AD=A055 229 AIR FORCE INST OF TECH WRIGHT=PATTERSON AFB OHIO SCH=-=ETC F/6 20/5
REACTION=R CONSTANTS AND SIMPLE RATE THEORIES APPLIED TO THE ME--ETC(U)

MAR 78 R P SUMMERS
UNCLASSIFIFD AFIT/GNE/PH/T8M=9

. |

—

-




6G6GGSOV QY




s

U

AFIT/GNE/PH/78M-9

REACTICN-RATE CONSTANTS AND
SIMPLE RATE THEORIES APPLIED
TO THE MERCURY-CHLORIDE LASER

THESIS

AFIT/GNE/PH/78M-9 Robert P. Summers
£ Capt USAF

Approved for public release; distribution unlimited.

\ 78 06 18 046




AFIT/GNE/PH/78M-9

REACTION-RATE CONSTANTS AND SIMPLE RATE THEORIES

APPLIED TO THE MERCURY-CHLORIDE LASER

s R kg e

THESIS

Presented to the Faculty of.the School of Engineering
of the Air Force Institute of Technology
Air University
in Partial Fulfillment of the
Requirements for the Degree of

Master of Science

| ACCESSION for
NTIS White Sectien ’
poc Buff Sectim [
s UNANNOUKCED a
JUSTIFICATION.........ccoovermnenivecnrian e
y e e N
DISTRIBUTION/AVAILABILITY CODES
i AV o SPEGAL by
H Robert P. Summers, B.S.
Capt USAF

Craduate Nuclear Effects

March 1978

P I P Ol T SN S A .
»

Approved for public release; distribution unlimited.




Preface

Developments in high-energy laser candidates are occurring at

a rapid pace. As the number of candidates for the Department of

Defense High-Energy Laser Program increases, an evaluation of each

candidate in detail is more difficult. Therefore, the need for simple
analyses of the candidates exists. These evaluations need to give B
approximate results for each laser so that research can he directed :
toward the more promising prospects. ,
This paper is an attempt to make a simple analysis of the HgCl l
laser which is a new candidate for the Department of Defense High-
Energy Laser Program. Several of the reaction-rate constants for the
reactions in the HgCl laser are computed by using simple theories
applicable to these reactions. Some reaction-rate constants are
computed by using experimental data. The model that is constructed from
the reactions and reaction-rate constants is analyzed by both an
analytical solution and a computer program solution.
Several people have provided me with assistance and aid throughbut
this study. Without the contact I have had with these people, this
study would lack some key elements. In particular, I want to thank
Dr. M. R. Flannery of the Joint Institute for Laboratory Astrophysics,
Boulder, Colorado, for sending me copies of his calculated data on
Hg+ and C17 ionic recombination. I want to thank Dr. L. Schlie of
the Air Force Weapons Laboratory for several interesting conversations.
A great debt of gratitude is owed to A. M. Hunter of the AFIT Physics
Department, my thesis advisor, for the invaluable help he gave ne
throughout my research. I want to thank Ms. Sharon Flores for typing
the final copy of this thesis. Finally, a special note of thanks to

my wife, Kathy, for her patience and many hours spent typing the rough

draft of this thesis.
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Abstract

Several simple theories for reaction-rate constants are applied
to the HgCl (Mercurv-Chloride) laser reactions. These theories are
discussed and analy:zed using existing data. The theories that are
discussed are applicable to dissociative recombination, dissociative
attachment, ion neutral association, bimolecular charge transfer

reactions, ionic recombination, and harpooning reactions.

A simple theoretical model of the HgCl laser is constructed.
The gases that are included in the laser are Ar, Xe, Hg, and Cl,.
Reaction-rate constants for the reactions are computed usiag either
theoretical or experimental data. The model is analyzed using an {
analytical approach and a computer generated solution. The model is ’
found to be very sensitive to the dissociative attachmen: rate of

Cl, and electron impact pumping rate constants.




REACTION-RATE CONSTANTS AND SIMPLE RATE THEORIES
APPLIED TO THE MERCURY-CHLORIDE LASER

[. Introduction

Developments in high-energy lasers sometimes come faster than
the reaction-rate-constant experimental data necessary to analv:e
these lasers. For example, both the KrF and HgCl lasers are candidates
for the Department of Defense High-Energy Laser Program. Yet, no
complete analyses of their reaction kinetics exist to determine their
scalability to larger than a laboratory model. These analyvses do
not exist, because experimental data is not complete on all the
major reactions to determine their reaction-rate constants.

As more potential high-energy lasers are developed, the need
to determine reaction-rate constants increases. Two approaches can be
taken to solve this expanding problem. One method to determine which
reaction-rate constants are most important to the reaction Kinetics
of a laser is to experimentally determine all the possible reaction-
rate constants. A\ sccond method is to determine theoretically all
the contributing reaction-rate constants. Neither method is totally
satisfactory, because of the time that is required to do each in
detail.

A better method to defermin¢ the important reaction-rate constants
is to do simple theoretical calculations to determine an order-of-
magnitude for the reaction rates. After the important contributing
reactions to the laser are theoretically determined, experiments can

1
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be conducted to verify that these reactions are important and to
determine the exact reaction-rate constants for these reactions. In
this paper, simple theories and theoretical calculations are reported
for the HgCl laser reaction kinetics.

Both Parks (Ref 1) and Eden (Ref 2) report observing lasing in
a mercury-chloride laser at a wavelength of 5576 :. The lasing
is achieved by electron-beam pumping of mixtures of Ar, Xe, Hg, and

~

CCl, . Eden reports that double line laser oscillation is achieved

o Q
at 5576.2 A and 5583.5 A with a mixture of 85% Ar, 11% Xe, 49 Hg, and

0.2% CCl, (Ref 2). An oscillogram of one of Eden's HgCl laser

Q
actions with a single laser oscillation at 5576.2 A is given in his

article and is shown in Figure 1.

Fig. 1. Oscillogram of typical HgCl(B+X) fluorescence (upper trace)
and laser emission waveforms for a mixture of S$5.4% Ar/10.4% Xe/
4.0% Hg/0.2% CCl, , pressure = 3.43 atmospheres, T ., = 304°C, and

= ° ;- P ~ . > /13 . 1 ‘ 3 a
Treservoir = 260°C. Horizontal scale: 20 ns/div; vertical units
arbitrary (Ref 2).




Three characteristics of the HgCl laser make it an excellent

candidate for a high-energy laser. First, the wavelength of the HgCl
o

laser is 5576 A which is in the blue-green portion of the spectrum.
Laser light in the visible range is attributed with better atmospheric
propagation characteristics than laser action with a longer wavelength
such as the CO, laser at 10.6 microns. Problems such as atmospheric
absorption, aerosol absorption and scattering, thermal blooming, and wind
turbulence are greater limiting factors on lasers with a longer wave-
length (Ref 3). Because it lases in the visible part of the spectrum, the
capability exists for the HgCl laser to be used during a greater variety of
atmospheric conditions. Second, the potential quantum efficiency of the
HgCl laser is 45% if it is pumped by a discharge (Ref 1). Obviously, this
high quantum efficiency makes the entire system more efficient. Third,
the energy per photon of the HgCl laser is higher than for a laser with
a longer wavelength.

The HgCl potential energy curves are shown in Figure 2.

Before the HgCl laser can be exploited as a high-ene:rgy laser, a

v

detailed analysis of the HgCl laser reaction kinetics must be completed.
The theories and calculated theoretical values that are reported in this
paper provide some information toward determining which reactions are

important in the HgCl laser.

The approach taken to analyze the HgCl laser in this paper
is a three step approach. First, a simple model of the reaction
kinetics for the t3Cl 1laser is constructed using Eden's analysis
(Ref 2) as a guide. Second, simple theories are investigated

for the various reactions, and theoretical calculations are made

to determine the important reaction-rate constants. These theoretical
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calculations are compared to available experimental data to determine
the validity of the theories. Third, the rate equations of the model
are solved and subjected to a sensitivity analvsis to further determine
which reaction-rate constants need more research. During the sensi-
tivity analysis, reaction-rate constants are varied to determine the
sensitivity of the entire model to a given reaction-rate constant.

The investigation of reaction-rate constants is limited to those
applicable to the HgCl laser model. The following type of reactions

are included:

ionization by electron impact
electron-ion dissociative recombination
electron-molecule dissociative attachment
ion-neutral association reactions
bimolecular charge transfer reactions
ion-ion recombination

"harpoon'" reactions

excitation by electrons

radiative decay of excited atoms

C1-Cl recombination

quenching of excited HgCl by Cl,

.

.

.

)
2
3
4
5
G
8
9
0
1

1
%

The following general assumptions are made. First, classical
mechanics and quantum mechanics are valid. Second, colliding heavy
particles follow the trajectories predicted by classical mechanics.
Third, the energy transitions of the internal states of heavy
particles calculated using quantum mechanical perturbation theory
are valid. Heavy particles are particles other than electrons. Fourth,
the perturbed Hamiltonian determined by the time-dependent collisional
interaction using a classical collision model applies to this problem,
Fifth, the electron energy distribution and the gas energy distribution
are Maxwellian and are at different average energies of deV (Ret 3)
and 0.0689%eV, respectively. The assumption that the electrons are in

a Maxwellian distribution is made to simplify calculations. The validity




of this assumption is discussed in Chapters 4 and 5. Other assumptions

made for individual theories are stated in the discussion of those

theories.
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IT. Model

Introduction

In this chapter, a simple model is developed for the HgCl
laser. This simple mode! is used as a guide for investigation of
specific reactions in the HgCl laser. The first step in the development
of this model is a brief discussion of Eden's analvsis (Ref 2). The
second step is the selection of the reactions that are included in
the model. Some of the reactions that are not included in this
model, yvet can affect the lasing action, are listed in Appendix A,
The third step is to list the rate or continuity equations for each
species that is involved in this model. Some concluding remarks about

the model are included as the last section of this chapter.

Eden's Analysis (Ref 2)

Eden reports that his experiments were conducted primarily at
pressures of 2 to 5 atmospheres. At these high pressures, Eden states
that harpoon reaction in equation 1 is not significant. The harpoon
reaction creating the HgCl* in reaction 1 is the result of outer shell
electrons rearranging to form an attractive bond between the Hg* atom

and the C1l atom.

*

Hg* (?P,) CCl, = HgCl* + CCly (1)

+

Hyg > Hg*(3%) + Xe (2)

Xe* (3P)

il A aadte. ol
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The small cross section for reaction 2, o & 1073 A2 limits the Hg*

that is created to insignificant number densities. This lack of

Hg* necessary for reaction 1 makes this mode of HgCl* formation insigni-
ficant. Therefore, the primary mode for HgCl* formation is the ionic

recombination of Hg" and C1~ by reaction 3.
+ - 9 <
Hg" + C1° + M - HgCI*(B%Z) + M(M = Ar,Xe) (3)
: + : " X
According to Eden, the Hg 1is produced in the following manner.
+
The electron beam energy is absorbed by the Ar to create Ar by the
electron-impact ionization of Ar. This reaction is shown in reaction 4.
. : SRt P
A high energy beam electron or primary electron is indicated by e
An electron other than a beam electron is indicated by e and is
referred to as a secondary electron.

e Y T T e + @ (4

+ : : ; : :
The Ar reacts with two other Ar atoms in an ion-neutral recombination

: s . : : -
reaction to get Arp , and is shown in reaction 5.
o -
A % 2AY ¥ Ars & A (5)

+ .
The Ar, then transfers a positive charge to a Xe atom in the

bimolecular charge transfer reaction that is shown in reaction 6.

Ay + Xe = Xe & 2Ar (6)




s

.
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The Xe  forms Xen by the ion-neutral recombination reaction that

is shown in reaction 7.

Xe* + Xe + M = Xe, + M (M= Ar,Xe) %)

The Hg' is created by the bimolecular charge transfer reaction with

- . )
Xe, that is shown in reaction 8.

+ +
Xe, ¢+ Hg » Hg + 2Xe (8)

The only mode of Cl1~ creation in Eden's analysis is the electron-

molecule dissociative-attachment reaction that is shown in reaction 9.

¢ % €CL, + C1" + CCl, (9

The Hg" and €1 then recombine to form HgCl¥
o

o

Eden notes that a fluorescence at 3080 A indicates a transition
from XeCl*(B) to XeCl1(X) . This transition indicates a competing
chain of reactions for the use of Cl~ exists. The chain of competing
reactions develops in the following manner. The first reaction is
the electron-ion dissociative recombination of Arz that is shown in ‘

reaction 10.

B S T M 25 M g o -k A A 13 o A
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The excitation of the metastable Ar* is transferred to a Xe atom

by the two-body reaction 11. i
,, Ar* + Xe -+ Xe* + Ar (11)

4 The metastable Xe* then creates excited XeCl* by the harpoon-like

reaction 12. % ;..

| Xe* + CCl, = XeCl* + CCl, (12)

An alternate method of formation for XeCl* 1is the ionic recombination

5 + - g « : -
of Xe” and C1~ that is shown in reaction 13.

Xe* 4+ C17 + M =+ XeCl* + M (M = Ar,Xe) (13)

e e e o ORI
Ty

This reaction scheme of contributing and competing reactions
indicates the need to know the reaction-rate constants for all the
reactions does exist. A simple analvtical analysis of all possible
reactions is impossible in a time-dependent model. Therefore, a

. simple model is constructed to analy:ze some of the reactions that
are given in Eden’'s analysis (Ref 2). Some reactions that are not

considered by Eden are included in the model for analvsis.

Simgle Model

The model constructed in this section is developed by using

Eden's analysis (Ref 2) as a starting point. Several reactions are

1 added to Eden's analysis (Ref 2) to emphasi:ze specific points concerning

10
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the HgCl laser. Most of Eden's analysis for high pressures (Ref 2)

is included. Eden's source of Xe* is modified and explained later.

Therefore, reactions 3 through 13 are included in this model with the :

exception of reaction 11.

i o

In this model, reactions 9 and 12 are modified from Eden's

analvsis. Eden (Ref 2) and Parks (Ref 1) state that their source

of Cl1~ was the electron-molecule dissociative attachment of CCl,
shown in reaction 9. This model uses the same type of electron-molecule
dissociative attachment reaction to create Cl . The source molecule
chosen for this model is changed from CCl, that is used by Parks

and Eden to Cl, , because the cross section of Cl, is 90 32

(Ref 6) for the harpoon reaction that is investigated. The cross
section for the (CCl, reaction is 34 2 (Ref 6). The Cl, molecule

is also substituted for CCl, in reaction 12. This slight change does
not present any theoretical problems, but this change may create
experimental problems due to the health hazards and corrosive nature

of Cl, . Eden's comment concerning the slow attacking on his

cavity windows (Ref 2) indicates a potential problem with any Cl
atom creating chain. The modified reactions 9 and 12 are numbered
9a and 12a, respectively.
o % Gk A 8L T %) (92)

Ne® e Gl 4 ReCIV - €l (12a)

In this model, HgCl* is created by the ion-ion recombination

+ Mot is : 2 : . i
of Hg and Cl in reaction 3 and the harpooning reaction witn
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Hg* and Cl, in reaction 14 (Ref 6). ) T

Hg*(3P,) + Cl, -+ HgCl* (B) + Cl (14

The Hg* necessary for reaction 1! is not created by reaction 2
because of the small cross section for transfer of the Xe* excitation
to Hg* 1in reaction 2 (Ref 2). The alternate method that is used is

the electronic excitation of Hg in reaction 15.
8.+ Hg + Hg* (3P2) + e (15)

Only Hg* (3P,) 1is considered, because Hg* (3P,) is found
experimentally to be the dominant mercury atom to react with C(l,
The Hg* (3P0) reaction cross section for a harpoon reaction with
Cl: to the 1gC1*(B) state is found to be one-fifth the Hg* (3P,)
reactive cross section for the same reaction. Hg* (3P1) does nbt
appear to create a chemiluminescence with Cl, (Ref 6).

The possible loss of Hg* (3P2) by electron-impact ionization
is also included in this model. This reaction is a source of Hg*
and electrons as is seen in reaction 16.

+

e + Hg* (3P;) = Hg + 2e (16)

For the remaining text, Hg* is used to symbolize Hg* (3P2) unless

a distinction must be made between the various excited states of mercury.
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Sources of Ar* , Xe* ., Ar , and Xe similar to those e

-
listed for Hg and Hg* are considered in this model. T[he following

reactions of Ar and Xe with secondary electrons are considered.
3 L R R S A e (E7)
3
» o * Azt « Ar + Qe (18) 3
4 r
; g+ X& > Xet '+ e (19) .
+
@ + Xe* » Xe + le (20)

A source of Xe* not mentioned by Eden is the electron-molecule
dissociative recombinatién of Xez . This reaction is theoretically
the same as the electron-molecule dissociative recombination of Ar;
in reaction 10. Reaction 21 shows the electron-molecule dissociative

T +
E recombination of Xe;
+ . -~
e + Xep; -+ Xe* + Xe (21)

The Ar* and Xe* provide competition with Hg* for use of
Cla . The formation of HgCl* and XeCl* 1is shown in reactions 14
and 12a, respectively. The reaction of Ar* with Cl; to form

ArCl* (Ref 7) is shown in reaction 22.

AT » Clg = AKCIY -+ (] (de
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Possible effects of the radiative decay of ArCl* , XeCl* ,
and HgCl* are included in this model. These reactions are shown in

-

reactions 23, 24, and 25 (Refs 2, 7, 8).

-]
ArCl* -+ Ar + Cl + hv (1750 A) (23)
o
XeCl* = Xe + Cl1 + hy (3080 A) (24)
HgCl* - HgCl + hv (25)

Reactions 23 and 24 are bound-free type transitions (Ref 7).
The existence of Ar  and Xe  created in several reactions indicates
possible competition with Hg+ for neutralizing reactions with C1°
atoms created in reaction 9a. Reaction 13 shows the Xe and Cl~
ion-ion recombination in reaction 3. Reaction 26 shows ar’ gnd - €1

ion-ion recombination and competes with reaction 3.

AarT + C1IT + M =+ ArCl* + M (M = Ar,Xe) (26)

Several reactions create a neutral Cl atom. Two reactions for the
three-body neutral-neutral recombination of Cl to Cl; are included
in the model to investigate the impact they have on the overall laser
action. Reactions 27 and 28, which were investigated by Clyne and

Stedman (Ref 9) are shown here.

14
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CL & CL. & A = Gl "% AP (27)

(23 (S80S o3 S (L o e, e A0 S (28)

Eden (Ref 2) shows the primary electrons, eP , for the
electron beam only reacting with Ar in the creation of art
in reaction 4. Three other reactions using the primary electrons
are included in this model. The excitation of Ar by a primary
electron is shown in reaction 29. The excitation of Xe by
a primary electron is shown in reaction 30. Finally, the

ionization of Xe by a primary electron is shown in reaction 51.

e A AV P ) A I
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B0 N e e (30)
P
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The symbol e represents the ionized electron and is referred to as
a secondary electron.
The final reaction that is included in this model is a quenching

reaction of HgCl* by Cl, . This reaction is shown in reaction 32.

In this reaction, the HgCl* 1is quenched to a bound

HgCl* + Cl, ~ HgCl + Cl, (32)

state for HgCl (Ref 8).

Several facts are interesting about this model. First, the model
does not include the radiative decay of Hg*(spz) . This radiative
lifetime is extremely long and results in a transition probability
of 107! sec’! (Ref 10) which should not affect this problem. Second,
the model does not include the possible existence of a stabili:zed
molecule of Cl; at higher operating pressures (Ref 11). This
molecular ion is a possible source of several types of reactions.
Third, the model does not include a loss term for HgCl molecules.
This fact creates some minor problems in the analytical equilibrium

solutien of the model. Essentially, no true equilibrium solution exists

16
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for this simple model, since at least one species is always increasing
or always decreasing in number density. Appendix B explains the lack
of photodetachment of Cl1°

As a summary, the following reactions are included in this simple

model of the HgCl laser.
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e +
e +
e +
e +
e+
e +
e+
e -
Hg*

Ar*

Xe*

Hg+

Xe

Hg =

Ar g

Xe -~

Hg*
Ar*
Xe*
Ar;
Xez
Cl,
Cl,
Cl,

Cl

=

H

A

X

->

gt + e

r* o+ e

e* + e

Hg' + 2e

S

Xe' % .28

Ar* + Ar

Xer® ‘& Xe
HgCl* + C(l
ArCl* + Cl
XeCl* + (Il
M =+ HgCl* =
M -+ XeCl* +

18
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(15)

(19)

(16)

(18)

(20)
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(21)

(14)
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APCLY Ay #» CI » hy (23) }
XeOl* = Ne ' % Gl % -hy (29)

HgCl* » HgCl + h (25) |
€ + €1 % Cls '+ M1, (28)

CL % Gl o g Gl LAY 27)

HgCl* + (Cl, + HgCl + Clg (32)

Rate LEquations

Each reaction in the model occurs with a specific reaction-rate
constant. This reaction-rate constant multiplied by the number
densities of the reacting species equals the number per cubic centimeter
per second of a given species that is lost or created in a given reaction.
Rate equations must be determined for each species in the model, so the
interdependence of all the species can be resdf&éd in the final soluticn.

In this section, rate equations are 1isted.forqall species included
in the model. A specific species is any atom, molecule, or electron 4
with a specific chemical characteristic. For example, Hg' Hg

and Hg*(3P,) are all different species. The reaction-rate constants 1

in this paper are symbolized by Ri , where 1 1is the reaction number

: |




used in the previous sections. For example, the reaction-rate constant

w

for reaction 4 is R, . The number density for each species is indicated

by nyoe where A 1is a specific species. For example, the number

density of Hg* 1is indicated by LI The time-rate of change of

a specific species is indicated by Ny

s ; dn bl o A 5
differential It and A indicates a specific species. For example,

the time-rate of change of Cl1~ is indicated by ﬁcl' :

/=]

° . .
where n indicates the

Other symbols introduced in this section are S\r’ : jeb )
and @ . The

Veb i A o ek PR B N “xXe

neb 3

2 ! o W
symbol 5\r* is the number of Ar ions or secondary electrons created
per cubic centimeter per second by the incident electron beam in

reaction 4.

j ‘ Lol
S Jeb AT & (
Ar q VAT
e

The symbol jeb indicates the current of the incident electron beam.
The symbol Nab represents the number density of beam electrons in
the electron beam. The symbol Vep Tepresents the speed of a
monoenergetic primary electron.

j L ) I (34)

Jeb le "eb Veb .
Substitution of equation 34 into equation 33 results in equation 33a.

S Ve (33a)
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Equation 33a is in a more standard rate of reaction form. The number
densities of reacting species are Nob and B The reaction-rate
S R where o is the cross section for the

Ar eb Ar

ionization of Ar by primary electrons with a specific energy and

constant is

Vb is the speed of the approaching electron. In this case, Vb is

approximately the speed of approach of the two particles, because the
speed of the electron is several orders-of-magnitude greater than the
speed of the Ar . Similar arguments exist for the terms including
e * *Xe G*Ar where IXe is the cross section for

ionization of Xe by a primary electron in reaction 31,

3 )} , and

gl is the
*Xe

cross section for excitation of Xe to a metastable state by a primary
is the cross section for excitation

electron in reaction 30, and Oy

of Ar to a metastable state by a primary electron in reaction 29.

The rate equations for seccondary electrons, Ar, and Xe are

presented in equations 35, 36, and 37, respectively.

e Yoo Tae Te e T Ven T Mot Pxe 0 Bn Te Tel,
7o R Mg Ppee T Uity Rgte T Bap T Neun (35)
S Rpg Uy Nn T Ny T gl
1 - Y - o ST 2
"Ar Veb ar "eb Mar Veb Trar Meb Mir 5 "art Mar
(36)
YOl Ty T By T o Y Rg By Baer t Ras Baagin
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3
]
:
1
1 = - . r P S g = !
"Xe Yob Texe Mo Mt Voh %l "ab "is R6 nArg "Xe ;
- - x s ;
o e~ S ! Te Mt T P Mrel Tig (7

|

s Rig By ey ® Bop Bg Mol Rys xeca

G- The term (R7a nAr + R?b nXe) e an+ that is found in the rate

: = " * o = ;
equations for Xe , Xe , and Xe, 1is the sum of the two possible
contributions from reactions 7a and 7b to these specific rate e¢quations.
This term is the result of two possible third reacting bodies in the

~ . - e . . . . . .
formation of Xe, . The third body is not included in the ionic

: ; = + o+ + . -
recombination of Ar e Xp wand  CHg - with Gk for reasons
that are discussed in Chapter 3.

The rate equations ror the remaining species involved in the

model are listed in Equations 38 through 33.

" = * - ( ! 4+
xe* Yob Tae MM e B By Pxe Raamar * Rrp"xe!Mxe e
k. * Koo P Prer v Rys Pae® oy (38) ]
i
3 = - . 39 ;
“Xes (Rra Mar * ®2b "xe'Mxe xe' Rs Tes "Hg Gy B Digt o 13 i
n - . 2 . n,_+ n.,- (40)
M’ Veb “ar "eb "ar RS “ar® a7 RIS Mo Mape R:S Ar ¢l -
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Ar*

e

Hg

c1”

= -R

VebJ*ArnebnAr

RyaMar*"c1,

VebJ*XGneane

Ri2a™e*"c1,

" P s"es g

Re"xes g

Rrghglipe -

n
9a"e"C1,

9a"e"C1,

RirBa e * BB Buoe
Rio%e™e T Paplelger
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B16fetugr © NsMup*lar”
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o
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N *N., =
26"Ar C1

(41)

(42)

(44)

(45)

(46)

(47

(48)
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Conclusion

The simple model that is presented here does not include all the
possible reactions taking place in the HgCl laser. This model does
include several reactions not considered by Parks (Ref 1) and Eden
(Ref 2). A major deviation from Parks' and Eden's experiments is the
substitution of Cl, for CCl, in the model.

Before any solution can he found for the rate equations that are
presented in this section, the reaction-rate constants for each reaction
must be found. The reaction-rate constants are developed in Chapter 3,

and a solution for the rate equations is presented in Chapter 4.

(49)

(50)

(51)

(52)
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IIT. Reaction-Rate Constants and Theories |

OQverview

In this chapter, the reaction-rate constants necessary to solve
the rate equations in Chapter 2 are developed. The processes that
are discussed and include theoretical sections are dissociative
recombination, dissociative attachment, ion-neutral association
reactions, charge transfer reactions, ion-ion recombination, and

harpooning reactions. Reaction-rate constants that are presented

based on experimental data are secondary-electron excitation of
Ar , Xe , and Hg , ionization of excited states by secondary-
electron impact, C1-Cl1 recombination reactions, radiative decay of
ArCl* , XeCl* , and HgCl* , idonization and excitation of Ar
and Xe by the electron beam, and HgCl* quenching by Cl, .

Some of the reaction-rate constants for these processes are
the result of direct measurement of the reaction-rate constant, and
others are the result of cross section measurements. If only cross

sections are found, the reaction-rate constant for that process can

be calculated by multiplying the cross section times the average

relative velocity of the two particles. The average relative velocity, ;
L found for particles in a Maxwell-Boltzmann distribution to i
8kT,1/, AR sorar 7
be (;q—l ¢ where k 1s the Boltzmann constant, T 1is the temperature
T

of the gas, and Mr is the reduced mass of the particles.

o
it




B i s

17, 18) exist for dissociative recombination reactions and rrovide

reasonable data rfor reaction-rate constants. This section includes

summaries of applicable theoretical and experimental work that

T —

exist for dissociative recombination.

Theory. Dissociative recombination requires a free electron
———— .

energy to give away energy to become a bound electron

with positive

This excess energy can be radiated

with negative energy (Ref 12).

away or given up in a collision with a third body. Dissociative

recombination is essentially a two-body collision between an electron

and a molecule containing two atoms. One of these atoms is the

third body necessary to absorb the excess energy of the electron.

The electrons that are captured in dissociative recombination

are thermal electrons (Ref 12). These electrons provide the energy

necessary for molecular ions to form unstable intermediate neutral

molecules AB”” that dissociate into two neutral atoms.

Figure 3 shows the shape of potential energy curves necessary

for direct dissociative recombination to occur. The internuclear

separation distance Rc is the point at which the energy the thermal

electron provides rfor the reaction is sufficient to move the bound

molecular ion to the higher potential energy curve of the unstable

neutral molecule AB”” . This point, Rc s 1s called the

capture point.

I 3T 1 SR P A PSR o o
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In this chapter, the electrons are still assumed to be in a
Maxwell-Boltzmann distribution with an average energy of % kT
equal to 4 eV . This assumption is made to simplify calculations.
A solution of the Boltzmann equation is required to find the actual
distribution function of electrons. This new distribution is required
to give correct answers for reaction-rate constants that are calculated
for electron-impact excitation and ionization by secondary electrons.
A solution of the Boltzmann equation is beyond the scope of this paper.
The next section of this paper contains a discussion of

dissociative recombination. The reaction-rate constants for

dissociative recombination are experimentally determined.

Dissociative Recombination

Introduction. Dissociative recombination is the reaction 'n
which a diatomic molecular ion captures an electron and dissociates
into two neutral atoms. This reaction is shown in reaction 54 where

A and B are atoms.
e + AB -+ AB°™" > A + B (54

The AB””" molecule is an intermediate unstable molecule. Two
reactions in this model involve dissociative recombination. In these
reactions, Ar; and Xez dissociate to form the appropriate products
shown in reaction 54.

The theoretical work (Refs 12, 13, 14, 15) concerning dissociative
recombination does not provide simple formulas for quick calculation

of reaction-rate constants. Fortunately, several experiments (Refs 16,

B T d

Bani s s
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lon
\ﬁ:\noblo
/[ molecule

Internuciear potential energy, U (R)

Internuciear separoation,R

Fig. 3. Schematic representation of the potential energy curves
involved in the direct dissociative recombination process. In this
simplified example, only one potential curve for the molecular ion
AB* (with an electron at rest at infinity) and one for the unstable
molecule AB“” are shown. Inset: magnified view of the potential
curves in the curve-crossing region. (Ref 12

After the electron is attached by the molecular ion, two
possibilities exist for the unstable molecule. The first possibility
is for the unstable molecule to autoionize and eject an electron.
This action puts the unstable molecule back into the bound molecular
ion. The second possibility is for the unstable molecule to dissociate
into two neutral atoms. This action is the completion of the dissociative-
recombination reaction. Figure 3 shows the potential energy curves

of the molecular ion and the unstable molecule crossing at the

28
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point RS . This point is called the stabilization point and is L

the internuclear separation distance that limits the time for auto-
ionization. After the neutral atoms are separated by a distance
greater than RS , additional energy is necessary for the systen
of particles to return to the bound molecular ion state where auto-
ionization can take place. Using the Born-Oppenheimer approximation,

autoionization is impossible at internuclear separations greater

than RS . (Ref 12) The time necessary for autoionization is

typically 107! sec, and the time necessary for the neutral atoms
to separate to greater internuclear separation than R_ is 107}
to 10 sec (Ref 12). Therefore, the dissociative recombination
process is more likely to result in two neutral atoms than for

the unstable molecule to autoionize.

The cross section for the dissociative recombination of a
molecular ion into two neutral atoms is given in equation 55 where
3(e) 1is the cross section for dissociative recombination as a
function of incident electron energy = , Jcap(s) is the cross
section for the capture of an electron by the molecular ion to form
the intermediate unstable molecule AB“* , and S(g) is the

probability that the intermediate unstable molecule survives long

enough to dissociate and is called the survival factor (Ref 12).

a(e) = 3cap(s)S(a\ (5%)

Previous arguments indicate that S(c) 1is high for thermal electron

and can be considered approximately one.




The o (¢) term is now examined. An assumption is made by
<

Bardsley and Biondi that the unstable molecule AB“” is formed by
the excitation of a target electron to create a higher excited state
and the incident electron falls into an unoccupied orbital (Ref 12).

Assuming V(R) represents the electronic matrix element governing

the configuration interaction, y(r,R) represents the electronic

wave functions of the molecules, z(R) represents the nuclear wave

functions, $ _(r,R) represents the incident electron wave function,

and r represents the ratio of multiplicities of the intermediate

molecule AB““ to the initial molecular ion ABY 7‘1P(€) i
LSS

o

given in equation 56.

7 = = (213/hne) (D < (RYlv(rRy !z 'R)>|2 &
Jcap(f-) = Len /ﬁmthz) ‘<’AB*U\)’\(“) “.\B"U\] (56)

The ratio of multiplicities is divided by two to allow for the two

possible spin orientations of the incident electron (Ref 12). The

electronic matrix element V(R) 1is given in equation 57 where
\ S

H’l(r,R) is the Hamiltonian for the molecular-electronic wave function,
L~

\ = 1t - | ¥ 1, 3 2} S -‘—
V(R) <JAB+(1‘.RL€(r,R).Helu,RHb‘_\B,.Lr,l\\. (57)

The (1/¢) proportionality for 3‘1p(€) is developed in reference 13.
L

Figure 4 shows examples of the expected nuclear wave functions

AB* and AB““




¢

A

¢

Al

Fig. 4. Hypothetical potential energy curves and associated wave
functions for one of the states of the molecular ion AB* and of the
unstable molecule AB”” involved in the direct dissociative recom-
bination process. (Ref 12)

The R) wave function shows a large probability of AB*~”

W

- ‘
*AB“ <"

particle bing near the classical turning point RE .

unction oscillates rapidly and decreases exponentially as the inter-

(2 7]

nuclear separation distance R grows greater than RE . isley

and Biondi (Ref 12) approximate ;\B,,(R) with a delta function

located at Rc (Ref 19). By putting the delta function at R

(™

Bardsley and Biondi require that R_ be close to RE . The delta
™

function is given in equation 38 where U” 1is the slope at R_ .
<

)

27
yg--(R) = (LU 72 3R - RY) (58)
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The requirement for the location of Rc is given in equation 59

where U indicates the potential energies of the molecules.

Usg-- (RS Uyg+ (RS

The ground-state nuclear wave function, (R) 1is approximated

“AB*

by a harmoni. : - -.1lator wave function. Substitution of these

approximations into equation 56 yields equation 60.

€ = ) - 25 l._. by e 12
Jcap(') (2n3/hme) () () VRDI® 1z g+ (R

‘, '
By defining the capture width ©_ as (§§J;V(Rc)g2 , equation 60

reduces to equation 61.

(e) = (=

J —)
cap me’

g b
(5) (—U")

This development indicates that R_ must be within the range of
C

nuclear.vibrations so the probability of capture is greatest.

The reaction-rate constant for dissociative recombination is

obtained by integrating over all energies for the product of the

electron distribution, f(e) , the dissociative recombination

cross section, o(c) , and the electron velocity as in equation 62.

2€ 1/1 5
R - (5 "% ole)f(e) de (62)
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If f(z) 1is a Maxwell-Boltzmann distribution of electron energies, '
equation 62 reduces to equation 63 (Ref 12). %
37 3 1/‘ 3 !
= 2 2 | & Ve -e/k Yede 3 :

RDR (8/mmk Te ) : (e)exp( ,,kTe,-db (63)
Bardsley and Biondi (Refs 12, 14, 15) present four assumptions .é

that allow the dissociative recombination rate for the ground
E - vibrational and electronic state to be expressed in terms of electron

temperature Te . These assumptions are:

(i) The survival factor, S(g) , is almost one.
(ii) The incident electron energy is less than 1 eV.
133) U s :

i E
(iv) The vibrational wave function for AB* can be

approximated by the ground state harmonic oscillator
wave function.

)

is such that R_ is close to R
™

The resultant dissociative-recombination reaction-rate constant
is given in equation 64 where a 1is the amplitude of initial

vibrational motion, R, 1is the equilibrium nuclear separation

0

distance, and T, is in units of °K . (Ref 12)-

. T, (RS—RO)2 Te . -0.3 e ) ; .
RDR(Te) = 8.8 7 a exp (- —;E—— )(366) x 10 cm°sec (od) :

Not all experimental data agree with Te'o'5 dependence in
equation 64. This is the fact that led Bardslev (Ref 15) to :
investigate an alternate method of dissociative recombination. The 3
alternate method is called indirect dissociative recombination and

is represented in reaction 65.

(2]
(77
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& + AB  + AB® <+ AB"" +» A+ B (65)

The potential energy curves representing reaction 65 are given in

Figure 5.

Fig. 5. Hypothetical potential energy curves for the molecular
ion AB*, a highlying, stable Rydberg state AB” , and an unstable
molecule curve AB”” involved in the indirect dissociative recombination
3 process. The v = 0 vibrational level of the molecular ion AB*
and the v~ = 0 and 1 vibrational levels of the Rydberg state AB~
are also shown (Ref 12).

In Figure 5, the energy contributed by the electron is <  Ihis

(4]

energy must be close to the energy that is required to put the AB*

state into a AB” Rydberg state. The electron energy is contributed

to the nuclear motion of the AB~” state. The excited Rydberg state
. predissociates to AB“” because of the location of the potential

energy curve crossing, and normal dissociative recombination takes

= it ; . B—-




place. The electron temperature dependence for the reaction-rate

constant for reaction 65 is given in equation 66 where n is the

possible number of Rydberg states.

-~

v

—

-3
L]

)
I
-3
]
s
.UI

5 3 )
¢ exp [ en/kTe) (66)

o

o

@
=R

The possibility exists for direct and indirect dissociative recom-
bination for any given reaction. Therefore, the eventual theoretical
temperature Jependence can vary depending on the available Rydberg

states and the electron temperature.

Experimental values and calculations. O'Mally et al. (Ref 16)

find that, if the location of the stabilization point is shifted
slightly, a better probability for dissociative recombination exists
if the ionic molecule is in an excited vibrational state. The exper-
imental data for neon is best fit by a low vibrational state model
using parameters that are determined by a computer program (Ref 16).
This model predicts the reaction-rate constant for neon to vary
according to Te and five set parameters.

Fortunately, experimental data for the dissociative recombination
of Ar! and Xe; as a function of incident electron energy (Refs 17,
18) exists, and reasonable predictions for these reaction-rate constants
can be made simply. Mehr and B3iondi (Ref 17) find that the reaction-
rate constant for Ary varies as Te‘°-57 for a gas temperature of

300° K, Assuming that the 0.03 eV increase in gas temperature of this

model over Mehr and Biondi's (Ref 17) experiment does not affect the
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vibrational distribution of the molecular ions greatly, Mehr and )|
Biondi's Te'°-5’ dependence is used to predict a dissociative- 1

recombination reaction-rate constant of 3.9 x 107% cm?/sec for

Ar; in this model. Shiu et al. (Ref 18) find that for Xe; the

dissociative-recombination reaction-rate constant varies as Te’3-73

for Te > 1000° K and a gas temperature of 300° K. Again, assuming
the data that is reported for a gas temperature of 300° K are valid
for the temperature of the model of 333° K, a dissociative-recombination

reaction-rate constant of 8.16 x 10 3 cm3/sec is calculated for

o
Xe,

Conclusion. The theory for dissociative recombination is difficult 3
to use for predicting reaction-rate constants. Fortunately, sufficient
experimental data exist and can be used to predict dissociative-
recombination reaction-rate constants for higher electron energies.
The data used for these predictions are for electron temperatures
to 8000° K for Xe; and electron temperatures to 10000° K for
Ar, (Refs 17, 18).
The assumption that data for gases at 300° K are valid for gases
at 533° K is probably valid. The vibrational spacings of atmospheric
diatomic ions are on the order of 0.2 eV (Ref 12). The energy

difference between 300° K and 533° K is approximately 0.03 eV and

probably is not near a vibrational level. Therefore, the reaction-rate

: : by : " + +
constants for the dissociativerecombination of Ar, and Xe, are

at least close to the values tnat are predicted here.
-3 <
The reaction-rate constant values of 3.9 x 107" cm®/sec for
- - +
and 8.16 x 10 7 cm3/sec for Xe, are used in Chapter 4 for

+
Ar2
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calculations involving an applied electric field. With an applied

electric field across the plasma, the average electron temperature

is found to be approximately 4 eV (Ref 4). For electrons at these
:< higher energies that are not in a Maxwell-Boltzmann distribution, it
is best to measure the reaction-rate constant rather than the cross-

section for the reaction.

For calculations in Chapter 4 that are made for no applied
electric field, the electrons are assumed to be in thermal equilibrium

with the gas. The dissociative-recombination reaction-rate constants

S ¥ -- 3 &
that are used in this case are 5.99 x 10 ’ cm®/sec for Ar, and

g = + . . . .
1.88 x 107® cm®/sec for Xe, . This assumption is discussed in
4 Chapter 4.
The next section is about a similar process to dissociative

recombination that is called dissociative attachment.

Dissociative Attachment

Introduction., Dissociative attachment, a process similar to

dissociative recombination, involves the capture of an electron by
a neutral molecule. The molecule then dissociates to form a negative
atom and a neutral atom. The dissociative-attachment reaction in 3

this model is reaction 9a shown below.

g . tho=> 8 % 0l (9a)

The theoretical description given in this section is only a

general presentation that is based on Bardsley and Mandl (Ref 20) and

the potential energy curves for Cl,; that are developed by Gilbert and
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Wahl (Ref 21). The experimental data that is available for comparison
to theory is primarily for dissociative attachment of Cl, by thermal

electrons (Refs 11, 22, 23, 24).

Theoretical and experimental results. Dissociative attachment

is the capture of electrons by neutral molecules and the dissociation
of these now negative molecular ions each into a negative atom and a
neutral atom. The one difference between dissociative recombination
and dissociative attachment is the requirement that the neutral molecule
involved in dissociative attachment must contain an atom with a high
electron affinity. Electron affinity is the energy released when the
neutral atom gains an electron. Gilbert and Wah! (Ref 21) find the
electron affinity of ground state C1£ to be 2.19 eV.

Bardsley and Mandl (Ref 20) describe dissociative attachment in
a similar manner to dissociative recombination. The energy of the cap-
tured electron must be great enough to excite the target molecule to
an energy greater than that of the potential energy of the intermediate
molecular ion as is shown in Figure 6 (Ref 20). The experimental
results of Frost and McDowell (Ref 25) provide some justification for
this theoretical model. The experimental results give a threshcld
electron energy for the dissociative attachment of Cl, to be 1.6 eV
and support the supposition that this dissociative attachment is the
result of formation of CIE*(an) state.

Recent experiments (Refs 11, 22, 23) for thermal energy electrons
show that the thresholid energy for the dissociative attachment of
C12 is not 1.6 eV. In fact, this experimental data shows that thermal

electrons are attached to Cly rapidly. Christodoulides et al. (Ref 11)

38
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aqainst electron
emission

{ Decoying region
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wove function
{

£E,(R) : real port of
« rcson%nu energy

£ (R) : qround state of
target molecule

{,(R) initial nuclear
wave function

Fig. 6. Potential energy curves and nuclear wave functions in
dissociative attachment. The final wave function is schematic
only (Ref 20).

find the dissociative-attachment reaction-rate constant for Cl, to

=10
-y

be 3.1 x 10 cm?/sec. Schultes et al. (Ref 22) report a broad

maximum exists for the reaction-rate constant for dissociative

attachment of Cl, between electron energies of 0.25 eV and

0.5 eV . Sides et al. (Ref 23) report a dissociative-attachment

reaction-rate constant for Cl, of (3.7 = 1.8) x 10-9 cm3/sec  for an
59

electron temperature of 350° K. These experiments (Refs 11, 22, 23)

confirm the formation of Clg {(25%*) for thermal electrons.
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The potential energy curves that are presented by Gilbert and ‘3

Wahl (Ref 21) are shown in Figure 7. These curves show the

. . ~ 1 . 1 - & +
intersection of the Cl, potential energy curve by the Clzkz—u)

g
H
|

potential energy curve at the minimum of the Cl, potential well.

The possible formation of Clg (2t:) by thermal electron excitation

- + l
from the Cl, potential curve to the Clg(z:u) potential energy
curve is apparent. The possibility of excitation from the CI,

. potential energy curve to higher levels of FIE does exist.

Conclusion. The potential energy curves for Cl; of Gilbert

and Wahl (Ref 21) imply that a graph of the dissociative-attachment

cross section for Cl, versus electron energy may contain several

peaks corresponding to each excited potential energy curve of Cls .

The location of these peaks depends on the electron energy required

to excite the Cl, to Cl; . Further research is required to { :
determine the electron energy dependence of the dissociative-attachment é
reaction-rate constant for Cl, .

The reaction-rate constant for dissociative-attachment of C1_

by thermal electrons that is determined by Sides et al. (Ref 23},
-2 4 5 g ;
3.7 x 10 cm®/sec , is used in this model.

. The next section deals with the ion-neutral association reactions.

Ton-Neutral Association Reactions

N e —

Introduction. In this section two theories are discussed for

atomic ion-neutral association. This reaction involves three atonms,

one ionized and two neutral, as shown in reaction 67.
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Three reactions of this type are included in this model of the HgCl ‘

é : - _ + *
laser. These reactions involve the formation of Ar, and Xe;

4 g +
and are steps in the charge-transfer process that creates Hg .

The first theory presented is Mahan's theory (Ref 26), and the second
theory is Smirnov's theory (Ref 27

Mahan's theory. Mahan's theory (Ref 26) is based on the

assumption that the ion undergoes a resonant charge transfer with a
second identical neutral particle while a third arbitrary particle is

at some distance from the first two particles. In this charge transfer,
a negligible amount of kinetic energy is lost. The second.particle

that is now charged is at some distance from a third arbitrary
uncharged particle. If the relative kinetic energy of the third
particle and the newly charged second particle is less than the negative
potential energy of the two particles, a bound diatomic molecule is
formed. Since no kinetic energy is transferred, this process is

called a potential-energy transfer (Ref 26).

Mahan's next assumption is that the potential energy between the
second and third particles is the ion-induced dipole type (Ref 26).
Hirschfelder discusses the energy of ion-induced dipole type reaction
in Reference 28. Mahan then assumes the ion-induced dipole potential
does not affect the second and third particles until arter the
resonant charge transfer process takes place. This assumption means

the charge transfer must take place in a short time. A fast charge

42




T e TSROSO —CT ST YA

transfer occurs if the first and second particles are at a large
separation distance (Ref 26), because the second particle spends less
time in the sphere of interaction of particle 1 as the separation
distance of the particles increases.

These assumptions lead to a bound-molecular ion being formed
if the ion-induced dipole potential energy is greater than the
neutral kinetic energy of the second and third particles. This
condition is given in equation 68 where (%%é) is the ion-induced
dipole potential energy and (% Mrvij is the relative kinetic energy

of the second and third particles.

2
ae (68)
2rt

n

In equation 68, Mr is the reduced mass, Vr the relative speed, and
r is the separation distance of the second and third particles. Also
in equation 68, a is the polarizability of the third particle and
e 1is the electron charge. Solving equation 68 for r shows that a
bound molecule is not formed by the second and third particle unless

equation 69 is true.

2 3
T = (—-——-c‘e . )/‘* (69)
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The critical radius, B is the maximum separation distance for the
second and third particles to be apart and still form a bound molecule
after the charge transfer takes place.

Mahan's reaction-rate constant for ion-neutral association is
given by the product of the reaction-rate constant for charge transfer
and the probability that the third particle is within a sphere of
radius s that is centered at the second particle (Ref 26). This
condition is shown in equation 70 where f(vr) is the relative speed
distribution and R.. 1is the reaction-rate constant for charge transfer

CT

of the first and second particles.

x©

= fl._ { 3ty o Fys 2
RI-.\' = RCT 3 :f) rc (\r) t‘(\/r) dVr (70)

Mahan states that the assumption of resonant charge transfer
between the first and second particle is not strictly true if the
third particle is close enough to the first and second particles to
interfere with the charge transfer reaction. Mahan also states that
for " typical values of ionization energy" this assumption is not
incorrect enough to affect the results of his theory (Ref 26).

If the speed distribution of the reacting particle is assumed to
be a Maxwell-Boltzmann distribution and equation 69 is substituted
into equation 70, the reaction-rate constant for ion-neutral association
is given by equation 71 and 7la (Ref 26).

3
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Mahan's calculated data is computed by multiplying the charge-
transfer cross-sections of Dalgarno (Ref 29) by the root-mean-square
relative speed. Mahan uses the polarizabilities of Pitzer (Ref 30)
for the calculated values (Ref 26). Mahan's method of calculation
appears to be reasonable, because his calculated values are all within
a factor of three and most are within a factor of two of the experi-
mental values (Ref 26).

Using Mahan's method of calcu.ation and the data in references
29 and 30, a reaction-rate constant of 2.36 x 103! cmb/sec is

calculated for reaction 5 at 300° K.

Ar' ¢+ 2ir =+ Ar, + Ar (5)

This value compares necely to the experimental value obtained by

A Smith, Dean, and Plumb of (2.50 = 0.10) x 10731 cm%/sec (Ref 31).
The value that is calculated for reaction 5 at 533° K is
2.59 x 10731 cm5/sec . The value that is calculated for reaction

at 300° K assuming M is Xe 1is 5.8 x 10 3! c¢m®/sec
g

Xet + Xe + M > Xes + M (M= Xe,Ar) (7

This value is within a factor of two of the experimental value of
(3.57 £ 0.17) x 1073! cm®/sec that is reported by Smith, Dean, and

Plumb (Ref 31), and it is within a factor of three of the value
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(2.0 + 0.2) x 1073 cmb/sec for reaction T reported by Vitols and

Oskam (Ref 32).

The reaction-rate constant for reaction 7 using Ar as a third

body is not computable using Mahan's theory (Ref 20) and is an

example of the limited applicability of Mahan's theory. This reaction-

rate constant cannot be calculated, because Mahan's theory assumes

charge transfer between the {irst and second particles and molecular

formation between the second and third particle. If this method

- ~

of formation is applied to reaction 7, this reaction is now reaction 72,

L e PR TN 1 e (72)

The products in reaction can be formed in two ways. First, the

o < . 5 PN
charge transfer is between Xe and Xe and the molecule ArXe

. - - s - +
is formed. Second, the charge transfer is between Xe and Ar and

o AR : : L {
the molecule ArXe is formed. The sccond method is not included in

Mahan's theory, because Mahan requires charge transter between

identical particles.

Smirnov's theory. Smirnov's theory (Ref 27) is the solution to

the problems presented by Mahan's theory. Smirnov's theory presents

methods for the solution of reactions 73a, b, ¢, and d where X and

are different atoms.
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Smirnov first investigates reaction 73d.

Smirnov's theory is based on the assumption that the energy of

the gas particles, which is proportional to the temperature of the

gas, is much lower than the dissociation cnergy of a molecular ion

(Ref 27). The rate of change of atomic ions into molecular ions is

given in equation 74 where N is the molecular ion density,

MoLt

is the atomic ion density, N\ is the ncutral atom density,

is the reaction-rate constant for ion-neutral association,

N

AT
and R

I-N

i o R RS
at I-N “AT

Ne (74)

Smirnov states that the potential energy of interaction between the

atomic ion and neutral atom is determined by induced-dipole polarization

interaction when the binding energy of the molecular ion is on the

order of the gas temperature (Ref 27).

The (R term from equation 74 is examined. This term is

1-n V)

found to have the relationship shown in equation 75 (Ref 27).

The (N, <ov>) term gives the frequency that a neutral atom creates

A
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the potential to be bound with an atomic ion to form a molecular ion.
The W term is the ratio of the probability that the molecular ion
gives up energy in a collision with a third neutral atom and creates
a more bound molecular ion to the probability that the molecular ion
gains energy on the order of the temperature in a collision with
third neutral atom and dissociates. As a result of the detailed
balancing principle and for the induced-dipole polarization inter-
action, W -~ (3%-9 /4 NA where o is the polarizability of the
atom. Smirnov states that o is proportional to (E%i)l/z for

the polarization interaction cross section for transition of the ion
into weakly excited states (Ref 27). Equation 75 is now equation 76.

2

LR | PR
Rooe < ¥ <v>(.°-‘%_)/2(§%—)/l+.\:

I-N "A A A (76)

'r‘l,‘

Because the velocity is proportional to (#) /2 for a Maxwell-Boltzmann

distribution, equation 76 transforms to equation 77 where M 1is the
mass of the gas atoms.
a2l 23
& xes /o aec c/y

RI-N = constant GTTQ (.Fq

Equation 77 is true for reaction 7d.

Smirnov forces equation 77 to equate to 1.1 x 10731 cm®/sec for

reaction 73d where X is He and the temperature is 300° K. This

process results in a value for the constant of approximately 42 in

equation 77 (Ref 27).
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The results using Smirnov's theory (Ref 27) are not as good as
those using Mahan's theory (Ref 26). Using the data from Pitzer
(Ref 30), a reaction-rate constant of 5.24 x 107 3! cm®/sec is
calculated for Ar ion-neutral association in reaction 5 at a
temperature of 300° K. This value is more than a factor of two greater
than both the value of 2.36 x 10 3! cm®/sec from Mahan's theory and
the experimental value of (2.5 + 0.10) x 1073! cm®/sec (Ref 31) at
the same 300° X temperature. The value that is calculated for reaction 7
at 300° K with Xe as the third body using Smirnov's theory is
3.38 x 1073! cmf/sec . This value is more than a factor of two greater
than the experimental value of (3.57 # 0.17) x 107 3! cm®/sec (Ref 31).
Mahan's theory gives a value within a factor of two of the experimental
value. Smirnov's theory does give results within a factor of three
of the experimental results for reactions 5 and 7.

Smirnov (Ref 27) modifies equation 77 using Thomson's theory
(Ref 33) to give reaction-rate constants valid for reaction 73a, b,
and c¢. The assumption necessary for this modification is that the mass,
m , of particle Y 1is less than the mass, M , of particle X .
The reaction-rate constants for reactions 73a, b, and ¢ are given in

equations 77a, b, and c, respectively (Ref 27).

2 : 2

1
m \ b SR : e
RI-N = 42 (:1-) 4 (_._.T Jot G = ) (77a)
1/ 3 e° 3 Qe 1
- X S W U oy
RI-N 42 (M (=) el (77b)
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Smirnov (Ref 27) notes the value, 1.5 X 10731 cm®/sec, that is
calculated for reaction 78 at approximately 400° C is close to Biondi's

experimental value (Ref 34) of 1.7 x 1073! cm®/sec.

Hg+ + 0 Hg 4 el o Hg; + He (78)

This close agreement for one reaction does not imply that a greater

-

accuracy than the factor of three that is applied to equation 77 is

-

applied to equations 77a, b, and c.
The value that is calculated for reaction 7 using Ar as a third
body and Smirnov's equation 77b is 4.96 X 10 31 cm®/sec at 533° K.

-

The value that is calculated for reaction 7 using Xe as a third
body and Smirnov's equation 77 is 5.77 X 10731 cm®/sec at 533° K.
Reaction 7a is reaction 7 with Ar as the third body, and reaction

7b is reaction 7 with Xe as the third body.

Xe' + Xe + Ar - Xez LT (7a)
Xe* + Xe ¢ Xe > Xes ¢ Xe (7b)

Conclusion. Mahan's theory (Ref 26) appears to predict reaction-
rate constants to within a factor of two of known experimental results.

This theory is limited in applicability, because Mahan requires a
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specific order of charge transfer and interaction. Smirnov's theory
(Ref 27) applies to more types of reactions than Mahan's theory. The
values predicted by Smirnov's theory are probably within a factor of
three of known experimental values. Therefore, Mahan's theory gives
more accurate results for a limited number of reactions, and Smirnov's
theory gives results for some types of ion-neutral association reactions
not computable from Mahan's theory.

The following values are used in the model for ion-neutral
reaction-rate constants. The experimental value (Ref 31) of
2.5 x 1073! cmd/sec 1is used in the model for reaction 5. The experi-
mental value (Ref 31) of 3.6 x 10 3! cm®/sec is used for reaction 7b.

Reaction 7b is reaction 7 with Xe as the third body.

W' e ® Xe'+ feb ko Xe (7b)

-

The value that is calculated using Smirnov's equation 77a,
4.96 x 1073! cm®/sec , is used rfor reaction 7a. Reaction 7a is

reaction 7 with Ar as the third body.

Xe+ + Xe + Ar -~ Xe; + Ar (7a)

The next section is a summary of the charge transfer reactions

in this model.
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Charge Transfer Reactions

Introduction. The charge transfer processes that are included

in this section are the near-symmetric charge transfers in reactions

6 and 8 of this model. The energy of the particles is approximately

0.07 eV. The charge transfer between Xez and Hg 1in reaction 8

. is a near-symmetric charge transfer (Ref 35). The general form of

reactions to be considered in this section is shown in equation 79

where X 1is an atom and Y is a different atom.

X N T oy (79)

Two theories are presented. The first theory is that of
Gioumousis and Stevenson (Ref 36). The values generated by using
Gioumousis and Stevenson's theory are in excellent agreement with
the experimental values reported by Bohme et al. (Ref 37). The

second theory is a brief presentation of Rapp and Francis' theory

‘F for the low-velocity region (Ref 38). The particles in reactions
iL . 6 and 8 are in the Rapp and Francis low-velocity region that is
L5

determined by the approximate upper limit v = (105/.\1r ) cm/sec

where Mr is the reduced mass of the reacting particles in amu. Since
the velocity of the gas particles is proportional to the square roots
of the temperature of the gas, the Rapp-Francis low velocity region

is defined by the gas temperature and the reduced mass of the reacting

particles.

Gioumousis and Stevenson's theory. Gioumousis and Stevenson's

theory is based on the fact that the long-range potential between an

e
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ion and a neutral particle is given by equation 80 which is the ion-

induced dipole polari:zation potential (Ref 36).

e~ag
H & == (80)
2rt
In equation 80, U 1is the potential energy, e 1is the electronic
charge, g is the polarizability of the neutral particle, and r is
the separation distance of the ion and the neutral particle. Gioumousis
and Stevenson use Langevin's (Ref 39) equation below describing the
orbits for the ion-induced dipole potential (Ref 36). Equation 81
describes these orbits where bO is the impact parameter.
48238 I/L, ;
a M_v_2
> e

In equation 81, Mr is the reduced mass of the reacting particles and

vr is their relative velocity. A typical set of trajectories is

included in Figure 8. The important facts in Figure 8 are that for

b < bo the orbits pass through the center point and for b 2 b0 the

orbiting particles are never closer than (bo/v7)

The next step in the development of this theory is the supposition

that a critical radius, LI for a given reaction to take place

exists (Ref 36). This critical radius is such that the probability

of the reaction taking place is zero if the particle passes outside

the critical radius and one if the particle passes inside the critical

radius. Therefore, if rc 3 bo/vf' the cross section of interaction

is given in equation 82.
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Fig. 8. A typical family of trajectories as a function of the impact
parameter b. The dotted trajectory is the critical one for b = b
and approaches the circle r = bo/VT'. Only trajectories with

b < bo will enter the reaction sphere if it has radius r_1less than
C

this, 1.¢., - < bO/vTZ Thus, the cross section for entrance into

the reaction sphere depends on b) but not, within limits, .. On

the assumption that all molecules which enter the reaction sphere
do react, the same may be said of the interaction cross section (Ref 36).

The larger cross sections are given for interactions between
particles that maximize bo . This maximization is done by particles

with a large polarizability, small reduced mass, and small velocities.
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Since velocities are often described in terms of a velocity distribution, '
some higher velocities are certain to exist so that the condition

. s bj/ff is not true. If the number of particles exceeding this

criteria is kept to a minimum, this theory is still relatively valid

(Ref 36).

The cross section in equation 82 multiplied by the relative k
q P ¥ |

velocity of the two particles is a constant shown in equation 83.

deda. ea.
WIS U B.Ja -
s i R e (&%

Therefore, the expectation value of <vr3(vr)> is the constant given
in equation 83 for ions and neutral particles in a Maxwell-Boltzmann
distribution. This constant is the reaction-rate constant for

symmetric charge transfer.

2]

Rapp and Francis' theory. The Rapp and Francis theory (Ref 38)

-
for the low-velocity region, v & (lgr is a modification of the

My n
Gioumousis and Stevenson theory (Ref 36). Rapp and Francis say that
the charge exchange probability is 0.5 for symmetric-charge-transfer E
reaction resulting from impact collisions (Ref 38). By multiplying
this factor of 0.5 times thé Gioumousis and Stevenson cross section

of reaction given in equation 82, Rapp and Francis give a lower bound

cross section for symmetric charge transfer shown in equation 84.
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