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ABSlRACI" 

Our group has recently developed and characterized a novel free jet flow reactor in 

which molecular reaction dynamics are studied in the c::old c::ore of a pulsed free jet 

expansion. Extremely low translational temperatures, often less than 1 K, are obtained with 

no condensation problems that exist in cryogenic cooling techniques. The reaction is 

initiated in the expansion and the species are monitored in the frame of the flowing free jet 

as a function of time. Kinetic information is obtained from a temporal profile of the mass 

and density distributions in the expansion. 

A free jet expansion is not at thermal equilibrium. The consequence of thermal 

anisotropy between different degrees of freedom must be addressed when properly 

analyzing free jet kinetic data. A detailed kinetic treatment has been developed which, 

within the accurate flow model of the jet adopted, rigorously accounts for the thermal 

anisotropy in the expansion. Approximations to the convoluted exact expressions are then 

made to aid in experimental application. 

Astrophysica1ly important bimolecular reactions of c+ were measured. The rate 

coefficients are reported and compared to current capture models. For the reactions with 

only two exothermic channels. branching ratios are determined. 

To understand the realistic flow dynamics present in our free jet flow reactor a solution 

to the Boltzmann Equation for a multi-component atomic expansion was derived. Both 

velocity and temperature slip are naturally incorporated into the model. 

To better understand the internal cooling in molecular expansions. rotational state 

population distributions were obtained in the core of a free jet for both pure and mixed 

mixtures of Ns by means of 2+2 REMPI. Spectral fitting shows no evidence for non

Boltzmann behaviour in the rotational populations. The experimental results fit well to a 

solution of the generalized Boltzmann equation. 
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CHAPTER I 

INTRODUCTION TO MOLECULAR DYNAMICS WITHIN A FREE JET EXPANSION 

Born in leaks, the original sin of vacuum technology, 
molecular beams are collimated wisps of molecules 
traversing the chambered void that is their theatre like 
companies of players framed by some proscenium arch. On 
stage for only milliseconds between their entrances and 
exits, they have captivated an ever growing audience by the 
variety and range of their repertoire. 

-John B. Fenn 

1.1 Introductory Remarks 

Over the last decade the supersonic free jet expansion has been instrumental in the 

sprouting of many new areas of chemistry and physics [I). In these expansions the gas 

quickly becomes rarified with a relative velocity distribution much narrower than under 

stagnation conditions. Thus, the collision frequency is sparse and in the flowing frame the 

translational thermal distribution resembles a noncondensed gas near absolute zero [2-4]. 

Spectroscopists frequently utilize this cooling effect to depopulate higher quantum states, 

which greatly simplifies the interpretation of molecular spectra. 

One major experimental challenge in the field of molecular dynamics has been the 

measurement of gas phase molecular reaction rate coefficients at temperatures below the 

boiling point of the reactants. Since collisions in the free jet provide a mechanism for 

cooling, it is conceivable that very low temperature molecular reactions may be monitored 

within the core of these expansions. Other adiabatic flows have been employed in 

monitoring chemical reactions, but, until the development of our free jet flow reactor, no 
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investigation of chemical reactions in a free jet has been documented or, to the author's 

knowledge, attempted. 

In 1963 Marte et al. reported a qualitative rate study of the reaction of ozone with 

nitric oxide within the core of a mild wind tunnel expansion down to a translational 

temperature of 245 K [5]. Rowe et al. developed the first quantitative kinetic technique 

utilizing an adiabatic flow, the CRESU method, which has been successf~ in lllel:il.wlng 

ion-molecule reaction rates down to 8 K [6-8]. In their technique a uniform supersonic 

expansion is produced through a Laval nozzle. The acronym, CRESU, is derived from a 

French phrase translated as "Chemical Reactions within a Uniform Supersonic Expansion." 

Utilization of a free jet expansion rather than a uniform one results in much lower kinetic 

temperatures. With this approach, we have developed a quantitative kinetic technique for 

determining rate coefficients near, or below, I K [9]. Our instrumentation was spectulated 

and operational before any knowledge of the CRESU method. Thus, these two techniques 

represent independent, synchronously designed methods to study molecular dynamics. 

Because of the low translational temperatures in the core of a free jet, our method 

naturally lends itself to the study of bimolecular ion reactions [10], termolecular association 

reactions [II] and electron attachment in this collision regime due to the common inverse 

temperature dependence of these rates. Monitoring chemistry in a free jet has certain 

advantages over the CRESU technique. The thermal ranges obtained in a free expansion 

cannot be reached by uniform expansions allowing for the measurement of subtle effects in 

the interaction potential which are hidden at higher temperatures. The data analysis in our 

technique may be more involved, but the experimental procedure is simpler. Enormous 

pumping speeds are necessary to monitor reactions in a uniform expansion, while a pulsed 

free expansion greatly reduces these needs. Also, the properties of a jet, such as its 

terminal temperature, can be quickly adjusted simply by changing the stagnation 

conditions. For the CRESU these adjustments are not easily made because the constraints 
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of forcing the flow to remain uniform in density requires definite stagnation conditions for 

a particular nozzle. 

1.2 lon-Molecule Chemistry 

The study of gas phase ion-molecule reactions has applications in the understanding of 

the chemistry in many different physical systems, such as flames, electric discharges, and 

plasmas [12-141. The first major theoretical advance in this field was the work done by 

Langevin in 1905 [151. He proposed to explain a bimolecular collision between an ion and 

neutral as the classic interaction between a point-ion and point polarizable sphere. In 

1958, Gioumousis and Stevenson applied this idea to calculate the rate coefficient for ion

molecule reaction rates [16]. Since the long range interaction between these is strongly 

attractive, they speculated the rate coefficient would be equal to the collision frequency. 

The true long range interaction potential for this system is always attractive, but the 

presence of the collison pair angular momentum created upon approach results in the 

formation of a repulsive centrifugal barrier to reaction. In calculating collision frequency 

this effect must be included. Those approaches with a favorable geometry will pass this 

barrier and, according to Gioumousis and Stevenson, become "trapped" and always react. 

All other trajectories will be deflected off this barrier and the only consequence of the 

interaction is possible momentum transfer. This type of analysis is cumulatively referred 

to as a "capture" model. 

Although first formulated nearly 40 years ago, the capture model of Gioumousis and 

Stevenson based on the straightforward classical ideas of Langevin remains, in either 

original or modified form, the theoretical leader in explaining low energy ion-molecule 

collsions. Since the interaction is solely due to the induced dipole in the polarizable 
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collision partner, this model is also called pure polarization theory in the literature. The 

expression derived was 

kLansevin ... 2 "" q if, (I) 

where q, a, and '" are the charge on the ion, the polarizability of the point sphere, and the 

reduced mass of the collision pair, respectively. Manipulation of this expression results in 

an experimentally more useful form 

kLansevin = 2.34 . 10-9 if (cm3/s). (2) 

o 
In Equation 2 the polarizability and reduced mass are in units of A\nd amu, respectively. 

The charge on the ion is taken to be ±1'1etectron. For multiply charged ions this expression 

should be multiplied appropriately. 

One of the central features of the results of pure polarization theory is the temperature 

independence of the rate. At low collision energies in systems where the neutral does not 

possess any permanent electronic moments, e.g. dipole, quadrupole, this model is frequently 

accurate in predicting reaction rates. The presence of other chemical effects which are 

important at higher temperatures frequently invalidates· the use of capture models in 

describing the realistic reactive dynamics in high energy collisions. 

To account for the various consequences electronic moments of the colliding neutral 

have on the rate coefficient, many modifications of pure polarization theory have been 

suggested. Moran and Hamill in 1963 considered the effects of a permanent dipole on the 

reaction rate [17]. They considered the dipole aligned with the ion and included this 

additional potential into the Langevin potential. This "locked dipole" apprOJdmation 

resulted in an enhancement of the rate which generally overestimated experimental data. 

Since the dipole cannot in all cases be exactly aligned with the ion during the total collision 
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event, various investigators [18,19] incorporated angular dependence into the potential of 

Moran and HamiD. One of the most successful of these models was the Average Dipole 

Orientation (ADO) first presented in 1972 by Bowers and Laudenslager [19]. This model 

accounted for the amount of locking though an average angle between the ion and dipole 

that depended on the distance between them. The results from this investigation concluded 

that the degree of locking and the rate coefficient increased at lower temperatures. Similar 

enhancement is also predicted for molecules with a permanent quadrupole [20]. More 

sophisticated semi-classical capture models predict the same trends in the rate as the 

temperature is decreased. The most experimentally useful of these are the Perturbed 

Rotational State Method (PRS) of Sakimoto [21], the Adiabatic Invariance Method (AIM) 

of Morgan and Bates [22], the Adiabatic Capture Centrifugal Sudden Approximation 

(ACCSA) of Clary [23,24], and the Statistic Adiabatic Channel Model (SACM) developed 

by TrOe [25]. 

The rate coefficients calculated by all these models agree very well down to 

approximately 100 K. Below this, the models quickly diverge in the consistency of 

prediction. In fact, at temperatures below 10 K the reaction rates for a particular system 

are frequently predicted to vary over two orders of magnitude. Since all of these theories 

suggest alternate views on the fundamental microscopic interaction between an ion and 

neutral, a verification of that theory which best explains experimental observation will 

provide great insight into intricate details of molecular interactions. Since experimental 

observation will only distinguish these varying predictions at temperatures below lOOK, or 

less, a great need for experimental data in the low temperature regime exists. 

Being able to accurately predict low temperature ion-molecule reaction rate 

coefficients has practical applications. Ion-molecule chemistry is prevalent in the dense 

interstellar clouds, which have translational temperatures in the 20-60 K range [26,27]. In 

the past, the modelling of interstellar dynamics relied solely on estimations of the rate 
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coefficients which were obtained by extrapolating known rate coefficients to interstellar 

temperatures. Since ion-molecule reaction theories surmise radically different rate 

coefficients in this thermal range, these studies will be helpful from two points of view: a 

direct measure of astrophysica11y important reaction rates at low temperatures and, through 

these measurements, a better understanding of the fundamental interaction existing between 

an ion and molecule. 

The vast majority of rate coefficients have been measured at and above 80 K. Along 

with our technique and the CRESU approach, three other methods of measuring low 

temperature ion-molecule reactions have been developed. Bohringer and Arnold have 

employed a liquid helium cooled drift tube to determine ion-molecule rate constants down 

to 18 K [28]. Dunn and coworkers at JILA have used a liquid helium cooled Penning trap 

to measure rates for several bimolecular reactions in the temperature regime near 

50 K [29]. Also, Gerlich et al. have recently developed a free jet drift technique for 

measuring termolecular rates to 1.5 meV [30]. None of these other techniques can obtain 

gas phase molecular rate coefficients in the sub-Kelvin thermal range which routinely 

exists in our free jet flow reactor. Thus, our method is currently the best suited for the 

understanding of subtle effects in the interaction potential, which, through extrapolation 

with higher temperature data, results in both a more complete knowledge of the interaction 

potential and applicability to astrophysical problems. 
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1.3 The Supersonic Free Jet Expansion 

The history of molecular beams is a rich one indeed. The kinetic theory of gases 

predicts that in the absence of collisions atoms will flow along straight lines. The first 

published observation suggesting this behavior was reported by Fleming in 1883 [31]. 

Studying a weIl used incandescent lamp, he noted that there was a "shadow" of the 

filament on the surface of the glass bulb surrounded by copper which was vaporized from 

the filament support. As an explanation, he speculated that, after vaporizing off the 

support, the copper atoms, in the sparsity of collisions under vacuum, remained along their 

initial path until condensing on the glass surface. This conjecture was later confirmed by 

• Dunoyer in 1911 who employed a sodium beam in what is classically considered the first 

molecular beam experiment [32]. 

Molecular beams quickly became a relatively common tool for physicists. The famous 

Stem-Gerlach experiment is an early example of the power of molecular beams in solving 

physical problems [33]. Early beam experiments generally employed a vacuum chamber in 

which a heated metallic filament was commonly used as an atomic source. A small 

fraction of the vaporized metal was directed into another chamber where the experiment of 

choice was done. This effusive source naturally resulted in relatively poor signal strengths. 

In order to increase the intensity of the beam, Knauer and Stem attempted to increase 

the pressure in the chamber where the beam was formed [34]. They found that the beam 

intensity increased until the mean free path of the gas approached the diameter of the 

orifice at which point the beam intensity levelled off. A year later, Johnson repeated this 

experiment with mercury vapor and found a surprising result, the beam intensity greatly 

increased once the mean free path of the gas became less than the orifice diameter [35]. 

Johnson utilized a much better vacuum system than Knauer and Stem and argued that the 

previous results were simply a consequence of the beam scattering with the background 
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gas. Johnson's experiment represents the iust documented free jet expansion. 

These experiments were largely ignored until 1951 when Kantrowitz and Grey [36] 

suggested the use of a free expansion with a skimmer to produce well-collimated high 

intensity molecular beams. Interest in the area quickly developed in many groups. Once 

systems with adequate pumping speed were developed various diagnostics of the physics of 

these flows were done. A major advance in this field was made with the incorporation of 

pulsed sources which greatly reduced pumping needs [37]. 

The first calculation of the free jet flow physics was done in 1948 by Owen and 

Thornhill who used the method of characteristics to solve various hyperbolic flow 

equations [38]. In 1964, the next major theoretical advance was made by Ashkenas and 

Sherman [39]. They suggested the use of a planar sonic surface as the origin of the flow, 

which simplified the equations of Owen and Thornhill. Using experimental data, Ashkenas 

and Sherman fit the unknowns in the flow equations and presented results which allowed 

experimentalists for the first time to predict temperatures within any part of the flow. 

One unrealistic assumption they made was spherical symmetry in the thermal distribution. 

By postulating cylindrical instead of spherical symmetry, Hamel and Willis revolutionized 

free jet flow theory [40]. They argued the stress on the system caused by expansion in the 

direction orthogonal to the major flow axis would result in thermal anisotropy. Within 

their model the translational energy in the flow is described by two temperatures: one in 

the direction of the flow and one perPendicular to it. With the method of characteristics, 

they could find exact solutions only with unrealistic potentials. Nevertheless, this treatment 

was considered "the solution" for atomic free jets for over a decade. 

Based on the ideas of Hamel and Willis and suggestions for solving the atomic free jet 

Boltzmann equation by the teams of Knuth and Fisher [41] and Miller and Andres [42], 

Toennies and Winkelmann in 1977 found a set of four differential equations to explain the 

evolution of density, velocity, and the two temperature moments with a realistic interaction 
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potential [43]. Beijerinck and Verster [44] used similar ideas and solved the Boltzmann 

equation within the context of the thermal conduction model [45]. Although less rigorous 

than the solution of Toennies and Winkelmann, for a Lennard-Jones interaction the 

solution became Quite simple and is conducive for experimental application. Currently, the 

thermal conduction model remains the best method of approaching the free jet flow 

dynamics from a point of view of extracting kinetic information. The model has tractable 

equations, while remaining accurate well within experimental error. Recently, using 

scattering arguments, a more rigorous solution to the Boltzmann equation has been 

developed by Randeniya and Smith [46]. Currently. these results do not easily lend 

themselves to kinetic analysis, but may in the future as the solutions are analyzed in more 

detail. Below an overview of the free jet expansion is presented with an emphasis on the 

thermal anisotropy. 

1.4 Chemical Dynamics in a Free Jet Expansion 

Monitoring chemical dynamics within the core of a free jet requires substantial 

familiarity with the physics of the expansion. A simplistic, but qualitatively useful, 

treatment for the thermal relaxation of a free jet is to model the expansion as being 

isentropic. Assuming a spherical expansion on the center streamline, one universal 

temperature, T ilentropie' is predicted to describe the energy moment of all distribution 

functions, whose axial dependence has the following form, 

T Z-2("'-1), ilentropic: oc (3) 

where z is the distance from the nozzle and,., is the heat capacity ratio, Cp/Cv • Even for 

atomic expansions b = 513), Equation 3 is valid only in the very early, continuum region 
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of flow. namely for distances on the order of a few nozzle diameters downstream from the 

source [2]. More detailed flow theories account for the interaction potential between the 

species and the velocity dependence of the scattering cross section. These more accurate 

theories predict a rapid separation of motion in the directions parallel and perpendicular to 

the bulk flow. The translational energy moments can then be resolved into two 

components. Tn and T 1- which define the average relative translational energies in each of 

these directions. i.e. parallel and perpendicular to the direction of bulk flow. This suggests 

an appropriate anisotropic velocity distribution function will result in a better description 

of translational motion within a free jet. Ample experimental evidence for this behaviour 

exists [2.43.44.45,47J. 

Although the local flow evolution is well-understood in pure atomic expansions. the 

flow description of molecular jets is further complicated by the presence of internal 

relaxation. For pure diatomic gas expansions. this added complexity to the velocity 

distribution function is due mostly to rotational-translational energy transfer. Because 

rotational relaxation cross sections are usually much smaller than momentum transfer cross 

sections. internal state distributions will relax with a much slower characteristic rate than 

that for translational relaxation. As with translations. ·there are no fundamental ideas 

predicting that the rotational distribution must remain Maxwellian throughout the 

expansion. however the bulk of experimental evidence supports the assignment of 

temperatures to these rotational distributions. Since the collision frequency rapidly drops 

with increasing axial distance. the internal rotational state distribution quickly deviates 

from any description for the translations. These phenomena may be qualitatively 

accounted by the introduction of a new temperature. Trot. Due to differences in 

relaxation times. Trot is greater than or equal to the translational temperatures at all 

positions within the expansion. This. along with consideration of geometric cooling in the 
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perpendicular direction, results in Trot ~ Tn ~ Tl at all axial positions in the expansion. 

Unfortunately, no model has been completely successful at describing the evolution of 

the total distribution function in molecular free jet expansions, partly due to the complex 

nature of the coupling of the various degrees of freedom as the expansion proceeds. 

Before new advances can be made in the use of free jets to elucidate molecular dynamics, 

suitable detailed descriptions of the temporal dependence of these distribution functions 

must be found. This is due, in part, to the fact that ion-molecule rate coefficients are 

influenced by the rotational energy distribution of the neutral. Also, the kinetic analysis 

relies heavily on knowledge of the translational distribution. Because most of our studies 

are performed in an atomic buffer with concentrations of 90% or greater, we can generally 

model the translational evolution by well accepted atomic treatments. There is no doubt 

that the presence of the reactant gas will affect the flow properties, but given the low 

concentrations these will be second order effects and are ignored. In this case knowledge 

of the rotational distribution will be most needed in interpreting the data in the context of 

rotational energy dependent collisional models. For those experiments, such as termolecular 

reactions, where a neat polyatomic flow is required, knowledge of the rotational 

distribution evolution is essential in predicting local translational distributions for proper 

data analysis. To aid in this development, precise experimental measurements are clearly 

required. 

For molecular expansions, many measurements of the translational energy moments 

have been made, leading to a reasonable understanding of local translational 

temperatures (2). In addition, over the past two decades a variety of methods for the 

determination of the rotational state distributions of molecules in free jet expansions have 

been developed. Following the ground breaking work of Muntz, electron fluorescence 

became a popular technique for these measurements [48-50). This method involves 

collisional ionization of the molecular species, followed by detection of fluorescence from 
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the electronically excited ions. The rotationally resolved fluorescence is analyzed by means 

of a suitable excitation-emission model to extract rotational populations. Other 

spectroscopic techniques, such as absorption [51,52], CARS [53], fluorescence [54,55], 

REMPI [56], and photoelectron spectroscopy [57] have also been employed for determining 

the rotational populations. A non-spectroscopic method for the determination of the 

rotational energy moment of the distribution was developed by Miller and Andres [58] and 

later modified by Gallagher and Fenn [59]. By time-of-flight techniques, an accurate 

measurement of the translational velocity distribution is obtained. With this information, 

the rotational temperature is inferred from energy balance considerations. More recently, a 

novel technique, employing Magnetic Beam Resonance, was developed to study the 

rotational relaxation of 02 in a jet [60]. Although there have been many investigations on 

rotational evolution in a free jet, many questions remain. 

1.5 Contributions Presented in Thesis 

In Chapter II the instrumental details of the free jet reactor will be presented. In 

order to extract kinetic information from a free jet various issues, arising primarily from 

the thermal anisotropy of the expansion, must be addressed. Also, the spatial dependence 

of the temperature and density must be carefully taken into consideration. These unique 

properties of a free jet result in an involved kinetic model for data analysis. The 

derivation of this treatment and its range of applicability will be discussed in Chapter III. 

This method has been successfully utilized in a variety of reactions, both two and three 

body. One successful kinetic study involved bimolecular reactions of c+ with various small 

molecules. Chapter IV will discuss these experiments in the context of an application of 

the results of Chapter III and as an independent source of interesting chemistry. Rate 
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coefficients and branching ratios for the reactions will be presented. 

The Boltzmann equation for a multi-component atomic expansion was solved in 

Chapter V. Both velocity and temperature slip between chemically distinct colliding species 

are incorporated into the solution. 

To properly interpret the influence of rotational energy on the results, the use of 

REMPI has been further investigated as a means to probe the temporal evolution of 

rotational state distributions of molecular species in free jets. In Chapter VI, results on both 

the axial and radial dependence of the rotational state distribution for neat Ns expansions at 

a variety of stagnation pressures are presented. Results in mixed expansions, containing Nz 

and a rare gas (He, Ne, Ar, and Xe), at a variety of compositions are also discussed. The 

data will be analyzed in terms of a solution to the Generalized Boltzmann Equation. 

The fundamental goal behind all of these studies is to understand molecular reaction 

dynamics in the near Kelvin thermal range. Much of the effort presented in this thesis 

involved measurements and ideas which arose, not directly from chemical dynamics, but 

from the many challenges the free jet provided while harnessing it as an experimentally 

useful kinetic medium. 



CHAPTER D 

EXPERIMENTAL OVERVIEW 

When we mean to build, 
We first survey the plot, then draw the model; 
And when we see the figure ... 
Then we must rate the cost of the erection; ... 

-Shakespeare, 2 Henry IV, iii 

11.1 The Free Jet Flow Reactor 
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In the most general kinetics experiment a mixture of a reactant gas, an ion precursor, 

and a suitable buffer, are allowed to freely expand into a vacuum through a flat circular 

orifice. The ion of interest is selectively created by resonantly enhanced multiphoton 

ionization (REMPI). The ion packet is then allowed to flow downstream in the expanding 

free jet in a completely field free environment. The chemistry occuring in the ion packet 

due to collisions with neighboring neutral species in the jet is monitored by mass 

spectrometry. The sampling is accomplished by repelling the ions out of the jet 

perpendicular to the flow axis after varying flow times. The ejected ion packet is focused 

into a time of flight (TOF) mass analyzer, where not only the parent ion is detected, but 

also the common polarity charged products of any intra beam chemistry which occured 

prior to ejection. This provides a means of completely monitoring the density and ionic 

mass distribution of an expanding ion packet. The measured chemistry is governed by the 

energetics applicable to the local environment in the cold central core of the free jet. The 

use of REMPI as an ion source has advantages over more common methods, such as 

electron bombardment, because of its high state selectivity and the possibilitiy to produce a 

single ion species in .. a compte". miytllre of neutrals. Thus, the study of rate coefficients 
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for energy transfer or chemical reaction of internal state selected ions is possible. 

Figure I shows a schematic of the free jet. flow reactor [9]. Figure 2 is a more 

detailed diagram of the interior of the machine, illustrating the reaction and detection 

zones. In Figure 2 are two distances which will be frequently referred: Zj and 21. Both of 

these originate from the nozzle exit, one being the absolute distance to the laser focus and 

the other to the center of the TOF-MS exit aperture, respectively. The difference between 

these distances, designated zl,MS' is the total flow distance of the ion packet from 

production to detection. Thus, in a reactive situation this distance, zl,MS' represents the 

reaction distance of the ion. Since the ions are produced at a point where the jet has 

reached a state of constant flow velocity, distance can be directly mapped into reaction 

time. An example of the experimental determination of the flow velocity is shown in 

Figure 3, where the optimum arrival time after ionization is plotted versus flow distance. 

The linearity of the plot indicates constant velocity, which is determined by the slope. The 

apparatus allows for freedom of movement of both the nozzle and mass spectrometer 

positions, therefore we are able to probe dynamical information at a variety of positions 

and reaction distances in the expansion. For most studies Zj ranges from 0.1 to 2.5 cm and 

21 from 2.0 to 12.5 cm. 

The instrument consists of three major components illustrated in Figure 2: the pulsed 

nozzle (NZ) where the jet is formed, the laser focus (LF) which creates the ions and 

initiates the reaction, and the TOF-MS that mass selectively monitors the cumulative 

chemistry that has occurred from Zj to 21, viz. over zl,MS. In this chapter each component 

of the instrument will be elaborated. Then, details of the electronic timing are presented. 

Finally, a brief introduction on data acquistion is discussed. 
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Figure 1. Schematic diagram of the free jet flow reactor. From [9]. 
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Figure 2. The interior of the vacuum chamber. NZ is the nozzle, LF is 
the position of the laser focus, RP represents the repeller plate and MS is 
the TOF mass spectrometer. ~ and It are the nozzle to laser and nozzle to 
mass spectrometer distance, respectively. The difference between these, 
designated zl,MS' represents the reaction distance of the ion packet. 
From [9]. 
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Figure 3. Velocity determination of c+ doped in an argon free jet 
expansion. The abscissa is tJ in the text and the ordinate is z.,MS' 
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11.2 The Vacuum Chamber 

The vacuum chamber is multiply p-metal shielded against magnetic fields and graphite 

coated to minimize buildup of local electrical fields. The main chamber, which measures 

1 m x 0.4 m x 0.4 m is pumped by a ten inch diffusion pump (2000 Lis), while the time 

of flight drift tube (1.4 m x 0.1 m dia.) is pumped by a four inch diffusion pump 

(400 Lis). Both pumps have Santovac 5 (Monsanto Corp.) as the pumping fluid. The base 

pressure in the main chamber during an experiment is less than I . 10-6 Torr, and the 

pressure in the drift tube is always less than 1 . 10-8 Torr during operation. These 

operating pressures insure both safe operation of the ion detector and the absence of a 

Mach disk for at least the first meter of flow which provides a freely expanding jet over 

our experimental range and dampens heating problems from scanering with the 

background gas. Depending on the pumping speed of the buffer gas, the stagnation 

conditions, and driving conditions of the valve, safe repetition rates for an experiment lie 

in the range of 3 to 10Hz. 

11.3 The Pulsed Nozzle 

The free jet is formed by expanding a gas mixture into a vacuum chamber through a 

pulsed nozzle. The nozzle opening is a flat circular orifice with a diameter of either 0.3 or 

0.5 mm. Although a continuous free jet would provide a more care free source, pumping 

speeds required to maintain base pressures less than 10-6 Torr which minimizes beam 

scattering with the background gas and provides safe operation of the multi-channel 

detector are excessive, i.e. equivalent to 25 10 in diffusion pumps. The nozzle employed is 

solenoid driven and manufactured by the General Valve Corporation. Earlier experience 
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with piezoelec:trically (pz) driven nozzle valves has shown that it is much less demanding to 

produce fully orifice limited flows (OLF) with solenoid driven valves. OLF is the 

condition where there are no flow constrictions near the orifice and the flow dynamics of 

the jet are described by an orifice whose surface area equals that of the actual nozzle. 

Solenoid valves experience fewer problems than (pz) driven valves when operated under 

the demanding driving conditions necessary for OLF. Also, replacement costs are lowered, 

because solenoid valve failure is usually associated with a single inexpensive component, 

such as the sealing poppet or the armature. For a (pz) valve a costly crystal is most 

frequently the defective part which causes departure from OLF. Our nozzles have been 

shimmed to increase the distance between the nozzle face and the solenoid. This increases 

the poppet or sealing surface travel distance during operation and fully allows for 

attainment t\f OLF. This has been confirmed by measuring the conductance through the 

nozzle exit face as a function of various driving conditions. 

Unlike many other investigations using pulsed free jets, the interpretation of kinetic 

information in the core of a free jet requires adequate knowledge of the local flow 

characteristics, including energy moments and number densities. Along with other 

parameters, these properties are a function of the effective surface area from which the 

flow originates [61]. Since the nozzle orifices are circular, predicting flow characteristics 

requires both the knowledge of the nozzle radius and the confirmation of OLF. These 

nozzles have been manufactured with high precision and their orifice diameters have been 

verified microscopically. To confirm the absence of constrictions in the flow the following 

studies were done. 

The conductance, C, is related to the volume of gas passing through an orifice per 

unit time. Conductance is related to the flow rate, q, by 

q = C (P A - PB) (4) 



34 

where (P A - PB ) is the positive pressure difference present on each side of the orifice. 

The value of the conductance is related to the area of the orifice by 

where 6 0= PB/PA and A is the surface area of the orifice [61]. Contributions from 

viscosity were ignored in the development of this relationship. Viscosity effects are not 

usually important except at extremely high pressures well beyond those used in our 

studies [62]. In our apparatus the pressure in the vacuum chamber is negligible compared 

to the stagnation pressure, designated by Po' Thus, 6 =:! 0 and the above simplifies to 

q = C Po (6) 

where Po is equivalent to P A above. We have flow controllers (Tylan Co.) which 

accurately measure the flow rate, q, of gases through them. They were calibrated against a 

known q determined by flowing a constant flow rate of gas into a known volume. The 

rate of change of the pressure in this system wiII give the flow rate from the ideal 

equation of state, 

dP RT dn 
"dt= v"dt' (8) 

where all the variables have their standard notation and dn/dt is the mass flow rate. The 

flow controllers were found accurate to within 0.1 sccm, which is sufficient for our 

studies. 

Since the flow rate, q, can be experimentally determined, the effective conductance is 

calculated by setting a constant mass flow rate to an isolated system whose only leak is 

through the nozzle orifice and recording the final equilibrium pressure, Po' Insertion into 

Equation 6 wiII give the effective conductance. This is not the true conductance for two 

reasons. First, the nozzle is pulsed, therefore the duty cycle of the pulse must be 
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convoluted into the determined effective conductance. Also, the poppet seal is not perfect 

and a small leak may be present when the nozzle is closed. 

Shown in Figure 4 is a representative gas pulse profile for a 0.3 mm nozzle expansion 

of neat Nz measured by delaying the time between the nozzle opening and the laser firing. 

The laser was tuned to a ionization resonance line for NJ • The ion count for a particular 

delay time is directly proportional to the local number density of Nz in the gas packet, 

therefore a map of the ion count also represents the neutral profile. The first peak 

centered at approximately 800 ps after the nozzle is triggered represents the primary gas 

packet. It should be stressed that for this profile the nozzle to laser distance, Zj, was 

3 mm. Since the thermodynamic limiting velocity of Nz in a free jet is 0.79 mm/ps [2), all 

of the species released from the nozzle will reach the laser within a few microseconds. 

Since few ions are detected for at least the first 500 ps after the nozzle is triggered, this 

indicates a finite delay time between the physical triggering of the valve and the actual 

opening of the nozzle. The center of the first packet is around 790 ± 30 ps, therefore for 

most efficient overlap of the gas pulse with the laser a delay of this amount must be 

included. 

Although it has not been indubitably confirmed, the second peak presumably arises 

from the poppet bouncing off the nozzle face after being shut by the valve's armature. 

An engineer at General Valve originally suggested that under the strong driving conditions 

which we run the nozzle the poppet will likely bounce at least once. As shown in 

Figure 4, the second gas packet is present 6000 ps after the nozzle is triggered. Looking 

further in time no other ions were found, suggesting that if the poppet is bouncing more 

than once the amount of gas further released is negligible compared to that in the first two 

distributions. Thus, the cumulative gas release is represented by the sum of these first two 

profiles. The duty cycle of the pulse may be determined from the pulse profiles. Ignoring 

for a moment the second pulse, the first profile has a normalized integral equivalent to a 
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Figure 4. Representative pulse profile for N2+ under driving conditions 
which produce nozzle limited flow. Maximum ideality of the flow is in the 
flat, central 50-70 ps of the first peak. The severe driving conditions 
necessary to achieve orifice limited flow results in the poppet hitting the 
orifice with such an impact that it bounces slightly. This bounce causes the 
second small peak centered at 60001'5. The backing pressure, nozzle 
diameter, pulse width, and trigger voltage were 272 Torr, 0.3 mm. 362 ps, 
and 300 Volts, respectively. 
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square pulse of 660 ps long. The electronic pulse used to trigger the nozzle was 362 ps 

long with an intensity of 300 v. 

The discrepancy between these pulse widths cannot be explained through diffusion of 

the gas packet as it flows from the nozzle to the laser. This will be demonstrated by two 

examples. In both cases the diffusion will be considered one dimensional in the direction 

of flow. Thus, we are ignoring effects of diffusion in the perpendicular direction. If the 

temperature is assumed constant, the most extreme cases will be predicted. Consider a 

300 K Boltzmann distribution for N z' 

f(v) = f(voo) e-5.61(v - 0.79)Z, (9) 

where v is expressed in mm/I-'S and 5.61 was obtained using the mass of nitrogen and 

300 K. Let's look at the predicted velocities in the small, but finite, wings of the 

distribution. Arbitrarily, take this position to be where f(v) = 0.1 f(voo ). The predicted 

fast (slow) velocity in this distribution is 1.43 mm/I-'S (0.15 mm/ps). In the actual 

distribution these predicted velocities will be closer to v 00 because of cooling. If a 

molecule of speed 1.43 mm/ I-'S led the gas packet and one of 0.15 mm/ ps was at the tail 

end of it, the arrival time differences of these two species 3 mm downstream would cause 

the distribution to widen by 17.9 ps, not the 300 ps observed. 

The another argument against diffusion, involves a one dimensional random walk 

model. From the hard sphere collision cross section of Nz' 3.6 . 10-16 cmz [63], the room 

temperature collision rate of N z is predicted to be 2.0 . 10-10 cm3/s [64]. Assuming a 

radial density drop, the predicted number of collisions per molecule from the nozzle to the 

laser is 321. The stagnation conditions in the profile in Figure 4 was 

PoD .. (272 Torr)(0.03 cm). which was used to estimate the number of collisions. The 

average gas density from the nozzle to the laser focus is approximately 5 . 1017 cm-3• This 

implies the average mean free path between the molecules is roughly 0.05 mm, therefore a 
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collision event will on average change the physical distance of a molecule by this distance. 

Thus, 321 collisions will not change the width of the center of the distribution by more 

than approximately 10 mm, i.e ~ 10 ps, which is an extreme approximation. The 

conclusions from this analysis suggests that the 660 J.IS pulse length is effectively the pulse 

length of gas being expelled from the nozzle. Further evidence to support this conclusion 

is that the gas packet does not rapidly expand in width if the nozzle is moved further from 

the laser, which must be the case if this rapid diffusion were actually occurring over the 

first 3 mm of flow. One speculation on the reason for the large pulse width is that it 

takes a finite time for the fields in the solenoid to decay after the trigger has ceased. 

Before using this experimentally measured pulse width to calculate the duty cycle, two 

points must be accounted: the consequences of the secondary peak and determining a 

functional form for the actual pulse width of the gas versus the width of the electronic 

trigger. For the gas pulse in Figure 4, the integral of the secondary peak equals 40% of 

the large one. The true pulse width is also 80% larger than the electronic pulse. Fitting 

another profile gave similar conversions. In calculating the duty cycle the width of the 

packet will be taken as a square pulse 1.8 times as large as the electronic trigger width and 

the total area of the pulse will be taken to be an additional 1.4 times as large accounting 

for the secondary peak. Thus, the cumulative open time of the nozzle will be 2.5 times 

the electronic pulse length. 

Since these conversions were calculated for the extreme driving conditions present in 

Figure 4, if anything, the above time conversions for a measurement taken at some less 

extreme driving condition will overestimate the amount of time the nozzle is open. This 

will result in too large of a duty cycle and the final result will be a calculated nozzle 

diameter less than the true one. Therefore, when the measured conductance levels off as a 

function of driving conditions we can be assured the calculated nozzle diameter will not be 

excessive, i.e. we are measuring the maximum possible nozzle diameter. On the other 
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Figure S. Dependence of nozzle driving voltage on the ion count. To be 
certain measurements are being taken under conditions of orifice limited 
flows we must, among other considerations, run the experiments in the 
flat-topped region of this plot. The ion used for this analysis was Nz + 
produced by means of 2+2 REMPI through the In(v'.3) state. Backing 
pressure, nozzle diameter, and pulse width are 300 Torr, 0.3 mm, and 
3S0 I'S, respectively. 
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hand, less harse driving conditions may result in fully OLF, but, if the conversion factor 

changes, we may be in error in the interpretion. The results from this study, presented 

below, only assure OLF in definite regions, but do not necessarily predict accurate 

boundaries for the reaching of OLF in the center of the gas pulse. 

The real conductance of the orifice was measured by the following method. The 

effective conductance while running, Cef(,open' and closed, Cerr,dOMCl were measured as 

discussed above. The duty cycle, i.e. the fraction, f, of the total time the nozzle was open, 

was determined by multiplying the electronic trigger pulse length by the trigger conversion 

factor, 2.5, and the repetion rate, typically 6 Hz. A common value of f is 0.005. The real 

conductance, Creal' was calculated by the following 

C 
_ Cere,open Cere,dOled 

real - f - I-f (10) 

All the conduction studies were done with the 0.3 mm orifice. The conductance may be 

affected by various factors all of which must be investigated. The three major ones are: 

pulse trigger voltage, electronic pulse width, and stagnation pressure. 

If the pulse trigger voltage is not large enough the armature will not move the poppet 

far enough from the orifice seal and its presence will cause a flow constriction. A 

representative ion count for N2+ as a function of pulse voltage is shown Figure 5. The 

signal levels off around 280 V, suggesting this should be the lower limit for reaching OLF. 

The other stagnation conditions in Figure 5 are Po = 300 Torr and the trigger pulse width 

was set at 350 J.'S. Now we must concern ourselves that these conditions, albeit 

conductance limited, are also OLF. The pulse voltage was set well into the flat region, 

310 V, for the remainder of the studies. 

If the pulse width is too short, the the amount of time that the nozzle is open will not 

allow for the majority of the packet to have OLF. The effective nozzle size changes as a 

function of the pulse width as illustrated in Figure 6 for a 0.3 mm nozzle. The 
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conductance levels off around 350 1-'5. Unlike Figure 5 which plotted ion count as the 

ordinate, in Figure 6 Equations 6 and 7 were employed and the predicted average nozzle 

radius is directly shown. In the limit we see not only conductance limited flow, but, since 

the predicted nozzle radius is the actual one, the flow is orifice limited. As with the 

former study, the stagnation pressure was 300 Torr. 

As a final study, the conductivity was measured at various backing pressures. Backing 

pressure can affect the conductivity, because at higher pressures it will take more energy 

for the armature to open the poppet. Conduction studies were done between 300 and 

1400 Torr. Within this pressure range the conductivity was constant to within 2%. Since 

nearly all of our experiments are performed at this pressure, or less, we can safely assume 

our nozzle has OLF for the experiments discussed later in this thesis. Conductivity above 

1400 Torr was not measured, therefore OLF at pressures above this should not be inferred. 

The final conclusion of the conduction studies for the solenoid valve is as follows. If 

OLF is necessary for this commonly used valve, one should shim the valve 

appropriately [65], minimally apply a 300 V square pulse for a duration of at least 350 1-'5. 

These conditions appear to provide OLF within 2% for a 0.3 mm nozzle to pressures of 

1400 Torr. It should also be noted that a typical measure of OLF, that the beam shows a 

flat topped density during the central part of the pulse as determined by fast ion gauge 

measurements, can be an erroneous indicator. Flat topped relative density measurements 

only prove that the nozzle has reached a point of constant conductance, but this 

conductance can still be limited by the close proximity of the sealmg mechanism to the 

orifice at the point of full actuation. Our ion packet signal is flat topped even under 

conditions where the conductance is not nozzle limited. 
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ll.4 The Laser System 

The laser system employed in reactant ion preparation consists of an excimer laser 

(Questek 2640, XeCI, 308 nm, 200 mJ) which is used to pump one or two homebuilt dye 

lasers. One of the dye lasers has a Littrow mounted grating in the oscillator [66]. Due to 

the inadequate resolution of this arrangement in interpreting the spectra presented in 

Chapter 5, one of the oscillators was modified to a grazing incidence configuration. The 

spectral resolution improved by approximately a factor of three. The output from a single 

dye laser in a one color experiment is typically between 5 to 15 mJ/pulse. Wavelengths 

shorter than 320 nm are produced by frequency doubling visible radiation by means of a 

KD· P crystal. Typical output through the doubling crystal is 1-2 mJ/pulse. 

Work by Littman and Metcalf in 1978 demonstrated that the spectral resolution of dye 

lasers is greatly enhanced when the grating is mounted in a grazing geometry instead of the 

classic Littrow one [67]. The resolution in these lasers is increased for two major reasons. 

First, the holographic grazing incidence gratings typically have many more grooves per unit 

length, e.g. 1800 t/mm, as compared to the traditional echelle grating, 300t/mm, used in 

Littrow dye lasers. Secondly, the first diffraction off the grating is retro-reflected off a 

mirror, where another diffraction completes the cycle. Thus, two effective diffraction 

passes exist per unit cycle in the oscillator. Tuning is achieved by rotation of the mirror 

about the surface of the grating. Although we did not find it necessary to do so, to obtain 

more spectral selectivity the mirror can be replaced by an echelle grating in Littrow 

configuration. 

An arrangement found to suit my present needs employed a holographic grazing 

incidence grating/mirror set purchased from Optimetri~. For visible dye lasers 1800 t/mm 

is found to be the best grating to use. A commercial rotation stage was employed for 

tuning (Newport Model 471). Other equipment necessary for this oscillator conversion 
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were mirror mounts (Newport MM-2) for mounting the optics, a homemade sine bar arm 

which sets on a lead screw that together drive the rotation of the stage, a translational stage 

for optimizing the position of the grating (Newport Model 411-0SS), and various homebuilt 

riser blocks and stages for properly mounting the mirror and grating to the rotation stage. 

11.5 The Mass Spectrometer 

The time of flight mass spectrometer (TOF-MS) is modeled after the classic two field 

Wiley-McLaren design [68]. Initially, the ions pass through a 0.5 cm:& entrance aperture, 

and upon entering the focusing region, they are initially aligned by deflector plates which 

remove the inherent velocity the ions have in the z Uet) direction. The second region 

consists of a set of cylinders, which accelerate and focus the ions onto the final detector. 

After acceleration, the ions enter a 1.0 m drift tube floated at the final acceleration 

potential. Here, they drift in a field free environment and mass separate. Upon exiting 

the drift tube, the ions are detected on a biased multichannel plate detector (Galileo Co.). 

The ion signal is amplified and processed using a transient digitizing signal averager 

(LeCroy 9400jw), and a mass spectrum of all ions present in the original packet is 

obtained. Studies of the sensitivity of the observed mass spectrum to the deflection voltage 

(to remove the beam speed from the ions) indicate that mass discrimination in the 12 to 

100 amu range is negligible. The mass spectrometer provides a resolution (mj am) of 

about 200 at a mass of 30 amu, which is more than sufficient for our purposes. 

A unique feature of the mass spectrometer is an ability to translate along the jet (z) 

axis, parallel to the ion flow without breaking vacuum in the beam chamber. This is 

illustrated by the "monitoring zone" in Figure 7. The spectrometer protrudes through a 

flange which slides on a concentric double 0 ring sealed surface machined into the wall of 
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the main jet vacuum housing. The entire TOF-MS can be translated a distance of SO cm, 

determined by the length of the ovaloid cut in the main chamber wall. The TOF-MS 

sealing flange is held precisely parallel to the main chamber wall by a set of linear bearing 

rails mounted on the main chamber. The translation of the mass spectrometer is provided 

by a set of three lead screws coupled by a drive chain to a gear motor. During translation 

at a rate of 5 cm per minute, no differential pumping is required between the 0 rings and 

a pressure lower than I . 10-7 Torr is maintainable in the vacuum chamber. 

11.6 Electronic Timing 

The timing of the experiment is arranged in the following manner. First, a pulsed 

valve driver opens the valve and the jet flow begins. As discussed in Section 11.3 the gas 

pulse is approximately 600 IJS wide. After a variable delay t1 (~ 700 IJS), the laser is fired. 

Figure 4 is an example of a profile of ions produced as t1 is varied. The timing of the 

laser firing is adjusted to ensure the overlap of the photon arrival with the central portion 

of the jet flow. In the center flat topped region of the first peak of this profile, which is 

typically 50 - 70 IJS wide, maximum ideality of the jet flow is obtained. Roughly, the 

velocity of most beams is ~ I mm/IJS. therefore the ideal portion of gas pulse is 

approximately 50 - 70 mm in length. The 16 ns laser pulse length utilized to produce the 

ions will initially form an ion packet of dimension less than 2 . 10-1 mm. Thus, the 

photoionization pulse time and the ion packet spatial extent correspond to flow distances or 

conjugate times which are much less than the width of the ideal portion of the gas packet 

flow. Therefore. the conditions under which all subsequent ion chemistry occurs 

correspond to those predicted for a continuous jet. The laser firing. at t1• is referenced as 

time zero in future kinetic analyses since this is the moment where the ions are born and 
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Figure 8. Electronic triggering of the instrument. The nozzle is first 
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Approximately 700 p.s later at t1, the gas packet is centered at the position 
of the laser focus, the laser is fired, and the reaction begins. Depending on 
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applied at a time tJ which ranges from 0 to 200 p.s. 
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the point in time where the reaction begins. Figure 8 illustrates the electronic timing. 

The ions are allowed to flow downstream for a second variable delay. ts. (0 - 200 ps). 

until they arrive at the axis of the TOF-MS. Note that ts is the reaction time and is 

inversely proportional to zl,MS. At ts a rapidly rising (SO ns) high voltage pulse 

(300-1300 V) is applied to a repeller plate which ejects all of the ions of common polarity 

out of the beam and into the mass spectrometer where they are mass separated and 

detected. Uncertainty in this reaction time is determined by laser firing and high voltage 

repeller jitter. which is cumulatively less than 2S ns. By varying the position of the mass 

spectrometer with respect to the ionization point, the reaction time can be varied and the 

temporal history of the reactive ion packet is determined. This is illustrated in Figure 7, 

which is essentially an abstraction of Figure 2, but demonstrates more clearly how the 

reaction is followed. 

11.7 Methods and Discussion of Data Acquisition 

Rate coefficients are determined by one of several possible methods. For the first 

method, starting at a point near the nozzle, the mass spectrometer is moved downstream, 

and by increasing the delay time for application of the repelling field. such that 

t: = zl,MS/v, the reactive ion packet can be followed in time. In a second method. the 

mass spectrometer is moved to some convenient position downstream of the laser, thereby 

fixing the reaction distance. The nozzle is then moved with respect to the laser, altering 

the number density at the point of ionization. It must be noted that the density in the jet 

is continuously dropping in proportion to the distance from the nozzle squared. This 

varying initial density will manifest itself in the extent of reaction observed at the point 

where the ions are detected. Because the extent of reaction can be easily varied over great 
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extremes, this method allows the reaction to be studied over a much greater extent of 

reaction, which can lead to rate coefficient measurements which are more precise. A third 

method also varies the number density at the point of ionization in a more direct manner 

by simply altering the stagnation mole fraction of the reactant in the expansion. As in the 

other density varying approach, the ionization and detection distances are fixed. In 

Chapter m a discussion on transforming these ion profiles to a rate coefficient is 

presented. 

To ensure that the ions remain cold after ionization, the initial ion density must be 

below the space-charge limit. Assuming a 10% throughput for the mass spectrometer, we 

can estimate the initial ion density to always be less than 106 cm-3, which is well below 

the space charge limited density estimated to be 109 cm-3 [69]. Another possible source of 

acceleration of the ions would be any residual charge, or baseline bias, on the repeller 

plate. The maximum uncertainty in the absolute zero of the potential on the repeller plate 

is ± 4 mY. If an ion of mass 26 was accelerated by this potential, it would obtain a 

maximum velocity of 1200 cm/s normal to the jet flow axis during its time in the field. 

This stray field induced velocity leads to a maximum temperature uncertainty of 0.14 K. 

This error is small when compared to the translational temperature of 0.5 to 10 K, 

corresponding to the random relative translational energy in the jet. 

The flow distance over which ion chemistry is typically monitored is S - 10 cm. As 

shown in Figure 3 the speed of the beam can be determined by measuring the optimal 

arrival time of the reactant ion in the packet for various flow distances. To measure an 

accurate velocity it is essential that few reactions are occurring with the ions as it expands. 

This would preferentially cause the late time arrival part of the ion packet to be dampened 

from additional loss from reaction. As the flow proceeds this will bring about 

abnormalities in the shape of the ion packet and cause erroneous maximum times of arrival 

for the ions. Thus, when determining the flow velocity the reactant gas should be absent 
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in the flow. By keeping the concentration of reactant low the flow dynamics will not be 

significantly perturbed by its presence. 



CHAPTER UI 

KINETIC ANALYSIS IN A THERMALLY ANISOTROPIC MEDIUM: 

APPLICATION TO A FREE JET EXPANSION 

Philosophy is written in that great book which ever lies 
before our gaze--I mean the universe--but we cannot 
understand if we do not first learn the language and grasp 
the symbols in which it is written. The book is written in 
the mathematical language, and the symbols are triangles, 
circles and other geometrical figures, without the help of 
which it is impossible to conceive a single word of it, and 
without which one wanders in vain through a dark 
labyrinth. 

-Galileo GaIilei 

111.1 Introduction 
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In this chapter, the procedure for the determination of a bulk rate coefficient by 

following the density and mass distribution of a reactive ion packet within the core of a 

supersonic expansion is presented [70]. Reference will often be made to the phrase "bulk 

rate coefficients." These are simply the equilibrium rate coefficients, k(T), which exist as 

a function of temperature for a system of interest, i.e. the isotropic rate coefficients for a 

non-condensed gas in the thermal range appropriate to a jet. Since a free jet is not at 

thermal equilibrium except very early in the expansion, an apparent rate coefficient 

obtained in this medium, kjet , will not be directly equivalent to any k(T), because a free 

jet cannot be accurately modelled by a single temperature, T. 

In order to comment on the temperature dependence of a particular reaction observed 

in a jet by comparison to higher temperature studies or collisional models, it is necessary 
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that bulk rate coefficients be determined from these measurements. Fortunately, rate 

coefficients obtained in a free jet may be transformed to an appropriate kbulk(Tefr ) by the 

method outlined in this chapter. The transformation involves two considerations. First, an 

effective temperature, Teff , must be determined from a suitable integration over the region 

of the jet where the data is obtained. Secondly, depending on the local flow characteristics 

and interaction potential between the collisional partners, the experimental value of kjet 

must be modified through a mapping function of Til' Tl' and o(g), the collisional cross 

section, to obtain kbulk • 

With a judicious choice of the region of measurement in the expansion, the 

complicated, exact form of the mapping function will result in a change in the value of 

kjet by less than 10%. This holds true even for extremely strong potentials such as ion-ion 

interactions. In the experiments later reported in this thesis, this error is less than the 

experimental scatter, therefore two approximations to the exact form of the mapping 

function are made which allow for more convenient data analysis, while still retaining 

accurate conversion. The first approximation involves treating the evolution of the thermal 

anisotropy over the region of measurement as constant, while rigorously accounting for the 

cooling. The gap between the value of Til and Tl is the thermal anisotropy. In the second 

more extreme approximation both the thermal anisotropy and the cooling are dealt with as 

constant over the measurement region. The degree of error introduced by these 

approximations is discussed in the text. 

With simple modifications, the techniques reported will be valid for any molecular 

collision process, but, for the following reasons, bimolecular ion-molecule reactions will be 

chosen as the pilot example. Due to the strong attractive interaction potential between an 

ion and neutral, these reaction rates often approach the collision frequency which, from 

both electrostatics and angular momentum effects, is expected to increase at lower 

temperatures. Thus, the observed rate coefficients in a cold free jet will be greater or 
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equal to higher temperature ones. Consideration of the sparse collision frequency in these 

rarified jets requires the reaction to proceed relatively fast in order to allow experimental 

monitoring. Based on the amount of the expansion which the free jet flow reactor 

technique can probe, the lower limit of the reaction rate which can be measured is 

approximately 10-12 cm3 S-1. Since most exothermic bimolecular ion-molecule reactions 

possess a characteristic rate coefficient in excess of this, this method will provide a means 

of studying them. Another reason these reactions were chosen is because the velocity 

dependence of the collision cross section is basically well understood. To develop an exact 

mapping function it seems essential that the functional form of the cross section be known. 

For the present work, flow models applicable to an atomic jet are applied. Unlike 

those for polyatomic or mixed flow, atomic models have been experimentally verified by 

various independent sources [2,43,44]. Since the reactive gases are typically doped in an 

atomic buffer at a very low mole fraction, the flow characteristics of the buffer gas will 

not be significantly affected by the presence of these impurities. Problems associated with 

mass fractionation and velocity slip can be dampened by keeping the concentration of the 

reactive species low and choosing buffer gases of similar mass to the reactive gases. In the 

bimolecular reactions presented in Chapter IV, the concentration of the reactant gas rarely 

exceeds 10% and is usually less than S% and the mass of the buffer is kept within a factor 

of four of the reagents, therefore the flow characteristics of the reactive jet are adequately 

approximated by a model describing the neat buffer [71]. 

The thermal conduction model was used to determine the properties of an atomic 

jet [44,45]. Although not the most fundamental model of an atomic free jet, it is accurate 

through an adjustable parameter, provides adequate predictability for the kinetic analyses, 

and is analytically the simplest free jet model to date which incorporates both a realistic 

interaction potential and an acceptable distribution function. If needed for reactions done 

in polyatomic buffers, versions of this modeJ also exist which contain internal energy 
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evolution [47]. Although not properly accounting for the rotational energy transfer or 

conservation of total energy [46]. this model may still be adequately applied in regions of 

the jet where internal energy has frozen. 

In Section 2 of this chapter. jet properties will be discussed in the context of their 

effects on local kinematics. The reactive cross section will be introduced in Section 3. 

Then. in Section 4 general expressions for an instantaneous bimolecular rate coefficient in 

a thermally anisotropic environment and a mapping function relating this to a bulk rate 

coefficient are derived. As a side, Section 5 presents the formal relationship between a 

rate coefficient in a free jet and a bulk one for an atom-atom reaction. In Section 6 the 

mapping function, derived in Section 4, is discussed in more detail. To transform the 

instantaneous rate coefficient into a form which is experimentally useful, a spatially 

integrated form is derived in Section 7. Section 8 involves the exact and two approximate 

solutions to the spatially integrated density weighted rate coefficient which arose from the 

derivation in Section 7. The validity of these approximations is shown in Section 9. 

Section 10 has concluding remarks. Although the derived relationships in Sections 7 and 8 

of this chapter are specific for a free jet expansion, the general results shown in Sections 4 

and 5 are applicable to any thermally anisotropic system which possesses thermal 

cylindrical symmetry. 
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III.2 Atomic Free Jets 

II1.2.i Introduction to the Thermal Conduction Model 

To understand reactive kinetic behavior within the core of a supersonic free jet 

expansion, knowledge of the spatial dependence of various properties, specifically, energy 

moments, density and velocity is essential. Many modem theories have been developed to 

explain the dynamics of a free jet [43-47]. A free jet is usually modelled as a spherical 

source of independent linear streamlines, originating at the sonic plane, located at a 

distance, d, from the nozzle. The magnitude of d has been calculated for different gases 

and, for an atomic one, is 0.075 D, where D is the nozzle aperture diameter [39,44]. 

Before d is reached, the jet is undergoing laminar flow and will not follow the behavior 

shown below. Since d is a very small fraction of the nozzle diameter the majority of 

investigations in a free jet will fall within the description below. 

To the degree necessary for kinetic analysis the local axial density, temperatures, and 

flow velocity are understood in the core of an atomic expansion. The behavior of these 

parameters is not as well known off the center axis of the jet. Therefore, the present 

discussion is limited to the center streamline of the jet, i.e. the core. This does not present 

a formidable pragmatic problem, since for nearly any optical or mass probing technique 

conceivably directed toward this area, it would be viable to run the experiment such that 

only the central portion of the jet be exclusively monitored, which is the case in the 

present studies. 

From a method of characteristics solution of the Boltzmann equation using an 

ellipsoidal distribution function, the centerline density is given by 
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(II) 

where, 

(12) 

In the above, v is the velocity of the streamline, v 00 is its thermodynamic limiting value, 1 

is the heat capacity ratio, Cp/Cv, z is the distance from d, and Zo is a reference distance, 

related to d, which is given by 

Zo = a 0, (13) 

where, for an atomic gas (1 = 5/3), a is numerically determined to be 0.802. This number 

has also been experimentally verified [39,44]. For nearly all practical purposes d can be set 

equal to zero and z will be defined as the distance from the nozzle exit plane. After a few 

nozzle diameters downstream, the stream velocity of an atomic expansion has reached a 

terminal value of v 00 [2,3,4,72] and Equation II is well approximated by 

n(z) = no (zolz)2. (14) 

Equation 14 will be used to describe the density profile of the jet in all kinetic analyses. 

A free jet is a nonequilibrium system, therefore any description of temperature solely 

refers to the relative velocity width of a distribution function at some particular region in 

the flow, i.e. the first moment of the distribution function. It is common practice to 

assume a free jet possesses cylindrical symmetry on each streamline. With this 

consideration the atomic distribution function for each streamline is described by two 

temperature terms: one describing the random motion along the flow direction of the 

individual streamline and another the motion perpendicular to this axis. Because we are 

only concerned with the center streamline, the direction of flow of the streamline is 

coincident with the direction of flow of the jet, z, and only the distribution function 
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applicable to this center stremaline will be considered. The parameter describing the width 

of the prof'Ile in the direction of flow will be defined by Til' the parallel temperature, and 

in the orthogonal direction by T l' the perpendicular temperature. 

The spatial behavior of these centerline temperatures is complicated and only 

numerical results are available. In a classic paper, Hamel and Willis [40] gave results for 

the temperature profile of a free jet expansion by assuming Maxwellian and psuedo-hard 

sphere interaction potentials. Unfortunately, their results are not readily applicable to 

systems possessing a realistic potential. Toennies et al. [43] then presented a solution which 

included both a realistic interaction potential and subtle quantum effects. Later, Beijerinck 

et al. [44J discussed a solution to this problem under the thermal conduction model. 

They introduced a source parameter, E, which is a function of the stagnation 

conditions of the jet and the interaction potential. For a particular buffer gas, E is directly 

proportional to the stagnation density and nozzle diameter and inversely proportional to the 

stagnation temperature. Conceptually, E describes the degree of strength in the flow. For 

larger E, collisional interactions will affect the flow properties of the jet for longer axial 

distances and the terminal velocity distribution will be described by lower temperatures. 

For a Lennard-Jones potential, they showed E was essentially constant over the entire axial 

region of the center streamline of the jet. Since Lennard-Jones parameters, C6 ' are 

tabulated [63], E will be assumed to be a known constant for any experiment. 

Explicitly [44J, 

(15) 

The use of E leads to a solution of temperatures which is easy to algebraically model. 

Also, since all collisional information is contained in E, a more accurate potential could 

conceivably be used with the only difference being the magnitude of E. For these reasons, 

along with the agreement with experimental data [44,45,47), their solutions were adopted in 
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developing this method. The author refers the reader to Reference 44 for an excellent 

discussion of this subject. 

Below, the pertinent information from Reference 44 will be presented. By introducing 

the reduced variables l' and r, 

1''' ~ g+6(-7-1)/(-7+2) ., ~ "::+12/11 
To - To - , 

r = .!.. 2-3/(-7+2) 
Zo 

(16) 

(17) 

where the forms for atomic expansions are explicitly shown at the right, the temperature 

profile of a gas is given by the solution of the following differential equations: 

dT l' 1/6 
~ = __ m_ (1'11 - Tr) dr rZ J..:' 

Tn + 2 T1 
Tm = 3 . 

(18) 

(19) 

(20) 

Note the reduced distance, r, is directly proportional to the number of nozzle diameters 

downstream from the orifice. Similarly, 1', the reduced temperature, is directly 

proportional to the realistic temperature. Due to the thermal anisotropy two reduced 

temperatures, Tn and T1' must be defined to completely describe the translational 

distribution. In the development the velocity is assumed constant. The solutions for the 

reduced temperatures as a function of distance for an atomic expansion are given as 

T1 = O.g4 ==~ for r > 10 (21) 

for r < 10 (22) 

(23) 

where, 
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is the limiting frozen parallel reduced temperature. In Eqaution 23, q and s are paramters 

close to unity. These expressions agree with the experimentally determined results of 

isentropic cooling at small ~ and Til freezing and T1 dropping as I/~ late in the expansion. 

Equations 21, 22 and 24 were taken from the work of Beijerinck and Vester [44J and 

Equation 23 is a convenient fitting formula determined here which to the degree necessary 

accurately models the solution of Equations 18-20. The advantage of converting distances 

and temperatures into reduced form is that all stagnation conditions are eliminated from 

the general solution of an atomic expansion within the thermal conduction model. 

III.2.ii The Four Flow Regions of a Free Jet 

The atomic jet may be broken into four flow regions as illustrated by Figure 9. The 

first, shown by I, is the isentropic region. In this area Til = T1 and both cool isentropically. 

There is no thermal anisotropy in the isentropic region, therefore the flow dynamics in this 

cooling zone is identical to a radially expanding, isentropically cooling equilibrium gas. As 

the gas continues to expand, the collision frequency decreases to the point where Til begins 

to deviate from the ideal isentropic curve. This is indicated by Region II in Figure 9, 

which may be thought of as perturbed isentropic flow. Since the geometrical effects from 

expansion continue to stress the jet in the perpendicular direction, T1 remains on the ideal 

curve. Cumulatively, Regions I and II will be referred to as continuum flow, because the 

thermal anisotropy in these regions is small. 

The collision frequency continues its decline until "II is effectively constant. This may 

be seen in the right portion of Figure 9. Region IV will be called the frozen region, 
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Figure 9. Spatial dependence of I'll and 1'1: For r ~ 10. 1'1 is well described 

as isentropic. In all regions I'll - qr(-4/3) + 51'00' where values of q and 5 
should be fitted for the particular region of interest. The dashed line. 
shown most clearly in the transition region. is the above formula. setting q 
and 5 to unity. The line of slope -4/3 represents a pure isentropic 
expansion. The four axial flow regions are: I; isentropic: II; perturbed 
isentropic: m; perturbed frozen: IV; frozen. Regions n and m will be 
referred to. cumulatively. as the transition region. From [70] 
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because I'll is essentially constant. In reality I'll will never stop cooling, because rare 

collisions will continue to transfer energy from the parallel to the perpendicular direction. 

The amount of energy transferred has a negligible effect in 1'11' but causes the cooling 

curve of 1'1 to evolve to a r-1 form. This is understood in light of the fact that in the 

absence of collisions 1'1 ex r-2 from geometry, see Equation 14, and the small amount of 

energy continuously obtained from the parallel direction slightly heats 1'1 resulting in the 

r-1 cooling behavior. In Region III, 1'1 still cools isentropically, but I'll is nearly frozen, 

therefore this region will be described as a perturbed frozen flow. 

This is somewhat misleading, because in Region III, 1'1 is isentropically cooling, but by 

the onset of the frozen region it has completely evolved to the l/r dependence. Thus, III 

is modelled as a perturbed frozen flow, assuming that at the initial onset of freezing, 

r ~ 10, 1'1 can still be modelled as being isentropic. Although an error of approximately 

14% in 1'1 results by this approximation at the boundary between III and IV, a negligible 

error in the calculated rate coefficient will result. This damping results from the method 

of treating all of the anisotropic contribution from 1'1 within a mapping function which is 

found to be insensitive to such a small error in the already low relative thermal weight of 

1'1 in the later regions of flow. Since the cooling in Regions III and IV are more 

dominated by expansion than collisions, these regions will cumulatively be referred to as 

molecular flow. 

These four regions do not have any absolute boundaries, except for the case of the 

transition from n to 1lI. The kinetic solutions in these regions involve expanding I'll to 

some real power as a binomial series. To insure a converging summation, the ratio 

between qr- t / 3 and S1' 00 needs to be known. The boundary between II and III will be 

taken as the point where qr- t / 3 • S1' 00. Values of E are tabulated for some atomic gases, 

or they can be calculated, therefore, before running any experiment, one should be aware 

of the approximate positions of these boundary regions and plan the experiment 
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accordingly. For s - q = 1, the boundaries between I-II, II-m and m-IV are taken to be 

r - 0.1, 1.0 and 10.0, respectively. 

To add insight into the physical distances implied by Figure 9, Table I shows the 

actual distances for the boundary between Regions II and m for different noble gases 

under a variety of stagnation conditions. Since, for q = s = I, the other two boundaries 

are a factor of ten different than the one listed, this table effectively represents all the 

flow boundaries. The boundary between Region II and III is conceptually the boundary 

between continnum and molecular flow. The C6 values for He, Ne, Ar and Kr reported 

by Beijerinck et a1. [44,72] were used in calculating E. 

For a constant temperature of the source gas, the position of the boundary is 

dependent on the buffer, stagnation pressure and nozzle diamete.r. For a constant 

stagnation condition (e.g. Po = 760 Torr and D = 0.05 cm) the position of the boundary 

moves downstream as the C6 value of the gas increases, see Table 1. Thus, although lower 

temperatures are ultimately achieved for those buffers with stronger long range attractive 

forces, the flow boundaries move into less dense regions where collisional studies are more 

difficult. Consider an experiment with the same stagnation conditions as above (PoD = 38 

Torr·cm). Even though the extremes in the limiting parallel temperature vary by a factor 

of five for these gases, at a distance of 3.0 cm Tn is 1.3 K, 1.0 K, 0.8 K, and 0.8 K for 

Helium, Neon, Argon, and Krypton, respectively. These from a kinetic point of view are 

all effectively equal, yet for all four of these gases there is strikingly different local flow 

dynamics at z II: 3.0 cm. When designing an experiment, one needs not only to select 

buffers on the basis of minimizing velocity slip, but also upon desired local flow dynamics. 

These considerations must be addressed while still retaining sufficient density to accurately 

monitor the reaction. 

For a given buffer and stagnation parameter, i.e. E ~ PoD, the physical distance of the 

flow boundaries can be altered by varying the nozzle size. As shown in Table 1. for 



GAS 

He 

Ne 

Ar 

Kr 

TABLE 1 

Physical Distances for Boundary from Continuum to Molecular Flow 
in Free Jet Expansions of Noble Gas Buffers 

II-llI Flow boundary-
Po D PoD z/D z TII.n_mb TlI,oo b 

760 0.05 38 45 2.2 1.2 0.64 

760 0.05 38 68 3.4 .69 0.37 

3000 0.005 15 59 0.3 .83 0.44 
1500 0.010 15 59 0.6 .83 0.44 
300 0.050 15 59 2.9 .83 0.44 
150 0.100 15 59 5.9 .83 0.44 

760 0.005 3.8 19 0.1 3.7 3.0 
0.05 38 126 6.3 .30 0.16 
0.1 76 222 22.2 .14 0.08 

3800 0.05 190 471 23.5 .05 0.03 
0.1 380 830 83.0 .02 0.01 

760 0.05 38 152 8.0 .24 0.13 
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_ The reduced distance at this boundary is r = 1.0. Note that the other two boundaries for 
deviation of perfect isentropic and establishment of frozen parallel flow are approximately 
at r = 0.1 and r = 10.0. respectively. Therefore, both these distances are conveniently a 
factor of 10 different from the above. All distances are in cm. pressure in Torr, and 
temperatures in Kelvin. 

b Calculated using EBe • ENe' EAr and EKr equal to 8.41 Po D. 13.9 Po D, 29.7 Po D and 
37.4 Po D, respectively. where pressure and length are in units of Torr and em [44.73]. 
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constant PoD, the boundaries move downstream as the nozzle diameter increases, yet the 

number of nozzle diameters, i.e. density, and temperature remain constant. As a final 

comment, the local temperature existing at the boundary itself can be altered by varying 

PJ>. Those with a smaller PoD have undergone a large majority of their collisions before 

reaching Region III, therefore the parallel temperature at the boundary is close to the 

limiting value. On the other hand expansions with a larger P J> will still experience a 

significant number of collisions in Region III and the boundary temperature is much 

higher than Too. 

To achieve maximum signal to noise and be in a region where the collision frequency 

is large enough to follow a reaction it is, of course, advisable to work in regions of high 

density. With the constraint of maximizing density the two extreme regions of flow are 

the isentropic and frozen regions. If the isentropic region is desired use buffers with a 

larger C6 value and run the experiment with the largest nozzle diameter as practical, i.e. 

preferentially increase nozzle diameter over stagnation pressure. This will move the 

physical boundary of I-II farther downstream. The opposite is necessary to ensure being 

closer to the frozen region. Since the local density of the jet is proportional to Po D2 Z-2, 

the flow boundaries are proportional to P09/11 D20/11 ~ Po D2, and the temperature 

evolution is governed by PoD, strategic thought is necessary to ensure the thermal range 

and density remain desirable and adequate, respectively. 

This method does not account for clustering which for standard sized pulsed nozzles, 

D = 0.05 cm, becomes important at pressures above 1000 Torr for these rare gases [2]. The 

above paragraph is not intended to mislead the reader. These considerations are, of course, 

necessary to attack particular problems that arise, but for most reactions neither Regions I 

or IV are usually the ideal location to probe the dynamics. This arises from experimental 

constraints and algebraic complications in the data analysis. I will demonstrate later in this 

chapter that the transition region of the flow, near the boundary between Regions II and 
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m, represents the most advantageous region of the jet flow to probe- the reaction, both 

experimentally and with regard to data interpretation. 

ill.2.iii The Velocity Distribution Function 

To calculate a bulk rate coefficient for a reaction from kinetic data taken in a free jet 

expansion it is necessary to know the local distribution function. In general, a distribution 

function is dependent on all spatial and velocity components, f(x,y,z,vx,vy,vs ). Here, z is 

taken to be along the direction of axial flow. This model is only concerned with the 

centerline distribution, hence x = y .. o. Since cylindrical symmetry applies we can define, 

vI= JV %+v % x Y , (25) 

and the relevant distribution becomes a function of three variables: one spatial and two 

velocity, f(z, VII' v~. 

Much work has been done in the determination of the centerline distribution [74-76] 

and, currently, a perturbed ellipsoidal distribution [77] is the best uncoupled model 

function [78,79]. 

f(v~ = fO(v~ (1 + p~ 

fO(vlI) = J m 7("bll exp[-m bll (VII - voo )%] 

m bi fO(v~ = -7("- exp[ -m bi vi% ] 

f(v) = f(vlI) f(v~ 

(26) 

(27) 

(28) 

(29) 

(30) 
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(31) 

In the above, m is the mass, vI and vII are the velocity components perpendicular and 

parallel to the flow axis, respectively, and PII and PI are perturbation terms. It has been 

shown that in the prefrozen regions the perturbing terms are small [78,79]. The deviation 

most prevalent in the prefrozen regions is a shift to the high velocity component in the 

parallel direction. In the frozen region the perturbing terms of the perpendicular 

component become so large that Equation 27 may not be valid [78]. Along with the low 

collision frequency in the frozen region, this provides another reason to avoid monitoring 

kinetics in this highly rarified zone. In this work all perturbations to the ellipsoidal 

distribution function will be ignored, i.e f(v) E fO(v~fO(vlI). This assumption is good in 

Regions I and n, but becomes progressively less valid as the flow moves downstream, but, 

since all perpendicular contributions are included in a well behaved thermal anisotropy 

mapping function, effects arising from the preturbations in the perpendicular distribution 

function are attenuated. 

111.3 The Reactive Cross Section in a Free Jet 

We will be working under the premise that, for a given gas phase reaction, there exists 

a reactive cross section, o(g), such that the rate coefficient, k, is given by [80] 

k = f g f(g) o(g) dg, (32) 

where g is the relative velocity, f(g) is the appropriate velocity distribution function and 

the integration is performed over all velocities. The velocity dependence of the cross 

section can be expressed by expansion, 



o(g) - I Bj(Tint ) gl, 

i 
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(33) 

where Tint represents the internal temperature of the molecular reactants, which for a free 

jet is not equal to the translational temperatures, except early in Region I. If this 

summation is taken over all integers it is a complete function. Although not necessary, i in 

the above may be taken to be any real number. This gives the formalism applicability to 

theories, such as the adiabatic capture model of Clary [23,24], which often express the 

cross section to a noninteger exponent of velocity. The cross sectional coefficients, Bj, may 

also be a function of translational temperature, especially if the velocity dependence of the 

cross section is not known exactly and the series is truncated at some finite value of i. For 

the well-understood velocity dependence of ion-molecule interactions the consequences of 

finite truncation will not be serious and Bj will be taken to be functionally dependent only 

on internal temperatures, or, in general, internal population distributions. 

To understand the dependence of Bj on internal energy, consider the following 

example. In an ion-dipolar molecule interaction, i = -2, the intermolecular potential is 

dependent on the orientation of the dipole to the ion. Using the classical formalism of Su 

and Bowers [12], the term a_2 is proportional to (cos 8(r»), where 6 is the collision angle 

between the dipole and a point charge (ion) and r is the ion-dipole separation. For a given 

r, a higher degree of locking, i.e. smaller (6), is expected as the rotational temperature is 

decreased, due to classical electrostatics. This leads to an increase in a_2 at low 

temperature. Similar behavior is also predicted in the semiclassical models of Clary [23,24]. 

Also, assuming the velocity dependence of the cross section does not change, then, if the Bj 

were temperature independent, rates could simply be measured at any temperature and 

extrapolated to the thermal region of interest. This would make experimental 

determination of low temperature rate coefficients unnecessary, except to test this 
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hypothesis. This brings us to one of the central points of this work. The goal of this 

analysis is to determine a technique to experimentally measure the cross sectional 

coefficients in the core of a free jet. Then, with use of Equation 32 and an equilibrium 

velocity distribution at an effective temperature, defined later, the bulk thermal rate 

constant will be determined. 

Referral to a rate constant in a free jet is misleading. The rate coefficient is only 

constant within one infinitesimal volume of space. Thus, an instantaneous axial rate 

coefficient, kjet(r), may be constantly changing as a function of distance, r. At first it 

might appear that this would extinguish any chances of performing quantitative kinetic 

analysis in a free expansion. Frequently, it is often difficult to directly measure the rate 

coefficient at any particular r, but, methods will be shown for determining the cross 

sectional coefficients, ~. These are parametrically a function of the axial distance, because 

they are realistically temperature dependent. It will be assumed that over the temperature 

ranges involved in a well-chosen kinetic run in a free jet expansion the ~ are constant. 

The premise that the cross sectional coefficients are constant within the core of a jet is 

justifiable on physical grounds. 

Consider a bulk bimolecular reacting system. During the expansion, the rate 

coefficient will change for two reasons: relative velocity evolution and internal relaxation, 

e.g. degree of rotational and vibrational excitation. Both of these contributions are 

included in the expression for o(g), Equation 33. The term gi describes the velocity 

dependence of the cross section and ~ the internal relaxation. Over a range of 

measurements the cross sectional coefficients will only change significantly if the system's 

rotational and vibrational distributions do. In a free jet the vibrational distribution freezes 

very quickly (2) and, if the measurement is done late enough in the flow or for a 

necessarily short distance in the earlier parts, then the rotational energy is constant [2,81). 

Thus, the cross sectional coefficients should not change over this region. Unless a very 
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short distance is used this assumption is questionable in the isentropic region, because of 

the high collision frequency and strong temperature gradients. Since many low 

temperature rate coefficients are very dependent on the rotational distribution [19-25], it is 

important that this distribution remains unchanged over the region of measurement. If the 

~ are not constant over the experimental region, then determining the rate coefficient 

becomes even more difficult, but, given a functional form for ~(r), not impossible. 

IlIA The Instantaneous Rate Coefficient in a Free Jet 

Below the derivation of kjJet(r) will be shown. Although many of the steps are 

standard, a somewhat detailed presentation will be given to prevent the reader having to 

repeat it. The equations in this section are valid for any thermally anisotropic medium 

with cylindrical symmetry. Given a bimolecular reaction, the following represents the 

differential rate coefficient [82J 

(34) 

The subscripts I and 2 refer to each of the two particles, K. is a collision number, viz. 

K. = 0.5 for like collisions and I otherwise, and all velocities are in vector form. With 

decomposition of all velocities into their cartesian components, conversion to relative and 

center of mass coordinates by the standard relationships, 

and integration over all space in the center of mass coordinates, W, the following is 
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obtained. 

C- (39) 

Note all velocities, g, are now relative, I' is the reduced mass, and the ellipsoidal 

distribution, Equation 30, was employed. Substitution of Equation 33 gives 

d3kjet = I d3kiJet' (40) 

i 

Converting to polar coordinates 

&x = g sin9 cos~, (42) 

8y = g sin9 sin~, (43) 

gr; = g cos9, (44) 

and integrating over ~, Equation 41 becomes 

7r 00 

kiJet = 2 7r It &j C fo sin9 10 gi+S exp[ _g2J.' (bi sin29 + bU cos29 ] dg d9. (45) 

Integration over velocity yields 

7r 

k. = It 7r:l. mi+4)12) C r sin9 d9 (46) 
IJet ., J.'(i+4)/2 J 0 (b

i 
sin29 + b

U 
COS29)(i+4)/2 ' 

where I'(x) is the standard gamma function. Making the substitution of Q = bUlbI the 

above is rewritten as 
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11" 

~ . .. It 11" ~ I'(i+4)J2) C b -(i+4)/Z 1 sinO dO. (47) 
,jet l'(i+4)/2 1 0 (sin2f1 + a cos2f1)(i+4)/Z 

Note that the parameter a describes the amount of thermal anisotropy in the flow and will 

be employed as a fundamental quantity in the expansion for the remainder of the 

development. Equation 47 is equivalent to 

11" 

~ . .. It 11" ~ I'«i+4)J2) C b -(i+4)/Z f sin6 d9 (48) 
.Jfl

t l'(i+4)/2 1 J 0 (I + (a - 1 )cos2f1)(i+4)/2 . 

The substitution of x II: cosfJ results in 

1 
k· .. 2 It 11" a· r«i+4)J2) C b -(i+4)/Z J [I + (a-l)x2 ]-(i+4)/2 dx. (49) 

',Jet • l'(i+4)/2 1 0 

Defining the anisotropic mapping function, Ii(a), by 

I 
~(a) = a(i+2)/2 fo [1 + (a-I)xz r(i+4)/2 dx, (50) 

and collecting all stagnation and parallel energy information into Q(Tn), 

• 1 B" 
[

2 k T j(i+I)/2 
Qi(Tn) = 2 It r«1+4)/2) ]I I' ' (51) 

gives the following simple expression, 

(52) 

for each velocity dependent term in the complete free jet rate coefficient, kjet • In terms 

of reduced variables, this is 

(53) 
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[
2 k T ](i+l)/2 

Bj - 2 IC r«i+4)/2) ]I : 0 e-6(j+l)/1l. (54) 

Equations 52 is the fundamental relationships describing kinetics for any system whose 

distribution function is ellipsoidal. Three new spatially dependent variables have been 

introduced from the above analysis: B(r), Ij<r>, and a(r). The first one, B(r>, is directly 

proportional to the parallel temperature to some rational power which is a function of the 

velocity dependence of the reactive cross section. The parameter et varies from unity in 

the continuum region of flow to the limiting value of zero at an infinite distance from the 

nozzle. It may be thought of as a gauge of the degree of thermal anisotropy. When et is 

unity all translational temperatures are the same and there is no thermal anisotropy. At the 

other extreme, et = 0, no communication exists between the parallel and perpendicular 

directions and the thermal anisotropy is infinite. The function Ij(et) will be referred to as 

the thermal anisotropy function. For an argument of et = I, ~ is unity for any potential. 

The function Ij is the fundamental relationship relating kjet to kbulk • Thus, it is the 

mapping function alluded to previously. 

Given the velocity dependence of the cross section, knowledge of all stagnation 

parameters, and the Lennard-Jones interaction potential, the only quantities not known 

within the Thermal Conduction Model, at a particular r, in Equation 53 are aj and kjJet . 

To relate these expressions to experimentally verifiable results consider the case of three 

common intermolecular potentials. 

In the case of a hard-sphere potential, the rate coefficient is predicted to be 

proportional to TIl!. The cross section for a hard sphere system is o(g) = 1r D!, where D is 

the collision radius. Using the above formalism, ao = 1r D2 and all other cross sectional 

coefficients are equal to zero, seee Equation 33 or Table 2. Substituting i = 0 into 

Equation 53, results in an expression for the hard sphere collision rate coefficient, 



TABLE 2 

Expressions for the Instantaneous Rate Coefficient in a Free Jet Expansion 

The cross section: 

The rate coefficient 

Each term: 

Stagnation parameter: 

Thermal anisotropy function: 

Ratio of temperatures: 

For some common potentials: 

0= L 3j gi 

i 

kjet(~) = L ki(r) 

i 
~Jet (~) = 3j Bi I'll (i+l)/2 Ii (r) 

rT [2 k T j(i+l)/2 
Bi = 2 It r((i+4)/2) J ~ : 0 E-6(i+l)/1l 

1 

Ii (r) = Q(r)(i+2)/2 fo (1 + (Q(r) - 1) x2t(i+4)/2 dx 

Q(r) .. T1W/TII(r) 
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(55) 

which gives the correct temperature dependence and, relating this to some hypothetical 

bulb experiment, is equivalent to a bulk collision rate coefficient at some temperature, Tn' 

perturbed by the thermal anisotropy function, Io(a). For the case of i = -I, corresponding 

to the ion-induced dipole or Langevin capture process, temperature independence of the 

rate coefficient is a well known characteristic in this model. Substituting i .. -1 into the 

above equations, completely eliminates all temperature dependence on k_1Jet<r>. Since the 

rate is temperature independent, effects due to thermal anisotropy are absent and 

k_1Jet = k-1,bulk. The results for this and the ion-dipole potential, i .. -2, are shown in 

Table 2. Table 2 also summarizes the results of this section. 

In the present solution, all of the relative and center of mass coordinates were 

integrated over all space, viz. from -00 to +00. In a previous study of collisions in a free 

jet by Lubman et al. [83], the parallel velocity component was integrated in the flowing 

frame from -voo to +00, where Voo is the average flow velocity in the lab frame. Their 

argument was that the minimum parallel velocity component, i.e. vn' would be a molecule 

sitting stationary in the lab frame. Integrating over all space gives more generality to the 

problem and the present solution converge exactly to those obtained in a bulk experiment 

by setting a equal to unity and equating Tn to T bulk' which their solution does not do. 

Assuming voo»O, results in a negligible error under the framework of Reference 82, 

because in the flowing frame 

+00 

« J -v f(vn) dVn 
00 

(56) 

As Voo approaches 0, the ratio of the two above integrals approaches unity, which the 
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present model predicts. Thus, we believe that integrating over all space gives more 

generality to the problem and avoids the creation of any additional error. 

fil5 The Anisotropic Rate Coefficient and the Equilibrium One: A Comparison 

Equations 52 represents the exact expression for one velocity component of the rate 

coefficient in a free jet within the framework of an ellipsoidal distribution function. 

Consider the collision between two ground state atoms. In this case all the cross sectional 

coefficients, aj' will be independent of temperature and thermal anisotropy as long as the 

temperatures remain below that necessary for electronic excitation. This will be the case 

discussed in this section. 

As implied within the thermal anisotropy function, Ij<r>, if Til = Ti , 

kjet (r) = kbulk (T(r». Thus, the sum of all the velocity dependent thermal anisotropy 

functions in the flow provide the only perturbation in the instantaneous rate coefficient. 

Excluding the isentropic region of the jet and Langevin potentials, kjet ., kbulk' but, 

through the thermal anisotropy function, each velocity component is related by, 

(57) 

Thus, all contributions due to Ti were included in the expression for ~(Q). Thus, an 

instantaneous rate coefficient for a particular velocity component of the cross section at 

some r, ~Jet(r), measured in the core of a free jet maps to that same velocity component 

of a bulk rate at the value of Til existing at that r through the thermal anisotropy term, 

Ij(Q(r». This is shown explicitly in Equation 57. For a cross section which has more than 

one nonzero velocity component, i.e. more than one nonzero term in the .sum given by 

Equation 40, each of these velocity components are transformed individually, then summed 
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to give the bulk rate coefficient existing at TII(r). 

In summary, the reaction dynamics have been modelled as those occurring at Til with 

a perturbation due to thermal anisotropy, i.e. Ti being different than Til. Of course, the 

formalism could have just as easily been reversed and a velocity component of the 

instantaneous rate in the expansion, ~Jet (r), could have been expressed as 

(58) 

where the functional form of I'j will be significantly different than ~. This alternate 

method involves modelling the rate in the expansion as having an isentropic local 

temperature with perturbations arising from Til freezing. That is Ti , instead of Til' is 

taken as the fundamental temperature describing the dynamics and I'j(a) describes the local 

thermal perturbation from this adiabatic assumption. If, in reality, an instantaneous rate 

were actually measurable, then either formalism would equally suffice in mapping the 

dynamics taken in the jet to those in an equivalent bulk medium. 

Although theoretically feasible, our apparatus, nor many others currently in practice, 

do not lend themselves to simple bimolecular instantaneous rate measurements. Generally 

we attempt to find an appropriate region in the jet, then measure at least one half life of 

the reaction throughout this region by varying reaction time or extent of reaction. 

Determining the appropriate regions of measurement is the topic of the next section of this 

chapter. By measuring over a region of the expansion, and not at one particular point, we 

will always experimentally measure an average rate coefficient over the range of r 

monitored. The exact algebraic solution converting this average rate coefficient, (kjet ), to 

some bulk rate coefficient is generally intractable. 

In the case where Til is taken to be the fundamental temperature, i.e. Equation 57, the 

behaviour of Ij(r) over a well-chosen kinetic experiment allows for approximations to be 

made to ease in the difficulties of data analysis. This is the topic of the next section. For 
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the approach suggested by Equation 58 the author knows of no approximations of this 

nature and none are anticipated for the following reasons. First, I'(r) is not a well behaved 

function, i.e. the gradients of I'(r) are much greater than for I(r). Also, since 

I dTI! I s I dT1 I 
dz dz 

(59) 

is true in all regions of the expansion, determination of an effective temperature over the 

range of measurement would be difficult. 

III.6 The Anisotropy Function, Ij (r) 

In this section the thermal anisotropy function, Ij (n, will be discussed in more detail. 

In general, the definite integral, Ij(a), does not have a closed form solution. For integers, 

analytical expressions exists for all values of i greater than -4. Some common ones are 

shown below 

Io(a) = ! [ I + a In _I _+_v_I_-_a 1 
2~ 1-v'f:Q 

(har~ sphere), (60) 

(ion-induced dipole), (61) 

I + v'f:Q 
L

1
(a) = I In ___ _ 

2 y'f":'"Q I - y'f"":""Q 
(ion-dipole). (62) 

where a(r) was explicitly written. The solutions of Ij(r) for these three potentials are 

shown in Figure 10. Also shown in Figure 10 is the spatial dependence of a<r). 

Given these three relations in Equations 60-62, all other analytical forms of Ij (r) for 

integer, i, can be determined from the following derived recursion formula 
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Figure 10. Spatial dependence of Q and ~(r) for common intermolecular 
potentials. ~ remains relatively constant over short ranges of r. where Q 

generally does not. The values of i - 0, -1 and -2 refer to the common 
potentials of hard sphere. ion-induced dipole and ion-dipole, respectively. 
From [70]. 
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Ij+2 - i~ [I + (i+3) a ~(a)]. (63) 

This recursion will also work for any real number greater than -4, which should hold for 

any resonable potential. Therefore, if the thermal anisotropy function is known for some 

non-integer i, then Ij_2 and ~+2 may be readily determined. 

If a closed form solution of Ij (~) is not available, it is necessary to have an accurate, 

numerical technique to model its behavior. First, Ij(~) is expanded as 

I 

Ii = a(i+2)/2 I L {-(i+4)/2, It) (a-I)" x~ dx. 
o It 

where the quantity {a,b} is a generalized binomial coefficient. In general, 

_ r(a+l) 
{a,b} - r(b+I) r(a-b+I) 

where a and b may be any real number, except negative integers. 

Equation 64 yields 

I. = a(i+2)12 ~ Hi+4)(2, It} (a-I)" 
I ~ 2tt+1 

It 

Expanding (a-I)" in terms of binomial coefficients, 

l = a(i+2)/2 ~ Hi+4)f2, It} {It l} (-I ),,+i at. 
I ~ 21t+1 ' 

It,l 

(64) 

(65) 

Integration of 

(66) 

(67) 

Equation 67 will be employed later in the development of the integrated form of the rate 

coefficient. 



111.7 The Spatially Integrated Rate Coefficient 

Bimolecular reactions, 

A+M --... _ Products, 

with the assumed rate law, 

dA Cit" -k AM, 

80 

(68) 

(69) 

will be studied. The method of analysis is more involved in a free jet than in a bulk 

experiment, because, not only can the rate coefficients change as a function of r, due to 

cooling and evolving thermal anisotropy, but the expansive and diffusive losses in the jet 

must be taken into consideration. Due to the low relative velocity distribution in the free 

jet, diffusion is expected to be minimal and the major nonreactive loss channel of a 

reactant is through expansion. There is strong experimental evidience supporting this [2]. 

The rate of loss of A with a reactant molecule, M, seeded into the expansion beam is 

given by: 

dA Cit = -k A M + A F(t), (70) 

where the first term accounts for the loss of A due to reaction and F(t) describes the 

expansive loss processes of A. Although the functional form of F(t) can be predicted, it 

will be cancelled below after proper integration. To relate the differential rate law to the 

observed drop in the density of A in the presence of reactant, the time dependence of the 

concentration of the neutral reactant as the expansion proceeds must be accounted. The 

center stream density of the jet is given by Equation 14, 

(l4a) 

Here Mo is the stagnation concentration of the reactant and mass fractionation, i.e. the 

increased concentration of the heavier species along the axis of the jet, has been assumed 
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minor [2]. Assuming pseudo-first order conditions for A, 

M(r) » A(r) for all r, (71) 

Equation 70 is modified by the following steps. Both sides of Equation 70 are divided by 

the velocity, Equation 14a is substituted for M, then all variables are converted to reduced 

form. This yields, upon integration, 

(72) 

(73) 

where t = 0 is defined as the initial point of measurement at r a and r b is the final region 

where the data was taken. The velocity. voo' was taken to be constant and removed from 

the integration. For weakly doped atomic expansions this is valid unless r a is on the order 

of one nozzle diameter which is never the case in our experimental investigations of 

bimolecular reactions. 

To cancel the effects of expansive losses of A, F(t) can be eliminated by considering 

the signal profile in the absence of M, seeded into the beam. In this case L = 0 and 

Equation 64 becomes 

In [Au(rb )] = JtF(t') dt', (74) 
Au(ra ) 0 

where the subscript u refers to "unreactive" conditions. Subtraction of the above two 

relations yields 

In[A'(rb)] - In[A'(ra )] .., -L I Ti 

i 

(75) 
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(76) 

(77) 

where Equation 40 was also substituted to show the implicit velocity dependences. 

These relations can be generalized to apply to any elementary system of higher 

molecularity if the reaction is run under pseudo-first order conditions. In general, the 

density drop of the reactants from Equation 14a is proportional to r-2(n-l), where n is the 

molecularity of the reaction of interest. 

The observed reactive loss parameter, In A', is proportional to a series of spatial, viz. 

temporal, functions given by T j , and this rate law is found to have direct similarity in 

form to conventional flow kinetic methods. A fitting of this function will give the 

coefficients aj • The function Tj is the integral of the density weighted velocity component 

of the apparent rate coefficient over the region of measurement. In the expression for Tj 

there are three different spatially dependent parameters: r-2 accounts for the density drop 

of the reactant, Til decreases due to cooling, and Ij (r) changes as the parallel temperature 

deviates from its isentropic value. Unfortunataly, the exact application of Equation 75 is 

limited to very simple reactions, where the velocity dependence of the cross section is 

exactly known. Valid approximations to the exact form of the expression for Tj will be 

made to simplify the analysis. For generality, before these approximations are presented 

the exact analysis will be developed. 
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III.8 The Integral T;: The Spatially Integrated, Density Weighted Rate Coefficient 

ill.8.i Exact Numerical Solution 

In this section the integral Tj will be solved, first exactly, then under the assumption 

of valid approximations. The exact solution will be presented here. Insertion of the 

expression for kjjet , Equation 53, into T j results in 

Equation 67 will be substituted for Ij(r). 

C. l = II. B· {-(i+4U2, It) {It l} (_I)It+l. 
I"" ., 1 21t+ I ' 

By defining the integral Vj l as , 

the expression for T j simplifies to 

Tj = I Cj""l (Vj,l(rb) - Vj,l(ra »· 
It,l 

(78) 

(79) 

(80) 

(81) 

(82) 

When accounting for the Til dependence in T j , if q and s in Equation 23 are both 

taken to be unity, there is surprisingly good agreement with the numerical results obtained 

by solving Equations 18-20, see dashed curve in Figure 9. When most effectively utilizing 
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Equation 23, it is necessary to first determine the range of r over which the kinetic 

analysis will be performed, then best fit q and s to numerical results of Equations m.8-10 

within this region. For clarity q and s will be taken as unity but, if desired, incorporating 

specific values of q and s is straightforward. Using Equation 23 the expression for Tn is 

expanded in a power series. In Regions I and n, where r-f / 3 > Too, one gets 

Tn n = L {n,m} r-4(n-m)/lI Toom. 

m 

(83) 

The index m describes the perturbation from isentropic flow. Thus, in Region I, 

mmax = O. As the flow begins to deviate from isentropic flow, more and more terms of m 

need to be taken to obtain a convergent sum. Similarly, in Regions III and IV, 

Til n = L {n,m'} Too n-m' t;-fm'/lI. 

m' 

(84) 

Again, m' represents a deviation from frozen flow and m'max = 0 for frozen flow. 

Substitution of the above expressions into Equation 79 and defining Vjlm, such that 

V'l(r) = ~ V'l (r) 
1, L 1 • .m 

m 

gives the following 

Tj = L Cjol',l (Vj,l,m(t;b) - Uj,l,m(t;.»· 

Ie,l,m 

(85) 

(86) 

Recall the distances r. and t; b represent the boundaries in reduced distance over which the 

jet was monitored and the tensor Cjol',l is given by 

(87) 

Also, the specific general relations in each region of the jet are given by 
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3 
Ui,l,m(I and II) - - 2i _ 4m + 5 (-(U + 1)/2. m) f'oom 

.~-(2i - 4m + &)/3 (88) 

U, (III) = -. 3 {-(2l + 1)/2 m) l' -(2(l+m) + 1)/3 
i,..,m 21 + 4(l + m) + 7 • 00 

.~-(2i + 4(l+m) +7)/3 (89) 

U'l (IV) - - . 2 (T'f)(i+2}/2 [1'1':001 ] 
I, ,m 1+ 2l + 4 

U + I 
-2-

.~-(j + 2l + 4)/2 (90) 

All of the summation indices in the above expressions have physical significance. The 

summation over It. which formally runs from 0 to 00. describes the perturbation of Ij(~) 

from unity. In experiments where Ij(r> is near unity the summation over It terminates 

quickly. No sum over It is necessary in the isentropic region and. depending upon the 

interaction potential. only a few terms may be necessary far in the expansion. For all 

three potential shown in Figure 10. Ij<r) remains near unity well into the transition region 

of flow. Thus. the summation over It always terminates quickly in the early regions of 

flow. where the collision frequency is high and Ij(r) is near unity. 

The summation over l runs from 0 to It and describes the perturbation of Q: from O. 

The index l represents "communication" between the parallel and perpendicular degrees of 

freedom. Far downstream where Q: is small and few collisions exist in the jet the 

summation over l terminates fast. Close to the nozzle l will also terminate quickly. 

because. the upper index of the sum terminates at It which converges at a small number. 

Only deep in the transition region in cases where both Ij(~) has strongly deviated from 

unity and Q: still has a significant magnitude will the convergent summation over l have 

many terms. 
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The index m. which runs from 0 to 00. represents the system's perturbation from 

isentropic flow. in the case of region IT. or frozen flow for Region 1lI. In other words. the 

summation converges quickly if either Q is near unity (as in the case of ,,) or Q is near 

zero (as with t). but many terms need to be retained if Q is in between. The origin of this 

is easily understood. The fitting function used for the parallel temperature, Equation 23, 

has an isentropic component. r-"/3• and a frozen one. Too' Many terms in m are necessary 

far in the transition region of flow where both of these components have significant 

relative weight. Unlike Regions I and II, where a single relationship applies to both flow 

regions through this thermal perturbation index m, Region III and IV do not have such a 

connection. This is clearly understood with acknowledgment of the behavior change of Tl 

from isentropic (r-"/3) to an explicit dependence on r-1 in the fro2.en region. Region III 

was treated as a perturbed frozen flow with the assumption that Tl behaves isentropically at 

the boundary between Regions III and IV. 

The expressions represented by Equations 86-90 are a rigorous solution to the 

bimolecular kinetic behaviour within the free jet expansion under the constraints of the 

flow model chosen. These are also. admittedly, very complicated. The complexity of these 

relationships arises from having to account for three evolving properties within a free jet 

the density drop, the cooling, and the developing thermal anisotropy. The density drop 

results solely in the term C Z in T j , see Equation 70 and the counting index m originates 

from the cooling. The consequence of the anisotropy in the flow is two counting indices, 

It and t. If the change in anisotropy in the flow were ignored, the expressions for Tj will 

simplify. 
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III.8.H Solution for the Case of Constant Thermal Anisotropy 

The Constant Anisotropy Solution (CAS) will now be outlined. The mathematics 

resembles the exact solution to such a degree that only verbal development will be given. 

The thermal anisotropy parameter is taken to be constant between r a and r b and will be 

designated by (Ij(r». For the common potentials shown in Figure 10 this approximation is 

always valid in the isentropic region and for moderate distance ranges in the early 

transition region. Depending on the potential and difference between rb and rat the CAS 

approximation may also have utility in the later regions of flow. 

The development begins by pulling Ij (r) out of the integral in Equation 70. Now all 

summations over It and i are extinct. The summation is taken over m to account for 

cooling which results in the following. 

T j (I and 11) = -~ Bj (I j (r» L 2i + ; _ 4m ((i+ I )/2,m) 

m 

'T 00 m r-(2i + 5 - 4m}/3 

Tj(III) = -aj Bj (Ij(r» L 3 /4m {(i+1)/2.m) 

m 

'T 00 «i + 1}/2 -m) C(3 + 4m}/3 

(91) 

(92) 

(93) 

The expressions for the CAS approximation can be directly compared to the general results 

as shown in Table 3. The expressions for U in Table 3 were obtained from 

Equations 91-93 with the understanding that C i 0 0 = 3j Bj • Besides the termination of the .. 
sum over It and i, the major change in the form of these expresssion is in. the arguments 

within the binomial coefficients. This originates from the Q(j+2}/2 term in the front of the 
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integral for the expression of Ij(r), see Table 2. 

The CAS solutions are simple in both the isentropic and frozen regions, because the 

parallel temperature is well understood. In the transition region a summation over m must 

be taken, but a converging sum will be obtained with few terms of m by staying near the 

boundary of the isentropic, or frozen, boundary. In the regions where it is valid, the CAS 

approximation greatly deconvolutes the kinetic interpretation within a free jet expansion. 

III.8.iii Solution for the Case of Constant Thermal Anisotropy and Temperature 

To eliminate m from the expression for 1'j consider the case of, not only taking the 

anisotropy to be constant, but also the parallel temperature. This Constant Anisotropy and 

Temperature Solution (CATS) describes the jet as having constant values of Tn and Tl 

between ra and rb' This solution is quite straightforward because the only remaining 

spatially dependent variable in the formal expression for 1'j' Equation 70, is r-2 from the 

density drop. Integration gives 

(94) 

Since, except for a Langevin potential, the CATS approximation will never exactly describe 

the local collisions, its applicability is in regions where the product of the parallel 

temperature and anisotropy function change mildly. In this case an appropriate average of 

the product of these quantities, between ra and rb' is taken as illustrated below. 

(95) 

Unlike the CAS and exact solutions, the CATS approximation has only one simple term 

which models the dynamics of the free jet in all regions. The accuracy of both the CATS 
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TABLE 3 

EXPRESSIONS FOR INTEGRAL T j 

REGION ICmax Lmax I11max Ui,l,m 

EXACf SOLUTION 

0 0 0 __ 3_ r-(2i+5)/S 
2i+S 

II 00 00 00 _ . 3 {-(2l+1)/2 m) T m r-(2i-4m+S)/s 
21-4m+S '00 

III 00 00 00 _ 3 H2l+1)/2, m} T -(2(l+m) + 1)/3 r-(2i + 4(l+m) + 7)/3 
2i + 4(l+m) + 7 00 

IV 00 00 0 __ 2_ T (i+2l+3)/2 T -(2l+1)/2 r-(i+2l+4)/2 
i+2l+4 ( 00 

CONSTANT ANISOTROPY SOLUTION (CAS) 

0 0 0 __ 3_ r-(2i+5)/3 
2i+S 

II 0 0 00 _ . 3 (I-) {(i+1)/2 m) T m C(2i-4m+5)/3 
21-4m+S J '00 

III 0 0 00 - 3~m (Ii) {(i+1)/2,m) 1'00((i+l)/2 - m) r-(3+4m)/S 

IV 0 0 0 -(~) 1'00(i+l)/2 r-1 

CONSTANT ANISOTROPY AND TEMPERATURE SOLUTION (CATS) 

all 0 0 0 -(Ii TII(i+I)/2) r-1 
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and CAS approximations will now be shown. 

m.9 Validity of CAS and CATS Approximations 

The exact solution of T j resulted in an infinite expansion. which hinders its application 

to experimental data. Only in the isentropic region does the exact solution have a 

manageable form. Of course. since Ij(r) is unity in this region. the exact solution is 

equivalent to the one obtained by CAS. From the complexity of the exact solution in the 

transition region. it appears that only CAS and CATS will have utility in the interpretation 

of non-isentropic free jet kinetic data. In this section the degree of error introduced by 

employing these approximations is discussed. 

To test the validity of the approximate solutions an ion-dipole potential is used as an 

example. i :: -2. Since this common potential has a strongly diverging anisotropy function. 

see Figure 10. the results from this analysis are also valid for potentials with a better 

behaved Ij (r). In calculating (Ii (r» for the CAS or (~(r) Til (j+l)/2) for CATS a density 

weighted average from ra to rb was taken. From a kinetic point of view. this weighting 

factor has a physical basis. because many more reactant molecules are involved in collisions 

at earlier distances within the measurement. Thus, an effective parameter should be 

defined as an average seen by an evolving ensemble of reactants. not simply the axial 

average. For some spatially dependent variable, Z{r), the following was to the calculate the 

average. 
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Figure 11. Simulated plot of T-s versus ~-1 normalized to unit a_sS_s' 
T-s was calculated assuming an initialization point of ~ • .: 0.4 and the 
integration was performed from ~. to various values of ~b' The solid line 
represents the CATS approximation, which naturally yields a linear 
function of ~-l with slope - (Ls Til-lIz). The open and closed circles 
represent the CAS and exact solution, respectively. When plotted on these 
axes both the CAS and exact solutions show curvature because of the 
thermal evolution. When forced to a linear fit, the calculated slopes are 
quite close in magnitude: -0.803 for CATS; -0.868 for CAS and -0.919 for 
exact. From [70]. 
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(96) 

For an ion-dipole potential with a fixed r a, a plot of r-1 versus T_%(r) will, for the 

CATS, yield a line. For the CAS and exact solution a plot of r- 1 versus T _% will be 

curved because of the effects of changing temperature and thermal anisotropy. Although 

curved, the CAS and exact solutions result is nearly linear plots in the transition region and 

beyond. In the worst case region, the isentropic, the curvature of these two methods, now 

degenerate, is clearly present. This is to be expected, because Til is cooling very rapidly in 

this part of flow (note the exact solution for T-2 specifically states that C 1/ 3 versus T-2 is 

linear in the isentropic region, see Table 3). As experiments are done further downstream, 

this deviation in curvature becomes less and less. 

These considerations suggest that, as a comparison tool, the linearly forced slope of the 

graphs of r-1 vs. T -2(r) should be used for all three techniques to determine the accuracy 

of the two approximate methods. In the cases where the slope of the exact method agrees 

with that of the approximate ones, then the appropriate approximation is valid over this 

region. Figure II shows an example illustrating the validity of the two approximate 

approaches in the transition region for an ion-dipole transition. The starting distance, r a' 

in Figure II was 0.4. The slope for the CATS was -0.80 and the slope of a least squares 

fit of the CAS and exact solutions were -.87 and -.90, respectively. These numbers are all 

equivalent well within the range of our current experimental scatter. Appendix B contains 

the computer code for the generation of this figure. 
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Figure 12. Graph showing applicability of CAS for an ion-dipole capture, 
i - -2. For each curve, started at the labelled ra , (L2) was determined 
over the range to r b' the abscissa. The ordinate is the ratio of the slopes 
obtained by a linear least squares fit of the exact and CAS to a r- 1 versus 
T -2 plot. CAS works very well through the entire transition region and, 
over a short enough range, the frozen region is well-modelled by this 
approach. From [70], corrected. 

93 



Ct 
0 
Ct 
Ct 
w 
...J 
C 
Z 
52 
~ 
0 
C 
Ct 
u. 

1.0 

0.9 

0.8 

1.0 

0.7 

0.6 

0.5 

0.01 

0.01 0.1 1.0 10 100 

Figure 13. By the same method as used for Figure 12, this illustrates the 
applicability of CATS. As compared to CAS, CATS accuracy is less 
general. In the isentropic region this model will fail unless the 
measurement is taken over a very short range. Once in the transition 
region, the method will be valid, but, unlike CAS, the range of the 
measurement is more restrictive. From [70]. 
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To understand the accuracy of the CAS approximation over different regions of the 

jet, calculations, the same as illustrated in Figure 12, were done starting at various values 

of r.. The results are illustrated in Figure 13, where the number labelled on each curve 

represents the initial point of measurement and the abscissa is rb' For the plotted case 

with the worst error, r. - 0.001, the accuracy between the CAS and exact solution remain 

within 10% even if the reaction were run to the frozen region. Since L z ... 1 at r ... 0.001, 

these calculations show that the solution for the rate coefficient of an ion-dipole potential 

will remain within 10% of the exact algebraic one even if the thermal anisotropy is 

completely ignored. 

Now the results of the CATS will be compared to the exact solution. Figure 13 

illustrates the results in the same convention used for the CAS in Figure 12. Unlike the 

CAS results, the accuracy of the CATS depends very strongly on the extent of the jet 

monitored, i.e. r b - r a' and the position where the reaction is began, r.. For reactions 

that begin deep in the isentropic region, r a = 0.00 I, CATS fails in accurately describing 

the dynamics. Since the exact solution in the isentropic region is as simple as the 

expression in CATS, there is no need to employ CATS here anyway. In the transition 

region of flow, r > 0.1, CATS will be valid if the reaction is monitored over a short range. 

For example, if r a were 0.5 and the reaction were run to r b = 1.0, then the solution will 

be accurate to within 10% of the exact, see Figure 13. 

The major conclusions of this analysis follows. First, if the velocity dependence of 

the reactive cross section is known (which is frequently the case in exothermic ion 

molecule reactions), then begin monitoring the reaction early in the transition region and 

follow it over a short range. Then, CATS will be valid in determining the rate coefficient. 

An equally acceptable alternative is to run the reaction in the isentropic region and use 

CAS to determine the rate coefficient. A side benefit of this second approach is the 

velocity dependence of the reaction may be determined, because a plot of the logarithm of 
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Ti versus the logarithm of r will yield a slope equal to (2i + 5)/3. This can be seen from 

Equation 91, written here explicitly for the isentropic region. 

T.(I) _ -II. B. (I.(r» _._3 - r-(2i + 6)/3 
I ., I I 21 + 5 (97) 

Therefore, for reactions in which the velocity dependence is not known both of these 

measurements may be employed collectively to understand the dynamics. Thus, the 

complicated, exact solution to the kinetic equation are never necessarily needed, because 

regions of the expansion exist where either the CAS or CATS approximation will 

adequately model the dynamics. 

111.10 Conclusion 

In this chapter, a method for the determination of a rate coefficient in a free jet has 

been presented. Within the constraints of an ellipsoidal distribution function, exact kinetic 

results were calculated for an instantaneous rate coefficient in a free jet expansion. A 

thermal anisotropy function was introduced with related an instantaneous rate coefficient 

in a free jet to one at thermal equilibrium. 

The thermal conduction model was employed to obtain an expression for a spatially 

integrated, density weighted rate coefficient in a free jet. The complicated, exact form of 

this integral was simplified by two approximations. In one, the CAS approximation, the 

thermal anisotropy was taken to be constant over the region of measurement. For the 

other, the CATS approximation, both the temperature and thermal anisotropy were fixed 

over this region. Calculations were performed for an ion-dipole potential demonstrating 

the applicable regions for each of these approximations. 
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If the reaction is not monitored over too extreme of a range, the simple expression in 

the CATS approximation was found to be accurate within 10% in the early transition 

region of flow. CAS has most utility in, or near, the isentropic region because the 

expressions are still uncomplicated and CATS fails in describing the realistic dynamics in 

this region. In the isentropic region itself, where CAS is equivalent to the exact solution, 

the velocity dependence of the cross section may be experimentally determined. 

In the development three major assumptions were made: (1), The spatial temperature 

and density of the jet is accurately described by the Thermal Conduction Model; (2), the 

local translational distributions are described by an unperturbed, uncoupled ellipsoidial 

function; (3), the cross sectional coefficients, Bj, are in general a function of internal 

temperature, but over the temperature range of the experiment can be considered constant. 

Assumption (1) does not pose any major problems, because the perpendicular 

component of temperature is known to behave isentropically for a relatively long distance, 

then evolve to a r- 1 behavior far downstream. Any corrections in the formalism of 

Reference 44 could be made in the value of fr in Equation 21. Similarly, for fn' as long 

as some linear combination, such as Equation 23 holds, only the coefficients need to be 

changed given a better flow theory. Also, the source parameter, E, can be changed given a 

better buffer gas interaction potential. This perhaps would lead to problems, because E 

may become spatially dependent. Given the accuracy of a Lennard-Jones potential in 

describing noble gas expansions and the common practice of using such gases as a buffer, 

E will probably suffice as it has been developed. 

The distribution function employed leads to a first order solution to k(r) which can be 

conceivably modified under the framework of a perturbed ellipsoidal distribution. If a 

better tractable flow theory is devised, the solution for the rate coefficient at a particular 

position, kO(r), may be thought of as a first order approximation to the real solution. All 

the perturbations may involve a correction to the solution by the following 
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(98) 

where h(~) is a function taking into account the contributions due to the perturbations. If 

a form of h(r) is found, our results are still applicable under any uncoupled distribution 

function, provided the expressions for k(~) be modified as suggested in Equation 98. The 

term uncoupled, in this context, simply refers to no dependence of the velocities upon each 

other. a perturbation in vII will not affect Tl' vice versa. In the frozen region the 

perturbations in the perpendicular direction become extreme, therefore this model may not 

accurately describe the behavior in the frozen region. If an entirely new form of a 

distribution function, especially if it were coupled, were found to better represent the 

center streamline of a jet, then a new model will perhaps need to be developed to explain 

kinetics in the frozen region. 

If the cross sectional coefficients, aj' are found strongly temperature dependent, the 

model can evolve by incorporating the thermal, and thus spatial, dependence of aj into it. 

Thus, excluding the possible problems with the distribution function in the frozen region, 

this model is general and can be modified given better understanding of the physics. 

It is clear from the discussion in this paper that kinetic analysis in a free jet is 

complicated. Each region has it advantages and disadvantages, which need to be addressed 

when designing an experiment. The five major considerations in each region are the (1) 

parallel temperature, (2) the value of Ij(a), (3) the accuracy of the ellipsoidal distribution 

function, (4) the assumption that all the cross sectional coefficients, Bj, are constant over 

the region of integration, and (5) the complexity of the appropriate kinetic expressions for 

analysis of the results. 

In the isentropic region all of these parameters, except the last, are well understood. 

There is no thermal anisotropy, therefore Ij (~) is unity and the distribution function is 

Maxwellian. Also, the evolution of the translational temperature is known. In analyzing 
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the data the exact solution of the spatially integrated rate coefficient is tractable. On the 

other hand, in this region the collision frequency and temperature gradients are high 

enough that the assumption of constant ~ is debatable. By defining, especially in the later 

part of the isentropic region, an effective temperature and measuring over a small portion 

of the jet, this problem may be overcome. A unique advantage of the isentropic region, 

which was briefly mentioned above, is the possibility of measuring the velocity dependence 

of the cross section. In all the other regions of the jet this dependence must be known 

prior to data analysis or may be determined through multiple measurements. 

In Region II, the near isentropic, the thermal anisotropy is still relatively low, 

therefore a well-defined anisotropy function (near unity) and distribution function exist. 

Although much less in degree than Region I because the system has completed a large 

majority of its internal relaxation, the aj may still be slightly changing. Also, an additional 

complication arises in not exactly knowing the spatial dependence of 1'". By treating 

Region II as a perturbation of Region I, 1'" can be fitted as a power expansion. In the 

early part of Region II the CAS approximation provides a valid, tractable method to 

analyzing the data. Later in Region II, CATS may be employed for data interpretation. 

Region III has the same problem as II in not exactly 1'11. Again an expansion as a 

perturbation of Region IV will yield numerically accurate values of 1'11. In Region III, it 

becomes a better approximation to assume ~ is constant, because I'll is beginning to freeze, 

but the assumed distribution function begins to break down in this area and, because of 

the large thermal anisotropy, Ij(Q) is not as well defined. In the early part of Region III, 

CATS may be accurately employed to analyze the data. Kinetic analysis is difficult within 

the current model late in Region III, because the use of an ellipsoidal distribution function 

becomes questionable and, for many potentials, the data analysis becomes intractable. 

In Region IV, Tn is well defined and aj is constant. but the distribution function is 
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significantly perturbed and Ij(Q) is usually not well defined. The later problem is rectified 

by ignoring the thermal anisotropy, which was shown in the text to result in less than a 

10% error in the calculated rate coefficient for an ion-dipole potential, which has a 

strongly divergent value of L2 in the frozen region. Nevertheless, since the distribution 

function is not understood in this region and the collision frequency is sparse, this model 

should not be employed in the interpretation of any kinetic data obtained in the frozen 

region. 

Where should kinetic measurements be best made in a jet? The suggested best region 

of the jet to monitor kinetics is the early transition region, i.e. late in Region II or early in 

Region III. Here the thermal anisotropy is relatively low, therefore both the distribution 

function and Ij (~) are known. The reactants, with the exception of species with small 

moments of inertia such as hydrogen halides, are internally relaxed, therefore the cross 

sectional coefficients are constant. The parallel temperature has not deviated largely from 

isentropic which suggests a power expansion wiII accurately model its magnitude. The 

straightforward CATS approximation may be made in data analysis. Finally, from an 

experimental point of view the collision frequency remains high enough to measure a 

reaction rate over a relatively short region of the expansion. 

At this point it should be stressed that it is not absolutely necessary to know the 

precise form for the applicable interaction potential of the reacting species in order to 

extract meaningful kinetic data from a free jet expansion rate measurement. The 

expansion of the reactive cross section as a power series in velocity, Equation 33, is merely 

a convenient model to account properly for the effects of temperature anisotropy on the 

phenomenological reaction rate in a free jet flow. Given experimental measurements of 

sufficient precision over large ranges of axial flow and a variety of stagnation conditions, 

it will be possible to fit the data to an arbitrary expansion in velocity and experimentally 
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determine all of the coefficients, ~. Future experiments in our laboratory are aimed at 

such determinations for neutral, as well as ionic, reaction systems. At present, all of the 

data obtained using the free jet flow kinetic method, has be-en for simple reactions with 

reasonably well understood intermolecular potentials and the data has not warranted any 

more detailed analysis than given in this chapter. 

For a variety of termolecular or slow bimolecular reactions it is necessary to run the 

reaction in a molecular buffer. The polyatomic version of the thermal conduction model, 

while not properly accounting for the translational-rotational energy transfer, does provide 

a algebraically tractable solution and over a properly chosen region of the expansion will 

be useful in following molecular reactions. 

Another approach to this problem of polyatomic buffers would be to generate the local 

temperatures over the region of measurement from a solution of the Generalized 

Boltzmann Equation (GBE) [46}. Then, generate appropriate algebraic solutions over this 

region with equations similar to Equations 21 to 24. For more detailed analysis, even for 

the case of atomic buffers, the solution to the GBE is useful. Within the framework of 

the GBE solutions, velocity and temperature slip are contained within the equations. If 

required the effects from these may be incorporated into the kinetic analysis. By keeping 

the masses and Lennard-Jones Ce values of the different gases resonably close, thermal and 

velocity slip are a seond order effect which can be ignored within the current precision of 

measuring low temperature reaction rates. 

In summary, a model to explain the method of determining rate coefficients in a free 

jet expansion has been developed. Based on differences in flow properties, the free jet 

was broken into four regions. Expressions for axial rate coefficients were derived and 

experimental techniques were discussed. Under the criteria of the model, the best place to 

study reactions was, depending on the intermolecular potential, the early to center 

transition region, i.e. 0.5 ~ r ~ 5. In this region the parallel temperature has completed a 
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majority of its cooling. the collision frequency is still relatively high. and the ellipsoidal 

distribution is valid. All of the premises of the theory are somewhat general and can be 

modified. or. at least. overcome. given a better flow model. Application of this model to 

experimental studies will be presented in the next chapter. 



CHAPTER IV 

BIMOLECULAR REACTIONS IN A FREE JET 

EXPANSION: c+ CHEMISTRY 

"Why," said the Dodo, "the best way to explain it is to do it." 

- Lewis Carroll 

IV.1 Introductory Remarks 
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In this chapter bimolecular reactions of carbon ion (C+) with various small molecules 

are presented, both as an example of measuring reactive rate coefficients in a free jet and, 

on its own merit, as an interesting source of chemistry [10). Carbon (C) is thought to be 

the fifth most abundant element in the cold, dense interstellar clouds and many reactions 

of c+ are believed to play a significant role in the molecular synthesis of more complex 

interstellar species [26,27]. Interstellar c+ is most likely formed from charge transfer of C 

with helium ion, which is produced from cosmic ray bombardment of neutral helium. The 

reaction of c+ with OH is a major source of protons in these clouds, which are 

fundamental in many other reaction paths. Reactions with NH3 are a major source of 

carbon nitrogen bonds, which are possible precursors of amino acids. Certainly one of the 

most important reactions is the radiative association with hydrogen (Hz) which produces 

CHz +. Further reactions with the product result in stable hydrocarbons. This reaction is 

thought to be the primary step leading towards the most fundamental source of 

hydrocarbons in the galaxy! 
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Since c+ plays a major role in many interstellar kinetic cycles, a solid understanding 

of its chemistry is essential in predicting the rates of production of many species in these 

cold, 20-60 K, clouds. Unfortunately from the point of view of measuring the kinetics in 

a free jet, the important reaction of c+ with "3 is predicted to be quite slow, occurring at 

less than 10-11 of the collision rate at room temperature [84]. To better understand the 

temperature dependence of other bimolecular reactions of C+, various reactions which 

proceed near the collision rate at room temperature were observed in the core of a free 

jey. The reactions discussed here are: 

~ 0+ + CO (99a) 

~ CO+ + 0 (99b) 

c+ + NO ~ NO+ + C (100) 

• NO+ + eN (lOla) 

~ Nz+ + CO (lOlb) 

• CO+ + Nz (lOlc) 

~ CN+ + NO (101d) 

~ C2"z+ + Hz (l02a) 

• C2H3+ + H (l02b) 

~ C3+ + Hz (103a) 

• C3H+ + H (l03b) 

For completeness, the reaction with hydrogen was also studied. 

(104) 

where the channels listed indicate the exothermic ones. From an astrophysical perspective, 

Hz, nitric oxide (NO), methane (CH.), and acetylene (CzHz), have all been detected in 

interstellar clouds. Although interstellar oxygen (02) has not been directly seen it is 
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believed to be present. Nitrous oxide (N10) was chosen as a comparison to NO, because 

both have similar dipole moments. Rate coefficients were determined for 

Reactions 99-102. Only an upper limit of the rate coefficient for the reaction with 

hydrogen was determined. Branching ratios were found for the reactions with two 

exothermic channels, i.e. those with 01' CH4, and C1H1• 

For the first three, observed rate constants are found to exceed those obtained at 

300 K and, furthermore, except for methane are larger than those values calculated using 

pure polarization theory [16J. The observed rate constants for Reactions 100-101 are 

accounted for by consideration of the weak dipole moment of the neutral species. In the 

case of Reaction 99 considerations of the effects of the permanent molecular quadrupole 

moment of 02 may account for the observed rate of the reaction. 

IV.2 Experimental Details 

In this particular study, a mixture of an ion precurso'r gas, roughly 0.1%, 2 to 10% of 

a neutral reactant gas, and the balance of an inert buffer gas was expanded into a vacuum 

through a flat circular pulsed valve. Both 0.3 mm and 0.5 mm orifices were, selectively, 

employed in this work. The earlier studies were done with a Laser Technics valve which 

utilized a piezoelectric crystal as the pulsing source. Because of the higher operating costs 

and difficulty in reaching orifice limited flow (OLF) with these valves, a solenoid driven 

valve (General Valve) was employed for the remainder of the experiments. While 

functioning under OLF both valves gave the same rate coefficients. The stagnation 

pressure for the kinetic runs was maintained at 700 Torr. The gas was allowed to freely 
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Figure 14. Representative ion signals in the absence and presence of the 
reactant, N20. Both traces were taken at the same position in the jet. The 
large number of ions seen in the lower trace are either a result of direct 
reaction of c+ with N20, or by secondary reactions. 
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expand a distance of Zj - 2.5 cm. At this point, the output of an excimer-pumped dye 

laser (BBQ dye) with a Littrow mounted oscillator is used to selectively multiphoton ionize 

the cold precursor molecules (benzene). In reduced variables the distance where the ions 

are born is r - 0.4 or 0.7 for a 0.5 or 0.3 mm nozzle, respectively, which is an optimum 

region for monitoring the reaction by the simple CATS approximation. The mass 

distribution and temporal profile of the ion packet was followed by mass spectrometry. 

c+ was generated by 390 nm multi photon ionization/decomposition of 0.1 to 0.5% 

benzene seeded in an argon buffer expansion [85-87J. The 16ns/5mJ output of the dye 

laser was focussed using a IO cm lens. This led to an initial ion distribution which' had c+ 

in greater than 95% relative concentration with only a trace of C2Hn + ions. The top trace 

in Figure 14 shows a representative mass spectrum of the ion packet produced in an argon 

buffer. The lower trace represents equivalent conditions in the expansion doped with 

4.7% N20. The reaction time was 65 ps and many of the ions seen in this mass spectrum. 

such as CN+, CO+, N2+ and NO+, are direct products from the reaction. The sizes of the 

peaks are qualitatively a good indication of branching ratios, but due to differences in 

exothermicity in the different reaction channels quantitative assessment should not be 

made. The other three ions in the mass spectrum, N20+, Ar+, and C6H6+' are produced 

through secondary reactions. Nitrous oxide ion is most likely formed as a secondary 

charge transfer with CN+, CO+, or N% +. Although the ionization potential of Ar+ is higher 

than all the other detectable ions in the jet it is probably formed through charge transfer 

with internally excited molecular product ions. The presence of C6H6+ can be understood 

through charge transfer of the residual benzene vapor i~ the expansion with a variety of 

ionic products. 

It has been demonstrated that this production method generates c+ with a translational 

energy distribution peaking at 0.25 eV [88J. This translational energy will be rapidly lost 

through momentum transfer collisions with Ar. Figure 15 shows the relative velocity 



I I 
• • • I • 

• N=15 I. • N30 I , .. • • • I • N= 
• I • 

i • , 
• • • I ~ 

I tt • • I • • • I I • , • I • 
Voo Voo Voo 

Figure IS. Evolution of c+ packet in a free jet. The three diagrams in 
this figure represent the c+ velocity distribution after each c+ has 
undergone IS. 30. and 200 collisions. respectively. The high velocity tail 
arises from the exothermicity of the c+ when formed. After a sufficient 
number of collisions, the c+ equilibrates with the rest of the gas packet. 
All of these traces are on the same abscissa with a normalized ordinate. 
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profile of the ion packet as a function of average number of collsions for each c+ ion. 

This number of collisions was estimated from a Langevin model for collisions of c+ with 

Ar. Taking the polarizability of Ar to be 1.6 A' predicts a collision rate of 

1.03 . 10-11 cm'/s. From the square of distance density drop one gets, after integration, 

Ncol1iliona = 76.0 Po l)l (I/Zj - I/~) (Torr-1 cm-l), (l05) 

where Ncol1iliona is the number of collisions experienced by one c+ ion, Po is the stagnation 

pressure, D the nozzle diameter, and Zj and ~ are shown in Figure 2. Shown in the first 

profile of Figure 15 is the c+ ion packet after each c+ has averaged IS collisions. At this 

time the profile is dominated by a high velocity tail from the translationally excited c+ 

ions. After 30 collisions even though the fast tail is still present the cold central portion of 

the packet is finally becoming pronounced. This center packet continues to grow relative 

to the high velocity tail, until finalIy the high velocity tail disappears. Note its absence in 

a limiting case of 200 collisions. AlI of these profiles are plotted on the same velocity 

scale, therefore the resulting ion packet is very narrow which allows for accurate velocity 

determinations. The ordinate for each profile were normalized to constant height. 

Under our experimental conditions the C+ have experienced at least 30 collisions 

before the reaction is monitored. Although the high velocity tail still is present after this 

number of collisions, these are not being monitored and those in the central packet have 

translationally equilibrated with the bulk of the flow. From classical atom-atom inelastic 

scattering calculations, 30 collisions are found to be adequate for thermal equilibration of 

the c+ with the buffer. The c+ have also relaxed to their electronic ground state, %PJ , 

which is supported by the fact that electronicalIy excited carbon ion will rapidly charge 

transfer with argon :md only in the presence of some reactants has argon ion been 

detected, e.g. Figure 14. 
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One unique benefit of being able to follow reaction products by the free jet flow 

reactor method is the ability to watch their growth as a function of time. Unfortunately 

secondary reactions and loss of ions in the beam due to exothermicity, skews the ion 

intensities in favor of those with less kinetic energy release and fewer secondary reaction 

channels. Figure 16 shows a representative temporal dependence of both reactant and 

product ions for the reaction of c+ with 0,. There are only two exothermic channels for 

this reaction producing CO+ and 0+. The 0,+ in the beam is formed through secondary 

charge transfer of Os with the primary reaction products. If the ratio of 0+ : CO+ were 

extrapolated to the limit of zero time, then effects originating from secondary reactions 

and differing energy release in the two channels will be minimized. This ratio should give 

a quantitative branching ratio. 

IV.3 Details of Applying CATS in the Kinetic Analysis of Experimental Data 

IV.3.i Experimental Methods Using CATS 

All of the reactions of c+ were monitored in a region of the jet where the CATS 

approximation is a valid approximation to the convoluted realistic kinetic equations 

describing the collisional phenomena. In Chapter III the degree of error and applicability 

of this approximation was discussed in terms of reduced variables, r and T. Below is 

presented a clearer description of CATS in terms of real variables. Of course one should 

not ignore reduced variables completely. because their utility in predicting local flow 

dynamics to transform kjet to kbulk is priceless. Thus, the details of the anisotropic kinetic 

theory are necessary for the transformation of the measured rate coefficient and the 
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Figure 16. Observed time dependence of the ion packet mass distribution 
normalized to constant total ion density for 4% 0% in Ar. The CO+ and 0+ 
are from direct reaction with c+. The 0%+ signal is due to charge transfer 
of the initial products with 0%. From [10]. 
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assurance that the data is being extracted from the appropriate region of jet flow, i.e. early 

transition, for the application of CATS. 

There are three methods by which kinetics have been monitored in the core of a free 

jet one follows the reaction as a function of reaction time, while the other two use a 

constant reaction time, but vary the initial concentration of the reactant. The theoretical 

development and discussion of these methods are now presented. Following this, examples 

of application for all three are shown. In all cases the same fundamental equation applies. 

From Chapter III, the general relationship for a bimolecular reaction run under psuedo-

first order conditions for any kinetic run within a free jet is, in real variables, given by 

(l06) 

where A is the reactive ion of interest, here C+. To simplify the notation define, 

A'(z} = Areactive (z) , 
Aunreactive(z) 

as was done in Chapter III. Thus, the general relationship becomes 

M Z % JZbk- (z) 
In[A'(zb)] - In[A'(za)] = - _0_0_ ~ dz. 

Voo Z 
za 

(107) 

(lOS) 

To monitor reactions accurately it is essential that we be able to measure A'(z). Shown in 

Figure 17 are representative decay curves of the reactant ion in the presence and absence 

of reactant, 4.7% N%O. From the inferred relative error in the scatter of the data it is 

evident that the difference between the reactive ion profile and unreactive one at the 

concentrations used can be experimentally distinguished. Thus, A'(z) may be 

experimentally measured. The three separate cases of monitoring the reaction will now be 
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Figure 17. Experimental determination of the c+ ion density versus flow 
distance. Upper data: c+ in pure Ar. Lower data: c+ in Ar with 4.7% 
NzO. The position where the laser fires is designated by xo. From (10). 
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considered. In all these approaches one particular variable is changed to obtain the kinetic 

information and all others are fixed. The important variables are the point of ionization, 

Zj, the distance of detection, z" the reaction distance, zt,MS' and the stagnation density of 

the reactant, Mo' The reaction distance is equivalent to the length between the laser focus 

(I) and position of extraction by the mass spectrometer (MS), i.e. Z, - Zj .. zl,MS' Through 

the constant flow velocity of the jet, all of these distances may be converted to the 

appropriate conjugate times. 

In the first method the laser and nozzle are fixed in space and the reaction is followed 

by moving the mass spectrometer, therefore the reaction distance, zl,MS' is being varied, 

which is equivalent to varying the reaction time. Since the nozzle and laser are fixed, Zj is 

constant, that is 

In[A'(Zj)] = constant. (109) 

Thus, the general relation simplifies to 

In[A'(z)] = - _0 _0_ ~ dz + constant. M z:: J k· (z) 
Voo Z2 

(110) 

where Zj was explicitly substituted for the general variable za in Equation 108 and z is any 

distance greater than Zj. The application of CATS, i.e. constant rate coefficient over the 

region of measurement, results in 

M z:: (k. (z ,zb») 
In[(A'(z)] = -~ Jet z· + constant, 

00 

(Ill) 

where the notation (kjet(a,b»)) indicates the average is over the region from a to b, which 

is the region of z over which the data was monitored. The unprimed distance represents 

the initial point of measurement and the primed the final. Thus, a plot of liz versus 

In[A'(z)] will yield a slope equal to 
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(112) 

Note, independent of the position of Zj, the slope only contains kinetic information over 

the region of direct measurement, i.e. from z. to zb' If the rate coefficient were assumed 

temperature independent from the point of ionization to detection the intercept of the 

kinetic plot will be equivalent to (Mo zl')/(voo Zj). Since the rate coefficient may change 

from the ionization region to initial detection because of cooling. thermal anisotropy, and. 

in this case, kinetic energy release of the ions when born. the intercept is frequently not 

equal to the predicted value. 

Another method of following the reaction in a free jet is to vary the density of the 

reactant gas. M(Zj). at the initialization of the reaction. while keeping the reaction distance. 

i.e. time. constant. There are two approaches found to work satisfactorily: change Zj or 

vary the mole fraction of the reactant. As a third alternative. the stagnation pressure of 

the expansion may also be changed. but. since this alters the local flow dynamics in the 

jet, application of this technique should only be done in the study of flow dynamics with a 

reaction of known reaction dynamics. In all cases the concentration of the reactant at the 

focal volume of the laser is changed, which is illustrated by 

(113) 

Since the reaction time is constant, data from these approaches will include kinetic 

information from the point of ionization to detection unlike the method of varying the 

reaction time where the information obtained is solely over the region of observation. 

Since Zj defines the position where the ions are born. the reactive and unreactive 

concentrations are equal. i.e. 

In[A'(Zj)) = O. (114) 

Substitution of this results into Equation 108 gives 
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CIO ~ 

116 

(1IS) 

where Z, is the nozzle to detector distance. With the assumption that the rate coefficient 

does not change from the point of ionization to detection in the jet (CATS), the above 

becomes 

(116) 

where zl,MS is the constant reaction distance. In the case of a constant rate coefficient a 

plot of Mo (l/~ - I/z,) versus In[A'(z"zl,MS] will yield a slope proportional to the rate 

coefficient, i.e. 

(117) 

In the approach of varying ~. Mo will remain constant and (l/z, - I /Zj) will similarly be 

fixed if Mo is changed. In some reactions the rate coefficient will not be constant from 

the point of ionization to detection from either temperature dependence of the rate 

coefficient or ion production techniques. For these reactions an alternate method is 

available for the varying density method. The reaction is monitored at two reaction 

distances, zl,MS and z'1,MS' Subtracting the data obtained for each at the same initial 

reactant number density, i.e. same M(Zj). results in 

(118) 

where the measured rate coefficient is now the average between the shorter and longer 

reaction distances. 
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Each of these approaches have advantages and disadvantages, some general and others 

dependent on the reaction being studied. The major advantage of monitoring the reaction 

by changing the reaction time is that all kinetic information before the reaction is being 

monitored is absent from the slope of the kinetic plot. This approach has advantages in 

the study of initially hot ions which quench in the flow, such as the method chosen for the 

production of c+. Disadvantages include mass extraction problems as the mass 

spectrometer is moved and instrumental flucuations, e.g. optical or electronic, over the 

relatively long time necessary to complete a kinetic run. The extraction problems are 

avoided by analyzing a ratio of signals in the reactive versus unreactive expansion at the 

same location in the jet. Since the majority of bimolecular collisions have occurred before 

the initial detection, a smaller extent of reaction is followed as compared to the density 

varying method, which results in more scatter in the kinetic plots, i.e. more uncertainty in 

the rate coefficient. 

The major advantage of the density varying approaches is the large extent of reaction 

which can be followed. The kinetic plot includes information from all collisions from the 

ionization region to detection, therefore a variation of the reactive density may greatly 

change the total extent of reaction at detection. Furthermore, mass extraction problems are 

attentuated by this approach and data collection is more expedient which minimizes 

instrumental f1ucuation problems. The major disadvantage involves the kinetic 

interpretation of ion production methods which release significant kinetic energy. In this 

case Equation 119 must be applied and a similar extent of reaction is followed as compared 

to the reaction time variation method. Since four measurements are necessary in 

Equation J19, as compared to only two for the reaction time variation approach, the 

experimental scatter in the kinetic plots are enhanced, while not increasing the extent of 

reaction measured. For this reason the reactions of c+ will be primarily measured by the 

reaction time variation method, but examples of the density variation method will be 
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shown both as an illustration of the application of these techniques and as an independent 

source of the rate coefficients. 

1V.3." Examples of Experimental Results with CATS Approximation 

Experimental data for each of these approaches are now presented. An example of 

the reaction time variation method is illustrated in Figure IS. This is the reaction of c+ 

with N20 at three different partial pressures of N20. Within experimental error, all these 

plots are linear as predicted by CATS. Also, the resulting slopes of the three partial 

pressures predict the same rate coefficient within 10% with no correlation between rate 

coefficient and partial pressure. By seeing no trends in the calculated rate coefficients at 

three different partial pressures, the technique is further supported and effects of 

clustering of N20 can be neglected. The slope of this line will give (kjet ) over the region 

of measurement. 

An example of following the reaction by fixing the reaction time and varying ~ is 

shown in Figure 19 for the reaction of c+ with 02 at two different reaction distances, 

2.S cm and 4.3 cm. The curvature in the plots may be due to reactions with the 

translationally hot c+ close to the nozzle or from electric field perturbations from the close 

proximity of the nozzle to the repeller plate. As predicted in Equation 116 the intercept of 

the plots appears to pass through zero. Since the production method of c+ releases 0.25 e V 

of kinetic energy, the rate coefficient predicted from a linear fit to the limiting slopes in 

this plot will contain information from these hot collisions. This limiting slope predicts a 

rate coefficient of approximately 0.1 kLan(eVin' where the reaction with zl,MS == 4.3 cm 

predicts a slightly larger rate coefficient than the one at zl,MS = 2.S cm presumably because 

of less total contribution from the hot c+ collisions. To obtain the rate coefficient 

appropriate to the cold center of the free expansion the two profiles from Figure 19 must 
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Figure 18. Example of kinetic data taken by varying the reaction time for 
the reaction of c+ with NzO at three partial concentrations of the reactant 
upper, middle, and lower represent 2.4%, 4.7%, and 7.0%, respectively. 
From [10]. 
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Figure 19. Example of following the kinetics by varying the initial 
reactant density for the reaction of c+ with Os. In this case the distance of 
ionization was changed and Mo remained constant. The higher intensity 
curve (circles) was for a reaction distance of 4.3 cm and the lower 2.8 cm 
(crosses). The assigned rate coefficients for this reaction by best fitting a 
line through the linear data far from the nozzle contains all information 
from the point of ionization to detection. Since the production method of 
c+ releases 0.25 eV of kinetic energy when born, the profiles from these 
two reaction distances must be subtracted to obtain a rate coefficient 
applicable to the cold core of the jet. 
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Figure 20. The data from Figure 19 are subtracted and the resulting slope 
of the plot will predict an average rate coefficient for the reaction of c+ 
with 02 from 2.8 to 4.3 em from the nozzle. 
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be subtracted as shown in Equation 119. Shown in Figure 20 is the resulting kinetic plot 

by applying Equation 119 to the data of Figure 19. The slope of this line after proper 

conversion predicts a bulk rate coefficient of 1.3 kLanprin. This agrees well with the 

statistical average of this rate coefficient from the reaction time variation method, 

kbulk .. 1.2 ± 0.3 kLanprin. Since only a small fraction of the total reaction occurs between 

2.8 and 4.3 em and four independent experimental measurements are needed to produce a 

point on the graph, the error bars from this type of analysis are larger than an equivalent 

experiment monitored by varying the reaction time which may be inferred from the 

relative scatter in Figure 20 as compared to Figure 18. 

No reactions of c+ were run by changing the stagnation density of the reactant, but 

the following reaction was 

(119) 

The Arz+ was formed by 100 eV electron bombardment. Plotted in Figure 21 is a 

representative plot of the number density of Nz versus the logarithm of the ArH signal. 

The slope of this line will yield an average rate from the point of ionization to detection. 

The electron bombardment was translationally heating the Ar jet which was confirmed 

both by the abnormally large flow velocity, approximately 40% greater than theoretical, 

and the increase of the measured velocity with the current of the electron gun. Thus, to 

obtain accurate rate coefficients representative of the cold central core of the expansion the 

same approach from the last paragraph must be employed. Although not illustrated, the 

analysis predicted a rate coefficient within 10% of those measured at 30 K by the CRESU 

technique [89]. Since the process was assumed Langevin, kjet = kbulk and the anisotropic 

mapping function was unity. 
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Figure 21. An example of following the reaction by varying the stagnation 
density of the reactant gas. The reaction studied was ArZ+ + Nz. 

123 



124 

IV .3.iii Conversion of kjet to kbn'k 

Once apparent rate coefficients in a free jet, kje&' are determined through one of the 

techniques of the last section, they should be properly transformed to kbulk • To insure 

understanding of the utility of the model of Chapter III, a detailed analysis of the 

Reaction 101, c+ with NzO, will be presented. Because this is a reaction between an 

atomic ion and dipolar molecule, the cross section, o(g), is taken as 

(120) 

where the first term describes the interaction of the ion with a point polarizable sphere 

and the second an ion with a permanent dipole. The apparent rate coefficient, kjet , which 

is known from the slope of the experimental kinetic plot is given by 

(121) 

where the average is taken over the appropriate region of the flow. Ignoring anisotropic 

behavior in the molecular polarizability, k.1Jet is temperature independent and from pure 

polarization theory is expressed as 

(122) 

As a result of the temperature independence of k_1Jet , it is equivalent to a_ r The only 

other unknown in Equation 121 is (k_2Jet ) which is given by 

(k.2Jet ) = a_z B-z (TUJet -liz I.2Jet ). (123) 

B-z is known from the stagnation conditions and an effective product of (Til Jet -liz I.2Jet ) 

is determined as a density weighted average over the region of measurement. From this 

a_2 is determined. 
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Now the bulk rate coefficient can be determined by 

kbulk(T.rr) - (feq(g,T.rr) g o(g» = (feq(g,T.rr) g (a_lg-l + a_2 g-2», (124) 

where feq(g,Terr) is an equilibium Maxwell-Boltzmann distribution. The effective 

temperature, Terr , is taken to be the density weighted parallel temperature over the 

appropriate region of the jet. 

With this formalism presented, a step by step analysis of the data of Reaction 102 will 

be demonstrated for the data shown in Figure 18. The stagnation conditions were: 

Po = 700 Torr, To = 300 K, 0 = 0.05 cm, the experimentally determined velocity of the 

beam was 9.4· 10· cmls, and the range over which the data was taken was 

4.0 cm ~ It ~ 14.0 cm, i.e. za = 4.0 cm and zb = 14.0 cm. Since the data was followed by 

varying the reaction time this range of distances is the appropriate one over which the 

averages should be taken. Inserting the stagnation conditions into Equation 113 results in 

the following relationship between the slope, apparent rate coefficient, and percent N20 in 

the jet. 

(125) 

The average slope divided by the percent N20 for the three kinetic plots in Figure 18 is 

1.7 ± 0.1 cm, where the error is the standard deviation for the average of the three. Thus, 

the average effective rate coefficient, (kjet ), for these three runs is (1.8 ± 0.1) . 10-9 cm3 Is. 

The Langevin rate, k-l' for N20 with c+ is 1.4· 10-9 cm3/s. Substitution into 

Equation 122 results in (k-2Jet(zazb» ,., 0.4 ± 0.1 . 10-9 cm3/s. The explicit expression, in 

real variables, is 

(k_2Jet ) = 2 a_2 J 2; k (L2(a) TII -
l /2) = 

(2.7 ± 0.7) . 10-. a_z (Lz Til-liz) s cm- l Kl/z (126) 

To calculate the average quantity on the right, reduced variables are employed. From 



126 

Table I. E .. 1040. This implies that I'll - 6.52 Til K-I and ~ - 0.170 z em-I. The range 

over which the data was monitored is ~ - 0.7 to r - 2.4. Using the Thermal Conduction 

Model results in a density weighted average of ('-Z TII-I/Z) .. 2.3. Substitution into the 

above results in a_z - (6.4 ±1.6) . 10-7 cmt/sz. A density weighted average of the parallel 

temperature solely is (Til) - 0.3 K. Finally. the bulk rate coefficient can be obtained 

through the above with Ii - I. Explicitly. 

kbulk (O.3 K) = k_l bulk + k_2 bulk' , , (127) 

With the use of of Equation 123 and 124. this becomes 

kbulk (O.3 K) = a-I + (2.7 ± 0.7) . IO-t a_2 (TII-I/Z) s cm-1 Kl/2 (I2S) 

Substituting the value for a_2 and 0.3 K for Til gives k-2,bulk = (3.1 ± O.S) . 10-10 cm3/s 

and the total rate is (1.7 ± 0.1) . 10-9 cm3/s for the three reactions shown in Figure IS. 

Note the close similarity between kjet and kbulk • but kjet is slightly enhanced in value 

because of the increased collison frequency caused by the thermal anisotropy increasing 

IV. Results and Discussion 

In this section results from the reactions of c+ will be presented. All rate coefficients 

and branching ratios discussed in this section were taken by the reaction time variation 

method. The apparent rate coefficients. kjet • measured in the expansion were properly 

transformed to (kbulk T err). The effective translational temperature at which these rate 

coefficients correspond is 0.3 K and was determined by a density weighted average over 

the region of measurement. The branching ratios were inferred by extrapolating the 

relative product ion signal to zero time. Table 4 outlines the results of rate coefficients 
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and branching ratios for the reactions. 

Branching ratios were determined for the reaction with Os' CsHz' and CH.. Although 

it is conceivable to also measure them for reactions with more than two open channels, the 

reaction with NsO presented additional problems in product signal overlap between CO+ 

and Ns+. Also, for this reaction many of the initial product ions quickly reacted through a 

variety of mechanisms to form secondary products which convoluted the analysis. Thus, 

branching ratios for the four exothermic channels in this reaction were not determined. In 

the Os reaction 55% was measured to follow the 0+ channel, which agrees well with the 

predicted low temperature limit of 60% [90). For the methane reaction 68% followed the 

channel producing CsH/. Although no calculations were found for the low limit of this 

branching ratio, at 0.1 eV collision energy 74% followed this same channel [91]. 

Considering the reaction of c+ with methane has little temperature dependence, due to the 

absence of a permanent electronic moment of CH., it is reasonable that this branching 

ratio should remain temperature invariant. The final branChing ratio reported is for the 

reaction with acetylene. Even though the C3H+ channel is more exothermic, the other 

channel was determined to be slightly favored (63%). Based on the reproducibility of the 

signal, the errors in the branching errors are approximately ± 5%. 

The experimentally measured rate coefficients for the reactions of c+ are listed in 

Table 4. The observed rate coefficients for NO, N:p. 0Z' and CH4 are 1.8, 1.3, 1.2, and 

1.0 times their rates calculated by pure polarization theory, respectively. The relative 

errors in the absolute rate determination was estimated to be 25%. Within this range both 

the reactions of NO and NsO cannot be explained by pure polarization theory. The errors 

of the rate coefficients of the reactions of Os and CH. fall within the predictions of the 

Langevin theory. 

Both NO and NsO have a permanent dipole moment and the measured rate 

coefficients agree, within experimental error, with the predictions of the ion-dipole 
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°z 

NO 

NzO 

CH. 

CzHz 

Hz 

TABLE 4 

Bimolecular Reactions with c+ in a Free Jet Expansion 

Products 

O++CO 
CO+ +0 

NO+ +C 

all 

CzH/ + Hz 
CZH3+ + H 

C3H+ + H 
C/ + Hz 

CHz+ 

Branching 

55% 
45 

32 
68 

37 
63 

kot» • kca1c 

1.2 1.2b 

2.0 1.9C 

1.8 2.4c 

1.4 l.4d 

<.03 .0000 I e 
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kLan,f 

1.0 

1.1 

1.4 

1.4 

• This work. T = O.3K. Estimated relative error in measured rate coefficients is 25% and 
absolute error in branching ratios ±5%. All rate coefficients are in units of 10-9 cm3g-1 

b Reference 93 

c Reference 22 

d Pure Polarization assumed 

e Reference 84, room temperature est. 

f Ion-Induced dipole rate using room temperature average polarizabilities 
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interaction theories of Morgan and Bates [22], Clary [23,24] and TrOe [25]. The predictions 

of the Adiabatic Invariance Method is listed in Table 4, because this model is the most 

straightforward theory of the three to compare to experimental data. To compare the data 

to any of these models it is necessary to have a complete thermal distribution. The 

translational moments were predicted from the thermal conduction model and the rotational 

temperature was measured from 1+1 REMPI spectra of NO under similar expansion 

conditions. Since the rotational distribution greatly affects the predicted rate coefficients, 

it was necessary to have an accurate value for this. The rotational temperature of NO, 

20 ±3 K, was used for both the reactions NO and N20. For this total distribution function 

all three models fit the dipole data and I cannot presently comment on the better validity 

of one of these theories over the other. However, because of the extremely low collisional 

energies attained in the expansion, small dipole moments, such as those possessed by NO 

and N20 (0.159 and 0.167 D, respectively), does have a significant effect upon the 

observed rate, i.e. within experimental error these rate coefficients cannot be explained by 

pure polarization theory alone. 

The measured rate coefficient for the reaction with 02 shows slight enhancement over 

pure polarization theory, which may be explained either through experimental error or the 

influence of the permanent quadrupole moment of 02 on the reaction rate. Let us 

entertain the latter idea. Kosmas has derived an expression for the temperature 

dependence of ion-nonpolar molecules induced by the molecular electronic quadrupole 

moment [91]. The reported quadrupole moment of 02 is -0.39 . 10-26 esu cm2 [92]. From 

Kosmas' relationship and using the average polarizability, a rate coefficient of 

1.03 . 10-9 cm3 S-1 was calculated. Use of the maximum component of the molecular 

polarizability increases the predicted rate coefficient to 1.2· 10-9 cm3 S-1, which gives 

better agreement with the data, yet both of these predictions are within the absolute error. 

Both the models of Bates and Mendas [93] and that of Celli et al. [94] were fit and gave 
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very close agreement with that of Kosmas using the maximum component of the 

polarizability. Although not ultimately conimned. the apparent enhancement of the 

reaction rate of 02 may be from the ion induced quadrupole potential. 

The reaction with methane gave the same rate as predicted by pure polarization 

theory. Since CH. does not possess any permanent electronic moments it is understandable 

that the rate coefficient at these low collision energies behaves as predicted by a classic, 

long-range interaction between a point ion and point polarizable sphere. 

The final reaction studied was c+ with Hz. From the anticipated low reaction rate, an 

argon buffer was not used and the reaction was done in a hydrogen expansion, doped with 

approximately 1% benzene vapor. No direct reaction product, CHz+' was seen nor was any 

reaction observed, the slope of the kinetic plots were zero. The secondary product of any 

possible reaction of CH2 + with Hz, i.e. CH3 + [95] was found in the ion packet, but the 

spatially dependence of the size of CH3 + did not correlate well to a model originating from 

the reaction of c+ with Hz. Based upon the region of the jet where the reaction was 

taken, experimental scatter in the data, and the experimentally measured velocity of the 

beam, 2.6 . 105 cmls, the minimum rate coefficient which can be measured by the free jet 

flow reactor for this reaction is approximately 3 . 10-11 cm3/s. Therefore, only an upper 

limit to this rate coefficient can be ascertained. 

The rate coefficients of the dipolar molecules with c+ cannot be explained with pure 

polarization theory, but agree with the predictions of current low temperature ion-dipole 

capture theories. The reaction of the non-polar methane resulted in the rate coefficient 

predicted by pure polarization theory. The slight enhancement of the reaction rate of 0Z' 

20% over Langevin, may be understood through an ion-quadrupole potential. The reaction 

rate of c+ with H2 was not seen and, therefore, must be less than 3 . 10-11 cm3/s. 
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CHAPTER V 

A METHOD OF MOMENTS SOLUTION OF THE BOLTZMANN EQUATION FOR 

MULTI-COMPONENT ATOMIC FREE EXPANSIONS 

V.I Introduction 

Faith is a ime invention 
For gentlemen who see, 
But microscopes are prudent 
In an Emergency! 

-Emily Dickenson 

In this chapter the flow dynamics of a multi-component atomic free jet will be analyzed 

by solving the Boltzmann equation by means of the method of moments. As with a single 

component free jet, thermal anisotropy develops as the expansion evolves, but, because of 

the differing masses and interaction potentials between the species in a multi-component jet, 

the thermal anisotropy in mixed flows is further complicated. Temperature slip between 

chemically distinct species is possible, i.e. TlI,i '# TII,j or Tl.i '# TlJ' where i and j index the 

differing species. Under the constraints of an anisotropic Maxwellian distribution, 

N(N + I )/2 independent anisotropy parameters will have to be defined in order to explain 

the total thermal anisotropy for a system of N chemically distinct atomic components. One 

independent set would be N anisotropy parameters that describe the thermal anisotropy 

within each particular component, i.e. Tl.dTII,i' Along with these will be N(N - 1 )/2 

anisotropy parameters that describe thermal distributions for some i component relative to 

some other j. Examples of these are TlJ/Tl.l or TII,jITII,i' In a flow where parameters, 
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such as these later ones, are not unity the expansion is said to contain temperature slip, i.e. 

the width of the distribution function for the component i along some defined direction in 

the expansion is not equal to that of component j. Since the amount of parameters necessary 

to describe all the dimensions of thermal anisotropy is quadratic in the number of 

components, understanding the thermal distributions in a multi-component atomic jet 

quickly becomes a problem of great complexity. 

The possibility of temperature slip, especially in the parallel direction, opens the door 

for a new type of energy anisotropy, namely velocity slip. In this case the hydrodynamic 

velocity of some component i, Uj, may be different than that for another component j, Uj' 

and the velocity slip, Allj,j(z) -llj -Uj' becomes an important physical quantity in the flow. 

From conservation of energy considerations, velocity slip is predicted to be most important 

for systems with either large gradients in the mass or interaction potentials between the 

different components of the expansion. For a system of N distinct components (N-I)N/2 

different velocity slips may exist. 

Although substantial experimental data and suitably rigorous models for single 

component expansions exist, there is relatively sparse information available for multi

component expansions. Anderson [3] in 1974 suggested that diffusive separation in free jet 

expansions was negligible after the illSt nozzle diameter of flow for expansions with 

stagnation conditions greater than P J> - 2 Torr-cm. He demonstrated this effect by 

accelerating a small fractional amount of heavy species beyond their thermodynamic limiting 

value in a helium buffer expansion. These results suggest that velocity slip is not significant 

for these expansions. Of course, the Questions remain on the thermal anisotropy between 

the light and heavy species and of the outcome of the expansion if both species were 

expanded with similar partial pressures. Further efforts in this direction generally resulted 

in the derivation of correlation formulae [71,136] which were later shown to be useful only 

as a qualitative guideline for the flow dynamics [137]. The solution of this problem, which 
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is outlined in this chapter, will for the iust time give scientists in this field a methodical, 

quantitatively accurate theory from which multi-component expansions may be better 

understood. 

Besides the interest in the problem as a stimulating, previously unsolved, problem in 

flow dynamics, our attraction to these multi-component expansions developed largely to 

better interpret the kinetic data obtained in our Free Jet Flow Reactor. In the previous 

chapters the small fractional amount of reactive species in an atomic buffer were assumed to 

negligibly perturb the flow of the expansion. Thus, the flow dynamics of this weakly doped 

atomic expansion were modelled as the pure atomic buffer. From the results of this chapter 

a theoretical prediction of the extent of perturbation these reactive species have on the flow 

dynamics of the buffer is ascertained. 

Although most of the reactive gases are molecular in our experiments, ignoring the 

internal relaxation will still yield qualitative behaviour, because of the small partial 

concentrations. Also, from a more theoretical view, the Boltzmann equation is formally only 

valid for systems where no internal energy transfer occurs [138]. For systems with internal 

energy the Generalized Boltzmann equation must be employed, which, although accurate 

well within present day experimental measurements, is not as formally exact as the true 

Boltzmann equation for atomic flows. Thus, the present model retains a degree of physical 

rigor is not present if internal energy were included. 
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V.2 The Boltzmann Equation for a Free Expansion 

The Liouville equation is the fundamental conservation equation in gas phase 

mechanics [63,130]. It describes the evolution of an N-particle distribution function in a 6N 

dimensional phase space that describes the position and momentum of each of the N 

particles. If the gas is assumed dilute enough that only two particle collisions occur, then 

the coordinates and momenta of N-l of the particles may be integrated over in the Liouville 

equation, which leaves a new equation that is only a function of one particle distribution 

functions, fP>. If this one particle distribution function is taken to be zero at infinite 

velocity and the distribution function does not explicitly change over the time interval of a 

collision, then the Boltzmann Equation results: 

N 
CJf· CJf· F- CJf· L :.:.J.. + v .. :.:.J.. + :...L .::.L. _ J .. 
at I ax m· avo I,J 

I I • 

(129) 

J 

where fj is the velocity distribution function of the ith component, t is time, Vj is the 

velocity, x is the positional coordinate, Fj is an external force, 111j is the mass, Jj,j are given 

by 

211' +00 +00 

J .... I df I b(x) db J dv· (f'.f'. - f.f.) g .. I,J J IJ IJ I,J 
o 0 -00 

(130) 

and the sum is performed over all the different N components of the mixture. The 

superscript (1) has been dropped from the distribution function with the understanding that 

all distribution functions are for one particle. In the above f is the azimuthal scattering 

angle in the center of mass frame, b is the impact parameter which is a function of the 

polar scattering angle X, gj,J is the magnitude of the relative velocity between the species 

before the collision, and the primed quantities indicate the distribution functions after the 

collision. 
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All of the terms on the left side of Equation 129 represent changes in the single particle 

distribution function in the absence of collisions. Physical uguments. based on flux through 

an inimitesimalIy small cube. will reproduce the left side of this equation [130]. The Imt 

term on the left side indicates a change in the distribution function from an explicit time 

dependence. In the case of a continuous free jet and many other physical situations this 

term is zero. The last term in the left side of Equation 129 represents the change in the 

distribution function due to the presence of an external force acting on the gas. In the field 

free environment of a free expansion this term is also zero. Thus, Equation 129 becomes 

for a field free, continuous free jet 

v .. :::.L - J ar· I 
I ax i,j· (131) 

j 

The terms on the right. Ji,j' account for changes in the distribution function arising from 

collisions. For this reason Ji,j are defined as the collision integrals. These collision integrals 

are always zero for any equilibium system and in the absence of collisions for any system, 

whether at equilibium or not. In these cases, where all the Ji,j - O. the sum the velocity 

weighted spatial gradients of the distribution function are zero. For a non-equilibrium 

system, collisions are a source of a non-zero gradient in the distribution function. Thus, a 

knowledge of the values of the collision integrals at all positions in the free expansion will 

directly give the gradient of the distribution function. If the form of the distribution 

function is known, then this gradient will lead to the gradients of all the dependent variables 

within the distribution function, i.e. temperatures, number densities, and velocities. 

Under the assumptions imposed on the Liouville equation, which are certainly valid in 

the supersonic regions of a free expansion. the Boltzmann equation represents the most 

fundamental relationship describing gas flow. Unfortunately, the integro-differential nature 

of the Boltzmann equation prevents exact solutions, except for the case of equilibrium flows, 
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where all the collision integrals are zero. Thus, the exact determination of the collision 

integnls for a general system remains a classic, unsolved problem in flow dynamics. 

There have been many perturbative techniques developed which simplify the collision 

integnls, while retaining generality to the distribution function. One of the most popular 

approaches is the Bhatnager-Gross-Krook (BGK) [139] approximation, where the collision 

integral is expanded and only the iJISt term is retained. This linearized BGK collision 

integral greatly simplifies the problem and has most utility for systems that are weakly 

perturbed from equilibrium. Another common approximate solution is the Chapman

Enskog [130] method, where the true distribution function is taken to be a perturbed 

Maxwellian distribution function. Combined with the continuity equations of flow, a 

solution to the Boltzmann equation is obtained. Since the distribution function in a free jet 

quickly deviates from Maxwellian, the Chapman-Enskog model has limited utility in 

describing the flow. Other perturbative methods exist, most of which are variations of the 

above. 

To solve the Boltzmann equation for single component expansions, Hamel and Willis 

employed the BGK approximation [40]. Their results, although insightful, have only 

qualitative predictive ability, because unrealistic potentials were employed. Later, Edwards 

and Chen [74] showed that within the BGK approximation the velocity distribution function 

in the perpendicular direction was not Gaussian, but had a broad tail, because of coupling to 

the parallel energy. Monte Carlo simulations have also been done to solve the Boltzmann 

equation in a free jet for hard sphere potentials [137]. These calculations have the most 

utility in the estimation of the consequences of non-ideal interactions, such as background 

gas scattering and skimmer interference. 
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Based on the work of Miller and Andres [42], Knuth and Fisher [41] employed the 

method of moments to solve the Boltzmann equation for a hard sphere single component 

atomic expansion. To simplify the calculation, they also linearized the collision integrals. 

In the method of moments one assumes the form of the distribution function, then all of 

the gradients of the spatially dependent variables in the distribution function are 

determined. Toennies and Winkelmann [43] later solved the single component atomic 

Boltzmann equation by the method of moments with realistic interaction potentials. 

Recently, Randeniya and Smith [46] solved the generalized Boltzmann equation by the 

method of moments for a single component molecular flow. The method of moments has 

become the standard technique for solving the Boltzmann equation for a free expansion [2]. 

This approach will also be employed here in solving the multi-component atomic 

expansion. The next section will overview the procedure. 

V.3 The Moment Method of Solving the Boltzmann Equation 

In the method of moments the distribution function Of the colliding species is assumed 

and the necessary moment equations are obtained by multiplying each side of Equation 131 

by some function of velocity, ~vi)' then integrating over all space. 

(132) 

where 

and, as in the above relations, the primed quantities imply after the collision. To arrive at 
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the form of Equation 133 shown here the indices of the integration were exchanged and 

added to convert ~~Ilj from a function of ~j. (f'jf'j - fjfj) to one of 

fjfj . (~j' - ~j) [62,63,130]. Thus, all the properties of the distribution function after the 

collision were eliminated by these symmetry operations. 

The quantity ~~jlj is the ~j th moment of the collision integral Jjj . Physically. it 

describes the stress on the distribution function of i brought about by ~Vj) changing 

during a collision with another particle j. If no change in ~Vj) occurs during the 

collision, then ~(v'j) = ~(Vj) and ~[~jlj is zero. 

By introducing the total distribution function of the colliding system, Fjj = fj fj , 

Equation 133 may be rewritten in differential form as 

(134) 

where the six integration variables of d6F are the six velocity components of the colliding 

species. Equation 134 is the starting point for the development of the solution. 

V.4 The Moment Equations for an Atomic Expansion 

In order to solve Equation 134 a distribution function must be assigned to describe the 

local flow dynamics. The uncoupled ellipsoidal distribution function was employed as a 

suitable description of the local flow dynamics for an atomic expansion. This function is 

given by the following 

where 
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1 
b,,~ II: • 

2 kB T,,~ 
(136) 

If the direction of flow of the streamline is taken along the Z direction, the following may 

be defined 

(137) 

and 

(138) 

In the case of a single component atomic expansion the distribution function is dependent 

on four spatially evolving quantities: ni(z), ui(z), TII,i(z), and T.Li(Z). 

To completely describe the spatial evolution of these four properties in a single 

component atomic expansion, four independent functions of velocity, f>(vi), need to be 

substituted into the master moment equation, Equation 132. These will provide a set of 

four differential equations, which may be solved to give the four moments of interest, i.e. 

~[f>i 1, at any position in the expansion. Since the solution which is developed in this 

chapter involves a multi-component expansion, a set of 4N differential equations where N 

is the number of distinct species in the jet must be provided to completely describe the 

evolution of these quantities. 

The four independent functions of velocity employed in solving the Boltzmann 

equation were chosen to be 

~l(Vi) ... ~, (139) 

f>2(Vi) ... vlI,i' (140) 

~3(vi) = v.Li 2, (141) 

f> .. (vi) = vlI,i 2. (142) 

Note, these quantities are proportional to the number density, parallel momentum, 
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perpendicular and parallel energy, respectively. One set of these ., will exist for each of 

the N components in the expansion, which will provide an adequate number of independent 

equations. The sequential substitution of these expressions into Equation 132 results in 

(143) 

~v·) = VII· I ,I 

N 
dOj~d ~ L n.Oj-+ -(~TII·)+ (Til· -TI,)-arvll·]- arvll·1 .. -, dz mj dz ,I ~z ,I -l4 ,I ,IJi.J 

(144) 

j-l 

~v.) -= VII .2 I ,I 

N 
dOj 3kB OJ nj dTII ,i 4kB OJ nj Til i L 

2u· 2 n· - + - • - arvil .2] = arvil .21. • 
I I dz ~ dz mi z ,I ,I Ji.J 

(145) 

j=1 

N 
n· dTl,i 4kBOj~ L 2kBu. _I + TI ... ArVI .2]., ArVI .21 .. 

1 mj dz ~ z -l41 ..... -l41 ..... -l41 Ji.J 
(146) 

j=l 

where kB is Boltzmann's constant. Since the derivation of the left side of the expressions in 

Equations 143-146 has been extensively discussed in the literature [41,43,46], the solutions 

are presented without proof. To determine the form of the velocity moments on the right 

side of these equations, it is necessary to understand how the velocity components change in 

a collision. 
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V.S The Change in Velocity Upon Collision 

The relative velocity. I. between a particle of type i with velocity VI and one of type j 

with velocity Vs will be def'med by 

(147) 

The relative velocity components are now decomposed into polar coordinates 

(148) 

With these definitions, the velocities of the particles after the collision are related to the 

velocities before the collision by [130] 

VI i' - VI i -= 2Pi i sin(x/2) (Ii j sin(x/2) + gi j kl) 
t 'IDj • .:1.: 

(149) 

Vs,/ - VS,J - - 2~~i sin(x/2) (Ii,j sin(x/2) + gi,j kl.>. (ISO) 

In the above Pi,i is the reduced mass between the colliding partners. Note the bold face g in 

front of the sin(x/2) is a vector, but the g multiplied by the perpendicular component of the 

apse vector, kl.o is scalar. The apse vector is a unit vector parallel to the line of symmetry in 

a collision. It is decomposed into two parts one parallel to the vector g, kll' and one 

perpendicular to it, k.l: Since it is parallel to the relative velocity before the collision, the 

component in the parallel direction is equal to I sin(x/2) which is the origin of the first 

term in Equations 149-150. The apse vector in the perpendicular direction is given by 

[ 
kx 1 [ cos8 cos4> COS( + sin; sin! ] 

kl _ Icy • -cos(X/2) cos8 sin; ~ - cos4> sin! . 
:1. Ie. -sm/J COS( 

(lSI) 

where the angles ¢ and /J refer the the initial orientation of the relative velocity vector and 

the angles! and X are the azimuthal and polar scattering angles. 
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Because cylindrical symmetry is assumed in the scattering, the collisional cross section is 

independent of the angle f. Thus, to simplify these relations the angle f will be integrated 

over which gives 

(VII,ll - VU,l,i)c - 411' ~ Si,J cos8 sin2(x/2) 

(VU,2J' - VU,2J)C - -411' ~ Si,J cos8 sin2(xf2) 

(VII,l,i 2' - VII,l,i 2)c - 811' ~ Si,j cos8 w.,i,J sin2(x/2) + 

11' (11 . • Im.)2 g2 .. (1 - 3 cosZ6) sin2X rI,J -, I,J 

(VII .2' - VII •. 2) - -811' &i g .. cos8 W .. sin2(x/2) + ,2..1 ... ..1 ( m. I,J .,I,J 
J 

11' (u . . 1m. )2 g2 .. (1 - 3 cosZ6) sin2x rI,J J I,J 

(vl. .2' - Vl. .2) = 811' &i. g .. sinB sin2(x/2) (w .. ~ + W .. sin;) -1.1 1.1 ( mi I,J X,I,J Y,I,J 

(152) 

(153) 

(154) 

(ISS) 

11' (11 . . I m .)2 g2 .. (1 - 3 cosZ6) sin2X (156) rI,J -, I,J 

(VI .%' - VI .2) = -811' &i g .. sine sin2(x/2) (w . ·coS; + W . ·sin;) -
~2..1 ~2..1 ( m. I,J X,I,J f,l,l 

J 

11' (11 . . 1m· )2 g2 .. (I - 3 cosZ6) sin2X (157) rI,J J I,J 

where the subsrcipt f indicates that the integration over f has already been done and the 

variable Wi,j refers to the center of mass velocity given by 

(158) 

In Equation 158 and all subsequent formulae the subscripts I and 2 will be dropped from 

the equations. All that is necessary are the dummy indices of i and j between the colliding 

pair. 

Since the azimuthal angle f has been integrated over. only seven variables in the 

original eight of d8~~ik,j in Equation 134 remain to be integrated over. In order to 
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proceed with any of these integrations the distribution function must be converted to the 

center of mass frame. 

V.6 The Total Distribution Function in Center of Mass Coordinates 

The total distribution function between particles i and j is simply the product of the 

individual distribution functions. 

(159) 

The conversion of the distribution function is mathematically tedious, yet straightforward. 

Each component of the mixture has a distribution function described by Equation 135. If 

these distribution functions are multiplied together and converted to center of mass 

coordinates, the following is obtained 

exp[ - bll -1m_ { m- (w -11_) + If- - 0_ - cos8 }2 ,I -, I.., r"J.l q.J 

where 

- bll -1m- ( m-(w -u-) - u_ - g- - cos8 }2 oJ l l. J r"J.l I.l 

- bl -1m_ { (m- w - u_ - 0_ - sinB ~)2 + (m_ W - u- - g- - sin9 sinIP)2 ) 
~I •• , I x r"J.J q.l .., Y r"J.l I.l 

VI- w - !il g __ 
D1j I.l 

Vj - W + !il g __ m- I.l 
l 

(161) 

(162) 

were used for the transformation to the center of mass frame. The effects of velocity slip in 

the distribution function arise in the terms shown in the second and third lines of 
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Equation 160. A ("mite velocity slip will perturb both the dynamical evolution of the center 

of mass velocity. w •• and the relative velocity in the direction of flow. Although the 

velocity slip is implicitly coupled to the parallel direction. only through collisions will it 

affect the perpendicular velocity distribution. 

For self collisions. i.e. collisions between chemically equivalent species. the distribution 

function has a much simpler form. In this case the temperature components in each 

direction are equal and no velocity slip exists. The solution is 

exp( - bU.i M (w. - ~)2 - bl! ,I Pi,i g2cos26 

(163) 

where M is the total mass of the colliding system. 

Since the Jacobian between center of mass and cartesian coordinates is unity. the 

following represents the differential form of the total distribution function in the polar 

coordinates which the above relations are written 

(164) 

In order to solve for the appropriate ~~i1,j. the differential form of the distribution 

function, d6F, along with the appropriate «vi')-«vi) in Equations 152-157, must be 

inserted into Equation 134. After this, the expression for d7~~i1,j is integrated over the 

impact parameter and the six velocity components to obtain a solution. (Remember the 

integration over the azimuthal scattering angle E was already performed in the expressions 

for the changes in various velocity components. see Equations 152-157.) The resulting 

expressions for the various ~~il,j are substituted into Equations 143-146 for each 

component in the mixture to obtain the flow dynamics. Each of these steps of integration to 

obtain A[~i1,j will now be discussed. 
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V.7 The Solution (or A[.il,J 

V.7.i Integration of d7A[.il,J Over the Center of Mass Velocity 

Because the center of mass velocity components are independent of the impact 

parameter, these coordinates can now be integrated over. To arrive at a notation which will 

be applicable for all the cases studied, the following integral will be introduced 

(165) 

All the center of mass contribution in each term of Equations 152-157 will be described by 

one of the following; d3Fi,j(O, 0, 0), d3Fi ,j(1,O,O), d3Fi ,j(O,l,O), or d3Fi ,j(O,O,I), after 

integration over the center of mass coordinates. Integration over the center of mass velocity 

components yields for all these forms 

exp( -bl . IJI·g .. Jsin28 - bll i 1J11·(g· j cos8 + All .. )Z] g . . z sinB dg· . dB dq, 
~I :L I,J ,I, ',J I,J I,J (166) 

(167) 

d3Fi,j(O, 1,0) - &i,j sinB sinq, ~ [l~:I] d3Fi ,j(O,O,O) (168) 

(169) 

In obtaining Equations 166-169 the following family of integrals were found to be useful. 



146 

For some integral, I(n), given by 

+00 

I(n) - I XD e-aS - bx dx 
-00 

(170) 

exact analytical expressions exist for all integen n. The form of the integnl may be 

obtained by completing the square in the exponential which results in a standard power 

weighted Gaussian integral. The necessary integrals to obtain Equations 166-169 are 1(0) 

and 1(1) which are given by 

1(0) = ebZ/u. If 
1(1) - - ~ 1(0) 

In the expressions for d3FiJ (a,b,c) 

(171) 

(172) 

(173) 

(174) 

are the reduced masses of a particle of mass ~ colliding with one of mass mj all (mj a~ in 

the parallel (perpendicular) direction and all and al are ratios of temperatures between the 

different collision partners, specifically 

(175) 

(176) 

From these definitions and noting that all temperature components in the expression for 

d3FiJ (0,0,0) refer to particle i, both of the products bll ,i "'It and bJ..,i "'1 are totally 

symmetric with exchange of particles and, in the absence of velocity slip, these relations 

are very similar in form to those of a single component flow of a system with reduced 
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mass IIJI· (pi) for collisions in the parallel (perpendic:ular) direction [2]. For any system 

without temperature slip CkJI and a1 are both unity for all collisions. In all cases all and a1 

are unity for collisions between identical particles. For those situations where no 

temperature slip is associated with the collision dSFiJ(l,O,O) - dSFiJ(O,I,O) - ° and, if no 

velocity slip, dSFiiO,O,I) -u.dSFiJ(O,O,O). The presence of temperature slip provides a 

means of momentum transfer between degrees of freedom which otherwise would not 

exist, i.e. Imt term in Equations IS2-IS7. 

The variable ~uiJ in Equation 166 is the velocity slip and is given by 

(117) 

The final undefined quantity SII· is the center of mass velocity in ~e paraUel direction for 

a system of particles of mass ~ colliding with one of mass all mj' i.e. 

S • _ u.~ + ujmjaU 
II ~ + mjall 

(I78) 

Since all the terms in Equations 167-169 containing all or a1 are zero if no temperature 

slip is present, defining the following quantity will greatly simplify the form of these 

relations 

• ~ l-oU 
"II = M all (I79) 

• P1 l-a1 
~= M 01 . (I80) 

Now, Equations 167-169 become 

(181) 

(182) 

(I83) 
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Once each of the terms in Equations 152-157 is substituted into Equation 134 and 

integrated over the center of mass coordinates. the resulting integrals. shown below. must 

now be integrated over the impact parameter and relative velocity coordinates in order to 

obtain an algebraic solution of ~.iLJ. Because the impact parameter is functionally 

dependent on the relative velocity. this coordinate must be integrated over IllSt. Before 

proceeding. these are the expressions for dt~.iLJ for some particle i. 

(184) 

Pi' • 
dta[vlI.i 2LJ .. [ 81r ~ BiJ 2 cos8 sin2(xj2) (S II + "II g cos8) + 

X' <PiJ/~)2 BiJ' sin2X (I - 3 cos28) ] b db d3FiJ (O.O.O) (185) 

dta[vj,i 2LJ - [ 8", ~ giJ 3 sin28 sin2(xj2) tt-

X' <PiJ/~)2 8i/ sin2X (I - 3 cos28) ] b db d3FiJ (O.O.O) (186) 

The appropriate expressions for j which is the collision partner of i are 

dt~vIIJLJ .. -4", ~ 8iJ 2 cos8 sin2{x/2) b db d3FiJ (O.O,O) 
J 

dt~v1IJ2LJ = [ -8", ~ 8iJ 2 cos8 sin2{x/2) (S·II + "11 8 cosO) + 
J 

(187) 

X' CPiJ /mj )2 BiJ' sin2x (I - 3 cos28) ] b db d3FiJ (O,O,O) 188) 

dt~vj,j 21J - [ -8", ~ BiJ 3 sin28 sin2(xj2) tt -
J 

X' <PiJ/mj)2 BiJ' sin2X (I - 3 cos28) ] b db d3FiJ (O,O,O) (189) 
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V.7.ii Integration of d·~~ikJ Over the Impact Parameter 

For the low energy collisions encountered in the majority of the expansion of a neutral 

rare gas expansion the dynamics is controUed by the long range interaction part of a 

Lennard-Jones potential. With this in mind, following Reference 63, the following integral 

will be dermed 

Qll)(g) - 2. J~1 -c:ostx) bdb. (l90) 

The integral Q(t) (g) has units of a cross section. For the special cases of t being 1 or 2, 

which are the only cases encountered in this model, this integral takes on the specific 

names of a momentum. or diffusion. and viscosity cross sections, respectively. because the 

transfer of momentum classically involves Q(l) , while viscosity and energy transfer are 

described by Q(2). 

In Equations 184-189 only two functional forms of X are present. These are 

sinZ(x/2) = ~ (1 - cosX) 

(191) 

(192) 

where the first expression. when integrated over the impact parameter. yields Q(2)(g) 

divided by 271". Similarly. the seconds results in QCl)(g)/471". Note all the terms in 

Equations 184-189 may be integrated over the impact parameter in this fashion. Now the 

remaining integration in Equation 134 is solely over the relative coordinates. g. 9. and ~. 

Before proceeding with the integration of dS~~ilJ over the relative velocity 

coordinates, the velocity dependence of QCt) (g) must be determined. As discussed in the 

theses of Habets [45] and Randeniya [134]. de Warrimont [135] determined a numerical 

solution for the cross sections for systems whose dynamics are governed solely by the long 
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range attractive Lennard-Jones interaction. Employing his numerical scheme the following 

values were arrived at for the cross sections. 

(193) 

(194) 

Thus, the cross sections for a Lennard-Jones interaction will add an additional power of 

-2/3 to the g dependence in the expression for ~~ilJ. 

The Lennard-Jones potential is given by the following [63] 

VCr) ., 4 E [ (o/r)U - (o/r)" ] (195) 

where the first term describes the repulsion and the second the attraction. The standard 

symbol E relates to the depth of the potential and should not be confused with the 

azimuthal scattering angle. The parameter 0 is the distance where the potential is zero. 

Cumulatively, 0 and E are frequently referred to as the force constants of a Lennard-Jones 

potential in the literature. Because of the low energy of the collisions, the repulsive part 

of the potential may be ignored in a free jet expansion and 

C" V jet(r) c - re 
where 

C" - 4 E 08. 

(196) 

(197) 

For collisions between identical particles values are tabulated for 0 and E, (see [63] for 

overview of older measurements), but few measurements of 0 and E have been made for 

collisions between chemically distinct species. To calculate the C" value for collisions 

between non-identical particles the empirical combining force constant law [63] will be 

employed. This law, which is formally only exact for a hard sphere interaction, states that 



lSI 

for two chemically distinct species and j the potential will be described by force 

constants C7jJ and EiJ given by 

(198) 

(199) 

Thus, for the attractive potentials in a free jet, the classical mimimum in the potential is 

given by an arithmetic mean of the individual components, while the well depth is a 

geometric mean. 

As a final comment on the interation potential between the species it should be 

emphasized that the current model does not necessarily rely on any particular form of the 

interaction potential. All that must be known is the velocity dependence of each 

interaction, regardless of what it may be. Therefore, interactions which certainly do not 

depend on Lennard-Jones potentials may be modelled within this current theory. For 

example, the evolution of an expansion containing an atomic ion in an atomic buffer gas 

may be modelled by treating the ion-ion interaction as Coulombic (Q(i) ex g-.), the atom

atom interaction by a Lennard-Jones potential (Q(l) ex g-S/3). and the ion-atom interaction 

by an ion induced-dipole potential (Q(l) ex g-1). All interations in this development will 

be assumed Lennard-Jones, but incorporation of other potentials is straightforward. Shown 

I'j' / d3ArVII .1 .. _ 1r ~ A.J(l) 0 ..• 3 e d 3F· ·(0,0,0) -t. ,I Jj,J D1j I ... ,J I,J (200) 

11;' () / • d3~vlI,iS1J • [ 21r ~ AjJ 1 8iJ. 3 e (S II + "J18iJ e) + 

~ (l'jJ/~)S AiJ(2) giJ 7/3 (1 - 3 eS) ] d3FiJ (0.O,O) (201) 



d3~V.biS1J - [ 211' ~ AiJ(l) 8iJ 7/3 sinJf '1-

~ UctJ/~)J AtiJ) IiJ 7/3 (1 - 3 es) ] d3FiJ (O,O,O) 

d3~VIIJ1J - -11' ~ AliI) BiJ t/3 e d3FIJ (O,O,O) 
J 

d3~VII J slJ - [ -211' ~ AIJ(I) BiJ t/3 e (S· n + "II BiJ e) + 
mj 

~ UctJ/mj)S AiJ(2) BiJ 7/3 (1 - 3 eS) ] d3FIJ (O,O,O) 

d3~v.LJslJ - [ -211' ~ AiJ(I) BiJ 7/3 sin26 '1.-
J 

~ (PiJ/mj)S AiJ(2) gi/13 (1 - 3 eS) ] d3FIJ (O,O,O) 

V.7.ili Integration of d3A[~ilJ Over the Relative Velocity 

152 

(202) 

(203) 

(204) 

(205) 

All of the terms in the expressions for d3[~lJ' Equations 200-205, have the following 

form 

(206) 

The value of A is dependent on which term in Equations 200-205 is being evaluated. The 

expressions for d3~vj) fall into this form with the realization that 5in26 - 1 - cos26. Direct 

substitution and integration of Equation 206 results in 

• 2 ~nj"'l b
1J 

• 
A '" "''''II bll . 

+1 00 

J r giJ a eb exp( -bJ!'1 BiJ s (1 - eS) - b"","· (BiJe + ~Uj)J ] de dg (207) 
-IJO . 

In Equation 207 the gS and 5inB in the expression for d3FiJ (O,O,O), Equation 166, were 
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incorporated into the value of a and the Jacobian between e and cos8 in Equation 207, 

respectively. Also, the azimuthal angle ~ was integrated over. The coupling between e 
and g which arises from the velocity slip, i.e. A1lt.J, prohibits an analytic solution to this 

integral. If a binomial expansion is done about AutJ - 0, then the coupling is separated 

and each term has an analytical solution for the integration over g. Furthermore, since the 

magnitude of ADjJ is anticipated to be smaller than l/bg in most expansions, few terms 

should need to be retained to obtain an accurate answer for the integral. This is expected 

because in an atomic free expansion the flow will generally reach its terminal velocity 

within a few nozzle diameters, yet the temperatures will rontinue to cool. Nevertheless, in 

the cases where ADjJ becomes significant compared to l/bll convergence is also retained by 

including more terms in the summation. To develop this approach define the integral in 

Equation 207 by 

Now expand the term containing ADjJ in the following manner 

(209) 

where, to avoid confusion between the subscripts representing the particles and 

summational indices of the integration, aU summational indices will be in Greek letters. 

Substituting this into Equation 208 results in 

§ .. (a b) _ "\"" (-bll,i IJtl- An .. t+" 2t-" . 
IJ' L It! (l-It)! 'J 

lolt 
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+1 00 

I 1 BiJa+l-" {b+l-" exp{ -BiJ2(bbi P1 (1 - e) + bll,l ""t {2)] d{ dg.(210) 
-I 0 

Noting that only those integrals with b+l-It being an even integer results in a non-zero 

integral, the following becomes 

§ •. ; (a,b) _ ~ (-bUJ IIJt)l 6u. l+" 2l -,,+1 . .. L It! (i-It)! .J 
1,K: for b+l-It even 

+1 00 J 0 J 0 BiJ a+l-" {b+l-" exp{ -BiJ 2(b.bi P1 (1 - {2) + bll,i Pit {2)] d{ dg. (211) 

The integral over BiJ is a standard integral and is given by 

00 

1 xn x-aS dx _ I'((n+1)/2) 
o 2 a(n+l)/2 

Thus, integration over BiJ yields 

§(a,b) = (-bIIP.*)l 2l-" I'(a+l-It+I)/2) ~u . . l+" . 
.L. It! (l-It)! • .1 

l,.c; for b+l-It even 

I 

I eb+l-" 

o (b.Li Pl. - (b.Li P1 - bll,l Plt){2)(a+l-"+1)/2 de 

(212) 

(213) 

Each of the terms in Equation 213 may be integrated by a variety of numerical 

approaches. For its ease of development and generality, trapazoidal integration was 

employed. 
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V.7.iv The Expressions for A[~11J 

Now we have arrived at the point where the expressions for A[~lJ will be given. In 

this section all the values of A[~ilJ will be presented for both the self and cross collisions. 

(214) 

(21S) 

(216) 

(217) 

[vu,il,i -= ~2 '" b.1i J'lI' '" bU,i Ai}!) §i,i(13/3,1) = 0 (218) 

[vu,ilJ = 2 ~J I1j Dj "'1 b.1i J'lI' "'u
i 

bU,i AiP) §iJ(13/3,1) (219) 

(220) 

(221) 



• J • [vlI.1
2LJ - PiJ /~ Dt OJ "1 bJ.,i '" "II bg.l [ 

Ai}1) ( §iJ(10/3.1) S· n + tlJl §iJ(l3/3.2) } + 

PiJ/~ Aj}2) ( §IJ(l3/3.0) - 3§iJ(l3/3.2) } ] 

• J • [vII J 2Lj II: Pij /mj Dt OJ "1 b.Li '" I'll bll •j [ 

-4 Aij(l) ( §jj(lO/3.1) S·II + tlJl §ij(l3/3.2) ) + 

PiJ/mj Ai}2) ( §ij(l3/3.0) - 3§jJ(l3/3.2) } ] 

• J • [V.Lj2]jj - Pij/~ Dt OJ "1 b.Li '" "II bll •i [ 

4 t'1 Ai}1) ( §iJ(13/3.0) - §ij(l3/3.2) } -

PiJ/~ Aj}2) ( §i,i(l3/3.0) - 3§i,i(13/3.2) ) ] 
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(222) 

(223) 

(224) 

(225) 

(227) 
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~Vj) - v!JJ 

[v.wJ]jJ - - ~ AjJ(2) DJJ P blJ JIr P bUJ ( §jJ(13/3,O) - 3§JJ(l3/3,2) ) (228) 

[v.w J1iJ - PiJ/mj OJ Dj pI b.LJ JIr b. bl,l [ 

-4 'tAi}l) ( §iJ(l3/3,O) - §lJ(l3/3,2) ) -

PiJ/mj Ai}2) JIr Pu' Pu',l ( §i,l(l3/3,O) - 3§i,l(l3/3,2) ) (229) 

where §i,i(l3/3,l) - 0 was used. AU of the expressions for [Dj1iJ are zero simply because 

of conservation of mass, i.e. the density of a particular component will not change in a 

collision in a Don-reactive system. All of the momentum transfer terms involve those with 

Ai}l). Since §i,i(a,l) is always zero by symmetry, all the momentum transfer terms are 

zero for self-collisions as they should be to conserve momentum. Only in the case of a 

collision between two chemically different species will momentum transfer be non-zero. 

The finite momentum transfer channels between the two species are of two types: those 

which require a finite velocity slip and those requiring a temperature slip in order to be 

non-zero. The ones requiring velocity slip correlate to the integral §i}lO/3,1) and those 

which arise because of temperature slip are proportional to the integrals §iJ(l3/3,O) or 

§jJ (13/3,2). Viscosity transfer, i.e. terms containing Qi}2), do not require velocity or 

temperature slip to be present in order to be f'mite. The presence of these features simply 

weight the transfer in favor of one channel or another. 
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V.S The Solution to the Moment Equations 

Now that the expressioos for the necessary ~.ilJ have been obtained it is 

straightforward to solve the moment equations to obtain the spatial dependence of the 

deosity, OJ, hydrodynamic velocity, ut, and translational temperatures, T U,l and T.Li , for 

each of the species. By rearranging Equatioos 143-146 the following is obtained for the 

explicit change of the variables of interest 

dln(Dj) __ ~ _ G
1 dz z 

dln(Uj) --az-- Gi 

dT.Li 2T.L1 ~ ------+ -dz z 2 

dTII ; 2T.Li [ ~Uj2) t , - -- + G· Til· - -- - 3 z. dz z ", kB ' 

where the velocity weighted acceleration, Gj , is given by 

2T.L. 
3Z~+ --'-~ 

G ' z , 
i-

~Uj2 _ 3 Til. 
kB " 

(230) 

(231) 

(232) 

(233) 

(234) 

and the coupling terms X~, y~, and Z~ are related to the AI.,·] determined above and are 
1 1 , 

given by 

(235) 

(236) 

t ~ 
Z. - -Alvllk , OjkB 

(237) 

Now, all of the necessary equations to solve a mixed atomic expansion have been given. 
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Before proceeding with the numerical solution to these equations, boundary conditions 

must be set. Even mathematically, if z - 0, corresponding to the nozzle exit face, were 

employed as the beginning of the flow, the moment equations would be found to pass 

through a singularity and a solution would not follow. Beyond mathematics, though, the 

above moment equations are only valid in the supersonic part of the flow. Thus, a 

determination of the boundary conditions for such flow must be made. 

Within their thermal conduction model of single component atomic flows, Beijerinck 

and Verster [44] calculated that the value of Zo ,. 0.401 D, where D is the diameter of the 

spherical orifice from which the flow originates, should be used as the lower limit 

boundary distance to solve the flow equations. At this boundary position both the 

stagnation density and temperature are employed to solve the differential equations. 

Although adequate in the description of a single component atomic flow, this approach 

does not account for energy transfer as the beam accelerates, therefore it does not conserve 

energy. This is easily understood in light of the fact that the beam acceleration was 

ignored from the nozzle orifice to Zo, yet the stagnation temperatures were substituted for 

both T1(zo) and TII(Zo). Since the majority of the beam expansion occurs in the isentropic 

region of flow, the energy transfer from acceleration of an atomic expansion does not 

seriously affect the flow dynamics and their procedure does result in quantitatively useful 

information for single component atomic expansions. 

In a more elegant approach, Randeniya and Smith [46] suggest the boundary condition 

for a single component flow should be determined from the minimum distance from the 

nozzle where both the energy flux is conserved and the concept of a spherical expansion 

still exists. In their procedure the stagnation temperature and velocity at the boundary 

distance is modified by a well defined quantity to conserve energy. In the case of 

molecular expansions this modification is especially important because of the significant 

effect on the local flow dynamics from the internal energy in the early regions of flow. 
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Since, they assert, negligible expansion occurs between the nozzle exit face and the position 

of the boundary distance, an adequate approximation is to assume the density of the gas 

has not changed from the orifice face to the boundary distance. Although the boundary 

conditions of Randeniya and Smith are still approximate, the feature of energy 

conservation makes these more reliable for a single flow than those of Verster and 

Beijerinck. 

Unfortunately, the boundary conditions of Randeniya and Smith when applied to 

mixtures necessarily incorporate velocity slip into the beam at the boundary condition. 

This assumption is not realistic in a mixed flow, because in a regime where the collision 

frequency is large enough to prohibit any temperature slip or development of thermal 

anisotropy, then no velocity slip should form. In order to employ the formalism of 

Randeniya and Smith in a multi-component expansion and have no intial velocity slip, 

separate boundary distances must be determined for each of the components. Since the 

multi-component jet is still a single expansion, the incorporation of separate boundary 

distances for each of the species is questionable. 

In the present treatment no definite boundary condition will be assigned. Rather, the 

isentropic Mach equations, which are known to be quite accurate close to the nozzle, will 

be employed to describe the flow from the orifice to a position, designated, Zo,mixed. The 

Mach equations are the ideal isentropic results of a free jet and are quite accurate in 

regions where no thermal anisotropy has developed. The distance Zo,mixed will be defined 

as that distance where the acceleration of all species are positive in the above moment 

equations. Since the quantities G j are proportional to the acceleration of the ith component 

and G j has a singularity at IDj 11j J - 3 kB T j , the distance Zo,mixed will be at that position in 

the jet where, according to the Mach Equations, 1Dj 11j J > 3 kB T j for all N components of 

the expansion. 
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An overview of the Mach equations will now be given. An excellent discussion of the 

derivation of these results is given in chapter 2 of Reference 2. The Mach equations treat 

the expansion as a spherical source, therefore only one temperature, T(z), is predicted to 

exist. This approximation is quite valid in Region I of the jet, see Figure 9, and also 

rigorously conserves energy. The expression for the temperature is given by 

T(z) [ 1jet-l f 
T - 1+ 2 M' 

o 
(238) 

where 1jet is the heat capacity ratio for the system and M is the Mach number. The local 

density and velocity are given by 

(239) 

(240) 

Thus, knowledge of the local Mach number of the system will yield complete information 

of aU the spatially dependent quantities in this region close to the nozzle. The mass, mjet. 

and the heat capacity, 1jet, which will be used in determining the above quantities are the 

fractional weighted averages: 

(241) 

(242) 

where fj represents the fractional amount of the itb species. 

Experimental measurements have yielded numerical results for the Mach number as a 

function of distance in the expansion. The most commonly employed· fit is the one 

presented by Ashkenas and Sherman [39]. Another set of data obtained by Murphy and 
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Miller (140) shows agreement with the data of Ashkenas and Sherman to within 1% for 

distances greater than ten nozzle diameters downstream. Closer to the nozzle the 

predictions of these results begin to deviate. Since the apparatus of Murphy and Miller 

employed more accurate instrumentation and the error is greatest in the estimation of the 

Mach number closest to the !lozzle, the former data is considered more accurate for 

determination of Mach numbers close to the nozzle (2). For distances of less than one 

nozzle diameter, the extrapolated data of Murphy and Miller fit well to the following 

form (2) 

M - 1.0 + A (Z/O)2 + B (z/O)' (243) 

where A and B are 3.337 and -1.541 for an atomic expansion, respectively. 

V.9 Conclusion 

In this chapter the method of moments were employed to solve the Boltzmann 

equation for a multi-component atomic expansion. The ellipsoidal distribution function 

was taken as an accurate representation of the local flow dynamics. Effects arising from 

velocity and temperature slip are naturally incorporated into the solution. The 

development presented here was for a Lennard-Jones potential, but, by no means, is the 

present theory limited to this potential and the incorporation of other realistic potentials is 

straightforward. 

In the development of the solution to the collision integrals the following are the 

major steps. First, the center of mass velocities were integrated over which gave rise to 

the variables b.L1 pi and bll,l Pit, both of which are symmetric about the exchange of the 

collision partners. Since, for a system with no temperature or velocity slip, these variables 
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are equal to IliJ/(2 k8 T,Li) or PtJ/(2 k8 TI,l)' lespectively, these terms produce a collision 

integral similar in form to those obtained in • single component expansion. In f&Ct. if the 

masses of the colliding particles are taken to be lilt and mj(T,Li)/(TJ) - mjQl for 

perpendicular contribution or lilt and mj(Tn,l)/(Tu) - mjcrg for parallel, where the true 

mass is D1j and mj. then the integration is the same as that for single atomic flow with 

reduced mass D1jmjQII/(D1j + mjQIJ) for parallel collisions and reduced mass D1jmjQl!(mi + 

mj Q~ for perpendicular. Thus, all effects in the mathemetics due to temperature slip may 

be accounted for by modifying the mass of mj by the approporiate temperature slip. 

In the integrals the velocity slip arose as a coupling term which prohibited exact 

separation of relative coordinates. The contribution due to velocity slip was treated as a 

perturbation and the integral was expanded about AU(iJ) - O. Upon expansion each term 

of the integral was separable and resembled, though now not exactly except for the first 

term where AU(iJ) -0. the mathematics involved in solving a single molecular flow. 

Although the solution presented here is mathematically much more complicated than 

the solutions for single molecular flow existing in the literature. a formalism has been 

found which relates the solution. as closely as possible, to those results. Consistent 

boundary condtions were found by solving the Mach equations to a distance where all 

singularities in the Boltzmann moment equations have been passed. At this point the 

equations determined in this chapter are valid and employed to describe the flow. A 

rigorous solution to the Boltzmann equation has been developed. Numerical results from 

this model may be obtained directly by simple, (yet time consuming *) numerical 

*To obtain an accuracy in temperatures of 0.1 K for all distances from the nozzle. over 76 

billion integrals must be calculated for a neon-argon expansion with 

PcP - (760 Torr)(.3 mm) and equal partial pressures. These results were obtained from 

running code on a CONVEX supercomputer. 
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integration methods. which will be discussed in detail in a forthcoming publication. 



CHAPTER VI 

ROTATIONAL RELAXATION OF Na IN A FREE JET EXPANSION 

These free jets exhibit very strong density and temperature 
gradients which prevent their use as flow reactors .•. .It has to 
be stressed that these beams are collisionless . 

• B. Rowe and J.B. Marquette (1987) From [7] 

VI.! Introduction 
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Collisions provide the mechanism for cooling in a free jet. Although, in the absence 

of collisions, Tl will still cool with a local temperature approximately proportional to one 

over the square of the distance from the nozzle, Tn and certainly any internal degrees of 

freedom would retain a distribution whose iust moment is equivalent to the stagnation 

temperature, To. If this were true, the most popular use of a free expansion in chemistry, 

i.e. internally cooling molecules to simplify their spectra, would not exist. In this Chapter 

the rotational state distribution function will be studied for both pure and mixed 

expansions of N%. By determining the local rotational distribution function at various 

locations in the jet under different stagnation conditions, one is able to comment on the 

degree of coupling between the translations and rotations in a free jet. 

The internal energy relaxation in molecular free jets is not completely understood 

largely due to the complicated coupling that exists between the translations and internal 

• Apologies to Bertrand and Jean-Baptiste. 
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degrees of freedom. Vibrational relaxation in an equilibrium gas has been studied in 

detail [96,97J. Within the harmonic oscillator approximation, the relative relaxation rates 

between the different levels are completely known. On the other hand, even for 

equilibrium systems the relative relaxation rates for rotation-translation (R-T) transfer is 

not as well known. Except for jets of enormous stagnation pressure, to a good 

approximation, vibrational relaxation may be ignored in a free jet [2J. The combination of 

the rapidly dropping collision frequency and the relatively small cross sections results in a 

vibrational distribution which closely resembles that of the stagnation species. Even in 

those cases where significant vibrational cooling occurs the complete freezing of the 

vibrational distribution is quickly reached in the expansion and this additional energy 

transfer to the bath may be incorporated into the stagnation temperature, To. Similar 

arguments hold for electronic cooling when the lust electronic state is moderately high 

lying, i.e. E· » k To. Thus, in a free jet the rotational energy distribution is the only 

internal degree of energy transfer which significantly perturbs the flow dynamics rea1tive 

to an atomic expansion. 

The theoretical treatments for rotational relaxation fall into three catagories; classical, 

quantum mechanical, and semi-classical. Because of their relative importance only the first 

two will be discussed. One of the major classical models of R-T transfer was developed 

by Parker in 1959 [98J. He calculated planar collision rates between two diatomics. 

Taking an exponentially decaying attractive potential between all the atoms, he found the 

rotational relaxation could be understood with one adjustable relaxation time which is a 

function of temperature. His exact planar analysis predicted a slight positive temperature 

dependence in the rotational collision number, ZR' which is roughly the average number 

of collisions necessary for one inelastic collision (or the inverse of the probability of an 

inelastic event per encounter). Thus, he predicted R-T transfer to be most efficient at 

lower temperatures. There has been ample experimental evidence supporting this 
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behaviour [99-106]. Widom later employed a hard sphere clanical calculation of the 

collision of a symmetric top with an inert atomic gas [107]. He predicted a mimimum in 

Za for the case of one particular molecule colliding with atoms of different mass. Wang, 

Chang and UhIenbeck determined the same behaviour for spherical top self-collisions [108]. 

Kistemaker and de Vries measured Za for collisions of Ns with rare gas molecules [109] 

and found results in agreement with Widom's prediction. The relaxation efficiency for the 

collision with nitrogen was most efficient for neon. Both helium and argon collisions were 

found t" have a larger Za. Similar results were found by Jonkman et a1. [110] and, 

independently, Vallet and Amme [III] for the relative Za in the collisions of p-HJ with 

rare gases. 

Sather and Dahler modified these rough sphere calculations by mass weighting the 

collision between a spherical top and atom and predicted a higher relaxation efficiency for 

a collision with a lighter atom [112]. This agreed with the measurements obtained for the 

relative Za in the collisions of rare gases with CH. and CD. [113,114]. To further 

complicate the field the rotational relaxation efficiency of o-DJ was f~und to f::,'!:r rare 

gases with a higher mass [115]. 

Later, the hard sphere calculations were modified 'by a square well potential [116]. 

Positive temperature dependence in Za, stronger than predicted by Parker, was predicted. 

Both from theory and experiment it appears that Za will decrease as the temperature is 

lowered, which will make rotational relaxation in a free jet more efficient than at room 

temperature. On the other hand, for the case of molecules colliding with rare gases it is 

not clear either from classical calculations or experimental investigations whether a heavy 

or light atom generally favors the relaxation efficiency. 

Unlike the classical calculations which treated the rotational relaxation through one 

rotational energy moment, the quantum mechanical calculations approach the problem by 

predicting the efficiency of individual j" -+ j' transitions. Then, bulk properties are 
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determined by an integration, or sum, over a suitable distribution furetion. Early 

calculations employing an angle dependent exponential potential between a linear molecule 

and atom predicted a rapid increase in Za as a function of the energy difference between 

the states, AE [117-119]. Thus, the R-T transfer is more efficient for the lower more 

closely spaced rotational levels. This qualitatively agrees with the classical calculations and 

correlates well with the known behaviour of molecules tending to transfer a minimum 

amount of angular momentum in a collision event In 1972 Polanyi and Woodal proposed 

the exponential gap (EG) model for rotational relaxation [120]. The state dependent 

probability for transfer from a higher state j" to a lower state j' is given by 

P(j" --+ j') - A exp(-9 ~E(j",j'» (244) 

where A and 9 are constants for a particular collision. The probability for the transition to 

a state of higher energy is given by microscopic reversibility. From information 

theory [121] a similar expression is obtained and the specific temperature dependence of A 

and 9 is predicted; 

A oc v'f (245) 

9 oc lIT. (246) 

This model fit many early experimental investigations of R-T transfer. As the data 

became more precise it was found that some data were better described by the statistical 

power gap (SPG) law first proposed by Pritchard et at. [122]. The form of this relationship 

is given by 

P(j" --+ j') _ A (~E(j",j'»-'J, (247) 

where the temperature dependence of 1 appears to depend on the system. 

After the development of the SPG model, many variations of both the EG and SPG 

arose in the literature to explain R-T transfer for particular systems. Although neither the 
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SPG or EG has become standard in the fitting of experimental data, in all cases the 

probability of transfer appears to be a strong function of~. This feature creates the 

possibility of convoluted non-Maxwellian rotational distributions in a free jet because the 

rapid translational cooling and decreasing collision frequency may cause the higher 

rotational levels to relax at a rate slower t.han the lower ones. Even if the rotational 

distribution remains Maxwellian the rarified collision frequency will cause Trot to deviate 

from any description of the translational energy moments because the rotational

translational cross sections for non-polar diatomics are weaker than those for momentum 

transfer. 

As with translations. there are no fundamental reasons suggesting the rotational 

distribution must remain Maxwellian throughout the expansion. however the bulk of 

experimental evidence [49.S0.S3.S4.S9.60.123]. including the present [81]. supports the 

assignment of temperatures to the rotational distributions for the bulk of the flow. An 

exception to this exists for molecules with a very low moment of inertia. such as diatomic 

hydrides. where deviations from thermal rotational distributions have been 

observed [S2.S7]. 

VI.2 Experimental 

Since details of our experimental technique have been discussed in Chapter 2. the 

method and instrumentation will only be briefly highlighted. For the pure studies, ultra 

high purity (UHP) NJ is expanded into a vacuum chamber through either a O.S mm or 

0.3 mm diameter flat, circular nozzle by pulsing a solenoid driven valve (General Valve). 

In the mixed studies an appropriate mixture of Ns and UHP rare gas was expanded. 

Conductance studies have indicated that our driving conditions are sufficient to achieve 
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nozzle limited flow within the center 70 I'S of the gas packel The stagnation pressure for 

these studies was varied between 100 and 1200 Torr (30 Torr· mm < PcP < 

600 Torr· mm). The neat NJ jet is allowed to freely expand a known distance (1-30 

mm), at which point, the output of an excimer-pumped dye laser (Questek Model 2640 

with a homebuilt Littman grazing incidence dye laser) is used to selectively ionize the NJ 

through the well studied 2+2 REMPI transition (124), 

\2~8) 

The NJ + may exist in either the J~ ground level or the JIIu tmt excited level. Others 

have shown [125,126) that the rotational resonant structure is solely due to the X --+ a 

transition in neutral NJ and is independent of the ionic level to which the system is t1118lly 

promoted. At an axial position, approximately I cm from the point of ionization, a time

of-flight mass analyzer extracts and detects the relative NJ+ packet density. Although 

molecular ions are being detected, the rotational structure in the spectra solely reflects the 

internal state distribution of the neutral. 

Spectra were taken under unsaturated conditions in different regions within the jet by 

varying the nozzle axial position and radial angle relative to the ionization focal volume. 

By these means, rotationally resolved spectra of NJ could be obtained in ·different regions 

of the center streamline and along a radial arc at any distance from the nozzle exit. 
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Figure 22. Boltzmann plot for the spectrum shown in Figure 23. The 
linearity of the plot validates the assignment of a rotational temperature to 
the highly populated lower rotational levels. 
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VI.3 Method of Fitting the Spectra 

The ion signal at a particular wavelength, .\, is given by 

I{~) • C L PO") 

j" 

a.4102/62 

)+~ SU' j") exp(-a (AJ.i",j')-~)J) 
j'.j"-2 
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(249) 

(2S0) 

where C is a constant, PO") are the rotational populations, SU' ,j") are the rotational line 

strengths between the upper U') and lower U") rotational levels including all statistical 

weighting in j", >-OU" j') is the transition frequency from the lE,{v"-o,j") to the 

lII,{v'=3,n level, and 6 is the effective full bandwidth of the laser applicable to this 

multiphoton process. With the experimentally verified [125,126] two photon rotational line 

strength factors, SU',j"), developed by Bray and Hochstrasser [127,128], the data were best 

fit for the PO") in Equation 249 by linear least squares. Instrumental constraints resulted 

in incomplete orthogonality between the basis functions in the fit. To avoid computational 

problems due to matrix singularities, the Singular Value Decomposition method was chosen 

as the diagonalization scheme in the fitting code [129]. Within our experimental error the 

observed distributions were Maxwellian, i.e. one obtains a linear plot of the logarithm of 

PU") versus j"Un + I). In Figure 22 a representative Boltzmann plot is shown for the 

spectrum in Figure 23. Having confirmed that over the pressure range studied, the 

rotational population distributions for the highly populated low j" levels are well 

represented by one temperature, Trot, the data were fit to Equation 249 with a constrained 

Maxwellian form, 

(2SI) 

For NI , BlOt equals 2.86 K [124]. Shown in Figure 23 is a representative spectrum and the 
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Figure 23. (a) Representative 2+2 REMPI spectrum of N2 in pure free jet. 
The stagnation conditions are Po" 230 Torr, Z -= S mm and Dc 0.3 mm. 
(b) Simulated spectrum at 23.3 K with FWHM r:: 1.6 cm-1 for the a.-X 
resonance. From (81]. 
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corresponding temperature fit. Appendix E lists the code used to calculate the fitted 

spectrum. For this data. Trot was found to be 23 ± I K and the effective FWHM for the 

observed bandwidth was 1.6 em-I. The only region of the spectra where a poor agreement 

systematically occured was the region between the Q(I) and P(2) lines. All of the spectra 

showed this signal enhancement compared to the theoretical fit. This effect could possibly 

be due to an accidental resonance with another nonlinear ionization route. Regardless, this 

one region of disagreement did not statistically affect the temperature assignment. 

VI.4 The Generalized Boltzmann Equation for Pure Molecular Expansions 

A solution to the generalized Boltzmann Equation for pure molecular expansions has 

recently been presented [46]. Although much of the physical insight in the model is 

hidden in the master equations, numerical results may be obtained and compared to the 

data. Although the theoretical approach resembles quite closely the solution for the multi

component atomic expansion in Chapter 5, an overview of the single component molecular 

model is appropriate. In Chapter 5 the majority of the concentration was on the effects 

velocity and temperature slip have on the system. Since neither temperature or velocity 

slip exists in a single component expansion, a large majority of the rigor required to solve 

a multi-component atomic expansion is lost. In place of this simplification a single 

component molecular expansion has internal energy whose coupling to the translational 

energy needs to be carefully addressed. With these points in min,J a suitably detailed 

overview of the solution of the generalized Boltzmann equation for single component 

molecular expansions is presented. 

For a single molecular expansion, five spatially dependent variables need to be 

understood before proper kinetic analysis can be made in this medium. These are the 
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translational temperatures, Tn and T l! the rotational temperature, T ro&' the velocity, u, and 

the number density, n. Five master equations were set up in the same spirit as was done 

for atomic expansions by Winkelman and Toennies [43] and, before them, Knuth and 

Fisher [41]. Three coupling parameters were proposed to account for the three types of 

energy transfer; parallel translation to perpendicular translation, rotation to parallel 

translation, and rotation to perpendicular translation. These master equations were solved 

giving the following expressions for the spatial evolution of the temperatures, density, and 

velocity. 

dln(n) II: _~ _ G 
dz z (252) 

dl~U) .. G (253) 

dTl. .. _ 2 Tl. _ f _ f. 
dz Z 2 • 

(254) 

dTIl 2 Tl. 
dz .. -z- + G (Tn - mR u2) (255) 

dTrot 2 f2 -----dz s (256) 

where z is the distance from the nozzle exit plane, s is the number of rotational degrees of 

freedom, mR is the mass of the molecule divided by Boltzmann's constant, i.e. m/k, f 2 is 

the rotational-translational coupling term, and f t is a translational coupling term, given 

explicitly by 

(257) 

where f 1 is the parallel translation-perpendicular translation coupling term and r 3 

appropriately partitions the transferred rotational energy between the panUel and 

perpendicular translations. The acceleration of the beam is given by the product of u and 

G, where G has the following form. 
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(258) 

As seen from the solution, the effects of acceleration of the beam, through G, is 

fundamental in explaining the relaxation of the beam. The previous investigations of 

solving Boltzmann's equation for a free jet expansion assumed the acceleration of the beam 

was zero. Insertion of G - 0 into Equations 252-256, apparendy results in the unrealistic 

solution of dTII/dz > O. This is be<:ause there are terms correlated between the expression 

for G and Equation 255, for example the expression 2 TlIz. An analysis was done on 

Equation 255 and dTII/dz remains negative at the limit of G being zero, but the specific 

value of G - 0 is a singularity in the solution, because in order for the jet to cool G must 

always be finite and positive. 

AU of the expressions for rj are complex and do not have any known closed form 

solution. If the expressions are expanded in a Taylor series and the dominant term is 

retained the following represents the forms of the coupling terms. 

r .. - g r(8/3) n TI S/3 J 11' ma -3/2 (C,)k)1/3 
1 5 Tn 

.[ I./,(a) - 3 J~x, (1 + (a - l)x')-o/' dx 1 (259) 

(260) 

(261) 

This idea of retaining only the dominant term in the expansion is valid in single 

component expansions, but, because of velocity slip, is rarely valid for multi-component 
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expansions. In the above 1'(8/3) is a standard gamma function, Ce is the Lennard-Jones 

parameter [63], It(a) is the thermal anisotropy function discussed in Chapter 3, a is the 

ratio of translational temperatures, i.e. T J!T., and s is the number of rotational degrees of 

freedom. The variable "NIa -1, not to be confused with a reduced temperature, is the 

inverse of the relaxation time. In Equations 260 and 261, the rotational heat capacity of 

the molecule was taken to be constant and equal to 

C sk 
v,rot - T' (262) 

The formal expression for "relax -1 resembles a rate coefficient at Trot. Inference from this 

form suggests a valid expression for "relax -1 may be one which is proportional to the 

collision integral (l2.1 [63,130,131] evaluated at Trot. 

(263) 

where e is a scaling factor which is assumed constant throughout the expansion. 

Note in the limit of translational equilibrium, i.e. 0= 1, the last two terms in Equation 261 

are zero and 

(264) 

To simplify the calculation, Equation 264 may be employed through the early transition 

region of the expansion, but it should not be used in flow regions where the thermal 

anisotropy is large. 

Equations 252-256 are solved by a standard fourth order Runge-Kutta 

integration [129]. The boundary conditions are determined by the method suggested by 

Randeniya and Smith [46]. Two arbitrary center stream distances in the expansion are 

focussed upon. By equating the flux through each of these surfaces an origin of the 

spherical expansion is numerically estimated. At this origin a boundary temperature which 

conserves energy is determined. 
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Vl.S Results for Neat Nitrogen Expansions 

As discussed above. the absence of any deimite non-linearity in the Boltzmann plots 

suggest that the rotational populations in these highly populated lower rotational leve~ may 

be fit to a distribution deimed by one temperature. Within our current signal to noise we 

did not observe any high j "Boltzmann tails- which have been noted by 

others [SI,S2,S6,S7]. A "Boltzmann tail- is the curvature in a Boltzmann plot, i.e. 

Figure 22, which arises from the ex<xss population in the higher rotational states. From 

the observed signal to noise ratio, that is the minimum detectable signal, less than 0.2% of 

the total population can reside in any particular unobserved rotational level. Using this 

value and the errors in the fit one can conservatively state that better than 95% of the Nz 

population is described by a Maxwell-Boltzmann distribution function with a rotational 

temperature, Trot (z). 

Figure 24 shows a representative fit of the data to the solution of the generalized 

Boltzmann Equation. The data shown were taken from a 220 Torr pure Nz expansion 

through a 0.3 mm diameter nozzle. The value of e used for the fit was 0.45. Until more 

is known about the angular dependence of the scattering cross section we hesitate to 

comment on the interpretation of this value in terms of implications toward rotational 

collision efficiency. Comparison of the terminal rotational temperatures to the predictions 

of the Molecular version of the Thermal Conduction Model (MTCM) [47], which has a 

temperature independent rotational efficiency parameter built into the equations, shows 

best agreement with a collisional efficiency parameter of O.S ± 0.1. The similarity between 

this collisional efficiency and the value of e is purely coincidental and physical insight 

should not be inferred. It should be noted that MTCM does not predict the observed early 

rotational temperatures in the jet, or more generally cannot account for the entire cooling 
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Figure 24. Axial relaxation study of pure N: in free jet. The backing 
pressure for the expansion was 220 Torr and the nozzle diameter was 0.3 
mm. The numerical re::.ults of the flow model discussed in the text are 
represented by the solid curve. The coIIisional parameter. e. was O.4S. 
From [81]. 
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curve in Figure 24. Although the predicted eff"JCiency agrees with results of 

others [53,132], the result should only be considered an approximation, since MTCM 

assumes constant flow velocity and from the model discussed above effects due to the 

acceleration of the beam, viz. G in Equation 258, are important in modelling the flow 

dynamics. Also, the rotational collisional efficiency is expected to increase as the 

expansion cools the gas, therefore the assumption of a constant efficiency over the entire 

expansion is unrealistic. 

We have obtained excellent agreement between the generalized Boltzmann flow theory 

and the experimental temperature measurements for stagnation pressures to approximately 

400 Torr. Above this pressure higher terminal rotational temperatures than predicted with 

e - 0.45 were observed. To better understand the effects of stagnation pressure on the 

energy moments within the expansion, data taken at various stagnation pressures were fit 

to MTCM. Although, as mentioned above, the MTCM does not accurately represent the 

entire experimentally measured cooling curve, it has applicability for predicting rotational 

temperatures that are close to terminal because in this region the expansion has completed 

the majority of its acceleration and the collisional efficiency parameter is well 

approximated as constant. Within the MTCM, Beijerinck and Verster [44] have shown all 

temperatures and distances may be put into a useful reduced form by multiplying each 

physical quantity by a known factor that is a function of the Lennard-Jones Ce value and 

stagnation conditions. In final numerical form, 

f' _ .I. seh-l)th+2) (265) 
To - , 

r - ..!. =-5th+2) (266) Zo- , 

e - 3.189 «1-1)11)1/1 Zo no (CJ(kB Tol)1/S. (267) 

f' and r are the reduced temperature and distance, respectively. e is the stagnation 
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Figure 25. High pressure axial relaxation study of pure NJ in a free jet. 
The backing pressures for the high pressure expansions, represented by the 
open circles, are between 700 and 1200 Torr. The smaller solid symbols 
represent the results of spectra taken at several pressures between 100 and 
310 Torr. All expansions were formed through a 0.5 mm nozzle. To 
compare all these data on the same graph tile coordinates were reduced as 
described in Equations 265-268. The conversion factors are 
r c 0.4623 z (PoD}-16/n and T - 0.02849 T (PJ»1J/16, where PoD is in 
units of Torr . cm. The solid curve is the prediction of the thermal 
conduction model with rotational coupling parameter set equal to 0.4. The 
low pressure data falls on this curve, but the high pressure data is warmer 
than predicted by the thermal conduction model. For reference, the 
isentropic prediction is shown by the dashed line. 
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parameter which under our operating conditions for pure Ns' simply becomes 

e. 20.9 Po D Torr-1 em-I, 
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(268) 

where PoD is the product of the nozzle diameter and stagnation pressure. In reduced form, 

all data, taken with a variety of nozzle diameters and backing pressures, should fall on the 

same curve, providing a convenient method of comparing data taken under a host of 

stagnation conditions. A detailed discussion of the atomic thermal conduction model was 

given in Section m.2.i. 

Figure 25 shows the experimental rotational temperatures for pure NJ'spectra taken 

with various different stagnation pressures. To compare the results taken under different 

stagnation conditions reduced variables were plottted. Since the majority of the rotational 

cooling has occured in all the spectra whose assigned temperature is plotted in Figure 25, 

the MTCM should be adequate in explaining the rotational temperatures. As predicted by 

MTCM all the low pressure, i.e. less than 310 Torr, results fall on the same curve. These 

are shown by the smaller solid symbols in Figure 25. As the backing pressure is increased 

the rotational temperatures become warmer than predicted by MTCM with the same 

collision efficiency. To emphasize the gap, results from spectra with a backing pressure 

greater than 700 Torr are plotted as open circles on the same figure. For backing pressures 

between these extremes the rotational temperatures will lie in between the positions of the 

solid and open circles. The deviation from the low pressure curve is evident above 

400 Torr for a 0.5 mm nozzle orifice. Since the data agrees with MTCM at low pressure 

and only deviates as the backing pressure is increased, the pure nitrogen is possibly being 

heated by the energy released as the molecules begin to cluster, i.e. condense. The value 

of PoD where strong deviation becomes apparent is in agreement with the scaling model 

developed by Hagena [133]. 



40 

30 
o 0 

e-----i>-----------------~-------------o o. 

20 

• ~------~-----.-----~-----~-----.-------

10 . 

. 

I • • 
o 10 20 30 

6. degrees 

Figure 26. Radial relaxation study of pure N2• Radial scans at two 
different stagnation conditions are shown. One expansion, represented by 
the open circles, was formed through a 0.5 mm nozzle with Po E 210 Torr 
and z .. 10 mm. The conditions for the other were Po E: ))72 Torr and 
z .. 15 mm. 
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The ellipsoidal distribution function, discussed in Section m.2.ill, has only been 

experimentally verified in the core of the expansion. Furthermore, there is controversy on 

the behaviour of the rotational temperatures off the center stream. Some feel the 

decreased number density out of the core of the jet will decrease condensation effects to 

such an extent that lower T ro& will be found here. Others believe the shock fronts 

encountered at the edge of the jet due to background scattering will actually result in a 

higher T ro& off the center stream. Of course, perhaps both of these mechanisms are 

present and, depending on the stagnation conditions, one will dominate. To comment on 

the behaviour off the center axis for a pulsed expansion at our stagnation conditions, 

rotational populations at various angles from the center streamline, all at the same axial 

distance from the nozzle, were measured. Figure 26 illustrates the results of this study, 

which suggest no significant deviations in the relaxation for, at least, the central 300 core 

in our expansion. This was found to be valid both early and late in a expansion and at all 

backing pressures, 100-1200 Torr, studied. Thus, no change in the rotational cooling off 

the center stream was observed either in the regions of negligible condensation, 

Po < 400 Torr, or in the ones of possible condensation. Perhaps the effects alluded to 

above become important under more harsh driving situations, but for the stagnation 

conditions employed in our kinetic studies the distribution function appropriate to the 

center streamline appears to be valid for a large angular region of the jet. The phrase 

"harsh driving conditions" is system dependent and, among other considerations, is 

contingent not only on the magnitude of Po but also the quality of the vacuum into which 

the jet is being expanded. 
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VI.6 Results for Nitrogen-Rare Gas Expansions 

The rotational distributions of nitrogen in mixed expansions were measured at various 

center stream positions in the expansion. The nitrogen was mixed with either helium. 

neon. argon. or xenon at various partial pressures and stagnation conditions. As with the 

pure nitrogen expansions the rotational distributions were found to be Maxwellian within 

experimental error. 

One motivation for this study was to understand the degree of thermal anisotropy 

between the translational and internal energies for a weakly perturbed atomic flow. From 

this knowledge the bimolecular kinetic data taken in the Free Jet Flow Reactor may be 

better interpreted. Unfortunately an experimental determination of the rotational 

temperatures in a weakly doped atomic flow. i.e. less than 10% of the molecular species. is 

challenging. simply from low molecular density. For this reason all the weakly doped 

atomic spectra were obtained early in the expansion or with relatively high stagnation 

conditions. Also. since a weakly perturbed atomic expansion translationally cools more 

rapidly than a pure molecular one. a larger majority of the rotational cooling occurs before 

the distance of intial spectroscopic probing. i.e. I mm. is reached. Thus. a smaller extent 

of rotational relaxation is spectroscopically probed in the mixed expansions compared to 

ther pure molecular ones. 

Since the Boltzmann equation has not yet been solved for a multi-component 

molecular expansion. the results of the mixed spectra will only be qualitatively discussed. 

A solution of the generalized Boltzmann equation for the expansion of an atom with a 

molecule is straightforward by a combination of the solution for a single component 

molecular expansion discussed in Section VIA and Reference 46 and the one for the multi

component atomic expansion of the last chapter. Unfortunately. time constraints did not 

allow for completion of the mathematical formalism or computer code to analyze this 
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problem. Since most of the rotational temperatures in the mixed expansions cool more 

rapidly with a lower terminal temperature as compared to a pure expansions, it is unclear 

whether a large amount of quantitative information could be extracted from these 

expansions even if a model existed. 

One of the rust noticeable features of these mixed expansions, as compared to the 

pure ones is the absence, or at least attentuation. of heating in the beam as the stagnation 

conditions are increased. Remember. for pure expansions the rotational temperatures 

obtained for the high pressure, i.e. Po> 400 Torr, spectra could not be explained by the 

same set of coupling parameters (I'i in Section VIA) which the lower pressure temperatures 

were fit. This excess heating may be due to condensation in the beam. In the case of the 

mixed expansions this effect was not apparent, the terminal rotational temperatures 

continued to decrease at a simialar rate as the backing pressure were decreased. Since the 

the theoretical dependence of the termianl rotational temperature in these mixed expansions 

is not well established it is difficult to ascertain if this actual rate of decline correspond to 

a flow with no condensation. 

A semi-quantitative method will now be outlined to predict whether these terminal 

rotational temperatures correspond to a flow without condensation. The terminal value of 

the reduced translational temperature, f' 00' is within the thermal conduction model a 

constant independent of stagnation conditions. If the rotational collisional efficiency 

efficiency is weakly dependent on temperature, then one can derme some f' oo,rot to 

describe the terminal rotational temperature. If this is so, then 

In(Too,rot) - -6(-y-lX1+2) In(P.,) + C (269) 

where the value of C will be proportional to the R-T transfer efficiency and the form of 

this relation is taken from Equation 265. The terminal rotational temperatures of nitrogen

neon expansions taken at several backing pressures were fit to this model. As a 
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comparison, three different partial concentrations were analyzed; 10%,25%, and SO% N
J 

in 

neon. The average value of the slope calculated for these three partial concentrations was 

,., - 1.67 ± .05, which agrees well with ,., for an atomic gas. If the mixed data were plotted 

on a reduced scale, such as Figure 25 aU the different pressure expansions of the mixed 

expansions will, within experimental error, fall on the same curve. 

In Table 5 are the terminal rotational temperatures at four different stagnation 

pressures for different weakly doped atomic mixed expansions. For reference, the 

TABLE 5 

Terminal Rotational Temperatures (in K) for Weakly Doped Atomic Expansions 

P, Torr Pure %NJ in He %NJ in Ne %NJ in Ar %NJ in Xe 
10% 10% 25% 10% 25% 10% 

300 25.0 31.0 32.4 13.9 14.0 11.6 
450 22.5 14.5 11.8 10.2 13.4 10.3 
550 19.0 18.0 13.0 10.2 9.3 13.0 9.8 
650 19.7 15.2 11.2 9.0 7.2 12.9 9.3 

rotational temperatures for the pure molecular expansion is also shown. Spectra were also 

taken with 5% NJ , but there was no statistical differences in the temperature assignment 

between these and the ones with 10% NJ • Since the signal is stronger with the highest 

partial pressures of Nitrogen, the 10% N J data has more accurate temperatures and are 

included in Table 5. For the lower pressure data the mixed expansions of argon and xenon 
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had lower terminal temperatures than for the pure expansions. Since the heat capacities of 

a pure molecular flow is different than that in a mixed expansion. we cannot comment on 

the relative efficiencies of Xe or Ar as a rotational relaxer as compared to NJ • It will be 

necessary to have a numerical model which includes the differences in the translational 

temperatures of these different flows in order to assess the relative R-T transfer efficiency. 

On the other hand the terminal rotational temperatures of both the low pressure helium 

and neon mixed expansions were higher than the pure expansions. In fact. the low 

pressure helium expansions were warm enough that an accurate temperature assignment 

could not be determined from the complicated spectra. Ignoring for a moment the 

microscopic R-T cross sections. the relative efficiencies for rotationally cooling a nitrogen 

free jet follows the following order. He < Ne < NJ < Ar < Xe. Until the temperature 

dependence of the R-T cross sections are known no comments on the relative magnitudes 

of these cross sections may be made. 

Because a large majority of the rotational relaxation occurs quickly in these weakly 

doped expansions. the data on the axial relaxation of the mixed flows is limited. The 

terminal rotational temperature is reached earlier in a high pressure expansion as compared 

to a low pressure one. This is in agreement with the prediction of the translational 

temperature relaxation in both the Thermal Conduction Model and the solution of the 

Boltzamnn equation. In Table 6 are the rotational temepratures for three different Ar 

expansions doped with 10% NJ• 

The study of the weakly perturbed atomic expansions only yielded qualitative 

information. which others may use as a guideline in future investigations. With the 

combination of more experimental data and the solution to the Generalized Boltzmann 

Equation for multi-component mmolecular expansions it may become possible to 

understand the microscopic R-T cross sections of these species at the low translational 

temperatures in a free jet. 



TABLE 6 

Rotational Temperatures for Weakly Doped Argon Expansions (lO%NJ ) as a 

Function of Distance from the Nozzle 

Z, mm Po, Torr 
300 SSO 600 

1 27.3 K 16.3 K 
3 27.0 K 14.7 9.8 
4 21.2 12.3 9.4 
S 11.4 
6 16.7 10.2 8.2 
8 14.7 7.6 
10 13.9 9.3 
12 13.0 

VI.7 Conclusion 
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A tunable excimer-pumped dye laser, combined with 2+2 REMPI, provided a tool for 

the measurement of rotational state populations for NJ at many different positions in a free 

jet expansion. The populations are found to fit to a Maxwellian distribution def'med by a 

single temperature, Trot (z). The data fit well to a solution of the Generalized Boltzmann 

Equation. Ccmparison of the terminal rotational temperatures of the low stagnation 
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pressure, Po ~ 310 Torr, data to the thermal conduction model suggested a average 

collisonal efficiency of approximately O.S. The terminal temperatures of the higher 

pressure data were higher than predicted based on the best fits of the low pressure data. 

This may be understood through condensation in the beam. In addition, the relaxation 

dynamics applicable to the central streamline appear to equally hold within a 300 central 

cone in the jet. 

Qua1itative measurements of weakly doped rare gas atomic expansions show similar 

relaxation dynamics. Under similar stagnation conditions the heavier mixed atomic 

expansions resulted in the lowest terminal rotational temperatures for nitrogen, vice versa. 

The terminal rotational temperatures in pure nitrogen lie between those of neon and argon. 
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