels present in a 

single experiment.  Events that fall along a centroid value of zero, are those belonging to 

the assigned mass channel, where as those that deviate from zero belong to other 

dissociations.  Again as in the previous figure, as the KER increases the separation 
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Figure 3.7 A mass spectrum of CH2D3.  In order to see the multiple 
dissociation channels more clearly, the x and y centroids have been gated 
such that only events with centroids between ±1 are present.  There are 
four distinct dissociation channels upon neutralization of CH2D3

+ with Cs. 
 

between the different channels is more clear and decreases as the KER approaches 0 eV.  

The entire data set is analyzed separately for each fragment channel.   

3.7. Branching fractions 

 After the P(KER) distributions have been obtained for every observed 

dissociation channel, the branching fractions are determined. Branching fractions are 

calculated using equation 3.19, where n designates the specific channels and j represents 

the total number of channels. The total number of dissociating events are measured by
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Figure 3.8 A plot of mass vs. KER for CH2D3.  This figure uses the same 
gating as seen in Figure 3.7.  Using a plot of masscalc vs. KER it can be 
clearly demonstrated that at low KER (i.e. < 1 eV) the dissociation 
channels are more difficult to separate. 
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Figure 3.9 A plot of the z centroid vs. KER for CH2D3.  This figure 
includes removal of events with apparent masses between 5 amu and 15 
amu for clarity purposes in addition to the x and y centroid gating.  This 
plot also shows that at low KER (i.e. < 1 eV) the dissociation channels are 
more difficult to separate.  In this plot, the assigned masses belong to the 
CH2D + D2 channel, so events corresponding to that channel lie along 0 
mm for the z centroid.  Events arising from different fragmentation 
channels form a parabolic shape away from 0 mm, with all channels 
meeting at 0 eV KER. 
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integrating the P1(KER) for a given channel over the entire KER range.  To calculate the 

branching fraction, the number of events for a given channel is divided by the sum of 

events for all channels.   

 Branching Fraction1 =

P1(KER) 
minKER

maxKER

! dKER

Pn (KER) 
minKER

maxKER

! dKER
n=1

j

"
 (3.19) 

Since all channels are recorded simultaneously, it is necessary to separate each channel 

before generating a P(KER) spectrum. In order to separate the two channels, assuming 

that the dissociation is prompt, the events that are associated with the assigned fragment 

masses will have centroid values near zero, while dissociation events associated with the 

other fragmentation channel and false coincidences will be outside this range.  The data 

set for each product channel is treated as similarly as possible by gating all three 

centroids based on their FWHM value, rather than an arbitrary number for each channel.  

It is also necessary to gate on the calculated mass as well.  The reason for this is because 

at low KER (< 1 eV) all channels begin to merge at a centroid value of zero, as seen in 

Figure 3.9.  As a result, gating on the centroid will remove a majority of events arising 

from other dissociation channels, but at low KER dissociations belonging to other 

channels will still be present in the data set.  The mass spectrum is used as a secondary 

gate where data falling within ± 0.5 amu of the assigned mass is kept.  The estimated 

error in the branching fractions is ± 0.03.  The error is estimated by doing a sensitivity 

analysis on the data by exploring the parameter space of both the Monte Carlo simulation 
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and the various gating methods for the data and determining their effect on the branching 

fraction.  

3.8. Conclusion 

 In this chapter, data analysis procedures were discussed.  The calculations for 

obtaining the CM N(KER) were reviewed along with the newly implemented correction 

to the CM vectors to account for crushing.  The method used to convert the raw N(KER) 

distribution to the true probability distribution, P(KER) was also discussed.  A P(KER) 

distribution is necessary to correctly measure the branching fractions.  Calibration of the 

detector was discussed briefly.  Techniques for visualizing multiple dissociation channels 

and calculating branching fractions were also emphasized. 

 The remaining chapters of this thesis will cover the CE experiments on CH5
+, 

CHD4
+, CH2D3

+, CD5
+, H3O+, H2DO+, HD2O+, D3O+, H3

+ and D3
+.  With the exception of 

H3
+ and D3

+, all of these species undergo two-body dissociations only.  For all species, 

the branching fractions for the observed dissociation channels have been measured. 
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Chapter 4. 

Dissociative charge exchange of H3
+ and D3

+ with Cesium:  Dissociation dynamics 

and two- and three-body branching fractions 

 

4.1. Introduction 

Despite the simplicity of triatomic hydrogen, H3, it has provided important 

challenges to both experimentalists and theorists.  H3
+ is stable and was proposed to exist 

in the interstellar medium in 1961,1 but not found there experimentally until 1980.2  H3
+ 

is formed in the interstellar medium by the slow cosmic ray ionization of H2 followed by 

the following fast reaction.   

     
 
H

2

+
+ H

2
! H

3

+
+ H  (4.1) 

The main destruction mechanism for H3
+ in diffuse and dense interstellar clouds is 

dissociative recombination (DR) and proton transfer to form larger molecules, 

respectively.3  Neutral H3 has electronically excited states that can be described as a 

Rydberg electron attached to the H3
+ core.  These Rydberg states can non-adiabatically 

couple with the dissociative ground state, which consists of two sheets forming a conical 

intersection in D3h symmetry.  The upper sheet and lower sheet converge to the three- and 

two-body dissociation limits, respectively.  In the present work we use charge exchange 

(CE) to produce H3 and D3 in Rydberg states and measure their dissociation dynamics. 

Rydberg states of H3 are readily formed by CE with alkali metals, such as Cs.   

These states can be predissociated by the ground state, or radiatively decay to either 

lower-lying Rydberg states (bound-bound) or directly to the ground state (bound-free).  

Bordas et al.4 have used the long lived (~640 ns) 2p 2A2″ (N=0,K=0) state of H3 as a 
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platform to optically excite to higher Rydberg levels and then measure the subsequent 

dissociation of these states into two- or three-body pathways.  Müller et al.5 established 

that two-body dissociation of H3 produces a vibrationally and rotationally excited H2 

fragment.  CE has also been used to form these higher lying states directly and then 

measure their emission to either lower lying Rydberg states6-8 or the ground state.9 The 

two- and three-body branching fractions have been measured by several groups using 

DR,10-12 CE,5,13 and theory.14  Müller et al.5,15 have calculated state-specific branching 

fractions for two- and three-body dissociations and radiative decay of the 3s 2A1′ and 3d 

2E″ states, as well as the two-body dissociation versus radiative decay ratios for the 2s 

2A1′, 3s 2A1′ and 3d 2E″ states. Two independent studies12,13 examined the effect of excess 

internal energy in the cation on the branching fraction, in both cases the neutral products 

favored the three-body channel with increasing internal energy.   

The objective of this work is, in part, to study the two-body dissociation dynamics 

of H3 and D3.  It is also motivated by that of Peterson et al.13 who measured branching 

fractions for the CE of H3
+ and D3

+ with Cs.  In that experiment H- was produced by 

double electron transfer with Cs and its lab-frame kinetic energy measured. The lab-

frame energy was then converted to the center-of-mass kinetic energy release (KER) and 

the two channels deconvolved from that spectrum.  In the work presented here, a more 

sophisticated detector was used, which allows for a complete kinematic description of 

each two- and three- body dissociation event.  KER spectra of the two-body dissociation 

of H3 and D3 will be presented in detail followed by a brief description of the three-body 

spectra.  Lastly the branching fractions will be presented and compared those measured 

using different methods. 
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4.2. Experimental Methods 

The fast-beam multi-particle translational spectrometer used in these experiments 

is a modified version of an existing apparatus.16  H3
+ and D3

+ were formed in a pulsed 

electrical discharge on a supersonic expansion (1 kHz) with pure H2 and a 1:10 mixture of 

D2 and H2, respectively. The temperature of the ions produced in this source are expected 

to be vibrationally less than 1660 K (3178 cm-1) and rotationally 20 – 60 K.17 The ions 

were skimmed, accelerated to 8 or 16 keV then re-referenced to ground.  The ion packet 

is mass-separated by time-of-flight, electrostatically focused and guided into the 

detection region. A mass gate allows only the ion of interest to pass through a 1 mm3 

interaction region containing 1 x 10-5 torr of Cs.  After traversing the neutralization 

region, any remaining ions are deflected into an ion detector.  Neutral fragments fly ~110 

cm and impinge on a time- and position-sensitive detector, capable of detecting a 

maximum of 8 particles in coincidence.  The experimental center-of-mass kinetic energy 

release N(KER) distribution and fragment masses are calculated by using the position and 

time-of-arrival of the fragments along with the parent ion mass and beam velocity.  In a 

single experimental run the two- and three-body N(KER)s are collected simultaneously. 

The N(KER) spectra must be corrected for events that miss the detector.  In order 

to correct the spectra, Monte Carlo simulations are performed to determine the collection 

efficiency of the apparatus for each possible fragmentation pathway.  This correction has 

been described previously18 and yields the true probability, P(KER) distributions. Once 

the P(KER)s for each fragmentation pathway are obtained they are integrated over the 

total KER range for each channel yielding the corrected number of two- and three-body 

events.  Branching fractions are calculated by dividing the number of events of a given 
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channel by the total number of events in all channels. The detection efficiency for neutral 

products with the MCP based time- and position-sensitive detector could potentially 

effect the measurement of the branching fractions.  For all systems and beam energies 

studied in this work, the lab frame energy of the fragments is over 2500 eV.  The work of 

Peko and Stephen19 indicates that at lab energies approaching 1000 eV the detection of  

H-, H, H+, D, H2
+ and D2

+ converge to approximately equal detection efficiencies. Thus, 

the detection efficiency of this experiment for all fragments should be nearly the same 

and will not significantly effect the branching fraction calculation.  The branching 

fractions have also been corrected for the difference in detection efficiency between 

detecting two and three particles, which is 50%. 

4.3. Results and discussion 

The present study focuses on both the P(KER) of the two-body H3 and D3 

dissociation and the branching fractions.  As mentioned previously, three-body N(KER)s 

are also measured, and their corrected P(KER) spectra will be presented briefly since they 

are required to measure the branching fraction.  The 12 keV N(KER) of H3 and D3 have 

been reported before.20 The P(KER) spectra of H3 at two beam energies (16 keV and 8 

keV) and the spectrum of D3 at 16 keV will be presented, followed by the measured 

branching fractions for each system.  The three spectra show some similar features which 

will be described briefly, followed by an in depth analysis of each spectrum.  

4.3.1. Center-of-mass kinetic energy release 

CE of H3
+ and D3

+ with Cs is nearly resonant with the 2s 2A1′ and 2p 2A2″ states  

(Figure 4.1) and therefore they are expected to have the highest cross-section for electron 

capture from Cs.  Near-resonant charge exchange (NRCE)21,22 allows for initial electron 
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Figure 4.1 H3 energy level diagram showing the relevant excited 
electronic states of H3 and their relationship to the two-body dissociation 
limit.  The region for radiative decay is estimated from the experiment.  

 

capture into Rydberg states up to the ionization potential of H3. The probability for 

populating near-resonant states depends on the relative velocity between the cation and 

electron donor, a matrix element coupling the initial parent cation and final electronic 

state of the neutral and the difference between the resonant energy and the energy of the 

near-resonant state. 

The two-body P(KER)s for 16 keV H3, 8 keV H3 and 16 keV D3 are shown in 

Figure 4.2.  All spectra show dissociation resulting from populating several different 
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initial Rydberg states.  The maximum KER (KERmax) is calculated from the difference in 

energy between a given Rydberg state and the two-body dissociation limit, H2 (ν = 0, J = 

0) + H.  The KERmax for the 2s 2A1′ and 2p 2A2″ states are 5.46 eV and 5.56 eV, 

respectively23 and the dominant feature seen in all spectra is a sharp change in intensity 

near these energies.   Only the rotationless 2p 2A2″ (N=K=0) state is long lived and will 

not be observed, other rotational states of 2p 2A2″ are readily predissociated via rotational 

coupling to the neutral surface. However, specific rotational levels within an individual 

state are not resolved due to apparatus resolution. This experiment does not state-select 

the initial state of the neutral, so both the 2s 2A1′ and 2p 2A2″ states are populated and 

produce vibrational and rotational excitation in the diatomic product resulting in peaks 

over the range of 1.0 eV to 5.6 eV.  The vibrational energies for H2 and D2 are marked on 

their respective spectra starting at 5.45 eV for ν = 0.  Vibrational energies for the lesser 

populated 2p 2A2″ state will appear 0.1 eV higher in energy than those marked on the 

spectra.  These resolved peaks extend from ν = 0 of the diatomic product to the onset of 

the three-body channel, and the bond dissociation energy of H2 (ν = 14) and D2 (ν = 20).  

The next feature present in all spectra is a weaker, broad, unstructured signal 

extending from 5.6 eV to 9.0 eV resulting from predissociation of the n ≥ 3 Rydberg 

states.  The 3s 2A1′ and 3d 2E″ states have been previously measured5 and found to 

produce vibrationally and rotationally excited H2 when predissociated, although 

dissociations arising from the remaining n = 3 Rydberg states is also possible.  Bound-

bound7,24 and bound-free5,9 radiative decay rates of the 3s 2A1′ and 3d 2E″ states are 

competitive with predissociation and have been observed in other work. The peak in the 
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P(KER) spectra at 2.0 eV is a result of products of radiative decay of higher lying states 

followed by dissociation into H2 + H.  The final feature present in all spectra is a sharp 

drop in intensity at ~ 1 eV corresponding to the minimum two-body KER for the 2s 2A1′ 

and 2p 2A2″ states.  The D3 spectrum is shifted to lower energy due to the difference in 

zero-point energy. 

4.3.1.1. Two-body P(KER) spectra for H3 and D3 

Focusing on the 16 keV P(KER) for the two-body dissociation of H3, events with 

KERs extending to ~9 eV are seen, indicating that states up to the H3 ionization energy 

are populated.  The KERmax for predissociation of the 3p 2E″, 3s 2A1′, 3d 2E″, 4s 2A1′, and 

5s 2A1′ Rydberg states and the ionization energy of H3 are labeled on Figure 4.2.  The 

signal arising from initial states where n > 2 is significantly larger in the 16 keV spectra 

than the other two spectra because the higher beam velocity increases the probability for 

NRCE. Predissociation of the 3d 2E″ state produces a large number of vibrationally 

excited H2 products for (ν ≥ 5) and a significantly smaller number for (ν < 5) as shown 

by Müller et al.5 This observation is worth noting because the KER for 3d 2E″ 

dissociating to H2 (ν = 5) + H is 5.4 eV, close to the expected KERmax for predissociation 

of the 2s 2A1′ and 2p 2A2″ states. As a result, this underlying dissociation contributes to 

the breadth of the P(KER) in the lower (< 5.6 eV) energy range. Product state 

distributions for predissociation of the higher lying n > 3 states are not available, but 

dissociation of these states may also produce vibrationally and rotationally excited H2, 

contributing to the overall breadth of the spectrum. In order to improve the energy 

resolution of the P(KER), the P(KER) for CE of H3
+ with Cs using a lower beam energy 

(8 keV) was obtained as shown in Figure 4.2 (b).  In general, a lower cation beam energy 



68 

 

 

Figure 4.2 P(KER) spectra for the two-body dissociations of H3 and D3. 
The P(KER) distributions of the dissociation of (a) H3  → H + H2 at 16 
keV, (b) 8 keV, and (c) D3  → D + D2 at 16 keV.  The maximum KER for 
selected n = 3, 4, and 5 Rydberg states are labeled as well as the ionization 
potential of H3

+. The vibrational progressions for H2 and D2 are shown 
relative to predissociation of the 2s 2A1' state.  

 

improves the energy resolution of the P(KER).  However, for the current work, a large 

portion of the breadth of the 16 keV P(KER) spectrum is caused by predissociation of 

off-resonant states (n > 3), so lowering the beam energy of the H3
+ will effect the 

probability of populating these states and potentially remove many of these events, 

resulting in an additional improvement of the vibrational resolution in the n = 2 states.  
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Comparison of the 8 keV H3 P(KER) to the 16 keV H3 P(KER) shows changes in 

the relative population of the Rydberg states resulting from NRCE. A beam energy of 8 

keV was chosen because it has the same lab-frame velocity as 16 keV D3.  The 8 keV H3 

spectrum has less events at KERs greater than 5.6 eV than the 16 keV spectrum, 

consistent with a lower probability of forming initial neutral Rydberg states farther off-

resonance.  Because the number of n = 3 states populated is less, the number of states 

undergoing radiative decay to the ground state is reduced and the peak at 2.0 eV is 

smaller than for the 16 keV H3 spectrum.  With less n ≥ 3 states populated, the breadth 

and intensity from 3.0 eV to 5.6 eV associated with the formation of excited H2 (ν, J) 

states from those initial states is reduced.  The vibrational levels of H2 are not as well 

resolved at lower KER, but between 2.5 eV and 5.6 eV they are more pronounced than in 

the 16 keV H3 spectrum.  The 2s 2A1′ state has a smaller energy defect for CE with Cs 

than the 2p 2A2″ state so more of the events in the KER spectrum for 8 keV H3 will be 

from the predissociation of the 2s 2A1′ state (forming H2 (ν, J) + H in a range of 

vibrational and rotational states) than in the 16 keV H3 case and this may be part of the 

reason the vibrational peaks at energies less than 2 eV are not as well resolved in the 8 

keV spectrum.  

The P(KER) distribution for the two-body dissociation of D3 is shown in (c) of 

Figure 4.2.  There are few events with KER greater than 5.6 eV, corresponding to the 

formation of n ≥ 3 Rydberg states, consistent with the lower beam velocity of D3
+.  The 

peaks in the region between 1.0 eV and 5.6 eV, due to vibrational excitation in the D2 

product channel are closer together than for the H2 product, which is consistent with the 

difference in vibrational frequencies between H2 and D2. The most striking difference in 
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the D3 spectrum compared to the 8 keV H3 spectrum is the change in relative intensity 

between the peaks at 2.0 eV and 5.6 eV, despite the two beams having identical 

velocities. The increase in signal at 2.0 eV is consistent with the preference for the n = 3 

states of D3 to radiatively decay.  Previous studies of both emission from the Rydberg 

states7 and photodissociation of state-selected Rydberg states5 have shown that heavier 

isotopologs of H3 are more likely to undergo radiative decay relative to predissociation.  

The H3 two-body P(KER)s, especially at 8 keV, show a varying pattern of relative 

intensities between the first three peaks in the vibrational series from the predissociation 

of the 2s 2A1′ and 2p 2A2″ states.  Also, the peaks assigned to vibrational quanta of H2 and 

D2 fit well for some KERs but not over the whole range.  The change in relative 

intensities of the peaks could be due to an unknown and shifting rotational distribution in 

the H2 product.  Experiments measuring dynamics of specific Rydberg states showed no 

consistency in vibrational and rotational distribution.5  Lepetit et al.25 have modeled the 

predissociation of H3 from the quasibound states of the upper sheet of the dissociative 

ground state using quantum dynamical calculations and obtained the scattering wave 

function.  They have shown that inclusion of the geometric phase, which is induced at the 

conical intersection of the upper and lower sheets of the ground state neutral surface in 

D3h symmetry, produces very different rotational and vibrational distributions of the H2 

product depending on the symmetry of the wave function.  For the 2s 2A1′ and 2p 2A2″ 

states, the former couples to the ground state through vibrational zero-point motion, and 

the latter through Coriolis coupling, resulting in a different internal energy distribution of 

the H2 product.  Both of these states are involved in this experiment, so a different 

rotational and vibrational distribution of the H2 product is not surprising.  
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4.3.1.2. Three-body P(KER) for H3 and D3 

The corresponding three-body P(KER)s for the two-body dissociations discussed 

above, are shown in Figure 4.3. They are similar to the previously published spectra,20  

except for slight changes in the relative intensities of the peaks.  Also of note, the spectra 

published here are P(KER)s, whereas those presented before20 were uncorrected 

N(KER)s. 

4.3.2. Branching fractions 

 The branching fractions for both H3 and D3 were measured. In the case of 8 keV 

H3, branching fractions could not be measured accurately, because an accurate three-body 

P(KER) cannot be measured.  If events are not detected, they cannot be converted from 

N(KER)s to P(KER)s.  For the two-body dissociation, this is not a problem, because 

events are detected at every possible KER.  However, in the case of the three-body 

dissociation, the detection efficiency is dependent on both KER and momentum 

partitioning among the three fragments.  At 8 keV for H3, no events will be detected for 

dissociations where each particle has an equal partitioning of momentum, with a KER 

greater than 3.2 eV.  Although this presents a problem for quantitatively determining the 

branching fraction over all KERs, it is possible to obtain branching fractions in the low 

KER range, such as for the 2s 2A1′ and 2p 2A2″ states.  This limitation is not a problem in 

the 16 keV H3 and D3 and the branching fractions are presented in the last row of Table 
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Figure 4.3 P(KER) spectra for three-body dissociations of H3 and D3. The 
P(KER) distribution of the three-body dissociation of (a) 16 keV H3, (b) 8 
keV H3 and (c) 16 keV D3.  Peaks corresponding to the 2s 2A1', 2p 2A2" 
and 3p 2E " states are resolved and labeled.  The remaining n = 3 states are 
very close to each other in energy and individual states are not resolved.  
The 4s 2A1' and 5s 2A1' states are also labeled, although population of 
other Rydberg states of a similar energy is also possible.  The D3 peaks are 
have the same labeling as the H3 peaks, but are shifted to lower energy due 
to the change in zero-point energy.   

 

4.1.  These fractions are integrated over all KER for the two- and three-body channels are 

0.73 and 0.27 for 16 keV H3 and 0.84 and 0.16 for D3, respectively.  The estimated error 

for the branching fractions is 0.03 and was determined by doing a sensitivity analysis on 

the data by exploring the parameter space of both the Monte Carlo simulation and the 
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various gating methods for the data and determining their effect on the branching 

fraction.  

Several experimental groups using different methods have measured the 

branching fractions of H3 and D3.  Peterson et al.13 have measured them using a technique 

for generating the neutral species most similar ours, CE with Cs, without state-selecting 

the initial neutral species.  They used two different ion sources that produced 1.5 – 2.4 eV 

of internal energy in the cation, significantly higher than the ions produced in our work 

and a 3 keV ion beam.  The two- and three-body branching fractions for their coldest 

source were 0.81 and 0.19 for H3 and 0.74 and 0.26 for D3, respectively.  Both their 

results and ours showed a preference for two-body dissociation in both isotopologs.  By 

varying the ion source conditions, they showed that internal energy in the initial cation 

increased the three-body branching fraction.  The branching fractions of the DR of H3
+ 

using both rotationally hot10 and cold12 cations have also been measured and these results 

show the same trend as observed by Peterson et al.  An increase in internal energy in the 

parent cation increases the three-body branching fraction.  H3
+ and D3

+ formed in our ion 

source have less internal energy so if the current results were to follow their observed 

trend we will observe more events dissociating via the two-body channel.  The D3
+ two-

body fraction measured for the current work is 0.84 and follows the observed trend.  

However, the H3
+ two-body fraction is 0.74, lower than that of Peterson et al., despite 

having less internal energy in the parent ion.  This result is easily explained by the 

differences in beam energies between the two experiments.  The velocity of H3
+ in our 

experiment is much higher, resulting in a greater population of off resonant states and as 
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discussed in the next paragraph, these states preferentially dissociate via the three-body 

channel, so it is not surprising the two-body branching fraction for H3 is lower.  

In Table 4.1, the two- and three-body KERs were divided into energy regions 

based on the principal quantum number, n, of the Rydberg state, specifically n = 2, n = 3, 

and n > 3 states in order to compare the branching fractions between different states.  As 

seen in the table, as n increases, the three-body branching fraction also observed to 

increase.  The H3 8 keV branching fractions are also presented, and in the case of n = 2, 

the KERs involved are small and over this energy range events of all possible momentum 

partitionings are detected.  These branching fractions are at most qualitative, because 

although the three-body spectra can be easily separated into different Rydberg regions, 

the two-body spectra cannot.  Depending on the initial Rydberg state formed and the 

vibrational excitation of the diatomic product, the KER of a particular dissociation can 

fall within the energy range of dissociation from a Rydberg state with a different 

principal quantum number. The overlap of Rydberg states with different principal 

quantum numbers is mainly a problem in the 16 keV spectra because there are more 

events arising from population of off resonant states.  The 8 keV H3 and 16 keV D3 two-

body P(KER)s have very little signal at KERs greater than 5.6 eV, so events appearing in 

the n = 2 region that result from n = 3 Rydberg states are minimal. All of the spectra have 

a radiative decay component that results in KERs in the n = 2 energy range, however, it is 

significantly less in the 8 keV H3 spectrum, resulting in a more accurate predissociation 

branching fraction of  0.85 and 0.15 for the two- and three-body dissociation for the n = 2 

states. This fraction is more comparable to that of Peterson et al,13 although the beam 

energies and cation internal energies still differ between the two experiments. Despite the 
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Table 4.1 Branching fraction results for Rydberg states with different 
principal quantum numbers.  The KER range used for the two- and three-
body cases is given for H3 and with the exception of the lower limits on 
the n = 2 range and the upper limits on the n > 3, D3 values were adjusted 
to reflect the change in zero-point energy, -0.1 eV for the two-body case 
and -0.14 eV for the three-body case. 

State Branching Fractions KER range for H3 (eV) 

 H3 (16 keV) H3 (8 keV) D3   

 H2 + H 3 H H2 + H  3 H D2 + D  3 D H2 + H 3 H 

n = 2 0.92 0.08 0.85 0.15 0.91 0.09 0 – 5.8 0.5 – 2.5 

n = 3 0.38 0.62 0.31 0.69 0.49 0.51 5.8 – 7.7 2.5 – 3.5 

n > 3 0.09 0.91 0.07 0.93 0.10 0.90 7.7 – 10.0 3.5 – 5.0 

total 0.73 0.27 - - 0.84 0.16 0 – 10.0 0.5 – 5.0 

 

limitations in detecting three-body events with high KER for 8 keV H3, the three-body 

channel still dominates for n ≥ 3 states.  If all those events were detected, they would 

increase the three-body branching fraction.   

One of the most interesting results shown in Table 4.1 is the branching fraction 

for n > 3 states.  These states significantly favor the three-body channel, with a branching  

fraction of 0.90, which surpasses DR branching fractions.12 DR experiments have 

measured a three-body branching fraction of 0.66 using a source with a similar rotational 

temperature to the current work.12 Our treatment does not distinguish specific Rydberg 

states within each principal quantum number, such as the 3s 2A1′ and 3d 2E″ states for 

which the branching fractions of radiative decay and two- and three-body dissociation 

have been measured by Müller et al.15 They showed that the fractions for radiative 

dissociation and two- and three-body predissociation for the 3s 2A1′ state were 0.04, 0.37 

and 0.59, respectively and 0.49, 0.32 and 0.19 for the 3d 2E″ state, respectively. These 

two Rydberg states have very different branching fractions, despite having the same 
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principal quantum number.  The three-body channel dominates for the 3s 2A1′ state while 

the radiative dissociation channel dominates for the 3d 2E″ state.  The branching fraction 

may depend strongly on the specific Rydberg state populated. In DR, electrons are 

captured into high-lying Rydberg states, near the energy of the cation. These states are 

different from those populated during CE.  The different Rydberg states populated upon 

electron capture in DR versus CE explains the difference in the branching fractions of the 

n > 3 energy region measured in this work versus those measured in DR.  

4.4. Conclusion 

The two- and three-body dissociation dynamics and branching fractions of H3 and 

D3 generated by CE of fast H3
+ and D3

+ with Cs have been measured using translational 

spectroscopy.  Vibrational and rotational excitation in the diatomic product was observed.  

The large number of neutral states formed during CE prevents a definitive deconvolution 

of our two-body spectra.  In the case of D3, the n = 3 Rydberg states were found to 

predominantly radiatively decay to the dissociative ground state instead of 

predissociating.  The branching fractions for 16 keV H3 and D3 have been measured.  The 

two-body channel is found to dominate in both cases.  When the spectra are separated 

based on the principal quantum number of their Rydberg state, the three-body fraction 

increases with increasing n.  The results for the n > 3 states are interesting, and reveal that 

a maximum of 0.90 of the dissociation proceeds through the three-body channel. 

Knowledge about the dissociation dynamics and branching fractions of this important 

interstellar molecule will be helpful for modeling of the interstellar medium and 

hydrogen plasmas.  The work presented here is an important addition to the many other 

experimental and theoretical works on H3
+ and may generate interest in theoretical work 
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examining dynamics of the n > 3 states.  Future CE studies using Na as the electron 

donating species could be helpful for modeling of the interstellar medium, since the 

cosmic abundance of Na is considerably higher than that of Cs26 and charge exchange 

processes involving Na would be more likely to occur. 

4.5. References 

1 D. W. Martin, E. W. McDaniel, and M. L. Meeks, Astrophys. J. 134, 1012 (1961). 
 
2 T. Oka, Phys. Rev. Lett. 45, 531 (1980). 
 
3 E. Herbst and W. Klempere, Astrophys. J. 185, 505 (1973). 
 
4 C. Bordas, P. C. Cosby, and H. Helm, J. Chem. Phys. 93, 6303 (1990). 
 
5 U. Müller and P. C. Cosby, J. Chem. Phys. 105, 3532 (1996). 
 
6 H. Figger, Y. Fukuda, W. Ketterle, and H. Walther, Can. J. Phys. 62, 1274 

(1984). 
 
7 H. Figger, W. Ketterle, and H. Walther, Z. Phys. D: At., Mol. Clusters 13, 129 

(1989). 
 
8 W. Ketterle, H. Figger, and H. Walther, Z. Phys. D: At., Mol. Clusters 13, 139 

(1989). 
 
9 D. Azinovic, R. Bruckmeier, C. Wunderlich, H. Figger, G. Theodorakopoulos, 

and I. D. Petsalakis, Phys. Rev. A 58, 1115 (1998). 
 
10 S. Datz, G. Sundström, C. Biedermann, L. Broström, H. Danared, S. Mannervik, 

J. R. Mowat, and M. Larsson, Phys. Rev. Lett. 74, 896 (1995). 
 
11 D. Strasser, J. Levin, H. B. Pedersen, O. Heber, A. Wolf, D. Schwalm, and D. 

Zajfman, Phys. Rev. A 65, 010702 (2002). 
 
12 B. J. McCall, A. J. Huneycutt, R. J. Saykally, N. Djuric, G. H. Dunn, J. Semaniak, 

O. Novotny, A. Al-Khalili, A. Ehlerding, F. Hellberg, S. Kalhori, A. Neau, R. D. 
Thomas, A. Paal, F. Österdahl, and M. Larsson, Phys. Rev. A 70, 052716 (2004). 

 
13 J. R. Peterson, P. Devynck, C. Hertzler, and W. G. Graham, J. Chem. Phys. 96, 

8128 (1992). 
 



78 

14 A. E. Orel and K. C. Kulander, J. Chem. Phys. 91, 6086 (1989). 
 
15 U. Müller and P. C. Cosby, Phys. Rev. A 59, 3632 (1999). 
 
16 K. A. Hanold, A. K. Luong, T. G. Clements, and R. E. Continetti, Rev. Sci. 

Instrum. 70, 2268 (1999). 
 
17 J. E. Mann, Z. Xie, J. D. Savee, B. J. Braams, J. M. Bowman, and R. E. 

Continetti, J. Am. Chem. Soc. 130, 3730 (2008). 
 
18 R. E. Continetti, D. R. Cyr, D. L. Osborn, D. J. Leahy, and D. M. Neumark, J. 

Chem. Phys. 99, 2616 (1993). 
 
19 B. L. Peko and T. M. Stephen, Nucl. Instrum. Methods Phys. Res., Sect. B 171, 

597 (2000). 
 
20 C. M. Laperle, J. E. Mann, T. G. Clements, and R. E. Continetti, Phys. Rev. Lett. 

93, 153202 (2004). 
 
21 V. Sidis, J. Phys. Chem. 93, 8128 (1989). 
 
22 C. Brechignac, P. Cahuzac, F. Carlier, J. Leygnier, and I. V. Hertel, Z. Phys. D: 

At., Mol. Clusters 17, 61 (1990). 
 
23 P. C. Cosby and H. Helm, Chemical Physics Letters 152, 71 (1988). 
 
24 U. Galster, F. Baumgartner, U. Müller, H. Helm, and M. Jungen, Phys. Rev. A 72, 

062506 (2005). 
 
25 B. Lepetit, R. Abrol, and A. Kuppermann, Phys. Rev. A 76, 040702 (2007). 
 
26 G. O. Abell, D. Morrison, and S. C. Wolff, Realm of the universe, 5th ed. 

(Saunders College Pub., Fort Worth, 1992). 
 
 
 



 

79 

Chapter 5. 

Production of vibrationally excited H2O from charge exchange of H3O+ with Cesium  

 

5.1. Introduction 

 H3O+ is a key component in acid-base chemistry, as well as proton transfer in 

biological systems1 and is a building block of protonated water clusters.2 In addition, the 

neutral surface of H3O is the benchmark four-atom system and dynamics on its potential 

energy surface have been studied extensively.3-6 In astrophysical contexts, H3O+ has been 

observed in comets,7,8 and interstellar clouds.9 H3O+ was found to be the dominant ion in 

the inner coma8 of comet Halley and is likely responsible for the production of many 

other major ions found there via proton transfer processes.10 In interstellar clouds, H3O+ 

is formed by a multi-step process initiated by the cosmic ray ionization of H2.11 Reactions 

leading to the destruction of H3O+ in comets and interstellar clouds are those with 

molecules having proton affinities greater than H2O as well as dissociative recombination 

(DR). DR of H3O+ produces four possible ground state neutral dissociation channels, 

shown in equations 5.1-5.4. The products of DR of H3O+ determine the main form of 

oxygen in the interstellar medium, H2O or O2 (from the reaction of OH with O atoms). 

    H3O
+
+ e

-
! H2O +H  (5.1) 

 ! OH+H2  (5.2) 

    ! O+H2+H  (5.3) 

     ! OH+H+H  (5.4) 

 DR of H3O+ has been studied using both storage ring12,13 and flowing afterglow14 

techniques as well as modeled theoretically.15-17 Experiments studying DR of H3O+ have 
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provided many important quantities, such as branching fractions, rate coefficients and 

cross-sections, which are used to indirectly determine the concentration of H2O in the 

interstellar medium. However, these experiments were unable to measure the kinetic 

energy release of the dissociating fragments, which yields information about the internal 

energy distributions of the neutral products. We report a measurement of the branching 

fractions as well as the center-of-mass kinetic energy release (KER) for the dissociation 

of H3O following charge exchange (CE) of H3O+ with Cesium (Cs). Along with the 

experimental results, quasiclassical trajectory (QCT) simulations of the process have 

been carried out using methods very similar to those used previously in our joint study of 

CE of CH5
+ with Cs.18 This Communication will compare the results of the experimental 

and simulated kinetic energy release spectra and branching fractions.  

 DR, CE and proton transfer can all produce H2O as a product, which is also an 

important interstellar molecule. It is present in the interstellar medium as well as celestial 

objects such as the nuclei of comets and is responsible for radiative cooling of interstellar 

clouds,19 a process necessary for star formation. The abundance of H2O is difficult to 

determine using ground-based instruments because the water in Earth’s atmosphere 

interferes with measurements. As a result, direct measurements of water from the ground 

of nearby objects have only been possible recently20 using weaker transitions known as 

solar-pumped non-resonant fluorescent (SPF) water lines that are not absorbed by the 

atmosphere. These measurements have focused on water present in comets. The emission 

spectrum of H2O in the range of 2.8945 to 2.8985 µm was measured21 when NASA’s 

Deep Impact mission delivered an impact of 19 gigajoules to Comet 9P/Tempel 1, 

releasing material from the comet’s core. Emission lines from H2O with high vibrational 
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quanta were observed and the results on the neutralization of H3O+ presented in this 

Communication provide a possible explanation for the presence of these lines.  

5.2. Experimental 

The experimental apparatus is a modified version of an existing apparatus and 

will only be described briefly.22 H3O+ was generated by flowing H2 gas over cold H2O (0 

°C) and ionizing the resulting mixture in an electrical discharge on a pulsed supersonic 

expansion (1 kHz). The internal energy of the nascent H3O+
 is not known exactly, 

however, it is believed that a majority of the ions are formed in their ground vibrational 

states with a rotational temperature of 20-60 K and a maximum vibrational temperature 

of 1660 K (3178 cm-1).18 The ions were accelerated to 9 keV, mass selected by time of 

flight and electrostatically focused and guided into the interaction region. Before reaching 

the interaction region, the ions passed through a mass gate and only m/z 19 (H3O+) 

continued along the beam path. H3O+ was neutralized when it passed through a 1 mm3 

interaction region containing 1 x 10-5 torr of Cs. Any remaining ions were deflected up to 

an ion detector while the neutral fragments flew 110 cm to impinge on the time- and 

position-sensitive detector. The detector is a four-quadrant crossed-delay-line anode and 

can detect a maximum of eight fragments arising from a single dissociation event. 

 The center-of-mass experimental kinetic energy release, N(KER) and fragment 

masses for each dissociation channel are calculated using the time of arrival and position 

of each event along with the parent ion mass and beam velocity. Certain kinematics will 

result in fragments that miss the detector, so the N(KER)s must be converted to true 

probability distributions P(KER).23 A Monte Carlo simulation of the experiment is 

performed using a constant KER distribution over the same range as the experiment. 
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From that simulation an NMC(KER) distribution is obtained. The detector-acceptance 

function corrected P(KER) is calculated by dividing the N(KER) by the NMC(KER) and 

multiplying by a normalization factor. The normalization factor is taken as the maximum 

intensity of the NMC(KER) distribution. This assumes that 100% of the particles will be 

detected at the maximum intensity of the NMC(KER) distribution. After a P(KER) is 

obtained for each fragmentation channel, the experimental branching fractions are 

calculated by first determining the total number of dissociating events by integrating the 

P(KER) for a given channel over the entire KER range, (0 to 4 eV for this experiment). 

Then the branching fraction is calculated by dividing the number of events for a given 

channel by the sum of events for all channels. 

5.3. QCT simulations 

 The QCT calculations are similar to those reported previously for the study of Cs 

charge exchange with CH5
+.18 In brief, roughly 10,000 direct-dynamics trajectories were 

run to describe the H3O dynamics, at the CASPT2/VDZ level of theory/basis. This was 

feasible to do because the trajectories on the neutral surface produce products very 

“promptly” i.e., within roughly 400 integration time steps. Initial coordinates for these 

trajectories were determined from the H3O+ zero-point phase space, with initial momenta 

modified,24 essentially as described previously.18 The KER as well as the internal energy 

and angular momentum of the molecular products were determined for each trajectory. 

5.4. Results and discussion 

 Figure 5.1 shows possible dissociation channels upon neutralization of H3O+ and 

the relative energy of transient H3O upon CE with Cs. Only two-body dissociation 

channels, (5.1) and (5.2) are energetically accessible. Many theoretical studies have 
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predicted oscillator strengths as well as band locations for the emission spectrum of 

H3O.25-28 Luo and Jungen27 have calculated the vertical electronic energies of the 

Rydberg states of H3O relative to the cation as well as the equilibrium geometries and 

energies of the three lowest lying states. Park and co-workers have used ab initio 

methods to generate potential energy surfaces for the ground and excited states of the 

dissociation of H3O into H2O + H29 and OH + H2.30 To our knowledge, only Herzberg 

reported a measurement of the emission spectrum of H3O.31 Unfortunately, the spectrum 

was broad with no bands present in the theoretically predicted energy regions. This may 

be a result of rapid predissociation competing with emission from the Rydberg states. 

Since there are no experimental results available regarding the relative locations of the 

Rydberg states of H3O, the theoretical results of Luo and Jungen27 were used to generate 

the energy level diagram and are labeled in Figure 5.1, using their electronic state 

notation. The observed and resonant maximum KERs for the dissociation of H3O into 

H2O + H are also labeled. The observed maximum KER is 1 eV above resonance, and 

energetically it is feasible that the initial neutral is formed in the 3pa1 or 3pe state. 

Although these states are off resonance they may still be populated due to near-resonant 

charge exchange (NRCE).32,33  

 The experimental and calculated branching fractions are in excellent agreement 

with each other and predict the H2O + H channel to dominate. Dissociation of H3O 

produces 99% of events experimentally and 100% of trajectories dissociating into H2O + 

H. Although a small (~1%) percentage of the OH + H2 channel was observed 

experimentally it is at the limit of the detection ability of the apparatus and the P(KER) 

obtained for this channel will not be presented.  
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Figure 5.1 Energy level diagram depicting the dissociation limits of H3O 
producing neutral fragments as well as the vertical (from the cation) 
energies of Rydberg states.27 Only dissociations producing ground state 
H2O + H and OH + H2 are energetically accessible.  The energy at which 
resonant CE occurs is labeled as well as the observed maximum KER. 

 

 The remainder of this Communication focuses on the experimental and calculated 

P(KER) spectra for the dissociation into H2O + H, which are shown in (a) and (b) of 

Figure 5.2, respectively. In the experimental spectrum, the peak with the highest KER is 

located near 3.1 eV. The maximum KER for initial formation of H3O in the 3sa1, 3pe and 

3pa1 Rydberg states, as well as resonant electron capture from Cs followed by 

dissociation into H2O (ν = 0) + H are labeled on Figure 5.2. Starting with the peak at 3.1 
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eV there are a total of five peaks extending to lower energy, spaced by ~0.5 eV. The last 

peak in this progression is the highest in intensity and is at 1.3 eV. The lower KER region 

of the spectrum (0 - 1.3 eV) has a set of three peaks of high intensity near 1 eV, spaced 

by 0.1 eV then two peaks of decreasing intensity at 0.8 eV and 0.5 eV. The progression 

of peaks in the high-energy region of the KER (1.3 – 4 eV) are consistent with excitation 

of either or both the symmetric and asymmetric stretches of H2O, with a maximum at ν = 

4. The specific vibrational modes cannot be assigned because the frequencies of the 

symmetric (ν1 = 3657 cm-1) and asymmetric (ν3 = 3756 cm-1)34 stretches of H2O are too 

close in energy to resolve in this experiment. The two individual stretching modes of 

water as well as two bending quanta are nearly equal in energy, so vibrational quanta are 

grouped into polyads.  The five peaks in the P(KER) spectra, with the exception of ν = 0, 

may also correspond to the 1ν, 2ν, 3ν and 4ν polyads of water, rather than several quanta 

in a single vibrational mode. 

 The QCT simulation, with no further processing, produces a continuous 

unstructured P(KER). The distribution can be artificially quantized by assigning each 

classical vibrational energy to the nearest quantum state in energy, after subtracting the 

rotational energy. The extent of bend excitation was found to be limited to states with less 

than 4 quanta and so a second quantized distribution was obtained by restricting bend 

excited states to ν2 < 4. The three distributions are shown in panel (b) of Figure 5.2.  

(These distributions have all been broadened to conform to the experimental resolution.) 

The quantized P(KER) with the excited bending modes removed is shown by a dashed-

dotted line and reveals a highly structured distribution extending from 0 to 3.3 eV, 
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peaking at 1.7 eV. The quantized QCT P(KER) with excited bending modes removed has 

several peaks, each of which consists of a doublet spaced by 0.2 eV.  The energy 

difference of the doublets is consistent with the bending mode of water and may be a 

result of combination bands involving stretch and bend excitation.  Similar doublets are 

not observed in the experimental results, indicating that bending excitation is not 

significant. Rotational distributions are not resolved in the experimental P(KER), 

however, given that a vibrationally resolved spectrum is observed, rotational excitation 

must be reasonably low. There are a significant number of events in between the 5 peaks 

assigned as stretching modes of H2O. These events could correspond to combinations of 

stretching, bending and rotational modes of H2O, convoluted with the experimental 

resolution (∆KER/KER ≈ 7 %). 

 The peaks at lower KER (near 1 eV) could arise from dissociation following 

population of a different initial neutral state, such as the ground 3sa1 Rydberg state, 

which is predicted to lie 1.2 eV above the H2O + H dissociation limit. It is also possible 

that the peaks arise from a different dissociation mechanism originating from the same 

initial state.  To gain more insight into the dissociation, data was also collected at another 

beam energy (16 keV) because the relative velocity of the cation beam and electron 

donating species affects the probability of populating different initial neutral states. 

However, if all dissociations arise from one initial state, no change in relative intensities 

of the peaks in the P(KER) is expected. The P(KER) spectra collected at two different 

beam energies are almost identical. There is a small (~5%) increase in intensity in the 

region of 0.9-1.1 eV in the 16 keV spectrum, but the peaks are not as well resolved, and 

this increase may be a result of overlapping peaks due to poorer resolution at higher beam 
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Figure 5.2 The P(KER) distribution of the dissociation of H3O into H2O + 
H for (a) CE with Cs and (b) QCT simulation.  The symmetric (ν1 dotted 
lines) and asymmetric (ν3 solid lines) stretching modes of H2O were 
determined by setting ν = 0 to a KER of slightly higher energy than that of 
the peak at 3.1 eV to account for some rotational excitation in the 
products, then using the BT235 water lines to determine the location of 
each vibrational quanta relative to ν = 0.  The energy of resonant CE as 
well as the maximum KER for the three lowest-lying electronic states of 
H3O, 3sa1, 3pe and 3pa1 are also labeled. The QCT P(KER) spectra in (b) 
show the classical distribution (solid line) and the quantized distributions 
both with (dotted line) and without (dashed-dotted line) the (ν2 > 4) modes 
removed.  The spectra shown in (b) have been offset from each other for 
clarity. 

 

energies. These results are inconsistent with the neutral dissociating from multiple initial 

states. An alternative explanation for the peaks near 1 eV is that initial electron capture 
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occurs into a metastable Rydberg state that is subject to both predissociation and radiative 

decay to the dissociative ground state. 

Both the experimental and QCT P(KER) spectra show that the majority of the 

available energy is partitioned to H2O internal energy. The quantized QCT P(KER) with 

ν2 > 4 removed shows a vibrational inversion in the H2O product, as does the 

experimental spectrum. The two spectra have a maximum intensity within 0.4 eV of each 

other and decrease in intensity towards higher KER. These spectra are in relatively good 

agreement with each other considering that there are limitations to the simulation, 

including the neglect of coupling between Rydberg states of H3O, which can effect the 

energy distribution in the P(KER).  

 Although there is some disagreement between the experimental and QCT P(KER) 

spectra, their branching fractions are in excellent agreement with the percentage of 

dissociations producing H2O + H at 99% experimentally and 100% theoretically. These 

fractions are different than those measured from DR of H3O+ by both storage rings and 

flowing afterglow methods, which is not surprising since DR probes a higher energy 

region of the neutral surface and has access to three-body channels. Experiments 

performed on both the ASTRID12 and CRYRING13 storage rings show the three-body 

channel, OH + H + H is dominant with 60%  and 67% of dissociations proceeding 

through that channel, respectively. Ketvirtis and Simons15 have calculated dissociation 

pathways for the products of DR of H3O. They proposed that the OH + H + H channel 

may dominate when there is sufficient internal energy in the neutral products to cause the 

sequential dissociation of the H2O molecular fragment into OH + H. The experimental 

P(KER) for this work shows that the H2O fragment is formed with a significant amount 
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of internal energy, however, this energy is too low to break the OH bond, but this would 

not be the case in DR where neutrals are formed at the energy of the parent cation.  

 Information about possible barriers to dissociation as well as couplings between 

the excited states and the ground state are needed to explain the dominance of the H2O + 

H channel. There have been several theoretical studies of the excited states of H3O,25-28 

that focused mainly on predicting the yet-to-be observed emission spectrum of H3O. 

However, the work of Luo and Jungen27 also included dissociation pathways and barriers 

of a few of the low-lying Rydberg states of H3O. Park and co-workers29,30 have also 

investigated the dissociation pathways and potential barriers to dissociation of several of 

the excited states of H3O.   

Luo and Jungen27 have calculated dissociation pathways starting from the 3sa1 

and 3pe excited states while conserving Cs symmetry.  Of these states, only the 3sa1 

ground state correlates to the two ground state two-body product channels, H2O + H and 

OH + H2.  The 3pe state was found to dissociate into both ground state OH + H2 and 

OH(A) + H2.  Dissociation from this state to these two channels was found to have barrier 

heights of 0.97 eV and 2.10 eV, respectively.  Park and co-workers29,30 investigated 

dissociation pathways of several excited states of H3O into ground and electronically 

excited states of the H2O + H and OH + H2 channels while maintaining C2v symmetry.  

Their results indicate that the 3pa1 state does not correlate to H2O + H or OH + H2. These 

results make it difficult to explain why the H2O + H channel is dominant, unless 

tunneling through these barriers plays an important role.  Although a large barrier to 

dissociation from the 3pe state to OH + H2 is predicted, the H2O + H channel only 
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correlates to the lowest state, 3sa1, indicating the path to dissociation from either the 3pe 

or 3pa1 state into H2O + H involves multiple potential energy surfaces. 

5.5. Conclusion 

More theoretical work regarding possible non-adiabatic coupling between 

Rydberg states and the dissociative ground state is needed to help explain these results. 

Based on the observed maximum KER and the vertical energies of the 3pe and 3pa1 

Rydberg states, it is feasible that the electron is captured in one of these states, but not 

both, since the P(KER) spectrum showed no change in relative intensities of the peaks 

when the ion beam energy was changed. Couplings between Cs and the sym-triazine 

cation have been investigated36 and a similar treatment for the current work could help 

determine which state has the highest probability for electron capture.  

 In astrophysical contexts, these results may have an immediate impact on the 

understanding of the chemistry of comets where emission lines from H2O originating 

from high vibrational states have been observed.21 The isotopologs H2DO+, HD2O+ and 

D3O+ have been studied using this experimental technique as well and will be presented 

in a subsequent publication along with QCT simulations. 
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Chapter 6. 

Dissociation dynamics of H3O, H2DO, HD2O and D3O studied by charge exchange 

and quasiclassical trajectory calculations 

 

6.1. Introduction 

 There have been several experimental1-3 and theoretical4-6 works focusing on the 

dissociative recombination (DR) of H3O+ owing to the importance of this species in 

astrophysical contexts.7-10 One of the products of DR of H3O+ is H2O, which is 

responsible for radiative cooling of interstellar clouds,11 a process necessary for star 

formation.  The abundance of H2O in the interstellar medium is difficult to determine 

using ground-based instruments because the H2O in Earth’s atmosphere interferes with 

measurements, so instead it is measured indirectly using H3O+ emission coupled with 

models of interstellar clouds.  To model interstellar clouds, results such as branching 

fractions, rate coefficients and cross-sections from DR experiments are necessary. These 

are all important measurements, however, these experiments were not able to measure the 

kinetic energy release of the dissociating fragments, which can provide information about 

the translational and internal energy distributions of the neutral products.  In the present 

study branching fractions as well as the center-of-mass kinetic energy release (KER) for 

CE of H3O+ and its isotopologs with Cesium (Cs) are measured.  The CE process is 

similar to DR, but is limited by the energy cost to remove an electron from Cs, resulting 

in a neutral formation with less excitation than in DR where neutrals are formed near the 

energy of the cation. Along with the experimental results, quasiclassical trajectory (QCT) 
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simulations of the process have been carried out using methods very similar to those used 

previously in our joint study of CE of CH5
+ with Cs.12 

Dissociation dynamics of H3O following CE with Cs have been described 

previously.13 In DR, there are four possible channels producing ground state neutral 

products, two three-body channels and two two-body channels, however, by generating 

the neutral H3O using charge exchange, only two-body dissociation channels, H2O + H 

and OH + H2 are energetically accessible. H3O was found to preferentially dissociate into 

H2O + H and the H2O product was formed with a large vibrational inversion.  The current 

work is a continuation of that study focusing on the isotopologs of H3O+, H2DO+, HD2O+ 

and D3O+.   

The chemistry of the interstellar medium is unlikely to be affected by the small 

presence of deuterated forms of H3O+, however the number of deuterated molecules in 

the interstellar medium is not negligible.  The deuterium fractionation ratio, which is 

defined as the ratio of the column density of a deuterated molecule to its hydrogen 

analog, is significantly higher in interstellar clouds than its elemental abundance ratio.14 

The driving reaction leading to the formation of deuterated molecules is the ion-molecule 

reaction H3
+ + HD ↔ H2D+ + H2, where the forward reaction is favored in the cold (T ≈ 

10 K) interstellar clouds,15 because it is exothermic by 232 K.16 Further reaction of H2D+ 

with neutral molecules results in the formation of other deuterated species. The deuterium 

fractionation ratio in interstellar clouds has been measured for several different 

molecules15,17 as well as modeled using steady-state methods.18 Branching fractions in 

isotopologs containing both hydrogen and deuterium atoms are important for these 

models.  Branching fractions can be obtained from statistical arguments,19 however, work 
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by Jensen et al.3 have shown a preference for hydrogen elimination over deuterium 

elimination in DR of HD2O+.  The current work measures the branching fractions of both 

H2DO+ and HD2O+ following CE with Cs.  Using the method of neutral preparation 

presented in this work, the mixed isotopologs have the following possible energetically 

accessible dissociation channels.  

 H
2
DO! H

2
O + D  (6.1) 

               ! HDO + D  (6.2) 

               !OH + HD  (6.3) 

             !OD + H
2
 (6.4) 

 HD
2
O! D

2
O + H  (6.5) 

             ! HDO + D  (6.6) 

           !OH + D
2
 (6.7) 

            !OD + HD  (6.8) 

The H3O ground state potential energy surface is a benchmark for four atom 

systems, resulting in several reactive scattering calculations20-22 as well as quasiclassical 

trajectory calculations23,24 on the potential energy surface.  Theoretical and experimental 

studies of the OH + H2 ground state surface have focused on both the OH + H2 → H2O + 

H reaction as well as the reverse reaction including the use of isotopically substituted 

reactants.  The H3O system is an example of mode-specific dynamics. Experimentalists 

have shown that by exciting a specific mode and bond in HOD reacted with H, the 

branching fraction between OD + H2 and OH + HD can be controlled.25-28 The use of 

crossed beams has also been employed to study the dynamics of the OH + H2 surface20,29 
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as well as reactive quenching of OH(A 2Σ+) with D2.30 Quenching dynamics of the OH-

H2 and OH-D2 complexes as well as the binding energies of these complexes have also 

been studied.31 Lovejoy et al.32 have reacted translationally hot hydrogen atoms with H2O 

and observed the production of rotationally resolved emission belonging to the 

asymmetric stretching fundamental of H2O.  These works are only a few representative 

examples of many of the studies on the OH + H2 potential energy surface.  The results 

presented in this work represent a probe of a different region of the H3O potential energy 

surface, in the vicinity of the geometry of the cation. 

6.2. Experimental 

The experimental apparatus is a modified version of an existing apparatus and 

will only be described briefly.33 H3O+, H2DO+, HD2O+ and D3O+ were generated by 

flowing H2/D2 gas over cold H2O/D2O (0 °C) and ionizing the resulting mixture in an 

electrical discharge on a pulsed supersonic expansion (1 kHz). The ions produced using 

this source are believed to have a rotational temperature of 20-60 K and a maximum 

vibrational temperature of 1660 K (3178 cm-1).12  The internal energy of the nascent ion 

is not known exactly, however, it is believed that a majority of the ions are formed in 

their ground vibrational states.  The ions were accelerated to 9 keV then re-referenced to 

ground potential in a high voltage switch.  They were mass selected by time of flight and 

electrostatically focused and guided into the interaction region.  Before reaching the 

interaction region, the ions passed through a mass gate allowing only the ion of interest to 

be neutralized by passing through a 1 mm3 interaction region containing 1 x 10-5 torr of 

Cs.  Any remaining ions were deflected up to a microchannel-plate ion detector while the 

neutral fragments flew 110 cm to impinge on the time- and position-sensitive detector.  
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The detector is a four quadrant crossed delay-line anode and can detect a maximum of 

eight fragments arising from a single dissociation event. 

 The experimental center-of-mass kinetic energy release N(KER) (∆KER/KER 

~7% at 1.04 eV, measured from the dissociation of O2
+ following charge exchange with 

Cs) and fragment masses are calculated using the time of arrival and position of each 

event along with the parent ion mass and beam velocity.  Some events will miss the 

detector as a result of their kinematics, so the N(KER)s are converted to true probability 

distributions P(KER).34  A Monte Carlo simulation of the experiment is performed using 

a constant KER distribution over the same energy range as the experiment.  From that 

simulation an NMC(KER) distribution is obtained.  The detector-acceptance function 

corrected P(KER) is calculated by dividing the experiment N(KER) by the simulated 

NMC(KER) and multiplying by a normalization factor.  The normalization factor is taken 

as the maximum intensity of the NMC(KER) distribution.  This assumes that 100% of the 

particles will be detected at the maximum intensity of the NMC(KER) distribution. After a 

P(KER) is obtained for each fragmentation channel, branching fractions are calculated 

using equation 6.9, where n designates a specific dissociation channel with a total of j 

channels for a specific species. The total number of dissociating events are measured by 

integrating the P1(KER) for a given channel over the entire KER range, (0 to 4 eV for this 

experiment)  To calculate the branching fraction, the number of events for a given 

channel is divided by sum of events for all channels. 

Branching fraction1 =
P1(KER) 

minKER

maxKER

! dKER

Pn (KER) 
minKER

maxKER

! dKER
n=1

j

"
  (6.9) 
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 A factor that can potentially effect the measurement of the branching fractions is 

the detection efficiency of detecting neutral products using the MCP based time- and 

position-sensitive detector. The work of Peko and Stephen35 indicates that at lab energies 

approaching 1000 eV for the detection of  H-, H, H+, D, H2
+ and D2

+ converge to 

approximately equal detection efficiencies. Based on the lab frame energies of the neutral 

fragments in the observed dissociations, only hydrogen elimination channels will 

potentially be effected, and only for the low (9 keV) beam energy experiments.  This 

effect will be discussed in greater detail later, after the measure branching fractions have 

been presented. 

6.3. QCT simulations 

 The QCT calculations are similar to those reported previously for the study of Cs 

charge exchange with CH5
+.12 In brief, roughly 10,000 direct-dynamics trajectories were 

run to describe the H3O, H2DO and HD2O dynamics, at the CASPT2/VDZ level of 

theory/basis. This was feasible to do because the trajectories on the neutral surface 

produce products very “promptly” i.e., within roughly 400 integration time steps. Initial 

coordinates for these trajectories were determined from the parent cation zero-point phase 

space, with initial momenta modified essentially as described previously.12  To determine 

the initial conditions, i.e., total energy and initial coordinates and momenta for the direct 

dynamics on the neutral surface, an adjustment to the initial momenta was made.  This 

adjustment was guided by the maximum experimental KER of roughly 3.2 eV for the 

H2O + H products. The initial coordinates were chosen, as usual, from the harmonic 

phase space of H3O+ with zero-point energy (ZPE) and the potential on the neutral 

surface at this geometry was obtained and the kinetic energy was thus determined from 
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this information and the total energy.  The initial momenta were selected randomly for 

this kinetic energy and subject to the constraint of zero total angular momentum.  For 

H3O+ a new potential energy surface was obtained using roughly 14,000 CCSD(T)/AVTZ 

energies and fit to a permutationally invariant form.  Details of this new potential energy 

surface will be given in a follow-up paper. For each trajectory the KER as well as internal 

energy and angular momentum of the molecular products was determined. 

6.4. Results 

 Figure 6.1 shows possible dissociation channels upon neutralization of H3O+ and 

the relative energy of transient H3O upon CE with Cs. Only two-body dissociation 

channels producing ground state products are energetically accessible. Many theoretical 

studies have predicted oscillator strengths as well as band locations for the emission 

spectrum of H3O.36-39 Luo and Jungen38 have calculated the vertical electronic energies of 

several Rydberg states of H3O relative to the cation as well as the equilibrium geometries 

and energies of the three lowest lying Rydberg states. These results were used to generate 

the energy level diagram and are labeled in Figure 6.1, using their electronic state 

notation. The observed and resonant maximum KERs for the dissociation of H3O into 

H2O + H are also labeled. The observed maximum KER is 1 eV above resonance, and 

energetically it is feasible that the initial neutral is formed in the 3pa1 or 3pe state. 

Although these states are off resonance they may still be populated due to near-resonant 

charge exchange (NRCE).40,41  

 If ZPE differences in the isotopologs are significant it will affect the maximum 

KER.  The ZPE of H3O+ and its isotopologs have been calculated previously and 

determined experimentally, as well as those for the dominant molecular product, water.  
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Figure 6.1 Energy level diagram depicting the dissociation limits of H3O 
producing neutral fragments as well as the vertical (from the cation) 
energies of Rydberg states.38 Only dissociations producing ground state 
H2O + H and OH + H2 are energetically accessible.  The energy at which 
resonant CE occurs is labeled as well as the observed maximum KER. 

 

Since Rydberg states have similar geometries to that of the cation, it is assumed that they 

will have similar ZPEs. The maximum KER does not vary more than 0.1 eV after 

including ZPE effects and because there are very few events at these energies fluctuations 

by 0.1 eV cannot be observed in the present experiment.   
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6.4.1. Branching fractions 

 The experimental and calculated branching fractions for all isotopologs are 

summarized in Table 6.1 and are in excellent agreement.  The data for CE of the 

isotopologs was collected at two different beam energies (9 keV and 16 keV) and both 

measured branching fractions are presented in the table.  For all isotopologs, dissociations 

producing a hydroxyl radical along with a diatomic are barely (> 1%) observed 

experimentally and were not seen in the simulation.   These channels are near the 

detection limit of the apparatus and will not be presented. Exclusion of these dissociation 

channels leaves only those producing a water molecule and an atom.  For both H3O and 

D3O, only one dissociation channel produces an atomic and molecular fragment and their 

branching fractions are identical at 0.99 at 9 keV, 1.0 at 16 keV and 1.0 theoretically.  

The mixed isotopologs each have two possible dissociation channels that eliminate a 

water molecule and atomic fragment.  The experimental and calculated branching 

fractions for H2DO are in excellent agreement.  The experimental branching fractions for 

the 9 and 16 keV HDO + H and H2O + D are nearly identical, with the 16 keV fractions 

being 0.78 and 0.22, respectively. These are also in excellent agreement with the 

calculated branching fractions for this system. The 16 keV branching fractions for HD2O 

for the D2O + H and HDO + D dissociation channels are 0.51 and 0.49, respectively.  

These are in the best agreement with the calculated branching fractions and the 9 keV 

branching fractions differ slightly with a smaller fraction for the hydrogen elimination 

channel.  

As discussed earlier, the difference in detection efficiency between hydrogen and 

deuterium atoms is different if the laboratory-frame kinetic energy is less than 1000 eV.  
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Table 6.1 The branching fractions for H3O and its isotopologs.  
Experimental branching fractions for both ion beam energies are listed 
along with the calculated results. 
Molecule Channel Experimental QCT Calculation 

  9 keV 16 keV  

H3O H2O + H 0.99 1.0 1.0 

 OH + H2 0.01 trace 0.0 

H2DO HDO + H 0.76 0.78 0.78 

 H2O + D 0.24 0.22 0.22 

 OH/OD + HD/H2 trace trace 0.0 

HD2O D2O + H 0.46 0.51 0.53 

 HDO + D 0.54 0.49 0.47 

 OD/OH + HD/D2 trace trace 0.0 

D3O D2O + D 0.99 1.0 1.0 

 OD + D2 0.01 trace 0.0 

 

The differences in detection efficiency can affect the measured branching fractions for 

the mixed isotopologs.  For a 9 keV ion beam the lab-frame energies of deuterium are 

approaching 1000 eV and detection efficiency of deuterium atoms is not expected to have 

a significant impact on the measured branching fraction.  However, the hydrogen atom 

laboratory-frame energy using a 9 keV ion beam is near 400 eV.   Based on the work of 

Peko and Stephen35 the detection efficiency of hydrogen atoms may be ~ 20 % less than 

that of deuterium atoms.  The difference in the detection efficiency may be why the 9 

keV branching fractions show a smaller fraction of events dissociating through the 

hydrogen elimination channel than at 16 keV.  Assuming that the detection efficiency 

difference is 20 %, the corrected branching fractions for the HDO + H and D2O + H 
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channels are 0.79 and 0.51, respectively, in good agreement with the 16 keV branching 

fractions.  

In order to compare the two mixed isotopologs to each other, as well as discuss 

whether hydrogen or deuterium atom loss is dominant, it is necessary to correct the 

branching fractions for statistics.  The statistically corrected branching fractions are 

shown in Table 6.2 as a ratio of hydrogen atom elimination to deuterium atom 

elimination (H:D).  These were obtained by dividing the branching fraction of each 

channel by the number of hydrogen or deuterium atoms in the parent neutral.  The result 

for each channel was then divided to get the H:D ratio. An H:D ratio of 1 means the 

dissociation is statistical, whereas a ratio greater than 1 shows a preference for hydrogen 

atom elimination.  The experimental and calculated H:D ratio for both isotopologs is 

greater than 1, so hydrogen atom elimination is always favored. 

Table 6.2 The statistically corrected branching fractions for the mixed 
isotopologs.  The corrected fraction is shown as a ratio between the 
hydrogen atom and deuterium atom loss channels. Experimental branching 
fractions for both ion beam energies are listed along with the calculated 
results. 

Molecule H:D ratio 

 Experimental QCT Calculation 

 9 keV 16 keV  

H2DO 1.58 ± 0.14 1.77± 0.17 1.77 

HD2O 1.70 ± 0.10 2.08 ± 0.12 2.26 

 

6.4.2. Center-of-mass kinetic energy release 

 The experimental P(KER) spectra along with the QCT P(KER) spectra will be 

presented for dissociation channels eliminating an atomic fragment.  The dissociation of 
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H3O into H2O + H has already been discussed in a previous publication13 but will be 

discussed to compare it to the present results. The similarities between the P(KER) 

spectra for all isotopologs will be described first,  then the QCT P(KER) spectra will be 

compared, followed by more a detailed description of the two symmetric isotopologs 

H3O and D3O, then the mixed isotopologs, H2DO and HD2O.  

 The P(KER) spectra for the two symmetric (Figure 6.2) and mixed (Figure 6.3) 

isotopologs all show similar P(KER) distributions. The maximum observed KER for all 

spectra is near 3.5 eV, and is energetically close to initial neutral formation in either the 

3pe or 3pa1 Rydberg states, as shown in Figure 6.1. Starting with the peak with the 

highest KER in the experimental spectra at 3.1 eV, there are several peaks extending to 

lower energy increasing in intensity.  The energy of these peaks is consistent with 

vibrational modes of H2O, D2O and HDO.  At low KER the intensity of the spectra 

decreases near 1.0 eV down to 0 eV.  The relative intensity of the peaks in the spectra as 

well as the specific energy at which the intensity begins to drop is a characteristic of the 

isotopolog and dissociation channel. 

 The QCT simulation, with no further processing, produces a continuous 

unstructured P(KER). The QCT P(KER) spectra are over plotted with their corresponding 

experimental spectra.  All of the QCT P(KER)s show a broad unstructured distribution 

extending from 0 eV to 3.3 eV.  Each distribution shows a small number of events at the 

maximum KER with increasing intensity towards lower energy, peaking at a range of 

1.3-1.8 eV.  At energies lower than ~1.5 eV the distribution lessens in intensity towards 0 

eV, but still has some intensity at 0 eV.  The distributions from dissociation channels 
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where a hydrogen atom is eliminated have a wider breadth than those from deuterium 

atom elimination.  

 

Figure 6.2 (a) The experimental (solid line) and classical (dash-dotted 
line) P(KER)s for H3O → H2O + H.  The classical P(KER) is obtained 
from the QCT simulation. The symmetric (ν1 dotted lines) and asymmetric 
(ν3 solid lines) stretching modes of H2O were determined by setting ν = 0 
to a KER of slightly higher energy than that of the peak at 3.1 eV then 
using the BT242 water lines to determine the location of each vibrational 
quantum relative to ν = 0.  The energy of resonant CE as well as the 
maximum KER for the three lowest-lying electronic states of H3O, 3sa1, 
3pe and 3pa1 are also labeled. (b) The experimental P(KER) for D3O → 
D2O + D.  The symmetric (ν1 dotted lines) and asymmetric (ν3 solid lines) 
stretching modes of D2O were determined by setting ν = 0 to a KER of 
slightly higher energy than that of the peak at 3.1 eV.  The energy of 
vibrational quanta (ν ≤ 6) were obtained from references 43-45 and the 
remaining quanta were estimated. 
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 H3O and D3O each have only one dissociation channel and represent the two 

extremes of the isotopologs studied, by mass. The P(KER) spectra resulting from 

dissociation of H3O and D3O to produce a water molecule and an atom are shown in 

panels (a) and (b), respectively.  The QCT P(KER) for the H2O + H channel is over 

plotted with the experimental P(KER) in panel (a). QCT simulations for D3O were not 

performed, so only the experimental spectrum is presented for the D2O + D channel.  The 

energy of vibrational quanta of the symmetric and asymmetric stretching modes of H2O 

and D2O have been labeled on Figure 6.2 in panels (a) and (b), respectively. The comb 

for ν = 0 is nominally set slightly higher in energy to the peak at 3.1 eV dissociating into 

H2O + H or D2O + D to account for rotational distributions in the vibrationally excited 

product and the combs for the remaining vibrational quanta of H2O (ν = 1-7) and D2O (ν 

= 1-6) are placed relative this energy. The peak assigned to ν = 0 shifts to slightly lower 

energy in the D3O spectrum, which is consistent with the change in ZPE between H3O 

and D3O. The experimental P(KER) spectrum for H2O + H has several peaks starting at 

3.1 eV that increase in intensity as they progress towards lower energy.  The peaks are 

spaced by 0.5 eV and are consistent with excitation of either or both the symmetric or 

asymmetric stretch of H2O, which have similar excitation energies. Although the combs 

identify the peaks as a result of excitation of a single vibrational mode, vibrational 

energies of water form polyads46 because of the similar excitation energies of the two 

stretching modes and two quanta of the bending mode. Peaks in the spectrum could 

correspond to ν = 0, followed by the 1ν, 2ν, 3ν and 4ν polyads. 
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The D3O P(KER) has a total of six peaks starting at 3.1 eV extending to lower 

energy, spaced by ~0.35 eV and progressively increasing in intensity towards lower 

energy, with the highest intensity peak at 1.4 eV. In comparison to the peaks in the 

experimental H3O spectrum, the peaks in the D3O spectrum are energetically closer 

together, consistent with the lower vibrational frequencies of D2O. As with the two 

stretching modes of H2O, the stretching modes of D2O also have similar excitation 

energies and specific stretching modes cannot be assigned.  For the experimental H3O 

P(KER), the lower KER region of the spectrum (0 - 1.3 eV) has a set of three peaks of 

high intensity near 1.0 eV, spaced by 0.1 then two peaks of decreasing intensity at 0.8 eV 

and 0.5 eV.  The D3O P(KER) has some similar features to these, with a broad peak at 1.0 

eV to 1.3 eV as well as a feature at 0.8 eV.  The broad peak centered near 1.2 eV may 

consist of more than one peak but is not as well resolved as the analogous peaks in H3O 

(centered at 1 eV). There are a significant number of events in between the peaks 

assigned as stretching modes of water in both spectra.  These events could correspond to 

combinations of stretching, bending and rotational modes of the water fragment as well 

as the finite KER resolution. 

 One of the more distinct changes in the D3O spectrum compared to the H3O 

spectrum is the relative intensity between the ν = 0 and high vibrational quanta peaks.  

The highest intensity peak in the H3O spectra is near 1.3 eV, corresponding to ν = 4.  The 

ratio of intensities between this peak and the lowest intensity peak, ν = 0 is 10:1.   For the 

D3O spectrum with the same vibrational quanta (ν = 4) the ratio of intensities between the 

ν = 4 peak and ν = 0 peak is 30:1.  The highest intensity peak in the D3O spectra is that of 
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ν = 5 and the ratio of this peak to ν = 0 is 40:1.  As a result of this analysis, it is clear that 

D3O has a much larger vibrational inversion than that of the H3O.  This observation is 

also applicable to the mixed isotopologs and will be discussed in greater detail later. 

 The experimental P(KER)s of H2DO and HD2O are shown in Figure 6.3, along 

with the classical QCT P(KER)s.  The P(KER) for H2DO dissociating into HDO + H and 

H2O + D are shown in panels (a) and (b), respectively, while HD2O dissociating into D2O 

+ H and HDO + D are in panels (c) and (d), respectively.  

 The experimental P(KER) for H2DO  → HDO + H has a series of five evenly 

spaced peaks starting near 3.1 eV and extending to lower energy, peaking at 1.3 eV. 

Following this series of peaks there are two peaks at 1.1 and 1.2 eV as well as some small 

features below 1 eV.  Although an assignment for the specific stretching mode of H2O or 

D2O was not possible, the OH and OD local modes in HDO differ in energy by 0.12 eV. 

The combs corresponding to OH and OD stretches in HDO have been marked on the 

figure, starting with ν = 0.  The energy difference between the two modes is large enough 

to differentiate which local mode in the P(KER) is dominant.  The vibrational energies 

corresponding to OH stretching always appear slightly to the right of the peak by a 

similar amount of energy in the five peak series, whereas the OD stretching quanta are 

each at a different energy relative to the closest peak in the series.  Based on this 

observation, and the assumption that the partitions of energy to rotation and bending 

excitation is independent of the specific stretch of the polyad, it is most likely that the OH 

stretch is responsible for a significant number of events producing the peaks in the series.   
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 The experimental P(KER) for H2DO  → H2O + D has a series of four peaks 

increasing in intensity to a maximum at ~1.3 eV.  At  ν = 0 in the H2O vibrational series, 

there are very few events and a peak is not seen.  The series of four peaks (ν = 1 – 4) are 

spaced by ~ 0.5 eV, consistent in energy with the stretching modes of H2O.  At lower 

KER, there is a series of three peaks ranging from 0.8 eV to 1.0 eV that are in the same 

energy region as the series of three peaks in the H3O  → H2O + H spectrum.  The H3O 

and H2DO  → H2O + D spectra have the most distinct set of the three peaks near 1.0 eV 

and both share a common molecular fragment of H2O.  The H2DO  → H2O + D spectrum 

also has a few small features at energies below 0.8 eV. 

 The experimental P(KER) for HD2O  → D2O + H is the most structured of all of 

the spectra.  It has a series of six peaks starting at 3.2 eV (ν = 0) and increasing in 

intensity as they extend to lower energy with the last two peaks having equal intensities, 

with the exception of he peak corresponding to ν = 1, which is anomalously higher in 

intensity than the ν = 2 peak.  The final two peaks of the series are at 1.5 and 1.8 eV.  The 

six peaks are separated by ~ 0.35 eV, consistent with stretching quanta of D2O.  At 

energies below 1.5 eV, there is a peak at 1.3 eV and a peak at 0.8 eV.  The other spectra 

discussed so far have had small features at lower energy, but they were embedded in the 

main distribution. This spectrum is the only one with a peak at low energy (below 1.0 eV) 

that is clearly separated from the distribution.  

 The final experimental P(KER) for HD2O  → HDO + D is shown in panel (d) of 

Figure 6.3.  The spectrum has a similar energy distribution to the other dissociation 
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Figure 6.3 The two dissociation channels for the mixed isotopologs are 
shown in panels (a)-(d). The corresponding classical QCT P(KER) (dash 
dotted line) is over plotted on each experimental spectrum.  The panels are 
arranged as follows: (a) H2DO → HDO + H, (b) H2DO → H2O + D, (c) 
HD2O → D2O + H and (d) HD2O → HDO + D. The combs for the 
relevant symmetric (ν1 dotted lines), asymmetric (ν3 solid lines), OH 
(solid lines) and OD (dotted lines) stretching modes of the molecular 
product were determined by setting ν = 0 to a KER of slightly higher 
energy than that of the peak at 3.1 eV then using the BT2 H2O lines to 
determine the location of each vibrational quanta relative to ν = 0 for H2O. 
The energy of vibrational quanta for D2O and HDO were obtained from 
references 43-45 and 47-50, respectively. 

 

channel producing a deuterium atom, H2O + D.  The peaks in this spectrum are much 

broader and not as well resolved as the other experimental spectra.  The HDO + D 

distribution has five broad peaks, the first begins near 3.1 eV and is very low in intensity 

while the remaining four gradually increasing in intensity towards lower KER, with the 

highest intensity peak at 1.3 eV.  Following the peak at 1.3 eV, there are two peaks 

slightly lower in intensity at 1.0 eV and 0.9 eV.  The distribution drops off quickly in 

intensity following the peak at 0.9 eV, but has a few small features at 0.8, 0.7 and 0.6 eV.  
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This dissociation results in a HDO fragment and the combs for the local OH and OD 

stretching modes are labeled on the figure.  The combs for the OH mode are consistently 

higher in energy than the five peaks, while the combs for the OD mode do not line up 

with the peaks.  This is the same result as seen in the HDO + H channel so both channels 

producing HDO fragments have a larger contribution from the OH stretching mode. 

6.5. Discussion 

 The discussion is divided into two segments, analysis of the branching fractions 

followed by the product energy distributions.  The atomic elimination channel is the 

dominant dissociation channel both experimentally and theoretically and reasons for why 

this channel is dominant are presented for electron capture involving both the ground 

state as well as the higher-lying excited states.  The measured branching fractions are also 

compared to DR result and isotope effects are discussed.  NRCE effects in the product 

distribution are discussed in order to determine how many initial states are populated 

during CE.  Isotope effects on the vibrational inversion are discussed using an impulsive 

model.  A comparison of the geometry of the cation to that of the products as well as the 

H3O Rydberg states is presented, followed by some conclusions. 

6.5.1. Branching fractions 

 The experimental and calculated branching fractions for all of the isotopologs are 

in excellent agreement.  The 16 keV data is in slightly better agreement with the 

calculated results than the 9 keV data. All of the measured and calculated branching 

fractions show very little, if any, of the dissociations result in the formation of a hydroxyl 

radical and diatomic fragment. 
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 In order to explain the dominance of the atomic elimination channels in the 

experimental data, information about possible barriers to dissociation as well as couplings 

between the excited states and the ground state are needed.  In particular this discussion 

will focus on H3O, since all of the isotopologs are electronically equivalent.  However, 

tunneling may also be a factor and will be different for hydrogen versus deuterium. Many 

theoretical studies on excited states of H3O36-39 have focused mainly on predicting 

emission wavelengths and oscillator strengths. However, Luo and Jungen38 also included 

dissociation pathways from the 3sa1 and 3pe states. Park and co-workers51,52 have also 

investigated the dissociation pathways and potential barriers to dissociation of multiple 

excited states of H3O.   

Based on the relative energies of the Rydberg states and resulting P(KER) spectra,  

the three possible states involved in the dissociation of H3O are the 3sa1, 3pe and 3pa1 

states. The calculations of Luo and Jungen38 included dissociation pathways starting from 

the 3sa1 and 3pe excited states while conserving Cs symmetry, while Park and co-

workers51,52 investigated the 3sa1, 3pe and 3pa1 dissociation pathways while maintaining 

C2v symmetry. Of these states, only the 3sa1 ground state correlates to the ground state, 

H2O + H and OH + H2 channels, while the 3pe state correlates to the OH + H2 and 

OH(A) + H2 dissociation channels.  Since the H2O + H channel only correlates to the 

lowest state, 3sa1, the path to dissociation from either the 3pe or 3pa1 state into H2O + H 

must involve multiple potential energy surfaces.  There is a large (0.97 eV) barrier to 

dissociation from the 3pe state to OH + H2 which could prevent the dissociation from 

proceeding along that path.  Non-adiabatic coupling between the low-lying Rydberg 
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states and the ground state may also provide insight into the dominance of the H2O + H 

channel. 

 The QCT calculations, which occur only on the ground state also show that the 

atomic elimination channel is dominant.  Because these calculations do not involve 

coupling to other potential energy surfaces and it is believe that the neutral is formed 

higher in energy than any of the barriers present on the ground state, another explanation 

is necessary to explain the branching fractions. This explanation comes from examination 

of the differences in the bond lengths between the species involved.  The H-H distance of 

H3O+ in its equilibrium geometry is 1.569 Å, which is almost double that of the 

equilibrium bond length of H2
 (0.96 Å).  If neutralization of H3O+ occurs in the Franck-

Condon region, the H-H distance in the H3O will be too large to expect formation of an 

H2 fragment.  This analysis is also consistent with our previous study on CH5
+12.  CH5

+ 

has two more hydrogen atoms surrounding the central atom, making the H-H distance 

smaller and as a result a higher percentage of dissociations producing H2  + CH3 are 

observed (0.08 compared to 0.01 for OH + H2). 

 The branching fractions of DR of H3O+ and D3O+ have been measured using 

storage rings and the three-body OH + H + H and OD + D + D channels were found to be 

dominant.2,3   The branching fractions for only one of the mixed isotopologs, HD2O have 

been measured using the ASTRID storage ring and the same three-body channels i.e. 

those producing a hydroxyl radical and two atomic fragments, regardless of mass were 

found to be the dominant channel.3 The branching fractions measured by CE in the 

present work are different than those measured from DR of H3O+, which is not surprising 

since DR probes a higher energy region of the neutral surface and has access to three-
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body channels. Experiments using both the ASTRID3 and CRYRING2 storage rings show 

the three-body channel, OH + H + H is dominant with 60%  and 67% of dissociations 

proceeding through that channel, respectively. Ketvirtis and Simons4 have calculated 

dissociation pathways for the products of DR of H3O. They proposed that the OH + H + 

H channel may dominate when there is sufficient internal energy in the neutral products 

to cause the sequential dissociation of the H2O molecular fragment into OH + H. The 

experimental P(KER) for this work shows that the H2O fragment is formed with a large 

amount of internal energy, but in the case of CE it is not enough to break the OH bond in 

H2O. 

 An isotope effect is observed in both the H2DO and HD2O branching fractions. 

For both measured and calculated fractions, the dissociation preferentially ejects the 

lighter H atom than the D atom as seen in the statistically corrected H:D ratio in Table 

6.2.  A similar isotope effect has been observed in other works such as the DR of HDO+ 

and HD2O+. The observed isotope effect must arise from the difference in masses 

between the H and D because the two dissociation channels are electronically equivalent.  

If coupling between the Rydberg state and the ground state occurs near the tails of the 

wave function or if tunneling is an important factor in the dissociation, hydrogen atom 

elimination would be favored since it has a more diffuse wave function that samples a 

wider area of the potential energy surface and is more likely to tunnel. 

6.5.2. Center-of-mass kinetic energy release 

 Both the experimental and QCT P(KER) spectra show that the majority of the 

available energy is partitioned to internal energy of the water product. The experimental 

H2O + H, HDO + H and D2O + H spectra peak at a similar energy to the QCT spectra.  
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The two spectra for channels that eliminate a deuterium atom peak at lower energy 

experimentally than the QCT calculations.  Considering that there are limitations to the 

simulation, including the neglect of coupling between Rydberg states of H3O, which can 

effect the energy distribution in the P(KER), these spectra are in relatively good 

agreement with each other. 

 One outstanding question regarding the CE process is the identity of the initial 

state(s) populated.  Energetically, the maximum KER is near both the 3pe and 3pa1 state 

and either or both of these states could be populated initially.  Also, the three distinct 

peaks near 1.0 eV in the H2O + H spectrum are close in energy to the 3sa1 ground state 

that has a maximum KER of 1.2 eV.  These peaks are present in other spectra as well and 

are most apparent in the D2O + D and H2O + D spectra.  The difference in energy 

between the peaks of 0.1 eV is not consistent with any single vibrational quanta of H2O.  

The peaks could be a result of population of yet another initial neutral state, or be a result 

of a different dissociation mechanism arising from the same initial state.  If more than 

one initial state is populated, the relative intensities of the peaks in the P(KER) should 

change when the data is collected at a different beam energy.  The data for all isotopologs 

was also collected at 16 keV and the results of this experiment are presented in Figure 

6.4. Most of the 16 keV P(KER) spectra show almost no difference to their 9 keV 

counterpart.  The energy resolution of the 16 keV spectra is less than for 9 keV and the 

lower resolution is the cause of most of the differences between the two spectra. Only the 

dissociation channel for H2DO into HDO + H showed a significant change its P(KER) 

spectra at different beam energies and it is unknown why this particular spectrum would 
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Figure 6.4 The P(KER) spectra for H3O and its isotopologs collected at 9 
keV (solid line) and 16 keV (dotted line).  Panels (a-f) show dissociation 
channels (a) H3O → H2O + H, (b) D3O → D2O + D, (c) H2DO → HDO + 
H, (d) H2DO → H2O + D, (e) HD2O → D2O + H and (f) HD2O → HDO + 
D. 

 

show a change when the remaining spectra show little to no change in the relative 

intensities between their peaks. 
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  The observation of no significant change in the relative intensities of the peaks in 

the P(KER) means that electron capture from Cs occurs in one initial state.  The most 

likely initial state is either the 3pe or 3pa1 Rydberg states since they are the closest in 

energy to the observed maximum KER.  Since only one initial neutral state is involved 

during electron capture from Cs the series of three peaks near 1.0 eV that are present in 

several of the spectra are not a result of electron capture directly into the 3sa1 ground 

state.  These peaks are likely from population of the same initial state but with 

dissociation proceeding through a different mechanism. The mechanism that may be 

responsible for these peaks is that the initial neutral state is metastable and can radiatively 

decay to the ground state then dissociate.  The energy difference between the peaks in the 

H3O spectrum is 0.1 eV, which is close in energy to the umbrella vibrational mode of 

H3O+ (895.03 cm-1), so these peaks may result from radiative decay to vibrational states 

of H3O on the ground state.  Luo and Jungen38 have calculated oscillator strengths for the 

transitions of both the 3pe and 3pa1 states to the 3sa1 state and they are 0.420 and 0.339, 

respectively.  The two oscillator strengths are very similar to each other and cannot be 

used as an assignment to the most likely state undergoing radiative decay. 

 The P(KER) spectra for the dissociations of H3O, H2DO, HD2O and D3O 

dissociating into a water molecule and atom all show a vibrational inversion of the water 

product.  Comparison between the relative intensities of the ν = 5 and ν = 0 peaks 

revealed that the dissociations where a heavy atom (D) is ejected produced more of a 

vibrational inversion than when the light atom (H) is ejected.  An impulsive model53,54 

qualitatively shows the change in energy partitioning expected upon ejection of a 

hydrogen atom versus a deuterium atom.  More of the total available energy is partitioned 
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to the molecular fragment for dissociations ejecting a deuterium atom than those ejecting 

a hydrogen atom.  More energy will be available to the molecular fragment when a 

deuterium atom is ejected than a hydrogen atom to go into internal excitation, which 

could produce a more severe vibrational inversion. 

 The mixed isotopolog P(KER)s also illustrate the two extremes for energy 

partitioning using impulsive model, dissociation producing the heaviest molecular 

fragment and lightest atomic fragment (D2O + H) and the lightest molecular fragment  

and heaviest atomic fragment (H2O + D).  If the spectra of these two extreme cases are 

compared, it is seen that they also illustrate the two extremes of the vibrational inversion, 

which are illustrated by the ratio of intensities between the highest intensity peak (ν = 4) 

to the lowest intensity peak (ν = 0).  The D2O + H channel shows the smallest vibrational 

inversion of all of the spectra, with a ν = 4 to ν = 0 ratio of 3:1, whereas the H2O + D 

channel has a ν = 4 to ν = 0 ratio of 120:1 and shows almost no events at ν = 0.  The 

ratios for the other two spectra, HDO + H and HDO + D are 10:1 and 40:1, respectively.  

Although the impulsive model illustrates the expected trends in energy partitioning, it 

fails to predict that most of the total available energy will be partitioned to vibrational 

and rotational energy as is observed in the spectra.  The reason for this is because the 

impulsive model uses the ratios of the reduced mass of two fragments as well as the 

reduced mass of the fragment and the atom it is bonded to in the molecular fragment, for 

this system is it nearly 1, predicting most of the energy will be translational. 

 Franck-Condon arguments do not explain the vibrational inversion seen in the 

water product.  H3O+ has an equilibrium O-H bond length of 0.979 Å and a bond angle of 
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111°, while the equilibrium O-H bond length and bond angle of water is 0.958 Å and 

104°, respectively.  There is no significant change in the O-H bond length between the 

two species that would cause the vibrational inversion in the water product.  The bond 

angle difference is more significant, however, evidence for high bending excitation is not 

seen in the experimental spectra.  Luo and Jungen38 have calculated the O-H bond lengths 

and bond angles the 3sa1, 3pe, and 3pa1 Rydberg states of H3O at their equilibrium 

geometry.  Their results show the Rydberg states have similar geometries to the parent 

cation.  However, if the neutral is not formed along the minimum energy path to 

dissociation, there may be a significant amount of repulsive interactions involving the 

three indistinguishable hydrogen atoms along the multi-dimensional dissociative surface 

resulting in vibrational excitation in the product channel.55 

6.6. Conclusion 

 The branching fraction and kinetic energy release distribution for H3O and its 

isotopologs were measured following CE of the parent cation with Cs and modeled 

theoretically using QCT simulations.  Only dissociations where an atomic fragment is 

ejected were observed.  All of the experimental spectra show that the water fragment is 

formed with a large vibrational inversion. The QCT P(KER)s are in some agreement with 

the experimental spectra in that they also show that the water fragment has a significant 

amount of internal energy. The differences in the magnitude of the vibrational 

inversion seen in the experimental spectra are related to the identity of the eliminated 

atom (H or D) and can be explained by energy partitioning using an impulsive model.  

However, neither the impulsive model or Franck-Condon arguments explain why most of 

the total energy goes into vibrational excitation of the water fragment, indicating it may 
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be due to repulsive excitation on the dissociative surface.  There are many reactive 

scattering calculations available for the OH + H2 → H + H2O surface and these types of 

calculations using conditions similar to the current experiment could be helpful to explain 

the vibrational inversion. 

 The experimental and calculated branching fractions for each system studied are 

in excellent agreement.  Hydrogen atom elimination is favored over deuterium atom 

elimination in both isotopologs.  In astrophysical contexts, these results may have an 

immediate impact on the understanding of the chemistry of comets where emission lines 

from H2O originating from high vibrational states have been observed.56 These results 

may be helpful for models predicting deuterium fractionation in the interstellar medium 

because this work has shown that the dissociation of mixed isotopologs eliminate 

hydrogen atoms more than statistically predicted. 
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Chapter 7. 

Probing the structure of CH5
+ by dissociative charge exchange 

 

7.1. Introduction 

The simplest non-classical carbonium ion is CH5
+.1 It is an important ion in the 

interstellar medium, where it is formed via radiative association of CH3
+ and H2.2 The ion 

was first observed in a mass spectrum in the 1950s,3 and later shown to dissociate upon 

neutralization by charge exchange.4 However, it has only been within the last 10 years 

that Oka and co-workers were able to measure its high resolution infrared spectrum.5 The 

highly fluxional character of the CH5
+ zero-point wave function and the “quantum 

deconstruction” of the IR spectrum using a global potential energy surface (PES) was 

recently reported.6 The H atoms freely exchange by passage over low energy 

isomerization barriers of Cs and C2v symmetry. The neutralization of CH5
+ by dissociative 

recombination with free electrons is of importance in astrophysics, and there has been 

some controversy about the product branching ratios from ion storage ring7 and flowing 

afterglow measurements.8  From a fundamental perspective the attachment process serves 

as a probe of the nascent phase space of CH5
+.  In the current work, the product 

branching ratios in the dissociative charge exchange (DCE) of CH5
+ with Cs are 

examined and compared to predictions using quasiclassical trajectory calculations on 

accurate ab initio potential energy surfaces. In these experiments, fragment channels (7.1) 

and (7.2) are detected in coincidence, yielding product kinetic energy release (KER) 

distributions and the branching ratios.  

 
5 4

CH CH H! +  (7.1) 
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 5 3 2
CH CH H! +  (7.2) 

The comparison with theory provides experimental evidence for the fluxional nature of 

CH5
+.  

7.2. Experimental 

The experimental apparatus has been described elsewhere and will only be 

discussed briefly.9  CH5
+ was formed with a pulsed discharge in a supersonic expansion 

(1 kHz) with a 1:9:60 CH4:Ar:H2 mixture. This source is expected to produce CH5
+ with 

a rotational temperature of 20-60 K and a vibrational temperature less than 1660 K as 

discussed further in the supplementary information (SI). The cations were skimmed, 

accelerated to 16 keV, and mass-selected by time-of-flight. Before reaching the Cs cell 

all ions with the exception of CH5
+ are deflected. The transient CH5 is formed when it is 

passed through a ~ 1 mm3 interaction region containing ~ 1 x 10-5 torr of Cs.  Remaining 

CH5
+ is deflected into an ion detector. The neutral fragments fly ~110 cm to a multi-

particle time- and position-sensitive detector. Using this information along with the 

parent mass and ion beam velocity, the fragment masses and center-of-mass KER of each 

dissociation channel can be calculated, yielding experimental N(KER) distributions. 

These experimental distributions are corrected to yield P(KER) probability distributions 

by accounting for any loss of products owing to the kinematics as discussed in the 

supplementary information (SI). Integration of the P(KER)s over KER yields product 

branching ratios from a single data set.  

To simulate the experiment, quasiclassical trajectory (QCT) calculations were 

performed in the classical Franck-Condon approximation, i.e., by making vertical 

transitions from the CH5
+ phase space to CH5 using an ab initio PES for CH5.10  The 
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CH5
+ phase space was obtained from trajectories with the quantum zero-point energy of 

roughly 11000 cm-1 on an ab initio CH5
+ PES.11 In addition to these vertical trajectories, 

two other batches were run with initial kinetic energy to be consistent with the 

experiment for the “resonant” and “non-resonant” cases, as described below, and in detail 

in the SI. Product branching ratios, internal energy distributions and the KER 

distributions were obtained from roughly 25000 trajectories with zero total angular 

momentum for each of these cases. For diagnostic purposes, trajectories were also 

performed at the CH5
+ equilibrium geometry with standard normal mode sampling of 

initial conditions appropriate for a semi-rigid molecule12 for both the vertical transition 

and the non-resonant case. 

7.3. Results and discussion 

Experimentally, the neutral CH5 is formed slightly (~0.1 eV) above the predicted 

energy of the 3s Rydberg state,13 rather than directly on the ground neutral surface, as 

assumed in the calculations.  The transition to the neutral surface is assumed to be 

vertical. The two lowest dissociation channels are nearly isoenergetic as shown in Figure 

7.1. Although H2 loss is kinematically more favorable to detect, H atom loss is found to 

be the dominant dissociation channel. 

The difference in energy between the ground vibrational state of CH5
+ + e- and the 

dissociation limit of CH4 + H from the present PESs is 8.0 eV, in agreement with the 

experimental estimate of 8.0 ± 0.5 eV.14 (This is further discussed in the SI.) For the case 

of resonant charge exchange with Cs, the neutral is formed 3.9 eV below the cation, 

yielding a maximum KER (KERmax) of 4.1 eV, approximately the same for both product 

channels. However, the experimentally observed KERmax is ~5 eV.  This may be a result
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Figure 7.1 The energy level diagram showing the two energetically 
accessible dissociation limits of CH5 and where on the neutral surface the 
CH5 is formed via DCE with Cs.  The three-body dissociation limit is 
nearly resonant with the 3s state and was not observed. 
 

 of some vibrational excitation in CH5
+ as well as near-resonant charge exchange15 

leading to the production of neutral states above the resonant level.  Experimentally, the 

branching ratio is 11 ± 2:1, for H loss to H2 loss. The results from the three batches of 

trajectories described above using the correct ‘fluxional’ phase-space sampling of CH5
+ 

are 14:1 (vertical), 11:1 (resonant) and 9:1 (non-resonant) in very good accord with the 

experiment. The results from standard mode sampling are 34:1 (vertical) and 18:1 (non-

resonant) which are not in agreement with experiment. This result provides a strong 

consistency argument for the fluxional nature of the parent CH5
+ cation determining the 

experimental branching ratio.  

The P(KER) for the dominant channel, CH4 + H is shown in the Figure 7.2(a), 

along with the theoretical prediction.  Both exhibit a peak with a shoulder at lower 
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Figure 7.2 The theoretical and experimental P(KER)s for the two 
dissociation channels of CH5. (a) The P(KER) distribution for CH5 → CH4 
+ H and  (b) CH5 → CH3 + H2.  The open circles represent the 
experimental KER, while the solid line is the theoretical KER, with 
KERmax noted. 

 

energy. It is clear that most of the energy goes into internal excitation (vibrational and 

rotational) of the CH4, as shown by the small probability for products at KERmax.  

The P(KER) for the molecular hydrogen loss channel is shown in Figure 7.2(b). 

This channel exhibits a bimodal distribution, with peaks at 1.0 and 2.9 eV. The 

theoretical KER peaks at approximately 2.8 eV, but does not reveal the bimodal 

distribution seen experimentally, however, a shoulder at around 1.3 eV is observed. 
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The explanation for this shoulder comes from consideration of the HH bond 

length distribution in the parent CH5
+ and more significantly the portion of that 

distribution that correlates with CH3 + H2 products; both are shown in Figure 7.3.  The 

full classical distribution, which agrees well with quantum diffusion Monte Carlo 

calculations,16 is bimodal with a short bond length corresponding to the H2 moiety in 

CH5
+ and a long bond length arising from the other HH distances. The distribution 

correlating with CH3 + H2 shows a larger contribution from the short HH distance than 

the long one. Examination of the trajectories leading to highly vibrationally excited H2 

indicates a greater contribution from the large HH bond length in the correlated 

distribution than from the short HH bond length. It is important to note that the 

corresponding correlated distribution from the normal mode sampling is unimodal for 

both the vertical and non-resonant cases with a peak at the HH-moiety equilibrium 

distance. Also the corresponding CH3 + H2 P(KER) for the non-resonant case shows less 

probability at low KER than seen for the theoretical P(KER) with fluxional phase space 

sampling shown in Figure 3. The vibrational distributions of CH3 and H2 are shown in the 

SI. 

QCT calculations are not exact dynamics and there are also uncertainties in the 

CH5 PES. However, both represent the current, feasible state-of-the-art calculations for a 

problem this complex. With these caveats in mind, the agreement between the 

experimental and theoretical branching ratios provides evidence that the quantum 

mechanically predicted fluxional nature of CH5
+16 is responsible for the experimental 

branching ratio.  However, the lack of quantitative agreement between the calculations 

and experiment for the more dynamically detailed KERs, in particular, the bimodal 
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Figure 7.3 The classical HH bond length distribution of CH5
+ with zero-

point energy (dashed curve) and the magnified part of that distribution that 
correlates with the CH3 + H2 products. The shoulder near 2.0 Bohr 
corresponds to the H2 moiety, whereas the peak at 3.5 Bohr corresponds to 
the H-H distances with H atoms in the CH3 group. 

 

distribution in the CH3 + H2 channel, may indeed result from these caveats. Neglect of 

the coupling of the 3s Rydberg state to the ground electronic state in the present 

calculations may also play a role in the discrepancy   

DCE experiments on selected isotopologs of CH5
+, namely CD3H2

+, CD4H+ and 

CD5
+, have also been performed.  Comparison of those results with QCT simulations will 

be reported and discussed in a later publication. 
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7.4. Supporting Information 

In the supporting information, several issues will be clarified from both an 

experimental and theoretical perspective. Experimentally, the temperature of the CH5
+ 

formed in the pulsed discharge supersonic expansion ion source will be discussed, 

followed by the procedure used to extract the product branching ratios. Theoretically, 

further details concerning the energetics and the quasiclassical trajectory (QCT) 

calculations and results are presented. 

7.4.1. Experimental 

7.4.1.1. CH5
+ temperature.  

Accurate knowledge of the vibrational and rotational distributions in the cation 

beam is necessary to determine the total available energy for the dissociation and assign 

the features observed in the kinetic energy release (KER) spectra.  In the case of the 

dissociation of CH5, there are no peaks in the KER that can be assigned to vibrational or 

rotational excitation in the cation, so the temperature of CH5
+ cannot be determined 

directly.  However, the dissociative charge exchange (DCE) of O2
+ with Cs and the DCE 

of H3
+ with Cs can be used to determine the vibrational temperatures for different 

vibrational frequencies of ions produced in the pulsed discharge supersonic expansion. In 

addition, spectroscopic studies of H3
+ formed in a similar ion source can provide an 

estimate of the rotational temperature. 

The DCE of O2
+ with Cs is used to calibrate the detector17 in these experiments. 

The dissociation dynamics of the DCE of O2
+ with Cs have been studied previously 18 

19and have shown that the vibrational distribution of the cation can be correlated to peaks 

in the KER of the neutral dissociation.  A thorough study of the vibrational distribution of 
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the O2
+ beam was carried out by Petrignani and co-workers in 2005. 20 In that experiment 

the ions were generated in different vibrational populations, neutralized by Cs and their 

KER measured.  The P(KER) for the DCE of a 16 keV beam of O2
+ with Cs, which was 

collected as a calibration file for the data presented in this work, is shown in Figure 7.4. 

The KER at 16 keV shows the most vibrational excitation observed in the O2
+/Cs spectra 

collected on this apparatus, and its temperature is taken as an upper limit for the 1904.7 

cm-1 harmonic frequency21 of O2
+. It should be noted that the KER shown in Figure 7.4 

actually has less vibrational excitation than the coldest spectrum collected by Petrignani 

et al.20 The main feature of the O2 KER are the peaks at 1.06 and 1.15 eV, corresponding 

to the dissociation of the low-lying Rydberg states of O2 shown in reactions 7.3 and 7.4 

below: 

 2 * 3 3 1

2 2( , 0) (3 , 0) ( ) ( )Cs

g gO X O s O P O D KER! " !
+

# = $$% # = $$% + +  (7.3) 

 
2

2 * 1 3 1

2( , 0) (3 , 0) ( ) ( )Cs

g gO X O s O P O D KER! " !
+

# = $$% # = $$% + +  (7.4) 

In order to determine an approximate temperature for the O2
+ beam, the spectrum 

between 0.5 and 1.5 eV was fit to four Gaussian distributions, one each for the peaks at 

1.06 eV, 1.15 eV, one for the dissociation of the O2
*(3sσ 3Пg, ν = 1) peaked at ~1.3 eV, 

and one for the background.  The fits of the first and third Gaussian were integrated and a 

beam temperature of 710 K was obtained by using a Boltzmann distribution.  The fit 

assumed that the only two vibrational states of the cation to contribute to the spectrum 

were the ν = 0 and ν = 1 states.  At the calculated beam temperature, 98 % of the O2
+ is in 

the ν = 0 state, while 2 % is in the ν = 1 state. 
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 The 3-body dynamics of the dissociation from DCE of H3
+ with Cs has also been 

studied on this apparatus and the results presented in a previous publication,15 so the KER 

will not be shown here. The KER of this dissociation shows a peak at 1.5 eV 

corresponding to overlapping contributions of vibrational excitation in the ν1 (3178 cm-

1)22 and ν2 (2521 cm-1)23 modes of H3
+. A similar treatment to that followed for O2

+ was 

applied to recent data for 16 keV H3
+/Cs, with the further assumption that only the higher 

energy vibration ν1 = 1 contributes. This provides an upper limit to the vibrational 

temperature for this mode of 1660 K. It should also be noted that McCall and co-

workers24 have used an ion source almost identical to the one used in this experiment in 

order to produce rotationally cold (20-60 K) H3
+.  The dependence of the rotational 

temperature on source conditions was studied by changing several parameters and was 

insignificant. 

The O2
+/Cs and H3

+/Cs experiments provide evidence for vibrational temperatures 

of 710 K (1872 cm-1), 1660 K (3178 cm-1) and a rotational temperature of ~ 40 K. CH5
+ 

has twelve normal modes of vibration, 200, 839, 1297, 1303, 1478, 1500, 1587, 2418, 

2708, 3001, 3133, and 3224 cm-1.11The average thermal excitation energy in CH5
+ can be 

calculated using the sum of the average energy of each normal mode in the separable 

harmonic approximation. As noted in the manuscript, excess energy of 0.9 eV was added 

to the QCT calculations to match the experimental KER. If all of this excess energy 

derived from vibrational excitation in the cation as opposed to near-resonant charge 

exchange, it would imply a vibrational temperature of 1840 K, which is likely in excess 

of the true cation temperature. Lower frequency vibrations are expected to relax more 

efficiently in a supersonic expansion and a reasonable model for the vibrational excitation 
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Figure 7.4 The P(KER) of DCE of O2 with Cs.  The * marks the location 
of the dissociation resulting in ν = 1 excitation in O2

+. 
 

would use the 40 K rotational temperature as a lower limit on the vibrational temperature, 

with the temperatures scaling quadratically with vibrational frequency using the 

experimental points at 1872 cm-1 and 3178 cm-1 discussed above. This fit yields a CH5
+ 

internal energy an order of magnitude lower ~ 0.09 eV. This treatment ignores possible 

chemical variations in vibrational relaxation in the source. However, coupled with the 

relative insensitivity of the QCT branching ratios to this CH5
+ internal energy, these 

considerations lead us to conclude that ambiguity concerning the initial state of the cation 

in the experiment is not a significant issue. 
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7.4.1.2. Product branching ratios  

Both channels are collected simultaneously and the same data set is used to 

determine the branching ratio. Descriptions of the calculations for the fragment masses, 

center-of-mass velocity, and kinetic energy release have been described elsewhere.17 The 

parent and fragment masses are set for a specific channel. The centroid for each 

dissociation event is calculated in terms of the position-of-arrival of the center-of-mass at 

the detector in each dimension, x, y, and z, where x and y are on the face of the detector 

and z is in the direction of the beam.  The centroid is based on the conservation of 

momentum between the two particles, for example in the z coordinate:  

 
,

1

j

centroid i z i

i

z m v
=

= !"  (7.5) 

Here, j is the number of fragments, mi is the assigned mass, and 
,z i
v  is the center-of-mass 

velocity in the z direction.  In order to separate the two channels, assuming that the 

dissociation is prompt, the events that are associated with the assigned fragment masses 

will have centroid values between ±1 mm, while dissociation events associated with the 

other fragmentation channel and false coincidences will be outside this range.  The 

fragment mass distribution is calculated using the three-dimensional recoil radius at the 

detector and the parent mass by the following equations 

 1

,2

1 2

calc

d
m M

d d
= !

+
 (7.6) 

Where di is given by the equation: 

 2 2 2

i i i id x y z= + +  (7.7) 
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The mass of the other particle, mcalc,1, is determined in a similar manner with an error of 

m/Δm = 32 at 16 amu.  In the case of CH5, a plot of the calculated fragment mass for all 

particles shows peaks at 1, 2, 15, and 16 amu, consistent with the two fragmentation 

channels observed.  Calculated masses between the FWHM of the assigned fragment 

mass are assigned to belong with the appropriate channel.  The experimental KER 

distribution, given by, Nn
E(KER), where n is the dissociation channel, over the range of 

0-5 eV for data falling within the centroid and mass ranges previously stated is obtained.  

As discussed in the paper, the kinematics of the dissociation causes some fragments to 

miss the detector.25 A corrected Pn(KER) distribution, taking this into account, is 

determined using a Monte Carlo simulation of the experiment for a constant KER 

distribution over the same range as the experiment. From the simulation the Nn
MC(KER) 

distribution is obtained.  The detector-acceptance function (DAF) corrected Pn(KER) is 

calculated by the following equation: 

 ( )
( )

( )

E

n

n MC

n

N KER
P KER

N KER
!= "  (7.8) 

In this equation, ! is a normalization factor, taken as the maximum intensity of the 

Nn
MC(KER). This assumes that 100% of the particles will be detected at the maximum 

intensity of the Nn
MC(KER) distribution.  Once a Pn(KER) is obtained for each channel, 

the branching ratio (BR) is calculated using the following equation:   

 

5

1

0
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2

0
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( )
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eV

P KER dKER

BR

P KER dKER

=

!

!
 (7.9) 
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The Pn(KER) of each channel is integrated and the ratio of the integration between the 

two channels is the branching ratio.  

The other significant question experimentally involves the detection efficiency for 

the neutral products with the microchannel-plate-based time- and position-sensitive 

detector.   At a beam energy of 16 keV, the laboratory energies of the CH4, CH3, H2 and 

H products are 15060, 14120, 1880, and 940 eV, respectively.  The difference between 

the energies of H2 and H laboratories energies is the largest, and the detection efficiencies 

of these would be the most likely source of error.  However, examination of the work of 

Peko and Stephen26 indicates that at lab energies approaching 1000 eV the detection of 

both H and H2
+ converge to approximately equal detection efficiencies.  H2 was not 

specifically measured in this study, however, H-, H and H+ were and all of the detection 

efficiencies for these species also saturated ~ 1000 eV.  Thus, the detection efficiency of 

this experiment for H and H2 should be nearly the same and will not significantly effect 

the branching ratio calculation. 

7.4.2. Theoretical  

7.4.2.1. Energetics 

Energetics from the potential energy surface (refs. 10 and 11 of the paper) that 

lead to the adiabatic electron attachment energy are given in Figure 7.5.  

The initial conditions for the three sets of quasiclassical trajectory calculations 

were obtained as follows.  First trajectories were run for CH5
+ with zero total angular 

momentum and with the approximate quantum zero point energy of 11000 cm-1 to 

establish the associated phase space in Cartesian coordinates and momenta, denoted 

ρ(p,q).  (The trajectories were “equilibrated”, i.e., run long enough to sample the minima 
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Figure 7.5 Schematic of the potential and zero point energies (in eV) of 
CH5

+, CH5 and products CH4+H, CH3+H2 from the potential energy 
surfaces.  The CH5

+ zero-point energy (ZPE) is relative to the CH5
+ global 

minimum, and the neutral products harmonic ZPEs are relative to 
CH4(eq)+H.  The vertical attachment energy from the minimum of the 
CH5

+ PESs to the neutral PES is 4.45 eV and the energy at that geometry 
on the neutral PES is 3.39 eV relative to CH4(eq)+H.  Thus the adiabatic 
attachment energy from the PESs ≈ 8.0 eV to either products. 

 

of the highly fluxional CH5
+ and the distribution of HH bond lengths, shown in Figure 

7.3 of the manuscript, was obtained from the CH5
+ phase space distribution.)  CH5 

trajectories for the “vertical” case were initiated with coordinates and momenta sampled 

from ρ(p,q).  For example, from Figure 7.5 the value of the potential is 3.39 eV 

(corresponding to the geometry of the CH5
+ global minimum) and the value of the initial 

kinetic energy would be the CH5
+ zero-point energy, 1.41 eV for a total energy of 4.8 eV.  

For the resonant case we need to account for the energy released in the charge exchange 
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Figure 7.6 Vibrational distribution of H2 (solid curve) and CH3 (dashed 
curve) for the minor channel CH3+H2.  The energies are measured relative 
to the minimum of the respective separated molecular potentials.  

 

with Cs.  This energy is the difference between the “energy gap” (EG), defined as the 

difference between the CH5
+ and CH5 electronic energies from the respective PESs at q 

and the ionization potential of Cs, 3.9 eV.  In the example in Figure 7.5 this would result 

in an additional kinetic energy of 0.55 eV for a total energy of 5.35 eV.  Then, 

subtracting the ZPE of the CH4 + H products results in a maximally observed “available 

energy” in relative kinetic energy of 4.1 eV. Finally, for the non-resonant case, which 

gives a maximum available energy of ~ 5 eV due to non-resonant effects as discussed in 

the text a final adjustment to the initial kinetic energy was to add 0.9 eV to it.  This was 

done by a simple scaling of the initial momenta.  Thus the total initial energy of the CH5 

trajectories was 6.25 eV not 5.35 eV.  Note that because EG varies somewhat with q the 
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total energies of the 25000 trajectories run for the fluxional CH5
+ phase space are 

distributed narrowly about the value of 6.25 eV with a FWHM of roughly 0.25 eV. 

Classical vibrational distributions were obtained for the products of the minor 

channel CH3+H2 and these are given in Figure 7.6.  (Note the zero point energies of H2 

and CH3 are approximately 0.3 eV and for 0.9 eV, respectively.)  The tail of the H2 

distribution at high energies is due mainly to initial HH distances that are larger than 2.5 

Bohrs. 
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Chapter 8. 

Dissociation dynamics of selected isotopologs of CH5 studied by charge exchange 

and quasiclassical trajectory calculations 

 

8.1. Introduction 

Since its discovery by mass spectrometry in the 1950s,1 CH5
+ has been the subject 

of many studies, because it is the prototype of hypercoordinated carbocations,2 is present 

in the interstellar medium, and has importance in combustion. In dense interstellar clouds 

CH5
+ is formed by radiative association of CH3

+ with molecular hydrogen3 and is also 

predicted to be present in the ionospheres of planets.4  The dissociative recombination 

(DR) of CH5
+ is a source of methane in interstellar clouds.  In DR, a molecular ion 

recombines with an electron then dissociates into two or more neutral fragments. 

Although the existence of CH5
+ has been known of for over 50 years, it has only been 

within the past decade that both its high5 and low6 resolution IR spectrum has been 

experimentally measured. The fluxional nature of CH5
+ has made assignment of its 

measured spectroscopic properties a continuing challenge.7,8 

 Recently, the center-of-mass kinetic energy release (KER) and branching 

fractions of CH5
+ following charge exchange (CE) with Cs were measured and compared 

to quasiclassical trajectory (QCT) calculations.9 In this work the fluxional nature of CH5
+ 

was probed by comparing the experimental and calculated branching fractions. QCT 

simulations were performed by sampling the entire phase space of the initial cation or 

restricting its motion to its normal modes.  The best agreement between experiment and 

theory was found when the initial cation was fluxional.  Theorists have observed that 
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upon deuteration of some of the hydrogen atoms in CH5
+ results in the deuterium atom to 

reside in certain positions, suppressing the fluxionality of CH5
+.10-12 The current work 

was undertaken to potentially observe an effect related to the reduced fluxionality on the 

branching fractions obtained by comparing results CE of the isotopologs of CH5
+ with 

QCT simulations.  

The ground state of CH5
+ is Cs(I) symmetry with two saddle points, Cs(II) and 

C2v, where (I) and (II) denote two different geometries of the same symmetry.  The 

saddle points lie only 29 cm-1 and 341 cm-1 higher in energy relative to the Cs(I) 

minimum.13 Addition of zero-point energy (ZPE) provides enough energy for free 

exchange over the isomerization barriers, leading to complete hydrogen scrambling.  The 

three low-lying stationary points of CH5
+ are shown in Figure 8.1, where the hydrogens 

are labeled a-e. The labeling of the hydrogens and their relative positions to each other 

and the central carbon atom have been described by Johnson and McCoy12 and thus, they 

will only be discussed briefly. CH5
+ can be viewed as a [CH3]+ moiety attached to a 

hydrogen molecule.  For each geometry, the H2 group contains hydrogen atoms labeled a 

and b.  These are distinguished from the [CH3]+ group by a shorter HH distance, 1 Å and 

a longer (by 0.1 Å) bond length to the central carbon.  In Cs(I) geometry, atoms a, b, and 

c lie in the same plane as the carbon atom and hydrogen atoms labeled d and e are 

equivalent and lie above and below the plane.  The Cs(I) and Cs(II) structures are related 

by a 30° rotation of the CH3
+ group and the Cs(I) and C2v structures are related by 

movement of the Hb atom between atoms Ha and Hc.  

 Theoretical studies indicate that isotopic substitution of deuterium quenches the 

fluxional nature of CH5
+.11,12 The dependence of the ZPE of the parent cation on the 
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Figure 8.1 Structures of the three low-lying stationary points of CH5
+.  

The hydrogen atoms have been labeled a-e.  This figure was adapted from 
reference 11. 

 

location of the substituted hydrogen atom as well as projections of the ground-state wave 

function on to the CH/D and HH/D bond distances have been examined in detail using 

Diffusion Monte Carlo.  When CH5
+ is isotopically substituted, the deuterium atoms 

preferentially reside in positions c, d and e, while hydrogen atoms prefer positions a and 

b.  Huang et al.11 have simulated the IR spectra of the deuterated analogs of CH5
+ and 

observed changes in the spectrum based on the deuterium positions, which could also be 

observed experimentally.  

The CH5 neutral surface has been extensively studied as it governs the CH4 + H 

exchange and abstraction reaction and a recent review of both theoretical and 

experimental studies of this surface is available.14 The current experiment probes the 

neutral surface at significantly higher energies than those studied by the abstraction and 

exchange reactions.  The transient CH5 neutral has been studied by several groups using 

neutralization reionization mass spectrometry,15-17 where the CH5
+ was neutralized using 

an electron donating species and the identity of its dissociating products are measured by 

mass spectrometry.  The work presented here is similar in that the transient neutral, CH5 
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is formed by electron donation of Cs, but products are measured in coincidence, allowing 

for a complete kinematic description of the two-body dissociation along with branching 

fractions for each product channel.  The branching fractions of CH5 produced by DR 

have been measured in both flowing afterglow18 and storage ring techniques.19 These 

fractions are in disagreement, while the former favors the two-body channel producing 

methane and a hydrogen atom, the latter favors the three-body channel, CH3 + H + H. 

The two-body dissociation dynamics and branching fractions of charge exchange 

(CE) of CH5
+ with Cs compared to QCT simulations have been reported recently.9 The 

agreement between the calculated and experimental branching fractions between the two 

energetically accessible channels (CH4 + H and CH3 + H2) were in support of the 

fluxional nature of CH5
+.  These comparisons can also help serve as a test for the 

accuracy of the potential energy surface under extreme conditions (i.e. formation of 

neutrals much higher in energy). In the present work, isotopologs of CH5, namely CH2D3, 

CHD4 and CD5 were studied using the same methods and the results are reported here. 

8.2. Experimental 

The fast-beam translational spectroscopy technique is used to study the 

dissociative charge exchange of a mass-selected cation beam with Cs.  The apparatus 

used in this experiment has been previously described and will only be considered briefly 

here.20 All isotopologs are generated using an electrical discharge on a supersonic 

expansion (1 kHz). CH2D3
+ and CHD4

+ are likely formed by proton donation from H3
+ to 

CHD3 and CD4, respectively. The CD5
+ is formed by deuteron donation from D3

+ to CD4.  

The precursor isotopologs, CD3H, CD4 and D2 were obtained from Cambridge Isotope 

Laboratories. The mixing ratio for each isotopolog is as follows; CH2D3
+ (1:300:15 
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CHD3:H2:Ar), CHD4
+ (1:10:480:38 CD4:D2:H2:Ar) and CD5

+ (1:12:216 CD4:D2:Ar).  The 

source used in this apparatus produces ions with a rotational temperature of 20-60 K and 

a vibrational temperature less than 1660 K (3178 cm-1).9 After ionization, ions are 

skimmed and accelerated to 16 keV.  The ions are re-referenced to ground potential using 

a fast high voltage switch, mass selected by time-of-flight and electrostatically focused 

and guided into the detection region.  Before reaching the Cs cell, a pulsed mass-gate is 

used to allow only the ion of interest to pass through the interaction region.  The transient 

neutral is formed when it is passed through a 1 mm3 interaction region, containing 

approximately 1 x 10-5 torr of Cs. Remaining ions are deflected up to a microchannel-

plate-based ion detector.  The neutral fragments fly 110 cm and impinge on a time- and 

position-sensitive detector, which is capable of detecting up to eight neutral fragments 

arising from a single event. 

 The experimental center-of-mass kinetic energy release N(KER) (∆KER/KER 

~8%, obtained from calibration the detector using the charge exchange of with O2
+ with 

Cs9) and fragment masses are calculated using the time of arrival and position of each 

event along with the parent ion mass and beam velocity.  Certain kinematics will result in 

fragments that miss the detector, so the N(KER)s must be converted to true probability 

distributions P(KER).21 Correction for detector acceptance is important both in that it will 

yield true relative intensities of features in the spectra as well as provide the ability to 

measure branching fractions from the results of the correction.  In order to correct for 

detector acceptance, first the experimental KER distribution, Nn(KER), where n is the 

dissociation channel, is obtained.   Then a Monte Carlo simulation of the experiment is 

performed using a constant KER distribution over the same range as the experiment.  
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From that simulation an Nn
MC(KER) distribution is obtained. The detector-acceptance-

function-corrected Pn(KER) is calculated using the following equation:   

 
 

P
n
(KER) =

N
n
(KER)

N
n

MC(KER)
!"  (8.1) 

In this equation, ! is a normalization factor, taken as the maximum intensity of the 

Nn
MC(KER). This assumes that 100% of the particles will be detected at the maximum 

intensity of the Nn
MC(KER) distribution.  The normalization factor is necessary to obtain 

accurate branching fractions.  After a P(KER) is obtained for each fragmentation channel, 

branching fractions are calculated using equation 8.2, where n designates the nth channel 

out of a total of j channels.  The total number of dissociating events are measured by 

integrating the Pn(KER) for a given channel over the entire KER range, (0 to 5 eV for this 

experiment)  To calculate the branching fraction, the number of events for a given 

channel is divided by the sum of events for all channels. 

Branching fraction1 =
P1(KER) 

minKER

maxKER

! dKER

Pn (KER) 
minKER

maxKER

! dKER
n=1

j

"
 (8.2) 

The detection efficiency for neutral products could potentially affect the measurement of 

the branching fractions.  For the branching fractions presented in this work, the lab frame 

energy of the fragments is over 1000 eV.  The work of Peko and Stephen22 indicates that 

at lab energies approaching 1000 eV the detection of  H-, H, H+, D, H2
+ and D2

+ converge 

to approximately equal detection efficiencies. Thus, the detection efficiency of this 

experiment for all fragments should be nearly the same and will not significantly effect 

the branching fraction calculation. 
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8.3. QCT simulations 

 The QCT calculations are similar to those reported previously for the study of Cs 

charge exchange with CH5
+.9 In brief, roughly 10,000 direct-dynamics trajectories on an 

ab initio PES for CH5.23 were run to describe the CH5
+ isotopolog dynamics, using an 

initial kinetic energy consistent with the experiment. The calculations to determine the 

initial kinetic energy required to be consistent with the experiment have been described 

previously.9 For CH5 dissociating into CH4 + H products (which are nearly isoenergetic 

with the CH3 + H2 channel) there is an observed available energy in relative kinetic 

energy of 4.1 eV. However, the experiment observes an excess of energy due to NRCE so 

a final adjustment to the initial kinetic energy was made by adding 0.9 eV the available 

energy.  This was done by a simple scaling of the initial momenta.  Initial coordinates for 

these trajectories were determined from the CH5
+ zero-point phase space on an ab initio 

CH5
+ potential energy surface.13 The KER as well as the internal energy and angular 

momentum of the molecular products were determined for each trajectory.  

8.4. Results 

8.4.1. Energetics 

Experimentally, resonant formation of the transient neutral will be 3.9 eV below 

the ground state of the cation.  The location of the Rydberg states of CH5 were predicted 

by Raynor and Herschbach.24 The 3s state, which is also the ground state is predicted to 

be 0.1 eV above resonant CE.  Raynor and Herschbach also predicted emission 

wavelengths and oscillator strengths of transitions between Rydberg states. Herzberg25 

attempted to measure the emission spectrum of CH5, but was unsuccessful.  No 

experimental measurements and no other theoretical predictions regarding the Rydberg 
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states of CH5
 have been found. The vertical attachment energy is labeled on Figure 8.2 

and is the vertical energy from the cation to the ground state.  This was obtained from the 

ab initio potential energy surfaces used in the QCT calculations.  Although the ground 

state and 3s state are equivalent, the vertical energy is lower in energy than the 3s state 

calculated by Raynor and Herschbach.  It is not surprising that these energies are 

different due to the computational constraints encountered by Raynor and Herschbach. 

The diatomic and atomic dissociation channels are nearly isoenergetic as seen in 

Figure 8.2. Using the current potential energy surface (PES), the electron attachment 

energy of CH5
+ is 8.0 eV, in good agreement with the experimental value of 8.0 eV ± 

0.5.26 The lowest lying three-body dissociation channel, CH3 + H + H, is endothermic 

with respect to the vertical attachment energy and was not observed.  For all isotopologs, 

only two-body dissociation channels are observed. 

The energetically accessible dissociations of CH5, CH2D3, CHD4, and CD5 are 

listed and can yield two (equations 8.3a-8.3b), five (equations 8.4a-8.4e), four (equations 

8.5a-8.5d), and two (equations 8.6a-8.6b) fragmentation channels, respectively.  

Experiments on CH4D and CH3D2 were not performed due to time constraints as well as 

the expense of the precursor CH3D, which, along with D2 is required to generate CH3D2. 

There are two types of two-body dissociations in these systems, dissociation into methane 

and an atomic fragment (i.e. equation 8.3a) or dissociation into a methyl radical and a 

diatomic fragment (i.e. equation 8.3b). 
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In resonant charge exchange with Cs, the maximum KER, (KERmax) will be ~ 4.1 

eV for all channels.  However, the observed KERmax is ~ 5 eV.  This energy may result 

from excess internal energy of the cation, or near-resonant charge exchange (NRCE).27,28 

Although not shown in the energy level diagram, there will be effects on the energetics 

due to the change in zero point energy (ZPE) of the species.  The ZPE for each CH5
+ 

isotopolog has been theoretically determined,13 and the ZPE for methane and its 

isotopologs has been measured experimentally.29 The differences in ZPE of each 
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Figure 8.2 The energy level diagram of CH5 showing the two 
energetically accessible dissociation limits of CH5 and the relative location 
of resonant CE to these limits. The three-body dissociation limits are 
endothermic with respect to resonant CE and not observed in the 
experiment.  The region where near-resonant charge exchange (NRCE) 
occurs is labeled along with the maximum KER for resonant CE and the 
observed maximum KER. 

 

isotopolog and their products do not change the KERmax from that of CH5 by more than 

0.1 eV. At the KERmax there are very few events and fluctuations by 0.1 eV cannot be 

observed.   
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8.4.2. Center-of-mass kinetic energy release 

The experimental and QCT P(KER) spectra will be presented followed by the 

branching fractions for each channel. The P(KER)s can be divided into two categories 

based on the dissociation channels, those where the transient neutral ejects an atom (H or 

D) and those where it ejects a diatomic fragment (H2, HD and D2).  Channels CH2D2 + D 

and CD3 + H2 are a special case, since H2 and D have the same mass and can be 

distinguished in the simulation, but not the experiment. However, information obtained 

from the calculated branching fractions as well as comparisons between the experimental 

P(KER)s for atomic elimination channels and diatomic elimination channels provides 

evidence that the dominant channel is CH2D2 + D rather than CD3 + H2.  

8.4.2.1. Atomic elimination 

The spectra for atomic elimination of all isotopologs studied have many similar 

characteristics so first an overview of the spectra will be presented, followed by a 

discussion of their differences.  The spectra for CH5 and CD5 eliminating an atom are 

shown in Figure 8.3 in panels (a) and (b), respectively.  The spectra for the atom 

elimination channels for the mixed isotopologs, CH2D3 and CHD4 are shown in Figure 

8.4. The experimental distributions are broad and extend from 0 to 5 eV, have a shoulder 

at low energy, peak near 3.0 eV then fall sharply from 3.5 to 4.0 eV. The QCT P(KER) 

spectra are plotted over their corresponding experimental spectra.  In all cases, the QCT 

spectrum is similar in structure to the experimental P(KER); a broad peak with a feature 

at lower energy.  However, they peak 0.5 eV lower in energy and the width of the peak at 

2.5 eV is significantly wider than the experimental spectra.  The QCT spectra for the 
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Figure 8.3 The experimental (circles (7 keV) and solid line (16 keV)) and 
theoretical (dashed line) P(KER)s for the atomic elimination channel of 
CH5 and CD5. (a) CH5 → CH4 + H and (b) CD5 → CD4 + D. 
 

atomic elimination channels are similar to each other, with the exception of small shifts 

in energy of the main peak. 

In general, the experimental spectra for all atomic elimination channels are very 

similar, however, there are subtle differences as well.  Channels CH5 → CH4 + H, CH2D3 

→ CH2D2 + D, CHD4 → CHD3 + D, and CD5 → CD4 + D all peak at 3.0 eV, whereas the 

two mixed isotopologs that eject a hydrogen atom (CH2D3 → CHD3 + H and CHD4 → 

CD4 + H) peak at slightly higher energy, 3.1 eV.  CH5 → CH4 + H has the most 
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Figure 8.4 The experimental (circles (9 keV) and solid line (16 keV)) and 
theoretical (dashed line) P(KER)s for the atomic elimination channel of 
the mixed isotopologs. (a) CH2D3 → CHD3 + H, (b) CH2D3 → CH2D2 + 
D, (c) CHD4 → CD4 + H and (d) CHD4 → CHD3 + D. 
 

significant number of events belonging to the low energy feature.  Comparison of the 

widths of the atomic elimination experimental spectra for the lightest and heaviest parent 

neutral, CH5 and CD5, reveals the CD5 peak is narrower, consistent with the lower ZPE in 

the cation and the resulting formation of the transient neutral in a more restricted Franck-

Condon region on the repulsive surface.  The two hydrogen atom elimination channels of 

the mixed isotopologs are slightly different than the other channels.  They both are 

significantly narrower on the low energy side of the 3.1 eV peak and the lower energy 



156 

feature in CHD4 is significantly broader than the other spectra, giving it the appearance of 

a shelf.  CE of CH5
+ and CH2D3 were collected at a lower beam energy, 7 keV and 9 keV, 

respectively, to observe potential NRCE effects and are plotted over their 16 keV 

counterpart using circles. No change in the relative intensities of the peaks was observed.  

This observation indicates that electron capture occurs in only one initial state for 

dissociations eliminating an atomic fragment. 

8.4.2.2. Diatomic elimination 

The experimental spectra for dissociations producing a diatomic and methyl 

radical fragment show a different kinetic energy distribution than the atomic elimination 

channels.  Some of these channels had very few events due to the branching fractions of 

the dissociation, making it more difficult to discuss details of the spectra. The 

experimental and QCT P(KER)s for dissociations producing  a diatomic and methyl 

radical fragment are shown in Figure 8.5 in panels (a) and (b) for CH5 → CH3 + H2 and 

CD5 → CD3 + D2, respectively.  The spectra for the mixed isotopologs that result from 

elimination of HD or D2 are shown in Figure 8.6. A majority of the experimental 

P(KER)s for the diatomic elimination channels have a bimodal distribution with one peak 

at lower energy (1 eV) and one at higher energy (3 eV), which differs from the atomic 

elimination spectra.  The QCT spectra for the diatomic and atomic elimination channels 

are similar, but the main peak in the diatomic elimination spectra has shifted slightly to 

higher energy and does not have as much intensity at lower energies.  The QCT spectra 

also do not show the bimodal distribution present in the experimental distributions for 

diatomic elimination channels. The best agreement in P(KER)s between the experimental 

and QCT spectra is for 9 keV CH2D3 and 7 keV CH5.  The 16 keV P(KER)s for both 
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Figure 8.5  The experimental (circles (7 keV), solid line (16 keV)) and 
QCT (dotted line) P(KER) spectra for the diatomic elimination channel of 
CH5 and CD5.  (a) CH5 → CH3 + H2 and (b) CD5 → CD3 + D2.  
 

CH2D3 and CH5 dissociating into a methyl and diatomic fragment show a more 

pronounced bimodal distribution than at lower beam energies where the feature near 1 eV 

is less intense and has shifted towards higher KER. CH2D3 has two spectra where a 

diatomic fragment is eliminated, both show a change in relative intensities of the features 

in the bimodal distribution, but the HD elimination channel shows this effect more clearly 

than the D2 elimination spectra. The drop in intensity from the feature at 1 eV relative to 
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Figure 8.6  The experimental (circles (9 keV) and solid line (16 keV)) and 
QCT (dotted line) kinetic energy release spectra for the diatomic 
elimination channel of selected isotopologs.  (a) CH2D3 → CHD2 + HD, 
(b) CH2D3 → CH2D + D2, (c) CHD4 → CD2 + HD2 and (d) CHD4 → 
CHD2 + D2. 

 

the 3 eV feature indicates that the bimodal distribution is a result of a near-resonant effect 

and will be discussed in more detail later.  

8.4.3. Branching fractions 

Table 8.1 summarizes the QCT and experimental branching fractions. The QCT 

simulation can identify changes in the branching fraction based on the position of the 

hydrogen atom(s) in the initial cation so a branching fraction for each distinct position of 
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Table 8.1 Experimental and calculated branching fractions of selected 
isotopologs of CH5. Experimental values are shown in parentheses at the 
first geometry for the neutral, but are indistinguishable for all geometries. 

Mol. H 
Pos. 

H Loss H2 Loss HD Loss D 
Elimination 

D2 Loss Atomic Loss Diatomic Loss 

CH5  0.90 (0.92) 0.10 (0.08)    0.90 (0.92) 0.10 (0.08) 

CH2D3  c, a 0.442 (0.48) 0.011 0.064 (0.05) 0.453 (0.45) 0.030 (0.02) 0.895 (0.93) 0.105 (0.07) 

CH2D3 c, b 0.445 0.011 0.064 0.449 0.031 0.894 0.106 

CH2D3 c, d 0.440 0.011 0.059 0.456 0.034 0.896 0.104 

CH2D3 a, b 0.449 0.011 0.062 0.444 0.034 0.893 0.107 

CH2D3 a, d 0.445 0.011 0.065 0.447 0.032 0.893 0.107 

CH2D3 b, d 0.441 0.013 0.064 0.448 0.034 0.890 0.110 

CH2D3 d, e 0.444 0.011 0.064 0.449 0.032 0.893 0.107 

CHD4 c 0.248 (0.31)  0.044 (0.07) 0.644 (0.58) 0.064 (0.04) 0.893 (0.89) 0.107 (0.11) 

CHD4 a 0.234  0.044 0.655 0.067 0.889 0.111 

CHD4 b 0.234  0.044 0.658 0.064 0.892 0.108 

CHD4 d 0.239  0.043 0.653 0.065 0.892 0.108 

CD5     0.895 (0.92) 0.105 (0.08) 0.895 (0.92) 0.105 (0.08) 

 

hydrogen atoms is presented in the table. The experimental branching fraction is shown 

in the table in parentheses next to the first geometry of the QCT simulation for a given 

isotopolog but is not intended to be an assignment of the experimental geometry.  The 

experimental error in branching fractions is estimated to be no more than 0.03 for all 

channels from an assessment of the parameter space of both the Monte Carlo simulation 

and the raw data. The experimental and calculated branching fractions for all isotopologs 

are in good agreement, differing by no more than 0.06 for all channels. In all systems 

studied, dissociation channels producing an atomic fragment are always favored over 

those producing a diatomic fragment.  The last columns of Table 8.1 show the total 

fraction of products for the two types of dissociations, atomic elimination and diatomic 

elimination.  These fractions are independent of the identity of the atomic (H or D) or 

diatomic (H2, HD or D2) isotopolog eliminated.  This fraction is almost constant for every 

molecule at about 0.90 for atom elimination and 0.10 for diatomic elimination.  
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Both CH5, which has been reported previously,9 and CD5 have only two possible 

fragmentation channels and have identical experimental branching fractions, 0.92 and 

0.08 for the atomic and diatomic elimination channels, respectively.  The experimental 

and calculated branching fractions for these two species differ by only 2%, which is 

within the experimental error. Also of note in Table 8.1, the QCT simulations indicate 

that the probability of CH2D3 dissociating into CD3 + H2 is approximately 0.01, 

supporting the assignment of the experimental data to channel CH2D2 + D rather than 

CD3 + H2. 

The branching fractions presented in Table 8.1 do not take into account that there 

are a different number of hydrogen and deuterium atoms in the mixed isotopologs.  To 

compare the branching fraction between isotopologs each fraction was corrected for 

statistics.  For example, for atomic elimination of CH2D3, there are two possible ways to 

produce a hydrogen atom and three ways to produce a deuterium atom.  Therefore, the 

statistically corrected branching ratio between H and D elimination is calculated by 

dividing the hydrogen atom elimination branching fraction by two and the deuterium 

atom elimination fraction by three, then dividing the two results to get the overall H to D 

(H:D) elimination ratio.  The results of this treatment are shown in Table 8.2. The HD:D2 

ratio is presented in the table because CH2D3 and CHD4 can produce both of these 

diatomic products upon dissociation.  However, the fraction of dissociations that 

eliminate HD or D2 are small and close to the experimental error so the HD:D2 ratio has 

an error larger than its value. No meaningful analysis of the experimental HD:D2 ratio 

can be presented to compare it with the calculated results. If the dissociation is statistical, 
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Table 8.2 The branching fractions of the mixed isotopologs statistically 
corrected and presented as ratios of H:D and HD:D2 elimination channels. 

Molecule H Position H Loss : D Loss HD Loss : D2 Loss 

  QCT EXP QCT EXP 

CH2D3 c, a 1.46 1.60 ± 0.15 1.08 1.25 ± 2.02 
CH2D3 c, b 1.49  1.02  
CH2D3 c, d 1.45  0.86  
CH2D3 a, b 1.52  0.92  
CH2D3 a, d 1.49  1.03  
CH2D3 b, d 1.48  0.94  
CH2D3 d, e 1.48  0.98  
CHD4 c 1.54 2.14 ± 0.23 1.02 2.63 ± 2.27 
CHD4 a 1.43  1.00  
CHD4 b 1.43  1.04  
CHD4 d 1.46  1.00  

 

ratios will be equal to 1 and if the dissociation favors the lighter fragment, ratios will be 

greater than 1.   

For dissociations producing atomic fragments, the H:D ratio for both CH2D3 and 

CHD4 are more than 1, meaning dissociations producing a hydrogen atom are favored 

over the statistical limit.  Dissociations within each simulation show almost no 

dependence on geometry of the initial cation.  The experimental and calculated H:D ratio 

for CH2D3 are in excellent agreement with each other, at 1.60 ± 0.15:1 and 1.48:1, 

respectively.  The H:D ratio for CHD4 differs more between the calculations and the 

experiment, with the calculated ratio averaging around 1.46:1 and an experimental value 

of 2.14 ± 0.23:1.   

8.5. Discussion 

 The discussion is divided into two segments, analysis of the product energy 

distributions and the branching fractions.  The internal energy distributions of the product 
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channels are discussed as well as the observed near-resonant effects.  By collecting the 

data at two different beam energies changes in the spectra due to NRCE can be observed 

as well as energy shifts in the peaks, which can be used to identify.  The significance of 

the changes to the spectra at different beam energies is discussed in detail.  Branching 

fractions are compared to previously measured fractions for DR of CH5
+ and the effects 

of isotopic substitution. 

8.5.1. Product energy partitioning 

The experimental and calculated P(KER)s both show that a large fraction of the 

available energy is distributed as internal (vibrational and rotational) energy of the 

molecular fragments.  In the case of the atomic elimination channels, internal energy can 

only be present in the methane fragment, whereas in the molecular elimination channels, 

both the methyl radical and diatomic fragment can get fractions of the internal energy.  

The atomic elimination P(KER)s show no fine structure or distinct peaks within the main 

peak, so excitation of a specific vibrational or rotational mode (or combination of both) 

of methane cannot be assigned.  The diatomic elimination channels also do not show any 

fine structure, however they have a bimodal distribution not present in the atomic 

elimination P(KER)s. The experimental P(KER) for CH2D3 dissociating into either 

CH2D2 + D or CD3 + H2 at 16 keV does not show the bimodal distribution present in 

spectra where the dissociation is unambiguously a methyl and diatomic fragment.  This 

observation, along with the calculated branching fractions, is evidence that the dominant 

fragmentation channel of CH2D3 is CH2D2 + D, rather than CD3 + H2. 

NRCE can give an indication as to whether the initial neutral is formed in one or 

more than one electronic state.  If the neutral is formed in one initial state, there will be 
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no change in the relative intensity of the features in the P(KER) spectra at different beam 

energies.  However, if the neutral is formed in more than one initial state the probabilities 

of populating each initial state will change when the beam energy of the parent cation is 

changed.  This change in probability of populating different states will manifest itself as 

changes in the relative intensities of the features in the P(KER) at different beam 

energies.  The CH4 + H, CHD3 + H, and CH2D2 + D channels showed no change in the 

relative intensity of their features, indicating upon CE with Cs, only one initial neutral 

state that undergoes atomic elimination is formed.  However, the dissociation channels 

producing a diatomic product do show a change in relative intensity between the 1 eV 

and 3 eV peaks in the P(KER), which indicates that dissociations producing a methyl and 

diatomic fragment arise from more than one initial state.  The atomic and diatomic loss 

experimental P(KER) spectra both share similarities in that they each have a peak near 3 

eV.  This may be evidence that the same initial state gives rise to the peak at 3 eV for 

both types of dissociation channels, since the dissociation limits for atomic and diatomic 

elimination are almost isoenergetic. 

The ground state is energetically the lowest lying state and based on both the 

vertical attachment energy and the predicted energy for the 3s state24 closest to resonant 

CE with Cs.  Dissociations arising from any other initial states must come from states 

higher in energy than the 3s state. Dissociations from higher states may radiatively decay 

to the neutral surface then dissociate, resulting in a peak with a low KER.  Raynor and 

Herschbach24 have predicted oscillator strengths and band locations for transitions 

between the Rydberg states but none have been observed experimentally.  There is no 

evidence that the higher-lying states that may radiate to the ground state and produce the 
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peak at 1 eV are also directly dissociated, as this would likely produce a KER higher than 

the observed maximum KER.  It is also noted that the 1 eV peak shifts to higher KER 

when the beam energy is lowered, which is consistent with the initial state being 

metastable.  At higher beam energies and therefore, velocities, a metastable state will be 

closer to the detector when it dissociates than at a lower beam velocity. Since the 

dissociation occurs closer to the detector, the measured KER will be smaller than the 

same metastable state dissociating at a lower beam energy. A rough estimate of the 

lifetime of the metastable state can be made using the difference in KER between the two 

beam energies and the flight times of their respective center-of-mass.  CH5 will be used 

as the example case, since it has the clearest shift in KER for the peak at 1 eV.  The KER 

from 16 keV to 7 keV shifts by approximately 0.2 eV, which would correspond to a 

lifetime of 600 ns.  Both CH3 + H2 spectra are very broad and it is difficult to assign an 

exact energy of the peak, an energy shift in the range of 0.05 eV to 0.5 eV will produce a 

lifetime range of 200 ns to 1 µs. 

The peak at 1 eV is assigned to radiative decay of a metastable state to the ground 

state of CH5 as a result of the observed shift in KER.  Given the estimated lifetime of 600 

ns, the KER for the same state with a lifetime of 0 ns would have produced a KER of 1.6 

eV.  This energy is still below that of the peak (at 3 eV) resulting from dissociations from 

initially populating the 3s ground state.  Since the metastable state must be higher in 

energy than the ground state, a KER of 1.6 eV is too low in energy to be a result of 

predissociation from the metastable state and the peak is assigned to radiative decay of 

the metastable state to the ground state.  
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It is not surprising that the QCT P(KER) is in better agreement with the lower 

beam energy experiment than the 16 keV experiment since the QCT simulations do not 

include radiative decay or excited states of the neutral.  Calculations yielding relative 

energies of the excited states of CH5 both at the minima and cation geometry as well as 

coupling between the excited states and neutral surface may be helpful to provide a more 

in depth discussion of the formation of different initial neutral states during the CE 

process. 

8.5.2. Branching fractions 

 Dissociative recombination branching fractions for CH5 have been measured 

previously using storage ring19 and flowing afterglow18 techniques. The storage ring 

results heavily favor the three-body channel producing CH3 + H + H with a branching 

fraction of 0.70, whereas the two-body channels are both 0.05.  Using the flowing 

afterglow data, Bates30 determined experimental branching fractions and found that the 

two-body channels were favored, with branching fractions of 0.82 and 0.18 for CH4 + H 

and CH3 + H2, respectively.  The branching fractions presented in this work are in good 

agreement with the flowing afterglow results.  The dominance of the three-body channel 

in the storage ring experiment may be due to secondary fragmentation of the excited CH4 

fragment produced in a two-body dissociation.31 The P(KER)s in this work indicate the 

molecular fragments are produced with a large amount of internal energy, however, in the 

case of CE with Cs, the internal energy of the neutral products is insufficient to dissociate 

CH5 into three fragments. 

Comparison of the experimental and calculated branching fractions shows 

reasonably good qualitative agreement. In both, the diatomic product is minor, while the 
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atomic product is the main dissociation channel.  The QCT and experimental data for 

CH5 and CD5 are in excellent agreement. The QCT simulations showed almost no 

dependence of the branching fraction on the initial geometry of the parent cation. The 

CH2D3 experimental and calculated branching fractions are in good agreement with each 

other, especially in the case of the two major fractions, CHD3 + H and CH2D2 + D.  The 

CHD4 branching fractions are in poorer agreement, with the experiment showing a much 

larger fraction of products dissociating into CD4 + H than the calculated fractions.  For 

both mixed isotopologs, the overall branching fraction for electronically equivalent 

channels (i.e. those producing H or D atoms) is unaffected by isotopic substitution, 

instead the fraction within the equivalent channel is divided, maintaining the atomic and 

diatomic fractions around 0.90 and 0.10, respectively.   

The QCT simulations were not expected to produce any evidence for quantum 

localization, since that is a quantum effect and these are classical calculations.  However, 

a difference between the experimental branching fractions and calculated could have 

been attributed to an experimental observation of quantum localization.  The 

experimental and calculated fractions are in good agreement, so it is not likely that 

quantum localization has been observed experimentally.  The most probable explanation 

for this is the temperature of the parent cation.  Huang et al.11 predicted that quantum 

localization might be experimentally observable in a low resolution IR spectrum with 

cold (110 K) ions.  The cations used in this experiment are much hotter (1660 K) so if 

quantum localization requires very cold ions, it would not be expected that this effect is 

observable in the current work. 



167 

 The error in the statistically corrected branching ratio for HD:D2 is too large to 

discuss a definite conclusion for the isotope effect of these channels.   Experimentally, 

the lighter fragmentation channel is favored, but the QCT simulations show an equal 

probability of producing HD or D2 upon dissociation.  However, the error in the H:D 

branching ratio is small and shows dissociation channels ejecting a hydrogen atom are 

favored for both CH2D3 and CHD4, experimentally and theoretically. The dissociation 

channels that produce atomic fragments are electronically equivalent, so the isotope 

effects must result from changes in the nuclear motion resulting from the mass difference. 

There are no other measurements of the branching fractions of the isotopologs of CH5 in 

the literature with which to compare the results presented in this paper directly, however 

DR of other mixed isotopologs such as HD2O+ and HDO+ have been studied in storage 

ring experiments and isotope effects have been discussed.32,33 

Jensen et al.33 used a simple classical model to argue that in two electronically 

equivalent dissociation channels, pure kinematics supports the loss of the lighter 

fragment.  This model was used to describe the isotope effect seen in the DR of HDO+ 

and HD2O+.  The authors argued that the larger the difference in the reduced mass of the 

product channels, the larger the observed isotope effect.  The model supports differences 

in the isotope effects seen in DR of H2D+ compared to those seen in DR of HDO+ and 

HD2O+.  Using this model it is also expected that mixed isotopologs of CH5 will show a 

preference for ejecting the H atom, since the difference in reduced masses of the 

dissociation channels producing H or D are similar to those of HD2O, and this effect is 

observed.  However, this model does not explain the difference in the H:D ratio for 

CH2D3 versus CHD4 since the reduced masses for CHD3 + H and CD4 + H are nearly 
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identical, as are the reduced masses for CH2D2 + D and CHD3 + D.  The wave function 

for the neutral will be more diffuse along coordinates for the CH bond than the CD bond.  

If the maximum of the Franck-Condon factors occurs near the tails of the wave function, 

ejection of the lighter fragment will be favored.  

8.6. Conclusion 

 This work is a continuation of an earlier study that combined experiment and 

theory to study the two-body dissociation dynamics of CH5.9 In this study experimental 

evidence for the fluxionality of CH5
+ was found neutralizing the cation using charge 

exchange, then comparing the experimental and calculated branching fractions of its 

neutral dissociation channels.  Three isotopologs of CH5 were studied, CH2D3, CHD4 and 

CD5.  Previous theoretical work has discussed the quantum localization of CH5 upon 

deuteration and its potential to be observed experimentally.11 QCT calculations will not 

predict quantum localization and did not show any change in branching fractions based 

on the location of the hydrogen and deuterium atoms.  Because of the good agreement 

between the experimental and calculated branching fractions, quantum localization was 

also not observed experimentally.  This finding is likely a result of the internal 

temperature of the parent cations being too high.  

 Both experiment and theory showed that the ejection of an atom is preferred over 

that of a diatom with a branching fraction of 0.90 and 0.10, respectively.  The branching 

fraction for atomic and diatomic loss is independent of the mass of the dissociation 

channel.  The branching fractions for the mixed isotopologs, CH2D3 and CHD4, were 

corrected for statistics and found to prefer ejection of a hydrogen atom. 
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 The experimental and simulated P(KER) for the atomic elimination channels are 

in reasonable agreement, but differ in the location of their respective peaks.  Both show 

that a majority of the available energy is distributed as internal energy of the methane 

fragment. Experiments were done at lower beam energies and showed no change in the 

relative intensities of the features in the atomic elimination spectra, indicating that the 

neutral is formed on one initial state.   

 When NRCE effects were examined it was revealed that more than one initial 

state is populated, but dissociations arising populating another initial state only dissociate 

into a methyl radical and molecular hydrogen fragment.  The change in relative 

intensities between the peaks at 1 eV and 3 eV are an indication that more than one initial 

state is involved.  The shift in energy of the 1 eV peak depending on the cation beam 

velocity indicates that one of the initial states is metastable and radiatively decays to the 

ground state before dissociating. The P(KER)s for diatomic elimination channels in CH5 

and CH2D3 at lower beam energies show the best agreement with theory, which is not 

surprising since the calculations do not include excited states of the neutral. 

 The dynamics of the abstraction and exchange reactions of CH4 + H have been 

studied both experimentally and theoretically.  These studies have focused onboth the 

isotopically substituted and unsubstituted abstraction reaction, CH4 + H → CH3 + H2. 

Measurements have included product energy partitioning34 as well as the effect of 

vibrational excitation of the CH4 reactant on the CH3 product’s vibrational and angular 

distribution.35 The transition state geometry for these reactions is likely different than that 

of the current study, making this a unique probe of the CH5 potential energy surface in 

the region corresponding to the geometry of the cation.  
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