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GASEOUS THER.t"!AL ELECTRON REACTIONS 

Charles E. Young 

Inorganic Materials Research Division, Lawrence. Radiation Laboratory, 
and Department of Chemistry 

University of Cn.l:i.fornia, Berkeley, California 

ABSTRACT 

We have employed a microwave cavity resonance technique to study 

the rate of disappearance of gaseous electrons in the presence of molecules 

which can capture them to form negative ions. Electron concentration:;; 

of 10 T to 108 per cc were produced by photoionization of a small amount 
0 0 

of NO w·ith a single pulse of l216A or 1236A light from microwave discharge 

in hydrogen or krypton, respectively. Experimental conditions also in-

valved the presence of 1 to 100 torr of inert gas, which permitted the 

electrons to reach quickly a Maxwellian energy distribution corresponding 

to 300°K, and reduced the diffusional loss of electrons. 

Under these conditions, electron attachment to SF6, c
7

F14 and c
3

F8 
was observed to correspond to a two body process with rate constants of 

-1 8 8 -8 -12 I . . 2.7><10 , • XlO and 8.8Xl0 cc molecule-sec, respectively. Attach-

ment to c2F4 and SiF4 appeared to be a three body process but estimation 

of rate constants was less accurate. 

The effectiveness of various inert gas molecules in producing three 

body attachment of electrons to NO was also investigated. For He, Ne, N , 
2 

Ar, Kr and.Xe, measured three body rate constants were, respectively, 

'2.2xlo-32 , 1.8xlo-32 , 3 7><. Jo-32 3·2 o-32 6 -32 -32 
. • . . 1 • Xl , 0. 5Xl0 and 10. 3Xl0 

(cc/molecule)2 sec-:"1• 

Analysis of the data :required us to correct for amhipolar diffu;;ion 

hut not for ion-electron rE·combination. A short computer study simu1ating 



was the conditions for our experiments on attachment to .SF6 and c
7

F14 

useful in determining the error involved in estimating attachment rates 
c 

from electron decay curves. 

/ 

'.;' 
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1 •. INTRODUCTION 

The proces.ses by which electrons may be captured in weakly ionized 

gases are of considerable practical and theoretical importance. Such 

processes are important in the earth's ionosphere, to take one example of 

an area receiving considerable attention at present. It is often more 

convenient and illuminating to study gaseous electron capture in the 

laboratory where, hopefully, experimental conditions can be chosen so that 

a single process of interest predominates. 

· In the past, in studies of low energy electron capture by neutral 

·molecules, electron beam and drift tube methods have been used most 
I 

often. In electron beam work, the retarding potential difference teclmique
1 

has achieved energy resolution of .l to .2 eV, which is still objectiona;bly 

wide for studying narrow resonant capture processes. In addition, a 

reliable calibration of the energy scale is hard to achieve. In drift 

tube methods, the electrons move under the influence of an applied elec

tric field. A variation of this method2 has permitted the use of an 

electric field small enough for the electrons ·to be near thermal energy. 

In either the electron beam or the drift tube technique, the energy 

distribution of the electrons is non-Ma.xwellian.3'
4 

The microwave cavity method used in our research was originally 

developed by Biondi and Brown at MIT. 5 It has the advantage that the 

microwave probing signal power can be kept low enough so that the thermal 

Maxwellian distribution of the electrons i~ undisturbed. If desired, 

signal power can be increased, which should simply raise the effective 

temperature of the electron energy distribution. 6 The usefulness of the 

microwave method for observing thermal electron attachment was demonstrated 
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by Biondi 7 in a study of the process ~ + e ~ I- + I. 

Our experimental program divides into two sections. First w·e 

studied the rate of attachment ·Of thermal electrons to the fluori.ne, 

compounds SF 6, c
7

F 14 , c
3

F8, c2F4, .and SiF4• This' study increased the 

estimate of the attachment eros!'! sections f9r SF6 .and c7F14 as well as 

giving information about the rate and mechanism of attachment to the 

smaller fluorine compounds. The second part of our program comprised 

studies of the relative efficiencies of various inert gases in producing 

three body attachment to NO. These results are discussed in Chapter 5. 

Earlier chapters describe various aspects of the experimental technique 

and data analysis. 

. j 
1 
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2. EXPERIMENTAL 

A general view of the apparatus is given in Fig •. 1. Details con-

cerning various compo:hents will be given in later sections. The electron 

attachment reactions being studied take place in the reaction cell contained 

in the detection cavity~ The gaseous system being ~tudied is loaded into 

the reaction cell by means of a.conventional gas handling system. At the 

instant that electrons are produced in the reaction cell by photoionizing 

radiation from the pulsed lamp, a single sweep on the oscilloscope is 

triggered and a continuous record of free electron concentration vs time 

is obtained on the CRT. This is photographed w'i th a Polaroid camera for 

later analysis. 

2.I Gases and Handling Procedure 

The gas handling system, shown in Fig. 2, was constructed of Pyrex 

glass.· A merctiry diffusion pump with liquid nitrogen trap, backed by a. 

-6 
conventional rotary mechanical pump produced vacuums ~f better than 10 

torr. Stopcocks were greased with Apiezon N and when new· grease had been 

outgassed sufficiently, the system showed a pressure-rise rate of about 

-6 3Xl0 torr per hour when isolated from the p~s. Two mercury McLeod 

gauges were available for pressure measurements given by 

.Gauge (l) 3.·14xlo..;6 2 p = X 

Gauge (2) l.45Xl0-4 2 
p = X 

where p is .in torr and x is in m. m. 

In addition there was a mercury manometer for measuring pressures 

above a few· torr. Ball joint connectors provided a means for attaching 

to the system various pyrex flasks of gas for Use in filling the lamp or 

reaction cell. 
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The NO used in these experiments was cylinder grade and traces of 

N02 present had to be removed. A.removable flask containing NO and N02 

frozen out at liquid oxygen temperature (-183°C) was attached to the 

vacuum line by a ball-socket joint and NO was distilled into the trap of 

a reactant flask, the trap being maintained at liquid nitrogen temperature 

( -196°C ). N02 has a negli~ible vapor pressure at -183 °C and remains 

behind in the trap as do traces of N20, N2o
3 

or N2o
5 

which may be present. 
8 

The contents of the -183 °C trap were removed by auxillary roughing pump 

to avoid contact between N02 and mercury in the main vacuum line. Dis

tillation of NO was repeated at least 3 times with initial and final 

portions discarded. In addition, NO was frozen out at -196°C and pumped 

on several times for periods of a few· minutes. · After this preparation, 

small amounts of NO solid had a pale blue color and conformed within the 

accuracy of the gauges to the expected vapor pressure at -196°C.9 

Commercially obtained in lecture bottles were SF6 from Matheson and 

c
3

F8 and c2F4 from Peninsular Chern Research. The c7F14 used was kindly 

supplied to us by Professor Joel Hildebrand. SiF4 was prepared by heating 

. . * 
K2SiF6 under vacuum and collecting the gas given off. Be~o~e each of 

the above gases was studied in attachment experiments, it was distilled 

from an appropriate low·-temperature bath into a reactant flask on the 

main vacuum line. 

Inert gases used were reagent grade obtained from Airco or Linde in 

one-liter pyrex flasks with "breakoffsky" seals. Hydrogen used in the 
V' 

lamp was cylinder grade. V 

* A mass spectrum of this gas was run· showing a strong SiF
3 
+ peak 

indicating that the gas was mainly SiF4• Traces of o2 , N2 and 

possibly co2 were present. 
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2.!1 Reaction Cell Loading Procedure 

The l?rge attachement cross sections of sF6 and c
7

F14 necessitated 

-6 the use and measurement of pressures of the order of 10 torr. To accom-

plish this a small Closed vessel was attached to McLeod gauge ( 1) through 

stopcock B (Fig. 2). A large expansion flask of about 5 liters volume 

was attached to the vacuum line. For convenience we shall describe an 

experiment with sF
6 

although the procedure was the same for c
7

F
14

• 

After pumping on the entire system for several hours, we isolated the ex-

pansion flask, reaction cell, and all gauges except (1). With the main 

valve to the pumps 'closed, a f~'W' microns of SF6 w·ere permitted into the 

system. This was usually done by freezing the SF6 out with liquid oxygen, 

opening the SF6 flask's stopcock and then removing the liquid oxygen 

bath for a few seconds before closing the stopcock to the SF 6 flask. The 

pressure of SF6 was then measured with gauge (1) and stopcock B then 

closed. The remaining s:F6 could then be pumped away and the stopcocks 

leading to the reaction cell expansion flask and the other gauges re-

opened. After a few minutes, the valve leading to the pumps was again 

closed and stopcock B opened. The new pressure of sF
6 

was calculated 

from a previously determined expansion factor (2.15Xlo-3 ).. Stopcocks 

to the expansion flask and gauge (1) were now closed. Then gaseous NO 

in equilibrium with solid at -196°C was allowed to enter the system by 

opening the stopcock to its containing flask for about 5 seconds. NO 

pressure (equilibrium value about .085 torr) was measured with gauge (2), 

which was then isolated from the main line after a few minutes were 

allowed for diffusional'mixing cif SF6 and NO. Helium was then let into 

the system until the total pressure was about 18 torr. About 5 minutes 

more (at least) was allowed for diffusional mixing before experimental 
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data were tal~en. 

For c
3

F8, c
2

F4 and S~F4 , pressure of these gases were in the micron 

range and the loading technique was slightly modified. The expansion 

flask was not required and was kept isolated. After taking the pressure 

reading with gauge (1), stopcock A was closed and the fluorine-containing 

substance was trapped out in a cold finger at -183°C. This was thought 

desirable since the higher pressures used here increased the possibility 

of contaminating the NO supply during the time NO was let into the system. 

After the NO pressure had been measured the fluorine-containing substance 

was allowed to evaporate again. The rest of the procedure followed that 

given before. Of course, in later work on NO alone, the NO was simply 

released into the system and its pressure measured with gauge (2). 

2.III The Pulsed Lamp 

The lamp shown in detail in Fig. 3 consisted of a quartz cell 2.5 

em in diameter with a LiF window sealed on with epoxy. cement or silicone 

resin. Power for creating an electrical discharge in the lamp is supplied 

to the microwave excitation cavity through S band waveguide from a pulsed 

magnetron. A pyrex and lucite water jacket helps attenuate stray micro

wave power ·f:tom the lamp cavity which would otherwise penetrate the detec
1

-

tion cavity and cause undesirable discharge in the reaction cell. Tubular 

metal ears on both cavities act as waveguide below cutoff and help to 

prevent microwave power leakage between cavities. 

In our early experiments (sF6, c
7

F14), both lamp and reaction cell 

were sealed to the same LiF w'indow w·ith Armstrong c7 - W epoxy cement. 

Kr gas was used in the lamp, usually in the range 10~40 torr in order to 

reduce the power leakage from the excitation to the detection cavity. 

The Kr lamp emits its principf).l ionizing radiation at 1236A (10. 0 eV). 

v 
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Later it was decided to separate the lamp and the reaction cell by about 

2 mm and use hydrogen in the lamp, the. pressure being in the range 10-30 
. 0 

torr. The 1216 A Lyman a line provides the principal radiation for NO 

ionization and much of the remaining radiation from the lamp is attenuated 

by atmospheric oxygen bands. Although most of the photons of energy 

10 greater than 9.2 eV absorbed in NO produce ionization, it is desirable 

to reduce the possibility of photodissociating the N011 which is ener-

getically possible above 6. 5 eV. 

The electronic circuit for the pulsed magnetron system is given in 

Figs. 4 and 5. The pulse forming network is charged to 8 kilovolts and 

is designed to be fired by a thyratron giving a square voltage pulse 

lasting 2. 5 microseconds. This pulse is transformed to 18 kilovolts and 

applied to the magnetron which has a peak power rating of 120 kilowatts. 

The damping diode prevents continued oscillation of the pulsing network 

after the initial 2.5 microsecond pulse. The duration of the lamp flash 

with respect to emission of ionizing radiation for NO was experimentally 

determined as about 40 microseconds by observing the initial rise of 

electron concentration with just NO and helium in the reaction cell. 

2.IV Electron Concentration Measurements 

The frequency counting apparatus is shown in the block diagram in 

Fig. l. This equipment consisted of a Dymec DY 5796 transfer oscillator, 

a Hewlett Packard 54o B transfer oscillator and a Hewlett Packard 524 p 

electronic counter with a 525 B frequency converter. As is shown in 

Chapter 3, the free electron concentration, n, in the cavity can be 

related to a shift, 6f, in the cavity resonance frequency, caused by the 

presence of the electrons. An evaluation of this relation for various 

experimental conditions has been given by Biondi.5 For our purposes, it 

·• 



.r· ·f, 

U5v A.C. 

-•'I 

30K 
2w 

•: 

IOp.f 

r---r 
To Variac 

2M 35w 

Amperex 
6279 

20 K 

6Kv">l/2w 

+ 

Fig. 4 Pulsed magnetron electronics (l) 

Each 68p.H 

5mH 

To Scope 
Trigger 
Input 

' ' '"\ 

Each 
.005p. f 

IOKv 

RG 14 A/U 
-

To Pulse 
Transformer 

I .._. 
f-. 
I 



Pulse 
Transformer 

Western E. 
RG 14 A/U D-163247 

~ • 

2p.f 
600v 

21v 

115 v A.C. 

22K 

Western E. 
705 

Damping 
Diode 

IK 

22K 

Fig. 5 Pulsed magnetron electronics (2) 

.25p.f 

Western E. 
706 AY 

To Waveguide 

. 
{_ ,) 

I 

\\) 
I 



-13-

is sufficiently accurate to assume that the electrons are uniformly dis

tributed in the reaction cell. This results in the relation 

ri = 6. ?4xlo-8 f l:::.f electrons/cc 

where n is the (uniform) electron concentration in the reaction cell and 

f is the cavity resonant frequency (2 n f = ro) and l:::.f is the frequency 

shift. l:::.f can be determined for experimental data such as in Fig. 6b 

by relating the displacement of the curve from its t = oo value to the 

frequency shift for a corresponding displacement in the A-B portion of 

Fig. 6a. The absolute electron concentration was not actually needed for 

the analysis of the electron attachment data (an exponential decay) but 

was useful for insuring that various restricting conditions were not 

violated (see Chapter 3). 
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3. BASIS OF THE EXPERIMENTAL METHOD 

). I. Conductivity of Ionized Gas 

Consider a cloud of gaseous electrons, negative ions, and positive 

ions with concentrations n , n , and n particles per cc respectively, 
e - . + ' 

satisfying a condition of approximate charge neutrality n + n - n - 0. 
. . e - ·. + -

We refer to such ' an assembly as a plasma, noting that there may also be 

various uncharged species present. For electromagnetic methods of de-

terrnining the electron concentration in the bulk plasma to be effective, 

the plasma must act as a transparent dielectric to the probing wave. 

The important parameter, in this connection, is called the plasma frequency 

2 
wp = 4 n

9
e /m cps, where.m and e are, respectively, the electronic mass 

and charge. If the angular frequency of the probing signal, ill, is 

greater than ~' the signal can pass freely through .the plasma; if ill < Ulp' 

serious ·reflections occur near the plasma boundary. For the probing 

frequency employed of about 3150 Me/sec, the above condition places an 

. ' ' ll 
upper limit on measurable electron concentrations of about 5Xl0 elec-

trons per cc. It will be seen later that other considerations reduce 

this estimate somewhat. 

For ill> wp it is meaningful to define a conductivity a = ~~where 
,' . t 

!! represents the current density due to free electrons and E = E€1.£.1) 

refers to the electric vector of the applied high frequency field. In 

general, a is complex, containing contributions both in phase and 

quadrature with the applied field. 

High frequency conduction and dispersion in plasmas has been extensively 

investigated theoretically. 6' 12 -20 Margenau17 has shown how to derive 

the relation between the velocity distribution and the complex conduc-

tivity under fairly general conditions.· . One need· only assume that the 
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distribution of electrons in coordinate and velocity space does not change 

in time over an interval long compared with the microwave period. It 

is noted that the velocity distribution of the electrons may correspond 

to a·temperature which is not that of the ions and .molecules. Also the 

electron velocity distrib~tion may assume non-Maxwellian forms. If the 

distribution ~ction, f(~), is expanded in spherical harmonics keeping 

only :first-order terms, we have 

:f(v) = f (v) ~·'"'I v (f
1

(v) - ig
1

(v))Eirut 
- 0 X 

(3rl) 

where '"'I = eE/m, e and m being the electronic ·Charge and mass, and E the 

e~ectric field strength (directed in the x direction). The Boltzmann 

21 transfer equation 

o:f D:f 
dt = Dt (3-2) 

provides, after some-manipulation, a relation between the isotropic part, 

:f
0

, and the nonisotropic parts, r
1 

and g
1

, of the velocity distribution 

fUnction. From this is obtained an expression for the conductivity 

-nev 
X 

0' = ""E = -

2 
ne J o ( 

=3m dV 
v - iru 

2 2 
ro +v 

) ) 4rrf~ dv 

(3-3) 

(3-4) 

~here :f0 represents :f when unperturbed by the electric' field, and the 
. 0 0 . 

normalization condition is J 4rrv
2

"f
0 

dv = l. The momentum trans.fer 
0 

. 22 
collision :frequency for collisions o:f electrons with molecules and 

tons is represented by v. In general, it depends on the types of 

molecules and ions present and on the electron velocity, v. (In fUture 
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equations, when n appears without subscript, it refers to the free 

electron concentration.) From the mass dependence of Eqs. (3-3) and (3-4), 

we see that contributions to the conductivity from ions present would be 

expected to be negligible, compared to the electronic contribution. 

Equations (3-3) and (3-4) have been derived previously under less general 

6 assumptions than here. 

Several special cases are useful. 

(l) v not a function of v. This assumption is not very accurate 

physically, but leads quickly to a formula for a which is a useful 

limiting case: 

_ ne
2 (v - iill) 

a - m 2 2 
ill +v 

(3-5) 

This is the Lorentz expression, derivable from the simple velocity-damped 

-oscillator equation 

2 
d X+ m- vm 
dt

2 

The case v << ill is a good approximation in many gases at pressures of 

a few tens of torr, giving the result 

. 2/ a = -1.ne IJl.l) (3-6) 

(2) Electrons uniformly distributed in energy in the interval 

0 < v < v1• In this case17 

which is the same functional form as in the Lorentz formula but refers 

to the collision frequency v 1 , of the fastest electrons in the distribution. 
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(3) Electrons form a Maxwellian distribution at arbitrary temperature 

T. In this case 

2 ne a=-. 
m 

8 roo 
3 .frr (..fa (3-7) 

where u = (m/2kBT)v and kB is Boltzmann's constant. Expression (3-7) 

has been evaluated6 in terms of tabulated fUnctions and the following 

limiting approximations are useru123 

2 
( 2 2) ne v >> ro a. = -mro 

(3-8) 

(3-9) 

An earlier investigation6 showed that under the weaker assumptions that 

the electrons can only acquire energy from the external electric field and 

can only undergo elastic collisions with gas at temperature T, the dis~ 

tribution fUnction f is obtained as 
0 

lnf 
0 

2 !!! d(v2) 
= -fv _2-----:~-

M·l>-.2 
O kBT + 2 2 2 

6(v +ro :\ ) 

(3-10) 

where :>.. = v/v , 'Y = eE/m, and M is the mass of a gas molecule. If the 

second term in the denominator of Eq. (3-10) is negligible with respect 

to ~T, the distribution is clearly Maxwellian. Further, numerical 

investigation shows that in the entire range ~T ~ My
2/6ro2 the distribu

tion fUnction f is closely approximated by a.Maxwellian distribution 
0 
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corresponding to a temperature T' = T(l + My
2/6m2

kBT). In our apparatus, 

during an electron decay experiment, it is true that the probing field 

is the only source of energy for the thermalized electrons. Also the 

approxtmation of elastic collisions only may be reasonable. We shall 

use the above criterion later to estimate the maximum-desirable field. 

strength in the microwave cavity. We note in passing that for sufficient-

ly large electric field strengths, the distribution function for the 

electrons 

f :::: A€ 
0 

. 4 2 2 2 
3m(v +2ro A. v ) 

2My2A.2 

resembles the D~yvesteyn distribution. 

f... was assumed constant. 

To obtain f from Eq. (3-10), 
0 

3.II. The Microwave Cavity 

In our experiments, the electron reactions studied take place in a 

quartz cell which is contained in a cylindrical microwave cavity, as 

shown in Fig. 3. Maxwell's equations, when solved for the case of a 

region surrounded by metallic boundaries give rise to eigenvalue equations 

which determine the set of possible wavelengths and corresponding field 

configurations in the cavity. Results for many practical cavities have 

24 
been tabulated. By supplying the microwave energy of frequency corre-

spending to a particular mode of oscillation in the cavity we -can excite 

that mode preferentially. Because of imperfections in the cavity such 

as coupling holes to the waveguide,·we cannot eliminate interaction 

between modes, i.e., we cannot suppress undesired modes completely. 

For a cylindrical resonator of radius R and height h with 

completely closed, perfectly conducting walls:, the resonant frequencies 
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and corresponding field configurations are given below. 

Transverse Magnetic Modes: 

B (r, ¢, z) "" 0 z 

(1) 
mnp 

p = o, l, 2, 

m = 0, 1, 2, 

n = 1, 2, 3, 

(3-ll) 

where J is the Bessel function of order m, x is the nth root of 
m mn 

10 
J (x) = o, and c "" 3Xl0 em/sec. 
m 

Transverse Electric Mbdes: 

E (r, ¢, z) = 0 z 

·ro = cj (x~/R)2 + (J!Tf/h)
2 

mnp 

where x' is the nth root of J'(x) = o, c 
mn m 

(3-12) 

p = 1, 2, 3, 

m = o, l, 2, 

n = l, 2, 3, • !' • 

10 = 3Xl0 em/sec. 

In the above, the axis of the cavity is taken to be along the z axis. 

The actual cavity used has walls of finite conductivity containing various 

holes all of which tend to shift the observed resonant frequencies from 

the values which can be calculated from the above formulas. The field 

configurations are likewise perturbed. In a. case where actual measurements 

w·ere carried out, using probe techniques, on a cavity similar in shape 

-· 
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to ours, the fields were found to conform closely to the ideal values, 

t th . f" 25 excep very near e upper or1 1ce. 

As shown in Eq. (3-18), the measured electron concentration is 

actually an average over the spatial electric field distribution in 

the cavity. For this reason it is desirable to have the electric field 

relatively uniform in the region of the cavity containing the free 

electrons, i.e., close to the axis of the cavity. The TM010 mode of a 

cylindrical cavity proves to be convenient for this purpose, the E field 

being parallel to the cavity axis with spatial distribution given by 

Ez(r) = EJo ( x~l r ) (3-13) 

independent of z or¢. Calculations with Eqs. (3-11) and (3-12) show 

that for the dimensions of our cavity the supplied frequency of 3150 Me/sec 

is consistent w·ith the excitation of the TM
010 

mode, to the exclusion of 

all other TM and TE modes except possibly TMblp ·modes with p = 1,2, •••• 

Experiments involving the insertion of dielectric material into the 

resonating cavity seemed to eliminate the possibility of many axial nodes 

in E • Since axial variation of electron concentration in the cell should z 

be small, averaging over the fields for TM
010 

and TM
011 

modes, for example, 

should give nearly the same answer. Hence, for calculation of field-

averaged electron concentrations, it was assumed that the 'JJI.blo mode ·· 

was exclusively excited. 

Near a particular resonant frequency, m ; of the cavity, it is a 
0 . . 

good approximation to write the cavity impedance as the sum of a term 

z1 , slowly varying with frequency plus a term exhibiting resonance26 
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l/Qext 
(3-14) z = zl + 

i (: -
(l) 

1 [J.. • E dV ~)+!+ -· (l) Q € (l) 
J~ . E dV 0 0 0 

where ro and Q are the resonant frequency and Q of the cavity when no 
0 

perturbing current density J is present. € is the permitivity of free 
- 0 

space and the integration is over the enclosed volume of the cavity. 

Q t refers to losses external to the cavity and is related to Q through ex 

a coupling parameter ~ by 

The final term in'the denominator of Eq. (3-14) results from the 

presence of free electrons in the cavity. As these electrons disappear, 

they produce a time-dependent shift 6ru in the resonant frequency of the 

cavity plus a time-dependent change in the loss 1/Q expressed by26 

" 

6(1/Q) - 2Jbm/ro 
. 0 

l 
=--

€ (l) 
0 0 

f.J • E dV 

flf • E dV 
(3-15) 

Splitting the conductivity a into its real and imaginary parts 

(a = a + ia.), we derive from Eq. (3-15) r 1 

26m l [ a. E2 dV 
1. = --(l) € (l) 

J E2 dV .0 0 0 

and 

~:::.(1) l far~ dV 
= Q € (l) f E

2 
dV 0 0 

(3-16) . 

(3-17) 

Using the expression for a from Eq. (3-5), noting that ro :::.ro, we obtain 
.. 0 

from Eq. (3-16) 

"'~ 

' .. ~ 

'• 
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1 fn(E_,t)/(r)dv 

J /(r) dV 
(3-18) 

where the dependence of n on spatial and time variables has been empha-

sized. We see that direct measurement of (t:tn/ru
0

) as a function of time 

can yield the time variation of electron concentration averaged over the 

electric field in the cavity which we shall call (n) • A method employing 

this approach has been given by Biondi.5 Essentially, one point on a 

!:Y.n vs. time curve is obtained for each electron decay experiment by ob-

serving the time at which the power absorbed by the cavity increases 

sharply, indicating passage through resonance. This time is varied by 

shifting the probing frequency slightly from experiment to experiment 

thus obtaining a complete 6m vs. time curve. This method has drawbacks 

for experiments on systems whose chemical composition 'may change as the 

result of the photoionization or electron decay processes since the 

electron decay curve obtained would not be characteristic of the gas 

initially present. 

The microwave apparatus employed in our research, shown schematica,lly 

in Fig. 1, was designed to permit a continuous record of electron con-

centration as a function of time during a single electron decay experi-

ment. A PRD Electronics type 815 klystron pow·er supply was employed fQr 

supplying the cathode and reflector voltages to a Raytheon RK707B reflex 

klystron which,was adjusted to operate at about 3150 Me/sec in a frequency 

band containing the cavity resonant. frequency. A special D.C. power 

supply was constructed for supplying heater cur~ent since it was found 

'that objectionable 6o cps variation of the output frequency could thus 

be conni.de:ro.hly t:mpr>reRoP.d. 1:'he dlrectiona.J .:i.aolator reriuceo the 
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influence of the rest of the microwave circuit on the klystron output 

frequency. A small amount of power is bled off for the purpose of 

. frequency determination and the rest is passed through a 0 to -20 db 

nttenuator to the Pound27 discriminator circuit. Essential to this 

circuit is a "magic T"24 w·i th its collinear arms terminat~d in the 

resonant cavity and an adjustable tuning short a.nd microwave detectors 

mounted on the other two arms. The signal from the detectors is sent 

into a type D differential amplifier of a type 545 Tektronix oscilloscope. 

In the "magic T", the incoming probing wave splits equally between the 

collinear arms resulting in waves of the same phase. If the collinear 

arms were terminated in identical impedances, no microwave energy could 

reach the detector. on the vertical arm, whereas if one of the impedanc~s 

introduced a 180° phase shift, all the reflected energy would reach the 

vertical detector. In practice, the tuning short is adjusted so that 

the detectors each see the same signal strength when the signal frequency 

is held exactly at the resonant frequency of the cavity or far away from 

that frequency. If the klystron frequency is increased linearly with 

time by adding a small sawtooth contribution to the reflector voltage, 

a typical discriminator pattern, shown in Fig. 6a, can be obtained on 

the oscilloscope. It should be noted that near the resonant frequency, 

reflector voltage change and ~lystron frequency change are proportional. 

The region of linear variation between points A and B is of special 

interest to us. In performing an electron decay experiment, one fixes 

the klystron reflector voltage at a position corresponding to point B 

on the discriminator curve. When free electrons are produced in the 

cell by photoionization the resonant frequency Glf the cavity is shi:f'ted. 

Alternatively, we can say that there is a large contribution to the 

/1 
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imaginary part of the denominator in expression (3-14) giving rise to a 

shift in the ·phase of the cavity impedance. The effect on the signal 

reaching the detectors closely reproduces the situation where the klystron 

frequency is swept. A typical single sw·eep trace on the oscilloscope 

starting the instant that the lamp is fired is shown in Fig. 6b. The 

. initial rapid rise of e·lectron concentration following the firing of 

the lamp takes place in about 40 'IJ.Sec and is barely observable on the 

time scales usually employed to observe electron decay. For initial 

concentrations of 107 to 108 electrons per.cc used in our experiments, 

the oscilloscope trace showed deflections within the linear region A-B. 

In some preliminary investigation, larger initial electron concentratiQns 

were produced, resulting in deflections corresponding to the portion C-B 

of the discriminator curve. This resulted in oscilloscope trac·es similar 

to that shown in Fig. 6c, where the rising and then falling curve 

corresponds to monotonic decrease in electron concentration. Such large 

electron concentrations were not employed during quantitative measure-

ments on electron attachment rates. 

3.III. Range of Applicability 

In expression (3-14) it is assumed that the term representing 

electron current represents a small perturbation of the cavity. This is 

equivalent to the condition lal << ~. As a useful approximation, 
. 0 

consider the case where the frequency, v, of electron collisions with 

the gas present is much smaller than the angular frequency, ill, of the 

E field (a condition satisfied for most of the experiments performed)~ 

W~ then obtain the requirement 

2 2 -10 2 . 
n << mru €

0
/e = 3.2x10 w electrons/cc. 
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This condition requires electron concentrations much less than 1011 per 

cc at the employed frequency. 

A detailed consideration of further limiting factors has been made 

b P 
28 y ersson. For the case v/m << 1, the upper limit on electron denGi ty 

is determined by the electric polarization of the plasma, which corre-

sponds to "plasma resonance" mentioned in Section 3. I. For an error of 

less than 5% in the measurement of electron concentration at 3000 Me/sec, 

the permissible maximum value is about 6x1o9 per cc. The lower limit 

for measureable electron concentrations is determined only by the minimUm 

cavity perturbation which can be observed. In our case, the limiting 

factor was a small 60 cps fluctuation of the klystron frequency about 

its steady value, caused by small residual ripples on its various D. C. 

voltages. However, initial concentrations of 107 electrons percc could 

be comfortably observed over a factor of 10 decrease. 

When v becomes comparable with m, or larger, one must co~::;_i..Q,e:r~the 

effect of the plasma in exciting higher modes in the cavity. It is hard 

to get a quantitative estimate of this effect but for the most extreme 

case considered by Persson,
28 

the maximum electron concentration is placed 

at about 2x1o8 electrons per cc. Higher electron concentrations than 

this were not employed in our experiments. 

From the expression derived following Eq. (3-10), we can obtain a 

limit for the maximum power which can be used in the probing signal con-

sistent with the electron temperature being close to that of the gas, 

i.e., about 300°K< Following the procedure suggested by Oskam,23 we 

denote by P
0 

the power fed into the cavity at resonance and by definition 

of Q 
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(3-19) 

where the integration is over the cavity volume. Equation (3-19) con-

2 2 2 I 2 verts the inequ~lity for the field E << 6m w kBT Me to a condition 

on the power 

where E has been taken to be its maximum value in the cavity for the· 

TMblo mode and T is the gas temperature. In our case this reduces to 

P << 510/A 1.1. watts 
0-

(3-20) 

where A is the molecular w·eight of the gas. In deriving this, Q was 

taken to be the loaded Q of the cavity evaluated as ~5000 from direct 

bandwidth measurement. Measurements on the apparatus with a bolometer 

mount replacing the connector to the cavity showed that the maximum 

power reaching the cavity was 0.32 m.w. with the variable attenuator 

at 0 db. During attachment experiments, there is further attenuation 

of -15- db putting the maximum value of P at about 10 !.J.W. At this 
0 

setting,· the electron temperature should be close to the gas temperature, 

at least for experiments in He and Ne. The above analysis is admittedly ; 

rough since such effects as coupling to the cavity and electron collisions 

have been neglected. In general, the experimental data showed little 

d~pendence on power-level increase by a factor of 30. 

As mentioned before, most of the experiments in this research 

were carried out at low enough pressures so that the electron collision 

frequency is small compared with the microwave angular freq~ency. A 

simple discussion shows why this is desirable. For convenience in this 

discussion, we evaluate expressions (3-16) and (3-17) using the simplified 
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and 

6(1/Q) = {n(t))e
2 

. 2 
m E ro 

0 0 
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1 

1 + ( v/ro) 2 

2 
1 + (v/ro) 

(3-18) 

(3-21) 

EXpressions (3-18) and (3-21) contribute the imaginary and real incre-

ments, respectively, in the denominator of the resonant impedance 

expression (3-14). Since only .the slope of a plot of ln (n(t)) against 

t is required for obtaining the electron attachment rates, the factor 

1/[1 + (v/ro)2 ] which remains constant in time should not be expected 

to influence the results. 
2 

How~ver, for (v/ro) >> 1, the perturbing 
\ 

effect of free electrons in the cavity is reduced by the factor 

2 1/[1 + (v/ro) ] so that eventually the difference signal from the detec-

tors becomes lost in background noise. This effect was observed experi-

2 mentally for Kr and Xe, where (v/ru) is large in the pressure region 

used. Also, we must consider energy losses in the cavity when v becomes 

comparable with ro. Expression (3-21) has a maximum at v = ro, at which 

point (1/Q) = 26ru/ru • 
.· 0 

Experimentally, I -5 t::m1 ro is about 5xl0 , i.e., 
0 

about 25% of the value of 1/Q. Consideration of Eq. (3-14) indicates 

that a non-negligible 6(1/Q) should introduce an apparent decrease in 

the phase shift, this error decreasing with (n). This would give a 

curvature to the data on a logarithmic plot such as shown in Fig. 7a. 

In fact, a slight curvature was observed but it occurred at late times 

(Fig. 7b) and did not vary from gas to gas. This curvature is attributed 

to another cause (see Chapter 4). 

·., 
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Fig. 7 Electron Decay Curv"s (a) Illustrati~e (b) Typical Data for CTl4• 



-30-

Table l contains the parameter R = cr.(P)/cr.(O), where a is written 
l l . 

as a function of the gas pressure p which is proportional to v. For 
• 2 

cr.(O) we use -ne /rrw. In obtaining Table I expressions (3-8) and (3-9) 
l 

were employed, except for 10 > (v/ro)
2 > 1/10, when the exact expression 

(3-7) was used. Values of v as a function of p were obtained from a 

published study of collision probabilities by a microwave method. 29 Table 

l gives an estimate of the pressure at which substantial reduction of 

signal can be expected. It was qualitatively in agreement with experi-

ment. 

·-

J 
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Table l. Pressure uependence of a.(p)ja.(O) for ,, .. -~ 
Maxwellian distribution ~· 1 

,._ ... 

Gas 
Pressure (torr) 

100 50 20 10 

He • 40 • 79 .90 .98 

Ne -93 .98 1.00 1.00 

Ar .97 -99 1.00 1.00 

Kr .o6 .22 • 66 .81 

Xe .oo8 .028 .15 • 41 

N2 • 54 . 88 .94 -99 

f.; 
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4. FACTORS INFJJUENCJNG THE ELECTRON DECAY RATE 

4. I Thermal Equilibrium 

All the processes involving the decay of gaseous electron concen-

tration are dependent on the electron energy. In this section~ we 

show that the electrons can be expected to came to thermal equilibrium 

with the surrounding gas molecules in a very short time compared with 

the time constant for electron decay. For electrons produced through 

the photoionization of NO by the 1216 X Lyman a line, the maximum 

initial kinetic energy is about 0.9 eV. This is large compared to 

the average energy of thermal motion at 300°K which is .039 eV. In 

elastic collisions between fast electrons of kinetic energy u and mass 

m and gas molecules with thermal kinetic energy and mass M, the average 

fractional decrease in the electron energy should be close ,to 2m/M 

since m << M. Denoting thermal energy by ~' we have 

du 
dt 

::: v/"A. (4-1) 

where electrons of energy u have velocity v and their mean free path in 

the gas is "A.. Following a calculation by Osk~, 23 we consider the case 

where the mean free path is independent of electron velocity. Equation 

(4-1) becomes 

dv 
::: 

dt 

where 2 
(2/m) VT ::: 

v(t) ::: 

where C = 
v 

0 

v 
0 

(m/W.) 
2 2 

(v - VT ) (4-2) 

UT, The solution to ( 4-2) is 

v'T 
egt + c 
gt 

e - c 
( 4-3) 

and g (2m/M) vT/"A., v
0 

peing the velocity at t = 0. 
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If we wish to know how much time is required for u to come within lo% 

of uT (i.e., for v to come within about 5% of vT) we obtain the requirement 

t > 3 0 72 ( 4-4) 

where we have used the fact that C z 1. With 1 the mean free path at 
. 0 

a pressure of 1 torr, p the actual gas pressure and A the molecular weight 

of the gas, we obtain 

t > 2.94 X l0-4 A (1 jp) 
0 

( 4-5) 

- 29 
Usinc; microwave data on thermal electron collisions we obtain, for 

example 

Helium: 1 = .053, t > (62/p) x 10-6 sec 
0 

Neon 1 = .303, t > ( 1800/p) X l0-6 sec 
0 

Xenon 1 = .5)5 X 10-2 
t > ('214/p) X l0-6 

sec 
0 ' 

In obtaining the above estimates, we have ignored the possibili~y of 

inelastic collisions with_moleculer.; present. F:lectrons with 0.9 eV 

energy can excite the v = 3 and lower vibration levels in NO as well 

as many rotational levels. Drift velocity measurements give an estimate 

of the average fractional energy loss, o, due to collisions of electrons 

of mean energy € with gas molecules. 30 Data from ref. 30 for electrons 

in NO is given below. 

- (eV) 10
4 

E 0 X 

.2 110 

.4 390 

.6 450 

.8 38o 

1.0 ~20 
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It is interesting to consider the ratio of the fractional excess energy 

loss due to elastic colli::Jions with He at 20 torr with the corresponding 

loss due to inelastic collisions with NO at 85 microns. For ~ = .4 eV, 

this ratio is 

20(2 m/M) 
.085 8 

X 10-4 
= 1.65 

X 10-

, Furthermore, collisions with the principal attaching gas, when 

other than NO, will contribute to the thermalizing of fast electrons 

in addition to producing direct attachment. We conclude that actual 

thermalizing times may be somewhat shorter than predicted by (4-5). 

All attachment studies with fluorine-containing molecules were 

carried out :With about 18 torr of helium present to reduce diffusion 

loss of electrons. Even in the worst case (SF 6 at highest pressures 

studied), Eq. (4-5) predicts thermalizing times of less than 20% of 

the electron decay time constant. For experiments in NO alone the 

much slower attachment rate meant that thermalizing times were neglibile. 

Equation (4-1) can also be.solved easily if it is assumed that the 

electron collision frequency is independent of the electron velocity. 

This assumption seems less reasonable than assuming constant mean free 

path and for helium gives an estimate of the thermalizing time about 

2. 5 times that predicted by Eq. ( 4-2). 23 

4.II Rate Processes 

Free electrons, in the presence of gaseous molecules and ions can 

disappear by diffUsion to the walls and subsequent neutralization there, 

by attachment to neutral molecules to form negative ions and by direct 

neutralization of positive ions. These processes correspond, respe_ctively, 
j 

to the first, second and:third terms on the right hand side of the 
. ' 
'' 
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following equation 

-\1· 
( 4-6) 

In r~q. (l~-6) and subsequent equations, we refer to electrons, nega-

tive ions and positive ions with subscripts e, -, and + respectively. 

We represent the density of electron current to the walls by r and 

particle densities by n. k and a are, respectively, the attachment 

rate coefficient :=md the rec'ombination coefficient. In general, these 

will both depend on the chemical composition of the neutrals and ions 

present and the energy distributions of all types of particles present. 

We shall assume, in thi:;; discussion, that the energy distribution is 

Maxwellian at 300°K. Since the number of positive io11s produced is 

equal to the number of free electrons, a is a second order rate co-

efficient for electron disappearance. The term involving a in Eq. 

(4-6) proved to be negligible in our experiments. Taking our initial 

electron density as less than 10
8 

per cc and setting a near the upper 

limit of known electron-ion recombination coefficients (lo-
6 

to lo-7 cc/sec), 

we obtain'an estimate of the maximum possible rate of decrease of electron 

concentration due to recombination. We conclude that electron ion re-

combination could be an electron removal process comparable with attach
·~ 

ment only for the sma.l~est attachment cross s.ections we studied, such as 

for attachment to NO itself. Even in the case of NO, there was no 
. \ 

e~perimental evidence that electron-ion recombination was important • 

Plots of log (n ) vs time showed a 'slight downward curvature such as e 

shown in Fig. 7b whereas a contribution from recombinat'ion would produce 

curvature in the oppo0ite direction over the entire range of t. We 

therefore drop the third term on the right in further discussion of 

Eq. ( 4-6). 



Above a minimwn density, usually taken to be 10 7 to 10
8 

particles 

per cc,
31 

we must consider macroscopic space charge effects in dis-

cussing the diffusion of char~ed species. Free diffusion coefficients 

. are about three orders of magnitude larger for electrons thnn for 

positive ions. This means that starting from initi8l chn rge neutrolity 

(n+ = ne) a condition will quickly be reached in which there is a net 

por;itive charr;e throu~hout most of the diffusion region, except near the 

walls where there is a narrow sheath containing an excess of electrons. 

The macroscopic deviations from charge neutrality give rise to electric 

fields which act on the char~ed pcrticles. If the particles are given 

electrostatic energies comparable to their mean thermal kinetic energies, 

free diffusion can no longer take place. Instead, the electrostatic 

force produced by the net negative cha.rge in the sheath and the net 

positive charge elsewhere in the gas retards the motion of the electron 

to the walls and accelerates the diffusion of the positive ions. 

It is helpful to make a brief calculation in one dimension comparing 

thermal and electrostatic energies. Consider a region in which there 

are only electrons of density n per cc. If the electric field is 
e 

parallel· to the x-axis, Poisson's equation for the electrostatic ~oten- : 

tial, V, is 

-47l11 e 
e 

wherP e is the charge on t.hr:· electron. If we take the electric field 

to be zero at x = 0, theri the electrostatic energy, W, of an electron 

at x is 

w 
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J<~quating the maGnitude ·of W with the mean energy of thermal motion· in 

onP. dimension, we have 

wlwrc T i.s the temperature in °K and kB is Boltzmann's consttmt. The 

di::;tance obtained by solving Eq. ( 4-7) for x is called the De bye length 

A.D' given by 

em. (4-8) 

If this model is applied to the electron sheath, it is npparent that the 

thickness of the sheath could not be much grenter than "n since the 

electrostAtic force tending to disperse the cloud of excess electrons 

would be large enough to repel electrons diffusing to the sheath at 

thermal energies. 

. -2 
1.2 x 10 em, which is small with respect to the dimensions of the 

diffusion region. 

Consider again the situ~tion where initially n+ = rie. If the initial 

chnrge density is large enough, a steady stAte will quickly be reached 

in which r ·strong enough space ch<,rge field is established to equalize 

the rates of diffusion for electrons' and pos:ltive ions. Provided the 

fraction of electrons lost in establishing the steady state is small 

( (n+ - ne)/ n+ ~ 0) the diffusion process can be described by simple 

formulae given in the next section ( "ambipolar diffusion"). At the 

other extreme, fo:r; a sufficiently small initial charge concentration, 

essentially all ,the electrons can be lost to. the walls without leaving 

behind a large enough positive space charge to produce a signific~mt 
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n~tnrcling field ("free di l'f'u;don"). At intermediate concentrations, a 

Gteady state may be reached but only after a period of free. diffusion 

which has considerably depleted the electron concentrc1t ion ( ( n+- n e)/ 

n+ ':: l). Such a case should show ~1 n initially rDpid. rr~te of cle ctron 

diffusion gradually decreasing to an ultimately steady rate. A short 

numerical investigation of the dependence of the electron diffusion rate 
• 

on initial concentration is described in Section 4.rv. 

4.III Ambipolar Diffusion 

Consider the case where electrons and a single species of positive 

ion are diffusing to the wa.lls or a vessel containing the charged par-

ticles as well as some neutral gas. We assume that a steady state has : 

been reached, in which there is a net positive charge in the gas, giving 

rise to an electric field, E (~:) which is large enough to prevent free 

diffusion but small enough so that the concept of mobility is meaningful. 

Mobility is the ratio of the drift velocity of a charged particle to the 

local electric field and is represented by the symbol K. ,Under the above 

conditions, the charged particle concentrations will decrease with time 

according to Eqs. (4-9) and (4-10) 

where 

r = e 

()n 
e 

~T""" = -

<Jn+ 

dt == -

DVh 
e e 

'V . r e 

'V • r+ 

KEn =D Vh 
e- e ae e 

:( 4-9) 

(4-10) 

--
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D,~' ])+ ru1d D arc constants for free diffusion. Equr1.t.ion (4-J.O) may be 

taken as a definition of ambipolar diffusion constants Dae and Da+" 

(Other symbols in (4-9) and (4-10) have the same meaning as in Section 

4.II~) The assumption that quasi neutrality is preserved in time gives 

- 9· (r - r ) ~ o + . e ...,.._ -
From this, we realize that we can put r = r = _r ' say, and similarly + e 

- --· 
n+ = ne = n and Da+ = Dae ::: Da. From Eq. ( 4-10) we get 

where we 

c -D) V'n, E = e +· 
- Ke + K+ · • n· 

have used the fact that D 

D = a 

K D+ + K+D e ·e 

Ke + K+ 

D 
'\ih = e 

-K -n e 

> > D+ and K > > K+. e e 

(4-ll) 

Also, we ha. ve 

(4-12) 

Using the Einstein relation between diffusion and mobility K/D = e/k.J3T 

where the partic;les with electronic charge e have temperature T, (kB 

being Boltzmann's constant) we have for the case of an isothermal plasma 

(Section 4.I) Da ~ 2 D+. The real advantage in using amibpolar diffusion 

coefficients is that the system of Eqs. (4-9) and (4-10) reduces to 

on 
dt :::: D ifn a ( 4-13) 

which describes the behaviour of either electrons or positive ions. 

The solution to Eq. (4-13) can be given in the standard form 

n(£, t) = z 
i=l 

C.X.(r) 
l l -

(4-14) 

where ci are .constants and Xi are eigenfunctions for the region in which 

diffusion takes place, satisfyine 
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cif + 1//\~) x. 
l l 

0 (4-15) 

The ./\.., known as the characteristic diffusion lengths, are eigenvalues 
]. 

corresponding to the eigenfunctions X. and are completely determined by 
]. 

the dimensions of the region in which Eq. (4-15) is solved. The Ti in 

Eq. (4-14) are given by D T. = a J. 

2 A .• 
]. 

A sufficiently good approximation to our experimental situation is 

to consider the electrons to be contained in an infinite cylinder of 

radius a. Then 

and 

2 
T. = (a/x .) /D 

1 01 a 

(4-16) 

where r is the radial co-ordinate, J is the Bessei function of order 
0 

' zero and x .. is the ith root of J (x) = o. It is often convenient to 
OJ. 0 

consider the case of diffusion in the fundamental mode [only the i = 1 

term present in Eq. ( 4-ll+)] since this is a simple exponential decay. 

We note that the higher modes decay rapidly with respect to the fun-

damental mode for example 

and 

for the infinite cylinder. In this case, when t = T1/2, the contribution 

of the second diffusion mode, relative to the fundamental mode, has 

decreased to 13% of its initial value. In addition to this, the con-

tribution of higher modes may be quite small even at t = o, since the 
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initial electron concentration is distributed in proportion to the in-

tensity of photoionizing radiation, which should be greatest at r = o, 

falling off as r. ~a. 

23 7 It can be shown ' .·that, in the case where electrons, positive 

ion::;, and negative ions are present, the diffusion problem can be 

handled in a manner analogous to.the ambipolar.treatment of the Eqs. 

(4-9) and (4-10). In the present case, the diffusion equations are 

on e 
dt = 

on 
dt = 

D if n ae e 

(4-17) 

D if n 
a-

where we must now employ separate ambipolar diffusion constants for 

the different species. In this connection, we require the parameter 

~ = n /n • .Provided7 ~ < 100 ~e have, in the isothermal case 
- e 
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We note that, in the present approximation, neither the spac<e charge 

field nor the diffusion of positive ions is altered when negative ions 

are present. 

Finally we mention that Biondi7 has also considered the solution of 

Eq. (4-17) in the c~se where attachment to form negative ions ta~es place 

simultaneous:cy with diffusion. The appropriate equations are 

dn e 
dt = 

2 
D V'n -kn 

ae e e 

D if n 
a-

+ kn 
e 

( 4-19) 

with D , D + and D given by Eq. (4-18). If we make the plausible ae a a-

assumptions that 

(i) for positive ions diffusion is entirely in the fundamental mode 

= h D = .1\~ w ere a+-r _l.. 

(ii) D v2n << kn 
a- - e 

we can easily obtain from the quasi-neutrality condition, 

d (n + n - n+) o, dt ~ e 

the equation 

dn 
e 

- kn - n+(t)/-r (4-20) dt = 
e 

If P.rt • (4-20) is integrated subject to the condition n+(o) n ( 0), 
e 

we obtain 

_, 

.. 
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1 
k-r. 

' € -t/T ') ' ( 4-21) 

It is seen that Eq. (4-21) predicts a deviation from a simple ex-

ponential decay with a single time coristani;;. The equation should really 

be applied only in cases where k-r >> 1. In any,event, Eq. (4-21) is in 

qualitative agreement with the observed experimental behavior of n and 
e 

numerical comparisons are discussed in the next section. 

4.rv Computer Calculations 

Fo~ the purpose of comparison with the simple ambipo~ar theory 

[Eq. (4-21)] which becomes inaccurate as the ratio of negative ion to 

electron concentration becomes large, we obtained some numerical solu-

tions of the equations governing simultaneous diffUsion and attachment. 

The starting point was taken to be the equations 

( 4-22) 

-' 

dn 
dt = D if-n. + K \1 • (E n ) + kn 

- - e 

where free diffUsion coefficients are represented by D, mobilities by K, 

attachment coefficients by,k and particle densities by n. The space 

charge field~ is determined from Poisson's equation. In the present 

case, the containing vessel is taken to be an infinite cylinder of 

radius a. Hence ~ is directed radially and depends only on the distance 

r from the axis of the cylinder 
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E{r) = 
47Te 

r 
( 4-23) 

where e is the electronic charge. For convenience, we changed to a set 

of dimensionless parameters defined by 

R = r/a, 
2 

T = D t/a , e 

n being the initial electron density, T the temperature of all species 
o. 

present and kB the Boltzmann constant. Using the above and the relation 

· K/D = e/kBT we obtain from Eqs. ( 4-22) and ( 4-23) 

dN 
[d2 +! d ] N + [~ 1 ] 

ka2N 
e (N €) e 
~ = +-

dR2 R dR. e R e D e 

dN+ 
(D./De) ( [ ~2 + 1 ~] N+- [ ~ + ~ ] {N+E)) ~ = R 

(jN 
(D _/De) ( [ ::2 

1 ~] N_ + [~ l ·, \ ) R ]: (N _<) 
ka2N 

+ + + 
di = R D 

2 2 
E(R) = 47Te a n0 

• ~f 110+(TJ) - Ne(T]) - N_(T])) dTJ (4-24) 
kBT R 0 

For use in the. numerical solution of Eq. (4-24) where TJ = ~/a, the 

discrete variable R(L) was defined as R(L) = L/M where L and M are 

integers and L = 0, 1, 2, •••• M. In other words, the radial.distance 

was divided into M equal parts. Derivatives were calculated at each 

point R(L) using central difference.formulae ~nvolving two adjacent 

points on either side. At R = o, the expressions (dN/dR)/R and (NE/R) 

are indeterminate but the limits as R ~ 0 are well defined. A poly-

nomial expression was employed to supply values of the indeterminate 

e 

e 
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expressions in terms of the values of the same expressions at points 

near R = o. A complete cycle of the iteration was then: 

(1) obtain E(L) for each value of L up to M by numerical integra

tion using the existing distributions N(L, T ). 

(2) evaluate the derivatives dN/dT at each value of L, using numerical 

methods for the partial derivatives with respect to R 

(3) compute the new particle distrirutions by applying the formula 

.N(L, T +~T) = N(L,T) + (d/dT)N(L,T) 6T at each value of L, for each of 

electrons, positive ions and negative ions. 

For this computation scheme to be stable, there are severe restric-

tions on the size. of the time interval 6T which can be. employed, the 

maximum 6T being a function of the initial electron concentration n • . 0 

. 8 -4 6 For M = 20, the maximum usable 6T ranged from about X 10 at n = 10 
0 

-4 8 . ' 
electrons per cc to 2 X 10 at n = 10 electrons per cc. 

,0 

The value of the diffusion coefficients De and D+ were calculated 

from available experimental data for 300°K and a pressure of helium of 

18 torr. From mobility data for NO+ in helium, 32 we obtained D+ = 

20 cm
2
/sec. 

For the electron diffusion coefficient, we employed the formula33 

D. :::: 
e ~ ( 1 

na 

where T :ls the temperature and kB is Boltzmann's constant. l'llectron:3 

are diffusing through the gas with density n molecules per cc and a 

is the cross section for this proce.ss. m* is the reduced mass of the 

electron-molecule pair and is approximately the mass of the electron 

itself. . De was computed for a pressure of helium of 18 torr and tem

perature of 500°K. a wan rL momentum tranofer croso section for clectron:J 
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34 in helium taken from a paper by Frost and Phelps. We obtn ined 

4 2/ D = 1.0 x 10 em sec. Lacking experimental data on the diffusion 
e 

of the negative ions present, we put D_ = D+. Since the diffusion of 

negative ions is greatly retarded by the space chnrge electric field 

the calculation should not be sensitive to the precise value of D_ 

selected; 

Both total electron concentrations and averages over the TM010 

electric field [see Eq. (3-13)] were computed. As expected, the 

decay rates were not sensitive to whether the electron concentrations 

were averaged or not. Since the electric field average corresponds 

to the experimentally observable quantity it was used in the analysis. 

For convenience we list here the fixed parameters in the program. 

104 2 
Diffusion coefficients:. D = em /sec e 

D+ = 20 cm2/sec 

2 
D = 20 em /sec 

dell radius, a = 1.2 em. 

cavity radius (for E-field avg.) = 3.5 em. 

From the above, we have a
2

/D 
e 

. 4 
= 1.44 X 10- so that 1 unit of program 

time equals 144 microseconds. As mentioned before, the maximum 6T was 

less than 10-3 sci that considerable time was required on the SDS 910 

computer. For this reason, computations were made with the attachment 

4 -1 
rate constant set at about 10 sec which corresponds to experimental 

data for SF 6 and c7F lL~ where the duration of observed electron decay 

was only a few hundred microseconds. 

4 -1 A typical computer calculation with k = 10 sec and n 
0 

electrons per cc is shown in Fig. 8. The straight line corresponds-to 
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Fig. 8 Electron Decay Curve: Computer Simulation of Attachment and 
8 I . 4 -1 Diffusion for n

0 
= 10 electrons cc, k = 10 sLec · , Fundamental 

Diffusion Mode. 



-48-

-1+ purely exponential decay with time constant 10 sec. The computed 

curve does not show appreciable deviation from the straight line until 

the electron concentration has decreased by about an order of magnitude. 

J.t"'rom this it is appa.rent thnt in obtaining slopes from similar experi-

mental data curves emphasis should be placed on points near time t = 0. 

A short study of the diffusion of electrons and positive ions in 

the absence of negative ions was made in order to determine the validity 

of applying the ambipolar diffusion formulae at various electron con-

centrations. The initial distribution was selected to give diffusion 

in the fundamental mode so that the electron concentration as a function 

of the reduced time and radius parameters, T and R, should have been 

- D 
N(R,T) = J

0
(x

01
R) E (Da) 

e 
(4-25) 

where J is the zero-order Bessel function and x 1 its first zero. In 
0 . 0 

practice, it was found that for initial electron concentrations, n
0

, of 

10
6 

or 10 7 per cc noticeable curvature of the computed log (N) vs t 

curve was observed for the first 500 or 300 microseconds, respectively. 

This indicates that as t increases in the first few hundred micro-

seconds there is a transition from a fast rate of loss of electrons, 

corresponding to free diffusion, to a slower rate as a retarding electric 

field builds up. For n
0 

= 108 per cc, straight line behavior of a 

log (N) vs t plot was obtained from times earlier than 20 microseconds. 

8 -1 Also, at n = 10 cc 1 the original first mode distribution shape is 
0 

7 6 -1 accurately maintained, whereas at n = 10 or 10 cc progressively 
'() 

more electrons are lost from the distribution near the wall of the 

cylinder, leaving the distribution sharply peaked near R = 0. In the 

following table (Table 2,) 1.hc effective ambi,polnr dif.fusion coefflcient, 

.. 
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D 1 was obtained from the slope of a log (N) vs t plot at a time t 
a ' 

when the plot appeared linear, at least on the time scale employed. 

D was calculated from Eq. (4-12). 
a 

Table 2'. 

Effect of initia.l electron concentrfltion on effective ambipolar 
diffusion coefficient, D -1 

• 
a 

n t D '/D 
0 

ll seconds 
a a 

electrons/cc 

10
6 

1235 5.23 

10 7 954 2.02 

Jo8 
173 1.27 

It is apparent that straight-line behaviour of a log (N) vs t 

plot over moderate time intervals may corresp·ond to an amb ipolar diffusion 

coefficient somewhat larger than predicted by.the simple theory. One of 

the conditions for the validity of the simple theory is approxinl.ite charge 

neutrality: (N+ - Ne)/N+-.:: o. In fact, for initial electron concentra

tions of 108, 107 and 10~ per cc, the quantity (N+ -Ne)/N+ evaluated 

-4 -3 at R = 0 was 2 X 10 , 7 X 10 and .19, respectively• This indicates 

that the possibility of simple ambipolar diffusion in the range 

107 > n > 106 ee-l is quite dubious. 
0 

Returning to the attachment calculations, we can make some genera:)_ 

observations. It appeared ·that the. space charge electric field was 

established very rapidly after the beginning of computation and thereafter 

the field varied quite slowly with time. This indicates a steady current 

of electrons is diffusing to the walls during the attachment run. As 



-50-

the electron concentration is being reduced by rapid attachment, the 

fractional loss of electrons by steady diffusion becomes greater as 

time progresses, giving the behaviour shown in Fig. 8. This qualitative 

explanation also fits the simple expression (Eq. (4-21) ), where the 

second term is small but decreases more slowly with time than the first 

term. 

The computations showed that with an initially uniform electron 

distribution the decay rate was a few percent faster than with an initial 

fundamental-mode distribution. The experimental situation would be 

expected to be somewhere between these extremes. The following table 

gives an approximate upper limit to the error in estimating the attach-

ment rate from the slope of the electron decay·curve near t = 0. The 

. 4 -1 
table applies to an attachment rate, k, of 10 sec 

Table 3 
. 4 -1 

Error in estimating.attachment rates fork= 10 sec 

n Uniform distribution Diffusion distribution 
0 

electrons/cc % error % error 

10
6 

30-40 30-40 

10 7 ll 10 

108 8 4 

In practive a correction for diffusion and attachment is obtained 

from the slope of a log (n) vs t curve for an experiment performed in 

the absence of the principal attaching gas (9ee Chapter 5). Ih the 

analogous correction for the above computed rates, there is no correction 

6 2 -1· for background attachment but a correction of about 1. x 10 sec 
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would be subtracted from k to correct for ambipolar diffusion; thus 

reducing the error estimates in Table :}: · by about l.&{o . .. 
The approximate ambipolar theory and the computer solution for the 

8 -1 4 -1 case: n
0 

= 10 cc , k = 10 sec and an initial fUndamental diffusion 

mode distribution, were in good agreement for about 4oo micro,seconds, or 

a decrease in electron concentration by two orders of magnitude. 

Naturally the simple theory is not accurate in the other cases in Table 

III since Eq. (4-21) does not predict the effects of varying initial 

electron concentration and spatial distribution. 
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5. RESULTS AND DISCUSSION 

5.I. Fluorine Compounds 

The rate of attachment of thermal electrons to a series of fluorine 

compounds was studied. Listed in order of decreasing attachment rate, 

these were SF6, c
7

F14, c
3

F8, c2F4 , and SiF4. 

It is convenient to discuss the attachment process in terms of 

the following mechanism. 

A+ e 
kl 
-> (A-)* (5-1) 

(A-)* ~:> A+ e (5-2) 

(A-)*+ 
k 

M ....=L> A-ro +M (5-3) 

where A represents a fluorine-containing mOlecule and M an inert gas 

molecule. In the steady state approximation for the unstable negative 

ion (A-)*, Eqs. (5-l) to (5-3) give 

1 dne k1 k3
[A][M] 

ne dt = ~ + k
3

[M] = k (5-4) 

where n , [A], [M] are the concentrations of electrons and species A e 

and M, respectively. We have indicated in Eq. (5-4) the relationship 

of the elementary rate constants k1 , k2 , and k
3 

to the first order rate 

constant k defined in Eq. (4-6). The smallest values of [A] employed 

were in attachment experiments with sF6 and c
7

F14 where pressures of 

these gases as low as 5Xl0-7 torr we~e employed. At 300°K, this 

10 
corresponds to 1.6x10 molecules per cc. Since the initial electron 

concentration in these experiments was between 107 and 108 per cc, [A] 

can be regarded as practically unchanged during the electron 
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* decay. Hence k in Eq. (5-4) is actually proportional to [A], where we 

can use the value of [A] at the time the reaction cell was loaded. 

As described in detail in Chapter 2, a fixed pressure of NO (about 

.085 torr) was used in these experiments as a source of photoelectrons~ 

Also, a fixed pressure of helium (about 18 torr) was present to reduce 

'the diffusion rate. Hence, Eq. (5-4) should actually be written 

* 

1 
n 

e 
(5-5) 

where k includes the contribution to the electron decay rate due to: 

(i) electron attachment to NO, and (ii) diffusional loss of electrons. 

Of course, inclusion of the diffusional contribution in this manner is 

equivalent to assuming that only the fundamental diffusion mode is 

present (see Chapter 4 ). This is a good approximation in cases where 

electron decay was observed over. an interval of several milliseconds as 

was the case for c
3

F8, c2F4, and SiF4• In the case of SF6 and c
7

F14, 

some higher mode diffusion may have been present during the time when 

attachment data were being recorded. Here, however, the total correc-

tion (including attachment to NO) was in the range 1% to 10% so that 

the effect, within this correction, of higher mode diffusion can be 

neglected. 

By performing attachment experiments at various pressures of the 

* principal attaching gas, A, and subtracting the correction k obtained 

* There remains the possibility of depleting the supply of attaching 

gas by repeated flashing of the pulsed lamp. For SF 6, for example, 

it was observed that by the lOOth flash, k had decreased to .6 of its 

value for the initial flash. For this reason, only data for early 

flashes were used. 
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from a similar experiment with no A present, we obtained the first 

order attachment rate constant k as a fu,nction of pressure of A. The 

results are given in Table 4 and are plotted in Figs. 9-13. Plots 

were linear and with the exception of' the SiF4 data, could be extrapola

ted through the origin as expected. 

The reason for the anomalous behavior of the SiF4 data i~ uncertain. 

However, it is appropriate to mention the fact that for pressures of c2F4 

and SiF4 in the micron range, the attachment rates wereabout the same 

. * ( -)(- 4 2 -1) magnitude as the correction, k k was - xlO sec • Fluctuations in 

* k from one experiment to the next were about 10% of its average value. 

It was found that heating the reaction cell to about l00°C for several 

hours between experiment$ reduced the scatter in the data. This effect 

was probably associated with outgassing from the cement used to seal 

the LiF window to the reaction cell. Red glyptal resin proved superior 

to various epoxy cements in reducing this background attachment. 

We considered the use of higher pressures of c2F4 and SiF4 in 

order to produce a faster electron decay rate thus reducing the relative 

* magnitude of k • This was attempted a few times but the values of k 

obtained were always low when compared with the values expected from 

extrapolating the low pressure data. The absorption spectra of c2F4 
and SiF4 in the vacuum ultraviolet are not known, but it may be that, 

at the higher pressures, a significant amount of.the lamp radiation is 

absorbed by the c
2

F4 or SiF4 to produce excited species. The apparent 

attachment rate in the presence of ·excited molecules could be diminished 

because of a competing detachment process. 

The lifetime of the excited negative ion produced in process (5-l) 

is of imp~rtance in interpreting the attachment results. In the so-called 

.. 
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Fig. 9 Pressure Dependence of k: SF6 Data. 
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Fig. 12 Pressure Dependence of k: c2F4 Data. 
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Fig. 13 Pressure Dependence of k: SiF4 Data. 
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Table 4. l!~irst order rate constants for electron decay. 

Pressure SF6 
6 x 10 torr 

.55 

.68 
1.73 
1.95 
3.12 

3-73 
6.49 
6.49 
6.49 

Pres. sure c
3

F 8 
'2 x 10 torr 

.50 

.82 
1.07 
2.06 
3.08 

4.52 

Pressure Sil'4 · 

2 
x 10 torr 

.32 

.3.2 

.58 
2.01 
2o66 

3.02 
3.02 

3 •. 23 

4.37 

k 

-4 -1 x ·10 sec 

.44 

-55 
1.55 
1.74 
2.43 
2.76 
5.64 
5.52 
5.91 

k 

X 10-3 

L.22 

2.43 
3.14 

5-79 
8.77 

10.27 

k 

-1 sec 

-2 -1 
X 10 sec 

.. 1.45 

1.82' 
1.84 

3.04 
3.34 
3.54 
3.60 
4.30 

3.39 

Pressure C{14 
6 

x 10 torr 

-97 
1.73 . 
3.42 
4.92 
6.08 

6.91 

7-35 
8.27 
8.27 

Pressure C2F4 
2 x 10 torr 

.15 

.48 

1.21 

.1.84' 
3.80 

3-98 

k 

-4 -1 
X 10 sec · 

.29 

.53 

.98 

1.30 
1.72 
2.05 
2.46 
2.03 

2.33 

X 10-3 

k 

-1. 
sec 

.083 

.240 

.291 

.475 
1.124 
1.514 
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"high pressure limit", corresponding to k
3

[M] >> k2 in Eq. (5-4), the 

excited negative ion is much more likely to undergo a stabilizing calli-

sian with an inert gas atom [process (5,;.3)] than to decompose [process 

(5-2)]. In that case, the measured rate of electron disappearance is 

simply the rate for the two-body process (5-l) with rate constant, k1, 

given by 

k1 = k/[A] (5-6) 

At the opposite extreme, where decay of the excited negative ion is much 

more probable than collisional stabilization (~ >> k
3 

[M], ·the "low 

pressure limit"), Eq. (5-4) predicts the attachment rate will be propor

tional to both [A] and [M]. In that case, we can define a three-body 

rate constant, k
3

B' given by 

k3B = k/([Al[M]) (5-7) 

In intermediate cases, where ~ ~ k
3

[M], the analysis must involve the 

complete expression in (5-4) or some similar treatment which involves 

k1, ~' and k3• 

Time-of-flight mass spectrometr;5 has shown that .the lifetime of 

(SF6) * w·ith respect to process (5-2) is of the order of 10 microseconds. 1 

Since the time between collisions in helium at 18 torr is about 10-8 

seconds, ·we would expect to be in the "high pressure" region. In fact, 

variation of the helium pressure in the range 2.6 to 15 torr had no 

effect on the observed attachment rate to SF 6• We conclude that for 

SF6, our experiment measures the two body rate corresponding to process 

(5-l). The conclusion is the same in the case of c
7

F14 since the 

c7F~h ion has been observed in a mass spectrometer36 and must therefore 

have a lifetime under coU.ision free conditions of at least 10-6 se-conds. 
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Mass spectrometric studies37 of c
3

F
8

, at pressures of about 10-5 torr, 

- * have not shown the presence of the c
3

F8 ion. How·ever, we observed no 

variation in k when attachment to c
3

F8 was carried out in neon with 

the neon pressure varied in the range 2 to 81 torr.· 

With c2F4 and.SiF4, the observed attachment rate showed some 

dependence on the inert gas pressure, approximately doubling as the 

inert gas pressure was increased from 10 to 100 torr. As in the study 

of attachment to NO alone (Section 5.II), the observed electron decay 

rate, corrected for diffusi<;m, was plotted against inert gas pressure 

( cf. Fig. 15 ). Although the c2F1t and SiF4 data showed somewhat more · 

scatter than was present in the NO work, variation of attachment rate 

w"ith iner.t gas pressure was definitely present, indicating that attach

** ment to c2F4 and SiF4 should be interpreted as a three-body process. 

Analyzing our data in this way, Eq. (5-7) becomes 

(5-8) 

where A is SiF4 or c2F4, k
3

B and k3B are three-body rate constants 

for attachment to A and NO, respectively, and M is the inert gas. We 

determine k eXperimental1y,as a function of [M] for known fixed values 

of [A] and (NO]. Since we know· k3B from separate experiments with NO? 

* The ions observed in reference 37 were F-, cF;,-and-C
2

F5 with 

appearance potentials of 1.8, 2.2, and 2.1 eV, respectively. For 

thermal electrons, dissociative attachment to c
3

FS to form c
3

F
7 

and 

F- seems energetically impossiple since the electron affinity of F 

is 3.448 ev
44 

while C-F bond energies are usually in the range 4.4 
. 41 

to 5.2 eV. It is not known, whether dissociative attachment by 

thermal e) ectrons with the formation of CF- or C F- is possible. 
. 3 2 5 

. See Appendix 

.. 
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we can calculate k
3

B from Eq. (5-8 ). Examples obtained are 

c2F4 in helium: k
3

B = 2xlo-30 (cc/molecule)
2 

sec-l 

SiF4 in helium: k
3

B = 3Xl0-31 (cc/molecule)
2 -1 sec 

A systematic study of the attachment rate to c2F4 .and SiF4 as a 

fUnction of inert gas pressure, for various inert gases, was not 

carried out. The difficulty in merely obtaining linear plots of the · 

attachment rate as a fUnction of c2F4 or .SiF4 pressure has been mentioned 

previously. This scatter introduces corresponding i~accuracy in the 

determination of three-body rate constants for these compounds. 

In order to compare our data to that available from beam experi-

ments, we. require the relation between the attaclunent rate constant, 

k1 , and the attachment cross section cr. The required relation is 
I 

k1 = f v(e) a(e) f(e) de· (5-9) 

where the dependence of the cross section a, the electron velocity v, 

and the electron energy distribution fUnction f on the energy of the 

electron e has been indicated. Here f is normalized to unity. In 

actual beam studies, the minimum energy spread attainable is typically 

.l or .2 eV. By comparison, at 300 6K, 90% of the electrons in a Max-

wellian distribution have energies between 0 and .08 eV. For this 

reason, the average cross section defined by ov = k1 , where v is the 

. 0 
average thermal electron velocity at 300 K, should"-be·a reasonable 

quantity to compare w·ith the 1~eam results. -Our results for k1 and a 

are given in Table 5. 

For comparison, Table 6 lists some results of electron beam studies. 

We see that there is some disagreement between the values of cr reported 

and that these values are smaJler than our present measurements. This 
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Table 5. Two body rate constants, k1, and. average cross 

sections, cr, for electron attachment. 

Compound 

GF6 . 

CT14 

C3F8 

C2F4 

SiF4 

kl 

3( . ) -1 em molecule sec 

2. 7 X 10-7 

8.8 X 10-8 

8.8 X lO-l2 

(9.4 X 10~13 )* . 

(2.3 X lo'~13 )-li-

-0 

2 em 

2.6 X lO-l4 

8.2 X l~-l5 

8.2 X lO-l9 

(8.8 X l0-20 )* 

(2.2 X l0-20 )* 

* These numbers result· from analyzing the data of Figs. 12 and 13 as 

a. two body process. (In fact, there is probably three-body attachment 

in these cases -- see text.) 

Table 6. Cross section, o, and electron energy, E
0

, at 

the first maximum in ion currerit (from electron 

beam studies). 

Compound 0 E Reference 
0· 2 em eV 

SF6 1.3 X 10-l5 .03 ± .03 36 

SF6 5.7 x·lo-16 . o,o \ 59 

SF6 > 10-15 .03 38 

CT14 7.5 X lO-l5 .15 36 

.. 
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can be understood if the cross section for electron capture as a function 

of energy is a narrow spike with.a half-width small compared with the 

electron beam energy spread. The latter quantity may hot be negligible ..,. 

38 -15 2 for example, Hic.kam and Fox obtained their estimate of 10 em for 

the SF6 cross section from an assumed energy spread of .05 eV. If the 

actual capture cross section, cr(€), is large near E = 0 and falls off 

rapidly w·ith increasing electron energy, we would expect to observe a 

larger cross section with microwave than with beam methods. This follows 

from the fact that a Maxwellian distribution is heavily skewed toward· 

low· energies, whereas the technique used to prod.uce the electron beam 

data3 should give an approximately uniform distribution of electron 

energies within the energy width of the beam. 

Iri the electron beam studies, it has been noted that the SF6 peak 

has the same shape as a function of the electron energy as does the de .. 

:rivative of electron current from retarding analysis. 38 This evidence 

supports the conclusion that cr( E) for attachment to SF 6 is very narrow·. 

In our experiments it was observed that if the power of the probing 

microwave signal was increased by a factor of 30 (thus increasing the 

temperature of the electron distribution above 300°K) the attachment 

rate decreased by about 50'/o. Using Eq. (5-9) we can write, at 300°K 

<O (5-10) 

where 

( ) 2n 112 . c · I ) f E = 
372 

E exp -€ kBT 
(1Tki?) 

kB being Boltzmann's constant. If we now assume that cr( E) is a narrow 

spike of height cr(E0 ) and width 6E centered at E0, condition (5-10) 
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reduces to 

(5-11) 

which givm easily 

(5-12) 

At 300°K this means E < .04 eV which is consistent w·ith the value 
0 

E = • 03 from beam measurements. 3S The microwave method could be em
.- 0 

ployed for determining E very accurately if apparatus were used by 
0 

which the temperature of the reaction cell could be lowered until 

d~ k1 = o, at which temperature we would have E
0 

== (3/2)kBT. A know

ledge of €
0 

for attachment to sF6 is quite valuable, since it is often 

. . . 39 40 
used to locate zero on the energy scale in mass spectrometric studies. , ' 

Within experimental error, variation of probing signal power did 

not produce observable variation in the attachment rate for an:>: compounds 

studied other than SF6• The simplest explanation would be a slow varia

tion of the appropriate cross sections w·ithin the accessible electron 

energy ra~ge since then k 1 as given by Eq. (5-9) would be slowly varying 

with T. This explanation cannot apply to c7F14, however, since a 

36 resonant peak for electron capture has been observed ~t .15 eV. It 

seems· possible that the true po~:~ition of the maximum in the capture 

peak lies closer to the. zero of electron energy since otherwise w·e 

should have observed an increase in the attachment rate with increase 

in mean electron energy. Additional evidence for this suggestion is the 

fact that our observed cross section for electrons of mean energy • 039 eV 

is slightly larger than that given in reference 36 at .15 eV. 
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5.II. Attachment to NO 

In addition to using NO merely as a source of photo electrons in 

the work on fluorine compounds, we later inade some investigations of 

the process of electron attachment to NO itself. In studies with pure 

NO, Gunton and Shaw46 have shown that the electron attachment rate is 

approximately proportional to the square of the NO pressure thus indi-

eating that attachment to NO is a three body process. In their studies, 

NO pressures of up to 15 torr at 298 6 K were employed. With NO alone 

there is a fairly narrow range over which the pressure can be varied 

(approximately 3 to 15 torr was used in Ref. 46) since at low pressures, 

ambipolar diffUsion is the dominant process for the disappearance of 

electrons and at high pressures, the NO strongly absorbs the ionizing 
0 

1216 A radiation. Indeed, the NO photoionization cross section is so 

-18 2 ° 10 al ' large (2. 02Xl0 em at 1216 A) that at 15 torr, 97?0 of the incident 
0 

12.16 A radiation is absorbed in a 3.7 em path length (the axial length 

of the cell used in Ref. 46). This gives a very nonuniform initial 

electron distribution, in contrast to the assumption of axially uniform 

electron concentration which is used in analyzing the data. 

In Our experiments, the attachment rate to NO of thermal electrons 

was studied. as a fUnction of the pressure of various ·inert gases present 
0 

in the reaction cell. Since these gases do not absorb the 1216 A 

radiation, it was possible to go to higher pressures than could be used 

in reference 46. The low·er limit on usuable total pressure is determined 

by the accuracy with which the obs~rved rate can be corrected for 

ambipolar diffUsion. The upper limit on pressure has to do w·ith the 

validity of the microwave method when the electron-molecule collision 

frequency becomes comparable to the radian frequency of the microw·ave 
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field (see Section 3. III). Because of this, ·krypton and xenon were used 

only up to pressures of about 50 torr whereas w·ith other inert gases 

·pressures of up to 120 torr were employed. 

As mentioned in Section 5.I, the electron decay rate in NO fluctuated 

lly about 10% of its average value for different experiments performed 

under conditions as close to identical as we could achieve. This effect 

could not be eliminated but coulQ. be minimized by mild (100°C) baking of 

the reaction cell between runs. Higher baking .temperatures· were not 

employed because of the softening of the resin used to seal the LiF 

window· to the cell. However, it was noted that the observed electron ' 

decayrate, for a given NO and inert gas pressure in the cell, was a 

slowly varying function of the number of lamp flashes. Typically, the 

electron decay rate would decrease by less than 10% over the first 10 

flashes and more slow·ly thereafter. Hence it was possible to fill the 

cell with about .085 torr NO and a few torr of·inert gas, flash the lamp 

a few times and then record a series of electron decay curves, increasing 

the inert gas pressure between flashes. In this way, we were able to· 

obtain a set of electron decay rates as a function of inert gas pressure 

without fluctuations in any background .attachment rate from one flash 

to the next. Experimental data obtained this way are given in Table 7. 

In discussing the experimental results we Wish to consider two 

possible mechanisms for electron attachment to NO. 

Mechanism I: 
k• 

e + NO __!_> ·(No-)*. 

(No-)* _3s_> e + NO 
. . k 

(NO~)* + M ...:.1_> NO- + M 

( 5.13) 

(5.14) 

(5.15) 

-•. 

.. 



-6<)-

Table 7· First order rate constants for electron decay in NO -
inert r;as mixtures. (PNO = .085 torr) 

Run. Buffer Total Pressure k k' 1/p 103 /k' 
Gas (p) -3 . -1 -3 -1 -1 torr xlO sec x10 sec torr sec 

2 He 6 .657 .077 .167 13.0 
14 .412 .164 .071 6.10 
25.5 .326 .190 .039 5.26 
45 .313 .236 .022 4.24 
62 .331 .275 .016 3.64 

4 Ne 14 .291 .202 .071 4.95 
23.5 .300 .247 .043 4.05 
53 .318 .295 .019 3.39 
81 .345 .330 .012 3.03 

102.5 .390 .378 .010 2.65 

6 N2 7.5 .279 .211 .133 4.74 
16 .280 .• 248 .063 4.03 
30 .307 .290 .033 3.45 
45 .346 .335 .022 2.99 

·72 .443 .436 .014 2.29 
104 .519 .514 .010 1.95 

8 A:r 10 .319 .273 .100 3.6q 
16. .290 .259 .067 3.86 
25 .325 .306 .o4o~ 3.27 
44.5 .357 .347 .023 2.88 
71 .418 .412 .014 2.43 

107.5 .435 .431 .009 2.32 

9 Kr 10 .206 .172 .100 5.81 
17 .201 .• 181 .059 5.52 
27 .198 .185 .037 5.41 
39 .201 .192 .026 5.21 
1+8.5 .203 .196 .021 5.10 

10 Xe 3.1 .374 .294 .323 3.40 
6.5 .330 .292 .154 3.42 

11 .336 .314 .091 3.18 
20 • 432 .420 . .050 2.38 
35 .573 .566 .029 1.77 
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Mechanism II: 

NO+ M 
k:i_ 

--:> NOM (5-16) 

NOM 
'k2 
-> NO+ M (5-17) 

k' 
+ NOM _2_> NO - + M (5-18) e 

In these equations, M refers to the inert gas employed. 
I 

In mechanism I, we appiy the steady state approximation for the 

concentration of (No-)* and, representing the diffUsion contribution as 

D /.ll
2 (see Section 4. III), w·e obtain for the rate of electron decay 

a. 1 

1 
n 

e 

(k1k3/~ )[NO][M] 
= + 

l+k3 tMJ!~· 

D a 

!! 
l 

(5-19) 

In mechanism II, we can consider the complex NOM to be in equili-

brium with NO and M as given by 

[NOM] = K [NO][M] (5-20) 

For the cases of interest to~us, an est:Unate of K vias made from a cal-

culation based on second virial coefficients de~cribed by Hirschfelder 
. 47 

and Stogryn. The equilibrium constant K can be calculated from 

[NOM] 

[NO][M] 
= K = 4 7j<* *) 3 7f cr ~ + Bm . (5-21) 

* * where ~·and Bm are second virial coefficients calculated for nbound" 

and "metastaple" pairs in reference 47 using a. Lennard-Janes (6-12). 

potential characterized by the usual parameters E 13-nd a. Tabulated 

45 
values of E and a for NO and various inert gases M were combined to 

produce parameters characteristic of the NO-M interaction using the 

approximate rules 
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1/2 = (€.€.) 
J_ J 

where a single subscript refers to the interaction of two molecules of 

the same type and the double subscript refers to interaction between 

two different species. Calculated values of E, cr, and K (at 300°K) 

are given in Table 8. If used to calculate equilibrium constants for 

bound pairs of like species, K as given by Eq. (5-21) must be divided 

by 2 (the "symmetry number"). 

Even though K is small, the condition n << [NOM] is valid for e 

the small electron concentrations employed in this research, thus 

justifying the use of the equilibrium value of [NOM] in mechanism II. 

We can then write 

1 
n 

e 

dn 
~=k 
.dt 

= k3K [NO](MJ 

l + K [M] 

D 
+ a 

A2 
l 

(5-22) 

where [NO) should really refer to the initial concentration of NO, but 

in practice this quantity does not change measurably either because of 

NOM formation or electron attachment. An estimate of the diffUsional 

contribution to the electron decay rate in Eq. (5-19) and (5-22) can be 

~e by calculating the runbipolar diffUsion coefficient Da using experi

mental mobility data. The mobility of a positive ion of mass 30 was 

obtained by 1nterpolation using reported mobilities of various alkalai 

metal ions in different inert gases.
48 

As described in Section 4.III, 

-vre can relate the mobility of the P?Si tive ion, K+' to the corresponding 

difrusion coefficient, D+' through the Einstein relation 

(5_-23) 
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where e is the e J~ectronic charge, kB Boltzmann 1 s constant and T is the 

temperature in °K. From .the additional relations D :::. 2D and 
a + 

2 2 Aj_ = .248 em (for our cell dimensions) we obtain the first order rate 

coefficient for electron decay via the fUndamental diffUsion mode, 

2 
Da./AL. Since D+ and therefore Da show· a variation as 1/p where p is 

the total pressure,· the constant quantity Dap/Ai is given in Table 9. 

The results of these calculations are in reasonable agreement wtth 

. t + . 3249 exper1men al measurements for NO where available. ' The diffUsion 

correction is only of comparable magnitude to the attachment rate at 

the low· end of the pressure range employed (p < 10 torr) so errors in 

the calculated diffUsion constants cannot affect our conclusions drawn 

from data taken at medium and high pressures. 
/ 

Typical data obtained from-our experiments are given in Table 7. 

The total pressure, p, and lst order electron decay rate constant, k, 

are the measured quantities. We obtain k 1 by subtracting a diffusion 

correction, i.e., 

b D 
kl = k - where b a 

=2 p A 1 

(5-24) 

We then write 

kl = 
a[NO][M]. 

(5-25) 
1 + [M]/c 

as an appropriate form for comparison with Eqs. ( 5-19) and· ( 5-_22), where 

a and c are parameters to be determined from the slope and intercept of 

a plot of 1/k 1 vs 1/[M]. Actually, for convenience,· we plot 1/k 1 vs · 1/p, 

p being the pressure of inert gas M. The data in Table 7 are plotted 

this way in Fig. 14. In Table 10 we give the a and c parameters for 

Eq. (5-25), as determined from the data in Fig. 14 as well as for some 

.. 



-7.3-

Table 8. Calculated e~ilibrium constants, K, for weakly bound 
.... pairs at 300 K • 

_,. Bound Pair E/kB C1 c * *) - ~ + Bm K X 1023 

OK 0 
cc/molecule A 

He-NO 36.6 2.86 .110 1.1 

Ne-NO · 68.3 2.96 .233 2.5 

N2-NO 111.6 3.43 .488 8.3 

Ar-NO 125.3 3.29 .585 8.7 

Kr-NO 149.7 3.39 .764 12.4 

Xe-NO 170.2 3.64 .906 18.2 

Table 9. Correction for a.m.bipolar diffusion, Dap/~ • 

Gas I<No+ Dap/~ 
2 -1 -1 em· V sec torr sec -1 

He 22.5 3480 

Ne 8. 1240 

3.3 510 

3. 463 

Kr 2.2 341 

Xe 1.6 247 
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additional runs not shown in the figure for clarity. 

Another method of analyzing the data is simply to plot k' vs 

pressure of the inert gas. This corresponds to an attempt to describe 

the data in terms of a simple three-body attachment mechanismwhich 

would predict an equation of the form 

k' = a' (NO][M] ( 5-26) 

It is apparent that this is simply Eq. (5-25) in the "law pressure" 

limit, i.e., where [M] << c in the range of pressures employed. Both 

mechanisms I and II predict that this is likely to hold, in practice. 

For example, [M]/c corresponds to K[M] in Eq. (5-22). From values of 

8 -4 K in Table , we calculate that K[M] < 10 for pressures of inert gas 

employed in our studies. Correspondingly, in Eq. (5-19), 'we need to 

estimate the ratio k
3

[M]/k2 . The appropriate arguments for this are 

most conveniently introduced in Section 5.III where the condition 

k
3

[M] << k2 is obtained. Ther~ arguments make the use of Eq. (5-26) 

plausible, at least, and Fig. 15 gives the k' vs p plots for the data 

in Table 7 •. (Again, we plot against prather than [M] for convenience; 

16 
at 300°K1 [M] = 3.22 X 10 p, wher~ [M] is in molecules/cc and p is in 

torr.) 

It is apparent from Fig. 15 that k varies linearly with inert gas 

pressure, but the data.appears to fit an equation of the form 

(5-27) 

This could only happen if some elec'tron removal process were present 

which was independent of inert gas pressure over the pressure range 

employed. This appears to be the case, however, since Eq. (5-27) appears 

Lo r;ive a het't(!r flt tn f.hc r~xpr~rimcntr.~l da tr\ over t;hr~ whole range of 
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pressure studied than does Eq. (5-25). other consideratj_ons favor 

Eq. (5-27). In particular, the parameter c, obtained from 1/k' vs 

1/p plots (used. to evaluate a and c in Eq. (5-25) ) turns out to be 

much smaller than expected with the result that [M]/c - l in the middle 

of the pressure range employed. This is in severe disagreement with the 

calculations mentioned above, which predict [M]/c << 1. It is true 

that k' decreased slowly as a function of the number of lamp flashes so 

that the experimental k' values for progressively higher pressure would 

be too small, but the error involved is only a few percent. Also, in 

Fig. i4, the data for low pressure falls below the lines extrapolated 

·. from high pressure data in all cases. This could be interpreted as 

being due to a choice of diffUsion coefficients which were too 6mall, 

possibly because the physical situation corresponded to a case inter-

mediate between ambipolar and free diffusion. Such an interpretation 

does not seem reasonable, however, since Fig. 15 gives no evidence of 

such a.systematic error in the diffusion correction. 

The simplest explanation of the above comments is that Eq. ( 5-27) 

is indeed the appropriate equation for describing our experimental 

situation. If this is true; the curvature in Fig. 14 can be explained. 

-1 For example, k' = 135 + 2.1 p sec gives a good fit to the helium data 

in Fig. 15. If we now plot 1/k' as a fUnction of ijp using 

l/k'. = 1 
( 5-28) 135 + 2.1/(1/p) 

the helium data in Fig. 14 is closely reproduced. Equation (5-28) gives 

u. (~lH'VE! wh1.d1 would pn;;n i;h:nmgh the orlgln l~1t Lhe 1'aJl •>fl' l.t.i lt.Jlfll.u'<c~llt 

only at very hir,h pressures (> 100 torr) which were outside the rar11;.,;e 

of our experiments. 
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The source of the pressure independent attachment rate (givinG 

rise to ka in Eq. (5-27)) is not apparent. In other experiments, per

formed with inert cas pressure held constant (at approximately 15 torr), 

a l:i.near variation of k' with NO pressure was obtained but again with a , 

zero-pressure intercept of about 100 sec -l for k'. Processes which fail 

to.provide an explanation are: 

(l) Three body attachment due to NO-NO collisions. The measured 

three body rate constant at 298°K for this process
46 

is 2.2 X l0-31 

( I . )2 -1 cc molecule sec so that at the pressure of NO employed in our 

inert gas pressure variation experiments (.085 torr) the predicted 

decay rate is about 100 times smaller than the observed k •. a 

(2) Electron-ion recombination. This process gives a decay ,rate 

which is second order in electron concentration. At early times in the 

electron decay process, an "apparent" first order decay rate could be 

calculated from 

1 
n 

e 

dn 
e 

dt = an 
e 

49 7 Using the recently measured value of a (4.6 x 10- cc/sec at 298°K) 

and a typical initial electron concentration in our experiments 

(3 x 107 electrons/cc), the predicted decay rate is about a factor of 

10 too small to account for k • 
a 

The finite zero-pressure attachment rate suggests that some im-

purity may be present in all our NO runs. For example, the vapor 

pressure of N2o in equilibrium with solid at 77.3°K is 2.5 x 10-7 torr. 

If N2o were released at this pressure during the time .the reaction cell 

was being filled with NO, electron attachment via the process 

l. 
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miGht be possible. This process has been observed. mass speqtro

metrically,53,54 the threshold being for eiectron energies in the 

range 0 to .05 eV. If the cross section for dissociative capture of 

1 . 10 -l5 2 b d tt hm t t1ermal electrons were as large as em , our o serve a ·ac en 

rate for the limit as inert gas pressure approaches zero could be 

accounted for. 

Actually, it is hard to see how enough N20 contaminant could be 

left in the NO supply since repetitive distillation of the NO was 

performed from a liquid oxygen bath (pN' = 5.6 X 10-5 torr, 
2 

pNO = 3.22 torr) to a liquid nitrogen bath. It does not seem likely 

that N
2

0 was produced by photolysis. 11 However.it seems likely that 

some impurity exhibiting a two body attachment rate was present. This 

question cann'ot be considered resolved. 

Three body rate constants a' [Eq. (5-26)], calculated. from the 

slopes of plots such as Fig. 15, are given in Table 10. Because of 

arguments given in this section, we consider these results more likely 

to be correct than the corresponding quantities a, calculated from 

1/p plots and Eq. ( 5-25). 

5.III Detailed Comparison of Mechanisms 

We shall start this section by focusing attention on step [Eq. 

( 5-15)] of mechanism L The electron affinity of NO has been experimentally 

determined as .9 ev50 (more recent eviden·ce indicates it may be closer to 

)+ ev51 ) hence (NO-)* probably refers to a molecular ion in a low 

vibrationally excited state. In that case, the magnitude of the rate 

constant k
3 

depends on the effectiveness in removing vibrational ex

citation of collisions of the excited ion with other molecules in the 

gas. Information from studies on vibrationally excited diatomic molecules 
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Table 10. Parameters from analysis of attachment rates 
for NO [Eqs. ( 5-27) and ( 5-27)]. 

,j:--~ 

Rrm Buffer o.xlO 31 cxlo-18 32 a.'xlo 
Gas (cc/molecu1e) 2sec-l -1 (cc/mo1ecu1e)2sec-l cc 

1 He 1.1 1.1 2.0 

2 He 1.4 1.0 2_.3 

3 ~Ne 2.0 0.5 1.5 

lt- Ne 1.5 1.3 1.8 

5 Ne 1.3 1.5 2.0 

6 N 2 1~5 1.9 3-7 

7 Ar 3.3 0.8 3.7 

8 Ar 2.7 0.7 2.6 

9 Kr 6.3 . 0.1 o.65 

10 Xe 3.9 0.9 11.0 
J.-

ll Xe 2.8 1.3 9·5 



shows that the probability of deactivation per collision, P10, is quite 

small. For example, Callear52 has studied the vibrational relaxation 

-4 
of NO in mixtures with several gases. Values of P10 were 3.55 X 10 

for NO-NO collisions and h X 10-7 for NO-N2 collisions. It was found that 

in krypton and helium the vibrational relaxation of NO was slightly 

slower than in N2, indicating that perhaps a vibrational exchange pro-

cess was involved in the latter case. other small diatomic species 

~,;enerally show a smaller deactivation probability for collisions with 

molecules of the same type than does NO. For example, from data in 

the literature43 we conclude that p10 for pure oxygen, carbon monoxide 

0 -8 . . -10 -9 
and nitrogen at 300 K is 10 , < 3 X 10 and < 10 , respectively. 

We also note that, for a given molecule, the vibrational deactivation 

probability generally decreases with increasing mass of the colliding 

partner (provided chemical affinity is not a consideration). For 

example, at 291°K for 012, the deactivation efficiencies, relative to 

collision with another 012 molecule, of collision with H2, He, and N2 
43 are 44, 38, and .8, respectively. 

In view of the ex~erimental data, it is probably not an overestimate 

to place the deactivation probability per collision as about 10-6 in 

process (5-15). We can than place an upper limit on k.;([M], where we 
) 

write k3 = cr
3 

v
3

, cr
3 

being the cross section for process ( 5-15) and v
3 

the relative speed of (No-)* and M. Writing cr
3 

as the product of a 

typical gas kinetic cross section multiplied by the deactivation pro-

-15 -6 5 ;· bability we estimate k
3 

= 10 X 10 X 10 cc sec or at - 30 torr 

2 -1 
inert gas pressure, ~[M] ~ 10 sec • B,y comparison, k2 in Eq. (5-14) 

is the reciprocal of the collision free lifetime of (No-)* which cannot 

be more than a few vfbrational periods. As est:i.nate of k
0 

might be 
c 

lol3 sec-1 • We see that the condition~>> k3 [M] seems to be 



-82-

n.dc~qun.tely satisfied.. This estimate has been referred to in Section 

5.II. 
. '· ~ 

Using Eqs. (5-1.9) and (5-22), we can canpare, 'approximately, the 

rates predicted by mechanisms I and II. We have 

k' 
I 

ki"I 
(k1k

3
jk2) [NOJ [M] 

Kk3 [NO) [MJ 
( 5-30) 

We .now write k1 = cr1 vl' k3 = cr3 v3' k3 = cr_3v3, where the v' s and cr' s 

refer to the relative speeds and cross sections, respectively, involved 

in the .various collisions [processes ( 5-13), ( 5-15), and ( 5-18)]. 

Certain of these quantities can be estimated at once. We have, as 

order of magnitude estimates, v1 = v3 = 10 7 em/sec, v3 = 

-23 3 . 21 
K = 10 em and, from our previous estimate cr

3 
= 10-

105 em/sec, 

2 
em • Thus 

( 5-31) 

Both cr
1 

and cr3 are cross sections for electron-mole.cule collisions 

with formation of negative ions, the latter case involving a dissocia-

tion. If these cross sections are comparable, the rate predicted by 

mechanism I is smaller than the rate for mechanism II by about the 

value of the deactivation probability we employed for process (5-15). 

. -15 2 
If we assume cr3 is about 10 em we have via mechanism II 

k' '::! 10~31 [NOJ[M] ( 5-32) 

For NO pressure of 0.1 torr and.inert gas pressure p torr, Eq. (5-32) 

gives, approximately k 1 == 10 p sec -l which is comparable with observed 

electron decay rat~s. According to this argument, mecli."l.nism I could 

not give decay rates fust enough to agree with our experimental observa-

tions .. 
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The observed trend towards higher three body rate constants for 

heavier inert gas spnc:i.es is further evidence suggesting that mechanism 

II is preferable. Mechanism I would predict decreasing three body 

attn.chment rate constants as a function of mass of M Since that is the 

masr; dependence of the vibrational deactivation involved in step (5-15). 

On the other hand, for the loosely bouhd species NOM, the equilibrium 

constant increases from He-NO to Xe-NO, so that mechanism II predicts 

. the observed trend in three body attachment rate constants. In this 

latter argume~t, we have ignored the possibility that a variation with 

M in the equilibrium radius of NOM could produce a shift in the crossing 

point for the potential energy curves which correspond to NO + M 

and NO + M (+free electron) at infinite NO-M separation. This could 

have an appreciable effect on the cross section for dissociative 

attachment, 03. Some such effect may be responsible for the anomalous 

behavior of krypton, although there is no data to confirm this. 

In the last few years,, various workers have measured three body 

rate constants for thermal electron attachment to No46 (third body: NO) 

and to 0
2 

55, 56,57,58 (third bodies used: o
2

, N2 and He). These rate 

constants, k3B' are given in Table 11 for comparison with our own data 

(averages of a' from Table 10) listed there. It is·seen that in pro

ducing electron attachment to NO, NO itself is about twice as effective 

as Xe and ten times as effective as He, as a third body. The variation 

in effectiveness of third bodies is even greater in the case of attach-

ment to o2, He being 100 times less ·effective than o
2

• The mechanism 

involved in electron attachment in pure oxygen has been discussed by 

55 Chanin et al. along l:i.nes similar to our discussion of NO. It was 

concluded that the data did not indicate a clear choice between a 



Table 11. Third body dependence of the rate of electron attachment I' 

to NO and 02 at 300°K. 
"r 

Bound Pair Kxlo23 k3Ji<l032 I 1016 Ref. a"x 
cc/molecule c I )2 . -1 :; 2 

cc molecule sec em 

NO-He J..l 2.2 l.8 * 
NO-Ne 2.5 1.8 .65 * 
NO-N2 8.3 }.7 .41 * 
NO-Ar 8.7 3.2 .34 * 
NO-K.r . 12.4 .65 .05 ·>E-

NO-Xe 18.2 10.3 .51 * 

NO-NO 4.2 22. 4.8 46 

02-02 4.9 280. 52. 55 

240. 45. 56 

230. 43. 57 

210. 39. 58 

02-N2 9.1 15. 1.5 57 

11. 1.1 58 

5. .5 55 

3.5 .35 56 

o2-He 1.2 2.8 2.1 55 

* .., 
This research 



•• mechanism involving dicsod.ative attaclunent to a loosely bound o4 complex 

and an alternate mechanism involving vibrational deactivn.tion of excited 

o; ions. There were difficulties with each interpretation; in the former 

ca,~e, the attachment rate should have increased with a decrease in tern-

perature, which was not observed, and in the latter case, the vibrational 

stabilization cross section which would have to be assumed to explain the 

( -14 2) observed rates was very large 10 em • 

In the second column of Table 11, we give equilibrium constants for 

the formation of loosely bound dimers, calculated as described in Section 

5.II from Eq. (5-21). Fram the equations 

k'K 
3 

cr'v'K 
3 3 

( 5-33) 

we can get an estimate of cr3, which is the cross section for the formation 

of negative ions by dissociative capture (process (5-18) ). Using a 

value of 1.1 x 10 7 em/sec for v;, the relati~ velocity of· electron and 

molecule, we obtain the estimate of 03 given in Table 11. For NO-r-1, 

we see that cr3 appears to go through a minimum as the mass, M, of the 

third body increases. This could represent same systematic variation 

with M of the relative positions of the NO-M and (NO-M)- potential energy 

curves, although we lack information for a detailed consideration of 

this point. 

It should be noted that all the values we calculate for 'cr3 are rea

sonable· in that they are less than corresponding gas kinetic collision 

cross sections, except for the ~ase' corresponding to attachment in pure 

oxygen. However, this may be evidence that the mechanism involving the 

-* vibrational deactivation of o2 ions by o2 molecules may be applicable in 

this case. otherwise, the attachment mechani:sm involving loosely bound 

molecular complexes seems quite feasible. 
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APPENDIX 

·The observed inert gas pressure dependence of electron attachment 

to c2F1~ an<;l SiF4 indicates that the condition ~ > k
3 

[M] must hold in 

Eq. (5-4). We can think of process (5-3) as being similar to the deac-

tivation of a vibrationally excited polyatomic molecule, whereas process 

(5-2) is the spontaneous ejection of an electron from an excited ion. 

We wish to see whether a reasonable upper limit on the electron affinity 

of the fluorine-containing molecule can be obtained using our observation 

~ > k3 [M]. 

For~' we take the statistical approach of Kassel
42 

and write 

(A-1) 

v1here A is a frequency factor and N(E) is the total number of vibrational 

states for energy 0 toE~ In Kassel's theory, the molecule was.considered 

equivalent to s weakly coupled harmonic oscillators, with the dissociation 

process of interest taking place if energy E or greater were present in 
0 

a critical oscillator. Thus N(E) was the sum of vibrational states up 

to energy E for a systems of s-:-1 oscillators. In our case, w·e can 

assume that the electron must possess a minimum energy E to be ejected 
0 

from the excited negative ion. This would leave energy E-E to be 
0 

spread amongst s modes of vibration of the molecule. 

For an estimate of N(E) for s oscillators, some possibilit-ies are 

· 6o Classical, 

S . ] . ] 61 ._emlc. as:=nca. , N(E) 

s 
(E+E )/s 
--,_;.v_ II ( hv . ) 

s. l. 

(A-2) 

(A-3) 

• 
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Modifj_ed SemiclassicaJ, 
62 

N(E) 
(E + aE )

8
/ s 

' v l1(hv. ) s. l 
(A-4) 

In the above, E is the zero-point vibrational energy of the system of 
v 

s oscillators with frequencies v.. In Eq. (A-4), a is a dimensionless 
1 

parameter (dependent on E) of the order of unity, calculated for each 

specific molecule of interest to give a better approximation to j_ts 

actual vibrational state distribution. Using Eqs. (A-2), (A-3), and 

(A-4) in Eq. (A-1), we obtain for ~ the expressions (A-5), (A-6) and 

(A-7), respectively. 

~ = \E~E0y (A-5) 

~ 
= \E-E0 + Ev)s 

(A-6) · E+E 
v 

= ,E-E0 + aEv) s 
(A-7) ~ E+aE 

v 

We canwrite E = ET + EA and E
0 

= EA where ET is the average thermal 

energy of a gaseous electron and EA is the electron affinity of' the 

molecule. 

Taking SiF
4 

as an example, we put A = 

take E equal to its value for the neutral v . 

13 -1 
10 sec and s = 9. We 

' . 62 
species (0.359 eV) and 

also calculate a for neutra1 SiF4 • Values of ~ calculated from Eqs. 

(A-5) to (A-7) are given below. 
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l\
2

(sec-1 ) 

E(eV) (A-5) (A-6) (A-7) 

0.2 1+. JXlO 6 
4.7><10

11 l.4Xl0ll 

0.5 1. JXJO 3 9.9x109 l.9Xl09 

1.0 2. lXlO-l l. 6x1o8 2. qxlO 7 

1.5 4 -2 5. XlO 9.5Xl0
6 

1. 4xlO 6 

2.0 4 -3 • ]XlO l.lXl0
6 

l. 6x105 

We now wish to obtain an estimate of the magnitude of k
3

[M) for 

SiF4 to compare with ~· Provided the electron affinity of the SiF4 

molecule is small, the excited molecular ion w·ill be in a low vibra-

tional state. In such a case, data in the literature on vibrational 

deactivation times is relevant. Data for SiF4 is unavailable, but CF4 

has a relaxation time of about 8xlo-7 sec at 300°K and l atmosphere 

pressure. 43 Using tabulated ~olecular radius· parameters45 we calculate 

the collision frequency for a CF
4 

molecule as 6.5x1o9 sec-l at atmospheric 

pressure so that we can say the vibrational deactivation probability per 

-4 CF4-cF4 collision is about 2Xl0 • The deactivation probability depends 

on the nature of the species colliding with the vibrationally excited 

CF4 molecule. Experimental data43 show that a collision with a helium 

atom is a factor of 10 more effective than a collision with another CF
4 

molecule in producing vibrational deactivation. For neon and ·argon, the 

corresponding factors are 2. 5 and 0. 6. Using this data w·e obtain k
3

[M] 

as the product of a vibrational deactivation probability and gas kinetic 

collision frequency. For a few microns of CF4 in 20 torr of inert gas 

(typical conditions for our experiments) we calculate 



M 

He 

Ne 

Collision frequency 

(sec-1
) 

k
3

[M] 

(sec-1 ) 

. 6 
0.7Xl0 

0.9x105 

In comparing ~. with k
3

[M] we use the more relia~le estimates corre

sponding to Eqs. (A-6) and (A-7), which differ greatly from the classical 

estimate (A-5), which is known to be poor for small E-E • If our esti-
. 0 

mates of k
3
[M] based on a small vibrational deactivation probability are 

correct, the condition ~ > k
3

[M] will hold for electron affinities 

. to about 2eV. For such a high' value of EA' the negative ion may be 

a high enough vibrational state so that deactivation may be expected 

on nearly every collision. This increases k
3

[M] and thus lowers our 

estimate of the upper limit on EA into the range 0.5 to 1.0 eV. 

up 

in 

It must be admitted that in the above calculation we have applied 

simple statistical ideas and have not given a detailed model for the 

ejection of an electron by an excited negative ion. Nevertheless, the 

limit obtained for the electron affinity is quite reasonable and does 

not conflict with our experimental observation of three body attachment 
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