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ABSTRACT 

Termolecular association reactions were studied at the low temperatures produced 

within the core of a free jet expansion. A strong inverse temperature dependence was 

found in the termolecular association rate coefficients for the reactions of NO"" with NO 

and N2 and the results are compared with existing literature and theories. The 

atmospheric ramifications of the reaction NO^ + 2 N2 are discussed. 

The temperature dependence of the termolecular association reaction of + 2 Hi 

is reported for the range 1.6 - 3 Kelvin and a temperature dependent rate coefficient for 

the range 1.6 - 300 Kelvin is reported using the current results and the available high 

temperature literature. 

Measurement of the autoneutralization lifetime of SF^"' formed by the attachment 

of low energy (I-100 meV) electrons to cold SFe molecules within the core of a free jet 

expansion were made. The excited anions were found to exhibit a single lifetime in 

accordance with the s-wave scattering law and with literature values for the temperature 

dependence of both the electron attachment rate coefficient and excited anion lifetime. 

These studies provide insight into the attachment / detachment dynamics of negative ion 

scattering states under single collision conditions. 

The effect of neutral temperature on termolecular association reactions is 

examined for several chemical systems and discussed within the context of models which 

include the formation of a long-lived collision complex. 
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CHAPTER 1 INTRODUCTION 

1.1 Introduction 

The obvious place to start any puzzle is with the easiest pieces first, the comers 

and the edges, recognizable patterns buried amongst the jagged edges of the middle 

pieces. The real question is where to look next? The initial studies into ion - molecule 

collision processes were conducted at or near room temperature'. Higher neutral 

temperatures could easily be reached by the addition of heating elements to the reaction 

chamber walls". Higher collision energies for ionic species could be reached by the use 

of electrostatic acceleration fields"'. Lower temperatures remained difficult to study 

through the mid 1980's due to the physical limitations of cooling the reaction chamber. 

Interest in the low temperature regimes of interstellar clouds and planetary 

atmospheres has grown over the last two decades. An increasing number of molecules 

are detected each year by radio astronomers in interstellar molecular clouds. The 

observed depletion of ozone over Antarctica and the southern tip of the Americas during 

the winter months has lead to increased interest in the chemistry of the upper regions of 

the Earth's atmosphere"*. While the signature nations of several international treaties 

have ceased production and drastically reduced their release of chlorofluorocarbons, with 

the notable exception of the State of Arizona', our collective attention has been drawn to 

these cold environments characterized by high fluxes of ionizing radiation. The last 20 
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years have brought us to the very beginning of looking at a portion of those mysterious 

middle pieces of the puzzle, low temperature ion - molecule chemistry. 

1.2 Experimental Techniques 

Prior to 1985, the vast majority of data available on the rate coefficients for ion-

molecule reactions was measured by either flowing afterglow^'^ (FA) or ion cyclotron 

8 9 resonance ' (ICR) techniques. As a natural consequence of the techniques used, much of 

this data was collected at room temperature or above. As techniques for producing low 

temperature environments have been developed, an increasing amount of low 

temperature ion - molecule rate data has become available. The results show that 

extrapolation of thermal / hyperthermal data to low temperatures is a risky proposition at 

best, and further low collision energy studies are necessary. 

While many ion - molecule reactions have been found to have temperature-

independent rate coefficients'", other ion - molecule reactions have been found to exhibit 

a sttong inverse temperature dependence at low temperatures" '^, k cc TAnother class 

of ion - molecule reactions exhibit Arrhenius-type behavior at room temperature and 

above, but the rate coefficient goes through a minimum and increases again at lower 

temperatures, for example + methane'" '^ '"*. The dynamic range of internal energies 

which can be studied from near 0 to 300 (0 - 40 meV) Kelvin is large in comparison to 

the range of hyperthermal chemical studies (300 - 900 T, 40-120 meV). For rate 
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coefficients wiiich exhibit Tbehavior, comparison in log space (logio k versus logio T) 

shows that the low temperature range spans three and a half decades while the 

hyperthermal range spans less than one half of a decade. Such an expanded observable 

energy range should naturally lead to a more complete picture of the reaction 

mechanisms involved in these reactions. 

A discussion of the techniques available for studying ion - molecule reactions at 

low temperature is appropriate. Ion packets are easily guided using simple DC or more 

elegant RF electric fields. Variable temperamre flow tube (VT - FT) and drift tube (VT -

DT) apparatus use collisions with controlled-temperature walls and electric drift fields to 

control the neutral and ion temperatures respectively'^ '^, allowing the measurement of 

ion-molecule rate coefficients at temperatures as low as 80 K. 

The use of the low-cost, readily available cryogen liquid nitrogen to provide 

cooling for experiments initially set a practical lower temperature limit of 77 K for low 

temperature experiments. New experimental advances which have pushed attainable 

temperatures lower than 77 K have been recently reviewed"*^. 

The first reported measurement of an ion - molecule rate coefficient at 

temperatures below 77 K was made by Bohringer and Arnold in 1983'^ using a 

cryogenically cooled selected - ion drift mbe to measure the rate coefficient for He^ + Ni 

in the temperature range 20 - 420 K. The small size of the drift tube made the use of 
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liquid helium as a cryogen feasible, allowing the temperature of the neutral to be varied 

from 20 - 420 K by the use of a cryostat at the lower temperatures and electric heaters at 

the higher temperatures. Neutral thermalization was achieved by wall collisions which 

can lead to condensation losses for the heavier masses, especially at the lowest 

temperatures. Ions are produced in an electron - impact ion source and the ion of interest 

is selected by a quadrupole mass filter for injection into the drift tube. The ions are 

rapidly thermalized by collisions with the flow buffer gas. The relative translational 

energy of the ions is then controlled by a homogeneous drift Held and moderated by ion-

neutral collisions in the drift region. This insuaiment therefore provided the ability to 

study the reaction of ions with neutral species at very low relative kinetic energy in a 

controlled manner with thermalized ions. 

Dunn and coworkers'^ developed a Penning trap in 1986 which operated in the 10 

to 40 K temperature range. In this experiment, a packet of ions is formed from a 

precursor molecule by in situ electron bombardment within the confines of an quadrupole 

ion trap. Ions are trapped by the product of the quadrupolar field and cyclotron motion 

induced by the magnetic field of an electromagnetic solenoid. The remaining neutrals are 

pumped away to a background pressure of 10"'* Torr and the ions are allowed to cool by 

ion - ion collisions and evaporation of high energy ions from the trap. Neutral reactant is 

then leaked into the reaction volume and the ion signals are followed as a function of 

time by the measurement of image current in a similar maimer to the ICR technique. 



Radio-frequency (RF) multi-pole devices have been successfully used as ion traps 

and ion guides by Deiter Gerlich's group in Chemnitz''. For use as a variable 

temperature ion trap, the RF device is mounted on a liquid helium - cooled cold head and 

enclosed in a liquid nitrogen - cooled heat shield. Voltages applied to the gate electrodes 

placed at the entrance and exits of the trap confine the ions within the trap for the 

duration of the experiment. The trap can be filled with the ion of interest which 

undergoes many collisions with the background gas until reaching thermal equilibrium 

with the cold head. The ions are then allowed to react with neutral reactant which is 

added to the trap for a fixed period of time. The reactant and product ions are then 

ejected for analysis by a quadrupole mass spectrometer. More recently, the Gerlich 

group has melded an ion guide with a neutral free jet source to reach temperatures of as 

low as 10 K In the merged beam experiment a skimmed free jet expansion produces a 

beam of jet - cooled neutrals which are directed down the axis of a quadrupole ion guide. 

A mass - selected ion beam is merged into the neutral beam using magnetic lenses and 

constrained by the ion guide to overlap with the neutral beam. The ion - molecule 

collision energy can be finely tuned by varying the ion beam velocity referenced to the 

neutral beam. The ion - guide merged beam technique offers improvements in both 

neutral densities and interaction times accessible over traditional merged beam 

techniques'which rely on charge exchange to produce fast neutral beams. 

Unfortunately, this technique has not proven to be generally applicable to the study of ion 

- molecule reactions. 
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During the same time period, supersonic expansions were also being adapted for 

use as low temperature flow reactors. These techniques produce local environments with 

relative temperatures below 77 K in which the neutral reactants do not come into contact 

with the chamber walls and are produced in sufficiently rarified conditions to control 

clustering and condensation within the jet. The free jet expansion and the convergent -

divergent nozzle are two classes of supersonic expansions available for kinetic studies. 

The free jet reactor in this laboratory will be discussed at length in the next chapter and 

has been used to study ion-molecule reactions in the range O.I - 10 The 

convergent - divergent, or Laval, nozzle as a supersonic flow reactor will be discussed 

next. 

The research groups of Bertrand Rowe in Rennes"®, of Ian Smith in 

Birmingham' , and of this laboratory" have all adapted convergent - divergent, or Laval, 

nozzle flows to the study of various ion - molecule and neutral - neutral reactions at low 

temperatures. The high flow densities of these flows are a natural environment for the 

study of the reactions of neutral species for which the free jet expansion is not well suited 

due to the low densities of the unconstrained expansion. 

A Laval nozzle is a convergent - divergent nozzle with a carefully designed 

internal contour to accelerate a plug of thermal stagnation region gas to supersonic 

speeds. Unlike the free jet expansion, the contour of the nozzle wall does not allow 

continuous or "free" expansion. After accelerating the gas to a designed Mach number. 



24 

the streamlines of the flow are redirected by the walls to cease expansion and produce a 

uniform flow with constant velocity, density, and temperature. The conditions of the post 

nozzle flow from a Laval nozzle is described by the isentropic relationships 

X 
T„ 

1 + M 2 7 - 1  
-i-i 

(1.1) 

and 

P„ 
X 
T„ 

Y 

Y-» 

(1.2) 

where To and Po are the stagnation temperature and pressure, y is the heat capacity ratio 

Cp / Cv, and M is the terminal Mach number at the nozzle exit. Within the nozzle, 

interactions of the flow with the nozzle walls cannot be ignored and a turbulent boundary 

layer must accounted for in the calculation of the nozzle wall contour. A uniform core 

contour is computed and then a calculated boundary layer is added to the profile to 

produce the fmal contour. The boundary layer coupled with background gas collisions 

effectively limit the length of kinetically useful flow a nozzle can produce. Quality flow 

can typically be generated for 10 - 50 cm with densities of 5 x lO'^ to 8.5 x lO'^ cm'^ 

spanning temperatures from 8 - 300 Typical flow velocities of 450 to 650 m/s 

allow for observations to be made for 300 - 450 |is of reaction time. 

Flow reactor Laval nozzles share many common design features with their rocket 

engine and wind tunnel predecessors. Wind tunnel Laval nozzles were designed to 



25 

produce lamitiar supersonic flow with as large a diameter as possible for the 

aerodynamical testing of prototype aircraft bodies^"*^'. Rocket engine exhaust nozzle 

design focused on the minimization of the boundary layer within the flow in the presence 

of combustion reactions^""^^. Turbulent flow reduces the amount of on - axis thrust 

generated by the engine and thereby the efficiency of the engine. Flow reactor nozzles 

are designed to produce extremely constant temperature and density for long flow 

distances. The nozzles need not be large, with throat diameters ranging from hundreds of 

micrometers to several centimeters depending on the desired buffer gas. Boundary 

layers, while undesirable, can be tolerated if a large enough portion of the designed 

isentropic core remains for chemical reactions to be monitored. 

The free jet expansion produces a supersonic flow which expands at a rate 

proportional to the inverse square of the distance from the nozzle. Redirection of internal 

to translational energy in a geometric expansion cools the internal energy of the 

expansion gas and can bring relative translational temperatures as low as 0.3 mK for 

helium and backing pressures of greater than one hundred atmospheres^"'"^'. In contrast 

with the uniform Laval flows, the region of useful reactive densities for kinetic studies is 

reduced to a couple of centimeters and care must be taken with the kinetic analysis due to 

the continually dropping densities within the jet. Due to the efficient cooling of internal 

energy in the free jet, it is difficult to produce conditions of temperatures larger than 20 

Kelvin. 
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Equipped with experimental techniques to measure macroscopic ion - molecule 

chemical properties such as reactive cross sections and bulk rate coefficients, theoretical 

treatments are needed to allow the macroscopic results to be interpreted in the 

microscopic terms of reaction mechanism, intermolecular forces, and internal energy. 

Section 1.3 will discuss several models for describing the intermolecular forces between 

ions and molecules and expressions for the intemuclear potential. Building on the 

concepts developed in Section 1.3, expressions for ion - molecule rate coefficients will 

be introduced and discussed in Section 1.4. 

1.3 Intermolecular Potentials for Ion - Molecule Collisions 

The forces between two molecules, ionic or neutral alike, define the interaction 

potential between the two molecules. Understanding of the intermolecular potential can 

therefore provide insight into the mechanism behind the observed bulk interactions. 

Neutral - neutral reactions typically have an activation barrier to reaction and collision 

complexes are formed on purely repulsive potential energy surfaces as shown in Figure 

1.1. These reactions also generally exhibit rate coefficients consistent with the 

predictions of Transition State Theory and an Arrhenius temperature dependence^^ 

k = A(T)e"^'^''"^ (1.3) 
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Figure 1.1 Potential pathway for generic neutral - neutral (top) and ion - neutral 

(bottom) reactions. 

Ion - molecule collisions occur on a potential energy surface governed by 

stronger, long - range attractive forces. Any reaction barriers are buried deep in the 

attractive well of the collision complex as seen in Figure 1.2a. Dispersive, or London, 

forces characterize the long-range attractive potential for collisions between any two 

molecules and the potential can be described by 
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V.»^„=-4E^ (1.4) 

where e is the well depth and cr is the value of r such that V(r) = 0.^^ Equation 1.4 should 

look familiar as the functional form of the attractive portion of the Lennard-Jones (6-12) 

potential. The attractive force can take on many forms depending on the nature of the 

collision pair including terms for ion - dipole, ion - induced dipole, and higher multipole 

interactions. 

For the case of an ion - polarizable molecule collision, the classical potential as a 

function of the intemuclear separation, r, can be written as 

V =-3-^ (1 5) ion-molecule <^^4 '/ 

where a is the polarizability of the neutral and q is the charge on the ion. 

If the neuU-al species has a permanent dipole moment, the ion - dipole interaction 

potential can be written as^® 

ij) = -*^^0 cos9 (1.6) 
r" 

where |Id is the dipole moment of the neutral species, and 0 is the angle between the 

dipole direction and r. Theard and Hamill^' made the simplifying assumption, known as 

the Locked Dipole Approximation, that the dipole "locks in" on the ion at far distances 

and therefore set 0 = 0°. The potential can then be written as 
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V =_S_SL_i£2S. n 7") ion-dipole <» 4 2 V •' / 
2r' 

Rather than setting 0 = 0°, the Frozen Rotor Approximation of Dugan and 

Magee"*" can be used which assumes a fixed angle 0. Both approximations overestimate 

the dipole effect and can serve as useful upper limits for the calculation of ion-dipole 

capture rate coefficients'". The Average Dipole Orientation (ADO) theory of Su and 

Bowers^^ "*^ treats the dipole as partially "locked" as described by a locking parameter c 

which can be experimentally determined from experimental data and can be qualitatively 

thought of as equaling cos <0>, where <0> is the average orientation angle of the dipole. 

The ion - dipole potential can then be written as 

VADo=-^-^"s9(r)  (1.8)  
2r r" 

This discussion of the attractive potential for ion - molecule reactions was made 

assuming no relative rotation of the particles and zero impact parameter. With increasing 

impact parameter, an additional repulsive term for centripetal, or rotational, energy must 

be added. This new term is dependent on the incoming orbital angular momentum of the 

collision pair, L' = ^I'g'b" 

V„=V(r)+4!t^ 
2r 

where |i is the reduced mass of the collision pair, g is the initial relative velocity of the 

two molecules, and b is the impact parameter. For b = 0, there is no contribution from 



30 

the centripetal potential and the effective potential, Veff, is determined only by the 

electronic potential as discussed above and seen in Figure 1.2a. For b > 0, the centripetal 

potential term becomes non-zero and adds an effective barrier to the attractive potential 

as shown in Figure 1.2b. 

When the effective potential exhibits a positive barrier to complex formation, the 

relative kinetic energy of the collision pair determines the outcome of the collision. For 

kinetic energies less than the barrier height, the collision pair elastically scatters at long 

intemuclear separation. For kinetic energies greater than the barrier the collision pair can 

cross the barrier and form a collision complex. When then barrier height exactly equals 

the relative kinetic energy of the collision pair, the collision pair will form a long-range 

orbiting pair at a constant intemuclear separation, labeled the critical radius, rc. positioned 

at the separation corresponding to the maximum potential of the barrier. 

Any chemical features such as a transition state potential well which are present 

on the electronic potential are typically located at small intemuclear separation and are 

positioned deep in the attractive ion - molecule potential. Under these conditions, the 

chemical features not add a significant repulsive feature to the incoming collision pair as 

seen in Figure 1.2. 
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1.4 Rate Coefficient Models for Ion - Molecule Reactions 

The focus of this work will be on the measurement of reaction rate coefficients 

and the relationship between the formation of a long-lived collision complex at low 

temperatures and the observation of inverse temperature dependent rate coefficients. The 

purpose of this section is to introduce the models used to interpret the experimental 

results presented later in this work. 

The classical model of Giosmousis and Stevenson for an ion - polarizable sphere 

collision'''* predicts a temperature independent rate coefficient with reaction occurring at 

near the collision frequency. The Giosmousis - Stevenson, or Langevin, rate coefficient 

for an ion - molecule reaction is: 

where q is the unit charge of the ion, a is the polarizabilty of the neutral partner, 

and n is the reduced mass of the collision pair. Equation 1.9 may seem simplistic, but 

most recorded ion-molecule reaction rate coefficients are within a factor of two of the 

predicted value. Bimolecular reactions containing polar molecules may have measured 

rate coefficients larger than ku as the model does not treat the dipole but remains a 

convenient tool for comparison. 

(1.9) 
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Figure 1.2 a) Electronic potential, Veiectronic, and centripetal barrier, Vcent 
b) Effective potential, Vert = Veiectronic + Vcent, for b > 0. 
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To properly treat rate coefficients for ion - dipoie systems, the ion - dipole 

potentials presented in the previous section can be used. The ADO method has been 

shown to provide more accurate predictions for experimentally measured rate 

coefficients^* by allowing for partial "locking" of the dipole which is scaled using 

experimental results. Using the ADO effective potential the reaction cross section can be 

written^* 

(g(V)) = 7tr; -I-°  cose, (1.10) 
r;{iv- ^v-

The thermal rate coefficient can then be written as 

k ado = v{o(v))P(v)dv (1.11) 

where P(v) is the normalized Maxwell-Boltzmann velocity distribution function, and rc is 

the value of r at the maximum of the centripetal barrier. 

This discussion has so far focused on bimolecular ion - molecule reactions. 

Bimolecular ion - molecule reactions can be thought of as occurring far above any 

chemical features on the intemuclear potential and having rate coefficients approaching 

the collision rate. 

Termolecular association reactions are another class of ion - molecule reactions 

which have received a great deal of attention particularly for their behavior at low 

temperatures'^ '*^. Many association reactions have been shown to exhibit strong inverse 

temperature dependence rate coefficients. Association reactions have now been included 
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in many models for atmospheric and interstellar environments where the local 

temperatures are low, 10 - 100 K for the interstellar medium and 100 - 200 K for the 

terrestrial atmosphere, where the new low temperature techniques described in Section 

1.2 now allow exploration. 

The association reaction can be broken down into two parts: a bimolecular 

collision to form a collision complex, and a stabilizing collision with an inert third body. 

If the collision complex is sufficiently long-lived, collision with an inert third body can 

decrease the energy of the complex to a level below the centripetal barrier, trapping the 

complex. Further collisions will eventually relax the complex to the final ionic 

association product. Consider the example, reaction 1.12 

N2+2N2-^N; + N2 (1.12) 

A simple energy transfer mechanism for the association reaction can be written as 

+ )AB^ (1.13) 

where kr, ks, and kb are the rate coefficients for collision complex formation, stabilization, 

and back dissociation respectively. The parameter p accounts for the efficiency of the 

stabilizing collision of the complex with M, an inert third body. The lifetime, Xb = 1 / kb 

is the lifetime of the collision complex. 

Use of the steady state approximation allows a total rate coefficient, k, to be 

written for the mechanism in reaction 1.13: 
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k f P k s  

l/Tl,+Pk,M 

which at the low pressure limit can be simplified to 

k = kfpksTb (1.15) 

The formation and stabilization rate coefficients can be modeled by bimolecular ion -

molecule reactions using simple constructs such as the Langevin and ADO models 

already discussed. The measured rate coefficients for termolecular association reactions 

such as + 2 N2 exhibit strong inverse temperature dependence consistent with the 

empirical fitting law 

kocT"" 

where the temperature exponent has been shown to be temperature independent over 

large ranges of temperature"'® '*' and tends to increase in proportion to the complexity of 

the reactants. Typical values of n in the literature range from 0.4 to 6.0. Strong inverse 

temperature dependence is consistent with the concept of a long lived collision complex. 

As the relative kinetic energy of the collision, or temperature, decreases the number of 

energetically available pathways for back dissociation also decreases. However the phase 

space of states available to the collision complex is typically very dense and is essentially 

unaffected by the energy decrease. One can then argue by simple statistics that the 

lifetime of the complex must increase as the temperature decreases. 

To completely describe a termolecular association reaction then requires a 

formalism for the determination of the complex lifetime. Using the RRKM formalism of 
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to determine the partition flmction for the activated collision complex, the 

association rate coefficient can be written as 

a'"' 

(27rnkT)^'^ q^'.qS' *A' 

where the translational partition functions have been separated out from the vibrational 

and rotation partition functions, q'"'. The modified thermal models of Bates^' or Herbst'" 

then collect the temperature dependent terms from both the translational and internal 

partition functions together into a single term. The association rate coefficient is then 

rewritten as the product of a constant and a single temperature dependent term. 

k = CT-(P"'') (1.17) 

where p represents the relative state densities for the collision complex and the reactants 

and increases with the complexity of the collision pair. The parameter 5 contains any 

temperature dependence of the stabilization step and should be small at the low 

temperature limit. In the case of an ion - molecule collision where both partners are 

diatomic, the value ofp is calculated to be 2.00 or 1.75 for linear or nonlinear complexes 

respectively. 

The statistical phase space work of Bowers and coworkers^^ which is based on the 

classical work of Light and coworkers'"* is a more general approach for determining the 

back dissociation rate of the collision complex and will be discussed in Chapter 4. The 

formation and stabilization rate coefficients are determined using models such as 

Langevin or ADO. The dissociation rate coefficient or lifetime of the collision complex 
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is then calculated for each conservative combination of complex and reactant kinetic 

energy and angular momentum: 

k = (1.18) 
P(E,J) 

and the bulk dissociation rate coefficient is determined by a summation over all kb(E.J). 

As the relative kinetic energy of the collision goes to zero, non-collisional 

stabilization processes can become competitive with collisional stabilzation. Radiative 

association is the process where the decrease in energy required for stabilization comes 

from the emission of a photon. 

V . 

A*+ B ~ AB^' AB^" (1.19) 
'Ab 

Radiative association has been postulated to be an important driving force in the 

intersteller clouds, where the low temperatures (10 - 50 K) lead to complex lifetimes of 1 

^s to 1 ms for small molecules. The ICR work of Woodin and Beauchamp'^ on the 

reaction of Li^ with several aldehydes and ketones invoked radiative association as an 

explanation for measured rate coefficients which were larger than could be explained by 

collisional stabilzation alone. Barlow et al measured the rate coefficient for 

+ n-Hz at 13 Kelvin yielding a radiative lifetime of approximately 140 |is. The 

subject of radiative association has been reviewed by Homing and Gerlich^®. 
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1.5 Dissertation Outline 

The effects of long-lived collision complexes will be examined through out the 

remainder of this work. Chapter two will cover the details of the pulsed free jet flow 

reactor used for these studies. Chapter three will examine termolecular association 

reactions of NO"*" which are important in the production of the major ionic constituents of 

the D region of the Earth's ionosphere, protonated water clusters, HCHiO)"". Chapter four 

will focus on the termolecular association reactions of tT, an extremely important species 

in the intersellar medium. Chapter five reports the measurement of the autoneutralization 

lifetime of the SFe'* complex under single collision conditions and the three-body 

stabilization rate coefficient for the collision complex. Appendix A examines the effects 

of vibrational and rotational predissociation of the OD - argon complex on the rate 

coefficients for vibrational and rotational relaxation of the A 'Z state of OD. Appendix B 

discusses the design and construction of a Pulsed Uniform Supersonic Expansion Flow 

Reactor with a quadrupole mass analyzer detection system. Appendix C contains the 

computer code written for controlling the apparatus described in Appendix B. 
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CHAPTER 2 EXPERIMENTAL 

2.1 Introduction 

The experiments which will be described in later chapters of this work were all 

conducted in the free jet flow reactor which has been described previously in Reference 

59. Experiments conducted in a free jet expansion can be broken up into three separate 

parts which will be discussed in this chapter with particular attention being paid to 

examples which are pertinent to the association reactions which are the subject of later 

chapters. First, the generation of a low temperature, gas phase environment within a free 

jet expansion is discussed. Particular focus on the definition of temperature within the 

free jet will be discussed. Once the free jet expansion has been produced, the reaction of 

interest may be initiated within the jet core. In the case of ion - molecule studies, the ion 

is typically formed by laser ionization of a precursor molecule seeded in small 

concentration into the buffer gas which comprises the bulk of the expansion. Following 

reactant ion formation, the reaction is allowed to proceed for some period of reaction 

time, and the concentrations of reactants and products monitored. A time-of-flight mass 

spectrometer is used to mass analyze the ionic species, both reactants and products. 

A free jet expansion is formed in a vacuum chamber by expansion of a volume of 

gas through a small, flat orifice in the presence of a large pressure gradient 

(Pstag / Pchamber > 2.1 across the orificc. If the mean free path of the molecules being 
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expanded is small compared to the orifice diameter, the number of collisions experienced 

is large and the molecules are collisionally cooled. The reduction in internal energy 

reduces the local speed of sound. Acceleration then increases the velocity of the flow in 

the direction of the pressure gradient. A useful value for describing the velocity of the 

expansion is the Mach number, M, which is defined as the ratio of the hydrodynamic 

beam velocity to the local speed of sound. Flow travelling at velocities up to M = 1, or 

sonic velocity, exits the orifice into the vacuum chamber where the internal pressure of 

the flow remains greater than the chamber pressure. Continued expansion occurs in an 

attempt to equalize the two pressures and supersonic flow velocities, M > 1, are reached. 

Supersonic flows are unable to "sense" their environment as the supersonic flow is 

traveling faster than the rate at which collisions with the background gas can occur, the 

local speed of sound. The supersonic flow continues to expand into the vacuum chamber 

unaffected by the background gas as long as no physical barrier is encountered. Limiting 

factors for the experimentally useful portion of the expansion will be discussed in Section 

2.3. 

In the following sections of this chapter the theoretical models and practical tools 

necessary to produce a free jet expansion and understand the physical properties of the 

expansion will be presented. The ideas and techniques presented will then be applied to 

the formulation of a method to utilize the free jet expansion as a flow reactor for the 

measurement of reaction rate coefficients. 
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2.2 Temperature in a Free Jet Expansion 

The description of the thermal and hydrodynamic properties of the free jet have 

been the focus of much theoretical and experimental work in this laboratory®"'^'" and by 

others"'"'®^'^^. A free jet expansion is composed of a short region of continuum flow 

followed by a region of spherical or geometric expansion. A useful dimensionless 

quantity for the discussion of position within the expansion is to refer to the axial 

distance from the orifice in units of d, the orifice diameter. The continuum region 

comprises the first several nozzle diameters of the flow, and is characterized by neutral -

neutral collision rates which remain large enough to maintain equilibrium between 

internal energy degrees of freedom. In this region the flow strucmre is complex and flow 

streamlines are curved. After the continuum region, the streamlines evolve into a 

structure of linear streamlines which can be treated as independently originating from a 

virtual source point®^. On these streamlines, a cylindrical coordinate system is typically 

used to describe the velocity distributions parallel to and perpendicular to the streamline. 

The widths of these distributions are used to define the temperature parallel and 

perpendicular to the streamline, T|| and Ti. Parallel temperature is cooled by collisions 

within the jet and will cease cooling when the density in the jet becomes sufficiently 

rarified. The same phenomena is observed for rotational energy in species which have 

rotational degrees of freedom. Perpendicular temperature continues to cool as the flux of 

molecules with large perpendicular velocity components out of a particular volume 

element on the center streamline is greater than the incoming flux from neighboring 

elements®'. 
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Using the model of Ashkenas and Shennan^® the virtual source point of the 

geometric expansion, which defines the virtual origin of the geometric expansion, can be 

expressed as the position, Zo, defined as 

a = 0.802 y = 5/3 

z„=ar„ 0.598 7/5 (2.1) 

0.496 9/7 

where Tn is tlie radius of the orifice and y is the heat capacity ratio of the gas used in the 

expansion, for example y = 5/3 for an atomic species and the corresponding value of a is 

0.802. 

With the source point determined, expressions are needed for the density, 

velocity, and temperature moments of the flow as a function of distance from the orifice. 

Models for these expressions will be presented next. 

Following the model of Ashkenas and Sherman^® the density of the geometric 

expansion along the center streamline is described by the following relationship 

n(z) = n„ 
^z 

(2.2) 
V Z y 

where no is the number density behind the orifice. This is a simplified approach which 

assumes that the values of z used are several nozzle diameters downstream of the source 

point and the jet can be assumed to have reached a constant streamline velocity®'. 
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Temperature moments within the jet can be described within the thermal 

conduction model of Beijerinck and Verster^ in terms of a source parameter, E, which is 

a function of the intermolecular potential and the stagnation conditions of the expansion. 

H = 3.189 Y - I  
y 

z ,n„(C,/ktTji"  (2.3)  

The Lennard-Jones parameters, Ca, are tabulated^', allowing the value of E to be 

considered a known constant for a given molecule. Temperature and position within the 

jet can be expressed as reduced variables in terms of E as shown in Reference 64: 

-12/11 
T T ^ (2-4) 

r - ̂  --3/(y+2) _ Z __9/ii 
S-—- (2.5)  

z z 

The second forms shown for both the reduced temperature, t, and position, C, are for 

atomic species with y = 5/3. The temperature profiles within the jet can than be rewritten 

in terms of the reduced variables^'' 

dt|| 
• 5 ^ — ( 2 . 7 )  

where 
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Ti l  +2T |  

(2.8) 
3 

The solutions for the reduced temperatures as a function of distance from the nozzle can 

then be expressed as^' 

0.54 _ Xf 
= = — for  ̂ >10 (2.9)  

for;  <10 (2.10) 

T|i =q<;"^'^+ST„ (2.11) 

where 

=t||.oc =1.15 (2.12) 

These results of Mazely and Smith^' qualitatively predict the correct limiting 

behaviors for monatomic gases, predicting isentropic behavior at small distances, 

t oc and parallel temperature, Ty, freezing out and Ti decreasing as 1/C for large C. 

Using this method, based on the thermal conduction model of Beijerinck and Verster^, 

both temperature moments can be predicted for the regions prior to complete freezing of 

Til. 

While the above model can be used to predict flow properties in the early portions 

of the jet, the development was for atomic species and required the assumption of a 

constant beam velocity. Diatomic and polyatomic buffers are used throughout this work 

and a model which can account for the added internal energy of the buffer's rotational 
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degrees of freedom is needed. Also, while the assumption that the beam speed has 

reached it's thermodynamic limit at the source point is not a bad assumption, it is not 

physically correct and a model which does not require this assumption would be 

desirable. 

The work of Randeniya and Smith^° presents a model based on solutions of the 

generalized Boltzmann equation which provides the necessary theoretical basis to make 

the simulation of diatomic buffers feasible. This u-eatment uses a set of physically 

reasonable boundary conditions determined by accounting for the variations in 

temperature, velocity and density through the continuum region as initial values for the 

solutions of the Boltzmann equation. As the number density in the continuum region is 

large enough to maintain equilibrium between the internal degrees of freedom, all 

temperatures are treated as equal and to follow the following relationship 

T(z) = T„ 
v ^ / 

(2.13) 
z 

where rn is the nozzle radius and at is a numerically-determined temperature scaling 

factor. Values for at are tabulated in Reference 60 for several values of y. The 

hydrodynamic beam velocity of the jet, u, at the source point was found to be u = Uo at 

the position, z = aya rn, where the value of Uo can be determined from the 

thermodynamic limiting value, Uao, using the following relationships from Reference 60: 

= 0 (2.14) 
ma 
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(2.15) 
U-1 m j  

where a is a scaling factor which was numerically determined to be have the values, amin, 

tabulated in Reference 60 such that the source points determined for both the number 

density and beam velocity coincide at the same point within the flow. Once a value for u 

have been determined for the source point, the only remaining boundary value needed is 

the beam density, n, at the source point. To solve for the density, the approach of 

Habets^* and Beijerinck and Verster^ is used, of which the major assumption is that the 

expansion approaches sonic velocity (M = 1) at the orifice exit plane. The mass flux 

through the sonic plane. Fs, can then be written as^° 

where Uj and ns are the velocity and density of the jet at the sonic plane. Using the fact 

that the flux through a surface cut through the jet must equal the flux out of the orifice, 

i.e. mass flux must be conserved, one can write 

where ©pm is the Pandtl-Meyer number which describes the angular dependence of the 

density®^, and the values of b are given by Beijerinck and Verster^"* for the angular 

dependence of density in a flat nozzle flow field. The density, n. can be determined at the 

point ro by solution of Equation 2.17. Having determined a value for the density, n, all of 

the boundary conditions can be simultaneously defined at a single point in space. The 

Fs=7rr„-mn3U, (2.16) 

r ®pM 
mn(r)u(r) (2.17) 
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temperature at ro can be determined by the use of Equations 29 and 40 in Reference 60, 

which give the value T as 

T '•rt T = 
Ot2(Y-l) 

mm 

Taking the boundary conditions determined from the relationships discussed 

above as a starting point, flow properties can be determined for the geometric expansion 

portion of the flow. The solutions of the generalized Boltzmann equation for the flow 

velocity, density, and temperature moments have been derived and cast in forms suitable 

for numerical evaluation which can be found in Reference 60. There is a singularity in 

the solutions at mu" = 3 kTy which prevents the calculation of flow properties from the 

orifice directly outward. The boundary conditions determined above are therefore used 

as the starting point for the calculations which is beyond the singularity. Reference 62 

outlines a set of solutions for the Boltzmaiui equation for a two component atomic flow 

and work to include two component molecular flows is currently underway in this 

laboratory. 

Computer programs are available in this laboratory to implement the results of 

References 60 and 61 for single component molecular flow and in Reference 62 for two 

component atomic flows. A version which extends the two component code to properly 

treat molecular species is currently being developed. Now that the tools to accurately 

model the various temperature and flow properties within the firee jet are available, the 
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question of what temperature to assign to a measurement made in the free jet can be 

addressed. The dis-equilibrium of the rotational, parallel translational, and perpendicular 

translational temperatures within the free jet present the researcher with the problem of 

assigning a temperature to rate coefficients which have been measured. An effective 

translational temperature can be written by taking the degeneracy-weighted average of 

the translational components, 

Tetr =jTii + |Ti (2.18) 

where the temperature moment for velocity perpendicular to the expansion stream line 

has been written in terms of a single velocity distribution which is doubly degenerate. 

For molecules with rotation, the rotational degrees of freedom can exchange energy with 

translation and the rotational energy content should be included in the average. For a 

diatomic species with two degenerate rotational degrees of freedom, the effective 

temperature can be written as 

T'eir = jTii + (2.19) 

An effective temperature, so defined, applies to a single position in the flow. An example 

simulation of a nitrogen flow is provided in Figure 2.1 to show the relationship between 

the various temperatures. 

To report an average kinetic temperature for a measured termolecular rate 

coefficient, one may compute the average Tetr, or <T> for a given range of distances 

within the flow 
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f^'T(z)z "'"""dz f^'T(z)z~'dz 
/T\ = Ih = hi (2.20) 

f"z-""-"dz f'z-'dz Jzj  Jzi  

where z\ and Zr define the range of distances to be integrated over, n is the molecularity of 

the reaction of interest^", and T(z) is a functional form representing the effective 

temperature of the jet as a function of distance from the nozzle face. The second form in 

the above equation is for the case of a termolecular association reaction, n = 2. The 

functional form of T(z) can be expressed as a polynomial and fit to the results of a 

simulation like the one shown in Figure 2.1. 

A nine-term fit to the simulation shown in Figure 2.1 was found to give the best 

overall fit. Adding additional terms did not markedly improve the fit while fewer terms 

did not reproduce Teir at far distances as accurately. If z, and zrare the initial and final 

positions of an experimental measurement, <T> is the collision energy-weighted average 

temperature over which the measurement was made. If one or both positions are changed 

in the course of an experimental run, then <T> must be computed for each set of 

positions and an linear average of the results used as the average T, Tave-

The example of a termolecular association reaction is offered at this point, using 

the simulation from Figure 2.1 and typical experimental values of z, and Z|, the physical 

meaning of which will be explained in Sections 2.6 and 2.7. For a range of z\ = 0.8 - 1.6 

cm and a fixed zf- z\ distance of 15 cm, the values of <T> and the overall linear average 

can be computed and are reported in Table 2.1 
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Figure 2.1 Simulated temperature profiles in a free jet expansion. 1000 Tort of pure 
nitrogen is expanded through a 0.05 cm diameter nozzle. 

Table 2.1 <T> versus z for a Pq = 1000 T N2,0.05 cm dia. nozzle expansion. 

Zi (cm) <r>(K) 
0.8 11.25 
0.9 10.88 
1.0 10.57 
1.1 10.32 
1.2 10.11 
1.3 9.93 
1.4 9.78 
1.5 9.64 
1.6 9.53 

T"ave 10.22 

A procedure which does not require the determination of a fimctional form for Ten-

is outlined next and the two methods are compared. A position, Zave> can be calculated 

which is the density-weighted average position between z-, and Zf for a given set of 

experimental distances, z-, and Zf. One can write an expression for Zave-
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|_""z-""-"dz |_'"l/z*dz , 

f"z-^'-"dz f"'l/z'dz"2 
J Zj J Zj 

(2.21) 

where Zave is the position between Zi and Zf at which the number of collisions experienced 

by a molecule in the expansion from z-, to Zave equals one half the total number of 

collisions which will be experienced by the molecule between z-, and zf. The constant n is 

the molecularity of the reaction and the second form of Equation 2.21 is for the case of 

termolecular reactions. Integration and rearrangement of the termolecular form gives 

Once the position Zavc has been determined, an effective temperature, Tetr, can be 

calculated for this position from the simulation data. These Tetr values are then computed 

for each set of positions Zj and zr used in the experimental run. Using the same example 

as above, the values of Tetrand Tave, tlie linear average of Terr over all experimental 

positions, are computed and the results are given in Table 2.2. Tave can then used as the 

average kinetic temperature for the experiment. 

Both approaches give results in the range 5 - 10 K.. The Zave approach predicts 

temperatures which are 5 K lower than the <T> approach. The difference between the 

results of the two approaches can be explained by considering the process for cooling in 

the jet. Neutral - neutral collisions within the jet cause rapid initial cooling which 

/ x-l/3 

Z ave (2.22) 
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"freeze" out at a near constant temperature as the jet becomes sufficiently rarified. While 

the collision firequency is too low to induce further cooling, the collision frequency is not 

zero. The temperatures in the early portion of the jet are significantly higher and 

changing much more rapidly than in the later portions of the jet as can be seen in Figure 

2.1. The density-weighted average position, Zave. is where the molecules in the jet have 

undergone one half the total number of collisions which will be undergone between the 

positions Zj and Zf. Any value computed for <T> will therefore be weighted towards 

earlier positions in the jet and higher temperatures than an effective temperature, Teir, 

determined by the Zave method. The proper choice of average temperature to assign to a 

bulk rate coefficient is the one which best represents the average collision energy for the 

reaction. For a measurement made over a large range of jet positions including the 

"unfrozen" early portion, the <T> method will more accurately reflect the average kinetic 

energy by weighting the high temperature points more heavily. Therefore the 

temperatures derived fi-om the <T> method are used throughout this work. 

Table 2.2 Tctr versus z for a Po = 1000 T Ni, 0.05 cm dia. nozzle e.xpansion. 

Zi (cm) Tefr(K) 
0.8 7.40 
0.9 6.27 
1.0 5.55 
l . l  5.07 
1.2 4.73 
1.3 4.48 
1.4 4.30 
1.5 4.17 
1.6 4.06 

Tave 5.11 



53 

2.3 Producing a Free let Expansion 

The heart of our pulsed free jet supersonic flow reactor is the Series 9 pulsed 

valve (General Valve - Parker - Hannafin Co.) with a home-built driver circuit. The 

pulsed valve is a solenoid valve which is designed to be operated at 28 VDC and has 

replaceable armatures, springs, and poppets. The PTFE - coated iron armature along with 

front and back springs provide motion upon energizing the coil while the poppet provides 

the gas seal when the armature is in the rest position. Interchangable face plates with 

orifice diameters ranging from 0.3 to 0.8 mm can be used with the same valve body. A 

variety of poppet materials are available ranging from PTFE to VESPEL. Typically 

PTFE and PEEK are used as they represent the best compromise between durability and 

ability to form a tight seal with the face plate. 

While the valves are designed to operate at 28 VDC, the temporal response of the 

valve at this voltage is too slow. Therefore a homebuilt circuit was designed to actuate 

the valve as quickly as possible. A TTL pulse with a typical width of 400 - 900 |is is 

supplied to the high voltage driver circuit. The driver circuit is comprised of a 300 V, 0.4 

fiF capacitor and a voltage divider. 300 V is applied to the valve by the capacitor for 

approximately 10 ^s and opens the valve as quickly as is physically possible. After this 

initial HV pulse, the voltage divider keeps the valve open by supplying 28 VDC for the 

remainder of the trigger pulse. This combination opens the valve extremely quickly and 
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yet prevents excessive iieating and premature failure of the valve by rapidly decreasing 

the current draw to within specifications. 

Chemical reactants, ion precursors, and buffer gases are delivered to the nozzle by 

the use of three independent mass flow meters (Tylan Model FC-280) feeding into a 

shared reservoir directly connected to the pulsed valve entrance. The ratios of the 

components are controlled by setting the relative mass flows of die gases into the 

reservoir after accounting for the calibrations of each individual flow meter to a test gas, 

typically argon, and for each gas species using corrections published by Tylan General^'. 

The conductance of the nozzle limits the total flow rate of gas which can be used. The 

mass flow meters have fixed dynamic range which in combination with the total flow rate 

of the nozzle, limit the range of flow compositions which can be actively prepared. The 

addition of a bypass value allows the total flow rate to be increased, thereby increasing 

the range of compositions which can be prepared. For expensive or toxic gases, a 

prepared mixture of the desired composition can be prepared prior to the experiment by 

adding the necessary partial pressures of each gas to a stainless steel storage bottle and 

then using a single flow meter to deliver the mixture to the nozzle. 

Large nozzle backing or stagnation pressures, Po, must be balanced by decreased 

nozzle pulse width and duty cycle to avoid exceeding the pumping speed of the flow 

reactor. A 10" dia. oil diffusion pump (Edwards Model Difstack 250) backed by a 

mechanical roughing pump (Edwards Model ED660) provides pumping for the main 
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chamber. The uhimate main chamber pressure is less than 2 x 10'^ Torr and typical 

The usable length of a free jet for the purposes of measuring low-temperature 

kinetics can be limited by the position of the Mach disk. The Mach disk is the surface 

where the supersonic flow of the free jet is overcome by a shock wave which can raise 

the local pressure of the flow to the background pressure'^. At this point the jet becomes 

subsonic, and the gas discontinuously heats again. The position of this shock front is 

insensitive to the molecule which forms the expansion and can be calculated by the 

where Xm is the Mach disk location, d is the nozzle diameter, Po is the pressure in the 

stagnation region, and Pb is the background pressure in the vacuum chamber. 

For the free jet flow reactor in this laboratory, the practical limit for useful 

expansion is the point where the transit time across the remaining section of the vacuum 

chamber is shorter than the collision frequency. After passing this point, species in the 

jet will not undergo ftirther collisions, effectively shutting off any collisionally-driven 

chemistry. 

operating pressures are less than 2x10"^ Torr. 

equation 

(2.23) 
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2.3.1 Orifice-Limited Pulsed Valves 

As was discussed in Section 2.2, the flow properties of the free jet can be 

described in terms of the distance from Zo, the virtual source point. The location of the 

source point is dependent on the nozzle radius, as given in Equation 2.2. This value will 

become important to the calculation of rate coefficient as will be discussed in Section 2.6. 

To achieve a reproducible, well-behaved gas pulse which can be described completely by 

the position in the expansion, z, and the value of Zo, the poppet must completely withdraw 

from the faceplate to insure that the conductance of the nozzle is determined only by the 

diameter of the orifice. To insure that the flow is completely determined by the nozzle 

orifice, the effective nozzle conductance is measured. For a given small range of 

pressures, 20 - 200 Torr, the time to fill a known volume containing both a calibrated 

flow meter and the pulsed valve is measured for a known flow rate. 

As an example, the measured times and other quantities from an experimental 

orifice-limited-flow. OLF, test will be presented. The time measured to fill the volume 

with a 150 seem flow of Ar from 900 to 1100 Torr was 12 seconds. The time to empty 

the same volume over the same pressure range using the nozzle was measured to be 160 

seconds. A derivation of the orifice conductance finds that the orifice diameter can be 

related to the two measured times in a fairly straight-forward marmer^"*: 

A { \ on I ^FM Q 2.02x10 d , f f (mm)  =  20  
V ^NOZ P "NOZ 

(2.24) 
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where defr is the effective orifice diameter in mm, tpM is the flow meter fill time in 

seconds, twoz is the nozzle empty time in seconds, Q is the calibrated mass flow rate of 

the flow meter in seem, P is the average pressure during the test in Torr, and dNoz is the 

experimentally measured duty cycle of the nozzle determined by multiplying the 

integrated area of the gas pulse by the repetition rate of the nozzle (600 |js x 10 Hz = 

6x10'^ in this example). Using the average pressure P is only valid when the pressure 

change is small with respect to the total pressure, or when dP / dt can be reasonably 

approximated as AP / At. The remaining numerical constants are collections of 

conversion factors. For the example values given above, the effective diameter of the 

nozzle is determined to be 0.48 ± 0.03 mm, or 97% of the physical size of a 0.5 mm 

diameter nozzle. The measurement is repeated several times to accurately determine the 

diameter. The error quoted for the example calculation comes from the propagation of 

typical values for the error associated with each experimental measurement. All 

experiments discussed in this work were conducted with effective diameters measured to 

be within 10% of the physical size of the orifice. 

An iterative process of measuring the effective diameter of the nozzle and 

changing the thickness of spacer shims used in the nozzle is used to find the optimal 

distance for the nozzle body from the face plate. A typical thickness of shim material 

necessary for the valve to operate properly is 0.042". Too few shims will not allow the 

nozzle to open fully, while too many shims will result in mechanical resonances which 

will allow the armature to 'bounce" and open the valve a second time. A bounce can be 
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detected by mapping the intensity of a jet-dependent signal versus delay after the pulsed 

value trigger signal. A well-adjusted valve will open only once and a single pulse will be 

observed. If the valve bounces a second pulse can be observed at later times. An 

example jet-dependent signal is the REMPI production of an ion from a precursor 

molecule seeded in the jet as a function of laser - pulsed valve delay. Typically there is a 

0.003" window of shim thickness that will allow a particular valve assembly to open 

properly. 

2.4 Production of Ion Packets 

2.4.1 Direct One Photon Laser Photoionization 

For the study of low energy electron attachment discussed in Chapter 5. a source 

of tunable energy electrons is needed. The ionization potential (IP) of sodium metal is 

5.139 eV^^. An effusive beam of sodium metal from an oven is crossed with the laser 

beam within the free jet. Tunable laser radiation at wavelengths near the IP of sodium 

(Xip = 241.248 nm) can generate electrons whose kinetic energy is the balance of the 

photon energy minus the IP. Radiation at 241.248 nm produces electrons with essentially 

zero kinetic energy. Scanning the wavelength to the blue increases the energy of the 

photon and thereby the excess energy which can be imparted to the kinetic energy of the 

ejected electron. 
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2.4.2 Resonance-Enhanced Multi-Photon Ionization 

Most small molecules have IP's which are substantially higher than that of 

sodium metal, in excess of 6 eV. For the production of ions in our free jet expansion, this 

rules out direct photoionization for the molecules we have studied due to the range of 

available wavelengths from our laser systems (844 - 219 run, 1.5 - 5.7 eV). The 

production of state-selected ions via single photon photoionization is not a generally 

viable practice in the laboratory due to the lack of high energy light sources other than in 

a few select sources such as Berkeley's Advanced Light Source (ALS) and other 

synchrotrons. Poor Franck-Condon overlap between ground state neutral and ground 

state ion also limits state selectivity in direct ionization as well. While direct multi-

photon ionization (MPI) is possible, the use of an intermediate molecular state can greatly 

increase the state selectivity of the ionization event. Using the technique known as 

Resonance-Enhanced Multi-Photon Ionization (REMPI)^^, the neutral ground state 

molecule absorbs one or more photons to populate an intermediate Rydberg electronic 

state. Rydberg states are typically chosen for their electronic structure of a weakly bound 

electron orbiting the desired ionic core. This state preferable lies within a single photon 

absorption of the molecule's ionization potential. If several photons are required to 

ionize the Rydberg state, the probability of accidental resonances with other excited 

states increases which could broaden the population distributions of the ions produced. 

An additional criteria is that the intermediate state is not interacting with electronic 

valance states of the molecule which can cause state mixing, possibly producing ions 

with a mixture of internal states or shortening the lifetime of the intermediate state by 
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predissociation and broadening the REMPI spectral features, also decreasing state 

selectivity^^. If the REMPI spectrum of the molecule is sufficiently resolved, the ion can 

be prepared in a particular rovibronic level. Intermediate states which have been studied 

using photoelectron spectroscopy (PES) in combination with the REMPI scheme of 

interest should be used to insure adiabatic state production as the mixing interactions with 

valance state are difficult to predict in advance^^. 

The nomenclature for REMPI schemes used in the literature is "m + n REMPI via 

the Q(v) state" where m is the number of photons needed to reach the intermediate state, 

n is the number of additional photons to reach the ionization continuum, and Q(v) is the 

state label and vibrational level for the intermediate molecular state being used. In this 

study both NO"" and H"*" were produced by 2+1 REMPI via the E(v=0) state and 3+1 

REMPI via the C(v=4) state of NO and H2 respectively. A schematic of the REMPI 

process for NO is shown in Figure 2.2. 

2.4.3 Laser Systems 

The high peak power, coherent radiation necessary for REMPI and direct photoionization 

schemes used in this work are generated by the two Nd:YAG pumped dye lasers 

available in our laboratory. Both are based on near-identical 10 Hz, 7 ns FWHM 

Nd. YAG lasers. The first laser system (Continuum Model YG661) is capable of 

generating 300 mJ/pulse of 532 nm or 130 mJ/pulse of 355 nm radiation from the 
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approximately 800 mJ/pulse of 1064 jam produced in the main laser cavity. A home-built 

grazing incidence oscillator'^ dye laser is pumped by the 532 nm output of the Nd:YAG, 

producing 20 - 80 mJ/pulse of tunable radiation with a nominal bandwidth of 0.5 cm*'. 

The dye laser output may be frequency doubled in a FCD*P crystal mounted in a precision 

optical mount which is used to set the incident angle of the laser light for maximum 

doubled output. 

The second laser system (Continuum Model NY61) is optionally injection-seeded 

for decreased line width (0.0045 cm"' FWHM at 1064 )im) when IR mixing schemes are 

used. Frequency doubling and tripling can produce 330 mJ/pulse of 532 nm and 170 

mJ/pulse of 355 nm radiation respectively. The dye laser uses a Moya-type oscillator 

cavity (Continuum Model ND60 with dual 2400 line/mm gratings) for a nominal line 

width of 0.04 cm''. 

Non-linear frequency output is produced in a harmonic generation stage 

(Continuum UVX / UVT) which also has the ability to automatically optimize the output 

power by continuously adjusting the incident angle of the dye laser output on the KD*P 

crystals. A number of non-linear schemes are supported: Frequency Doubling, Mixing 

After Doubling (MAD), IR Mixing in addition to the Fundamental dye laser output. 

Automatic angle tuning of both crystals (if used) is accomplished by use of a dual-

element photodiode which is fed light by a beam splitter at the exit of each crystal stage. 
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Figure 2.2 A schematic diagram of the 2+1 REMPI process for NO via the E "I (v = 0) 
intermediate state. Vibrational levels of the ion greater than v = 0 are 
omitted for clarity. 
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The beam is attenuated by a Glen-Taylor prism, focused into a strip by a cylindrical lens, 

and the fundamental is removed by use of a series of filters. The outputs of the dual 

photodiode are processed by the control unit which in turn angle tunes the crystals for 

optimum power. 

Temporal jitter between all electronics packages is minimized by the use a high 

quality delay generator (Stanford Research Systems Model DG536 four channel delay 

generator with a resolution of 5 ps and a mean jitter of 50 ps) to supply all electrical 

trigger signals. 

2.5 Detection of Ions 

Time Of Flight Mass Spectrometry (TOF-MS) is a natural fit to the pulsed, high 

vacuum nature of the free jet flow reactor. Simple to construct, rugged, and yet with 

sufficiently high resolution to perform kinetic studies, the TOF-MS requires an 

experimental design with a well defined start time to reference the flight times against. 

The lasers used operate at 10 Hz, therefore producing small, well defined packets of ions 

which can be extracted after 10 - 200 ^is of reaction time in the jet and mass analyzed 

well before the next laser pulse produces additional ions (100 ms later). For clusters of 

small diatomics such as nitric oxide. NO, typical flight times through the TOF drift tube 

are 10-40 |is. 
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Since the species being studied are ions, one must be worried about stray 

electrical fields which can redirect the ions traveling in the jet. A field free environment 

must be maintained. The vacuum chamber which encloses the free jet is built with 

double |i-metal shielding against magnetic fields and all inner surfaces are coated with 

graphic to minimize any stray electrical potentials. All internal parts are fabricated from 

non-magnetic materials (typically SS 304) and careful attention is paid to electrical 

grounding. The magnetic field generated by the solenoid valve will be discussed in detail 

in Section 3.2.1. 

The TOF-MS used is a two field Wiley-McLaren style design'^ which is mounted 

mutually perpendicular to both the axes of the free jet and of the laser. A schematic of 

the TOF-MS is presented in Figure 2.3. The first acceleration region, which projects into 

the supersonic jet, is pulsed to insure field free conditions prior to extraction. The 

repeller field is generated by a high voltage, pulsed potential applied to a grid 6.5 cm 

from the entrance to the flight lube. The repeller pulse is produced by a home-built high 

voltage switch which uses two television horizontal control transistors in a push-pull 

arrangement. Typical voltages are ± 300 - 1000 V or acceleration fields of 50 to 150 

V/cm. An adjustable base-line bias is applied to minimize any electrical fields prior to 

the pulse due to long time constant behavior of the switch. The rise time of the circuit is 

less than 500 ns for I kV pulses. 
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After extraction the ions enter the second, differentially pumped section 

containing the second field optics, the flight tube, and the detector. Adjustable deflector 

plates, which can produce an electric field parallel to jet center streamline, are mounted 

directly after the 5 mm entrance aperture of the nose cone. These plates remove any 

hydrodynamic beam velocity component prior to the second acceleration region. 

1E |>0  

I E  =  0  

A-(e = qEJ 
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Figure 2.3 Schematic of TOF-MS indicating relative physical position of elements and 
acceleration regions. REP and ACCEL indicate the repeller and 
acceleration optics. The symbols + and - are the beam speed deflector 
optics. The MCPs are indicated by the solid block. 

The second acceleration field is produced by a 20-element voltage divider yielding an 

extremely linear voltage ramp to the 2 kV drift voltage. A three element Einzel lens after 

the acceleration ramp focuses the ion beam into a magnetically and electrically shielded 

1-meter flight tube. The detector is positioned directly after the exit of the flight tube. 

Two matched, non-optical quality micro-channel plates (MCP) (Galileo Electro-Optics 

Model 1396-0050) are sandwiched together in a chevron configuration with a typical 
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voltage of 2 kV applied across the combined plates. The ion current, with a 10® gain 

from the MCP's, is fed into a lOOx preamplifier (Phillips Scientific model 6931) and 

converted into a voltage. This voltage is then captured with a digitizing oscilloscope 

(Lecroy model 9400 with the waveform averaging option and a single shot bandwidth of 

125 MHz). Multiple shots are averaged for 50 - 1000 shots until a sufficiently low 

signal-to-noise ratio is produced. The resolution of the spectrometer is at least I amu 

over the mass range of 0 - 200 AMU. 

The entire TOF-MS is mounted on a kinematic flange which can be translated 

over 20 cm along the jet center streamline while maintaining an average operating 

pressure of less than 10"^ Torr within the drift tube. The TOF-MS requires pressures 

below 10'^ Torr to minimize collisions after extraction and to prevent electrical arcing 

between the closely spaced high-voltage elements. Therefore a second, smaller oil 

diffusion pump (Edwards Model Difstack 100, sharing the mechanical pump with the 

Difstack 250) differentially pumps the TOF-MS flight tube and detector stage achieving 

ultimate pressures below 10'^ Torr and typical operating pressures of below 2 x 10"^ Torr. 

2.6 Extraction of Kinetic Data 

Using a free jet source as a chemical reactor is more difficult than for a flow tube 

or "bulb" experiment since the extraction of kinetic information from the data can be 

more complicated. The geometrical expansion brings additional terms to the rate laws 
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which require a small bit of mathematical finessing. For a termolecular association 

reaction 

A"+2B-) 'AB"+B 

the differential rate law for the loss of can be written as 

(2.25) 

dA^ 

dt 
=  kA^B-- ( -A*  f ( t )  (2.26) 

where f(t) is the function describing the ion density loss due solely to the geometrical 

expansion. The concentration of B at any point along the jet center streamline can be 

rewritten in terms of the distance along the given streamline as discussed in Section 2.2. 

B(z) = Bo ^ 
z" 

Given a constant hydrodynamic jet flow velocity, u. the rate law to be rewritten 

completely in terms of distance rather than time 

(2.27) 

dA" kA^B^z;! 2A* 

dz uz 
(2.28) 

After integration firom the ionization point, Zj, to the extraction point, zr. 

In 
"A^ Z ; ) '  _  kB^zJ  I 1 

-21n  
Zi 

_A^ ( Z f )  3u 7^ 7^ Zj Zf ^ 
-21n  

.Zf .  
(2.29) 

In an experiment where the reactant B is not present, only the geometric expansion term 

remains non-zero 
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In 
Au(Zj )  = -2 In Zi 

.Z f .  
(2.30) 

where the subscript u indicates unreactive conditions. Subtraction of Equation 2.30 from 

Equation 2.29 cancels out the geometric loss term 

In 
'A* ( Z i ) '  

- In 
"A: ( Z i ) '  kB^ z J  1 1 ' 

A^ ( Z f )  

- In 

1 >
 

c
 +

 

1 3u Z j  Z f  
(2.31) 

and since the initial densities are equal for both the reactive and unreactive cases. 

Equation (2.31) can be rewritten as 

- In  
"A*( Z , ) "  1 1 

. A u (Zf ) .  3u Z ^  2 ^  Zj Z{ 
(2.32) 

the term A*(Zf) in Equation 2.32 is equivalent to the total ion current, assuming that no 

ions are lost from the expansion due to kinetic energy release. The final form of the 

integrated termolecular rate law is then given in Equation 2.33: 

- In  
"A*(Zf )"  kBj  zJ  1 1 

. 2:(r) 3u z^ z^. 
(2.33) 

An analogous development can be used for bimolecular reactions of the type 

A^ + B -> AB^ 

which yields an integrated rate law of the form 

(2.34) 
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'A" ( Z f ) "  kBo zl ' I r 

2(1") . u Z j  Z f  

which can be used in the same manner. 

Rate coefficients can be extracted from experimental data via a number of 

methods. One may vary the ionization - extraction distance, zr - Zj, and therefore the 

reaction time, much like in a flow tube reactor. Alternatively the ionization - extraction 

distance can be kept fixed while varying the position of the nozzle. This has the effect of 

changing z\ and zr simultaneously. This method also probes reaction time but in a 

slightly counter-intuitive manner. Greater nozzle - laser / MS distances reduce the 

number of collisions the ions can undergo before extraction and therefore look earlier in 

reaction time. Rate coefficients can also be measured by keeping all distances fixed and 

only varying the stagnation density. Bo. 

The variation of Bo is not a method generally used as the temperature of the jet is 

coupled to the number of neutral - neutral collisions and therefore the stagnation density. 

The preference is to make measurements at a constant temperature as a function of time. 

While the methods are mutually complimentary, each is best suited for different 

situations. For example, to study a termolecular association reaction, very high densities 

are desirable at the point of ionization. However extraction efficiency suffers at these 

high densities. Therefore it is more advantageous to keep the ionization - extraction 

distance large and fixed while moving the nozzle. Ions are then formed in high density 
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regimes where termolecular processes will dominate. Because the ionization - extraction 

distance is kept large and constant the ions undergo reactive ion - molecule collisions 

over a region of constant temperature. The jet is sufficiently rarified at the extraction 

point to allow for efficient extraction. For each of the methods mentioned above, the 

quantity - In 
A^(Zf )  

SCD 
is plotted against the variable of choice and the rate coefficient is 

extracted from the slope of the resulting line. 

2.7 Experimental Details 

The specifics of the electronic, physical, and mechanical design of the free jet 

flow reactor in this laboratory will be presented in this section. A schematic of the 

instrument configured for REMPI ion production and TOF-MS ion detection is shown in 

Figure 2.4. The pulsed valve, NOZ, produces a 400 - 900 |is, 10 Hz gas pulse to form a 

pulsed free jet expansion. At a distance, Zj. downstream of the nozzle, a laser beam is 

focused onto the expansion center streamline. Ions are produced by REMPI and allowed 

to undergo ion - molecule collisions until the ion packet reaches the position, zr, which is 

directly in fi'ont of the mass specurometer entrance. A high voltage extraction pulse is 

applied to the repeller electrode, REP, with an appropriate delay such that the ions are in 

between the repeller and TOF-MS when the pulse is applied. The laser, free jet, and 

mass spectrometer axes are mutially perpendicular. 
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Many of the components in the flow reactor operate in a pulsed mode either by 

necessity, the laser systems for example, or by design to serve some purpose, the pulsed 

valve to reduce the pumping load on the vacuum pumps for example. These components 

require a series of precisely timed trigger pulses to initiate each event in the proper 

sequence. The laser must fire before the repeller plate can extract any ions, for example. 

The electrical schematic of the flow reactor is shown in Figure 2.5. 

A 10 Hz master trigger signal is the timing reference for all components. This 

signal is fed to a digital delay generator which provided low-jitter trigger signals to the 

laser and nozzle control electronics. The high-voltage repeller pulse can be referenced 

either from the nozzle trigger pulse or the laser Q-switch pulse. In either case, an 

appropriate delay may be set such that die repeller pulse occurs when the ion packet is 

correctly positioned in front of the mass spectrometer. The amplified output from the 

MCPs' is sent to both a digital oscilloscope and a boxcar integrator. Both the 

oscilloscope and the boxcar integrator are interfaced with a PC for data collection. The 

PC also controls the output wavelength of both laser systems. Laser power can be 

monitored during wavelength scans by connecting a laser power meter to the PC and 

interlock features are provided to stop a wavelength scan and warn the operator if the 

non-linear mixing crystals are set to an incorrect angle, causing the loss of doubled or 

mixed-after-doubled harmonic generation. 
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Figure 2.4 Free Jet Flow Reactor - REP, mass spectrometer repeller plate; TOF-MS, 
entrance aperture of TOF-MS; NOZ, pulsed valve. Ions are formed by the 
laser at z-, and mass analyzed at Zf. The laser, TOF-MS. and expansion axes 
are mutually perpendicular. 
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Figure 2.5 Block diagram of flow reactor electronics indicating connections between 
components. Arrowheads indicate the direction of information flow. 
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The temporal ordering of the delays required for the successful production and 

collection of ions is given in Figure 2.6 along with typical values. Note that the repeller 

trigger signal can be referenced from either the pulsed valve or the laser Q-switch trigger 

signals. This flexibility is important when using both the NY61 laser system and reduced 

pulsed valve repetition rates (< 10 Hz) as the NY61 cannot be operated under external 

control at any repetition rate other than 10 Hz with the current version of the control 

electronics. While the timing of the repeller delay is not as straightforward to calculate 

when the reference is the nozzle pulse as the nozzle-MS distance changes, the nozzle and 

the repeller can be operated at lower repetition rates than 10 Hz. At the expense of extra, 

unused laser shots, stagnation pressures larger than can be handled by the vacuum pumps 

at 10 Hz can be used. 

The layout of the gas delivery, vacuum, and cooling water systems for the flow 

reactor is shown in Figure 2.7. Gas mixtures are actively prepared by mass flow meters 

as described in Section 2.3. Cooling water is required for the oil diffusion pumps which 

provide pumping for the vacuum chambers as described in Sections 2.3 and 2.5. Both 

oil diffusion pumps share a common mechanical pump. The locations of the pressure 

measurement  dev ices  a re  ind ica ted .  A  s t ra in  gauge  s ty le  (Omega  PX-302-50)  0 -50  

PSIA pressure gauge measures the gas inlet, or rack, pressure as close to the actual nozzle 

reservoir is as physically feasible. A Bayard-AIpert style ion gauge (10'^ to 10'^ Torr) is 

used to measure the pressure at the detector. 
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Figure 2.6 Timing diagram for the pulsed components of the free jet flow reactor. The 
F/# parameter indicates the trigger frequency of each component with 
respect to the master clock (10 Hz). F/2 indicates 1/2 master frequency or 5 
Hz. The alternate repeller timing can be used for simplicity at 10 Hz. 
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Figure 2.7 Vacuum, cooling water, and gas flow diagram for free jet flow reactor. IG 
and SG are Bayard-Alpert-style ion gauge and strain-gauge pressure gauges 
respectively. Objects with internal crosses indicate valve locations. 
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CHAPTER 3 TERMOLECULAR ASSOCIATIONS REACTIONS OF NITRIC 
OXIDE CATION 

3.1 Introduction 

The D region of the Earth's ionosphere has a rich positive ion chemistry. 

Reactions initiated by three body association are responsible for a majority of the 

observed positive ions in the D region^''*" and may also be important in D region 

negative ion chemistry®'. Solar vacuum ultraviolet (VUV) flux produces O2* and NO^ 

cations. These primary ions lead to the formation of protonated water clusters, H^(H20)n 

as seen in Figure 3.1. Protonated water clusters are the most abundant ions observed in 

the D region with HCHiOja" the major ionic species observed below 85 km'*". The 

question of how the primary ions NO^ and 02"^ are converted into protonated water 

clusters is not well understood. Bimolecular reactions which produce the hydronium ion, 

H3O*, have been proposed by Heimerl and coworkers 

NO* • HjO + OH -> H3O* + NO, k < lO*'" cm^ s"' (Ref. 85) 

NO* • H,0 + HO, H3O* + NO3 k unmeasured 

and by Burke®®. 

NO* • H,0 + H ^ H3O* 4- NO k < 7 X 10''- cm^ s"' 

These reactions represent possible initiation charmels for protonated water cluster growth. 

However, the measured rate coefficients appear to be too small and the number densities 

of the neutral species are insufficient®', n = 10^ cm*^, to account for the concentration of 

protonated water clusters in the D region. 
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Measurement of the three-body association rate coefficient for the direct 

production of the hydrated NO"^ ion** 

NO^ + HjO + N,—f^NO^HjO + N, (3.1) 

COSMIC RAYS EUV, X-RAYS 

Lyg 

CAg) 

Figure 3.1 Reaction schematic proposed for the formation of protonated water clusters 
in the D region of the Earth's ionosphere. Figure from Reference 89. 
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yields a rate coefficient of 1.6 x 10'^* cm® s"' at 295 K. This rate coefficient and those for 

continued cluster growth are much too slow to serve as the only pathway to protonated 

water clusters. Other channels for production of protonated water clusters, H(H20)n^, 

and other ionospheric ions at D region temperatures and concenurations are needed. 

The classes of reactions which will play a significant role in the chemical 

composition of the D Region must both a) have rate coefficients fast enough to be 

significant and b) have sufficient precursor reagent density present to be considered. 

Typical D region conditions feature a temperature near 190 Kelvin and number densities 

of nitrogen and carbon dioxide of 3 x lO''' and 1 x lO" cm'^ respectively^". The water 

concentration varies seasonally from 1-3x10^ cm'^. 

A potentially more efficient series of switching-type mechanisms have been 

proposed"'^". In these mechanisms, an exothermic reaction^^ which has sufficient 

reagent density available initiates the process followed by a switching reaction of one 

molecule in the cluster for another, water in this case. For example, initial termolecular 

association with nitrogen 

NO^ + Nj + N,—^NO^-Nj + N, (3.2) 

would be followed by a fast switching reaction with HiO 

NO^Nj  +  HjO—i^NO^-HjO +  N,  (3 .3 )  
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The three-body association rate coefficients for the following reactions are 

potentially important reactions in mechanisms like reactions 3.2 and 3.4, and therefore 

their temperature dependence should be measured: 

NO* + N, + N, ) NO* • N, + N, 

NO"+NO +  NO—?^(NO) ;+Nj  (3 .4 )  

NO'+NO +  N^—+N (3.5)  
2 

NO* + CO, + CO, ) NO* CO.-h CO; (3.6) 

While these reactions have all been studied at temperatures above 200 K, 

extending the temperature window on these reactions towards 0 K. will allow for a more 

accurate determination of the temperature dependences of these reactions and thereby a 

better understanding of the mechanisms for ionospheric cluster growth. In this study, the 

three-body rate coefficients for reactions 3.2. NO"" + 2 Ni, and 3.4, NO"" + 2 NO. were 

measured and comparison is made with available literature data. The rate coefficients 

measured for reaction 3.2 can then be used to predict the feasibility of a ligand-switching 

mechanism via NO* • Ni to produce NO" • HiO. 
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3.2 Experimental 

Nitric oxide association products are produced in the collisionally cold 

environment of the free jet expansion described in Chapter 2. Pure nitric oxide or 

mixtures of nitric oxide in various buffer gases (nitrogen, argon, or helium) are expanded 

through a pulsed valve operating at 1 to 5 Hz. The lower repetition rates are necessary 

due to the stagnation pressures used, typically 400 - 1900 Torr, and the pumping speed 

limitations of the flow reactor. Low backing pressures were also used to minimize the 

production of neutral clusters in the jet. The work of Golomb et al^'* indicates that the 

neutral dimers content of a nitric oxide free jet reaches a maximum of three percent at a 

nozzle backing pressure of 2200 Torr. Photoionization of nitric oxide occurs at distances 

from the nozzle, z\, of 8 to 40 mm along the free jet center streamline (See Figure 2.4) by 

the doubled output of a Nd:YAG-pumped dye laser with wavelengths near 326 nm using 

a 2 + 1 REMPI scheme via the E 'S (v = 0) state of NO. REMPI - PhotoElectron 

Spectroscopy (REMPI - PES) studies^^ have shown that ion production via the E state is 

vibrationally adiabatic with greater than 85 percent production of the ion with the 

selected vibrational level. The ion packet is allowed to react for 14 -19 cm until reaching 

die extraction point, zr, where the packet is extracted with a + 430 V, 40 |is flat topped 

repeller pulse and mass analyzed by TOF-MS. 

Reference 104 reported termolecular rate coefficients for reaction 3.4, NO^ + 2 

NO'"(z ) 
NO measured 11 years ago in this laboratory. The quantity was measured as a 
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function of nozzle-mass spectrometer distance, Zf, for Zf = 9.9 - 22.4 cm, while keeping 

the nozzle-laser distance, Zj, fixed at 2.6 cm. More recently a different approach was 

introduced and used to measure termolecular association rate coefficients for the 

reactions Ni* + 2 Ni and O2* + 2 O2 (Ref 96), and Ar^ + 2 Ar (Ref 97). The approach of 

References 96 and 97 was used for the studies presented in this work. The quantity 

NO-(z,) 

KD 
was measured as a function of nozzle-laser distance, z-,, for Zi = 0.8 - 3.0 cm. 

while keeping the laser-mass spectrometer distance, Zf - Zj, fixed at 19 cm. The slope of 

the line, m, from a plot of - In 
N O ^ ( z , )  

versus 
_1_ _1_ 

contains the rate 

coefficients and several constants as outlined in Section 2.6. The benefit of the second 

method becomes clear when the range of 
1 1 

-f . 

values which can be probed by the 

two methods are examined. For the first method, the J 1_ 
L^i Zf J 

range is 0.063 - 0.064, 

while for the second method the range is 0.037 - 1.95. A much larger dynamic range can 

be explored, yielding more accurate rate coefficients. The second method discussed will 

be used throughout this Chapter and Chapter 4. 

A REMPI spectrum of the NO^ parent ion as a function of laser wavelength is 

shown in Figure 3.2. The spectrum shows three intense bands, the main E - X (0-0) band 

near 328.5 nm and two additional peaks of significant intensity. The calibration of the 

dye laser was accomplished by recording a spectrum of the neon optogalvanic lines from 
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Figure 3.2 Scan ofNO" monomer signal as a function of wavelength. The nozzle 
conditions were 1000 Torr of nitric oxide with Zj = 1.0 cm, Zf- Zj = 19 cm. 

a hollow-cathode lamp (Perkin - Elmer, Part # 303-6037. iron with neon fill gas) as 

emission current versus oscillator grating position. Assignment of six observed 

transitions to tabulated transitions'®'^' within the range 621 - 667 nm allows a linear 

calibration function to be generated relating the dye laser grating position to the 

fundamental dye laser output wavelength. A doubled wavelength of 328.55 nm was used 

to produce ground vibrational state ions via REMPI. No 2+1 REMPI spectrum of the E 

state was available in the literature to aid in assignment, however the E - X (0 - 0) 

transition reported by Ebata and Zare'^ at 60872 cm"' is within 1.5 cm"' of the 328.55 nm 

(60873.5 cm'') transition used for this study. An attempt to assign the remaining peaks at 

330.2 and 331.3 nm was made by calculating the rotationless (v' =0, 1 - v" < 20) band 

positions for all electronic states of NO through the G state (Te = 62913.0 cm*') using 

the Te, (Oe, and OeXe values tabulated in Reference 100. No reasonable assignment could 
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be made for the two remaining peaks. Due to the close match between the transition 

energy of Ebata and Zare and the transition energy used for this work, it is reasonable to 

assume that the ions produced are produced in the vibrational ground state. 

A typical TOF-MS spectrum for a pure NO expansion is shown in Figure 3.3 

showing not only the production of the dimer but higher clusters as well. 

250 n 

240 -

r  230 -

10 15 20 25 30 35 40 

flight time (|j.s) 

Figure 3.3 A TOF-MS spectrum of pure nitric oxide. Nozzle conditions were 400 Torr 
with Zi = 0.4 cm, and Zf- Zi = 14 cm. 

The number density of the jet remains large enough that there is a sufficient number of 

bimolecular buffer gas - ion collisions that any vibrationally excited ions produced would 

be rapidly cooled. 
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3.2.1 Pulsed Valve Diagnostics 

To extract meaningful kinetic information from measurements made in a free jet 

expansion, it is necessary to understand how the density of both the neutrals and ions 

vary as a ftmction of distance. The integrated rate laws discussed in Section 2.6 and 

Section 3.3 have been written assuming a geometric expansion (1/z^ density fallofO- The 

solenoid pulsed valve added to the flow reactor after the study of NO^ + 2 NO by 

Randeniya and Smith'°^ generates a magnetic field which could induce cyclotron motion 

and trap ions within a smaller expansion volume than for a geometric expansion alone. If 

the magnetic field is large enough, the field could also induce Zeeman splitting and 

thereby shift some Mj levels of higher rotational levels into resonance with the laser at 

close distance while only exciting a single level at far distances where the magnetic field 

strength has decreased. Measurements would therefore be made at higher rotational 

temperatures than expected and yield smaller rate coefficients. 

The magnetic field of the pulsed valve was measured perpendicular to the nozzle 

face at several distances from the nozzle face using a magnetic field probe (Magnetic 

Shield, Model HP-103) and the results are presented in Figure 3.4. The measurements 

were made twice each for both the nozzle alone and with a |i-metal shield on the nozzle 

face to reduce the magnetic field. The maximum value of the magnetic field was 84 

Gauss measured directly at the nozzle face without the |i-metal shield and 7 Gauss with 

the shield in place. 
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Figure 3.4 Magnetic field of the pulsed valve solenoid as a function of distance as 
measured perpendicular to the nozzle face. 

The energy of interaction for a magnetic field on the degenerate energy levels of a 

system can be expressed as'°'; 

E B = P e g B M ,  

where pe is the Bohr magneton and equal to 9.274 x lO'^"* J / T, B is the magnetic field 

strength in Tesla, Mj is the quantum mechanical label for the normally 2(J+1) degenerate 

J levels, and g is the Lande g factor given by'°' 

^ ^ [J(J + l)-L(L + l)^S(S + l)] 

2J( J +1) 

where J, L, and S are the quantum numbers for total, orbital, and spin angular momentum 

respectively. The Zeeman splitting for the first 10 rotational levels of the X "lli/a ground 

electronic state and the E ^2 excited electronic state were calculated as a function of 
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magnetic field strength. At the 84 Gauss magnetic field of the pulsed valve, the 

maximum splitting for the X ̂ U.\a (J = 10.5, Mj) energy levels was calculated to be 0.12 

cm"'. Calculations for the E state yielded similar energy splitting. Transition energies 

for the E - X Q-branch transitions were determined using the calculated energy levels 

and the selection rule'°^ AMj = ±1 for a laser polarization perpendicular to the magnetic 

field. For the worst-case scenario of Mj = ± J, the difference in the calculated transition 

energies was less than 0.011 cm"', far less than the 0.5 cm"' resolution of the dye laser 

used. Magnetic fields of 1 - 2 Telsa, 1-2x10"* Gauss, were required to cause 

overlapping transition energies. 

Takazawa and Abe'°" measured the fluorescence spectra of the NO A - X 

transition in an applied magnetic field of up to 10 Telsa, 10^ Gauss, and compared their 

experimental results to their transition energy and intensity calculations. Their results for 

the Pi and P21 branches of the A - X transition indicated that a magnetic field of at least 1 

Telsa was required to cause overlapping transitions for J < 8.5. 

The atomic Hamiltonian used in this treatment will over predict the Zeeman 

splitting in the NO system and should be viewed as an upper estimate of the induced 

splittings. The magnetic field of our pulsed valve is not sufficient to cause appreciable 

Zeeman splitting and therefore the rotational population distribution of the ions produced 

in the REMPI event should remain constant throughout the experiment. 
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If the ions were being trapped within the core of the jet, the total ion signal as a 

function of mass spectrometer position would not follow a 1/z^ fall off, leading to rate 

coefficient measurements of which are too small in magnitude. For a sufficiently large 

magnetic field produced by the nozzle, the ions would be constrained by cyclotron 

motion to follow the magnetic field lines. If the magnetic field is small the ions will have 

such a large cyclotron radius that the motion of the ions will be governed by the fluid 

dynamical streamlines of the expansion. The cyclotron radius can be expressed as a 

function of magnetic field, B, as follows'"^ 

_ mv VlmE 

qB qB 

where m is the mass, v is the velocity, and q is the charge, and E is the kinetic energy of 

the ion respectively. Using the worst-case condition of an unshielded nozzle generating a 

magnetic field of 84 Gauss at the nozzle face, the cyclotron radius was calculated to be 3 

cm. The ^i-metal shield greatly reduced the extent of the magnetic field and therefore the 

potential perturbations upon the jet. The |a-metal shield used for the rate coefficient 

measurements for the reactions 3.2. NO^ + 2 N2 and 3.4, NO^ + 2 NO. 

3.3 Extraction of Rate Coefficients from Mixture Flows 

Section 2.6 outlined the process for extracting a rate coefficient from an 

expansion with one termolecular reaction occurring. Competing termolecular reactions 

complicate the extraction of rate coefficients. A brief discussion of how to handle these 
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parallel channels is appropriate. Throughout the remainder of this chapter, the rate 

coefficient subscript refers to the equation number of the reaction in question. For 

example, k; is the rate coefficient for reaction 3.7. For the parallel systems 

A " + 2 A - > A A " + A  

A ' ^ + A  +  B - > A A ^ + B  

A ^ + 2 B - > A B * + B  

(3.7) 

(3.8) 

(3.9) 

it is possible to extract from the data a pseudo-first order rate coefficient, ktot, with the 

units sec"'. Equation 2.33 gives the integrated rate law for reaction 3.7, A^ + 2 A as 

- I n  
A " ( Z f )  _ k? Ao zj 

2 ( r )  3u 
J_ 1 

Zf 

The slope of the line, m, on a plot of - In 

the rate coefficient, k? by: 

ki = 

A ^ ( Z f )  

U V )  
versus 

j 1_ 
can be related to 

3 u m  

' A-z-* 
(3.10) 

The rate coefficient for reaction 3.9, A* + 2 B, can extracted from a study of an expansion 

of dilute A in B. A pseudo-first order total rate coefficient, k,ot, can be expressed as 

Z„ 

The slope of the line, m, from a plot of - In 
A ^ ( Z r )  

KD 
versus 

1 I 

Z; Z r  

(3.11) 

can be rewritten 

as 
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ni = |^[k8tA]„[Bl, + k,[B]j] 
3 u  

where kg and k? are the termolecular rate coefficients for the collision complexes AA^ 

and AB* undergoing a stabilizing collision with B as the third body respectively, [A]o and 

[B]o are the stagnation densities of A and B in the current experiment respectively. A 

series of experiments varying Bo and recording kwt allows the determination of unique 

values for kg and kg. The same formalism can be extended to an increasing number of 

parallel reactions. 

3.4 Nitric Oxide Cation Clustering in Pure Nitric Oxide 

Reaction 3.4 has been studied previously 

NO" + 2 NO—^(NO); + NO 

over the temperature range of 3.8 - 430 K by Randeniya et and van Koppen et 

The value of «, extracted from a global fit, was 2.7 for the combined data sets of 

References 104 and 105. For a general ternary ion-molecule association reaction, rate 

coefficients with strong inverse temperature dependence given by the empirical fitting 

law: 

k  =  C T ' "  ( 3 . 1 2 )  

with values of n typically ranging from 0.4 to 4.2 have been observed'"^. 

A comment on the temperatures reported for experiments in the free jet is 

necessary. Reference 104 reports rate coefficients measured at 3.8,4.5, and 6.1 K. The 



91 

values were computed values of the terminal parallel translational temperature. Direct 

simulation of the flow properties and temperatures as discussed in Section 2.2 now allows 

for a better prediction of the temperature profiles within the jet. Recalculation using the 

experimental conditions given in reference 104 yield average temperatures, <T>, of 2.34, 

2.37, 2.86 K. as defined in Section 2.2. Temperatures are assigned to the rate coefficients 

measured in this work using the same procedure. These temperatures are then used in the 

fitting routines and for presentation in the figures. 

The rate coefficients for NO^ + 2 NO, k4, were measured and the results are 

reported on Table 3.1 and Figure 3.5. The reported error bars are solely based on the 

error from the linear regression used and therefore may underestimate the true error. 

A global fit including the current experiment and the available literature values 

which yields a global value of w = 2.01 ± 0.08 is also included in Figure 3.5. The present 

low temperature results are ten times smaller than would be predicted by the results of 

Randeniya et al. The error bars of two experiments do not overlap and the global fit is 

not within the error bars of all but a few of the rate coefficients. 

The temperature exponent n for the temperature dependence is significantly 

smaller than the value, n = 2.7, reported by Randeniya et al and van Koppen et al. The 

(N0)2 dimer is reported to have a non-linear cis planar structure'"'. Comparison to other 

four atom dimers and their corresponding ions'"''''' suggests that (N0)2^ is also non

linear. The temperature exponent can be written as a sum, w = p + 5, as was described in 
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Section 1.4. A value of n = 2.01 ± 0.08 is in good agreement with the predictions of the 

modified thermal model of Bates and Herbst' which predict a value of p = 1.75 for non

linear complexes, assiuning a value of 5 = 0.25. 

Table 3.1 Rate coefficients for reaction k4, NO^ + 2 NO. 

<T> (K) k4 X 10'^*^ (cm^ sec') 
3.0 2.3 ±0.13 
3.1 2.1 ±0.07 
3.3 2.0 ±0.04 
3.6 3.4 ±0.06 
4.0 1.1 ±0.05 
5.0 1.6 ±0.20 

The factor 5 collects any temperature dependence of the stabilization step. The 

magnitude of the 5 factor was found by Bates to be an inverse function of the binding 

energy of the final cluster product. The NO* • NO cluster has a binding energy'"® of 0.63 

+ 0.09 eV and the corresponding theoretical value of 6 is consistent with a value of 0.25. 

Van Koppen et also report computed rate coefficients and a theoretical temperature 

exponent for this reaction, n = 2.0. While the computed value of n is not in good 

agreement with their experimental value of n = 2.7, it is in excellent agreement with the 

global fit reported in this work (See Figure 3.5) for all available data on Reaction 3.4, 

NO* + 2 NO. 

Bimolecular charge transfer to neutral dimers formed by condensation could 

certainly contribute to measured first-order rate coefficient. Nozzle stagnation pressures 
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were kept low to minimize neutral condensation but good measurements of the neutral 

cluster fi-action still do not exist. 

lE-23 

^  I E - 2 4 . |  

l E - 2 5 - 1  

§  l E - 2 6 - i  
e 

• 3  I E - 2 7 - ,  
S 
S  l E - 2 8 - |  

^  I E - 2 9 . ;  

lE-30 I I I I I I I 11 [ I I I I I I 11 1  I  I I — I  I  I  1 1 1  

1 10 100 1000 

temperature (K) 

Figure 3.5 Rate coefficients for NC + 2 NO, k4, give an overall global fit of « = 2.01 ± 
0.08. 

The global value of n determined is also in good agreement with results of studies 

of the reactions + 2 Ni and 02^^ + 2 in our laboratory, where the values of n 

computed were 1.92 ± 0.15 and 1.86 ± 0.15 respectively over similar temperature ranges. 

The structure of N4^ has been proposed to be linear by Conway'"' and also by De 

Castra'while the structure for has been proposed to be non-linear by Conway'". 

Based on structure, the modified thermal model would then predict p = 1.75 and 2.00 for 

O2* and respectively. 

• Present Work 

• Ref. I OS 

A Ref. 104 

Global Fit 
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3.5 Nitric Oxide Cation Association with Nitrogen 

Nitrogen is by far the most prominent species in the Earth's atmosphere, and 

therefore a study of the termolecular association of NO^ with nitrogen was made. 

Several measurements of reaction 3.2, NO^ + 2 N2, have been made over the temperature 

range of 130 to 300 K which indicate an inverse temperature dependent rate coefficient as 

shown in Table 3.2. 

The temperature dependence of reaction 3.2 was studied in a free jet by expansion 

of a one percent mixture of nitric oxide in a nitrogen buffer. The rate coefficients are 

reported in Table 3.3 and Figure 3.6. The rate coefficient, k2, can be fit by a rate law with 

a constant value of « = 2.10 ± 0.14 from 3.2 - 300 K and are approximately one fourth the 

values measured for IC4, NO"^ + 2 NO, at similar temperatures. The reported error bars are 

solely based on the error fi'om the linear regression used and therefore may underestimate 

the true error. 

Table 3.2 High temperature rate coefficients for k2, NO^ + 2 Ni. 

Temperature (K) Rate Coefficient (cm^ sec*') 

300 

298 

225 
130 

<1.0 x 10*^" 

2x 10-^'" 
1.5 x 10*^°' 
8.0x I0-^°" 

'Ref. 112 "Ref. 113 
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Table 3.3 Rate coefficients for kz, NO"*" + 2 Ni. 

^ ( K )  k2 X 10-^^ (cm*^ sec') 

3.2 5.2 ± 0.5 
3.3 12.8 ± I.O 
3.6 5.0 ±1.0 
4.0 4.0 ±0.3 

Reaction 3.2, NO^ + 2 N2 has been suggested as a pathway to the production of 

protonated water clusters in the Earth's ionosphere. The rate coefficient for direct 

hydration of nitric oxide, reaction 3.1 has been measured, ki = 1.6 x 10'^® cm^ sec"' at 295 

K. 

N O *  + H 2 O  +  N 2 — ^ N O ^ H j O  +  N ,  

lE-25 

1E.26 

IE-27 

1E.28 

lE-29 
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I I I I I I I I I I I i I I I I t 
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• Ref. 112 

• Ret: 113 
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Figure 3.6 Global fit of combined rate coefficient data for ki, NO^ + 2 N2, yielding a 
temperature exponent n = 2.10 ± 0.14. 
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Interpolation of the present resxUts to 295K gives a rate coefficient of 5.79 x 10'^' 

cm^ sec"' for reaction 3.1, NO"*" + 2 N2. To make a comparison between the reactions 

NO^ + 2 Nt and NO^ + H2O + Ni, the rate law for direct production of NO^ • H2O is 

written 

d[NQ^ H,0] ^ k^fH,OI[N,][NO"I 
dt 

The two sequential steps in the ligand-switching mechanism, assuming the second step is 

fast and proceeds at the collision rate, are written as: 

NO^ + 2NJ —^ NO" • N, + N, 

NO* • N. + H,0 NO* • Hp + N, 

Using the steady-state approximation to solve for the NO* • Ni concentration 

[ N O *  - N ,  
kJH.O] 

gives a total rate law: 

d[N0* H,0] ^ jn,]'[NO*] 
dt 

The ratio of the two rate laws 

Ligand - Switch _ k2[N0'*"][N2]" 

Direct k,[N0*][N2][H20] 

may be evaluated by including the termoiecuiar rate coefficients ki and the interpolated 

value for k2, along with typical number densities for nitrogen and water of 3 x lO'"* and 

2x10^ cm*^ respectively. The resulting ratio, 543 : 1, suggests that the ligand-switching 

switching mechanism proposed by Heimerl^' is at least five hundred times more efficient 

than the direct hydration mechanism, reaction 3.1, NO^ + H2O + N2, at typical 
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ionospheric number densities and a temperature of 295 K. The temperature dependence 

determined for reaction 3.2, NO^ + 2 N2, indicates that interpolation to 200 K, a more 

realistic ionospheric temperature, yields a factor of two increase in rate coefficient. The 

discussion of Sections 1.3 and 1.4 regarding ion - dipole reactions indicated that for ion -

molecule reactions involving polar molecules, the rate coefficients will increase more 

rapidly as the temperature is lowered as compared to similar non-polar molecules. The 

dipole moment of water is large, 1.86 Debye"''. A calculation using the locked dipole 

potential discussed in Section 1.3 suggests that the rate coefficient for NO^ + HiO + N2, 

will increase approximately 20 percent faster than the rate coefficient for NO"^ + 2 N2 as 

the temperature decreases from 295 to 200 K. The relative efficiency of the ligand-

switching mechanism will decrease approximately 20 percent in comparison to the direct 

mechanism at 200 K after factoring in the effect of water's dipole moment. Having 

formed NO^ • HiO. the remaining steps to formation of protonated water clusters are 

bimolecular reactions which should be fast, near the collision rate. A probable first step 

is the formation of the hydronium ion, H30'^, 

NO' • H,0 + H,0 -> H,0' + NO + OH 

which can be calculated to be exothermic (AHrxn = -270 kJ / mol) using the values of 

Lias et al^ and Fehsenfeld et al^^. 
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3.6 Nitric Oxide Cation Clustering with Rare Gases 

So far this chapter has focused on the low temperature association of diatomic 

species. Measurements of association rate coefficients in atomic buffers would add to the 

volume of data available for the further refinement of our understanding of the 

association process. Therefore the NO^ three-body association rate coefficients were 

measured using dilute NO in two of the commonly used atomic buffer gases, argon and 

helium: 

N 0 ^ + 2 A r - > N 0 " - A r  +  A r  ( 3 . 1 3 )  

N O ' + 2  H e - • N O "  H e  +  H e  ( 3 . 1 4 )  

The measured rate coefficients are reported in Table 3.4. The rate coefficient for 

helium represents only an upper bound as no cluster signals were observed. These values 

were measured for dilute NO (< 1%) in a rare gas buffer prior to the addition of the bi

metal shield. Rate coefficients measured for NO* + 2 NO with and without the shield 

plate made during the characterization of the plate indicate that rate coefficients measured 

without the plate are typically an order of magnitude lower than ones measured with the 

plate. In this respect the values reported in Table 3.4 should be treated as lower limits. 

The rate coefficient measured for argon is 4400 times smaller than the rate coefficient 

measured for NO* + 2 NO, and 580 times smaller than die rate coefficient for NO* + 2 

Ni. The values used for the NO* + 2 NO and NO* + 2 Ni rate coefficients in the above 

comparison were extrapolated from the experimental data to the temperature of the rare 
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gas free jet. A search of the literatiire did not yield any high temperature data with which 

to compare these results at this time. 

Table 3.4 NO^ + 2 M at <T>. 

M <T>(K) Rate Coefficient (cm® sec"') 

Ar 0.5 6.5 ±1.6x10'-® 
He 0.8 < l . l  x 10'^' 

3.7 Conclusions 

Termolecular association rate coefficients for the nitric oxide cation, NO^, have 

been measured in the low temperature environment of the free jet expansion for the range 

0.5 - 5 Kelvin. The reaction NO* + 2 NO was revisited to allow comparison between the 

two different methods of collecting data which have been developed for the free jet flow 

reactor. Reaction 3.2, NO"" + 2 Ni is potentially significant in the production of 

protonated water clusters in the Earth's ionosphere. Little data exists in the literature and 

what data is available focuses on high temperatures. The rate coefficients for reaction 3.4 

are measured to expand the available data in the low temperature arena and allow 

accurate prediction of the rate coefficient at ionospherically significant temperatures. 

Both measured rate coefficients exhibit strong inverse temperature dependence. Rate 

coefficients are also measured for NO* with two common rare gas buffers, argon and 

helium. 
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The rate coefficients for the reaction NO"*^ + 2 NO were measured to be 

I - 4 X 10'^^ cm^ sec"' for the temperature range 3-5 Kelvin. These results combined 

with the results of Randeniya et and van Koppen et a/'"^ were used to calculate a 

global temperature dependent rate coefficient of k4 = 7.00 ± 2.70 x 10'"^ T^ ° 

cm® sec'' for the range 2.3 - 430 Kelvin. The low temperature results of Randeniya et al 

were made under stagnation pressure conditions where neutral clustering is predicted to 

be significant^"*. A non-linear fitting routine was required to extract the termolecular 

association rate coefficients firom bimolecuiar charge transfer with neutral clusters which 

predicts a larger temperature exponent, n = 2.7. Comparison of the two techniques 

suggests that the method used in the present study is more sensitive to termolecular 

association and that the non-linear fitting approach may over predict the termolecular rate 

coefficient. The present combined result is in good agreement with predictions of the 

modified thermal model of Bates and Herbst"® and the phase space theory predictions of 

van Koppen et al which both predict values of« = 2.0. 

Reaction 3.2, NO^ + 2 N2 has been suggested as a pathway to the production of 

protonated water clusters in the Earth's ionosphere. The rate coefficient for direct 

hydration of nitric oxide, reaction 3.1 has been measured by Fehsenfeld et af'^ in 1971, ki 

= 1.6 X 10"'^ cm® sec*' at 295 K. 

NO^ + H2O + N2 NO^ • H2O + N, 

Rate coefficients for the reaction NO^ + 2 Ni were made in the temperature range 3.2-4 

Kelvin and combined with room temperature data to calculate a temperature dependent 
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rate coefficient for the range 3.2 - 300 Kelvin, kz = 8.9 ± 5.1 x 10"^' T '•* cm^ sec*'. 

Comparison of rate coefficients and number densities for the reactions NO^ + 2 Nt and 

NO^ + HiO + N2, give a ratio of 543 : I for the ligand-switching versus the direct 

hydration mechanism with typical ionospheric number densities and a temperature of 295 

K. 

The comparison between the two mechanisms was made at 295 K because of the 

single available data point for the direct protonation step. No further data exists at this 

time for the association of water, NO"^ + H2O + Ni, but due to the large dipole moment of 

water, the rate coefficient for this reaction is expected to increase more rapidly at lower 

temperatures than for the reaction, NO"^ + 2 N2. To properly make the comparison 

between the direct and ligand switching reactions, the temperature dependence of the 

direct protonation mechanism must be studied down to the ionospheric temperature of ~ 

195 Kelvin if not lower. 

Initial measurements of the termolecular rate coefficients for NO^ with argon and 

helium, two common rare gas buffers for free jet expansions, are reported. No cluster 

signals for NO^ + 2 He were observed, indicating an upper limit for the rate coefficient of 

1.1 x 10*^^ cm® sec*' at <T> = 0.8 K. For argon, the rate coefficient was measured to be 

6.5 ± 1.6 X 10*"® cm® sec*' at <T> = 0.5 K. Rate coefficient data at additional 

temperatures is required to be able to determine the effect of temperature on reactions 

where the collision pair is composed of a diatomic ion and an atomic neutral. 
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CHAPTER 4 LOW TEMPERATURE TERMOLECULAR ASSOCIATION OF THE 
H^ CATION 

4.1 Introduction 

Protonated hydrogen, Ha"^, was first discovered by J.J. Thompson in 1911 and 

is the simplest possible stable polyatomic molecule. Hogness and Lunn introduced the 

ion - neutral reaction"* 

H 2 + H , - > H ; + H  ( 4 . 1 )  

in 1925 as the primary mechanism for the production of Hs^. By the 1930's. H3* had 

been experimentally established as the dominate cation within flame plasmas' 

Martin et al'"° suggested in 1961 that H3'' should be abundant in the interstellar 

medium, or ISM. Solomon and Werner'"' made the first estimates of interstellar number 

densities, including in their model the decisive introduction of the cosmic ray as the 

ionization source. Their estimates placed the H3* fraction X(H3^) = [H3'^ / [SH] * 10"^. 

where [2H] is the total number density of hydrogen atoms. An entire network of ion-

neutral reactions was independently suggested by both Watson'" and Herbst and 

Klemperer in 1973 to explain the origin of the large number of species observed by 

radioastronomers. 
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Protons and helium ions are initially formed by VUV radiation or cosmic rays. 

These small positive ions can undergo charge transfer reactions to produce other ionic 

species such as NO^, Oj, and C* by reactions such as 

H ^ + N O - ) . N O ^ + H  ( 4 . 2 )  

and 

H ^ + O H - > O H ^ + H  ( 4 . 3 )  

These newly-formed ionic species can further react to form more and more complicated 

chemical species as long as the products are exothermic and the rate coefficients are 

sufficiently fast. For example: 

0 H ^ + H 2 - > 0 H 2 + H  ( 4 . 4 )  

and 

C " + N H ^ C N  +  H ^  ( 4 . 5 )  

Because of the relatively low proton affinity of Hi (101.2 kcal/mol)'""*. can 

also rapidly protonate species such as CO2, Ni, OH, and CN through the following 

reaction'"^ with rate coefficients on the order of 10"' cm^ sec"': 

H ; + X - > H X " + H 2  

One such example is: 

H t + C 0 - > H C 0 ^ + H 2  

which has a reported rate coefficient'"^ '"® of 1.4 x 10"' cm^ sec"'. This network of 

chemical reactions tied together the wide variety of simple molecules which had already 

been observed in the ISM by radioastronomers'^^. 
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In cold dense interstellar clouds, where ionizing solar radiation is effectively 

screened by hydrogen atom absorption, most is produced by cosmic ray ionization of 

molecular hydrogen, 

(4.6) 

followed by the ion - molecule reaction 4.1. 

H 2 + H 2  + H  

Reaction 4.6 is likely the major source of in diffuse clouds as well. While the total 

number density is lower than in dense clouds, (10-10^ cm"^), H atoms are still present in 

sufficient abundance to render the cloud opaque to photons sufficiently energetic to 

ionize Hi. 

This chapter will report the measurement of termolecular association reaction rate 

coefficients for at the low translational temperatures of the free jet expansion. 

- > H J + H 2  ( 4 . 7 )  

The temperature dependence of the reported rates in combination with high temperature 

results'"" '"'' for the same reaction will provide results covering the range 1.6 - 300 K for 

future comparisons with the predictions of statistical theories for small systems with few 

internal energy modes. Typically the structure and molecular constants of the association 

product are unknown and must be calculated or inferred from other available sources. 

Ground state molecular constants of have been experimentally determined'"® '"' and 

the ground state structure of has been determined to be an equilateral triangle'^". 
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However, there is experimental and theoretical evidence, which will be discussed in 

Section 4.5.3, that suggests that the geometry of changes from the ground state 

equilateral triangle to a linear geometry at energies approaching the dissociation limit. 

Therefore study of the reaction, + 2 H2, will provide experimental data which can be 

used to rigorously test the statistical theories for describing termolecular association 

reactions once the state structure of at the dissociation limit has been resolved. 

4.2 Experimental 

Protons, are produced in a free jet expansion as described in Chapter 2. 

Hydrogen gas is expanded through a pulsed valve operating at 2.5-10 Hz with typical 

stagnation pressures of 500 - 1500 Torr. Protons are produced at the position Zi (See 

Figure 2.4) by the doubled output of a Nd: YAG-pumped dye laser with wavelengths near 

279 nm using a 3 + 1 REMPI scheme via the C (v = 4) state of H2.'^' Photoionization of 

hydrogen occurs at distances from the nozzle of 3 to 14 mm along the free jet center 

streamline. The ion packet is allowed to react for 4 cm until reaching tlie extraction 

point, Zf, where the packet is extracted with a + 350 V, 40 |is flat topped repeller pulse 

and mass analyzed by TOF-MS. 

A spectrum of the H^ parent ion as a function of wavelength is shown in Figure 

4.1. The spectrum shows a single broad, unresolved band. The C (v =4) state of H2 is 
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predissociative, leading to the fonnation of two hydrogen atom Rydberg states, H (I5) + 

H (2/)'^^. The fourth REMPI photon only has sufficient energy to ionize the H (2/) 

Rydberg state. 

0.8 
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Figure 4.1 Wavelength scan of FT monomer signal. Nozzle conditions were 280 Torr 
of hydrogen with z\ = 0.4 cm, Zf- Zi = 4 cm. 

Kinetic energy gained from predissociation of the H2 C (v =4) molecule results in 

a proton bom with a kinetic energy in excess of 12,500 cm*'. By conserving momentum 

and kinetic energy, the number of collisions with molecular hydrogen in the expansion 

required to thermalize the proton can be calculated for a series of zero-impact parameter 

collisions. Such a calculation indicates that four collisions with 5 K H2 are required to 

thermalize the proton. The ratio of collision frequencies for thermalizing bimolecular 

and reactive termolecular collisions is greater than 60:1 for the worst case scenario of 

ionization at 4 mm and a nozzle backing pressure of 1500 Torr pure H2, assuming a 
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Langevin rate coefficient for the bimolecular and 1 x 10'^' cm® sec"' for the termolecular 

rate coefficient. The proton therefore undergoes at least 60 thermalizing collisions per 

termolecular collision and can be considered thermalized. A typical TOF-MS spectrum 

for a hydrogen expansion is shown in Figure 4.2 showing peaks for both and H3* at 

3.6 and 5.5 fis respectively. 
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Figure 4.2 A TOF-MS spectrum of a pure hydrogen expansion. Nozzle conditions 
were 349 Torr with z-, = 0.7 cm, and Zf- Zj = 4 cm. 

4.3 Determination of Free Jet Temperature 

As discussed in Chapter 2, the definition and assignment of a temperature to a 

specific experiment conducted in a free jet expansion is non-trivial. The method of 

moments was used to find solutions to the generalized Boitzmaim equation for single-
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and two - component flows in our laboratory'^^"'^'**'^^. Computer programs have been 

written to use these solutions to calculate the various flow properties of interest: 

hydrodynamic beam speed and density as well as parallel, perpendicular, and rotational 

temperatures as a function of distance from the nozzle. 

Molecular hydrogen is composed of a mixture of ortho- and para- hydrogen. 

These two distinct chemical species exist at room temperature in a ratio of 3:1 and are a 

result of the requirement for fermions that the overall nuclear and rotational wave 

function must remain antisymmetric'" which is discussed in more detail in Section 4.5.3. 

An equilibrium mixtiu-e of normal, or n-, hydrogen formed at room temperature will 

convert completely to the para- form as the temperature decreases. Dennison'^^ was the 

first to realized that conversion from ortho- to para- was extremely slow without a 

catalyst and that mixtures of hydrogen prepared at room temperature would retain the 

room temperature ortho : para ratio upon rapid cooling. Previous results from this 

laboratory'^' have shown that molecular hydrogen rotationally relaxes completely within 

each species, collapsing into the lowest allowed rotational level for both ortho- and para-

hydrogen without any indication of a change in composition. To properly simulate the 

temperatures for pure hydrogen buffer gas requires the satisfaction of additional criteria. 

The correct amount of enthalpy must be converted from rotation to translation to produce 

a final rotational population distribution of 3:1 J = I : J = 0 which reflects the o-:p- ratio 

in n-H2. An equivalent Boltzmann rotational distribution was calculated which had the 

correct final total rotational enthaply remaining, 0.75 *2 8. The temperature extracted 
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from a Boltzmaim plot. Trot = 163 K, is then used as a reference to adjust the parameter 

for the effectiveness of rotational - translational transfer collisions, 4- For the purposes 

of the temperature simulation programs, the exact source of the enthalpy is not important 

as long as the "frozen" rotational temperature corresponds to the correct amount of 

enthalpy transfer. 

Additionally, as the rotational population distributions of both o- and p- hydrogen 

are completely collapsed into their respective lowest rotational energy levels, the concept 

of rotational temperature becomes undefined. The effective temperatures reported are 

therefore based solely on the calculated ttanslational temperatures as the weighted sum: 

The parameters used in the simulations are given in Table 4.1. Definitions of the 

symbols used and the values for a and Uo can be found in Reference 133. 

Table 4.1 Input parameters for temperature simulations. 

Parameter Value 
To(K) 

Po (Torr) 
dN (mm) 

Mass (AMU) 
- iv 0.796 

100 
0.0011 - 0.0032 

298 
500- 1500 

0.4 

Zend (mm) 

8.5 X 10 
1.033 
1.45 

1-44 

Ref. 138 " Ref. 139 l i t  Ref 140 Ref. 133 
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Average translational temperatures, <Ttrans>, for the three different nozzle 

stagnation pressures used have been calculated as described in Chapter 2 and the results 

are given in Table 4.2. 

Table 4.2 <Ttrans> (K.) assigned to rate coefficients as function of stagnation pressure. 

Po (torr) "^trans^ (K.) 
500 2.7 
1000 1.9 
1500 1.6 

4.4 Experimental Results 

The rate coefficients for the termolecular association reaction of H", reaction 4.7, 

+2H2 -> H;  + H2 

have been measured as a function of temperature at <Ttrans> near 1 Kelvin. The results 

are given in Table 4.3 and are shown in Figure 4.3 along with the higher temperature data 

of Graham et a/'"" and Johnsen el The error bars on the rate coefficients measured 

in this study only include errors from the linear regression done to determine the rate 

coefficient and likely underestimate the true error. 

Table 4.3 Rate coefficients for k?, tT" + 2 H2. 

*^irans^ (K.) k? X 10"^® (cm^ sec"') 
2.7 5.2 ±2.2 
1.9 12.6 ± 1A 
1.6 5.4 ± 0.5 
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Figure 4.3 Temperature dependence of experimental rate coefficient values for reaction 
4.7, ?r + 2 H2. A global fit of the available data set suggests a temperature 
exponent, n = 0.63 ± 0.08 for the range 1.6 - 300 K. 

A global fit of both the low temperature rate coefficients measured in this study 

and the available higher temperature data yield an empirical fitting law of 

K? - l.I i O.J X lU 1 cm sec 

An inverse temperature dependence is observed which can be fit with a constant 

temperature exponent of« = 0.63 ± 0.08 for the range 1.6 - 300 Kelvin. These results are 

consistent with the temperature dependence observed for other atomic - diatomic 

association reactions in the literature. The temperature dependence for the reactions of 

carbon ion, C^, with hydrogen and deuterium were obtained by Johnson et for the 

temperature range 78 - 300 K. For the reaction, + 2 H2 the observed temperature 

exponent was n = 0.5, and for C"^ + 2 D2, w = 0.7. The modified thermal theory of 

Herbst''*"* calculates that for C" + 2 Hz, ks« T where 5 « 0.6 - 0.7 for heliimi as a 
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third body and about zero for H2 as the third body. Hydrogen is treated as n-H? by the 

modified thermal model, with an assumed 3:1 ratio of o-:p- H2 at all temperatures. The 

temperature dependence of o- and p- H2 are offsetting and are responsible'"*^ for the 

p r e d i c t i o n  o f  5  »  0  f o r  H 2 .  F o r  +  2  D 2 ,  t h e  r a t e  c o e f f i c i e n t  k s  «  T  °  ̂ w h e r e  5  »  

0.2 and -0.3 for helium and D2 as a third body respectively. Therefore, the current results 

for PT + 2 H2 are consistent with the small inverse temperature dependence observed for 

other atomic cation - H2 systems, with a very limited set of internal modes to partition 

the collision energy into. 

4.5 Phase Space Calculations 

Statistical theories to address the unimolecular decay of an energized molecule 

were initially developed by both Marcus'"'® and Rice'''^ and Rosenstock et a/'"'® '"''. Both 

the RRKM formalism, named after Rice, Ramsperger, Kassel, and Marcus, and the quasi-

equilibrium theory, or QET, have the same basic assumptions. The two basic 

assumptions used to construct the RRKM and QET theories are 1) the assumptions of 

transition state theory'^" and 2) the quasi-equilibrium hypothesis. The quasi-equilibrium 

hypothesis "permits one to assume that the fraction of ions which are activated 

complexes is at all times equal to the fi'action of quantum states which represent activated 

complex states'""," regardless of the method of initial preparation'®'. A rate coefficient 

can then be expressed within the firework of QET as'"": 



where E is a fixed excitation energy, Eo is the activation energy, and s is the number of 

internal harmonic oscillators, and v is the oscillator frequency. 

The modified thermal model of Herbst uses the RRKM concepts of Troe'^' to 

determine the temperature dependence of ion - molecule association reactions. RRKM 

can be used to calculate the back-dissociation rate coefficient, kb, at the low pressure 

limit. Angular momentum is not necessarily conserved and the density of vibrational 

states of the complex is assumed to be energy independent'^" in the energy range sampled 

by the complex. The RRKM theory also ignores the effects of reactant vibrational 

I Sf 
excitation '. Phase space theory, originally introduced by Light and co-workers, can be 

used in place of RRKM theory for the calculation of the energized complex lifetime 

(Tb = I / kb) as a fxmction of total energy and the total angular momentum of the collision 

pair'^^ '^*' '^^. Phase space theory can be considered to be a more general statistical 

treatment than RRKM as restrictions due to conservation of energy and angular 

momentum are accounted for in computing the density of states. The FT + H2 collision 

complex has a relatively course density of states to explore and the restrictions of 

conservation of energy and angular momentum may become important, therefore phase 

space theory should be used to calculate values for kb(E,J). 
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4.5.1 Adaptation of Phase Space Theory to a Free Jet Expansion 

Bower and co-workershave recently used statistical phase space 

theory to successfully model the temperature dependence of many ion - molecule 

association reactions. The same computer code implementation was made available to 

this laboratory; however modification was required to account for the experimental 

conditions of a free jet expansion prior to use. The modifications were necessary to 

account for the temperature and density gradients of the free jet and have been discussed 

elsewhere'®" so only a brief description is provided. 

Three-body ion-molecule association reactions may be modeled by the following 

simple energy transfer mechanism: 

A" + _iMMU(AB)* (4.8) 
''b 

In the initial bimolecular step, a collision complex with a lifetime sufficiently long for 

energy randomization to occur is formed. The collision complex can dissociate back to 

reactants or undergo an inelastic collision with a third body leading to a stable product 

ion. The stabilization step is characterized by a bimolecular rate coefficient, kg, and a 

term, p, for the efficiency of the third body for energy transfer. Since not every excited 

complex - neutral molecule collision will result in stabilization, the term P is included to 

account for efficiency of collisional stabilization. Rotational energy and the average 



115 

translational energy distributions are assumed to be described by Maxwellian flmctions. 

The total translational - rotational energy distribution function is then approximated by 

/(E,r)ocexp 
E. 

1'b(T.> 
exp Er 

keTr 
(4.9) 

where Et and Er are the translational and rotational energies respectively, Tt and Tr are the 

translational and rotational temperatures respectively, and ke is the Boltamann constant. 

The phase-space-derived third-order rate coefficient can then be expressed as 160 

K=r 1'" JE-O JJ.( 

kfk.  
k,(E,J) + k,[M] 

F(E,J)dEdJ (4.10) 

where F(E,J) is the distribution function for the activation process of the collision 

complex formation, (AB)^*, with energy, E, and total angular momentum J. The 

unimolecular decomposition rate is calculated as a ratio of the flux through the orbiting 

U-ansition state to the density of the complex's vibrational states, or 

kb(E,J) = 
flux(E,J) 

(4.11) 
P(E,J) 

Said another way, the back-dissociation rate coefficient is proportional to the ratio of the 

available reactant exit chaimels to the total available chaimels of the collision complex. 
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4.5.2 Implementation of PST for Atom - Diatomic Systems 

The chemical system being considered, rf" + H2, involves an atom - diatomic 

molecule collision pair. The currently available computer programs to implement phase 

space theory does not address the atomic - diatomic case for reactants or products. Work 

to include atomic - diatomic systems is currently underway in this laboratory. The 

central component of the calculation requiring alteration is the determination of the state 

densities which are used to calculate kb(E,J). 

Chesnavich and Bowers'^' give the expression 

for the density of states at a total rotational energy, E,, where r(Er, Jr) is the sum of states 

at total rotational energies less than or equal to Er and Jr is the total rotational angular 

momentum. The mathematical form off is dependent on the types of reactants which 

comprise the collision complex. For the case of a linear - linear collision complex, 

r(Er, Jr) is calculated using expressions from Reference 161 which take the form: 

where q, w, and z are ftmctions of the linear rotational constants and the exact form of 

r(Er, Jr) depends on the magnitude of Er with respect to both rotational constants, B[ and 

B2, and the reduced rotational constant, Br. 

p(E„j , )=^r(E„; , )  (4.12) 
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For the atomic - linear complex, rotational energy can be written in terms of the 

rotational angular momemtum, Er = BJr^. Therefore, r(Er, Jr) is simply equal to the 

rotational degeneracy of the rigid rotor, r(Er, Jr) = 1- As a consequence, in Equation 

4.12, dEr is eliminated and p(Er, Jr) is replaced by r(Er, Jr). 

In addition to the numerical problem of accurately predicting state densities, 

calculations involving molecular hydrogen present two additional problems. Normal 

hydrogen, n-Hi, is comprised at room temperature of a 3 : 1 ratio of ortho-: para-

hydrogen. Molecular hydrogen also has a large anharmonicity'", coeXe» 121.33 cm"', 

requiring that energy levels be calculated with the anharmonic oscillator model, not the 

harmonic model, at any energy level and especially near the dissociation limit. Tlie 

impact of these issues on state density calculations will be discussed in the ne.xt section. 

4.5.3 Effects of o- and p- Hi and Anharmonicity 

To accurately compute termolecular rate coefficients, the structure and the entire 

set of rotational - vibrational state energies from the ground state to the dissociation limit 

are necessary to compute state densities for the product and the transition states. Due to 

limited experimental data and to simplify computations, state energies are typically 

calculated within the harmonic oscillator and rigid rotor approximations using the ground 

state vibrational and rotational constants. If the structure and molecular constants are not 
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known, values based on calculations and reasonable assumptions can be used in place of 

experimental values. represents a unique opportunity as the ground state vibrational 

and rotational molecular constants for the products have been experimentally measured 

and a ground state structure has been deduced from the results. 

Normal molecular hydrogen, n-Hi, exists as a mixture of two distinct chemical 

species, ortho- and para- hydrogen as a result of the requirement for fermions that the 

combined nuclear and rotational wave function must remain antisymmetric'^'. Hydrogen 

with only even rotational levels allowed is called para-hydrogen, p-Hi; while hydrogen 

with only odd rotational levels allowed is called ortho-hydrogen, o-Hi. At room 

temperature the p-Hi: 0-h2 ratio is 1:3 while at low temperature equilibrium, all 

hydrogen is p-Hi. Upon rapid cooling from room to low temperature, the separate 

species rapidly reach thermal equilibrium while the probability'^^ of ortho- to para-

hydrogen conversion upon collision is 1/12, corresponding to a rate coefficient of 2.2 x 

10*'° cm^ sec*' for collision energies of less than 43 meV. Since interconversion between 

o- and p- Hi is slow, a hydrogen mixture prepared at room temperature and then rapidly 

cooled such as in a free jet will retains the n- hydrogen composition of 3:1 ortho-: para-. 

The possibility that an observed macroscopic rate coefficient may be a weighted sum of 

the rate coefficients for o- and p- H2 combined should then also be considered. In that 

case, the rate coefficients for both o- and p- H2 would be calculated separately and then 

be folded together using the room temperature 1:3 p-Hi: 0-H2 ratio. 
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H2 has a large anharmonicity'^, 121.33 cm*', which is not accounted for in 

harmonic oscillator calculations. The vibrational levels of the product ion which are 

included in the density of states calculation are far above the ground state in energy, and 

the anharmonicity will certainly be a large correction to the energy level positions. 

As mentioned at the beginning of this section, the state densities for well-

characterized systems could be directly determined from spectroscopic results or 

calculations which would explicitly give the position of each energy level. Much effort 

has been expended on experiments and calculations for beginning with Hirschfelder 

et a/'^^ in 1936. These efforts have been recently reviewed by McNab'®^. Tennyson and 

coworkers have calculatedthe ro-vibronic energy levels of H3* and published some 

of their results'®' for the range 0-8,100 cm"'. Above 11,000 cm"' the structure of 

switches from an equilateral triangle to a linear configuration'^". Carrington and 

171 
coworkers have observed approximately 27,000 closely spaced U-ansitions in the range 

874 - 1094 cm*' below the dissociation limit of The spectral region near the 

dissociation limit has a complex structure which is perhaps even chaotic in nature 

Tennyson has published''^ vibrational band head positions calculated to the dissociation 

limit, neglecting rotation, using the same potential energy surface used to generate level 

positions at lower energies. 

Theory and experiment are approaching the point where quantum number 

assignments can be made to spectroscopic features in the pre-dissociation spectra of 
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However, the job is not complete at this time. A potential energy surface which remains 

accurate to the dissociation limit'®^ will be required before an assignment of the pre-

dissociation spectrum can be made. Once such an assignment can be made and 

individual energy levels identified, the use of direct state counting to determine the state 

density sampled by the H3^ activated complex would become a possibility. The state 

density is a central quantity to the determination of the back-dissociation rate coefficient 

in the phase space theory formalism (See Equation 4.11). Therefore, the exact 

calculation of the back-dissociation rate coefficient must wait for an accurate potential 

energy surface to be developed. 

4.6 Conclusions 

The termolecular association rate coefficients for the reaction + 2 H2 have 

been measured and found to exhibit an inverse temperature dependence, 

ks = 1.1 ± 0.3 X 10""® cm^ sec"' for the range 1.6 - 300 Kelvin. These values 

are consistent with measurements and theoretical predictions for the similar system, + 

2 Hi- Herbst's modified thermal model predicts an inverse temperature dependence, 

k3 Qc T where 6 « 0 for hydrogen as a third body. The large vibrational frequencies 

and rotational constants of H2 and Hs"" result in a coarse or grainy density of states for 

both product and transition state, in comparison to a system like N2^+ N2, for the 

collision complex to sample. The available state density in the product well for 

increasing the lifetime of the collision complex is therefore lowered, decreasing the 
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inverse temperature dependence which has been shown to be significantly stronger for 

more complex molecular systems. 

Phase space theory calculations are underway to test the ability of phase space 

theory to accurately predict the temperature dependence of rate coefficients for reactions 

in which the reactants are simple molecules or atoms with few internal degrees of 

freedom to partition the energy of the complex into. Phase space theory rigorously 

conserves energy and angular momentum, the effects of which should be pronounced in 

the case of H"*" + Hi where the states available are sparse. A potential energy surface 

accurate to the dissociation limit is necessary to assign the energy levels of the collision 

complex and accurately determine the density of states for the complex. Once the 

calculations are complete, it will be possible to fairly draw conclusions on the ability of 

phase space theory to accurately predict the lifetime of the activated complex formed 

during the reaction, FT + 2 H2 -> + H2. 
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CHAPTER 5 THE AUTONEUTRALIZATION LIFETIME OF SFg^'AS A 
FUNCTION OF ELECTRON ENERGY 

5.1 Introduction 

Gas phase negative ions are generally formed in low temperature plasmas 

( < 500 K) by the interaction of a low energy electron with the ground or an excited 

electronic state of a neutral molecule AB. Within the description of the resonance model, 

the electron is first captured by the neutral molecule leading to the formation of a finite 

lifetime excited state of the anion, AB"*. Following attachment, the electron can 

autodetach (autoneutralize), with the collision complex back-dissociating on the neutral + 

electron potential energy surface with some degree of energy randomization between the 

collision pair and altered vibrational excitation of the neutral. The collision complex 

may also exit on the anion potential energy surface, leading to either a stabilized anion 

AB' or fragmentation (dissociative attachment) depending on the nature of the AB" 

potential energy surface'^"*, the collision energy, and the state structure of the neutral 

molecule. Schematic potential energy surfaces for systems including SFe. the subject of 

this study, are shown in Figure 5.1. 

The neutral + electron and anion potential energy surfaces cross at an intemuclear 

separation, Rs, such that for larger intemuclear distances autoneutralization is not 

energetically allowed if AB is in the ground state. The probability of electron capture is a 

function of the intemuclear separation and reaches a maximum at the capture radius, Rc, 
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where the difference in energy between the neutral + electron and the anion potential 

energy surfaces is equal to the electron energy''•*. Autoneutralization can occur at 

intemuclear separations between Rc and Rs and typically results in the rovibrational 

excitation of the target gas. 

A-i- B 

A + B" 

intemuclear distance 

Figure 5.1 Schematic potential energy surfaces for the neutral + electron system and 
the anion. 

In the case of sulfur hexafluoride, electron attachment is a nondissociative process 

for the electron energies used in this work (< 100 meV). Non-dissociative electron 

attachment can be considered within the simple energy transfer framework used to 

describe ion-molecule association reactions depicted in Equation 5.1. 
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SF.-l-e-^I^SFt-' .SF^tSF (5.1)  
''b 

Association is initiated by bimolecular formation of a collision complex. The 

collision complex is assumed to be sufficiently long lived for energy randomization to 

occur within the complex. The complex can either back-dissociate to reactants or 

undergo an Inelastic collision with a third body to form a stable molecular anion. 

Complex formation is governed by the collisional rate coefficient, kf, and the back 

dissociation rate coefficient, kb. The rate coefficient for inelastic stabilization of the 

resonant molecular anion, pks, is the product of the collisional rate coefficient and a 

factor p which is a measure of the effectiveness of the stabilizing collision. 

The electron attachment to SFa has been the subject of numerous studies, in 

particular due to its valuable properties as an insulator / dielectric in high power switches 

and devices. There have been many measurementsof the SFe"* autoneutralization 

lifetime, tb = 1 / kb, reported in the literature with considerable variation depending on 

the technique used. Values reported for time-of-flight experiments 

are typically several tens of microseconds while the values from ion cyclotron resonance 

I 79 I 70 I 80 t 8*) 

experiments (ICR) are milliseconds or longer. Measurements performed 

using collisions of high n { n <  50) Rydberg state argon atoms'^' with SFe give values for 

the anion lifetimes of up to 20 |is. Using the technique of ion cyclotron resonance. Odom 

et al'^" found that the autoneutralization lifetime of SFe** varied as a function of 

observation time and surmised that SFe'* was being generated in multiple states which 
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autoneutralized with unique lifetimes. This hypothesis does explain the wide range of 

reported autoneutralization lifetimes, however, Odom et al were not able to develop a 

mechanism to explain the hypothesized distribution of SFe'* states produced. 

More recently, Delmore and Appelhans'®^ "'' studied the autoneutralization 

lifetime of SFe"* in a flight tube by direct measurement of the SFs neutrals produced in a 

beam of SFe' ions, as a function of distance traveled along the flight path, or time 

window. These experiments were performed as a function of source temperature, 

pressure, and acceleration voltage. The results show the existence of at least three states 

with autoneutralization lifetimes of 3.0, 12.6, and 23 fas, with the relative populations of 

the three states depending only on the source temperature. At high temperatures, the 

shortest lived state is more populated while at the lower temperatures the longest lived 

state is the most populated. 

The variation of the neutral temperature prior to the electron capture is one way to 

control the distribution of these multiple states. The question of the electron energy 

dependence of the lifetime remains to be explored. In a free jet expansion, molecules 

such as SFs can be prepared predominately in their ground vibrational levels. In this 

work, the determination of the lifetime of SFe"* as a function of electron energy in the low 

temperature (Ttmns < 10 K) and collisionless environment of a free jet expansion is 

reported. 
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5.2 Experimental 

The free jet flow reactor used in this experiment has been described in detail 

elsewhere'^^ and in Chapter 2. As a result only those aspects relating to electron 

attachment studies are discussed. A free jet expansion is generated by expanding pure 

SFe gas into a vacuum chamber through a pulsed solenoid valve (General Valve Series 9) 

with a 0.4 mm diameter orifice operated at 10 Hz. The nozzle pulse width is typically 

800 |is. In order to minimize any localized patch potentials, the vacuum chamber and all 

intemal components were coated with graphite. Further magnetic field perturbations 

were minimized using j^-metal shielded to a level less than 0.5 mG'*'. 

The free electrons were generated by photoionizing an effusive beam of sodium 

atoms produced by a resistively heated oven filled with metallic sodium. The effusive 

sodium and the laser beams are in the same plane, perpendicular to the expansion axis at 

a distance of 4 cm from the nozzle face. The two beams intersect on the center 

streamline of the SFe free jet as shown in Figure 5.2. 

The sodium atoms are photoionized by a Nd:YAG-pumped dye laser using a 

mixture of DCM and Rhodamine 101 laser dyes (Lambdachrome) to produce 45 mJ/pulse 

radiation at 620 nm. Typical mixing-after-doubling (MAD) output power was 1 mJ/pulse 

at 240 nm. The ionization scheme 

Na + hv •Na'^+e (e) (5.2) 
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produces free electrons of energy e . The electron energy is determined by the difference 

h(v - vo) where hv and hvo are the energies of the laser light and the threshold ionization 

energy for sodium (5.139 eV, 241.25 nm)'^\ respectively. To ensure a collisionless 

regime devoid of stabilizing collisions, the nozzle backing pressure was kept below 200 

Torr and the nozzle positioned 4 cm from the laser / sodium plane. Under these 

conditions the density of the jet is lO'^ cm'^ with an excited anion - SFa mean free path of 

3 cm at the position where the electrons are captured. This low density allows the 

determination of autoneutraiization lifetime of less than one jas. assuming a Langevin rate 

coefficient for the collisional stabilization process. SF^"' + SFe, of 7 x 10''" cni''/sec. 

Nozzle 

rOF Mass Spectrometer 

PUMP 
<3> ^ 

Figure 5.2 Schematic of experimental apparatus indicating the position of the sodium 
oven with respect to laser (black dot indicates out-of-plane laser beam), 
nozzle, and TOF-MS. 
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The resuhing product ions are detected and analyzed by the Wiley - McLaren 

t o ^ 

style, two field time-of-flight mass spectrometer (TOF-MS) " described in Chapter 2. 

Ions are extracted from the jet, at a position, z. from the exit of the nozzle, by a -250 V, 

40 |is flat lopped repeller pulse. The voltage on the repeller prior to extraction of ions 

into the mass spectrometer was carefully minimized to less than 80 mV/cm in order to 

avoid any residual electric field which could cause heating of the electrons prior the 

capture event. 

All of the TOF-MS ion optics can be biased for both positive or negative ion 

detection. As seen in Figure 5.3, the polarity of the voltage applied to the MCP's can be 

reversed from +2.2 kV to -2.2 kV as long as the amplifier is capacitively coupled to the 

anode. The microchannel plates and anode can be biased with either the same or opposite 

polarity to the acceleration optics and the flight tube. 

This design feature allows for the detection of neutral species formed in the flight 

tube as shown in Figure 5.4. When the voltage on the repeller is driven negative to -250 

VDC, the anion packet traveling in the free jet expansion between the repeller and the 

entrance of the mass spectrometer is placed in an electric field of 40 V/cm which 

accelerates the anions towards the electrically-grounded mass spectrometer entrance. The 

potential difference felt by each anion is defined by the anion's spatial location with 

respect to the two electrodes. 



129 

a) Positive 
Ion Mode 
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gain - 10 
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lOOx Amplifier. 100 Mhz 
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b) Negative 
Ion Mode 
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Figure 5.3 Wiring diagram for TOF-MS detector stage indicating voltage polarity and 
amplifier coupling scheme for a) positive ion mode and b) negative ion 
mode. 



130 

Anions traveling along the jet center streamline are equidistant from each electrode and 

experience a potential difference of one half the repeller voltage, or -125 VDC. The 

anions are accelerated towards the mass spectrometer by this potential difference and 

reach the entrance with an average kinetic energy of 130 eV for SFe". The anions are 

further accelerated to the drift tube potential. The drift tube is floating at 1900 kV and 

the SF6" enter the drift tube with 3 keV of kinetic energy. 

E^O 

SF;'-.SF„(e = qE,) + e" ^ | 

PUMP 

o 

Figure 5.4 Diagram of TOF-MS indicating the different acceleration fields experienced 
by anions and neutrals produced by autoneutralization. 

Any neutral formed by autoneutralization in the flight tube will still have the same 

kinetic energy that the excited anion possessed. For negative ion detection mode, the first 

microchannel plate (MCP) is biased at ground. This causes the anions to decelerate to 

approximately the potential at which they were bom, 130 eV. but maintains the correct 

voltage bias across the detector for the anode to collect the MCPs" output of secondary 

electrons. For neutral detection mode, any remaining anions at the end of the flight tube 

must be deflected from the detector. This is accomplished by biasing the detector for 

ACCEL 

AV = E,-
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positive ion collection where the first MCP is biased at -2.2 kV. Anions approaching the 

detector decelerate through a - 4.1 kV potential difference and are deflected with 80 e V 

of kinetic energy away from the detector. Neutrals are unaffected by the potential 

difference and impact the detector with 3 keV of kinetic energy. An anion with a lifetime 

on the order of 20 ^s can therefore be extracted from the expansion and accelerated into 

the drift tube where the autoneutralization product can be detected as a fast (3 keV) 

neutral. 

The relative detection efficiency of neutral versus charged particles for Ar and 

Ar* has been studied by Medved el and Arifov el Both studies found that the 

detection efficiency of the neutral was negligible for collision energies of less than 600 -

700 eV, above which Ar was detected with one half the efficiency of Ar* with the same 

collision energy. Tobita el found that He and He* were detected with equal 

efficiency of the kinetic energy range of 1 -10 keV. The microchannel plates (MCP) 

used in the detector have typical detection efficiencies of 30 - 60% for both ions and 

neutral species'". The only available data on negative ion detection efficiency for 

MCP's is for electrons which show a detection efficiency of 30 - 60% at kinetic energies 

of 100-300 eV. 

Due to the voltage biases used in negative detection mode, the output must be 

capacitively coupled (as shown in Figure 5.3), reducing the anion collision energy to 

approximately 130 eV. The magnitude of the capacitively-coupled signal was 
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determined to be one fourth that of a directly measured signal from a comparison of the 

amplified signal measured on the oscilloscope for the Na^ ion with and without the 

negative-ion capacitor / resistor module using the positive ion detection configuration. 

The uncertainties in the relative detection efficiencies make inference of neutral / anion 

branching ratios difficult and only the anion lifetime are reported. 

5.3 Results 

5.3.1 Autoneutralization Lifetime of theSF^'* Excited Anion 

The measured sulfur hexafluoride anion signal does not follow the I/z" geometric 

falloff of an unreactive free jet expansion as the mass spectrometer position is moved 

further down the jet center streamline, as is shown in Figure 5.5. The autodetachment of 

the electron from the resonant anion will lead to faster than 1/z" loss of the anion. It is 

therefore possible to determine the SF,,"' lifetime by monitoring the anion signal as a 

function of z while keeping the laser - nozzle distance fi.xed. In the single collision 

regime, the decrease of the negative ion signal can be written as : 

d[SF,-]_ k,[S¥;] 2[SF,-] 

dz u z 

where z is the distance in the jet from the nozzle and u is the hydrodynamic beam 

velocity of the jet. 
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The first term of the right-hand side of Equation 5.3 corresponds to the autoneutalization 

process while the second term corresponds to the geometric decrease in density of the 

free jet. 
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Figure 5.5 Normalized SF6" signal intensity at the detector versus mass spectrometer 
position, z. demonstrating falloff greater than geometric (l/z~) loss for 1.0: 
O.l meV electrons. 

Upon integration, the evolution of the anion signal as a function of z is described by 

kL 
In 
( SF^-• 1 ( SF^-• 1 

X ISF6-J J 
= —^(Zf-Zi)  

u (5.4) 
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where z and SFj' denotes the position and measured anion signal and the subscripts i and 

f correspond to the initial and final mass spectrometer positions. A plot of 

In 
sf; 

r \-
as a function of ( z f -  z\) yields a line, as shown in Figure 5.6. 

n  

N 

vO 
U. 

U. 
C/5 

-0.5 -

z f - z j  

Figure 5.6 Kinetic plot for 5.3 ± 0.1 meV electrons. The nozzle conditions were 155 
Torr SF6 with a nozzle-to-laser distance of 4 cm. 

The autoneutralization rate coefficient, kb. can be extracted from the value of the slope 

and thereby the autoneutralization lifetime, tb = 1 / kb. All other terms are experimentally 

measured values. This procedure is then repeated for different electron energies. 

The autoneutralization lifetime of the SF^"' complex was found to be independent 

of the electron energy, e, over the range 0.4 to 100 meV, as seen in Figure 5.7, with a 
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value of 19.1 ± 2.7 (as in a pure SFa free jet expansion in the temperature range of 1 - 10 

0 I • I • I I I • I I I I I I I • I • I • I • I 

0 10 20 30 40 50 60 70 80 90 100 110 

electron energy (meV) 

Figure 5.7 Autoneutralization lifetime of SF^"' as a function of electron kinetic energy. 

That the lifetime remains constant at 100 meV is interesting as this energy is 

greater than the first vibrational frequency''* of SFe, coe = 344 cm"'. Considering that SFe 

has six vibrational frequencies of less than 940 cm*' and two below 600 cm"', a possible 

identification of the three states with separate lifetimes observed by Deimore and 

Appelhans'^"* could originate from excited vibrational levels of SFe, the vibrational 

population distribution being a function of temperature. 

Changing the source temperature would change the vibrational population distribution 

and is consistent with Deimore and Appelhans' observations. The fact that collision with 

Kelvin, 

35 
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• 
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an electron of sufficient kinetic energy to vibrationally excite the neutral does not 

measurable change the autoneutralization lifetime indicates that the electron kinetic 

energy is not coupled into the neutral's internal energy modes. 

5.3.2 Pressure Dependence of the Autoneutralization Lifetime 

To ensure the lifetime measurements presented in the previous section were 

performed under single collision conditions, a second method which takes into account 

the pressure dependence of the electron attachment was developed. The rate law for the 

loss of SFj"' can be written, assuming (5 to be unity, as 

- = kt[SF,-' 1 + f (t)[SF,-' ] - k,[SFe KSF^ 1 
at 

where f(t) is a function which describes the geometric loss of SF^"' as a function of time. 

Assuming that the experiment takes place in a portion of the jet where the velocity is 

constant, time is replaced by distance. 

- = •'^[SFs" 1 + -[SFr 1 - -f^tSF, ][SFe •] 
dz u z u 

Rearrangement leads to a form which can be integrated, af^er substituting in the 

functional form of the neutral density, [SFe], in the e.xpansion, M = Mo (Zq/z)' (See 

Equation 2.2). 

d[SF;*] 
[sf;*] 

k ^ k z~ 

u z u z 
dz 
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Integration of over z and the corresponding SFj"* concentrations 

"9'd[SFri "f 

isA [sf;-] ' i V 
k k 7" 

U  Z  U  Z *  
dz 

yields 

In 
[SFrii 

=  - — ( Z f  - Z j)-21n 
u 

/ N 
Z f  . kJSFJ„ 1' 

Ui J u .Zf  Zi .  

Moving the geometric loss term to the left-hand side of the equation leaves the right hand 

side in a linear tbrm which contains ks in the slope and kb in the intercept along with 

collections of known experimental parameters. 

In 
'[SF^-'lr zp 

z f ,  
= -^(Zf-Zi)+ 

u u vZf 
(5.5) 

"I / 

However, the experimentally measurable quantities are z and the quantity [SF^"' ]+[SFj" ]. 

The anion and the excited anion species are both detected in negative ion mode at the 

same flight time by the TOF-MS. A solution is to monitor the neutrals produced by 

autoneutralization in the flight tube as described in Section 5.2. A mixture of 

SFg"' andSFg" are extracted by the repeller pulse into the flight tube. The 

autoneutralization measurements for the anion indicate that all SF^"* in the jet have the 

same lifetime. Therefore the number of neutrals which reach the detector in neutral 

detection mode is directly proportional to the excited anion number density sampled 

alone, and does not sample the stabilized anions which are deflected away from the 

detector by the detector bias: 
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N,=a[SFrL 

where Nz is the detected neutral signal and a is a scaling factor to account for the relative 

sensitivity of the detector for neutrals versus anions. The value of a does not need to be 

determined as it will cancel out in the next step. The final form for equation 5.5 can then 

be written as 

In 
N- 7? 

=  H Z f - 2 i )  +  
u u 

I 
(5.6) 

'I y 

where Nrand Nj are the SF6 neutral signals measured at zrand z\ respectively. 

The SFe neutral signal is measured at two different positions of the mass 

spectrometer in the free-jet as a function of [SFglo. Two-point kinetics were used to 

ensure that the entire experimental run could be completed under constant sodium 

introduction / electron production conditions. Figure 5.8 plots In fn , ]  
/  \  z f  

U.J Ui J 
versus 

[SFolo which exhibits a line. The rate coefficients, ks = 3.0 ± 0.3 x 10"'* cm^/s. and 

Tb = 1 / kb = 17.4 ± 0.5 (as, can be extracted from the slope and intercept respectively. 
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Figure 5.8 Natural logarithm of neutral signal ratio times density factor versus 
stagnation density, [SFeJo- Nozzle conditions were stagnation pressures, Po, 
of 100 to 1100 Torr at a nozzle - laser distance of 4 cm. The electron 
energy was 20.0 ± 0.1 meV. 

5.4 Conclusions 

Le Garrec et have measured the electron attachment rate coefficients as a 

function of temperature for SFe over the temperature range 48- 170 K. The rate 

coefficients ranged from 1-3x10'^ cm"' s"' and increase monotonically with 

temperature. These results were interpreted as a rate coefficient, kiot, which is a sum of 

rate coefficients for separate vibrational levels populated in the SFe ensemble 

ktot=2 '^vP(v)  (5.7)  
V 

where 
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--Ev/kT 
P(v) = — 

vvib 

This picture is consistent with the results of Appelhans and Delmore'^^ '®'* which 

indicated that at least three states of the anion existed with unique lifetimes. As the anion 

source temperature is decreased, the number of vibrational modes populated and 

therefore the number of available reaction channels decreases. Eventually, the rate 

coefficient should collapse to a single value as only the ground state vibrational level is 

populated. 

The autoneutralization lifetime of SF^"' was measured in this study to be 

independent of the electron energy, s, over the range 0.4 to 100 meV, with a lifetime of 

19.1 ± 2.7 |as in a pure SFe free jet expansion in the temperature range of 1 - 10 Kelvin. 

The longest lifetime observed by Appelhans and Delmore was 23 ^s. It is unclear why 

the lifetime measured in this study is somewhat lower as at the low temperature of our 

free jet, as only the fundamental vibrational mode is populated'^^ and therefore should 

exhibit the longest observed lifetime. The lifetime reported in this work, 19.1 ± 2.7 |is 

almost overlaps the value reported by Appelhans and Delmore. 23 ^s, and therefore 

should be considered to be in agreement. 

A constant value for the autoneutralization lifetime of the excited anion is in line 

with the large body of literaturewhich has shown that the attachment cross section of 

SFe exhibits an 8*"^, or s-wave law, dependence in room temperature electron attachment 
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experiments. The s-wave law behavior originally suggested by Wigner"^ and Bethe"^ in 

connection with thermal neutron capture studies has been extended to molecular 

systems"' "®. S-wave threshold behavior predicts that electron attachment will be 

independent of the neutral molecule, the only function of the neutral molecule being to 

provide the necessary entrance and exit channels for the attachment process by virtue of 

the molecule's potential energy surfaces and symmetries"'. The attachment event can 

therefore be considered to occur on a single scattering state which will exhibit a single 

characteristic autoneutralization lifetime. For vibrationally excited target molecules, as in 

the experiments of Appelhans and Delmore, the microsecond time scale of the 

experiment allows the excited internal energy modes of the SFa to couple, leading to the 

formation of independent "favors" of Sj' with independent autoneutralization lifetimes. 

By measuring the neutral SFe generated by autoneutralization as a function of 

stagnation pressure in a second experiment, both the bimolecular stabilization rate 

coefficient, ks, and the autoneutralization lifetime, tb, were determined to be 

3.0 ± 0.3 x 10''" cm'' sec"' and 17.4 ± 0.5 |is respectively. The autoneutralization lifetime 

determined from the neutral experiments is based on three separate measurements made 

at one electron energy. The lifetime determined from the anion study is a composite of 

nearly 80 measurements made at 14 separate electron energies ranging from 0.4 -100 

meV. While the error bars of the two experiments overlap, the trend in values between 

the neutral and anion experiments indicates that the pressure-independent lifetime, tb, is 

17.4 ± 0.5 (as. The lifetime from the anion experiments reflects the fact that, at the jet 



densities required, upwards of 10 percent of the excited anions prepared undergo a 

collision during the time frame of the experiment. 
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CHAPTER 6 CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Conclusions and Future Directions 

The low collision energies of the free jet offer a unique environment in which to 

study the importance of the weakly bound collision complex. Initially formed by a 

bimolecular gas - phase collision, the complex is bom above the dissociation limit of the 

corresponding association product. This activated species can undergo collisional or 

radiative stabilization, removing sufficient energy from the complex to trap it within the 

product potential well. If no stabilization occurs, the complex may dissociate back into 

reactants in a manner govemed by the conservation of energy and angular momentum. 

The only experiment presented in this work which may provide evidence of the 

collision complex formation is the somewhat exotic heavy molecule - electron 

attachment process which produces SFe * in the free jet. This excited anion can be 

extracted from the free jet under collisionless conditions and fragmentation products 

observed. While there is no direct evidence in the remaining experiments presented in 

this work of the existence of the collision complex, the results are consistent with models 

which incorporates these highly energized species. This chapter will strive to collect 

together the experimental results presented in Chapters 3,4, and 5 along with Appendix 

A. and point out where and in what direction further efforts should be focused. 
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Termolecular association rate coefficients for the nitric oxide cation, NO^, have 

been measured in the low temperature environment of the free jet expansion for the range 

0.5 - 5 Kelvin. The NO"^ cation is perhaps the most abundant ion produced in the Earth's 

ionosphere. The available ionization sources are VUV solar flux and cosmic rays. Yet 

the major observed ionic species are protonated water clusters. The processes which 

govern the conversion of the NO^ cation into protonated water clusters are poorly 

understood. To address some small portion of this problem, while at the same time 

expanding our collective knowledge of the temperature dependence of ion - molecule 

reactions, several association reactions of the NO"^ cation with other atomic and diatomic 

species were studied. The effect of the collision complex on cluster formation can then 

be explored. 

The rate coefficients for the reaction NO" + 2 NO were measured to be 

1 - 4 x 10'"^ cm^ sec"' for the temperature range 3-5 Kelvin. These results combined 

with the results of Randeniya et and van Koppen et al'°° were used to calculate a 

global temperature dependent rate coefficient for the reaction, NO"^ + 2 NO. Iq = 7.00 ± 

2.70 x 10'^^ T cm® sec*' for the range 2.3 - 430 Kelvin. The present combined 

result is in good agreement with predictions of the modified thermal model of Bates*"' 

and Herbst"°^ and the phase space theory calculations of van Koppen et al which both 

predict values of w = 2.0. 
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The reaction NO^ + 2 N2 has been suggested as a pathway to the production of 

protonated water clusters in the Earth's ionosphere. The rate coefficient for the direct 

termolecular hydration of nitric oxide cation 

NO^ + H2O + N, NO^ • HjO + N, 

was measured by Fehsenfeld et in 1971 at 295 Kelvin, k| = 1.6 x 10'"* cm^ sec"'. 

Rate  coeff ic ients  for  the react ion NO* + 2 N2 were made in  the temperature  range 3 .2-4 

Kelvin and combined with room temperature data"°^"^°^ to calculate a temperature 

dependent rate coefficient for the range 3.2 - 300 Kelvin, ki = 8.9 ± 5.1 x 10""^ T 

cm® sec*'. Comparison of rate coefficients and number densities for the reactions NO* + 

2 Ni and NO* + HiO + Ni, give a ratio of 543 : 1 for the ligand-switching versus the 

direct hydration mechanism with typical ionospheric number densities and a temperature 

of295 K.  

The comparison between the two mechanisms was made at 295 K because of the 

single available data point for the direct protonation step. No further data exists at this 

time for the association of water, NO* + HiO + N2, but due to the large dipole moment of 

water, tlie rate coefficient for this reaction is expected to increase more rapidly at lower 

temperatures than for the reaction, NO* + 2 N2. While the available data for the reaction 

NO* + 2 N2 now spans the range of 3.2 - 300 K, there is a reasonable amount of scatter 

amongst the data set, as shown by the error in the temperature exponent. An ± 0.14. 

Additionally, the available data set is composed of several rate coefficients for the 
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reaction NO"^ + 2 Ni measured near room temperature and several more measured at free 

jet temperatures. 

To properly make the comparison between the direct and ligand switching 

reactions, the temperature dependence of the direct protonation mechanism must be 

studied down to the ionospheric temperature of - 195 Kelvin if not lower. More data on 

the reaction NO^ + 2 N2 is also required at temperatures between the high temperature 

studies and the free jet studies. Intermediate temperature studies are necessary due to the 

large uncertainties in the high temperature results and to further verify the validity of 

using a model with a constant-value temperature exponent for this reaction. More 

experimental data would not only reduce the uncertainties in the rate coefficients used to 

predict the relative efficiencies of the two different pathways to water cluster formation; 

but also provide more extensive data with which to test our current theories of the 

temperature dependence of association reactions. Inspection of Figure 3.1, which 

outlines the currently accepted mechanisms for protonated water cluster production also 

suggest reactions of with CO2 as being important initial clustering reactions. 

Carbon dioxide has a relatively high number density in the ionosphere and therefore the 

reactions, NO"*" + 2 CO2 and NO^ + CO2 + N2, should be explored as well. 

Initial measurements of the termolecular rate coefficients for NO* with argon and 

with helium, two common rare gas buffers for free jet expansions, are also reported. No 

cluster signals for NO* + 2 He were observed, indicating an upper limit for the rate 
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coefficient of 1.1 x 10'^' cm® sec*' at <T> = 0.8 K. For reaction with argon, NO"" + 2 Ar, 

the rate coefficient was measured to be 6.5 ± 1.6 x 10'^* cm^ sec"' at <T> = 0.5 K. At this 

time, there appears to be no other reports of rate coefficient data for these two reactions 

in the literature. Rate coefficient data at additional temperatures is required to be able to 

determine the effect of temperature on reactions where the collision pair is composed of a 

diatomic ion and an atomic neutral. A collision complex of this nature has a limited 

number of degrees of freedom in which to randomize the kinetic energy of the collision 

and therefore should exhibit a small inverse temperature similar to those seen for H* + 2 

H2 and C* + 2 H2. 

Termolecular association rate coefficients for the reaction + 2 H2 have been 

measured at several temperatures in the range 1.6 - 2.7 Kelvin and found to exhibit an 

inverse temperature dependence, ky = 1.1 ± 0.3 x 10'^* T cm® sec"' for the range 

1.6 - 300 Kelvin. These values are consistent with measurements and theoretical 

predictions for the similar system, + 2 Hi. Herbst's modified thermal model""® 

predicts an inverse temperature dependence, k qc T where 5=^0 for hydrogen as a 

third body. As was the case for the NO"" association experiments, the available 

experimental data is currently restricted to two regimes, near room temperature and free 

jet temperatures. Experimental data is required at the intermediate temperatures to 

confirm the appropriateness of using models which predict a single, constant value of n 

for all temperatures as well as the absolute value and temperature dependence determined 

so far for the reaction + 2 Hi. 
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The large vibrational frequencies and rotational constants of Hi and Hs"" result in a 

coarse or grainy density of states for both product and transition state, in comparison to a 

system like N2'^ + N2, for the collision complex to sample. The available state density in 

the product well for increasing the lifetime of the collision complex is therefore lowered, 

decreasing the inverse temperature dependence. 

Calculations are underway to test the ability of phase space theory to accurately 

predict the temperature dependence of rate coefficients for reactions in which the 

reactants are simple molecules or atoms with few internal degrees of freedom to partition 

the energy of the complex into. A potential energy surface accurate to the dissociation 

limit is necessary to assign the energy levels of the collision complex and accurately 

determine the density of states for the complex before these calculations can be 

completed. Once complete, it will be possible to fairly draw conclusions on the ability of 

phase space theory to accurately predict the lifetime of the activated complex formed 

during the reaction, + 2 Hi + Hi. 

The autoneutralization lifetime of SF^"' was measured to be independent of the 

electron energy, s, over the range 0.4 to 100 meV, with a lifetime of 19.1 ± 2.7 |is in a 

pure SFe free jet expansion in the temperature range of 1 - 10 Kelvin. As a confirmation 

that the above results were made under collisionless conditions, the neutral SFe generated 

by autoneutralization as a function of stagnation pressure was measured in a second 
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experiment. Both the bimolecular stabilization rate coefficient, ks, and the 

autoneutraiization lifetime, Xb, were determined to be 3.0 ± 0.3 x 10"'" cm^ sec*' and 

17.4 ± 0.5 |is respectively. The autoneutraiization lifetime determined from the neutral 

experiments is based on three separate measurements made at one electron energy. The 

lifetime determined from the anion study is a composite of nearly 80 measurements made 

at 14 separate electron energies ranging from 0.4 -100 meV. While the error bars of the 

two experiments overlap, the trend in values between the neutral and anion experiments 

indicates that the pressure-independent lifetime, tb, is 17.4 ± 0.5 ^s. The lifetime from 

the anion experiments reflects the fact that, at the jet densities required, upwards of 10 

percent of the excited anions prepared undergo a collision during the time frame of the 

experiment. 

Le Garrec et al have measured the electron attachment rate coefficients as a 

function of temperature""' for SFe which increase monotonically with temperature over 

the range 48-170 K. These results were interpreted as a rate coefficient. k(ot. which is a 

sum of rate coefficients for separate vibrational levels populated in the SFe ensemble. 

This is consistent with the results of Appelhans and Delmore"°* which indicated that at 

least three states of the anion existed with unique lifetimes. As the anion source 

temperature is decreased, the number of vibrational modes populated and therefore the 

number of available reaction channels decreases. Eventually, the rate coefficient should 

collapse to a single value as only the ground state vibrational level is populated. The 

longest lifetime observed by Appelhans and Delmore was 23 |is. It is unclear why the 
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lifetime measured in this study is somewhat lower at the low temperature of our free jet. 

as only the fimdamental vibrational mode is populated and therefore should exhibit the 

longest observed lifetime. 

A constant value for the autoneutralization lifetime of the excited anion is in line 

with the large body of literature which has shown that the attachment cross section of SFe 

exhibits an e*"^, or s-wave law, dependence in room temperature electron attachment 

experiments'^'^'". S-wave threshold behavior predicts that electron attachment will be 

independent of the neutral molecule, the only function of the neutral molecule being to 

provide the necessary entrance and exit channels for the attachment process by virtue of 

the molecule's potential energy surfaces and symmetries. The attachment event can 

therefore be considered to occur on a single scattering state which will exhibit a single 

characteristic autoneuU-alization lifetime. For vibrationally excited target molecules, as in 

the experiments of Appelhans and Delmore, the microsecond time scale of the 

experiment allows the excited internal energy modes of the SFe to couple, leading to the 

formation of independent "favors" of S^' with independent autoneutralization lifetimes. 

The vibrational relaxation rate coefficients for the OD A "2 state in the low 

translational temperature environment of a free-jet expansion (Ttmns near 5 K) have been 

measured. Vibrational relaxation was found to be fast and of the same order of 

magnitude as rotational relaxation. The observed linear behavior of kv- with vibrational 
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energy supports the idea that the nearby predissociative a '*11 state does not play a 

significant role in the relaxation mechanism. 

The Einstein A-factors for OD A "Z (v' = 3) were experimentally measured to 

conduct these experiments as there were no available experimental results in the 

literature. The resuhs presented in this work are not in good agreement with the available 

theoretical predictions of Luque and Crosley'". However, the two sets of values do 

exhibit similar trends and will allow further refinement of the A-factors for the OD A "S 

(v' = 3) state to be made. 

Initial study of the rotational relaxation of A "S (v' = 1) OD yielded similar 

results to those previously measured for OH at free jet temperatures. The measured rate 

coefficients are an order of magnitude larger than those"'* measured at 300 K and the 

total relaxation rates (rotation plus vibration) approach the calculated classical capture 

rate coefficient values"'^. A surprisal analysis shows that the nascent OD rotational 

population distribution formed upon vibrational relaxation from A "I OD (v' =1, N' = 1) 

is colder than would be expected from a purely statistical population of all exothermic v' 

= 0, N' levels. The rotational population distribution indicates a strong preference for 

small AN' changes and consequently small changes in impact parameter, b, upon 

vibrational relaxation. 
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The rate coefficients for vibrational and rotational relaxation in the open shelled 

species OH and OD exhibit a weak inverse temperature dependence, increase by a factor 

of 10 upon cooling from room temperature to 5 Kelvin. The interpretation of this effect 

is the contribution of a long-lived collision complex to the efficiency of predissociation 

which leads to the destruction of the complex. This interpretation is further supported by 

a surprisal analysis which highlights a strong predisposition for predissociation to 

produce products resuUing in small changes in AN' and consequently small changes in 

impact parameter. The rotational population distributions which are used to produce the 

surprisal results must be extracted from spectral simulations and the available data set for 

this is small, one point for OD and 2 for OH"'"*, all of which show remarkably different 
t 

rotational population distributions. More data is necessary to grasp the true nature of the 

rotational population distributions upon vibrational relaxation and the ramifications on 

the OD / OH - Ar predissociation. 

The low temperatures of the free jet offer a unique window into the behavior of 

low collision energy molecular collisions. The relatively exotic experiment of electron 

attachment provides a shred of evidence that the collision complex is a distinct species 

formed near the dissociation limit of the association product which can be independently 

studied. Other research groups are just now beginning to explore this exciting frontier of 

physical chemistry using spectroscopic techniques and state-specific gas-phase chemical 

reactions to study these complexes. Within this dissertation, several ion - molecule 

reactions have been studied which exhibit inverse temperature dependent rate 
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coefficients. Currently accepted models for energy transfer between an initially formed 

collision complex and a third body have been successful in the past in reproducing the 

observed inverse temperature dependence and would seem to apply here. E.Kperiments 

with the vibrational and rotational predissociation of the OD / OH - Ar comple,\ indicate 

a strong propensity for conservation of angular momentum while minimizing the required 

change in impact parameter during the collision event. 
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APPENDIX A THE LOW TEMPERATURE VIBRATIONAL RELAXATION OF 
OD IN THE A STATE 

A.I Introduction 

The hydroxyl radical, OH, plays a significant role in a wide number of systems 

ranging from atmospheric oxidation cycles to high temperature flames. The hydroxyl 

radical has been used extensively as an in situ diagnostic tag in flames. The hydroxyl 

radical has been used for monitoring the position of flame fronts and as a probe of 

temperature gradients throughout a flame; as well as being a key reactive intermediate in 

the combustion process itself The fine balance of tropospheric and stratospheric species 

such as NOx and HO* which moderate the ozone-depleting effects of halide species such 

as CI, HOC!, and HOBr, Intimately involve the hydroxyl radical. 

OH is an open-shelled molecule with a large dipole moment. Extensive 

studies"'^"'® "''"'^ of the spectroscopy of OH have made quantitative spectroscopic 

measurements involving OH a straight forward reality. Strong collisional state 

scrambling is evident between quantum numbers v, J, N. and F, allowing for the 

measurement of state-to-state transfer rate coefficients, which offers a starting point for 

comparison to the wealth of data available on closed shell HX molecules and their 

relaxation pathways. The rates of energy transfer in hydrogen halides appears to be 

directly related to the decreasing energy defect between collision partners"". While less 

well studied, open-shell radical species such as OH and NO have shown similar 
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temperature dependences consistent with attractive potentials and long-lived collision 

complexes. 

To build a more complete picture of the inelastic collision dynamics and the 

kinetics of state-to-state relaxation (k^l^-)' studies need to be extended towards the 

zero Kelvin limit. Free jet studies of the OH radical represent an ideal model system both 

because of the well defined spectroscopy and the very low temperature kinetic flexibility 

of the jet~o.22i.222.22j f^gcent work in our research group has explored the low 

temperature reactivity"^"^^ and collisional dynamics""® of the OH radical. These studies 

have shown that rotational relaxation in the A state of OH is rapid, approaching the 

capture-limit value of 1.5 x 10"'" cm^/s. Vibrational relaxation was found to be of the 

same order of magnitude as rotational relaxation at temperatures near 5 K. An important 

test for any model of these relaxation phenomena would be the collisional behavior of the 

isotopomer. OD. 

This study reports the measurement of rate coefficients for kv- relaxation for the 

A "I (v') states of OD near 5 K"^. Rate coefficients are measured for processes of the 

general type: 

OD(A'Z, Vi, Nj) + Ar -• 0D( A'Z, v^, N.) + Ar (A. 1) 

where v and N refer to the quantum numbers for vibrational and pure rotational angular 

momentum. The subscripts i and f refer to initial and final states respectively. Rate 
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coefficients are reported for vibrational relaxation from v' = 1 - 3 as well as pure 

rotational relaxation for v' = I, N' = I for the OD A state. 

OD has the same dipole moment as OH, but a different separation of vibrational 

levels due to differences in the reduced mass. This, coupled with a rotational constant 

half the value of OH, provides a much denser manifold of rovibronic levels accessible to 

OD at a given energy. Vibrational levels of the A state up to v' = 3 have lifetimes long 

enough to be readily observed in fluorescence. This wider range of v', relative to OH, 

levels available provides a better test for the quantum number dependence of inelastic 

processes and for the probability of Av' * - I transitions occurring than does OH. 

A.2 Experimental 

Experiments were performed in a pulsed free jet flow reactor which has been 

described elsewhere"®"^, therefore only a brief description will be provided here. To 

generate the OD / Ar flow, a mixture of 99.9% argon and 0.1% D2O was actively 

prepared by mixing D20-saturated argon and dry argon from the outputs of two 

independent mass flow controllers (Tylan model FC-280) which have been calibrated for 

argon gas flow. D2O (99.9% D, C.I.L.) and UHP grade argon were used without further 

purification. The experimental geometry is shown in Figure A.I. The free-jet source was 

a Series 9 pulsed valve (General Valve) with a 0.4 mm diameter orifice and a pulse 

duration of 700 ^s operating at 10 Hz. The free-jet source, with a backing pressure, Po, 
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of 800-1200 Torr was pulsed into a vacuum chamber with an ultimate pressure of less 

than 10'® Torr and operating with a mean pressure of less than 10"* Torr. 

+1 kV, 40 [is pulse 
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Figure A.l Schematic diagram of the LIF experiment. LIF is collected perpendicular to 
laser and jet axes. A lens focuses the LIF into a monochromator through a 
polarization scrambler, PS, and is detected by a photomultiplier tube, FMT. 
Vacuum chamber walls are omitted for clarity. 



158 

Two circular discharge electrode apertures are positioned 1.6 mm and 3.2 mm from the 

nozzle face respectively. The first electrode was held at groimd potential while the 

second had a +1000 V, 40 |is duration flat-topped pulse applied. A pulsed operation 

mode was found to minimize the buildup of any carbonaceous soot on the electrodes. 

The OD produced in the discharge was laser excited using the frequency-doubled 

output of a Nd:YAG-pumped dye laser (Continuum) to pump the v' = 1 - 3 levels of the 

A state from OD X (v" = 0,1) at nozzle-to-laser distances of 8 to 14 mm. 

Fluorescence was collected perpendicular to the laser beam and the free-jet center 

streamline with a photomultiplier tube (RCA Model IP2S) and a lOOx preamplifier 

(Phillips Scientific Model 6039). A 4" focal length lens was used to focus the 

fluorescence onto the PMT or the entrance slit of a 0.75-m Czemy-Tumer style 

monocliromator (Janell Ash Model 78-492), operated in the second order of a grating 

blazed at 5000 A. The signal was fed to either a boxcar integrator (Stanford Research 

Systems model 250) or a gated photon counter (Stanford Research Systems model 460) 

depending on the signal intensity, and averaged for 10-200 laser shots. A beam 

polarization scrambler was used before the monochromator to insure that detection 

sensitivity enhancements due to the relative polarizations of different rotational branches 

were not present. The throughput of the monochromator was calibrated as a function of 

wavelength using a NIST-traceable argon-filled mercury pen lamp (Oriel model 6035)"^. 
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For kinetic studies the jet was probed at least 20 nozzle diameters from the 

source, which provided a kinetic environment where >97% of the OD X 'ria/; (v" = 0) 

population resides in the N" = 1 rotational level. Population can be specifically pumped 

to higher  A (v)  levels  with rotat ional  select ivi ty .  However ,  due to  the l ine width of  our  

dye laser, we can not avoid pumping both fine states of a given A (v',N') level with the 

obvious exception of N' = 0. 

A.3 Results 

A.3.1 V = 3 OD Einstein A-factors 

Spontaneous emission was observed from the A "I (v' = 3) state to the X "Fls/o 

(v" = 0-4) states. The Qi + Q21 (I) (3 -1) transitions at 275.890 nm were pumped and 

dispersed fluorescence spectra were collected. Due to the large scan ranges involved. 

only the areas near the peaks were scarmed while keeping all other system parameters 

constant. Figure A.2 shows an example of a composite emission spectrum. The signal 

intensity was measured as the area under each band after baseline and monochromator 

throughput correction. It was required that the monochromator be operated at high 

resolution to minimize the impact of scattered pump laser light on signal detection. 
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Figure A.2 Spontaneous emission spectrum of OD A "S (v' = 3) for the determination of 
Einstein A-factors. The nozzle conditions were 1000 Torr Ar, 0.1% D:0 
using a 0.4 mm dia. nozzle. Excitation and fluorescence collection occurred 
at z/d = 30. 

The relative A-factors were then determined by: 

Area,.,. 
A...... =• (A.2) 

J^Area,.,. 
V-

and are given in Table A.I. They can be converted to absolute numbers by simply 

scaling the relative A-factors such that the sum equals the total fluorescence lifetime of 

the pumped state. 

This method applied to OH A "2 (v' = 0,1) gave good agreement with the 

measured A-factors of Crosley and Lengel"'. However, there are no reported 
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experimental Einstein A-factors for OD A (v' = 3), therefore a comparison is made to 

the calculated values of Luque and CrosIey"^°. All calculated relative A-factors except 

for the (3-2) band fall outside the experimental error bars. However the two sets of A-

factors do share two common trends. The A-factors exhibit a maximum value for the (3-

2) band. Transition bands such as (3-1), where Av = v" - v' < 0, are favored over 

transitions where Av > 0, the (3-4) band for example. The weaker bands typically sample 

a more non-linear portion of the electronic transition dipole moment, ^e(r), than the 

stronger Av = 0, ±l bands do, leading to increased sensitivity of the weaker bands to the 

potentials and moments used. Luque and Crosley also indicate that for the weaker bands, 

the calculated transition probabilities are not only dependent on Re(j) and the 

spectroscopic constants used to generate the potential surface, but also the computational 

scheme used to derive the wave fimctions. Differences of up to 30% in the transition 

probabilities could be suggested depending on the calculations chosen. There was no 

experimental data to support a choice of schemes at the writing of Reference 230. 

Table A. 1 Experimental OD A '£ (v' = 3) state Einstein A-factors. 

OD A-X (v'-v") Relative A factors Calc. OD A factors' 
(3-0) 0.028 ±0.008 0.0131 
(3-1) 0.266 ±0.025 0.1942 
(3-2) 0.579 ±0.064 0.5924 
(3-3) 0.112 ±0.036 0.1693 
(3-4) 0.015 ±0.010 0.0308 

' Calculated values are from Reference 230. 



162 

A.3.2 Vibrational Relaxation 

Vibrational relaxation rates reported are for the following processes: 

0DA-2(Vi,  Ni)  + Ar-^ODA-I(Vf,  Nf)  + Ar (A.3)  

Vibrational relaxation rate coefficients for the OD A (v' = 1-3) states, and the nascent 

transfer N' population for one case are presented. As seen for OH, there was no 

observable sign of any vibrational relaxation with greater than unit quantum number 

change, Av = -1. Work with other small diatomics such as O2 and NO'^' has shown 

similar propensity for Av = -1 transitions and for ky- to scale linearly with v' at low 

vibrational energies. Not until the vibrational energy of the molecule reaches a 

significant fraction (50 - 80%) of the bond energy is there any sign of multi-quanta 

relaxation. 

The procedure for the determination of vibrational relaxation rate coefficients for 

the A "S state is a modification of the method previously used for OH. This modification 

allows direct measurement of the rate coefficient rather than by a comparison between 

relative fluorescence intensities of the v' state populated by transfer and by direct laser 

population"^*. Either the Pi (1) or the Qi + Q21 (1) transitions were pumped to populate 

the N' = 0 or I level respectively of the A (v') state. The fluorescence signal intensity 

of OD was first measured as a function of laser power to determine the saturation limit. 

It was determined that an unfocused laser beam with a fluence of greater than 3 kW/mm* 

was required to saturate the signal. With the nozzle at a series of distances, z, from the 
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laser, the areas under the peaks corresponding to a relaxation sequence were measured. 

Example sequences are (3-3), (2-2), (l-l), (0-0) and (3-2), (2-1), (1-0). In order to obtain 

A state populations, these areas need to be corrected for the relative vibrational A-factors 

and monochromator throughput. Equation A14 of Reference 226 gives the ratio of the 

relative populations of the initial, li, and transfer, Itr, states as 

_ kfiZ' ^ kqk,; 

K k„,kf, 
(A.4) 

where krei, kn, k^, kfr are the vibrational relaxation, initial state fluorescence, transfer 

state quenching, and transfer state fluorescence rate coefficients respectively. Mo is the 

nozzle backing density in molecules cm'^, z is the distance from the nozzle in cm. and Zo 

is the theoretical source point for the free jet'^''"^"*. From the slope of a plot of li/ lir 

versus z", one obtains krei. Equation A.4 can be readily solved for krci as the remaining 

terms are known constants or have values determined experimentally. The initial state 

fluorescence rate, kn, is the inverse of the initial state radiative lifetime. These radiative 

lifetimes are calculated from the measurements of Bergeman^'. The measured 

experimental, texp, and predissociation. tpj, lifetimes are related to the radiative, trad, 

lifetime by 

1 1 1  
= + — (A.d) 

^rad ^pd 

As a cross-check, the experimental lifetimes of the OD A (v' = 1-3) states were measured 

and found to be within the error bars of Bergeman's values. This method was used to 

reanalyze previous OH data and the same rate coefficients were recovered within the 
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error bars. The results for v' = 1-3 vibration relaxation are given in Table A.2 along with 

values for OH A "2(v') measured at Ttnns = 5 K and T = 300 K for comparison. 

Table A.2 Rate coefficients for vibrational relaxation of OD A state near Ttrans = 5 K. 

OD (v') krel (x 10*" cm^ s"') OH (v') krel (x 10'" cm^ s"') 

1 2.7 ±1.1 1 3.2 ±0.8' 
2 5.9 ± 1.4 2 5.7 ± 2.6' 
3 7.1 ±2.6 1,300 K 0.41 ±0.03" 

kcap (calc), 5 K 14.8 kcap (calc), 5 K 15.2 

'Ref.226. " Ref.248. 

The vibrational relaxation rate coefficients are large, approaching both the 

rotational relaxation and the capture rate coefficient values. The measured rate 

coefficients are an order of magnitude greater than those measured by Williams and 

Crosley in argon at 300 K""**. A small inverse temperature dependence is shown, which 

is consistent with a mechanism moderated through a long-lived collision complex as has 

been seen previously at low translational temperatures. A plot of vibrational relaxation 

rate coefficient versus vibrational energy, Figure A.3, shows that all of the measured 

relaxation rate coefficients linearly increase with the amount of vibrational energy 

possessed by the molecule. 

Cheksis et al conducted a similar study at room temperature with OH + CH4. 

Their data also exhibits a linear increase in the relaxation rate coefficient as a function of 

vibrational energy. The absolute values of kv- found for a thermal sample of X "11 OH 

ranged from 0.5 to 7 x 10*'' cm^/s for v' = 1-3. It has been suggested that the very short. 
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150 ns, observed lifetime of OH (v' = 2, N' = 0) versus 740 and 780 ns for 

(v' = 0,1, N' = 0)^^ respectively, is due to a predissociative interaction with the nearby 

a predissociative state^®. However, for A 'Z OH (v' = 2) and OD (v' = 3) the 

interaction appears to have an insignificant effect on the vibrational relaxation rate 

coefficient when compared to the effects of excess vibrational energy. 
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Figure A.3 Vibrational relaxation rate coefficient, ky-, for OH and OD A "I versus 
intemal energy above v' = 0. 
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A.3.3 Rotational Relaxation 

The rotational relaxation of the OD A ̂2 (v' = I, N' = I) state was found to have 

a rate coefficient of 9.6 ± 1.0 x 10'" cm^ s"' at the collisional temperatures of the cold 

free jet. Within the limited data set, the rate coefficient for OD is within a factor of two 

of the value of OH and two-thirds of the capture rate coefficient, which has a range of 

12.0 -17.6 X 10'" cm^/s in the experimental temperature window of 1 -10 K. 

This rate coefficient can be described by a classical capture model for the 

complex formation^'"^''". The classical capture rate coefficient can be written in terms of 

the reaction cross section 

k = |^o(g)p(g)gdg 

where g is the initial relative velocity. p(g) is the distribution function which describes g, 

and a(g) is the cross section. The derivation of the rate coefficient follows that of 

Weston and Schwarz^^. A hard-sphere model for the cross section, o = , is used 

with the attractive portion of the Lennard-Jones (6-12) potential to describe the potential. 

V(r). The effective potential, Vetr, can be written as the sum of V(r) and the centripetal 

potential 

V„T =-4e 
L 

(A.6) 
2^ur^ 

The impact parameter, b, reaches a maximum value when the relative kinetic energy of 

the collision pair is exactly equal to the maximum value of Vefr, or the effective barrier 
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height. The collision pair separation which corresponds to bmax can be determined by the 

solution of two equations which express this condition. 

dVcfr/ dr = 0 (A.7) 

and 

r=-(E„-V.^) = 0 (A.8) 

The simultaneous solution of equations A.7 and A.8 for the Veir given in equation A.6 

derives expressions for both rmax and b^j„ 

bL = 
/  ^  \  2 / 6  

^g" 
and r = 

f I6e& 
N  1 / 6  

U 
^g-

Therefore, the cross section, a, can be written 

(T = 71 

Assuming a Maxwellian distribution for pCg)*"", 

P(g) = 4n 
,3/2 

,27rkT 

the rate coefficient can be rewritten as 

.-Mg-/2kT„2 g-dg 

k =71* 

Use of the definite integral 

/ / \ 2/6 , v t 

2nkT 
"3 -ng-/2kT dg 

r[i(m + I)] 
rx"'e-"'dx = - , Jo -J^dn+D/Z 

gives the result 
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k = 7C" 
24e& 6 . .  

u 
{ 2 n k T j  

r(5/3) 
2(^/2kT)'" 

Collection of terms and use of r(5/3) = 0.90274 leads directly to the final form giving in 

equation A.9 

^capture ~ 6V^r(5/3)| 
so 2kbT 

12^ 
(A.9) 

where |a is the collision pair reduced mass in kg, and r(x) is the gamma function. The 

effective Lennard-Jones parameters, eo^, can be represented by the expression 242.243 

6 M'D.OD(A)^Ar , -'®^OD(A)'^Ar 
SO 1 

4JtE„ 

'  IPOD(A)IPA, ' 

^PoD(A) •*" ^^Ar j 
(A. 10) 

where ^d.i, ct|, and IP| represent the dipole moment in C m, polarizability in m^. and 

ionization potential in Joules respectively, of the ith component. The dipole moment and 

polarizability are calculated using DFT to have values of 2.022 D and 6.9 x 10"^' m^ 

respectively"''"'. The measured values of the vibrational and rotational relaxation rate 

coefficients indicate that the sum of inelastic processes is occurring at nearly unit 

collisional efficiency. Vibrational relaxation is four times slower but still remains 

competitive with rotational relaxation at these temperatures. Figure A.4 presents the 

temporal evolution of the transfer populations as a function of reaction time. Two 

interesting facets of the relaxation process are highlighted. Rotational relaxation or 
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Figure A.4 Spectra of OD transfer population at increasing reaction time showing the 
relative rate coefficients for rotational and vibrational relaxation within the 
firee jet. 
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cooling can be observed within transfer populations during vibrational relaxation. 

Initially the vibrational relaxation u-ansfer population occupies all thermodynamically 

available rotational levels. Simultaneous rotational relaxation causes cooling and the 

population settles to low N values resolving the rotational emission bandheads as a 

bimodal peak structure. The bimodal peak structure is consistent with a much colder 

rotational population distribution than the initially prepared rotational population 

distribution. The spectra also show that there is no propensity for any vibrational 

relaxation process other than Av = -1 within the detection limits of the experiment. 

Room temperature studies"''^ of the A "Z OH (v' = 0) state yield state-to-state rotational 

relaxation rate coefficients in He and Ar that are more than an order of magnitude smaller 

than the low temperature values. 

A.3.4 Rotational Partitioning in Vibrational Rela.\ation 

Collection of the dispersed fluorescence at high resolution allows the rotational 

distribution of the vibrationally relaxed state to be resolved. Figure A.5 a) shows the 

spectrum of the OD A-X (0-0) fluorescence due to collision-induced transfer at near 

single collision conditions (n = 7 x lO'^ cm'^) as well as a simulated fit. 
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The number of OD - Ar collisions can be calculated to verify that single collision 

conditions were reached. The collision frequency for a molecule A with a buffer gas B 

can be written^'" 

z = CTcnB (A.ll) 

where CT is the hard-sphere collision cross section, c is the average relative speed, and ne 

is the number density of the buffer, B. A value of 0.35 nm' for the collision cross section 

was calculated using^"^': 

O^OD-Ar = ^ Ar )" (A. 12) 

where dAr and doo were calculated from values found in Reference 241. The average 

relative speed for the OD was calculated to be 1.7 x 10"* cm/s using a Ma.xwellian 

distribution with T = 10 K and equation A.13: 

^rel 
'SkTV^" 

(A. 13) 

The collision frequency, z. can now be evaluated, with a value of 4 x 10^ collisions sec"'. 

The experimental lifetimes of OD (See Section A.3.2) are all less than 1 ^s. For the 

calculated collision frequency and a generous texp of 1 |is, each OD undergoes 0.4 

collisions during the entire LIF event. 

The v' = 0, N' distribution extracted from the fitting process is also shown in 

Figure A.5 b). The fitted distribution was produced iteratively using the LIFBASE 
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Figure A.5 a) Dispersed fluorescence spectrum of the OD X - A (0 - 0) transition 
following excitation of the Qi(l) (l-I) line at a nozzle position of z/d = 20 
in an Ar free jet of stagnation pressure 800 Torr. This expanded scale 
highlights emission from OD A *S (v' = 0, N' = 0 - 15) induced by 
vibrational relaxation arising from OD A "S (v' = 1. N' = 1) - Ar collisions. 
The solid line is the experimental spectrum and the dashed line is the least-
squares fit simulated spectrum. 
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Figure A.5 b) The nascent rotational distribution of population in the A (v' = 0) state 
after excitation into the OD A (v' = 1) state and collisional transfer. The 
relative rotational populations are extracted from the fitting process used to 
generate a). 
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program of Luque and Crosley"''^ and a least squares fitting procedure to 21 separate 

peaks in the spectrum. The more intense lines to the low energy side of the figure are OD 

A-X (1-1) fluorescence and are not simulated. 

The distribution is heavily weighted towards N' = 1 -10 and then tails off with 

population up to N' = 15. The v' = 1, N' = 1 level of the OD A *S state is at 34709.13 

cm"'; and the last exothermic level in v' = 0 is the J' = 15.5, N' = 15 level at 34615.66 

cm*'. The energies for these states were taken from the work of Coxon"''^. The N" = 0 

population appears disproportionately low due to the degeneracy of the N' = 0, Ft tine 

state equaling zero. The rela.xation of the OD A 'Z (v' = 1, N' =1) state originates from 

both of the fine states populated by the excitation laser and the simulation attributes a 

statistical population to both fme states. Attempts to simulate the spectrum populating 

only a single fine state produced poorly matching spectra with large least-squares fitting 

errors. The intensity distribution of the transfer state dispersed fluorescence shows no 

propensity for either of the A 'I (v' = 0) fine states. 

The rotational population partitioning found for OD can be well described by a 

Boltzmann distribution with a temperature of 560 K if the populations for N' = 0.1 are 

excluded. The inclusion of the N' = 0, 1 populations increases the non-linearity of the 

Boltzmann plot and decreases the fit temperature to 520 K. For the hydroxyl radical, 

previous work (Reference 226) found a flat topped population distribution up to N' = 10 

and then a steep drop off at N' = 13 where the relaxation becomes endothermic. A 
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Boltzmann plot of the rotational distribution from the hydroxyl study yielded a rotational 

temperature of 1200 K. Williams and Crosley have recorded high-resolution 

fluorescence scans of the (0 - 0) band of OH A after vibrational relaxation from v' = 

l""** at 300 K. Simulation of the rotational distribution was best accomplished by the 

addition of two Boltzmann population distributions, a 400 K and a 1000 K distribution. 

This bimodal population has peaks at N' = 3 and 9, and tails away to N' = 14. The fitted 

rotational populations for OD in this study show only a single distribution of 560 K with 

the peak population at N' = 1. Significantly less rotational excitation is observed for OD 

A "I than for OH A *S in low temperature OD / OH - Ar relaxation. The rotational 

constant of OD is half that of OH and may explain the observed difference in post-

relaxation populations due to limitations on the magnitude of angular momentum which 

can be transferred in the single collision event with an atomic partner. 

Figure A.5 b) clearly shows that the nascent rotational population distribution 

resulting from vibrational transfer places population in all thermodynamically allowed 

energy levels of the v' = 0 level rather than a single rotational level. The question 

becomes whether or not the rotational population distribution reflects a statistical 

population of all the exothermic energy levels or some intermediate case in between a 

statistical population and a small set of populated levels consistent with the conservation 

of angular momentum. A surprisal analysis allows the statistical nature of a distribution 

to be examined. 
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The following analysis follows the methodology outlined in the text Molecular 

Reaction Dynamics and Chemical Reactivity by R.D. Levine and R.B. Berastein'"*^. A 

comparison is made between the population of interest and a theoretical distribution 

produced by distributing the population equally between all available levels without bias. 

This distribution is termed the "prior" distribution, P", or what would be expected prior to 

inspection of any data. The prior distribution is constructed by simply enumerating the 

degeneracy of each energy level up to the thermodynamic limit and reporting the 

population of each level as the ratio of that energy level's degeneracy over the total state 

count: 

The experimental and prior distributions for the spectrum shown in Figure A.5 a) are 

plotted as a function of reduced energy in Figure A.6 a). The reduced energy variable, 

gR, has values ranging from 0 -1 and can be written as: 

where E(N'), Ev=o, and Ev=i are the absolute energies of the A "2 (v' = 0. N'), the A "S 

(A.14) 

Ev=,-E.,o 

E(N')-E,.o 
(A. 15) 

(v' = 0, N' = 0), and the A 'Z (v' = 1, N' = 1) energy levels respectively. 

The surprisal, I(N'), is then computed from the ratio of the two distributions: 

(A.16) 
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The surprisal values are plotted versus the reduced energy in Figure A.6 b). Reference 

249 indicates that the surprisal is typically a linear function of reduced energy for most 

distributions. The magnitude and sign of the slope can then be used to make quantitative 

comparisons between distributions. A positive slope is indicative of a distribution which 

is colder than would be predicted statistically while a negative slope is hotter than the 

prior distribution. The larger the magnitude of the slope, the stronger the deviation from 

the prior distribution. An exactly statistical distribution would have yield values of zero, 

I(N') = In 1, with a slope of zero. 

Visual inspection of Figure A.6 a) show that the rotational population distribution 

of Figure A.5 b) is substantially colder than the prior distribution. A linear regression of 

the surprisal plot yields a value of the slope which is given the symbol 0r = 6.4 ± 0.3. 

The 0R value confirms what can be determined by inspection from Figure A.6 a); that the 

rotational population distribution is significantly colder than the prior distribution. In 

addition the value allows direct comparison to the rotational population distribution 

reported in Reference 226 for vibrational rela.\ation of the A "S OH (v' = 1, N' = 1) state. 

Using the rotational population distribution given in Figure 6 b) of Reference 226. a 

surprisal analysis was conducted in a similar manner and yielded a value of 

0R = 3.0 ± 0.5. 

The values of 0r for both the OD and OH cases indicate that the rotational 

population distribution for OH is twice as statistical as for OD. This is consistent with 
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Figure A.6 a) Rotational population distribution firom fitting routine, b) Surprisal 
analysis for distribution in a) yielding a value ©R = 6.4 ± 0.3. 
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the Boltzmann plot temperatures reported for the two cases, 1200 versus 560 Kelvin, and 

also with the comparison of both distributions to their respective prior distributions. For 

OD, the rotational population distribution strongly favors small final values of N' after 

vibrational relaxation. 

To explain the propensity of the rotational population to partition preferentially 

into low v' = 0, N' energy levels, the conservation of angular momentum throughout the 

collision should be examined. Angular momentum, L = fa v b, must be conserved 

throughout the collision where is the reduced mass of the collision pair, v is the relative 

velocity of the collision pair, and b is the impact parameter. The incoming collision 

partners are an A "2 OD (v' = 1, N' = I) and an argon atom. As the atomic argon can 

only absorb energy in the form of kinetic energy during the collision, any change the OD 

rotational quantum number, N\ must be matched by an increase in the impact parameter, 

b, which can be expressed as: 

M,v,bj =^fVfb,- +;j|AN'| (A.17) 

where Vf is equal to Vi plus the energy liberated from the A "S OD (v' = 1. N' = 1) -> 

(v' = 0, N') relaxation event. The change in impact parameter required for all relaxation 

events which are exothermic at initial impact parameters, bi, ranging from 0 - 10.46 A 

(bmax) have been calculated for all exothermic AN' values. 

The results show that only configurations with bi < 1 A do not require the impact 

parameter to change by more than an Angstrom. In addition, for bi < 1 A, the required 
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change in impact parameter increase monotonically with increasing AN'. The rotational 

population distribution shown in Figure A.5 b) is consistent with this analysis. Upon 

vibrational relaxation, the population is preferentially partitioned into rotational levels 

which do not require large changes in the impact parameter, or low N' values with large 

kinetic energy release to the argon. In the case of OH vibrational relaxation, the 

rotational constant is much larger'^", 17.358 cm"' versus 9.1936 cm"'. The larger 

rotational constant of OH increases the spacing between the rotational levels and 

therefore decreases the amount of kinetic energy transferred to the argon for a given N f. 

The smaller value of Vf lead to larger values of bf which has the effect of decreasing the 

overall change in the impact parameter over the course of the collision and causing higher 

N' levels to be populated during the relaxation event. 

A.4. Conclusions 

We have measured the vibrational relaxation rate coefficients for the OD A "S 

state in the low translational temperature environment of a free-jet expansion (Ttmns near 

5 K). Vibrational relaxation was found to be fast, on the order of 10"" cm^ s"', and of the 

same order of magnitude as rotational relaxation. The increase in vibrational relaxation is 

linear with increased vibrational energy above v' = 0, similar to the observations of 

Cheksis, et al. The observed linear behavior of kv- with vibrational energy supports the 
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idea that the nearby predissociative a ̂11 state does not play a significant role in the 

relaxation mechanism. 

To conduct these experiments, the Einstein A-factors for OD A "2 (v' = 3) were 

experimentally measured. The A-factors generated from r-centroid calculations of Luque 

and Crosley for OD A "S (v' = 3) do not fall within the error bars of the reported 

A-factors. The weaker transition bands, (3-4) for example, sample the non-linear 

portions of the electric transition dipole moment and are also more dependent on the 

computational scheme used. These experimental measurements will allow further 

refinement of the A-factors for the OD A "Z (v' = 3) state. The two sets of values do 

exhibit the same trends however. The A-factor exhibits a maximum value for the (3-2) 

band and transition bands such as (3-1), where Av = v" - v' < 0, are favored over 

transitions where Av > 0, the (3-4) band for example. 

An initial study of the rotational relaxation of OD yielded similar results as those 

measured for OH. Rotational relaxation occurs with near unit efficiency. The rate 

coefficients are an order of magnitude larger than at 300 K and the total relaxation rates 

(rotation plus vibration) approach the classical capture rate coefficient values for the low 

translational temperatures of this study. A surprisal analysis shows that the nascent OD 

rotational population is colder than would be expected from a purely statistical population 

of all exothermic v' = 0, N' levels. The population distribution indicates a strong 
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preference for collisions involving small AN' changes and consequently small changes in 

impact parameter, b. 
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APPENDIX B DESIGN AND CONSTRUCTION OF THE SECOND GENERATION 
PULSED UNIFORM SUPERSONIC EXPANSION FLOW 
REACTOR 

B.l Introduction 

The convergent - divergent nozzle, or Laval nozzle, has been used with much 

success by several research groups'^including this laboratory,to produce low 

temperature environments of constant temperature, density, and Mach number. One 

limitation of the first generation pulsed uniform supersonic flow reactor, or Laval 

machine, is the absence of a generic detection system. All of the investigations reported 

for Laval flows from this laboratory have been studies of the hydroxyl radical produced 

in a cold cathode discharge*"^"' "^'. Relative OH concentrations are measured by Laser 

Induced Fluorescence (LIF) and reactive loss of OH can be monitored. While LIF is a 

powerful and sensitive technique for some chemical species, it is not generic. SUrong 

absorptions at wavelengths which can be readily produced and a well-resolved and 

assigned LIF spectrum are necessary criteria for the extraction of quantitative 

temperature and rate coefficient information involving a particular reactant or product. 

The decision was made to convert our second generation Laval system to the very generic 

detection technique of mass spectrometry. This chapter will discuss the design issues that 

were considered, the design and fabrication of the additional vacuum chambers required 

for the mass spectrometer, the gated pulse counting detection scheme, and the computer 
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control interface. The final section will focus on the retrofit of the ion source to Photo-

lonization (PI-MS) from Electron Impact (EI-MS). 

B.2 Design and Construction 

A good reference source for instrument design and material selection is Building 

Scientific Apparatus by Moore, Davis, and Coplan*^^. This section will discuss the 

vacuum requirements of the instrument, the fabrication of a molecular beam skimmer, the 

ion source and optics, the quadrupole mass filter, and the detection scheme used. 

B.2.1 Differential Pumping Requirements 

To successfully integrate the different component systems requires a carefully 

designed system of differential pumping. Typical divergent - convergent, or Laval flows 

have internal static pressures of 1 - 10 Torr. The chamber background pressure must be 

held at the same pressure, corrected for temperature and typical values are on the order of 

100 mTorr. Electron impact ionization should be conducted at pressures below 10~* Torr 

to prevent secondary collisions of the ions with molecules or electrons"^^. The spacing 

between the electrodes of an electric field quadrupole mass filter are small (3 mm or less) 

and the voltages are high (approaching 3 kVp.p of 1 MHz RP / DC offset). The Daly 

electrode is typically operated at 30 kV or higher. These high voltages can only be used 
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in pressure regimes where the breakdown distance is larger than the smallest electrode 

spacing. For most gaseous species, the breakdown voltage at a modest pressure of 10"^ 

Torr is in excess of 30 kV"^®. Preventing ion - molecule collisions in the mass filter and 

detector stage is of greater concern and typical quadrupole detector pressures should be 

10"* Torr or lower"^'. 

The reconciliation of these pressure demands is accomplished by the installation 

of several differentially pumped regions separated by a molecular beam skimmer and 

other small apertures as shown in Figure B.l. The main chamber is pumped by a Roots 

blower (Leybold Model WSU 1000) backed by a mechanical roughing pump (Stokes 

Model 149-11H). Both the ionizer and analyzer regions are contained within a 3 

diameter SS 304 tube which is mounted perpendicularly to the Laval flow axis within the 

main chamber. Two radial o-ring seals form vacuum seals between the main chamber 

and the inside of the tube. A 300 i^m diameter molecular beam skimmer is used to 

sample a small portion of the Laval flow from the main chamber. The fabrication of the 

skimmer is described in the next section. The ionizer region is differentially pumped by a 

4" oil diffusion pump (Edwards Speedyvac Model E04) and pressures of less than 10"* 

Torr can be maintained with the typical gas load of an experiment in the main chamber. 

A 0.25" thick ceramic disk was machined from Macor (Coming) machinable ceramic to 

serve as the differential pumping break between the ionizer and the analyzer regions. 

Ions are accelerated from the ionizer region through the entrance Einzel lens stack into 

the mass filter. The lens stack extends through the ceramic break to shield the ions firom 
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interaction with the ceramic wall. The analyzer section is differentially pump by an 

additional oil diffusion pump (Edwards Speedyvac Model E02) and typically maintains 

pressures below 10"^ Torr during an experiment. 

Laval Assembly 
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(5 X 10''Torr) 
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Ion Source 
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Figure B.l Schematic of chamber layout indicating typical pressure regimes. 
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Figure B.2 indicates the layout of the gas delivery, vacciun, and cooling water 

systems for this instrument. All vacuum valves are indicted by a square with an internal 

cross in the center. The locations of the pressure measuring devices are also indicated 

using the legend found in the figure caption. 
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Figure B.2 Vacuum, cooling water, and gas flow diagram for the Laval flow reactor. 
IG, SG, and TC are Bayard-Alpert ion gauge, strain - gauge, thermocouple 
pressure gauges respectively. PG is a 0 - 30"Hg vacuum pressure gauge. 
Squares with intemal crosses indicate vacuum valve locations. 
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B.2.2 Skimmer Design and Fabrication 

Molecular beam skimmers are fabricated using the design of Gentry and Giese"^°. 

The design requirements for a molecular beam skimmer are given by the authors as: 

1) An orifice with as sharp an edge as possible to minimize scattering 

collisions with the skimmer tip. 

2) A small exterior angle at the orifice to ensure that the shock wave is 

"atttached", usually less than 30 degrees. 

3) A large interior angle to minimize scattering losses inside the skimmer 

Conditions 2) and 3) are conflicting requirements if one is restricted to simple 

shapes which can be traditionally machined such as a cone. To satisfy both criteria 

would require a small angle at the apex which flares out to a large angle at the base. The 

electroforming process allows complex contours to be fabricated and thereby 

simultaneously satisfy all three criteria. A contour which produces 30° and 25° total 

exterior and interior angles respectively at the apex, a total included angle of 60° at the 

base, and an overall length of 2 inches has been found to perform well"®°. 

A mandrel of the desired shape is machined out of SS 304 with a 1" diameter 

extension at the base and an 1/2" diameter shank. The shank serves as an attachment 

point for the mandrel support and to provide the electrical contact for the electroplating 

step, and to hold the mandrel in a lathe chuck for polishing. Figure B.3 gives the 
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dimensions of the skimmer mandrel used for this work. The mandrel is then given a 

mirror finish using a progression of coarse and fine emory paper, 400 and 600 grit 

sanding paper, 1000 grit polishing cloth, and two stages of polishing compounds applied 

by buffing wheels, all in decreasing grit size. 

Exact contour is 
described in the text 

r» 

O 
O 
cvi 

« i 

0.50" 

Figure B.3 Skimmer mandrel dimensions. 

The skimmer is electro formed on the mandrel to a thickness of 0.05 to 0.10 mm 

firom nickel metal. According to Reference 260 copper metal also works well. Any 
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metal which can be plated and does not strongly adhere to the mandrel surface could also 

be used. 

Meticulous cleaning of the mandrel, electrodes, and all solutions prior to 

electroplating is the key to successfully making a skimmer. All solutions should be made 

with triple-deionized (TDI) water to remove organic content and other impurities. All 

solutions should be filtered hot through activated charcoal to remove remaining dissolved 

organics prior to use. Many of the polishing materials used to polish the mandrel are wax 

based. The wax must be removed by washing the mandrel with a degreasing agent such 

as trichloroethane, TCE, or hexane and then more TDI to remove any remaining organic 

solvent. Many other details of the plating process along with recipes for the necessary 

chemical solutions can be found in any electroplating text, N.V. Parthasaradhy's 

Practical Electroplating Handbook was invaluable to this work'^'. 

Once the mandrel has been cleaned, the stainless steel surface must be pacified to 

prevent the electroplate from adhering to it. The mandrel is treated cathodically in a 

solution of trisodium phosphate (Na3P04 • 12 H2O), 45 grams / liter of TDI with a total 

solution volume of 500 mL. The cathode (negative terminal on the power supply) is a 

piece of 4" x 4", 0.001" thick electrode-quality nickel foil which has been folded in half 

and into an accordion-like shape approximately 1/2" per face. The mandrel is the second 

electrode and is connected to the power supply (positive terminal). Figure B.4 depicts the 

typical arrangement of the electroplating tank and reflects an electrode geometry which 
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was chosen to maximize the available electrode area. For the paciHcation step, only one 

electrode was used due to the smaller solution volume used. The mandrel is cathodically 

treated for 10 minutes with 3.4 VDC at 0.30 A in the phosphate solution whose 

temperature was held at 70 °C. A 3 Ohm, 10 Watt resistor was placed in series with the 

power supply and electroplating tank to control the current flow. The mandrel is then 

removed from the phosphate solution, dried and coated with graphite powder. Make sure 

to wipe away any excess graphite. The phosphate pacification was found to be 

insufficient in our case to yield electroform release and the addition of the graphite power 

was required for good electroform release. 

The mandrel is now ready for electroplating. The solution used is a standard 

mixture from Reference 261 and the formulation is 125 grams NiS04 • 6 HiO, 37.5 

grams NiClj, and 26.5 grams boric acid in 1000 mL of TDI. The same cell arrangement 

used for the phosphate pacification step is used for electroplating with the addition of a 

second cathode for increased electrode surface area. Nickel metal is electroplated onto 

the mandrel for approximately 4 hours with 3.4 VDC, 0.17 A at 70° C. The solutions are 

constantly stirred and any water loss due to evaporation is replaced with TDI to maintain 

a constant liquid volume. The reduced current and constant solution volume form a more 

even electtoplate. Higher currents electroplate nickel faster but hydrogen gas bubbles are 

formed at the mandrel surface too quickly to be mechanically removed and defects in the 

skimmer are introduced. Patience and vigilance are the keys here. Slow electroplating 
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and removing all trapped gas bubbles from the surface every 10-15 minutes will 

produce excellent results. 

Mandrel 
+ Term of PS 

Stir bar 

Figure B.4 Electroplating tank used for electroforming. 
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The resulting electroform is not pretty to look at, typically a dull gray with a slight 

metallic sheen. The mandrel and electroform are placed in the chuck of a lathe with good 

work area illumination. With the mandrel rotating, any gross imperfections are removed 

by polishing with fine emory paper, followed quickly by 400 and 600 grit polishing 
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paper. Coarse emory paper used to heavily sand the shoulder of mandrel that defines the 

base of the skimmer will eventually part the electroform from the mandrel. Any 

remaining nickel on the mandrel should be removed and the electroform placed back onto 

the mandrel using any tape such as clear cellophane tape to secure it in place for the 

remaining steps. 

The remaining task is to make one and only one hole at the apex of the skimmer. 

A combination of 600 grit sandpaper and 1000 grit polishing cloth are used to shape and 

remove excess material from the apex. As the electroplating geometry requires the 

mandrel to hang upside down in the solution, an unfortunate buildup of nickel at the tip in 

the shape of a liquid droplet is often observed forming at the mandrel tip. A plating tank 

that allowed the mandrel to point upwards and to be spun in the solution would be a 

reasonable improvement to the current apparatus to address this problem. 

Care must be taken towards the end of the shaping process as the apex material 

grows thin and can tear away unpredicably, ruining an otherwise perfect skimmer. Once 

a small hole is observed at the tip, a small amount of polishing can be applied with 600 

grit paper to increase the uniformity of the orifice. At any point in the process polishing 

compounds can be safely removed with methanol to increase visibility of the piece. A 

binocular microscope (lOX or better) is the best way to measure the orifice diameter once 

polishing is complete. Before another skimmer can be manufactured the mandrel 
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requires cleaning and polishing to a mirror finish as described at the beginning of the 

section. 

With practice, it is possible to fabricate rugged molecular beam skimmers with 

orifices of diameters of 200 i^m or larger by electroforming nickel metal onto a 

passivated SS 304 mandrel. A individual can complete the entire process in less than 16 

hours per skimmer, start to finish. 

B.2.3 Electron Impact Ionization and Ion Optics 

The skimmed neutral beam enters the ion source body directly behind the 

skimmer orifice. Ions are produced by electron impact ionization with a typical 

efficiency of 10"^. A tantalum wire filament was used as testing indicated that tungsten 

was too brittle after heating and could not withstand the vibrations induced by the 

instrument's main pumping group. The filament was electrically heated with 4 VDC at 

5A behind a metal hood which defines the potential in which the electrons are bom. The 

large current was a consequence of the internal resistance of the stainless steel leads used 

to connect the power supply to the filament. The source volume is a 1 cm diameter, 

0.200" thick volume with neutral and electron injection perpendicular to each other along 

the source body circumference. Ion extraction is along the disk surface. As a later 

retrofit, a magnetic constriction magnet was added outside the mass spectrometer 

housing. Two rare-earth magnets, 1 Telsa x 1" diameter (Edmund Scientific) were 
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mounted on a iron brace such that the induced magnetic field within the source volume 

was greater than 600 gauss at all points with the magnetic field directed from the filament 

to the far side of the source body. The magnetic field redirects the electrons' off-axis 

velocity into cyclotron motion, greatly increasing the electron current through the center 

of the source body. 

Electrostatic fields are well suited for the focusing and redirection of positive 

ions. The following settings for the ion optics were designed to provide an increasingly 

attractive potential to the ions throughout the optics and mass filter. The EI filament is 

typically biased at -60 VDC with respect to the source body. The 60 VDC voltage 

difference between the filament and the source body accelerate the electrons towards the 

source body. A repeller plate and extraction grid are placed on the open sides of the 

source volume to extract the ions. The repeller is typically biased +10 VDC with respect 

to the source body to repel the newly bom positive ions towards the extraction optic 

which is a flat slit typically biased at -15 VDC. 

An Einzel lens stack is used to focus the ion beam for transmission through the 

ceramic break and into the quadrupole mass filter. Ions produced in the source body are 

have been extracted over a range of spatial positions with respect to the quadrupole center 

axis. The Eiznel lens focuses colinear ion trajectories onto a focal point which is adjusted 

by the varying the lens element voltages such that the ions are focused onto the center 

axis of the quadrupole. The ions are then trapped by the quadrupolar field before they 
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can diverge again and are efficiently injected into the quadrupole. Einzel lenses are 

generally designed with three cylindrical elements where the first and third elements are 

biased at a negative voltage and the second element is grounded. The entrance and exit 

Einzel lenses in this system are both operated in this mode with operating voltages near 

-35 VDC. 

Ions exiting the quadrupole mass filter are recollimated by a second Einzel lens 

and passed through a shield optic biased at -50 VDC to spatially filter off-axis ions from 

reaching the detector. All voltages necessary for the ion optics described are generated 

by two electron tube power supplies (Lambda Electronics Model 25) and a series of 

variable voltage dividers. 

B.2.4 Quadrupole Mass Filter 

Reviews on the theory, operation, and design of quadrupoles and other RF devices 

are available"^"®^ and therefore this section briefly covers the specifics of the quadrupole 

used on this instrument. The quadrupole design has become extremely popular in both 

industrial and research settings versus more traditional sector design mass spectrometers 

for a number of reasons. Quadrupoles are light weight, mechanically simple designs 

having no need for cumbersome magnets as are required by magnetic sector instruments. 

A combination of RF and DC potentials produces a linear mass scale and great flexibility 
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in instrumental parameters. Sensitivity and resolution can be easily and quickly traded 

against each other by adjusting the drive electronics alone. 

The specific mass filter used in our second generation laval flow reactor is a 

Hewlett-Packard Model 5930A mass spectrometer originally designed to be an integral 

part of an HP GC-MS unit. Only the power supplies, control electronics, and the actual 

rod assembly were used in our instrument. The remaining components of the mass filter 

were either custom made in-house or from eV Parts available from Kimball Physics, a 

system for building ion optics from standardized stainless steel and ceramic components. 

This particular quadrupole contains eight additional elements in the assembly along with 

the four rod electrodes. These additional elements are installed as pairs of flat plates 

running parallel to the rod a.xes. Each pair can be independently biased with a DC 

voltage to improve the homogeneity of the quadrupolar field experienced by the ions 

transiting the mass filter. This design was short-lived and has been replaced in modem 

quadrupoles by more stable electronics, higher tolerance construction, and lens voltages 

which are completely programmable during mass scans. This last feature is perhaps the 

most important. Arbitrary voltage control on all active elements allows for a more 

accurate mass scan line in the mass filter's RF / DC control voltage phase space and 

therefore linearized resolution and ion transmission functions over the entire mass 

272 range 
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Quadrupoie performance is optimal when the kinetic energy of the ion traveling 

through the quadrupoie is less then 10 eV. At larger ion energies, the sensitivity, 

resolution, and the peak shapes are all degraded. To minimize this problem, either the 

quadrupoie must be biased such that ion energies are limited to 5 -10 eV of ion kinetic 

energy, or the ion kinetic energy is limited to produce the same result. As the 593OA was 

not designed for biased operation, the source and entrance voltages are limited to less 

than 20 VDC to keep the ion kinetic energy under 10 eV for optimum transmission'^. 

Another option is to add an ion energy pre-filter before the quadrupoie to reject high 

energy ions''*. 

Three small L-brackets were spot welded onto the quadrupoie housing for 

mounting to the differential pumping ceramic. Three SS 304 W's provide support and 

centering for the exit portion of the quadrupoie with the chamber. The RF / DC voltages 

are sent from the RP Power Amplifier (RFPA) via high voltage coaxial cable (Belden 

RG-8). High voltage vacuum feedthrough connectors (ISA SVH-I5. rated 15 kV at 15 A 

service) are needed to safely transmit the 3 kV RF / DC output of the RFPA. Internal 

connection is made using rigid coax (Pastemack, copper clad RG-402U) and CuBe push-

on connectors. Overall cable lengths and impediences must be carefully matched to 

maximize forward power projection and symmetry in the quadrupoie field. Typical cable 

capacitances are 205 pF. Large amounts of reflected power can damage the RF amplifier. 

An additional quality check of the connections can be made by using an inductor test 

instrument (Sencore Model LC 75) to measure the number of rings which the transformer 
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secondary can support. The number of cycles which the inductor can ring before the 

measured signal has reaching a set damping point is measured aiter the application of a 7 

volt peak-to-peak excitation pulse"^^. Typical values for this quadrupole are 95-100 

rings for each secondary coil with a difference of less than 5 rings between the two coils. 

B.2.5 Ion Detection 

Ions exit the quadrupole with upwards of 40 eV of kinetic energy. There are 

several options for ion detection at these energies. A simple faraday cup can be 

introduced into the analyzer region via the KF25 fitting at the end of the vacuum 

chamber. A bias voltage is applied and an electrometer (Keithly Instruments Model 

61 OCR) is used to measure the ion current. A microchannel plate stack, as discussed in 

Chapter 2, could also be used. A conceptually simpler and more durable detection 

scheme is employed instead. A scintillation-type ion detector was constructed for this 

instrument following the designs of Daly"^^ and Gerlich"®^. A 30 kV acceleration field is 

applied to the ions by the introduction of an off-axis "doorknob" electrode as seen in 

Figure B.l. Ions entering the detector region are accelerated through the 30 kV and 

impinge on the doorknob electrode surface, where they produce secondary electron 

emission with an approximate gain of 6. Stainless steel 304 was chosen for overall 

durability and secondary electron emission. All electrode surfaces and edges are highly 

polished and rounded to reduce field emission and increase secondary electron emission. 
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A low current, high vohage power supply (Gamma High Vohage Model MC300N/M464) 

supplies negative 0-30 kV at up to 150 ^lA. 

The secondary electrons are driven from the "doorknob" by the same potential 

that originally attracted the parent ions to the electrode. Presenting the most attractive 

potential difference to the electrons is the scintillator housing. The housing is mounted 

perpendicular to the quadrupole main axis and is positioned directly across the analyzer 

chamber from the Daly electrode. The secondary electrons are not detected directly. 

The front surface of the housing is a 0.125" thick, 0.5" diameter disk of 

scintillation material (NE Technology, Pilot-U) which absorbs electrons and emits 391 

nm photons with a main component decay time of 1.36 ns. To improve collection 

efficiency, the input surface of the scintillator is coated with approximately 600 nm of 

vapor deposited aluminum. Deposition was performed at the NSF's NOAO facilities in 

Tucson, AZ. The aluminum coating is transparent to the incident electrons and the 

conductivity is high enough to insure a homogeneous potential across the surface. The 

coating acts as a mirror for all photons which are emitted back towards the vacuum 

chamber, increasing the photon collection solid angle to near 2 :: staradians. 

Photons are then detected by a head-on photomultiplier tube, PMT, (Hamamatsu 

Photonics K.K., Model R647-01). PMT's are not generally designed for operation within 

a vacuum chamber so a special mount was designed to allow the entrance window of the 
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PMT to face the Daly electrode in the vacuum chamber while keeping the PMT's 

electrical connections outside the chamber at atmospheric pressure. Two Ultratorr-style 

(Cajon) compression fittings were welded into the side of the chamber end-to-end. The 

scintillator material is placed between the nut and the body of the inner Ultratorr fitting. 

The PMT is pushed through the irmer o-ring seal until it makes positive contact with the 

scintillator. The outer nut is then tightened to make a second radial vacuum seal around 

the PMT's glass envelope. A light-tight housing is then placed around the PMT itself. 

The PMT output is then sent to a fast amplifier (ORTEC, Model 454) for amplification. 

The signal is then conditioned by a constant-fraction discriminator (ORTEC, Model 

473A) to produce uniform pulses for the pulse counter. 

B.3 System Tuning 

B.3.1 Introduction 

Two of the component systems described in Section B.2 are new to this 

laboratory. This section will focus on providing a walk through of the initial 

configuration and tuning of these components. Section B.3.2 will discuss the correct 

method for adjusting the quadrupole RFPA for optimal quadrupole mass filter 

performance. Section B.3.3 will discuss the proper configuration of the gated pulse 

counter components. 
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B.3.2 Tuning of HP 5942A RF Power Amplifier 

B.3.2.1 Introduction 

Much of the information in this section can be gleaned from the careful study of 

the following Hewlett Packard manuals^®®: 

Mass Spectrometer System 5930A : Operating and Service Manual 

Mass Spectrometer 5930A : Training Manual 

Data Package : Power Supply 5944A 

Data Package : Control Unit 5943B 

A few brief cautions about working with the HP RF Power Amplifier (RFPA) 

5942A are in order. First, voltages of up to 2 kV peak-to-peak, 1 MHz RF with DC 

offsets of up to ± 0-300 VDC can be present at times when the mass spectrometer is 

powered on. Excerise extreme care when working with the unit if powered. The 5942A 

contains several high-Q resonance tank circuits. The introduction of an iron screwdriver 

tip to adjust a trim potentiometer can cause an electrical shock and introduce a severe 

perturbation to the tuning, costing valuable time and energy in repeated adjustments. 

Another equally insidious pitfall is that the panel covers effect the circuit tuning and 

hours of careful adjustment can be voided by not remembering to tune the unit with the 

covers on. Plastic screwdrivers and other tools as used for TV repair are a must. High 

voltage I OX and lOOX oscilloscope probes must be used not only to protect the 

oscilloscope but also because cheap probes have small input impediences and can load 

the circuits being measured. An inexpensive, 10 MHz diagnostic oscilloscope is 
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sufficient for most facets of the system tuning procedure. Clean rubber sheets to insulate 

components from work surfaces are also recommended. 

The procedure for testing and tuning the RF power amplifier (HP 5942A) is 

described in reasonable detail within the Service Information section of the Operation and 

Service manual. A brief outline of the process and some battle-scarred hints will be 

provided here. Each time the HP 5942A has been discoimected from the quadrupole the 

tune-up procedure should be quickly run through to check for problems. A missing 

connection or badly adjusted coil can result in significant reflected power from the 

quadrupole and severe damage to the 5942A can occur! 

B.3.2.2 Continuity Checks 

First check that the power supplies to the 5942A are not being shorted out. To do 

this, remove both cables, J1 and J2, from the unit and measuring the resistance to ground 

at the indicated test points. The values should be larger than those quoted on page 2 of 

the manual. A picture of the unit with individual components labeled is shown in Figure 

I of the service manual. With a high input impedience DVM. check all quadrupole poles, 

blades, and other ion optics for shorts to each other and ground. 
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B.3.2.3 RFPA Alignment 

Reconnect cables Jl, J2, and the two RF cables as necessary. Figure 2 of the 

service manual indicates the relative positions of all the components to be refered to in 

this section. Figure 6 of the service manual contains a schematic of the RFPA circuit 

board. Figure 6 indicates the correct amplitudes and peak shapes at a number of test 

points while Figure 5 contains actual oscilloscope traces for reference. 

The first adjustment is the slug-tuned coil in the primary circuit, labeled T2 on 

Figure 6 while monitoring the signal at test point 1. The test points are labeled with a 

number inside a star symbol on the schematic. With a mass setting of 10 AMU and the 

mass spectrometer tuned on, the signal at test point 1 should be a 1 MHz waveform with 

an amplitude of 22 - 24 Vp.p and a 28 VDC offset. The tuning slug can be moved to 

reach this maximum condition. 

Second stage tuning requires opening the RF monitoring circuits which generate 

the DC offsets proportional to the RF signal amplitude. Steps 3-3.g and 3-3.h on page 5 

of the service manual indicates the proper steps. A extender PC edge card is available for 

raising the A2 PC board out of the controller unit so that the clip leads can be easily 

attached. The test points and other necessary contacts on the A2 board have been labeled 

in pencil to aid in identification. Place an oscilloscope probe at test point 2. Turn the 

unit on and increase the mass setting until the tuning meter on the RFPA unit reaches 

half-scale deflection. If half-scale deflection cannot be reached, take the maximum 
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possible. Adjust the driver tuning capacitor (C3) to maximize the tuning meter deflection 

while decreasing the mass setting to keep the tuning meter on scale. Service manual 

Figure 5 indicates the proper waveform. Turn off the mass spectrometer and return all 

cards and removed all shorts. With the oscilloscope probe still attached to test point 2, 

turn the mass spectrometer on and increase the mass setting until the signal seen by the 

probe is 10 Vp.p on the oscilloscope. Then adjust the fine tuning capacitor (CIO) for 

minimum oscilloscope peak-to-peak signal and minimum tuning meter deflection. 

At this point the service manual indicates that if the required performance cannot 

be achieved, the taps on the secondary RP coils of transform T3 need to be moved. The 

tap positions have been optimized and should not be moved lightly. These air-core 

transformer coils are very fragile and easily damaged as the binding posts that maintain 

coil separation are essentially hot glue sticks and easily melted. Reach the best 

approximation of the above test criteria and use those settings. 

Next, adjust the mass setting to cause a tuning meter deflection of half-scale. The 

coupling adjustment screw in the RFPA heat sink (see Figure 2 in the service manual, the 

control is a set screw which is threaded through the main heat sink) is adjusted to 

minimize the tuning meter reading. Be careful with this adjustment as the set screw's 

only connection to the T3 primary coil is a press fit through a rubber grommet. This 

adjustment moves the primary coil away from the secondary coils and there is a very 

limited range of motion. 
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This completes the basic tuning of the RFPA. If properly tuned, a mass scan 

should cause the tuning meter to sweep from the zero position to some meter deflection 

and then return to zero at the end of the scan. The magnitude of the deflection is a 

measure of the mass range scanned and of the quality of the time. Best observed 

conditions in our laboratory yield a mass range of approximately 0 -150 AMU and 2/3 of 

full scale tuning meter deflection. 

One final note is that the main power supply will not turn on if the RPPA is not 

connected or is severely detuned. The power supply has an analog voltage meter and a 

multi-position switch which allow the user to monitor the condition of the main power 

supplies. A properly functioning power supply will read half - scale or in the blue -

shaded center section of the meter. Only the ±15 VDC power supplies will read center 

scale if the Rf PA is not connected or is non-flinctional. The meter switch should be set 

to the +28 VDC scale as a visual fault indicator and regularly checked. 
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B.3.3 Setup of Gated Photon Counter 

B.3.3.1 Introduction 

The design criteria for the detection module of this instrument is for low noise, 

high gain pulse counting. The planned role of this instrument was initially to monitor the 

reaction of atmospherically relevant species on large water ice clusters. To fulfill this 

role the kinetics of trace species having undergone very little reaction need to be 

detected. A scintillation / pulse counting technique was chosen as the technique is well 

suited for these low signal levels. The following sections will outline the purpose of each 

necessary components and the diagnostic tests required before use. A good overview of 

the concepts and considerations for photon counting can be found in the SRS Gated 

Photon Counter Manual"^'. 

B.3.3.2 Signal Amplifier and Cabling Concerns 

An ORTEC amplifier is used to convert the current pulses from the PMT to 

voltage signals which will be eventually counted as pulses. One might be inclined to set 

the amplifier for maximum gain however this is not correct. Ref. 269 discusses the gain 

requirement for a counting preamplifier. A fast (125 MHz or better) oscilloscope is 

needed for properly setting the gain. The output of the amplifier is sent to an input of the 

digital oscilloscope and terminated at the output impedience of the amplifier, typically 50 

Ohms. Triggering the oscilloscope from the signal channel allows the operator to 
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observe the pulses from the PMT as they are produced. For best counting operation, the 

count rate should be small enough that individual events can be temporally resolved (no 

overlapping events) and the PMT can be operated at the maximum design voltage, 

typically 1-1.5 kV. For this portion of the setup it would be ideal if a signal source 

which can be turned on and off were available to accurately determine full peak heights. 

Otherwise an educated guess must be made based on dark counts alone. If the instrument 

has been opened to air recently the dust and other particles which have settled on the 

Daly electrode will serve perfectly. For the first day of operation, the Daly will produce 

1 -10 kHz count rates from the particles found in the chamber. 

Each pulse from the PMT should yield a featureless, 2 ns risetime, negative-

going pulse. If this is not the case, adjustments to the amplifier input cable are needed. 

Problems are generally cause by coaxial cables which are too long or improper 

termination, both of which would allow cable ringing to occur. Different combinations 

of parallel and serial termination can be used, in the case of this instrument the best result 

was found to be 50 Ohm terminators at both the PMT and amplifier with a three-foot-

long, 50 ohm RG-58 coaxial cable connecting the two devices. The input impedience of 

the amplifier is 1 kOhm to allow multiple devices to be connected to the same PMT, 

therefore an external terminator is necessary. 

Once good peak shape is established, the gain of the amplifier must be set. 

Immediately alter amplification is the pulse height discrimination step, therefore the gain 
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of the amplifier must match the input requirements of the ORTEC CFD unit used. For 

proper operation, the peak heights arriving at the CFD must be large enough to allow a 

lower discriminator level to be set. The ORTEC CFD used can set discrimator levels of 0 

- 5 Volts. This level is the voltage a pulse height must be above to be counted. An 

internal discriminator level is set at three times the lower discriminator level. This level 

is used to reject events which are either high energy (cosmic ray) phenomena or multiple 

count events. Therefore the gain of the signal must lie in a range where the lower level is 

adjustible (not zero) but not large enough to put the 3X level at larger than 5 VDC. 

Reference 269 indicates that for the SR400 which has a discriminator range of 0 - 300 

mV, a pulse height of 100 mV is ideal for photon counting. For the initial trials of this 

instrument, the gain used was 6X with the PMT operating at -950 VDC to produce 100 

mV pulse heights. 

The positive output channel of the CFD is used to send the pulses to the PC 

interface card containing the counter. The negative channel would be a better choice as 

the NIM standard pulse is a 5 ns width, -5 VDC pulse as compared to the positive 

charmel which has 50 ns width, +5 VDC pulses. The counter card cannot accept negative 

pulses, so the slower channel is used with a I OX reduction in maximum count rate due to 

the pulse widths. The CFD supplies equal height and width pulses for all pulses received 

which are within the discriminator levels. The advantage here is that each pulse is 

exactly the same and the counter need only count them. 
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The only remaining setting is the lower discriminator level. The best way to 

make this adjustment is with a slow count rate source such as the Daly detector after 

system venting. By recording the number of counts versus discrimator level, a count 

distribution can be constructed. The typical form of this distribution is to start very high 

(10-100 kHz for near zero discriminator level and rapidly decrease to some value. 

After this rapid decay, increased discriminator levels slowly decrease the count rate. The 

inflection point of this distribution is the ideal place to set the discriminator level. Dark 

counts can be initiated at any dynode in the PMT and therefore have a large range of 

heights at the anode. Signal counts are all approximately the same height as they all 

originate at the photocathode and therefore have received the full gain of the PMT. This 

would indicate that the inflection point in the count distribution would be the ideal 

discriminator setting as the ratio of signal counts to dark counts is at a ma.\imum. 

B.4 System Integration 

B.4.1 Overview of Problem 

A suite of computer programs was written in Borland C for DOS (version 3.0) to 

accomplish integrate both home-built and commercial components. The source code for 

the entire program suite is listed in Appendix C along with example output and data files. 

A strong emphasis was placed on modular programming to insure the best possible long 

term viability and ease of maintenance for the source code. Each function was separated 
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into individual libraries such that if a component is replaced, only that section of the code 

needs adjustment. Similarly new functions can be added either as new options within the 

old program structure or as entirely new programs independent of the original program, 

using the old modules as libraries only. Hardware specific calls were again isolated into 

the most compact form possible and only called indirectly to allow for easy replacement / 

upgrades as is necessary. All commonly used calibration / set point information is 

maintained in a series of data files rather than hard-coded into the executable for 

additional flexibility. 

B.4.2 Setting a Mass / Scanning a Mass Range 

The HP 5930A was designed for manual or computer control via a integral 

minicomputer data system. Attempts to emulate the minicomputer interface were 

unsuccessful, so a more direct approach was taken. The manual control system consisted 

of a variable potentiometer used to set a voltage related to the position of the mass set 

indicator on the front panel. This potentiometer generates a voltage 0 -7.5 VDC for the 

0 - 650 AMU range of the original instrument. A PC interface card (ComputerBoards 

CIO-DAC02) provides two channels of 0-5, ± 5, 0-10. and ±10 V as well as 4 - 20 mA 

output ranges with 12 bit DAC resolution. One channel is used to prove a 0 - 7.5 VDC 

output to the mass controller in place of the original potentiometer which has been 

disconnected. 
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At this time, the computer divides the user -specified mass command by ten and 

sets the DAC output to the resultant in volts. Any mass correction must be supplied post-

scan by the user. A software correction fimction could easily be added to the mass-to-

voltage conversion routine to accurately calibrate the mass controller and should be 

added in the future. 

B.4.3 Gated Photon Counting 

A PC interface card (Computerboards, CIO-CTRIOHD) containing 10 16-bit 

counters processes the output of the constant fi-action discriminator. For gated operation, 

a trigger signal is taken from the pulsed valve driver's synchronization output. The sync, 

output signal is a TTL pulse which is on for the duration of the valve open event. The 

pulse counting sofbvare was designed to wait for the trigger signal. Upon receiving the 

trigger pulse, an additional user-defined delay is observed, and then all pulses received 

from the CFD within a user-specified time window are counted. Two 16-bit counters are 

ganged together to provide an overall dynamic range of 0 - 131072 counts within a count 

window, typically 100 ms when the nozzle is operating at 10 Hertz corresponding to a 

maximum count rate of 1.3 MHz. If signal is acquired for more than a single shot (signal 

averaging), the counts each shot are summed together and the total number is reported 

instead. 
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B.4.4 Collection of Mass Spectra 

The basic role of a mass spectrometer is of course to report the composition of a 

given sample based on mass. The implementation of mass spectrum collection in the 

Laval machine is conceptually simple. The user provides the initial and fmal masses, a 

mass step or increment value, and the number of points to average. If the nozzle position 

with respect to the skimmer is not correct, it can be moved as described in the next 

section. The DAC sets the initial mass and then the scan loop commences. At each mass 

setting, the number of counts recorded within the scan window is recorded for as many 

shots as is specified. The current mass is then incremented by the mass step and the loop 

continues until the final mass setting is reached and the data is accumulated. The mass 

spectrum is recorded in a comma-delimited text file, SPECTRUM.MAS, containing 

header information and ordered pairs of mass and counts recorded. The .MAS extension 

is a evolutionary holdover from a previous version which recorded the spectrum as a 

function of DAC voltage or .VOL. 

B.4.5 Stepper Motor Control and Kinetic Profiles of Beam 

For a given mass or set of masses (up to 5 in the current version), the number of 

ion counts as a function of Laval nozzle - mass spectrometer distance can be monitored. 

As the jet moves at a fixed hydrodynamic beam velocity after expansion, distance can 

simply be converted to time for the extraction of kinetic information. For a non-reactive 
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system, this same approach can be used to profile the uniformity of the expansion center 

streamline. A commercially available stepper motor controller is the heart of the nozzle 

position control. The Laval nozzle is mounted on a thermally isolated base plate attached 

to the instrument main translation arm. The isolation is necessary to minimize the 

thermal load for stagnation temperatures of other than room temperature. The main 

translator arm rides on a pair of linear motion rails with two pairs of pillow-block 

bearings as couplers, one pair inside and one outside the instrument. The translator arm 

passes through the instrument's main flange with a double radial o-ring seal for vacuum 

containment. The end of the translator arm that is outside the instrument is connected to 

a lead screw driven by a stepper motor. 

The stepper motor controller is a Parker Digiplan Model PDX-13 capable of 

driving stepper motors with current draws of up to 3 A with an angular resolution of 1.8°. 

Three microswitches act as limit switches to prevent the arm from translating too far and 

damaging other components and as a home switch to allow calibration of the unit. While 

the controller is microprocessor controlled and therefore very flexible, one limitation is 

the inability to set the unit to an arbitrary position value other than zero motor steps at the 

home switch position. 

Communication with the PDX is by three-wire, RS-232 style serial 

communication with the PC. The serial communication library, SERPDXBC.C, 

developed by past group member, Darin Latimer, is used without modification and can be 
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found in Appendix C. The PDX-13 has a very large vocabulary of commands which it 

recognizes. The typical format is ACCMM where A is the unit address, C is the one or 

two letter conunand, and ### are any arguments, typically motor positions. For example 

8D100000 

would instruct the PDX-13 at address 8 that it's next position change will be 100000 

motor steps in the positive direction. No action will be taken until the go command is 

issued. Once a command is completed, the PDX-13 responds with the phrase "OK" as 

acknowledgement. 

As noted above, the ability to set the PDX-13's internal position is limited. 

Therefore the home limit switch is mounted in a convenient position and all main 

program functions which relate to nozzle position are forced to reference position in 

motor steps (ms). The position in motor steps of the limit switches and the distance in 

centimeters from the skimmer tip to the nozzle face when the translator arm is at the 

home position are stored in a data file and globally available within the program along 

with the current position. All user-defined positions are accepted in centimeters from the 

skimmer tip. The conversions are made by a pair of subroutines, pdx_cmtoms() and 

pdx_mstocm(). These subroutines convert between motor steps and centimeters using an 

experimentally determined conversion factor and the zero distance from the data file. A 

future version should move the conversion factor to the data file to increase flexibility. 
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Now that the nozzle can be moved with computer control, a species profile, or 

concentration versus distance, can be recorded. Initially, the nozzle moves to the user-

defined start point and the first mass setting is made. For each mass the requested 

number of shots is recorded, then the mass is incremented. When signals are recorded for 

all masses, the nozzle position is incremented and the signal for each mass is recorded. 

This continues until the final nozzle position has been reached and the signals recorded. 

The results are stored in a comma-delimited file, KINETIC.MAS, consisting of header 

i n f o r m a t i o n ,  a n d  a  s i x  c o l u n m  t a b l e  o f  n o z z l e  p o s i t i o n  a n d  c o u n t s  f o r  m a s s  s e t t i n g s  1 - 5 .  

B.4.6 Electrical / Electronic Interconnection 

The electrical schematic for the Laval reactor is shown in Figure B.5. 

Arrowheads indicate the direction of information flow. A 10 Hz master trigger signal is 

the timing reference for all components. The subsystems and individual components 

have already been described in earlier parts of this Section. 
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Figure B.5 Block diagram of Laval flow reactor electronics indicating connections 
between components. Arrowheads indicate the direction of information 
flow. 
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B.5 Benchmark Studies 

B.5.1 Introduction 

To bring some closure to this chapter which has discussed the retrofit of the 

second generation pulsed uniform supersonic flow reactor, or Laval machine, several 

benchmark results are presented to showcase the performance of the instrument as 

designed. The mass spectrometer's resolution and peak shape for several gases mixtures 

will be presented. The design of software-based gated pulse counter and ihe ability of the 

quadrupole to act as a pitot tube for flow diagnostic tests will be discussed. 

B.5.2 Resolution and Peak Shape 

Initial tests of the system as designed were performed on a series of sample gases 

diluted in nitrogen buffer. First a mass spectrum of the buffer gas itself is shown in 

Figure B.6. The next spectrum shown in Figure B.7 is for pure argon. The mass spectrum 

of a 50% / 50 % mixture of argon and nitrogen is shown in Figure B.8. The mass spectra 

of two other test gases, SFe and xylenes are shown in Figures B.9 and B.IO. Figure B.9 

shows an intense peak at 110 - 130 AMU which is assigned to the fragment ion. SFs^, in 

agreement with the literature''". The peak at 20 - 30 AMU is assigned to residual Ni. 
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Figure B.6 EI/MS spectrum of nitrogen. 
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Figure B.7 EI/MS spectrum of argon. 
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Figure B.8 EI/MS spectrum of a 50% / 50 % mixturse of nitrogen and argon. 
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Figure B.9 EI/MS spectrum of sulfur hexafluoride, SFe. 
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Figure B.IO EI/MS spectrum of xylene. 

The xylenes mass spectrum presented in Figure B.8 is consistent with the 

literature peak positions"^""^'' for xylenes of 106, 105,91, and 77 AMU. The parent and 

M - 1 peaks are unresolved. The peak at 91 AMU corresponds to the loss of a single 

methyl group to form the benzyl cation, and upon rearrangement the tropylium cation. 

The peak at 77 AMU corresponds to the loss of C2H5 and rearrangement to form 

The peak intensities are not in good agreement however with the literature values"'' of 

60:28:100:12. Due to the poor peak separation it is difficult to assign intensities to the 

individual peaks in the spectrum. The peak from 20 - 30 AMU is typical of nitrogen and 

most likely represents the air contamination of the xylene introduction system which is 

composed of a glass flask and rubber tubing. The rubber tubing required frequent 

replacement due to brittieness and associated cracking. 
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These mass spectrum are typical of the performance of the quadrupole which can 

be achieved using the original designed ion source and quadrupole mass filter. Peak 

shapes are very asymmetric with large leading tails. Resolution is a typical measure of 

mass spectrometer performance and is defined as Resolution = M / AM, where M is the 

mass of the species and AM is the FWHM of the peak. As the peak shape is highly 

asymmetric, the resolution values are calculated for the narrow peak feature alone and 

have typical values for argon and nitrogen of 30. This is not strictly a valid measurement 

as the peak area under the tail is 30 - 50 % of the total peak area. Sulfur hexafluoride has 

a significantly lower resolution, approximately 10. Quadrupole resolution values are 

typically several hundred in the mass range of 0 - 600 AMU. 

There are several possible options for increasing the sensitivity, resolution, and 

the overall throughput of quadrupole which should be addressed in further upgrades of 

this instrument. The first extraction element at the ion source body is a flat slit element 

from a magnetic sector instrument. While this is typical for sector instruments, the 

quadrupole requires cylindrical symmetry for the entrance and exit ion optics"^". The flat 

slit was an original part of the source body and was kept to solve several assembly 

problems. The slit should be opened up to a circular element. The long tails on peaks 

and the overwhelming nitrogen signals for dilute (1%) flows in helium lead to the 

conclusion that electron impact ionization, EI, is too energetic a ionization scheme for 

this instrument. Large numbers of buffer ions are produced with greater efficiency than 



the target gas. The number density of these buffer ions is too great for the quadrupole to 

reject and a large background count rate is masking the target signal counts. To correct 

this problem, the instrument is to be modified for photoionization, PI-MS as detailed in 

section B.6. Reference 272 also indicated that since the Einzel len design used slows the 

ions to near zero kinetic energy at the center element, which is held at ground, the third 

element should be increased in diameter to spatially allow for the divergence and 

refocusing of the ion beam through the lens. Both lens stacks should have the third 

element replaced with larger diameter elements. 

8.5.3 Implementation of Gated Photon Counting 

The simplest form of counting accumulated all counts which come in between 

two synchronization pulses. This would lead to the averaging of small signals along with 

large amounts of noise. For example in a 100 msec sampling window (10 Hz triggers), 

with a pulsed valve open for only 6 -8 msec, signal is only being accumulated 8% of the 

time. The software written for pulse counting is provided with three pieces of information 

to generate the gate from. The initial delay after the synchronization pulse is an 

instrumental constant and stored in a data file. Upon receiving the trigger 

synchronization pulse, the software waits for the initial delay and then counts for a period 

of time specified by the user. Figure B.l 1 is a plot of signal intensity versus initial delay 

for a Mach 3 nitrogen flow with 280 Torr of nitrogen backing the pulsed values and 80 
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mTorr chamber pressures using a 2 msec sliding window. Note that the pulse can be 

sufficiently delayed to map out the signal intensity for the next pulse. 
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Figure B. 11 Total counts versus initial delay for a Mach 3 nitrogen flow. 

The gated pulse counter's initial delay is then set such that the collection window 

is placed in the middle of the gas pulse at all times. 

B.5.4 The Quadrupole Mass Spectrometer as a Pitot Tube 

The convergent - divergent or Laval nozzle is not only difficult to design and 

machine'^^ but to achieve a good quality, uniform flow over lO's of centimeters requires 

that the stagnation and chamber backing pressures be exactly matched to the actual 

nozzle contour. While the input parameters used to design the nozzle are a good place to 



224 

start, imperfections in the nozzle wall require the characterization of the nozzle before 

use. This is a process where combinations of stagnation and chamber backing pressure 

are established and the uniformity of the flow measured. The monitor probe in the first 

generation Laval machine is designed to exploit the Rayleigh Pitot formula. The 

Rayleigh formula shows that there is a simple relationship between the ratio of impact 

pressure and static pressures of a flow and the Mach number of the flow. A shock wave 

is developed across the tip of the impact pressure transducer when introduced into the 

flow and the following relationship is used: 

P, 
P, 

where Pj is the impact pressure, Ps is the static flow pressure, M is the Mach number of 

the flow, and y is the heat capacity ratio for the gas in use. In the case of uniform flow, 

the static pressure in the flow is equal to the chamber background pressure and the two 

values can be used interchangably. 

For flow diagnostics, the impact transducer is scanned along the flow axis and the 

impact pressure recorded at each point. Once conditions for uniform flow are found, 

where all impact pressures are within 10 percent of the average value, the nozzle's real 

Mach number can be calculated from the ratio of average impact to static pressure. As 

the second generation instrument has a large metal tube in the middle of the vacuum 

chamber, pressure transducer measurements cannot be made. The quadrupole mass filter, 

timed to an appropriate mass for the flow in question, should be able to serve the same 

(Y + I)M^ 
Y'lY-U 

2 
Y + l 

2YM--(y-l) 
(B.I) 
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purpose. Several trial runs were made to compare the pitot runs from the first machine to 

the mass spectrometer results from the second machine for the same nozzle and identical 

chamber and stagnation pressures. The ability to use the mass spectrometer for pitot runs 

would allow nozzles which caimot be used in the older machine due to smaller pumping 

speeds to be characterized and used in the new instrument. An additional question that 

can be addressed by this study is the assumption that nozzles characterized in the older 

machine can be directly used in the new machine without recharacterization. Several 

diagnostics runs were made and a typical result is shown in Figure B.I2. 

tn 
C 
3 O u 

C/3 

160 -r 
140 --
120 --

100 f 

80 
60 

40 --

2 0  - -

0 

^ • « 

-r 4 
-- 3.5 
-- 3 
-- 2.5 
- -  2  

-- 1.5 
- I 

L. 
O 
H 

u (U 
u 
3 

•o Vi 
C es 

l 0.5 H 
0 

0 10 15 20 25 

z(cm) 

Figure B.12 Impact studies using both a pressure transducer and the quadrupole as a 
pressure transducer. The solid squares are mass spectrometer counts and the 
solid diamonds are pressure transducer voltages. 

Figure 8.12 shows, with the exception of close distances, that the quadrupole and 

pressure transducers produce similar quality pitot measurements for the same flow 

conditions. At close distances to the nozzle, the mass spectrometer housing or the 
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molecular beam skinuner must be perturbing the flow, causing shock waves, and 

reducing the measured impact pressure. A calibration function for converting count rate 

to flow pressure is the only remaining piece of information necessary for using the 

quadrupole as a pitot tube. The results also indicate that the characterizations from the 

older machine can be transferred to the new machine without correction. 

B.6 Overhaul to PI-MS 

B.6.1 Problems from EI-MS 

As was clearly shown in Section B.5, the resolution and sensitivity of this mass 

spectrometer with EI is not sufficient for the measurement of kinetic information for trace 

species in the Laval flow. For the case of a nitrogen buffer, the problem is clearly visible 

in the mass spectra, the buffer is being ionized as efficiently as the trace species. For the 

case of helium buffers, we have concluded from our data that helium ions are being made 

in the EI source. The electrons have sufficient energy to do so and the quadrupole mass 

filter does not have the ability to reject the huge storm of buffer ions being introduced. 

Therefore a large background level of counts is present for all masses and sets an 

experimentally determined detection limit for trace species of one percent of the flow. If 

an ionization source could be designed which could ionize the trace species and not the 

buffer gas, background free detection would be possible and the detection limits of the 

instnmient greatly improved. The next section outlines just such an upgrade. 
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B.6.2 Design of PI-MS source 

The resonance lamp has been the workhorse photo-iom'zation source for the 

scientist who doesn't need high-resolution tuning control and doesn't have access to an 

storage ring. David Gutman and coworkers have shown extensively how the vacuum 

ultra-violet (VUV) light emitted from rare gas resonance lamps can be used as a high flux 

soft ionization source^^^. The design and characterization of rare gas resonance lamps is 

described in NBS Technical Note 496^''*. 

A resonance lamp uses the characteristic resonance lines from rare gas molecules 

prepared by microwave discharge at 2.45 GHz to produce VUV. There are two classes of 

resonance lamps: windowed or windowless. Windowless lamps are required at the 

shorter wavelengths due to the lack of durable window materials. The emission lines for 

several rare gases are given in Table B.l. 

Windowless resonance lamps can dramatically increase the pumping loads of the 

vacuum chambers to which they are connected and increase consumption of expensive 

rare gases. This problem led to experimentation with exotic window materials such as tin 

and aluminum. Sufficiently thin metal windows (4000 - 6000 A thick) can transmit high 

energy photons if the differential pressure on the window is typically kept below 100 

Torr. Higher pressure gradients will collapse the window. Windows for the lower 

energy photons can be materials such as LiF and CaFi. 
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Table B. 1 Lowest resonance emissions of the rare gases. 

Gas eV A 
He 2L22 584.3 
Ne 16.85 735.8 

16.67 743.7 
Ar 11.83 1048.2 

11.62 1066.7 
Kr 10.64 1164.9 

10.03 1235.8 
Xe 9.57 1295.8 

8.44 1469.6 
Table adapted from Ref. 274 Table 1. 

The design of Schonhense and Heinzmann"^® was chosen for our resonance lamp. 

The lamp buiU around a DC discharge capillary 60 mm in length. A 6 kV, 250 mA 

power supply is used for the discharge. The anode, the electrode which is electrically 

floating, is buried within the ceramic discharge capillary thereby removing the need for 

ceramic breaks and heavy personal shielding to prevent electrocution of the operator. 

The lamp design is windowless and requires one or two stages of differential pumping 

along the quartz capillary which extends from the discharge to the mass spectrometer ion 

source body. The design of this lamp and its interface to the Laval machine are shown in 

Figure B.I3. 

The windowless, DC discharge design was chosen for having the highest VUV 

photon flux. Microwave discharge resonance lamps as detailed in Reference 274 can be 

operated for 100 -1000 hrs if they are of the windowed variety depending on the gas 

chosen. Neon requires special getter wires to remove impurities from the lamp to even 
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reach 100 hours of operation. Under optimal conditions this type of lamp is capable of 

producing 2.5 x lO' photons sec"' mm"' or 8 x lO" photons / sec for the Ne I line. The 

DC discharge / capillary lamp can generate 6 x lO'^ photons sec*' mm" with an angular 

divergence of ±15 mrad at a distance of 30 mm from the discharge or 2 x lO'^ photons 

sec"' for the Ne I line. The lamp is designed for easy disassembly as the ceramic requires 

cleaning every 200 hours of operation in an acid bath. The acid bath removes sputtered 

metal buildup from the ceramic, which can diminish the intensity of the light produced. 
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Figure B.13 VUV resonance lamp and interface design. 
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APPENDIX C SUBO SOURCE CODE 

C.l Introduction 

A software package has been written to integrate the operation of three particular 

subsystems of our pulsed uniform supersonic expansion flow reactor. Control of the 

convergent - divergent nozzle Uranslation subsystem and the quadrupole mass filter's 

mass command setting are automated, and a gated pulse counting system is provided for 

data acquisition. 

The programs were written with flexibility and easy of maintenance in mind. 

Each individual sofhvare module was written in a self-contained fashion such that if a 

component is upgraded or new features are desired, the modiHcations are localized and of 

minimum impact to the remaining modules. This also simplifies the writing of new 

programs as the old modules can be called as library subroutines. 

The program, SUBO was written and compiled using Borland C version 3.0 for 

DOS. A list of the software modules and a brief description of each are provided in the 

following section followed by the source code itself The final section contains an 

additional version of the program, SWEEPO, which is used for interactive system tuning. 
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C.2 Software Modules 

The SUBO program spans several source code files and makes use of several data 
storage files. The following files comprise the SUBO program suite: 

C language program 
SUBO.H 

MAIN.C 
SERPDXBC.C 

PDX.C 

MANMASS.C 
SPECTRUM.C 
KINETICS.C 

GRAPHICS.C 

source code: 
C header file containing global variable declarations and paths to 

standard C header files. 
Main program which allows access to individual subroutines. 
Latimer serial communication, slightly modified for Borland C and 

Digiplan PDX stepper motor controller. 
Interactive control of Digiplan PDX stepper motor controller, uses 

SERPDXBC.C function calls for actual communication. 
Interactive control of mass spectrometer's mass command setting. 
Mass spectrum acquisition at a given nozzle position. 
Kinetic profile scans of up to 5 selected masses as a function of 

nozzle position. 
Graphical display of previously acquired data files. 

Proprietary libraries provided by third parties: 
EGAVGA.BGI Borland-supplied graphics primitives used for graphics display. 
CB.H C header file for Borland C provided by Computerboards, Inc. as 

part of the Universal Programming Library package. 
CBCL.LIB Binary format only Borland C library file provided by 

Computerboards, Inc. as part of the Universal Programming 
Library package. Source code is not provided by 
Computerboards, Inc. 

Data storage files used by SUBO: 
PDX_DATA.LOC Contains positions of CCW and CW limit switches (in motor 

steps), and HOME switch position in centimeters from skimmer 
tip. 

PDX.LOC Contains current logged position of PDX unit (in motor steps). 
COUNTER.LOC Contains Counter Initial Delay (ms), and Vertical Scaling 

Parameter for real-time video output. 

Output files generated by SUBO: 
SPECTRUM.MAS Comma-delimited output of a mass spectrum. 
KINETICS.MAS Comma-delimited output from a kinetics profile run. 
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C.3 Primary Program Source Code 

C.3.1 SUBO.H 

/ * * * * * * * * * * * * * * * * * • * . Z E R O  H E A D E R  F I L E * * * * * * * * * * - ' * * /  

#include <stdio.h> 
#include <conio.h> 
iinclude <process.h> 
#include <graphics.h> 
#include <string.h> 
iinclude <stdlib.h> 
iinclude <dos.h> 
iinclude <tinie.h> 
iinclude <math.h> 

idefine FALSE 
idefine TRUE 

0 
(!FALSE) 



C.3.2 MAIN.C 

#include "subO.h" 

Main Program File 

/* global variables */ 
extern long int position; 
extern long int CW_LIMIT=0; 
extern long int CCW_LIMIT=0; 
extern float pdx_cm_home=0; 
extern int initial_ccunter_delay=0; 
extern float vertical_scale=l; 

/* main subsection function prototypes */ 
int kinetics (void); 
int spectrum (void) ; 
int calibrate_pdx (void) ; 
int calibrate_amu (void); 
int graphing (void) ; 
void s_xmit (char []); 
int pdx_cur_position (void); 
void setcom (void) ; 
int move_pdx (long int); 
long int pdx_cmtoms (float); 

int main () { 

char choice = 0; 
char tmp[255]; 

/* long int ms=0; */ 
FILE *pdx; 
FILE 'counter; 

/* initialize pdx variables */ 
strcpy(tmp,""); 
pdx=fopen("pdx_data.loc", "r") ; 
fgets(tmp,40,pdx); 
sscanf(tmp,"%llld",&CCW_LIMIT); 
fgets(tmp,4 0,pdx); 
sscanf(tmp,"%llld",&CW_LIMIT) ; 
fgets(tmp,40,pdx); 
sscanf(tmp,"%6f",&pdx_cm_home); 
strcpy(tmp,""); 

/* initialize counter variables */ 
strcpy(tmp,""); 
counter=fopen("counter.loc","r"); 
fgets(tmp,40,counter); 
sscanf(tmp,"%d",&initial_counter_delay); 
fgets(tmp,40,counter); 
sscanf(tmp,"%f",&vertical_scale); 
strcpy(tmp,""); 
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textcoior(YELLOW); 

/* initialize and clear the buffer of the PDX */ 
setcom(); 

/* normal mode, accel = 0.5 vel = 1 */ 
strcpy(tmp," 8MN 8A0.5 8V1 SCR "); 
s_xmit(tmp); 
pdx_cur_position(); 

while (choice != '6') { 
clrscr (); 

choice=' '; 
printf("\n 
printf{"\n 
printf("\n\n 
printf("\n\n 
printf("\n 
printf("\n\n 

mode"); 
printf("\n 
printf("\n 
printf("\n\n 

Welcome to Dive Control"); 
Main Menu"); 

On our menu today:"); 
1) Kinetic Profiles"); 

2) Mass Spectrum of Flow"); 
3) PDX manual control and config. 

4) Manual Mass setting mode"); 
5) Load and view data set"); 

6) Exit to DOS"); 

printf("\n\n Please make a selection and hit RETURN: "); 
gets(tmp); 
sscanf(tmp,"%c",Schoice); 
switch (choice) 

/* 

skimmer tip 

{ 

case 
case 
case 
case 
case 
case 

An") ; 

case 

' 1' 

' 2 '  

•3' 
•4' 
•5' 
' 6 '  

kinetics (); 
spectrum (); 
calibrate_pdx 
calibrate_amu 

graphing (); 

break; 
break; 

() ; break; 
{); break; 

break; 
printf("\n\n Parking nozzle arm at 

ms=pdx_cmtoms 
move_pdx (ms) ; 
break; */ 

( 0 )  ;  

default 
break; 
getch( 

return (0); 

} 
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C.3.3 SERPDXBC.C 

/**serpdxbc.c*****************Latimer Serial Conuu Routine*************/ 

/* modification of the drl serial program to be a library of functions 
das 12/29/96 
*/ 

#include "subO.h" 

/* \/ \/ \/ \/ \/ defines \/ \/ \/ \/ \/ \/ 
Sdefine SERIAL 0x14 
/* BIOS serial interrupt */ 
idefine DOS_DAT (unsigned int far *)0x00400000 
#define LED (unsigned char far *)0x00400017 
escape */ 
idefine PORT 0x00 
/* coml = 0, com2 = 1, .... */ 
#define RS232BAUD ((int) 9600) 
#define EOT OxOd 
recv function, LF - CR DAS 12/26/96 */ 
tfdefine DLY 5 
/* pacing for the other guy, ms*/ 

/*port initialization all or nothing! Using ancient BIOS init 
function */ 
void setcom(void){ 

union REGS regs; 

/* check existence of port */ 
if ((*(DOS_DAT+PORT)==0) I I (P0RT>3)) { 

fprintf(stderr,"\n\n\n COM%i not 
available on this machine.",PORT+1); 

exit(1); 
} 

/* set commmunicacions protocol */ 

/* data transfer rate*/ 
switch(RS232BAUD){ 

case 110:regs.h.al=OxOO;break; 
case 150:regs.h.al=0x01;break; 
case 300:regs.h.al=0x02;break; 
case 600:regs.h.al=0x03,-break; 
case 1200:regs.h.al=0x04;break; 
case 2400:regs.h.al=0x05;break; 
case 4800:regs.h.al=OxO6;break; 
case 9600:regs.h.al=0x07;break; 
default: 

fprintf(stderr, "\r\n 
Unavailable Baud rate. Try another speed "); 

exit(1); 
} 

/* DOS data area */ 
/* used for emergency 

/* baud rate */ 
/* end of transmit in 
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regs,h.al«=5; /* high nibble is baud rate, bit 
mask set by switch above - das 12/26/96 changed to «5*/ 

regs.h.ah=OxOO; /*ancient init function, in case 
machine doesn't support fen. Ox-4 */ 

/' DRL reports something fishie about this table - two 
none positions */ 

/* bitmask: A 

0 0 

0x03 

0 0 x x x none I 

0 1 x x x odd 1 parity 

1 0 x x x none 1 

1 1 x x x even 1 

x x 0 x x one 1 stop bits 

x x I x x two 1 

x x x 0 0 five 1 

x x x 0 1 six 1 data bits 

x x x 1 0 seven 1 

x x x 1 eight 1 

example: 

SMI > 

*/ 

regs.h.alI=0x03; /* 8N1 handshake */ 

regs.x.dx=PORT; 
int86(SERIAL, iregs, Sregs); 

/* RTS and DTK high, bits 0 and 1 of (base +4) */ 
/* just in case of hardware 

connection between machines */ 
(void) 

outp(*(D0S_DAT+P0RT)+4,(inp{*(DOS_DAT+PORT)+4)|0x03)); 
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/* disable FIFO's if 16550 chip*/ 
(void) 

outp(*(D0S_DAT+P0RT)+2, (inp(*(DOS_DAT+PORT) +2)SOxfe)); 

/* read port until empty, just in case, should be only 
one read */ 

while(regs.h.ah&OxOl){ 
regs.h.ah=0x02; 
regs.x.dx=PORT; 
int86(SERIAL, Sregs, &regs); 

} 
} 

/* send string function*/ 
void s_xmit(char str[]){ 

int len,count; 
len=strlen(str) ; 
for (count=0;count!=len;count++){ 

delay(DLY); 
/* pacing for other guy*/ 

(void) outp(*(DOS_DAT+PORT),str[count]); 
/* push a char out */ 

} 
/* delay(DLY); */ 
/* pacing*/ 
/* (void) outp(*(DOS_DAT+PORT),OxOd) ; */ /* send CR */ 
/* delay(DLY); */ 
/* pacing*/ 
/* (void) outp(*(DOS_DAT+PORT), OxOa) ; */ /* send LF */ 
t 

/* receiver function*/ 
void s_recv(char reply[]){ 

unsigned int stat_port; 
unsigned char a; 
stat_port=*(DOS_DAT+PORT)+5; 
if (inp(stat_port)&0x03) a=inp(*(DOS_DAT+PORT)); /*read 

junk — receiver has been overrun*/ 
a=0; 
while(!(*LED & 0x4)){ /* exit 

function on press of ctrl key (DOS!!!) */ 
if (inp(stat_port)&0x01){ 

/* read char */ 

reply[a]=inp(*(DOS_DAT+PORT)); /* build string */ 
; 

if (reply[a-1]==EOT) 
break; /* end of transmission*/ 

} 

} 
reply[a-1]=NULL; /* 

null terminate to get string */ 
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C.3.4 PDX.C 

/**********************«**** pdx.c ******************•****•***********/ 
/* This is the file which allows manual operation of the PDX-13 unit 

program makes use of the DRL serpdxbc.c lib of functions 
modified from the file of the same name in c:\bc\dan\drl 
written by DRL himself 

written 12/29/96 das 

iinclude "subO.h" 

/* global variables */ 

/* we have to assign a global value somewhere */ 
extern long int position=0; 
extern long int CCW_LIMIT; /* read in limit switch values */ 
extern long int CW_LIMIT; 
extern float pdx_cm_home; /* read in cm value of home switch */ 

/* function prototypes */ 
int pdx_position (void); 

/* compares current PDX position 
position */ 
int pdx_cur_position (void); 
void setcom (void); 
void s_xmit (char []); 
void s_recv (char []); 
void stripheader (char []); 
responses */ 
int jog_pdx (long int); 
int move_pdx (long int); 
int pdx_find_home (void); 
int pdx_lcill (void) ; 
int pdx_config (void); 

:o logged position, returns current 

/* gets current position of PDX */ 
/* initialize serial port */ 
/* string transmitter function •/ 
/* string receiver function */ 
/* strips header info off pdx 

/* jogs pdx in incremental mode */ 
/* moves pdx to abs position */ 
/* pdx moves to home */ 
/* stops motion of PDX - lose cal. */ 

/*• displays and allows updates to the PDX motion variables */ 
long int pdx_cmtoms (float); /* convert cm to ms */ 
long int pdx_delta_cmtoms (float);/- convert cm to ms - relative */ 
float pdx mstocm (long int); /* convert ms to cm */ 

int calibrate_pdx (void) 
{ 

/-variables*/ 
int ok,end,choice=0; 
long int distance; 
char tmp[255]; 
float pos_cm_tmp=0; 
long int pos_ms_tmp=0; 
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/* initialize and clear screen */ 
textcolor(YELLOW); 
setcom(); 
end=FALSE; 

/* main loop */ 
while(!end) 

{ 

clrscr(); 
ok=FALSE; 
ok=pdx_position() ; 
pos_cm_tmp= (float)pdx_mstocm(position) ; 
printf("CCW Limit is %0111d ms - CW Limit is %OIlld 

ms\n",CCW_LIMIT,CW_LIMIT); 
printf("Current postion is : %5.2f cm\n",pos_cm_tmp); 
if (!ok) 

printf("System is not sure where it is ...\n\n"); 
else 

printf("System is sure where it is ....\n\n"); 

printf(" Choose one of the following :\n"); 
printf(" 0) Exit to main menuXn"); 
printf(" 2) Move PDX (ms) 8) Move 1 PDX 

(cm)\n' •) ;  
printf(" 
printf(" 

5) 
4) 

Find Home\n"); 
Configure the PDX\n"); 

printf(" 1) Jog PDX 100 ms CCW / )  Jog PDX 
0.1 cm CCW\n"); 

printf (" 3) Jog PDX 1000 ms CCW -) Jog PDX 
1.0 cm CCW\n"); 

printf(" 7) Jog PD.X 100 ms CW *) Jog PDX 
0.1 cm CW\n"); 

printf (" 9) Jog PDX 1000 ms CW + ) Jog PDX 
1.0 cm CW\n\n"); 

printf (" 6) Kill PDX motion - CALIBRATION DIES\n"); 
printf("\nYour Choice, Master ??? "); 
choice=getch(); 
switch (choice) 

{ 

case '0': end=TRQE;break; 
case '2': printf("\nWhere to, Boss ? "); 

gets(tmp); 
sscanf (tmp, "'ild", &distance) ; 
move_pdx(distance); 
break; 

case 'I' jog_pdx(-100); break; 
case •3" jog_pdx(-100Q); break; 
case '4' pdx_config(); break; 
case •7' jog_pdx(100); break; 
case •9' jog_pdx(1000); break; 
case •5' pdx_find_home(); break; 
case • 6 '  pdx_kill(); break; 
case •8' printf("\nWhere to. Boss ? "); 

gets(tmp); 
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sscanf(tmp,"%f&pos_cm_tmp) ; 

pos_ms_tmp=pdx_cmtoms (pos_cin_tinp) ; 
move_pdx (pos_ms_tinp) ; 
break; 

case jog_pdx(-1575); break; 
/*ok,ok cheating '/ 

case jog_pdx(1575) ; break; 
case jog_pdx(-15748) ; break; 
case ' + jog_pdx(15748) ; break; 
default : end=FALSE; getchO; 
} 

1 
/* printf("\nYou are on your own now big boy...\nHit enter to return 
to main screen\n"); 

gets(tmp); */ 
return(ok); 

} 

/* function to remove PDX header garbage */ 
void stripheader (char str[]) 

char *p; 
p=strstr(str,"*") ; 
p + + ;  

strcpy(str,p); 
1 

/*function to get PDX current position and compare to logged position*/ 
int pdx_position () 
1 

FILE *loc file; 
int o

 
ii
 
o
 1 

long int log_position=0,cur_position=0; 
float pos cm tmp=0.0; 
char str [255] ; 
char tmp [255]; 

printf("\n PDX-13 Manual Control 
Subsection\n\n"); 

if((loc_file=fopen("pdx.loc","r")) == NULL) 
{ 
printf("\nPDX location file cannot be opened, unsure where 

we are...\n"); 
printfC'Hit Enter to continue ...\n"); 
ok=FALSE; 
gets(tmp); 
} 

fgets(tmp,40,loc_file); 
sscanf(tmp,"%0111d", &log_position); 
pos_aii_tmp=pdx_mstocm (log_position) ; 
printf("\nThe logged position of the PDX-13 is %5.2f cm 

^Ollld ms\n",pos_cni_tmp, log_position) ; 
strcpy(str," 8PR "); 
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s_xmit (str) ; 
s_recv(str); 

stripheader(str) ; 

cur_position=strtol(str,NULL,10); 

if (cur_position == log_position) 
{ 

ok=TRUE; 
position = cur_position; 
} 

else 
position = cur_position; 

if ((cur_position == 0) && (log_position !=0)) 
( 

printf("\nProbably Fresh PowerQp ... You'll have to find 
home\n"); 

printf("Hit Enter to continue ... \n\n"); 
gets(tmp); 
position = cur_position; 
} 

fclose(loc_file); 

return(ok); 
} 

/* function to get PDX current position */ 
int pdx_cur_position () 
( 

int olc=0; 
char str [255]; 

strcpy(str," 8PR "); 
s_xniit (str) ; 
s_recv(str) ; 
stripheader(str) ; 
position=strtol(str, NULL,10) ; 
o!c=TRUE; 
return(ok); 

/'function jogs PDX-13 in the direction and distance requested by 
argiiment will switch to incremental mode for this */ 

int jog_pdx (long int distance) 

FILE *fout; 
char tmp[80]; 
char str[255]; 
char *p; 
int ok; 
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ok=FALSE; 
fout=fopen("pdx.loc","w"); 
Itoa(distance,tmp,10); 
strcpy(str," 8MPI 8D"); 
strcat(str,tmp); 
strcat(str, " 8G 8\"0K SCR "); 

s_xmit(str); 
s_recv(str); 
p=strstr(str, "0"); 

if ((p[0] != -O-) && (p[l] != -K-)) 
{ 
printfC'Oh Oh, PDX not returning OK ...\nHit Enter to 

continue"); 
gets(tmp); 
} 

else 
{ 

ok=TRUE; 
position = position + distance; 
fprintf(fout,"lllld",position); 
fclose(fout); 
} 

strcpy(str," 8MN "); 
s_xmit(str); 

return(ok); 

/* function to move PDX to where ever */ 
int move_pdx (long int distance) 
{ 

FILE *fout; 
char tmp[80]; 
char str[255]; 
char *p; 
int ok; 

ok=FALSE; 
fout=fopen("pdx.loc","w"); 
Itoa(distance,tmp,10); 
strcpy(str," 8MPA 80"); 
strcat(str,tmp); 
strcat(str," 8G 8\"0K 8CR "); 

s_xmit(str) ; 
s_recv(str) ; 
p=strstr(str, "0"); 
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if ((p[0] != 'O') && (p[l] 1= -K')) 
{ 

printf("Oh Oh, PDX did not return OK ...\nHit Enter to 
continue"); 

gets(tmp); 
) 

else 
{ 

ok=TRDE; 
position = distance; 
fprintf(fout,"%llld",position) ; 
fclose(fout); 
} 

strcpy(str," 8MN "); 
s_xmit(str); 
return(ok); 

/* pdx homing routine */ 
int pdx_find_home (void) 

FILE *fout; 
char str[255]; 
char tmp [255] ; 
char *p; 
int ok; 

ok=FALSE; 
printf("\nFinding Home ...\n"); 
fout=fopen("pdx.loc","w") ; 
if (position < 0) 

s_xmit(" 8MPA 8D10000 8G 8MN "); 
strcat(str," 8GH-0.5 8\"0K 8CR "); 

s_xmit(str); 
s_recv(str) ; 
p=strstr(str,"O"); 

if ( (p[0] != '0' ) (p[l] != 'K') ) 
{ 

printf("Oh, Oh, PDX did not return OK ...\nHit Enter to 
exit ..."); 

gets(tmp); 
1 

else 
{ 

ok=TRUE; 
position=0; 
fprintf(fout,"%llld",position); 
fclose(fout); 
} 

printf("\nHome Sweet Home, How I've missed you ....\n"); 
printf("Hit Enter to continue .... \n"); 
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gets(tmp); 
return(ok); 

} 

/* function to stop motion of the PDX */ 
/*• not graceful - will lose calibration */ 
int pcix_lcill (void) 
{ 

char str [255]; 
char *p; 
int ok; 

ok=FALSE; 
strcpy(str,"yo' momma"); 
p=strstr(str,"y"); 
while ({p[0] != '0') && (p[l] != 'K')) 

{ 

strcpy(str," 8K 8\"0K SCR "); 
s_xmit(str); 
s_recv(str); 
p=strstr(str,"0"); 
if ((p[0] == -0') && (p[l] == -K')) 

ok=TRUE; 

return(ok); 

/* This function allows you to set and update the motion variables of 
the PDX unit */ 

int pdx_config (void) 
{ 

char str[255]; 
char -p; 
char tmp[255]; 
float accel=0,vel=0; 
int quit=0; 
char answer; 

printf("\n Hailing PDX-I3 for info - HIT ENTER to CONT. - hit 
CTRL if hung"); 

gets(tmp); 
strcpy(tmp," 8MN "); /' flush the buffer */ 
s_xinit (tmp) ; 

/* main loop */ 
quit=FALSE; 
while(!quit) 

{ 
clrscr(); 
printf("\n PDX Motion 

Configuration\n\n Somewhat limited for now ...\n"); 
strcpy(str," 8A "); 
s_xmit(str); /* request current acceleration */ 
s recv(str); 
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p=strstr(scr,"A"); 
P++; 
sscanf(p,"%fsaccel) 

/* velocity */ 
strcpy(str," SV "); 
s_Kinit (str) ; 
s_recv(str); 
p=strstr(str,"V"); 
P++; 
sscanf(p,"%f",&vel); 

/* request current velocity */ 

/* display */ 
printfC Current V) elocity is : %4 . 2f\n", vel) ; 
printfC Current A) cceleration is : %5. 2f\n\n", accel) ; 
printf{" Choose value to change or Q/q/0 to exit : "); 
gets(tmp); 
sscanf(tmp,"%c",Sanswer); 
switch (answer) 

{ 

case 'Q' 
case •q' 
case 0' 
case 'V 

case 

case 

quit=TRUE; break; 
quit=TRUE; break; 
quit=TRUE; break; 
printf("\nNew Velocity : "); 

strcpy(tmp,""); 
gets(tmp); 
strcpy(str," 8V"); 
strcat(str,tmp); 
s_xmit(str); 
break; 

printf("\nNew Velocity : "]; 
strcpy(tmp,""); 
gets(tmp); 
strcpy(str," 8V"); 
strcat(str,tmp); 
s_xmit(str); 
break; 

printf("\nNew Acceleration : ") 
strcpy(tmp,""); 
gets(tmp); 
strcpy(str," 8A"); 
strcat(str,tmp); 
s_xmit(str); 
break; 

printf("\nNew Acceleration : ") 
strcpy(trap,""); 
gets(tmp); 
strcpy(str," 8A"); 
strcat(str,tmp); 
s_xmit(str); 
break; 

1 
} 
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return(quit); 
} 

/* function to convert ms -> cm */ 
float pdx_mstocm (long int ms) 
{ 

float cm; 

if (ms < CCW_LIMIT) /* this way we don't return */ 
ms=CCW_LIMIT; /* an out of range value */ 

if (ms > CW_LIMIT) 
ms=CW_LIMIT; 

/* 4000 ms/rev • 10 rev/in * 2.54 cm/in */ 
cm=( (float)ms/15748) •rpdx_cm_home; 
return(cm); 

/* function to convert cm -> ms */ 
long int pdx_cmtoms (float cm) 
( 

long int ms=0; 

/* 4000 ms/rev * 10 rev/in * 2.54 cm/in */ 
ms = (cm-pdx_cm_home)* 15 7 4 8; 
if (ms < CCW_LIMIT) /* this way we don't return */ 

ms=CCW_LIMIT; /• an out of range value */ 
if (ms > CW_LIMIT) 

ms=CW_LIMIT; 

return(ms); 
} 

/* function to convert cm -> ms - relative*/ 
long int pdx_delta_cmtoms (float cm) 
{ 

long int ms=0; 

ms = (cm)*15748; /* 4000 ms/rev * 10 rev/in * 2.54 cm/in */ 
if (ms < CCW_LIMIT) /* this way we don't return 

' /  

ms=CCW_LIMIT; /* an out of range value 
'/ 

if (ms > CW_LIMrT) 
ms=CW LIMIT; 

return(ms); 
} 
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C.3.5 MANMASS.C 

/*MANMASS.C***************•**•**'***************************'********** 
modified CB Inc .c file to use as a subroutine in the subO.prj project 

/* Include files */ 
#include "subO.h" 
it include "cb.h" 

int calibrate_amu () 
{ 

/* Variable Declarations */ 
char ch; 
int BoardNum = 1; 
int ULStat = 0; 
int Gain = UNIIOVOLTS; 
int Chan, ExitFlag; 
unsigned DataValue; 
float EngUnits; 
float RevLevel = (float)CURRENTREVNUM; 
char tmp[255]; 
float mass; 

/* Declare UL Revision Level */ 
ULStat = cbDeclareRevision(&RevLevel); 

/* Initiate error handling 
Parameters: 

PRINTALL :all warnings and errors encountered will be 
printed 

STOPALL :if any error is encountered, the program 
will stop */ 

ULStat = cbErrHandling (PRINTALL, STOPALL); 

ExitFlag=FALSE; 
Chan = 0; 
while (!ExitFlag) 

{ 
clrscr(); 
printf ("\n\nEnter the Desired Mass (between 0.0 and 650.0 

AMU: "); 
gets(trap); 
sscanf (tmp,"%f", Smass); 
if ({mass >= 0.0) && (mass <=650.0)) 

{ 

EngUnits=mass/100; 
ULStat = cbFromEngUnits(BoardNum, Gain, EngUnits, 

SDataValue); 
ULStat = cbAOut (BoardNum, Chan, Gain, DataValue); 
printf ("\n %5.4f volts has been sent to the MS.\n", 

EngUnits); 
printf (" This corresponds to %7.4f AMU.\n\n",mass); 
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} 

else 
printf("\n Bad Mass Value, try againXn"); 

printf ("Press Q/q/0 to quit , any other key to change mass 
again: "); 

gets(tmp); 
sscanf(tmp,"%c",&ch); 
if ((ch=='Q') II (ch=='q') Ij (ch=='0')) 
ExitFlag=TRUE; 

return(ULStat); 



250 

C.3.6 SPECTRUM.C 

/•spectrum.c**********************************************************/ 
/* This segment takes a mass spectrum of the sample - an initial delay 

set in counter.loc is used to delay counter window after IRQ is 
detected on CTRINPUT2. Then the cbCFreqIn procedure is used to 
sample CTRINPUTl for the signal. Averaging is available. */ 

/* Include files */ 
#include "subO.h" 
#include "cb.h" 

/* global variables */ 
extern long int position; 
extern int initial_counter_delay; 
extern float vertical_scale; 

/* Prototypes */ 
extern int move_pdx (long int); 
extern int pdx_cur_position (void); 
extern float pdx_mstocm (long int); 
extern long int pdx_cmtoms (float); 

int spectrum () 
1 

/* Variable Declarations */ 
/* gcvt variables */ 

/* char save[40]; */ /* added for test exit */ 
char ch_buffer[40]; 
int num_char=4; 

/*graphics mode variables */ 
int gdriver=DETECT,gmode,errorcode; 
int maxy,maxx,i,y,last_x,last_y; 
char str[80], str2[8G]; 

/* cb variables */ 
int BoardNum=0, Counter=0, DAC=1; 
int ULStat; 
int Gain = UNIIOVOLTS; 
int Chan=0; 
float EngUnits=0; 
unsigned DataValue; 
long Freq; 
float RevLevel = (float)CURRENTREVNUM; 
int end=FALSE,repeat=0; 
int ChipNum, FOutDivider, FOutSource, Comparel, CompareZ, 

TimeOfDay; 
FILE *fout; 
int LoadValue; 
unsigned int IRQ=0,Count; 
long int average=0; 



251 

int SigSource, Gatelnterval, GateControl, CounterEdge, 
CountSource, SpecialGate; 

int ReLoad, RecycleMode, BCDMode, CountDirection, OutputControl; 
int CounterNum,width, step; 

/* PDX variables */ 
long int distance=0; 
float pos_cm_tmp=0.0; 

/* this program's variables */ 
char tmp[255]; 
char hold; 
float 

init_mass=0.0,fin_mass=0.0,mass_step=0.0,voltage_step=0.0; 
float current_voltage=0.0,current_mass=0.0; 

/* time variables */ 
struct tm *date_time; 
time_t timer; 

/* get current position */ 
pdx_cur_position{); /* ask PDX */ 
pos_cm_tmp=pdx_mstocm(position); /* convert to cm */ 

/•* Declare UL Revision Level */ 
•LStat = cbDeclareRevision(SRevLevel); 

/* kill counter background process */ 
BoardNum=Counter; 
ULStat = cbStopBackground (BoardNum); 

/* Initiate error handling 
Parameters: 

PRINTAIiL :all warnings and errors encountered 
will be printed 

STOPALL :if any error is encountered, the 
program will stop */ 

•LStat = cbErrHandling (PRINTALL, STOPALL); 

/* initialize the Counter board level features 
BoardNum = Counter; 

this board */ 
ChipNum =1; 

2 for CTRIO) */ 
FOutDivider = 1; 

can be */ 
FOutSource = FREQ3; 

example */ 
Comparel = DISABLED; 
Compare2 = DISABLED; 
TimeOfDay = DISABLED; 

/* Number used by CB.CFG to describe 

/* chip being init'ed (1 for CTR5, 1 or 

/* sets up FOUT for lOHz signal which 

/* used as an interrrupt source for this 

/* Status of comparator 1 */ 
/* Status of comparator 2 */ 
/* Time of day control mode */ 

ULStat = cbC95I3Init (BoardNum, ChipNum, FOutDivider, 
FOutSource, Comparel, 

Compare2, TimeOfDay); 
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/* Set the configurable operations of counters 1 and 2 */ 
/* Counter 1 - data from PMT via CFD on CTRl */ 

/* Counter 1 info removed as unneeded by cbFreqIn () */ 

/* Counter 2 - IRQ-ish behavior - set a value, wait for incr. -
then go*/ 

BoardNum = Counter; 
CounterNum = 2; /*Counter to be configured (1-5) */ 
GateControl = NOGATE; /* Gate control value */ 
CounterEdge = POSITIVEEDGE; /* Which edge to count */ 
CountSource = CTRINPUT2; /* Signal source for counter */ 
SpecialGate = DISABLED; /* Status of special gate */ 
ReLoad = LOADREG; /*Method of reloading the counter*/ 
RecycleMode = RECYCLE; /* Recycle mode */ 
BCDMode = DISABLED; /* Counting mode, BCD or binary */ 
CountDirection = COUNTUP; /*Counting direction (up or down)*/ 
OutputControl = ALWAYSLOW; /* Output signal type and level */ 
ULStat = cbC9513Config {BoardNum, CounterNum , GateControl, 

CounterEdge, CountSource, SpecialGate, ReLoad, 
RecycleMode, BCDMode, CountDirection, OutputControl); 

fout=fopen("spectrum.mas","w"); 
/* set up the display screen */ 
textcolor(YELLOW); 
clrscr(); 
printf(" Mass Spectrum World.\n\n"); 
printf("Mass spectra are taken at either the current z-axis 

positionXnOr a user-specified z-axis position\nInitial delay before 
counting is set in the COUNTER.LOC file\n"); 

/* input phase */ 
printf("\nThe PDX is currently at 16.2f cm\n",pos_cm_tmp); 
printf(" do we need to move it? (Y/y/0) to move "); 
hold=' •; 
strcpy(tmp,""); 
gets(tmp); 
sscanf(tmp,"Ic",&hold); 
if (hold=='Y' I I  hold=='y' I I  hold=='0') 

{ 
printf("\n where to then (cm), boss? "); 
gets(tmp); 
sscanf(tmp,"%6f",&pos_cm_tmp); 
distance=pdx_cmtoms(pos_cm_tmp); 
move_pdx(distance); 
} 

printf("\n Configuration stage: \n\n"); 
init_mass=-666; 
while (!((init_mass<=650.0) && (init_mass>=0.0))) 

{ 

printf(" Initial mass? : "); 
gets(tmp); 
sscanf(tmp,"%f",&init mass); 
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} 

fin_mass=-666; 
while (1((fin_mass<=650.0) && (fin_mass>=0.0))) 

{ 

printf(" Final mass? : "); 
gets(tmp); 
sscanf(tmp,"%f",&fin_mass); 
} 

mass_step=-666; 
while (!((mass_step<=650.0) && (mass_step>=-650.0))) 

printf(" mass step? (include sign) : "); 
gets(tmp); 
sscanf(tmp,"%f",&mass_step); 
} 

repeat=0; 
while (!((repeat<30000) && (repeat>0))) 

{ 

printf(" # of averages at each step? : "); 
gets(tmp); 
sscanf(tmp,"%i",Srepeat); 
} 

/* add the delay width for counting */ 
width=0; 
while (!((width<1000) && (width>0))) 

{ 

printf(" width of counting window in ms? : "); 
gets(tmp); 
sscanf(tmp,"%i",&width); 
} 

SigSource=CTRINPUTI; 
GateInterval=width' 5 ; 
LoadValue=42; 

/* open graphics port */ 
initgraph(Sgdriver,&gmode, " ") ; 

errorcode=graphresult() ; 
if (errorcode != grOk) 

{ 
printf("Graphics Function Error: %s\n", 

grapherrormsg(errorcode)); 
printf("Hit Enter to stop:"); 
gets(tmp); 
return(-2); 
} 

setbkcolor(BLACK); 
setcolor(WHITE); 

/* get max x & y coord, for mode */ 
maxx=getmaxx(); 
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maxy=getmaxy(); 

/*draw horizontal axis */ 
setcolor(WHITE); 
mcveto(maxx,maxy-50); 
lineto(0,maxy-50); 
setcolor(YELLOW); 
settextstyle(DEFAULT_FONT, HORIZ_DIR,1); 
outtextxy(10,raaxy-40,"Press any key to exit..."); 

/* move to start */ 
moveto(0,maxy-50); 
i=0; /*set axis counter to 0 •/ 
y=0; 

/* get time for header */ 
time(&timer); 
date_time=localtime(Stimer); 

/* write header */ 
fprintf(fout,"spectrum.mas - file generated by SUBO \n"); 
fprintf(fout,"file written on %s",asctime(date_tirae)); 
pos_cm_tmp=pdx_mstocm(position); 
fprintf (fout, "Mass Range - %7.2f to %7.2f AMU - summed 'id shots 

at %6.2f cm\n",init_mass,fin_mass,repeat,pos_cm_tmp) ,• 
fprintf(fout,"Mass(AMU) Average Counts\n"); 
current_mass=init_mass; 
current_voitage=current_mass/lQO; 
voltage_step=mass_step/100; 
EngUnits=current_voltage; 
setcolor(CYAN); 
strcpy(str, "current mass (AMU): "); 
gcvt(current_mass,num_char, ch_buffer); 
strcat (str,ch_buffer); 
strcat (str," "); 

/* begin overall loop */ 
if(lend) 

outtextxy(10,maxy-20,str); 

/' main loop ?? •/ 
while (lend && IkbhitO) 

{ 

/• update screen */ 
setcolor(BLACK); 
if(lend) 

outtextxy(10,maxy-20,str); 
setcolor(CYAN); 
strcpy(str,"current mass (AMU): "); 
gcvt(current_mass, num_char,ch_buffer); 
strcat (str,ch_buffer); 
strcat (str," "); 
if(1 end) 
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outtextxy{10,maxy-20,str); 

/* set boards */ 
BoardNum=DAC; 
ULStat = cbFromEngQnits(BoardNum, Gain, EngUnits, 

SDataValue); 
ULStat = cbAOut (BoardNum, Chan, Gain, DataValue); 

BoardNum=Counter; 
average=0; 

/* begin collection loop */ 
for(step=l;step<=repeat; step ++) 

{ 

/* wait until CTR2 returns initial load value+1 */ 
IRQ=0; 
CounterNum=2; 
LoadValue=42; 
QLStat = cbCLoad(BoardNum, CounterNum,LoadValue); 

while (!(IRQ==43)) 

ULStat = cbCIn(BoardNum,CounterNum,SCount); 
rRQ=Count; 
} 

/' wait for initial delay */ 
delay(initial_counter_delay); 

/* read from counter */ 
ULStat = cbCFreqIn(BoardNum, SigSource,Gatelnterval, 

SCount, &Freq); 
average=average + Count; 
} 

/* end collection loop */ 

last_x=i-l; 
last_y=y; 

/* update screen for count info */ 
setcolor(BLACK); 
if(!end) 

outtextxy(250,maxy-20,str2); 
setcolor(CYAN); 
strcpy(str2,"current counts: "); 
Itoa(average,tmp,10); 
strcat (str2,tmp); 
strcat (str2," "); 
if(!end) 

outtextxy(250,maxy-20,str2); 

fprintf(fout,"%010.4f , %0101d\n",current_mass,average); 

/* draw count data */ 



setcolor(MAGENTA); 
moveto(last_x,last_y); 
y=(maxy-50-(int)(vercical_scale*average)); 
lineto(i, y) ; 
i++; 

/* parse for which way to go */ 
if (fin_niass>init_mass) 

{ 

(fin_mass/100)) 

else 

(fin mass/100)) 

if ((current_voltage+voltage_step) > 

end=TRUE; 
} 

{ 

if ((current_voltage+voltage_step) < 

end=TRUE; 
1 

/* update */ 
if (lend) 

current_inass=current_mass+mass_step; 
current_voitage=current_voltage+voltage_step; 
EngUnits=current_voltage; 

} 

/* kill background process */ 
BoardNum=Counter; 
ULStat = cbStopBackground (BoardNum); 

/* a check of something •/ 
setcolor(GREEN); 
settextstyie(DEFAULT_FONT,HORIZ_DIR,1); 
outtextxy(250,maxy-40,"Scan is complete. Have a nice day...") 

/* get exit character */ 
gets(tmp); 

/* close output file */ 
fclose(fout); 

/*return to text mode */ 
closegraph(); 

/* set DAC to 0 AMU for safety */ 
B o a rdN um= DAC; 
EngUnits=0; 
ULStat = cbFromEngUnits(BoardNum, Gain, EngUnits, SDataValue) 
ULStat = cbAOut (BoardNum, Chan, Gain, DataValue); 



/* return */ 
return(ULStat); 
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C.3.7 KINETICS.C 

/* kinetics.c **************•******************************•***•******/ 
/* This file is the kinetics part of the program. 

here we will select a number of masses (1-5 for now) 
and a range of z-axis positions 
Each mass will then be scanned for a specified number of 

reps. 
at each z-axis position. 

DAS 1/29/98 */ 

/* include files */ 
Sinclude "subO.h" 
#include "cb.h" 

/* global variables */ 
extern long int position; 
extern long int CCW_LIMIT; 
extern long int CW_LIMIT; 
extern int initial_counter_delay; 
extern float vertical scale; 

/* Prototypes */ 
extern int 
extern int 
e.xtern int 
extern void 
extern void 
extern long int 
extern float 
extern long int 

int kinetics (void) 
( 

move_pdx (long int); 
pdx_cur_position (void); 
jog_pdx (long int); 
s_xmit (char []); 
s_recv (char []); 
pdx_cratoms (float); 
pdx_mstocm (long int); 
pdx_delta_cmtoms (float); 

/* Variable Declarations */ 
/* gcvt variables */ 
char ch_buffer[40]; 
int num char=4; 

/•graphics mode variables */ 
int gdriver=DETECT,gmode,errorcode; 
int maxy,maxx; 
char str[80], str2[80]; 

/• cb variables •/ 
int BoardNum=0, Counter=0, DAC=1; 
int ULStat; 
int Gain = UNIIOVOLTS; 
int Chan=0; 
float EngUnits=0; 
unsigned DataValue; 
float RevLevel = (float)CURRENTREVNDM; 



259 

int end=FALSE,repeat=0; 
int ChipNum, FOutDivider 

Compare2, TimeOfDay; 
FILE * fout; 
int LoadValue; 
long Freq; 
unsigned int IRQ=0,Count; 
long int video_average=0, average=0; 
int SigSource,Gatelnterval,GateControl, 

CounterEdge, CountSource, SpecialGate; 
int ReLoad, RecycleMode, BCDMode, CountDirection, 

OutputControl; 
int CounterNum,width,step; 

/' PDX variables */ 

/* this program's variables */ 
int num_masses=0,j=0,i; 
int y[5] , last_x=0,last_y[5]; 
static float mass[5] = {0.0,0.0,0.0,0.0,0.0); 
long int 

init_position=0,fin_position, position_step; 
char tmp[255]; 
float f_tmp=0.0; 
int valid_num=0; 
long int inward; 
long int outward; 
float pos_cin_tmp=0.0; 

/• time variables */ 
struct tm *date_tiine; 
time_t timer; 

/* initialize some variables */ 
strcpy(tmp,""); 
inward=CCW_LIMIT; 
outward=CW_LIMIT; 

/* get current position after flushing the pdx buffer */ 
strcpy{tmp," 8MN "); 
s_xmit(tmp); 
pdx_cur_position(); 
pos_cm_tmp=pdx_mstocm(position); 

/* Declare UL Revision Level */ 
ULStat = cbDeclareRevision(&RevLevel); 

/* kill counter background process */ 
BoardNum=Counter; 
ULStat = cbStopBackground (BoardNum); 

/* Initiate error handling 
Parameters: 
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PRINTALL :all warnings and errors encountered 
will be printed 

STOPALL :if any error is encountered, the 
program will stop */ 

ULStat = cbErrHandling (PRINTALL, STOPALL); 

/* initialize the Counter board level features 
BoardNum = Counter; /* Number used by CB.CFG to describe 

this board */ 
ChipNum =1; /* chip being init'ed (1 for CTR5, 1 or 

2 for CTRIO) */ 
FOutDivider =1; /* sets up FOUT for lOHz signal which 

can be */ 
FOutSource = FREQ3; /* used as an interrrupt source for this 

example */ 
Comparel = DISABLED; /* Status of comparator 1 -/ 
Compare2 = DISABLED; /* Status of comparator 2 */ 
TimeOfDay = DISABLED; /* Time of day control mode */ 
ULStat = cbC9513Init (BoardNum, ChipNum, FOutDivider, 

FOutSource, Comparel, 
Compare2, TimeOfDay); 

/* Set the configurable operations of counters 1 and 2 */ 
/* Counter I - data from PMT via CFD on CTRl */ 

/' Counter 1 info removed as unneeded by cbCFreqIni) */ 

/* Counter 2 - IRQ-ish behavior 
then go */ 

BoardNum = Counter; 
CounterNum =2; 
GateControl = NOGATE; 
CounterEdge = POSITIVEEDGE; 
CountSource = CTRINPaT2; 
SpecialGate = DISABLED; 
ReLoad = LOADREG; 
RecycleMode = RECYCLE; 
BCDMode = DISABLED; 
CountDirection = COUNTUP; 
OutputControl = ALWAYSLOW; 
ULStat = cbC9513Config (BoardNum, CounterNum 

CounterEdge, 

SpecialGate, ReLoad, RecycleMode, 

CountDirection, OutputControl); 

set a value, wait for incr. 

/'Counter to be configured (1-5) */ 
/* Gate control value */ 
/* Which edge to count */ 
/* Signal source for counter */ 
/• Status of special gate */ 
/•Method of reloading the counter*/ 
/* Recycle mode */ 
/* Counting mode, BCD or binary */ 
/•Counting direction (up or down)*/ 
/* Output signal type and level */ 

GateControl, 

CountSource, 

BCDMode, 

/* open output file */ 
fout=fopen("kinetics.mas", "w") ; 

/* set up the display screen */ 
textcolor(YELLOW); 
clrscr0; 



printf{"\n Kinetic Profiles 
World.\n\n"); 

printf("Counts are taken at up to 5 different massesXnwhile 
scanning the z-axis ever the specified rangeXn"); 

printf("\nA scaling factor is applied to each mass to \n 
seperate them visually but not in the data file\n"); 

/* input phase */ 
printf("\n The PDX is currently an %6.2f\n",pos_cm_tmp); 

printf("\n\n Configuration stage: \n"); 

/* initialize some variables */ 
strcpy(tmp,""); 
strcpy(str2," "); 

/* masses to collect at */ 
printf (" Masses are between 0 and 650 AMUXn"); 
va1id_num= FALSE ; 
while(!valid_num) 

{ 

printf(" How many mass targets? 
gets(tmp); 
sscanf (tmp, '"id", &num_ma3ses) ; 
if ( (num_masses<=5) && (nuin_masses>0) ) 

valid_num=TRUE; 
} 

i=0; 
while(i<num_masses) 

I 
printf(" Mass [%d] ? 
gets(tmp); 
sscanf(tmp,"%f",&f_tmp); 
mass[i]=f_tmp; 
if ((f_tmp>0.0) && (f_tmp<=650.0)) 

/* z-axis info '/ 
init_position=-2147483648; 
while (!((inic_position>=inward) && (init_position<=outward))) 

printf("\n Initial z-axis position (cm)? : "); 
gets(tmp); 
sscanf(tmp,"%f",&pos_cm_tmp); 
init_position=pdx_cmtoms(pos_cm_tmp); 

fin_position=-2I47483648; 
while (!((fin_position>=inward) && (fin_position<=outward))) 

{ 

printf(" Final z-axis position (cm)? : "); 
gets(tmp); 
sscanf(tmp,"%f",&pos_cm_tmp); 

: "); 

; ",i) 
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fin_position=pdx_cintoms (pos_cm_tmp) ; 
} 

position_step=-2147483548; 
/* got to be something */ 
while (!((position_step>=inward) && (position_step<=outward))) 

{ 
printf{" z-axis position step (cm)? : "); 
gets(tmp); 
sscanf(tmp,"%f",&pos_cm_tmp); 
position_step=pdx_delta_cmtoras(pos_cm_tmp); 

/* not home referenced */ 
} 

/* averaging info */ 
repeat=0; 
while ( !( (repeat<3000) && (repeat>0) ) ) 

{ 

printf("\n # of averages at each step? : "); 
gets(tmp); 
sscanf(tmp,"%d",Srepeat); 
} 

/* add the delay width for counting */ 
width=0; 
while ( !((width<1000) && (width>0) ) ) 

I 
printf("\n width of counting window in ms? : "); 
gets(tmp); 
sscanf(tmp,"%d",swidth); 
} 

SigSource=CTRINPaTl; 
Gatelnterval=width*5; 
LoadValue=42; 

/* open graphics port */ 
initgraph(Sgdriver,Sgmode," "); 

errorcode=graphresult(); 
if (errorcode != grOk) 

{ 

printf("Graphics Function Error: %s\n", 
grapherrormsg(errorcode)); 

printf("Hit key to stop:"); 
getch(); 
return(-2); 
} 

setbkcolor(BLACK); 
setcolor(WHITE); 

/* get max x & y coord, for mode */ 
maxx=getmaxx(); 



maxy=getmaxy() ; 

/*draw horizontal axis */ 
moveto(maxx,maxy-50); 
lineto(0,maxy-50); 
setcolor(YELLOW); 
settextstyle(DEFAULT_FONT,HORIZ_DIR,1); 
outtextxy(10,maxy-40, "Press any key to exit..."); 

/* move to start */ 
moveto(0,maxy-50); 
i=0; /*set axis counter to 0 
for(i=0;i<num_masses;i++) 

y[i]=0; 
for(i=0;i<num_masses;i++) 

last_y[i]=0; 
last_x=0; 

/* get time for header */ 
time(Stiraer); 
date_time=locaitime(Stimer); 

/* write header */ 
fprintf(fout,"kinetics.mas - file generated by SUBO \n") 
fprintf(fout,"file written on %s",asctime(date_time)); 
fprintf (fout, "Kinetic Plot - averaged 'id shots at each 

point\n",repeat); 
fprintf(fout,"Z-axis(cm) "); 
for{i=0;i<num_masses;i++) 

fprintf(fout,%08.4f ",mass[i]); 
fprintf(fout,", AMU\n"); 

/* move PDX to initial position*/ 
if(position!=init_position) 

move_pdx(init_position); 

/* begin main loop here */ 
end=FALSE; 
j=i; 
for(i=0;i<num_masses;i++) 

y[i]=maxy-50; 
strcpy(str,""); 

/* write out first distance info */ 
setcolor(CYAN); 
strcpy(str,"current z-axis position (cm): "); 
pos_cm_tmp=pdx_mstocm(position); 
gcvt(pos_cm_tmp, num_char,ch_buffer); 
strcat (str,ch_buffer); 
strcat (str," "); 
if(!end) 

outtextxy(10,maxy-20,str); 

while (lend && IkbhitO) 
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{ 
pos_cm_tmp=pdx_mstocm(position); 
fprintf (fout,"%010.4fpos_cm_trap); /*write out position*/ 
last_x=j; 

/* current position of cursor */ 
for(i=0;i<num_masses;i++) 

last_y[i]=y[i]; 

/* clear out old position info */ 
setcolor(BLACK); 
outtextxy(10,maxy-20,str); 
setcolor(CYAN) ; 
strcpy(str,"current z-axis position (cm): "); 
pos_cm_tmp=pdx_mstocm(position); 
gcvt (pos_cni_tmp, nuin_char, ch_buf fer) ; 
strcat(str,ch_buffer); 
strcat(str," "); 
outtextxy(10, maxy-20, str) ; 

/* cycle through masses */ 
for(i=0;i<num_masses;i++) 

{ 

EngUnits=mass[i]/lOO; 
BoardNum=DAC; 

/* convert voltage to DAC values */ 
ULStat=cbFromEngUnits(BoardNum, Gain,EngUnits,SDataValue); 
ULStat=cbAOut (BoardNum,Chan, Gain, DataValue); !" set DAC */ 

BoardNum=Counter; 
average=0; 

/* begin collection loop */ 
for (step=l;step<=repeat;step++) 

I 
/* wait until CTR2 returns inital load+1 '/ 
IRQ=0; 
CounterNum=2; 
ULStat = 

cbCLoad(BoardNum,CounterNum,LoadValue) ; 
while (!(IRQ==4 3)) 

{ 

ULStat = 
cbCIn(BoardNum,CounterNum, SCount) ; 

IRQ=Count; 
1 

/* wait initial delay */ 
delay(initial_counter_delay); 

/* read from counter */ 
ULStat = 

cbCFreqIn(BoardNum, SigSource,Gatelnterval, SCount, &Freq); 
average=average+ Count; 

/* for each mass */ 

/* convert mass to voltage */ 



/* end collection loop */ 

/* to split apart for now - remove in final 
video_average=average+(50*i); 

if(!end) 
{ 

fprintf(fout, " , %0101d", average) ,• 
moveto(last_x,last_y[i]); 
y[i]=(maxy-50-

(int) (vertical_scale*video_average)) ; 

setcolor(i+1); 

/* draw line */ 
lineto(j,y[i]); 

/* update count info */ 
setcolor(BLACK); 
outtextxy(350, maxy-20,str2); 
setcolor(i); 
strcpy(str2,"current counts: "); 
Itoa(average,tmp,10); 
strcat(str2,tmp); 
strcat(str2," "); 
outtextxy(350, maxy-20,str2); 
} 

} 

/* finish up for each line */ 
if(!end) 

fprintf(fout,"\n"); 
j++; 
if {fin_position>init_posicion) 

{ 
if ((position+position_step) > fin_position) 

end=TRUE; 
} 

else 
( 

if ((position+position_step) < fin_position) 
end=TRQE; 

) 
if (!end) 

jog_pdx(position_step) ; 
1 

/* kill background processes */ 
BoardNum=Counter; 
ULStat=cbStopBackground (BoardNum); 

/* clear it out */ 
setcolor(GREEN); 
settextstyle(DEFAULT_FONT,HORIZ_DIR, 1); 
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outtextxy(250,maxy-40,"Scan is complete. Have a nice 
d a y . ;  

/* get exit character */ 
getch(); 

/* close output file */ 
fclose(fout); 

/•return to text mode */ 
closegraph(); 

/* set DAC to 0 AMU for safety */ 
BoardNum=DAC; 
EngUnits=0; 
ULStat = CbFromEngUnits(BoardNum, Gain, EngUnits, 

SDataValue); 
ULStat = cbAOut (BoardNum, Chan, Gain, DataValue); 

) 

/* return */ 
return(ULStat); 
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C.3.8 GRAPHICS.C 

/•'•'•GRAPHICS.C********************-' .NRM Plot utility*************/ 

/* A C function that graphs an nrm file on the screen 
the skip feature allows you to view the whole file without 
worrying about scaling, skips n points between graphed ones 
does not put .nrm extension on the string at this time 
does not label either axis at this time 
logs output to .\graphlog.mas for debugging purposes 
incorperated into subO.exe by das 12/29/96 

*/ 

linclude "subO.h" 

int graphing () 
{ 

int gdriver=DETECT,gmode,errorcode; 
int maxy,maxx,i,j,y,skip; 
float scale; 
FILE *fin, *fout; 
float dial=0,signal=0; 
char header[80]; 
char fin_name[31]; 
char str[80]; 
char tmp[80]; 
char c; 

clrscr(); 

printf("\n .NRM Plotting Utility"); 
printf("\n\n Name of input file: "); 
gets(tmp); 
sscanf(tmp,"%s",&fin_name); 
if ((fin=fopen(fin_name,"r")) == NULL){ 

printf("Input File cannot be openedXn"); 
printf("Hit RETURN to go back to the menu ..."); 
gets(tmp) ; 
return(-L) ; 
I 

printf{"\n Number of points to skip: "); 
gets(tmp); 
sscanf (tmp, '"id", &skip) ; 
scale=400; 
printf("\n Need to scale ? Press y/Y/0 to scale (for non-nrm 

files): "); 
gets(tmp); 
sscanf(tmp,"%c", &c) ; 
if ((c=='Y') II (c=='y') M (c=='0')) 

( 

printf("\n Screen is 600 pixels high"); 
printf{"\n mult, factor (for non-nrm files): "); 
gets(tmp); 



sscanf(tmp,"%f",Sscale); 
} 

initgraph(&gdriver,Sgmode," "); 

errorcode=graphresult(); 
if (errorcode 1= grOk) { 

printf("Graphics Function Error: %s\n", 
grapherrormsg(errorcode)); 

printf("Hit RETURN to exit:"); 
gets(tmp); 
return(-2); 
} 

setbkcoior(BLACK); 
setcolor(WHITE); 

fout=fopen("graphlog.mas", "w"); 

/* clean out header info */ 
for (i=0;i<4;i++) 

fgets(header,79, fin);; 

/* get max x & y coord, for mode */ 

maxx=getmaxx(); 
maxy=getmaxy(); 

/* draw nrm file data */ 
moveto(0,maxy-50); 
for (i=0;((i<maxx) & (!feof(fin)));i++) { 

if (skip>0) 

for (j=0;j<skip;j++) 
{ 

fgets(tmp,79,fin); 
sscanf (tmp, "%llf%3s'i9f", sdial, header, &signal) 
} 

} 

else 
{ 
fgets(tmp,79,fin); 
sscanf(tmp,"%10f%3s%8f", Sdial,header,&signal); 
} 

y=(maxy-50-(signal*scale)); 
fprintf (fout, "%010. 4f , '408d\n",dial, y) ; 
lineto(i,y); 
} 

/*draw horizontal axis */ 
setcolor(WHITE); 
moveto(maxx,maxy-50); 
lineto(0,maxy-50); 
setcolor(YELLOW); 
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settextstyle(DEFAULT_FONT, HORIZ_DIR, L) ; 
outtextxy(10,maxy-40,"Press RETURN to exit..."); 
strcpy(str,"max x = "); 
strcat (str,itoa(maxx,tmp,10)); 
strcat (str," max y = "); 
strcat (str,itoa(maxy,tmp,10)); 
outtextxy(10,maxy-20,str); 

gets(tmp); 
closegraph(); 
fclose(fin); 
fclose(fout); 
return(0); 
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C.4 SUBO Data Files 

C.4.1 PDX_DATA.LOC 

-0000818581 /*PDX CCW limit switch*/ 
0000113328 /*PDX CW limit switch */ 
04 9.98 /*PDX home pos in cm */ 

C.4.2 PDX.LOC 

-739841 

C.4.3 COUNTER.LOC 

1 /• Counter Initial Delay */ 
0.5 /* Vertical Scaling Factor */ 
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C.5 SUBO Program Output Files 

Short examples of each file are presented as sufficient to illustrate the format 
while conserving space. 

C.5.1 SPECTRUM.MAS 

spectrum.mas 
file written 
Mass Range -
Mass(AMU) 
00000 .0000  
00001 .0000  
00002 .0000  
00003.0000 
00004.0000 
00005.0000 
0 0 0 0 6 . 0 0 0 0  
00007.0000 
0 0 0 0 8 . 0 0 0 0  
00009.0000 
0 0 0 1 0 . 0 0 0 0  

- file generated by SUBO 
on Thu Jan 29 14:16:19 1998 

0.00 to 10.00 AMU - summed 2 shots at 
Average Counts 
0000000814 
0000000814 
0000000816 
0000000815 
0000000815 
0000000815 
0000000815 
0000000816 
0000000816 
0000000815 
0000000815 

2.50 cm 

C.5.2 KINEUCS.MAS 

kinetics.mas - file generated by SUBO 
file written on Thu Jan 29 14:23:19 1998 
Kinetic Plot - averaged 2 shots at each point 
Z-axis(cm) , 001.0000 , 002.0000 , 003.0000 , 004.0000 , 
005.0000 , AMU 
00002.0000 , 0000000815 , 0000000815 , 0000000816 , 0000000816 , 
0000000816 
00003.0000 , 0000000815 , 0000000815 , 0000000816 , 0000000815 , 
0000000816 
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C.6 SWEEPO 

A modified version of SUBO, SWEEPO, was generated to provide a continuous 

mass spectrum scan over a designated mass range, for the purposes of interactive 

instrument tuning. Operation is identical to a mass spectrum scan in SUBO other than at 

the end of the scan, the screen is cleared and the scan begins again. Until a keystroke is 

recorded, scans will continue. Not all of the SUBO modules are required for SWEEPO. 

Only the two modules which have been modified are included in this section, MAIN.C 

and SPECTRUM.C. 

C.6.1 MAIN.C 

#include "subO.h" 

/* global variables */ 
extern int initial_counter_delay=0; 

/•• main subsection function prototypes */ 
int spectrum (void); 
int calibrate_amu (void); 
int graphing (void); 

int main () { 

char choice = 0; 
char trap[255]; 
FILE *counter; 

/* initialize counter variables */ 
strcpy(tmp,""); 
counter=fopen("counter.loc","r"); 
fgets(tmp,40,counter); 
sscanf(tmp,"Id",&initial_counter_delay) ; 
strcpy(tmp,""); 

textcolor(YELLOW); 

while (choice != '4') { 
clrscr (); 



Control") 

choice=' 
printf("\n 

printf("\n 
printf("\n\n 
printf("\n 
printf("\n 
printf("\n\n 

2 )  
3) 

4) 

Welcome to Sweep 

Main Menu"); 
Continous Mass Spectrum"); 

Manual Mass setting mode"); 
Load and view data set"); 

Exit to DOS"); 

printf("\n\n Please make a selection and hit RETURN: ") 
gets(tmp); 
sscanf(tmp, "%c", ichoice); 
switch (choice) 

break; 

case '1' 
case '2' 
case '3' 
case '4' 

default 

spectrum (); break 
calibrate_amu (); break; 
graphing (); break; 

printf("\n\n Have a nice day ...\n") 

: getch(); 

return (0); 

1 
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C.6.2 SPECTRUM.C 

/* spectrum,c* 

/* This segment takes a continuous mass spectrum of the sample - an 
initial delay set in counter.loc is used to delay counter window 
after IRQ is detected on CTRINPUT2. Then the cbCFreqIn precedure is 
used to sample for the signal on CTRINPUTl. Averaging and scaling 
is available */ 

/* Include files */ 
#include "subO.h" 
#include "cb.h" 

/* global variables */ 
extern int initiai_counter_delay; 

int spectrum () 
{ 

/* Variable Declarations */ 
/* gcvt variables */ 
char ch_buffer[40]; 
int num_char=5; 

/*graphics mode variables */ 
int gdriver=DETECT,gmode,errorcode; 
int maxy,maxx, i,y,last_x,last_y; 
char str[80],str2[80]; 

/• cb variables */ 
int BoardNum=0, Counter=0, DAC=1; 
int ULStat; 
int Gain = UNIIOVOLTS; 
int Chan=0; 
float EngUnits=0; 
unsigned DataValue; 
float RevLevel = (float)CURRENTREVNUM; 
int end=F.zVLSE, repeat=0; 
int ChipNum, FOutDivider, FOutSource, Comparel, CompareZ, 

TimeOfDay; 
int LoadValue; 
long counts=0,Freq; 
int SigSource,Gatelnterval,GateControl, CounterEdge, 

CountSource, SpecialGate; 
int ReLoad, RecycleMode, BCDMode, CountDirection, OutputControl; 
int CounterNum,width,step; 
unsigned int IRQ,Count; 

/* this program's variables */ 
char tmp[255]; 
float 
init_mass=0.0,fin_mass=0.0,mass_step=0.0,voltage_step=0.0; 
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float current_voltage=0.0,current_mass=0.0; 
float v_scale=l; 

/* Declare UL Revision Level */ 
ULStat = cbDeclareRevision(SRevLevel) ; 

/* kill counter background process */ 
BoardNum=Counter; 
ULStat = cbStopBackground (BoardNum); 

/* Initiate error handling 
Parameters: 

PRINTALL ;all warnings and errors encountered 
will be printed 

STOPALL :if any error is encountered, the 
program will stop */ 

ULStat = cbErrHandling (PRINTALL, STOPALL); 

/* initialize the Counter board level features 
/* Number used by CB.CFG to describe this board */ 
BoardNum = Counter; 
/* chip being init'ed (1 for CTR5, 1 or 2 for CTRIO) */ 
ChipNum = 1; 
FOutDivider =1; /* sets up FOUT for lOHz signal which can be */ 
/* used as an interrrupt source for this example */ 
FOutSource = FREQ3; 
Comparel = DISABLED; /* Status of comparator I */ 
Compare2 = DISABLED; /* Status of comparator 2 */ 
TimeOfDay = DISABLED; /* Time of day control mode *! 
ULStat = cbC9513Init (BoardNum, ChipNum, FOutDivider, 

FOutSource, Comparel, Compare2, TimeOfDay); 

/* Set the configurable operations of counters 1 and 2 */ 
/* Counter 1 - data from PMT via CFD on CTRl */ 

/*• Counter 1 info removed as unneeded by cbCFreqIn() */ 

/•Counter 2-IRQ-ish behavior-set a value,wait for incr.-then go*/ 
BoardNum = Counter; 
CounterNum =2; /* Counter to be configured (1-5) */ 
GateControl = NOGATE; /* Gate control value */ 
CounterEdge = POSITIVEEDGE; /* Which edge to count */ 
CountSource = CTRINPUT2; /* Signal source for counter •/ 
SpecialGate = DISABLED; /* Status of special gate */ 
ReLoad = LOADREG; /* Method of reloading the counter */ 
RecycleMode = RECYCLE; /* Recycle mode */ 
BCDMode = DISABLED; /* Counting mode, BCD or binary *! 
CountDirection = COUNTUP; /* Counting direction (up or down) */ 
OutputControl = ALWAYSLOW; /• Output signal type and level * I 
ULStat = cbC9513Config (BoardNum, CounterNum , GateControl, 

CounterEdge, CountSource, SpecialGate, ReLoad, 
RecycleMode, BCDMode, CountDirection, 
OutputControl); 
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/* set up the display screen */ 
textcolor(YELLOW); 
clrscr(); 
printfC Mass Spectrum World. \n\n") ; 
printfC'This spectrum will cycle endlessly until the user hits 

enter\n\n"); 

/* input phase */ 

printf("\n Configuration stage: \n\n"); 
init_mass=-666; 
while (!((init_mass<=650.0) && {init_mass>=0.0))) 

{ 

printfC Initial mass? : "); 
gets(tmp); 
sscanf(tmp,"%f",&init_mass); 
} 

fin_mass=-666; 
while (!((fin_mass<=650.0) && (fin_mass>=0.0))) 

I 
printfC Final mass? : "); 
gets(tmp); 
sscanf(tmp,"%f4fin_mass); 

mass_step=-666; 
while (!((mass_step<=650.0) && (mass_step>=-650 .0))) 

{ 

printfC mass step? (include sign) : "); 
gets(tmp); 
sscanf(tmp,"%f",&mass_step); 

repeat=0; 
while (!((repeat<30000) && (repeat>0))) 

{ 

printfC # of shots collected at each step? : "); 
gets(tmp); 
sscanf(tmp,"li",irepeat); 

/* add the delay width for counting */ 
width=0; 
while (!((width<1000) && (width>0))) 

{ 
printfC width of counting window in ms? :"); 
gets(tmp); 
sscanf(tmp,"^i",Swidth); 
} 

SigSource=CTRINPUTl; 
Gatelnterval=width* 5; 
LoadValue=42; 

printfC Video scaling factor? : ") ; 
gets(tmp); 
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sscanf(tmp,"%f",&v_scale); 

/* open graphics port */ 
initgraph(&gdriver,&gmode," "); 

errorcode=graphresult(); 
if (errorcode != grOk) 

{ 

printf{"Graphics Function Error: %s\n", 
grapherrormsg(errorcode)); 

printf("Hit Enter to stop:"); 
gets(tmp); 
return(-2); 
1 

setbkcoior(BLACK); 
setcolor(WHITE); 

/* get max x & y coord, for mode */ 
maxx=getmaxx(); 

maxy=getmaxy(); 

while (1kbhit ()) 
( 
/'clears screen*/ 
cieardevice(); 
end=0; 

/*draw horizontal axis */ 
setcolor(WHITE); 
moveto(maxx,maxy-50); 
lineto(0,maxy-50); 
setcolor(YELLOW); 
settextstyle(DEFAULT_FONT,HORIZ_DIR,1); 
outtextxy(10,maxy-40,"Press any key to exit..."); 

/* move to start */ 
moveto(0,maxy-50); 
i=0; /*set a.xis counter to 0 */ 
y=0; 

current_mass=init_mass; 
current_voltage=current_mass/100; 
voltage_step=mass_step/100; 
EngUnits=current_voltage; 
setcolor(CYAN); 
strcpy(str,"current mass (AMU): "); 
gcvt(current_mass,num_char,ch_buffer); 
strcat (str,ch_buffer); 
strcat (str," "); 

/* begin scan loop */ 

if (lend) 
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outtextxy(10,maxy-20, str) ; 

/* begin main loop */ 
while(iend && !kbhit{)) 

/* update screen */ 
setcolor(BLACK); 
if(!end) 

outtextxy(10,maxy-20,str); 
setcolor(CYAN); 
strcpy (str, "current mass (AMU): "),* 
gcvt(current_mass,nuin_char,ch_buffer); 
strcat (str,ch_buffer); 
strcat (str," "); 
if(lend) 

outtextxy(10,maxy-20,str); 

/* set boards */ 
BoardNum=DAC; 
ULStat = cbFromEngUnits(BoardNum, Gain, EngUnits, 

SDataValue); 
ULStat = cbAOut (BoardNum, Chan, Gain, DataValue); 

3oardNum=Counter,* 
counts=0; 

/* begin collection loop */ 
for(step=l;step<=repeat;step++) 
( 

/* wait until IRQ = IRQ(initial)+1 */ 
IRQ = 0; 
CounterNum=2; 
ULStat = cbCLoad(BoardNum,CounterNum,LoadValue); 
while (!(IRQ==43)) 

{ 

ULStat = cbCIn(BoardNum,CounterNum, SCount); 
IRQ=Count; 

/* wait initial delay */ 
delay(initial_counter_delay); 

/* read from Counter */ 
ULStat = cbCFreqIn(BoardNum, SigSource,Gatelnterval, 

SCount, SFreq) ; 
counts=counts+Count; 

/*end collection loop */ 

last_x=i-l; 
last_y=y; 

/*update screen re: counts*/ 
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setcolor(BLACK); 
if(!end) 

outtextxy(250,maxy-20,str2); 
setcolor(CYAN); 
strcpy(str2,"current counts: "); 
Itoa(counts,tmp,10); 
strcat (str2,tmp); 
strcat (str2," "); 
if(1 end) 

outtextxy(250,maxy-20,str2); 

/* draw count data */ 
setcolor(MAGENTA) ; 
moveto{last_x,last_y); 
y=(maxy-50-(v_scale*counts}); 
lineto(i,y); 
i++; 

/* parse for which way to go */ 
if (fin_mass>init_mass) 

{ 

if ((current_voltage+voltage_step) > 
(fin_mass/100)) 

end=TRUE; 
} 

else 
{ 

if {(current_voltage+voltage_step) < 
(fin_mass/100)) 

end=TRUE; 

/* update */ 
if (!end) 

current_mass=current_mass+mass_step; 
current_voltage=current_voltage+voltage_step; 
EngUnits=current_voitage; 
} 

I 
} 

/* kill background process */ 
BoardNum=Counter; 
ULStat = cbStopBackground (BoardNum); 

/* a check of something */ 
setcolor(GREEN); 
settextstyle(DEFAULT_FONT, HORIZ_DIR,1); 
outtextxy(250,maxy-40,"Scan is complete. Have a nice day..."); 



/* get exit character */ 
gets(tmp); 

/^return to text mode */ 
closegraph(); 

/* set DAC to 0 AMU for safety */ 
BoardNuni=DAC ; 
EngUnits=0; 
ULStat = CbFromEngUnits(BoardNum, Gain, EngUnits, &DataValue) 
ULStat = cbAOut (BoardNum, Chan, Gain, DataValue); 

/* return */ 
return(ULStat); 
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