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ABSTRACT OF THE DISSERTATION 

 

An Experimental Probe of Electronic Interactions in Excited Molecules Produced By 
Charge Exchange 

 

by 

 

John David Savee 

 

Doctor of Philosophy 

 

University of California, San Diego, 2009 

 

Professor Robert E. Continetti, Chair 

 

 

 The electronic structure and fundamental electronic interactions of sym-triazine, 

HN2, and HOCO were probed using translational spectroscopy coupled with coincidence 

detection techniques. The neutral species were prepared in excited vibronic states by 

neutralization of the corresponding parent cation with cesium, and full kinematic 
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descriptions of the resulting dissociation dynamics were measured and used as a basis for 

identifying the accessed states and describing the mechanisms leading to dissociation. 

This dissertation begins with a brief introduction to the production of neutral species via 

neutralization with cesium, followed by a general overview of the experimental apparatus 

and data analysis methods. The dissertation concludes with detailed accounts of the 

experiments performed on sym-triazine, HN2, and HOCO. 

A rich history of mechanistic debate is associated with the dissociation of sym-

triazine. A collaborative experimental and theoretical investigation into the three-body 

dissociation dynamics (sym-triazine→3HCN) resulting from excitation of sym-triazine 

into the π*←n and 3s Rydberg electronic manifolds established the working theory and 

treatment of experimental data that was carried over to later experiments. It was found 

that the topology of the electronic manifold into which sym-triazine is excited is 

consistent with the observed dissociation mechanism; sym-triazine dissociates to 3HCN 

via a concerted mechanism when excited to the highly symmetric π*←n electronic 

manifold, and via a stepwise mechanism when produced in the Jahn-Teller distorted 3s 

Rydberg electronic manifold. A two-body channel (→HCN+C2N2H2) was also observed, 

and shares many correlations with the stepwise three-body dissociation mechanism. 

HN2 and HOCO are reaction intermediates in important physical processes, and 

were both studied alongside their deuterated isotopologs to aid interpretation of the 

observed dissociation dynamics. HN2 is believed to be a transient intermediate in thermal 

De-NOx processes, but has thus far eluded direct experimental detection. The CE 

experiments described here accessed three different dissociative vibronic states of HN2 

and use the observed dissociation dynamics to describe possible interactions between 
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potential energy surfaces that ultimately lead to H/D+N2 products. HOCO is a transient 

reaction intermediate in combustion processes, and, similar to HN2, is difficult to isolate 

for spectroscopic investigation. The study described in this dissertation marks the first 

direct probe of excited electronic states of this species and describes possible mechanisms 

leading from the A12 ′′  electronic state of trans-HOCO to the observed H/D+CO2 and 

OH/OD+CO product channels. 



1 

Chapter 1. 

Introduction 

 

 The fundamental motivation behind all scientific research is to obtain a greater 

understanding of the infinite complexity of the universe we live in. Scientists often 

attempt to achieve this by developing predictive tools and theories based on empirical 

observation of natural phenomena. In particular, the role of the chemical physicist is to 

develop an understanding of fundamental molecular interactions using the principles of 

atomic and molecular physics. Although complete first-principles quantum mechanical 

descriptions of molecules are only available for the smallest molecular species, the 

predictive powers of ab initio and semi-empirical computational methods have seen great 

strides in recent years. However, these methods have notorious shortcomings in several 

areas, and experimental observations remain a fundamental aspect of the development of 

chemical theory. The experiments described in this dissertation probe the dynamics of 

highly energetic molecules, and the observations of nonadiabatic interactions involving 

excited electronic states of both open- and closed-shell neutral species provide valuable 

empirical insight into an area where the current state of computational chemistry has 

difficulty making accurate predictions. 

 Under the Born-Oppenheimer approximation, where the timescale of nuclear 

motion is assumed to be negligible when compared to electronic motion, the wavepacket 

for an energetic molecule is assumed to be fixed in a particular eigenstate of an adiabatic 

potential energy surface (PES) and transitions to other adiabatic PESs do not occur. 

When interested in the behavior of the molecule over timescales where nuclear motion is 
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important this picture does not work, and it is well-known that wavepackets can exhibit 

nonadiabatic transitions from one adiabatic PES to another.1 The advent of experiments 

employing ultrafast (e.g., femtosecond, attosecond) laser techniques have begun to 

provide a dynamic ‘real-time’ depiction of how highly energetic systems evolve,2,3 

although a more traditional paradigm for observing this behavior is monitoring initial and 

final states of a system that undergoes an intermittent stimulation. 

In the present work, the kinematics of dissociation products resulting from 

unimolecular decomposition of an electronically excited parent molecule are used to 

provide insight into the reaction paths that lead from initial electronically excited states to 

the observed products. Due to the transient nature of many highly-excited molecules, 

their preparation and subsequent measurement can pose a significant experimental 

challenge. The experiments described in this dissertation employ translational 

spectroscopy coupled with coincidence measurement techniques4,5 to obtain full three-

dimensional kinematic descriptions of the dissociation of electronically excited neutral 

molecules produced via charge exchange (CE) between a fast molecular cation beam and 

an atomic alkali electron donor. The novel detection method employed in these 

experiments allowed detection of multiple neutral fragments in coincidence, and both 

two- and three-body decomposition processes are described in this dissertation. 

This chapter begins with an overview of the role of the CE experiments in the 

context of the studies of reaction dynamics carried out in this laboratory. This will be 

followed by a discussion of the mechanism by which electronically excited neutrals are 

formed as a consequence of CE between fast keV cations and thermal velocity alkali 

metal electron donors. A generalized overview of mechanisms by which excited 
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molecules can subsequently decompose will also be presented. The chapter will conclude 

with a brief introduction to the transient neutral molecules that were studied in the 

experiments described in this dissertation. 

1.1. Background 

The research in this laboratory is focused on the reaction dynamics and energetics 

of neutral molecules involved in combustion, atmospheric, and interstellar chemistry. 

While the aforementioned CE experiments probe electronically excited neutral species, a 

complementary method of probing reactive neutral molecules primarily in their ground 

electronic states is also employed.5 This method begins with a fast (keV) beam of 

negatively charged parent molecules that undergo interaction with a short pulse of 

linearly polarized photons. Depending on the nature of the reactive neutral PES that is 

accessed by photoexcitation, kinematic information about the ejected electron and either 

the metastable neutral or neutral dissociation byproducts can be collected in coincidence. 

The case where the interaction of a polyatomic anion AB- (where A and B can be atomic 

or molecular species) with a photon creates a metastable neutral AB* species is referred 

to as photodetachment, and is illustrated in Eq. 1.1(a). The case where the 

photoexcitation of AB- ejects an electron and produces an excited neutral AB* species 

that rapidly dissociates is referred to as dissociative photodetachment (DPD), and is 

shown in Eq. 1.1(b). 

AB- + hν → AB + e-                                               (1.1a) 

AB- + hν → AB* + e- → A + B + e-                                  (1.1b) 

When compared to conventional photoelectron spectroscopy where the kinetic energy 

and angular distributions of only the ejected electron are measured, photoelectron-
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photofragment coincidence spectroscopy of DPD processes provides additional insight 

into how the available energy to the system is also distributed among the neutral product 

channels. 

 Many fundamental chemical reactions proceed along the ground state PESs of 

reactive intermediates, and obtaining information about the underlying PES is crucial to 

predicting the overall reaction kinetics. For example, the OH+CO→H+CO2 reaction is 

the primary source of CO2 in combustion processes,6 and is believed to proceed through a 

short-lived HOCO* intermediate (Eq. 1.2) that exhibits barriers to both OH+CO and 

H+CO2 production.7 

                                               OH+CO → HOCO* → H+CO2                                       (1.2) 

Recent DPD studies have provided an experimental test of the calculated reaction 

barriers, and have also provided evidence that the HOCO* intermediate undergoes an 

efficient tunneling mechanism through the barrier leading to production of H+CO2.8-10 

Information about the ground state PES of transient neutral species can also play an 

important role in understanding the dissociation dynamics resulting from electronically 

excited species. In many cases where dissociation leads to neutral fragments in their 

ground electronic states, orbital symmetry conservation11 requires dissociation of the 

parent molecule to ultimately proceed on the ground state PES. A solid understanding of 

this surface is generally required to interpret the observed dissociation dynamics. 

Producing a high yield of electronically excited neutral species using laser 

excitation of a fast anion beam poses a significant experimental challenge, and only in 

select cases have excited electronic states been accessed using the laser systems in this 

laboratory. The recombination of molecular cations with free electrons is a ubiquitous 
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process in high-energy environments (e.g., plasmas, the interstellar medium and 

combustion), and is known to produce neutral species in excited electronic states near the 

ionization threshold. Due to the internal energy contained in the neutralized species, this 

process typically results in rapid unimolecular dissociation and the overall process is 

commonly referred to as dissociative recombination (DR).12 The cross-section for 

recombination of a cation with a free electron is largest for a zero-energy collision. 

Coulombic repulsion limits the effective number density of low-energy electron beams 

over a finite flight path, and tends to limit typical DR experiments to large ion storage 

rings that employ high-energy (MeV) cation beams. Although effective for determining 

cross-sections and branching ratios for different product channels upon DR, it is difficult 

to extract dynamical information for recoiling dissociation products produced in ion 

storage rings as their high center-of-mass velocity results in low temporal and spatial 

separation in the laboratory frame. 

The experiments described in this dissertation probe electronically excited neutral 

molecules using the dissociation products produced upon neutralization via CE between a 

fast (keV) cation beam and a gaseous alkali metal electron donor.13-16 Eq. 1.3 provides a 

schematic representation of this process for the case where neutralization of AB+ occurs 

after CE with M and results in two dissociation products. 

KERBAM*ABMAB M ++⎯⎯→⎯+→+
+−++                           (1.3) 

The excess energy from the excited neutral is distributed as internal energy in the A and 

B fragments and by a kinetic energy release (KER) to A and B, which causes them to 

recoil out of the cation beam upon dissociation. The lower cation beam energy used in 

these experiments (when compared to DR experiments on ion storage rings) allows the 



 6

extraction of dynamical information from the recoiling dissociation products using 

translational spectroscopy and coincidence measurement techniques. Although similar in 

many regards, CE is distinguished from DR primarily in the amount of energy deposited 

on the resulting neutral – there is an energetic ‘cost’ to remove the electron from the 

alkali metal, and excited neutrals formed via CE generally have significantly less internal 

energy than those produced by DR. 

The use of neutralization of a parent cation to produce electronically excited 

neutral species has been previously explored, and the present experiments benefit from a 

rich history of research using this technique. Porter and coworkers performed the first 

major translational spectroscopy work employing neutralization of a fast cation beam 

with a variety of gaseous electron donors, and obtained dynamical information about 

dissociation products by measuring the spatial profile of the recoiling neutral products.13 

While the experiments of Porter and coworkers were limited to angular beam intensity 

measurements for a single fragment, the development of a novel coincidence detector 

capable of obtaining a full three-dimensional account of the ensuing dissociation 

dynamics prompted later neutralization experiments by Los and coworkers.15,17 Although 

the methods used by Los and coworkers led to significant insight on several systems and 

marked a major advance in translational spectroscopy techniques, their coincidence 

detection techniques were limited to systems that exhibited two-body decomposition. In 

many cases, the excited neutral species produced via neutralization can dissociate to three 

or more fragments. Advances in coincidence detection techniques made in this and other 

laboratories allow full three-dimensional measurements on processes that yield three or 
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more fragments,4,18 prompting the research described in this thesis on the dissociation of 

highly excited neutral molecules produced via CE. 

1.2. Dissociative charge exchange 

Several theoretical treatments of the complex mechanism by which electron 

transfer via CE occurs have also accompanied the aforementioned neutralization 

experiments. In order to treat CE-induced dissociation from a theoretical standpoint, it is 

logical to describe the overall evolution of the system in terms of a two-step process. The 

first step involves the electron exchange interaction between the parent cation and the 

electron donating species and is reasonably well described under a fixed nuclei (i.e., 

Born-Oppenheimer) approximation. Once the neutral molecule is excited, evolution of 

the excited wavepacket along adiabatic PESs (with their inherent nonadiabatic couplings) 

ultimately defines its stability, metastability, and the ensuing dissociation dynamics. The 

following sections expand on these two steps. 

1.2.1. Charge exchange mechanism 

 The general problem of electron transfer between two interacting species can be 

thought of as a transition from one diabatic state to another, where the initial and final 

states in the transition are characterized by the localization of the exchanged electron. 

Using the reaction described in Eq. 1.3, the initial state under this picture is [AB++M] and 

the final state is [AB*+M+]. The present discussion of the mechanism by which an 

electron is transferred between a fast keV cation and a thermal velocity alkali atom is 

largely based on theoretical treatments by Sidis that accompanied the CE experiments 

performed by Los and coworkers.16 However, several alternate approaches to the CE 

problem are available19-23 and all offer some degree of unique insight into this 
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fundamental interaction. In the present case where fast keV cations are interacting with a 

relatively stationary electron donor, the timescale of the collision process is fast (≤10-16 s) 

when compared to typical timescales for nuclear vibration (∼10-14 s) and rotation (∼10-11 

s). This simplifies the general problem by allowing a separation of electronic and nuclear 

wavefunctions under the Born-Oppenheimer approximation. In order to further simplify 

the electron exchange problem, theoretical treatments often operate under the assumption 

that the basic interaction is a result of an inelastic process (i.e., large impact parameters, 

negligible momentum transfer) between two inert cation cores that share an active 

electron.16 Events with small impact parameters will exhibit reactive scattering and in 

general will proceed by collision-induced dissociation. As discussed in Chapter 3 of this 

dissertation, in the present experiment we are able to gate out events with significant 

scattering from the center-of-mass (c.m.) flight path, which, in theory, should allow only 

events that occur via a long-range CE interaction. 

A schematic representation of the collisional process between a polyatomic cation 

(AB+) and an atomic electron donating species (M) as described by Eq. 1.3 is presented 

in Fig. 1.1 using Jacobi (scattering) coordinates.24,25 Here r represents the set of nuclear 

coordinates for AB+ during the vertical electron exchange process, and in the present 

experiments consists of the Franck-Condon region sampled by the parent cation. R is the 

distance between the c.m. of AB+ and M, and θ orients the nuclei of AB to M. The 

electronic Hamiltonian for a given vibronic excitation of the neutral molecule excited via 

the CE reaction in Eq. 1.3 consists of diagonal elements (h11, h22) that represent average 

electronic energies for the involved [AB++M] and [AB*+M+] diabatic PESs, and off-

diagonal elements (h12, h21) that describe the coupling between the diabatic states. These  
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Figure 1.1 Internal coordinate scheme used to describe the collision 
of a polyatomic molecule AB with an atomic electron donor M. 
Here r represents the set of internal coordinates for AB. R is the 
separation between the c.m. of AB and M, and θ orients the two 
species. 
 

 

 

 

off-diagonal elements describe the spatial exchange interaction between AB* and M, and 

exhibit a dependence on r, R, and θ as given by the expression in Eq. 1.4.16 

h12 = h21 ∝ e-λ(r)⋅R ⋅ f(θ)                                              (1.4) 

Here λ(r) is the potential parameter which is related to the electron binding energy of AB, 

and f(θ) is an anisotropy parameter that arises due to the relationship between the shape 

of the interacting electronic orbitals and the trajectory of the collision process. Because 

the orientations of the gaseous electron donor and cation beam are random in the 

experiments described in this dissertation, the anisotropy term takes on a static average 

value. The fundamental characteristic of the off-diagonal elements is an exponential 

decay in the interaction potential as R becomes large. 
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 In order to quantify the nonadiabatic transition between the diabatic [AB++M] and 

[AB*+M+] states, judicious choice of an analytically solvable two-state model must be 

made. While several of these two-state models are available,23,26-29 the model developed 

by Demkov27 has been deemed appropriate for the type of CE experiments employed in 

this dissertation.16,30 In the Demkov model, a transition is assumed to occur between 

parallel diabatic potentials that are coupled by an exponentially varying coupling 

potential. The transition probability (ω) for population of AB* in an arbitrary vibronic 

state as derived from the Demkov model is shown in Eq. 1.5. 
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⎝

⎛
⋅⎟⎟
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⎝
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⋅⋅

⋅
= ∫

+∞

∞

R(t))dt(r,h
h
1sin

vλ(r)2
(r)ΔEπsechω

-
ab

2

rel

v2                               (1.5) 

The term ΔEv(r) in Eq. 1.5 is the vertical energy defect between the initial [AB++M] state 

of the system (where AB is in a specific nuclear configuration denoted by r) and that of 

the final state into which electron capture occurs (i.e., [AB*+M+]). This can be expressed 

simply as the energetic difference between the h11 and h22 terms in the electronic 

Hamiltonian and, in the absence of degeneracies, is unique to the vibronic state accessed 

in AB*. The potential parameter term in Eq. 1.5, λ(r), is the same quantity that appears in 

Eq. 1.4. The term vrel in Eq. 1.5 is the relative velocity of AB+ and M during the 

interaction, and can be approximated as the cation beam velocity in the present 

experiments. The term hab(r,R(t)) is a generalized coupling term and exhibits a 

dependence on r and the time-dependent separation of AB and M, R(t). In general, the 

sech2 term in Eq. 1.5 describes the probability amplitude for populating a vibronic state 

of AB*, while the sin2 term is related to the oscillating population of AB* and AB+ 
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during the interaction. These two terms will be denoted by Λ (the probability amplitude) 

and Φ (the ‘state-switching’ term), respectively, in the ensuing discussion. 

 It is important to understand the dependence of the transition probability on vrel, 

as this is a parameter that can be controlled in the present experiments. The effects of 

varying the beam velocity are primarily contained in the probability amplitude term (Λ), 

and can be illustrated by first making reasonable approximations to quantize elements of 

this term. Instead of using vertical ionization energies at a set value of r, we approximate 

ΔEv(r) using an effective energy defect (ΔEj).  This effective energy defect is the energy 

between the particular vibronic state accessed in AB* (denoted by j) and the so-called 

resonance energy, which occurs at the difference between the adiabatic ionization 

energies (IEs) of AB and M (i.e., IEAB-IEM). Although more elaborate expressions exist,16 

the potential parameter can be reasonably approximated as Me IEm2λ(r) ⋅⋅≈  where me 

is the mass of an electron and IEM denotes the ionization energy of the electron donor.27 

Using these approximations, the probability amplitude term in Eq. 1.5 can be rewritten 

for a specific vibronic state using the expression shown in Eq. 1.6. 

⎟
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⎝

⎛

⋅⋅⋅⋅

⋅
≈Λ

relMe

j2
j vIEm22

ΔEπ
sech                                       (1.6) 

For a given polyatomic molecule AB, several vibronic states are available that have 

different associated values of ΔEj. In order to qualitatively understand the beam energy 

dependence of the probability amplitude for these different states, it is useful to rewrite 

Eq. 1.6 as sech2(αi ⋅ΔEj), where αi is an effective constant calculated at a set cation beam 

energy denoted by Ti. This effective constant exhibits a linear dependence on the beam 
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velocity ( 1/2
iirel, Tv ∝ ), and Λj can be expressed in terms of an arbitrary beam energy 

(denoted by T) as: 

( )T/TΔEαsechT),E( iji
2

jj ⋅⋅=ΔΛ                                  (1.7) 

where 

  
Meirel,

i IEm2v2
πα

⋅⋅⋅⋅
=                                        (1.8). 

Figure 1.2(a-c) illustrates the dependence of Λj on T for three different mass 

parent cations (29, 45, and 81 a.u.). Values of αi were calculated for a 12 keV cation 

beam, and the various traces correspond to the calculated values of Λj(ΔEj,T) at set values 

of ΔEj=[0.1, 0.5, 1.5, 2.0 eV]. From Fig. 1.2 it is apparent that at a set beam energy, the 

probability amplitude is greatest for vibronic states of the neutral that lie closest to 

resonant excitation (i.e., low values of ΔEj). It is also apparent that Λj increases with T at 

different rates that depend on the value of ΔEj. Table 1.1 compares relative values of Λj 

for the various ΔEj traces shown in Fig. 1.2(a) (i.e., the 29 a.u. system) at 6 and 16 keV 

beam energies (indicated by the vertical dotted lines). In order to illustrate the non-linear 

dependence of Λj on ΔEj and T, the values presented in Table 1.1 are the probability 

amplitudes for ΔEj=0.5, ΔEj=1.0, and ΔEj=1.5 eV relative to the value of the probability 

amplitude with the highest value, ΔEj=0.5. Reading across the table, it is apparent that the 

relative values of the probability amplitude for set values of ΔEj change as T is varied. 

This property can be exploited in the experiments presented in this dissertation by 

collecting data at various beam energies – if the intensities of spectral features exhibit a 

beam energy dependence, it is a clear indication that they arise from different initial  
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Figure 1.2 Calculated curves showing the energy defect (ΔEj) and 
beam energy (T) dependence of the probability amplitude term (Λj) 
of the CE transition probability. Figures 1.2(a), 1.2(b), and 1.2(c) 
show the resulting curves for parent cation masses of 29, 45, and 81 
a.u., respectively. The different traces in each plot correspond to 
energy defects (ΔEj) of 0.1, 0.5, 1.0, and 1.5 eV. The effective 
constants in this term, αi, were calculated for each parent mass at a 
12 keV beam energy for CE with Cs (IP=3.89 eV). 
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Table 1.1 Values of the probability amplitudes shown in Fig. 1.2(a) 
(29 a.u.) at 6 and 12 keV beam energies relative to the value of the 
ΔEj=0.1 eV trace. 
 

vibronic excitations of the neutral (assuming accessible vibronic excitations exhibit 

different energy defects and dissociation processes are fast). 

 

Beam Energy (T)  

6 keV 12 keV 

Λ(ΔE=0.5 eV) / Λ(ΔE=0.1 eV) 0.548 0.850 

Λ(ΔE=1.0 eV) / Λ(ΔE=0.1 eV) 0.027 0.536 

Λ(ΔE=1.5 eV) / Λ(ΔE=0.1 eV) 0.005 0.280 

 

 Qualitatively, the state-switching term in Eq. 1.5 (Φ) describes the probability that 

an electron oscillating between AB and M leaves the system in an [AB*+M+] state after 

the fast AB+ species passes through the spatial region where it effectively interacts with 

M. Although more elaborate descriptions of this term exist,16 the time-dependent 

coupling term hab(r,R(t)) can be estimated for a set trajectory of AB approaching M by 

calculating the maximum intensity of the coupling (e.g., using the generalized Mulliken-

Hush approach31,32) for use as the amplitude of a function that exhibits an exponential 

decay approaching zero as |R| becomes larger than ∼15 a.u.32 In general, it is assumed 

that hab will only be significant for capture of an electron into electronic states of AB* 

that preserve the cation core electronic structure, although at least one example has been 

reported of CE inducing the excitation of multiple electrons (in this case, a two-electron 

excitation of N2).33 A variety of impact parameters and orientations for AB approaching  
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M occur in the present experiment, and the state-switching term as a whole can be 

effectively approximated by a constant that is related to the coupling strength for a 

particular vibronic state of AB* (e.g., Φj).32 This effective value of Φj is to a large degree 

related to the Franck-Condon overlap of AB+ and AB* in the vertical electron transfer 

process, although it also exhibits a dependence on the oscillation frequency and the 

interaction time between AB and M which are properties of the interacting electronic 

orbitals. At the high beam energies used in the present experiments, the contribution of 

the latter property is expected to be minimal at small interaction times (i.e., keV beam 

energies) and is neglected in the approximation of this term taking a constant value at all 

values of T. 

The overall transition probability for a given vibronic state (ωj) can thus be 

expressed as shown in Eq. 1.9. 

jjjj ΦT),E(Λ(T)ω ⋅Δ=                                             (1.9) 

Although scaled by the approximately constant state-switching term, the CE transition 

probability still exhibits a beam energy dependence that is characterized by the 

probability amplitude term. 

1.2.2. Dissociation mechanisms 

 There are many ways in which the state of a molecule can evolve after it is 

formed in an excited vibronic state. The translational spectroscopy experiments described 

in this dissertation measure the kinetic energy given to the products if a CE-induced 

excitation leads to dissociation. The partitioning of the available energy into kinetic 

energy can often contain indications of intermittent processes that occur between the 

initial excitation and the ultimate dissociation of the molecule.34-36 The available energy 
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(Eavl) for a unimolecular dissociation process like that depicted in Eq. 1.3 is simply 

defined as the energetic difference between the excited vibronic state (AB*) and the 

energetic limit where products A and B are at infinite separation with no internal energy. 

Upon dissociation, the available energy is distributed as internal energy (Eint) in the 

products and an accompanying KER between the products (Eq. 1.10). 

  KER(B)E(A)E(AB*)E intintavl ++=                                 (1.10) 

Depending on the nature of the dissociation mechanism, Eq. 1.10 can in some cases be 

used to deduce the internal energy of the products and help elucidate the final product 

state distributions. 

 Two motifs are commonly used to describe dissociative excitation processes – the 

so-called direct and indirect method of dissociation.37 One example of CE inducing a 

direct resonant (i.e., ΔEj=0 eV) process in a neutral molecule AB is shown in Fig. 1.3(a), 

and examples of indirect resonant processes are shown in Figs. 1.3(b) and 1.3(c). In the 

direct process, an electron is captured directly into a repulsive region of a PES that 

rapidly dissociates to A+B. In Fig. 1.3(a), it is apparent that direct reflection of the cation 

wavefunction onto the neutral surface results in a broad KER from a ‘smearing’ of Eavl, 

the range of which depends on the slope of the repulsive PES in the Franck-Condon 

region of AB+. In this case, Eavl for the dissociation process is not discrete, making it 

difficult to extract final internal state distributions for A and B from the observed KER. 

In an indirect process, electron capture occurs into a semi-bound state with a potential 

barrier or some other dynamic obstruction preventing immediate dissociation. Fig. 1.3(b) 

presents an example of indirect electronic (Herzberg type I) predissociation; in this case, 

dissociation proceeds after the initial bound state couples to a repulsive PES. An example  
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Figure 1.3 Illustrative example of direct and indirect dissociation 
processes occurring after resonant excitation of a neutral AB 
species upon CE between AB+ and M. Fig. 1.3(a) illustrates a direct 
dissociative process, while Fig. 1.3(b) and 1.3(c) present indirect 
dissociation mechanisms from an initially bound vibronic state. Fig. 
1.3(b) presents an example of electronic predissociation, and Fig. 
1.3(c) depicts vibrational predissociation. 
 

of vibrational (Herzberg type II) predissociation is shown in Fig. 1.3(c). In this case, 

dissociation of the initial bound state proceeds after tunneling through a reaction barrier 

or by overcoming the barrier after a redistribution of vibrational energy. In these indirect 

processes Eavl is discrete, creating a direct relationship between the measured KER and 

Eint distributions. 

 Of course, these examples illustrate only the final coupling of an electronic state 

to a dissociative PES and there are many other intermediate intramolecular interactions 

that can occur following the initial capture of an electron into an excited vibronic state. A 

general overview of common electronic coupling processes in large polyatomic 

molecules is presented in Figure 1.4, which is a simplified Jablonski diagram that depicts 

potential ways in which a molecule excited in its first singlet state (S1) can couple to 
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Figure 1.4 Modified Jablonski diagram used to illustrate radiative 
and nonradiative processes that can couple vibronic states in an 
excited molecule. 
 

other electronic states (e.g., the lowest-lying triplet state T1 or the singlet ground state 

S0).38 Generally speaking these processes are classified as either radiative (e.g., 

fluorescence and phosphorescence) or nonradiative (e.g., internal conversion and 

intersystem crossing). Fluorescence from one vibronic state to another is, like absorption, 

dependent upon the transition dipole moment and is typically limited to transitions 

between states with the same spin multiplicity (i.e., Sj←Si, Tj←Ti). Fluorescence 

lifetimes are typically on the order of nanoseconds. Phosphorescence describes emission 

from triplet states to singlet states, and is weakly allowed due to spin-orbit mixing. 

Typical decay times for phosphorescence processes are larger than those for fluorescence, 

and can be as large as milliseconds or even seconds in some cases. Radiationless internal 

conversion processes are also limited to transitions between electronic states with the 
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same spin multiplicity, and the basic transition converts electronic energy from the upper 

(e.g., S1) state to vibrational energy on the lower (e.g., S0) surface. Although dependent 

on the efficiency of the coupling between the electronic states involved, this process can 

be very rapid. For example, the S0←S2 decay of benzene is believed to be a result of 

internal conversion and lifetimes for the upper state have been estimated to be <100 

femtoseconds.39 A radiationless transition characterized by a change in spin multiplicity 

is referred to as intersystem crossing, and is in general a much slower process than 

internal conversion. In many cases, a single vibronic excitation can decay via several of 

these processes and it is of great interest to describe their competing rates. 

1.3. Overview of present charge exchange experiments 

The experiments described in this dissertation focus on the dissociative CE 

dynamics of three different polyatomic molecules – sym-triazine, the hydroxyl formyl 

radical (HOCO), and the hydrodinitrogen radical (HN2). Each of these three systems 

present unique empirical insight into fundamental intramolecular interactions described 

in this chapter. Chapters 2 and 3 of this dissertation present a thorough discussion of the 

experimental methods and an overview of the data analysis procedure common to all 

three CE experiments. Although the discussion in this chapter has used an example where 

only two dissociation products are formed, sym-triazine presents an interesting case 

where both two- and three-body dissociation occurs. The dynamics accompanying the 

three-body dissociation of sym-triazine are particularly interesting, as discrepancies 

between previous translational spectroscopy experiments on this system have created 

considerable debate among theoretical approaches to this molecule. Chapter 4 in this 

dissertation presents a general overview of a collaborative experimental and theoretical 
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effort on sym-triazine, and presents evidence that the resulting dissociation dynamics 

illustrate a heavy dependence on the topology of the PES into which sym-triazine is 

initially excited. Chapter 5 presents an in-depth examination of new approaches in the 

treatment of three-body coincidence data that were necessitated by the sym-triazine 

system, and Chapter 6 describes the HCN+(HCN)2 two-body channel and its potential 

relationship to the three-body channel. Three different excited electronic states of HN2 

are populated as a result of CE between HN2
+ and Cs, and all three initial excitations 

exhibit unique dissociation mechanisms that result in drastically different dissociation 

dynamics. Chapter 7 presents a full discussion of CE experiments on HN2 and the 

deuterated isotopolog along with the potential implications of the observations on the 

electronic structure of HN2. The HOCO radical has been of great interest in this 

laboratory, and the CE experiments on this system and the deuterated isotopolog 

described in Chapter 8 present the first thorough experimental investigation into the 

excited electronic structure of this molecule. 
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Chapter 2. 

Experimental methods and data acquisition 

 

The experiments described in this dissertation use translational spectroscopy 

coupled with coincidence detection techniques to obtain full kinematic descriptions of 

unimolecular dissociation processes. In these experiments dissociation was induced by 

charge exchange (CE) between a fast cation beam with an alkali electron donor, and 

required the production of a collimated cation beam. Detection of neutral products upon 

dissociation was performed using a state-of-the-art microchannel-plate-based delay-line 

anode capable of measuring time and position information for several fragments from a 

single event in coincidence. The following chapter describes the apparatus and data 

acquisition process required for these types of experiments.  

2.1. Many-body kinematics 

 In general, in order to obtain a full kinematic description of a unimolecular 

dissociation to n particles, center-of-mass (c.m.) recoil velocity vectors must be obtained 

for n-1 particles. Assuming the fragment masses are known, conservation of linear 

momentum can be used to extract the remaining velocity vector. In the experiments 

presented in this dissertation it was possible to obtain a complete set of n recoil velocity 

vectors, thus eliminating any assumptions by providing a full kinematic description of the 

dissociation process. The kinematics in the case of two-body dissociation are quite 

simple; the two dissociation products must recoil with velocity vectors pointing directly 

opposite to each other. For an event that produces three or more fragments, the 

kinematics become significantly more complex. Velocity vectors may be oriented with a 
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variety of relative angles, and the only true constraint on the kinematics is conservation 

of linear and angular momentum in the c.m.-frame. An excellent review on the treatment 

of three-body dissociation dynamics by Maul and Gericke is available, and will be briefly 

addressed in this section.1 While the experimental apparatus is capable of detecting up to 

eight-body events and has been applied to four-body dissociative processes,2,3 it is 

outside the scope of this dissertation to discuss the intricacies of these higher-order 

dissociation processes. 

 Three-body dissociation reactions can be divided into two categories depending 

on the timescale of the total decomposition as illustrated by the unimolecular reactions of 

ABC* in Eq. 2.1 and 2.2.  

ABC* → A + B + C                                                (2.1) 

ABC* → AB + C → A + B + C                                       (2.2) 

Here A, B, and C can represent atomic or molecular fragments. Concerted reactions like 

the one shown in Eq. 2.1 are defined as those in which the total unimolecular 

decomposition occurs on a timescale less than a single rotational period of the molecule, 

and can be further divided into two subcategories. Synchronous concerted reactions are 

those in which all three fragments are produced instantaneously, and asynchronous 

concerted reactions are those where a metastable intermediate (i.e., BC) is formed but 

with a lifetime less than one rotational period. In the case of a synchronous concerted 

process, the final c.m.-frame recoil vectors are a result of an instantaneous impulsive 

force driving the dissociation process. For an asynchronous concerted reaction, the final 

recoil vectors exhibit angular correlation between the two axes of dissociation (i.e., 

ABC→A+BC and BC→B+C). In a stepwise mechanism, the production of three 
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fragments occurs in two steps (Eq. 2.2). After fragment A dissociates from the arbitrary 

system, an intermediate BC species with a lifetime greater than one rotational period is 

formed which, after rotating randomly through an angle relative to the A+BC recoil axis, 

dissociates yielding A+B+C. 

 A schematic representation of important parameters used to define a synchronous 

concerted three-body reaction is shown in Fig. 2.1. A full kinematic description of this 

process requires the knowledge of the magnitude of c.m.-recoil momentum vectors for 

the three fragments ( Ap
r , Bp

r , and Cpr ) and their orientation to one another (angles α, β, 

and γ). Special cases exist for which a full description can be obtained without all of the 

parameters in Fig. 2.1, but these tend to require prior knowledge of many aspects of the 

Figure 2.1 Schematic illustration of the parameters required to 
provide a full kinematic description of the synchronous concerted 
three-body dissociation of ABC. 
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dissociation dynamics, including whether or not the reaction is concerted in the first 

place. In many cases this knowledge does not exist, and is often a goal of the experiments 

carried out on the experimental apparatus described in this dissertation. 

2.2. Translational spectroscopy and coincidence detection 

 The versatility of mass spectrometry has made it a fundamental tool in modern 

studies of chemical behavior. While countless variations of mass spectrometric methods 

exist, a daughter technique known as differential translational spectroscopy is employed 

in the present experiments.4 This technique is well-known to be an effective method for 

identification of the momentum imparted to fragments produced upon unimolecular 

dissociation of a fast parent molecule with a ‘known’ trajectory. Coincidence detection 

techniques, pioneered by de Bruijn and Los,4 have also seen considerable strides in recent 

years and are a powerful tool for obtaining kinematic measures of a variety of 

dissociative processes.5,6 In the experiments described in this dissertation, a fast (keV) 

beam of a molecular parent cation is formed in the experimental apparatus and 

dissociation is induced by neutralization via CE with cesium. A coincidence detector 

capable of detecting several correlated fragments is oriented normal to the center line of 

the cation beam, and used to measure correlated time and position data for a single 

dissociative event. 

 Because a variety of outcomes (initial electronic states, distributions of product 

energies, etc.) are possible in the CE experiment, the most effective way to visualize data 

is by using histograms obtained by counting the outcome of individual events. Because of 

the counting nature of the experiment, it is imperative to understand ways in which the 
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experimental count rate can be optimized. A standard equation for the collision rate (Z) 

of the CE process is shown in Eq. 2.3. 

++ ⋅⋅⋅⋅=
ABrelABCs σΔVvnnZ                                          (2.3) 

Here Csn and +AB
n  are the number densities of the cesium electron donor and the parent 

cation involved in the CE process, respectively. The term vrel is their relative velocity to 

each other, and +AB
σ  is an effective cross-section for the CE process with Cs (and varies 

depending on the AB+ species). The interaction volume, ΔV, is also important but must 

be kept to a minimum value – the treatment of coincidence data obtained using 

translational spectroscopy operates under the assumption that unimolecular dissociation 

originates from a well-known point along the beam line. In a well-designed experiment, 

the cation number density should be maximized near the space-charge limit (i.e., for a set 

angular divergence, the maximum obtainable density limited by Coulombic repulsion).7 

The cross-section ( +AB
σ ) is highly dependent upon the transition probabilities for 

accessible vibronic states in AB* and cannot be actively controlled in the present 

experiment. While vrel is limited by the maximum obtainable cation beam energy for the 

experimental apparatus, it is often decreased from the maximum value in experiments to 

characterize non-resonant CE processes (as described in the previous chapter). In the 

present experiments, Csn  is a dynamic parameter that can be adjusted to control Z, and is 

described in more detail later in this chapter. 

 Because dissociation events occur at an average rate, Poisson statistics can be 

used to describe the expected rate of true and false coincidence measurements. An 

understanding of detection efficiencies is critical in order to limit the number of false 
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coincidence measurements. Although several means of discrimination are used in the 

present experiment, some false coincidence events contaminate the data. For a variety of 

reasons, the present experiment is run using a pulsed cation beam. A duty factor can be 

multiplied by the collision rate expressed in Eq. 2.3 to yield an average rate per cycle, 

which will be denoted as Zcycle. The Poisson probability, P(ν), for ν n-body events to 

occur in a single cycle is given by Eq. 2.4. 

( )
ν!

Z
eνP

ν
cycleZcycle ⋅= −                                                  (2.4) 

Because of the finite size of the coincidence detector, the kinematics of some events 

(particularly those with large kinetic energy releases associated with them) produce 

fragments that recoil large distances and do not arrive at the detector. Although this will 

be discussed in later chapters, this geometric collection efficiency can sometimes be only 

a fraction (represented by ΔΩ) of the full 4π sr solid angle sampled by the dissociating 

products in the c.m.-frame. The microchannel plates used on the coincidence detector 

also have a detection efficiency associated with them (f) that is related to their 

transparency and the laboratory frame energies of the particles striking them.8 

Accounting for these losses in signal, the effective detection rate of true and false 

coincidence events for an n-body process can be expressed using Eqs. 2.5 and 2.6. 

ΔΩP(1)N n
true ⋅⋅= f                                                (2.5) 

)1(ΔΩ)1(P(2)N nn
false ΔΩ−⋅⋅−⋅⋅= ff                               (2.6) 

Estimating Zcycle=0.1 cycle-1, f=0.50, and ΔΩ=0.75, the ratio of true to false three-body 

events (Ntrue/Nfalse) is calculated to be 640. However, this ratio scales linearly with Zcycle, 
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and if Zcycle is increased to 100 cycle-1 the ratio drops to a value of 6.4. Operating at a 1 

kHz repetition rate, typical two- and three-body detection rates employed in the 

experiments described in this dissertation were held below 100 Hz to minimize the 

contribution of false coincidence contamination. 

2.3. Overview of the experimental apparatus 

 A general overview of the experimental apparatus used to carry out charge 

exchange experiments is discussed in this section. The apparatus, a modified version of a 

previously existing photoelectron-photofragment translational spectrometer,9 consists of 

four differentially pumped regions. In the order by which the fast ion beam proceeds 

through the apparatus, these regions are roughly responsible for ion production, 

acceleration, time-of-flight (TOF) separation, and interaction/detection. Figure 2.2 

presents a schematic representation of the various regions of the translational 

spectrometer, which spans ∼4.6 m. In the source region, cations are created using a 

pulsed discharge in a pulsed supersonic expansion of a molecular beam. The beam is then 

skimmed while passing into the acceleration region where cations are electrostatically 

accelerated up to 16 keV and re-referenced to ground potential using a high-voltage 

switch. The cation of interest is mass-selected after TOF separation and electrostatically 

guided and focused into a collision cell in the detector region. The collision cell contains 

a Cs reservoir and was heated such that the vapor pressure inside the cell was ∼10-5 torr. 

Any neutral products formed in the collision cell propagate 110.1 cm forward to a time- 

and position-sensitive microchannel-plate-(MCP)-based delay-line detector. Unreacted 

cations were deflected and monitored using a time-sensitive MCP detector. The following 

sections describe the various regions of the spectrometer in more detail. 
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2.4. Vacuum system 

The design of a reliable vacuum system is a critical aspect of the CE experiments 

presented in this dissertation. Large quantities of background gas can contaminate the 

species present during ion formation, and can also reduce the efficiency of the cooling 

induced by supersonic expansion. Neutralization of the ion beam by collisions with 

background gas can also be a significant source of false signal in the present experiments. 

The four differentially pumped chambers of the experimental apparatus are all connected 

by apertures inside the vacuum region but are largely served by two different pumping 

schemes: one for the source, acceleration, and TOF regions, and one for the detector 

region. In addition to being separated from the preceding TOF region by an aperture, the 

detector region can be isolated from the vacuum system servicing the other three regions 

using an electro-pneumatic (EPN) gate valve. In order to overcome significant 

background collision rates, the detector region requires pressures approaching ultra-high 

vacuum (UHV, <10-9 torr). The ability to isolate the detector region vacuum system 

limits the downtime of the apparatus after routine maintenance of the ion source to only a 

few hours (i.e., the pump-out time of the source/acceleration/TOF region). 

A schematic view of the pumping system is also included in Fig. 2.2. The source, 

acceleration, and TOF regions are directly pumped by diffusion pumps (the source and 

acceleration regions by 2000 L/s Edwards Diffstak Mk 2 pumps, and the time-of-flight 

region by a 700 L/s Edwards Diffstak Mk 2 pump), which are connected to a common 

foreline that is backed by an Edwards EH 500 booster pump followed by an Edwards 

E2M40 rotary vacuum pump (100 L/s effective pumping speed, combined). Roughing 

and EPN backing valves are present in a manner such that the chambers can be roughed 
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out to ∼10-2 torr through the foreline while isolating the diffusion pumps. Pressures inside 

these regions are monitored using Bayard-Alpert type ionization gauges. The foreline 

pressure is monitored using thermocouple gauges. Typical background and operating 

pressures for these regions are presented in Table 2.1.   

Region Background Pressure (torr) Operating Pressure (torr)

Source 4·10-7 3·10-4 

Acceleration 5·10-8 3·10-5 

Time-of-Flight 3·10-8 2·10-6 

Detector 6·10-10 3·10-9 

 

 The detector region is pumped by two turbomolecular pumps (TMPs), a Pfeiffer 

TMU 260 TMP (210 L/s) and a magnetically levitated Osaka TG420M TMP (420 L/s). 

These connect to a common foreline which is backed by a Balzers TPH 240 TMP (240 

L/s) that is, in turn, backed by an Edwards XDS 5 scroll pump. Because UHV pressures 

were required in this region, considerable care was taken to select ‘oil-free’ components 

to keep the detector region free of pump oil and other contaminants. Typical background 

and operating pressures for this region are also presented in Table 2.1. The roughing 

procedure for this region is quite simple and requires no additional valves since the XDS 

5 scroll pump can pump out the chamber directly through the TMPs. 

 

 

Table 2.1 Typical background and operating pressures for each 
differentially pumped region of the experimental apparatus. 
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2.5. Source, acceleration, and time-of-flight regions 

2.5.1. Source region 

 The production of sufficiently dense cation packets (>106 ions/cm3) in the present 

experiment begins with ionization of a pulsed supersonic expansion of a molecular beam 

using a pulsed electric discharge.10 The production of ions in a supersonic expansion has 

been well documented, and has been shown to be an efficient way to prepare a molecular 

beam with low vibrational and rotational temperatures.11 A rotational temperature of 20-

60 K and an upper limit to the vibrational temperature of 1660 K have been recently 

estimated for the ion source described in this section.12 In order to create the pulsed 

supersonic expansion, a piezoelectric crystal based valve is used to introduce a backing 

gas mixture (typically ∼20 psi) into the source vacuum chamber through a 250 μm 

aperture.13,14 A pulsed discharge is created in the supersonic expansion by a 500-1000 V 

square pulse across two ring electrodes separated by 0.5 mm and located 1 mm upstream 

from the pulsed valve aperture. The experiment is operated at a 1 kHz repetition rate, and 

typical pulse lengths for the piezoelectric valve and discharge are varied between 50 and 

150 μs. Although a higher repetition rate would increase the duty cycle for the 

experiment, at typical operating voltages of 100-150 V the pulsed valve cannot operate at 

rates in excess of 1.4 kHz and is the limiting factor of the repetition rate in the present 

experiment. 

 Before entering the acceleration region through the 3 mm diameter skimmer 

aperture, the pulsed supersonic expansion passes through an interaction region that can be 

varied by moving the pulsed valve aperture relative to the fixed skimmer aperture. On the 

experimental apparatus, the ion source is mounted on a translatable arm which allows 
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dynamic changes to the nozzle-skimmer distance (NSD). The region between these two 

apertures is where the majority of the chemical reactions governing the composition of 

the unfiltered beam occur, and it has been empirically shown to be a critical factor when 

attempting to synthesize a specific cation. The NSD should be sufficiently large enough 

to allow collisions in this region to occur, but should not be large enough to place the 

skimmer aperture outside the viscous flow region of the supersonic expansion. In 

practice, the distance between the pulsed valve aperture and the skimmer aperture is 

typically between ∼0.5 – 1.5 cm. 

2.5.2. Acceleration region 

 Once the pulsed molecular beam passes through the skimmer aperture, it enters 

the acceleration chamber. The primary role of the skimmer in pulsed beam experiments is 

to limit the angular divergence of the molecular beam by selecting only a small solid 

angle of the expansion. By allowing passage of only the cold isentropic central portion of 

the supersonic expansion, the skimmer also allows the acceleration region to operate 

under collision-free (molecular flow) conditions. Downstream from the skimmer 

aperture, cations are electrostatically accelerated to the desired beam energy (up to 16 

keV) by a series of ring electrodes. Each stainless steel electrode has an outer diameter of 

15 cm and a 4.5 cm inner diameter. The first plate ‘seen’ by the cations is held at ground 

potential, and the voltage on the final plate is held at negative high-voltage (-HV) by a 

power supply. The potential on intermediate plates is determined by resistive coupling of 

the entire array of electrodes using 2 MΩ / 1 W carbon composite resistors between 

consecutive plates, thus inducing a gradual acceleration of the cations. In the middle of 

the acceleration stack, a series of plates are held at constant potential with a set of 
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intermittent plates held at a variable voltage. In essence, this acts as a three element 

einzel lens and can help focus the ion packet traveling through the acceleration stack. 

 Because the cations exiting the acceleration stack are referenced to the -HV 

potential on the final plate, a cylindrical tube driven by a high voltage switch was used to 

re-reference the cations to ground potential. This simplifies the experimental apparatus 

significantly, as it allows all following optics to be referenced to ground potential (as 

opposed to floating at -HV). Cations enter the 30 cm long by 5 cm diameter cylindrical 

tube through a 3 mm aperture. As cations enter the tube, it is held at -HV and during their 

flight time through the tube the potential is rapidly switched to ground, ideally re-

referencing them with no net force exerted on the ion packet. The circuit that drives the 

switch was constructed using a commercial high voltage MOSFET (Behlke HTS 221-06) 

capable of switching up to 22 kVDC with an ideal rise time of <25 ns. Under normal 

operating conditions, the rise time was measured to be ∼50 ns while driving the 

capacitive load of the tube, and the on time of the switch was on the order of a few 

microseconds. After being re-referenced to ground potential, cations exit the tube through 

another 3 mm aperture before entering the time-of-flight region. 

2.5.3. Time-of-flight region 

 The ion packet entering the time-of-flight region has a temporal spread with an 

upper limit of the on time of the high voltage switch (∼2 μs). In order to increase the 

temporal resolution of the experiment, the temporal spread of the ion packet is reduced to 

∼20 ns using an electrostatic Bakker-type mass spectrometer which has been described in 

detail elsewhere.15,16 This electrostatic optic consists of two plates oriented such that an 

electric field between them is orthogonal to the cation beam line. One plate is rapidly 
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switched between 0 V and +V using a MOSFET based circuit, and the other plate is held 

at a constant voltage of +V/2 (see Appendix 1). When timed properly, this can deflect all 

but a small ‘slice’ of the original ion packet out of the center line of the beam. Like all 

electrostatic optics, the voltage used for this device scales with the beam energy, and 

typical input voltages of 75 and 150 V were used for 6 and 16 keV cation beams 

respectively. Directly after these plates is a pair of ring electrodes that comprise the 

electrostatic compressor optic. One electrode is held at ground potential and the other can 

be rapidly switched from ground to +V using another MOSFET based circuit (Appendix 

1). With proper timing, this effectively gives the tail end of the cation packet a slight 

acceleration which can further minimize the temporal spread of the cation packet. 

Considerable care must be taken to not over-compress the ion packet with this 

electrostatic element – the ideal point of optimal compression is at the interaction region, 

while the effects of this device are monitored on an ion detector which lies ∼56 cm 

downstream from the interaction region. 

 After passage through the compressor, a further series of electrostatic optics are 

used to focus the ion packet, block neutrals formed from collisions with background gas, 

and guide ions into the interaction and detection region. First, a set of plates are used to 

create electric fields orthogonal to the direction of propagation and guide the ion beam 

through two separate einzel lenses which focus the ion packet. The next optic the ion 

packet passes through is the so-called ‘neutral beam blocker’ (NBB). The NBB is a series 

of three deflectors with fixed potentials that guide the ion packet over a small stainless 

steel blocker in the beam centerline. Since neutrals formed by background collisions will 

not be displaced by the electric field, they are stopped by the blocker while the ion beam 
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is guided over it and back to the centerline. After the NBB, a final series of orthogonal 

deflectors are used to guide the ion packet through the 1 mm entrance aperture for the 

interaction and detection region. 

2.6. Interaction and detection region 

 Upon entering the interaction and detection region, the ion packet passes through 

a final set of orthogonal deflectors which are used to guide it through the interaction 

region in the Cs cell. Before the TOF-separated ion packets reach the Cs cell, they are 

passed through a mass gate which electrostatically deflects all of the temporally separated 

ion packets except the packet with the m/z of interest. The mass gate is a set of stainless 

steel plates separated by ∼1 cm and again oriented such that an electric field between the 

two plates is orthogonal to the beam line. A square pulse going from +V to ground 

potential is generated by a home-made MOSFET based push-pull circuit (Appendix 1) 

and applied to one of the plates while the other plate is held at ground. When timed 

correctly, this allows ions to pass through this element undeflected only when both plates 

are at ground potential (e.g., when the circuit is ‘on’). Driving the load at a typical 

operating voltage of 125 V, the rise and fall times of the pulse generated by the circuit are 

∼25 ns. Assuming separation of the ion packets begins at the mass spectrometer optic 

(∼205 cm prior to the mass gate), the tail of m/z=100 and front edge of m/z=101 packets 

produced in a 16 keV beam are separated by ∼38 ns. In the present experiments, the 

highest mass-to-charge species studied was m/z=81 using a 16 keV cation beam, and the 

functionality of the home-made optic was sufficient enough to gate out unwanted species. 

 The mass-selected ion packet then propagates forward to the Cs cell where it 

passes through a ∼1 mm3 interaction region containing Cs vapor (see Fig. 2.3). The 
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cesium cell is made out of stainless steel and contains a small reservoir that is filled with 

∼0.3 cm3 of cesium. The interaction region in the cell is created in a small cavity above 

the Cs reservoir. Ion packets enter the interaction region through a 1 mm aperture and 

travel through ∼1 mm of the Cs vapor-filled cavity before exiting through another 1 mm 

aperture. The temperature of the Cs cell, which dictates the number density of the cesium 

vapor in the interaction region, is controlled by thermal contact with resistively heated 

Thermocoax wire. In typical experiments the oven was heated using between 0.5 and 1.5 

W, which correlate to oven temperatures of ∼30 C to ∼50 C. In this temperature range, 

the Cs vapor pressure is estimated to be on the order of ∼10-5 torr.17 In practice, the 

temperature (and hence the number density) of the Cs cell is adjusted to obtain a 

favorable experimental count rate. 

 The bulk of the cation packet does not undergo the neutralization process with Cs, 

and continues to propagate downstream where it is electrostatically deflected out of the 

beam centerline to a MCP-based ion detector. Briefly, the ion detector consists of an 

anode held at +HV that is resistively coupled to two MCPs with the ‘front’ MCP at 

ground potential. Signal from the electron cloud hitting the anode is decoupled from +HV 

(typically +1600 V) using a capacitor and sent to an Ortec VT120 fast timing 

preamplifier. Signal coming from this preamplifier is monitored on an oscilloscope and 

used as the primary gauge of the temporal quality of the ion packets. The preamplifier 

signal is also sent to an Ortec 935 constant fraction discriminator, starting the neutral 

particle detector timing chain discussed in Section 2.7. Neutral species formed in the 

interaction region propagate forward to the neutral particle detector, which is discussed in 

the following section. 
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2.7. Time- and position-sensitive multi-particle neutral detector 

 The neutral particle detector employed in the present experiments is a set of three 

resistively coupled high-gain 40 mm diameter MCPs (∼180 MΩ) in a z-stack 

arrangement above an array of four uncoupled crossed delay-line anodes. The four 

separate anodes are arranged in a 2x2 manner, effectively creating a four quadrant 

crossed delay line anode (QXDL). The front plate of the resistively coupled chain of 

MCPs is held at -5000 V and the anode is held at ground potential, thus allowing all 

detector electronics to be operated at ground potential as well. Fig. 2.4 shows a simplified 

schematic of the delay line anode. Each individual quadrant consists of two sets of 

orthogonal ‘fingers’ that are attached to serpentine delay lines, which are used to 

determine position in a Cartesian coordinate scheme. When a particle hits the MCP stack 

with enough momentum secondary electrons are ejected and amplified. The resulting 

cloud of ∼107 electrons will impinge upon the fingers and send an electronic pulse 

through both ends of the corresponding delay line. As discussed later in this section, the 

Figure 2.3 Schematic drawing of the cesium oven used in charge 
exchange experiments. 
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location at which the electron cloud contacts the anode can be deduced by measuring the 

timing difference in the propagation of the electronic pulse to each end of the delay line. 

Although highly accurate timing measurements are required, crossed delay line anodes 

have been shown to provide a spatial resolution of ∼50 μm which is unmatched by nearly 

all other applicable imaging techniques.18 

 Construction of a similar anode18 and the QXDL anode itself2 have been detailed 

previously, and will be only briefly reviewed here. The QXDL anode consists of an 

alumina substrate onto which one set of copper delay lines, its interconnecting leads, and 

Figure 2.4 Schematic drawing of the QXDL neutral particle 
detector. The shaded yellow area outlines the location of the MCP 
stack over the anode. The blue delay lines correspond to the ‘x’ 
fingers, and the red delay lines to ‘y’ fingers. The four quadrants of 
the anode are labeled 1, 2, 3, and 4. 
 



 42

a ground plane is fired. A set of orthogonal ceramic insulating strips are placed on top of 

this set of delay lines such that 50% of the bottom layer is exposed. The tops of the 

insulating strips are covered with a layer of copper, effectively creating a second ground 

plane to reduce crosstalk between the two sets of ‘fingers’. Another layer of ceramic 

insulation is above the second ground plane and the second set of copper delay lines 

(orthogonal to the bottom set) is atop this. 

 To obtain timing information, electronic pulses traversing the delay lines are 

amplified and sent to time-to-amplitude converters, and will be discussed more in Section 

2.7. The difference in the arrival times of the pulses (Δt) is given by the following 

formula: 
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where ti is the measured time-of-arrival of the pulse on each end of the delay line, l  is the 

length of the delay line, vcharge is the velocity of the pulse through the delay line, and pos 

is the position at which the electron cloud strikes the anode.19 Rearrangement of Eq. 2.7 

yields the following expression used to determine the position: 

2
Δtv

pos charge ⋅=                                                     (2.8). 

Empirical measurements of vcharge can be performed using a function generator by 

measuring the propagation time through the delay line. Because the time for the pulse to 

traverse the delay lines is small (∼10 ns), a single set of delay lines can be capable of 

detecting multiple events given a reasonable temporal spacing. Given a favorable recoil 
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geometry, the array of detectors that comprise the QXDL is capable of detecting up to 8 

particles for a given dissociation event. 

 The charge depletion of the MCPs after a detected event is also measured and 

provides information regarding the number of particles detected for the event. After fast 

neutrals strike the MCPs and eject an electron cloud on the QXDL anode, a slow 

restoring current from the -HV supply recharges the MCP stack so that it is back to its 

full potential by the start of the next event window. The time dependence of the restoring 

current (i.e., dI/dt) is decoupled from -HV using a capacitor, and the pulse (denoted Qtot) 

is amplified and the magnitude is recorded as noted in the following section. The 

restoring current is slow, so the total charge depletion (Qtot) for a full event is measured 

and recorded in a histogram that results in resolved peaks20 (ΔQtot/Qtot≈20%) 

corresponding to the total number of particles striking the MCPs in an event. The 

individual charge per quadrant is also recorded as described in the next section, although 

in practice these individual quadrant charges are not used in any significant capacity in 

the present experiments. 

2.8. Data acquisition 

 In this section, a brief overview of the details involved in acquiring the 

coincidence data will be presented, although it has been well described in detail 

elsewhere.2,9,21 Acquisition of the multiple data channels in the present experiment is 

highly dependent on having a proper timing chain. Likewise, the treatment of raw analog 

signal coming from the QXDL and its conversion to digital signal that can be read in by a 

computer is also crucial and will be addressed here. 
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Figure 2.5 Schematic of the timing system implemented in the 
experimental apparatus. 
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 The timing system (illustrated in Figure 2.5) is essentially two uncoupled chains, 

one corresponding to ion production and the other to detection of neutral products. The 

ion production clock begins with the opening of the pulsed valve via a 1 kHz internal 

trigger from a Stanford Research Systems (SRS) DG535 digital delay generator (denoted 

as DDG 1). Subsequent channels on DDG 1 are used to trigger the pulsed discharge, the 

HV switch, the mass spectrometer optic, and the compressor optic. Because of the limited 

number of channels on DDG 1, a second EG&G 9650A DDG (denoted as DDG 2) is 

coupled to DDG 1 and is used to trigger the mass gate and a variable width ion detector 

constant fraction discriminator (CFD) gate. The trigger for DDG 3, which controls the 

neutral detector timing scheme, begins with a timing pulse from the ion detector CFD. 

The input to the ion detector CFD is amplified signal from the ion detector, and a 

discriminator on the CFD can be adjusted to ensure the detector is not triggered from line 

noise. The delay channels from DDG 3 control the start of the time to digital converter 

(TDC) and various gates for the time to amplitude converters (TACs) and analog to 

digital converters (ADCs) used in the acquisition of data from the QXDL. 

 A schematic of the electronics used for the neutral detector data acquisition is 

shown in Fig. 2.6. In order to record analog data from the QXDL, it is first converted to 

digital signal and coupled to a personal computer (PC) through a Computer Automated 

Measurement and Control (CAMAC) interface. Signal from each end of the x and y 

delay-lines is passed through a home-built fast amplifier, and is then sent as the start and 

stop signals for a two-hit TAC. The analog output from the TAC is a pulse with 

amplitude proportional to the timing difference between the start and stop pulses. This 

pulse contains information about Δt (from Eqs. 2.7 and 2.8), and is subsequently sent to a 
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peak-sensing ADC coupled to the CAMAC interface. Signal from the y TAC is also sent 

to a TDC and used to record the time-of-arrival for each particle. The total charge per 

quadrant is measured by sending signal from the start end of the x delay lines through a 

preamplifier / shaping amplifier and then to a peak-sensing ADC. Qtot, the total MCP 

charge depletion for an entire event, is also obtained by sending the MCP restoring pulse 

through a preamplifier / shaping amplifier and then to a peak-sensing ADC. 

Figure 2.6 Schematic illustration of the electronics used for data 
acquisition. 
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Because each quadrant is capable of detecting two particles, the processing of 7 

data channels for each quadrant is required (i.e., two for Δtx, two for Δty, two for time, 

and one for the individual quadrant charge). Along with the channel required for Qtot, a 

total of 29 data channels per event are recorded by the acquisition computer. A PASCAL 

code is used by the acquisition computer, and allows an initial discrimination on the data 

collected based on a minimum number of events (e.g. only those with two or more 

particles). Analysis of the raw data related to the time- and-position of arrival for each 

fragment in an event will be discussed in Chapter 3 of this dissertation. 

2.9. Conclusion 

 The methods used to observe the many-body dissociation of an excited neutral 

induced by CE of a fast cation beam with cesium have been described. The fast-beam 

translational spectrometer and its vacuum system, the neutral particle detector, and the 

basic means by which data is acquired have been discussed in detail. These techniques 

offer a unique method for the observation of dissociation dynamics, as will be discussed 

in the remaining chapters of this dissertation. The following chapter will describe the 

ways by which dynamical information can be extracted from raw data recorded in the 

experiment. 
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Chapter 3. 

Data analysis 

 

The previous chapter outlined the basic techniques used to obtain correlated time 

and position data for recoiling products from a unimolecular dissociation induced by 

charge exchange (CE) of a fast cation beam with a cesium electron donor. This chapter 

outlines how the raw data obtained from the experiment is processed to obtain useful 

measures of the complex kinematics associated with two- and three-body decomposition. 

Many of the tools used to carry this out have been adapted from those used for the 

photoelectron-photofragment coincidence experiments that preceded the CE experiments 

on the experimental apparatus.1,2 However, several improvements to the analysis routines 

have been made, and will be discussed in detail. 

3.1. Overview 

 The raw data obtained from analog-to-digital converters (ADCs) during the data 

acquisition process consists of delay line timing differences (i.e., position information), 

arrival times, and charge information for events detected by the QXDL neutral particle 

detector. This data is then subjected to a series of routines written in the Interactive Data 

Language (IDL) to extract kinematic information and visualize the data. In addition to 

discussing the process by which empirical information is obtained, a discussion of an 

automated method for calibration of the neutral particle detector and the correction 

process that accounts for the finite size of the neutral particle detector is also presented. 

 

 



 51

3.2. Center-of-mass recoil distance calculations 

 Raw information relayed to the data acquisition computer from the ADCs can be 

converted to laboratory-frame time and position data for each fragment in a relatively 

straight-forward manner, as discussed later in this section. Given the mass of the parent 

cation and the beam energy, this laboratory-frame time and position data can be used to 

determine the fragment masses, momentum partitioning, center-of-mass-(c.m.)-frame 

kinetic energy release (KER), and angular distributions. Several algorithms for obtaining 

the kinematics for two and three-body processes observed using differential translational 

spectroscopy are available in the literature.3-5 The full analysis procedure used in the 

present experiment is specialized to account for the intricacies of the methods by which 

data is acquired, and has evolved through several generations of similar translational 

spectroscopy experiments using the experimental apparatus.1,2,6,7 

 As discussed in Chapter 2 of this dissertation, laboratory-frame Cartesian 

positions on the QXDL can be extracted by measuring the timing difference resulting 

from a pulse traversing the QXDL delay lines. A simple linear correction to the timing 

difference (Δt) measured from each set of orthogonal fingers can be applied to obtain 

laboratory-frame x and y positions (denoted xlab and ylab) on the QXDL anode using Eqs. 

3.1 and 3.2. 

xlab = DMCx ⋅ Δtx + DACx                                             (3.1) 

ylab = DMCy ⋅ Δty + DACy                                             (3.2) 

The linear correction terms (DMC and DAC) to the raw timing differences are 

determined during the calibration process, which will be discussed in Section 3.7 of this 

chapter. The c.m. time-of-arrival for each arriving particle (tCM) can be determined from 
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the measured time-of-arrival (tTDC) in a similar manner, although an additional term is 

added to account for the traversal time of the pulse through the y delay-line (which, in 

turn, is dependent on the y-position) as shown in Eq. 3.3. 

tCM = DMCt ⋅ tTDC + DACt – tDL ⋅ |ylab|                                   (3.3) 

The term tDL in Eq. 3.3 is the traversal time for a pulse through the entire delay line, and 

with the use of a pulse generator and oscilloscope was determined to be 14.0 ns for each 

delay line. 

Equations 3.4 and 3.5 show how the corresponding c.m.-frame z-recoil distance 

(zCM) can be obtained using the calculated beam velocity (vbeam) and tCM for each particle. 

parent

beam
beam M

E2
v

⋅
=                                                    (3.4) 

CMbeamCM tvz ⋅=                                                     (3.5) 

Here the cation beam energy (Ebeam) and the mass of the parent molecule (Mparent) are 

values that are input by the user and assumed to be known a priori. Laboratory-frame 

coordinates xlab and ylab can be converted to c.m.-frame recoil distances using offsets that 

correspond to the position-of-arrival for the center of mass as shown in Eqs. 3.6 and 3.7. 

xCM = xlab - x0                                                                                 (3.6) 

yCM = ylab - y0                                                      (3.7) 

The values of x0 and y0 are determined by iteratively centering centroid distributions 

produced from one-dimensional velocity vectors, as discussed in Section 3.5. A similar 

offset is used to center tCM and ultimately zCM around the flight time of the c.m. (tflight) 

from the interaction region to the detector (Eq. 3.8). 
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beam
flight v

Lt =                                                       (3.8) 

Here, L is the user-input path length from the interaction region to the detector which has 

a value of 110.1 cm in the present experiments. Correct determination of c.m.-frame 

recoil velocity vectors requires well-centered distributions, while proper determination of 

the centroid distributions requires accurate velocity vectors. Thus, an iterative approach is 

used to determine these values; Section 3.3 discusses a final correction to the c.m.-frame 

recoil distances and the calculation of velocity vectors, and Section 3.5 presents a 

detailed discussion of the centroid calculations. 

3.3. Further corrections and center-of-mass velocity calculations 

 The previously mentioned methods for obtaining c.m. recoil times and distances 

are a good first-order approximation to use in the evaluation of recoil velocity vectors. 

However, as depicted in the schematic diagrams for two-body dissociation in Fig. 3.1, 

because the measured time and position values result from a three-dimensional projection 

Figure 3.1 Diagram illustrating the measured and true recoil 
distances for particles scattered (a) forward relative to the c.m. of 
the system and (b) backwards relative to the c.m. of the system. 
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on a two-dimensional surface (i.e., a three-dimensional sphere of recoiling particles 

‘crushed’ onto a two-dimensional circular detector), the velocity vectors obtained using 

the measured recoil distances are perturbed from the exact values that would be measured 

if recoil distances were observed when the c.m. of the system arrives at the detector. As 

shown in Figs. 3.1(a) and 3.1(b), the position-of-arrival for the first particle is measured 

before the c.m. arrives at the detector, and the position-of-arrival for the second particle is 

measured after the c.m. traverses some distance past the detector. This results in 

underestimated velocity vectors for the forward scattered particle and overestimated 

velocity vectors for the particle scattered in the backwards direction. The following 

section outlines an algorithm that corrects for this geometric effect. Although the 

example shown is for the two-body case, the correction is based on single trajectories and 

is therefore independent of the number of particles contributing to an event. Terms 

marked with an apostrophe (e.g., CMx′ , CMy′ , and CMz′ ) are the true recoil distances when 

the c.m. arrives at the detector, and will be solved for using the values of xCM, yCM, and 

zCM obtained using the methods outlined in the previous section of this dissertation.  

 Because x- and y-directions are defined as being perpendicular to the axis of c.m. 

propagation (the z-direction), xCM and yCM can at first be combined into a single 

transverse recoil component, ⊥d , as shown in Eq. 3.9. 

2
CM

2
CM yxd +=⊥                                                    (3.9) 

A term denoting the total recoil distance, d, will also be used and is defined in Eq. 3.10. 

2
CM

2
CM

2
CM zyxd ++=                                               (3.10) 
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Using the first order approximations to the true c.m. positions, the exact value of the 

angle of recoil for a particle relative to the beam axis (the z-axis) can be determined using 

the trigonometric relationship between zCM and the total recoil distance described in Eq. 

3.11. 

⎟
⎠
⎞

⎜
⎝
⎛= −

d
z

cosθ CM1                                                   (3.11) 

Conveniently, θ will take on a value of 0<θ<π/2 for particles recoiling in the +z direction 

(towards the detector), and will take on a value of π/2<θ<π for particles recoiling in the  

–z direction, and will ultimately increase or decrease c.m. recoil distances according to 

the direction the particle is scattered relative to the c.m. 

 From Fig. 3.2, the trigonometric relationships expressed in Eqs. 3.12 through 3.14 

can be easily proven. 

tanθ
d

zCM
⊥′=′                                                     (3.12) 

tanα
ddzCM
⊥⊥ −′=′                                                 (3.13) 

L
dtanα ⊥=                                                     (3.14) 

where α is the laboratory-frame recoil angle and L is the 110.1 cm flight path of the c.m. 

Eliminating CMz′  by setting Eq. 3.12 equal to Eq. 3.13, substituting in the expression for 

tanα shown in Eq. 3.14, and subsequent algebraic rearrangement allows the following 

expression for the true transverse recoil distance ( ⊥′d )  in terms of previously obtained 

quantities, as shown in Eq. 3.15. 
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2
CM

2
CM

2
CM

2
CM

yxtanθL

tanθyxL
dtanθL

tanθdL
d

+−⋅

⋅+⋅
=

−⋅
⋅⋅

=′
⊥

⊥
⊥                              (3.15) 

Fig. 3.3 illustrates the relationship between the calculated first-order and true c.m. values 

of the x and y components of ⊥d  and ⊥′d  for a forward scattered particle (i.e., where | ⊥d | 

< | ⊥′d |). From this figure, it is straight-forward to show that the true c.m. values of the x 

and y recoil distances can be determined from the relationships expressed in Eqs. 3.16 

and 3.17. 

 CMCM x
d
d

x ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ′
=′

⊥

⊥                                                 (3.16) 

Figure 3.2 Diagram illustrating various parameters used to convert 
first-order approximations to c.m. recoil distances to true distances 
when the c.m. of the system arrives at the detector for a forward 
scattered particle. 
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⎞
⎜⎜
⎝

⎛ ′
=′

⊥

⊥                                                 (3.17) 

 Substituting in the expressions for ⊥d  and ⊥′d  obtained in Eqs. 3.9 and 3.15, CMx′  

and CMy′  can be expressed completely in terms of obtained quantities, as shown in Eqs. 

3.18 and 3.19. 

 
2
CM

2
CM

CM
CM

yxtanθL

tanθxL
x

+−⋅

⋅⋅
=′                                         (3.18) 
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CM

2
CM

CM
CM

yxtanθL

tanθyL
y

+−⋅

⋅⋅
=′                                         (3.19) 

Figure 3.3 Illustrative comparison of first-order x and y recoil 
distances versus the true c.m. transverse recoil distances for a 
forward scattered particle. The face of the neutral particle detector 
is in the plane of the page. 
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The correction for zCM is presented in Eq. 3.20, and makes use of a simple scalar quantity 

that accounts for the flight time between when the particle strikes the detector and arrival 

of the imaginary c.m. 

 CM
flightCM

flight
CM z

tt
t

z ⋅⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
=′                                            (3.20) 

Once all c.m. recoil distances are corrected, one-dimensional c.m. velocity vectors 

( xvr , yvr , zvr ) can be constructed by dividing corrected recoil distances by the c.m. flight-

time (tflight) as illustrated in Eqs. 3.21 through 3.23. 

 
flight

CM
x t

x
v

′
=

r                                                     (3.21) 

 
flight

CM
y t
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′
=

r                                                      (3.22) 

 
flight

CM
z t

z
v

′
=

r                                                      (3.23) 

The magnitude of the full c.m. recoil velocity ( vr ) for the particle can be obtained using 

Eq. 3.24. 

2
z

2

y
2

x vvvv rrrr
++=                                          (3.24) 

For the remainder of the discussion regarding data analysis procedures, the magnitude of 

the c.m. recoil velocity vectors, vr , will be expressed simply as vr . 
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3.4. Mass calculations 

3.4.1. Two-body mass calculations 

Although fragment masses (denoted as M1 and M2 in the case of two-body 

dissociation) are a user-defined input into the data analysis program and require some 

intuition about the dissociative process, mass calculations based on the input parent mass 

(Mparent=M1+M2) and c.m. velocity vectors are made. These calculated masses can be 

used to assign velocity vectors to input masses that are used in the centroid calculations 

described in Section 3.5, but can also be used to identify the degree to which product 

channels with different masses can be resolved. In the case of two-body dissociation, the 

calculation of masses using velocity vectors is fairly straight forward under the 

constraints of momentum and mass conservation. Eq. 3.25 describes the conservation of 

linear momentum for a two body system, and it should be noted that the numerical 

subscripts used in the following discussion indicate the order in which the coincident 

particles arrive at the detector. 

0vmvm 2211 =⋅+⋅
rr                                                (3.25) 

Here lowercase m1 and m2 indicate calculated masses rather than the input values for 

fragment masses. Imposing the requirement that the sum of the calculated masses must be 

equal to the input parent mass (i.e., m1+m2=Mparent), the set of simultaneous equations 

expressed in Eqs. 3.26 and 3.27 can be used to calculate the masses. 

 
21

1
parent2 vv

v
Mm rr

r

+
⋅=                                              (3.26) 

 2parent1 mMm −=                                                 (3.27) 
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For historical purposes, the analysis code uses the total recoil distance of the particles 

( d′ ) in place of c.m. velocity magnitudes in Eq. 3.26. 

3.4.2. Three-body mass calculations 

Although the addition of a third particle increases the complexity of the 

dissociation dynamics, the calculated mass equations are still completely solvable based 

on conservation of mass and momentum. An algorithm that confines the three velocity 

vectors and the c.m. of the system to a plane (a requirement for linear momentum to be 

conserved) is applied, and it is generally assumed that all non-planar effects arise from 

apparatus resolution.1,2 Analogous to the two-body case, mass and momentum 

conservation warrants the relationships expressed in Eqs. 3.28 and 3.29. 

321parent mmmM ++=                                             (3.28) 

0vmvmvm 332211 =⋅+⋅+⋅
rrr                                       (3.29) 

By transforming the Cartesian c.m. velocity vector coordinate system such that the fastest 

particle points along the +x direction, calculated masses can be solved for by 

decomposing the velocity vectors in Eq 3.29 into x and y components (confined to an xy 

plane) and solving the resulting three equations. Equations 3.30 to 3.32 show the 

solutions to this approach, which can be used to calculate masses for the three particles.1,2 
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After the masses are calculated in the two- or three-body case, they are correlated to the 

input masses (M1, M2, M3) by minimizing the root-mean-square error between the 

calculated and input values. Once masses are assigned, momentum vectors are calculated 

and the true c.m. origin is recalculated based on momentum conservation (i.e., centroid 

values), followed by energy and momentum calculations which are discussed in the next 

section. 

 

 Δm/m 

 12 keV 16 keV 

O2→O+O (total) 0.083 0.093 

3s→O(1D)+O(3P) 0.101 0.115 

3p→O(1D)+O(3P) 0.078 0.088 

3s→O(3P)+O(3P) 0.055 0.078 

3p→O(3P)+O(3P) 0.046 0.060 

sym-triazine→3HCN 0.198 0.198 

 

  The resolution of the calculated mass is highly dependent on the spatial and 

temporal separation of the recoiling products when they arrive at the neutral particle 

detector. Thus, the mass resolution exhibits an inherent dependence on the beam energy, 

Table 3.1 Calculated mass resolution (Δm/m) for the CE-induced 
O2→O+O and sym-triazine→3HCN product channels at 12 and 16 
keV beam energies. The mass resolution for each of the features in 
the O2→O+O KER spectrum (see Section 3.6.1 and Fig. 3.4) is also 
included to illustrate the KER dependence of the resolution. 
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KER, and the mass ratio of the product channel. A detailed example of a calculated mass 

distribution for the case where several two-body channels arise from a single molecule is 

available elsewhere.8 Calculated values of Δm/m from data obtained for the CE-induced 

two-body dissociation of O2 (O2→O+O) and three-body dissociation of sym-triazine 

(sym-triazine→3HCN) at 12 and 16 keV beam energies are presented in Table 3.1. The 

resolution for individual features in the O2→O+O KER spectrum (see Section 3.6.1) is 

also included to illustrate the KER dependence. 

3.5. Centroid and energy calculations 

Once input masses have been assigned to c.m.-frame velocity vectors, centroid 

calculations are made and can be used to determine the laboratory-frame position-of-

arrival for the c.m. Centroid distributions illustrates the spread of the calculated c.m. for 

individual events away from the point of interaction that is input into the data analysis 

code, and provide a check for momentum conservation. As discussed in Section 3.2, 

centering the centroid distributions using additive offsets (x0, y0, and DACt) affects the 

c.m.-frame velocity vectors and calculated masses and must be done in an iterative 

fashion as described below. 

The first step in the centroid calculation is determination of the true c.m. recoil 

distances for each of the particles in an event ( CMx′ , CMy′ , and CMz′ ), as outlined in 

Sections 3.2 and 3.3. The single points for each event that give rise to one-dimensional 

centroid distributions can then be constructed using formulas analogous to the equation 

for the x-centroid shown in Eq. 3.33. 

∑
′⋅

=
n

i flight

iCM,i
x t

xM
centroid                                           (3.33) 
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Here the index i indicates each individual fragment in a single n-body event, Mi is the 

assigned mass for the fragment, and iCM,x′  and tflight are determined using Equations 3.18 

and 3.8, respectively. Centroid distributions are typically Gaussian in shape, and, under 

the assumption that the CE process does not induce significant c.m. deflection in the 

laboratory-frame, the width of the distribution is a consequence of the interaction volume, 

energy spread, and angular divergence of the incident cation beam. Values of x0, y0, and 

DACt are iteratively varied and centroid distributions are recalculated until they are 

centered at zero, which in effect identifies the position-of-arrival for the c.m. of the 

system in the laboratory-frame. 

 Once centroid distributions are properly centered and c.m. velocity vectors are 

recalculated, the total kinetic energy release (KER) for the unimolecular dissociation 

process is calculated using Eq. 3.34. 
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⎛ ′+′+′
⋅= ∑                                  (3.34) 

An empirical histogram of calculated KER points is then constructed from the entire data 

set, which is denoted as N(KER). Past attempts at determining the KER resolution of the 

apparatus using the linewidth of spectral features arising from the CE-induced 

dissociation of O2 to atomic O fragments have estimated a value of ΔKER/KER≈7%.7 

Due to the finite size of the neutral particle detector, events occurring with particular 

combinations of momentum partitioning, KER, and laboratory-frame orientations were 

not able to be detected, and another correction is required to convert the empirical 

N(KER) distributions into true probability distributions, denoted as P(KER) (see Section 
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3.8). The next section will briefly outline some of the ways in which the kinematic data 

can be reduced and visualized, which are instrumental to the correction outlined in 

Section 3.8. 

3.6. Data reduction 

In order to accurately interpret the wealth of information available from the 

kinematically complete measurements made in the translational spectroscopy 

experiments described in this dissertation, several visualization methods are used. Many 

of these tools are common to the analysis of both two- and three-body data sets. 

However, due to the increased complexity of three-body processes, additional 

visualization methods are used to aid interpretation of three-body data. Unlike 

photodissociation experiments that employ a laser to induce dissociation, fragments 

produced in CE experiments described in this dissertation occur with isotropic 

laboratory-frame angular distributions. This greatly simplifies the extraction of dynamical 

information from the kinematic measurements. The following sections will outline many 

of the available reduction techniques using illustrative examples from CE data discussed 

more thoroughly in later chapters of this dissertation. 

3.6.1 General visualization methods 

Histograms of the measured KER for a system are the most fundamental plot used 

to understand the energetics associated with the unimolecular dissociation of excited 

neutrals formed via CE. Figure 3.4 shows empirical N(KER) distributions obtained from 

dissociation of O2 to two oxygen atoms upon CE of 16 and 7 keV beams of O2
+ with Cs. 

The energetics of this two-body process have been thoroughly investigated in the past, 

and the well-characterized spectral features that result from the atomic products are used  
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Figure 3.4 Empirical N(KER) distributions from the CE-induced 
unimolecular dissociation of O2 upon CE of 16 and 7 keV beams of 
O2

+ with Cs. 
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to calibrate the detector (see Section 3.7).7,9,10 Both the 16 and 7 keV data show four 

primary features, which are labeled (i)-(iv) in Fig. 3.4. The N(KER) features at 1.085 and 

3.061 eV respectively arise from production of O(1D)+O(3P) and O(3P)+O(3P) upon  

predissociation of O2 excited into the triplet 3s Rydberg state upon CE of O2
+ with Cs. 

The minor partially convoluted peak at 1.155 eV results from predissociation of the 

singlet 3s Rydberg state to O(1D)+O(3P), and resolution of this feature is one mark of a 

good calibration. The features near 2 and 4 eV are the result of excitation into the 3p 

Rydberg manifold (both σ and π states) followed by subsequent predissociation leading 

to the O(1D)+O(3P) and O(3P)+O(3P) product channels, respectively. 

A useful tool for illustrating the two-body detector acceptance are correlation 

plots of N(KER) with the angle of dissociation relative to the c.m. flight path (θ). Figure 

3.5 shows these N(KER) vs. θ plots constructed from the same 16 and 7 keV O2 data sets 

used in Fig. 3.4. It is apparent in the 7 keV data that there is some loss of collection at 

certain values of θ as the KER increases above ∼2 eV. However, even up to a 4 eV KER 

the 16 keV data does not display a significant loss in acceptance over all values of θ. A 

discussion on how this geometric limitation of the detector can be accounted for is 

presented in Section 3.8. Well calibrated data should have highly linear vertical features 

in these plots, as the calculated KER should have no angular dependence. 

 Another useful plot is a correlation diagram of the centroid distributions vs. 

N(KER). Figure 3.6 shows a two-dimensional z-centroid vs. N(KER) histogram for the 

16 keV O2 CE data used in several previous examples. This plot clearly shows the width 

associated with the z-centroid distribution. While software gating of a data set can be 

applied to almost any parameter described in the analysis procedure, only the 
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Figure 3.5 Two-dimensional histograms of N(KER) vs. θ obtained 
from the unimolecular dissociation of O2 upon CE of 16 and 7 keV 
beams of O2

+ with Cs. 
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one-dimensional centroid distributions were gated in the experiments described in this 

thesis. Typical gates on the centroid distributions were ±1 mm from the center of the  

distribution (as indicated by the dashed blue lines in Fig. 3.6) to ensure only events with a  

calculated origin at the location determined in the analysis procedure (i.e., originating at 

x0, y0, and at a distance at L from the detector) are used. 

Figure 3.6 Two-dimensional histogram illustrating the correlation 
between N(KER) and the z-centroid distribution obtained for O2 
products resulting from CE between a 16 keV beam of O2

+ and Cs. 
The dashed blue lines at ±1 mm from the center of the z-centroid 
distribution indicate typical region allowed by software gating. 
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Although it is merely used for qualitative purposes, a correlation plot between 

N(KER) and the calculated mass is also useful in determining how well product channels 

with different product masses can be resolved. Figure 3.7 presents an example of this plot  

constructed from 16 keV O2 CE data. While no systems with multiple product channels 

leading to the same number of fragments are described in this dissertation, Fig. 3.7 

illustrates a fundamental limitation of the apparatus in regard to this behavior. In Fig. 3.7 

Figure 3.7 Two-dimensional histogram illustrating the correlation 
between N(KER) and the calculated mass for the recoiling O-atom 
products obtained for unimolecular dissociation of O2 as a result of 
CE between a 16 keV beam of O2

+ and Cs. The dashed blue line at 
16 a.u. indicates the actual mass of the O-atom fragments. 
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there is an apparent KER dependence on the width of the calculated mass distribution 

which is centered at 16 a.u. (resulting from detection of O atoms). The uncertainty of the 

calculated mass is large at low KER values, which is a result of low temporal and spatial 

separation in the fragments when they arrive at the detector. In some cases the width of 

the calculated mass distribution for one product channel can contaminate other product 

channels (especially at low KER), so considerable attention must be paid to systems 

where the masses of fragments from different product channels are similar. 

3.6.2. Three-body visualization methods 

While all of the plots mentioned above are also applicable to three-body 

processes, the added complexity of a three-body dissociation requires additional 

visualization methods. The primary visualization tool used in this dissertation to illustrate 

three-body reaction dynamics is the Dalitz plot.11 The Dalitz plot is borrowed from 

nuclear physics, and has become a common tool for describing momentum correlation in 

three-body dissociation processes.12-17 The plot has three axes (similar to a ternary phase 

diagram), and each axis corresponds to the fractional square (fi) of the momentum (pi) 

imparted to fragments in a single three-body event (Eq. 3.35). 

∑
=

i

2
i

2
i

i p
pf                                                       (3.35) 

The Dalitz plot is a histogram, and in practice a single point within the inscribed circular 

region of momentum conservation represents a specific arrangement of three momentum 

vectors corresponding to the three products as shown in Fig. 3.8. The center of the 

circular region in the plot corresponds to equal momentum partitioning between the three 

fragments, which will be referred to as ‘symmetric’ momentum partitioning. Other 
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regions of the Dalitz plot have been labeled by the shape of the triangle formed when 

connecting the heads of the three correlated momentum vectors: the ‘acute’ region 

corresponds to two slow and one fast fragment, and the ‘obtuse’ region corresponds to 

two fast and one slow fragment. When fragments have indistinguishable masses, 

symmetries arise in the Dalitz plot. In the case where all three fragments have equal 

mass, a three-fold symmetry and six-fold degeneracy arises within the plot, as indicated 

by the dashed lines representing loci of two-fold symmetry in Fig. 3.8. 

Figure 3.8 The Dalitz plot represented as a map of c.m.-frame 
momentum partitioning to the products in a three-body dissociation 
process. Dotted lines show loci of two-fold symmetry in the case of 
three equal-mass products. ‘Symmetric’ momentum partitioning 
refers to the case where all three fragments receive an equal 
partitioning of momentum. ‘Acute’ momentum partitioning refers 
to the case where one fast and two slow fragments are formed, 
while ‘obtuse’ momentum partitioning refers to the production of 
one slow and two fast fragments. 
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 The correlated momentum vectors in the Dalitz plot are constructed from the final 

c.m.-frame recoil vectors for the decomposing system, and do not readily distinguish if 

the three-body process proceeds by a concerted or stepwise mechanism. In the former 

case, the momentum partitioning depicted in the Dalitz plot can be interpreted as the 

result of an instantaneous impulsive force driving the three fragments apart. However, the 

final c.m.-frame trajectories of fragments in the case of a stepwise reaction result from 

two dissociation events, and require a more rigorous analysis of the Dalitz plot to 

understand the underlying dissociation dynamics. An investigation into the three-body 

reaction dynamics of sym-triazine prompted a more thorough investigation into the 

effects of a stepwise mechanism on the Dalitz plot, as described in Chapter 5 of this 

dissertation. 

3.7. Neutral detector calibration 

 Proper calibration of the four-quadrant neutral detector was a crucial aspect of the 

present experiments, as it is required for accurate and well-resolved kinematic data. It 

was found that small changes to the experimental apparatus made minor yet significant 

changes to the calibration of the machine, necessitating the development of an efficient 

method to regularly calibrate the detector. A thorough discussion of how to manually 

calibrate the QXDL neutral particle detector using data from CE between O2
+ and Cs has 

been presented in the past, and will be only briefly reviewed here.7 The majority of this 

section will discuss an algorithm that was designed to automate the arduous task of 

calibration. 

 In order to manually carry out the calibration of the detector, DMC and DAC 

factors used to calculate xlab, ylab, and tCM values (Section 3.2) for each of the four 
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quadrants along with the beam energy (a total of 25 parameters) must be determined. 

Because of the simple kinematics associated with dissociation of O2, as long as the c.m. 

of the system arrives near the intersection of all four quadrants the detector can be 

decomposed into two separate detectors comprised of opposing quadrants, as shown in 

Fig. 3.9. This effectively cuts the number of simultaneous calibration factors that must be 

determined in half. Iterative evaluation of the well-known peak locations and resolution 

of the two peaks near 1 eV in the O2 N(KER) spectrum (Fig. 3.4) as calibration factors 

are varied is the primary gauge of a ‘good’ calibration. Once the calibration is adequate 

for the two uncoupled sets of quadrants, they can be brought into synch by adjusting 

additive constants. 

Figure 3.9 Schematic representation of the four-quadrant neutral 
particle detector (QXDL) in an orientation that is consistent with 
the data analysis code. The quadrants are highlighted to illustrate 
how the detector can be reduced to two uncoupled two-quadrant 
detectors. The laboratory frame orientation of the detector is also 
included. The +z axis points into the plane of the page. 
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Aside from precise energetic calculations, there are other qualitative features that 

a good calibration must also posses. As mentioned in Section 3.6.1, features in the 

N(KER) vs. θ plot must be linear (Fig. 3.5), as the dissociation process initiated by CE 

should occur isotropically with respect to θ. The peaks near 1 eV that correspond to 

O(1D)+O(3P) production give rise to an intense circular feature on the detector image 

(Fig. 3.10); the circularity of this feature is not only a sign of a good calibration, but it is 

useful for aligning the x and y components of the uncoupled two-quadrant partial 

detectors. Another useful tool for re-coupling the two decoupled partial detectors is 

adjusting additive constants while ensuring one-dimensional centroid distributions are 

peaked in the same location. 

In the present experiments, a minimization technique employing the amoeba 

algorithm was used to automate the calibration process.18 The amoeba algorithm (also 

known as the Nelder-Mead algorithm) employs a non-derivative based downhill simplex 

method for optimizing multidimensional functions. In the automated calibration 

procedure, the function being minimized is indirectly related to the actual calibration 

parameters and requires portions of the ideal O2 N(KER) spectrum to be reproduced 

analytically. The solid trace in Fig. 3.11 shows an analytical reproduction of the 1.085, 

1.155, and 3.061 eV peaks in the O2 spectrum using three Gaussian distributions with the 

functional form shown in Eq. 3.36. 

2
i

2
i

2σ

)μ(KER

ii eα(KER)g
−−

⋅=                                          (3.36) 

Here i denotes a particular distribution, αi is the amplitude (independent of the width in 

this case), μi is the center, and σi is the width of the distribution. The centers of these 
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ideal distributions ( ideal
iμ ) are set to the nominal values for the peak locations in the 

spectrum, and widths ( ideal
iσ ) are matched to values obtained from a manually calibrated 

data set deemed to be the ‘best’ calibrated data. Typical values used to construct the 

analytical spectrum are presented in Table 3.2. 

 For a given set of calibration factors, an empirical O2 KER spectrum can be 

constructed and fit to Gaussian curves, then compared with the ideal KER spectrum to 

determine how far the empirical spectrum is from ideal. The error in the correlation of the  

Figure 3.10 Detector image obtained from the unimolecular 
dissociation of O2 upon CE between a 16 keV beam of O2

+ with Cs. 
The black ring indicates the 40 mm diameter MCPs used on the 
neutral particle detector, and the red dot indicates the position-of-
arrival for the c.m. of the recoiling O-atom products. The dense ring 
in the image results from recoiling O(1D)+O(3P) products with a 
value of θ≈90°. 
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i ideal
iμ  (eV) ideal

iσ  (eV)

1 1.085 0.0269 

2 1.155 0.0263 

3 3.061 0.0402 

 

ideal and empirical spectra is the effective value of the function (ferror) that the amoeba 

routine attempts to iteratively minimize using the 25 variable calibration factors. For a 

given point in parameter space, the functional form of ferror used in the automated routine 

is given by Eq. 3.37. 

empirical
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⋅+

−
⋅= ∑∑                       (3.37) 

Here empirical
iμ  and empirical

iσ  are the resulting parameters when empirical data is fit to three 

Gaussian curves, and Ai and Bi are used to weight the importance of the calculated error 

per parameter. Since there are regions in the O2 KER spectrum containing data that is not 

being fit, the empirical spectrum is gated prior to the fit (see the shaded areas in Fig. 

3.11). Two curves are used in the region between 0.5 and 1.5 eV, and one curve is used 

between 2.5 and 3.5 eV. It was iteratively determined that a value of Ai=3 and Bi=1 for 

each of the three curves yielded a reasonable final spectrum. 

 

Table 3.2 Parameters used in the Gaussian curves used to construct 
an analytical representation of the O2 N(KER) spectrum. 
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 This automated approach is not without its limits. On occasion it can converge on 

physically implausible sets of calibration factors, and a rigorous check of features 

attributed to a good calibration must be performed. In addition to making sure the O2 

N(KER) spectrum is accurate and visualized features are appropriately circular or linear, 

it is important to ensure that the number of events in each set of opposing quadrants are 

similar (at least for the case where the c.m. arrives near the center of the detector) and the 

centroid distributions for the two sets of opposing quadrants are centered in the same 

location. Typically the calibrated value of the beam energy will be less than the nominal 

Figure 3.11 Comparison of analytical ‘ideal’ N(KER) spectrum 
(solid trace) for dissociation of O2 upon CE of 16 keV O2

+ with Cs 
vs. an empirically measured spectrum (dashed trace). The shaded 
regions indicate the KER range over which the empirical data is 
fitted for comparison with the ideal fits. 
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value, which is a result of the rise time of the pulse controlling the HV switch that re-

references the ions to ground. Once a set of calibration factors have been determined for 

O2, they can then be applied to systems where the energetics are not well known. Because 

the calibration tends to vary slightly over time, an O2 data set is typically collected 

immediately prior to and after data is collected for an unknown system. 

3.8. Detector acceptance function corrections 

Due to the finite size of the neutral particle detector, certain events producing 

fragments with large transverse recoil distances can escape detection by the experimental 

apparatus. Conversion of empirically measured data into true probability distributions is 

important when comparing spectra, as the geometric collection efficiency of the detector 

varies with beam velocity and mass ratios of product channels. Once a well calibrated 

N(KER) spectrum has been obtained, it can be converted to a true extensive P(KER) 

probability distribution using Monte Carlo (MC) simulations. The correction for 

empirical two-body data has been thoroughly discussed elsewhere,19 and will be 

discussed briefly in Section 3.8.1. In the two-body case, determination of the detector’s 

acceptance of events as a function of the KER is all that is required for the correction, and 

is the basis for referring to these corrections as ‘detector acceptance function’ (DAF) 

corrections. Development of a method to correct three-body data was crucial to the sym-

triazine experiments discussed in this dissertation, and a thorough discussion of the three-

body DAF correction is presented in Chapter 5. Once the data has been corrected, 

branching ratios for different product channels can be reliably extracted, which is the 

subject of Section 3.8.2. 
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3.8.1. Two-body DAF correction 

In order to illustrate the two-body DAF correction process, data collected from 

the H+N2 product channel upon CE between a 16 keV beam of HN2
+ with Cs will be 

used. The empirical N(KER) spectrum obtained for this product channel is shown in Fig. 

3.12(a). As mentioned in previous discussions,19 the corrected two-body probability 

distribution, P(KER), can be determined using the simple relationship shown in Eq. 3.38. 

2bMC η
(KER)N

N(KER)P(KER) ⋅=                                        (3.38) 

Here NMC(KER) is the simulated acceptance of the detector as a function of KER and η2b 

is a normalization constant, both of which can be extracted from MC simulations as 

discussed in the remainder of this section. 

 In order to obtain NMC(KER), a MC simulation of the two-body dissociation 

process is performed with the KER sampled from a constant probability distribution that 

spans the entire KER range that is to be corrected over. This constant probability 

distribution is analogous to the probability distribution that is being solved for in the 

experimental data, and is denoted as PMC(KER). The PMC(KER) distribution used to 

correct the 16 keV H+N2 data was sampled from a KER range of 0 to 6 eV. To carry out 

the simulation of the detector acceptance, a C++ code employing forward convolution 

methods and a simple kinematic model of two- and three-body unimolecular dissociation 

was used.2 Fundamental properties of the neutral particle detector, including the shape, 

size, and dead time/areas, were accounted for in the code. The MC simulation samples an 

isotropic distribution of laboratory-frame orientations of the recoil vectors. Given the 

parent and fragment masses, beam energy, interaction to detector length, and a PMC(KER)  
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Figure 3.12 Various distributions related to the two-body DAF 
correction of the H+N2 N(KER) spectrum obtained from CE 
between a 16 keV beam of HN2

+ and Cs. Frame (a) shows the 
empirical N(KER) distribution, frame (b) shows the corrected 
P(KER) spectrum, and frame (c) shows the NMC(KER) function that 
was obtained using MC simulations of the experimental apparatus. 
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distribution to sample the KER from, the program is capable of simulating final 

trajectories for particles and can determine whether or not an event is detectable at the 

neutral particle detector. 

NMC(KER) is the simulated ‘empirical’ distribution that is constructed from the 

events in the simulation that are detectable, and it illustrates the detector’s geometric 

efficiency for a particular beam energy and product channel as a function of KER. The 

NMC(KER) distribution obtained from a MC simulation of a 16 keV HN2
+ beam 

dissociating to H+N2 employing 5x107 iterative events is shown in Fig. 3.12(c). As 

expected, this distribution shows a decreasing intensity at higher KER due to diminishing 

acceptance of the total solid angle of recoiling products. Because of the dead time of the 

neutral detector (∼20 ns) and the effects of gating out events at borders, the NMC(KER) 

distribution peaks slightly away from KER=0 eV. 

 An intensive P(KER) distribution can be obtained by dividing the N(KER) 

spectrum by the NMC(KER) spectrum, however it must be converted to an extensive 

function if it is to be compared with other spectra obtained from the same data set. This is 

done by inclusion of the normalization factor (η2b) in Eq. 3.38. The value of η2b is simply 

the maximum value observed the NMC(KER) spectrum, assuming there is a 100% 

collection efficiency at the KER where η2b is obtained. The DAF corrected P(KER) 

spectrum for 16 keV HN2
+ dissociating to H+N2 upon CE with Cs is shown in Fig. 

3.12(b), and it is fairly obvious that the primary effect of the correction is amplification 

of features in the N(KER) spectrum at higher KER. 
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3.8.2. Branching fraction calculations 

For many systems, production of excited neutral species via CE with Cs can result 

in multiple product channels. Because of the way that data is collected in the present 

experiment, correlated data for multiple product channels is embedded in a single data set 

and allows the determination of branching fractions for the competing channels. Because 

each product channel will likely posses a unique fragment mass ratio, the geometric 

detection efficiency of the neutral particle detector will differ for each channel. In order 

to compare the multiple product channels, it is necessary to generate extensive P(KER) 

distributions for each channel as discussed in the previous section. Once Pj(KER) 

distributions (here j indicates a specific product channel) are determined, the branching 

fraction for a particular channel (χj) can be determined using the relationship in Eq. 3.39. 

∑ ∫
∫

⋅⋅

⋅⋅
= −

−

j
j

n
j

n

j dKER(KER)P

dKER(KER)P
χ

j

j

f

f
                                       (3.39) 

Here f is the collection efficiency of the microchannel plates above the neutral particle 

detector (see Chapter 2), and has an estimated value of 0.50. The term nj indicates the 

number of dissociation products for channel j, and the combined term jn−f accounts for 

the effects of the MCP collection efficiency for a full event. 

3.9. Conclusion 

This chapter has provided the methods by which raw signal in the experiment can 

be transformed into kinematic information for a unimolecular dissociation process. Basic 

reduction techniques were outlined, and these visualization techniques provide the basis 

for many of the arguments presented in the remaining chapters of this dissertation. 
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Chapter 4. 

The role of excited state topology in three-body dissociation of sym-triazine 

 

4.1. Introduction 

Molecular dissociation plays an important role in the chemistry of nonequilibrium 

environments where sufficient energy is available to break a chemical bond. Most photo-

initiated dissociation processes in the lower layers of the Earth’s atmosphere are two-body 

processes, for which dynamical information can be obtained through relatively straight-

forward experiments. However, in combustion processes, the stratosphere, interstellar 

space, and other lower density environments, high-energy processes (e.g., dissociative 

recombination) can readily induce three-body dissociation of neutral molecules. Because 

of the inherent difficulties in predicting nonadiabatic behavior of excited molecules and in 

directly observing multiple dissociation products, the acquisition of dynamical 

information for three-body processes has proven to be a challenge for theoreticians and 

experimentalists alike. 

For many of the systems for which dynamical information is available, there is a 

history of controversy over whether the dissociation proceeds in a stepwise or a concerted 

fashion.1 The mechanistic controversy stems from the challenges of characterizing 

dissociation of a polyatomic system at a molecular level. Several of the reactions are 

believed to proceed through symmetric transition states and involve truly simultaneous 

(i.e., within one rotational period) breaking of two bonds. Moreover, the reverse reaction 

is a termolecular association reaction and is generally improbable on account of collision 
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statistics.2 Yet termolecular reactions are important; a prominent example is ozone 

formation, where a three-body reactive collision is an essential part of the mechanism:3  

O2 + O + M → O3 + M (M≡O2, N2)                                    (4.1) 

sym-Triazine (Tz) is among the largest molecules known to undergo photo-

induced three-body decay. Because of the relative stability of hydrogen cyanide (HCN), 

three-body dissociation of Tz exhibits the interesting property of producing three identical 

molecular products: 

 C3N3H3* → 3HCN                                                 (4.2) 

This unique feature has stirred a mechanistic controversy from past experiments where 

dynamical information consisted of ensemble averages rather than discrete measurement 

of momentum partitioning to each HCN fragment per event.4-8 In these translational 

spectroscopy experiments,4,5 dissociation was believed to be initiated by photoexcitation 

to the π*←n and π*←π electronically excited manifolds, although dissociation to 3HCN 

occurs ultimately through decay to the ground state, as dictated by symmetry correlation 

arguments and energy balance.9 The original study by Ondrey and Bersohn assumed that 

the three HCN photoproducts were produced in a concerted fashion and therefore 

received an equal momentum partitioning.4 However, a later study by Gejo et al. 

presented evidence in favor of stepwise dissociation.5 Ab initio calculations of transition 

states along with classical trajectory studies have found that the barrier to a symmetric 

concerted reaction lies lowest in energy, but suggest that at higher excitation energies the 

stepwise mechanism could become more prevalent.6-8 

 Here, we report translational spectroscopy of the three-body dissociation of Tz by 

means of coincidence detection techniques.10 Unlike time-of-flight techniques, which 
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forced numerous assumptions in the previous studies, coincidence detection methods 

provide a complete kinematic characterization of the dissociation process. Because 

coincidence experiments of this nature require a fast neutral beam, Tz was excited using 

charge exchange (CE) between a keV Tz cation (Tz+) beam and an alkali electron donor, 

cesium (Cs).11,12 The production of excited neutral molecules by CE has been well 

studied,13,14 and recent studies of the CE-induced three-body dissociation of H3 have 

confirmed the utility of coincidence techniques for investigating dissociation 

dynamics.15,16 The complex electronic structure of Tz and intricate mechanism by which 

CE deposits energy in the neutral acceptor prompted a concurrent investigation using 

state-of-the-art ab initio methods, which proved instrumental in the interpretation of our 

experimental observations. 

4.2. Experimental results 

 A detailed account of the sym-triazine experiment is presented in Chapter 5 of this 

dissertation, and only results pertinent to this general discussion are presented here. 

Figure 4.1 shows the measured kinetic energy release distribution, P(KER), for the HCN 

fragments produced by CE-induced dissociation of Tz with a 16 keV Tz+ beam, 

accompanied by relevant dissociation limits, calculated electronic state minima, and 

energy thresholds. P(KER) distributions obtained at 12 and 16 keV are similar and extend 

from 0 to 5 eV, with a major feature peaked at 2.6 eV, a minor feature at 0.5 eV, and a 

maximum KER at ∼5 eV. In order to illustrate the KER-dependent dissociation dynamics, 

we divided the P(KER) distribution into 32 bins and then used Dalitz representations17 to 

visualize the momentum partitioning among the fragments for the events contained within 

each bin. Several Dalitz representations constructed from the 12 and 16 keV Tz data are 
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shown in Fig. 4.2, corresponding to the labeled KER ranges in Fig. 4.1. An ‘acute’ feature 

(two slow HCN fragments and one fast HCN fragment) dominates the Dalitz 

representations between intervals B and E at both beam energies. A symmetric feature 

(equal momentum partitioning) is also present alongside the acute feature for intervals C 

and D at both beam energies, though it is more apparent in the 16 keV Dalitz plots. 

Evaluation of Dalitz plots over the full KER range reveals that the acute feature spans 1.5 

to 5 eV, whereas the symmetric feature is confined in the 2 to 4 eV range (denoted in Fig. 

4.1). 

4.3. Computational methods 

It is apparent that we have observed two unique dissociation mechanisms, one 

with symmetric and another with asymmetric momentum partitioning. The former is 

consistent with a concerted mechanism for the three-body breakup, whereas we found the 

latter to be consistent with stepwise decomposition (see Chapter 5). We found that the 

ratio of symmetric to asymmetric Dalitz features depends on the beam energy, which 

suggests that different excited states are populated and consequently decay via different 

mechanisms. Electronic structure calculations of Tz and (Cs-Tz)+ were used to 

characterize the potential energy surfaces (PESs) of the relevant electronic states, as well 

as electronic couplings that control the CE process, allowing us to identify the gateway 

states for the symmetric and asymmetric dissociation and to explain the observed trends. 

The extremely dense electronic spectrum of Tz and extensive degeneracies18-20 posed 

unique challenges for theory, which we were able to address by judicious choice of 

appropriate equation-of-motion coupled-cluster (EOM-CC) models21-23 combining high 

accuracy with a balanced description of multiple states.24 
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Figure 4.1 Energy diagram for the three-body dissociation of Tz. 
The P(KER) distribution obtained with a 16 keV cation beam is 
shown on the left. Labeled KER intervals correspond to the 
following energies: A, 0.51 to 0.68 eV; B, 1.69 to 1.86 eV; C, 2.70 
to 2.87 eV; D, 3.38 to 3.54 eV; E, 4.05 to 4.22 eV. The colored 
boxes labeled ‘KER (acute)’ and ‘KER (symmetric)’ mark the 
region over which the mechanism was observed. The colored boxes 
labeled ‘Rs←n’ and ‘π*←n’ denote the regions between the lowest- 
and highest-lying states (triplets included) in each manifold, as 
computed at the cation equilibrium geometry (C2v). Zero energy 
corresponds to the ground-state energy of 3HCN.  
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Figure 4.2 Dalitz representations of the momentum correlation in 
the three-body breakup of Tz obtained over the KER intervals (A to 
E) denoted in Fig. 4.1. Each point within the circular region of 
momentum conservation represents a particular arrangement of the 
three momentum vectors giving rise to a single event. For example, 
the symmetric partitioning of the momentum yields the intensity in 
the center of the Dalitz plots, whereas the intensity near the apexes 
(i.e., acute features) corresponds to one fast and two slow 
fragments. The Dalitz plots have been slightly cropped near the 
intense acute apexes to illustrate the dynamic change in other 
regions of the plots. 
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 CE between keV cation beams and alkali electron donors has been shown to 

potentially populate multiple states in the resulting neutral species. Identifying the 

initially populated states that give rise to the two distinct mechanisms is a daunting task 

for ab initio calculations in view of the dense electronic spectrum of Tz, which consists of 

manifolds of valence π*←π and π*←n states,18-20 along with Rydberg states derived from 

the transitions from nitrogen lone pairs (n) and π orbitals. Our calculations24 identified 

>20 states of neutral Tz below 9 eV. Energetically, CE is expected to excite Tz resonantly 

(i.e., at the difference between ionization energies of Tz and Cs, which are 10.01 and 3.89 

eV, respectively) 6.12 eV above the ground state.18 However, nonresonant processes can 

occur when a strong perturbation acts on a zero-order system (e.g., noninteracting Cs and 

Tz+) for a relatively short time, as in energetic collisions or in intense laser fields. In the 

context of CE, the Demokov model25 (see Chapter 1) demonstrates mathematically how 

short interacting times (i.e., large velocities) give rise to increased probability for 

populating nonresonant states. The total energy is conserved by redistribution of the 

electronic energy among internal and translational degrees of freedom of the system. 

 Examination of the energy diagram in Fig. 4.1 and computed excitation energies 

(Table 4.1) reveals several singlet and triplet states that are energetically accessible based 

on the observed KER range (e.g., all of the π*←n and π*←π states, as well as the lowest 

Rydberg Rs←n state). By considering several characteristics of the excited states – their 

excitation energies, nonadiabatic couplings, and the topologies of the corresponding Jahn-

Teller (JT) manifolds – we were able to identify the most likely initially populated states 

as the A1 3s Rydberg and the A2  π*←n  valence states, as follows. 
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Table 4.1 Vertical EOM-EE-CCSD/6-311++G** excitation 
energies (in eV) for Tz at the neutral (D3h) and cation (C2v) ground 
state geometries. All energies are relative to the ground state energy 
of neutral Tz. To recalculate energies relative to three ground state 
HCN molecules, 1.86 eV should be subtracted. 

 

 Singlets Triplets 
 D3h (eV) C2v (eV) D3h (eV) C2v (eV) 

π*←n 1A1'' 4.99 1A2 4.53 3A2'' 4.53 3B1 4.34 
 1A2'' 5.04 1B1 4.78 3E" 4.71 3A2 4.32 
 1E" 5.06 1B1 5.30   3B1 4.87 
   1A2 5.53 3A1'' 4.99 3A2 5.37 

π*←π 1A2' 6.01 1B2 6.49 3A1' 4.80 3A1 5.23 
 1A1' 7.54 1A1 8.14 3E' 5.82 3B2 6.24 
 1E' 8.43 1A1 >8.6   3A1 6.32 
   1B2 >8.6 3A2' 6.83 3B2 7.40 

Rs←n 1E' 7.41 1A1 7.03 3E' 7.34 3A1 6.97 
   1B2 7.71   3B2 7.64 

Rp←n 1A2' 8.24 1B2 7.90 3A1' 8.08 3A1 7.81 
 1E' 8.25 1A1 7.84 3A2' 8.23 3B2 7.87 
   1B2 8.60 3E' 8.26 3B2 8.57 
 1A1' 8.29 1A1 8.61   3A1 >8.6 

π*←n2 
1E'' 8.18 1A2 8.31 3E'' 7.58 3B2 7.68 

   1B1 8.53   3A1 7.75 
 

To discriminate between the different states, we used a simple Demkov two-state 

model to evaluate transition probabilities for the CE process.25 The transition probability 

derived from this model depends on the potential energy difference (i.e., the off-resonant 

energy defect), the potential parameter in the coupling matrix element, and the relative 

velocity between the cation and the atomic electron donor.25 For a given interaction time 

determined by the atom-ion relative velocity, the model predicts a larger probability of 

populating states with a smaller energy defect (i.e., in resonance) and larger coupling. The 

velocity dependence of branching ratios between different channels is nonlinear and 
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determined chiefly by the energy defect. The relative probability of populating the state 

with a smaller energy defect (versus a larger defect) increases as the relative ion-atom 

velocity increases. Thus, the observed velocity-dependent change in relative intensity of 

the two Dalitz features qualitatively suggests that two different initial states of the neutral 

molecule give rise to the observed dissociation channels. 

To evaluate the electronic couplings responsible for CE between Cs and Tz+, we 

used EOM-CC wave functions of the combined (Cs-Tz)+ system24 in a Generalized 

Mulliken-Hush (GMH) approach.26 The calculations show that couplings between Cs-Tz+ 

and different Cs+-Tz* states are significant for the π*←n and Rydberg states. 

Furthermore, the π*←π couplings are nearly zero because of the two-electron character of 

the corresponding electronic transition (the ground state of Tz+ has a hole in a lone pair 

orbital). The same arguments apply to the corresponding triplet states, which are 

accessible in CE experiments. The considerable electronic coupling matrix elements for 

the 3s Rydberg and π*←n manifolds suggest these states as the most likely initially 

populated electronic states. However, the coupling for the Rydberg state is two orders of 

magnitude larger than that of the π*←n state. Thus, the Demkov model predicts a much 

higher probability of populating the Rydberg state, even though it is further off-resonance 

than is the π*←n state. The respective equilibrium geometries of these states can 

therefore be considered as starting points on the neutral ground state surface by virtue of 

the reflection principle (Fig. 4.3). 

4.4. Discussion 

A necessary condition for concerted dissociation is the existence of an appropriate 

energetically accessible transition state, and many theoretical studies of the interplay  
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between concerted and stepwise mechanisms have focused on locating and comparing 

different transition states.2 Tz has an accessible symmetric transition state for three-body 

dissociation;8 however, a complete picture of the mechanism requires information about 

Figure 4.3 Two-dimensional representation of the ground state and 
excited state PESs, demonstrating mapping of the initial wave 
function into the product distribution (i.e., the reflection principle). 
The two coordinates are the reaction coordinate for the three-body 
dissociation and a symmetry-lowering displacement (e.g., JT 
deformation). The reflection principle, which assumes ballistic 
dissociation on the lowest PES, predicts symmetric energy 
partitioning for the process initiated on the symmetric PES (right), 
and asymmetric partitioning for a JT distorted PES. 
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dynamics, which depend on how the process was initiated. This aspect of the dynamics – 

the effect of initial conditions on the reaction outcome – can be understood within the 

reflection principle framework.27 In photodissociation, the reflection principle assumes a 

ballistic process (i.e., no vibrational equilibration) on the excited state surface, which 

therefore acts as a mirror reflecting the initial wave packet onto the final product states. In 

the present experiment, the role of excited and ground state surfaces is reversed: Tz is 

prepared in an electronically excited state, and dissociation occurs ultimately on the 

ground electronic state. 

In the context of three-body breakup on the PES with a symmetric transition state, 

the reflection principle predicts symmetric momentum partitioning for the initially 

symmetric wave packet and asymmetric partitioning for the initial conditions described 

by asymmetric wave packet (Fig. 4.3). The shape of the initial wave packet is determined 

by the shape of the corresponding excited-state surface on which Tz is produced by CE. 

Because all of the electronically excited states of Tz in the relevant energy region are 

derived by transitions between doubly degenerate orbitals, they are subject to asymmetric 

JT distortions. However, some of the states have a symmetric PES by virtue of the double 

degeneracy of both initial and target molecular orbitals (MOs) and can therefore result in 

a symmetric wave packet.28,29 

 It is possible to determine which of the previously identified states have 

symmetric equilibrium structures and which are distorted, simply by analyzing 

symmetries and the electronic configurations of the corresponding wave functions, as in 

recent N3
+ studies.28,29 All of the states discussed above are derived from transitions 

involving degenerate MOs and are therefore subject to JT distortions. States derived from 
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the transitions between degenerate and nondegenerate MOs (e⊗a→E) form a familiar 

‘Mexican hat’-shaped PES (illustrated in the upper panel of Fig. 4.4). The pair of Rs←n 

Rydberg states in Tz and the ground state of Tz+ are of this type.12 A qualitatively 

different type of intersection occurs for the π*←n states derived from excitations between 

two degenerate MO pairs producing two exactly degenerate and two nearly degenerate 

states (i.e., e⊗e→E+A+B). It can be shown that all four states are scrambled around the 

intersection, and linear terms for the degenerate states are very small.28,29 Consequently, 

the intersection appears to be glancing rather than conical (as illustrated in the lower panel 

of Fig. 4.4). Although the minimum of the upper degenerate PES is not exactly at D3h, a 

small-magnitude distortion (e.g., 0.001 Å and 10-4 eV in cyclic N3
+) suggests a negligible 

effect on the corresponding nuclear wave functions, which therefore could be treated as 

derived from the symmetric PES.  

Figure 4.5 shows a scan of the calculated PESs for Cs approaching Tz+ in a 

direction perpendicular to the molecular plane. Dashed and solid curves correspond to the 

Cs-Tz+ and Cs+-Tz states, respectively. At infinite separation, the state ordering is exactly 

as in neutral Tz at the cation geometry. The pictograms on the right show the topology of 

each PES around D3h. Note that the diffuse Rs←n states become perturbed by 

approaching Cs at 7 Å, whereas the PESs of the valence states remain flat up to about 3.5 

Å. Analysis of the topology shows that among the states in the energy range 

corresponding to the symmetric dissociation, the only states with a symmetric equilibrium 

structure are the upper π*←n states. It is therefore most likely that these states are 

responsible for the symmetric channel. This presents the possibility that previous 

experiments accessing the π*←n electronic manifold were indeed observing a symmetric  
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concerted dissociation mechanism, even though the manifold was accessed in a different 

manner. The asymmetric dissociation may occur via all other energetically accessible 

states; however, the most likely candidate is the lowest Rydberg Rs←n state for which the 

GMH coupling is largest. Thus, we conclude that acute and symmetric dissociation occur 

Figure 4.4 Topology of two-fold (upper panel) and four-fold (lower 
panel) Jahn-Teller intersections. The former case corresponds to the 
states derived from the transitions between doubly degenerate and 
non-degenerate MOs. Four-state intersections occur for the states 
originating from the transitions between the two sets of doubly-
degenerate MOs. Symmetry analysis predicts that two out of four 
states will be exactly degenerate at D3h. While the topology and 
degeneracy pattern might differ, the PES of the upper state always 
has a (nearly)-symmetric minimum. 
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after initial excitation into the 3s Rydberg and π*←n manifolds, respectively. This 

assignment is supported by qualitative agreement between the observed intensity of these 

channels and the GMH matrix coupling elements.  

The energetic locations of the 3s Rydberg and π*←n manifolds in the cation 

Franck-Condon region correlate well with the KER range over which each Dalitz feature 

was observed (Fig. 4.5). The maximum observed KER of 5 eV associated with the acute 

Figure 4.5 Potential energy curves for the relevant singlet 
electronic states of the (Cs-Tz)+ system in a T-shaped 
configuration. The geometry of the Tz moiety is that of the cation. 
The pictograms on the right show the PES topology for each state. 
As in Fig. 4.1, the colored boxes denote KER regions for which 
symmetric and asymmetric dissociation was observed. Energies are 
relative to the ground state energy of 3HCN.  
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feature is close to the vertical energy for the Rydberg states (i.e., 5.17 and 5.11 eV above 

the 3HCN limit for the singlet and triplet, respectively). The maximum observed KER of 

4 eV for symmetric dissociation lies 0.33 eV higher in energy than vertical energy of the 

highest π*←n state, 1A2, which is located at 3.67 eV above the 3HCN limit and has D3h 

equilibrium structure. The small separation between singlet and triplet states does not 

allow us to discriminate between these manifolds. However, the three-fold degeneracy of 

the triplets might lead one to expect triplets to be populated more frequently. On the other 

hand, the rate of electronic relaxation to the ground state singlet PES is likely to be much 

slower for the triplets. 

4.5. Concluding remarks 

 Nonadiabatic processes that span multiple electronic states are ubiquitous in the 

chemistry of energetic molecules and play a notable role in many types of natural 

phenomena (e.g., in biological, atmospheric, and combustion chemistry). The interactions 

between different electronic states are even important for reactions proceeding on a single 

PES, as reaction barriers can often be explained in terms of coupled diabatic states 

correlating with the reactants and the products. Our results show the progress being made 

towards analytical approaches to understanding the complexities of larger molecules.  

In a broader context, this work raises a number of fundamental questions. How 

common is it for the equilibrium structure of an excited electronic state to determine the 

outcome of a reaction proceeding on another surface, and to what extent can the reflection 

principle be applied to polyatomic systems? With how much confidence can one rely on 

electronic couplings when considering the possible pathways of a nonadiabatic process? 

Would the difference between conical and glancing intersections manifest itself so 



 100

prominently in molecules with lower symmetry? These questions all warrant future study. 

Our results show that synergism between theory and experiment can lead to greater 

understanding of how nonadiabatic behavior plays a role in these complicated systems. 
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Chapter 5. 

Three-body dissociative charge exchange dynamics of sym-triazine 

 

5.1. Introduction 

In many nonequilibrium environments (e.g., biological systems, the atmosphere, 

and combustion) molecular dissociation plays an important role in the underlying 

chemistry. In some cases molecules can be excited with enough energy (e.g., via 

dissociative recombination or photolysis) to break multiple bonds, resulting in three or 

more dissociation products.3,4 Obtaining a full understanding of these higher-order 

processes poses a significant challenge to both experimentalists and theoreticians; a full 

description of the complex kinematics associated with n-body (n≥3) dissociation typically 

requires direct observation of multiple fragments in coincidence, and the dissociation of 

highly-excited molecules is often the result of complex nonadiabatic interactions which 

can be difficult to predict theoretically. 

In two recent publications we presented an investigation into the three-body 

dissociation of sym-triazine (Tz) to hydrogen cyanide products upon charge exchange 

(CE) of the sym-triazine radical cation (Tz+) with cesium (Eq. 5.1).2,5  

HCN3CsHNCCsHNC Cs*
333333 ⎯⎯ →⎯+→+

+−++                          (5.1) 

Charge exchange between a fast cation beam and an alkali electron donor has long been 

known to be an effective method for producing excited neutral molecules that can be 

probed using translational spectroscopy and coincidence measurements, and its utility has 

been confirmed in recent studies on H3 and CH5.6-14 Through the use of these coincidence 

detection techniques and high-level ab initio calculations it was shown that two initial 
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excited electronic states of Tz were populated, and, after nonadiabatic coupling to the 

ground state, give rise to unique dissociation mechanisms consistent with the topologies 

of the initial potential energy surfaces (PESs).2,5 Like many other molecules that exhibit 

three-body dissociation, Tz has a rich history of mechanistic debate.4,15-20 In the present 

experiment Tz was directly observed to dissociate by both stepwise and concerted 

mechanisms, which is of interest not only in light of past discussion on Tz but also 

because this marks the first observation of these two distinct mechanisms proceeding 

from a single molecule. Excitation into the conical intersection of two electronic states 

comprising the 3s Rydberg (Rs←n) manifold was observed to give rise to a stepwise 

dissociation mechanism, whereas excitation into the glancing intersection of the four 

electronic states in the π*←n manifold resulted in a near-symmetric concerted 

dissociation.2,5 Although it will be discussed in more detail later, Fig. 5.1 presents a 

simple energy level diagram that illustrates the calculated locations of relevant electronic 

manifolds for Tz and the range over which the two dissociation mechanisms were 

observed in Refs. 3 and 4, along with the experimentally determined location of excited 

electronic states of Tz from photoexcitation studies as reported in an azabenzene review 

by Innes et al.1 

 Coincidence detection of the HCN products provides a considerable advantage 

over the time-of-flight (TOF) methods used in previous translational spectroscopy studies 

– coincidence measurements allow full kinematic descriptions of the dissociation process 

on a per-event basis, whereas the equal-mass HCN products limit the dynamical 

information obtainable by TOF methods to ensemble averages. In two previous 

translational spectroscopy studies carried out by Ondrey et al. and Gejo et al., the three- 
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Figure 5.1 Energy level diagram for three-body dissociation of Tz. 
Locations of D3h excited states are vertical measurements from the 
neutral ground state as reported in the azabenzene review by Innes 
et al.1 The hatched C2v regions are between minima for the lowest 
and highest states (including triplets) contributing to the π*←n and 
3s Rydberg manifolds as reported by Mozhayskiy et al.2 
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body dissociation of neutral Tz was initiated using 248 and 193 nm photons which are 

believed to respectively excite Tz into the π*←n and π*←π manifolds.15,16 In the latter of 

these studies, Gejo et al. concluded that dissociation was proceeding via an asynchronous 

concerted mechanism (stepwise, but retaining angular correlation in the products). 

Several other notable experiments aimed at characterizing the internal energy of HCN 

products upon photolysis of Tz have shown that a large fraction of the photon energy is 

deposited as rotational and vibrational excitation in HCN, with a high propensity for 

exciting the HCN bending mode in particular.21-23 

Ensuing theoretical works have disputed the mechanism proposed by Gejo et al., 

and will be briefly reviewed here. In an ab initio investigation into critical points for 

concerted and stepwise reactions on the ground state Tz PES, Pai et al. found that the 

lowest barrier to dissociation (∼3.5 eV) led to a symmetric concerted dissociation 

mechanism with the estimated barrier to a stepwise reaction slightly higher in energy 

(∼3.8 eV).19 Using classical trajectory simulations on an interpolated ground state PES, 

Song et al. and Lee et al. found similar translational energy distributions to Gejo et al., 

but reinterpreted the results in light of a concerted mechanism with unequal distribution 

of available energy to the HCN products.17,18 More recently, Dyakov et al. have 

employed ab initio and RRKM approaches to the dissociation of Tz and have explored 

several potential dissociation mechanisms arising from different locales on the ground 

state Tz PES, concluding that several mechanisms may occur from low-lying electronic 

excitations.20 In regard to the work by Gejo et al., the study by Dyakov et al. also 

supports the notion that although the concerted mechanism may pass through a 
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symmetric transition state, energy distribution to the HCN products may not be 

symmetric. 

 The present study marks one of only a handful of three-body coincidence 

experiments, and extrapolation of the detailed kinematics resulting from dissociation of 

Tz necessitated several advancements in the treatment and interpretation of data obtained 

from these types of measurements.11 The primary impetus for this manuscript is to 

present in greater detail the experimental method that led to the conclusions made in 

Refs. 3 and 4. In particular, we present a thorough discussion of the dynamics associated 

with both the stepwise and symmetric concerted dissociation mechanisms observed upon 

CE of Tz+ with Cs. The assignment of a stepwise mechanism upon excitation to the 3s 

Rydberg state of Tz was the result of an extensive Monte Carlo (MC) study on how 

stepwise mechanisms can manifest themselves in the data analysis techniques used in 

coincidence studies. Excitation into the π*←n electronic manifold overlaps with the 

electronic excitation in previous photoexcitation experiments, and the strong evidence for 

a concerted breakup of Tz supports the conclusions made by recent theoretical studies on 

the dynamics proceeding from this region of the PES. 

5.2. Experiment 

The fast-beam translational spectrometer capable of coincidence detection of 

multiple neutral fragments has been previously described in detail and will be only 

briefly reviewed here.24 Tz+ was created using an electrical discharge in a 1 kHz pulsed 

supersonic expansion (25 psig backing pressure) of a mixture of room temperature Tz 

(97%, Alfa Æsar) vapor (∼0.15 psi) seeded in 250 psig He at room temperature.25 Cations 

were then skimmed, electrostatically accelerated to 12 or 16 keV, and re-referenced to 



 108

ground potential using a high-voltage switch. The cation of interest (m/z=81) was mass-

selected by TOF and electrostatically guided through a ∼1 mm3 interaction region in a 

collision cell containing ∼10-5 torr Cs vapor. Unreacted cations were deflected out of the 

beam path and monitored using a microchannel-plate-based detector. Neutral species 

formed in the collision cell were detected on a time- and position-sensitive neutral 

detector ∼110 cm from the collision cell. 

The neutral detector consisted of a set of three 4 cm diameter microchannel plates 

in a z-stack arrangement above four adjacent crossed- delay-line anodes.26,27 Each 

individual anode in this array was capable of detecting the position and time-of-arrival 

for two particles given a 10 ns dead time, thus allowing detection of up to eight particles 

in coincidence for favorable recoil geometries. Given the cation beam energy, parent 

cation mass, and the time and position data for the recoiling fragments in each 

coincidence event, a full three-dimensional kinematic description of the dissociation 

process was obtained, including the fragment mass ratios, total kinetic energy release 

(KER), product recoil angles, and partitioning of momentum to each fragment.24 The 

neutral detector was calibrated with the well-characterized 1.085 and 3.061 eV peaks in 

the KER spectrum for predissociation of the lowest Rydberg states of O2 produced by CE 

of O2
+ with Cs.12 

 A key requirement in the present experiment is the ability to produce Tz+ that is 

stable on the timescale of the present experiment (>1 ms). Atomospheric pressure 

ionization mass spectrometry experiments have indeed detected Tz+ after a drift time on 

the order of several milliseconds;28 however, to our knowledge no experiments aimed at 

characterizing the structural or electronic properties of gas-phase Tz+ have been reported 
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in the literature. An adiabatic IP of 10.01 eV has been reported for production of ground 

state Tz+, which is characterized by removal of an e′  electron from a primarily non-

bonding orbital localized on a nitrogen atom (the n-type cation, 2 E′ ).29,30 Photoelectron 

spectra for Tz also show a second ionization limit at 11.69 eV, which is attributed to 

removal of an e ′′  electron from the aromatic π system (the π-type cation, 2 E′′ ).29,30 

Electron spin resonance spectroscopy experiments on Tz+ in solution found that 

ionization of the neutral precursor using high-energy γ radiation produced only n-type 

cations.31 Given no empirical evidence that our discharge ion source induces electronic 

excitation, we conduct further analysis under the assumption that only the n-type cation is 

being formed. By inference from previous spectroscopic characterization of the 1E′ 3s 

Rydberg state of Tz, the vibronic ground state of the n-type cation is expected to be on 

the lower sheet of a Jahn-Teller distorted (E⊗e) surface with minima at C2v symmetry 

and below a conical intersection at D3h symmetry.32,33 The two-photon absorption 

experiments by Whetten et al. support the conclusion that the barrier to pseudorotation 

lies below the zero-point energy of the cation, yielding a fluxional ground state.32-34  

5.3. Results 

 Although essential aspects of the three-body data obtained from CE of Tz+ with 

Cs have been discussed previously,2,5 new developments in the treatment of three-body 

coincidence data that have not been previously available in the literature will be 

addressed here in more detail. Two types of plots are used to display data collected in the 

present experiment – KER distributions are used to show the total measured KER for all 

three HCN products, and Dalitz representations35 are used to illustrate momentum 
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partitioning to the three products. Due to the finite size of the circular neutral particle 

detector, events with particular combinations of fragment momentum partitioning and 

laboratory-frame orientations were not able to be detected in coincidence. This can have a 

significant effect on the intensities of empirically measured distributions, causing them to 

differ from the true probability distributions that would be obtained from a detector with 

a full acceptance for all recoiling particles. A correction to KER distributions obtained 

from coincidence data that takes into account the finite size of the detector has been 

presented for the two-body case,36 however, the analogous three-body correction is more 

complicated due to the complex kinematics associated with these types of processes. A 

similar correction for three-body Dalitz representations (described in the next section) 

employing MC simulations has been described previously,37,38 although an extension of 

this correction to include three-body KER distributions is not available in the literature 

and will be presented in detail for the first time. Based on the historically proposed 

dissociation mechanisms for Tz, it is important to understand how stepwise and concerted 

processes appear in coincidence data. Previous investigations have shown that stepwise 

mechanisms produce characteristic (albeit subtle) features in the Dalitz plot,39 and this 

was investigated using MC simulations which will also be discussed. 

 Two different applications of MC simulations of three-body dissociation 

processes in our experimental apparatus are presented in the following sections. In order 

to carry these out, a C++ code employing forward-convolution methods and a simple 

kinematic model of three-body reactions was used.40 The geometric properties of the 

interaction region and scattering of neutral products resulting from neutralization of a fast 

cation beam with a defined energy and angular distribution, along with intrinsic 
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properties of the neutral particle detector itself (e.g., size, dead-time, and dead areas) are 

accounted for in the simulation which outputs time and position data that can be read into 

the same analysis code used for experimental data. Thorough treatments of the 

kinematics associated with concerted and stepwise three-body dissociation mechanisms 

have been presented previously, and were adhered to in the present MC simulations.4,41,42 

5.3.1. Detector acceptance correction 

 Based on the raw time and position data obtained for recoiling fragments, 

empirical KER distributions, NE(KER), were obtained for the three-body dissociative CE 

of Tz at 12 and 16 keV Tz+ beam energies (shown as dotted traces in Fig. 5.2). Both 

display a broad distribution from 0 to ∼5 eV and are devoid of fine structure, but exhibit 

two primary features peaked near 2.6 eV (Feature I) and 0.5 eV (Feature II). Because of 

the increased complexity in the kinematics associated with a three-body process when 

compared to the two-body case, the so-called detector acceptance function (DAF) 

correction of the NE(KER) spectrum requires concomitant information about the 

dissociation dynamics. In order to illustrate the three-body dissociation dynamics in the 

present case, Dalitz representations were used.35 The Dalitz plot is a two-dimensional 

histogram with three axes (yet only two independent variables) that correspond to the 

fractional square (fi) of the momentum (pi) imparted to each of the i fragments, as shown 

in Eq. 5.2: 
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r                                                        (5.2) 
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Figure 5.2 Measured NE(KER) and corrected PE(KER) 
distributions (in eV) for the three-body dissociation of 12 and 16 
keV Tz+ beams upon CE with Cs. The two primary features in the 
spectra are labeled as Features I and II. A dotted line labeled 

res
maxKER at 4.26 eV marks the maximum allowed KER upon 

resonant excitation via CE. The labeled KER intervals are: A(0.51 – 
0.68 eV), B(1.18 – 1.35 eV), C(1.69 – 1.86 eV), D(2.03 – 2.19 eV), 
E(2.36 – 2.53 eV), F(2.70 – 2.87 eV), G(3.04 – 3.21 eV), H(3.38 – 
3.54 eV), I(3.71 – 3.88 eV), J(4.05 – 4.22 eV). 
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In short, single points on the Dalitz plot can be used to identify the magnitude and 

relative directions of the three momentum vectors obtained in a single three-body event 

(Fig. 5.3). 

 

 In order to perform the correction, the experimental )KER(NE  distributions are 

divided into n continuous equal-range KER intervals, each denoted by KER
jΔ .  

Each )(N KER
j

E
j Δ  “bin” has a corresponding empirical Dalitz distribution for the measured 

events in that particular KER interval, represented by E KER
j j 1 2 1 2( , f , f ,1 f f )Δ − −N . MC 

Figure 5.3 The Dalitz plot represented as a map of the momentum 
partitioned to three equal-mass fragments. Each axis of the Dalitz 
plot corresponds to the fractional square (fi) of the momentum (pi) 
imparted to one of the three fragments. For equal mass fragments, 
the equilateral triangle represents regions where energy is 
conserved and the inscribed circle represents the limits of the region 
where momentum is conserved. The dashed lines represent loci of 
C2v symmetry in the product momentum partitioning. The acute 
apexes located at 2 1 1

i 3 6 6f { , , }=  are indicated by black dots. 



 114

simulations of the detector’s geometric efficiency must be performed over each KER
jΔ  

interval, inputting a constant probability for events to occur with any KER contained 

within KER
jΔ . Fragment momentum partitioning in the simulation is sampled from an 

isotropic distribution within the circular region of the Dalitz plot where momentum is 

conserved. In the present experiment, no anisotropy was observed in the distribution of 

laboratory frame orientations of product recoil vectors so an isotropic distribution of 

laboratory frame orientations was sampled from in the MC simulation. The resulting 

empirical Dalitz distributions from the simulation, MC KER
j j 1 2 1 2( , f , f ,1 f f )Δ − −N , can then 

be used to correct the E
jN  distributions over KER

jΔ  using Eq. 5.3.   

                  
E KER

j j 1 2 1 2E KER
j j 1 2 1 2 MC KER

j j 1 2 1 2

( , f , f ,1 f f )
( , f , f ,1 f f )

( , f , f ,1 f f )
Δ − −

Δ − − = η⋅
Δ − −

N
P

N
                (5.3) 

Here, E
jP  is the DAF-corrected experimental Dalitz probability distribution over KER

jΔ . A 

normalization factor (η) was included in Eq. 5.3 to account for the MC
jN  Dalitz 

distribution being an extensive quantity dependent on the number of iterations used in the 

MC simulation, and takes the value of the highest recorded intensity over all MC
jN  Dalitz 

distributions used in the correction process. This normalization scheme assumes that the 

same number of iterations are used per MC
jN  simulation and a 100% collection efficiency 

is obtained for a single bin in at least one of the n MC
jN  Dalitz distributions (which is 

within reason for events with low KER). The intensity of the corrected probability 



 115

distribution at a given KER interval, )(P KER
j

E
j Δ , can then be approximated by integrating 

E
jP  as shown in Eq. 5.4.  

1 1
E KER E KER
j j j j 1 2 1 2 1 2

0 0

P ( ) ( , f , f ,1 f f )df dfΔ ≈ Δ − −∫ ∫P                               (5.4) 

The binned )KER(PE  distribution constructed using this method contains a single 

intensity for each KER interval and thus approaches the true continuous probability 

distribution in the limit where the number of intervals used approaches infinity. 

The aforementioned correction cannot account for regions of the Dalitz plot 

where signal is not obtained in the experiment. For the case of the three-body dissociation 

of Tz the onset of geometrically undetectable events at a given beam energy is for 

dissociation with an equal partitioning of momentum among the three HCN fragments 

(f1=f2=f3=0.33) and a high KER. Simple calculations and MC simulations showed that 

using an 11 keV cation beam results in a 100% loss of signal for a 5 eV KER in this case. 

Because of the kinematic simplicity of two-body experiments, data can be obtained at 

nearly any cation beam energy (typically between 6 and 16 keV) in order to exploit 

nonresonant CE effects – spectral features arising from different initial neutral states are 

qualitatively expected to show changing relative intensities as the beam energy is 

varied.2,5-7 However, the present three-body experiment was limited to beam energies 

between 12 and 16 keV because of the full loss of signal in relevant regions of the Dalitz 

plot at lower beam energies. As discussed later, the change in relative velocity between 

the cation and Cs electron donor at these two beam energies yielded changes to the 
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observed dissociation dynamics that were sufficient to aid the assignment of the initial 

excited states of Tz populated via the CE process. 

The corrected )KER(PE distributions obtained upon CE of 12 and 16 keV cation 

beams are shown as solid histograms in Fig. 5.2. )KER(PE  distributions were 

constructed from the measured )KER(NE distributions using n=32 intervals over the 

KER range 0.0 to 5.4 eV and 62 10×  events were used per MC simulation over each 

KER
jΔ  to ensure smooth MC

jN  Dalitz distributions. It is possible to increase the resolution 

of )KER(PE  by increasing the number of intervals (n) used in the correction, although as 

a consequence the experimental Dalitz distributions suffer from lower signal-to-noise. In 

the present case, no fine structure was apparent in the )KER(NE  distributions although 

small KER intervals were necessary to observe the KER-dependent changes in Dalitz 

distributions. It was iteratively concluded that using a value of n=32 was sufficient to 

illustrate the relevant aspects of the experimental data while preserving favorable signal-

to-noise in the final corrected experimental Dalitz distributions. An illustrative example 

of the Dalitz distributions used to convert empirical distributions to probability 

distributions over the KER interval labeled “F” in Fig. 5.2 ( KER
FΔ ; 2.70-2.87 eV) is 

presented in Fig. 5.4. 

Several of the corrected E
jP  Dalitz distributions obtained over different KER 

intervals (labeled A-J as indicated in Fig. 5.2) are shown in Fig. 5.5. As described 

previously, two distinct patterns appear in the Dalitz distributions over different KER 

ranges.2,5 A feature with intensity primarily at the acute apexes of the Dalitz plot (where  
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2 1 1
i 3 6 6f { , , }=  as indicated in Fig. 5.3) is present between 1.5 and 5 eV, and a feature in the 

central region corresponding to three symmetric momentum vectors occurs between 2 

and 4 eV. Owing to the characteristic momentum partitioning in these features, they will 

respectively be referred to as the acute (i.e., two slow and one fast fragment) and 

symmetric (i.e., equal momentum partitioning) Dalitz features. The relative intensity of  

Figure 5.4 Example of the correction applied to Dalitz distributions 
over KER

FΔ  (2.70 to 2.87 eV) for data obtained using both 12 and 16 
keV beams of Tz+. The two upper plots depict MC

FN  distributions 
that result from MC simulations of the neutral particle detector’s 
acceptance for an isotropic distribution in the momentum 
conserving circular region of the Dalitz plot. The two middle plots 
are the empirical experimentally measured E

FN  Dalitz distributions 
for three recoiling HCN products upon CE of Tz+. The two bottom 
plots are the resulting E

FP  distributions after the correction 
described in Sec. 5.3.1 is applied. 
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these features differs in the 12 and 16 keV data, qualitatively indicating that they arise 

from different initial excited states of neutral Tz. Qualitatively it is apparent that the acute 

mechanism is the dominant feature observed in the present experiment, although this 

could not be quantified due to the overlap of both features in Dalitz distributions. In order 

to clearly observe features of the symmetric mechanism, it was necessary to crop the 

Figure 5.5 DAF corrected E
jP  Dalitz distributions from three-body 

dissociation of Tz upon CE of 12 and 16 keV Tz+ beams with Cs. 
Each plot is constructed from events contained within the KER 
intervals ( KER

jΔ ) labeled in Fig. 5.2. 
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most intense region of the acute mechanism (at the acute two-fold symmetric apexes) in 

all experimental Dalitz distributions such that fi<0.64. 

5.3.2 Monte Carlo simulations of stepwise dissociation 

 To interpret the chemical dynamics that give rise to the acute Dalitz plot feature, 

an ad hoc Monte Carlo investigation into the effects of a stepwise dissociation 

mechanism on the Dalitz plot was employed. Because the Dalitz plot is constructed from 

final center-of-mass (c.m.) frame momentum vectors, it is straight-forward to interpret in 

the case of a concerted dissociation mechanism – the correlated momentum vectors 

identify an instantaneous impulsive force driving the fragments apart. However, 

interpretation of the plot is not as intuitive in the case of a stepwise mechanism, which 

provided the primary motivation for the MC investigation. Although the Dalitz plots 

presented in Fig. 5.5 are a convolution of both dissociation mechanisms, the plot obtained 

over KER
CΔ  (1.69 to 1.86 eV) at a 12 keV beam energy can be used to best illustrate the 

dynamics associated with the acute mechanism as it has little contribution from the 

symmetric mechanism. 

A schematic representation of stepwise three-body dissociation of a three particle 

system used in the MC simulation is illustrated in Fig. 5.6. This mechanism is a two-step 

process with a separate two-body dissociation in each step. This simple model does not 

account for angular momentum conservation in the first step; partitioning of energy to 

rotational and vibrational degrees of freedom is accounted for in an ad hoc manner by 

choosing the kinetic energy (thus assuming the remaining available energy is partitioned 

to internal degrees of freedom). The total measured KER for the process (KERtot) is 

defined as the sum of the KER occurring in each step, and a single factor (ε) can be used  
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to describe this partitioning. A single factor α can also be used to describe the molecule’s 

geometry for a stepwise dissociation; it is defined as the initial angle between the two 

bonds that serve as the axes for dissociation in each step. In the first dissociation step the 

‘bound’ m1m2m3 molecule dissociates to 1 2 3 totm +m m +ε KER⋅  and linear-momentum-

conserving velocity vectors 1vr  and 23vr  are associated with fragment m1 and fragments 

m2 and m3 respectively (Fig. 5.6(a)). In the second step the m2m3 intermediate is rotated 

counter-clockwise through θ before dissociation to 2 3 totm +m +(1-ε) KER⋅ , and linear- 

Figure 5.6 Schematic representation of a sequential three-body 
dissociation. Angle α is defined as the initial angle between the two 
bonds that serve as the axes for dissociation in each step. The 
molecule first dissociates to m1+m2m3 (a) followed by secondary 
dissociation of the m2m3 intermediate (b). Final laboratory frame 
recoil velocities are the sum of the velocities imparted on the 
fragments in the two dissociation processes (c, d). 
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momentum-conserving velocity vectors 2vr  and 3vr  are obtained for fragments m2 and m3 

(Fig. 5.6(b)). The final c.m.-frame recoil velocity vectors ( lab
1vr , lab

2vr , lab
3vr ) are then 

calculated by summation of the appropriate single-step velocity vectors for each fragment 

(Fig. 5.6(c,d)).  

 Simulations were performed using 106 iterations with an equal probability for 

KERtot occurring between 1.69 and 1.86 eV (as mentioned previously, this was done to 

mirror the experimental KER
CΔ  interval even though the Dalitz plot does not have an 

inherent dependence on KER). To further mirror the experiment, Dalitz distributions 

obtained from MC simulations were subject to the aforementioned three-body DAF 

correction. Values for α, ε, and θ were sampled from Gaussian distributions with a mean 

(μk) and standard deviation (σk) associated with each distribution. The mass of each point 

mass in the simulation was fixed to be 27 a.u., and the α distribution was kept static with 

values of μα=90° and σα=5°. To simulate a true stepwise mechanism with no angular 

correlation between the two dissociation steps, sampling of θ was randomized which 

consequently makes the choice of the input α distribution arbitrary. Laboratory frame 

orientations of the c.m.-frame recoil vectors were again randomly sampled from an 

isotropic distribution. 

Several of the distinct patterns produced by varying με with σε=0.01 are displayed 

in Fig. 5.7. All display a characteristic series of three lines that are parallel to the axes of 

the Dalitz plot, which result from the momentum vector associated with the first particle 

( lab
1 1 1p =m v⋅r r ) being decoupled from the vectors associated with the two products formed  



 122

Figure 5.7 Characteristic Dalitz plot patterns resulting from MC 
simulations of the stepwise three-body dissociation of Tz for 
various values of με. The simulation was carried out for a 12 keV 
cation beam with a constant probability for the KER to occur 
anywhere over KER

CΔ . Dalitz plots were DAF corrected using the 
method outlined in the text. Other parameters used in the simulation 
were held at fixed values of σε=0.01, μα=90°, and σα=5°. 
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in the second step of the stepwise mechanism ( lab
2 2 2p =m v⋅r r  and lab

3 3 3p =m v⋅r r ). In the case 

where three indistinguishable masses are used (i.e., m1=m2=m3), the corresponding fi 

values also become indistinguishable leading to a three-fold symmetry in the plot. Simple 

vector addition from the kinematic model of stepwise dissociation presented in Fig. 5.6 

yields the result that dissociation of the first particle (m1) will always lead to a static 

value of 1
2εf
3

=  whereas the remaining two fi values have a dependence on an angle (α-

θ). Because θ is randomized in the present simulations, the origin of the linear feature can 

be quantitatively explained by the static value of f1 (which is dependent on ε) while f2 and 

f3 are essentially random (although they are restrained by linear momentum 

conservation). Variation of σε had no effect on the characteristic orientation of the linear 

features in the plot, although it made them more diffuse.  

The Dalitz plot pattern produced from a stepwise mechanism with με=0.25 and 

σε=0.15 was found to be remarkably similar to the acute feature observed in the 12 keV 

plot over KER
CΔ , which are shown in a side by side comparison in Fig. 5.8. The similarity 

between the MC simulation and experimentally determined E
CP  distribution offers 

compelling evidence that the acute feature is the result of a sequential mechanism. 

5.4. Discussion 

The energy level diagram in Fig. 5.1 shows the energy range over which each of 

the experimentally observed Dalitz plot features (i.e., the acute and symmetric features) 

are present relative to the ground state 3HCN dissociation limit. The labeled point at 4.26 

eV above the 3HCN limit indicates the maximum KER if Tz was excited at resonance  
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(also shown as a dotted line in Fig. 5.2). This resonant energy is simply the difference in 

the ionization potentials of Tz (10.01 eV) and Cs (3.89 eV).29 However, as has been 

shown in previous works the CE mechanism allows states lying energetically away from 

resonance to be populated, and this transition probability has a non-linear dependence on 

the interaction time (and thus the beam velocity) between the cation and Cs.2,5-7 The 

dissociation limit when one HCN fragment is produced in its lowest-lying excited 

electronic state is endoergic with respect to resonant excitation of Tz by ∼2.2 eV and is 

not expected to be accessed in the present experiment.43 

 Evaluation of CE coupling strengths using equation-of-motion coupled-cluster 

(EOM-CC) wavefunctions for a (Cs-Tz)+ system in a generalized Mulliken-Hush 

Figure 5.8 E
jP  Dalitz distributions from the three-body 

dissociation of Tz.  (a) Experimental 12 keV E
CP  distribution 

( KER
CΔ = 1.69 - 1.86 eV).  (b) E

CP  distribution arising from a MC 
simulation of a sequential dissociation process with μα=90°, σα=0°, 
με=0.25, and σε=0.15. 
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approach has suggested that electronic states characterized by Rs←n and π*←n 

transitions are the most likely initial states of Tz accessed in the present experiment.2,5,44 

Qualitatively, this is due to these states being the result of single electron transitions 

leaving a vacant lone-pair orbital, whereas excitation to π*←π states would require 

significant rearrangement of the n-type cation core. Based on the maximum observed 

KER attributed to each Dalitz feature and high-level equation-of-motion ab initio 

calculations for electronically excited states (EOM-EE), our previous investigation was 

able to assign these initial excited electronic states of Tz to each distinct dissociation 

mechanism.2,5 Symmetry correlation dictates that dissociation to three ground state HCN 

fragments must ultimately occur on the ground 1
1 A′  electronic state of Tz45 and it was 

shown that, in accordance with the reflection principle,46 the dissociation dynamics 

reflect the topology of the initial excited state suggesting that dissociation proceeds 

rapidly on the ground state surface. Although the full mechanism through which an 

excited state of Tz produces 3HCN is likely to involve nonadiabatic interactions between 

multiple electronic states, the measured energetics and correlated product momenta 

provide insight towards the relationship between the initial stimulation of Tz and 

resulting dynamics in the products. The energetic and dynamical aspects of the two 

mechanisms will be discussed in the following sections. 

5.4.1. Acute mechanism 

 The acute dissociation mechanism has been assigned to initial excitation of Tz 

into the 3s Rydberg (Rs←n) manifold. Previous EOM-EE calculations have predicted that 

the diabatic states comprising this manifold ( 3
1A ,1

1A , 3
2B ,1

2B ) lie between 5.11 ( 3
1A ) 
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and 5.85 eV (1
2B ) above the 3HCN dissociation limit in the cation Franck-Condon (FC) 

region.2,5 Because both singlet and triplet states are accessible in the present experiment, 

the energetics for both manifolds were considered and are included in the labeled region 

for this manifold in Fig 5.1. The calculated energetics for the singlet manifold are in 

reasonable agreement with vacuum ultra-violet studies reporting the origin of the vertical 

3s 1 1
1E X A′ ′← %  transition at 6.92 eV (5.06 eV above the 3HCN limit), which marks an 

upper bound for the location of the vibronic ground state in the C2v manifold.47 As 

illustrated in Fig. 5.1, the maximum observed KER where the acute feature occurs (∼5 

eV) is near the predicted energy for the lowest states contributing to this manifold in the 

cation FC region, and can be used to estimate the available energy for this product 

channel (Eavl ≈ 5 eV). 

The Rs←n manifold is comprised of two degenerate electronic states at D3h 

symmetry, and the PES is characterized by the common E⊗e Jahn-Teller deformation 

( 1 2E A B′ → + ) with minima at C2v symmetry and a conical intersection at D3h symmetry 

(the so-called ‘Mexican hat’). In the lower vibronic regions of this surface, the 

equilibrated wavefunction will peak away from D3h symmetry and the reflection principle 

prediction of an asymmetric partitioning of momentum from this initial state is observed 

in the experimental Dalitz distributions. Although both singlet and triplet manifolds are 

accessible via the CE mechanism, they lie close together and cannot be distinguished 

energetically in the present experiment. The topologies of singlet and triplet manifolds 

considered in this study were found to be similar, so in the case of the Rs←n manifold we 

describe the topology in terms of two states although there are potentially four accessible 



 127

electronic states in this region of the PES. While the required coupling to the singlet 

ground state of Tz is conceivably more complicated starting from a triplet excited state, it 

cannot be ruled out. The degeneracies for triplet states actually make them statistically 

favored, although coupling rates to the ground state would be significantly smaller. 

An aforementioned study by Goates et al. monitored the infrared emission from 

the ν2 (bend) and ν3 (C-H stretch) modes of HCN produced via 193 nm photolysis of 

neutral Tz (most likely inducing a π*←π transition), and concluded that the internal 

energy carried away by HCN products was primarily manifested as excitation of the 

bending mode of HCN.21 In the absence of further information regarding the internal 

energy distribution in HCN products resulting from photoexcitation of Tz, we 

qualitatively assume that the majority of internal energy in the products produced in the 

present experiment (despite the differing mechanisms) will also be in the form of HCN 

bend excitation due to the strained conformation of HCN in the Tz ring structure. 

Because of the dominant nature of the acute mechanism, we estimate that the <KER> for 

events produced in this manner occurs near the 2.6 eV peak of Feature I in the three-body 

PE(KER) spectrum (Fig. 5.2). The average internal energy carried away by the three HCN 

products can be estimated to be ∼2.4 eV, or 48% of Eavl for this product channel. 

Although this value is similar to those reported in other translational spectroscopy 

experiments,15,16 it is not certain if any correlation is valid as all previous studies were 

most likely photoexciting Tz into the π*←n and π*←π electronic manifolds. 

If the observed KER is indeed the result of a stepwise process (i.e., no angular 

correlation) similar to the predictions in the MC simulation, the iteratively determined 

KER partitioning parameter (ε≈0.25) suggests a primary KER of ∼0.7 eV and a 
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secondary KER of ∼1.9 eV for events occurring with a total KER at the 2.6 eV peak in 

the PE(KER) distributions. These results are markedly different than those of Gejo et al. 

who concluded they were observing a two-step process with angular correlation and a 

near-equal primary and secondary KER (i.e., ε≈0.50). 

This KER partitioning has the surprising implication that an (HCN)2 intermediate 

exists with greater than 1.9 eV of internal energy on a timescale larger than a rotational 

period. In their ab initio calculations on Tz decomposition, Pai et al. indicated a potential 

saddle point along the reaction coordinate corresponding to a cyclic diazete (HCN)2 

transition state;19 however, spectra of stable (HCN)2 in low temperature Ar matrices have 

been assigned to a hydrogen-bonded structure similar to the dimer formed from ‘pure’ 

HCN.48,49 Previous translational spectroscopy experiments were not able to detect a long-

lived HCN dimer, although on the timescale of the present experiment (<7 μs) a minor 

yet significant (∼25%) two-body channel was observed and will be discussed in the 

context of this work in a forthcoming paper. 

5.4.2 Symmetric mechanism 

The symmetric mechanism was observed in Dalitz plots occurring with a KER 

between 2 and 4 eV and was previously concluded to be consistent with initial excitation 

into the upper states of the Tz π*←n electronic manifold.2,5 Because this mechanism was 

minor in comparison to the acute dissociation mechanism, its contribution to the PE(KER) 

spectrum is difficult to separate and thus while the dynamics of this feature are readily 

observed, we are left with making primarily qualitative arguments regarding its 

energetics. The π*←n manifold is comprised of four closely-spaced states, two 
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degenerate ( E′′ ) and two non-degenerate ( 1A′′ , 2A′′ ) under D3h symmetry.50 Similar to the 

case of the Rs←n manifold, although the topology of the π*←n manifold is defined by 

the interaction of four states, when both singlets and triplets are considered there are 

actually eight accessible states in this region of the PES. The highest-lying state in both 

the cation and neutral Tz FC regions, 1E′′ , has been predicted to consist of 1
2A  and 1

1B  

diabats coupled through a glancing intersection at D3h symmetry.2,5 The two lower states 

in this manifold, 1A′′  and 2A′′ , both exhibit PESs with minima away from D3h symmetry 

and respectively correlate with A2 and B1 diabats in C2v symmetry. Ab initio calculations 

predict that the states comprising this manifold lie extremely close together; in the C2v FC 

region of the cation, the 1
2A  state (from 1E′′ ) lies 3.67 eV above the 3HCN dissociation 

limit, with both the 1
1B  (from 1E′′ ) and 3

2A  (from 3
1A′′ ) diabats lying <0.25 eV lower in 

energy based on previous EOM-EE calculations.2,5 Due to the ∼4 eV of available energy 

observed for this channel, it was concluded that the most likely initial state is population 

of one of these upper surfaces with minima at D3h symmetry (see Fig. 5.1). 

The symmetric Dalitz feature is primarily comprised of events with near-

symmetric partitioning of momentum among the products, but it also exhibits lobes 

pointing towards the two-fold symmetric obtuse regions of the Dalitz plot (i.e., two fast 

and one slow fragment). Because the CE process is believed to be fast enough to result in 

a largely vertical transition to the neutral surface, it is within reason to expect excitation 

of asymmetric vibrational modes in a D3h neutral PES as the transition is occurring from 

the fluxional C2v Jahn-Teller distorted geometry of the cation. If the ensuing electronic 

transition to the ground state is sufficiently fast (i.e., no relaxation occurs in the excited 
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state), it could potentially lead to asymmetries in the momentum partitioning as suggested 

by Dyakov et al. Another possible explanation for asymmetries in the symmetric Dalitz 

feature is that the wavepacket passes through a lower-lying intermediate electronic state 

of lower symmetry before coupling to the ground state. Previous studies have indeed 

shown that the π*←n states exhibit strong vibronic coupling, primarily along an in-plane 

symmetric ring-breathing mode.51,52  

Although the π*←n electronic manifold of Tz is believed to be accessed in both 

the present experiment and previous photoexcitation studies examining the photo-induced 

dissociation of Tz, due to the inherent differences between excitation of Tz via CE and 

excitation via photolysis it is unclear how observations made in the present experiment 

correlate with those made in previously. In the most recent of these previous studies, 

Gejo et al. proposed a stepwise mechanism upon photoexcitation into the π*←n and 

π*←π electronic manifolds. This mechanism has been reinterpreted as an asymmetric 

concerted process in more recent theoretical investigations, and the asymmetries in the 

symmetric Dalitz feature in the present work favors the latter mechanism upon excitation 

into the π*←n electronic manifold. Gejo et al. also found that the measured KER 

distribution did not vary significantly with the initial excited state (in stark contradiction 

to earlier work by Ondrey and Bersohn) thus favoring the exit channel defining the 

dissociation dynamics, whereas the present study clearly shows the initial formation of 

wavepacket on the ground state surface plays an important role in the underlying 

dynamics of Tz dissociation. 
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5.5. Conclusions 

The present work provides a detailed description of the three-body data analysis 

and dynamics observed in the three-body dissociation of Tz upon CE of Tz+ with Cs. 

This process induces both stepwise and nearly-symmetric concerted dissociation 

mechanisms resulting from initial excitation into the Rs←n and π*←n electronic 

manifolds respectively. Studies employing ab inito, RRKM, and classical trajectory 

techniques have suggested that both mechanisms are possible and this marks the first 

direct observation of not just one but both pathways, which show a dependence on the 

initial state into which neutral Tz is excited.17-20 The lack of a statistical redistribution of 

energy upon coupling to the ground state suggests that dissociation proceeds rapidly, 

making quantum dynamics simulations a suitable and potentially interesting theoretical 

choice to investigate nonadiabatic interactions on the Tz PES along with wavepacket 

propagation on the ground state surface. 
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Chapter 6. 

Two-body dissociative charge exchange dynamics of sym-triazine 

 

6.1. Introduction 

 Owing to its stability, the hydrogen cyanide (HCN) molecule is ubiquitous in 

nature – HCN and its oligomers are believed to play a role in a variety of environments 

ranging from synthesis of organic species in prebiotic atmospheres to the chemistry of 

dark interstellar clouds.1,2 In particular, dimerization of HCN has been the focus of a 

considerable amount of previous work. Production of (HCN)2 using a variety of methods 

(e.g., matrix isolation3-5, molecular beams6,7, and in helium droplets8) have yielded 

weakly bound hydrogen-bonded structures which have been confirmed by accompanying 

ab initio investigations.9,10 Although never experimentally detected, a cyclic diazete form 

of the HCN dimer (1,3-diazete) has been the focus of several ab initio studies, largely due 

to it being an aza-substituted derivative of cyclobutadiene.11-16 Experimental studies by 

Evans et al.17 and Jobst et al.18 identified several covalent isomers of the HCN dimer 

(denoted as C2N2H2) as stable in the gas-phase, and used ab initio techniques to 

determine their relative stabilities. The experimentally identified C2N2H2 species C-

cyanomethanimine (both Z and E conformers), N-cyanomethanimine, 

aminocyanocarbene, and ethenediimine, along with 1,3-diazete are shown in Fig. 6.1 with 

their calculated stabilization energies relative to 2HCN (Erel) as reported in Refs. 15, 17, 

and 18. As shown by the stabilization energies, some of these isomers are nearly 

isoenergetic with 2HCN while others represent local minima on the C2N2H2 reaction 

coordinate at higher energies. 
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        a Ref. 18, b Ref. 17, c Ref. 15 

 

Figure 6.1 Various isomers of C2N2H2 that have been identified in 
the gas phase, along with 1,3-diazete which has been considered as 
a potential intermediate in the dissociation of Tz. Their energies 
relative to 2HCN (Erel) were calculated using various ab initio 
methods as reported in Refs. 15, 17, and 18. 
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In several recent investigations the chemistry of electronically excited sym-

triazine (Tz), a heterocyclic trimer of HCN, has been probed by observation of 

dissociation products using translational spectroscopy coupled with coincidence detection 

techniques.19-21 These previous works focus on the three-body decomposition of Tz 

(→3HCN) upon electronic excitation via charge exchange (CE) of the sym-triazine cation 

(Tz+) with a cesium electron donor. Using this method, it was observed that excitation 

into different electronic manifolds results in unique dissociation mechanisms; excitation 

of Tz into the π*←n manifold of states results in a concerted three-body mechanism, 

while excitation into the 3s Rydberg manifold of states (Rs←n) yields a stepwise 

mechanism implying a short-lived (HCN)2 intermediate. Interestingly, excitation of Tz 

using CE also yielded a two-body HCN+(HCN)2 product channel that was observable in 

the timescale of the experiment implying an (HCN)2 lifetime of >6.5 μs. Previous 

translational spectroscopy experiments invoking π*←n and π*←π transitions via 

photolysis of neutral Tz did not observe this product channel, implying that this 

mechanism did not occur from those locales on the Tz potential energy surface (PES), the 

lifetime of the (HCN)2 intermediate was short on the timescale of their experiments 

(hundreds of microseconds), or (HCN)2 did not survive the reionization process required 

for their TOF measurements of the reaction products.22,23 This two-body channel is the 

primary focus of this manuscript, and will be discussed in light of previous insight into 

the stability of C2N2H2 along with past conclusions regarding the resulting dynamics 

from excitation of Tz via the CE process. 
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6.2. Experiment 

 Essential aspects of the coincidence experiment involving CE of fast 12 and 16 

keV beams of Tz+ with Cs have been presented elsewhere.19-21 Two-body coincidence 

data for dissociation of Tz to masses 54 and 27 a.u. was collected concurrently with data 

for the three-body product channel (Tz→3HCN), allowing the determination of a 

branching ratio between the two- and three-body channels. Empirical product kinetic 

energy release (KER) distributions, NE(KER), were constructed using the raw time and 

position data collected at each beam energy. On account of the finite size of the neutral 

particle detector, a correction employing Monte Carlo (MC) simulations of the detector’s 

geometric collection efficiency24 was applied to empirical NE(KER) distributions to 

obtain PE(KER) probability distributions. 

6.3. Results 

 The measured NE(KER) (dotted trace) and resulting PE(KER) (solid trace) 

distributions obtained for dissociation of Tz to HCN+(HCN)2 upon CE of 12 and 16 keV 

beams of Tz+ with Cs are shown in Fig. 6.2. At both beam energies the PE(KER) 

spectrum is characterized by a broad distribution peaked near 0.50 eV with a tail 

extending towards the high-energy side of the spectrum. Because nonresonant excitation 

of Tz is possible via the CE mechanism, the available energy (Eavl) must be determined in 

an ad hoc manner based on experimental observations.19,20,25 Assuming that some 

products are produced with no internal excitation, the available energy above the 

HCN+(HCN)2 dissociation limit can be estimated from the maximum observed KER 

(KERmax) in the PE(KER) spectrum. Due to the gradual diminishment of the tail in the 

HCN+(HCN)2 PE(KER) spectra, KERmax is estimated to lie between 2.5 and 3 eV. The  
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Figure 6.2 Measured NE(KER) and calculated PE(KER) 
distributions (in eV) for the 2)HCN(HCN +  two-body dissociation 
of 12 and 16 keV Tz+ beams upon CE with Cs. The maximum 
observed KER for this product channel occurs between 2.5 and 3.0 
eV, as indicated by the region labeled KERmax. 
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value of <KER> for the 16 keV PE(KER) distribution was calculated to be 0.56 eV, and 

occurs near the 0.50 eV peak in the spectrum. Under the aforementioned assumption 

regarding the relationship between KERmax and Eavl, the average internal energy imparted 

to the fragments (<Eint>) is estimated to be between 1.94 and 2.44 eV, or, ∼80% of Eavl. 

The transition probability for nonresonant excitation into vibronic states of neutral 

molecules via CE is well-known to vary non-linearly with the relative velocity between 

the cation and electron donor (e.g., with beam energy).19,20,25,26 The invariance of the 

PE(KER) spectrum with the beam energy implies that a single electronic excitation of Tz 

gives rise to dissociation to HCN+(HCN)2; a thorough discussion of the origin of this 

mechanism on the Tz PES will be provided in Section 6.4. 

 Branching fractions (χj) were also obtained for the competing two- and three-

body product channels observed in the present experiment using Eq. 6.1: 

j

j

-n E
j

j -n E
j

j

Z P (KER) dKER
χ =

Z P (KER) dKER

⋅ ⋅

⋅ ⋅
∫

∑ ∫
                                         (6.1) 

Here, the index j denotes a given product channel and E
jP (KER) dKER⋅∫  is the number 

of counts in the associated probability distribution for that channel. The term j-nZ  in Eq. 

6.1 accounts for the detection efficiency for a single particle by the MCP detector. Here 

Z, the absolute detection efficiency of the incident MCP on the neutral particle detector, 

is estimated as Z=0.5 and nj is equal to the number of fragments produced in product 

channel j.27 In the present experiment, the two-body channel was found to occur with 

branching fractions of 0.28±0.03 and 0.26±0.03 at 12 and 16 keV beam energies, 

respectively. This branching fraction does not vary significantly in regard to the center-
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of-mass flight time to the neutral particle detector after neutralization at the different 

beam velocities (6.5 μs and 5.6 μs for 12 and 16 keV cation beams, respectively), and 

implies a lifetime of at least 6.5 μs for the observed (HCN)2 species.  

6.4. Discussion 

 Assignment of the initial Tz state leading to HCN+(HCN)2 production is straight-

forward in light of previous investigations into the dissociation dynamics of Tz induced 

by CE of Tz+ with Cs. In these previous investigations, the generalized Mulliken-Hush 

(GMH) approach28 was used to calculate the coupling of initial and final states in the CE 

of Tz+ with Cs (i.e., [Tz+…Cs] with [Tz*…Cs+] where Tz* represents various 

electronically excited states of Tz).19,20 Using the GMH method and the two-state 

Demkov model for nonadiabatic transitions,26 it was concluded that the CE process had a 

propensity for populating Tz in vibronic states within the π*←n and Rs←n (3s Rydberg) 

electronic manifolds. The energies of these vibronic states as determined by KERmax 

values in the three-body product channel (4 eV and 5 eV above the 3HCN dissociation 

limit for the π*←n and Rs←n excitations, respectively) are indicated in Fig. 6.3. The 

GMH coupling for capture of an electron into the Rs←n manifold was found to be 

significantly greater than that for capture into the π*←n manifold. This, coupled with the 

considerable branching fraction associated with the two-body product channel (>0.25), 

leaves little doubt that the HCN+(HCN)2 product channel is the result of an initial Rs←n 

excitation of Tz. 

The doubly degenerate Rs←n electronic manifold ( E′ ) has been found to undergo 

Jahn-Teller distortion (E⊗e) resulting in a “Mexican hat”-type potential surface with 
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minima at C2v symmetry and a conical intersection at D3h symmetry. Previous 

investigations into the three-body dissociation dynamics of Tz upon CE of Tz+ with Cs 

have suggested that a vibronic state populated in a lower energy region of this manifold 

of states gives rise to a stepwise dissociation mechanism (Eq. 6.2). 

*
2Tz HCN+(HCN) 3HCN→ →                                      (6.2) 

If different vibronic states within this electronic manifold were responsible for the two- 

and three-body mechanisms, it would be reasonable to expect different couplings for the 

CE process, and thus a changing two- to three-body branching fraction as the cation beam 

velocity is varied. Because the branching fraction between the two- and three-body 

channels does not appear to vary significantly with beam energy, we operate under the 

assumption that the two-body mechanism competes with the stepwise three-body 

mechanism upon excitation into a single Rs←n state of Tz. 

 Based on these conclusions, there are two simple reaction paths that can be used 

to represent competing 3HCN and HCN+(HCN)2 mechanisms from a common origin on 

the Tz PES. In the first case, the two-body mechanism proceeds through a completely 

separate reaction coordinate than the stepwise three-body mechanism upon excitation of 

Tz. In the second case, a common reaction coordinate is initially shared through ejection 

of a single HCN fragment, but subsequently diverges resulting in either metastable 

(HCN)2 or 2HCN. In a previous investigation into the dynamics of the stepwise 

dissociation mechanism accessed in this experiment, ad hoc MC simulations employing a 

simple two-step model of stepwise dissociation were able to reasonably reproduce the 

experimentally observed dynamics.21 The “best fit” of this model to experimental data 

occurred when the total KER (KERtot) was partitioned such that 25% of KERtot was 



 

 

144

associated with dissociation of Tz to HCN+(HCN)2. In the three-body PE(KER) 

spectrum, <KERtot> for the stepwise mechanism was determined to be ∼2.6 eV. If this 

value is the result of a two-step process that behaves according to the MC model 

predictions, using <KERtot> for KERtot yields the prediction of a 0.65 eV KER (25% of 

KERtot) in the first step of the stepwise mechanism. This value is reasonable agreement 

with the <KER> measured for the two-body channel (0.56 eV), and suggests a common 

reaction coordinate for the stepwise three-body mechanism and the two-body channel 

through the ejection of the first HCN fragment (thus favoring the second proposed 

reaction path). 

 A major point of interest raised by this experiment regards the nature of the 

detected (HCN)2 species from the observed energetics and dynamics following 

dissociation of Tz after excitation in the Rs←n manifold. The observed range of 

<Eint>=1.94-2.44 eV includes the total internal energy for all dissociation products, and 

thus marks an upper bound for the average internal energy carried away by (HCN)2. 

Goates et al. measured infrared emission from the ν2 (bend) and ν3 (C-H stretch) modes 

of HCN produced by 193 nm photolysis of Tz (most likely originating from a π*←π 

transition) and found that the number of quanta deposited in bend excitation exceeded 

that for C-H stretch excitation by a factor of 70.29 Although dissociation from a Rs←n 

vibronic state proceeds along a different reaction coordinate, we qualitatively assume that 

HCN produced from any excitation of Tz will carry away a significant degree of bend 

excitation due to its highly strained orientation in the Tz ring structure. While the HCN 

fragment quite possibly receives a large portion of the total internal energy measured in 
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this experiment, we cannot exclude the possibility that (HCN)2 is formed with enough 

internal energy to overcome barriers to isomerization. 

 In past CE experiments we have used the measured KERmax from PE(KER) 

distributions to identify the energetic location of  the initial unknown excited state on the 

neutral PES relative to a known dissociation limit. In the case of dissociation of Tz to 

HCN+(HCN)2, the exact opposite is known and unknown – dissociation is assumed to 

proceed from a known excited state leading to products with an unknown dissociation 

limit. In the three-body Tz experiment it was determined that the Rs←n state accessed 

lies ∼5 eV above the 3HCN dissociation limit (6.86 eV above the Tz ground state). 

Projecting downward energetically from this state by the KERmax range observed in the 

present experiment, we can estimate an energetic region where the HCN+(HCN)2 

dissociation limit is expected to lie in the absence of radiative decay. This energetic 

region, indicated by a hatched box in Fig. 6.3, is 2.0-2.5 eV above the 3HCN dissociation 

limit. 

Dyakov et al. have investigated three-body reaction mechanisms of Tz using ab 

initio and RRKM techniques.30 These studies suggest that at higher excitation energies 

cleavage of a C-N bond in the Tz ring structure may occur, leaving an open-ring biradical 

intermediate. Further decomposition through cleavage of a second C-N bond will produce 

HCN and a metastable open-ring biradical (HCN)2 species. Although a very small barrier 

to dissociation was predicted for this (HCN)2 intermediate (0.1 kcal/mol), the study by 

Dyakov et al. focused on the three-body dynamics of Tz and did not investigate the 

possibility of further stabilization of this intermediate. Due to the large amount of product  
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Figure 6.3 Schematic energy level diagram for the two-body 
dissociation of Tz to HCN+(HCN)2. The black dots labeled Rs←n 
and π*←n are the excitation energies for these electronic manifolds 
of Tz upon CE of Tz+ with Cs as determined from analysis of the 
three-body dissociation dynamics of Tz in Refs. 19-21 (at 5 and 4 
eV relative to 3HCN, respectively). The dissociation limits for 
production of HCN or HNC and various C2N2H2 isomers shown on 
the right side of the diagram correspond to the structures and values 
of Erel provided in Fig. 6.1. 
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internal energy in the present experiment, isomerization of this (HCN)2 intermediate 

should be entertained. Based on the previously reported stabilization energies, 

dissociation limits can be determined for HCN plus several of the experimentally 

identified covalent C2N2H2 species from Fig. 6.1 (including 1,3-diazete), and are included 

in Fig. 6.3. Although Goates et al. did not detect conclusive evidence for hydrogen 

isocyanide (HNC) production upon 193 nm photolysis of Tz (π*←n or π*←π), a similar 

measurement has not been obtained for the dissociation products resulting from the 

higher-lying Rs←n excitation so we must consider its possible role in the present 

experiment.29 The singlet ground state of HNC is endoergic with respect to HCN by 

∼0.63 eV, and thus the set of dissociation limits leading to HNC+C2N2H2 in Fig. 6.3 are 

the same as those for HCN+C2N2H2 but offset to higher energy by this amount.31 Clearly 

only two dissociation limits lie within the region predicted by the present experiment – 

the limit corresponding to HCN accompanied by 1,3-diazete (structure F in Fig. 6.1) and 

the limit for production of HNC and ethenediimine (structure E in Fig. 6.1). 

It is not immediately clear which of these two potential sets of dissociation 

products is more likely. The argument for production of HNC and ethenediimine benefits 

from experimental observation that both species can be produced in at least a metastable 

state. However, dissociation of Tz via this channel would require significant 

rearrangement of the (HCN)2 biradical resulting from ring-opening of Tz. Ethenediimine 

is a dimer of HNC covalently bound through terminal carbon atoms and thus 

isomerization would not only require migration of the three H-atoms from carbon to the 

nitrogen atoms, but would also require significant rearrangement of the heavy carbon and 

nitrogen atoms from their C-N arrangement in the Tz structure. Ab initio calculations by 
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Jobst et al. suggest a barrier of 20 kcal/mol (∼0.87 eV) for dissociation of ethenediimine  

to 2HNC, making it feasible that this species is identified as at least a metastable species 

in the present experiment.18 

Arguments for the production of 1,3-diazete and HCN have a mechanistic 

simplicity but suffer from both a lack of experimental evidence for the 1,3-diazete species 

along with any thorough theoretical investigation into its ground state PES and 

dissociation energy. In the simplest picture, 1,3-diazete can be formed by a ring-closing 

isomerization of the biradical (HCN)2 connecting the N and C termini where the two 

unpaired electrons are initially localized. This picture also offers a connection to the 

observed branching fraction for the two- and three-body product channels. As mentioned 

previously, the observed two-body KER appears to have a correlation with the stepwise 

three-body mechanism which suggests that they proceed along a similar reaction path 

through the ejection of the first HCN fragment. If competition between these two 

channels occurs from the open-ring biradical (HCN)2, it is within reason to assume that 

closure of the ring to form 1,3-diazete would be more likely to proceed from a singlet 

biradical (terminal electrons with opposite spin) rather than a triplet biradical (terminal 

electrons with the same spin). The resistance of the triplet (HCN)2 biradical to ring 

closure may make it a more reasonable candidate for further decomposition (e.g., 

ultimately proceeding through the three-body channel). The measured branching fraction 

indeed shows that the three-body channel (which has been qualitatively shown to be 

dominantly comprised of signal resulting from Rs←n excitation19-21) is preferred in a 3:1 

ratio to the two-body channel, supporting this type of statistical interplay of singlet and 

triplet states. Of course this raises several issues regarding spin allowed dissociation 
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paths (HCN must be produced in its ground singlet state), but a process like this involves 

complex nonadiabatic dynamics (e.g. biradicals are expected to be formed in excited 

states that can undergo intersystem crossing, the couplings for which are unknown in the 

present case) and this provides merely one simple explanation for the branching fraction 

observed in this experiment. 

6.5. Conclusion 

 In addition to a three-body dissociation channel, excitation of Tz via CE with Cs 

results in a two-body channel producing fragments with mass 27 and 54 a.u. that are 

stable for at least 6.5 μs in the present translational spectroscopy and coincidence 

measurement experiment. In light of previous investigations into the excitation of Tz 

using CE, this two-body mechanism likely results from the same Rs←n excitation that 

gives rise to a stepwise three-body mechanism. Correlation between the observed 

PE(KER) spectrum for the two-body channel and the dynamics of the stepwise three-body 

mechanism suggest that they proceed along a common reaction coordinate through 

ejection of a single HCN fragment. Possible structures of the observed (HCN)2 product 

were investigated in light of previous studies of stable isomers of C2N2H2, although the 

conclusion that the most likely product channels are HNC+ethenediimine or HCN+1,3-

diazete would benefit from further investigation into lifetimes of these C2N2H2 species. 

The proposed mechanism involves only species that have been previously identified in 

the gas-phase or, in the case of 1,3-diazete, suggested as potential intermediates in Tz 

dissociation, and further studies of two-body dissociation pathways of Tz would be of 

great interest. A through theoretical investigation into the PES of 1,3-diazete would, in 

particular, be of considerable use to the present study as the inherent difficulty in 



 

 

150

handling the multiconfigurational nature of its ground state has limited all previous 

studies available in the literature. 
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Chapter 7. 

Dissociative charge exchange dynamics of HN2
+ and DN2

+ 

 

7.1. Introduction 

The HN2 (hydrodinitrogen) radical has long been predicted to play an important 

role in the thermal De-NOx process (NH2+NO→HN2+OH) in combustion chemistry,2 

although to date a metastable HN2 species has eluded direct experimental detection. 

Spectroscopic characterization of the neutral HN2 species has proven to be difficult in 

part because the adiabatic ground state of HN2 ( 21 A′ ) is endoergic with respect to the 

lowest-lying dissociation limit to H(2S)+N2( 1
gX +Σ% ) products. However, it has been 

predicted that a barrier to dissociation creates a potential well on the 21 A′  ground state 

surface that is deep enough to support at least a zero-point level with a lifetime on the 

order of a few nanoseconds.3-14 The only experimental signatures of the HN2 potential 

energy surface (PES) available in the literature were obtained by Gellene and co-workers 

who observed recoiling N2 products produced upon charge exchange (CE) of a fast (5 

keV) beam of HN2
+ or DN2

+ with Zn, Mg, Na, and K electron donors.15 Depending on the 

electron donor used, it was concluded that the CE process was accessing dissociation 

mechanisms via initial excitation into valence states or, in the case of CE with potassium, 

the 3s Rydberg state. Walch re-evaluated the results of this study using ab initio 

techniques and has suggested that the 3s Rydberg state lies considerably higher in energy 

than Gellene and co-workers had anticipated, and was thus an unlikely candidate in the 
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CE experiment.1 The experiments described in the present work use a similar CE 

technique to probe excited electronic states of HN2 and DN2. 

The corresponding HN2
+ cation is stable in its linear ground state ( 1

gX +Σ% ),16,17 and 

plays an important role in the underlying chemistry of many atmospheric and 

astrophysical environments.18-20 Owing to its widespread presence in the interstellar 

medium, several experiments have probed high-lying regions of the HN2 PES through the 

dissociative recombination (DR) of HN2
+ with free electrons (the dominant process for 

cation destruction in low-density interstellar environments).21-29 Branching fraction and 

optical emission measurements have shown that while dissociation to NH+N is 

energetically feasible upon DR of HN2
+, dissociation to H+N2 occurs for >95% of all 

reactions with >19% of the N2 products formed in an excited electronic state.24,29 

Production of H+N2 upon DR is believed to result from direct production of the neutral 

HN2 molecule in a repulsive state or via a tunneling decay mechanism from a high-lying 

Rydberg state to a repulsive state, the latter of which was recently supported in an ab 

initio study predicting that along a linear dissociation path the two lowest repulsive 2Σ 

states of HN2 do not effectively cross the ground 1
gX +Σ% (v=0) state of the cation.23,25,27 To 

date, very little information is available about the energetics of HN2 Rydberg states1 and 

PESs governing the NH+N product channel. 

 The present study reinvestigates both Rydberg and valence states on the HN2 PES 

by employing CE between a fast beam of HN2
+ or DN2

+ and an alkali metal electron 

donor (Cs in this case). The measurement of recoiling dissociation products produced via 

CE using translational spectroscopy and coincidence measurement techniques has been 
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confirmed as an effective probe of dissociative neutral PESs.30-34 By employing these 

methods we have obtained a full kinematic description of the dissociation processes 

occurring from at least three different regions on the HN2 PES that give rise to the H+N2 

product channel. The measured kinetic energy release (KER) spectra will be discussed in 

light of previous experimental and theoretical work performed on the unimolecular 

dissociation of HN2. 

7.2. Experiment 

The multiparticle translational spectrometer used to carry out CE experiments has 

been previously described in detail.35 HN2
+ and DN2

+ were created using an electric 

discharge in a 1 kHz pulsed supersonic expansion of a 1:20 H2/D2:N2 gas mixture. 

Cations were then accelerated to 6-16 keV and mass-selected by time-of-flight. The 

resulting cation packets were electrostatically focused and guided through a ∼1 mm3 

interaction region in a collision cell containing ∼10-5 Torr Cs vapor. A mass gate placed 

before the collision cell was used to isolate the cation packet with the m/z of interest. 

Unreacted cations were deflected out of the beam path and monitored with a 

microchannel plate (MCP) based detector. Any neutral species formed in the collision 

cell propagated 110 cm downstream to a time-and position-sensitive neutral particle 

detector. This neutral particle detector consists of three 4 cm diameter MCPs in a z-stack 

arrangement above an array of four separate crossed delay-line anodes.36,37 Each anode is 

capable of detecting two particles in coincidence, thus allowing coincidence detection of 

up to eight neutral particles given favorable recoil kinematics. 

Given the cation beam energy, parent cation mass, and masses of the recoiling 

neutral products, the time and position data obtained for each coincidence event is used to 
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determine center-of-mass (c.m.) frame velocity vectors for the recoiling products and 

ultimately the total c.m. KER for each event. The neutral detector was calibrated with the 

well-characterized 1.085 and 3.061 eV peaks in the KER spectrum for predissociation of 

the lowest Rydberg states of O2 produced via CE of O2
+ with Cs.38 Empirical product 

KER spectra, N(KER), were constructed from the measured KER for all events. Due to 

the finite size of the detector, some dissociation events were not detected (e.g., those with 

large transverse recoil distances) so Monte Carlo simulations were used to convert 

N(KER) spectra to true probability distributions, denoted as P(KER).39 

In the present experiment the internal energies of parent HN2
+ ions were not 

directly measured. Based on reports from a study employing a similar ion source, a 

rotational temperature of 20-60 K is anticipated for the ions produced by our apparatus.40 

Analysis of the P(KER) spectrum resulting from the CE-induced three-body dissociation 

of H3 have estimated an upper limit of 1660 K for the vibrational temperature of the 

parent H3
+ ions,32 and we expect this to be an upper limit for HN2

+ and DN2
+ given their 

lower vibrational frequencies. There is no empirical evidence that our ion source induces 

electronic excitation, and we thus operate under the general assumption that the majority 

of the ions participating in the CE process are in the lowest vibrational levels of the 

ground electronic state. 

7.3. Results 

 P(KER) spectra obtained for the dissociation of HN2 to H+N2 upon CE of 7 and 

16 keV beams of HN2
+ with Cs are shown in the upper frame of Fig. 7.1. The transition 

probability for an arbitrary electronically excited neutral state upon CE of a keV cation  
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Figure 7.1 P(KER) spectra obtained for the H+N2 (top) and D+N2 
(bottom) product channels upon charge exchange of HN2

+/DN2
+ 

with Cs at various beam energies. By varying the beam energy it is 
apparent that three prominent features (labeled I, II, and III) are 
present in the spectrum. 
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beam with an alkali electron donor has been shown to have a dependence on the relative 

velocity between the cation and electron donor.33,41,42 Although this will be discussed in 

more detail in Section 7.4.1, observation of the relative intensity of features in the 

P(KER) spectrum as the beam velocity is varied can qualitatively aid the assignment of 

excited neutral states giving rise to the spectrum. Two primary features are apparent in 

the 7 keV H+N2 P(KER) distribution (indicated by the dashed trace in Fig. 7.1) – one 

peaked at 2.6 eV (Feature I) and another at 4.4 eV (Feature II) with possible vibrational 

features extending towards higher energy. The high KER region is drastically different in 

the P(KER) spectrum obtained using a 16 keV cation beam (indicated by the solid trace 

in Fig. 7.1). The vibrational progression is more pronounced relative to Feature II in the 7 

keV data, which suggests that this region of the spectrum arises from initial excitation 

into two different neutral states. This vibrational progression will be cumulatively 

referred to as Feature III. The ∼0.3 eV spacing of the vibrational peaks is assigned to 

vibrational excitation of ground state N2( 1 +
gX Σ% ) products (νe=0.29 eV) and not N2 

products in the first excited state ( 3 +
uA Σ% ) where the harmonic frequency is significantly 

lower (νe=0.18 eV). The N-N (ν3) stretching mode for HN2
+ and DN2

+ has been measured 

as 0.28 and 0.25 eV, respectively, and the near-equal vibrational spacing present in 

Feature III for both the H+N2 and D+N2 P(KER) spectrum (shown in the bottom frame of 

Fig. 7.1) is not likely to originate from vibrationally hot parent ions.43 The maximum 

observed KER for this channel (KERmax) occurs near ∼6 eV in all of the spectra in Fig. 

7.1, which marks a lower limit to the available energy (Eavl) for the process giving rise to 

Feature III relative to the ground state H+N2 limit in the absence of a radiative process. 
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 The bottom frame of Fig. 7.1 shows the P(KER) spectra obtained for dissociation 

to D+N2 upon CE of 6 and 16 keV beams of DN2
+ with Cs. Qualitatively, the D+N2 

spectral features are similar to those observed for H+N2. Feature II in the D+N2 P(KER) 

spectrum appears at the same location (KER=4.4 eV) as the H+N2 spectrum. The 

vibrational progression of Feature III exhibits an identical peak spacing of ∼0.3 eV, 

although it is shifted to lower energy by ∼0.1 eV (on the order of potential zero-point 

isotope effects in the cation and Rydberg states of HN2). The intensities associated with 

the vibrational peaks in Feature III appear to vary between the H+N2 and D+N2 spectra, 

and these differences will be addressed below. Although Features II and III are 

qualitatively similar in the H+N2 and D+N2 spectra, the broad Feature I exhibits a 

significant isotope effect – it appears at 2.0 eV in the D+N2 spectrum, a decrease of 0.6 

eV compared to the analogous feature in the H+N2 P(KER) spectrum. 

Although peak intensities for the vibrational progression in Feature III are likely 

to exhibit some influence from overlap with Feature II, a semi-quantitative examination 

of Feature III in the 16 keV data implies that the vibrational energy distributed to N2 

products produced from HN2 is less than that for N2 produced from DN2. Although 

deconvolution of the overlapping Features II and III would be an arbitrary task due to the 

undetermined shape of Feature II, comparison of the intensities of vibrational peaks with 

a higher KER offers some insight into the isotopic dependence of N2 vibrational energy 

distributions. Table 7.1 presents the peak intensities for the N2(ν=0-3) features 

normalized to the intensity of N2(ν=0) in the 16 keV H+N2 and D+N2 P(KER) spectra. 

The ν=0 and ν=1 peaks are expected to have the least overlap with Feature II, and thus  
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the normalized intensity of ν=1 perhaps best illustrates the isotopic dependence of 

vibrational energy imparted to recoiling N2 products. The normalized value for the ν=1 

peak is approximately equal to the intensity of the ν=0 peak in the H+N2 P(KER) 

spectrum, but in the D+N2 P(KER) spectrum it is almost three times that of the ν=0 peak, 

consistent with greater vibrational excitation of the D+N2 products. 

 It must be noted that a minor NH/ND+N product channel was also observed in the 

present experiment with an upper limit of ∼10% of all events. The P(KER) spectra 

obtained show a very low KER attributed to events produced in this channel – the NH+N 

spectrum obtained using a 16 keV cation beam is peaked near 0.15 eV and extends to 

∼0.35 eV, while the analogous ND+N spectrum is broader with a peak near 0.20 eV 

extending to ∼0.55 eV. A low KER is indeed expected for this channel due to the 

considerable energy requirement for cleavage of the N-N bond. The products from the 

nearly equal-mass NH/ND+N dissociation channel and the heavy N2 products from the 

dominant H+N2 product channel exhibit low temporal and spatial separation when they 

I(ν=i)/I(ν=0)  

i=0 i=1 i=2 i=3 

16 keV H+N2 1.0 1.0 0.8 - 

16 keV D+N2 1.0 2.9 2.6 2.2 

Table 7.1 Intensities (of peaks in the N2 vibrational progression 
comprising Feature III in the 16 keV P(KER) spectra. The reported 
peak intensities are relative to the intensity of the peak assigned to 
N2(ν=0) in the corresponding H+N2 or D+N2 P(KER) spectrum. 
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arrive at the neutral particle detector, resulting in a low efficiency for discriminating 

against false coincidence events contaminating this minor product channel. While we 

cannot exclude the possibility of the NH/ND+N product channel occurring from high-

lying states of HN2 or collision-induced dissociation of HN2
+/DN2

+, further discussion of 

this channel is beyond the scope of the present work. 

7.4. Discussion 

 The use of translational spectroscopy and coincidence measurement techniques to 

obtain product KER distributions provides a more detailed picture of the H/D+N2 

dissociative CE dynamics compared to the previous CE experiment that extracted 

dynamical information based on neutral beam profiles.15 As will be discussed in this 

section, the CE mechanism does not deposit a discrete amount of energy in the nascent 

neutral molecule, and several different vibronic states of the neutral can have significant 

transition probabilities associated with them. It is a daunting task to assign these potential 

states in the absence of thorough descriptions of the neutral PES; however, in response to 

the original CE experiment, Walch carried out a detailed investigation of the HN2 PES 

which will be referred to frequently in the ensuing analysis.1,6,13 The following discussion 

uses information available in the literature to present an ad hoc assignment of initial 

states giving rise to the observed P(KER) spectral features followed by a discussion of 

the mechanistic implications of the observed dissociation dynamics. 

7.4.1. Charge exchange mechanism 

 The transition probability for excited neutral electronic states from the CE process 

has been described in several previous publications and will be only briefly reviewed 

here.33,42,44,45 From the two-state Demkov model for nonadiabatic coupling,44 the general 
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expression for transition probabilities (ω) governing the CE process exciting an arbitrary 

neutral molecule AB is given in Eq. 7.1. 

( )2 2
ab

rel

π ΔEω=sech sin h dt
v2 2mI

⎛ ⎞
⋅ ⋅⎜ ⎟

⎝ ⎠
∫                                    (7.1) 

Here ΔE is the off-resonant energy defect of the excited electronic state, m is the mass of 

an electron, I is the ionization potential (IP) of the electron donor, vrel is the relative 

velocity between the cation and the electron donor, and hab is a term that describes the 

coupling between [AB+…Cs] and [AB*…Cs+]. Resonant excitation is defined as the 

energetic difference in the IPs of AB and the electron donor, and can be identified 

relative to the ground state of the cation by projecting downward in energy by the IP of 

the electron donor (IPCs=3.89 eV). In the case of HN2, previous investigations have 

reported the ground state of HN2
+ lies 8.47 eV above the 2 1

2 gH( S) N (X )++ Σ%  dissociation 

limit, and resonant excitation with Cs is expected to lie 4.58 eV above this limit (i.e., 4.22 

eV above the ground state of HN2).22 For a static value of ΔE, the sech2 term in Eq. 7.1 

increases nonlinearly with increasing vrel; we exploit this property in the present 

experiment by varying the beam velocity to observe how changes in transition 

probabilities for different electronic states are manifested in P(KER) spectra. The sin2 

term describes the oscillation of the donor electron between Cs and a particular vibronic 

state of AB, and, when all impact parameters and orientations of AB+ approaching Cs are 

accounted for, this term is approximately constant. 

 When assigning the initial electronic states populated via CE in the absence of a 

quantified Eq. 7.1, the transition probabilities for excited states of the neutral can be 

approximated relative to one another based on (i) their off-resonant energy defect, (ii) 
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preservation of the cation core upon electron capture (i.e., requiring no electronic 

rearrangement of the cation), and (iii) the Franck-Condon (FC) overlap of the initial and 

final state wavefunctions. Although at least one instance of an efficient two-electron 

excitation upon CE has been previously reported (in this case, for excitation of N2),46 

such processes are considered to be rare and we operate under the assumption that (ii) 

will hold true in the present experiment. In this general case, the CE process is expected 

to preferentially excite Rydberg states and valence states characterized by single electron 

transitions from the HOMO of the ground-state neutral.45 

The CE process is fast on the timescale of nuclear motion so a diabatic 

representation of the neutral PES is useful for determining which excited states are most 

likely to be accessed. However, when considering the ensuing dynamics of nuclei after 

neutralization, an adiabatic representation of mixed diabatic states is more appropriate. In 

P(KER) spectra resulting from multiple initial states of a neutral species, the intensities of 

spectral features directly correlate to the CE transition probability for the state giving rise 

to the specific feature (assuming all excitations lead to rapid dissociation). In the case 

where competing dissociation mechanisms occur from a single initial state, the transition 

probability is related to the integrated area for all P(KER) features resulting from the 

initial excitation. However, even though feature intensities may be diminished in this 

case, the nonlinear rate of change in the intensity of spectral features as vrel is varied can 

be used to identify features that do or do not have common origins on the neutral PES. 

Based on the velocity dependence of the P(KER) spectra obtained for the H+N2 product 

channel it is apparent that at least three different initial electronic excitations of HN2 are 
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occurring upon CE of HN2
+ with Cs. The following sections explore the origins of these 

features followed by a discussion of potential mechanisms leading to dissociation. 

7.4.2. Initial excitations of HN2 

 The ground state of HN2
+ is well known to be linear ( 1

gX +Σ% ) with the highest-

occupied electronic orbital in the π-bonding system.16 Rydberg states of the neutral 

associated with this cation are likely candidates for population via CE. Determination of 

suitable valence states requires a more rigorous analysis. Based on an investigation into 

the valence structure of HN2 by Vasudevan et al., it is clear that the only diabatic valence 

states that retain the cation electronic core are the repulsive 2 +Σ  ground state and the 

doubly degenerate 2Π  states that are bound in a linear (C∞v) configuration.3 Walch has 

predicted significant coupling between these 2 +Σ  and 2Π  valence states and presents a 

comprehensive adiabatic representation of this region of the HN2 PES.1,6,13 The 2Π  states 

undergo Renner-Teller splitting in Cs symmetry (i.e., bent configurations), and have 

diabatic 2 A ( )′ Π  and 2 A ( )′′ Π  components that decrease and increase in energy, 

respectively, for bent HN2 configurations. In the adiabatic picture, coupling of the 

diabatic 2Π  states with the diabatic 2 +Σ  state ( 2 A′  in Cs symmetry) creates an effective 

ground state ( 21 A′ ) with a bent minimum and two linear excited states ( 2 A′′ , 22 A′ ). The 

2 A′′  state is expected to have reasonable FC overlap with the ground state of the cation, 

although it has been predicted to have a slightly longer N-N bond (1.19 Å for 2 A′′ , 1.11 

Å for the cation ground state).1 The adiabatic 21 A′  and 22 A′  states are the result of an 

avoided curve-crossing between the 2 A′  components of the 2Π  and 2 +Σ  states of HN2. 

This forms a conical intersection at linear geometry between a lower sheet with a small 
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barrier to dissociation ( 21 A′ ) and a bound upper 22 A′  state. Walch calculated the lowest 

energy intersection of the 2Π  and 2 +Σ  states to be 2.52 eV above ground state H+N2 

products, which marks a minimum for the adiabatic 22 A′  state and an upper limit for the 

barrier to dissociation on the adiabatic 21 A′  ground state surface.1 

The first excited state of N2, 3 +
uA Σ% , lies ∼6.17 eV above N2( 1 +

gX Σ% ).47 If features 

in the H+N2 P(KER) spectrum were due to an excited N2 product, they would (in the 

absence of radiative decay) originate from an initial HN2 state lying above the ground 

state H+N2 dissociation limit at an energy equal to the measured KER plus the 6.17 eV 

required to electronically excite N2. The peak of the lowest energy feature in the H+N2 

P(KER) spectrum (Feature I) occurs at ∼2.6 eV and, if this feature were due to an 

electronically excited N2 product, would indicate that dissociation proceeds from an 

initial HN2 state lying above the ground state of HN2
+. We therefore conclude that we are 

not observing electronically excited N2 products in the present experiment. The lowest 

2 +Σ  state is the only diabatic state of HN2 leading to H(2S)+N2( 1 +
gX Σ% ) products,28 and it 

will be assumed that all dissociation mechanisms occurring from higher-lying electronic 

states will necessarily couple to the adiabatic 21 A′  ground state of HN2 prior to 

dissociation. 

 The energetics of several important features on the HN2 PES relative to the 

ground state H+N2 dissociation limit are shown in Fig. 7.2. The minimum energies for 

the adiabatic 21 A′  and 2 A′′  states (including zero-point energies) as calculated by Walch 

are at 0.36 and 1.90 eV, respectively.1 The 22 A′  state placed at 2.52 eV in Fig. 7.2 marks  
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Figure 7.2 Schematic energy level diagram for various points of 
interest on the HN2 PES, along with relevant dissociation limits for 
the present study. A trace of the H+N2 P(KER) spectrum resulting 
from CE of  of HN2

+ with Cs at 7 and 16 keV are included on the 
right side of the diagram, and are respectively indicated by the 
dashed and solid traces. The P(KER) spectra are oriented such that 
KER=0 eV occurs at the ground state H+N2 dissociation limit. The 
locations of several adiabatic valence states along with the 3s 
Rydberg state as calculated by Walch1 are also included; the 
adiabatic 21 A′ , 2 A′′ , 22 A′ , and 3s Rydberg state are all composed 
at least partially of diabatic elements that correspond to cation-core-
preserving electronic states. 
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the lowest energy intersection between the 2 +Σ  and 2Π  states.1 Walch has also  

calculated the energy for the 3s Rydberg state and predicts it to lie between 5.7 and 7.2 

eV, as indicated by the hatched box in Fig. 7.2. The P(KER) spectrum obtained for 

dissociation to H+N2 at 7 and 16 keV beam energies is also included in Fig. 7.2, and is 

oriented such that KER=0 eV is at the H(2S)+N2( 1 +
gX Σ% ) dissociation limit to allow 

correlation of P(KER) spectral features with available energies on the HN2 PES. This 

orientation is particularly useful for CE experiments as the available energy is typically 

not a well-known parameter. 

Feature III in the P(KER) spectra extends to KERmax≈6 eV. This is in reasonable 

agreement with predicted energies for the 3s Rydberg state that we tentatively assign as 

the electronic origin for Feature III. The locations of the N2(ν=0) peak at 5.22 and 5.11 

eV in the H+N2 and D+N2 P(KER) spectra provide a measure of the energy of the 3s 

Rydberg state relative to the H(2S)+N2( 1 +
gX Σ% ) and D(2S)+N2( 1 +

gX Σ% ) dissociation limits. 

Under the assumption that a vertical transition from the ground vibrational state of the 

cation leads to no vibrational excitation in the Rydberg state, these values represent lower 

bounds to the 3s Rydberg state energy. This is almost 0.5 eV lower than the value for the 

3s Rydberg state calculated by Walch, a discrepancy that could be reduced if the assigned 

peak is actually N2(ν>0). 

Although it is obscured, KERmax for Feature I is assumed to be near ∼4 eV. This is 

well above the energetic minima for all three cation-core-preserving valence states noted 

on the energy level diagram, making all three states potential origins based solely on 

energetic arguments. In this energetic region Walch has predicted the 2 A′′  state to be the 
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most favorable candidate for initial excitation via CE based on FC arguments.1 Although 

Renner-Teller coupling of the 2 A ( )′ Π  and 2 A ( )′′ Π  diabats causes a degeneracy for the 

adiabatic 2 A′′  and ground 21 A′  states in a linear configuration (e.g., the cation FC 

region), the observed dynamics discussed below lead us to conclude that the origin of 

Feature I is dissociation from the adiabatic 2 A′′  state. 

 The electronic origin of Feature II is not as apparent. Fig. 7.2 shows that Feature 

II occurs close to resonant excitation of HN2 from CE of HN2
+ with Cs at 4.58 eV above 

the dissociation limit. Based on the expression for the transition probability for excited 

states via CE (Eq. 7.1) and the reduced intensity of this feature as the beam velocity is 

increased, it can be qualitatively reasoned that while the initial state giving rise to Feature 

II has a small off-resonant energy defect it most likely does not have favorable FC 

overlap with the ground-state cation. If the 3s Rydberg state and 2 A′′  valence state can be 

excluded as potential initial states giving rise to Feature II (as they have already been 

assigned), the most probable initial state is the adiabatic 22 A′  state. Walch has suggested 

that the 22 A′  state is likely to be populated by CE using K (IPK=4.34 eV) due to its 

relative proximity to resonant excitation. Although resonant excitation for CE with Cs 

lies 0.45 eV higher in energy, we come to a similar conclusion and tentatively assign 

resonant excitation to the 22 A′  state as the electronic origin for Feature II.1 

 Perhaps the most intriguing aspect of the present experiment is the unique 

dynamics attributed to each of the three features in the P(KER) spectrum. Feature I is 

broad (i.e., lacking vibrationally resolved features) and exhibits a striking isotope effect 

on the location of its peak intensity. Feature II, which is also broad, exhibits essentially 
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no isotope effect. Feature III has a distinctly resolved vibrational progression, suggesting 

a very different distribution of internal energy in the products produced via this 

mechanism. Because dissociation is expected to proceed on the ground state surface, this 

illustrates a clear example where the entrance channel to the repulsive surface plays a key 

role in the resulting dissociation dynamics. The following discussion of reaction 

mechanisms from the various electronic excitations of HN2 is largely based on qualitative 

observations from the present experiment and would benefit greatly from detailed 

dynamics calculations on these coupled PESs. 

In the absence of such information, we interpret the mechanisms giving rise to the 

observed P(KER) spectral features using the common direct vs. indirect motif to describe 

the dissociation of polyatomic molecules.48 In a direct mechanism, a transition occurs 

from a bound state to a repulsive state, and final product state distributions can be 

described using the reflection principle – vertically projecting the bound wavefunction 

onto a repulsive PES. Although it depends on the slope of the repulsive surface in the FC 

region of the bound state, this bound-to-free transition accesses the neutral surface over a 

range of available energies and results in broad unresolved KER distributions. In an 

indirect process, a transition occurs from a bound state to another bound state which is 

then predissociated by a repulsive state. Because the available energy is well-defined, the 

resulting KER can be correlated with product internal energy distributions. Using an 

impulsive view of dissociation49 in conjunction with the indirect model, broad spectral 

features are assumed to have large rotational energy distributions that eclipse any 

otherwise observable N2 vibrational envelopes, and imply that dissociation is proceeding 

from a bent configuration of HN2. In the case where a vibrational progression is resolved, 
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it is assumed that an indirect mechanism results in products accompanied by low 

rotational energy distributions and, in the case of HN2, is consistent with impulsive 

dissociation along a linear H…N2 reaction coordinate. 

7.4.3. P(KER) Feature I ( A2 ′′ ) 

 FC arguments favor a similar electronic origin ( 2 A′′ ) for Feature I in both the 

H+N2 and D+N2 P(KER) spectra, and the large isotopic shift observed for the peak 

intensity of Feature I (∼0.6 eV lower in energy for D+N2) cannot be explained by zero-

point effects. The simplest explanation may be a competition between two mechanisms 

that are fast on the microsecond timescale of the experiment following excitation to the 

2 A′′  state. To explain the energetic shift of Feature I for the isotopologs, one dissociation 

mechanism may proceed through radiative relaxation from the 2 A′′  state to the 21 A′  

ground state with a competing radiationless mechanism that proceeds after internal 

conversion from 2 A′′  to the ground state. The rate for radiative relaxation is expected to 

exhibit a negligible isotope effect, whereas lowered zero-point energies in DN2 decrease 

FC factors, and slower nuclear motion in the deuterated molecule may lead to a 

significant decrease in the internal conversion rate. If Feature I is indeed a convolution of 

two features, this predicted trend in the isotopic rate dependence is supported by the 

experimental data; Feature I in the H+N2 P(KER) spectrum peaks at 2.6 eV and exhibits a 

significant low-energy shoulder that extends well below KER=2.0 eV, where the peak of 

Feature I lies in the D+N2 P(KER) spectrum. Although peaked at lower energy, Feature I 

in the D+N2 P(KER) spectrum spans a similar KER range and is consistent with being 

composed of two features. Because Feature I peaks at higher KER in the H+N2 spectrum 
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it is consistent with a dominant radiationless transition to the ground state, whereas the 

D+N2 spectrum peaks at lower KER consistent with fluorescence (presumably emitting 

near-IR photons) prior to dissociation on the ground state surface. 

 The competition of a radiative and nonradiative process upon formation of HN2 

and DN2 in the 2 A′′  state implies that this initial state is metastable with a lifetime that is 

sufficiently long to allow the radiative process to occur. At the beam energies used in the 

present experiments, processes with lifetimes >300 ns can be readily identified by shifts 

in peak locations. However, as witnessed by the identical location of Feature I as the 

cation beam energy is varied (see Fig. 7.1), the timescale of the radiative process and 

subsequent dissociation is not long enough to be observed in the present case. The 

estimated value of KERmax for Feature I in the H+N2 spectra in Fig. 7.1 can be used to 

approximate the energetic origin of the radiationless process, and clearly extends past the 

calculated height of the barrier to dissociation on the 21 A′  ground state surface (2.52 

eV). Using Feature I in the D+N2 spectra as a similar measure of the available energy 

after the radiative process, it is reasonable to assume that the observed KERmax for the 

lower energy feature also extends past the barrier to dissociation. Direct capture onto the 

ground state surface (possibly due to the linear degeneracy between 2 A′′  and the 2Π  

component of the 21 A′  ground state) above the barrier is expected to give rise to rapid 

dissociation, suppressing the radiative process. We therefore conclude that the initial 

electronic state giving rise to Feature I is the adiabatic 2 A′′  state. 

The 2 A′′  state has a minimum at linear geometry, and it is likely that the radiative 

process involves fluorescence to the 21 A′  state. A direct model of dissociation is most 
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applicable for this mechanism (here 2 A′′  is the bound state and 21 A′  is repulsive), and 

implies that all final product state distributions are lost in the broad D+N2 P(KER) feature 

attributed to this process. An indirect mechanism is more appropriate for the radiationless 

process – predissociation of the 2 A′′  state should access the ground state over a more 

discrete range of energies. The broad spectral feature attributed to this process perhaps 

implies that the path of steepest descent on the ground state surface occurs through a bent 

conformation of HN2, resulting in significant product rotational excitation. Dissociation 

on the ground state surface leading to significant rotational excitation may also be the 

case for the radiative process, but as noted above, cannot be directly determined from the 

P(KER) spectrum. 

7.4.4. P(KER) Feature II ( A22 ′ ) 

 Walch has suggested that excitation to 22 A′  may be a good candidate for 

radiative decay to the 2 A′′  state,1 although the high near-resonant KER attributed to 

Feature II in both the H+N2 and D+N2 P(KER) spectra suggests that radiative decay does 

not occur at a rate that competes with the observed nonradiative process. Rather than 

passing through the 2 A′′  state that was shown to have competing radiative and 

nonradiative processes leading to dissociation (Feature I), it appears more likely that 

dissociation after excitation to 22 A′  proceeds via internal conversion directly to the 

21 A′  ground state. Walch has predicted that the 22 A′  and 21 A′  states are strongly 

coupled for nonlinear geometries, and it is thus feasible that the ground state surface is 

accessed in a bent conformation of HN2. Similar to the nonradiative process occurring 

from the 2 A′′  state, the broad KER feature attributed to this dissociation mechanism is 
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best described by the indirect model of dissociation, which suggests that the broad 

spectral feature is the result of significant N2 rotational excitation after impulsive 

dissociation from a bent configuration. 

7.4.5. P(KER) Feature III (3s Rydberg) 

 The resolved N2 vibrational progression that comprises Feature III is indicative of 

a very different set of final product state distributions when compared with those implied 

by Features I and II. Because the 3s Rydberg state giving rise to this feature lies at a high 

energy and the constraint that dissociation must ultimately occur on the ground state of 

HN2, several intermediate electronic states may play a role in the dissociation 

mechanism. No direct observations of N2( 1 +
gX Σ% ) products produced by DR of HN2

+ have 

been made (which may account for a significant fraction of N2 products resulting from 

DR), although optical emission measurements from N2( 3
gB Π% ) products in a flowing 

afterglow have shown that N2( 3
gB Π% ) vibrational energy distributions have an isotopic 

dependence (N2 produced from DN2 possesses more vibrational energy), and was 

interpreted as evidence for a tunneling mechanism between a bound Rydberg state of 

HN2 and a repulsive surface. Recent ab initio investigations have indeed confirmed that 

the Rydberg states of HN2 are not effectively crossed by the lowest 2 +Σ  diabats at linear 

geometries.23,28 As discussed in Section 7.3, it is evident that for Feature III the 

N2( 1 +
gX Σ% ) products resulting from dissociation of DN2 exhibit greater vibrational 

excitation than those produced from HN2. This isotopic dependence is anticipated by the 

impulsive model, which predicts that N2 will receive a larger partition of the available 

energy for dissociation of the deuterated species.49 
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In light of these observations, we propose two dissociation mechanisms leading to 

ground state products. Both mechanisms are extended versions of the indirect model of 

dissociation, which is appropriate due to the resolved vibrational features and impulsive 

behavior of Feature III in the P(KER) spectra. The first mechanism is similar to that 

proposed in past DR studies; following excitation to the 3s Rydberg state the wavepacket 

is coupled to a highly repulsive region of the lowest 2 +Σ  diabat of HN2 (a component of 

the adiabatic ground state) and proceeds to dissociation via tunneling to the repulsive 

surface and subsequent ballistic dissociation. The resolved N2 vibrational progression 

suggests a linear dissociation coordinate and, because the 3s Rydberg state is not crossed 

by the 2 +Σ  diabat at linear geometry, a tunneling mechanism is the simplest method for 

production of ground state products. A second plausible mechanism involves a cascading 

series of internal conversion processes through lower-lying valence states, eventually 

placing the wavepacket onto the ground state surface. Slow passage through an 

intermediate state that invokes a significant change in the N-N bond length (essentially 

the same as that of free N2 in the HN2
+ FC region) could deposit the wavepacket on the 

ground state surface in a region that yields high vibrational excitation in the N2 products. 

7.5. Conclusions 

 The present work presents new experimental studies of the dissociation dynamics 

of the H+N2 and D+N2 product channels resulting from electronic excitation of neutral 

HN2/DN2 upon CE of keV beams of HN2
+/DN2

+ with Cs. Analysis of the KER imparted 

to the products supports the involvement of three different initial excited states of HN2 

and its deuterated isotopolog leading to ground state H/D+N2 products. Based on 

predictions from previous theoretical studies, the most likely initial electronic states 
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giving rise to the observed KER spectrum are the 3s Rydberg, 22 A′ , and 2 A′′  electronic 

states of HN2. Because only H+N2 products in their ground electronic states were 

observed, dissociation is expected to ultimately occur on the adiabatic 21 A′  ground state 

surface of HN2. Interestingly, product internal energy distributions inferred from the 

P(KER) distributions illustrate a dependence on the initial excited state which implies 

significant entrance channel effects on the ground state dynamics. Dissociation of the 3s 

Rydberg and 22 A′  electronic states most likely occurs by radiationless coupling to the 

ground state, while dissociation from the 2 A′′  state illustrates a strong isotope effect 

which can potentially be explained by competing radiative and radiationless coupling 

mechanisms. The energy of the 3s Rydberg state has been determined to be 5.22 eV 

above the H(2S)+N2( 1 +
gX Σ% ) limit, and is considerably lower than the previously 

calculated value by Walch.1 Detailed ground state potential energy surfaces for HN2 have 

been developed,4,6,8,9 and it would be of great interest to see if quantum dynamics 

calculations on these surfaces would show agreement with the observed dynamics. 
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Chapter 8. 

Dissociative charge exchange dynamics of HOCO+ and DOCO+ 

 

8.1. Introduction 

In recent years, the hydroxyl formyl radical (HOCO) has received considerable 

attention for its role as an intermediate in the OH+CO→H+CO2 reaction, the primary 

source of CO2 production in atmospheric and combustion processes.1,2 Several ab initio 

studies have investigated the ground state potential energy surface (PES) of HOCO, and 

support that trans and cis isomers of HOCO exist in potential wells that are deep enough 

to observe experimentally.3-15 Although the ground state trans and cis isomers of 

HOCO( 21 A′ ) are stable with respect to the ground state OH( 2X Π% )+CO( 1X +Σ% ) and 

H( 2S)+CO2( 1X +Σ% ) dissociation limits, synthesis of this species is challenging making 

experimental characterization difficult. Several experiments were able to isolate HOCO 

in the gas phase and cryogenic matrices by utilizing electron impact or reactions of 

carboxylic acid parent species with halide radicals.16-27 Using an alternate approach, our 

laboratory has employed the dissociative photodetachment (DPD) of HOCO- to probe the 

low-lying HOCO PES in the Franck-Condon (FC) region of the anion.28-31  

In one of these DPD studies28 it was shown that vertical excitation of the anion at 

258 nm accessed a dissociative region of the 21 A′′  electronic PES of HOCO leading to 

OH+CO products, marking the only existing experimental observation of a low-lying 

excited electronic state of HOCO. Branching fractions for the products resulting from 

production of HOCO and DOCO in high-lying electronic states have been measured via 

dissociative recombination (DR) of HOCO+ with free electrons, and have shown that 
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from this region of the PES the three-body H+O+CO channel is dominant.32-35 Li and 

Francisco have investigated low-lying 2 A′′  and 2 A′  excited states using ab initio 

methods,13 however the understanding of the electronic structure of this important 

reaction intermediate and the ensuing dynamics upon electronic excitation of HOCO 

remains extremely limited. 

In the present work, the HOCO PES is probed using translational spectroscopy to 

examine the dissociation dynamics resulting from charge exchange (CE) between fast 

(keV) beams of HOCO+/DOCO+ and cesium.36-38 The effective use of translational 

spectroscopy and coincidence detection of the dissociation products upon CE of a parent 

cation to probe the PES of transient neutral molecules has been demonstrated in several 

recent publications.39-44 HOCO+ provides an excellent precursor for probing the HOCO 

PES using CE as it has long been identified as a stable species that is rapidly formed in 

the reaction of H3
+ with CO2.45 The dissociation dynamics of HOCO have been 

investigated in two previous CE studies; neutralization-reionization experiments utilizing 

CE between HOCO+ and Xe observed both OH+CO and H+CO2 fragmentation,46 and 

beam scattering measurements of dissociation products from CE of HOCO+ with K, Na, 

and Zn electron donors have shown that production of OH+CO is accompanied by a 

kinetic energy release (KER) of 1.1 eV regardless of the electron donor.47 Using the 

methods described in this work, HOCO and DOCO were also observed to be produced in 

an excited electronic state that leads to both OH/OD+CO and H/D+CO2 product 

channels; the resulting kinetic energy release (KER) distributions for the products along 

with the branching fractions for the two product channels add to the scarce body of 
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knowledge about the low-lying electronic structure of HOCO and will be discussed 

largely in context with the sole existing theoretical work on this subject (Ref. 13). 

8.2. Experiment 

The fast-beam translational spectrometer capable of coincidence detection of 

multiple neutral fragments that was employed in these experiments has been previously 

described in detail.48 HOCO+/DOCO+ cations were created using an electrical discharge 

in a 1 kHz pulsed supersonic expansion of a 40:5:1 Ar:CO2:H2/D2 mixture. Cations were 

then skimmed, electrostatically accelerated to 6 or 16 keV, and re-referenced to ground 

potential using a MOSFET-based high-voltage switch. Cations with the m/z of interest 

were mass-selected by time-of-flight and electrostatically guided through a ∼1 mm3 

interaction region in a collision cell containing ∼105 torr Cs vapor. Any unreacted cations 

were deflected out of the beam path and monitored using a microchannel-plate-based 

detector. Neutral species formed in the collision cell were detected on a time- and 

position-sensitive multiparticle detector ∼110 cm from the collision cell. The neutral 

particle detector consisted of a set of three 4-cm-diameter microchannel plates (MCPs) in 

a z-stack arrangement above four separate delay-line anodes.49,50 Given the cation beam 

energy and parent mass, the time and position data for each coincidence event was used 

to obtain a full three-dimensional kinematic description of the dissociation process, 

including the fragment mass ratios, KER, and laboratory-frame recoil angles. The neutral 

detector was calibrated with the well-characterized 1.085 and 3.061 eV peaks in the KER 

spectrum for predissociation of the lowest Rydberg states of O2 produced via CE of O2
+ 

with Cs.51 
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In the case where a 16 keV beam of HOCO+ undergoes CE and dissociates via the 

H+CO2 channel, the difference in the time-of-arrival of the two products was larger than 

the temporal window for detection by the neutral particle detector (>1 μs). In order to 

account for this, all data for both HOCO and DOCO (including the OH+CO channel) was 

gated such that only events where the lightest dissociation product was forward scattered 

(towards the detector) were used. The distribution of laboratory-frame orientations for 

dissociating molecules produced by CE has been empirically shown to be devoid of 

anisotropy, so this gating approach is not expected to have any effect on data reduction 

schemes. At lower beam energies, the temporal window of the neutral detector limited 

observations to only the OH/OD+CO product channel. Low recoil distances associated 

with heavy CO2 fragments confined their detection to one quadrant on the neutral particle 

detector. However, because each quadrant of this detector is capable of detecting the 

position and time-of-arrival for two particles, recoiling H/D-atoms were collected on all 

four quadrants. Due to the finite size of the neutral particle detector, certain dissociation 

events (particularly those with large transverse recoil distances) were unable to be 

detected. Monte Carlo simulations were used to calculate the detector acceptance 

function (DAF) which could then be used to convert empirically measured KER 

distributions, N(KER), to P(KER) probability distributions.52 

Events contributing to the OH+CO and H+CO2 product channels were collected 

simultaneously, and branching fractions were calculated using the total number of events 

after DAF correction. Branching fractions (χj) for each product channel (indicated by j) 

were determined using Eq. 8.1. 
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The term ∫ ⋅dKER)KER(Pj in Eq. 8.1 is simply the number of counts giving rise to the 

P(KER) spectrum for a given product channel. A term j-nZ  was included to account for 

the absolute detection efficiency of incident neutral particles on the MCPs used for the 

neutral particle detector; here Z is the absolute detection efficiency and the exponent, nj, 

takes the value of the number of fragments for product channel j. In the regime where 

laboratory-frame energies of the recoiling fragments are in excess of 1 keV we 

approximate Z as 0.5;53 in the case where laboratory-frame energies are sufficiently large 

and all product channels produce the same number of fragments (as in the case of HOCO 

dissociating to OH+CO and H+CO2), the j-nZ  coefficient is expected to be similar for all 

product channels and is thus effectively cancelled out of Eq. 8.1. 

 While protonated carbon dioxide (HCO2
+) has been found to exist as a metastable 

species, it has a low barrier for isomerization resulting in rapid rearrangement to the more 

stable trans-HOCO+ isomer and is not believed to contribute to the present experiment.54-

56 To date, no cis isomer of HOCO+ has been identified as a stable gas-phase species. The 

internal energies of parent HOCO+ ions were not directly measured in the present 

experiment, although empirical observations suggest that ions produced with the pulsed 

supersonic discharge ion source have rotational temperatures of ∼20-60 K and a 

vibrational temperature with an upper limit of ∼1660 K.41 In the absence of evidence that 

the internal energy distribution of the cation manifests itself in measured P(KER) spectra, 
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the analysis presented in this work operates under the first-order approximation that CE 

proceeds from the lowest rovibronic state of HOCO+/DOCO+. 

8.3. Results 

 The mechanism by which excited electronic states of neutral molecules are 

populated via the CE process has been discussed in detail in several previous works37,42,43 

and will be only briefly discussed here. The CE process occurs on a timescale that is 

short enough to effectively result in a vertical FC transition from the cation to the neutral 

surface. The transition probability for capture of an electron into a particular electronic 

state has been described using a two-state Demkov model57 and has a dependence on the 

off-resonant energy defect for the electronic state, the FC overlap of the electronic state 

with the cation, and the interaction time between the cation and electron-donating 

species.37,43 Resonant excitation of a neutral by the CE process occurs above the neutral 

ground state at the energetic difference between the ionization energies (IE) of the neutral 

species and Cs. Ruscic et al. have reported an adiabatic IE of 8.195 eV for the trans-

HOCO species;20 using this value and the well known IE for Cs (3.89 eV), resonant 

excitation in the case of trans-HOCO is expected to occur ∼4.31 eV above the ground 

state (including zero-point effects). Using the energetics presented in Fig. 1 of Ref. 29, 

the ground state OH+CO and H+CO2 dissociation limits are expected to occur at 1.19 and 

0.12 eV, respectively, above the ground state of trans-HOCO, or, 3.12 and 4.19 eV below 

resonant excitation via CE with Cs as shown in Fig. 8.1. Product channels with 

electronically excited species lie well above the resonance energy, and are only expected 

to be accessed if a neutral state is accessed far above resonant excitation. 
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Figure 8.1 Schematic energy diagram for the two-body dissociation 
of HOCO. Resonant CE of HOCO+ with Cs produces HOCO with 
4.31 eV of excess energy. In the present experiment, only the 
ground state OH+CO and H+CO2 limits are accessible via resonant 
excitation. 
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 The P(KER) spectrum obtained for dissociation of HOCO* to OH+CO upon CE 

of a 16 keV beam of HOCO+ with Cs is shown in the upper frame of Fig. 8.2. The 

distribution is peaked near ∼0.8 eV and exhibits a small tail extending towards the high 

KER region of the spectrum. Typically in the treatment of KER spectra obtained from CE 

experiments where the available energy (Eavl) to the system is unknown, the maximum 

observed KER ( obs
maxKER ) in a spectrum can be used to estimate Eavl under the assumption 

that the process is radiationless and some products are produced with near-zero internal 

energy. In the present case the feature extending to obs
maxKER  is broad and diminishes over 

a large range, making an exact assignment of Eavl rather arbitrary. Based on the energy 

level diagram in Fig. 8.1, the expected maximum observed KER for the OH+CO channel 

upon resonant excitation of HOCO is 3.12 eV, as indicated on the 16 keV OH+CO 

P(KER) spectrum by the arrow labeled res
maxKER . The tail in the OH+CO P(KER) 

spectrum extends reasonably close to the predicted value of res
maxKER  and is consistent 

with an initial excitation of HOCO close to the resonance energy. 

 The corresponding P(KER) spectra obtained for dissociation of DOCO to 

OD+CO upon CE of 6 and 16 keV beams of DOCO+ with Cs are shown in the middle 

and bottom frames of Fig. 8.2, respectively. The two OD+CO P(KER) spectra are nearly 

identical and exhibit the same characteristic shape observed in the OH+CO P(KER) 

spectrum. Like the OH+CO P(KER) spectrum (overlayed on the two DOCO spectra as a 

dotted trace), the peak in the OD+CO P(KER) spectrum is near ∼0.8 eV. The only 

notable difference between the OD+CO and OH+CO P(KER) spectrum occurs in the  
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Figure 8.2 P(KER) distributions obtained for OH+CO and OD+CO 
production upon CE of HOCO+/DOCO+ with Cs at various cation 
beam energies. The upper frame shows a trace of the OH+CO 
distribution obtained using a 16 keV cation beam, and is included 
as a dashed trace in the 16 and 6 keV OD+CO P(KER) spectra to 
illustrate the minor isotope effect. The arrow labeled res

maxKER  
occurs at KER=3.12 eV, and indicates the expected maximum KER 
for this product channel upon resonant excitation of HOCO from 
the CE process. 
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high-energy tail of the distribution – the tail appears to be more pronounced in the case of 

OD+CO. Because the transition probability for populating excited states of neutral 

molecules using CE has a dependence on the interaction time between the cation and 

electron donor,37,43 differences in P(KER) feature intensity upon variation of the beam 

energy (and thus, velocity) can be used to qualitatively identify features with different 

electronic origins on the neutral PES. The lack of any significant difference between the 

6 and 16 keV OD+CO P(KER) spectra implies that the entire spectrum is the result of a 

single initial excitation of DOCO. Due to the inherent similarity of the OH+CO P(KER) 

spectrum to the OD+CO P(KER) spectrum, we operate under the assumption that the 

OH+CO P(KER) spectrum would exhibit a similar dependence on the beam velocity. 

 P(KER) spectra obtained for dissociation of HOCO and DOCO to H+CO2 and 

D+CO2 upon CE of 16 keV beams of the corresponding parent cation are shown in Fig. 

8.3. P(KER) distributions for this product channel are broad and appear to be composed 

of a single unresolved feature. Similar to the OH+CO product channel, the value of 

obs
maxKER  in the H+CO2 P(KER) is near the predicted value of res

maxKER  (4.19 eV) 

indicating that this product channel is also consistent with initial formation on the HOCO 

PES near resonant excitation. Unlike the OH/OD+CO P(KER) spectra, a pronounced 

isotope effect is observed in the P(KER) obtained for the H/D+CO2 channel. Although it 

is difficult to assign a definite ‘peak’ in the spectra due to their width and low signal-to-

noise ratio, the H+CO2 spectrum is peaked at ∼2.3 eV and the D+CO2 spectrum at ∼1.9 

eV. While it is feasible that the P(KER) spectrum contains contributions from low-KER  
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Figure 8.3 P(KER) distributions for H+CO2 and D+CO2 production 
upon CE of 16 keV beams of HOCO+/DOCO+ with Cs. The arrow 
labeled res

maxKER  occurs at KER=4.19 eV, and indicates the 
expected maximum KER for this product channel upon resonant 
excitation of HOCO from the CE process. 
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features that originate from nonresonant initial states of HOCO, the value of obs
maxKER  for 

the broad spectra suggests that a near-resonant state of HOCO is being accessed and is 

the only definite insight into the origins of the H+CO2 product channel. 

 The branching fractions obtained for the competing OH/OD+CO and H/D+CO2 

product channels using DAF corrected P(KER) distributions are presented in Table 1. It 

is evident that the OH/OD+CO product channel is preferred ∼3:1 when compared 

H/D+CO2 production, as witnessed by the values of OH+COχ =0.75±0.03 and 

OD+COχ =0.73±0.03. Statistical modeling (RRKM) of the HOCO ground state PES predict 

a greater density of states for the H+CO2 channel, and the dominance of the higher-lying 

OH+CO channel implies that dynamical effects play an important role in the dissociation 

process.58 In a previous DPD study, a significant isotope effect was observed in the 

obtained branching fractions and was attributed to a tunneling mechanism on the ground 

state surface.29 In the present experiment in which it appears that HOCO and DOCO are 

excited in excess of 4 eV above the ground state, no significant isotope effect on the 

branching fraction was observed. The implications of the observed branching fraction in 

light of potential dissociation mechanisms will be discussed in the following section.  

 OH/OD+CO H/D+CO2 

HOCO 0.75 0.25 

DOCO 0.73 0.27 

Table 8.1 Branching fractions obtained for dissociation of HOCO 
and DOCO to OH/OD+CO and H/D+CO2 upon CE of 16 keV 
beams of HOCO+/DOCO+ with Cs. An error of ±0.03 is associated 
with all of the reported branching fractions. 
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8.4. Discussion 

 The experimental data shows that a near-resonant excitation of HOCO and DOCO 

occurs in the present CE experiment, and this single excitation (confirmed by the 

insensitivity of the OD+CO spectrum to beam velocity) exhibits competing mechanisms 

leading to both the OH/OD+CO and H/D+CO2 product channels. This section presents a 

discussion of potential initial electronic states of HOCO that are accessed via CE of 

HOCO+ with Cs, along with a discussion of the observed dissociation dynamics and 

mechanistic implications. 

8.4.1. Assignment of initial electronic states 

 In Ref. 13, several of the low-lying adiabatic 2 A′  and 2 A′′  PESs of HOCO were 

investigated using high-level ab initio methods. A detailed study of the corresponding 

cation using comparable ab initio methods has also been presented, and its findings are in 

reasonable agreement with experimental measurements on HOCO+.59 Because the CE 

process is expected to be fast on the timescale of nuclear motion, diabatic representations 

of electronic PESs are applicable for assigning the initial state into which the neutral is 

captured into, while an adiabatic representation of the neutral PES (where diabatic states 

become mixed) is more useful in discussions of the ensuing nuclear dynamics. The 

lowest unoccupied molecular orbital of ground state HOCO+ ( A11 ′ ) is the 10a′  (σ*) 

orbital localized on the carbon atom. Under a reasonable assumption that the most likely 

initial electronic states being accessed by the CE mechanism preserve the electronic 

structure of the cation core, we shall only consider initial adiabatic states that are partially 

composed of diabatic elements from 3a′′←10a′  and 11a′←10a′  electronic transitions of 

the HOCO radical or by direct capture of an electron into the 10a′ orbital.13 Based on Ref. 
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13, this implies the adiabatic 21 A′ , 22 A′ , 21 A′′ , and A22 ′′  states are all reasonable 

candidates for electron capture.  

Li and Francisco have presented adiabatic representations of PES scans along the 

O -Cr ′  and H-Or ′  coordinates for several of these electronic states of HOCO (in a H-O′-C-O 

connectivity).13 To create these scans, all internal coordinates aside from the active 

reaction coordinate were frozen in the geometry of the 21 A′  trans-HOCO ground state. 

Thus, they illustrate the behavior of the excited state PESs near the FC region of the 

ground state neutral rather than that of the cation. Fig. 8.4 presents calculated equilibrium 

geometries for the A11 ′  ground state of trans-HOCO+ and the 21 A′′  excited state and 

21 A′  ground state of neutral trans-HOCO as reported in Refs. 13 and 59. A direct 

comparison of the internal coordinates for the ground state cation and ground state trans 

conformer of the neutral species (Fig. 8.4(a) and 8.4(c), respectively) indicates a 

significantly different FC region for these two species. Formation of the cation by 

removal of an electron from the 10a′  (σ*) anti-bonding orbital of neutral trans-HOCO 

causes the central O -C′  bond length to contract by ∼0.12 Å and increases the O -C-O′  

bond angle ( O -C-O′∠ ) from the highly bent configuration in the neutral (127°) to a near-

linear conformation in the cation (174°). Although the PES scans presented in Ref. 13 are 

likely to differ drastically in the FC region of the cation, they remain the only available 

insight into the behavior and interaction of the electronic states of HOCO and are the 

principal source of evidence used in the ensuing discussion. 
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Figure 8.4 Calculated equilibrium geometries for (a) the A11 ′  
ground state of the trans-HOCO cation, (b) the 21 A′′  electronic 
state of the trans-HOCO neutral, and (c) the 21 A′  ground state of 
the trans-HOCO neutral as reported in Refs. 13 and 59. The CE 
process is expected to access the neutral PES via a vertical FC 
process from the cation geometry. 
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 From the PES scan along the O -Cr ′ coordinate of trans-HOCO in Fig. 3(b) of Ref. 

13, it is apparent that the adiabatic 21 A′′  and A22 ′′  PESs are the result of an avoided 

curve crossing between bound and unbound A2 ′′  diabats. This avoided curve crossing 

occurs near the minimum of the bound A2 ′′  diabat, and results in a shallow well on the 

primarily dissociative adiabatic 21 A′′  PES. The minimum energy for this local potential 

well on the adiabatic 21 A′′  surface has been calculated to lie ∼3.1 eV above the ground 

state of trans-HOCO, although this does not include zero-point effects and thus marks a 

lower limit to the energy of potentially accessible bound rovibronic states.13 The 

calculated geometry at the local minimum on the 21 A′′  surface is shown in Fig. 8.4(b), 

and appears to have reasonable FC overlap with the ground state cation. Along the 

O -Cr ′ coordinate the adiabatic A22 ′′  PES is bound and has a minimum energy of ∼3.9 eV 

relative to the ground state of trans-HOCO. However, this minimum of the A22 ′′  PES 

along the O -Cr ′  coordinate occurs far from the FC region of the cation (near O -Cr ′ =1.6 Å). 

A vertical transition energy from the trans-HOCO ground state of ∼5.1 eV was reported 

for the A22 ′′  PES. Although it is unclear if an accessible A22 ′′  state lies below the 

resonance energy of the present experiment (4.31 eV) in the cation FC region, the 21 A′′  

PES appears to be a more favorable candidate for initial population via CE based on 

energetic arguments using the available information. 

Along the O -Cr ′  coordinate in Fig. 3(b) of Ref. 13 the adiabatic 22 A′  PES appears 

to be high-lying and inaccessible via resonant excitation. The PES scan along the H-Or ′  

coordinate illustrates an avoided curve crossing between bound and unbound diabatic 
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A2 ′  states that, unlike the case of the A2 ′′  states where the intersection occurs near the 

minimum of the bound diabat, gives rise to two strongly bound adiabatic PESs ( 21 A′  and 

22 A′ ). This avoided crossing occurs near H-Or ′ =1.6 Å, well outside the trans-HOCO+ FC 

region. A vertical transition energy of ∼5.7 eV from the trans-HOCO ground state has 

been reported for the 22 A′  PES, and it is likely that 22 A′  states are also inaccessible by 

a resonant CE process. Due to the large excess energy available to the OH+CO and 

H+CO2 product channels upon resonant excitation of HOCO, the ground 21 A′  PES is 

also excluded as the initially populated electronic state. Based on the available 

information, it is most likely that dissociation of HOCO* proceeds initially on the 21 A′′  

PES following a resonant CE process. 

8.4.2. OH+CO P(KER) spectrum 

From the adiabatic PES scans in Ref. 13, it is evident that the adiabatic 21 A′′  

surface is primarily dissociative along the O -Cr ′  coordinate and correlates with ground 

state OH( 2X Π% )+CO( 1X +Σ% ) products. The depth of the well on the adiabatic 21 A′′  

surface is not well-characterized and appears to be very shallow based on the PES scans 

in Ref. 13, although it would most likely exist at lower energy in the trans-HOCO+ FC 

region due to a more favorable geometric overlap. In a previous DPD study probing the 

neutral surface in the FC region of the ground state HOCO anion, a peak at KER=1.6 eV 

in the OH+CO P(KER) spectrum was observed and attributed to a transition to an 

unbound region of the adiabatic 21 A′′  PES.28 This suggests that the adiabatic 21 A′′  

surface occurs at lower energy in FC region of HOCO- when compared to res
maxKER =3.12 

eV in the present experiment. Ab initio calculations predict an equilibrium value of 
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O -Cr ′ =1.51 Å for trans-HOCO- in the ground state,28 and the energetic difference in the 

location of the adiabatic 21 A′′  state accessed in the CE and DPD experiments is 

consistent with the prediction that the 21 A′′  PES is not bound and proceeds to a low-

lying dissociation limit at larger values of O -Cr ′ .13  In the FC region accessed in the 

present CE experiment it is unclear if the reaction coordinate leading to OH+CO from the 

21 A′′  PES proceeds from electron capture into an initially bound state or if the reaction 

coordinate is purely dissociative, and both cases will be explored. 

 In Fig. 3(a) of Ref. 13 the 21 A′′  PES appears to be bound with respect to the H-Or ′  

coordinate, and the significant branching fraction associated with the H+CO2 channel 

(
2COHχ + = 0.25±0.03) may suggest a lifetime on the initial PES that allows competition 

between the OH/OD+CO and H/D+CO2 product channels. If dissociation to OH+CO 

proceeds from an initially bound state, the characteristic shape of the OH+CO P(KER) 

spectrum can be interpreted as a convolution of two features – one resulting from 

radiationless dissociation along the adiabatic 21 A′′  PES (the underlying ‘shelf’ extending 

to obs
maxKER ) and the other via radiative decay from the well on the 21 A′′  PES to the 21 A′  

ground state surface (giving rise to the major feature peaked near 0.8 eV). However, we 

do not believe this is plausible for the following reasons. The rate for a radiative process 

is expected to be unaffected by isotopic substitution because the transition dipole moment 

for both HOCO and DOCO should be effectively the same. Due to the slower nuclear 

motion of deuterated species, the rate attributed to dissociation on the 21 A′′  PES is 

expected to decrease upon deuteration of HOCO. These trends would be manifested in 

the OD+CO P(KER) spectra by a decreased intensity in the underlying shelf feature 
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resulting from dissociation on the 21 A′′  PES relative to the low-energy peak associated 

with the radiative process. However, the opposite effect is observed in the P(KER) 

spectra obtained in the present experiment – the underlying feature increases in intensity 

relative to the low-energy peak in the OD+CO P(KER) spectrum, and is not consistent 

with the trends predicted for the aforementioned dissociation mechanism. 

 Using the simplistic direct vs. indirect motif to describe a dissociation process,60 

the proposed mechanism for OH+CO production as a result of wavepacket evolution on 

an unbound 21 A′′  PES can be categorized as a direct processes. The reflection principle 

concept of projecting a bound cation wavefunction onto a repulsive reaction coordinate 

on the 21 A′′  surface suggests that Eavl for a direct dissociation process is expected to 

occur over a range of energies. This is likely to obscure any OH( 2X Π% ) or CO( 1X +Σ% ) 

vibrational features (ωe=0.46 and 0.27 eV, respectively) that would otherwise be 

resolvable by the present experiments, and is more consistent with the observed 

OH/OD+CO dynamics. Simple one-dimensional bound-to-free models have predicted FC 

differential cross sections that are qualitatively similar to the observed OH/OD+CO 

P(KER) spectra (i.e., a broad feature with a tail extending to higher Eavl).60,61 Final 

product state distributions are ultimately dictated by the unknown shape of the exit-

channel, although an impulsive view of dissociation can be used as a guide. Assuming 

dissociation proceeds from the geometry of the ground state cation (see Fig. 8.4), little 

rotational excitation is expected due to a near-linear O -C-O′∠  and the proximity of the OH 

fragment c.m. to the O-atom involved in the bond cleavage. Due to the alignment of the 

C-O bond with the O -Cr ′  dissociation coordinate, impulsive dissociation would be 
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expected to deposit the bulk of the internal energy as vibrational excitation of the CO 

product. Using an impulsive model for polyatomic molecules62 with the geometry of 

ground state trans-HOCO+, the vibrational energy imparted to CO fragments constitutes 

92% of the total product internal energy in the case of HOCO, and 86% in the case of 

DOCO. 

8.4.3. H+CO2 P(KER) spectrum 

 The HOCO PES scan along the H-Or ′  coordinate in Ref. 13 indicates that the 

adiabatic 21 A′′  PES does not correlate with H(2S)+CO2( 1X +Σ% ) products, thus requiring 

interaction of the initial 21 A′′  state with other low-lying electronic PESs to yield this 

product channel. From this PES scan, it is apparent that all mechanisms producing 

ground state H+CO2 products must ultimately couple to the A12 ′  ground state of HOCO 

as it is the only adiabatic PES that correlates with H(2S)+CO2( 1X +Σ% ). Along the H-Or ′  

coordinate the 21 A′′  PES is crossed by the A22 ′  PES near H-Or ′ =1.2 Å (Fig. 3(a) in Ref. 

13), and further along this reaction coordinate (near H-Or ′ =1.6 Å) the A22 ′  PES appears 

to interact strongly with the A12 ′  ground state as evidenced by an avoided curve 

crossing. The simplest mechanism leading from initial capture into a 21 A′′  state to 

production of H(2S)+CO2( 1X +Σ% ) would thus be predissociation of 21 A′′  by A22 ′  and 

subsequent radiationless coupling of A22 ′  to A12 ′  (presumably near the avoided curve 

crossing). 

 Due to the bound nature of the initial 21 A′′  PES along the H-Or ′  coordinate, an 

indirect model of dissociation is more appropriate for describing the ensuing dynamics. 



  200

Because the available energy is discrete in an indirect process (opposed to a direct 

process that accesses a repulsive PES over a range of available energies), it is implied 

that final product state distributions are directly manifested in the measured P(KER) 

distributions. However, the observed P(KER) distributions from the present experiment 

are broad and relatively featureless, allowing only a generalized insight into the 

dissociation dynamics. Using the KER=2.3 eV ‘peak’ in the 16 keV H+CO2 P(KER) 

spectrum to estimate <KER> for this product channel and the assumption that Eavl occurs 

exactly at resonant excitation of trans-HOCO (4.19 eV above the ground state 

dissociation limit), the average internal energy imparted to the H+CO2 products is 

estimated to be ∼1.9 eV (45% of Eavl). The D+CO2 P(KER) spectrum exhibits a peak near 

KER=1.9 eV, implying an average internal energy of ∼2.3 eV (55% of Eavl) in the 

products (neglecting zero-point effects on Eavl). 

In the absence of resolved features in the H+CO2 P(KER) spectrum, an impulsive 

view of dissociation will again be used to interpret final product state distributions. 

Because the proposed dissociation mechanism for this product channel requires coupling 

of the initial 21 A′′  state to another PES, it will be assumed that the lifetime of the initial 

state is greater than one vibrational period and allows HOCO* to relax from the cation 

FC region to the equilibrium geometry of the local minimum on the 21 A′′  PES. Due to 

the highly bent H-O′-C configuration of the 21 A′′  equilibrium geometry (107.1°), 

impulsive dissociation along the H-O′ bond exerts torque on the CO2 fragment and 

rotational excitation in the product is expected. Using the impulsive model with the 

calculated 21 A′′  equilibrium geometry of trans-HOCO, 78% of the total product internal 
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energy is imparted to rotational excitation of CO2 for dissociation of both HOCO and 

DOCO. If the ground state cation geometry is used with the impulsive model, this 

partitioning of internal energy to rotational degrees of freedom increases to >90% due to 

a larger COH −′−∠ . The impulsive model predicts that the total amount of internal energy 

partitioned to the CO2 fragment increases by a factor of ∼1.8 upon deuteration and is, at 

least qualitatively, consistent with the observed isotope effect in the P(KER) spectra for 

this product channel.62 The CO2 fragment constrained in the 21 A′′  equilibrium geometry 

is only slightly bent ( O -C-O′∠ =174.4°) but exhibits C-O bond lengths of 1.34 Å and 1.22 

Å. When compared to the linear equilibrium geometry of free CO2( 1X +Σ% ) that has 

equilibrium C-O bond lengths of 1.16 Å, it is quite possible that CO2 produced from the 

21 A′′  geometry also exhibits significant excitation in stretching modes. 

8.5. Conclusions 

 Dissociation of trans-HOCO/DOCO to both OH/OD+CO and H/D+CO2 products 

was induced using CE between keV beams of HOCO+/DOCO+ and Cs. Analysis of the 

resulting product P(KER) distributions suggests that dissociation to both product 

channels occurs after near-resonant formation of HOCO/DOCO (4.31 eV above the 

ground state) on the adiabatic 21 A′′  PES. Based on scans of low-lying electronic PESs in 

the FC region of the trans neutral,13 mechanisms leading from the initial excited state to 

the observed products are discussed. In the case of OH( 2X Π% )+CO( 1X +Σ% ) production, 

dissociation most likely occurs entirely on the 21 A′′  PES. Production of 

H( 2S)+CO2( 1X +Σ% ) is likely to occur after predissociation of 21 A′′  by the 22 A′  PES, 

followed by subsequent nonadiabatic coupling to the A12 ′  ground state PES. The 
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measured branching ratios suggest that the mechanism leading to production of 

OH/OD+CO is more efficient than that leading to H/D+CO2 products by a factor of ∼3:1.  

The observed P(KER) spectra are broad and relatively featureless, so 

generalizations regarding the final product state distributions were attempted in light of 

an impulsive model of dissociation. However, these simple models of dissociation are too 

simplistic to accurately describe the product internal energy distributions implied by the 

measured P(KER) spectra. The exit-channels from the initially populated 21 A′′  state 

ultimately define the reaction dynamics, and detailed quantum dynamics calculations 

along relevant regions of the trans-HOCO PES would be a daunting but insightful task in 

light of the present work. Because equilibrium geometries of HOCO+ and the trans-

HOCO neutral differ greatly, a detailed examination of the low-lying adiabatic electronic 

states in the FC region of the cation would also be valuable in light of the experiment 

presented here. The use of electronic transitions to spectroscopically characterize the 

HOCO radical is of considerable interest. Although a suitable upper state for the 

identification of HOCO was not identified, the present study marks the first direct 

empirical signatures of an excited electronic state of HOCO and provides a starting point 

for future characterization of the electronic structure of this important reaction 

intermediate. 
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Appendix 1. 

Fast switching circuits 

 

A1.1. Introduction 

 Because time-of-flight mass spectrometry is an essential aspect of the present 

experiments, fast switching circuits are required for several elements in the experimental 

apparatus. Many devices on the translational spectrometer described in Chapter 2 of this 

dissertation can be driven by relatively inexpensive home made circuits, which are the 

focus of this appendix. Due to the high beam velocity and 1 kHz repetition rate required 

in the experiments described in this dissertation, the circuits driving electrostatic optics 

must typically be capable of switching loads with leading edges on the order of tens of 

nanoseconds. Voltage switching requirements vary depending on the on the optic, and 

will be addressed in more detail in the following sections of this appendix. 

A versatile high-power square pulse driver based on dual optoisolator-coupled 

metal-oxide-semiconductor field effect transistor (MOSFET) stages that is capable of 

switching both high-side and low-side has been made available by the Reisler group at 

the University of Southern California. While these circuits are used to drive both the 

pulsed valve and pulsed discharge elements of the ion source utilized in the present 

experiment, they are rather complex and many of the electrostatic devices used in the 

spectrometer can instead be driven by simple MOSFET based circuits. The high voltage 

switch used to re-reference accelerated cations to ground potential must be rapidly 

switched between -HV and ground potential. In the experiments described in this 

dissertation, -HV can be as large as -16 kV. Although circuits employing a chain of 
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power MOSFETs have been realized to accomplish this task,1 commercial MOSFET-

based devices with this capability have recently become available and are used in the 

present case.2 The remaining pulsed elements for which MOSFET-based circuits have 

been derived have much lower voltage-switching requirements; the Bakker-type mass 

spectrometer,3,4 compressor, and mass gate optics all typically require switching voltages 

of less than 300 V at the highest attainable beam energy in the present experiments (16 

keV). The following sections briefly describe the requirements of each individual optic 

and the circuits developed to operate them.  

A1.2. MOSFET gate driver circuit 

Since their invention in the 1960s, MOSFETs have become the most widely-used 

type of integrated circuit (IC) primarily due to their low (virtually nonexistent) gate 

current leakage and inexpensive manufacturing process. The commercial availability and 

high-power switching ability of these components make them an ideal IC for the 

switching requirements of the present experiment. The MOSFET has three terminals 

corresponding to the drain, gate, and source. When the gate voltage becomes sufficiently 

higher than the source, the ‘switch’ closes and connects the drain and source. Because of 

their high potential switching capabilities, the circuits described in this appendix are all 

based on ‘n’-type MOSFETs and have the requirement that the drain must always be held 

at a higher potential than the gate. 

 In order to fully close the drain and source connection in the MOSFETs used in 

the fast switching circuits (typically IRF710 or IRF610 series power MOSFETs), the gate 

voltage must be raised to ∼8 V relative to the source. The timing for the experimental 

apparatus is controlled using delay generators (SRS DG535 or EG&G 9650A) that output 
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5 V TTL logic pulses. It is thus necessary to insert a stage that converts the timing pulse 

into a pulse capable of driving the MOSFET gate. In order to do this the TTL pulse is 

used to trigger a 5 V variable-width pulse from a SN74LS221 multivibrator which is then 

used as the input for a D469ADJ high-current power driver that outputs a 15 V pulse that 

can be used to drive the MOSFET gate (Fig. A1.1). The SN74LS221 IC is capable of 

producing a clean pulse with 10 ns rise and fall times and uses a Schmitt-trigger input so 

that its output is independent of the incoming timing signal (i.e., free of line noise). The 

circuit is set up so that the RC constant that determines the width of the outgoing pulse 

can be varied using a 50 kΩ trimpot (C1 in Fig A1.1). The normal 5 V output from this 

IC is then used as the input to the D469ADJ IC that amplifies the input pulse to the 15 V 

level required to drive MOSFET gates. All four normal inputs and outputs on the 

Figure A1.1 Schematic diagram of the circuit used to convert TTL 
logic pulses to MOSFET gates. 
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D469ADJ are coupled to enhance the driving capability of the output signal. All of the 

circuits described in this appendix use the circuit shown in Fig. A1.1 or a slight variation 

thereof to drive MOSFET gates. 

A1.3. Bakker-type mass spectrometer circuit 

 The basic principle of operation for the Bakker-type mass spectrometer optic 

requires a fast-switching element and another held at a constant fraction of the switching 

voltage. The switched element is held at +HV while the MOSFET is open and at ground  

potential when the MOSFET is closed, while a constant voltage of +HV/2 is applied to 

the other element. Only the leading edge of the pulse is important as ions should only be 

able to pass through this optic near the time at which the switched element is also at 

+HV/2. The circuit constructed to achieve this is rather simple, and is presented in Fig. 

A1.2. The switched element is connected to the MOSFET drain which is, in turn, in 

series with a 10 kΩ resistor in line with a +300 V source. The MOSFET source is held at 

Figure A1.2 Schematic diagram of the circuit used to create the fast 
pulse from +HV to ground potential and the constant +HV/2 
voltage required for the Bakker-type mass spectrometer optic. 
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ground potential and, when the circuit is closed by the applied gate, is rapidly switched to 

ground. Under typical operating conditions (e.g., with the load attached) the leading edge 

of the pulse created by this circuit using +HV=150 V has a measured rise time of <15 ns. 

The +HV/2 source is created from the same +HV supply used in the pulsed section of the 

circuit by using a simple voltage divider with 50 kΩ resistors in series. 

A1.4. Compressor circuit 

 The operating principle behind the electrostatic compressor optic requires a fast 

switch from ground potential to +HV to give the tail end of cation packets a slight 

“push”. Like the mass spectrometer circuit, only the leading edge of the driving pulse is 

of importance. Using n-type MOSFETs, this switching requirement cannot be achieved 

using an analogous setup to the circuit described in the previous section as the gate and 

source of the MOSFET must be kept within ∼20 V relative to one another. In this case, 

the circuit is set up so that the source and gate of the MOSFET are held at -HV (from a 

300 V supply) while the drain is at ground potential (Fig. A1.3). The MOSFET gate 

signal is inductively transmitted through a wire-wound ferrite core pulse transformer.1 In 

this configuration the MOSFET delivers a pulse to a decoupling capacitor connected to 

the source that is at -HV when the switch is open and at ground potential when the switch 

is closed. The compressor optic is connected to the other side of the decoupling capacitor 

that receives the desired switch from ground potential to +HV. With a load attached, the 

leading edge of the pulse created by this circuit using -HV=150 V was measured to be 

<25 ns. 
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A1.5. Mass gate circuit 

 The simplest mode of operation for a mass gate in the present experiment requires 

a square pulse that is normally at +HV but rapidly switches to ground potential for a 

small window (ideally, <15 ns). In this case, both edges of the pulse must be fast (<30 ns) 

to ensure maximum discrimination for closely spaced time-of-flight separated mass 

packets. While commercial pulsers that meet these requirements are available, this type 

of pulse can also be achieved using a relatively inexpensive MOSFET-based push-pull 

circuit. The circuit developed for this task (Fig. A1.4) is based on a design provided by 

Allen White and George Kassabian at the Physics Electronics Shop. While a full 

description of this circuit is outside the scope of this discussion, several key aspects will 

be addressed. 

 A fundamental requirement for a push-pull-based circuit of this type is the 

generation of two synchronized MOSFET gate pulses. In the circuit presented in Fig. 

A1.4, an IR2101 high- and low-side driver was used for this purpose. The high and low  

 

Figure A1.3 Schematic diagram of the circuit used to switch the 
compressor optic from ground potential to +HV. 
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inputs for the IR2101 IC were generated using a normal and an inverted pulse generated 

from the D469ADJ IC. The three ICs in this circuit (SN74LS221, D469ADJ, and 

IR2101) were set up in a manner so that the user-controlled width of the square pulse 

(here R1 is a potentiometer) delivered by the SN74LS221 IC directly relates to the 

generation of two synchronized gates from the IR2101 and, ultimately, directly correlates 

to the width of the output square pulse. In the present design the absolute high-side 

floating voltage for the IR2101 IC is 16 V, as provided by two 9 V batteries in series. 

Like the compressor circuit, the output pulse arises from induced voltages on a 

decoupling capacitor. 

A Miller capacitance between the gate and drain in the MOSFETs used for this 

circuit cause the resulting output square pulse to significantly overshoot ground at low 

pulse widths. In order to minimize this effect, IRF610 MOSFETs (rated to 200 V, 4.5 nC 

gate-to-drain capacitance) were used in place of the standard IRF710 MOSFETs (rated to 

400 V, 8.5 nC gate-to-drain capacitance) used in this laboratory. Using IRF610 

MOSFETs the overshoot was found to be ∼5 V below ground for pulse widths <100 ns, 

and a variable float voltage (up to +60V) was introduced to the output stage of the circuit 

to account for this. A 100Ω resistor is placed at the feedthrough into the experimental 

apparatus to reduce noise in the output pulse. With a load attached, the leading (falling) 

edge of the square pulse produced by this circuit was measured to be ∼15 ns and the 

trailing (rising) edge was found to be ∼30 ns. 
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