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Qaseous Thermal Electron Reactions:;

Attachment to SF6 and CTF14'

Bruce H. Nahan and Charles E. Ybung

Inorvanic Materials Research Division of the Lawrence
Radilation Laboratory and Department . of Chemistry, :
. University of California, Berkeley, California 924720

The rates of attachment of thermal gaseous
electrons to sulfur hexafluoride and perfluoro-
methylcyclohexene have been measured.usiné a

_ microwave.cavity‘resonance‘technique. The measure~.fe
ments are compared t04the_results of recent elec-
tron beam work. | The rate constants for attachment;

'jto SFﬁ and CYF14 are respectively, 3. lxlO -7 and

9. 8xlo -8 cc/molecule sec.. The former rate constant ;;I

decreases and the latter slightly,1ncreases-as,the :

~electron temperature is raised.

Alfred P. Sloan.Foundatlon Fellow.:



'Recently there has been considerable interest in

colllisions of low energy electrons with molecules Most

studiesl"4 of electron dissociative attachment and resonant

capture have been carried out with pseudo-monenergetic,electron-

beams obtailned by the retarding potentlal difference technique;,

. The difficulties associated with measuring absolute inelastic
CYross sections, narticularly of very sharp resonances; and of f
obtaining a rellable calilibration of. the electron energy.f_f |
‘scale/are well known. In view of these conslderations it

- seemed important to investigate the electron attachment
'phenomenon by a totally different technique. Tn this paper
we. report the rates of thermal electron attachment to sulfur
hexafluoride and perfluoromethylcyclohexane as measured by |
microwave cavity resonance. These‘gases were chosen because

they have been studied recently by the electron beam method 4

Experimental

The electrons were produced by, vacuum ultraviolet flash

”photolysis of nitric oxide and their concentration measured B

as a functlon of time by observing the departure from resonance

of a microwave_oavity that contained'the reaction vessel. 'The
""reaction cell consisted of a quartz tube 2. 5 cm in diameter

_ An end window of lithium fluoride, located just outside the -

:microwave cavity, was attacned with epoxy cement, and separaﬁeemiv

.‘the reaction cell from a light source which consisted of a

2. 5 cm diameter tube filled with krypton ‘at 35 mm pressure.



a Pound klystron stabilizer clrcult. In our arrangement, ' f

. The iamp was powered by a one megawatt square pulse of 2450 Mc

.microwave power whichbhad a 2.5 mlcrosecond duration.' The

ionizing radlatlion emitted by this type of lamp 1s most intense

near 1236 A (lO 0 eV)

The microwave field was approximately uniform over the -

;:part 'of the lamp contained 1n the excitation cavity. Conse-

quently 1t 1s to be expected, -and direct visualtobservation
indicated, that the lamp was effectlvely a thick uniform source
25 mm 1n diameter{. Since the front surface of'the luminous

area was at least.ls cm from the gas‘in“the.micrOWave detection“':

cavity, any minor spacial,nonuniformity in the lamp would not

" be expected to produce nonuniform illumination of the reaction

cell,

The reaction vessel was located axially in a cylindrical
microwave cavity which had a resonant irequency of 3154 Mc and

a loaded Q ofvSOOQ. A low level constant frequency mlcrowave

uprobing slgnal was dellvered to the cavity.. Bolometer measure-

ments'showed that under experimental conditions,‘less than 30

microwatts of power entered the cavitya This power level is

low enough that the heating of the electron gas 1s negllglble

. under ‘our experlmental conditions, and the electron temperature

can be taken as 300°K. »
‘The detection cavity was operated in“the TNg; o Mmode, and

took the position usually ocoupied by the reference cavity ini;

however, the differential error signal from the Pound stabilizer,

" which indicated the departure of theicavity-resonant frequency



o

'-from uhe frequency ‘of the probing signal, was fed to tne Type
D preamplifier of a. Tektronix 545 oscilloscope. The error.
.signal l1s a linear function of the change in the cavity | : - .
- resonant fregquency for small departures of the cavity resonant o
‘irequency from the frequency of the probing signal. Since the
cavity resonant frequency 1s a linear funcﬁion of the electron o
iconcentrations for~a lossless electron gas, the ‘error signal
'displayed on the’oscilloscope was direotly proportional to the
~electron concentration in our experiments. This arrangement
gave us a continuous record of electron concentration after
the light pulse. The fact that the electron attachment reac-
tions follow a pseudo-first order differentlal rate law made it'
unnecessary to obtain an accurate absolute determination of the
electron concentration in order to obtain rape constants.
Eren thoughy the cavity which delivered power to the lamp

‘and the electron detection cavity had different resonant fre-
quencies, there couldibe‘considerable power leakage from the. o

lamp into the detector during the 2vmicroseconds the lamp was

on. .ln some cases,this power leekage could be large enough to

cause further ionization by the photoelectrons in the reaotion

cell. This power'transfer was avoided by using on both cavitles
'2,5‘cm diameper tubular ears Which aoted as power attenuators.

The ears'of the lamp cavity were lined with moist asbestos to ¢ "_f
increase fheir attenuation. In addition, use ' of 35 mm pressufe
of krypton in the lamp led to Increased dissipation of the ﬁli w

'microwave power' in the lamp, and diminished leskage from the



cayity}' Witn this‘arrangement,‘no_significant power-leakage

o ;from'the lamp into the detection'cavity could be detected

The gas handling system was of the conventional glass type -

"with a mercury diffusion pump protected by a liquid nitrogen

/ltrapo Stopcocks greased with ApiezonlN were used. - The iact

| . that' the gases studled have electron attachment cross sectionsv_
that are much larger'than those of possible.contaminants made |
"the use of ultrahigh vacuum . technique unnecessary. This was
 verified by comparing the electron decay rates in gaseous |
mixtures with and. without the SF6 or C7F14 present. To prepare;j
'ta reactlon mixture, the SF6 or C7 14 Was allowed: to evaporate
from a trap into a known volume until the pressure as measured

. by a McLeod gaugevhad reached a few microns. = The gas was_tnen
expanded 1into the.reaction cell and 1its pressure (usuaily léss: 
thar‘i'lo—5 mm ) was:calcuiated‘from known expansion factors. Thei
calibration of the expansion volume mas‘checked at several
pressures. hEven when the final pressure was in the viecinity
of-ZLO"5 mm, the pressure as calculated from calibration factors:_

- determined at higher pressures agreed to within 10 ‘percent of

" the pressure as measured directly by MbLeod gauges,'an error

which is within the readlng uncertainty of the gauges, The
‘pressures were constant in time, nhicn indicated no detectable
. absorption or desorption effects..'The validity of using the
expansion factors to calculate.the pressureé'lower than lO'F ;m :
can be questioned, but s supported by the fact (vide infra) |

that plots of the pseudo fier order rate constants for electron



deca& as a function of pressure go through the.origin of zero |
‘rate at zero pressure Thus the pressure measurements and the
derived second order rate constants have an uncertainty of at
leastvlolpercent. | _

- After the'SF6 or C,Fy, had entered the cell, 0.090 mm of
nitric oxide and 18 mm of helium were dellvered to. the reaction
cell and sufficient time allowed for the gases to mix by diffusion.
At this nitric oxlde pressure, only one percent of the incident
light 1s absorbed in the cell. Consequentiy light absorntion
__end'thus electron generation was uniform along the reactlon

cell., -

Results and Discussion

Some typicai piots of the logarithm of the electron con-
centratlion as a function‘of time are shown in.Fig 1. Initlal
electron concentrations of'over 107'cc -1 could ‘be achleved,
and.no‘electrons were'produced when.nitric oxide was absent.

The princibel source of.uncertainty in’the reiative electron:l
e concentrations was the finite thickness of the'oscilloscope

"_,trace, and thils was used to determine‘the size of the.errcr bersf
in Fig. 1. | |

) There are several features of the experiment that should

* pe discusSed before rate constants are deduced. A significant
rfraction of the electrons generated by photoionization of NO-
‘with 10 eV photons may have initial energies up to 0.7 eV. Con-

'sequentl&, it is'important to estimate the~thermalvrelaxation'



time of the electron: gas We follow here the treatment of
Oskam.6 Elastic collisions of electrons with essentially |
'stationary gas moleculesolead to a mean energy loss of approx-,,
imately " (2m/M)( T)’ where u 1s the electron energy, up 1s the.
mean thermal energy of the molecules, and m and M are the
electron and molecular mass respectively. - If the collision
freduencj of the electrons 1s independent of theilr velocity, ”

the electron energy relaxes according to
u = dug exp[et/T] + U

where

M/ (2mv)

-and v 1s the collision frequency of the electrons.~ The quantity

T

"Aud 1s the depafture of the electron energy. from the thermal
u‘value'ét t = 0. ,Fof Auo'we take 0.7 eV, the most unfavorable
assumption, for mosttof the:photoelectrons have initial energiesi,
less than this; In this respect, photoionization is quite
iobviously superior to the‘microwave ionisation techniques usually~,
".useo in electfon'decay studies. .The relaxatioh_time Tican be

expressed as®

_ i.‘4x1o',3 (£,)/ (5T 2) sec

vwhere T 1s the temperature, jo is the pressure in mm, and Z is

the electron mean free path at 1 mm gas pressure.v The time after.
ﬁ»;

wnich the energy of the electron deviates less than 10 percent

br.

= of the thermal average energy 18 given by6

t = 1. 4xlO -3 (2 M/(p'l‘l/z) In[ (Bu, )/(o 1u )]



For helium at 300°K'the'electron thermalization time is given B
approximately b& (lOO/p)xlO'6 sec, 1f £ 1s taken' to be O. 055
‘bcm. Oskam6 shows that 1f 1in contrast one assumes that the . ) _' ’
_mean free path of the electrons 1s independent of the electron
velocity the‘thermalization.time is approximatelyvone third

the above value. Thus at the pressures used in our experiment,_
the_electron thermalization time 1s approximately S microseconds.'

The duration of the lonlzing light pulse 1s an important o
factor in this problem Although. the microwave pulse that
energized the lamp lasted only 2.5 microseconds, it is to be
expected that the light emltted lasts noticeably longer. AS’
,shown in Flg. 1, the shape of the electron concentration time
curves for pure NO-He mixtures showed that electron generation
became negligible‘40 microseconds after the energizing pulse.
Thus: the thermal relaxation time and lamp duration set 50 .
microseconds as the lower limit for the reaction time constantS'
:thatvcan be determined by our present technique.. Observations -
~of the electron concentration were carried out over periods
- that were typically 350 mlcroseconds duration.

The absorptionbspectra of SFG_and CoFig in'themvacuum‘
ultraviolet are not Xknown. It seems unlikely, however, that'
elther molecule has metastable exclted states with lifetimes
greater than lO sec. - Thus any photoexcited electronic states
- of these‘molecules should elther decay by fluorescence, }%ﬁ

‘collisional quenching or dissociation before the measurements

. of electron concentration begin. 'Similarly, 1f any vibrationally



or 07 14

concentration is as loW»dsflOs ce

.excited states of’SF6 or C7F14 are produced,zthey should be

collisionally quenched in a few tens of microseconds, since

vibrational relaxation in such complex molecules is relatively :

/

' rapid

One must also‘consider'the possible depletion of’ the SF6
by the photolysis flash. Rate constants for.electron '
decay were obtalned for the first, tenth, and one hundredth

flash of any gilven mixture. The pseudo first order rate

‘constants decreased as the number of flashes lncreased, and

| afterleO flashes were typlcally 0.6 of thelr value on the first

flash. Only rate_constents for the first flash are reported

- "here.

"Although the plots of the logarithm of relatlve electron

concentration as a function of time were linear within exper-

' ) . .7 - .
imental error over a factor of ten change in electron concen-

L3

tration, there was. a notlceable tendency for the slope to

1ncrease in the very last Stages of the reaction. This occurred

'whether or not SF6 or C7 14 were present, and 1s apparently

assoclated with the transition from ambipolar to free diffusion

of.electrons that occurs when a substantial number of electrons

have become attached. Free diffusion of electrons becomes

increasingly Important as the Debye length of the plasma .

approaches the smallest vessel dimension. If the electron

6 -1

the smallest concentratiof’s
o . , o Eo
we could measure, the Debye length 1s 0.1 cm, which while still
small oompared'to the vessel,radins of 1 em, 1is large enough

]
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that.free'electron diffusion should begin'to occur as the
. _ S
. electron concentration approaches the detectablillty limit. The-

rate constant for electron 1oss by free diffusion can be written

4

kp = D[(2.4)/(ro)]2

where D is the electron diffusion coeffilcient, and r, is thé

radius of the reaction vessel. If we evaluate D approximately -

”

from D = L VL, where v 1s the mean speed and 4 1s the electron

3
‘mean free path, we find ky = 4x10% sec™t

--at a pressure of 18 . mm
helium if we take zo = 0.055 cm. This diffusional docay rate
conétant is equal to or up to an order of magnitude-greater'ﬁhan
the attachment réhe constants'weAfind,‘and consequently the
effecté of free électron diffusion.shonld begin to appeaf»at
the.lowoét measured electron concentrations, és the data in Fig. ié%¥;
1 suggest 1s the case. 1In drawing the linos‘ﬁo deduce ﬁhe".
attachment rate constgnts, emphasis was placed on tne‘data .
obta;ned'edrly 1n the'deoay,jbeforé freo diffusion bécame |

apparent.f Aoza'further‘check on the rate constants determined

| 'tnis.wéy}'the pressurojof'helium was varled at alconsfant SF6‘
concentration in one of the experiments{ Rate;constants‘obtéined

»a; 2L7,_15, and 18 mm of Hé'agreed weil within experimental error,

_ wnich ind;catés diffusionai_losé of elecﬁfons does not affect the &
value of onn'rate oonotants'noticeabiy.;'-' | " ;

-First order rate constants were derived from plots of thé

logarithm of the electron concentration as a function of time,
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‘_and'the~resulting data are shwon in Fig. 2 and Table 1. A very

small correction determined from experiments with pure NO-He
mixtures has been made to account for ambipolar diffusienalv
loss and attachment to nitric oxide. It 1s clear that the

first order ratelconstant increases lineerly'with the pressure
g+ The lifetime of theiion (sFg ¥ with respect to electron

ejection 1s greater than the time between collisions, for mass -

spectrometer studies® show the lifetime of (SFs) under colli-

..sion free conditions is at least lO sec, whlle the time

between collisions at 18 mm pressure is'apﬁroximately‘10'8fsec..

Thus the attachment mechanism 1is

e + SF, ——»—(SFg)* | e
| (SFé)% ;—?jSFé.+4e - SR 'ﬂ . (2).
(SF3)) + He —» SF; + He o S (3)

' with A [He] >rk2. Consequently our‘measurements give the rate -

=7

constant for reaction (l) as k; = 3.1x10 cc/molecule sec. -

. The results of the experiments with perfluoromethylcyclo-

: hexane are also shown in Fig. 2 and Table 1.- The.ion C7F14

~ has been observed in a mass’ spectrometer,4 50 1lts lifetime under

collision free cond;ticns must be at least one microsecond.

Consequently our measurements glve the'rate'constant for the

4.capture'reaction

. . N . ' SN
" . o . B ‘?-"(\Li

e+ C7F —> (C7F£4) (4)

for which we find k4 = 9.8x107° cc/melecule'sec;
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{_ The uncertainty in‘eny:determination of the slope of the
logafithmic plots introduces an uncertainty'of_anproximetely'
iio% in any of the pseudo first order rate constants. The
simulteneous nncertainty of ¥10% in the~pressure measurement
means’that any second order rate constant is uncertain to at
least 15%, and a more generous error estimate‘might'be.ZS% in
any one rate.constant.. The mean of the nine valﬁes of each
second order rate.conStent will have a smaller uncertalnty of
the ordercof 10%. 'The_average.deviation of the velues of ki
and k4‘from thelr respective means 1is in fect less than lQ%V
| B It‘is interesting to compare thé results of our experiments
with those obtained with electron beam techniques ) Ideally,
electron beam experiments yield the velocity dependent cross

-’section o(v) as .a function of electron energy. The rate constants
we' measured are ‘related to these attachment cross sectlons by

. o . A

kK = J[. v o{v) fav - ' - (s)

0 T v L
where fdv 1s the normalized thermal velocity distribution functiont_'
If o(#) were avallable from electron beam measurements, rate
constants could be calculated that could be compared directly
to our measured values. In fact, the electron beams employed
~to date have energy spreads of the order of O,l“eV, and conse—r : --;
quently do not necessarily reveal the true velocity dependence;".FA
'of thHe cross section, particularly when ‘the latter varies ‘

rapidly with energy
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To effect‘an approximate comparlson between the eleCtron_
beam and thermal electron experiments, we can assume o(v) is
‘constant over the range of the more probable thermal velocities.
From Eq. (5) we get

T = K/v
where‘v 1s the average electron speed.. Although this'assumption

'may be quite incorrect, it may lead to an _average cross‘section

‘comparable to those derived from electron beam experiments for

'the following reason. -In many electron beam experliments the

widtn‘of the electron energy spread. is approximately 0.1 eV.

Since in a thermal electron gas at 300°K ninety perdent of.the '
electrons have energies less than 0.08 év, the thermal spread of
'energies is comparable,to thevspread in energlies of an electron

‘beam of approximately O 04 eV energy'
Our data give an average cross sectlon of 2 6x10~ 14 cm2

for electron attachment to SF6. From electron beam experiments

Asundi'and Craggs report 1.3x107%5 em? at 0.03 eV, while

-16

' Buchelnikova2 gives 5. Yxlo cm®.  The lack of agreement between'

_these determinations and the fact that they are smaller than our

value of 2.6x10° -14 cm2 are understandable 1f the capture cross

section 1ls greatest near zero energy and drops rapidly with

: increasing energy , In fact, we observed that if the mlcrowave

power to the detection cavity was increased to the point wher?

_the electron temperature surely was’ raised, the rate of attachment

to.SF6 decreased. This-confirms the idea that the resonant

attachment cross section has a sharp maximum at energles near zero.
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For CqFq,, our data give 8.2x107"° cm for'the average
electron attachment cross eection. Asundi and Craggs found" o |
'a meximum attachment cross section of 7.5x10 15 cm2 at 0.15 eV ‘l.- 3
for C7F The fact that we find a cross sectiOn of similar : u%

magnitude for electrons of 0.039 eV average energy suggests

that the croes section at 0.15 eV may have been underestimated,

Or that the maximum in the cross section'may occur 1n‘the range,'

| 0.05-0.10 eV instead of at'the hlgher energy. Some support 4

for the latter point of view comes from our Qbservation that
increesing the electron temperature leaves the attachment rate = m»
unchanged or slighﬁly increased. If the maximum eross seetion |
elay at 0.15 eV, we'surely would expect the attachment rate'to
increase markedly wilth electron temperature.

The agreement.and contrasts'between our determinatlions of
electron attachment cross sectlons and those obtained_from |
".electron'beam measuremente suggests that experiments with
thermal eleetrons can be a valuable supplement t0 electron
beam work, particularly if it proves possible to achieve a range -
of known electron temperature and better energy resolution can:

- Ye achieved in the beam experiments. |
égkgggleggemeggg This work was supported by the U. S.

;Atomio Energy(Commissiom and aided.by grante frem the Chevron - . :g
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Table I

First order rate constants for electron decay.

<

Pressure SF k : " Pressure C.,F.,° k
Run 6 - -1 Run 6 T-14 -4
xlO mm x10 “sec x10” mm x10 “sec
1. 6.49 - s.91 8 0.972 © 0.29
2. 3.73 - 2.76 9 1.75° - 0.531
3. 3.12 2,43 - 10 3.42 ©0.98
4 . 1.95 S 174 . 011 4,920 ¢ 1.30
5" 1.73 1.5 . 12 6.08 1.72
6  0.675 ~ 0.553 13 . 6.91 2,05
T 0.547 0.442 14 7.35 . 2.46
17 . 6.49 5.2 15 8.27 . 2.03

18 © 6.49 - 5.64 16 8.27 2.33

%A correction of, -0. 06x104 sec -1 has been made on each k to
account for diffusion and attachment. All runs were'

_carried out at 18 mm He pressure except runs 17 and 18 for
which the He pressures were 2.6 and 15 mm respectively.

P
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Figure Captions

Fig. 1. Electron cencentration (arbitrary units) as a

' function of time for decays in 18 mm He and 0. 090 mm NO, and 5
“in He-NO- -SFg and He-NO-C.F,, mixtures. Curves from which

_these data were drawn were continuous, and a larger number )

of points could have been plotted.

Fig., 2. Pirst order rate constants for electron'atfachment'

as a function of the pressure of SFs and of C7Fl4.,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in

this report. ' :

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








