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ABSTRAGT

The pyrolysis of methane and mixtures of argon-methane by miero-
waves (2450 MHz) was investigated.
The microwave plasma diagnostic study was performed using elec-
trical probes, namely, the double floating probe technique . Para-
meters such as eleetric field strength and current densities were
measured and from their relationship the electron temperature,
eleetrie conductivity, eleetron and ion densities were evaluated
as fitnetten of gas pressure, microwave power input and distance of
ehe probe from the microwave cavity . Various spectroscopic tech -
niques were used for the measurement of temperatures in the micro -
wave plasma ; the "reversal temperature" by measuring the intensi -
ties of the eleetronie vibrational Bands of CN and OH maleenies
and "rotational temperature" from the measured intensities of ro-
tational OH lines . The "rotational`" as well as the "reversal tem-
perature" were found to be identical and this temperature was as-
sumed to be the temperature of the gas in the mierowave plasma.
Energy balance calculation, based upon the electrical energy input
and thermal losses, were performed in order to determine if steady
state conditions existad in the microwave plasma.
Emission and absorption spectroscopy were used for determining the
active species formed in the pyrolysis of methane and also of mix-
tures of CH 4 -Ar, by the microwave plasma.
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METHANPYROLYSE DURCH MIKROWELLEN

von

R . Avni
J .D . Winefordner
H . Nickel

KURZFASSUNG

Dieser Bericht enthält Untersuchungen zur Pyrolyse von Methan und
Methan-Argon-Gemischen mittels Mikrowellenanregung (2450 MHz).
Die Plasma-Diagnostik wurde mittels elektrischer Sonden, der sog.
'Doppelfluß-Sonden-Technik' durchgeführt . Dabei wurden die Para-
meter : elektrische Feldstärke und Stromdichte gemessen und aus
ihrem Verhältnis Elektronentemperatur, elektrische Leitfähigkeit,
Elektronen- und Ionendichte als Funktion des Gasdruckes, der Mi-
krowellen-Energie und des Sondenabstandes vom Resonator bestimmt.
Durch Anwendung verschiedener spektroskopischer Methoden wurden
folgende Temperaturwerte im Mikrowellen-Plasma bestimmt : 1 . die
'Umkehrtemperatur' durch Messung der Intensitäten der Schwingungs-
banden von CN- und OH-Molekülen, 2 . die 'Rotationstemperatur' aus
den gemessenen Intensitäten der 0H-Rotationslinien . Es zeigte
sich Übereinstimmung zwischen 'Rotations-' und 'Umkehr-Temperatur';
diese Temperatur wurde als Gastemperatur im Mikrowellen-Plasma an-
genommen.
Zur Prüfung der Frage, ob Gleichgewichtsbedingungen im Mikrowellen-
Plasma existieren, wurden Berechnungen zur Energiebilanz durchge-
führt ; dabei wurden die zugeführte elektrische Energie und des
weiteren die thermischen Verluste zugrundegelegt.
Die im Mikrowellen-Plasma während der Pyrolyse eines Methan- bzw.
Methan-Argon-Gemisches sich bildenden Radikale wurden mit Emissions-
bzw . Absorptions-Spektroskopie nachgewiesen .
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1 . lntroduction

The present investigation forms the First part of the study

of the mechani sm of pyrocarbon formation from the pyrolysis

of methane . The microwave source was Chosen based upon the

similarity in temperature Tange as cornpared to the pyro-

carbon formation in fluidized-bed which is the technique

used for coating nuclear fuel kernels U- or U/Th-dicarbide

or oxide with pyrocarbon.

The airn of this investigation is the study of electrical

and optical parameters of the microwave discharge using

electric probe and optical spectroscopy (emission and ab-

sorption) measurements.

The technique of electric probes for plasma diagnostics re-

quires simple apparatus, although the theoretical analysis

is complicated, there being no one universal method of inter-

pretation . The prob ab?e reasons for this difficulty stems

from the applica.tion of the method to a wide variety of

different plasmas, such as flames 1-6) , are discharges
9

' 1° }

high frequency discharges
11,12) , microwave cavities 13) , and

others
14-16) . As will be shown, the careful treatment of

the double floating probes provides the evaluation of the

following plasma variables : electric field (E) ; current den-

sity (j) ; electric conductivity (er) ; electron and ion mobi-

Iity( j, e , t, i ) ; electron temperature (T e ) ; electron density

(n e ) ; electron mean free path (,l e ) ; ion density (n j ) ; ioni -

zation degree (e.) ; and ion diffusion coefficient (D i )

The possibility that the gases in the microwive plasma are

not in equilibrium indicate the di.fficulty in anhing the

temperature 6) .

The live reversal method 6 ) was used to measure temperati,rs

directly from the intensities of spectroscopic lines . This

method can be applied to any spectral :ine terminating in

a stete near the ground state of atoms in any plasmao As

shown in this work, the reversal temperature . (Tv ) is lower

by at least one order of magnitude from `:-.he electron tempe -

rature (Te

	

-
) , indicating the microwave plasma not to be in
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local thermodynamic equilibrium . Due to this property of the

microwave plasma, other techniques were used for evaluating

temperatures . For example, the "excitation temperature" (T ex )

was evaluated from the measured intensity of two electronic
1excited vibrational Bands of the cyanogen molecule 6a) name ly

in the ®v=0 and Av-l systems, i .e ., these vibrational tem-

peratures were designated as (T ex ) v . Moreover, the intensi-

ty of rotational lines of the 3o64 Ä vibrational system of

the OH radical were used for the evaluation of the "exei-

tation rotational temperature" (Tex ) r 6)

As will be shown, an equality between T r and (T ex ) r was

obtained resulting in the assumption that these temperatures

represent gas temperatures.

Considering the energy Input and its dissipation any non-LTE

plasma can reach a steady-state . Under the steady-state

condition, the reproducibility of a microwave plasma can be

greatly improved.

The next-step, after determining the plasma diagnostics of

the CH 4 and CH4 /Ar microwave plasmas, was the measurement

of the species from the methane pyrolysis in emission and

in absorption . Species like H, H 2 , C, C 2 , CH, and CH + were

measured in emission while, CH 2 , CH 3 , C 2 H 5 , C4H 2 , C 2 H 2 and

C 6 H 6 were measured by absorption using a Xe-arc (EIMAC) in

continuum mode, as the light source for absorption . Both

emission and absorption measurements were performed as a

funetion of the gas pressure, microwave power, and the

distance from the microwave cavity.

2 .

	

Theoretical considerations
====== == ============ ======

2 .1 Electric probes

Ehen a potential is applied between a probe and the plasma,

the probe current measured is the steady value that occurs

when the Ions and electrons haue acquired their steady dis-

tribution within the electric field . Now, when the probe-
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to-plasma potential differenee changes, a time is required

for the carriers to acquire their new equilibrium distri-

bution, and so a finite time raust elapse before the new probe

current reaches a steady value . In other words, perturbations

to an electrical probe current characteristic can be caused

by fluctuations in plasma potential . The effect of these

perturbations between probe and plasma can be reduced by

using a double floating probe system 14,15 )

In a floating double probe system, the net current drawn

from the plasma in the EM., should be zero,

	

the current

flowing in the probe circuit is

i

	

-(i+2+ie2)''° (1)+1 +1 e 1 7"

where i s is equal to the sum of the ion (i + ) and electron

( j e ) currents to probe 1 and 2, respectively.

Inereasing the applied voltage to the probes, a voltage is

reached where the second probe becomes so negative that no

electrons can reach it . As a result, the floating probe con -

dition becomes 11 ' 15)

* ei 11

	

+1 +1 +2	(2)

This condition is satisfied provided that the area of probes

1 and 2 are almost equal and that both probes are at a nega-

tive potential with respect to the plasma ll) . Assuming a

Maxwellian distribution for the electron velocity, a probe

radius much langer than the Debye length, and T e > T . then
.

the ion current density j + is approximately equal tat-
16)

R 0 .4 n i (3)

1/2

where j + is the random ion current density, A m

is the ion density, m-'ni

m+ is the ion mass, kg

(2kTe	1/2
is the kinetic ion velocity, ms -l .
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From the current-voltalte plot, the electron temperature is

determined as described elsewhere11 13 $
16)

The theoretical treatment of the double floating probe des-

cribed in the literature 11-16) is based upon the assumption

that the electron density in the plasma equals the ion den-

sity.

The electron current density to probe 1, j e , A m-' is given
by 11)

n e ex
p

(e V sh /kT e ) (4)

/2

where me is the electron mass, kg, and V sh zs the sheath

potential, V, which has a negative value . The sheath poten-

tial is derived by equalizing Eqs . 3 and 4, namely:

	

kT

	

m.
V sh = - 2e e ln (o .44}

	

(5)
e

According to Swift and Schwer's theoretical treatment ll) , for

the symmetrical (equal surface) double floating probes Eq . 4

is inadequate for the evaluation of electron density because

of the high negative value of the sheath potential . Only

electrons in the high energy teil of the energy distribution

will reach the probe . On the other hand, assuming ambipolar

diffusion for ions and electrons in the microwave plasma,

Allis and Rose lla) , derived the following relati..onshi.p for

the sheath potential:

Vsh = - 1
.c8

De
In (2 .2o /uff ) -

D e

	

e.

	

l2 e

where De is the diffusion coefficient of electrons,
m2s-1 and

and u i are the mobilitites of the electrons and Ions,

respectively, in m2 V -l s -1 .

A comparison of V sh calculated by Eq . 5 and 6 Shows that

the sheath potential for Ar for example, is a factar two

lower using Eq . 6 than the values determined by Eq . 5 ; there-

fore according to Eq . 6, less energetic electrons will be

collected by the probe .

(6)



Another approach for the evaluation of the electron density

is based an the assumption that the positive ion density

in a microwave plasma is not equal to the electron density,

merely because of electron affinity phenoinena.

In our microwave plasma, the gas pressure is low . i .e ., of the
order to several mm Hg . At such a pressure, the electron

mean free path is larger, allowing more collisions of elec-

trons with the walls than in higher pressure plasmas . At

such Iow pressures, the equality n i =: ne could be affected

so that the real condition could be n i

	

ne . Therefore,

it seems more appropriate to assume the electron flux is

equal to the ion flux, i .e .:

(ve) ne =(v i) n i	(7)
d

	

d

where(v e) d and(v .) are the drift velocities of the electrons
1 d

and ions, respectively, in ms -l . The drift velocity is used

instead of the random velooity because of the electric field
in the plasma of the EDL (see Appendix).

2 .2 Electric field strength

The condition n i ne for a Iow pressure plasma will create a

space Charge which will cause an electric field in the plasma.

The existence of this electric field can be tested experimen-

tally . In Figure 1, the set up is shown for measuring the

electric field strength, E, between two tungsten electrodes.

lt should be proved, however, that the voltage between the

two probes is:

i) not influenced by the wire material (W or Pt) and by

the diameter (Cross-section) of the wire, i .e ., the

wire emissivity is not measured instead of voltage;

and

ii) the voltage values are influenced by the gas pressure,

i .e ., Iower value at higher pressures .
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1 : Instrumental Setup for Floating Durable Probe Measure-
ments

C = Microwave Cavity (Evenson Type)
DA= Differential Amplifier
dc= Discharge Cell (tobe diameter 11 mm o .dJ
e lft = W probes
G = Gas Supply
MW= Microwave Power Supply (245o M Hz, Zoo W)
PA= Power Amplifier (+ 5o V)
PG= Pressure Gauge
R = Resistor (looR)
REC = X-Y Recorder
SG= Sweep Generator
V = Valves
VP= Vacuum Pump
d = distance between probes (d varies frort .1 to 5 mm)
1 = distance between center of cavity and midpoint between

electrodes (1 varies from lo to 25 mm)

The voltage data for the present studies in Table 1 fulfill

the above two requirements.

The plasma voltage between two points can be obtained also

from the current-voltage Plot of the double Floating probe;

it is the value at the intersection of the current-voltage

curve wich the voltage abscissa (at zero current) .



Pressure

Torr

EI

W wires
40 .6 cm

-

	

7

V

	

-Icm

w wires
.1 .2 mm

-

Pt wires
40 .5 cm

E 2

	

V c m

w wires
4=0 .6 cm

.°iPt

	

es
4=0 .5 cm

1 .0 18 .0 18 .0 16 .6 16 .6 20 .G

6 .0 12 .0 13 .0 12 .0 14 .0 12 .0

10 .0 8 .0 6 .6 7 .5 6 .6 5 .5

E I = values obtained by a voltmeter - rel . st . dev . + 2o

E 2	values obtained from the double floating technique
rel . st . dev .

	

3o %.

Table 1 : Electric Field wich Wire Material and Cross Secton.
12o W MW Power . Distance between electrodes o,35 cm;
Distance from Antenna's cavity - 1 .3 cm.

2 .3 Other electric variables

From the current density and the electric field strength

values obtained from the current-voltage plot of the double

floating probes, electric parameters such as electric eon-

duetivity (6), electron density (n e ), ion drift vcloeity

(via d , and ion density (n j ) can be derived es described by
19)

	

2o)
Franeis -	, linkeinburg and Maecker 10) , Boumans

	

, and
cthers 21,22)

From the relationship of current density, j, and eLectrie

field strength, E, one obtains

	

, the electri.c eonduetivity,
-1

in .e.m

jjE

	

(8)

where j and E are expressed in A m -2 and V m-l , respectively.



Assuming the nurrent in the EDLs plasma is carried exclusive-

ly by the electrons, then the electric conductivity is de-

fined as

= e g e ne

	

(9)

where e is the electron Charge, in C, g e is the electron

mobility, in m2 v -1 s -1 , and ne is the electron density, in m *3 ,

In using equation 9 for the n e caloulation, one needs the

value of g e . The electron mobility is defined as the electron

drift velocity (ve ) d , in ms
1

, In an electric field of V/r,

i .e . :

(ve ) d /E

	

(in)

The electron drift velocity in various gases is known 22-25)

to be a function of the electric field (E) and gas pressure.

From the g e and T e values, the electron mean free path

(

	

in m) can be calculated from:

T /2 .611o9
e

From equations 8-lo, the current density of the probes is

given by :(taking N-Lto- account j

	

-2j)

2.e

e

	

en e (ve ) d ':0 .8 n i e
( 2kT

m + (12)
e

and from Eq . 7 and 12, the final result for the ion drift

velocity (v i ) d is :

(v i )

	

o . 8

	

2kTe

Frorn the product n i (v i ) d obtained from equation 7 and (v i ) d

being calculated from equation 13, n i can be obtained directly.

The above equations are adequate for the presence of only

one gas in the En, for example, argon, helium, or nitrogen.

For mixtures of gases like Ar and 2 with different ioniza-

tion potentials and degree of ionization between them, Eq . 3

should be transformed with regard to m+ .

1/2

	

(13)
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2 .4 Temperature

(i) n Reversal Temperature n

The spectral line 535o R (64 3/2

	

7S 1/2 ) of thalium atom

was chosen ; the lower level has an energy of o .96 eV and the

upper level has an energy of 3 .3 eV . This line was reversed

by a calibrated tungsten ribbon lamp, and the n reversal

temperature" was measured in the usual manner
6
"
27 28) . The

62p3/2 level is the metastable level of T1(1) .

	

this level

is solely populated by cascade transitions from the upper

states, as a result of inelasti.c collision with high energy

electrons, or with excited heavier particles (CH 4 ; CH 3 ; CH 2 ,

or CH, for example), then the 535o Ä cannot be reversed be-

eause the 6 2 1' 3/2 is not sufficiently populated, particies

being spread in energy over various states of Tl 1, accor-

ding to the lifetimes of the states . Because the mean kinetic

energy of the electrons in a Iow pressure microwave plasma

is of the order of 4 eV, one may assume that the o .96 eV

level is not preferentially populated by collision with these

electrons . Therefore one may assume that the Population of

the 62P3/ state of Tl is mainly determined as a result of

the gas temperature in the microwave plasma.

A concentration range of o .l - 1 % (atom %) of T1 (as T1C1)

in CH 4 and CH 4 -1- Ar was introdueed into the tube.

(ii) nExoitation temperatures (T )	 and (T ) n	 ex-r

	

ex-v-.
a . ß21ü112D .. . .tTpnplm_	 The temperature was determined
from the distribution of intensities among the lines of the

rotational fine structure of a band speetrum. The intensity 1,

of a rotational line of a vibrational band in an electronic

transition is given 6) :

C(gA) r V 4 exp(-E r /kT)

	

(14)

where C is a constant which is the source for all rotational

lines of the same bond, (gA) r is the statistical weight factor

times the rotational transition probability,Vis the wavenum-

mer, E r is the rotational energy of the initial state, k is
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the Boltzmann constant and T is the gas temperature . The transi-

tion probabilities values were taken from the data published

by Dieke and Orosswhite 26) for the OH band at 3064 g . The

spectrum of OH present in the CH 4 or CH 4 + Ar microwave plasma

is a result of the oxygen impurities in either CH 4 or Ar,

while hydrogen is obtained from the pyrolysis of the methane.

The method for the temperature determination is the "plotting

method" . Et' . 14 can be rewritten in its logarithmic form i .e .:

log e l r	logeC

	

log e (gAV4 ) - 625 Er /T

	

(15)

in which E r is given in kK . We plot (log e l r	loge (gA)P)

against E r , a straight live is obtained with a slope - I/T.

This method is subject to errors due to self-absorption, but

because it makes use of 5 rotational lines (with unequal

self-absorption) and small concentration of the OH radical,

no strong self-absorption effect was detected.

b	 2r14h12lEptr2.1	 19'2 . The cyanogen, CM, molecule

is formed in the CH 4 microwave plasma from the N 2 impurities

in methane and from the carbon resulting from the methane

pyrolysis . The 3883 g vibration sequence, Ulv=0), is the only

one easily detected because of the small concentration of

the CM in the microwave plasma . The other sequences(i .e.

v = -1 andAv e 1) although obtained aretooweak to be measured

accurately . The method applied for the vibrational tempera-

ture was deseribed by Smit I6a) , in which the intensity ratlos

of two band heads, i .e . 0=0 3883 g and 1-1 3872 g , were

measured :

4
(0-0)

.e (

gA)o .. o
4

	

exp (Ev /kT)

	

(16)
1 ( 1 _ 1 )

	

(( gA) l«..1

where E v is the difference in energy of the excited vibrational

bands . The transition probabilities used were those given by

Smit 16a)
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Both the OH and the ON radicals require excitation energies

of about 4 eV and 3 eV respectively . This energy may be

supplied by the heating effect of the microwave (gas tempera-

ture) or more probably by inelastic collisions with electrons.

As will be shown, the electrons in the microwave plasma have

kinetic energies greater than those required for the elee-

tronic excitation of OH and CN.

Therefore, the difficulty in such a system is to assign the

measured "excitation temperature " as the gas temperature.

Based upon the equality between the reversal and the rota-

tional temperature / we will assume in this work that lt does

represent the gas temperature.

2 .5 Energy balance

For energy balance considerations, the work of Elenbaas 17)

Hellern) , Roes 21) , and others 22) for de arc plasma will be

utilized in the present studies.

The energy balance is expressed as the equality of energy

input and the energy loss per unit volume and time.

Neglecting energy loss by radiation compared to losses by

thermal conduction, Elenbaas 17) and Hellern) formulated the

following equation for systems under steady stete conditions.

div ( 9 grad T) +

	

0,

	

(17)

where

	

is the thermal conductivity, in J s-lm-I K-l , and T

the absolute temperature, in K.

For a cylindrical symmetry (z,r) of the microwave plasma, the

above equation will take the following form after integration:

dT
dr j Er dr, wm . (18)

0

with dT/dr = 0 as boundary condition along the z axis, where

r = 0 . Equation 18 shows that the electrio energy dissipation

in a cylinder of unit height (dz z 1) is equal to the he gt
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leaving this cylinder in unit time . lf only the plasma bet-

ween the double probes is considered for which the values

of E and j are constant, then equation 18 can be rewritten as:

Substituting the j value from equation 9, equation 19 takes

the form :

e .erE

where n e represents the average electron density for the re-

gion considered . Introducing the temperature gradient as ob-

tained from the rotational spectrum of OH using the line re--

versal method, n e can be calculated . The agreement in ne

values with those obtained by the double probe floating

method (n e ) describe the steady state conditions of the plasma

in the microwave discharge.

2 .6 Absorption spectroscopy of radicals formed in the microwave

plasma

The aim of the absorption measurement is to detect and eva-

luate other radicals such as CH 2 , CH 3 , C 2 H 2 , etc ., which may

well be produced in the pyrolysis process . Absorption spectro-

scopy is the spectroscopic technique used for achieving the

aim. Moreover, formation of molecules such as C 2 H 2 , C 4 H 2 ,

C 6 H 6 or with higher carbon numbers, may also be produced in

the pyrolysis process 30) and detected by absorption sper_trto-

scopy.

Herzberg 31) , Gaydon 32) , and others
33-35) using absorption

spectroscopy did obtain and partially classify the absorption

spectrum of CH 2 , CH 2 + , CH 3 , and C 2 H 5 radicals in flach

photolysis (diazomethane, methyl iodide and mercury dimethyl)

or low pressure flames of methan.e, methyl ether or acetone.

dT
dr'

(19)

0
e

	2	 dT
2

	

dr'
. (2o)
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Based an their data, various absorption techniques were used

in the present investigation in order to evaluate the pre-

sence of above radicals and molecules in the pyrolysis of

CH 4 by microwaves.

In absorption spectroscopy, the important factor which should

be taken into account is the lifetime of such radicals and

molecules in their ground or excited stetes . Herzberg 36) , for

example, estimated the lifetime of CH 2 and CH 3 radicals as

being in the order of 5o ms and 5o p.s,respectively . Experi-

mentally, measurements can be achieved in a flow System in

which the radical is continuously-produced, like in a

flame
32)

, for example, or in a non-flow system provided

the absorption measurement is made in the ps region, i .e .,

one order of magnitude faster than the shortest lifetime

of the any radical or molecule.

Various systems were investigated in order to obtain the

suitable experimental set up for the absorption spectra.

The following systems were investigated:

i) A non-flow System in which methane or mixtures of

methane with argon were introduced at various pressures

and the absorption of the species measured within the

microwave plasma.

ii) A non-flow system similar with the above (i) in which

the absorption spectra was measured in the afterglow

region of the microwave plasma.

in) A flow system in which various flow of methane were

produced at several torr pressure, and the absorption

spectra measured within the microwave plasma.

Using multiple optical passes through the region of interest,

it was thought that one of the above systems would be the

most adequate for the absorption measurements.

Another factor of interest in the absorption spectra is the

weak spectral character of the absorption band of most

radicals . A general Feature of radicals such as CH 2 , CH 3 ,

C 2H 5 , C H2' or molecules such as C 2 H 2 and C 6 H 6 is that they

show diffuse, weak and non-well-defined band heads 36)
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Moreover, some radicals and molecules show uncertainty with

regard to their assignments . For example, the head group

at 4o5o 9 which was assigned to CH 2 , belongs probably to C 3

radical, or 2264 and 2367 9. assigned to CH + , belongs to

HgH + 36 ) and the 2242 and 2228 Ä are provisionally assigned

to C 2 H 5 radica1 32 ' 35)

3 . Experimental
======== ===

3 .1 Diagnosties

The equipment used is indicated in Fig . 1 . The vacuum System

was pumped down to --lo-2 torr and flushed several times

with the appropriate gas before measurement (CHa,prepurified,

99 .998% ; He high purity, 99 .995% ; Ar, high purity 99 .995%).

The discharge cell (insert of Fig . 1), was constructed of

Pyrex, so that the tungsten wire probe (normally o .6 mm

diameter) could be sealed with canary Blass . The probes

were connected to the electrical system via crimped connec-

tors for good electrical contact . The smaller (11 mm od)

diameter end was placed in the cavity, with the distance

between the electrodes and the center of the cavity being

variable . The larger (16 mm od) diameter end was required

for connection to the vacuum system . Compressed air was

passed through the cavity both to cool the cavity and to

avoid overheating and melting the pyrex . For the determina-

tion of reversal temperature, the smaller diameter end was

made of Vycor, with a graded-seal to the pyrex Portion.

A tungsten ribbon filament lamp was used to measure the re-

versal temperature with a o .35 m monochromator and photo-

multiplier tube . As the lamp was calibrated in spectral

radiance (by Eppley Laboratories), the data of

		

28)
Vujnovi°C

was used to obtain the temperature of the filament vs lamp

current . The 535o 9 live of Ti was used to measure the

reversal temperature (with 2 .o yg Tl as chloride in the

discharge tube) .
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Current-voltage curves were recorded automatically by apply -

ing a sweep voltage to the electrode and measuring the vol -

tage drop through the series resistor with a differential

amplifier, the output of which was used as the

	

drive of the

recorder . Sweep rates were -,5 Vs -l . One probe was groun-

ded, but the System still involved floating the double probes

as the plasma was floating with respeet to ground . This was

confirmed by using a System similar to the above, except

that instead of grounding the reference probe to eleetrical

or earth ground as above, the reference probe was used as

signal ground, and all Instruments were floated so that signal

ground was isolated from earth ground . Because both cases

gave identical V-i curves, the simpler system was used for

experimental measurements . The voltage measured at zero

current was shown to be the DC potential difference between

the two probes by independent measurement of the voltage

difference between the two probes, using a VTVM, for several

different probes, as indicated in Table 1.

The DC potential difference between the probes divided by the

distance d between the electrodes gives the plasma's eleetric

field strength, E . The displacement of the probes in the

cavity with respect to the cavity position gives the electric

field strength gradient in the plasma (dE/dl).

The "excitation temperature" were measured by a 3 .4 m Ebert
J . Ash spectrograph using spectrographic plates . The spectro-

graph was used in order to obtain the spectral resolution

needed for the rotational spectrum of OH . The "Ebert spectro-

graph" was equipped with a grating of 12oo lines/mm giving
0

a reciprocal dispersion of 2 .5 A/mm . The OH and CM spectra

were measured by means of densitometer.

3 .2 Absorption

Fig . 2-4 Show the three different optical setups for the

absorption measurements . The following items are common to

the three optical setups :
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i) The light source for the absorption is a Xe arc lamp

made by EIMAC, Model 15o x 8S (EIMAC, Division of

Varian, San Carlos, CA) delivering 15o W in a continuum

mode . The illuminator power supply is a EIMAC Model

P25oS-2.

ii) The light from the Xe lamp is chopped by a P .A .R . mecha-

nical chopper Model 125, (Princetown Applied Research,NJ),

iii) The microwave cavity is a Evenson type which is powered

by a 245o MHz microwave power generator Microtron 2oo

made by Electro Medical Supplies, Wantage, Berkshire,

England, operating in a continuum mode,

iv) The absorption speetra are measured by a o .5 m Ebert

type scanning monochromator made by Jarrel-Ash . The de-

tection system consisted of a RCA photomultiplier P-21,

a Jarrel-Ash high voltalte power supply, an Ithaco

in amplifier Model 353 (Ithaco, Inc . Ithaco, NY) and a

Texas Instruments Recorder Model Servo Riter 11 (Texas

Instruments, Attelboro, MS).

Fig . 2 : The afterglow system.
XemXe lamp ; c=chopper ; M 1 mirror ; M

	

irror;
s=tilting screws ; QTquartz tobe ; AP=Afterglow
region ; SM=scanning monochromator ; MWC=miero-
wave eavity ; M 3 =manometer ; V=to vacuum pump and
fitting for gas introduetion .
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D C

Fig . 3 : Blockdiagram of the non flow system.
Xe=Xe lamp ; PSxpower supply to Xe lampe ; C=chopper;
D=diaphragm ; L 1 ,4=qua.üLzlenses ; QT=quartz tube;
CW=microwave eaviy ; MWP=microwave power generator;
M=manometer ; V=to vacuum pump system ; SM=scanning
monochromatorl Pezphoto.multiDlierl HVS=hib voltaee
supply ; L=lock in amplifier ; R=recorder

CW QT

A

Fig .	 Flow system.

V 1y 2 Admittance valves ; F=flowmeters ; CWmicro-
wave cavity ; C=cold trap ; M=manometer ; P=to vacuum-
pump-System ; QT=quartz tube
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Fig . 2 shows the setup for measuring the absorption spectrum

in the afterglow region . At each side of the quartz tute a

mirror is placed in such a way that the light from the Xe lamp

will have 5 passaltes through the saure Portion of the after-

glow region before reaching the monochromator.

The distance between the mierowave cavity and the afterglow

region is about 2 cm . The partiales formed in the cavity have

to travel this distance in order to be measured in absorption.

A radical with a lifetime of lo As, for example, should travel

his distance with a velocity of 2 x 10' m s-' in order to

be measured in absorption . At gas pressures of several torr

and a temperature of about 3oo 0C at 2 cm distance from the

cavity, the mean random velocity of the particle is given

by v = (3kT/m) 112 . For example, the CH 3 radical under such

conditions has a mean random velocity of

,d

3x1o 3 m s -l . In

other words, .molecules with life time shorter than lo As

cannot be deteeted efficiently in absorption in such a system.

Figs . 3 and 4 show the system for measuring the absorption

spectrum through the microwave plasma of CH4 . The CH4 or the

mixtures CH 4 + Ar ale stationary in the system deseribe in

Fig . 2, at pressures ranging from o .5 to lo torr, while in

the system described in Fig . 3 a continuous flow of CH4 was

passed through the microwave cavity each at constant pres-

sure ranging from o .5 to 5 torr . In both systems, the light

from the Xe lamp passing through the CH4 plasma measured

the absorption independently of their life time . The diffe-

rence between the system described in Figs . 2 and 3 con-

sisted in the rate of formation of the radicals or the mole-

cules of interest ; in the flow system, the rate of formation

can be assumed constant with time, while in the stationary

system, this rate will vary with time.

The spectral range scanned for the three systems was from

2ooo-34oo Ä only . Almost all the spectral information

needed for the radicals and some molecules like C 2 H 2 and

C 5 H 5 can hie found in this region 35)



19

4 .

	

Results and discussion
=== ===== ====

	

===

4 .1

	

Diagnostics

4 .1 .1 Electric field strength (E)

The electric field strength was measured separately in each

gas as well in their mixtures . Fig . 5 shows the measured E

values . The space charge in the microwave plasma develops

the electrostatic field, which is greater in Ar than in

CH4 at various pressures

	

5

	

6

	

7
Pressure.torr

Fig .	 5 : Electric field strength vs . pressure.
d

	

o .6 cm ; 1 = 1 .3 cm ; 12o W.
a=Ar ; b=CH4 ; c=Ar

	

varying CH 4 d=CH 4
varying Ar .

43
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This effect is connected to higher interaction of electrons

and Ions in the methane gas as compared with argon . lt will

be discussed in detail at 4 .1 .3 . The addition of CH 4 to Ar

or vice versa has a two-fold effect : i) it decreases the

electric field values as compared with the respective pure

gases up to a pressure ofa.3 torr ; and ii) the E values are

almost constant with respect to pressures,3 torr .In other words,

comparing with the pure gases, the spare Charge in the plasma

is lowered and almost constant at different pressures . The

marked effect an the electric field values in gaseous mix-

tures is due to the position of the double probes with res-

pect to the distance from the antenna . Fig . 6 shows the

electric field gradient within the plasma from o .2 to 1 .6 cm

away from the microwave antenna.

02

	

0,4

	

Oß

	

0,8

	

1,0

	

12

	

1,4

	

16

Distanc, cm

Fig . 6 : Electric field strength vs . distance from the
cavity eenter.
d

	

o .6 cm ; 75-12o W
a.)CH 4 2 torr ; b)Ar 4 torr

	

CH 4 2 torr.

30
E

ui 25-
+

20-

10-

15-
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As the probes approach the cavity, higher E values result.

The increase in E values nearer the cavity is a result of a

higher electron temperature T e , which increases the electron

drift velocity (v e )ä, leaving the ion drift velocity (v i )d

almost constant (see Table 3) . In other words, the space

charge increases, nearer to the center of the cavity.

4 - 1 - 2 nt2tr2nItT22nInT
temperaturesST:e x

Entr2 2_1 (T ) and rotationa---------

Fig . 7 shows the electron temperature, T e , values as measured

from the current voltalte plot of the floating double probe.

20

6

	

7
Pressure,torr

Fig .	 Electron temperature vs . pressure,
d 7- o .6 cm ; 1 = 1 .3 cm ; 12o W.
a =CH4 ; b=Ar ; c=Ar

	

varying Cli 4 ; d=CH4
varying Ar .
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In the plasma of each gas, the electron temperature in CH 4

is higher than in Ar, decreasing as their pressure increases.

Addition of argen to a constant methane pressure, lowers

the electron temperature reaching a constant value above

3 torr of argon . The addition of CH 4 to a constant pressure

of Ar increases Te as compared to the previous conditions,

keeping it constant with CH 4 pressure above I .o torr CH 4 .

The reasons for (T e )cH4 > (Te ) Ar are rather complex and

depend greatly an factors such as : the electron velocity

distribution, electron conductivity (see Fig . 8) and an

the exothermic reactions in the pyrolysis of methane.

E
0

0

a(x20 ,8,„m„

bx1

	

)

c(xio-4 )8

d(x10-4 )

12-

1 0
3 5

	

6

	

7
Pressure, torr

Fig .

	

	 8 : Electric conductivity vs . pressure.
a=Ar ; b=4 to= varying CH .
c=2 torr CH 4	varying Ar;

	

H4 .
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Fig . 9 shows the "reversal temperature" measured with

thallium atoms while Fig . lo shows the rotational tempe -

rature (measured with the OH radical) at several gas

pressure . The OH was introduced in the argon by bubbling

the gas through waten . The higher temperature values T r

and (Tex ) r in CH4 , as compared with those in Ar up to

4 .o torr, indicate that exothermic chemical reactions

occur in the pyrolysis of methane . In Table 2, the electron

random velocity ve and the electron drift velocity (v e ) d

are given . The result by which 77 e > (ve ) d indicates that

the microwave source resuits in a plasma which is more

thermal than electric . Based on that effect as weil as on

the description given in section 2 .4 (i) of this report,

the assumption that both T r and (Tex ) r represent also the

2,8

t8
1,7

6

	

7

	

8
Pressure ' orr

Fig .	 9 : "Line reversal temperature" vs . pressure,
d

	

o .6 cm ; 1 = o .5 cm ; microwave Power 12o W.
a=CH 4 ; b=Ar .
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2,6-

X

CD

2,0

T

7

2

	

3

	

5

	

6
Pressure a torr

Fig .

	

	 lo : "Rotational temperature" (OH) vs . CH 4 pressure.
I .o torr ; microwave power 12o W ; near cavity
center.

gas temperature in the microwave cavity is in part justified.

A comparison between both the "reversal" and "rotation"

temperature values to the electron temperature values

indicates conclusively the non-LTE behaviour of the micro-

wave plasma, i .e ., Te >

	

(Te ) r by more than one order

of magnitude (see Fig . 7),

Fig . 11 Shows the Tr and (Tex)r as function of the distance

from the center of the microwave cavity in a methane plasma.

A drop of about looo K was obtained for the "reversal" and

the "rotational" temperatures at 4 cm distance from the

center of the microwave . The electron temperature

also drops to the saure 4 cm distance . Neverthe-

less at 4 cm distance from the center of the microwave
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Ar

P T
7

vex10
(re) driftxl

P T 7vex10 e ) driftxl'0
Torr K 1

cm sec cm sec 1
Tor r K -1

,cm sec cm sec-1

0 .5 2800 3 .56 5 .3 0 .5 2450 7 .0

1 .0 2500 3 .40 4 .0 1 .0 2350 3 .30 3 .0

2 .0 2300 3 .30 1 .4 2 .0 2100 3 .10 1 .8

4 .0 2100 3 .10 1 .0 4 .0 2050 3 .04 0 .9

6 .0 2080 3 .06 0 .06 6 .0 2050 3 .04 0 .6

8 .0 2050 3 .04 0,45

Table 2 : Random and drift velocity of the electrons.
1 = o .5 cm

cavity the Te is still higher than the T r or
(Tex)r

indi-

cating that local thermodynamic equilibrium cannot be

achieved in the microwave plasma.

4 - 1 - 3	 r2 ..üD211n (ne2

Fig . 12 shows the electron density values as a function of

pressure for the pure and mixed gasen . In the pure gares,

the electron density values are higher in CH 4 by almost

one order of magnitude than' in Ar, at the same distance

from the antenna . The same effect can be seen in the elec-

tric conductivity values in Fig . B . The reason for this

effect is attributed to the contribution of electrons from

the ionization of H, CH, CH 2 , CH 3 instead of only from Ar

in a,rgon gas.
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1000
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6
Antenna

	

Distance, cm
Fig . 11

		

"Excitation temperatur& (CN) vibrational, (OH)
rotational and (Tl) reversal vs . distance from
cavity center in methane.
(1 .o torr ; microwave power 12o W)
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Fi g .	 Electron density vs . pressure . 1 = 1,3 cm.
a = 2 torr CH

	

varying Ar ; b = 4 torr Ar
4- varying CH4 ; c

	

CH 4 ; d = pure Ar .
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Moreover, the ionization potential of molecules or radicals,

such as, CH, CH 2 , CH 3 , is lower 29) than the ionization po-

tential of argon . The addition of Ar to CH 4 , or vice versa,

increases the electron density when compared to the pure

gasen, by almost one order of magnitude at the Same distanoe

from the cavity center . This effect is primarily a result

of the decrease in the electron drift velocity (see Table 2)

at higher pressures (Fig . 12) . The decrease in the electron

drift velocity in the mixtures is easily understood from

the values of the electron mean free path (2. e ) given in

Table 3.

n ve e

	

_ 15 x10 2

E -1
T e j e x10 3 vex101-51 v e.lo-' cx104 n x10-10e

n,v,xI0

	

,,.lo-' ,,,. .lo - 12
-1

	

-1

	

-3
X e

Torr cm K A cm-2 cm s cm 2 v-l s-l a-lcm-l
_ 3

cm cmcm

	

s cm s cm

1 .0 16 .3 39,000 24 .0 30 .0 1 .8 14 .7 5 .0 150 .0 17 .0 8 .8 1 .36

2 .0 11.6 36,000 21 .5 18 .0 1 .55 18 .5 7 .4 133 .2 16 .4 8 .2 1 .12

4,0 8 .3 29,000 19 .0 8 .5 1 .10 22 .8 12 .8 108 .0 14 .7 7 .3 0 .71

6 .0 7 .0 27,000 17 .0 6 .0 0 .9 24 .8 16 .7 100 .0 14.2 7 .0 0 .56

8 .0 6 .6 26,000 16 .5 4 .5 0 .75 25 .0 20 .7 93 .1 13 .9 6 .8 0 .46

10 .0 6 .6 24,000 15 .5 4 .5 0 .75 24 .0 21 .3 95 .8 13 .3 7 .2 0 .44

Table	 Electric variables calculated from current-
voltage Plot of the floating double proben
W-probes ; d=o .15 cm ; 1=1 .3 cm ; A e-o .o48 cmL ;
mw-12o W ; reflected power 15 W -'Argon -

Lower

	

e
values at higher pressures indicates that the

electrons have a higher probability to stay within the

plasma instead of interacting with the walls ; consequently,

in CH 4-Ar mixtures, the electrons undergo more interactions

with plasma particles than in each pure gas.

Returning now to Fig . , 5, in which E values are given, one

can explain why argon with its lower n e value has the

higher E value . Practically, the electron flux value n e (ve ) d ,
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is almost constant indicating a higher (v e ) d is required

for lower n e values . A higher probability of the eleetrons

interaction with the walls is obtained at higher drift

velocity values . The eleetrons interacting with the walls

leave the plasma, and so the remaining ions in the plasma

develop a higher space eharge resulting with a higher

eleetrostatic Field (see also Fig . 8).

4 -1-4 1 2 2 (Jng 2 ly .Ani __ ni _	_ (ItgrtülAe:_

Fig . 13 shows the variational total ion concentration in

the plasma with pressure . The total ion concentration is

the summation of H + , CH 3 + , CH 2 + , and CH + Ions in the CH4

gas, and with Ar + ions in the gas mixtures . They were

calculated from the general relationship n (v
e

) d = ni (v i ) d .

The ion drift velocities for H + , CH 3 + , CH 2 , and Ar+ were

calculated separately using equation 3 and then summed.

The results in Fig . 13 show that the highest ion concen-

tration was found in the mixtures in which CH 4 pressure

was varied in 4 .o torr Ar . The ion concentration of each

constituent of the pure gas is shown in Fig . 13 in which

Ar+ ions in argon reaches the highest value ; within a

factor of 2, the n i(Ar+ ) is greater than ni( cH3 -i- , cH2 + , cH+ )

and with about one order of magnitude n i(Ar+ ) is greater

than n i(H + ) in pure methane gas at the same Pressures and

mierowave powern The higher value of n i(Ar+ ) indicates

that the ion interactions in CH 4 are greater than in argon.

In other words, the products of the pyrolysis of CH 4 are

interacting with the ions leaving a lower ion concentra-

tion to be measured, although the ionization Potentials

of these products are lower than argon's ionization po-

tential . The last statement is more evident in the n i(H + )

value . lf the pyrolysis of CH 4 produces C and 2H 2 products,

then the ion concentration of H + should be greater than

the ionconeentration of CH 3 + , CH 2 + or CH + . In reality,

the ni(H + ) is by one order of magnitude lower than the

n i(CH 2 + , CH + , etc .)



5 6 7 8
Pressure .torr

	13 : Total Ions concentration vs . pressure,
a4 torr Ar + varying CH ;

	

torr CH4
varying Ar ; c=.pure CH4 .

Fig . 14 showing that other chemical reactions, than the

above one, occur in the pyrolysis of CH 4 . Another indi-

cation for the chemical reactions occurring in the micro-

wave plasma is in the decreasing values of n i( c H2 -t- ,cH + )
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5

	

5 7

Pressure, torr

Fig .	 14 : Ion concentration in pure gasen.
a=n i (Ar 4- )lAr ; b=n i (H+ )/CH 4 ; c .n i (CH 2 + , CH+ . . .)ICH4.

and n i(H + ) with increasing CH 4 pressure, while ni(Ar i- ) is

almost constant with increasing pressure.

In the CH 4 and Ar mixtures, the total ion concentration de-

creases with increase of Ar/CH 4 pressure ratio . The diffe-

rent behaviour at 2 torr CH 4 with increasing Ar pressure is

connected to the fact that Ar was added to the excited

gases, i .e-., pari of CH 4 was already pyrolyzed.

The ionization degree (cc) in the gas mixture was calculated

and plotted vs ratio between the number of Ar particles

and the number of CH 4 particles (in percent) .
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The n i(Ar + ) and n i(cH + , cH2 i- , cH i- ) in the gas mixture was

calculated assuming tMeir contribution to (v i ) d is due only

to their molecular weight (see equation 3), i .e ., they act

as separate gasen ; the results of oc given in Fig . 15 should

be checked spectroscopically.

Fig . 15 shows a very marked trend of the CH 4 in the presence

of argon ; the ionization degree increases as the argon con-

centration increases . The ionization degree of Ar decreases

by increasing CH4 concentration.

The result of increasing ionization due to Ar was confirmed

by the increase of the Tonic spectral lines of CH + at

4225 .3

	

and 3967 .1 (R band heads for Av=0 and he.ve--1 res-

pectively) . Furthermore, investigation is needed in order

to understand the mechanism of the ionization of CH, CH 2 . ..

CH 3 etc ., by argon.

4 .1 .5 Energy_balance and steady state

Table 4 shows the changes in the values of electron tempe-

rature and density and ion concentration with time . The

measurements of the double floating probes were taken after

lo, 3o, 6o, and 3oo s for the microwave plasma at various

pressures . The results given in Table 4 indicate that the

plasma at 1 .3 cm from the antenna reaches a steady stete

after 12o-18o s.

In the theoretical consideration, the steady stete is defined

as being the equilibrium between the energy introduced and

the energy dissipated by the microwave plasma . Using the

"reversal temperature" from the energy balance, the mean

electron density n e was calculated . The n e values given in

Table 4 are higher by almost one order of magnitude than

the electron density calculated from the floating probe

measurements, indicating that no steady stete was reached

in the microwave plasma . On the other hand the n e values

are almost equal to the ion concentration n i obtained from

the probe measurements . If one assumes that the probes



Fig .	 15 :

Ar

	

0 20 40 60 80 100 Ar
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CH4

lonization degree (CC) in gas mixtures.
Ar 4 torr + varyin.g CH 4 .
a=H ions ; b :Ar ions ; o=CH 2 , CH ., . ions
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P torr

Ar

	

CH 4 s

Tex10 -

K

j ex10 3

A .m- 2

n ex10-12

-3cm

n i x10-13

-cm 3

nx10-12 *

4 .0

	

1 .0 10 37 .0 24 .5 1 .80 18 .5 16 .2

30 37 .0 21 .5 1 .50 17 .5 16 .2

60 32 .0 19 .0 1 .20 16 .4 9 .6

300 30 .3 18 .6 1 .10 16 .4 9 .6

4 .0

	

2 .0 10 34 .0 22 .8 2 .15 17 .8 18 .2

30 31 .0 18 .6 1 .70 15 .3 16 .2

60 30 .2 18 .0 1 .30 14 .2 11 .5

300 29 .6 17 .6 1 .20 14 .1 11 .5

4 .0

	

4 .0 10 31 .5 21 .0 2 .60 17 .3 21 .5

30 35 .0 19 .8 2 .40 15 .5 21 .5

60 29 .6 15 .0 1 .50 12 .1 14 .1

300 28 .2 14 .0 1 .40 12 .0 14 .1

e Calculated from the energy Balance equation.

Table 4 : Microwave plasma variables with time.

cannot collect the negative ions which are formed as a

result of electron affinities to molecules such as C 2 , H 2 ,

OH, CHO etc ., then the positive ion concentration is equal

with the summation of the densities of electron and nega-

tive ions . The presence of negative ions is indicated by

the result ne >ne . In that way, one fulfills the require-

ments for plasma eleetrical neutrality . The results ob-

tained as function of time are probably due to the depo-

sition of CH 4 pyrolysis partiales an the tungsten probes.

The steady state in the microwave plasma can be achieved

by the addition of atoms or molecules with very low ioni-

zation potentials, such as Cs or K.
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4 . 2

	

Emission measurements

4 .2 .1 Partlaie concentration

The emitting species from the microwave Plasma with methane

or methane-argon mixtures were measured densitometrically

from spectrographic plates exposed through a 3 .4 m grating

spectrograph1 Ebert type . The following species were de-

tected : H, H 2 , C, C 2 , CH, and CH ions besides Ar and Ar

ions spectra.

The aim in the emission measurement is the distribution of

the particle concentration as a function of distance from

the microwave cavity, microwave Power and gas pressure.

This aim was achieved by measuring spectral intensity ratios.

we consider, a given molecule, then the intensity J 1 of

a speeine spectral transition is given by:

(hV -
A l n ex

	

cm3s 1 sr -1 666

	

(21))

	

ex 1

emission and n

	

is the particle concentration, cm-3 ,ex jl
populating the upper energetic level under consideration.

Assuming that the temperature is responsible for the popu -

lation of the upper level then according to a Boltzmann

distribution

geil

1'Iex
e- n 1	exp

	

-E 1 /kT)

	

(22)

where gex , is the statistical weight of the upper level, Z 1

the partition function, n 1 the total concentration (atoms,

molecules,ions) of the species j i , E il the energy of ex-

citation, k the Boltzmann constant, and T the gas temperature

in (k).

For another speeies, 2, the J 2 and nex can be expressed

analogously by Eqs . 21 and 22 with 2 instead of 1.

For the saure temperature, the intensity ratio for the two

particles 1 and 2 can be expressed as:

where A l is the transition probability of the spontaneous
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v

	

(gexA) i	(1-ot )1

2

	

( gexA)
2 n2«1-"2 exp (- kT (E 1 -E 2 ))

	

(23)

where 01 is the degree of ionization for the given species.

Another factor ß should be taken into account which indi-

cates the degree of dissociation for a given molecule to its

components.

Now if one uses the intensity ratios for species having

similar excitation potentials (within e-=.eo .5 eV), then the

exponent term in Eq . (23) has a value near unity . For

example, the excitation energies for CH, C 2 , and H 2 are

between 3 and 3 .4 eV . Furthermore, the dissociation energies

for these species are between 3 .5 and 6 ev 36 ), while the

ionization potentials of these molecules are between 4 .1

and 5 .5 eV 3e) . In this case, Eq . (23) can be further simplied

taking the ratios (1-ot) I /(1-c4) 2 and ß .

		

to
1 2 2

be near unity.

For speeies like CH, C 2 , and H 2 using the above simplifi-

cations, Eq . 23 will have the following form:

	

J 1	( vgA)1 nl

J--'-

	

2

	

( vgA) 2 n 2

In the case of atoms like C and H which have about 5 eV ex-

citation energies Eq . 23 should be used instead of Eq . 24.

From the relative intensity measurements and using the

known data for all other parameters, the ratio n 1 /n 2 is

calculated and plotted vs . microwave Power, gas pressure,

and distance from the microwave cavity .

(24)
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4 .2 .2

Figures 16 and 17 Show typical intensity ratio normalized

to the intensity of C 2 (Fig . 16) and to the intensity of

CH (Fig . 17), as a function of methane pressure . The follow-

ing ratios of particie concentration were calculated:

nCH/nC2' nH2 /n c2 , and n 2 /n cH using Eq . (24) while the other

nH in C 2 ' n C inC 2 ' nHinCH were calculated using Eq . (23).

Furthermore, the ratio n ce/ncH was calculated using the

Saha relationship for ionic and atomic spectral live.

Fig .	 16 : Intensity

	

ratio vs . pressure (CH 4 )
Microwave looW ; volume-15 cm 3 ; Zoo s exposure .
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0
4-

Fig .	 17 : Intensity ratio vs . pressure (CH4 ).
Mierowave Zoo W ; volume 15 cm 3 ; 10o s exposure.

Table 5 shows the particle concentration ratio when the

pressure of methane and methane-argon was varied . The wave-

length used for the intensity measurements are indicated

in Table 5 . Inereasing gas pressure, the concentrations

of H and C atoms are reduced while the concentrations of

radicals such as C 2 , CH are enhanced .
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Pressure

	

n /na 2

cH 4	Ar

	

cH/c 2

	

H 2 /cH HIC 2 c/c 2 H/cH c/cH cH'/cH H/H 2

torr

0 .5 2 .5 8 .0 3 .0 5 .0 1 .3 2 .0 0 .5 0 .3 0 .3

1 .0 4 .0 10 .0 3 .0 7 .0 1 .0 1 .5 0 .3 0 .4 0 .4

2 .0 4 .0 11 .0 3 .5 3 .0 0 .7 0 .8 0 .2 0 .1 0,4

4 .0 4 .0 12 .0 3 .5 2 .0 0 .2 0 .5 0 .1 0 .07 0 .5

2 .0 1 .0 2 .0 0 .8 0 .7

2 .0 2 .0 3 .0 1 .0 0 .8

.2 .0 4 .0 3 .0 1 .2

2 .0 6 .0 3 .0 1 .2 1 .0

2 .0

a 0
Yavelengths usecI : CH 3889 A

C 2 4737

	

.
o

H 4101
C 2478,
CH 4225

	

.
H 2 5420 9

Table 5 : Particle concentration ratio vs . gas pressure.
MW loo w, center of cavity
Spectrographic Plates SA-1 ; SA-3 ; Ni "KODAK"

Exposing the center of the microwave cavity to the spectro-

graph at 4 .o torr CH 4 , the molecule having highest concen-

tration is H 2 and the hext highest are the CH and C 2 radi-

cals . Assuming formation of higher molecular weight hydro-

carbon in the pyrolysis of methane, the high concentration

of H 2 results in the formation of unsaturated hydrocarbons.

The presence of Ar in the pyrolysis of CH 4 by microwaves

enhanced the ion formation as shown in Table 5 . The concen-

tration of CH radical is assumed to be constant . Another

effect observed in the presence of Ar is the small increase

of H atoms in comparison with H 2 . The ionization effect

observed in emission measurement is in agreement with the

result obtained fror the double Floating probes.
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More information about the hydrocarbon formed in the pyro-

lysis of CH 4 and the concentrations of other molecules is

needed . The emission measurements does not provide this in-

formation as no other hydrocarbon molecules are detected.

Table 6 shows the particle concentration ratio of several

species with respect to the distance from the eenter of the

microwave cavity . lt should be noted that at a distance

of 3 .o cm the emission spectrum of the atomic species is

almost non-existent even at large exposures (up to 5 minutes),

for a CH 4 pressure of 4 .o torr . This result is consistent with

Fig . 11 indicating a cooler plasma . Nevertheless the emis-

sion of the molecular species, C 2 , CH, a.nd H 2 was detected

at this distance . As shown in Table 6, the concentration

ratio of C 2 /CH, H 2 /CH, and H 2 /C 2 have valuesnear unity.

In other words, the concentration of C 2 , CH, and H 2 have

the saune value . The interpretation of this result is diffi-

cult due to the shrinkage of the microwave plasma at higher

CH 4 pressure . Having a cooler plasma, one may expect a

smaller production of C 2 , H 2 , and CH, i .e ., less fragmen -

tation of the CH 4 molecule . On the other hand, the smaller

concentration of C 2 and CH radicals indicates their reac-

tions with methane to form higher hydrocarbons.

Pressure
torr

n 1 in 2

1 .0 cm 2 .0 cm 3 .C cm

CH,

	

.r

	

CH/C 2	H 2 /C 2	H 2 /CH

	

H/84 2 CH/CH

	

H2/C2

	

H 2 /CH CH/CH2

	

H2/C2

	

H
2

/CH
2

2 .0

	

3 .0

	

11 .0

	

4 .0

	

0 .2 2 .0

	

3 .0

	

1 .0 0 .9

	

1 .0

	

0 .8

4 .0

	

2 .0

	

3 .0

	

2 .0

	

0 .1 1 .0

	

1 .0

	

1 .0 0 .9

	

0 .8

	

0 .7

2 .0

	

2 .0

	

2 .0 1 .0 0 .8

2 .0

	

6 .0

	

0 .9 1 .0 0 .9

Table 6 : Particle concentration ratio vs . distance from
the eenter of the microwave cavity . MW loo W
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Table 7 Shows the n 1 /n 2 ratio with respect to microwave

power, Nahere measured in the center of the cavity . Upon

increasing the power from 6o up to 12o W, no differentes

in the n 1 /n 2 ratio were detected.

Pressure
torr

1 /n 2

CH 4	Ar CH/C 2

60 W
H 2 /C2 H 2 /CH

80 W
1ä 2 /C 2CH/C2

	

2
H 2 /CH CH/C 2

120 W

H 2 /C2 H 2 /CH CH + /CH

2 .0 3 .0 12 .0 4 .0 4 .0 12 .0 5 .0 4 .5 11 .0 3 .5 0 .3

4 .0 4 .0 11 .0 3 .0 5 .0 12 .0 3 .0 5 .0 10 .0 3 .0 0 .3

2 .0 2 .0 2 .0 3 .0 4 .0 1 .0

2 .0 6 .0 1 .5 2 .0 3 .0 1 .0

Table 7 : Particle concentration ratio vs . microwave power
At center of microwave cavity.

4 .3

	

Absorption

In each of the three systems, the absorption spectrum for

a given microwave plasma, with regard to the CH 4 pressure

or flow, was normalized . The normalization is the ratio

between the light absorbed by the CH 4 pyrolysed by the micro-

wave to that the CH 4 without the miorowave . In this way,

a normalized coefficient of absorption

	

) for each

radical and excited molecule formed in the pyrolysis of

CH 4 was evaluated.

The results are given and discussed separately for each

system.
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4 .3 .1 lb2 _ .e,.. .rs l _

Table 8 shows the normalized absorbance obtained for the CH 3

radical . Using the 5 optical passaltes of the light from the

Xe lamps, in the afterglow system, only the CH 3 radical has

been detected, at 2157 and 2163 R . No other radicals or

molecules were detected in this system . The values g : ven

in Table 1 indicate a small amount of CH 3 is present in

the afterglow region, the absente of the other species is

connected to the 1ifetime of the other radicals . A distance

of 2 .o cm from the center of the cavity to the measured

region in the afterglow is too great to allow measurement

of other radicals . Accepting Herzberg's 35) value of5o As

as the lifetime of the CH 3 radical, radicals, such as

CH 2 , C 2 H 2 , C s H 5 or others, haue a shorter lifetime than

CH 3 .To estimate the minimum distance in order to measure

the absorption of other radicals is very difficult because

no data are available an the lifetime of the other radicals.

Molecule kv

	

(dimension

	

ss
A System 1 System 2

Ar/CH4
CH

4 CH
Ar/CH 4

1 .0 1 .5 2 .0 1 .0 1 .5 2 .0

2157 0 .28 0 .2 0 .16 0 .12 0 .4 0 .35 0 .3 0 .2
CH 3

2163 0 .21 0 .15 0 .12 0 .12 0 .35 0 .28 0 .25 0 .15

2285 0 .19 0 .12

2288 0 .19 0 .12

Table	 Normalized absorbance of CH 3 and C 2 H 2 in systems
1 & 2.
2 .o torr CH 4 ; 8o W mierowave power.
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Another unsatisfactory result is that molecules such as

C 2 H 2 or C 6 H 6 have not been detected in absorption . This

result can be interpreted by : i) either the concentration

of such molecules is too small to be detected in absorption,

and so the 5 passaltes of source radiation are insufficient,

or ii) the molecules being in their excited states react

with other particles in time periods shorter than 5o us.

Now if the last possibility is the real process taking place

in the CH 4 pyrolysis, then, even in a flow system, the

above molecules would not be detected in absorption . O

the other hand, if the First possibility is the adequate

one, then these molecules will be detected in the flow

system where the molecules are formed "in sitze" from the

pyrolysis of CH.

The presence of Ar in the pyrolysis of methane did not

affect the absorption spectrum of CH 3 .

4 .3 .2 The_"Non-Flow" syst em

In this esse, the light from the Xe lamp is passed only

once through the microwave plasma.

Table 8 shows the normalized absorbance values for the CH 3

radical and the C 2 H 2 molecule . Besides them, no other

radicals or molecules were detected in this system . As

compared with the afterglow system, the values of the nor-

malized absorbance for CH 3 are almost the same . The pre-

sence of the C 2H 2 molecule (measured by absorption) could

be explained by the motion of methane molecules . In other

words, due to processes such as convection and diffusion,

fresh CH 4 from the surrounding atmosphere penetrate into

the microwave plasma, pyrolyzing and forming a higher con-

centration, C 2 H 2 could be detected in absorption.

The presence of Ar in the methane pyrolysis has an inhibi-

tory effect an the absorbance of CH 3 and C 2 H 2 ; lower values

were found for CH 3 radical and no acetylene was detected

when argon was added to the methane (Table 8) . The maxi-

mum inhibition effect was obtained at pressure ratio
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Ar/CH4	2 . As mentioned in the previous sections of this

report, the presence of Ar in the pyrolysis of CH 4 in-

ereases the ionization of the partiales in the microwave

plasma . Due to this effect, the C 2 H 2 molecule as well as

the CH 3 radical are partially ionized, lowering the concen -

trations in their neutral ground states, resulting in a

decrease of absorbance.

The measurements of absorption by the two systems and the

formation of CH 3 radicals in the pyrolysis of methane by

mierowaves indicate, that in a flow System, more radicals

and molecules eould be detected and analyzed by absorption

techniques.

4 .3 .3 The Flow system

Fig . 18 Shows the absorption spectrum obtained by oniy one

passage of the source radiation when CH4 alone flowed

through the mierowave discharge . In a spectral range

2ooo-24oo g , the following radicals and molecules were

measured in absorption : C 2 H 4 , CH 3 , CO ' C 2 , N2, C4H2' C H2 5'
C 2H 2 , C 5H 5 and C 6 H 6 . The CO and C 2N 2 bands are probably

due to the presence of CO and N 2 as impurities in methane.

At wavelengths higher than 34oo g , some unidentifiable

absorption peaks appeared ; these are not included in this

progress report.

Thehighest normalized absorbance was obtained for the CH 3

radical indicating that this radical was produced (by

pyrolysis) in the highest concentration eompared to the

other molecules produced and detected, The absorption

bands of CH 3 at 2157, 2163, and 2188 g (the weakest 22o2

band is probably overlapped by the

	

band) are best

defined spectrally as compared with the other radicals and

molecular speetral bands . Besides CH 3 , the other molecular

absorption bands are weaker and poorly defined 36) . Nor-

malized absorption peaks of a number of speeies were ob-

tained, as shown in Fig . 18 ; theses molecular species were

formed in the pyrolysis of CH 4 by microwaves .



73

3

CH 3

, H 2

C5H5

-2-7'-5'Mi-3i-	335

C 4 H 2

240225 230 245 260 255250 255

C5 5

340

Woeelength nm

F±	 18 : Normalized absorbanoe vs, wavelength at 1,5 torr CH 4 ,
F ow system ; CH 4 flow ' 35 m1 min ; 8o W miorowave power



- 46 -

)
Gaydon et al .

32
has provisionally assigned the band heads

at 222o and 2242 g to the C 2 H 5 radical ; the same uncertainty

is valid an nur assignment to this radical . As far as the

assignment of the other spectral bands, thei .r validity is as

expressed in the Iiterature 31-36)

Fig, 19 Shows the increase of the absorbance of CH 3 at 2157

with increase in the methane pressure in the system . In other

words, more CH 4 produces more CH 3 radicals in the microwave

discharge . Almost twice as many methyl radicals were produced

by increasing the methane pressure from 1 .o to 5 .o torr.

The same behaviour was obtained for all the spectral bands

of the various radicals and molecules reported in Fig . 18.

N
o.

E
o
z Oß

o

0.4-

0 .5

	

2

	

3

	

4

	

5
CH4 Pressure,Torr

Fig . 19 : Variation of absorbance with methane pressure.
Flow system ; CH 3 =2157 Ä ; 8o W microwave power .
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83857 cm-I , respectively, one can assume that the excited

argon states, in particular argon metastable states (-93ooo cm-1 )

by collisions with these radicals will partially ionize them.

The absorbance was reduced by 5o% in an argon-methane mixture

containing up to 3 Parts Ar to each part CH 4 . The increase

of argon concentration above the Ar/CH 4 ratio of 3 does not

affeet the absorbance . The band heads measured in absorption

in mixtures of 3 :1 argon to methane were Chose of CH 3 , C 2 H 5 ,

C 2 H 2 , and C 3 H 2 (Fig . 18) . The band heads of C 6 H 6 and C 5 H 5

were completely depressed . Due to the presence of impurities

in argon, such as 0 2 and 2 the spectral absorbance of CO

and C 2 N 2 was enhanced in the Ar-CH4 mixtures . Their enhance-

ment was found to beproportional to the increase of Ar in the

gas mixture.

The normalized absorbances given in Table 8 and Figs . 18 and

19 should lead to the calculation of the concentration of

each molecule and radical if the following are known:

i) The vibrational transitions from the ground electronic

state to the excited states °

ii) The transition probability for absorption and the statisti-

cal weights of each state ; in other words, the oscillator

strengths of the spectral transitions.

For the majority of the molecular absorption spectra obtained

from the pyrolysis of methane, neither (i) nor (ii) are known

or well-established 31-35) . Moreover, due to the weck ab-

sorption spectrum, the confidence of each molecular assignment

is relatively low, in particular for the ethyl radical.

Based upon the pressure in the system, the estimated life time

of the CH 3 radical and the path length of about 5 .o cm in the

microwave discharge, one can put an upper limit to the CH 3

pressure as about o .oo2 torr 3 ' , ' 6 ) . An estimation of the CH 3

concentration in the microwave plasma can be obtained using

the relationship

The presence of argon in the microwave plasma of methane

inhibits the absorbance of each molecular band . This inhibi-

tion is attributed to the ionization effects of argon an the

molecular species . Based an the ionization potential given

by Herzberg 34) for the CH 3 and CH 2 radicals as 79392 and
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2
fkdv =	 2 g2

	

n

	

(25)

cm- 3 , and the lifetime of the transition, in s . Using the

value offk-vdv from Fig . 4 for CH 3 at 2157 Ä and assuming

g 2 /g 1 , the statistical weights to be unity, one obtains

n cH3 Ac. 10 12 partiales in one cm' of the microwave plasma.

in other words, the concentration of the CH 3 radical taust

have been no more than one in looo for a methane pressure

of 1 .5 torr . From Fig . 18 and continuing this approximate

caleulation, one obtains for the other radicals and mole-

cules a concentration of about one in 5ooo at 1 .5 torr

methane . Fr, om these approximate caiculations and based an

the reasons (i) and Ui) mentioned above, one cannot

investigate the kinetics of CH pyrolysis from only the

absorption spectrum.

5 . Remarks for Future Work
===================== =

The direct result in this work is that the pyrolysis of

methane by microwaves leads to the formation of various ra-
dicals . These radicals can react with each other or with

other molecules formed by the pyrolysis or with the non-

pyrolyzed CH 4 moleclues in order to form the final pyrocarbon

maleeule . The kinetic studies leading to the rate determining

steps in the formation of pyrocarbon, from only the absorp-

tion spectra obtained in this work, is almost impossible

due to the unavailable spectral data for the heavier hydro-

carbon maleenies . The use of a quadrupole mass spectrometer

coupled to the microwave plasma of CH 4 will lead to the iden-

tification of more heavier hydrocarbons in their excited

states, thus allowing the kinetic studies for the rate

determining steps in the pyrocarbon formation.

Wherefkydv is the integrated coefficient of absorption,

2 0 is the wavele.ngth in , n the particle concentration,
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APPENDIX

justification of assumption n (v )

	

n .(v)e ed

	

ld

According to Condon and Odishaw 39) , the equality between the

flow rates of positive ions and electrons occurs for ambi-

polar diffusion . For the ambipolar diffusion rase, the

following equations for each flow rate are given:

For ions :

n i v . :7,- D .7n . + g

	

i ;

	

(A1)

and for electrons :

nev'e = -De7ne - geEn e ;

	

( A2 )

where D i and De are the coefficient of diffusion of ions and

electrons, respectively . Dividing each equation by n i	and

ne	respectively, one obtains:

+

	

Di 7nv i / A

	

E1

	

,u i n i

D 7nv /

	

+

	

e

	

e

	

E.e

	

e

	

ge ne

Since Ae. )

	

the condition for the ecuality of fluxes in

ambipolar diffusion requires that v e >v At the gas tempe-

rature, where D e / e = E i /

	

= kTr/e, the equality between

Eqs . (A1) and (A2) is reached only

7ne 7n

ne n.

Assuming a very small gradient for both ions and electron

concentration

7n

	

7n i
e

	

1)n

	

n ie

and using the data of the reversal temperature and electric

Field Strength, one obtains for a pressure of 2 .o torr Ar
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for example :

	

vi/

	

o .I9 + E ;

	

(A3)

and

	

ve	= - o.19

	

E .

	

(A4)

With E = 14 .5 V cm-1 , the electric field strength in the

ahove equations is the dominant value, (even for

	

T

at D e / p e = 3 .7) resulting that for a microwave plasma at

low Pressure of Ar, the ion and electron velocities are in

fact their respective dritt velocities, namely (Vi)d and

(Ve)d 31)
Returning to the equality of fluxes, it is evident that:

(v

	

ni

	

(ve ) dne

	

(A5)
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