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Abstract 

Theoretical and experimental development of a new kinetic method to 

measure the rate coefficients of ion-molecule reactions occuring in free jet expan

sions below 20K is presented. The method is successfully used to determine the 

temperature dependences of numerous bimolecular and termolecular ion-molecule 

reactions over the temperature range of 0.5 - 20K. 

A new theoretical method based on the generalized Boltzmann equation 

IS developed to calculate macroscopic flow properties of pure molecular super

sonic flows. The variation of the different temperature components, hydrodynamic 

speed and density of the free jet as a function of distance is presented assuming 

a Maxwellian anisotropic distribution function. This theory facilitates the kinetic 

analysis and the assignment of temperatures to the chemical reactions occuring in 

jets. 

Using the Boltzmann equation, the flow properties of a mixed atomic free 

jet expansion are also analyzed. The method is more general than previous treat

ments which assume a vanishingly small mole fraction for one component of the 

mixture. The presence of velocity slip arising from the difference in hydrodynamic 

speeds of the two components complicates this treatment. Expressions for the 

calculation of flow properties for an atomic mixture with an arbitrary composition 

are presented. 

Temperature dependences of the termolecular association rate coefficients 

for the reactions of, Nt + 2N2 , ot + 202 and NO+ + 2NO over the temperature 

range of 3 - 15K are presented. The results are discussed in the light of statistical 

phase space theory. For the reactions of Nt + 2N 2 and ot + 202 excellent agree

ment between theory and experiment is obtained. The kinetic analysis of NO+ + 



12 

2NO is complicated due to the competing charge transfer reaction. The observed 

temperature dependence for this reaction does not agree with the predictions of 

the statistical theory. 

The ternary association rate coefficients for the reaction, Ar+ + 2Ar, show 

a strong temperature dependence at very low temperatures (0.5 - 2.5K). Current 

statistical formulations cannot predict this temperature dependence and a com

prehensive model for this reaction mechanism has yet to be developed. 

Three distinct temperature dependences are observed for the bimolecular 

reactions of Nt with CH4 , O2 and n-H2 at temperatures below 15I<. Speculations 

are made regarding the interaction potential energy surfaces that may lead to the 

observed behaviors. 
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CHAPTER 1 

Introduction 

Further understanding of the collisional energy dependence of gas phase , 
termolecular and bimolecular reaction rates is of central importance in the chemical 

and physical sciences. In the moderate to high energy regime, this knowledge is 

of tremendous utility in Wlderstanding, for example, dynamics of combustion, 

detonation and discharge events. At the other extreme, that of very low collision 

energies, Wlderstanding the energy dependence of chemical reaction efficiencies and 

product branchings is of great concern in the area of interstellar cloud chemistry 

and also promises to lead to refined models of the details of fundamental reactive 

chemical encounters.1- 10 

Low energy rate studies are particularly important for reactions which 

proceed through formation of intermediate collision complexes. Due to vastly en

hanced lifetimes of the intermediate collision complexes, new reaction channels 

which are not observed at ambient temperatures may become competitive at this 

very low energy regime. For certain reaction systems interesting dynamical behav

ior resulting from a change of mechanism has been observed at low temperatures. 

Such information is invaluable in deducing the nature and the energetics of the 

potential energy surfaces on which the reaction processes actually occur.2 •6 ,11-14 

The use of statistical rate theory provides a measure of one extreme re

garding chemical rate processes.15 - 23 The validity of such a theory is based on the 

hypothesis of energy randomization in the intermediate collision complex. Since 

the randomization of collision energy is greatly facilitated by increased lifetimes of 

the collision complex, low energy rate measurements provide a most critical test 
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for such statistical rate models. Deviations from such theories provide information 

regarding the efficiency of energy delocalization in chemically activated systems or 

the importance of direct mechanisms. Modem experimental techniques that in

volve laser spectroscopy (for example, resonance enhanced multiphoton ionization 

methods, REMPI) can then allow the preparation and study of particular systems 

as a function of selectively excited vibrational and rotational modes of the collision 

complex.] 

Apart from the fundamental importance of understanding the chemical 

processes, gas phase rate measurements are extremely valuable for the development 

of interstellar cloud models in astrophysics.3 - 6 ,8-1o Prior to the middle of the 

1960's only a very few molecular species had been known to exist in the interstellar 

medium. Their origin was uncertain and it was commonly believed that they were 

the dissociation products of larger molecules evaporating from the surfaces of 

grains in the vicinity of hot stars. Since then a large number of molecules have 

been observed in the interstellar medium and it is apparent that gas phase chemical 

and photo-chemical processes are responsible for the synthesis of these molecules. 

Such motivations as this have since led to an era of fundamental gas phase chemical 

dynamics which can directly probe such phenomena and has resulted in one of the 

most exciting fields in chemical physics.3- 6 

The modeling of chemical reaction networks which can adequately ex

plain the abundance of observed molecules in the interstellar medium requires 

the knowledge of reaction rates of a vast number of fundamental gas phase reac

tions. However, the conditions prevailing in these clouds are difficult to simulate 

in the laboratory; for example, kinetic temperatures of these clouds are typically 

less than lOOK As it is now becoming clear, there exists very little justification 

for the extrapolation of hlgher temperature data to obtain such low energy rate 
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coefficients. 

Practical limitations regarding the achievement of gas temperatures below 

SDK under conditions suitable for kinetic analysis have hindered low temperature 

reaction studies.12,24-27 Therefore a method capable of studying these reactions at 

temperatures near 5K promises to greatly broaden the range of conditions under 

which chemical reactions may be understood. Such studies eventually can lead, 

in principle, to the development of a complete data base for the interstellar cloud 

modeling. 

The resulting narrow velocity distribution and high centerline intensities 

have prompted the vast utility of free jet expansions in the field of collision 

dynamics.28 - 31 From the perspective of the present problem, we realize that free 

jet expansions also lead to very low relative translational and internal energy. For 

atomic expansions effective translational temperatures down to II< can be ob

tained with little difficulty. For polyatomics, the presence of internal energy limits 

our ability to attain the lowest temperatures, however, for certain buffer gases 

relative translational temperatures down to 5K can be obtained.28- 40 Therefore, 

free jet expansions provide us with unique means for the study of collision dy

namics at very low energy. The group of Rowe and co-workers in Meudon, France 

first developed a method which effectively uses jet expansions to obtain very low 

t.emperatures; viz. temperatures as low as SK. The method is commonly known 

as CRESU, which is an acronym for the French translation of 'Reaction kinetics 

in uniform supersonic flow'.25,41,42 

One major problem associated with studying chemical reactions in a free 

jet expansion is the complexity of the flow dynamics. Simple isentropic flow theory 

does not adequately explain the thermal anisotropy inherent to these expansions. 

One major contribution towards the advancement of this field was the definition 
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of an ellipsoidal distribution function to describe the translational motion in the 

jet.33 ,43-47 Experimental evidence exists in support of the utility of such a distri

bution function.48 Further in line with the majority of the experimental results, the 

rotational energy is assumed to be described by a Maxwellian function.35- 4o ,49,5o 

This total distribution function can be then used in an appropriate energy trans

fer model to obtain various macroscopic properties in a free jet. These findings 

have led us in our development of the Free Jet Flow Reactor, FJFR, a method by 

which the rate studies of ion-molecule reactions occuring in the cores of free jet 

expansions can be carried out effectively. The method has so far proven useful for 

bimolecular and termolecular rate studies between 0.5 - 20K. 

Unlike the CRESU method that was mentioned above, the reactions in the 

F JFR method occur in a thermally anisotropic medium. The thermal anisotropy 

in a free jet expansion arises due to different degrees of coupling between geomet

ric expansion, jet acceleration and collisional energy transfer in directions parallel 

and perpendicular to the net flow direction. Hence at a given point of the jet 

three temperature components, namely parallel translational temperature, per

pendicular translational temperature and rotational temperature, contribute to 

the overall reaction process. Therefore, direct comparison of FJFR results with 

bulk rate studies requires a clear understanding of the nature and the evolution of 

the temperature components in the jet and the effects of the thermal anisotropy 

on the process of bond formation and bond dissociation. The rest of this de

sertation elaborates on this development from both experimental and theoretical 

perspectives. 

In Chapter 2, a novel method of calculating temperature profiles of a su

personic expansion will be discussed in detail. The method is based on the most 

fundamental equation of non-equilibrium flow dynamics, namely, the Boltzmann 
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equation. For molecular flow involving internal energy, the generalized form of the 

Boltzmann equation will be used. This generalization can be credited to the work 

of Wang Chang and Uhlenbeckj in an honor of their contributions, this equation 

is also known as the Wang Chang and Uhlenbeck equation.51 Using an ellipsoidal 

distribution function, Hamel and Willis presented an analysis of atomic free jets 

based on the Boltzmann equation in 1966.44 Since then similar approaches have 

been used by Knuth and Fisher as well as Toennies and Winkelmann to explain 

various aspects of atomic free jet expansions.45 ,46 However, a complete study of 

molecular flow based on the generalized Boltzmann equation is not available in 

the literature. Our treatment not only satisfies this requirement but also provides 

refinements to previous methods of analysis by incorporating the jet acceleration 

explicitly into the overall relaxation process. The method allows the calculation of 

the different temperature components, speed and density of a molecular or atomic 

free jet as a function of distance from the nozzle exit plane. 

In Chapter 3, the developments of Chapter 2 will be extended to investi

gate the relaxation dynamics of a two component mixture in a free jet expansion. 

Since the FJFR experiments are often carried out in a buffer gas where the re

actant molecules are seeded, such calculations will be of basic importance to the 

development of this technique. The presence of velocity slip due to different hy

drodynamic speeds of the constituents and the contributions through momentum 

transfer make this treatment very complicated. The discussion will be limited to 

atomic mixtures; extension to molecular expansions is straight forward within the 

framework discussed in Chapter 2, and is a current research program within our 

group. 

The design and utility of the free jet flow reactor will be presented in 

Chapter 4. The technique utilizes resonance enhanced multiphoton ionization, 
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REMPI, to prepare the ionic reactants in a state selective fashion in the core 

of a free jet expansion usually seeded with the ne'ltral reactant. The detection 

method involves a time-of-flight mass spectrometer and a digital data acquisition 

and averaging system. The method of data collection and analysis will be presented 

in detail in this chapter. A comparison is made between this method and other 

low temperature techniques. 

Rate measurements for the following diatomic ion-diatom association re

actions over the temperature range of 3 - 15K will be discussed in Chapter 5. 

NO+ + 2NO --. (NO)t + NO 

The method of kinetic and energy analysis for ternary association reactions occur

ing in free jet expansions will be presented. Combined high and low temperature 

data are analysed using statistical phase space theory. A discussion will be given of 

the method that extends the general form of the phase space theory to accomodate 

the thermal anisotropy of the reaction medium. 

Chapter 6 is an extension of Chapter 5 to include the unique problem 

associated with rate measurements and the current status of theory regarding 

atomic ion-atom association reactions. In this Chapter rate measurements for the 

reaction of Ar+ + 2Ar over the temperature range of 0.5 and 31{ will be presented 

and the applicability of the available theoretical models will be discussed. 

In Chapter 7 three examples of distinctly different energy dependences 

observed for bimolecular ion-molecule reactions of Nt at the low energy limit will 

be discussed. The simplistic Langevin model predicts no temperature dependence 
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for the rate coefficients and contradicts the observed results. These examples also 

illustrate the capability of the FJFR method to eluc~date interesting behaviors 

shown by bimolecular reactions at very low energy. Speculations regarding the 

potential energy surfaces that can lead to such energy dependence are discussed. 



20 

CHAPTER 2 

A Study of Molecular Supersonic Flow 

U sing The Generalized Boltzmann Equation 

In this chapter we report a model based on the generalized Boltzmann 

equation to predict the properties of a free jet expansion of a single component 

gas, with particular emphasis on polyatomic flow. Contrary to many other studies 

on this subject, we do not assume a constant hydrodynamic beam speed, but 

instead allow the flow to evolve according to natural forces. A new set of boundary 

conditions is obtained for the solutions to the moment equations which describe 

the evolution of the flow properties. The variation of the different temperature 

components, speed and density as a function of distance is presented assuming an 

anisotropic Maxwellian distribution function. An expression for the bulk rotational 

relaxation time is also derived from first principles. Comparison is made between 

the new model and currently available models. 

2.1 Introduction 

The use of techniques that involve supersonic nozzle expansions have be

come very popular in many different fields of the physical sciences such as spec

troscopy, chemical dynamics, fluid mechanics and surface studies.28 ,29,32,47 The 

low collision energies in the medium provide a unique environment for the synthe

sis of weakly bound molecular complexes. The combined effects of resulting low 

internal energies and the near absence of Doppler broadening lead to simple and 

highly resolvable spectra which aid considerably in elucidating the structure and 
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dynamics of these molecules.5,52-5s The narrow jet speed distributions and high 

centerline intensities make a supersonic expansion an ideal source for scattering 

and surface studies.3o The use of nozzle beams has also proven useful in the fields 

of molecular dynamics and fluid mechanics where phenomena such as relaxation 

and non-equilibrium properties of gas phase molecules are investigated. Such stud

ies have been valuable for obtaining dynamical properties such as viscosity cross 

sections and thermal conductivities at temperatures much lower than the boiling 

point of the gasses.31 ,4S More recently, the study of intra-jet chemistry has begun 

to provide insight regarding the nature of reactive collisions at extremely low en

ergies. Using supersonic expansions, the group of Marquette and Rowe and our 

own group have been studying bimolecular and termolecular processes at relative 

collision energies down to 1 K.24,33,41,42,56-S9 

From the foregoing discussion it is clear that accurate modeling of free 

jet expansions is of great practical and theoretical importance. Such modeling at 

present can be achieved by a combined effort of theory and experimental mea

surements. One frequently used experimental technique to characterize jets em-'. , 

ploys time-of-flight measurements to determine the velocity distribution of the 

jet parallel to the flow axis. Assuming a Boltzmann distribution, a translational 

temperature and the average beam speed can be obtained by this method. For a 

polyatomic flow, the above procedure combined with energy balance may be used 

to obtain the average internal energy ofthe molecules.3s - 38 ,6o Alternatively, direct 

spectroscopic methods have been used to obtain the internal energy distribution 

of molecules in a jet.40 ,SO,61-65 Unfortunately, the vast majority of the experimen

tal results available in the literature provide only the terminal values of the flow 

properties since the measurements were made at large distances from the nozzle 

exit plane. Measurement.s at closer distances are important since the results con-
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tain valuable information about the overall relaxation process which leads to the 

terminal conditions. 

In the 1960's Ashkenas and Sherman introduced a model based on con

tinuwn flow theory to predict the properties of a jet.56 In the continuum region, 

which occurs at close distances to the nozzle exit plane, the rapid collision rate is 

assumed to maintain equilibriwn between different degrees of freedom. However, 

as the flow progresses, the collision rate decreases rapidly, causing a departure 

from equilibrium. At this point the global concept of temperature becomes invalid 

and the energy moments of each degree of freedom separate. Furthermore, the 

differing forces on the flow in the parallel and perpendicular directions to the bulk 

flow lead to a separation of the translational energy moments in these directions. 

The approach to the study of the evolution of an atomic supersonic flow 

by application of the Boltzmann equation was introduced by Hamel and Willis.44 

This equation contains all the details of the transformation of the jet from the col

lision dominated isentropic region near the nozzle exit plane to the free molecular 

region far downstream of the flow. Hamel and Willis used an ellipsoidal distri

bution function with two characteristic temperatures to describe the energetics in 

the parallel and the perpendicular directions of the flow. Since then, a similar ap

proach has been used by several authors to study the properties of supersonic gas 

flows. 46 ,67,68 In many instances, the collision integrals resulting from the moments 

of the Boltzmann equation were replaced by relaxation terms which are exam

ples of the widely known BGK approximation. In some cases numerical solutions 

were also obtained using a Lennard Jones (6-12) potential. The application of the 

above developments, however, is limited at distances close to the nozzle exit plane 

since the initial conditions for the flow equations were derived using isentropic flow 

theory. In order to justify the assumption of a constant beam speed value, the eval-
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uation of the equations were initiated several nozzle diameters downstream. Our 

work will demonstrate that these assumptions for initial conditions have limited 

applicability, especially in describing a polyatomic flow. 

The thermal conduction model of free jet flow, developed in parallel by 

Habets, Beijerinck and coworkers and by Klots, has made valuable contributions to 

the understanding of the flow development and the temperature anisotropy in pure 

molecular media.34 ,69,7o In this model, the rate of energy transfer is postulated 

to be proportional to the difference between the temperatures of the respective 

energy reservoirs, ie. each energy degree of freedom. The original derivation 

of this model for polyatomic flow assumed that the parallel and the rotational 

temperatures remained in equilibrium. Klots extended this analysis by decoupling 

this equilibrium using statistical quasi-equilibrium theory. Although the thermal 

conduction model for a polyatomic expansion does not use isentropic values to 

initiate the solution to the flow equations, the jet is assumed to progress at a 

constant speed. 

In this chapter, we propose a method of calculating the flow properties of 

a jet based upon the generalized Boltzmann equation. We will use an anisotropic 

Maxwellian distribution function to evaluate the resulting moment equations. 'Ne 

propose new initial conditions for the flow governed by these equations without 

forcing a constant beam speed at the thermodynamic limiting value. Our calcula

tions in fact indicate that the assumption of constant speed enforces a significant 

effect in the calculated flow properties. In addition, we find that the equations 

used in the thermal conduction model become equivalent to the lowest order form 

of the energy moment equations of the Boltzmann equation solution to the free 

jet flow. 

The organization of this chapter is as follows. We first present a discus-
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sion of the theory where the generalized Boltzmann equation and the distribution 

function are introduced and the first order differential equations are obtained for 

the desired flow properties. The mathematical details of the solution are defered 

to appendices. In this section we also elaborate on the derivation of the boundary 

conditions along with a presentation of the solutions describing the flow depen

dent. energy moments in pure molecular flows. The results and discussion section 

is dedicated to a critical review of the results in comparison with past work on 

this subject. 

2.2 Theory 

2.2.1 The velocity distribution function 

In this model we use an ellipsoidal distribution function to describe the 

translational motion of the molecules.43 The molecular streamlines in the radial 

direction within the axially symmetric expansion, will be treated as straight lines. 

The int.ernal energy distribution is assumed to be given by a Maxwellian function. 

For rotations, the justification of an assumed Maxwellian function is based upon 

the bulk of the experimental results on this subject.35 - 40 ,50,61-64 Although slight 

excess population of higher rotational levels has been observed for some molecules 

in comparison to a Maxwellian distribution, even in these cases, the vast major

ity of the rotational population is still best characterized by a temperature, Tr • 

Comparison of momentum transfer cross sections with rotational relaxation rate 

coefficients further justifies the use of a Maxwellian velocity distribution in the 

flowing frame. The total distribution function can be then written as 
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f(v, E) = ~ (2,,77]Y (2,,;TJexP ( - 2~1 (vII ~ u)' - 2~.L "1-~ :~) 
(2.1) 

where u denotes the hydrodynamic flow speed and Ep is the internal energy of 

the molecule in mode {3 (ie. rotation, vibration etc.) Further, Q is the parti

tion function for the total internal energy of the molecules and VJ, and VII are the 

magnitudes of the velocity vectors perpendicular and parallel to the flow stream

lines, respectively. Also, TJ, , Til and Tp represent respectively the perpendicular, 

parallel, and mode specific internal temperatures. For simplicity, we present the 

derivation and the resulting formulas for nonpolar linear and spherical rotors with 

no vibrational contributions. In this case the sum in Equation (2.1) collapses to a 

single term, Er/kTr and Q is simply the appropriate rotational partition function. 

This treatment will suffice to accomodate a majority of the buffer gases used in 

current nozzle beam studies. The extension to other molecular systems is fairly 

straightforward. 

From a fundamental point of view, a realistic representation of the jet 

requires the determination of the evolution of the physically observable properties 

such as temperature components, density and hydrodynamic velocity with the 

progression of the flow. In general flow theory, such goals have been achieved by 

determining the solution to the Boltzmann equation. The general form of the 

Boltzmann equation describes the evolution of physical properties of a gaseous 

system that is forced into a non-equilibrium flow field by an external perturbation. 

In a supersonic expansion this perturbation is introduced by the density and the 

thermal gradients present in the medium. Therefore, a sensible approach to the 

current problem would be to solve the Boltzmann equation with proper boundary 

conditions to obtain the flow properties of the jet. 
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2.2.2 The generalized Boltzmann equation 

The original form of the Boltzmann equation was derived under the as

sumption that the particle interactions do not involve internal energy transfer. 

This equation can be generalized, however, by summing the terms involved over 

all possible internal states of the collision partners. This generalized form of the 

Boltzmann equation that accounts for coupling of the internal energy with the 

translation motion of the molecules was established by Wang Chang, Uhlenbeck 

and De Boer.51 In the absence of external fields and explicit time dependence in 

the velocity distribution function, this equation takes the following form. 

v· "Vrh(v,Er ) = L: Ji~'(f,J') (2.2) 
j,k,l 

In this equation ij and k,l represent the internal quantum states of the collision 

partners before and after the collision, respectively. The primed quantities in this 

derivation denote the value of that quantity, after the collision. The evaluation of 

the left hand side of the above equation usually follows from writing the Boltzmann 

operator, v . "V r, in polar coordinates .. This procedure has been clearly described 

elsewhere.44 - 46 However, as to give the reader an insight to this operator we have 

written it down in Appendix A and the usual method of solution has been discussed 

briefly. The collision term, J, in the right hand side of the equation describes 

the change of the velocity distribution function due to molecular interactions, 

summed over the internal states. The existence of the inverse collisions has been 

assumed in deriving Equation (2.2). This assumption, which is a direct result 

of the symmetry properties of the Schr8dinger equation, holds strictly only for 

non-degenerate energy levels.71 - 74 However, in the absence of external fields it 

can be expected that the velocity distribution function depends on the internal 
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quantum states through energy only. Therefore, under the present conditions the 

use of the generalized Boltzmann equation to describe the energy flow including 

the rotational energy transfer is justified.74 

2.2.3 Method of moments 

The solution to the Boltzmann equation is most easily obtained by the 

method of moments.71 - 73 In this method, both sides of the Boltzmann equation 

are multiplied by any function of velocity or internal energy then integrated over 

the velocity space followed by a summation over the available internal states. 

Thus, for a property 1/J(v), we obtain 

L J 1/Ji(V)V' 'Vrfi(V,Er)dv = L J 1/Ji(v)J~'(f,f')dv (2.3) 
i v i,i,k,' v 

\;>i/ritten in this form, the left hand side of the equation consists of the spatial gra

dients of the physical properties that evolve as a result of the perturbation. This 

method is quite analogous to obtaining average values using time and position in

dependent distribution functions for systems at equilibrium. The selection of 1/J( v) 

is usually based on the quantities that we are primarily interested in. However, 

proper selection is important, as we see shortly, because of the significant math

ematical simplicity that. can result. The right hand side of the above expression 

describes the average change of the number of particles in a volume element of 

dvdr and the quantum states of i and j due to molecular interactions. Thus, the 

evaluation of this term, in general, requires the details of the c.ollision process to 

be determined using a realistic potential energy surface. 

The derivation of an expression for the collision term assumes that the time 

period of the molecular encounters are small compared to a rotational period.71 

.. 
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This avoids complications due to rapid variation of the internal coordinates and 

momenta during the molecular encounters. With these conditions satisfied, we 

can write 

~ j tPi(V) Jf;'dv = ~ .~ j j j j{tPk+tP:-tPi-tPj}!if;9If;' sinxdl/Jdxdv'dv 
I v 1,),10,1 tP " v' v 

(2.4) 

where once again the primed quantities indicate the value of the property after the 

collision. Further, Ii' is the differential cross section for the scattering process, X 
is the scattering angle and 9 is the initial relative velocity in the center of mass 

coordinate system. Of particular importance are the equations for those properties 

tP(v), whose values summed over the molecules involved in a collision do not change 

during the collision. For these collisional or summational invariants, it follows from 

Equation (2.4) that the right hand side of the equation is equal to zero. In a free jet, 

we can obtain three such independent equations for the summational invariance 

of mass, parallel linear momentum and total energy.71-73 Since we seek the values 

for five unknown parameters, namely, the three temperature components, Tol, 111 

and Tn the density, and the hydrodynamic velocity, we require two additional 

independent equations for a complete solution. In this treatment, we have chosen 

energy in the parallel direction and internal energy, in place of tP(v), to obtain the 

next two independent equations. The five equations thus obtained may be written 

as 

a. summational invariance of mass 

(2.5) 

b. summational invariance of parallel momentum 



du d (nkTjI) 2 nk nu- + - -- + --(TU- TJ.) = 0 
dr dr m r m 

c. sununational invariance of total energy 

d (mu
2 

3kTjl kT 8kTr) 0 - --+--+ J.+- = 
dr 2 2 2 

d. exchange of parallel energy 

2 2 du 3ku dTIl 4ku
T 

r 2r3 
u -+---- J.= 1+-

dr m dr mr m 

e. exchange of internal energy 

29 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

In the above equations 8 denotes the number of rotational degrees of freedom. \Ve 

have used r 1 to denote the collision term that results from the energy exchange 

between translational modes. The quantities r2 and r3 represent the correspond

ing terms due to energy exchange between translation and rotation. To maintain 

the clarity of the text we choose to present only the results of somewhat involved 

derivations of the collision terms. The actual derivations and the details of the 

forms for the ri collision terms are discussed in Appendix B. The division of the 

collision term due to parallel energy exchange into two independent terms is also 

clarified in Appendix B. 

In principle, we must be able to write down an independent moment equa

tion for the total angular momentum. Since this is a conserved property the colli

sion term will be zero and would lead to an additional simple moment expression. 

However, the coupling between translation and rotation makes the evaluation of 

the left hand side of the Equation (2.3) very difficult for angular momentum using 
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the present coordinate system and we have chosen not to persue a solution in the 

present work. The use of a suitable coordinate system may allow the use of this 

moment equation independently. 

We now rearrange the moment equations such that they can be evaluated 

numerically to obtain the desired quantities. The final forms lead to five differential 

equations in the observables of interest 

where 

dlnn = -2_ G 
dr r 

dlnu = G 
dr 

dTJ. -2TJ. 1 [mrl r r 1 --=---- --+ 2+ 3 
dr r ku 2 

dlll 2TJ. G 2 - = - --(mu -kTII) 
dr r k 

dTr 2r2 -=-
dr sku 

G _ ( k ) (2TJ. _ mr1 _ 2r3) 
- mu2 - 3klll r ku ku 

(2.10) 

(2.11) 

(2.12) 

(2.13) 

(2.14) 

(2.15) 

After simplification, the expressions for the coupling terms, rj, given above are as 

follows. 

l ~ A 1 2 

r = 6.41n(C6
) 3 (!...) 2 (!l) J 1 - 319 d19 

1 k m Xi- (1 - .\192 )~ 
II 0 

(2.16) 

----------------------------------------
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r 2 = -CII ,rT -
1(T.L,TII,Tr) j(Tr - Tefl)d{) 

o 

1 
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(2.17) 

r3 = CII ,rT -
1(T.L, 71"Tr) j e({))(Tr - Tefl)d{) (2.18) 

o 

where clI,r is the rotational heat capacity at constant volume and Tel I is an effec-

tive translational temperature defined as folIows.46 

T.L Til - T.L 
Tefl = 1 _ A{)2 ; {) = cosf) ; A = 71, (2.19) 

Here, f) is the angle between the relative velocity vector and a given streamline. 

The bulk rotational relaxation time is given by T and the function e( {)) is defined 

as 

(2.20) 

As suggested by the above expressions a Lennard-Jones (6-12) potential has been 

used to describe the translational interactions. It has been shown that at the low 

energies encountered in free jets, the scattering process for a Lennard-Jones (6-12) 

potential is governed predominantly by the attractive part of the potential. The 

analysis of the scattering process under these conditions, yields a value of 0.5813 

for sin2x.34,69,70 

In principle, the solution to the five first order differential Equations (2.10) 

through (2.14) describes the evolution of the flow properties which we are inter

ested in. Note that at the limit where the beam velocity reaches a constant value, 

the above equations have a much simpler fonn. Solutions to these fonns replicate 

many previous treatments of this subject. For example, the density drop then be

comes proportional to the square of the distance which is the commonly assumed 



32 

solution for the density. In addition, note from Equations (2.10) through (2.14) 

that the majority of the cooling results from the 2~' geometric term. The velocity 

distribution in this direction will continue to become narrower long after the other 

temperatures have reached their limiting values. 

In the current model, the expression for the inverse of the rotational re

laxation time is given by 

(2.21) 

" 'Yr 

where we have used the notation 11 = mg2/4kTi. For a complete evaluation of the 

relaxation time in our model, the above expression has to be calculated using an 

appropriate interaction potential. "Vhen rotational energy transfer is considered, 

the overall cross sections, integral or differential, depend mainly on the anisotropic 

part of the molecular interaction potential. The impulsive approximation can be 

used to calculate such cross sections, yet, at present is limited to atom-molecule 

interactions.77 -79 In the absence of detailed forms for I~', we can make a simple 

scaling approximation for the behavior of r-1 • Here, due to explicit temperature 

dependence of the integral we set 

(2.22) 

where v( n, Tr) is the collision rate at temperat.ure Tr and e is a simple scaling 

paramet.er to be determined by comparison with experiment. 

N ext consider the following relaxation equation that has been widely used 

for free jet analysis. 
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dTr -1( ) Tt = -T Tr - Ttran .. (2.23) 

Equation (2.23) has been used in the past with little fundamental justification. In 

the current development, Equation (2.17) provides justification for such an expres

sion. Also, in this conventional rate equation for relaxation, the relaxation time is 

replaced by a collision rate defined at the translational temperature. However, in 

the present model for the relaxation time, the reference becomes an ensemble of 

molecules at equilibrium in a local reservoir of temperature Tr • Translational tem

peratures are treated as deviations from this equilibrium. Note that this reference 

is a direct result of the relaxation equation obtained for the moment of internal 

energy. The translational temperature contributions to the relaxation process are 

contained in e(TJ., 111' Tr). Unfortunately, in the absence of a complete theory, we 

are forced to use a constant value for e. Until advances are made towards the 

explicit calculation of the relaxation time given by Equation (2.21), we are forced 

to make this approximation. The experimental evidence however, indicates that 

the temperature dependence of e may be weak. 

It follows from the discussion above that 

(2.24) 

where v(n, Tr) is the collision frequency. In many similar applications of this 

formulation v has been calculated using a rigid sphere potential with an effective 

cross section. In continuance of our use of a Lennard-Jones scattering potential, 

we obtain 

(2.25) 
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for like molecules.73 The collision integral S'l2,2(Tr ) can be evaluated using the 

viscosity cross section given in Appendix B, which then yields 

T-1 = 2.7 e n J2kT
r ( C6 

) t 
m kTr 

(2.26) 

As we will point out in the results and discussion section, this scaling will be 

slightly different from the quasi-equilibrium theory employed by Klots which uses 

statistical grounds to define the collision process. In summary, the fifth moment 

equation defining the rotational temperature in the jet, within this formulation, 

now becomes 

-= 
-2cv,r 

dr sku 

1 3 j (Tr 
-:/") )dt9 + ... J (2.27) 

o 

where T is given by Equation (2.26). In systems with small rotational constants, 

this expression will reduce to a much simpler form 

1 

dTr = -2cv ,r -1 j(T. _ T. )dt9 
d k T r ell 

r s u 
(2.28) 

o 

This expression is similar to that assumed in many other treatments of free jet 

analysis, but is only rigorously true in the earlier portions of the expansion. 

In Equation (2.28) we have truncated the true series expression to contain 

only the first order term. Owing to our need to employ a very simple form to 

the temperature dependence of T-1, inclusion of the higher order terms for the 

calculational purposes is unwarranted. As knowledge is gained concerning detailed 
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rotational relaxation rates, it will be necessary, but straightforward, to include 

these higher order terms. 

2.2.4 Boundary Conditions 

We have now obtained differential dependence for the five physical observ

abIes u, n, TJ., 7i1' and Tr which now require integration under the jet conditions. 

For a meaningful evaluation of these integrals, proper boundary conditions have 

to be defined. Upon initially exiting the nozzle, the flow is quite complex, the 

streamlines show curvature, and application of the generalized Boltzmann equa

tion is invalid (Note the singularity at mu2 = 3kTil in Equations (2.10)-(2.14)). 

After a flow of a few nozzle diameters, the flow streamlines should be evolving in 

straight lines, and will appear to originate from an effective source positioned near 

the nozzle exit plane. In line with previous treatments, we seek conditions of the 

distance and the moments which allow an initiation of the Boltzmann method at 

such a virtual source. Thus, we seek a set of boundary values for n, u and T at 

this virtual source point which will transform the set of five differential equations 

to an axially symmetric flow field. There are two possible approaches which stem 

from Ashkenas and Sherman's original work and the recent developments of the 

thermal conduction mode1.34 ,66,69 The former approach assumes isentropic tem

perature evolution in the jet and therefore, can be used only when deviations from 

equilibrium are small. In contrast, the method proposed in the thermal conduc

tion model can be used for a progression of flow conditions deviating significantly 

from equilibrium. However, this method gives no provision for the inclusion of 

beam velocity development in the flow equations. In the latter method the beam 

speed in effect is fixed at the thermodynamic limit throughout the flow in order 
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to determine reasonable boundary conditions. 

The approach we have taken is to note the beam speed singularity point 

in the first order differential equations (See Equation (2.11». This point occurs 

when mu2 - 3kTil is equal to zero. For the beam to accelerate, this quantity has 

to be greater than zero. Mathematically, we propose to use this point to obtain a 

new set of boundary conditions. We give the results for "Y = 1.4, (for a diatomic 

flow) where "Y is the ratio of the heat capacities. The derivation will be similar for 

other "Y values. In the continuum region of the jet we have, 

( 
R )2h -l) 

T(r) = To aT

r 
n (2.29) 

where Rn is the nozzle radius and aT is the scaling factor for the temperature in 

the beam (See Figure (2.1)). This equation may be substituted in Equation (2.11) 

which is then integrated to investigate the behaviour of u as a function of r. Note 

that all rj values are zero at this isentropic limit. Now we assign a boundary value 

for the beam speed as u = Uo at a distance r = aTaRn from the nozzle exit plane 

where a is a scaling factor to be determined later by considering the conservation 

of molecular flux. The resulting equation has the following form and will describe 

the variation of the beam speed as a function of distance . 

.1 .1 

(
aTRn) & k~o _ (1.) & k~o = ~(u~ - uS) 

r u& a u& 2 o 
(2.30) 

In order to obtain an expression for Uo, we examine the behavior of this equation 

at the limit where T reaches zero. At this limit the beam velocity must reach its 

terminal thermodynamic value given by 

(2.31) 



Figure 2.1: A schematic of the free jet flow field. The flow boundaries as pertain 

to to the temperature, density, and jet speed explained in the text are shown. 
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This procedure yields the following equation for the unknown boundary speed Uo 

as a function of the scaling factor o. 

2 f f 2kTo 
Uo - UooU o + ---:i' = 0 

mOil 
(2.32) 

When .0 is equal to unity, this equation does not have acceptable solutions for Uo 

(uo is found to be complex). To determine a boundary value for the beam speed, 

we now seek the minimum value of 0 such that this equation yields a real solution 

for uo. The values of Omin detennined using a numerical analysis for different 

values of'Y and the corresponding values for Uo are listed in Table (2.1). 

Table 2.1 Boundary conditions for free jet flow models. 

5/3C 7/5c 9/7c 

Ashkenas and Shennana a 0.802 0.598 0.496 

Thennal Conduction Modelb a 0.806 0.591 0.490 

This work a 1.030 0.796 0.697 

aT 0.725 0.510 0.398 

Omin 1.420 1.560 1.750 

uo/Jk!o 1.370 1.450 1.480 

a Reference 66. 
b References 34,69. 
c Ratio of heat capacities, 'Y 

Vole propose that the above value of Uo can be used as the boundary condition for 

beam speed provided that we will be able to calculate the distance ro at which 

this flow boundary is positioned. This distance can be scaled by the nozzle radius, 

Rn. \Ve therefore, write 
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(2.33) 

We take a similar approach to that described by Habets69 and Beijerinck et al .. 34 

The major premise, one which has universally been used, is that the beam ap

proaches sonic velocity at the nozzle exit plane.75,76 This allows one to scale the 

distance by nozzle radius, since the mass flux through the sonic plane, F., can be 

written as 

F, = l!'R~mn,u, (2.34) 

where u, and n, are the speed and the density of the jet at the sonic plane 

respectively. The quantities n, and u, can be calculated using the following ther

modynamic relations. 

U, = J 2')' kTo 
/-1 m 

( 
2 )~ 

n, = no /+ 1 

where no is stagnation density. 

(2.35) 

(2.36) 

As first proposed by Sibulkin and Gallagher, the angular dependence of 

the density in the inertia dominated flow regime can be scaled by the Prandtl

Meyer number, 9 PM, the angle between the center streamline and the outermost 

streamline.75 The angular dependence of the density can be described by 

n(r,9) = n(r)cosb(!~) 
29PM 

(2.37) 

where 9 is the angle measured from the center streamline and nCr) is the density 

variation along the center streamline (9 = 0). The analysis of Beijerinck et al. 
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gives the best values for b which are found to describe the angular dependence of 

the density in a flat nozzle flow field. 34 Now consider the mass flux, F, of molecules 

through a spherical contour centered at a distance r from the nozzle exit plane. 

We can write, 

(2.38) 

Using the fact that for the center streamline, the quantity nUT2 is constant (See 

Equation (2.5)) and balancing the flux through this spherical surface and the flux 

through the sonic plane, we have, 

7rR~mnllull = l ePM 

mnouo Cosb (; 0~M) 27rT5sin0d0 (2.39) 

Solution to this equation will give us the value for TO. Therefore, the new flow 

boundary is located at a distance of TO = aRn from the nozzle exit plane. This is 

the point of the jet where all of the variables u, n and T can be simultaneously 

defined under the present formulation. The values obtained for a, the distance 

scaling factor, for three values of'Y are listed in Table (2.1) along with the values 

obtained by other authors for a comparison. 

In this derivation, we have assumed the boundary conditions of Uo and 

no coincide spatially within the jet. We have then applied conservation of flux 

to determine this spatial position. A simple set of arguments convince us that 

our initial assumption is forced upon us by the form of the solution to the axially 

symmetric distribution function we have chosen to use. Suppose that the density 

origin at no occured at an axial position less than that for the speed condition 

Uo (See Figure (2.1)). Since G in Equations (2.10) and (2.11) must be finite and 

greater than zero, such a set of boundary conditions would predict a jet speed 

at the position where no exists to be less than Uo and therefore impossible. The 
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value of G must be positive everywhere since we know it to be positive in the 

latter portions of the jet and could not have been negative earlier owing to the 

physical imposibility of it traversing the singularity point at any earlier position. 

Suppose that the speed condition, Uo, were to occur at an axial distance less 

than the density boundary, no. Again since G is greater than or equal to zero, 

this condition can only be fulfilled if the density at the position where Uo occurs 

was greater than no. This would imply a compression in the jet necessitating an 

increase in the local temperature above the stagnation condition, To. However, the 

restriction of G ~ 0 forces the temperature gradient with respect to axial distance 

to always be less than zero and therefore this condition cannot be realized. vVe are 

forced to the conclusion that the boundary values for density and speed, no and 

uo, must coincide spatially in the jet at the position ro given in Equation (2.33). 

This new positioning of the flow boundary is different from that proposed 

in the thermal conduction model in two important ways. First, the temperature 

at this point is lower than the temperature of the source and is given by 

T= To 
2b-l) a min 

(2.40) 

In previous treatments, a boundary temperature of To is used at this point which 

is not thermodynamically reasonable. In a physical sense, the current condition 

is a direct result of the conservation of enthalpy when the beam accelerates to 

reach uo. Secondly, the current treatment allows one, for the first time, to obtain 

solutions for all five observables including the beam speed. 

2.3 Results and Discussion 

The discussion in this Chapter fully describes the evolution of dynamic 
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properties in a supersonic expansion from a fundamental point of view. Using 

the generalized form of the Boltzmann equation we have evaluated important 

dynamic observables in a jet expansion without imposing arbitrary behavior for 

any. Using the derived boundary conditions, numerical solution of the differential 

equations for the observ-c1.ble properties, Equations (2.10)-(2.14), yields a picture of 

the energy flow in a molecular free jet. Employing known scattering parameters, 

we have investigated the energetics of the flow for several linear or symmetric top 

molecular syst.ems. Using the available experimental information in the literature, 

we have calculated the temperature evolution of N2 , O2 , CO2 and CH4 , in a pure 

molecular expansion.35- 40 ,50,61-65 The values for the scattering parameters and 

the collision scaling parameters, e used in the following discussion are listed in 

Table (2.2). The values list.ed for the collision scaling parameters were determined 

by a best fit procedure between the current theory and known experimental data. 

Table 2.2 Scattering parameters and best fit rotational 

scaling parameters for flow gases considered in this work. 

a Reference 34. 
b Reference 73. 
C This work. 

4.45a 

6.41 a 

7.39a 

30.94b 

18.33b 

0.22 
0.20 
0.18 
0.04 

To begin in Figure (2.2), we show the variation of the beam speed with distanc~_ 



Figure 2.2: Center streamline axial evolution of the jet speed for flows of Ar, 

N2 , and CH4 • The uppermost curve corresponds to Ar, the center to N2 , and the 

lowermost curve corresponds to CH4 • The speed ratio in the y-axis is defined as 

u( z) /u oo and the distance ratio is defined as z / d where d is the nozzle diameter and 

z is the distance along the center streamline. The collision efficiencies used for N2 

and CH4 are listed in Table (2.2). The stagnation pressure and the temperature 

are 300 torr and 300 K respectively. 
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for three values of'Y using Ar, N2 and CH4 as examples. For monatomics, fast 

cooling results in the jet speed reaching its tenninal value within a distance of 

a few nozzle diameters. In this case it is nearly equal to the thennodynamic 

limiting value. However, for polyatomics, the overall relaxation is slower due to 

the presence of the rotational reservoir. This leads to a larger distance before the 

beam acceleration becomes negligible. The terminal speed is also found to differ 

considerably from the corresponding limiting thennodynamic value, and this effect 

is pronounced in molecular flow with less effective rotational relaxation. In Figure 

(2.3), we have shown the variation of the beam speed for N2 at three different 

stagnation pressures. The higher pressure leads to more cooling and therefore 

results in a higher beam speed. Our model therefore provides a detailed picture 

of beam acceleration as a result of internal energy relaxation. A fundamental 

objection to assuming a constant speed concerns the conservation of energy during 

the expansion. In contrast to prior treatments, our approach does not violate this 

law, since the increase of speed towards the boundary value is associated with a 

decrease of the temperature in the beam and the relaxation process and the jet 

speed are intimately coupled. An experimental determination of the speed of the 

beam as a function of distance and stagnation conditions should in principle, be 

able to provide information about the relaxation process and also should serve as 

a test for this model. Such tests will be particularly sensitive to data taken in the 

very early positions of the expansion. Very few experimental data in this regard 

are known to the authors, and such work is currently in progress in this laboratory. 

Figure (2.4) shows the variation of the temperature components in the 

beam for a pure N2 expansion at a stagnation pressure of 300 torr. The rotational 

temperature approaches a nearly constant value with increasing distance as a result 

of the diminishing number of collisions which forces disequilibrium with 



Figure 2.3: The evolution of the beam speed for a pure N2 expansion at three 

different stagnation pressures of 80, 300, 800 torr. The nozzle diameter is 0.03 em. 

and the stagnation temperature is 300 K. 
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Figure 2.4: The evolution of the temperature components in a pure N2 expansion. 

The solid curves correspond to the present model and the dotted curves correspond 

to the extended thermal conduction model of Klots. The stagnation pressure and 

the temperature are 300 torr and 300 K respectively. The nozzle diameter used is 

0.030 cm. 
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the translational temperatures. Downstream of the flow, a further decrease in 

the nwnber of collisional events with momentwn transfer causes a freezing of the 

parallel translational temperature. The perpendicular temperature continues to 

drop due to perpetual narrowing of the velocity distribution in this direction. 

This is a result of purely geometric expansion of the jet in this direction. For 

a comparison, in Figure (2.4), we have also shown the results of the thermal 

conduction model due to Klots using a comparable value for e.70 The predicted 

evolution pattern for temperatures are distinctly different, especially in the early 

part of the beam. Rather surprisingly, the terminal behavior of the rotational 

temperatures are quite similar. The present model predicts lower translational 

temperatures in the latter part of the beam. These differences are partly due 

to the inclusion of the proper beam speed, which affects the evolution of the 

temperatures through conservation of energy. The results presented in the earlier 

section clearly suggest that the beam speed varies rapidly in the continuwn region 

and takes a considerable time to reach a near constant speed. By virtue of treating 

the flow as axially symmetric, the quantity nurz remains constant throughout the 

beam. Thus, the density variation is coupled closely to the change of beam speed 

and therefore affects the relaxation process directly. When the beam speed is 

constant the moment equations predict the widely used inverse square distance 

dependence of the density which has been asswned in the development of many 

theories of supersonic jets. 

An interesting comparison can be made between the present model and the 

thermal conduction model when a monatomic flow is considered. In Figure (2.5), 

we show the variation of the temperature components for a pure argon expansion 

at a stagnation pressure of 300 torr.34 ,69 The differences are much less pronoWlced 

in this example, as expected for a case without internal energy, and an 



Figure 2.5: The evolution of the temperature components in a pure Ar expansion. 

The solid curve correspond to the present model and the dot ted curves correspond 

to the thermal conduction model. The stagnation pressure and the temperature 

are 300 torr and 300 K respectively. The nozzle diameter used is 0.030 cm. 
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almost identical evolution pattern is predicted by both theories in the continuum 

region. Thus, the beam speed approaches nearly its thermodynamic value within 

a flow of a few nozzle diameters. Slightly lower temperatures are predicted by the 

present model at larger distances. This is a result of the failure of the thermal 

conduction model to properly account for total jet energy as a result of fixing 

the beam velocity at the thermodynamic limiting value at all points in the jet. 

In the current work, the ability to relax this restriction results in proper energy 

conservation and accountability at all points of the jet. 

In Figure 2.6, we show the evolution of temperatures for a pure CH4 ex

pansion at a stagnation pressure of 300 torr. The rotational temperatures are 

much higher compared to N2 due to much less efficient rotation-translation energy 

transfer in these molecules. A word of caution is appropriate at this point. In the 

case of large polyatomic molecules, low energy vibrational modes can contribute 

to the relaxation process. The effect is severe at larger stagnation pressures. This 

theory and values of collision parameters should be used only under the conditions 

where this effect is negligible. In principle, a simple extension of our theory should 

be able to account for the vibrational effects. Much theoretical and experimental 

guidance is available on the subject of vibrational energy transfer and future work 

will address this issue. 

The solution to the internal energy moment equation provides some jus

tification to the relaxation rate models previously applied to free jets. However, 

an important difference becomes apparent in the relaxation equations, Equations 

(2.26,27), resulting from the solution to the Boltzmann equation. The relaxation 

phenomenon is now referenced to an ensemble of molecules in a reservoir at tem

perature Tr , and this is the appropriate temperature for which the frequency of 

collisions should be defined in this model. Our results suggest that, relaxation is 



Figure 2.6: The evolution of the temperature components in a pure CH4 ex

pansion. The stagnation pressure and the temperature are 300 torr and 300 K 

respecth·ely. The nozzle diameter used is 0.030 cm. 
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also not a simple first order rate process. Consideration of the higher order terms 

becomes important at larger distances from the nozzle. Unfortunately, we are 

unable to include these higher order terms in the rate expression, due to the 

lack of knowledge regarding the exact state-to-state cross section data for the 

energy transfer process. In fact, a complete evaluation of the relaxation time 

requires the differential cross sections as a function of scattering angle and the 

initial relative velocity. Such information is becoming available, at least for atom

diatom interactions, with the further development of such models as the infinite 

order sudden approximation method (also known as the impulsive approximation 

method) and from beam scattering experiments.77- 82 

,\Ve would like to make an important point about the use of the colli

sional scaling factor, e. Owing to different definitions of collision rate, the values 

presented are directly applicable only to the current relaxation expression. Cor

rections would be needed if these values were to be used in other models. For 

example in the quasi-equilibrium theory of Klots, the relaxation time is defined 

using an average translational temperat.ure as 

-1 8.4 t 
T = --I,n 

8+1 
(2.41) 

where 8 is the number of rotational degrees of freedom in each molecule. A com

parison between these equations and Equation (2.26) will show subtle differences 

in the two definitions. 

The virtual source defined in the thermal conduction model does not allow 

one to solve all five moment equations simultaneously. The flow boundary we 

have defined, which is also virtual, since it is more justifiable mathematically than 

physically, does allow the analysis of all five moment equations simultaneously. A 

comparison can be made between the values of a. (See Table (2.1).) The values 
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we obtained are slightly larger than the corresponding a values obtained by the 

thennal conduction model. This is essentially a result of our definition of the 

initial beam speed which does not assume its thermodynamic limiting value at 

r = roo 

It is appropriate at this point to discuss a few possible limitations of the 

method presented for the analysis of free jets. It is well known that atomic and 

molecular clusters are formed in free jets at high stagnation pressures which even

tually lead to condensation.82 The release of enthalpy from formation of clusters 

affects the dynamics of the relaxation process and leads to higher apparent temper

atures in the beam. Under these conditions, additional tenns have to be included 

in the energy moment equations to account for the extra energy reservoir resulting 

from the ternary association processes. Similar methods are commonly used in the 

analysis of reactive flow using the Boltzmann equation. Such theoretical devel

opment of the flow evolution within the limit of condensation may be facilitated 

by simple models of ternary association reactions. Note however that, at very 

high densities where three body processes become dominant, the solution to the 

Boltzmann equation obtained in the present form has limited applicability. Nev

ertheless, for dynamic studies where the temperature of the jet is very important, 

proper design of the experimental conditions can avoid such complications. 

As we have already pointed out, the exact treatment of the relaxation term 

needs much more consideration. Such advancement is becoming possible with the 

use of modern quantum theory for rotational relaxation. Although much experi

mental evidence exists for predominantly Maxwellian rotational distributions, the 

method presented here is not restricted to this functional fonn. The only major 

effect of assuming a Maxwellian function for the rotational energy distribution in 

the derivation is that the average rotational energy could be written as ~ kTr • The 
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method presented in the text, in general, can be extended to different rotational 

distribution functions. 

2.4 Conclusion 

We have shown that the generalized Boltzmann equation can be used to 

investigate the evolution of the temperatures, the density and the beam speed in a 

supersonic expansion of a single component gas. The current analysis is presented 

for nonpolar linear and spherical rotors with high energy vibrational modes that 

cannot significantly affect the relaxation process. This allows application to a 

majority of the molecules being used as buffers in supersonic expansions. The 

rotational relaxation rates were treated approximately, however, an expression for 

the relaxation time was derived from first principles. Within the ability to truncate 

the higher order terms, the expression for the rotational relaxation rate equation 

resembles the conventional rate equation applied to bulk relaxation and provides 

some justification to the latter. We have also shown that inclusion of the proper 

beam speed is important to predict the evolution of temperatures. 

Although the analysis presented here is applicable only to pure molecular 

flows, a similar treatment is possible for mixed molecular flows containing two 

species. The analysis is more complicated however, due to the presence of three 

interaction potentials and the velocity slip. In the next Chapter a detailed analysis 

of this problem will be presented. 
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CHAPTER 3 

Free Jet Expansions of At,omic Mixtures: 

Application of the Boltzmann Equation to Two Component Mixtures 

In this chapter, a detailed derivation of flow equations that describes the 

relaxation of a two component atomic mixture in a free jet expansion will be given. 

The methodology is based on solving the Boltzmann equation using the method 

of moments. \Ve confine our study to atomic expansions, however, the extension 

to polyatomic molecules is quite straight forward within the framework discussed 

in the preceding chapter. 

3.1 Introduction 

As we mentioned in the introduction of the preceding chapter, vastly in

creasing utility of free jet expansions demands better theoretical understanding of 

not only pure gas expansions but also mixed gas expansions. This is especially 

true in the field of reaction dynamics where reactants are usually seeded in a buffer 

gas. 24 

A method similar to described below has been used by Takahashi and co

workers to calculate flow properties of a mixed atomic expansion, however, the 

details of their derivations remain obscure.83,84 Therefore, a detail discussion of a 

method of calculating jet properties that can accomodate arbitrary mole fractions 

of the constituents is of great importance. 

The analysis present.ed in the Chapter 2 was greatly simplified by the 

fact that the interacting particles possessed the same mass. However, the general 
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description of relaxation in mixed gas expansions can be obtained in a manner 

analogous to that employed for a simple gas.71 ,72,85 The absence of external forces 

and explicit position dependence in the distribution functions allow us to use two 

independent distribution fWlctions to describe the dynamics of a two component 

mixture. A complete description of the relaxation phenomena for an atomic mix

ture would then require the evaluation of eight dynamic variables, namely, a set of 

two translational temperatures, and independent density and hydrodynamic speed 

for each constituent. Molecular expansions would need the solutions for internal 

temperatures as well. Therefore, for the somewhat simplified case of two compo

nent atomic mixture, eight independent moment equations will be necessary to 

calculate the desired macroscopic properties. 

The difference between the hydrodynamic speeds of the two components, 

U2 - Ul = U12, is sometimes known as velocity slip.28,83,84,86 The finite value of 

this quantity considerably complicates the mathematical analysis of relaxation 

for a two component mixture. The velocity slip influences the process of energy 

exchange between two particles with differing masses in the flowing frame due to 

unequal cent.er of mass velocities for two particles in the parallel direction. 

Presented below is the general mathematical analysis for relaxation of a 

binary mixture in a free jet expansion using the Boltzmann equation. Vve will 

obtain eight independent moment equations to describe the flow. A detailed dis

cussion of the evaluation of collision tenns arising from these moment equations 

is given. To aid these calculations, a review of dynamics of a binary collision will 

also be presented. 
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this quantity considerably complicates the mathematical analysis of relaxation 

for a two component mixture. The velocity slip influences the process of energy 

exchange between two particles with differing masses in the flowing frame due to 

unequal cent.er of mass velocities for two particles in the parallel direction. 

Presented below is the general mathematical analysis for relaxation of a 

binary mixture in a free jet expansion using the Boltzmann equation. \Ve will 

obtain eight independent moment equations to describe the flow. A detailed dis

cussion of the evaluation of collision terms arising from these moment equations 

is given. To aid these calculations, a review of dynamics of a binary collision will 

also be presented. 
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3.2 Theory 

3.2.1 The velocity distribution functions 

Within the rationalization given in Chapter 2, ellipsoidal distribution func

tions where the velocity distribution is assumed to be Maxwellian in perpendicular 

and parallel directions with different temperatures will be used to describe the 

translational motion of the molecules.34,43,48 The absence of external forces and 

the absence of explicit position and velocity dependence in the distribution func

tions permit us to use an independent distribution function for each component. 

These two functions may be written as 

(3.2) 

Except in the cases of different temperature components, the subscripts 1 and 

2 denote the values of the quantity for component 1 and 2 respectively. The 

temperature components for particle 1 are denoted by T with the appropriate 

subscripts and the temperature components for particle 2 are denoted by t with 

the appropriate subscripts. 

A realistic representation of the jet can be obtained by solving the Boltz

mann equation for eight macroscopic observables using these distribution func

tions. Therefore, eight independent moment equations which are solvable for nl, 

n2, Ul, U2, 711, T.L, til and t.L are required along with the proper boundary condi

tions. 
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The velocity distribution fu,nctions, !I and h independently satisfy the 

Boltzmann equation.71 ,72,85 Therefore, in the absence of external forces we may 

write, 

(3.3) 

for particle 1 and 

(3.4) 

for particle 2. The post collision parameters are denoted by primed symbols in 

this derivation. 

The collision terms J1 and J2 describe the evolution of the velocity dis

tribution functions due to different molecular interactions in the non-equilibrium 

medium. The term J1 contains contributions from 1-1 type and 1-2 type interac

tions whereas J2 contains contributions from 2-2 type and 1-2 type interactions. 

'We will use Lennard-Jones potent.ials to describe these interactions. The solutions 

to these two equations can be obtained by the method of moments described in 

the preceding chapter. 

3.2.2 Method of Moments 

The common method of solving the Boltzmann equation is known as the 

method of moments.71 - 73 In this method, again both sides of the Boltzmann 

equation are multiplied by any function of velocity and then integrated over the 

velocity space. This procedure may be represented as 

(3.5) 

for particle 1 and 
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(3.6) 

for particle 2. In the present analysis these equations describe the evolution of 

various macroscopic properties of component 1 and component 2 in the non

equilibrium flow field. The dynamic evolution of these observables in the non

equilibrium flow field of a free jet expansion is governed by the initial acceleration 

of the jet as well as the rates of collisional energy transfer between various de

grees of freedom of the molecules. The left hand sides of Equations (3.5) and 

(3.6) in fact represent the relations between the gradients ofthe observables in the 

non-equilibrium flow medium. The overall efficiencies of energy exchange through 

molecular collisions are represented by the right hand sides of the equations and 

hence are directly related to the details of the collision processes occuring in the 

jet. As we will see shortly, such efficiencies depend on the viscosity and diffusion 

based cross sectioris of the molecules and can be calculated using an appropriate 

scattering model for the interatomic interaction potentials. 

The actual evaluation of the left hand side of the Equations (3.5) and (3.6) 

follows by transformation into polar coordinate systems. The general method of 

solution is described in Appendix A. 

The evaluation of the collision integrals in the right hand sides of the 

Equations (3.5) and (3.6) can be simplified by separating the overall integrals into 

two different integrals. The first integral then contains the contributions to the 

collision integrals arising from interaction between like molecules and the second 

integral accounts for the contributions arising from interactions between unlike 

molecules. Schematically, we have 
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for particle 1 and 

V2 V2 V2 

where Jij represents the contribution to the collision term from i-j type interac

tions. Each of these integrals may be evaluated within the frame work discussed 

earlier in Chapter 2. The collision integrals are given by the following expression. 

j1/Ji(VdJi,jdVi= j j j j(1/Ji-1/Ji)!i/i g bdbdg dvdv l (3.9) 
VI v' v 9 b 

where b is the impact parameter of the collision and 9 is the initial relative velocity 

of the particles. Once again the post collision parameters are denoted by primed 

quantities. It should be noted that further permut.ation of Equation (3.9) to obtain 

an expression similar to that given by Equation (2.4) is valid only if i_j.B5 

Moment equations are obtained by substituting appropriate functions for 

1/J followed by the integration. As was discussed previously in Chapter 2, sum

mational invariants are particularly interesting because the substitution of those 

quantities would cause the collision integrals to vanish. As stated above, eight 

independent moment equations are required for a complete solution to the present 

problem of a mixture of atomic species. Therefore, we need to identify eight dif

ferent functions of velocity to be substituted for 1/J which are either summational 

invariants, in which case that the collision integrals become zero, or other functions 
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which will lead to particularly simple forms for the collision integrals.73 Since the 

masses of the individual particles are not changed during the collisions, we can 

obtain two independent moment equations using mass conservation where colli

sion integrals are equal to zero. Two more equations are obtained by noting that 

the total energy and the total parallel momentum are also collisional invariants. 

Alternatively, we may choose functions such that these conditions are automat

ically satisfied. For example, we may choose the parallel momentum of particle 

1 and the parallel momentum of particle 2 to obtain two independent moment 

equations. The resulting collision integrals are then related by the conservation 

of total parallel momentum. Similar arguments apply for the conservation of the 

total energy. 

In line with the above discussion we choose parallel momentum for particle 

1, parallel momentum for particle 2, parallel energy for particle 1, parallel energy 

for particle 2, perpendicular energy for particle 1 and perpendicular energy of 

particle 2 to obtain the next six independent moment equations beyond mass 

conservation. Note that none of these quantities are summational invariants and 

therefore the collisional integrals will be non-zero. Using the expressions given in 

Appendix A, we obtain the following moment equations. 

a. summational invariance of mass of particle 1 

(3.10) 

b. summational invariance of mass of particle 2 

(3.11) 

c. exchange of parallel momentum for particle 1 
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(3.12) 

d. exchange of parallel momentum for particle 2 

dU2 d (n2ktn) 2n2k n2U2-+- - +-(tn-t.d=Z2 
dr dr m2 m2r 

(3.13) 

e. exchange of parallel energy for particle 1 

(3.14) 

f. exchange of parallel energy for particle 2 

2u~ dU2 + 3ku2 dtn _ 4ku2t.L = X
2 dr m2 dr m2r 

(3.15) 

g. exchange of perpendicular energy for particle 1 

(3.16) 

h. exchange of perpendicular energy for particle 2 

(3.17) 

In the above equations the terms Xi, Yi and Zi contains collision integrals to be 

evaluated using Equation (3.9). The actual derivation of these quantities will be 

presented later. 

As discussed earlier, the quantities Zi are related by the summational 

invariance of total parallel momentum. This relation is given by 

(3.18) 
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Further, the conservation of total energy leads to the moment eqation, 

(3.19) 

and this equation relates the quantities Xi and Yi in the following way. 

(3.20) 

Since the final evaluation involves a numerical integration, these relations can be 

effectively used to check for programming errors. 

The gradients of the interested macroscopic observables can be obtained . 

by solving the above eight simultaneous equations. This procedure leads to the 

following eight first order differential equations which are to be solved using proper 

boundary conditions. 

(3.21 ) 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

(3.26) 
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(3.27) 

dtJ. 2tJ. m2Y2 

dr = --;:- + 2ku2 (3.28) 

These equations represent the evolution of the macroscopic properties under the 

influence of the jet acceleration and the collisional energy and momentum exchange 

in both dimensions. One can clearly infer the coupling of beam acceleration to the 

properties in the parallel direction. This effect which is extremely important in 

the early part of the expansion has been ignored by many approximate treatments 

of this subject. 

3.2.3 The Dynamics of a Binary Collision 

The evaluation of the collision integrals Xi, Yi and Zi requires the knowl

edge of the dynamics of a binary collision. Therefore we give a brief discussion on 

the subject and derive the preliminary expressions which are necessary to evaluate 

the collision int.egrals. 

In Figure (3.1), we give a center of mass representation of atomic trajecto

ries during a direct collision. The scattering angle and the impact paramet.er are 

denoted by X and b respectively.72,73,85 Let us denote the center of mass velocity 

by V. We then have 

(3.29) 

(3.30) 



Figure 3.1: Center of mass representation of the scattering process for an atomic 

system. The plane of the paper defines the scattering plane. 
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where 

(3.31) 

(3.32) 

where we have denoted the net hydrodynamic speed of the center of mass by u. The 

forces between the atoms are asswned to act between their centers and therefore 

the trajectories are confined to the scattering plane throughout the collision. Let us 

suppose that the scattering plane is inclined by an angle e to an arbitrary reference 

plane parallel to g (See Figure (3.2)). The general expression for collision integrals 

given Equation (3.9) shows that two important quantities have to be detennined in 

order to evaluate this integral, namely, V,2 - v~ and v, -Vi. The average values 

of these quantities can be evaluated by introducing a local polar coordinate system 

on the streamline such that 

9r = 9COSO 

90 = gsinOcos</> 

9q, = 9sinOsin</> (3.33) 

The angle 0 denotes the angle between the streamline and the initial relative veloc

ity and is identical to the angle 0 introduced in Chapter 2. Using this coordinate 

system purely geometrical reasoning leads to87 

(3.34a) 

(3.34b) 



Figure 3.2: Definition of angle €; this is the angle between the scattering plane 

and an arbitrary plane parallel to g. 
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The components of the vector quantity w relative to the arbitrary plane are given 

by the following equations. 

Wr = cos ~ sin8cosf 

We = -cos ~ (cos8cOStjJCOSf + sintjJsinf) 

Wt/J = -cos ~ (cos8sintjJcosf - costjJsinf) (3.35) 

'We are now in a position to calculate the average difference of velocity and the 

square of velocity before and after the collision for a given particle in a given 

direction. For example, the average difference of velocity for particle 1 in the 

parallel direction is given by 

271' 

< V~,l - Vr,l >= 2.B2gsin ~ J g(cos8sin~ + cos; sin8cosf)df 

o 

The integration over f yields 

< V~,l - Vr,l >= 271".B2gcos8(1 - COSX) 

(3.36) 

(3.37) 

It can also be inferred from the above relations that after integration over f 

< V~~l - V;,l >= 271" [4.B29CoS8 sin2 ~ (Vr,l + .B2gcos8) 

.1.1 2 2 1 - 3cos
28 . 2 1 

+1-'2g 2 sm X (3.38) 

In the parallel direction, center of mass velocity has a contribution from the beam 

speed and therefore we have from Equation (3.29) 
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(3.39) 

where net hydrodynamic speed of the center of mass in the parallel direction 

is denoted by ull' It is important to note that the analogous quantity in the 

perpendicular direction is zero. Substitution of Equation (3.37) to Equation (3.38) 

leads to 

< V~~l - V;,l >= 271' [2( ull + Vr )f32gcosB(1 - COSX) 

a2 21 - 3cos
2
B(1 2)] +1-'2g 2 - cos X (3.40) 

Similarly, the corresponding quantities in the other dimensions can be derived. 

Many of these expressions will be given later in the derivation as they become 

necessary. 

3.2.4 The Expressions for the Collision Integral, Xl 

vVe will illustrate the actual derivation of the collision integral Xl in this 

section. The derivation of expressions for Xi( i = 2,3,4), the collision integrals re

sulting from energy exchange in different dimensions, will be similar and therefore 

the specific details and the final expressions are given for those quantities in the 

subsequent sections. 

\Ve first note that the energy exchange in any dimension for particle 1 

is affected by collisions between particle 1 with like particles or unlike particles. 

Therefore, Xl contains contributions from 1-1 type interactions and 1-2 type in

teractions. To maintain the clarity of the derivation we write 
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(3.41) 

In this equation,' Xl (11) represents the collisional contribution to the relaxation 

process from 1-1 type interactions. The expression for this quantity follows directly 

from Chapter 2 (See Equation (2.16)) and we have 

(3.42) 

where {) = cosO and Al = (Tn - T.d/lIl are defined similar to Equation (2.19). 

Derivation of an expression for Xl (12) follows from substituting Equation 

(3.40) into Equation (3.9). The procedure can be simplified by noting that there 

are two terms in Equation (3.40). The first term involving (1- COSx) corresponds 

to momentum transfer cross section and the second term involving (1 - cos2X) 

corresponds to the thermal conductivity based collision cross section. 73,85 The 

derivation can be best illustrated by considering the substitution of each of these 

terms into Equation (3.9) separately. We therefore write 

(3.43) 

where Xl (12)m denotes the term containing the momentum transfer cross section 

and Xl (12)t denotes the term containing the thermal conductivity or viscosity 

based cross section. Due to its simplicity of derivation, let us first consider the 

evaluation of the second term. We can write 

(3.44) 
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The Jacobian of transfonnation of velocity differentials to the center of mass co

ordinate system is given by 

(3.45) 

The substitution for iI, h then yields a complete expression for for X 1(12),. 

J 5 2 2 (-m1(Vlll - Ul)2) (-m2(VII2 - U2)2) 9 (1- 3cos 8)(1- cos x)exp . exp . 
2kTil 2ktll 

(3.46) 

The first step of solving this equation involves simplification of the exponential 

tenns followed by integration over V. We rewrite Equation (3.29) and (3.30) which 

are the starting equations for the solution. 

(3.29) 

(3.30) 

Since there is no net flow in the perpendicular direction we have U.L = O. In the 

parallel direction net hydrodynamic speed of the jet add to the center of mass 

velocity and we have 

(3.47) 

Therefore we obtain 
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(3.48) 

(3.49) 

where we have written t412 = "2 - "1 and w = "12 + gcos8. Local velocity 

components in the perpendicular direction can be obtained by 

(3.50) 

for particle 1 and 

(3.51) 

for particle 2 We now substitute Equations (3.48-51) into Equation (3.46) and 

carry out the integration over Vr1 Vo and Vcf; using standard integration methods 

to yield 

(3.51) 

where the reduced mass is denoted by p. and the viscosity based collision cross 

section is defined as 

(3.52) 
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Calculation of this quantity using a low energy numerical scattering model will 

be discussed briefly in Appendix C.34,69,73 The quantities 911 and 90l have the 

dimensions of temperature and are defined by the following relations. 

(3.53) 

9-1 _ .&. + PI _ p.Toltol (...!.. _ 2-) 2 

ol - Tol tol mItol + m2Tol Tol tol 
(3.54) 

A difficulty of further simplification of Equation (3.51) lies with the coupling be-

tween 9 and UI2. At the limit where UI2 = 0, analytic expressions to the above 

collision term can be obtained by an analogous method to the flow analysis of a 

pure gas. For many gas mixtures used in modern experiments, such an approxima

tion is not in order. Therefore, we have to properly account for the contributions 

from velocity slip to the overall relaxation process. This can be achieved by ex

panding the exponential term containing UI2 in a Taylor series around U12 = o. 
The collision term can be then evaluated by serial substitution of the resulting 

series into Equation (3.51). The truncation will be then based on the relative 

values of U12 and the local parallel velocity term, (2k911/ p.)1/2. 

The Taylor expansion of exp(-p.w2 /2k911) is shown in Appendix D. vVe 

note that the substitution of terms containing odd powers of gcos8 cause the 

integration over 8 to be zero. Therefore, we only consider the terms involving 

even powers of gcos8. In an analogy with Tefl defined in the previous chapter we 

define 

9 II - __ 9_ol---::-
e - 1 _ KCOS8 

(3.55) 

\\Te further define 



2 ,..? - P,9 
elf - 2kgelf 

and the viscosity based collision cross section then becomes 

l. 

Q(2) = 211'~ ( ~6(1, 2) ) a 

5 "YelfkgeJ/ 

73 

(3.55) 

(3.56) 

The evaluation of Xl (12), using these expressions then becomes laborious but 

quite straight forward. The integration is first carried over 9 followed by cos9 for 

each term in the series given in Appendix D. The integration over cos9 cannot be 

done analytically and therefore has to be numerically evaluated at each point of 

integration of the moment equations. The expression for X 1(12), becomes 

1 

( 
9.L ) 2 2 4 2 6 J (1 - 3192 )194 

+15.4R1 9 (-3 x - -3 x + ... ) II d19 + 
II (1 - 1\:19) a 

where x and Rl are given by 

o 

2 
x 2 = P,U12 

2k9 11 

0.313n {32(m m )t (CIlO,2»)t (2k9.1.)3 

R 
_ 2 2 1 2 k9.l. P. 

1 - .ll l. 
k 2 (ml til + m2711) 2 (ml t.L + m2TJ.) 

(3.58) 

(3.59) 

(3.60) 

As mentioned above, the validity of truncating the series depends on the value of 

x. For a mixture containing masses which are very different, the value of x can 
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be significantly big and hence more terms may have to be included in the above 

expression for a realistic representation of the jet. 

The derivation of an expression for Xl (12)d is quite analogous but slightly 

more complicated than the derivation given in the preceding section. It requires 

the calculation of the diffusion based collision cross section, Q(l), given by 

Q(l) = 211' J (1 - cosx )bdb (3.61) 

The procedure of calculating this cross section using a model scattering function 

is described in Appendix C. The result is 

(3.62) 

Substituting the first term in Equation (3.40) into Equation (3.9) followed by 

integration over Vr , Vs and Vq, yields after simplification 

(3.63) 

Substitution of the series expression and carrying out the integration yields 



1 

(
9.l ) (2 4 1 6 ) J 19

4 

+2.7R2 -9 2x - 2x + -6 x +... 1.1. 
-II (1 - K19 2 ) a 

o 

(
9.l)2 2 4 2 6 . Jl 196 

+9.8R2 -9 (-ax --ax + ... ) ¥ + ... 
-II (1-K192) 

o 

1 2 

+.m(2x - 2x3 + x S + ... ) J 19 i 
(1 - K192 ) 

o 
I 

(
9.l ) , 4 3 4 I) J 19

4 

2.7 -9 R2 (-a X - -ax + ... ) II + ... 
-II (1-Kt92 )a 

o 

where R2 and R~ are given by 

, 5.93n2.B2(mIm2)i(mIuItli +m2U2TII)(2k~,)3 (~) 
R2 = 01 .1 

k:l (mItli + m2711):1 (mlt.l + m2 T.l) 
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(3.64) 

(3.65) 

(3.66) 

Using Equations (3.42) and (3.64-a.66), we can obtain the complete expression for 

3.2.5 The Expressions for the Collision Integral X 2 

This term corresponds to translational energy exchange in particle 2 in 

the parallel direction and therefore resembles the form given for Xl' The energy 

exchange is determined by 
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The expressions for X2 may be obtained by comparing this equation to Equation 

(3.40). Separating contributions from 2-2 type and 1-2 type interactions we may 

write 

(3.68) 

Now again the expression for X 2(22) follows from the pure gas flow theory pre

sented in Chapter 2 and we have, 

X 2 (22) = 6.41n2 (C6(22)) * (~) i (t±) /1 1 - 3'19
2 

.A dt9 
kt.1. m2 t2 (1 - ,\2'192 ) 3 

II 0 

(3.69) 

where '19 = cosO and '\2 = (til - t.1.)/tll) are defined similar to Equation (2.19). 

Then separating the contributions irom momentum transfer and energy 

transfer we write 

(3.70) 

\Ve have discussed similar separation of terms for Xl (12) earlier. The expression 

for X 2(12)t is obtained by replacing n2, (32 with nl, (31 in Equation (3.60). The 

result is 

1 

(0.1.) ? 2 4 1 6 ) / (1 - 3'19
2

)'19
2 

+3.3Ra -0 (_x - 2x + -6 x +... II dt9 
-II (1 - Kt9) 3 

o 
1 

(0.1.)2 2 4 2 6 J (1- 3'192 )'194 

+15.4Ra -0 (-3 x - -3 x + ... ) II dt9 + ... 
- II (1 - Kt9) 3 

o 

(3.71) 
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where R3 is given by 

O.313n t.l2(m m )i(Ce(1,2»)t(2ke.J.)3 
Ra = 11-"1 1 2 ke.l. IJ 

ki(ml tU + m2211)1(mltJ. + m2T.d 
(3.72) 

Similarly, X 2(12)d is obtained by replacing n2 and m2 by nl and -ml in Equations 

(3.65) and (3.66). The result is 

(3.73) 

where R4 and R~ are given by 

(3.75) 
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3.2.6 The Expressions for the Collision Integral Y 1 

This term results from our seventh moment equation Equation (3.16) where 

translational energy exchange in the perpendicular direction is considered for par

ticle 1. The average energy exchange is related to 

12 2 [ • (J.I.( ) /.22 3cos
2 

(J - 1 . 2 ] < VO,I - VO,I >= 271' 2V0f329sm COSY' 1 - cosx + fJ2 2 sm X (3.76) 

2 [. 3cos
2

(J - 1 . 2 ] < V~,I - v4>,1 >= 271' 21'4>f329sm(Jcos~(1 - C08X) + f3i 2 8m X (3.77) 

Inserting these expressions and noting that vI = v~ + v~ we can obtain the ex

pressions for Y1 • Similar to that of X I and X 2 we may write 

(3.78) 

where 

(3.79) 

(3.80) 

I 2 2 
? (0.L)?2 4 16 1(1-19)19 +_.7Rs -0 (_x - 2x + -6 x + ... ) II 

-II (1 - K19 2 ) 3 
o 
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1 

(9.1)2 2 4 2 6 J (1 - 192 )194 

+9.8Rs -e (-aX - -aX + ... ) l.i + ... 
- II (1 - Kt92 ) 3 

o 

(a.81) 

where Rs is given by 

(a.82) 

3.2.7 The Expressions for the Collision Integral Y 2 

This term describes the energy exchange of particle 1 in the perpendicular 

direction. The average energy exchange in this direction is related to 

< V~~2 - V~,2 >= 27l" [-2l'ef319SinBCOS<!>(1 - COSX) + f3? acos~ - 1 sin2x] (3.83) 

12 2 [. ) 2 acos
2
B - 1 . 2 ] ( ) < V4>,2 - V4>,2 >= 27l" -2Vt/J319smBcos<!>(1 - cosx + f3l 2 sm X 3.84 

Separating into different contributions we may write 

(3.85) 

Once again the expression for X,,(22) follows from the discussion given in the 

previous chapter and we have 

(a.88) 

(3.87) 
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1 2 
y; (12) = D_ e-Z

2 J (1 - 19 ) 
2 d ""6 (1 _ ,,192)1 

o 

1 

(
0.L)2 2 4 2 6 J (1- 192 )194 

+9.8ilG -0 (-3 x - -3 x + ... ) 1I 
-II (1 - ,,192 ) 

o 

+ ... (3.88) 

where R6 is given by 

6 On m (m m )t(t _ T )(C60,2»)1 (2k0 .t)3 

R 
. 1 1 12 .L .L k0.i. Il 

6=- .il l. 
k 2 (m1 + m2)2(ml til + m2111) 2 (mlt.L + m2T.L)2 

(3.89) 

\Ve have now derived all the expressions for energy exchange moment equations. 

It can be easily verified that the requirement of conservation of total energy given 

'by Equation (3.19) is satisfied by the equations given above. 

3.2.8 The Expressions for Momentum Transfer Integrals Zl and Z2 

These two terms are contained in the moment equations where the ex

change of parallel momentum for each particle is considered. The method of 

derivation is quite similar to the method presented above. We first calculate the 

average momentum exchange during a collision. Using Equation (3.34a) we obtain 

< V~,l - V r,l >= 27r{329COS()(1 - COSx) (3.37) 

for particle 1 and 

< V~,2 - V r ,2 >= -27r{319COS()(1 - COSX) (3.90) 
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for particle 2. Substituting these expressions to the general expression for the 

collision integral given by Equation (3.9) followed by integration over all velocity 

and angle variables we obtain expressions for Zl and Z2. One important ~fference 

is that non-zero contributions to these terms arise from the terms containing odd 

powers of gcos(J in the Taylor expansion given in Appendix D. The final expression 

for Zl becomes 

1 

( e..l.) 4 3 4 5 J 19
4 

+2.7R7 -8 (-3 x --3x + ... ) II 
- II (1 - ",192 ) 3 

o 

1 2 

Z2 = (2x - 2x3 + x 5 + ... )Rs J {) 1 
(1-",192 )3 

o 

where Rs is given by 

(3.91) 

(3.92) 

(3.93) 

(3.94) 

It is easily seen that the condition of conservation of total parallel momentum 

given by Equation (3.18) is satisfied by these expressions. 

These expressions for Xi, Yi and Zi can be substituted into the eight differ

ential equations derived earlier (Equations (3.10-17)) and can be integrated using 
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proper boundary conditions to obtain the eight macroscopic variables depicted ear

lier as a function of distance. The exactness of the derivation can be maintained 

by including extra terms from the series as necessary. 

3.2.9 Boundary Conditions 

The eight moment equations presented above need to be numerically inte

grated to obtain the desired macroscopic observables of the mixed jet expansion. 

The determination of initial boundary conditions is again based on the consen'a

tion of molecular flux through the sonic plane and some arbitrary surface down

stream of the jet. The details of this drivation is given in Chapter 2. It may be 

useful to glance at section 2.2.4 in order to follow the discussion given below. 

The initial values of Ul and U2 are obtained as the lowest physically rea

sonable values that can maintain the integrity of the spherical expansion. These 

conditions are forced upon us by the singularity points in Equations (3.23) and 

(3.24) when ml ui - 3kl11 = 0 and m2u~ - 3ktll=O. None of these quantit.ies can 

be negative since this condition would predict decelleration of the jet which is not 

physically reasonable. 

Moreover, based on arguments given in section 2.2.4 and the conservation 

of total energy given by Equation (3.19) we calculate at the singularity point 

(3.95) 

We now consider the conservation of molecular flux for both molecules and use 

the results and method presented in section 2.2.4 to obtain 

(3.96) 
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(
kTO) 1 

Ul,i = 1.37 ml (3.97) 

(
kTO)1 

U2,i = 1.37 m2 (3.98) 

These conditions can be used to initiate the numerical integration of the moment 

equations. 

3.3 Conclusion 

\Ve have presented a method based on the Boltzmann equation to calcu

late various macroscopic properties of a binary atomic mixture. The method in 

general can be used to calculate flow properties of a mixture with an arbitrary 

composition. This alone is an improvement since earlier approximate methods 

assume vanishingly small mole fractions for the second component of the mixture. 

The method explains the complete nature of the expansion by calculating eight 

macroscopic observables. 

The magnitude of the velocity slip between the two components compli

cates the theoretical procedure considerably. This quantity can be now calculated 

at any distance in the using the theory presented. The knowledge of this quantity 

is particularly important in designing kinetic experments in a mixed jet expansion. 

The inclusion of a reasonable number of terms from the series expression 

given in the text can make the treatment 'exact' within the validity of the ellip

soidal distribution functions and the Lennard-Jones potential that was used to 

describe the energetics of the expansion. 
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CHAPTER 4 

Free Jet Flow Reactor 

In this chapter, general principles of the free jet How reactor method that 

is used to obtain the rate measurements for ion-molecule reactions occuring in free 

jet expansions below 20K will be discussed. Details of data acquisition and analysis 

will be reviewed. This discussion will be based on the theoretical developments 

presented in Chapters 2 and 3. The data analysis and specific experimental details 

for different classes of reactions will be given in the appropriate chapter. 

4.1 Introduction 

Practical limitations regarding the achievement of gas temperatures below 

80K under conditions suitable for kinetic analysis have hindered low temperature 

reaction studies.12 ,25,27,88 The Free Jet Flow Reactor Technique which combines 

time of flight mass spectrometry with resonance enhanced multiphoton ionization 

spectroscopy in free jet expansions is a novel experimental design which allows 

kinetic measurements to be performed down to 0.5K. 

Three other research groups have developed methods for the study of ion

molecule reactions below 80K. Using a cryogenically cooled selected ion drift tube 

Bohringer and Arnold have obtained rate measurements of many ion-molecule 

reaction systems down to 40K.27,89 Temperatures as low as 13K were achieved 

by Dunn and coworkers using a cryogenically cooled Penning ion-trap. Their 

measurement of the radiative association rate coefficient of CHt + H2 at 13 K 

marks an important. development in laboratory interstellar chemistry.90 A problem 
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associated with cryogenic cooling concerns the possible condensation of neutral 

reactants in the reaction cell. This has led to problems in the flow tube and has 

prevented the study of many interesting chemical reactions which were open for 

study in Dunn's apparatus. 

The CRESU method (an acronym for the french translation of 'reaction 

kinetics in a uniform supersonic flow. ') developed by Rowe, Marquette and cowork

ers employs computer optimized de Laval nozzle expansions to obtain uniform gas 

flow with constant temperature and density.25,41.42 This method of flow has been 

used by aerodynamicists in rarefied gas wind tUIUlels for simulating high altitude 

conditions of supersonic flight. Isentropic flow through a suitably contoured con

verging diverging nozzle leads to high Mach numbers and thereby provides cooling 

according to 

T. M2 
~ = 1 + (-y - 1)-
T 2 

(4.1) 

where, is the heat capacity of the gas and M is the Mach number. Several 

discret.e temperatures in the range of 8-1701{ have been achieved with different 

nozzle sizes and buffer gasses. The huge pumping capacity that is required during 

the operation is provided by a bank of diffusion pumps in a modified wind tunnel 

in their facility. The local thermal equilibrium which exists in a uniform flow also 

allows the use of kinetic analysis identical to conventional flow tube techniques. 

The CRESU method however, demands very heavy gas consumption which is 

economically unfeasible for routine laboratory operation. 

The approach we have taken also employs supersonic expansions. How

ever, the utility of pulsed nozzles with much smaller diameters and much reduced 

duty cycles, reduces the gas consumption by approximately four orders of mag

nitude compared to a similar CRESU experiment and also simplifies the vacuum 
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requirements in the main reaction chamber. The free jet expansions however, do 

not maintain thermal equilibrium in the range where kinetic experiments are per

formed. Thus, a procedure based on the nature of molecular interactions in a 

thermally anisotropic medium have been developed to assign temperatures to the 

measured rate coefficients to allow direct comparison with equilibrium measure

ments. 

A typical experimental process is initiated by expanding the desired gas 

mixture through a pulsed nozzle. The ion precursor is usually seeded in the mix

ture. At a pre-determined distance from the nozzle, the ions are produced by 

resonance enhanced multiphoton ionization (REMPI) in a state selective fashion. 

The resulting ion packet is then allowed to flow down stream with the neutral 

reactant. At a pre-determined distance a repeller pulse is applied perpendicular 

to the flow axis to extract the ions into a time-of-flight mass spectrometer. The 

time that it takes for the ion packet to arrive at the repeller zone from the initial 

point of ionization determines the reaction time. The rate measurements can be 

accomplished by either of two methods. In the first method, the reaction time is 

varied by varying the position of the mass spectrometer. The mass spectrometer 

rests perpendicular to the flow axis and is capable of translating 0-50 cm from the 

nozzle exit plane. This method effectively measures the progress of the reaction 

as a function of the reaction time. In the second method, the effective neutral 

reactant density is varied by varying the distance between the ionization region 

and the nozzle exit plane. This is achieved by moving the nozzle assembly relative 

to the laser ionization point. Both of these movements are routinely carried out 

without disturbing the vacuum conditions. 
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4.2 Methodology 

Figure (4.1) shows a schematic of the free jet fiow reactor. The pulse 

sequence is initiated by expanding the gas mixture into the vacuum chamber. 

hl bimolecular experiments reported here, precise relative gas composition in the 

stagnation chamber is maintained by fiow regulators (Tylan Corp.). Since the 

stagnation pressure is maintained at a constant value (typically 100 torr to 3 

atm.) by diverting the bulk flow to a controlled pumping system, absolute flow 

rates through regulators are not important. The homogeneity of the mixtures is 

ensured by a mixing zone in the gas flow network located soon after metering. 

Two types of pulsed molecular beam valve systems were used in the exper

iments reported here, a valve driven piezoelectrically and a solenoid driven valve. 

The most important requirement in using any molecular beam valve in the present 

experimental method is that flow must be limited by the size of the nozzle orifice. 

Unfortunately, our experience with pulsed nozzles suggest that nozzle throat lim

ited flow is achieved only under specific conditions of applied voltage and pulse 

width. This is due to the mechanical requirements of the sealing poppet of the 

valve to travel far enough and long enough such that undisturbed flow through the 

nozzle orifice can be achieved at least for a period of 200jls. There is a quite long 

time lapse between the trigger and the establislunent of conductance limited flow. 

A simple experiment that measures the absolute flow rate through the nozzle can 

be used to determine the conductance of the nozzle during the operation. This 

flow rate then gives an effective diameter for the nozzle orifice. In all experiments 

reported here, the measured effective nozzle diameter is equal to the physical di

ameter of the nozzle orifice. This is absolutely necessary to justify our use of flow 

dynamic theories such as the model discussed in Chapter 2 to obtain density 



Figure 4.1: A schematic of the free jet flow reactor. 
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and temperature profiles of the jet. Earlier experiments were carried out using 

piezoelectrically driven molecular beam valves (Laser Technics) with flat nozzles 

with orifice diameters of 0.030 cm and 0.050 cm. The pulse duration was main

tained in the range of 200-3001l8 to ensure nozzle throat limited flow. The applied 

voltage to the piezoelectric crystal was usually 200-225V, however, higher voltage 

was necessary as the valve aged. It should be noted that this voltage is higher 

than the manufacturer suggested value for 'typical operation' of the valve. Using 

a nozzle with a diameter of 0.050 cm, nozzle orifice limited flow was obtained with 

difficulty. An operating voltage of 225V and pulse widths near 300ILS had to be 

used. The use of wider pulse widths presents pumping problems in studies carried 

out at high stagnation pressures. With a nozzle of 0.10 cm, nozzle throat limited 

flow could not be obtained even at highest operating conditions. Although this 

beam valve proved very useful in the development stages of this work it was found 

to be unsatisfactory for general use as a nozzle orifice limited pulsed valve for jet 

kinetic studies. 

The solenoid driven beam valves manufactured by General Valve Corpora

tion were used in the later experiments and were found to be suitable for routine 

operation. The nozzles were shimmed to increase the distance between the noz

zle face and the solenoid which effectively increases the traveling distance of the 

sealing poppet. Using this assembly, nozzle throat limited flow through a nozzle 

orifice of 0.030 and 0.050 cm. can be routinely obtained. A 300V pulse to a 700 

solenoid has to be applied for a minimum duration of 400ILS to obtain the required 

flow conditions. 

The small size of the entrance aperture to the mass spectrometer combined 

with the directions of the laser beam and the repeller pulse ensures the sampling of 

the central core of the jet during the experiments. Therefore, density and thermal 
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gradients that may exist at distances away from the centerline of the jet do not 

affect our experimental method. 

Figure (4.2) shows a schematic of the interior of the machine. The gas 

expands into a vacuum chamber that is multiply Il-metal shielded to keep the 

magnetic fields to a level less than 0.5 mGauss. The interior of the chamber is 

graphite coated to minimize build up of local electric fields. The base pressure in 

the chamber is less than 1 x 10-5 torr during the operation. 

Delay 1 controls the timing between the initiation of the gas pulse and 

the laser firing. The laser radiation obtained by an Excimer (Questek; XeCI, 308 

nm) pumped home built dye laser is focused at the center of the jet using 2 - 12" 

confocal lenses as required to obtain a reasonable density of ions. Lenses with small 

focal lengths gives best signal to noise ratio for molecules with low ionization cross 

sections. Wavelengths shorter than 320nm, were obtained by frequency doubling 

of visible radiation using a KD*P crystal. 

The present method of ionization, resonance enhanced multi photon ion

ization, (REMP!), is used instead of more conventional electron beam ionization 

techniques due to the selectivity of the internal state of the ion it can provide. 

This is very important in all reactions presented here since ion-molecule reaction 

dynamics are often state selective and also the statistical modeling often requires 

the knowledge of the internal states of the reactants.91 ,92 The ionization process 

in an intense laser field follows essentially by two steps. In the first step one or 

more photons promote the molecules to a predetermined rovibrational level of a 

high lying valence or Rydberg electronic states of the molecule. In the second step 

the molecules are ionized by one or more photons. The excess energy in this step 

transforms to kinetic energy of the electron. Ionization through Rydberg states 

often occurs with the retention of the vibrational state (~v = 0). However, it is 



Figure 4.2: Interior of the reaction chamber: NZ is the translatable nozzle as

sembly; LF the laser focus point; RP the repeller plate; MS the translatable TOF 

mass spectrometer. The distances Zj and Z f are the nozzle to ionization and the 

nozzle to detection distances respectively. 
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not always the case with resonance valence states. Therefore the kinetic energy 

measurement of the electrons released in the process (photoelectron spectroscopy, 

PES) can be used to determine the internal state of the ions. Such studies can be 

found in the literature for most of the ions which are studied in this work.91 ,92 In 

many of our studies such information was directly used to prepare the reactant ions 

in known vibronic levels. Further, the REMPI ionization, if maintained below the 

space charge limit, is not expected to impart translational energy to the resulting 

ion. Assuming 10% throughput on the mass spectrometer we calculate that the 

initial ion density is always less than 1Q6cm-3 which is below the space charge 

density. 

The ionization step also initiates the reaction. The resulting ion packet 

produced in the core of the jet is allowed to flow downstream with neutral reactants 

in a field free region. The reaction time is determined by the difference between the 

time of ionization and the time of extraction at the repeller zone as determined 

by Delay 2. At the repeller zone, the ion packet extracted and is focused into 

a time-of-flight mass spectrometer by applying a repeller pulse perpendicular to 

the flow axis. The repeller voltage can be varied from 100-1000V. For t.ernary 

association experiments, the lowest possible repeller voltage was used to extract a 

sample of ions into TOF to avoid dissociation of clusters during the extraction. 

A time of flight mass spectrometer is used to detect the ions in our exper

iments. A Wlique feature of the present instrument is the mobility of the mass 

spectrometer. The mass spectrometer can translate perpendicular to the jet flow 

axis to a distance of 50 em from the nozzle exit plane. The spectrometer protrudes 

through a flange which slides on a concentric double 0 ring sealed surface ma

chined into the wall of the reaction chamber. The outer 0 ring is compressed 

to 90% of its original width to provide a wiping mechanism to the sliding flange. 
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The inner ring is compressed to the normal 84% of its original width to provide 

the vacuum seal. The mass spectrometer is modeled after the two £eld Wiley

McLaren design.93 The size of the entrance aperture is 0.5 cm2 • The repeller pulse 

focuses the central portion of the ion packet to a region consisting of two deflectors 

which nullify the vertical velocity components of the ions and other elements of the 

ion-optics accelerate and focus them onto the detector. After exiting this region 

of ion optics the ions are allowed to drift a distance of 1.4 m which provides the 

mass separation. The ions are detected by a biased multichannel plate detector. 

Capacitive coupling of the anode of the detector allows the operation of the mass 

spectrometer in either of positive or negative ion modes. The signal is amplified 

and signal averaged by a 200AfHz transient signal digitizer (LeCroy 9400/w). The 

mass spectrometer provides a resolution of (m/ ~m) of about 200 at a mass of 30 

(m/e) which is sufficient for the present studies. 

The average speed of the ion-packet is an important diagnostic of the 

kinetic studies. The kinetic studies can be successfully performed using the present 

teclmique only if the speed of the ion packet is equal to the speed of the jet. 

The speed of the ion packet can be measured by determining the time that is 

required for the ion packet to arrive at the extraction zone. A speed plot of 

the ion packet can be obtained by measuring the arrival time of the ion packet 

as a function of the distance between the mass spectrometer and the ionization 

region. The slope of the plot gives the average speed of the jet. In all experiments 

reported here, the measured speed of the ion packet is found to be in very good 

agreement with the calculated speed of the neutrals using the theoretical model 

discussed in Chapter 2. The measured speed sometimes serves as diagnostic to the 

determination of proper alignment of free jet axis and laser axis with respect to the 

drift axis of the mass spectrometer. We find that proper geometric alignment of 
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these axes is crucial in kinetic studies. In cases where the ions produced are not in 

thennal equilibrium with the buffer gas, higher speeds than predicted from theory 

may result. The kinetic data can be obtained by measuring the relative ion-mass 

composition as a function of the position of the mass spectrometer. The functional 

relationship between the measured mass spectrum and the location of the mass 

spectrometer with respect to the ionization can be used to obtain rate coefficients. 

One disadvantage with this method however, is that at distances closer to the 

ionization region, high neutral density can lead to the dissociation of product ions 

(viz. weakly bOWld ionic clusters) during the extraction process. To avoid this 

problem the sampling has to be started farther downstream where the signal to 

noise ratio is relatively smaller. In the second method the nozzle assembly can be 

moved with respect to the region of ionization thus varying the effective density of 

the neutral reactant. The mass spectrometer is held at a fixed distance where the 

dissociation of the association products is not significant. The relationship between 

ion mass intensities and distance between the nozzle exit plane and the ionization 

region can be used to obtain the rate coefficients. The detailed mathematical 

process of data analysis applicable for different reaction schemes and method of 

detennination of rat.e coefficients will be discussed in subsequent chapters. 

The rate coefficients are obtained by multiple measurements Wlder many 

different conditions. For example, the variation of the stagnation pressure and 

nozzle diameter can be combined to obtain similar thermal conditions in different 

parts of the jet. Such measurements have been always used to check the reliability 

of the rate measurements and our use of flow theory to assign a bulk temperature 

to the rate coefficients. 
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4.3 Kinetic Analysis 

As it ~s clear from the discussions given in this chapter as well as in the 

preceding chapters, the reactions in the present experiments occur in a constantly 

changing environment. Thennal conditions as well as the density in the mediwn 

change as a function of distance. The success of the present method is largely 

based on our ability to obtain rate coefficients by detennining the evolution of the 

mass composition of the ion packet. We illustrate below, the general procedure 

of detennining rate coefficients using the experimental data. The specific proce

dures involved in analysing data for different classes of reactions are illustrated in 

subsequent chapters. 

There are two methods of choice for measurement of rate coefficients in 

the jet. The first method involves the measurement of the mass spectrum as a 

function of the distance between the nozzle exit plane and the ionization point, Zj. 

The mass spectrometer is fixed at a pre-determined distance from the ionization 

point. Consequently, the reaction time remains constant and the effective density 

of the neutrals is varied. In the second method the distance between the nozzle 

and the ionization point is held at a fixed value and the reaction time is varied by 

varying the distance between the ionization point and the extraction zone, Z f. 

Let us consider a general representation of reactions occuring in the free 

jet expansions. 

(4.2) 

The value of m can be 1 in the case of bimolecular reactions or can be 2 for 

tennolecular reactions. The differential rate law can be written as 
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(4.3) 

where the last tenn describes the drop in ion density due to physical expansion. 

The jet speed is denoted by u and k is the appropriate rate coefficient. Ionic 

diffusion is expected to be minor at these densities and temperatures and is ignored 

in this treatment. The above integration may be simplified using the relation 

between the bulk flow velocity, u, and the distance, z, at a given time t. At 

distances where we carry out the experiments the flow velocity has approached 

its terminal value, uoo , and therefore, the density of the center streamline at a 

distance z is given by 

(4.4) 

where Bo is the stagnation density and Zo can be determined by flow theory. The 

value for Zo is given by 

Zo = O.806RN (4.5) 

for atomic expansions and 

Zo = O.591RN (4.6) 

for diatomic expansions where RN is the nozzle radius. Incorporating these rela

tions into the differential rate expression given above we obtain 

_ d[.4+] = k [E]m [zo ]2m dz + 2dz 
[A+] 0 z Uoo z (4.7) 

The value of Uoo is obtained from experimental measurements of the arrival time 

of the ion packet at the extraction zone. Alternatively this value can be calculated 
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using the theoretical procedure discussed in Chapter 2. In all experiments reported 

here very good agreement between theory and experiment is obtained. Also a 

range of z in the beam is selected for a given kinetic run such that the averaged 

temperature over the range is essentially constant. Therefore, k should not vary 

over this same range. This allows the integration of Equation (4.7) which yields 

where subscript r indicates that the ion signals were measured in the presence of 

the neutral reactant. 

Further simplification of this equation requires the knowledge of the quan

ti t.y [A +]:: i' N ow suppose that the measurement is repeated in the absence of the 

neutral reactant. Now the drop of ion density as a function of distance is only due 

to the physical expansion of the jet. Under these conditions we obtain 

(4.9) 

where the subscript u indicates that the measurements were carried out in the 

absence of the neutral reactants. We note that 

(4.10) 

since the extent of reaction is zero at this point. Subtracting Equation (4.9) from 

Equation (4.8) we find 

(4.11) 
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The value of k is obtained by fitting the data to the above equation which is linear 

in 

I [A+] I[A+] [-(2m+l) -(2m+l)] -n %/,tJ %/,rversus zi -z/ . 

This final form of the kinetic equation can be used to obtain rate coefficients by 

both methods of measurements indicated above. In the first method the indepen

dent variable becomes Zi where as in the second method the independent variable 

becomes z/. 



CHAPTER 5 

The Temperature Dependence of Tennolecular Association 

Reactions Occurin~ in Free Jet EXPansions below 20K 
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In this chapter the results of rate coefficient measurements are presented 

for the following three diatomic ion-molecule association reactions occuring in pure 

free jet expansions over the temperature range of 15-2 K. 

Nt +2N2 --. Nt +N2 

ot + 202 --. ot + O2 

NO+ + 2NO --. (NO)t + NO 

(5.1) 

(5.2) 

(5.3) 

The results are discussed in the light of statistical phase space theory. Excellent 

agreement between experiment and theory is obtained for the reactions of Nt + 
2N2 and ot + 202 • The analysis of the results for the reaction, NO+ + 2NO is 

complicated due to a competing bimolecular charge transfer process to fonn the 

cluster ions. In all cases, the observed three body association rate coefficients can 

be described by an inverse temperature dependence given by 

(5.4) 

down to very low temperatures probed in this study where C and n are constants 

for a given reaction. 
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5.1 Introduction 

U sing the free jet flow reactor method described in Chapter 4, the ternary 

association rate coefficients for the formation of three important ionic clusters were 

obtained over the range of 3 - 20K. 

N:j" + 2N2 ---. Nt + N2 

ot + 202 ---. ot + O2 

NO+ + 2NO ---. (NO)t + NO 

(5.1) 

(5.2) 

(5.3) 

Except in those instances where cluster ions are generated by the ionization of 

neutral clusters, direct electron transfer between ions and neutral clusters and 

surface bombardment/sputtering techniques, they are produced via a series of 

assoria tion reactions. 2,5 

The fate of a collision complex formed through ion-molecule interaction 

depends on the lifetime of the complex against dissociating back to reactants. 

In a relatively dense medium collision with an inert third body can stabilize the 

complex resulting in a stable molecular ion-molecule adduct. 

(5.4) 

This mechanism is known as ternary association or three body association. An 

alternative mechanism has been postulated where the stabilization occurs through 

an electronic transition within the intermediate energized molecule. 

(5.5) 

This dynamically quite restrictive model is refered to as radiative association. 
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Radiative association has been invoked by many authors in constructing 

reaction networks to explain interstellar molecular synthesis.3 ,4,8,9 Experimental 

measurement of radiative association I'ate coefficients is extremely difficult how

ever, due to the very small rate coefficients they display even at the lowest prac

tically realizable temperatures (viz. kRA < 10-13cm3s-1 ). Therefore, theoretical 

calculations are necessary to facilitate the modeling of reaction networks. The rate 

measurements of the related three body association can contribute substantially 

to the advancement of such theoretical models. 

The study of the formation of cluster ions also has other important ap

plications, At the high energy regime the study of the formation of these species 

can lead to the underst.anding of such phenomena as combustion, detonation and 

discharge events. Low energy studies on the other hand, are directly applicable 

to the study of energy randomization and alternative reaction mechanisms that 

may become available due to increased lifetimes of the collision complexes. Spec

troscopic and thermodynamic investigations of these species are also providing a 

wealth of information regarding the transformation from the gaseous to bulk phase 

as well as the nature of the forces that bind these systems and the static properties 

that result. 

A particularly interesting feature of the ion-molecule ternary association 

is that the low pressure limited rate coefficients are found to display an inverse 

temperature law given by 

(5.4) 

where C and n are constant for a given reaction. The value of n for a variety of such 

reactions over the temperature range of 80 - 200I( has been found to vary from 

0.4 to about 6 with n increasing with the complexity of the reactants.2 ,27,56,87,94,95 
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Such behavior may be indicative of complex fonnation during the course of the 

reaction since this exactly is the predicted behavior of statistical theoretical models 

that incorporate complex fonnation as the first step of the reaction mechanism. 

Therefore, appropriate measurements should yield infonnation about the energy 

dependence of the lifetimes of chemically activated systems. 

A fair amount of controversy surrounds the range of experimental values 

reported for n for many association reactions. Inaccuracies can occur whenever 

the temperature range of measurements is fairly small or the measurements are 

not made in the low pressure limit where k3 is independent of the pressure of the 

third body. The method of the free jet flow reactor can be used to obtain ternary 

association rates for reactions occuring in the core of a supersonic expansion. This 

technique is unique since it extends the low temperature limit to approximately 

4K and also permits the study of these reactions in the low pressure limit which 

is otherwise obtained with difficulty by more conventional techniques. Such low 

pressure, low temperature studies extensively increase the range of temperatures 

over which these reactions have been studied and should help to resolve much of 

the controversy regarding the values of C and n for these reactions. 

Reactions (5.1) - (5.3) have been the subject of much research on ternary 

association reactions.27 ,56,89,95,96 The rates of reactions (5.1) and (5.2) have been 

studied down to about 20 K, yet for reaction (5.2) only lower limits to the rate 

coefficients have been obtained at temperatures below 70 K. For reaction (5.3), 

rate measurements below 200K are not available. 

Extensive theoretical work has been done on the temperature dependence 

of the ternary association rate coefficients and has been largely succesful in ex

plaining the observed behaviour for a wide range of association reactions.20 ,94-103 

However, since low temperature measurements were not available at the time these 
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theories were developed, not much attention has been paid to the limits of these 

theories at temperatures approaching 0 K. Nevertheless, these theories suggest 

that the inverse temperature dependence given in Equation (5.4) for the low pres

sure limit of the rate coefficient should hold as long as the rotational temperature 

remains nonzero for the neutral reactant. The first experimental test of this con

cept was a study of reactions (5.1) and (5.2) by Rowe and co-workers using the 

CRESU technique. The results confirmed that the inverse temperature law holds 

down to 20 K for reaction (5.1) despite evidence from drift tube studies that sug

gested strong deviations. 27 ,89 A maximum value for the rate coefficient around 

60 K was suggested for reaction (5.2) from the low temperature drift tube stud

ies. To the contrary, Rowe and co-workers found no evidence for the existence 

of any maximum value. The rate coefficients obtained for reaction (5.2) by the 

CRESU technique, however, were not conclusive at the lowest temperatures (only 

the lower limits to the rate coefficients were reported for temperatures below 70 

K). The rate measurements for reaction (5.3) are limited to the range of 200 -

430K.96 The results of low energy drift tube measurements show that the inverse 

temperature dependence given in Equation (5.4) holds for this reaction over the 

above temperature range. 

In this chapter the results of a study of reactions (5.1) - (5.3) at temper

atures below 20K are presented. The observed rates of association are discussed 

within the framework of statistical phase space theory with particular emphasis 

upon the verification of inverse temperature rate laws at extremely low collision 

energies. Before this analysis is presented, specifics of the experimental technique 

used for ternary association rate measurements will be reviewed. 
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5.2 Experimental Overview 

A discussion of the experimental technique has been presented elsewhere 

in a detailed publication24 and also in Chapter 4. Only a brief discussion pertain

ing to specific details of the present experiments will be given in this section. The 

reactant ions are produced in free jet expansions of N2 , O2 and NO by resonance 

enhanced multiphoton ionization (REMPI). The Nt ions were obtained by a 2+2 

photon resonance excitation through the al llg (v=2 or 3) states.106 ,107 In a pure 

N 2 expansion, fast vibrational relaxation occurs and the association reaction will 

be mainly due to the vibrational ground state of the ion. This was confirmed by 

the fact that we do not observe charge transfer to Ar atoms seeded in the beam, 

a reaction which is exothermic and should be rapid for all Nt (v > 0). At room 

temperature the vibrational quenching rate constant for Nt(v)+ N2 is about 63% 

that of the collision rate. lOB At lower temperatures this efficiency is expected to 

be higher. The ot ions were prepared through the C3llg(v = 0) state.109 ,110 Al

though a small fraction of ions are produced in low v levels, (v=1,2), vibrational 

relaxation of the ions is expected to be much faster than for nitrogen since the 

charge transfer to produce ot(v = 0) and 02(V = 1) is exothermic. Thus, ot ions 

are completely vibrationally relaxed before significant clustering occurs. The NO+ 

ion were produced by 2 + 1 photon resonant ionization through C2ll( v = 0) state. 

This procedure predominantly yields the NO+ Xl~(V = 0) state of the ion,lll,1l2 

As mentioned before in Chapter 4, rate coefficients are determined by monitoring 

the temporal mass composition of a reactant ion packet produced in the core of the 

supersonic expansion. A free jet of 400 - 500j.ls duration is obtained by expanding 

neutral reactant gas through flat nozzles with diameters of 0.03 and 0.05 cm. The 

st.agnation pressure was varied from 0.45 to 2.2 atm. for the study of reactions 
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(5.1) and (5.2). For reaction (5.3), the rate measurements were carried out at three 

distinct stagnation pressures, namely 2.3, 4.1 and 5.3 atm. Nozzle throat limited 

flow was confirmed for all experiments reported here. The stagnation tempera

ture was maintained at 298 K. In the studies involving Nt and ot, the effective 

third body density for the association process was varied by varying the distance 

between the nozzle and the ionization region. In the studies of reaction (5.3), the 

reaction time was varied by varying the distance between the ionization point to 

the extraction zone. The reaction time is determined by the time needed for the 

ion packet to flow from the ionization region to the extraction zone. A study of 

the ion intensities and mass distribution as a function of the distance from the 

nozzle to the ionization region yields a complete reaction history of the traveling 

ion packet as a function of reactant density. Collisional fragmentation of the ion 

clusters during the extraction process was found to be negligible at the 100 V fcm 

extraction fields used. Assuming Langevin cross sections, we calculate the proba

bility of an ion experiencing a capture collision during the extraction process to be 

less than 2 x 10-3 under the present experimental conditions. However, at much 

closer sampling distances and higher fields the number of collisions goes up signif

icantly so that collisional fragmentation and charge transfer to neutrals become 

important. At closer sampling distances compared to the sampling distances we 

have used in the present study, the products of the charge transfer process during 

the extraction process appear as an unresolved mass signal arriving at the detector 

soon after the parent peak. These effects have been strictly avoided in this study. 

In addition, identical mass distributions were observed at fields ranging from 60 

to 160 V fcm. Above 160 V fcrn, minor fragmentation of heavier cluster ions was 

observed to occur. 
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5.3 Definition of reaction temperature in a thermally anisotropic 

medium 

It is unavoidable that the termolecular association reactions in the present 

experiment occur in a thermally anisotropic medium. Therefore, it has to be deter

mined how the components of the total distribution function combine to influence 

complex formation, and whether some statistically averaged energy distribution 

can be defined. We seek a solution that allows a net temperature, T, to be defined 

that has meaning in the relationship 

(5.4) 

'What is important at this point is how the various energy degrees of freedom effect 

the lifetime of the collision complex. We recognize the fact that all our reactants 

are in their ground vibrational states. The total translational rotational energy in 

the jet can then be calculated from 

(5.6) 

and the statistical average temperature obtained as 

< T >= O.4Tr + 0.6Tel l (5.7) 

where Tr is the rotational temperature and Tel J is the effective translational tem

perature defined in Chapter 3. A profile of this temperature for a nitrogen expan

sion at a stagnation pressure of 500 torr is shown in Figure (5.1). Note that 



Figure 5.1: Calculated temperature profile for a pure N2 expansion at 500 torr 

and 300K stagnation conditions. The dotted curve represents the average temper

ature defined by Equation (5.7). 
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this averaged temperature is very close to the parallel translational temperature 

at all points in the jet. Since the reaction occurs over a range parallel to the flow 

axis of the jet, namely from the point of ionization, Zi to the point of detection, 

z" the above temperatures. are further density averaged over this range as follows. 

%/ 

Jz-4 <T>(z)dz 
T=~%j~~---------

%/ 

J z-4 dz 
Zj 

(5.8) 

As will be discussed in detail in section 5.4, phase space calculations employing the 

fully anisotropic distribution functions have been found to lead to rate coefficients 

for reactions (5.1) and (5.2) which are nearly identical to those calculated using 

the temperature defined in Equation (5.8). This should be a result of random 

energy sampling of the collision complexes resulting from ion-nonpolar molecule 

interactions for all degrees of freedom in the anisotropic phase space. ,\Ve feel 

that this supports our assignments of averaged temperatures to the measured rate 

coefficients for at least the reactions studied here. 

The rate coefficients are obtained in a region of the beam where T does not 

change significantly allowing us to assign a kinetic temperature to the observed rate 

coefficients. For interactions between ions and non-polar molecules, the effect of 

this averaging should be small and can be described using an effective temperature 

error of ±5%. The overall uncertainity of the average temperature calculated in 

Equation (5.8) depends upon the uncertainty inherent in the use of the Generalized 

Boltzmann model and consideration of the validity of assuming complete statistical 

randomization of energy from all degrees of freedom in the intennediate complex. 

'Without better tests of the distribution functions applicable to molecular jets, a 

precise analysis of temperature errors is difficult if not capricious. It is felt that at 

present, experimental measurement errors are a dominant error source and we have 
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conservatively assigned errors on k3 to be ±SO%. This error should encompass the 

effects of temperature uncertainty as coupled by Equation (S.4) or similar rate 

models of temperature dependence. 

5.4 Theoretical background 

All modern theories of three body ion-molecule association model the re

action using the following simple energy transfer mechanism. 

,Bk,,[M] 
AB++M (S.9) 

where [.AI] denotes the density of the inert third body. The first step of the reac

tion is the bimolecular formation of a collision complex whose lifetime is assumed 

sufficiently long for energy randomization to be complete. This complex can sub

sequently decompose to give reactants, or in the presence of an inert third body, 

can undergo an inelastic collision to give a stable molecular ion. The initial ion

molecule capture rate is given by k f and the stabilization rate coefficient of the 

complex is given by k". For nonpolar neutrals, the low temperature values of these 

rate coefficients are expected to be given by the Langevin model of ion-nonpolar 

neutral capture. For NO, the average dipole orientation model, ADO may be 

used to calculate these rates. The parameter ,B is a measure of the effectiveness 

of the third body energy transfer step. The back dissociation rate coefficient kb 

is directly related to the lifetime of the intermediate collision complex. Using the 

steady state approximation, the overall third order rate coefficient is given by 
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(5.10) 

The low pressure limit is then given by 

(5.11) 

This low pressure condition may be conveniently defined using Equation (5.9) by 

the following two equivalent expressions. 

kb » ,Bk,,[M] (5.12) 

k3[.M] « kf (5.13) 

The validity of the low pressure limit in many experiments has been of great con

cern when deriving the temperature dependence of the rate coefficient. These 

conditions have been checked and were proven to be valid for all experments re

ported here. 

Interpretation of the temperature dependence of these reactions has been 

made using two basic models. The modified thermal model developed by both 

Bates and Herbst represents an early attempt to explain the temperature de

pendence of the low pressure limit of the rate coefficient.2o ,97-103 This method 

essentially uses the RRKM formalism developed by Tr8e to calculate the internal 

partition function of the energized complex.21 - 23 According to this theory the 

low pressure limited third order rate coefficient for any ion-molecule association 

reaction follows 

(5.14) 
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where p is 2.00 or 1.75 according to whether the complex is linear or nonlinear 

respectively. Both cases are relevant to the present investigation since Nt is 

pre~cted to be linear in its ground state whereas ot and (NO)i are predicted 

to be nonlinear.1l3- 117 The value of 0 which is expected to be small, arises from 

the temperature dependence of the stabilization of the energized complex and in 

general is expected to be a function of both temperature and density of the third 

body. 

There are apparent limitations to the applicability of the modified thermal 

model, one being that this theory is only applicable to the rate coefficients deter

mined strictly under low pressure conditions. Furthermore, as a result of using 

the general RRKM hierarchy, the restrictions due to conservation of angular mo

mentum are omitted in the derivation and the density of vibrational states of the 

complex is assumed to be energy independent. Therefore, the present models due 

to Bates and Herbst are found to be inadequate, even in the low pressure limit, 

for polyatomic molecules which possess low frequency vibrational modes. As an 

extension to the above model Johnsen has proposed a model for diatomic ion di

atomic molecule association reactions where the stabilization occurs via formation 

of a super complex. IDS Due to the involvement of the temperature dependence of 

the super complex, the inverse rate law discussed above becomes invalid and curva

ture is predicted in a plot of Ink3 versus InT. However, evidence for the formation 

of such super complexes is rare and also the CRESU studies clearly suggest that 

the inverse rate law holds for reaction (5.1) down to 20K.56 In addition, Ferguson 

has pointed out that the existence of a maxima for k3 at finite temperatures is 

not possible based on broad evidence that the activation energy for unimolecular 

decomposition for such processes is smaller than the bond dissociation energy.lIB 

The phase space theory treatment of three body rate coefficients due to 
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Bowers and co-workers can be considered as a more general statistical treatment. 

They introduced the use of phase space theory, originally developed by Light and 

co-workers, in place of RRKM theory to calculate k6 as a function of total energy 

and the total angular momentum of the system.104,119,120 Phase space theory ac

counts rigorously for the conservation of both energy and the angular momentum 

of the system. As pointed out by Bass and Jennings, a major difference between 

the results obtained by the two theories for the temperature dependence of these 

reactions is that the modified thermal model does not account for the vibrational 

contribution of the reactants to the rate coefficient. This effect however, is ex

pected to be negligible under the temperature conditions of the current study. 

Also the difference between the two treatments will be greater for states with 

large angular momentum which is the case where the complex formation and the 

dissociation are governed by the centrifugal barrier. This is also expected to be a 

small effect at low T. 

The present form of phase space theory as applied to these reactions as

sumes the collisional effectiveness, {3, to be unity at all temperatures. This as

sumption may be more realistic at the low temperatures probed in the present 

study. The rates of initial ion-molecule capture and subsequent stabilization are 

assumed to be given by the Langevin capture model or by the ADO model. 121 The 

collision intennediate is treated as a spherical top. The discussion given below is 

limited to the reactions (5.1) and (5.2) where interactions between ion-nonpolar 

molecules are considered. Due to the presence of a pennanant dipole moment in 

NO, approximations made below regarding the statistical sampling of the phase 

space in a thennally anisotropic medium may not be valid. Therefore, we do not 

intend to give any theoretical interpretation to the temperature dependence of 

reaction (5.3). 
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Certain modifications to the general form of the phase space theory have to 

be included prior to an application to our experimental conditions (Also see Chap

ter 2, Sec. 2.2.1).34,48,70 Two obvious examples are the inclusion of the density 

variation and the thermal anisotropy which prevail in the supersonic expansion. 

We have assumed that the rotational energy and the average translational energy 

distribution in the beam are well characterized by Maxwellian functions. Under 

our jet flow conditions, all the molecules are essentially in the ground vibrational 

state. The total translational rotational energy distribution function may then be 

approximated by 

(5.15) 

where subscripts r and t denotes respectively the rotational and translational con

tributions to the given quantity. The degree of freedom weighted effective trans

lational temperature is given by Tel I and a detailed description of this quantity is 

given in Chapter 2. The errors inherent to this approximation to the distribution 

funct.ion have been shown to be small for collisions between species with interaction 

potentials of shorter range than r- 3 • This includes the ion-molecule interactions 

studied in this investigation. The third order rate coefficient according to phase 

space theory is given by 

J
OO JJma ... [ klklJ ] 

ka = kb(E, J) + klJ[.AI] F(E, J)dEdJ (5.16) 

o J=O 

where F(E, J) is the distribution function for the chemical activation process to 

form a collision complex (AB)+* at energy E and total angular momentum J. The 

maximum value of the total angular momentum Jmaz is determined by the details 

of the collision process at low energy. The rate of unimolecular decomposition 
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of the complex is calculated as the ratio of the energy and angular momentum 

conserved flux through the orbiting transition state to the density of the vibrational 

states of the reacting complex. Namely, 

kb(E, J) = flux(E, J) 
. peE, J) 

(5.17) 

The expressions needed to evaluate kb are available in the literature. 

In the phase space calculations employed in this study it is important to 

properly account for the translational and rotational disequilibrium which exists 

in molecular free jets. V\7e assume complete energy randomization of all degrees of 

freedom in the collision complex. This assumption is particularly justified due to 

relatively large lifetimes of the collision complexes formed under the very low en

ergy conditions in the free jet. Even if the energy randomization is not rigourously 

applicable, the resulting errors are expected to be very small for N2 and O2 ex

pansions where parallel translational and rotational temperatures are fairly close. 

This approximation is useful since it leads to great simplification of the distribu

tion function for the rates of formation of the collision complexes, F( E, J), which 

is analogous to that appropriate to bulk thermal studies 

(5.18) 

The term r( Etr , J) is the sum of rotational orbital states of the separated reactions 

at translational-rotational energy of E tr and total angular momentum of J. In this 

expression the energy averaging is controlled by the reactive temperature defined 

in Equation (5.8). In actuality, there are different temperatures applicable to the 

distribution functions perpendicular and parallel translation as well as rotation. 

Accounting for this disequilibrium, a more exact form of the distribution function 
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for activation resolves total energy into translation and rotation with a Wlique 

moment of Boltzmann temperature for each degree of freedom. When the neutral 

collision partner does not possess a permanant dipole moment, there is a random 

sampling of the collision energy in the parallel and perpendicular directions within 

the jet.24 ,33 Averaging over all collision angles we obtain 

2J e-(Ea/kTcll) e-(Er/kTr ) r(Etr , J) dEtr 
F(Et, E r , J) = ---=~----------..;.-----------

00 JmGl/: J J 2J e-(Ea/kTcll) e-(Er/kTr ) r(Etr , J) dJ dE, dEr 
E=O J=O 

(5.19) 

where average translational temperature Tel I has been introduced in Chapter 2. 

To properly incorporate this expression into the average performed in Equation 

(5.15) it is necessary to account for the J distribution of all collisions. It has been 

pointed out that at low energy the J distribution is mainly determined by the 

details of the collision process. Since the dynamic requirement is the conservation 

of the total angular momentum but not either of rotational or orbital angular 

momentum, the anisotropy of the two energy moments is not expected to effect 

the overall averaging in Equation (5.15). We have performed this more accurate 

calculation for reactions (5.1) and (5.2) at many different stagnation conditions 

and find that the results are nearly identical with those obtained by using a bulk 

temperature defined by Equation (5.8). Due to Wlcertainities associated with 

energetics and structure of the collision complex we feel that the averaging method 

outlined before is fully justified at least in the present cases. This will not be 

always true, however, particularly with species of low moment of inertia where 

rotational and translational disequilibrium can be severe. In addition, for polar 

neutral molecules, effects of collisional orientation should be properly accoWlted 

for and the hypothesis of random sampling in parallel and perpendicular directions 

may no longer be valid. 
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5.5 Kinetic analysis 

As has been pointed out earlier in the text, there are two methods of choice 

for measurement of k3 in the jet. The first method involves the measurement of 

the mass spectrum as a function of the distance between the nozzle exit plane and 

the ionization point, Zi. The mass spectrometer is fixed at a free determined dis

tance from the ionization point. Consequently, the reaction time remains constant 

and the effective density of the neutrals is varied. We employed this method to 

measure the rate coefficients for reactions (5.1) and (5.2). In the second method 

the distance between the nozzle and the ionization point is held at a fixed value 

and the reaction time is varied by varying the distance between the ionization 

point and the extraction zone, ZJ. This method was employed in the rate mea

surements of reaction (5.3). \Ve will illustrate the kinetic analysis applicable to 

the first method of measurement using the reaction of Nt as an example. For ot 
the analysis is identical. Consider the following reaction occuring in the core of a 

supersonic expansion 

(5.20) 

The differential rate law can be written as 

(5.21) 

where the last term describes the drop in ion density due to physical expansion. 

At distances where we carry out the experiments the flow velocity has approached 

its terminal value, uoo , and therefore, the density of the center streamline at a 

dist.ance Z is given by 
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n(z) =no[~ r (5.22) 

where no is the stagnation density and %0 can be determined by flow theory. For 

diatomic expansions the appropriate value for %0 is given by 

%0 = O.591RN (5.23) 

where RN is the nozzle radius. Incorporating these relations into the differential 

rate expression given above we obtain 

_ d[l\~+] = k3[N2]~[%0]4 d% + 2dz 
[N2 ] % U oo % 

(5.24) 

The value of U oo is obtained from experimental measurements of the arrival time of 

the ion packet at the extraction zone. Also a range of z in the beam is selected for a 

given kinetic run such that the averaged temperature over the range is essentialy 

constant. Therefore, k3 should not vary over this same range. This allows the 

integration of Equation (5.24) which yields 

(5.25) 

Further simplification of the above equation requires knowledge of the total ion 

signal, parent ion and all cluster ions, at a given distance z. To demonstrate that 

the sum of the ion density drops predominantly due to physical expansion we have 

to prove that kinetic energy release in the stabilization step is insignificant and 

that the product transit losses are small. Phase space theory has been used to 

calculate an upper bound to the average kinetic energy release in the stabilization 

step for an ensemble of collision complexes. We find that this upper bound of 

kinetic energy release would lead to less than 5% loss of ions through diffusion out 
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of the observation zone. Under these conditions, if we sample the total ion signal 

at a distance z I we find 

(5.26) 

In our experiments clusters up to and including hexamers were sampled. Sub

tracting Equation (5.26) from Equation (5.25) we find 

-In Ej [(N2)j]zl = k3Z~[N2]5 [.!. _ .!.] 
[Ni]z, 3uoo zf z} 

(5.27) 

The value of 1.."3 is obtained by fitting the data to the above equation which is 

linear in -lnE j [(N2)j]z,/[Ni]z, versus [z;3 - z;3]. 

The kinetic analysis for reaction (5.3) is complicated due to the competing 

charge transfer reaction to form (NO)t. 

NO+ + (NOh i!.. (NO)t + NO (5.28) 

In addition, we have used the method of varying z I and therefore the reaction 

time to obtain the kinetics for this reaction. The total differential rate law is then 

given by 

(5.29) 

The integration can be carried out in a similar manner which then yields 

(5.30) 
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where f is the fraction of neutral dimers to the monomer ions in the pure NO 

expansion and R is a constant. The values of k2 and ka are then obtained by a 

numerical best fit of the experimental data to the above equation. 

5.6 Summary of the experimental and theoretical results 

5.6.1 Reactions of Nt + 2N2 and ot + 202 

A few examples for the fits of experimental data to Equation (5.27) are 

shown in Figure (5.2). In a range of the jet where the temperature change is not 

significant, we obtain linear fits for -ln2: j [(N2 )j]zl/[Ni]zl versus zia - z/a as 

shown. Increasing values in the abcissa correspond to decreasing distances from 

nozzle to the ionization zone. The observed curvature in the plots at distances 

closer to the nozzle is due to strong temperature gradients and saturated ter

molecular kinetics at low temperatures and high ~ensities. Note that the range 

of nearly constant temperature is strongly pressure dependent, and shifts further 

downstream as the stagnation pressure is increased. At distances closer to the 

nozzle the temperature variation is appreciable and deviations from the simple 

rate law become apparent. The direction of deviation is consistent with the in

crease of temperature and saturation at closer distances. Ideally, the derivative at 

any point should yield ka(T), however, there may be other contributions to the 

observed curvature. For example, the third body density of the beam increases 

such that we may not be observing low pressure limited reactions when the ion

ization occurs at distances too close to the nozzle. The rate constants measured 

at pressures not sufficiently low have contributed to much of the controversy that 

exists regarding the value of n for many ternary association reactions. The density 

calculations and application of phase space theory justify the use of low pressure 



Figure 5.2: A fit of kinetic data to the rate equation (5.27) for reaction (5.2) 

at three different stagnation pressures. The data symbolized by crosses, squares 

and filled circles correspond to experiments done at 0.45, 0.92 and 1.60 atm. re

specth·ely. Absolute rate coefficients are obtained from the linear portions of the 

plots. De\"iations from linearity are a result of strong temperature gradients and 

high densities at closer distances to the nozzle orifice. 
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Table 5.1 Experimental results for reaction Nt + 2N2 , Fit to k3 = CT-n 

Method T range(K) C,cm6s-1 n Ref. 

Drift tube 45-400 7.9 x 10-25 1.64 27 
Drift Source 290-450 8.9 x 10-24 1.67 93 
CRESU 20-170 2.3 x 10-24 1.85 56 
FJFR 5-15 4.6 x 10-24 2.05 
Combined Dataa 5-450 3.4 x 10-24 1.92 

a Statistical fit to the data available from 5 - 4501{ 

Table 5.2 Experimental results for reaction ot + 202 , Fit to k3 = CT-n 

Method 

Drift tube 
CRESU 
FJFR 
Combined Dataa 

T range(l{) 

51-340 
70-170 
4-10 

4-340 

7.2 X 10-23 

2.3 X 10-24 

3.1 X 10-25 

3.1 X 10-25 

a Statistical fit to the data available from 4 - 3401{ 

n 

2.93 
1.85 
1.88 
1.86 

Ref. 

27 
56 

limited rate expressions in the region where linearity is observed. In all cases, the 

strictly linear portion of the plots yields the unsaturated three body association 

rate coefficient at the averaged temperature in the jet over the range. For both 

reactions, the analysis of experimental data provides no evidence for any significant 

contribution of direct charge transfer to neutral clusters as a mechanism for the 

ionic cluster fonnation in the beam. A similar argument is not true for the reaction 

of N 0+ + 2N 0 as will be discussed later. The resulting rate coefficients from 

multiple detenninations over a range of temperatures for both reactions (5.2) and 

(5.3) are presented in Figures (5.3) and (5.4). Along with our low 



Figure 5.3: The temperature dependence of ka for reaction (5.2). Phase space 

results are shown by the solid line with a slope of 2.00. The dashed was obtained 

using the vibrational frequencies of Van Koppen et al. which were found to give 

the best agreement between theory and high temperature data. 
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Figure 5.4: The temperature dependence of k3 for reaction (5.3). Phase space 

results are shown by the solid line with a slope of 1.81. 



1 (f2~ 

10-26 

-en 
-27 ""- 10 co

e 
(J -
~M 10-28 

-29 
10 

10-30 

F-,-,--r----r-~· 

o This Work 
o Rowe et 81. 
+ Bohringer et al. 

+ 

, 
5 10 50 100 300 

Temperature (K) 

EJ 

.1 

1-1 
~ 
w 



124 

temperature data are plotted the higher temperature data of several other groups. 

The results of our phase space calculations are also shown in these figures as solid 

lines. We have summarized the results available over a wide range of tempera

ture in Tables (5.1) and (5.2). We find excellent agreement between the experi

mental results and the predictions of phase space theory. These results support 

the findings of Rowe et al. which suggested no apparent deviation from the in

verse temperature rule. The combined results provide conclusive evidence that 

the temperature dependence of third order rate coefficients for association reac

tions between diatomic ions and molecules can be explained by a single constant 

temperature coefficient, n, as given in Equation (5.1). 

As noted, the results of phase space calculations for reactions (5.2) and 

(5.3) are shown as solid lines in Figures (5.3) and (5.4). One problem implement

ing this theory is the scarce amount of data concerning the structure and the 

vibrational frequencies of the dimer ion. The geometry and particularly the low 

vibrational frequencies of the dimer ion play an important role in these calcula

tions. The theoretical structure proposed by Conway has been used for ot .115 

The Do value predicted by this structure has been confirmed experimentally. For 

Nt the linear geometry proposed by Conway and also by De Castra and Schaefer 

was used. The value of {3 was assumed to be 1.0 and the vibrational frequencies 

of the dimer ion were adjusted (within the limits of the experimental 6.5 for the 

association) to give the best fit to the experimental values for the rate coefficients. 

The above method essentially uses the experimental 6.5 value to calculate the 

vibrational contributions to entropy of the dimer ion. Standard formulas can be 

then used to determine a set of vibrational frequencies that is in good agreement 

with the calculated entropy. The parameters used in the calculations are sum

marized in Appendix E. For N2 , slight adjustments to the vibrational frequencies 
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proposed by Bowers and co-workers were necessary to obtain a good fit to the rate 

constants observed at low temperatures. As long as the frequencies used are within 

the limit, allowed by the experimentall::1S value for the association process, the use 

of different sets of frequencies lead to the same temperature coefficient but with 

different magnitudes for the C coefficient. This is illustrated in Figure (5.3) by the 

difference between the solid and the dashed lines. At the low pressure limit, the 

rate coefficients follow an inverse temperature rule with n = 1.81 for reaction (5.3) 

and a value of n = 2.00 is predicted for reaction (5.2). The result for reaction (5.3) 

is in good agreement with the result of the modifed thermal treatment of Bates 

which predicted n = 1.75 + 6 for this reaction. For reaction (5.2), the thermal 

model can explain the observed results only by assuming a nearly zero value for 

6. It now appears clear, however, that there is no deviation from the inverse tem

perature law down to the very low temperatures probed in this study. Obtaining 

temperatures below 4 K for diatomic buffer gases requires very high stagnation 

parameters (high pressure and large nozzle orifice diameter) and is complicated for 

many reasons. Practical pumping and ion extraction problems become dramatic 

as the size of the nozzle orifice is greatly increased. At higher stagnation pressures 

the release of the heat of formation from neutral cluster production perturbs the 

velocity distribution function. Understanding the net thermal conditions then re

quires, in the least, the use of scaling parameters to calculate the temperature and 

the density in the beam. Use of these laws contributes an additional uncertainity 

to the already complex problem of beam flow dynamics. At high stagnation pres

sures the density of neutral clusters can become significant. This also opens up an 

alternate mechanism for the cluster formation, namely, electron transfer between 

the parent ion and the neutral clusters. Interpretation of experimental data under 

these conditions requires the inclusion of additional terms in the rate expression 
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and the knowledge of absolute neutral cluster densities in the beam, something 

which currently is not possible. 

5.6.2 Reaction of NO+ + 2NO 

The data analysis of this reaction is complicated due to many reasons viz. 

the dipole moment of NO and competing bimolecular charge transfer reaction. 

The dipole moment in NO limits the utility of Lennard Jones potential in 

the flow analysis discussed in Chapter 3. Therefore, we are limited to using ap

proximations which are commonly used to calculate the terminal flow properties 

of a free jet expansion. The ionization zone in this experiment was choosen to be 

2.5 cm. downstream from the nozzle exit plane which validates the applicability of 

terminal temperatures to the rate analysis. We asswne that the effective reaction 

temperature is given by the parallel terminal temperature in the jet. Such a ra

tionalization is evident from the calculations for expansions of nonpolar molecules 

and similar behavior can be expected for NO with a relatively small dipole mo-

ment. 

The analysis of the REMPI spectrwn of the 211~ band up to J - 1/2 = 7 
2 

indicates a Boltzmann distribution for the low J levels. The population of higher 

J levels decreases more slowly than expected from a Boltzmann distribution. This 

effect has been observed for NO expansions in Ar and He buffer gasses as well. 

For terminal parameters we have 

(5.31) 

where f is a measure of the effectiveness of rotation-translation energy transfer 

and 'Y is the ratio of heat capacities for the gas.50 It should be noted that the 
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quantity f does not directly correlate to the collisional parameter, e, introduced 

in Chapter 2. 

Kinetic data was obtained for reactions occuring in jets produced at three 

distinct stagnation pressW'es, 2.3, 4.1 and 5.3 atm. From the above analysis we 

calculate terminal parallel temperatures of 6.1,4.5 and 3.8 K, respectively, for the 

cores of these jets. The observed consecutive growth of the ion clusters indicates 

a dominant step wise three body association process in the beam. We find good 

agreement of our results with the rate expression Equation (5.38). The experi

mental results for the two reactions are summarized in Table (5.3) along with the 

calculated parallel temperature. The observed rate constant for the three body 

association process k3, is found to vary over the effective temperature range of the 

study. The values of k3 calculated using Equation (5.1) with n = 2.7 suggested 

for this reaction at temperatures above 200 K, are also shown. Included in Table 

(5.3) are the k2 values we obtain using the dimer mole fractions given by Golomb 

et al. for these stagnation pressures. 124 

a. Ternary association reaction 

The observed ternary association rate constants show inverse temperature 

dependence which can be adequately explained by the value of n = 2.7 suggested 

for this reaction by Van Koppen et al.94 Figure (5.5) shows this measW'ed depen

dence of k3 from 450 to 3.9 K. This result supports recent theories which predict 

that for reactions studied in the quasi zero pressure regime, the inverse tempera

tW'e law (5.1) should hold as long as there is no rotational collapse of the neutral 

reactant to the lowest rotational level ("rotational freezing"). For molecules like 

NO with low rotational constants, this latter condition may be achieved only near 

OK. 



Figure 5.5: The temperature dependence of k3 for reaction (5.4). The high tem

perature data represented by triangles were obtained from Reference 94. Crosses 

represent the data from this study. The solid line corresponds to to a rate law of 

k3 = 7.2- 30 (T /300)-2.7 em 6 8-1 • 
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Table 5.3 The results of mlmerical fitting to rate Equation (5.28) 

Po(atm) T (K) k3 G k3 (calc. )G,b k2f c k2(est.)c,d 

2.3 6.1 3.0 2.7 0.10 4.8 
4.1 4.5 7.4 6.0 0.09 3.9 
5.3 3.8 12 9.5(6.1-15) 0.08 4.4 

G in units of 1O-25cm6 s-1, estimated error = 50% . 
busing n=2.7 from Reference 94. The value in parentheses indicate the range. 
C in units of 1O-9cm3s-1. 

d upper limit of k2 based on the observations in Reference 94. 

It is important to note that the rate constants are extremely sensitive at 

these low temperatures. The previously reported error in the value of n(±O.l) can 

lead to fairly large error limits for the rate constant. For example, in Table (5.3), 

we have given the upper and lower limits to the rate constant imparted by this 

error, computed for the lowest temperature of our study. The applicability of low 

pressure limited expressions for the present experiment was examined as follows. 

Since bimolecular ion-molecule reactions often approach the capture rate, we can 

take kf to be in the order of 1 x 1O-9cm3s-1 calculated from the ADO model 

at 4 K. At the highest stagnation pressure and t=O (this is the worst possible 

situation), it can be shown that k3[NO] ~ 0.04kf. Hence, we are justified in 

treating the kinetics with the low pressure limited model for k3 • We also note the 

disagreement between experiment and phase space theory at low temperatures as 

well as at high temperatures. The calculations of Van Koppen et al. give a value 

of 2.0 for n which is in direct disagreement with the experimental results in the 

range of 3 - 450K. It has been suggested very recently that observed high values 

for n can be a consequence of non-statistical dynamical constraints on the total 

rotational energy of the colliding species. 
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h. Charge transfer reaction 

In our experiment, we do not obtain a direct measure of the nitric oxide van 

der Wall's climer concentration in the beam. The observation of the bimolecular 

charge transfer between NO+ and (NOh can thus only lead to a measurement 

of the product of the rate constant, k2' and the local concentration of the climer. 

Since neutral clustering is essentialy frozen in the regions over which we observe 

ion chemistry, we assume that the local dimer concentration can be written as 

some fraction, !, of the local NO monomer concentration. Our measurements 

of the rate of reaction (5.28) then yield values for the product k2! for various 

stagnation conditions. It was observed that this product decreases with increasing 

stagnation pressure. Assuming k2 is a constant over this pressure range, this 

observation could be a result of a decreasing fraction of climer density attribut.ed 

to the onset of the condensation of the climer in the isentropic region of the beam. 

This measurement however must only be taken as a qualitative one at this point 

until precise measurements of the dimer concentrations can be performed. Our 

results agree with the usual picture of condensation of van der Waal's clusters 

without. monomer depletion. The observed growth of the trimer cation at late 

stages of the experiment is found to contain a strong bimolecular component and 

must be largely due to the reactions 

NO+ + (NOh -+ (NO)t + NO 

(NO)i + (NOh -+ (NO)t + (NOh 

(5.32) 

(5.33) 

The observed rate of growth for the trimer ion is found to consistently increase with 

increasing stagnation pressure unlike the behaviour observed for reaction (5.28) 

and supports the arguement for neutral climer condensation towards higher clusters 
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at the two larger stagnation pressures of this study. At the highest pressure used, 

our qualitative observations indicate a much larger tetramer concentration as well, 

as evidenced by tetramer cation growth. Quantitative rate determinations for the 

growth of these higher order clusters were not attempted. Such measurements 

are complicated by the great uncertainties in both neutral concentrations and 

the velocity and internal energy distributions of species produced by chemical 

reactions within the beam. Using the fractions of van der Waal's climer suggested 

by Golomb et al. the estimated value for k2 is 4.3 X 1O-9cm3s -1.124 This value is 

only an upper limit of k2 since the true dimer mole fractions are probably greater 

than those reported by Golomb et al., due to the problem of cluster fragmentation 

in their experiment. \Ve assume that the molecule, (NOh, has a polarizability 

twice that. of NO. The dipole moment of (NOh is calculated by considering this 

molecule to consist of two weakly perturbed NO molecules oriented in a cis fashion. 

The use of the simple ADO model then predicts the rate of reaction (5.27) to be 

2.6 x 1O-9cm3 8 - 1 at 4 K.121 A locked dipole model predicts an even greater value. 

This lends further support to our assignment of the van der Waal's charge transfer 

reaction and the suggestion that the k2 value measured is an upper limit to the 

true rate constant. 

5.7 Conclusion 

We have presented a new experimental method which allows the measure

ment of absolute termolecular association rate coefficients for reactions occuring 

in a supersonic expansion. Our results indicate that the temperature dependence 

of the three reactions 

(5.1) 



ot + 202 -+ ot + 02 

NO+ + 2NO -+ (NO)i + NO 

132 

(5.2) 

(5.3) 

provide conclusive evidence for a strict inverse temperature rate law for ionic 

association. This result can now be used to assist in the understanding of low 

temperature collisional phenomena in the interstellar medium. The results were 

discussed in the light of two theoretical models, namely, the modified thermal 

model and the phase space model. It is important to extend these investigations 

to larger molecules which have been found to exhibit large temperature coefficients, 

n. These molecules will serve best for testing low temperature rate theories, since 

restrictions imposed by the conservation of angular momentum become increas

ingly important for large systems. 



CHAPTER 6 

The Temperature Dependence of the Atomic Three Body Association 

Reaction. Ar+ + 2Ar --. Ar? + + Ar. below 3K. 
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Absolute termolecular association rate coefficients for the reaction, Ar+ 

+ 2Ar -. Art + Ar, were measured at translational temperatures between 0.5 

and 31{ using the free jet flow reactor technique. The values of k3 are found 

to be strongly temperature dependent and fit an inverse temperature rate law, 

k3 = 9.52 X 1O-29 T-J.1 em6 8-1 , incorporating data between 0.5 and 3DOK. There 

is some evidence that this fit is dominated by the low temperature limiting behavior 

and that strict T-n dependence with a constant value of n is currently unjustified 

for atomic ion-atom association processes. 

6.1 Introduction 

The study of clusters, or weakly bound molecular systems has seen a 

tremendous growth of activity recently.5,32,125-127 Spectroscopic and thermody

namic investigations of these species are providing a wealth of infonnation regard

ing the transfonnation from the gaseous to bulk phase as well as the nature of the 

forces that bind these systems and the static properties that result. Of similar 

importance are investigations into the dynamic growth of these species. Many of 

these studies are hindered by problems of preparing both energetically as well as 

structurally well defined species to act as reactants for subsequent reaction studies. 

One area of cluster growth dynamics which has benefitted from a great amount 

of effort concerns the mechanisms of ion-molecule association.2,92,59,128 Owing to 



134 

the experimental simplicity of studying ionic clusters, an impressive amount of 

fundamental knowledge now exists regarding the mechanistic details of ion cluster 

growth. As we indicated in the previous chapter, a well defined and sucessful theo

retical model has been developed which explains the rates of ion cluster formation 

as a function of structure and energy for systems resulting in clusters containing 

three or more atoms.94 Unfortunately, this model does not extend to atomic re

combination, either ionic or neutral, and this area of ion cluster growth has not 

experienced an equal degree of success. 

Atomic ion-atom association rates and their temperature dependences have 

received fair experimental attention over the past thirty years and for a number of 

reaction systems, particularly regarding the noble gas atomic ion-noble gas atom 

association events, accurate rate coefficients between 77 and 3DDK exist.128-130 A 

number of theoretical efforts have attempted to construct mechanisms for these 

reactions, however, the results are varied and a unified mechanism has remained 

elusive. One of the problems associated with this development resides in the 

problem of determining where the incoming translational energy resides in the 

subsequent two atom collision complex. One thought argues that this energy 

must evolve into a form that leads to a collisional system of sufficiently long life 

to allow for a third body stabilization event. In the atom-atom case one would 

expect this energy to remain strongly, if not entirely, coupled to the dissociation 

degree of freedom. This would lead to a collision lifetime much less than the mean 

time between collisions. In this regard, Dickinson et al. have constructed a model 

which considers those ion-atom collisions leading to long lived shape resonances, ie. 

collisional trapping in the resulting centrifugal well at finite impact parameter .132 

Unfortunately, results of this model have not been able to adequately explain the 

temperature dependence of the bulk of association studies. Recently, Russell has 
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constructed a scattering model employing trajectory studies of similar resonance 

trapping which also includes quantum mechanical tunnelling corrections. This 

work has found greater success at explaining the dynamics of the He+ + He 

recombination reaction iil He buffers.133-13S However, a large amount of data 

exists for the heavier noble gas systems for which tunnelling is not expected to be 

significant and the general importance of resonance trapping in gas phase ion-atom 

association remains in question. 

In 1965, Mahan proposed an independent mechanism for atomic ion-atom 

three body association which focused on potential energy transfer rather than 

the traditional mechanism involving direct translational energy transfer. 136 This 

mechanism, involves electron transfer from the initial atomic collision partner to 

the incoming ion. Once transfer occurs, if the newly born ion resides in an ion

induced dipole potential created by a neighboring third body of greater magnitude 

than the relative kinetic energy between these two species, an irreversible cluster

ing event has occurred between them. This model experienced reasonable success 

explaining the rates of a variety of noble gas ion-atom recombination reactions 

between 200 and 5001(. Unfortunately, due to uncertainty in the temperature de

pendence of the initial electron transfer event, the model has limited predictability 

outside of this range. 

In this Chapter we present experimental results regarding the reaction 

Ar+ + 2Ar --. Art + Ar (6.1) 

in the temperature range between 0.5 and 3K. This data dramatically extends the 

experimental information regarding atomic ion-atom association, or recombination 

and reveals strong temperature dependence for an atomic association process. 
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6.2 Experimental Overview 

In order to achieve the low temperatures needed for this study, we have 

used the free jet flow reactor method outlined in Chapter 4. This kinetic method 

employs a free jet expansion to produce a local environment of extremely low trans

lational temperature and resonance enhanced multiphoton ionization (REMPI) to 

create the state selected population of reactant ions. 24,33,58,59 In the present 

experiment, a pulsed expansion of pure Ar is formed from a nozzle orifice of 

0.05 cm diameter. The resulting Ar monomer expansion accelerates and cools 

translationally.137 At a distance Zi from the nozzle, a laser is tuned to Ar 4p[!]o +

Ar 3p6 1 S leading to production of Ar+ via 4 + 2 REMPI.136 The temporal mass 

composition of the resulting flowing ion packet is then monitored by sequential 

time-of-flight mass spectrometric sampling as a function of Zi. 

As was discussed in the preceding chapter, consideration of the density 

profile in the expansion as a function of distance leads to an expression for the 

distance dependent parent ion density, 

lnAr+(Zf) = k3 zgAra [1- -1-] 
E Art 3uoo z} z~ 

(6.2) 

where v is the velocity of the jet and Zo is the density scaling factor that can 

be calculated from flow theory. The stagnation density is given by Aro and Z f 

is the distance from nozzle exit plane to the aperture of the mass spectrometer. 

The denominator, E Art, is the density sum of all Ar+ containing species (j=1-3 

in this study) and represents the density of the parent ion in the absence of the 

reaction. Linear analysis of Equation (6.2) as a function of the nozzle to ionization 

dist.ance provides a measure of the association rate coefficient, k3 • 59 

Unfortunately, the temperature of the jet is continuously changing over 
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the reactive distance for which we wish to monitor the mass distribution. We 

are fortunate in this study that this temperature, or the moment of the average 

collision energy in the case of an atomic buffer, is a well defined quantity, 33 

Z/ 

f Tellz-2dz 
T=...;Zj~ ___ _ 

Z/ 
(6.3) 

f z-2dz 
Zj 

where Tell is a degree of freedom weighted average value of the parallel and per

pendicular translational temperatures at a given point in the jet. The calculation 

of Tel! using the Boltzmann equation is described in Chapter 2.137 Analysis of 

ion packet mass distributions according to Equation (6.2) over extended regions 

of the jet leads to some curvature due to the intrinsic temperature dependence of 

k3 • Therefore, the experimental data is fitted to a polynomial fonn given by 

(6.4) 

Numerical fitting obtained this way for one stagnation pressure is shown in Figure 

(6.1). The rate coefficients are obtained in the regions of the jet with small tem

perature drops. The values of k3 are determined from the numerical estimation of 

the gradient of Equation (6.2) using the algebraic form obtained using Equation 

(6.4) at several points across the range. Variation of the stagnation pressure then 

presents a new temperature range over which k3 can be determined. 

In this study we have employed a nozzle radius of 0.05 cm and stagnation 

pressures of 910 to 2500 torr. This allowed the determination of k3 at temperatures 

between 0.5 and 3K. The lower temperature range is limited by our need to produce 

jets with insignificant degrees of neutral clustering. Such neutral clustering would 

lead to thennal perturbations in the jet and the possibility of second order Art 



Figure 6.1: A numerical fit to the obseryed data using the polynomial giyen by 

Equation. (6.4). The stagnation pressure is 3000 torr. 
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production by the exothermic charge transfer reaction of Ar+ with Ar2. The upper 

temperature range (low stagnation pressure) is limited by our need to produce jets 

of sufficient density for efficient termolecular association and the need to avoid the 

warm earlier portions of the jet where temperature errors will be most significant. 

6.3 Results and Discussion 

The results of our rate coefficient measurements for reaction 1 are shown 

in Figure (6.2). Included in this figure are the earlier results of Jones et al.130 

using the variable temperature selected ion flow (SIFT) technique and Johnsen et 

al129 and Liu and Conway131 employing variable temperature drift tube methods. 

The important observation is that this reaction displays a strong negative temper

ature dependence. Although photoelectron studies have not yet been performed 

on the REl'vIPI process through the Ar 4p[~]0 intermediate state, simple angu

lar momentum considerations would argue that the ions produced in this study 

would be predominantly in the Ar+ 2 P3/2 ground state. The data of Johnsen et 

al. at 300K shown in Figure (6.2) are for the reaction of Ar+ 2 P3 / 2 and at low 

temperature they saw no difference in reactivity between the Ar+ 2 P3/ 2 and the 

Ar+ 2 Pl / 2 excited state. The data of Jones reported are for an unspecified mix

ture of Ar+ 2 P3 / 2 and Ar+ 2 Pl / 2 states. One might expect Ar+ 2 Pl / 2 to react at 

a lower rate due to the possibility of dissociative collisional energy transfer and 

the fact that calculations of the Ar+2 P1/ 2 + Ar 250 potentials suggest largely 

repulsive surfaces.139 \Ve then make the suggestion that the observed data is most 

representative of the association of Ar+ 2 P3/ 2 in the parent neutral buffer. The 

dashed line in Figure (6.2) shows an extrapolation of the temperature dependence 

k3 = 7.02 X 1O-30T-0.60cm68 - 1 found to best fit the data above 77K. Such fits 



Figure 6.2: The rate coefficient for the reaction Ar+ + 2Ar -. Art + Ar versus 

temperature. The crosses represent the data from this work, while the squares are 

the data from Reference 127, filled circles are from Reference 128, and triangles 

are from Reference 129. The dashed line represents the best fit to the data above 

7iK to a form k3 = CT-n with a resultant n = 0.60. The solid line represents a 

similar fit to all of the data with n = 1.1. It should be noted that in view of the 

theory of 11ahan and the results of this work that such fits may pro\"e unrealistic. 
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have been very successful with many molecular ion-molecule clustering studies 

at low pressure including recent measurements down to 4K.58,59 In addition, no 

significant deviation from such a T-n rate law with a constant n for atomic-ion 

atom association have been apparent from studies prior to this report. It is very 

clear that such a deviation has surfaced in the current work and that extrapolation 

of the high temperature data for reaction 1 is unwarranted. If one wishes to model 

the complete experimental data between 0.3 and 3D OK with such a simple fit, the 

solid line which is a plot of k3 = 9.52 X 1O-29T-1.1cm6s-1 is more representative. 

In the case of ion-neutral association systems progressing through a colli

sion complex containing three or more atoms, statistical distribution of the col

lision energy of the complex over the available internal degrees of freedom, as 

described by the statistical phase space theory, provides strong justification of an 

inverse temperature rate coefficient dependence with a constant exponent n.8 This 

is a direct consequence of the strong negative energy dependence of the lifetime 

of a collision complex lying above the dissociation limit. In association events 

proceeding through diatomic collision complexes, such as in the current study, 

internal degrees of freedom not strongly coupled to the dissociation coordinate 

are not available. Conservation of angular momentum severely limits the amount 

of incoming translational energy which can flow into complex rotation. As a re

sult the majori ty of the incoming energy must remain locked in the coordinate 

describing complex dissociation. Therefore, simple statistical phase space" argu

ments predict no temperature dependence for atomic ion-atom association rate 

coefficients. The combined rate data for reaction 1, although not supporting any 

simple temperature dependence for atomic ion-atom association, clearly demon

strat.es a sensitive collision energy dependence for these reactions. It also appears 

that energy dependence becomes very acute below 77K. The previous collisional 
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dynamic models of this reaction and similar systems employing rotational reso

nances have not suggested such a sensitivity to collision energy at the low energy 

limit. The classical potential energy transfer mechanism of Mahan predicts com

plex temperature dependence of the association rate only if the symmetric electron 

transfer cross section between Ar+ and Ar increases in the low energy limit. Al

though such behavior was suggested in the polarization model of Sheldon,140 which 

can account for a T-1.25 dependence of k3 for such association reactions, insuf

ficient experimental documentation currently exists to determine whether this is 

the source of the energy dependence of k3 in the current reaction system. In view 

of the limited work, theoretical as well as experimental for atomic ion-atom as

sociation dynamics in the very low energy regime, a definitive explanation of the 

current results is not possible at the present time. In view of this, we suggest at 

present, little relevance be placed on fitting atomic ion-atom recombination rates 

in terms of the classical (statistical phase space) model of k3 ex T-n with n a tem

perature independent constant. At present we also feel that the data presented in 

this paper be mainly recognized in terms of the strong temperature dependence 

it suggests. Further conclusions need to await future experimental studies of this 

system over the intermediate temperature range between 3 and 77K and studies 

of other atomic systems at very low temperatures. In addition, theoretical models 

now need to be applied to the very low energy regimes which are increasingly 

becoming experimentally accessable. Regarding the classical model of Mahan, de

termination of the energy dependence of symmetric charge transfer cross sections 

at low energy would be of tremendous importance in this regard. 
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6.4 Conclusion 

A strong temperature dependence is observed for the atomic-ion atom 

association reaction, Ar+ + 2Ar -+ Art + Ar over the temperature range of 

0.5 - 2.5K. Combined data in the temperature range of 0.5 - 300K can be fitted 

to a rate law given by k3 = 9.52 x 10-29T-l.1cm6s-1 • Current formulations of 

the statistical theory cannot predict this temperature dependence with reasonable 

accuracy and a comprehensive mechanism for this association reaction which can 

explain the observed behavior remains in question. Therefore, little relevance must 

be placed on our fitting of rate data to a T-n functional form. 



CHAPTER 7 

Gas phase react.ion rates of N2 + with CH4, 02 and n-H2 

at very low temperatures 
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U sing the free jet flow reactor, we have measured the bimolecular rate 

coefficients for the reactions of Nt with CH4 , O2 and n-H2 at temperatures below 

15K. The reaction of CH4 proceeds at a rate which is only slightly faster than the 

rat.es at 70 and 300K, but shows no apparent temperature dependence between 

8 - 15K. The measurements for the reaction of Nt with O2 near 10 K indicate 

a marked increase of the rate coefficient from the room temperature value. The 

kinetic energy dependence of the rate coefficient for the reaction of Nt with n-H2 

resembles the peculiar behavior shown by the reactions of NHt and C2Ht with 

H2 where a minimum is observed in the rate coefficient. Possible mechanistic 

implications of such distinct temperature dependences are discussed. 

7.1 Introd uction 

The discussion given in Chapter 1 clearly indicates that Wlderstanding 

of the collision energy dependence of gas phase bimolecular reaction rates is of 

central importance in the chemical and physical sciences. Recent studies on a vast 

number of bimolecular systems have begun to reveal unique features of reactivity 

and the need to study these reactions over a wide range of energy. 

Due to the absence of an activation barrier, ion-molecule reactions, in 

general, are expected to proceed at the collision rate since every collision may lead 

to capture between the ion and the neutral. Using a simple ion-induced dipole 
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potential, the collision rate coefficient can be calculated resulting in 

(7.1) 

where q is the charge of the ion, Q is the polarizability of the neutral and p. is the re

duced mass of the interacting particles.1 This equation which is often known as the 

Langevin equation predicts that keo" is independent of the temperature. Contrary 

to predictions of the simple Langevin theory, many ion-nonpolar molecule reactions 

are found to display distinct temperature dependencies in their rates.1,2,6,12,14,24,42 

Recently, more advanced models of ion-molecule reactivity have been successful in 

explaining some of these discrepancies. 141 ,142 Since these dependencies are man

ifestations of the nature of the interaction potential energy surfaces, continued 

experimental and theoretical efforts in the area of energy dependent rate studies 

should expand our understanding of molecular interactions. 

In the current chapter we present the results of the measurements of the 

absolute rate coefficients for the following reactions at very low collision energies. 

Nt+CH4 -+ CHi+N2 +H 

-+ CHt+N2 +H2 

Nt + O2 -+ ot + N2 

Nt +n -H2 -+ N2H+ +H 

(7.2a) 

(7.2b) 

(7.3) 

(7.4) 

Reaction (7.2) has been studied near 3DDK using SIFT (Selected Ion Flow Tube) 

and ICR (Ion Cyclotron Resonance).143-146 The reaction has been found to pro

ceed at a rate close to the Langevin ion-molecule capture rate. The branching 

ratio for the reaction channels (7.2a):(7.2b) was found to be approximately 9:1. 

Rate coefficients and branching ratios at temperatures below 70K for this reaction 
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are not known. Regarding reaction (7.3), 300K rate studies have shown that the 

electron transfer process shown in Equation (7.3) is extremely slow at 300K.144-151 

The observed rate coefficient is approximately two orders of magnitude lower than 

the Langevin ion-induced dipole capture value. Recent low temperature studies 

have found that the rate coefficient increases with decreasing temperature.152 

Our investigation of reaction (7.4) was prompted by the peculiar tempera

ture dependence reported for two parallel reactions, namely the reactions of NHt 

and C2Hi with H2 • For example, the reaction rate of ammonia cation with H2 

decreases when the temperature is decreased to SO K. Lower temperature studies 

have shown that this behavior reverses at temperatures below 15 K.13 This labora

tory has recently found that a similar temperature dependence is displayed for the 

reaction of C2Hi with H2.11 The range of the observed 300K rate coefficient for 

reaction (7.4), Ni + n-H2 --t N2H+ + H, is 1.4-2.4 X 10-1ocm3 /5.144-146,151,153,154 

Very recent low temperature studies have shown that the rate of this reaction de

creases with a decrease of temperature in contradiction to similar H atom transfer 

reactions to other cations.25 

In this study we have used the recently developed free jet flow reactor 

method to extend the knowledge of the temperature dependent rate coefficients 

for reactions (7.2-7.4) to temperatures below 15K. In reaction (7.2) we find a 

very weak temperature dependence between 300 and SK. For reaction (7.3) our 

measurements of rate coefficients support the previous work, showing falloff of 

the negative temperature dependence in rate coefficient with a low temperature 

limiting value near one half of the Langevin limit. For reaction (7.4) our low 

temperature results extend the study of this hydrogen atom transfer reaction and 

strongly suggest a change of mechanism at very low translational energies. After 

a discussion of the kinetic technique used to obtain these data, the results will be 
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discussed with regard to possible mechanistic implications. 

7.2. Experimental Overview 

A detailed discussion of the experimental technique is given in Chapter 

4.24 The reactant ion, Nt (X 2E;, v = 0), is produced in a free jet expansion of 

N2 by (2+2) resonance-enhanced multiphoton ionization (REMPI). The resonant 

state chosen was either of the a l TIg v = 2 or 3 states. In a 90 - 97.5% N2 expansion, 

fast vibrational relaxation occurs and the reactions studied are predominantly due 

to the vibrational ground state of the ion.59 This is confirmed by the fact that we 

do not see charge transfer to Ar atoms seeded in the jet, a reaction which is 

exothermic and should be rapid for all Nt ( v> 0). 

The rate coefficients are again determined by monitoring the temporal 

mass composition of a reactant ion packet produced in the core of a supersonic 

expansion of 2.5 - 10% of the reactant gas in N2. This ion packet is sampled 

by a mass spectrometer which translates parallel to the expansion flow axis. For 

these experiments, a free jet of 300-450 J.lS duration is obtained by expanding 

the desired gas mixture through a flat pulsed nozzle of 0.030 cm diameter. The 

stagnation pressure was varied from 250 torr to 800 torr in order to alt.er the 

thermal conditions in the jet. Nozzle throat limited flow was confirmed in all 

these studies. The stagnation temperature was maintained at 298 K. The effective 

density in the reaction zone is varied by varying the distance between the nozzle 

and the ionization region, Zi. After the ion packet has traveled a distance of Zj 

within the free jet under field-free conditions, the ions are repelled into a time

of- flight mass analyzer by application of a pulsed extraction field. We want to 

emphasize again that the combination of small mass analyzer aperture and the 

laser crossing geometry ensures that we sample only a small packet of ions lying 
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in the center streamline of the flow. 

7.3 Kinetic analysis 

In Chapter 4 we have discussed in detail the procedure of extracting kinetic 

data by measuring the intensity of the time-of flight mass spectrwn 88 a function 

of Zi. The specific analysis will be now given for bimolecular reactions occuring in 

the free jet. 

For bimolecular reactions, two parallel experiments are carried out. In the 

first experiment, the pure buffer gas is expanded and the ion mass intensity of 

the reactant ion, It is recorded as a function of laser to nozzle distance, Zi. In a 

sequential experiment, the same procedure is repeated with a mixture of reactant 

(5 - 10%) in the buffer to determine r:, the ion mass intensity of the reactant ion 

under reactive conditions. The mass spectrometer is located at a distance of Z I 

from the nozzle. Ignoring the loss of ions through diffusion, it can be shown that 

these quantities are related by24 

-In [I~(Zj)] = Jk2 noz5 [2- - 2.] 
Iu (Zj) U oo Zi Zj 

(7.5) 

where k2 is the bimolecular rate constant and J is the fractional concentration 

of the neutral reactant. The jet speed U oo is measured experimentally and is in 

good agreement with the theoretical predictions of Chapter 2. In a region of the 

jet where the effective temperature does not change significantly, a plot of the 

left hand side of Equation (7.5) versus [~i - %~] will yield a straight line with 

a slope proportional to the rate coefficient. An added complexity to the current 

experimental measurements is the competing ternary association reaction of Nt 
with N2 to form Nt, which is fast at these temperatures.59 We have avoided this 
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problem by restricting the range of experimental conditions such as stagnation 

pressure and the value of Zi. However, these restrictions have placed practical 

limitations to the range of temperatures we can obtain using the N2 buffer. 

7.4 Temperat ure analysis 

Since we have chosen to use supersonic expansions to achieve low temper

atures, it is necessary to use combined experimental and theoretical developments 

to determine the density and the effective temperature of the jet. We have re

cently presented an in-depth analysis of the transformation of the kinetic behavior 

of a supersonic expansion to the assignment of equilibrium rate coefficients.33 We 

will also use the developments in Chapter 2 to determine density, jet speed and 

temperature components of a polyatomic supersonic flow. 137 

Due to the thermal anisotropy inherent to free jet expansions, definition of 

the reaction temperature in these studies is complicated. As warranted by the very 

low collision energies encountered in the jet, complete energy randomization will be 

assumed for the intermediate collision complex for a given reaction. This permits 

us to use statistical grounds to define the collisional temperature. Ideally, we 

would like to obtain experimental data in a range of the jet where this statistically 

defined temperature remains nearly constant. As will be shown, in this study it 

haS been possible to choose the reaction zone such that all of the energy moments 

except the lowest, T.L, are nearly constant. In this region, the effective statistical 

temperature is found to remain a constant within the limits of determination owing 

to very low values of T.L. 

Our primary studies using the Boltzmann equation indicate that for dilute 

gas mixtures, the relatively large number of collisions with the host molecules force 
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the temperature components of the seeded gas to be closely in equilibrium with 

that of the buffer gas. Therefore, at distances not too close to the nozzle, one 
, 

can expect the translational temperature components of the two different types 

of molecules to be equal. This is particularly true for a mixture of gases with 

comparable scattering parameters, 0 6 and e, where e is the collision parameter 

introduced in Chapter 2. The assignment of the rotational temperatures is then 

achieved by considering the conservation of energy and the total number of ro

tational degrees of freedom. For a mixture of H2 in N2, nuclear spin selective 

rotational relaxation and the large relative rotational constant of H2, prevent us 

from assigning a rotational temperature to this mixture. Therefore, we have cho

sen to present the results for this reaction as a function of relative kinetic energy. 

In Figure (5.1) we show the calculated temperature profile for an expansion 

of N2 • The average temperature at any point of the jet is obtained by the following 

statistical expression. 

1 
< T >= 6 + S(4TJ. + 2711 + STr ) (7.6) 

where S is the total number of rotational degrees of freedom of the reacting 

molecules. The average translational temperature is obtained by setting S equal to 

zero. Since the reactions occur in a region of the jet where the density is changing 

rapidly, ie. from the point of ionization (Zi) to the point of detection, (z/), < T > 

must be further density averaged to obtain an average reaction temperature, T. 

T = ...;Zi:....-____ _ 

Z/ 

J z-2dz 
Zi 

(7.7) 

As we discussed earlier, experiments are carried out in a region of the jet where 
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the value of T does not change significantly therefore allowing us ·to assign a 

kinetic temperature to the rate coefficients.. This is to say, that the value of 

the average temperature defined in Equation (7.7) is not significantly different 

from the site specific temperatures at Zi or Z J as defined by Equation (7.7). For 

interactions between ions and nonpolar molecules with rate coefficients that are 

only slightly temperature dependent, the effect of this averaging should be very 

small. The overall uncertainty of the temperature calculated in the above equation 

depends on the uncertainty inherent to the generalized Boltzmann method and 

the assumption of complete energy randomization during the reaction process. 

However, without better tests for distribution functions applicable to molecular 

jets, a precise analysis of temperature errors in the jet is very difficult. It is 

felt at present that experimental errors are the dominant error source and we 

have conservatively assigned a reported error to the rate coefficients of ±50%. 

Observed standard deviations of the actual rate measurements typically amount to 

±25%. The fonner margin of error should encompass the temperature uncertainty 

applicable to the rate models used to describe the reactions studied in this Chapter. 

7.5 Results and Discussion 

7.5.1. The reaction of Nt with CH4 

By varying the stagnation pressure and the portion of the jet being sam

pled, we have studied the reaction (7.2) over the range of 8 - 15K. The ob

served rate coefficient is nearly temperature independent and has a value of 

1.9(±0.9) x 10-9 cm3s-1 at all temperatures. This rate constant is larger than 

the room temperature.'value of 1.0 x 1O-9cm3 s-l. Combining these results with 

the CRESU results obtained at 70K, we conclude that the temperature depen-
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dence of this reaction is weak and approaches the Langevin capture rate at the 

low temperatures probed in this experiment (kL = 1.2 x 1O-9cm3s -1). We have 

observed a branching ratio for this reaction near 10K, k1a : k16 of 8 : 2 ± 1. This 

measurement may be influenced by differing collection efficiencies for the CHt and 

CHt should they possess greatly differing kinetic energy releases. The reported 

measurement reflects the product ratios observed at the shortest reaction time and 

should minimize kinetic energy bias. In addition, the light masses of the neutral 

products for both channels and the lower exoergicity for channel (7.2b) should 

minimize the difference of kinetic energy possessed by the ionic products. The 

branching ratio observed for this reaction at 300K is reported to be approximately 

9 : 1.143-145 Owing to the similarity between the results at 300 and 10K and 

the relative insensitivity of the rate coefficient to temperature, it appears that the 

mechanism for this reaction is a simple capture process followed by dissociative 

electron transfer. The nature of the dissociative branching would appear to be 

insensitive to the reactant internal energy and may then indicate a curve crossing 

lying well below the dissociation limit of the Nt ·CH4 collision complex. 

7.5.2 The reaction of Nt with O2 

The experimental results obtained for reaction (7.3) agree very well with 

the low temperature results of Rowe et al. 152 In Figure (7.1) we show the tem

perature dependence of this reaction from 300 - 8 K. The increase of the rate 

coefficient with decreasing temperature is indicative of complex formation during 

the reaction process. Although the details of the potential energy surfaces for this 

process are not precisely known, some qualitative features of the surfaces may 

be obtained by the following considerations regarding the behavior of the rate 

coefficient. Consider the following mechanism for this reaction. 



Figure 7.1: The temperature dependence of the rate coefficient for reaction (7.3), 

Nt + O2 • Data is given from this work (open crosses), Reference 150 ( open 

triangles) and Reference 148 (open square). The dashed line is the numerical best 

fit to the association model discussed in the text. 
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Nt + O2 I I [Nt· 02] 

ka 

154 

(20) 

The forward capture rate, ka, is expected to be given by the Langevin capture 

model. The quantities kb and k J are unimolecular dissociation rates. The effective 

rate coefficient, k, is then given by 

k = kakf 
kb + kf 

(7.8) 

In Figure (7.1) we have shown the temperature dependence of k over the range of 8 

- 300K. Although the rate coefficient increases quite rapidly when the temperat.ure 

is decreased from 300K, at lower temperatures it approaches a plateau. This may 

be indicative of temperature insensitivity for the dissociative electron transfer 

rate, k f. 'Vi th further justification to be given later, we will assume that the 

overall temperature dependence for this reaction is merely due to kb. On statistical 

grounds, we can then write the temperature explicit form for Eq. (7.8), 

k = ka 
1 +cTn 

(7.9) 

where c and n are constants.59 These constants may be determined by a numerical 

best fit to the available experimental data. The solid line in Figure (7.1) represents 

the best fit we obtain with ka = 3.52 X 10-10 , C = 4.0 X 10-5 , and n = 2.08. 

The value for n obtained above represents the temperature dependence of 

the lifetime (~b) of the intermediate complex ion against back dissociation. For 

similar systems this dependence can be obtained by measuring the low pressure 

limited ternary association rate coefficients in a wide range of temperatures. 10n

neutral association reactions of diatomic species occuring at low pressure, show 

inverse temperature dependence given by 
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k3 OC :6 OC T- n (7.10) 

where the values of n are found to be around 2.0. Recent studies suggest that this 

dependence holds down to very low temperatures. For example, the experimental 

values of n'for back dissociation of Nt* and ot* are 1.92 and 1.96 respectively. 59 

Within the limit of experimental error, the value of n determined above is well in 

line with these findings. 

The value obtained for ka is about 45% of the Langevin capture rate, kL, 

which also represents the limiting overall rate coefficient at T approaching zero. 

This is a result of the restrictions imposed by the conservation of spin angular 

momentum during the electron transfer process. If the spin statistics are strictly 

observed, the expected value for ka is ikL. However, partial breakdown of spin 

conservation for ion-molecule charge transfer reactions at low energies has been 

observed before. ISS Less dramatic temperature dependence of the rate coefficient in 

the low temperature region may be due to a relatively higher value of k J compared 

with kb at these temperatures. These numerical results would then support our 

assignment of a temperature independent model for k,. This would once again 

be expected if the curve crossing for electron transfer lies fairly deeply in the Nt· 
O2 ion-induced dipole well. Thus, the degree of internal energy in the incoming 

complex at the point of electron transfer or curve crossing would be very high. 

'We would then expect. little change in nature or strength of the matrix elements 

coupling the incoming channels to the subsequent N 2 + ot continuum as small 

changes in reactant temperature are made. 

7.5.3 The reaction of Nt with n-H2 

In Figure (7.2) we show the kinetic energy dependence of the rate coef-
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ficient for this reaction. It should be noted here that due to spin statistics and 

the low moment of inertia of H2, the rotational distribution of H2 under our jet 

conditions can be approximated by J=O : 1 : 2 : 3 of 0.20 : 0.74 : 0.05 : 0.01.63 ,156 

In addition to the most favored product N2H+, we also observed N2Ht resulting 

from ternary association. In all cases, the mass intensity of the product ion result

ing from the ternary association channel w~ less than 5% of the mass intensity of 

the product ion resulting from H atom transfer. Therefore we have not attempted 

to study the dynamics of this competing channel. The energy dependence of the 

dominant reaction channel is quite similar to that of the reactions of NHt and 

C2Ht with H2.ll,13 However, in the case of Nt, the variation of the rate coeffi

cient is not as dramatic. It has been suggested that this peculiar behavior shown 

by the rate coefficients of H transfer reactions is a result of tunneling of the in

termediate collision complex through a dynamic barrier. The low reduced mass 

involved greatly favors such processes. This mechanism has been used qualitatively 

to explain the existence of a minimum value for the rate coefficient at interme

diate temperatures. The minimum may occur as a result of opposing effects on 

the overall rate coefficient due to energy dependence of back dissociation of the 

collision complex and the transmission probability through the barrier. However, 

in the present reaction, many other experiments, including isotope studies, have 

to be carried out before we can be definitive regarding this level of mechanistic 

detail for reaction (7.4). Additional information about the lifetime of the collision 

complex may be obtained by studying the temperature dependence of the inter

esting competing ternary association channel. Studies using P-H2 are currently in 

progress in this laboratory. 



Figure 7.2: The kinetic energy dependence of the rate coefficient for reaction 

(7.4), Nt + n-H2 • Data is given from this work (open crosses), Reference 25 ( 

open triangles) and an average value at 300K from References. 141-143, 149, 151, 

152 (open squares). 
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7.6 Conclusion 

In this chapter we have presented low temperature rate coefficients for 

three reactions of Nt which show distinctly different energy dependences. Reac

tion (7.2) shows only a weak temperature dependence and approaches the Langevin 

capture rate at low energies. The rate coefficient for reaction (7.3) increases rapidly 

when the temperature is decreased from 300K and approaches a limiting value at 

low energies. The energy dependence of reaction (7.4) shows a minimum which 

resembles the reactions of NHt and C2Ht with H2 • The importance of the deep 

attractive potentials which exist for ion-induced dipole collision systems appears 

central to the behavior of all three of these reactions. In the case of reaction 

(7.2), the deep attractive well coupled with efficient electron transfer leads to rel

ative insensitivity of the reaction rate to incoming reactant energy in the 300 -

8K range. In reaction (7.3), the apparently much less efficient electron transfer 

step is proposed to lead to competition between reactive electron transfer and 

back dissociation of the collision complex. In reaction (7.4), the presence of the 

attractive well may provide the mechanism by which the collision system finds its 

way through reactive bottlenecks which impede the reaction at higher energies. 

It is apparent that continued studies of binary ion-molecule reactions at 

very low temperatures show promise towards the elucidation of detailed mecha

nisms. Coupled with theoretical models of reactive dynamics of ever increasing 

accuracy and detail, the outlook for making advances in the understanding of 

many apparently simple reaction mechanisms appears very promising. 



Appendix.A 

Evaluation of the left hand side of the moment 

equation ~ 
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The Boltzmann operator defined in the main text can be written in polar 

coordinates defined at the local stream line as follows. 

8f Ve 8f Vt/J 8f v~ + v~ 8f v~cotB - VrVe 8f 
v·'\1rf=vr-+---+--+ + -

8r r 8B rsinB 8</> r 8vr r 8t'e 

vevt/JcotB + vrvt/J 8f 
r 8vt/J 

(A.l) 

Consequently, we have Jv~ + v~ = Vol and Vr = vII' A relatively simple procedure 

to evaluate the left hand side of Equation (2.3) was described by Knuth and 

Fisher.45 The following discussion derives from their earlier treatment. Consider 

the following general form of a velocity dependent function. 

(A.2) 

Substituting this in the left hand side of Equation (2.3), and integrating by parts 

leads to 

n vevt/JcotB + vrvt/J)] d d d -- V,p Ve Vr 
Vt/J r 

(A.3) 
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We can now evaluate this equation for any velocity dependent functions of interest 

since these could be expressed as some linear combination of equations of the form 

of Equation (A.2). For example, to evaluate the total energy moment equation we 

have 

t/J( v) = ; ( v~ + v~ + v~ ) + Ei (A.4) 

The solutions of the forms of Equation (A.3) that result from the substitution of 

velocity functions can be greatly facilitated using the following integrals. 

2;: I I I JidvI/Jdvedvr = n 
• Vr VB V4> 

2;: I I I VrfidvI/Jdvedvr = nu 
• Vr VB V4> 

"'III 2 nklll ~ (Vr - u) fidvI/Jdvedvr = ~ 
• Vr V, v4> 

"'III 2 2 2
nkT

.J.. ~ (Ve + VI/J)fidvI/Jdvedvr = m 

• Vr V, v4> 

2;: j j I(ve + vI/J)JidvI/Jdvedvr = 0 

• Vr v, v4> 

2;: j j j(vr - u)(V~ + v!)JidVI/JdvedVr = 0 

• Vr v, v4> 

1 E- S 
- ~ E-e-ff; = -kT. 
Qr ~ • 2 r 

I 

(A.5a) 

(A.5b) 

(A.5c) 

(A.5d) 

(A.5e) 

(A.5f) 

(A.5g) 

where the summation is taken over the rotational states. When v~ is substituted 

in Equation (A.3), the tenn v~ will appear in the resulting expression. In order 

to simplify this integral using the expressions just given, the following similarity 

relation can be used. 
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Appendix B 

Evaluation of the collision terms. r i(i = 1. 2. 3) 

In this apJ>endix we give a brief discussion of the method for deriving the 

collision terms introduced in the main text. We rewrite below, the important 

fundamental equations. The distribution function is 

The expression for the collision term is 

Ji~l = ~ J J J J {?/,~ + 1fJ; - .,pi - .,pj} f f' gIi~1 sinex )d¢dXdv' dv (B.2) 

t/> x v' v 

All the terms have been defined in the main text. Introducing the center of mass 

coordinate system, the initial relative velocity is given by 

g=Vi-Vj (B.3) 

Using this definition, the product of the distribution functions before and after 

the collision, namely f f', can be transformed int.o this coordinate system. The 

resulting expression is then integrated over the components of the velocity of the 

center of mass relative to the hydrodynamic velocity. This procedure has been 

clearly described by Knuth and Fisher for atomic systems.45 The application to 

polyatomic systems is similar and therefore, we use the results without proof. In 

the following section we illustrate how the collision terms are evaluated for the 
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moments which are not summational invariants, namely, the internal energy and 

the energy in the parallel direction. 

B.1 Expression for r1 

This tenn accounts for change in the parallel component of the transla

tional energy resulting from internally elastic collisions. This is the only r tenn 

that arises in atomic flows. In order to evaluate this quantity we first det.ennine 

the averaged component of total energy change in the parallel direction. Defining 

the collisional change 

(B.4) 

where .,p = v~, we have 

where J1 denotes the reduced mass of the collision partners and g' is their relative 

velocity after the collision. Since ~Ei = tJ.L(g2 - g'2) the above expression can be 

separated int.o two tenns involving exchange of translational energy and exchange 

of internal energy as follows. 

~(v~) = ~92((1-3cos28)Sin2x) - !~Ei(Cos28+~(1-3cos28)sin2x) (B.6) 

Substituting this expression in Equation (B.2) followed by summation over the 

int.ernal energy states yields the right hand side of the fourth moment Equation 

(2.8). The first tenn in this expression, rl! corresponds to the component of 
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averaged translational energy exchange in the parallel direction. The internal 

energy exchange is accounted by r3 • Considering translational inelasticity, we 

have, 

rl-~( m )1( m ) 
- 4v'2 271' k1j1 271' kT J. 

~ 1 2 

/ / g5(1 - 3192)Q(2)(g) exp( - 4:~ff )d19d9 
o 0 

The viscosity-based collision cross section is defined as73 

~ 

Q(2)(g) = 271' /(1- cos2X) bdb 

o 

(B.7) 

(B.B) 

where b is the impact parameter. Beijerinck and Verster has shown that for a 

Lennard-Jones (6-12) potential, at energies relevant to a free jet, the viscosity 

cross section depends only on the long range attractive part of the potential.34 

Their numerical evaluation then results 

~ 

Q(2) ("'(elf ) = 271' ~ ("(2 C:T. ) 3 

ef f elf 
(B.9) 

This result has also been used by Toennies and V\Tinkelmann in their analysis of 

rare gas jets.46 \Ve can use this expression to evaluate r 1 in the following way. A 

simple transformation of variables results in 

(B.lO) 

Further simplification yields 
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(B.ll) 

(B.12) 

Inserting this in the above equation we arrive at the final expression for r 1 : 

.1 .II A 1 

r 1 = 6.4171 (C6) 3 (.!) 2 (Tl ) J 1 - 319
2 

d19 
k m ~1 (1-'\192)~ 

II 0 

(B.13) 

B.2 The expression for r 2 

This term arises as a result of the internal energy exchange with the per

pendicular translational degree of freedom during the collision. Pertaining to the 

notation introduced in the main text, we have for tP = E, where E denotes int.ernal 

energy only, 

(B.14) 

Inserting this in Equation (B.2), followed by summation over the internal states, 

we obtain r 2 , the right hand side of the fifth moment equation, Equation (2.9). 

The resulting expression for this quantity is 

47inkTr ( m ) 1 ( m ) r 2 = J2 . . ? kll 2 kT L ~fexp( -fj - fj) -QIQ} _7i II 7i.L "k' I,}, , 
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W' W' IX) 

J J J g3exp[_m~2 {2... + (2- - 2...)cos28} ] If.'sinxsin8d>.:d8dg 
4k T.J. 7i1 T.J. J 

x=O 8=0 g=O , 

(B.15) 

where we have used the common notation, f = -/t. In order to derive an expres

sion for the relaxation time, we further simplify the above expression for r 2 in 

the following way. Recalling our definition for effective translational temperature, 

Tel! and characterizing the rotation-translation disequilibrium by 6, where 

(B.16) 

we arrive at a simplified expression for r 2 : 

47rnkTr ( m ) i ( m ) r 2 = v'2 . . 2 k71 2 kT 2: Afexp( -fi - fj). 
2Q.Q) 7r II 7r.J. •• kl 

I,). , 

(B.17) 

In Equation (B.17), the exponential term involving kinetic energy can be expanded 

in a Taylor series around 6 = 0 (the continuum region) resulting in the following 

expreSSIOn. 

(B. IS) 

Next consider the effect of substituting this series in the expression for r 2 • The 

first term in the series corresponds to a situation where all three temperature com

ponents are in equilibrium, and therefore, has a null contribution to the collision 
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term. From the principle of permuting variables, similar is true for the fourth 

term.71 ,74 The second and third terms for example, lead to non-zero contributions 

to r 2 and describe the first and second order relaxation phenomena. 

From the principle of inverse collisions discussed in the main text, the fol

lowing transformation, which is useful in writing an expression for a bulk relaxation 

time, can be proven using the method of permuting variables.71,74 

where 

The final form of the expression for r 2 is then, 

1 

r 2 = - cv,rT -
1(T.l. l Til' Tr) (j(Tr - Tell )d{) 

o 

1 1 

J (Tr - Teff?d_O J (Tr - Teff?d_O ) + T. U + T2 u ...... 
r r 

o 0 

where the inverse of the relaxation time is given by 

B.3 Expression for r3 

(B.19) 

(B.20) 

(B.21) 

(B.22) 
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This expression is a result of our fourth moment equation, where we con

sider the parallel translational energy exchange resulting from internally nonadi

abatic collisions. Substituting the term in Equation (B.6) that involves internal 

energy only, into Equation (B.2), we obtain the expression for r 3 • The derivation 

is straightforward with similar steps· as' in for the development of r2. The final 

expression is 

where 

1 

r3 = Cv,rT -
1(TJ., Til, Tr) (1 u(t9) (Tr - Tell )dt9 

o 
1 1 

1 (Tr - Tell )2 d·O 1 (Tr - Tel1)3 d·o ) + Tr U + T; Y •••••• 

o 0 

(B.23) 

(B.24) 
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Appendix C 

Low energy scattering model for a 0 6 potential 

In this appendix a brief discussion is given regarding the evaluation of the 

collision cross sections using a low energy scattering model. The method essentially 

follows from the discussion given by Habets. 34,69 

The attractive part of the Lennard-Jones pottential is represented as 

VCr) = -Osr-6 (C.1) 

It was shown by Verster that in the energy range where 1/2p.g2 =:; O.lf, where f is 

the well depth, the deflection function, d( b, g) scales with the impact paramet.er borb 

at which the orbitting occurs. In the present energy range, this orbitting impact 

parameter is determined predominantly by the attractive part of the potential. Its 

value can be found by maximizing the effective potential (intermolecular potential 

and the centrifugal term) and we obtain 

(
27CS)i 

borb = 2p.g2 

The scaled deflection function is given by 

d(b,g) = 7r -1.65s - 0.25s3 -1.05In
1
1 + 8 0 < 8 < 1 
-8 

deb ) = 57r (0 961 x
6 

- 1 _ 0.04) 8 > 1 , 9 36 . n x6 8 6 _ 1 

where s = b/borb. The collision cross sections can be then obtained by 

00 

Q(') = 27rb~rb 1(1- cos'd(b,g))sd8 

o 

(C.2) 

(C.3) 

(C.4) 
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Numerical integration is then used to obtain the results given in the text. 
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Appendix D 

Taylor expansion of exponential tenn containing U,2 

We can use a simple Taylor series to expand the exponential term con

taining the velocity slip, U12' The expansion is carried out around a point where 

U12 = 0 and we obtain 

p(gCOS(}-U12)2 2 2 2 3 5 
exp - 2k e = exp -(y + x ) + y exp( -y )(2x - 2x + x ... ) 

• - II 

where 
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Molecular parameters used for 

phase space calculations 
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The following parameters have been used for phase space calcula.tions de

scribed in the text. 

Reaction 5.2: Nt + 2N2 -+ Nt + N2 

Nt vibrational frequencies (em-I); 2330,2400,260,100(4). 

Nt rotational constant (em-I); 0.118. 

Experimental values for t::.S and t::.H for the association process are 

-19.5 cal deg.- 1 mol. -1 and -22.8 keal. mol.-1 respectively. 

Reaction 5.3: ot + 202 -+ ot + O2 

ot vibrational frequencies (em-I) 1904, 1432, 250, 100, 80, 70. 

ot rotational constant (em-I); 0.139 

Experimental values for t::.S and t::.H for the association process are 

-25.0 cal. deg.- 1 mol-1 and -10.8 keal. mol.-1 respectively. 

-------------------------------------------
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