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GASEOUS THERMAL ELECTRON REACTIONS

Charles E. Young

B Inorganlc Mnterla]s Research Division, Lawrence Radlatlon Laboratory,
- and Department of Chemistry
University of California, Berkeley, California

ABSTRACT

We have employed a microwave cavity resonanceetcchnique to study
the rate of disappearance of gaseous electrons_in fhe pfesence of molecules
which can capture them to form negative ions.. Electron concentiations
| of 107 to 108 per cC were produced by photoionization of a small amount -
" of NO w1th a 51ngle pulse of 12164 or 1236A light from microwave dlocharge
in hydrogen or krypton, respectively, Experlmental conditions also in-
volved the presence of 1 to 100 torr of inert gas, which permltted the
electrons to reach qulckly a Maxwelllen energy distribution corresponding
 to 300 K and reduced the diffusional loss of electrons.
“Under these condltlons, electron attachment to SF6, 7 lh and C "
‘ was observed to correspond to a two body process w1th rate constants of
_ 2.7x10 7, 8.8X10 -8 and 8.8x10" -12 cc/molecule-sec, respectlvely. Attach-
- ment to CQF; and SiFh'appeared to be a‘three body pfocese but estimaﬁioni}:
-of rate constants was less accurate. | | f

The éffectiveness of various inert gas nolecules in producing three
body attachmentvof electrons to NO was also investigated. For He, Ne, Né,
' Ar, Kr and Xe, measured tﬁree body rate constants were, respectively,
2. 2x10‘52; 1.8x10 32, 3. 7x10 32, 3, 2x10 -2 , O. 65x1o 32 and 10.5x10‘32
(cc/molecule) ch. |

Analys1° of the data 1oqu1red us to correct.ior amblpolar dlffu ion

out not for 1on-electron recombination. A short compufer study simulating



‘the conditions for our experiments on attachment to'SF6 and CYFlh was

useful in determining the error involved in estimating attachment rates S

from electron decay curves.
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1. . INTRODUCTION

The processes by which electrons may be captured in weakly ionized

"gases are of considerable practical and theorefical importance. Such

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

an area receiving gonsider&ble attention at»present.‘ It is often more
conveﬁient and illuminating to study gaseous electron capture in the
1ab6ratory where, hopefully, experimental conditiops can be chosen so that
a single proéess 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

' . : oo 1
often.. In electron beam work, the retarding potential difference technique

'has achieved.energy resolution of .1 to .2 eV, which is still objectionably

wide for studying narrow resonant capture processes. In addition, a
reliable calibration of thé energy scale is‘hafd to achieve. In drift

tube methods, the electrons move‘underithe'influence of an applied elec-

trié_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 Qr'the drift tube technique, the energy
distribution of the electrons is non—Maxwellian.B’u
The microwave cavity method used in our research was originally

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

microwave probing signal power caﬁ be kept low enough so that the therm?l
Maxwellian distriﬁution of the electrons isvundisturbed. If desired, |
signal powervcan be increaéed, 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



-

by Biondi7 in a study of the process 12 + e —>I->+ I,

Our expériméntal.program divides into two sections. First we .

studied.the rate of attachment of thermal électrons to the fluorine
combounds SFe¢, C7Flh’ CBFS’ C,F),, and SiFh. This study increased‘thé
estimate of the attacbment'cross sections for SFg and CYFlh as well as
giving information about the rate and mechanism of attachment to the

'» smaller fluorine compoﬁnds. ' The second part of our pfogram comprised
studies of the relative efficiencies of variousiinert gases in producing
three Eody attachment to NO, These results are discussed in Chapter 5.
Farlier chapters describe various aspects of the experimental technique

and data analysis.

o
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2. EXPERIMENTAL

A general vied of the apparatus is given in Fig, 1. Details con-
cerning various compohents will be given>in later sections. The electron ,
attachment reactions being studied teke place in the reection cell contained
in the'detection carity, The gaseeus system being studied is 1oaaed 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

3

~ triggered and a continuous record of free electron concentration vs time

is obtained on the CRT. This is photographed with a Polaroid camera for

later analysis.

2.1 Gases and Handling Procedure

The gas haneiing system; shown in Fig. 2, was eohstructed.of Pyrex
glass.f A mereﬁry diffusion pump with'liquid nitrogen trap,'backed by a
conventional rotary'mechanlcal pump produced vacuums of better than 10 -6
torr. Stopcocks were greased with Aplezon N and when new grease had been
outgassed suffic1ently, the system showed a pressure-rise rate of ebout

BXlO-S torr per hour when isolated from the pumps; Two mercury McLeod

gauges were available for pressure measurements given by

Gauge (1) p = Bulkxlﬁ;6 x2
Gauge (2) D= 1.h5x10—h x2

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 attachlng

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 gréde and traces of
.‘NO2 preSenP had to be removed. A removable flask containing NO and NO2
'ffrozeﬁ out at liquid oxygen temperature (-183°C) was attaéhed to the
‘vacuum line by a ball-sécket Joint and NQ was distilléd‘into the trap of
a reactant flask, the trap béiﬁé maintained at liquid nitrogen temperature

(-196°c). NO, has a negligible vapor pressure at -183°C and remains

behind in the trap as do traces of NéO, N,O0, or N’205 which may be present.8

2°3
The contents of the 7185°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 finél
portiops discarded. In-addition, NO was frozen out aﬁ -196°C and pumped
on several times for periods of a few minutes. ' After this preparation, .
small-amounts of NOrsolid had avpale-blue color and conformed within th¢
accﬁracy.of_the gauges‘to the expected vapor pressure at 4196°C.9
Commercially dbtained in lecture bottles ﬁere.SF6 from Matheson and.

C?FB apd Cth from Peninsular.Chem Research. The C7Flh used was kindly
suppliéd to us bvarofessor Joel Hildebrand. SiFL was. prepared by heéting
KéSiF6 undér vaéuum apdvcéliecfing the gas given off;* Befoie\each of
.the above éases was studied in'attachment’experiments, it was distillgd !
from an appropriate low-temperature bafh intoba réactént 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

lamp was cylinder gradé.

¥* : : '
A mass spectrum of this gas was run showing a strong SiF3+ peak -

indicating that the gas was mainly §1F). Traces of O,, N, and
possibly CO, were present. ’ E
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2.1I Reaction Cell Loading Procedure

The large attachement cross sections of SF6 and C7Flh necessitated

the use and measurement of pressures of the order of 10-6 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 abqut 5 liters volume
was ;ttached to the vacuum line. For convenieﬁce Qé'shali describe an
experiment with SF6 although the procedure wagvthe same for C7Flh'

After pumping on tﬁe_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 few microns of'SF6 were 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 SF6 flask. The

pressufe of SF6 was then measured with gaugé (l)»and stopcock B then

‘closed. The.remaining SF6 could then be pumped away and thé stopcocks

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

~opened. -After a fe# minutes, the valve léading to the pumps was again

closed and stopcock B opened. The neW'preséure of'SF6 was calculated

_5)r

from a previously determined expansion factor (2.15x10 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

opehing 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 of 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



data were taken.

For CBF8’ CQFh and S}Fh, pressure of these gases were in the micron “
range and the loading teéhnique was slighﬁly modifiéd. The'expansiqn
fla;k was not required and was kept isolated. After takihg the pressure
reading with gauge (1), stopcock A was closed and the fluorine-containing
substance @as trapped out in a cold.finger af -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 iet into the system.
After the NO pressure had been measured thevfluorine-containing substance
was allowed to evaporate again.. The resf 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,IIT The Pulsed Lamp

The ‘lamp shown in detail in Fig. 3vcdnsisted of a quarti celli2.5
cm in diameter with é LiF window sealed on ﬁith epoxy‘cement or silicone
resin. Power for creating an electrical discharge jn the lamp is supplied
to. the microwave excitétion cavity through S band waveguide from a pulsed |
magnetron. A pyrex and lucite wéter jackéf helps-attenuaté stray micro-
wave power from the lamp cavity which ﬁould otherwise.penétrate the detecL_
tion cavity and cause undesirable discharge iﬁ thevreaCtion cell. Tuﬁﬁlar
metal.éérs on both cavities act as wavegﬁide below cutoff and help to
prevent microwave power leakage betweenkcavities, | ’ Y
In our early‘gxperiments <SF6’ C7Flh)’ both lamp and reaction celi
were sealed to the same LiF windOW'ﬁith Afmstrong 07 - W epoxy cement.
Kr_gas was ﬁsed in the lamp, usually in the range 10-40 torr in érder to
reduce the power iéakage'from the excitation to the détection cavity.
The Kr lamp emits its principal iénizing radiétion at 12563 (10.0 eV).

B
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Later it was decided to separate the lamp and the reaction celi by about
2 mm and use hydrogen in the lamp, the pressure being in the range 10-30
torrf The 1216 A Lyman o line’provides’the»priﬁcipal radiation for NO
»ionization and much of the remaining radiation from the lamp is attenuated
By atmospheric oxygen bands. Although ﬁost of the photons of energy
greater than 9.2 eV absorbed in NO produce ionization,lo it is desirable
- to reduce the possibility of photodissociating the NOll which is ener-
getically possible above 6.5 eV.

The electronic circuit for the pulsed magnetron system is given in
Figé.»h and 5. The pulse forming netwofk is.qharged to 8 kilovolts and
is designed to be fired by a thyratronvgiving 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 microsécénd pulse; The duration of the lamp flash
with respect to emission of ioniziﬁé radiation for NO was experimentally
determined‘as about 40 microseconds-by'observing thé initial rise of |

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

2.IV Electron Concentration Measurements

The ffequency counting apbaratus is shown iﬁ thecblock diagram in
Fig. 1. This equipment consisted of a Dymec DY 5796 transfer-oséillator,
a Hewlett Packard 540 B transfer oScillator and a Hewlett Packard 524 D
électroﬁic counter with a 525 B frequency converter. As is:shownvin
Chapter B,Ithe free elecffon concentration, n, in the cavity can be
related to a shift, O, in the.cavity resonance‘freQuency,.causea by.the
presence of the electrdns. An evaluation of this relation for various

experimental conditions has been given by Bidndi.5 For our purposes, it
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is sufficiently accurate to assume that the electrons are uniformly dis-

tributed in the reaction cell, This results in the relation

n = 6.7hx10-8 f Af  electrons/cc (241)

where n is the (uniform) electron concentration in the reaction cell and
f is the cavity resonant frequency (2 ™ f = @) and Af is the frequency
shift. Af can be determined for experimental data such as in Fig. 6b

by relating the displacement of the curve from its t = » 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

5. 1. 'Conduétiyity df Ionizedeaé
ACohsider-a cloud of gg$eous electfons, négative ions, and positive
ions witﬁ éoncentratioﬁs né, n_, and n, partiéles pef qc respectively,
Sati%fyingﬁa condiﬁion’of approximate charge neutrality n, +.n_ -n_z o.
We refer to such ' an aésembly as a plasma, noting that there may also be
variQus uhéharged sbecies present. For electromagnetic methods of dé-

termining the electron concehtration in the bulk plasma to be effective,

"~ the plasma must act as a transparent dielectric fo the probing wave.

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

wP =k nee?/m cps, where. m and ‘e are, respectively, the electronic mass

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

- greater thah a&”_the signal’can pass freely through the plasma; if w < Ops

serious reflections occur near the plasma boundary. For the probing

frequency employed-of:abéut 3150 Mc/sec, the sbove condition places an

. : \ . : 11
upper limit on measurable electron concentrations of about 5x10 elec-

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

this estimate somewhat.

For w > wb it is meaningful to define .a conductivity o g/s where

J represents the current density due to free electrons and € = Egmmt

refers to the électric vectdf of the applied High-frequency field. 1In
genera}, o is complex; cdntaining contributions Both in phase'and
quadrature with the -applied field.

High ffequency.conduction and dispersion in plasmas has been extenéively

investigated theoretically.®r12-20

Margenau17 has shown how to derive
the relation between the velocity distribution and the complex conduc-

tivity under fairly general conditions. . One heed‘only assume that the
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_diotributlon of electrons 1n coordinate and veloc1ty épace does not change
in time over an 1ntervdl 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 thelions and molecules. Also the
electron velocity distribution may assume non-Maxwellian forms. If the
distribution functiOn, f(z), is expanded in spherical harmonics keeping

only first-order terms, we have
fy) = £,(v) + V."x(fl(") - igy(v))e - (3r1)

where Y = eE/m, e and m being the electronic—charge and mass, and E the
electric field strength (directed in the x direction). The Boltzmann
vtransfer equationel
iot  df ’ pf .. N
Y =5t % i - (3-2)
provides,.after some~manipulation, a relatidn between the isotropic part,

fo’ and the nonisotropic parts, f, and &> of the velocity disﬁributiqn.

1

function. From this is obtained an expression for the conductivity

nev 2 . d° , '
g = X = - ne f v o i o v dv (3‘3) |
E Sm a? + v2 5;_- - ' i
_ne"‘fa V'l‘”élmfd . .-'(3#)
T 3m ov \U v _ - ‘
where fg represents fo when unperturbed by the électric‘fiéld, and the : v

bnormalization condition is | bty f dv ='1. The momentum transfer
collision freQuencygz for collisions of electrons with molecules and
ions is represented by v. In general, it depénds 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 Egs. (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
assumptions thdn here. |

Several special cases are useful.

(1) v not a function of v. This assumption is not very accurate
physically, but leads quickly to a formula for o which is a useful

limiting case:

2 .
ne Vv - 10
o = B (2518) (3-5)
W +y

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

-oscillator equation

m §~g-+ vm %% = eEeMDt .
dat

The case v << & 1is a good approximation in many gases at pressures of

a few tens of torr, giving the result
.2 .
0 = -ine”/mo (3-6)

(2) Electrons uniformly distributed in energy in the interval
17

0 <v < Vye In this case

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

to the collision frequency Vis 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 © 2
goDe . 8 / U du-iw/ i au) (3-7)
‘m 3\ ( ® +v )

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

has been evaluated6 in terms of tabulated functions and the following

23

limiting approximations are useful

S re-Fen-Fey)] oo

(v2<< a?)

[n]

=

(v 5> o) o = B [ g_n o ( (‘j)"’) 1(%) (£F (-2 ® ﬂ <§-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 fo is obtained as

VE g d(va) ‘ ]
In £ = - _ (3-10)
0 k T + lﬁ&éﬁ;__-__
6(v +aA? )

where A = v/v , ¥ = 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 kBT, the distribution is clearly Maxwellian. Further, numerical
investigation shows that in the entire range kT > My°/6a” the distribu-

tion function fo is closely approximated by a Maxwellian distribution
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corresponding to a temperature T' = T(1l + My2/6w?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
approximation of elastic collisions only may be reasonable. We shall

use the above criterion later to estimate the maximum desirable field.
strengthvin the microwave cavity. We note in passing that for sufficient-

ly large electric field strengths, the distribution function for the

electrons
. f3m(vh+2aFX2v2 .
- 2.2
fo = Ae 2My A

resembles the Druyvesteyn distribution. To obtain fo from Eq. (3-10),

A was assumed constant.

3.1I. 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 bbundaries 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
been tabulaa.’ced.2!‘L By supplying the midrowafe energy of frequency corre-
sponding to a particular mode of oscillation in the cavity we can excite
that mode preferentially. Because of iﬁperfections in the cavity such
as coupling holesvto 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 frequenéies
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and corresponding field configurations are given below.

Transverse Magnetic Modes:

B, ( iﬁmﬁ r> cimd cos@g—z-) (3-11)

ti
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BZ(I‘, b, Z)
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= O, l, 2’ oo

Re]
|

=
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0, 1, 2, vus

n=1,2, 3, ...

where Jm is the Bessel function of order m, X n is the nth root of

10

Jm(x) =0, and ¢ = 3X10" " cm/sec.

Transverse Electric Modes:

E I < f%E r) Himp sin<2%5> (5-12)'

0

i

Bz(r: o, z) .

Ez(r( o, 2)

1

O = c/(x,;,n/R)a+ (prr/n)? p=12,3, ...

B
1

—O’ 1’ 2‘, eoe

n:l, 2, 3’ e s e

where x' is the nth root of Jé(x) =0, ¢ = 5x1010 cm/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 fréquencies from
the values which can be calculated from the above formulas. The field
configurations are likewlse perturbed. In a case where actual measurements

were carried out, using probe techniques, on a cavity similar in shape

T



should give nearly the same answer. Hence, for calculation of field-
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to ours, thevfields were found to copform closely to the ideal values,
except very near the upper orifice;25

As shown in Eq. (3-18), the measured electfon concentration is
actually an aVerage ovef the.spatial eléctric‘field distribution in
the cavity.»vFor thiS'feason it is desireble'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 TMOlO 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

| %61 -,
EZ(I‘) = EJO —ﬁ— r ) (5‘15)
independent of z or ¢. Calculations with Egs. (3-11) and (3-12) show

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

is consistent with the excitation of the TMblO mode, to the exclusion of

‘all other ™ and TE modes except possibly TMin‘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 ‘ !

be small, averaging over the fields for TMblO'and TMOll modes, for example,

averaged electron coﬁcentratiens, it'was assumed that the TMOIO mode ..
wes'exelusively excited. |

Near a partieular resonant frequency,‘w', of the caeity; it is a
good approx1mation to write the cavity impedance as the sum of a term.

Zl’ slowly varylng with frequency'plus a term exhlbltlng resonance
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| 1/q
7 = Z] + = m ext (3-1&)
‘ i(..___cz)-+l+ 1L, [2-EQV
y S @ e JE- Eav

where w_ and Q are the resonant frequency and Q of the cavity when no
perturbing current density J is present. €, is the permitivity of free

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

Qext refers to losses external to the cavityband is related to Q through -

a coupling parameter B byv
Qext = o/p.

The final term in'the denominator of Eq. (3-14) results from the
presenée of free electrons in the cavity. As these electrons disappear,
they produce a time-dependent shift Aw in the resonant frequency of the

cavity plus a time-dependent change in the loss l/Q expressed by26
L ) . - _

8(1/0) - 210fe, = ﬁ S~ (3-15)
o0 ¢

Splitting the conductivity o into its real and imaginary parts

(o = o, * ioi), we derive from Eq. (3-15)

v . _ _ (
o. B 4v . '
PR LA e
e oo [ E av
and
1, 1 %,
AF) = =5 [z v (3-17)

00 f E2 av

Using the expression for o from Eq. (3-5), noting that o Sa, we 6btain,

. from:Eq} (3-16)

i

s
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T 1 fn(r_,t)E?(_r_)dv

% ome (/) [ F(z)av

(3-18)

where the dependenée of n on spaﬁial and time variables has been empha-
sized. We see that direct measurement of (Au/ab) as a function of time
can yield the time variation of electron concentration a?éraged over the
eléctric‘fiéld in the cavify which we shall call (n) . A method employing
this approach has been given by Biondi.? Essentially, one point on a
fw vs. time curve is obtained fof eac¢h electrén'decay experimenf 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 slightiy from'experimgnt to experiment
thus obtaining a complete.AASvs. time curve. This method has drawbacks
fo?vexperiments on systems whose chemical composition may change as the
resuit of the photoionization or electron decay processes since the

eléctrén decay curve obtained would not be characteristic of the gas

initially present.

The'microwave apparatus employed in our research, shown schematically
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 PRDvEléctronics type 815 klystron power-supply was émployed for
supplying the cathode and reflector voltages to a Raytheon RK7OT7B reflex
klystron which was adjusted to opefate at about 3150 Mc/sec in a frequency
band containing‘the cavity resonént.frequency. ‘A special D.C. power
supply was constructed for supplying heater current since it was found
that objectionable 60 cps variation of the output frequency could thus

be considerably suppresased, The directional isolator reducen 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
1frequency determination and the rest is passed through a 0 to =20 db

27

attenuator to the Pound disciiminator circuit. ZEssential to this

circuit is a ﬁmagic ’I‘"ELL with its collinear arms terminatéd in the
resonant cavity and an adjustable tuning short and microwave detectors
ﬁounted on the other two.afms. The signal from the detectors is sent
into‘a type D differentiél amplifier of a type 545 Tektronix oscilloscope.
In the "magic T", the incoming probing wave splits equally between the
coilinear arms resulting in waves of the same phase. If the collinear
arms were.terminated in identical impedances, no microwave energy could -
| reach ﬁhe detector on the vertical arm, wheréas if one of the impedances
introduced a 180° phase shift, all the reflected energy would reach the
verticai detector. In practicé, the tuning short is adjusted so that

the detectors each see the same signal strengthvwhen the signal frequency
is heid exactly at the resonant frequency of the'cavify or far away from
that frequency. If the klystron frequéncy is increaéed linearly with |
time by addihg a small sawtooph contribution to the reflector voltage,

a typical discriminator pattern, shown in Fig. 6a, cﬁn'be obtained on
.the oscilloscope. It should be noted that neaf the reéonant frequency,
reflector voltage change and klystron frequency change ére préportionél.
The region of linear variation befweén points A and B is of special
interést to us. In performing an electron decay experiment, one fixes
the klystron reflector Qoltage at a . position corresponding to point B

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

cell by'photoioniZation the resonant.freqpency of the cavity is éhifted. | -

Alternatively, we can say that there is a large contribution to the
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iﬁaginafy part of the denominator in expression_(B;lh) giving rise to a
shift in the phase of the cavity impedance. The effect on the éignal
reaghing the detectors closely reproduces the situation where the klyStron
frequency is.éwept. >A typical single sweép tface on the oscilloscope

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

“initial rapid rise of electron concentration following the firing of

the lamp takes place in about 4O:‘psec and is barely observable on the

y

" time scales usually employed to observe electron decay. For initial

concentrations of lO7 to 108 electrons per cc used in our experiments,
the oscilloscopebtrace showed deflections within the linear region A-B.
In some preliminary investigation, larger initial electron concentrations

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

‘of the discriminator curve. This resulted in oscilloscope traces similar

to that shown in Fig. 6¢c, 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.,I1II. Range of Applicability

Invexpression (3-14) it is assumed that the term representing
electron current fepresents a small perturbation of the cavity. This is
equiyglent to ﬁhe conditioﬁ Ial << weé. "As a pseful approximafion,
consider the case whéré the frequency, v, of electron collisions with
the gas present is mﬁch smaller than the angular frequency, w, of the
E field (a condition satisfied for.most’éf the éxperiments performed’).
We then obtain thg_requifemeﬁﬁ | - |

n << mmeeo/e2 = 3.2x10710 P electrons/cc.
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This condition requires electron concentrations much less than 1014 per

cc atbthe employed frequency.
A detailed consideration of further limiting factors has been made i

by Persson.28 Forbﬁhe case v/w'€< 1, the upper limif'on electron density

is détermined by tﬁe electric polarization of the plasma, which corre-

sponds to "plaéma resonance" mentioned in Section 3.1I. (For an error of

‘less than 5% in thé'measurement of electronvconcentration at 3000 Mc/sec,

9

the permissible maximum value is about 6x10° per cc. Thé lower limit

for measureable electron concentrations is determined only by the minimum
cavity perturbation which can be observed. In our case, the limiting
faétor was a small 60.cps fluctuation of the klystron frequency abouﬁ

ifs steady value,vcaﬁsed by small residual ripples on its wvarious D.C.
voltages. However, initial concentrations of'lO7 electrons perfpc could
be comfortably dbsérved over a factor of 10 decreaée..

When v becomes comparable ﬁith w, or larger, one must consider the
effect of the plasma in exciting higher modes in the cavity. It is hard
to get a quantitative,eétimate of this effect but for the most extreme
.casé considered by Perséon,28 the maximum electron concentration is placed
at about 2x108 electrons per cc. Higher electron concentrations than
this were not empléyed 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 ﬁrobing'sigﬁal con- "
sistent with,the electron temperature being close'@o that of the gas,
i.e.,'about 300°K; Following the procedure.suggestéd by Osks.m,?3 we ’

denote by Po the power fed into the cavity at resonance and by definition

of Q
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fE2 av

1
PO =5 €, —-57(30— . (3-19)

where the integration is over the cavity volume. Equation (3-19) con-
verts the inequality for the field W << bm° a? kB'I'/Me2 to a condition

on the pOwer

P, << 3n° o e ( ) av/Me2q -

where E has been_taken to be its maximum value in the cavity for the’

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

P << 510/A nwatts  (3-20)

where A is the molecular weight of the gas. In derivingvthis, Q was
taken’to bebthe loaded Q of the cavity evaluated as ~5000 from direct
bandwidth measurement. Measurements‘on the apparafus withva bolometer
mount'replacingvthe connector to the cavity showed_thab the maximum
power reaching’the cavity was 0.32 m.w. with the.variable'attenuator
at O db. During. attachment experlments, there is further attenuation
of -15 db puttlng the maximum value of P at about 10 pw. At this
settlng,.the electron temperature should be close to the gas temperature, -
aﬁ least for experiments in He and Ne. The above analysis is admlttedly
rough since such effects as coupling to the cav1ty and electron colllslons
have been neglected. In general, the experimental data showed little
dependence on power-level increase by a factor of 30.

As mentioned before, most of the experlments in thls research
were carrled out at low enough pressures so that the electron collls1on
frequency is small compared with the microwave angular freqnency. A
simple discusgion 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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expression (3-5) obtaining

_ (n(£)e” 1 : | '
JAYSY) = . -18
( ./&b) 2nm eo ui » 1l + (v/w)2 ' (3 " )
and - ) ' .
_ <.n(t)>ee . (V[(D)2 a (3_2_1)
A(l/Q) me & 1 (P _

Expressions (3-18) and (3-21) coﬁtribute the imaginary and real incre-
mehts, respectively; in the denominator of the resonant impedance
expression (3-1&). Since only the'slope of a plot of 1n (n(t)) against
t'isirequired for obtaining the electron attachment rates,.thé factor
1/[1 + (v/&)e] which remains constént in time shéuld not be expected :
to influencé»the results. However, for (v/w)2 >> 1, the perturbing
effect of free_eléctrons in the cavity is reduced by the factor

1/[1 +-(v/m)2] so that eventuaily the difference signal from the detec- "
tqrs becomés iost in baékground noise. This effect was observed experi-
mentally fpr Kr and Xe, where (v/w)2 is large in the pressufe region
used. Also, we.must consider energy losses in the cavity when v becomes
comparable with w. Expression (3-21) has a maximum at v = w, at which
point (l/Q) = 2Aﬂ¥45. Experimentally, Auyab is.about 5X10-5, i.e.,
about 25% of the value of 1/Q. Consideration of Eq. (3-14) indicates
that a non-negligible A(l/Q) should introduce an épparent decrease in
the phase shift, this error decreasing with {(n). .This would éive a
curvature to the data on a logarithmic plot such as shown in Fig. Ta.

In fact, a slight curvature was obsérved But it occurred at iate times
’(Fig.-7b) and did not vary from gas to gas. This curvature is attribufed

‘to another cause (see Chapter L4),

i
i
I}
i
i
1
i
i
i
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Fig. 7 Electron Decay Curves (a) Illustrative (b) Typical Data for CoPle



Table 1 contains the parameter R = Qi(P)/oi(O), where o is written
rfas a function of the éas_pressure p which is proportional to v. TFor
ci(O)'ﬁe‘use -neg/mm. In obtaining Table I expressions (3-8) and (3-9)
were employed, except for 10 > (v/w)2 > 1/10, when the exact expression
(%3-7) was used. Values of v as a function of p were obtained from a v
published study of céilision.probabilities by a microwave method.gg’ Table
iy giveé an estimate of the pressure‘at which substantial reduction of

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

ment.
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Table 1. Pressure dependence of ci(p)/oi(o) for
Maxwellian distribution °

Pressure (torr)

Gas

100 50 20 10
He ‘ Lo 79 .90 | .98
Ne .93 .98 1.00 1.00
Ar .97 .99 1.00 1.00
ke . .06 .22 .66 .81
Xe .008 .28 .15 1
N .5k .88 .9k 99
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L. FACTORS INFLUENCING THE ELECTRON DECAY RATE

‘4.I Thermal Equilibrium

All the processes involving the decay of gaseous electfon concen;
tration are dependent on the electron energy. In this section, we
show that the electrons can be expécted to came to thermal equilibrium N
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 )y Lyman & line, thg maximumn
initial kinetic energy is éboﬁt 0.9 eV. Thié is large compared to
the average energy of thermal motion af 300°K which is .059.eV. In
elastic collisions between fast electrons of kinetic enefgy u and mass
m and gas molecules with thermal kinetic energy and mass M, the average
fractional decrease in the eleétron energy shduld be close to 2m/M

since m << M. Denoting thermal energy by Uy We have

S B o) (a - uy) v | | (b-1)

where électrons.of energ& u have velocity v and their mean free path in
. . 2 .
the gas is A. Following a calculation by Oskam, 2 we consider the case

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

(4-1) becomes

a . 2, .
- s ) P ) (4-2)
where vTe = (2/m) ug. The solution to (4-2) is
gt .
v(t) = v, & *C (4-3)
T egt -C

-

v . .
, o T . . )
where C = ;;—:r;;' and g = (2m/M) vT/x, Vo being the velocity at t = 0.
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If we wish to know how much time is required for u to come within 10%

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

2mv

£> 572 s o (bb)
' T

where we have used the fact that ¢ ® 1. With 1O the mean free path at

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

of the gas, we obtain

t > 2,94 x 107" A (1/p) | (h-5)
Using microwave‘daté on thérmal electron collisionseg'we obtain, for
example _
Héliu;n:_ :10 - 053, | t > (62/p) x 1076 sec
Neon : io = .303, t > (1800/p) x 10-6 sec
Xenon : 1?) = .555 X 10'2, t > (214/p) x 10"6 sec

In obtaining the above estimates, we have\ignored the péssibilipy'of
inelasﬁic collisions with molecules present. Electrons with 0.9 eV
energy.can excite tﬁe v=3 énd lower vibration levels in NO as well

as many rotational levels. Drift velocity mea surement s give an estimate
of the average fractional energy loss, 8, due to collisions of electrons:
of mean energy e with gas molecules.30 Data from ref. 30 for electrons

in NO is given below,

c (ev 5 x 10°

110

2

b 390
‘.6 : | , L50

. ‘

380

1.0 00
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It is interesting to consider the ratio of the fractional excess energy
loss due to elastic collisions with He at 20 torr with the corresponding
loss due to inelastic collisions with NO at 85 microns. For € = .k eV,

this ratio is -
20(2 m/M) _ (20) (2.74 x lO'?)
+T.085 6 - (.085)(390 x 10-F)

= 1.65

, Furthermoré, collisions with the principal attaching gas, when

other.théh NO, will contribute to the thermalizing of fast electréns
in addition to producing direct attachment. We conclude that actual
_tﬁermalizing times may be somewhat shorter than predicted by (h;5).

| All attachment studies with fluorine-containing molecules were
carried out with about i8 torr of helium present to reduce diffusion
loss of electfons. Even in the worst case (SF6 at‘highest pressures
studiéd), Eq. (4-5) predicts thermalizing times of less than 20% of -
the electron decay time constant. For experiments in NO alone the
much siowef éttachment rate meant that thermalizing times were neglibile.

EQuation (k-1) éan also be solved easily if it is assumed that the

electron collision frequency is independent of the electron velocity.
This éssumption 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).2°

4,IT Rate Processes

Free electrons, in the presence of gaseous molecules énd ions can
disappear by diffusionvto the wa11§ anq sﬁbsequeﬁt'neutralization there,
by atfachment.to neutral molecules to form negative ions and by direct
neutralizaﬁion of positive ions. These processes correspond, respectively,

to the first; second and third terms on the right hand side of the
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following equation

ane - kn_ - onn . | : (4-6)

“In Bq. (4-6) and subséquent equationé, we refer to electrons, nega-

tive ‘ions and pﬁsitive ions with subscripté e, -, and + respectively.

We represent the density of elect;on current to the walls by E and
paﬁtiéle densities by n. k and o are, respectively, the attachment
rate coeffiéient and the recombination coefficient. In general; these
will bbth_depend on the éhemical composition of the neutrals and ions
pfesent and the energy distributions of all types of particles presehﬁ.
We shall assume, in this discussion, ﬁhat the energy distribution is
Maxwellian at §QO°K, Since the number of positive ions produced is

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

efficient for electron disappearance; The term invoi?ing a in Eq.

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

electron density as less than lO8 per cc and setting & near the upper

7

N . : 6 -
limit of known electron-ion recombination coefficients (10 to 10 ' cc/sec),
we obtain an estimate of.the maximum péssible rate of decrease of electron
concentration due to recombination. We conclude,that électron ion re- |

combination could be an electron removal process comparable with attach-

ment only for the smal@est attachment cross sections we studied, such as

for attachment to NO itself. Even in:the case of‘yo; there was no
experihental,evidence that electronfidn reéombinafion was importaﬁt.
Plots of log (ne)'.vs time shoWea a'slight‘downwérd cﬁrvature such as
shown in Fig. b whéreas a c§ntribution from recéﬁbihaﬂiom would produce

curvature in-the opposite direction over the entire range of t. We

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

‘Eq. (4-6).
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Above a minimum density, usually taken to be_lFO'-7 to 108 particles
per cc,51 we must consider macroscopic space charge effects in dis-
cussing the diffusion>of charged speciésf .Free diffusion coefficients
,éré about three orders of ﬁagniﬁude larger for electrons than for
positive ionsf This means that starting from initial charge neutrality
'(n+ = ne) a condition will quickly be reached in which bhere is a net
poéitive charge throughout most of the diffusion region,_except‘near the
walls where there is a narrow sheéth containing an excess of electrons.
The macroscopic deviations from charge neutrality givé rise to electric
fields which‘acf on the charged pcrticles.. If theiparticles are‘giveﬁ
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 charge in the sheath and the.net
positive chdrge’élsewhere in the gas retards the.motioq of the electron
.tq the walls and accelerates the diffusion of.the positive ions. °

It is helpful to make a brief calculation in onebdimension cémparing
thermal and‘elecﬁrostafic énergies; Consider. a region in which tﬁere
are oﬁly élecfrons‘of density n, per cc. If the electric field i%
parallel to fhe~x—axis, Poisson's equation for the electrostatic poten- |
tial, V, is l

2 N

d = -4nnee

dx

<

no

where e is the charge on the electron. If we take the electric field
" to be zero at x =0, theh the electrostatic energy, W, of an elecﬁron

at x is

: 2 2
w E —L)IT n(‘ (] X?
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" Equating the magnitude of W with the mean energy of thermal motion: in
_one 'dimension, we have

2 2 : .
em n " x° = 1/2 kT : ‘ (4-7)

where T is the temperature in °K and kB is Boltzmann's constant. The
distance obtained‘by solving Eq. (4-7) for x is‘called3the’Debye length

given by

- N\ 1/2 : 1/
<) 6.01| L L (ke8)
Ny = ,ZFF:i;;; = 6.91{ = ] cm.._ (b=

XD,

e

.- If this model is applied to the electron shéath, it is apparent tﬁat the
‘rthiékneés of the sheéth coﬁld not Be much great?r than_KD"sinée'the
electroétatic fofce tending to disperse thé cloud of_excess electrons
would be large enough to repel electrons diffusiﬁg.to the sheath at
th¢rﬁal energies. At'BOQ°K; with n, = 108,electr§nsvper CC;.KD. =
i.2 X 10-2 cm, which'is_émall‘with respedt to the diménsibns of the
diffusibn region. |
| dénsider again the siturtion where initially'n+ = ne. If the initial
charge density is large enough, a steady state wili'quickly be reached
. in which axsﬁrohg encugh spéce charge field is established to equalize
the.ratés of diffusibn for electrons’ and positive ions...Provided.the
fraction of eiectrons lost in establishihg‘the.steady state is small
( (ng - ne)/'n+ ~ 0) +the diffusion process can be described by simple
. ~ formulae given in the next section ("embipolar diffusion"). At the
other extreme, for a sufficiently sﬁall 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 significént.
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retarding field ("free dirfusion"). At intermediate cdncentrations, a
sﬁeudy.state may be reached but only after a period of free diffusion
which hés'considernbly'depléted the electron cqncentration.( (n+-'ne)/
n, ~ 1). Sucn a caée should show an‘initially raﬁid,rate of eléctron
diffusion gradually decreasing.to an.ultimately steady rate. A short

numerical investigation of the dependence of the electron diffusion ra@e

on initial concentration is described in Section L4.IV.

| 4.TTT Ambipolar Diffusion

. Consider the case where electrons and a single species of positive
‘ion are diffusing to the walls n;_a vessel containing the charged par-'
. ticles as well as some neutral gés. We assume that a steady state haSg
"been reached, in.which there is a net positive charge in the gas,'giving
rise to an electric field, B (3) which is large endugh to pre&ent_freé
diffusion but'smail'enough 50 that-ﬁhe concept of mobility is neaningful.
Mobility is fhe ratio of.the &rift velbéity of a ‘charged particle to the
-iocal électric.field-and is repfesented by thevsymbol K. (Under the'abqvell
»conditipns, the chafged narticle concentrations will decrease with time

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

ane
s - "V L
5 (4-9)
n, - .
+ _
s = -V-L
" where
' = -DW -KEn =D %h .
__?_ e e e— e ae e
(4-10)



[

From this, we realize that we can put I, =T
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D‘,'D+ and D are constants for free diffuéioﬁ. Fquation (4-10) may be
@ -7 g
taken:as a definition of ambipolar diffusion constants Dae and'Da+.
(Other symbols in (4-9) and (L4-10) have the same meaning as in Section

L.I1,) The assumption that quasi neutrality is preserved in time gives

gg (§+.F ng) = -V (Ei - Pe) = 0

—

L =L, say, and similarly

— S

= n, ='n gnd D, =D, = Da'_ From Ea. (E-}O) we get
E-_E&i@&!&:-%-@ (4-11)
=" K +XK n K 'n
. e + e

where we have used the fact that D, > > D, and K_ > > K,. Also, we have

KD, +K,D S
e+ . T4+7e ' _ .
b, = XK +K ' o (k12)
e + .

Using;the Einstein relation between diffusion and mobility K/D = e/kﬁT
where the particles with electronic charge e havé’temperature T, (ka

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

(Section b.T) D, x2 D,. The real advantage in using amibpolar diffusion

coefficients is that the system of Egs. (4-9) and (L4-10) reduces to

g%‘ = DaVan . ' ' (L-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(x,t) = 2@ /e e
ey |

where ey are constants and Xi are eigenfunctions for the region in which

- diffusion takes place, satisfying

i
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(F + 1//\_?) X, = 0 | (4-15)

The Ai,‘known as the cha?acteristic diffusion lengths, are eigenvalues
corresponding to the eigenfunctions Xi ahd are completely determined by
the dimensions of the region in which Eq. (h—lB) is solved. The 7; in
Eq;~(h—1h) are given by DaTi - Ai.

A sufficiently goéd approximation to our eXperimeﬁtal situation is
to consider the electrons to'be contained in an infinite cylinder of

I3

radius a. Then

) = 3G/ ) | (116

and

Ti - (a/xoi)g/na

S

" where r is the fadial co-ordinate, J0 is the Bessel function of order
zero and X, is the ith root of Jo(x) = 0. I£ is of%en convenient to
consider the case of diffuéion in the fundamental mode [only the i = 1
term present iﬁ Eq. (4-14)] since this is a simple exponential decay.
We note that the higher médes“decayvrapidly with respect to the fﬁn—

damental mode for example

i) 2,40\
. “\5.%

I

<

1
‘and
v | >
5 (2.0
Tl. - 8,65

for the infinite cylinder. In this case, when t = 11/2, 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 conéentration is distributed in proportion to the in-
tensity of photoionizing radiétion, which should 5e-greatest étif = 0,
falling off as r_—;a.‘ | | | | |

| It can bé shown2557fthat, in the case where electrons, positive
ions, and.negative ions a;e présent, the diffﬁsion pfobiem can be
héndled in a manner analogoﬁs to the amﬁipolar.freatment of the'Eqs.

(4k-9) and (h-iO). In the preéent case, the“diffusionlequations are

on :
‘ e .
3t " Dae V? Be
on, | /
== p,, o, , (-27)
on ' . .
S = %WV on

where we must now employ seﬁarate'ambipolar diffusion constants for

the different species. 1In this connection, we require. the parameter

7

. B = n_/ne. Provided' B < 100 we have, in the isothermal case

D= 21t
_Da+a 2D+ ‘ ()4-18)
| D _ = 2(1 +4B)(D*/De)D_v
and _ ' .
) D¢ - Vi
E« -5 =
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We note tﬁat, in the present approximation, neither the space charge
field nor the diffusion of positive ions is altered when. negative ions
are preseht.

Finally we mention that Biondi7 has also considered the solution of
Eqe (h-l?) iﬁ'the case where attachment to form negative ions takes place

simultaneously with diffusion. The appropriate equations are

Bne -2
‘ gt— = Dag v n, - kne
on ' ,
e
on
- = D Vg n + kne

Et . Q- -
with D__, D_, and D__ given by Eq. (4-18). If we make the plausible
assumptionsrthat
(i) for positive ions diffusion is entirely in the fundamental mode
.n.(t) = n,(0) -t/7 where D .7 = NS
. + - + ’ € a+ - Al
(ii) D Vn << kn
a- - e

we can easily obtain from the quasi-neutrality condition,

g{ (ne-’;n_'n.‘.)’:o’

the equation

on

5%2' = -.kne - n+(t)/T (4-20)

If Fq. (4-20) is integrated subject to the condition n+(O) = ne(O),

we obtain
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' ne(O) ’ -kt | 1 —f/T '
AR e vl I o G

.

It is,seen that Eq. (4-21) predicts a deviation from a simple ex;
ponential‘deg:;xy twith a single. time constant. The :equa,tio_n_ should really
be applied énly in caées where kt >> 1. In any,event;'Eq. (4-21) is in
qualitative aéréement with the obsérved exPerimgntalAbehaYior of.ne and

numerical comparisons are discussed in the next section.

4L,IV .Computer Calculations

'For the pﬁrpose of comparison_with fhe simple ambipoiér theory
[Eq. (h-Ql)]‘ﬁhich becomes inaccurafe as the ratio of negative ion to
electron cohcentfation'becomes'largé, we obtaiﬁed some numerical solu-
tions of,thé equations governing simultaneous diffusioﬁ and attachment.

The starting point was taken to be the equations

w - _
a—tﬁ' = Dé \72n'é + KeV . (:E_ ne)' - kne

on, - : : R
s - 0%V, -k (En) o (ee)
5o |

- = 'v + . + I
ST D_T Vgn_v KV« (En) kn_

where free diffusion céeffiéiénts are.represented by D, mdbi;ities by K,
attachmeﬁt_coefficients by. k and parﬁicle densities by n. iThe space
’charge field E is détermined from Poisson's equationf In the_present ‘

" case, the containihg vesgsel is taken to be an infinite cylinder of
radius a.  Hence E is.directedrradially and depen&s'only‘on the distance

r from the akis_bf the cylinder
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CB(r) = T g(ny(8) - n(6) -n (1)) at (b-23)
0 . .

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

~ of dimensionless parameters defined by

R = r/a, oT= Det/a2, N =»n./no and € = Eae/k;T

né being the initial electron density, T the temperature of all Species
present and kB the Boltzmann constant. Using the abové and the relation

K/D = e/kBT we obtain from Eqs. (4-22) and (L4-23)

v 2 .

oON 2 : ka“N

> 1 | d 1
5}_8_ = [a_R-—e--l-ﬁ Sﬁ] Ne + {gﬁ +_R"] (Nee) - .Dee
5o ORI F P RE [N ® RN

. ; 2

' 2 . L ka N
ON o 1 9 : ) 18 v
= = (o) [_—BRE YREOW ]_'N-” [E‘RT * ﬁl w.e ) 5 -

“ B hﬂeeagno | “. V a . | _ .v | byool)
@ - Tl 1 f (OREAORERO) ERNCES

‘

For usé in the.numeriéal_solution of Eq. (ﬁ-éh) where n = £/a, the -
discrete variable R(L) was defined as R(L) = L/M where L and M are
integers and L=20,1, 2, ¢eee M. 1In other words; the radial,distanée
was divided into M equal parts. Derivativés were calcﬁlated at each
point R(L) using céntral difference-formulae inﬁolving two adjacent
points on either side. At R = O, the expressions (ON/OR)/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

\
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5.

expressiohs in terﬁs of the values of the same expréssions 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, ).

(2) evaluate the derivatives BN/BT at each value of L, using numerical

methods for the partial derivatives with respect to R

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

ML, T +A1) = N(L;T) + (9/37)N(L,t) At 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 At which can be employed, the

maximum At being a function of the initial electron concentration n_e

For M = 20, the maximum usable At ranged from about 8 x lO'h at n, = 106

n

electrons per cc to 2 x 10~ at'né = lO8 électrons‘per cc.

The value of the diffusion coefficients De and D, were calculated |

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

32

B ' | +
18 torr. From mobility data for NO in helium,”” we obtained D, =

\

33

For the electron diffusion coefficient, we employed the formila

- 1/2
D = 2 i S R
e 8 om* no

where T is the temberature and kB is Boltzmann's constant. Eléctrons.
are diffusing through the gas with density n molecules per cc and d
is the.cross section for this process. m¥ is the reduced mass of the
electron-ﬁolecule pair and is approximately the mass of the electron
itself. D_ was computed for a pressure of helium of 18 torr and tem-

P L] .
perature of %00 K. o waz n momentum transfer cross section for electrons
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in heliﬁm taken from a paper by Frost and Phelps.Bu >We obtained

D, = 1.0 x 1ou cme/sec; Lacking experimental data on the diffusion
of the negative ions.present, we put D_ = D+. vSince the diffusion of
negative ions is greatly retarded Ey thevépace charge electric field
the célculation should not be sensitive to the precise value of D_
selected;

Both tbtal electrpn concenﬁrations and averagés ové} the TMOlO
electric field [éeé Eq. (3-13)] were compﬁted. As expected, the
decay rates were not sensitive to whether the electron concentrations
were averaged or not. Since:the électfic»field aVeragefcofresponds
to the experimentally observable quantity it was used in fhe analysis,‘ﬁ

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

Diffusion coefficients: De = lO% ' cme/sec
D, = 20 éme/sec
D = 20 cmg/sec

cell radius, a = 1.2 cm.

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

From the above, we have a2/De = 1.4l x lth so that 1 unit of program

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

3

less than 10~ so that considerable time was required on the SDS 910

computer. For this reason, computétions were made With the attachment
raté constant set at about th sec_l which corresponds to experimental
data for SF¢ and CTFih where the duration of observed electron decay

was only a few'hundred microseconds. | ,
A typicai cdmputer calculation with k = lQh sec"l and n, = 108

electrons per cc is shown in Fig. 8. The straight line corfeSponds-to
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Fig. 8 Electron Decay Curve: Computer Simulation of Attachment and .

Diffusion for n_ = 108 electrons/cc, k = 10h §gc"l, Fundamental

Diffusion Mbde.
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purely exbonential decay wiﬁh tiﬁe constant 1o;u sec. The computed
curve does not show.appreciable deviation from the straight line until
the electron concentrationihas decreased by about an order of magnitude.
From this it is épparent.that in obtainihg slopes from similar experi-
mental data curves emphésisvshould be placed on points near time t = 0.
A’short study of the diffusion of electrons and positive ions in
the ébsence of negative ions was madevin 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 thé fuhdémental mode so that the électron éoncentration as a functiqn

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

' = Da 2 . ’ :
N(R,T) = Jo(xolR)v € (=) x .7 (L-25)

H

D ol
e

where Is is the zero-order Bessel function and xoi‘its first zero. In
practice, it was found that for initial electron concentrations, n_, Qf
106 or.lO7 per cc noticeable curvature of fhe computed log (N) vs t
curve wés'observed for the first:500 or_BOO microseconds, respectively.
This indicates that as t inéreases,in the first few hundred micro-
seconds there is a transition from a faét-raté of loss of electrons,
corresponding to free diffusioﬁ, to a slower rate as a retarding electrié
field builds up. For n, = 108 per cc, straight line behavior of ab
log (N) wvs t plbt was obtained from times earlier than 20 microseconds.
Also, at n_ = 108 cc-l, the original first mode distribution shape is
accurately maintained, whercas at n, = 107 or 106 cc"l progressively
more electrons are lost from the distribution near the wall of the

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

following table (Table 2') the effective ambipolar diffusion coetficient,
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D', was obtained from the slope of a log (N) vs t plot at a time t
0 ] ; ‘

3

when the plot appeared linear, at least on the time scale employed.
D, was calculated from Eq. (L4-12),
’ : , Table 2.

Effect of initial electronh concentration on effective ambipolar
diffusion coéfficient,-Dd'. : :

N ¢ p,'/D,
© . M ‘seconds : v '
electrons/ce
6 | ’ | ,
10 _ 1235 ‘ - 5.23
107 ; S 95k . 2.2
108_ 175 - 1.27

It is'apparent that sfraight-line‘behaviour of a log’ (N) vs t©
plot over.moderate time intervals may. correspond to an ambipolar diffusion
coefficient somewhat larger than predicted by‘the simple theory. One of
the conditions for the validity of the simple theory is approximate charge
neutrality: f(N+'- Né)/N+ :IO.' .In fact, for initial electron concentra-
tions of 108, 107 and 106 per cc, the quantity (N+ --Né)/N+ evaluated
b 5 and .19, fespecfively; This indicates

at R= 0 was 2 x 107, T x 10~

that the»péssibility of simple ambipolar diffusion in the range
107 > n > 166 ce™t is quite dubious. | |

Returning to the attachment calculations, ﬁe can make some general
observations. .It appeared that the space charge electric field was
established very rapidly after the beginning of computatioﬁ and thefeafter
the field varied quite slowly with time, This indicateS'a steady current

of electrons 1s diffusing to the walls during the attachment run. As
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the electron concentration is being reduced by rapid attachment, the
fractional loss of electrons By'steady diffusion beéomes greater as
fime progresses, giving tﬁe Behaviour shown in Fié. 8. This qualitative
explanation also fits the simple expressioﬁ (Eq. (L-21) ), where the
second term is small but decreases more slowly with time than thé first
term.

The computations-showéd‘thét with an initially uniform electron
distributioh the decay rate was a few percent faster tﬁan 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 attacﬁ-
ment rate from the slépé of the electron decay curve near t = O. The

table applies to an attachment rate, k, of th sec-l.

Table 3
1

Error in estimating attachment rates for k = th sec ~,

o ong o : . Uniform distribution Diffusion distribution
electrons/ce ‘ % error % error '
6 o : o
10 : 30-40 30-40
107 ' 11 10
10° 8 I 1

In practive a correction for diffusion énd 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 (gée Chapter 5). In the |
~ analogous correction for the above computed rates, there is no correction

for background attachment but a correction of about 1.6 x lO? sec_l
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would be subtracted from k to correct for ambipolar diffusion, thus
reducing the erfor.estiméteé in Table 37 by about 1.6%. - “

The approximate ambipolar theory and the.cbmputer solution for the
case: n, ='lO8 éc_l, k = ZLOuh‘sec"l and an initial fundamental diffusion
mode dis@ribution,-were in good agreement for about 400 microgeconds, 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 ébnéentration 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 étudied. Listed in order of decreasing attachment rate,
the§e were SF6, C7Flh’ CBFB’ C2F , and SiFh.

It is convenient to discuss the attachment process in terms of

the following mechanism,

k ' .
ave —2s (a)" . (5-1)
(a™)* —E§—> A+e ' ' (5-2)
K, ' ’
(A7) + M—2> AT+ M | (5-3)

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

molecule. In the steady state approximétion for the unstable negative

ion (A‘)*, Eqs. (5-1) to (5-3) give

dn_ i klkj[A][M]
& "k M)

L
n
e

-k o (5-W)

where n_, [Al, [M] are the concentrations of electrons and species A
and M, respecti&ely. We have indicated in Eq. (5-4) the relationship
of the elementary raﬁe'constants kl, k2, and k3 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 CYFlh where pressures of
these gases as low as 5x10'7 torr wefe empioyed. At 300°K, this
corresponds to l.6xlOlO molgcules per cc, Since the initial electron

7

concentration in these experiments was between 10' and 108 per cc, [A]

can bé_regarded as practically unchanged during the electron
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decay.* Hence k in Eq. (S-ﬁ) is actually proportional to [A], where we
can use the value of [A] at the time the reaction celi was loaded.:

As déscribed in detail in Chapter 2, a fixed pressure of NO (about
.085 torr) was ﬁsed in these experiments as é sourcé of photoeleétrons;v

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

'the diffusion rate. Hence, Eq. (5-U4) should actually be written

1 dne

5 =% = k + k . (5-5)

e

whéré k* includeélthe contributionvto the electfon decay rate due to:
(i) electroﬁ attachment to NO, and (ii) diffusional loss of electrons.
Of course, inclusion of the diffusional contribution in this mannef is
equivaleﬁt 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 intérval of several milliseconds as

wasvthe cgse for CBFB’ 02F , and SlFu.‘ In th¢ case of SF6 and C7Flh’

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_performinglattachment experiments at various pressures of the

. v ' : *
~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 ﬁhe pﬁlsed lémp. For SF6, for example,
it was observed that by the 100th flash, k had decreased to .6 of its

value for the initialﬂflash. 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 function 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 SiFudaﬁa, could be extrapola-
ted.through the origin as_expected.> |

The reason for the anomalous behavior of the SiFu data is uncertain.
.Howevef, it is appropriate to mention the facﬁ that for pressures of CEFM
and SiFh in the micron range, the attachment rates wereabout the same

. . * % 2 1
magnitude as the correction, k (k was ~#x10° 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 100°C for several
hours between experiments reduced the scatter in the data. This effect
was prqbably assbciatéd with outgassing from the cement used to seal
the LiF window to the reaction cell. Red glyptal resin proved superior
to various epoxy céments‘in reducihg ﬁhis background attachment.

We cbnsidered the usé:of higher pressures of Cth and SiFh in -
order to produce a faster eléctron decay rate thps reducing thg relafive
magnitude of k*. This was attempted a feW‘times but the values of k
obtained were always low when comparéd with the values expected from ,
extrapolating the low pressure data. The absbrption spectra of CQFM
aﬁd SiFu in the vacuum ultraviolet are not known, but it may.f’be that,
at the higher pfessures, a significant amount of.the_lamb radiation is
absorbed by the Cth or SiFu to produce excited species. The apparent
attachment rate in the presence of excited molecules could be.diminiShEd
because of a competing detachmént process.

The lifetime of the excited negative ion produced in process (5-1)

is of importance in interpreting the attachment results. 1In the sb-called
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Fig 12 Pressure Dependence of k: Cth Data.
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Table L. »First ofder rate constants for electron deéay.

Pressure SFSY o k Pressure CTFlh : k |
X loé-torr ' X‘lO-u sec™ X 106 torr X 10'” sec”t.
55 Lk | .97 .29
68 S5 LT .53
1.73 . 1.55 | 3.2 | .98
1.95 B ' 4,92 - 1.3%0
3,12 - 2,13 ~ 6.08 | L2
3.73 2.76 6.91 2,05
6.9 D58 135 2.46
659 5552 8.27 - 2.03
6.9 . 501 - 8.27 . 2,33
. Pressgre.CBFB k ~ Pressure C,F) v' - k
X 10° torr X 107 svec_l X 10° torr . X 107 sec™t
250 122 .15 083
.82 - 2.3 ' .48 ) o Leho
1.07 - 3.1k | 21 - .291
2.06 5.79 f 1.84 s
3,08 o O8.77 3,80 . 1.2k
S ks . Io.27 o . 3.98 . . - 1.51k
Prgésure SiFh\_ ) k
x_lOe torr ><\ILO"2 sec™t
32 S 1.5
32 .. 1.82°
.58 1.8
2.01 - 3.0h
2.66 : 3,3k
3,02 3454
3,020 3,60
3.23 %30

b7 3.39
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"high pressure 1imit", corresponding to kB[M] >> k, in q. (5-4), the
excited negative ion is much more likely to undergo a stabilizing colli=-
- sion with an inert gas atom [process (5—5)] than to decompose [process
(5-2)]. In that case, the measured rate'ef electron disappearence is
simbly tﬁe rate for the two-body process (541) witﬁ rate constant, k,,
given by - , .
eW o (56)

' At the opp051te extreme, where decey of the exc1ted negatlve ion is much’
more probab]e “than colllslonal stablllzatlon (k2 >> k [M], the "low
pressure llmlt"), Eq. (5-4) predicts the attachment_rate will be propor-
_vtionai to both [A] ahd:[M]., In that case, we can define a three-body

rate constant, k B, given by

3 .
Sy (5-7)

_In intermediate cases, where k2 = k [M], the enalysis must involve the

complete expre531on in (5 4) or some similar treatment which involves

l’ k2, and k3

' Time-of-flight me.ss'specth'ometr;yj'5 has shown that the lifetime of -

. S ' :
(SF6) with respect to process (5-2) is of the order of 10 microseconds.{
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 SFg. We conclude that for
SF6, our experiment measures the two'body~rate corresponding to process o

(5—1). The conclus1on is the same in the case of C7Fluvsince the

ion has been observed in a mass spectrometer36'and must therefore

CoFiy

have a lifetime under collision free conditions of at least 10-6 seeonds.
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'~ Mass spectrometric studies57 of CEFB’ at pressures of about 10'5 torr,
g | , | | ) .

have not shown the presence of the C5F8 ion. However, we obseryed no
varlatlon 1n k when attachment to C3 8 was carried out in neon with

the neon pressure varied in the range 2 to 8} torr.’

With Cth and.SiFu, the observed attachment rate showed some
dependence on'thevinert gas pressure,‘approkimately doubling as the
_inert gas pressure was increased from.lO'to 100 torr. As in the study
of attachment to 'NO alone (Sectlon 5.II), the observed electron decay

' rate, corrected for dlffuslon, was plotted agalnst inert gas pressure
(cf ,Flg. 15) Although the C2Fh and Sth data showed somewhat more-
scatter than was present in the NO work, varlatlon of attachment rate
with inert gas pressure was definitely present, indicating that attach-

: _ _ . x

ment to Cth and SiFh-should be interpreted as a three-body process.

Analyzing our data in this way, Eq. (5-7) becomest
ko= (kgplal £ agliol) ] (5-8)

. where A is Sth or C FL, k}B and k}B are three-body rate constants
for attachment to A and NO, respectlvely, and M 1s the inert gas. We
determine k eXperimentally*as a function of [M] for known fixed values

of~[A] and [NOJ. Slnce we know kéB from separate experiments with NO,

The ions observed in reference 37 were F~, CF,;—and- CQFB with —

» appearance potentlals of 1.8, 2.2, and 2.1 eV, respectively. For

' thermal electrons, dissociative attachment to C5F8 to form C3F7 and
F seems energetically 1mposs1b1e s1nce the electron affinity of F
is 3.L448 thh while C-F bond energies are usually in the range L.4
to 5.2 eV, b1 It is not known, whether d1ssoc1at1ve attachment by

'bthermal electrons with the formation of CF. or C F_ is possible.

> 25
.See Appendix
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‘we can calculate k

63 -

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

-1

C,F), in helium: Ksp 2x10™° (cc/m.olecule)2 sec

3B

A sYstematicvstudy of the attachment rate to C Fh and SiFu as a

-1

it

§iF) in helium: k 3><lO-31 (cc/molecule)2 sec
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 functlon of C Fh or SlFu pressure has been mentioned

.previously. This scatter introduces corresponding inaccuracy in the

‘determination of three-body rate constants for these compounds.

| " In order to compare our data to that avaiiable from beam experi=-
ments, we. require the relation between the attachment rate constant,

kl, and the attachment cross section o. The required relation is

k, = v(e) ole) f(e) ae  (5:9)

: where the dependence of the cross sectlon g, the electron veloc1ty Vv,

and the electron energy dlstrlbutlon fUnctlon f on the energy of the
electron € has been indicated. Here f is normalized to unity. In
actual beam studies; the minimum energy spread attainable is typically

.1 or .2 eV. By comparison, at 300°K 90% of the electrons in a Max-:

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

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

average thermal electron velocity at 5006K,.shou1drbe“a reascnable

quantity to compare'with thevbeam results. Our results for kl and o

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 o reported

and that these values are smaller than our present measurements. This
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Table 5. Two'body rate constants,_kl, and_éverage cross
sections, o, for electron attachment.
- Compound - bkl_ .:.V_ . B  5
cmB(moleculg_sec)-l S cm2‘

ST 2.7 % 1077 S 2.6 x 1071
) 6 . : -8 . . j . ' _15
CF1) 8.8 x 10 , R 8.2 x 10
053‘8 ” 8.8 x 10712 . B x 10_’19
'cth» . (9.h X 10_*15)* . (8.8 x 10‘20)*’
SiF), (2.3 x 1072y% - (2.2 x 1070)x
*

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

a two body process. (In fact, there is ?robably thrée-body attachment

in these cases -- see text.)

Table 6. Cross section, g, and electron enérgy,.eo,'at

the first maximum in ion current (from electron .

- ~beam studies).

Compound o . c o Referencé
: o o - , . ,
cm- : eV
SF 13x 1077 .05 .03 36
SFg 5.7 « 10710 00, | 59_
CF 1y

Te5 X 10”12 S & SRR 36
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can be understood if the cross section fbr electfon capture as a function
of énergy is a narrow spike with .a half-width small compared with the
electron beam energy spread. The latter quantlty may not be negligible =
for example, Hickam and Fox>C obtained their_estimate of 1072 en® for
vthe SF6 cross section from an assumed energy spread of .05 eV, If the
acﬁual capture cross section; o(e), is large near € = O and falls off
“rapidly Qith increasiﬁg electron energy,‘we‘WOuld expect to dbserve a

‘ largéf éfdss séction with microwave thah‘with béam ﬁéthodé. This follows
from the fact that a Maxwelliqp distribution is heavily‘skewed'tbward.
low energies, whereas the'téchﬁique used to‘préducg the electron beam

"data3

should.give an -approximately ﬁhiformvdistribution of electron
 _ energieé witﬁiﬁ the energy width of the beam. |

In fhe electron beam studies, it haé Been noted that»the SF% peak
has the same shape as a function of the'éiectrbn enérgy as does the de-
38

rivative of electron current from retarding analysis. This evidence

éupports the conclusion that o(e) for attachment to SF6 is very narrow.

‘In our experiments it wés”observed that if the power of the probing

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

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

rate decreased by about 50%. Using.Eq° (5-9) we can write; at 300°K

~T_l=£-T-fo o(e) c(e) f(e)ae <0 | l(ls-lo)'
‘where
o Ve
- £(e) —W /" exp(-€/K,T)

'kB being Boltzmann's constant., If we now assume that o(e) is a narrow

spike of height o(eo) and width Ae centered at €,, condition (5-10)
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'.reduces to_ _ _
.._gi,.(v(éo) o(e,) e)) <0 S (5-1)

which gives easily '

kBT . . o » . (5-12)

PO

€ <
O .

At 300°K this means'eo < .04 ev which is consiétent with the value
38 | |

€ = .03 from beam measurements.

€5 The microwave method could be em-

ployed for determining €, very acccrately if ap?arafus were used by

which the temperature of the reaction‘cell could be lowered until

_a%;-kiv='o, at Whichvtemperature we'ﬁould heve € =.(5/2)kBT. A know-

' ledge of 5 fbf attachment-fo SF6.is qﬁite'valuable; since it is often

used to locate zero on the energy scale in mass spectrometrlc studles 39,&0
Wlthln experlmental error, varlatlon of problng s1gnal power did

not produce observable varlatlon in the attachment rate for - any compounds

studled othervthan SF6 The 31mplest e#planatlon would be a slow varia-

‘vtlon of “the approprlate cross sectlons w1th1n the acce581ble electron |

. energy range since then kl as-glvep by Eq._(5—9) would be slowly varying

ﬁith T._vThis explanation cannot'epply'tc C7Flh’ however, Since a _

reéonanﬁ peak for_electroh capture has been cﬁserved at .15 eV;36 It k

seems "p_ossibie’ that the .,tx"ue position of .the maximum in the capture

peak lies clceer to the zero of electroc‘energy eince'otherwise wer

shoﬁldvhave_observed_an increese in the'attachment rate with increase

in meen electron energy. Additional evidence for this suggestion is the

fact that our observed cross section for electrons of mean energy .039 eV

is ullphtly larger than that given in refbrence 36 at .15 eV. ;
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5.1II. Attachment to NO

In dddition to using NO merely as a source of photo electrons in
.the work- on fluorine compounds, we laﬁér.madebsome investigations of
‘the process of eleétron attachment to'NO_ifself. In studies with pure-v
NO, Gunton and Shawhé_have shown that the eiectron attachmeht rate 1is
approximately'proportioﬁal to the square of the NO pressure thus indi-
.éating that attachmentvto NO is a three body process. In their studies,
NO pressures of up to 15 torr at 2986K were employed. With NO alone
there is a fairly narrow range over whicﬁ the pfessure can be yaried
’(approximately'5.to 15 torr was used in Ref.nh6) since at iow'pressures,
ambipolar diffusion is the dominantvprﬁcess for the disappearance of
electrons and at high pressures, the NO strongly absorbs the ionizing
1216 Z radiation. - Indeed, the NO photoiohization_cross section is so

18 et at 1216 A)'0 that at 15 torr, 97% of the incident

large (2.02x10"
1216 A radiation is absorbed in a 3.7 cm path length (the axial’length
of»the cell uséd in Ref. ﬁ6)f This gives arvery nonuniform initial
électron'distribution, in contrast.to.the assumption of axially uniform
elécﬁron'concentration whiCh-is used in énalyzing the data.

V'In_ohr experiments, the attachment r&té:to NOuof thermal electrons
_ was'stﬁdied:as d fﬁnction of the pressure of various ‘inert gases presént
“in the'reactién cell. Since theée gases do not absorb the 1216 A
radiation, it was possible to go to higher pressﬁres than could be used
in referénce,h6. The lower limit on usuable total préssure is determined
by the accuracy with which the observed rate can'be_corrected for
ambipolar diffusion. The up?er limit on pressure has'po do with the
validity of the microwave ﬁethod when the'electrdn—molecule collision.

frequency becomes comparable to the radian frequency of the microwave
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field (see Section B.III).'_Beceuse of this, krypton and xenon were used

L

‘only up to pressures'of about 50 torr whereas with other inert gases

pressures of up to 120 torr were employed.

As mentloned in Sectlon 5. I the electron decay ‘rate in NO fluctuated
by about lo%;of its average value for different experlments performed
under conditioms as close to identical:as we could achieve. This effect

could not be'elimineted but could be minimized by mild (100°C) beking of = -

the reaction cell between runs. Higher‘baking.temperatures>were not - -

'employed because ofhthe SOftenihg_of the resin used to seal the LiF

‘window to the cell. waever, it was noted that the observed electron

decay: rate, for a given NO and inert gas pressure in the cell, was a .

slowly varying functlon of the number of lamp flashes. Typically, the

electron decay rate would decrease by less than lO% over the flrst 10

flashes and more slowly thereafter. .Hence it was possible to flll the

cell w1th about 085 torr NO and a few torr of -inert gas, flash the lamp

a few tlmes and then record a serles of electron decay curves, 1ncreas1ng

 the 1nert gas pressure between flashes. In this way, we were able to-

obta:n a set of e]ectron decay rates as-a functlon of 1nert gas pressure

- without fluctuatlons_ln any'background,attachment rate fromlOne flash

to the next. Experimehtal data obtained this way are given in Table 7.

In discussing the experimental results we wish to consider two
possible mechahisms for electron attachment to NO;

-Mechahism I:_v

k. o S
e + NO —=> (NOT). - (5.13)
(07 =25 e+ w0 e

Lk
(NO)* + M —2> NO~ + M (5.15)
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First order rate constants for electron decay in NO -~

1566

inert gas mixtures. = .085 torr)
Run. Buffer  Total Pressure . k k! 1/p 107 fk!
v Gas (p) s . 1 :
’ * torr %10 ~“sec %10~ s torr sec

He - .6 657 OTT 167 13.0

: 1k L2 J16h4 071 6.10

25,5 .326 .190 .039 5,26

L5 313 236 .022 4, 2k

62 331 275 .016 3,64

Ne ik 291 202 071 k.95

’ 23,5 300 2h7 .0k3 4,05

o 55 318 «295 - .019 3.39

- 8L 3h5 .330 .012 3.03

. - 102.5 390 378 - .010 2.65

-6 N, 7.5 279 211 .133 4,7k

: 16 .280 2L 063 4,03
30 307 290 .033 3,45

hs. 346 «335 .022 2,99

1 JLl3 436 LOLL 2.29

10k 519 .51k .010 1.95

Ar 10 319 275 100 3,66

: 16 .290 25,067 3.86

25 - .325 306 - ,0ko 3.27

b5 357 Sh7 .023 2.88

71 418 412 .01k 2.3

107.5 .u35 ' 31 .009 2.32

Kr .10 .206 . .172 .100 5.81

. 17 .201 .181 .059 5,52

2T .198 - L.185 037 5.41

39 .201 CW.192 .026 5.21

h8.5 .203 .196 .021 5.10

10 Xe 3.1 STk 29k 323 3.40

L 6.5 330 . .202 .15k 3.he

11 <336 L31L .091 3,18

20 L3532 W20 .050 2,38

575 .029 1. 77
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Mechanism TT:
) : R k!

NO + M —E> NOM 7 (5-16)
SR ‘ké o : ‘ :
NOM —=> NO + M | - (5-17)

| k!
e + NOM —2> NOT4M | (5-18)

' In these equations, M refers to the inert gas employed.
: n : . } ’ : J
In mechanism I, we apply the steady state approximation for the
concentration of (NO") and, representing the diffusion contribution as

_Da/Ai‘ (see Section k. III), we obtain for the rate of electroh decay

an_ - <klk3/k2)[moltm] ‘D

o ] S
R + (5-19)
T n dt 2 : _
e 1tk [M]/k2 N .

In mechanism II we ¢an consider the complex NOM to be in equlll—'

brium with NO and M as glven by
-[NOM]f:‘KI[NO][M] L (5-20)
For the'caees‘cf'interest ‘to.us, an‘estimate'of X was made from a cal- .

culatlon based on second v1r1al coefflclents described by leschfelder

and Stogryn.h7 The equlllbrlum constant X can be calculated from

[ NoM] : 'u S5 o SR '
—_— =K=-=7T o (B +B ) (5-21)
[NOJ[M] 2 L e ' '

_where B:'aﬁd‘B; are éecond virial ccefficients calculated for "pound"
andv"metastable" pairs in reference #7_using afLennard;Johes (6-12)
.potential cheracterized byvthe usual parameters e'and.d. labulated
valuesigf‘e and o for NO and various inert gésee M were combihed to
'produce parameters characteristic of the NO-M interaction using the

approximate rules
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g,. =
1d

PO

(Gi + cj), €55 = (eiej)l/e.
where a'single-subscript refers to the interaction of two molecules of ]
the same type apd the double'subscript referévto interaction between
th different'séecies, Calculated values of €, o, and K (at 300°K)
are given in Table 8. If‘used-to calculate equiiibrium constants for
.bduhd pairé of like species, K as given by Eq; (5421) must be divided
by 2 (thg "symmetry number"),l | | |
‘ Even though K is small, the condition n, << [NOM] is valid for

the‘small électrqn concentrations employed in this\reseafch, thus
justifying the use of the équilibrium'value of [NOM] in mechanism II.
We'can then write |

dn k!X [NOI[M]

ol e B 5 (5-22)
ne 48T T 4k ) we -

Wheré‘[NO] should ?ealiy'referlto the initialvéoncentration'of NO, but
.iﬁ practice'this'quantity does not chahge measurably either because of
NQMHférmétion“or electron attaéhment; An estimate of the diffusional
conﬁribufion to the'eleétrgh décay rate’in Eq..(5-l9) and (5-2é) qan»be
maﬁe by'Calculating the amﬁipolar difquion'COefficient Da using experi-
menﬁal mobility data. The ﬁobility of a:pqsitive jon of mass 30 was
obtained by_intérpoiation using reported mobilities of various alkalai
metal ions>in different.ipert gases.u8 ;Aé described in Section L. III,

- we can reléte_fhe ﬁobility of the positive ion, K+,vto the correspondihg

diffusion coefficient, D,, through the Einstein relation

e | o (5-23)
D, " HT | G
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whergve is the.eleétronic charge, kg Boltzmann's constant and T is the -
Cemperature in °K. From,the additional relationé ba -‘-"—-2D+ and |
A? = .2&8-cm2 (for our cell dimensionS) we obtain the first order rate
c0efficieﬁ£ for electron decay via the fundamental diffusion mode,
Da/Ai. .Sinée D, and théfef’ore'Da show a &afiation as l/pvwhere p is
,.the total bressure; the constant quantity_Dap/Ai is given in Table 9.A
The results of these calculations are in reasonable agreement with
ekperimental measurements for'NO+~where av&iidble.???u9 The diffusion
éorreétion is only df_comparaﬁle‘maénitude.tb the'éttaéhmenﬁ rate af >
ﬁhe loﬁ'gnd of the pressure.rahge employed (p < lC‘forr) sé efrors in
tbe calculated diffusion constants gannot affect our conclusions drawn
from data taken at medium and high pressures. |
Typicalvdata Qb£ained from our éxpefiments_gré“given in Tabie'Y.
.The tbtal éressu;e, P, and lst‘order eiectron decay rate éoﬁstant, k,
are the measured quantities. We obtain X' by: subtracting a diffusion -

correction, i.e.,

b v 4 Da '
k' =k - — where b = —= (5-2k)
P A2 |
1.
We'then write o SR :
woLmolm (o)

1+ [M]/c.v

as én appropriate form for'comparison with Egs. (5-19) and'(5fé2), where -
a and c¢ aie parametersutd be determined from thé_slobe and intércept of.v
‘:a‘piot'of 1/k' vs 1/{M]. Actually, fqr'chvenience,lwe plot.l/k' vs'i/p,
P being the pressure of inert gas M. The data.in Table 7 are plotted
this way in Fig. 14, TIn Table 10 we give the a and ¢ parameters for

Eq. (5-25), as'determined from the data in Fig. 14 as well as for some
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Table 8. Calculated equilibrium constants, K, for weakly bound
pairs at 3500 K. ‘

Bound Pair e/kB o -(B: + B:) K x 102 -
°k i  ce/molecule
CHeemo 366 2,86 S0 o1a
| vNe-Nb  R 685 é.96 - L 2.5
N,-NO - 111.6 R ©.488 ' 8.3
Ar-NO 125.3 3.29  7,' 585 . 8.7
Kr—NO v L o7 3,39 R, 12.4
‘Xe-NO - 17o.é ' 3.6k - 906 - 18,2

Table 9. Correction for ambipolar diffusion, Dap/Af o

Gas - | : KNO+ Il . 'vDap/Ai

om® V_lsec-l torr sect

| He - 22 | 3480
Ne ' 8  1‘ : ! 12ko
N 3.3 - - s
Ar : R U 5 )
Kr - 2.2 | 341

Xe 1.6 247
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additional.runs not shown in the figure for clarity.

bAhotﬁer method of analyzing the déta is simply to plot k' vs
pressure of the inert gas. This corresponds to an aftémpt to describe
the data in terms of a simple three-body attachment mechanism-wﬁich

- would prediét an equation of the form

k! '=‘ a' [NOJ[M] o | (5-26)

It is apparent thét this is simply Eq; (5-25) in.the "low presgure"
li&it, i.e;, where [Mj << ¢ in the range éf'pressures employed. Both
mechaniéms I and II predict that this ié likely to hold, in practice.
For example, [M]/é corresponds tq K[M}vin Eq: (5-22). From values of
K in Table 8, we caléulate that K[M] { iO-u férxpressures of inert gas
‘ em?loyed in ouf'studies. Correspondingly, in Eq. (5-19), we need to.
estimatévthe;ratib kB[M]/kE' The app?oﬁriéte‘argﬁments fér ﬁhis are
most conveniently introduced in‘Section'5.iIi where the condition

o is ébtainedfl Therg arguments make the use of Eq; (5-26)

ki[M] << k
plausiblé, at least, and Fig. 15 gives the kfbvs p plots for the data
in Téblé 7.. (Again, we piot‘against p rather than [M] for convenience;

~at BOO°K, [M] = 3.22 ¥ 1O16 p, where [M] is in molecules/cc and p is in

{
4

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
k' =k, +kp - o (5-27)

This could only happen if some electron removal process were present
which was independent of inert gas pressure over thé pressuré range
employed. This_appears to be the case, however, since Eq. (5—27) appears

Lo pive a better £if 1o the experimental data over the whole range of
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k'x 102 sec”!

Helium
Neon
Argon
Krypton
Xenon
Nitrogen

i 1

1‘ .

'Fig. 15 NO Data:

Linear'Ploﬁs;

80

100

l .
120
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pressure studied than does Qe (5—25). Other considerations favor

Eq. (5-27). 1In particular, the parameter c, obtained from 1/k' vs

1/p plots (used to evaluate a and ¢ in Eg. (5-25) ) turns out to be
mich smaller than expected with the result thatv[M]/c ~ 1 in the middle
of the pressure range employed. This is in severe disagreement with the
calculations mentioned above, which predict tM]/c << 1l. Tt is true

"~ that k' decreased slbwly as a function of the number of lamp flashes so
‘that the‘experimental k' values for progressi#ély higher ﬁressure would
be tbo smali,-bﬁt the érror‘iﬁvolVed is oﬁly.a_féw percent. A;so, in
Fig. lk,vﬁhe déta for low'pressure falls below thé lines extrapolated

“ from high preséurevdata in all casés. .Tﬁis could be interpreted as
f_béing due to»é choice of.diffusion coeffiéients wﬁich Qere too sméll,
pqssibly because the'physical situation>correéﬁonded to a case inter-
ﬁédiate betweén‘éhbipolar and free diffusion. Such an interpretétion
‘does not seem reaéonable; however, éince'Fig. 15 gives no évidence of
such a.systematié error in the diffusion correction.“

The»siﬁplest explanation of the above comments is that Eq. (5-27)
ié indeed the appropriate eéuation for déscribing our'exPerimental
Situatiqn. If this is true, the curfature in'Fig; lH can'be_explained..
.For example,_k' = 135 +2.1p sec-l gives a good fit to the helium data

in Fig. 15. If we now plot 1/k' as a function ofri/b using

. 1 _ : A ‘
RS s S (€Y | 28

 the helium data in Fig. 14 is closely reproduced. Equation (5-28) gives
a curve which would pasa through the (‘)1*3.54111 thit the rall of'f lg appurent
only at very high pressures (> 100 torr) which were outside the range

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 appareﬁt. In other’expefiments, per-
formed with inert gaé pressure held constant (af approkimately 15 torr),
a linear variation of k' with NO pressure was obtained but again with a-
zero-pressuré intercepf of about 100 s.ec"l for k'. Processes which fail
ﬁo-provide an explanation are:

(1) Three body attachment due to NO—NO collisions, The measured

. ) . . ~31
three body rate constant at 298°K for this‘processhG is 2.2 x 10 5 .

-1

(cc/molechle)2 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 ka..

(2) Electron-ion recombination. This process gives a decay rate

which is second ofder,in electron concentration. At early times in the
electron decay process, an "apparenﬁ" first order decay rate could be

éaléulated from

o 'dne ' ) .

Using the recently measured valuéh9 of a.(u.6‘x 10_7 cc/sec at 298°K)
and a typical ihitial electfon concentratioﬁ iniour,experiments

(3 x 1O7Ae1éctrons/cc),-the predicted decay rate is about a factor of
10 foo'small.to account for ka;

.‘Thé finite zerq-préssure attachment rate sﬁgges£s that sbme im;
purity may bevpresent ih all our NO runs. For example, the vépor-
pressure éf'Neo in equilibrium with solid ab T7.3°K is 2.5 x 107! torr.
If NEO were released at this pressure during the time the reactiqﬁ cell
wa.s being.filled with No; electron attachment via the process

e + NQC ;) N

2_\-0- 0
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migﬁt be possible. This proéess has been observed mass spectro-

metricavlly,’%’slL the threshold being for electron energies in the

raﬁge 0 to .05 eV, If the cross section for dissociative capture of

. . ‘ . - ’ 2
thermal electrons were as. large as 10 15 cm , our observed attachment
rate for the limit as inert gas pressure approaches zero could be

accounted for,
ACtually, it is hard to- see how enough NQO contaminant could be

left in the NO supply since repetitive distillation of the NO was

. performed from a liquid okygen bafh (PNé = 5.6'X'10-5 torr,

PNO = 3,22 torr) to a liquid nitrogen bath. It does not seem likely
that NQO was produced by photolysis.:Ll However it seems likely that

'some.impurity exhibiting a two body attachment rate was present. This

quesfion cannbt‘be considered resoived.

Three body rate constants a' [Eq. (5-26)], calculated from the
slopes pf plots such as Fig. 15, are given in Table 10. Because of
arguments givén in thié section, we consider these results more likely

to be correct;than the correspondipg gquantities a, calculated from

1/p piots'and Eq. (5-25);

5.II1 Detailed Comparison of Mechanisms - | {

We shall start this section by focusing attention on step [Eq.

(5-15)] of mechanism I. The eleéctron affinity of NO has been experimentally

determined as .9 eV5O (more recent evidence indicates it may be closer to

M eV5l) hence (NO”) probably refers to a molecular ion in a low

vibrationally excited state. In that case, the magnitude of the rate

constant k, depends on the effectiveness in removing vibrational ex-

3

citation  of collisions of the excited ion with other molecules in the

gas. Information from studies on vibrationally excited diatomic molecules

}
!
:
i
]
i
!
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Table 10. Parameters from analysis of attachment rates
for NO [Egs. (5-27) and (5-27)7.

Run - Buffer <ax1051 ‘ c_><lO"18 : a'X1052
Gasr' (cc/molecule.e)?sec'l ee™t (cc/mole;ule)esec’

1 H 11 L1 2.0

2 He 1 1.0 : : 2.3 |

5 “Te 20 05 L5

b me "*1;5' o o 1.3 .+ 1.8

5. Ne s o 1.5 . | . é.»o

6 g .1;5-__ , 19 3.7‘

7 Ar 35 0.8 3.7

8 A 2.7 | 0.7 - - 2.6

9 Kr | | 6.3 . ol 0.65
10 Xe 3.9 R 0.9 . 11.0

1 X 28 13 9.5




- of NO in mixtures with several gases. Values of PlO were 3,55 x 10~
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shows that the probability of deactivation per collision, PlO’ is quite

small. For example, Callear52 has studied the vibrational. relaxation

L

for NO-NC collisions and  x 10_7 for NO-N2 collisions. It was found that

ino kryptdn and helium the vibrational relaxation of NO was slightly

slower than inbNe, indicating that perhaps a vibrational exchange pro-
cess was involved in the latter case...Other small diatomic species

generally show a smaller deactivation probability for collisions with

molecules of the same'type.than does NO. For example, from data in

the literature21L3 we conclude that PlO for pure oxygen, carbon monoxide .

10 9

and nitrogen at 300°K is-lO_8, <3'x 10" and < 1077, 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'conéideration). For

example, at 291°K for 012, the deactivation efficiencies, relative to
collision with another 012 molecule, of collision with HQ,,He, and N2

are bk, 38, and .8, respectively.hj
In view of_the'experimental data, .it is probably not an overestimate

' 6 .

i

to place the deactivation probabilitykper collision as about 107" in

process (5—15), We can than place an upper limit on kB[M]’ where we

= O,V o3 being the cross section for process (5-15),and v5

write ky = oyvy,

o o Cx
‘the relative speed of (NO™) and M. Writing o3 as.the product of a

typical gas kinetic cross section multiplied by the deactivation pro-
e . 15 . 6 5 : '
bablllty we estimate k5 = 10 X 10 - x 10 cc/sec or at ~ 30 torr
inert gas pressure,'kB[M] - 10° sec_l. By comparison, k, in Eq. (5-14)
- ¥
is the reciprocal of the collision free lifetime of (NO”)  which cannot

be more than a few vibrational periods. As estimate of k, might be

105 secl, We see that the condition ky >> k3[M] seems to be



-8o.

adcquateiy satislied.. This estimate has been referred to in Section
5.1I,
| Using.EqS. (5-19) and (5-22), we can campare, approximately, the L

rates predlcted by mechanisms I and II. We have

. .
L et
kL Kk ;NI M] KK K

' We now write k k k! = olv!, where the v's and o's

15 9V K3 = O3Vzs K3 | 93V3

refer to the relative speeds and cross sections, respectively, involved
in the &arious collisions' [processes (5-13), (5-15), and (5-18)1.
Cértain of these quantitieéfcan*be.estimated at once. We have, as
orde; of magnitudg estimaﬁes, vy = v% =,lO7 cm/sec; vy = lO5 cm/sec,

v - S . - o)
K = 10 2> cm§ and, from our previous estimate 63 = 10 2l cm o Thus

1k3 6,01 - : ’
= 10 (=) _ : : (5-31)
kek%K . 03 : v

- Both oy and 05 ére-crgss.sections for eleétron-molepule co;lisions
wiﬁh formatioﬁ of‘hegative ions, the latter case involving é dissocia-
£idn;: If these cross sectlons are comparable, the rate predlcted by
mechanlsm I is smaller than the rate for mechanlsm 1T by about the

value of the deactlvatlon probability we employed for process (5-15).

- If we assume o! is a.bou‘c'lo-15 cm2 we'have via mechanism IT

b}
k'~ 1070 [NoJ[M] (5-32)
For NO pressure of 0.l torr and inert gas pressure p torr, Eq. (5Q32)
gives, approximately k' = 10 p sec"l which is comparable with observed
electron decay rates. According to this argument, mechanism I could

not. give decay rates fast enough to agree with our experimental observa-

tions °



o

‘and to 0, 55’56’57’583(third bodies used: O

_83.

’ The observed trena‘tbwards higher three body rate constants for
heavier inert gas species is further evidence suggesting fhat mechanism
Ii is preferable. Mechanism I<would predict decreasing three body
attachment rate constants as a function of mass of M since that is the
mass depéndence-bf the vibrational deactivation involved in step (5-15).
On the other hand;.for the loosely -bound species NOM, thé equilibrium

constant increases from He-NO to Xe-NO, so that mechanism ITI predicts

_ﬁhe observed.trend in three body attachment rate constants. In this

latter argument, 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, 0%.' Some such effect may be responsible for the anomalous

.Abehavior of krypton, although there.is no data fo confirm this.

In the last few years, various workers have measured three body

" rate constants for thermal electron attachment to N0h6 (third body: NO)

N, and He). These rate

22 72

constants, kBB’ are given in Table 11 for comparison with our own data

(avérages»of a' from Table 10) listed there. It_is~seén that in pro-

ducing electron attachment to NO, NO itself is about twice as effective 

.as Xe and ten timés as effective as He, as a third body. The wvariation

in effectivenéss of third bodies is even greater in the case of attach-

ment to 02, He béihg 100 times less‘effectivevthan 02.‘ The mechanism

involved in electron.attachment in pure'oxygen has been'discussed by -

Chanin et al.55 along lines simildr to our‘discussion of NO, It was

concluded that the,daﬁa did not indicate a clear choice between a -
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Table 1l. . Third body dependence of the rate of electron attachment
- to NO and O, at 300°K.

Bound Pair  Kx10© ‘kBBxlo52 , o%xlol6 | Ref'.
~ cc/molecule (cc/moleculé)eséc-l e’
NO-He aa S 2.2 i 1.8 *
NO-Ne - 2.5 . 1.8 .65 *
NO-N, | . 8.3 C BT M *
NO-Ar 8.7 . 32 sk *
NO-Kr . 12,k 65 .05 *
NO-Xe 18,2 | 103 . .51 *
NO-NO Lo N 22, R T 16
0,-0, o kg . - 55
230. LT 57
210. - . 39. 58
| 02-N2 . | N 9.1 o : 15, - : 1.5 b 57
o | 11, | S 1a 8
5. - S 55
3.5 35 %
0,-He 1.2 2.8 24 55

This research

£
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mechanism involving dissociative attachment to a loosely bound Oh complex
and an alternate mechanism involving vibrational deactivation of excited
Oé ions. There were difficulties with each interpretation; in the former
case, the attachment rate should have increased with a decrease in tem-
perature,_which was not observed, and in the latter case, the vibrational
stabilization cross section which would have to be assumed to explain the
observed rates was very large (10—lu cm2).

‘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). From the equations

k = kK = 'viK -

- ! ofvi (5-33)
we can gel an estimate of o%, which is the cross section for the formation
of negative ions by dissociative capture (process (5-18) ). Using a

7

value of 1.1 x 10 'cm/seb for v!, the relatiﬁe velocity of electron and-

mélecule, we obtain the estimate of o! given in Table 11, For NO-M,

3

we see that o% appears to go through a minimum as the mass, M, of the
third body increases. This could represent some systématic variation
with M of the relative positions of the NO-M and (NO-M) potential energy
curves,Aalthough we lack information for a detailed éénsideration of

this point.

Tt should be.noted that all the values we calculate for d% are rea-
sonable- in that they are less than corresponding gas kinetic coilision
cross sections, except for the case correéponding to attachment in pure
oxygen. However, this may be evidence that the mechénism involving the
vibrational deactivation of Oé*'ions by O2 molecules may be applicable in

this case. Otherwise, the attachment mechanism involving loosely bound

molecular complexes seems quite feasible.
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APPENDIX

'The observed inert gas pressure dependence of electron attachment

to C Fh and SiFu indicates that the condition k2 > k5 {M] must hold in

2
iq. (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

Ky > k5 (M].

For ké, we take the statistical approach of Ka.sselh2 and write

N(E—Eo) _

o = & (e | (h-)

‘where A is a frequency factor and N(E) is the total number of vibrational

states for energy O to E. In Kassel's theory, the molecule was considered
equivalent to s weakly éoupled harmonic oscillators, with the dissociation
process of interest taking place if energy Eo or greater were present in

a critical oscillator. Thus N(E) was the sum of vibrational states up

to energy E for a systems of s+l oscillators. 1In our case, we can

assume that the electron must possess a minimum energy EO to be ejected
from the excited negative ion. This would leave energy E-Eo to be
spread amongst s modes of vibration of the molecule.

For an estimate of N(E) for s oscillators, some possibilities are
/ ES //S' ’
(?_) M(nv, ) | (A-2)

(B+E )S s '
—-é-?l’—-/ﬂ(hvil) (A-3)

60 N(E)

]

Classical,

Semicléssica],Gl N(B)

i

o
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. 62 (L + ak )
Modified Semiclassical, N(E) = ~ H(hv ) (A-L4)

In the above, EV is the zero-point vibrational energy of the system of
s oscillators with frequencies vi. In Eq. (A~4), a is a dimensionless
parameter (dependent on.E) of the order of unity, calculated for each
specific molecule of interest to.give a better approximation to its
actual vibrational statevdistribution. Using Egqs. (A-2), (A-3), and
(A-4) in Eq. (A-1), we obtain for ko the expressions (A-5), (A-6) and

(A-7), respectively.

, = A<-__) | (4-5)
E- E + B |

ky = A( BE, ) . (A-6)

_E + aE

ky = A( E+aE . ) (A-T)

i = + = ! .. v. e
We canwrite E ET EA and EO EA where ET is the average thermal

energy of a gaseous electron and E, is the electron affinity of the

A
molecule.
. , 13 -1
Taking SlFu as an example, we put A = 10 sec and s = 9., We
take Ev équal to its value for the neutral species (0.359 eV)62 and

also calculatg-a for neutral SiFu. Values of k2 éalculated from Egs.

(A-5) to (A-T) are given below.
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k2(sec-l)

Bew)  (a) (A-6) (A7)
0.2 | . 1102 b, 7xaott 1. kot
0.5 Lo’ 9.9x107 1.9%10°
1.0 2.1x107" 1. 6x10° 2.ux107
1.5 : 5. lx10™2 9. 5><1o6 1. J+><1o6
2.0 | h1x1070 1.1x10° 1. 6x10°

| We now wish to obtain an estimaté of the magnitude of kj[M] for
SiFu to compare with k2. Provided the electron affinity of the SiFu
molecule is small, the excited molecular ion will be in a low vibra-
tional state. In such a case, daté in the literature on vibrational
deactivation times is relevant. Data for SiFu is unavailable, but CFJ+

T

has a relaxation time of about 8x10 ' sec at 300°K and 1 atmosphere

b3

pressure. Using tabulated molécular radius'parametersus we calculate
the coliiéion frequency for a CFH molecule as 6.5)(109 sec-l at atmospheric
préssure'so that we can say the vibrational deactivation probability per

‘ CFA_CFM collision is about 2x10-u. The deactivation probability depends
on the'naturevof the species colliding with the vibiationally excited ;
.CFh molecule, Experi&ental data)+5 show that a colligion with a helium
atom is a factor of 10 more effective than a collisionh with another CF4
molecule in producing vibrational deactivation. For neon and argon, the
corresponding factors are 2.5 and 0.6. Using this data we obtain k5[M]
as the product of a vibrational deactivation probability and gas kinetic

collision frequency. For a few microns of CFh in 20 torr of inert gas

(typical conditions for our experiments) we calculate
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CFu—M
M '  'l Collisidn frequénc&::" k5[M]
— (§eci1) ' ‘ fsec_l!'
He o sad .“  opad®
Ne o 1;8x108 t0.9x105

| In compafihg kEZWith kB[M]:we.use the moré reliable estimates corré-
spondiﬁg to EQs.v(A-6) and (A-?), which‘differ.gregtly from the classical
éstimate’(AQj), which is knéwn to be‘poér for small E-E . If our esti-
mates of kﬁ[M] based on a small_vibraﬁidnal deactivation probability are

correét, the condition k2 > k5[M] will hold:for electron affinities up

to about 2eV. For such a high value of E ,'thé negative ion may be in

a highAehough vibrational state sovthat deactivation may be expected

‘oh_nearly_every collision. This increases“k3[M],and thus lowers our

"estimate of the‘upper 1imit on EA into the range 0.5 to 1.0 eV.

It must be admitted that in the above calculation we have applied -

: simple statistical ideas and have not gifen a detailed model fqr the

ejection of an electron by an excited negative ion. Nevertheless, the

1imit obtained for the electron affinity is quiﬁe reasonable and does i

not conflict with our experimehtal dbserVation of three body attachment

to Sth andvcth,

|
i
i
i
i
h
i
|
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