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ABSTRACT

The decomposition of nethyl iodide transport,ed through a

coaxial cylinder corona discharge in a nitrogen carrier gas has been

invest.ígated experinent,ally and theoreËically. Experiments r¡rere carried

out at room t,emperature and aÈmospheric pressure. The gas flov¡ rates

ranged from 0.5 to 2.5 L/mi-n, the initial concenLraÈion of methyl iodide

\ras varied from 10 to 500 ul,/L, and the discharge current l¡las varied

fron0toú3m4.

In developing a mathematícal nodel to explain the daEa,

attent.ion has been paíd first to deriving an expression which accurately

describes the electric field in the dlscharge tube, and subsequently to

developfng an equation whích predicts the rate of el-ectron capËure by

neËhyl iodide under conditions of a broad electron energy distrlbutlon.

A reaction mechanism has been determíned whích shows exeellenË

agreement wiËh Èhe experimental data for nethyl iodide decomposíÈ1on.

On the basis of thls mechanlsm, Èhe electron attachment cross section at

Ehe resonance energy has been determined t.o be 186120 Ê2, 
"rrd the rate

constant, of the reaction

cH3 + CH3I

has been found ro be (2.0!0.3)x10

760 torr.

-> c2116 + T

-L4 I -'t -1cm-molecule 's ' at 300 K and
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INTRODUCTION

The interaction of low energy electrons (< 15 ev) with aËoms

and molecuLes is of interest to the fields of physlcs, ehemistry,

biology and engin".ttrrg(1 ). The producËion of negatlve ions by electron

capture and their subsequent reaction is a subject of considerable

theoretical and practical import,ance. Besides providing information on

molecular sËructure and bondlngP), knowledge of t.he fnteraction between

electrons and matter has applications in atmospheric chemistrr(3'4),

polyner formation(5), gr" 1.""t"(6), 
"rrd 

the biological ""i.rr"."(7).

The basic physics and chemisrry of the ínt,eraction of

electrons with nolecules has been studied through a variety of experi-

mental technlques, such as sr^rarm methods(8'9), electron beam"(10) urrd

swarm beam techrriqrr""(11). These methods have províded a wealth of

valuable lnfornatíon on electron attachment raËes and cross sectfons for

various atoms and molecules.

In order to use low energy electrons in industrial appllca-

tlons, a convenient source of free electrons ls required. AlLhough

there are several conceivable nethods to produce these free electrons,

Èhe sinplest procedure 1s to use a low power dlscharge(l2). Corona

discharges can be readlly developed in gases using a variety of

discharge geometries, including a Ëhin r,sÍre coaxially allgned wíth a

hollow grounded cylinder. The discharge thus formed may produce

numerous reactive speeíes, whl-ch then initiate a complicated series of

chemlcal reactions(1 3) 
.
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Corona discharges have frequently been used as electrostatic

precipitaLors, and may be enployed Lo destroy bacteria(14) "rrd 
toxic

chemical pollutants(15). rt has been suggested(r2) ttrrt a corona

discharge may also provide an efficient method for the destruction of

organic lodídes, and ühus have applications ín the ventílatlon systems

of nucl-ear reactors and nuclear fuel reprocesslng plants.

In coaxíaL cylinder discharge Ëubes, a large negative poten-

tial applied to Èhe filarnent of the discharge tube results in Èhe pri-

mary charge carriers being electrons and negatÍve ions. This provides a

strongly reducing medium, whÍch has previously been used to promote Ëhe

decomposition of organíc iodides in RI/air gas strear"(t6 'L7) . However,

due to the apparenË complexíty of the reaction mechanlsm, no detailed

kinetic nodel has yet been developed r¿hich explalns the rate of organic

iodide decomposltion in these systems.

In an effort to elucidaLe some aspects of Lhis process, the

decomposfÈion of nethyl iodide ln a corona discharge has been studied,

using nitrogen as t,he carrier gas. Nitrogen was chosen as the earrier

gas as it is unreactive towards organic iodides, and yet will provide

electron energy characterlstics sinilar to those exhibited by a corona

discharge in alr. Thus, the Ínteraction of electrons and methyl íodlde

may be studÍed in a sltuaLion where reactions between the nethyl iodide

and the carrler gas are rel-atively unlmportant,.

An effort was made t,o understand and explaln the observed

decomposl-tion of rnethyl iodide in terms of fundamental physical
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parameters (such as Ëhe electron capture cross secÈion) and some simple

chemical reacÈions.

THEORY

In order to raÈionaLLze the effects of a corona discharge on

nitrogen/nethyl iodlde gas mixtures, an understanding of the fundanental

processes in negative discharges at atmospheríc pressure is required.

Although negatl-ve corona dlscharges are, ln general, not well under-

"tood(18), the underlytng processes governLng the development of the

discharge are reasonably well known. Physical phenomena which are

typically of interest are the growth of current (ionization phenomena),

electrostatic parameÈers (charge density, electríc scalar potenÈial,

etc. ) and electron-ion energy distributLon funct,l-ons. These phenomena

are all related to the electrlc fleld and t,hus to the potential

difference between Èhe electrodes.

In thís !ùork, a coaxial cylinder discharge tube was employed,

and operated under condit,ions where the inner cyllnder (a 6.35x10-3 cm

radius tungsten wlre) was maint.ained aÈ a large negative potentLal. Aü

voltages greater Ehan the onset volÈage, a gl-ow ls observed in a cylln-

drlcal region of approximately 0.2 cn rrdirrs(l2) 
"ro,rnd 

the central

fllarnent. This region will hereafËer be referred to as the ionizatl-on

region or íonization sheath, and it is here thaÈ ionizlng interactions

between electrons and molecules occur. Outsíde of the ionization

sheath, the princlpal electron-molecule interactíons of interest, wíll be

atÈachment reactlons. This region is typically referred to as the drift

reglon.
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A corona dlscharge occurs when the discharge geometry glves

rise to a very ínhomogeneous elecLrlc field, such as that, which occurs

between a co-axÍal wÍre and cylin¿"r(l9). The development of a corona

discharge 1s determined by the voltage drop across the electrodes. As

the voltage on the stressed electrode (electrode of smaller radíus of

curvaÈure) is increased, relatl-vely little discharge current will be

observed until the onset voltage, Vc, is reached(2o). The snall currenË

observed for V ( V" is known as the saturat,ion current 
(2L) , and 1s

typicalty on the order of 10-14 to 10-11 A(18'21). This sarurar,ion

current is due to natural ionizatlon of the gas by cosnic rays and/or

the decay of naturally occurring radloisoÈopes.

The corona discharge is initiated at the threshold (onset)

voltage, as evidenced by the dramatlc rise in current to a value on t.he

order of 10-6 
^(22). 

The onset of the discharge requires an

"avalanche", which is initlated by a free "luctron(l8). This avalanche

nay be understood in terms of the followlng simple mechanísm.

A free electron is formed near the stressed electrode due to

cosmic rays or other background radiation. The elect,ron is acceleraÈed

by the electrlc field to a suffícient klnetic energy to be capable of

ionizing a gas molecule . TonLzatlon occurs, and there are now Ëwo free

elecÈrons and a posit,ive ion. The posltíve ion is accelerated to the

negative electrode, where iL may liberate further electrons or a photon

capable of ionlzing the gas(23). Meanr¡hile, the tr¿o electrons are

accel-erated in the electric field, and nay produce furt,her ionization

Èhrough collisions wlth the gas molecules.
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In order for the discharge to exhíbit steady state behaviour,

the rate aÈ which ions are lost (due t.o contacË at surfaces) must be

compensated for by the rate of ionization. The Townsend criterton(24)

f or a self-sustalnlng corona discharge nay be \,rritten as:

vlexp( ,r( rn)ds)-1 l
r,

where

q ís Townsendf s primary ionizaÈion coefficient and is related

to the probability of ionization of the gas by electrons,

y is the secondary ionízation coefficient accounting for

cathodic and photochemical processes, and

n ís the electron "disappearance" coefficient accounLing for

Ëhe rate of loss of electrons.

Parameters such as o and n are found to be functl-ons of the electrlc

tiet¿(25), "od thus in non-uniform fields are a function of the dís-

charge geomeËry. The integral over I determínes the region ín which

these phenomena Èake place. Thts leads to complícatíons when one ls

trying Ëo model a corona discharge, as reactlon rates are dependent on

the discharge geometry (i.e. the rate of a reactlon 1n the ionization

sheath may be signiflcantly different from the rate in the drift

reglon). This is predominantly due to the different, elect,ron energies

in these regions.

The nature of the interaction between electrons and gas

molecules 1s dependent on the electron energy(l9). The energy of an

elect.ron ís related to the type of colllsíons it undergoes and the

1,
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acceleration due to Ëhe electric fleld thaË it experlences between

collisions with gas molecules. Thus, in oider to determine the elecËron

energy distrÍbuËion function (eedf), the electric field and the type of

collison processes must be known.

Electríc Field in the Presence of a Space Charee

An accuraËe approximation of the electric field nay be

determined by considering Èhe steady staËe behaviour of Èhe discharge

outsíde of the ionization regto¡(26). In this regfon of lower electric

field, the electric scalar potential must satisfy Poissonts equation:

v2u -p/e (1)

where U is the el-ectric potential, g ls the space charge density, and e

is t,he dielectric perníËtívity of the gas.

The electric field:

X -W (2)

is used Ëo deÈermlne t,he current. densiËy:

j p(k) x (3)

where (k) ís the mean Íoníc nobilíty.
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Conservation of charge requl-res that:

V oJ âp

at
(4)

which at steady state gl-ves:

V J 0 (5)

Equations 1 to 5 may be comblned to gíve:

v. ( ev2u(t)w ) 0 (6)

In princlple, solutions to Eqn 6 exlst for all dtscharge

geometries. However, analyt.ical solutions may be obtaíned only for the

sinplest sysËems.

The co-axial cyllnder discharge ís an example of a díscharge

geomeËry for which an analytical solutíon to Eqn 6 exists. This sysËem

has been investígated by various 
"rrthot"(27-29), 

usually under

conditions of 1ow 
",rrr"rrt(27 '28). I{owever, the solutions generaËed

prevíously requlred the use of approximations which r^rere not valid for

the experimental condítions encountered in this work. For this reason,

the solution to Eqn 6 will be given ln detail.

By symnetry arguments, it is apparenÈ that. the electric poten-

tlal nay be expressed (in cyllndrical polar coordinaÈes) as being only a

function of r, the radlal coordlnate. Thus, fron Eqn 6, we have that:
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r.e o2uct.>ou constant (7)

The constant Ln Eqn 7 nay be evaluated easlly sínce
t-

€V"U<k>VU'r = r'J. At rhe filament,, l.l = a and the current, densíty

must be lil = í/Zr¡a where i ís the current per unit, length of fílament,

and a ís the radius of the filanent. Thus:

rJ i. ev2u<k>vu
a (8)2r

I^Iriting vU = -I, vZU = -v.i, and ! = xÊ, where î is a unit

vector in the radial directlon, we may express Eqn 8 as:

'x 
I !- 1r¡¡r(lr

i
2lTeõ (e)

or

('x) *; ('x) i
2ne(k) ' (10 )

Integratlon of Eqn 10 from a to r yields:

(rx) 2 - (axo) 2 t .2 2.
2"õ (r -a ) (11)

r,¡here Xo ls the electríc fíeld at the filament (r=a).

By slrnple algebra:

X= (,"*.i(,."$)"' (r2)
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trlhen t,he applied voltage is less than the onset voltage, the

current (and therefore the space charge density) wt1l be zeto, and Ëhe

field for V ( V- may be determíned by solving Laplace's equatíonc
tv-u = 0. This gives:

xv<v
v

rln-flifaf (13)
c

r¿here R is the radius of the dlscharge Ëube. In the lfurlt as the

applied voltage approaches V" from Ëhe negative side, the current will

remaln equal to zeto, and Eqn 13 must. approach Eqn 12:

1in
V+V

V

)'

l2
c rln(R/a)

Obviously, Xo = V"/aln(R/a), and Eqn 12 rnay be written as:

= (i.

x(r) k"i(tr-)'-*.-))"'
(30 )

(14 )

forThls form has the same behavlour as that observed experimentally

regions near the filament and near the ¡¿all.

At thts point, it ís useful to conslder the relative magni-
t

tudes of the terßs (V"/aln(R/a))' and i/Zre<k>. The value of. ilLre<k>

w111 be maximized for conditlons where Ëhe mean nobillty of Ëhe ions

(assumlng const,ant current) is small. Thus, if we assume that most, of
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the negatfve current ls carried by I ions, ïüe may approximate the

average value of the lonic nobillty by the nobility of I in niËrogen.

Although no values of the nobility of I in N, exist ín the

literature, Èhe mobility in Ar ls known(3t) ao be 2.2810.07 
"t2v-1"-1,

whích is comparable t,o the rnobiltty in Ar of the ísoel-ectronic íor(32),

cs+ 1r = 2,1ro.r2u-1"-1). Thus, it will be assumed that the nobility

of I- ín nitrogen is the same as that of Cs* in nitrogen (K = 2.30

"r'u-t"-t)(33). The use of this value will provlde an upper bound on

the effect of the space charge, since the mean ionic nobllíty of the

lons present is surely great.er than that of I-. The upper bound on the

term i/2r¡e(k) is IT.1.7xlO7 V2"r-2rA-1, rh"r" I, is the total díscharge

current in nA (0.0 mA S t, l 3 rnA for the experlmental condltions in

this work). Thus, it nay be presumed that

l- < I-(1 .7x10
I

7 
v2cn-2mA-1 ) (1s )

The onset voltage for the discharge is typically found t,o be

on Èhe order of 5x103 volts in thls work, and thus the term

(v"/aln(n /^))2 will be on the order of 1010 v2"^-2. rt becomes apparent

that:

ã;õ

2 i
2, <k> (r6)

and that Eqn 14 may be expressed as:
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x(r) 6.@", (17 )

The term i/2re11rc) may be deternined as a function of the

parameÈer" V, Vc, a and R by integratíng Eqn 17 over the radius. Since

this integral corresponds to /rl'aî, iË is apparent that 1t musË be

equal to the potential dlfferencê, V. Thus,

v
/z

dr

,*1.*2*u' I

ffi?æ I

cy2+s2 - c^2+s2 -,,"1('ì (18)

where ç = y/lne(k) and B = V"/ln(R/a).

Using Eqn 16, r¡re may express Eqn 18 as:

v cn2+n2-B-Btn (d*Fe I
(re)

After some algebralc manipulatlon, Eqn l9 becomes:

** t - lnlR/al cR2

B- t'( CR
2

1+ -ln + 1+
2

B

(20 )

(27-29\
At this point, previous lnvestlgators'-' --' assumed that

a fírst order expansion of the t,erm t**2/r2 was valid, and rhus:
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I+ r - ln(n/a)
B

1+
2

CRa
4B

(21)

or:

t-
4v (v-v

c )
c c (22)

2ne(k) nztn(n/a)

Using this result for C, one may determlne the range of

voltages over which the approximation

1+
2

CR-7 1+ cR2

,7

is valid. This expanslon w111 be accurate (!LOT") provided that CRz /82

s 1.3. From Eqn 22,

2 V-V
CR-z

B

41n(R/a) c (23)
V c

and thus CR'/"' < I.3 requires LhaË the applied voltage be less t,han

1.07 V^ for the values of R and a encountered in thls work (R = 1.9 cm,
c

a = 6.35x10-3 cn). Thus, it ís apparent Ëhat the previously noted

approxinaË1on will have a very limlted range of accuracy.

A more useful result rnay be obtained by considering the range

of values for the parameter

may be 'writËen as:

2.2l+cR-/B-. Lettlng À = t+cx? ls2, Eqn 2o
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Ft"lR/al +1-lnln/al r - lnl | ,t*^, 
I

(24)
c

If we lfuniÈ the values of V to 1.05Vc < V < 3Vc, whích encompass the

typícal values encountered in this work, the upper and lower bounds of À

(r
u

and lr, respecttvely) rnay be determined frorn:

1 .05V
À¡-lnl +,r.^"rlT--s lnlR/al + 1 - lnlR/al

c

and

3V

I l t'.^"' 
I

c lnlR/al +r-rnln/al À -lnv uc

Solution of these equations yields

IL = 1.515

À = L4.45
u

One may now perform a series expansion of the logariËhmic term

ln order to obtain a rational function of À. It is useful to express

1"1 {r+r¡72 ¡ as

ln | (1+r) /2 |
r"lu+ c$- tll

and expand about b to glve:

ln lo.t*-o'l l, 
I

F;¡
whlch converges for

lnb + 2[ + f #i)'..,.r (zs)
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-a < Àr
. À+1\2 b)(-,andb)0.

Truncating the expansion at tr,{o Lerms gives:

Ln(r /2 (1+r ) ) lnb * À+1-2b
EtzlTriT (26)

Through lterative techniques, it was found that b=2 provided

the best convergence for the seríes at tru and Àr. Using b=2 will incur

a 3.57" error at the lower bound of I and ar.87,, error at the upper bound.

These errors are felt, to be tolerable ín the forthcoming calculatlons,

and t.hus this approxination will be used, allowlng us Lo express

Eqn 24 as:

( V - r)ln(R/a) + 1 l-1n2- r-3
T7TÑ77v

c

Solvlng for À gives:

4CI-l5 (27 )

whefe

O= (F- 1)1n(R/a) * 1 * 1n2
c

(Ð
L/2

Recalling that À = , (where C = L/2re<k> and B = V"/ln(R/a))

and solvlng Eqn 27 for 7//te1k) gives

1
2+

)ñRE> (r*-)' a- n- 2
(28)
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Since 0 o (V /Y 

"-l 
), thls equation is of the forn predtcred by

Tikhodejev(34) for the generalized current-voltage characteristics of a

corona díscharge:

I * vlr< V - 1)eõ V
o c

(J-; 2 f¿- fL

)
Letting F(V,V,R,a)

c

one may express the electric field in a coaxíal cylinder corona

discharge as:

x( r) (,r,v",R,a).(,-.'-+d)'n (2e)

Further, if one assumes that the total current is distributed equally

over the length of the discharge tube (i.e. i = IT/L), the mean ionic

rnobillty nay be deËermined from current-voltage data by:

rt 2nel(k) F(V,Vc,R,a) (30 )

Since it ls diffícult to determine the mean ionic mobllity fron first

princtples, Eqn 30 will provide a useful method for det,ermining (k) for

a variety of gases.

Although Eqn 29 and Eqn 30 have been derÍved for specifíc

conditions (R = 1..9 cm, a = 6.35x10-3 cm and 1.05V- < V < 3V^), the
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method used to derive these equatlons may easily be nodifl-ed for

appllcabil-ity to dlscharge tubes of dtfferenË dimenslons, and for

dlfferent voltage ranges.

Through the use of Eqn 29, an accuraLe evaluatíon of the

elecËric fíeld in a cylindrical corona discharge tube is possible. I.IiÈh

this formulation for the elecËric field, \re may now determíne t,he accel-

eration an electron experiences between collisions r¡ith gas molecules.

However, in order to describe the electron energy distribution, it is

inportant to know the colLislon cross secÈions and the energy loss

during collisions.

Electron Energy Distributlon Function

The total cross section for the collision of electrons with

rnol-ecules ts the sum of the cross sectlons for lndlvidual processes(35):

QT Qelastic f Qio.rir"tion * Qexcitatior, * Q"aaachment"'

where all terms brt Q"l""tlc may be summed toget,her "" Qirr.l"stic.

In order to accurately determine the elecËron energy distribu-

tlon functlon (eedf) in ühe case where cross sections are energy

dependent and inelastic colll-sfons occur, soluËion of the Boltzmann-

Maxwell transport equation 1s required(36). In vectoral form, the

equation nay be written r"(37),



-L7 -

9+ v.v F + eX .v FAETMV (r)" (31 )

where F fs the eedf, V. and V' are the gradient operators in coordinate

and velocity space, respectively, ""4 (Ð" is the change in the

dlstribution functlon at the l-nstant of collision. The solution of Eqn

31 is inevitably quite complicaÈed, and ínvolves m:merical techniques.

Two approxlnations to the solutíon of Eqn 31 are particularly

rl""frr1(35), d"p.rrding on the range of electric fields and the type of

gas present. These are the Druyvesten(38) and Ëhe Maxwellian(3g)

distributions. The Druyvesten dístribution nay be derived frorn the

Boltzman transport, equation by assuming that Ëhe collísion cross secËion

is a constant. If the collision frequency is held constant, the

solutlon to the fransporÈ equatlon rsill have the form of a Maxwellian

distribution.

In highly ionized gases, the electrons tend to "thermallze"

independent of the neutral gas sl-nce the effects of electron-electron

collísions doninaÈe those of electron neuËral colllsiorr"(35). In

slightly ionized gases, either of Ëhese dfstributions may be applicable,

depending on the collison properties of Ëhe gas. In order üo determine

which of these distributlons would be most applicable 1n methyl iodide/

nitrogen gas streams, it was useful to consider some of the previous

experlmenEal results in thls fiel-d.

The electron energy distribution funct,l-on in the methyl

iodide/nitrogen míxtures used in this r¿ork Ís assr¡med to be the same as
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that ln pure N' since the methyl lodide concentratlons are very

tor(40). The eedf ln nitrogen has been found to have the same shape as

that l-n argon for high values of the elecÈric rieta(4t) (* ) l0O0 V/cm

at atmospheric pressure). Since the DruyvesLen disËrfbutlon ls known to

provide a good approximation t,o the elecÈron energy distríbution

function lr, rrgorr(42), ati" distributlon has been used for t,he eedf in

nitrogen ln this work. The average energy term in the Druyvesten

distrlbution was evaluated fron experlnental ¿r¡"(43a-d), trrd fitted (by

least squares) as a function of the electric field. From this, the

electron energy distrlbution function was determined to be:

Ll2 ,å,
2

f(E, x)dE E exp - 0.548 dE (32)

where the average electron energy nay be evaluated for any given

electrlc field fron (see Figure 1):

<E> Crf,x + C,

where:

= 0.0270t0.001 ev c2 = 0.033!0.oo9 ev, 400 s s I 37 x1 0
3 V/cnc

1 r/2, X
(V/cn)

Cl= 0.01210.001 ev C2 = 0.494!0.040 ev, t.37xro3( x ( 2.26xro4 V/cm
(V / crn)

Llz '

= 0.031-t0.002 ev CZ= -2.3610.39 ev, v) 2.26x104 V/cmc
1 r/2'(v / c¡n)

IÍaking the two assunptlons that the eedf in argon and nitrogen

are similar in form, and that 1t is unaffected by low concenÈratlons of
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FIGIJRE I relates the mean energy of electrons in nitrogen (at 300 K and

760 torr) Èo the square root of the electric field. Experi-

mental data were obtalned from references 43(a)-43(d). The

solid lines índicated are least squares fits to the

experimental data, and are given by the fiÈtlng parameters

lndicated in the text.
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CII3I, the DruyvesËen distribution normalized to experíment,al measure-

ments of (E) in N, wiLl- provide an adequate approximat,ion to the eedf,

especíally in the low energy tatl of the distribution.

Decomposl-tion of Merhyl Iodlde

I¡IiËh this knowledge of the elecËron energy distributlon and

Èhe electric field, rre may now model the decomposition of nethyl todide

in nitrogen ín a corona discharge.

The decomposítion of methyl Íodide in the corona discharge

occurs through two different processes, each predomlnant in different

regions of the discharge. rn Ëhe drift reglon of Ëhe discharge (which

encompasses the najoríty of the discharge tube voltrme), the mean

electron energies are low (o 1 ev), and dissociative elect,ron capt,ure:

cHrI r e CH¡ +I Nl -0.62 ev-)

will be the rnajor electron-molecule interaction. React,ions which

require energetic el-ectrons such as:

cHrI r e CH+

->

3
fI*e
a

I' * 2e

2.58

9"6

6.7 ev

ev(44 )

ev(45 )

(46 )

ÀH

AHCH3

or reactions init,íated by energy storage in nitrogen metastable states:

Nr*e ->

*
N2 + CH3I

*
N *e

2
Àg

-' N, * products
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will occur principaLly in reglons of high electric fteld (i.e. quite

close to the fllament).

(r) Dissociative Electron Capture

The dfssociative capture of electrons by nethyl- iodide nay be

rnodelled quiÈe rigorously, provided the electron energy distribution 1s

known and the capture cross sectlon is known as a functíon of electron

energy (o(E)). In order to do so, \re nay first, consider the reaction of

mono-energetlc electrons of energy E with an electron attaching gas of

concencraËion C, which may be treated as a bimolecular reaction with

rate:

R(E) = s(E)v.(E)C"C (33)

L/2where v.(E) is the electron velociËy 1(2n/mu) ), and C is the
e

electron concentratl-on.

To account for the distribution of electron energies, Ëhe

velocity-weighted, energy-averaged cross section(40) h"" been employed,

Ëo glve:

G(r)) = oy(r)(vuC")C (34)

where o'(r) is defined as:

@

ou(r) o[ o(n)nt/2t(x,Ðan

-f ,Ll'r<8, x)dE

(3s)
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The averaged rate and cross sectlon are expressed as funct,íons of r

since the energy dlstribution (f(Er¡)) depends on the el-ectric f1eld,

whlch is a function of the radial coordinate. The subscript V on the

cross sectlon indicates a constant applied voltage.

The electron capture cross section for methyl iodide may be

approximated by a gaussian distribution wlth centroid at 0.15 ev and a

full width at half maxÍmum of 0.gO .*r(47). Thus:

o(E ) o exÞ
max (,*,)

(36)

and Eqn 35 rnay be expressed as:

E
E-0.L5
-õ.TB-'-

2
exp - 0.548 E

dE

g (r) a (37 )V max I
/Eexp-0.s48
o

E 2
dE

In Eqn 37, or"* i" the electron capture cross-section for

E = 0.15 ev, and the average value of E (G)) is as defined previously.

Makíng the substitutions:

E = 0.18 Y, -0.r5
t;iE- -0. 833 , and ¡r 1+ 0.1332 2

v - G>-

Eqn 37 may be expressed as:
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L.77xLO'Z omax

@

o
V
(r)

2

r
/ v .*p(- vv?-zvY)dY

J
o

(38)
<E>

Integratlon of Eqn 38 gives (48 )

-,I.77xLO ^ omax (; äf""
2
/utr- o(vl,Ã)ou( r) 2 , (39)

<E>

where 0 is the gamma function.

For the values of X encountered in our experiments, the

average value of the elect,ron energy 1s greater than 0.5 ev, and thus:

2
v

e ulr-o( vl6ùl 3.45

Iüith sorne algebraic manipulation, Eqn 39 becomes:

ou( r) 8. 85x10 -3 ( , _*

\<r>2*<o 
.L:n2>2

s.09<E>wtr (40 )û
max

Returnlng Ëo Eqn 33, and expressing the product (V.Cu) as the

current denslty of electrons J", we may write:

(R(r)) ou(r) .le c (41 )
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Uslng cylindrical polar coordinates, the current. density of elecÈrons at

positlon (t rz) nay be expressed as:

J
i (r rz)

e
-T1:rr (42)

where í"(rrz) Ls the eLectron current per unit length of dÍscharge Ëube

at position (r,z).

The form of i"( r rz) may be deduced by first consídering a

current of mono-energetic elecËrons (I") attachlng to gas molecules of

concentratlon C as they traverse a distance dr:

di (r,z)
dr -o(E) i e

(r,z) c (43 )

Multiplying both sides of this equation by E

over the energy gives:

L/2 f(Erx)dE and íntegrating

di (t rz)e -ou(r) L"(t,z) C (44)dr

Integration of Eqn 44 yields:

# *n(-. i,r(,)dÐi
e
(t rz)

a

(4s )
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where I, ts the total current, L is the length of the discharge tube,

and Ir/L is the electron current per unit length at the filarnent. In

Eqn 45, lt has been assumed that the concentraËion of the attaching

species ls independenË of the radlal coordlnate, and that the current is

distributed uniformly over the length of the diseharge tube. These

assumptions are justÍfled by experimental observatfons.

Substitution of Eqns 42 and 45 into Eqn 41 gíves:

(R( r))
L

ou(r) #" " 
exp{-c 

-ft 
ov(r)dr}

a

(46 )

The rate of change of concentration of electron attaching

molecules due to dissociative capture ln a volume element dt is:

dc
Edt -oo(r) #c exp(-c y'ou(r)dr)dr (47 )

a

Eqn 47 is equivalent to

dcF
*æã

2rð.r
r_r

-ou(r) lc exp(-cJr ov?)dr)dr
La

(48)

dc dC d.z dc Fsince
dt dz dt dz n(vz- a )

and dt = 2rtdrdz.
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Integration over r and naking appropriate cancellatíons yields:

dc rr
(.",(.

R lldz LF ,f ou3)d (4e)
a

Thus, the rate of change of concentration (by dissoclatl-ve

electron capture) with respect. to the distance down Ëhe discharge Èube

may be determined províded one is able t.o evaluate the integral

"t*ou(r)dr. 
In this work, thís lntegral was evaluated ntrmerically

through the use of an adapt.ive iteraËive code based on Sinpsont s

trrt" (49 ) .

( ri¡ Iligh Energy Processes

The high energy processes rnay all be descrlbed in terms of

birnolecular raÈes, i.e. Ri = krtfa, where nr t" a parameter related to

the cross-section for the lth ,.""tion channel. For bimolecular

reactions beËween electrons and the molecular reactant, the rate may be

written as:

,i,,
o

(E )E
L/2 f(E,x)dE

R(rrz) T
t-

<vc> c (s0 )

{ ,t l'r(t, x)dr
e

where oí(E ) ís the cross section of the i rh reactl-on channel as a

function of electron energy, and C is the concentration of the molecular

reactant.
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Since Ëhese reactions require a high electron energy

(E>D(CH.-T) = 2.58 ev), Ëhey will predomlnantly occur near the filament.
J

In this regíon, the el-ecËríc field is relatlvely independent of the

applied .ro1t.g"(30), rnd depends solely ot v" (see Figute 2). Thts

irnplíes that rhe convolutlon of or(E ) with f(8, x) wlll be independent of

the voltage. FurÈhermore, electron capture will be a mlnor process in

the ionization sheaÈh (due to the high electron energies in thís zone),

and thus the negative current r^rill consist entirely of electrons. Using

J = (VC") = Trl?rrL, Eqn 50 becomes:

,Ï or@)n
o

f(E,x)dE
t/2

rtE
t_

R(r,z)

,ì "r@)EL/2o

¡* /'r(r, x)dE

c (s1)

(52)

{"'/zr(u,x)dE
2nrL

Since the rate of deconposition of molecular reactant Ín a

vol-ume element dt ís equal to -R(r rz)ð.r, we may express Eqn 49 as:

f (E , x)dE It a u,
2îrtL

Ð
t-

dcFM;? "

Finally, if we consider those high energy processes only

occurring wÍËhin a disÈance r, of the flla¡nent (i.e. the regíon in whlch

the electrlc fleld is large enough that the energy integraËed cross

sectLon of these reactions 1s stgnifícant), Eqn 52 rnay be integrated to

give:
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FIGURE 2 relates Ëhe electrÍc field in the ionization sheath of a co-

axial cyllnder discharge tube Èo the distance from Ëhe high

volt,age electrode. The electric fields were calculated from

Eqn 29, assumíng ËhaË V" = 5.0 kV' R = 1.9 cm and a = 6.35x10-3

cm. A comparíson is made between Ëhe field at onset of the

díscharge (V = 5 kV), and the field when the applíed volËage fs

10 kv.

V=5kV

V=10kV



30-

4 xlO
4

É
o

€
r{
c)
'rl
t¡{

o
'r{
$r
+J
o
q)

r{
H

lx lO4

5xlO 3

lxlO3

o.5 r.o r.5 2.O

Distance from Central Filament (mm)



:..::

.;

.:':

.lr'

,..

,l:

':,
,"':.

',.:i

'''::i

.:,):.,.

r.:,l

l:l'].

-31 -

r
@

L/2
2 rt

FL I
l_

,f o r@)n f (E , x)dE I-
-rlc

FL
dc -R c o dr
dz 2 2 ó(r

1
-a )

{
rl2E f(E,x)dE

where
t

o
oi(E )E

r/2
f (s , x)dE2 I

1
K R dr (s3 )

2 2 j* l'r(", x)d'
tl -t

Cornblnlng Eqn 53 with Eqn 49 gives the total change l-n

concentratlon of mol-ecular reacÈant in the axial directlon:

þ("

R

)

dc
î; +1-exp-c f or!)a (s4 )

a

Recalllng that d.z/dt = F/nR2, one nay determine the time rate

of change of nethyl iodíde concentration (due to electron-molecule

interactions) by rnultíplying Eqn 54 by dz/ dx, giving

\-z-
trRL (

R

)

dc c+1-exp-clou(r)d (ss )dr
a

Although Eqn 55 may be used t,o describe Èhe lnitial rate of

decomposition of nethyl todide, one must also consider the subsequent

reactions of species formed durlng the decompositlon processes ln order

to adequately describe the system.
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One nlght expect that there rvould be sirnilarities between the

system under investigation and the photolytic decomposition of nethyl

to¿ide(50-t'), with electron-molecule interacÈions replaclng photon-

molecule interactl-ons as the initiating process. Thus, one may propose

the following general mechanism to explaln the overall-rate of decom-

posítion of rnethyl iodide ln a corona discharge:

crI
3 I*e + cH3+r

CIt3+I*e
crl3I

czH6

(Rl)

(R2 )

(R3 )

(R4 )

(Rs )

(R6 )

(R7 )

(R8)

(Re )

(R10 )

(Rl1 )

(Rl2 )

(Rl3 )

(R14 )

(RI5)

(Rl6 )

(Rl7 )

(Rl8 )

(Rle )

CIIrI * e +

crr3+r u

cn3 + cH3

I+I $ I
CII3 + 12 +

crl3 + cII3r

.>

2

cr{zl + I
crJzr + L2

cll2l + cH3

M+

crI3I + I

+ CH4 + CH'I

cHzT2

cH'2f2+r

+ c2H5T

+ c2H4T2

+ CZH6+T

+ CH2T, + CH3

+ CrHO t HT

->

cHzI + CHzÍ

cH3 + cH3r

cH2r + cH3I

crr3 + cH2I

I + CH3I -|

I + CII3I ->

CH
3

+ Tz

HI+ crr2I

r + r("¿")

r -) t(r¿")

Tz + rz(r¿")

t::l .

::r.

ì:l

:|l

.a: ..

,.a.,a

'::.'::

.:...
,:,1::
a,
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where M ls a third body, and the subscrlpt (ads) indicates that the

species ls physically (or chemicall-y) adsorbed on the r¿all of the

discharge tube.

The feaslbility of this mechanism was investigâted throughout

the course of the experirnental studles in an effort t,o determine the

rate-controlling steps and princlpal reactions involved in the corona-

induced decomposition of nethyl iodíde.

EXPERIMENTAL

The experimental apparatus used in this study may be divtded

into three regions of ínterest:

1) the gas handling system,

2) the discharge tube, and

3) the gas analysis region;

The gas handlíng system (see Figure 3) allowed for the produc-

tion of nltrogen/methyl iodlde mixtures of knovm flow rate and methyl

iodide concentraÈion. The methyl iodide (Alfa Product,s, 997. purity)

used was furt,her purifled by vacuum distíllation, while the nitrogen

(Canadían Líquid Atr, 99.999i¿ purity) was purifted by passing it through

an oxygen trap to remove any residual o, (final [o2l < 20 uL/L). Flow

raËes \¡rere measured using callbrated Matheson rotamet.ers and/ ot a

Matheson mass flowmeter.
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FIGIJRE 3 Schenatic Diagram of the Experiment,al Apparatus
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The rnethyl iodide/nÍtrogen míxËure was formed by saturating a

nítrogen gas stream (Fr) with nethyl iodtde (at tenperature Tr) and

condensing some of the neËhyl Íodíde in a trap at Ëemperature T,

(Tl>T2). Temperature control during the saturation and condensatlon

steps was provided ín tr¿o different \rays: firstly, by using slush

baths, and secondly, by using conmercial consËant temperature baths

(Neslab Cryocool Servl-ce). The flow F, r¡as subsequently added to the

bulk nitrogen flow Fr. The concentration of rnethyl íodide in the total

gas flow was calculated fro¡n the vapour pressure of methyl io¿ra.(54)

and the f l-o¡¿s F, and Fr.

The nethyl iodide/nitrogen mlxture was flowed rhrough the

díscharge regl-on of the apparatus (see Figure 3). Two cylindrical

discharge tubes (see Flgures 4 and 5) were used, one fabrlcated fron

copper, and the other from sËaLnl-ess steel. The copper tube was

prepared by operating the corona discharge tn a flow of CHrI/tl, for a

few days. Thereafter, reproducible results were obËafned that agreed

with the stainless steel tube results. The high voltage electrode rlras a

-t1.3x10 - cm diameter tungsÈen wlre held under spring tensíon along the

axis of the cylinder. The output from a Del (RIU 875) Iligh Voltage D.C.

por¡ter supply was smoothed using an 800 k0 resistor and a 0.1 uF capaci-

tor (see Fígure 3). The voltage and current were t.he measured discharge

parameters.

Gas analysls was provlded by an Ext.ranuclear quadrupole mass

spect,rometer, whieh sanpled the gas as it left the discharge region.

Data acquisltl-on and analysl-s was performed on an LSI 11/23 computer

inËerfaced to the mass spectrometer
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..:l

FIGURE 4 Schenatlc dlagrarn of a coaxial cylinder dlscharge tube, wit,h

dimensions:

a - 6.35x10

R - 1.9 cm

L-46cn

-3 cm
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The majoríty of experiments performed involved deternining the

amount of rnethyl iodide removed as a funetion of the operating

parameters:

(i) initial nethyl iodide concentrat,íonr Cor

(fi) bulk gas flow rate, F,

(iii) díscharge currenÈ, I, and

(iv) dlscharge volÈage, V.

A set of experiments was performed t.o deternine the nature and yíe1d of

discharge products. Quantitative yields were obtained by callbratlng

Ëhe mass spectrometer with commercially avallable samples of the

expected producE species.

In anoÈher set of experiments, short (t 6.0 cn) segments of

Lhe dlscharge tube were electrícall-y isolaLed from each other (see

Ftgure 5). The current on each of these segments rras üeasured, allowing

for the determination of the current in various zones of Èhe discharge

tube.

The dependence of rnethyl íodíde concentration on dÍstance from

the central axis of the tube was investigated by sampling the gas stream

at differenË dlstances from the central fllament. A sectíon of the

discharge tube was constructed with a radial sarnpllng port, as shown in

Flgure 6. The sampllng probe used was constructed from partÍally

oxidized Zr tubing to prevenË arclng
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FIGURE 5 A schenatic diagram índicaÈing the nodificat,ions made to a

coaxial cyllnder discharge tube to determine the current

distributíon over the length of the discharge tube. The synbol

icates a míllíanmeter.
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FIGURE 6 Section of dlscharge tube showing radial sarnpling apparatus.
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RESULTS AND DISCUSSION

Prior to ascertaining the validíty of the mechanism described

in reactions Rl-Rl9, numerous experiments were performed to investigate

Ëhe assumptions employed 1n devel_oplng Eqn 54.

rn order to evaluate the energy integrat.ed, radíally averaged,

veLoclty-wetghted elecËron capture cross section, an accurate descrip-

tion of the electric field is required. previously in this work, an

equation was derived which predicÈs the el-ectrtc field in a coaxlal

cyllnder corona dlscharge (Eqns 28 and 29). These equations may also be

used t,o predlct t.he current-voltage characterist.lcs of Èhe discharge

(Eqn 30). Thus, a detailed current-voltage study was performed, and

compared to the result,s of the derivatlon in order t.o ensure that Eqns

28 and 29 would sultably describe rhe elecrric field.

The current-voltage data i¡ere fítted t,o Eqn 30 by means of a

non-linear curve fitting nrogr"r(55), wíth the onset, vortager v", and

mean lonic nobllity, (k), as the fitÈing parameters. rn all cases, it,

was found that Eqn 30 flt the currenË-voltage data quite accurately.

Typlcal fíts are given in Figures 7 to 9.

The onset volLage of the discharge was found to be lndependent

of the lnitial concentratlon of methyl iodlde, and was found to be

5.1110.12 kv, where t.he error quoted is the error in t.he mean value.
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FIGURE 7 Current voltage daÈa for Èhe experimental conditions:

Initial nethyl iodide concentration - 10 uL/L

Bulk gas flow rate - 2.0 L/nin.

Dots are experimental values, and the solid líne ís t.he l-east

squares fit to Eqn 30.
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FIGURE I Current voltage data for the experimental condítions:

Inltlal nethyl iodide concentration - 53 uL/L

Bulk gas flow rate - 2.0 L/nin



-48-

3.O

E

+J
Ë
c)
S.l

${)
(J

q.¡

öo
l{
(ü

.-Ê
o
o

.r{
Ê

2.O

r.o

o.o
5.O 6.O 7.O 8.O 9.O to.o

Applíed Voltage (kV)



-49-

FIGURE 9 Current voltage data for the experimental condi.tíons:

Inttial neËhyl iodide concentratíon - 2OO vL/L

Bulk gas flow rate - 1.0 L/min
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The mean loníc noblllty was found to be sÈrongly dependent on

the intËíaL concentration of rnethyl iodlde, and varied approxlmately as

l/Co (see Flgure l0). At the hlghest concentrations studied, the mean

lonic mobility was 2.510.1 .r2V-1"-1, which is slightly greater than the

mobility of I in N, aE 760 torr. The y intercept of Figure 11 corres-

ponds to the predicted mean mobilíty of ions in a discharge through pure

nethyl Íodide, and shons excellent agreement with the nobilíty of I-
,-1-1(k = 2.3 cm'V'"'). This was Ëhe expected resul-t, since I will be the

predomínant ion at high nethyl iodide concentrations.

Since the model derived previously ls capable of accuraÈely

predicting the current-voltage characterisË1cs of the dfscharge, it will

also províde reasonable values for the electrlc ffeld at all points

wlthin the discharge tube.

The strong dependence of the mean íonl-e -nobiltty on the nethyl

iodide concentration is d.ue to Ëhe lncreased probability of electron

capture processes when the xnethyl íodide concentratlon 1s large. This

would suggest that more current could be carried through the reglon near

the end of the dÍscharge tube, raËher than where the methyl iodide

originally enüers the system, since the concentration of rnethyl lodíde

is reduced as the gas flows down the tube. The model developed to

describe the methyl iodide deconpositlon makes the assumption Lhat the

current is distributed equally along the length of rhe tube. In light

of the prevlous argument, the valldity of thls assumption had to be-

verif led experimentally.
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FIGURE 10 The mean ioníc mobility is ploÈted agaínsÈ the reclprocal of

the initial- rnethyl iodide concenLration. The solid curve

indicates a linear approximation to these dat,a.
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The worst case for thís assumption r¿il1 occur during experi-

mental conditlons of lor¡ flow raÈe and low inltial concenËrations, as

these conditions províde for large percent changes in the nethyl iodide

concentration along the dlscharge tube. Figure 11 presents typical data

obtained for the current per unít length near the entrance Ëo the

discharge Èube (0 ( z I 6.0 crn) and near the exir (40 < z ( 46 cm).

Also shown is the approximation used in developing the decomposition

nodel-, i.e. thaË the current per unit length is glven by the total

current divided by the length of the discharge tube. As can be seen in

Flgure 10, this approximation ls reasonably accurate, and in exËreme

cases deviates from the experimental data by Less than L0%.

One further assumption made in deriving Eqn 54 ínvolves using

a plug flow model to describe the change in methyl iodide concentration

with respect to the radial coordlnate. Thus, Èhe nodel assumes that, the

CHrI concentratl-on wíll be constant radially at arLy point along the

dlscharge Èube.

The dependence of the nethyl iodíde concent,ration on the

radíal disËance from the fllament was lnvestigated by sanpling at

various distances from the central axls of the dfscharge tube at a

fixed distance along the tube. The volune of gas sarnpled per second was

much less than the bulk flor¡ (o 2xl0-2 ml/s sarnpled from a 15.8 nUs

flow), and Ëhe ceramlc sarnpling tube rras of negligtble size in

comparlson Eo the tube cross section. Thus, it was assumed that the

sampling process díd not affect the macroscopíc properties of Lhe

discharge. The results of these experiments indícated that the nethyl
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FIGURE 11 Experimental data relating the current

charge tube at t,¡¡o distances along Èhe

voltage.

O 40.0 cm ( z 1 46.0 cm

O OcmlzS 6.0cm

- 
approximation used in thls work

per unit length of dls-

tube to the applied

Experimental conditions :

Infrial nerhyl iodide concentrat,ion - 30 uL/L

Bulk gas flow rate - 0.5 L/nin
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lodide concentraLion was independent of the radial coordinate within t,he

errors of the measurements, and thus that the plug flow rnodel is valid.

This result is attributed to the existence of a highly turbu-

lent flow ln the discharge tube. Since t,he Reynolds number is quÍte low

(R = 20 to B0) for the condítions encountered in these experiments, this

turbulence is due to the electron-1on wind(56'57). This phenomenon is

due Ëo collisions between the neutral gas molecules flowlng along the

discharge Ëube and the negative ions and electrons belng accelerated

towards the discharge tube wall, and results in Ëhe nethyl iodide

concentratlon belng independent of Ëhe radial coordinate. This observa-

tlon has also been made in the measurement of dust concentrations in a

corona discharge trru"(58).

Having ascertalned that the assumpÈions made in the Theory

sectlon of thls work may be experimentally confirmed, the reaction

mechanism given in reactions R1-R19 nay be analyzed and compared to the

experimenÈal results. It wí11 be useful to reintroduce this nechanism

here as it will be referred to frequently in the subsequent díscusslon.

cHrI * e

cIIrI + e

clr3 + I

cH3 + cH3

cH3 + 12

cH3 + cH3

crr3 + I
CII3+I*e

3
I

+

+

UcH

+

I .> cH2r

(Rr )

(R2 )

(R3 )

(R4 )

(Rs )

(R6 )

(R7 )

I+I Y I

+ czE6

2

cn3l + r

cH. +
4
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cEz

cHz

cHz

cHz

cH3

cHz

c"3

I+CH3

I + CrI3

ï+I

T+f2
I+CH

u

3

I + CrI2r

+ cït3l

I + CII3I

+ cEzr-

ctlzl2

+ CllZTz + T

-' c2H5I

+ c'H4T2

+ CZH6+T

+ cH2T-2 +

+ c2II4 + III

-> cII3 + 12

+ Hr + cEzr

(ads)

cH3

(R8 )

(Re )

(Rlo)

(R11)

(Rl2 )

(Rl3 )

(Rl4 )

(Rls )

(R16 )

(Rl7 )

(Rl8 )

(nre¡

I

I

IT ->

I+I

->Íz
(ads)

rz ("¿")

In order to deternine if the free radical chain reaction

initíated by reaction R7 (ín which a nethyl radical abstract,s an H at,om

from methyl lodide to form methane and an iodonethyl radical) plays an

fmport,anË role in deterrnining the rate of methyl iodide decomposiËion,

the products of the corona discharge decomposit,ion r¡¡ere monitored uslng

the mass spectromeLer. If R7 was to occur at a significant raLe, one

would expect to see apprecíable amount,s of HI, CHZTZ, C2ÌI5I and CTHOT-,

formed during the rnethyl lodide decomposition. Furt,hernore, hlgh

initial concentraÈions of nethyl íodide should enhance Ëhe rate of

formatíon of these specles, since the rate of R7 is proportional Ëo the

methyl iodide concentraÈl-on. Several experiments \dere performed in

order to determine the imporLance of this reaction channel.
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In one set of experiments, the mass spectrometer was init,ially
callbrated with samples of known concentratlon ln meLhyl iodide and

rnethylene lodide. It \ras assumed that the ionization efficíency of HI

and crHrr would be siníl-ar to that of cllrr, while thaË of czï¡Tzwould

be simíLat to cH2T2. I/tith this assumption, it was then possible to

determine the absolute concentrations of the iodo specles formed during

the rnethyl iodide decomposl-tion.

A sample contal-ning 500 uL/L of methyl lodide in nitrogen was

al-lowed t,o flow through the discharge tube at a rat,e of 0.5 L/min. The

mass peaks corresponding Ëo the parent ions of CZH4LZ, CZH'T-, CH.T, arrd

f, were continuously monitored while varying the dlscharge current.

(HI+ was not monLÈored as this ion ls formed. frorn all of the aforemen-

tioned organlc íodides during electron impact ionization in the mass

spectrometer. ) In most cases, 1t was determined that t,he concentrations

of these species (TZ, CZL14I2, CH¡T, and CrHrI) were less Ëhan the lower

linit of sensitivity of the mass spectrometer (o f ul/1,). Even under

conditions whích gave rise Ëo changes in methyl íodide concentraËlons

greaËer than 100 vL/L, less than 2 v].,/t of the invest,lgated iodo specles

were formed. Thls would índicate that, gas phase absËraction of hydrogen

from methyl lodtde by nethyl radicals l-s not, a major process in the

corona discharge. Two further experiments were performed which support

thls conclusíon.

In the f irsc of these experl-ments, the mass spectromet.er ion

lenses were adjusted in order to achleve maxl-mum sensftivity over the

range 125 < n/z 1I45. A gas stream containing 100 !L/L of. merhyl
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iodide was allowed to flow through the discharge tube, and the peak

inr,ensiry rarios tr+l/¡curr+¡, [Hr+]/¡curr+1 , and IcH2r+]/¡cttrt+1 were

determined with no volÈage applled to the díscharge Èube. These ratios

were then monitored while varying the discharge current. Since the

specles HI, TZ, CHZTZ, CZH4IZ and CrHrI all have fragment ions aË m/z

L27, L28 and/or 141, their formation in the discharge should cause a

change in the aforementioned ratios. As can be seen in Fígure 1"2, these

raÈios remained constant (within experimental error) wlth discharge

current, which gives further support to the premise that R7 is not an

lmportant reaction in the overall mechanism.

Based on these resul-ts, l-t was presuned that ethane would be

the only organic species formed during Èhe decomposition. This hypoth-

esís was tested by first callbrat,ing the mass spectrometer with a sample

contalnlng 60 ul,./T, of ethane ín nitrogen, and subsequently monltoring

the ethane (m/z 30) and rnethane (n/z ï6) peaks when passing a gas stream

cont,aining 100 vt lL of. inethyl iodide through the discharge. Due to

background peaks in the regions of interest (o+ at m/z L6,15uj rrra
+

CI{20' at m/z 30), there \rere some senstttviÈy linltations in detecting

these species. Ilowever, it r¡as deËermined that ethane appeared to be

formed stoichiometrically (!IO7") with the amount of nethyl lodide decom-

posed, whlle the methane concentratíon remained below detectable levels.

On Lhe basls of thís and the prevlously described experimenËs,

several reactions may be omit.ted from the reactlon mechanisms, as they

p1-ay at most a minor part ln the overall processes. Specifically, slnce

none of the products which would be associated r¡1th hydrogen abstraction
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FTGURE 12 RatÍo of peak intensities for the indícated ions vs the

discharge currenË

o lt+l /[curr+¡

v [nr+] / ¡ctrrt*¡
I¿ [cH2I' 1/CH¡

+I

Experímental condítions :

Initial nethyl íodide concentrârion - 100 uL/L

Bulk gas flor¿ raÈe 1.0 L/min
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by methyl radicals are observed, it may be assumed that the rate of

reaction R7 ís sna1l enough that this reactlon nay be ignored. Since

this is the only process which gives rise to iodomethyl radicals, all

subsequent reactions involving CHrI nay a1-so be deleted fron the

reaction scheme.

At this point, it is interesting to consider why Èhe hydrogen

abstraction reactíon (R7) plays such an important role in Ëhe photolysis

of nethyl iodide, yeË seems to have a negligible effect during the

corona discharge induced decompositlon of methyl iodide. In typical

nethyl lodlde photolysls experimenüs, the energy of the absorbed photon

ís greatly in excess of the HrC-r bond dissocíatlon "rr.tuy(59). For a

photon at 266 nm, approximaÈely 230 kJ/nole (2.4 ev/molecule) will

remaln after the primary díssocf-ation, and a large proportion of this

energy will ínítially be concentrated in the methyl radical as transla-

tlon and/or vibrattorr(So). In fact, ít has been demonstrated that the

meÈhyl radlcal formed is Èypically vibrationally excited, predomínantly

in Èhe "umbrella bendlng" node(60'61). rt is this excess internal

energy in the nethyl radical which allows the hydrogen abstraction

reactíon to proceed at an appreclable rate during photolysís. The

act.ivation energy for Ëhe reactíon:

t"3
3

+cH I+CH + cH2T
4

is approximately 51.7 kJ/noL"(62),

abstract hydrogen very slowly (kr¡"

and thus thernal methyl radicals wl11

-30 3 -1 -1= 1.0x10 cm molecule s aË
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300 K). ÉIowever, the "hot" nethyl radicals formed during photolysls may

overcome this acÈivation energy barrier quite easily.

In contrast to the photolyttc decomposítion of nethyl iodide,

the nethyL radical- formed during elect,ron capture w111 typically have

near thermal energyr âs there is only 60 lcJ/rnole (as compared to

230 kJ/nole) excess energy ln the electron capture process. If this

excess energy is predominantly translational, Èhe nethyl radical wf11

quickly be thermaLlzed by colllsions with the nltrogen molecuLes.

Furthermore, since the highest, methyl iodide concentratlon used in Ëhls

work was 500 uL/L, a "hot" nneËhyl radical would have Èo survive on Èhe

order of 2000 collisions with the carrier gas molecules before collidíng

Ìrith a nethyl iodÍde molecule. (In typical photolysis experiments, the

nethyl íodide concentration rdas on the order of several percent.) In

llght of thls, it is not overly surprising that the abstraction process

plays an insignificant part ln the reaction mechanism.

On the basis of kinetlc data, reactions involvlng the

abstractl-on of H and/or I from nethyl iodide by iodlne atoms (R15 and

R16) rnay also be deleted from ühe mechanfsm. Both of these reactions

have large actlvatLon energtes (130 kJ/nole(63) and BO tc.l/note(64) tor tt

and I abstraction, respectively), and thus will be slow at 300 K.

trIe may now propose a somewhat slnplified mechanism to govern

the decomposltlon of methyl iodide in a corona discharge:



Reaction

CH3I * e

cHrr * e

cH3 + cH3

+ CH +I
3
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(1 -exp(- [cH3I ] a

K ICH3r ]

2

.R
JO (r)dr) )v

RaËe

cïI3 + I
cH3 + 12

I+I S

M

CH +
3

I + I (ads)

f + r1.a")

rz * 12qrd"¡

->

+CH I+I
3

CH3ï * CZH6 +I

*I*e

-> CZH6

lt4 = 8.3x10

crI3r

k3 = 4.0x10

k4 [cr13 ] [r ]

k5[cn3l trZ]

k6 tr l2

k7 [crr3 ] [cH3r ]

k¿rtrrIt ]

k"¿" [r ]

kr¿" I rz ]

^_3_-1_ - .1 -r _-1(65)cm moIecule s

-3 -1 -1 (66)
cm molecule s

.> cH3

tr/ nn2l

trl nn2l

k3 [crr3 ]

(Rl')

(R2')

(R3')

(R4')

(R5')

(R6')

(R7')

(R8')

(R9')

(R10 r )

tz

where I, is the total discharge current,, nR2L is the volume of the

dlscharge tube, and the subscript (ads) indicat,es that the species 1s

adsorbed on the dlscharge tube wall.

The rates of reactions Rlr and R2r (Eqns 49 and 53, respect-

ively) were derived previously, and contain üwo parameters which have

yet to be deLermined. These are the cross section at Ëhe rnaximum of the

electron attachment cross sect.ion functíon, rmax, and K, which ís essen-

tia1ly a flttlng parameter relat,ed t,o the probabilíty of an electron

molecule interactíon resul-ting in the cl-eavage of the neLhyl-lodine

bond. The rate consLants for reactions R3t to R6' are well docr.mented

in the literature, and have the following values at 300 K and 760 torr:

-11

-L2



-11ks = L.0x10 cm3moleeule

ko = 3.0x10-r.3 3
cm molecule
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-1 -1 (67 )s'
-1 -1 (68)

s

The rate constants for the adsorption react,lons will essenti-
ally be measurements of the lifetime of these species in the ,clischarge

tube. These reactions are required in the mechanism to ensure mass

balance of the íodine specl-es, since no iod.Íne containing product.s

(other than cHrr) were observed ín the effluent gas from the discharge

tube. rn the case of reaction RB I , thls lifetime is determtned by the

mean time requlred for an I ion formed at. posit.ion r ín the discharge

tube Èo drift under the influence of the electric fíeld to the waIl of
the discharge tube. since reacËions R9' and R10r involve neut.ral

species, the lifetine is not affected by the electric field. However,

due to the electron/ion wind discussed previously, these reactíon rates

will not be dtffusion-controlled, but will lnstead be controlled by the
turbulence of the system. In effect; the rates of these reactíons r¿ill
be a measure of the effectiveness of the electron wind in bringing

specl-es in contact r¡ith the discharge tube surface. rn subsequent,

analysís of experimental data, the rates of these reactions r¡ere used as

fittíng parameters.

ReacEion R7 I , which involves the subsËitution of â nethyl

radlcal for the iodine atom in methyl iodide, has been proposed

frequently in the literatrrr e(47 ,48r50r69). Ilowever, no esLimat,e of the

rate for this reaction has been obtained, and thus the rate consËant. k,
had to be determined frorn the least squares fit of the proposed

mechanism Èo the experímental data.
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Experimental data obtained relaÈed Ëhe change in concentrat,ion

of rnethyl lodide (Âc) to the total discharge current (rt). Thls rela-

tionship was examined with flow rat,es rangíng fron 0.5 to 2.5 L/min, and

inlttal concentrations of nethyl iodide ranging from l0 to 500 uL/L.

Subsequent. analysis of the data t'las rather complicated, and thus shall

be described ín consLderable detail.

while obtainíng the ac-r, data, voltage-current, dat,a were also

acqulred. By fltting the current-volÊage data to Eqn 30, the onset

voltage, vc, was obËained. ThÍs was used in conjunction with Eqn 29 ro

determíne the electric fleld in the dÍscharge tube for any given

voltage, V. The electric field thus determíned was Ëhen inserted int.o

Eqn 40, which was subsequently Lntegrated over t,he radíal coordlnate to

obtaln the radially-integrated, energy-averaged cross sectíon, in whích

o---- remaLned an undetermined parameter. This was then used in Eqn 49max

Ëo det,ermine the rate of elect.ron attâchment processes.

The reaction mechanlsrn given in react.lons Rl | Èo R10' was then

expressed as a sysËem of símultaneous differentíal equations. It, was

det,ermined that four equations were required to describe t.he rate of

roethyl lodide decomposÍtion:

dfc%rl L
- -+ (KlcH?rl+1-exp(-tclt3rlo'o*"*)) - kztcH3l tcH3rl

nR'L J

+ k4[crr3]trl + kslcH3llTzl

dr
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rrR2L
(K[crr3r ] ) + kZ [crr3] [cH3r ] - 2k6 [r ]

- k4[cn3] trl - k"a"[r]

I-
-+ (KlcH3rl+l-exp(-tc%rl o'o,o"*)) - kz tcH,l tÇHsrl
nR-L

- k4tcH3l trl - kslcrr3l trzl - 2k3[cH3]2

rt
2

2

dt k6[r] - kslcn3l trzl - kadslr2l

where ofr ls the normalfzed energy-integrat.ed, radially-averaged cross

section(70).

A program (see Appendix) was then developed whích solved this

system of dtfferent.ial equaLions, subject to Èhe boundary conditions:

AÈ Ë = 0 [CH3I] = ínitial concentration of nethyl iodide

lCII3l = 0.0

Ir] = 0'o

lIrì = 0.0'

and calculated the final concenËratíon of nûeÈhyl lodide at a tíme which

corresponded to Ëhe ÈoÈ41 conËact time wíth the discharge
7(tF = nR-L(cc)/rlow(cc/s)). The rate constants whlch were found in the

literature (kr-k6) were fixed at the values stated previously. Variable

parameters in the program \¡Iere:
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K

kads
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- the maxímum of the electron attachment distribut.ion,

- the high energy process "rate" parameËer'

- the rate of adsorpÈion of iodine species at the

dlscharge tube wall, and

- the rate of reactíon between nethyl radícals and nethyl

lodide to form ethane and I atoms.

(s5 )

k7

The prograrn utilized a non-linear,

determine the values of K, or"*, k7

experiment,al daËa.

least-squares fitting routine

.rd krd", whích best fit the

Ëo

It was determined that the mechanism previously given provided

an excellent fit to all of the experimental data (both in the stainless

steel and the copper discharge tube), and determined a self-consistenË

set of val-ues for the parameËers, omax, K, krd" and kt. Typical data

are gl-ven in Figures l-3 to 16, where the solid curves were calculated

f rom the rnodel. The mean values of the pararneters r¡ere deternined Èo

be:

o = L86!20 R2

-16 3= (2.0t0.5)x10'- cm-

-1= 5.1!1 s "

= (2.1t0. 3)x10-14 "r3rolecule-ls-l

max

K

kads

kl

where the errors quoted are the standard deviation of the mean.



.a:.,

:::::..

-70-

FIGURE 13 Experimental daÈa relating the change in nethyl iodide concen-

traËion to the discharge current. The solld curve indícates

the fit to the data based on the mechanism given in the text.

Experimental con,ilitíons :

Initial xnethyl iodide concent,râtion - 25 vL/L

Bulk gas flow rate - 1.0 L/nin
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FIGIIRE 14 Experimental data relaËing the change in methyl iodide concen-

tratíon to the discharge currenË. The solid curve indLcates

the fit to the data based on the mechanism given in the texL.

Experimental conditlons :

Initial nethyl iodide concent,raÈion - 53 vtlL

Bulk gas flow rate - 2.0 L/nín
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FIGIIRE 15 Experlmental data relating the change in nethyl iodíde concen-

t.ration to the dÍscharge current. The solid curve indicates

the fit Ëo the daËa based on the mechanism given in the texÈ.

Experimental conditlons :

IniÈial methyl iodide concentration - 100 uL/L

Bulk gas flow raËe - 0.75 L/nin
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FIGURE 16 Experíment,al data relating the change in rnethyl iodíde concen-

tration to the discharge current. The solid curve indlcates

the fit to the data based on the mechanism given in t,he text.

Experimental condítlons :

Inirial nethyl iodide concentration - 500 uL/L

Bulk gas flow rate - 0.5 L/nin
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The value determined for orr* itdicaÈes that the cross section

for electron atËachment to neÈhyl iodíde is quite large, as w¿rs expected

qualitatively from previous investigatiorr"(40'47 '7L-73). rt should be

noted that this is the cross secÈion at Èhe resonance energy, i.ê. the

cross secÈion at the maxírnum of the elecüron aËtachment function.

Although no previous values of the maximum cross section for CtIrI are Lo

be found in the líteraÈure, a cross section of the magnitude deternined

in this work is comparable to that deternined for other elect,ron-

attaching species. For example, the maxlmum cross section for electron

capture by HI is approximarely 2OO g2(74) , whil-e that of CC1O ís on the

order of looo 92(75) .

Unfortunately, the magnitude of the radlally-integraËed,

energy-averaged, high-energy cross sectl-on (as defined in Eqn 53) cannot

be cornpared t.o any prevÍous dat,a, as it is noË certain whích reaction

channels K encompasses.

Possible reaction channels for these processes include the

elect,ronic excl-tat,ion of nethyl- iodide to a dlssocÍative state:

CH I
3

M

cHrI * e -) *+ecH3

+I
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or the interaction of shorË-lived excfted nitrogen molecules wit,h nethyl

iodlde, which rnay lead to dissoclatíon:

*
N *e + N

2
*e

2
¿

N2 + CH3r crr3+I+N2+

Either or both of these reaction channels nay be occurring in Ëhe

l-onization sheath.

The rates for the adsorption processes were determined to be

-15.1 s', which corresponds to a "wind velocity" on t,he order of

L0 cn s-l. Although no information in the literature exÍsts on the íon

wlnd velocfty ín a cylíndrical corona discharge Èube, this velocity has

been measured in point-to-plane dlscharges(56'57), and was found Ëo be

on the order of 1 n s-l. However, this discharge geometry (point-to-

plane) gives rlse to a more localized dlscharge and nuch higher ion

densities than a coaxlaL cylínder discharge. Thus, an ion wind velociËy

on the order of 10 "t "-1 is certainly noÈ unreasonable for the

cylindrtcal corona discharge tube.

Methyl radícals were found to react \,rlth nethyl lodlde to give

ethane and iodlne, wiËh a rate constanË of (2.010.3)xtO-14

3 _ --1-1cm*molecule -s -. As mentioned prevíously, the raLe of this process has

not been previ.ously measured, nor has a detailed reacÈion mechanism been

proposed. Owing to the magniüude of this rate constanË, the activation

energy for this reaction must, be reasonably smal1 (8" I 20 kJ/nole).

Since the reaction ís exothernic by ú 30 kJ/nole, it is not a thermo-

dynamically unfavourable process
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A possible mechanism which may account for this process

involves a transition state complex of the forn CHrIcH3(50) 1... Fígure

17), which is reasonably long-líved. The nethyl radicals are only

weakly bound to the iodine, and may be mobile in terms of the C-I-C bond

angle. It is conceívable thaË Ëhe nethyl radicals may then become close

enough that reactl-on nay occur. A similar process to this has been

postulated to explaín the non-Arrhenius behaviour of the reaction:

III+F -> HF+I (Rl1'| )

which has been observed to proceed faster at low temperat,ures than would

be expected from the high temperaËure daËa. I,Iurzberg et 
^f 

.Q6'77) h^u"

proposed that thís reacÈion proceeds dlrectly through abstractíon of

hydrogen by the fLuorlne aËom at high tenperatures, while at, low

temperatures, an activated complex of the forrn II-I-F is produced, which

subsequently dísproport,ionates via Èhe same mechanism as that predicted

for the CH3-I-CII3 conplex, to form HF. In llght of rhls, ir is not

unreasonable to predict that R7 I proceeds via thls mechanism, although

It nay be impeded by steric hindrance.

SUMMARY AND CONCLUSIONS

Equatlons have been derived that describe the electric field

in a corona discharge tube (in the presence of electron-aËtaching

species), accurately predíct ühe current-volt,age characËeristfcs of the

Ëube, and a1low the deterrnination of ionic nobilities from currenË-

voLtage data.
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FTGURE 17 An activated complex for cllrrcHr, which may al1ow for varía-

tions in C-I-C bond ang1e.
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The electric field r¿as used t,o detennine the radially-

averaged, energy-integraüed, velocity-welghted elecËron attachment cross

section for methyl iodide, Ëhrough the evaluation of a convolution

integral involving an electron aËtachment function and the Druyvesten

energy distribuÈion. Thís led to the derivation of an expression which

predícts the rate of meËhyl iodíde decomposition due to elecËron capture

in a corona discharge. Furthermore, subsequent calculatlons indicated

that the rate of processes occurring in the ionlzation sheath would vary

in a linear fashion with the díscharge current.

The results presented in t,his work lend credence to Èhe

proposal put forth previously(Lz'l-5'16), i.". negatl-ve corona dlscharges

may provide a convenienË means for promoting Èhe reaction and decomposi-

tion of electrophillc molecules. Although further invest,ígation is

required, it is expected that other impurities which form stable

negaÈive ions (such as NO, S0r) will behave similarly to nethyl iodide,

and thus it nay prove possible to scrub these specles by react,íon chaíns

initiated in an electric discharge.

On the basis of the experimenLal results, the reaction mechan-

ísm given by reactions Rlr-R10r has been shown to fit Èhe decomposltion

data over the ranges of flow rate (0.5-2.5 L/nin), inltial concentration

(10-500 ul,/t), and dlscharge currenÈ (0-3 nA) lnvestlgated. Through the

use of a non-linear, least-squares fítting routine, the followfng

parameters have been det.ernined:

omax - the cross section for electron attachnent at the

resonant energy,
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K - a radially-integrated, energy-averaged, velocity-

weíghted cross section for deconpositíon of MeI in the

discharge zone,

k-,_ - the rate of iodine adsorptlon from the gas phase ontoacts

the walls of the díscharge tube, and

kl - the rate of reactl-on between nethyl radicals and nethyl

iodide.

The values of these parameters have been determined to be:

o = ßOlzo R2
max

K = (2.0t0.5)xl0-16 cn3

k
acl

-1= 5.111 .0 s '
s

= (2.1t0. 3)xl0-14 
"r3*ol"crr1"-1 "-1

k7

aË 300 K and 760 torr N
2

Thus, it was possible to explaín the observed decomposítion of

nethyl iodide ín a corona dlscharge tube by elucidating some of t,he

fundanental physical and chemical phenomena occurring.

Although the methods of analysis used are ínherently

complicated, the techniques descríbed in this work may prove applicable

to descrlbing the effects of a corona discharge on other gas mixtures.
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APPENDIX

Data analysis was performed in two separate progràms. The

first of these (progran CAPTUR) calculated the onset voltage of the

discharge and the mean ionic rnobility by fittíng currenÈ voltage data Ëo

Eqn 30 through the use of CITIFIT(I), a non-linear least, squares routine.

CAPTUR also evaluated Ëhe radially-averaged, energy-Íntegrated electron

aËtachment cross sectíon by numericatty(2 ) evaluaÈing the radial

integral of Eqn 49.

The second program (FIT) utilized a subrourine (STIFFZ(3)¡ ro

solve the systern of differenÈ1al equations which defined the reaction

scheme (eqns given on pages 67-68). CHIFIT was again used to determine

the rate consËants which gave best agreement wíth the experimental data.

Programs FIT and CAPTUR are presented here to íllustrate the

methods used in data anal-ysis.

1. Bevington, P.R., Data Reduct,ion and Error Analysis for t,he Physlcal
Sciences, l"lcGraw Hí1l (f969).

2. Lawrence, F.S. and Allen, R.C., Numerical C omputing, W.B. Saunders
Co., Philadelphia (1973).

Carver, M.B. and McEwan, S.R., "Simulat,ion of an lrnplícítly Defined
Differentlal Equatíon System Subject to Numerous Discontinuities",
Applied Mathematical Modellíng (1978).
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c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

PROGRAM CAPTUR

PU RPOSE

Notewonthy parameters

analyze expenlmental data nelated
decomposttlon of nrethYl lodlde.

bo bhe corona dlschange

S igmax
Curr
VoLt
Df
A
S I gmaa
De Ltaa
Fn
Ans
Cons
Rn

-maxlmum of bhe olecbnon attuchmenb functlon
-array of values for thq dlschange curnent'
-array of values for the voltage
-array fo values for the deconLamlnaifon factons
-array of values for fltttng parameters
-array of standard devlablons ln A

-array of lncrements for A

-1. le.n. le.6 results of numerlcal lntegratfon
-arnay of values of convolutlon inLegra).s
-square of el.cectrtc fteld ab polnb where flt changes
-radius at whlch the flb changes

F

Functions called

G

Fch I sg
Functn

-functlon to be lnt,egraLed bo calcuLate the ftnst parb
of the convolutlon

-function to be lntegraLed bo calcuLate Lhe second pant
of the convolutlon

-calculates the rdeuced chl-squaned for dat'a and flb
-calculates the value of the fltitng funcblon for glven
value of the lndependant parameter

Subroutines called

spacc -calculates the space charSe conLrlbutlon bo bhe el'ecLric
field

Chifit -perfonms a non-Llnean least squares flt to data by
panabollc extnapol'atlon of chl square

Matlnv -lnverts a symmetrlc squane maLrlx, and calculates Lhe
deterinlnant

Integ -numericalì.y tnLegrates a functton by Slmpsonrs nule

NOTE -Dimenslon sLaLenents ln bhls pno6ram are vaIId fon
up to ttO daba polnbsrand two fiÙtlng panametens

EXTERNAL F, G, FCHISQ, FUNCTN
INTEGER SIGMAXISYCMAX
DTMENSTON CURR(qO),VOLT(\O),DF(¡10),ANS(40)
DIMENSION SPACE(qOi,DELTAA(2),SIGMAY(¡lO), Y

DOUBLE PRECTSION FCHTSQ,CHISQR
LOGICAL SI{T
LOcICALTI FNAM(20 ),TITLE(80)

HEQUESTS CLOBAL PARAMETERS

TYPË 35
Èolr¡lnii'| ¡{AxIMUM cRossEc'tIoN(Itl'ÀNGrr2 )= r,$)
ACCEPT I5,SIGMAX
F0RMAT(I4)
SYGI1A X =S I GMA X

TYPE 599
ronIIIÍi; ESTIMATE OF }IEAN MOI}ILITY=' , $ )

,A(2),V
Frr(rto)

(10),VCALC(10)
,SIGMAA(2)

c
c
c

35

15

601
599

a
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ACCEPT 5, A( 1 )
FORMAT(F5.2)
A(2 )=5.0
MODE=0.0
DELTAA(1)=0.05t4(1)
DELTAÀ(2)=0.05
N TERMS = 2Thls secbion of bhe program rcads
r.rith structure:

data from a flle

Tible(80 characLers)
ACCrAlrBl
NPTS, rcoNc,FLow
cuRR( 1 ), VOLT( 1 ), DF( 1 )
cuRR(2 ),. ...
ACC-RequÍred accunacy of inbegrals(usuatly 1.0E-06) 810.3
A1-Radius of the fllament ln cm.810.3
B1-Radius of the dlschange tube ln cm. 810.3
NPTS-Number of data polnbs I2
ICONC-Inltial concentratlon of methyl lodfde ln uL/L I3
FLOÍI-F1or.¡ rabe ln cc. /mln F5.0
FNAM( 20 ) =0
TYPE 605
FORMAT(I ENTER DATAFILE NAME(dCV:fTINAM.EXt)-''$)
ACCEPT 615,FNAM
FORMAT (2OA 1 )
co T0 617
TYPE 606
FORMAT(/, I PROCRAM TERMINTATEDI ,/)
sToP .
OPEN (UNIl=4, NAME=FNÀM ¡ TYPE=' 0LD I' EìR=61 6 )-
READ(II,630 ) TITLE
FORMAT(80A1)
READ(4,10) ACC,AI,81
FORMAT(3E10.3)
READ(4,20 ) NPTS, TCONC,FL0W
FORMAT(, t , I?, X, I3, X, F5.0)
DO 30 I=I,NPTS
READ(4,25, END=31 ) CURR(r ),VO'--T(r ),DF(r)
TYPE 25,CURR(r), voLT(r), DF(r )
FORMAT(3F8.3)
CONTINUE
CLOSE(UNIT=4)
DO 40 I=1'NPTS
SIcMAY(t )=0.0
SORTING ROUTINE

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

605

615

616
606

617
625
630

10

20

25
3o
31

ll0
c

N=NPTS-1
DO 100 I=1¡N
SWT: . FALSE.
DO 90 J=l¡N
IF(voLT(J ).LE.voLT(J+1 ) )Go T0 90
TEMP=VOLT(J )
vOLT(J)=v0LT(J+1 )
VOLT(J+1 )=TEMP
TEMP=CURR(J )
CURR (J ) =cURR (J+1 )
CURR(J+1 )=TEMP
TEMP = DF (J )
DF(J )=DF(J+1 )
DF(J+l )=TEMP
SWT= . TRUE.
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90 CONTI NUE
rF(.N0T.Sr,JT)GO T0 110
N:N-1
CONTI NUE

PRINT OUT DATA

100
1l0

c
c
c

120

r30

140

150

160

170

TYPE 120, FLoI'l
FORMAT(' 

-FLOW 
RATE=r rF5.O' t CClMIN' )

TTPE 1 30, rcoNC
FORMATiI INITIAL CONCENTRATION=I,I3,'UL/L')
TYPE 1 40,srcMÀx
Èoñ¡lnt(r MAXTMUM cRossEcrroN=r ¡rll, I xlE+16cM*r2t)
TYPE 150
roñ¡.lnti i r', 4x,' cuRRENT,, 5x,' voLTAcE I ¡ 5x, I DEcoNTAMTNATI0N' )

TYPE 160
eoñMeti a ',t{xr'(MrLLrAMps)' , tx, ' (KlLovoLTS)r rTxr 'FAcronr )

TYPE 170
FORMAT( ' I )

DO 210 I=1'NPTS
TYPE 20O, T,CURR(r),VOLT(r ),DF(r )
FORMAT(' 

- r ; r2,5X,F8. 3,?X,F8. 3,'l 1X,F8.3)
CONTI NUE

FIT CURRENT-VOLTAGE DATA TO FUNCTN

200
210

c
c
c

205 VOLT, CU RR I SI GMA Y' NP TS, NT}ÌRMS, MODE, A, DELTAA' SIGMAA,
M=1
CALL CHIFIT

1 YFrr, CHTSQR
M=M+ 1

rF(M.EQ.2) GO TO 205
TYPE 30O,A( l ),STGMAA(I )
FORMAi( r'MEAN roNrc MotsrLrTT=r,F6.3 r' +/-' 

'E10.3)TYPE 3 tO,A(2),STGMAA(2)
ron¡l¡,i(,'oÑsÊi voLTAGE=r,F6.3, r +/-r,810.3)
TYPE 311,CHISQR
FORMAT('' RSpUCED CHI SQUÀnE=r,E'10.3)
VMAX=VOLT(NPTS)
DELV= (VMAX-A ( 2 ) ) /1 0. 0
D0 314 I=1¡10
V(I )=A(2 )+I*DELV
CONTI NUE
D0 315 I=1 r 10
M=I
vCALC( I )=FUNCTN (V' M'À )
TYPE 320,V(r),vcALc(r)
Èon¡lni(''vòltÁce=r ,F5.2¡ I cALcULATUD cURRENT= I ,F8.6)
CONTINUE
VC=A(2 )

CALCULATES Î,HE VALUE OF THE REQUIRED NUMERICAL INTECRAL FOR EACH VALUE

or-voLt(I). FoRMs-Ãnnnts ANS(I) AND ERROR(I) ¡¡HIcH ARE THE ESTIMATED

vALUE AND THE esr'i¡iÀinp ERRòR oF THE INTEcRÂL FoR voLT(I).

3oo

310

311

3tq

320
315

c
c
c
c
c

VC=1 000. rVC
DO ¡IOO I=I,NPTS
V0L=VOLT(I)r1000.
sTAT= (vc/AL0G(B 1 /A I ) ) ìr2
cALL sPACC(VOL rVC, Bl,A I,STAT,SPAC)
SPACE(I)=sPAC
CoNS=5. 108808
coNS2= I .63806
R 1 = 

(STAT/ ( c0NS-SPAC) ) r r0. 5



354
355

365

366
367
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D1 =3. 09E -02
D2=-t. 3$9
CALL INTEG( F,A 1, R'I, ACC, AN, ERROR, ARUA, It.'LAG, SPAC, STAT, D1, D2 )
IF( IFLAG. EQ. 1 ) GO TO 355
TTPE 354, IFLAG T
FORMAT(r FLAG=rrIl)
F1=AN
CALL INTEC (G,A 1, R 1,ACC, AN, ERROR, AREA, IFLAC,SPAC,STAT, D1, D2)
rF ( rFLAc. EQ. 1 ) CO TO 365
TYPE 354, IFLAG
F2=AN
rF(sPAC.CE.CoNS2) C0 T0 366
n2= (STAT/( CoNS2-SPAC) ) *r0.5
rF( R2. cE. 1 .9 ) G0 T0 366
co ro 367
R2=B'l
D1=1.1858-02
D2=4.948-01
CALL INTEG( F, R 1, R2, ACC, AN, ERROR, AREA, IFLAC,SPAC,STAT, D1, D2 )
rF ( rFLAc. EQ. 1 ) c0 T0 375
TYPE 354, IFLAG
F3=AN
CALL INTEG(G; R1, R2, ACC, AN, ERROR, AREA, IFLAC,SPAC,STAT, D1, D2 )
IF ( IFLAG. EQ. 1 ) GO TO 385
TYPE 354, IFLAG
F4=AN
D1 =2.603E-02
D2=5.O258-O2
CALL INTEG( F, R2, B 1, ACC, AN, ERRORT AREA, IFLAG,SPAC,STAT, D1, D2)
IF ( IFLAG. EQ. 1 ) CO TO 386
TYPE 354, IFLAG
F5= AN
CALL INTEG(G, R2, B 1, ACC, AN, ERROR, AREA, IFLAG, SPAC,STAT, D1, D2 )
rF(rFLAG.EQ.1) CO TO 387
TYPE 354, IFLAG
F6=AN
ANS ( I ) =F 1 +F 3+F5+5. 09 r ( FZ+F {+F6 )
CONTINUE
SI GMAX=SYGMAX
TTPE 20 , NPTS, r CONC, FLOII
DO 500 I=1 

' 
NPTS

FCONC=ICONC/DF(I )
ALPHA=8. 8658-1 gTSIGMAXTANS(I )r2. 4 1 3E+1 3
TYPE 520, CURR(I), ALPHA,FCONC
CONTI NU E
c0 To 601
FORMAT ( | r , 2x, F5 . 2, 3X, F7 . 5 , 3X, F6 . 2 )
END
FUNCTTON F(X,SPAC,STAT, D1, D2)
S 1 =SPAC
S2=STAT
F=1 /( ( D1 r (S 1+S2lXrr2 )rrO. 25+D2 ) r r2+1 . 7758-02 )
RETU RN

END
FUNCTION G(X,SPAC,STAT, D1, D2)
S 1 =SPAC
S2=STAT
G= ( D 1 r (S 1+S2,zXrr2 )r*0 . 25+D2) /
( ( Dt r (s t +s2 /xrr2 ) rì0. 25+D2 ) rr2+l . ??58-02 ) rr 1 . 5
RETU RN

END

375

385

386

387

400
432

4 ¡16

460

500

520

c
c

ì

t

I

I
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SUBROUTINE SPACC(V, VC,B,A,STAT,SPAC)
X1 = (V./VC-1 )r AL0G( B/A )+1 . 693 1

R00T:(X1*15)r(X1-1)
QUAD= ( ( X1 -3+SQRT ( n00T ) ) /2) * t 2-1
S PA C=STAT rQUAD /ts* * 2
RETURN
END
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Frr, B09 19 -1027 O, T500.
FTN(R=2)
L GO.
/T EOR

HARRIS

1

PROGRAM FIT ( INPUT, OU

DTMENSION Y(lt),HS(62
srGMAA(4),YFrr(30),S
DTMENSION ALPHA ( 4 ,lt )
COMMON /STAT/KOUNT (? )
CoMMoN /xTZ Q/YO, FL0, A

(

TPUT' TAPE5= I NPUT ¡ TAPE6:OUTPUT)
), ID( 30), YD( 30),SrcMAY(30 ),1(4 ),
(30 ), DELTAA(ll ) ,AB(4 )
, BETA(lr ), DA(ll ) ,ALPH ( ll,ll )

, cuRR, cRoss,'R 1, R2, R3
EXTERNAL EQNSF,FCHISQ
THISPROGRI1M SOLVES THE STIFF DIFFERENTIAL EQUATIONS DESCRIBINC THE

DECOMPOSITION OF METHYL IODIDE IN A NITROGEN CORONA DISCHARGE.
*rrREAcTIoNS*rr TITRATEIIT
cH3I+E=cH3+I+E 0.4956r CURRr ( 1 -EXP ( -Sr CH3I ) )
CH3I+E=CH3+I- 0.4956rCURRlRÌCH3I
CH3+CH3=C2H6 Rzr ( CH3 ) rr2r+r=r2 R3r(r)rrz
CH3+I=CH3I RlrCH3rI
CH3+I2=CH3I+I R1rCH3rIz
I=I(WALL) RTiI
I2=I2(I'IALL) RBII2
CH3+CH3I =C2H6+I R l0r CH3r CH3I

A NON-LINEAR LEAST SQUARES FIT TO THE SOLUTION OF THE D.E.IS IS
PROVIDED BY PARABOLIC EXPANSION OF CHI,-SQUARED.

DESCRIPTION OF PANAMETERS

XD-ARRAY OF DATA POINTS FOR THE CURRENT
YD-ARRAY OF DATA POINTS FOR THE FINAL CONCENTRATION OF CH3I
S-ARRAY-OF -RADIALLY AVERACED ENERGY -INTEGRA'TED CROSS-SECTIONS
SIGMAY-ARRAY OF STANDARD DEVIATIONS OF YD

NPTS-NUMBER OF PAIRS OF DATA POINTS
NTERMS-NUMBER OF FITTING PARAMETERS
MODE-DETERMINES METHOD OF WEICHTING

+ 1 -INSTRUMENTAL l'¡EIGHTS
O-NO VJEIGHÎING

-1 -STATISTICAL I.IEIGHTING
A-ARRAY OF FITTINC PARAMIìTERS
DELTAA-ARRAY OF INCREMENÎS FOR À

SIGMAA-ARRAY OF STINDARD DEVIATIONS FOR A

YFIT-ARRAY OF CALCULATED VALUES OF Y

CHISQR-REDUCED CHISQARE FOR FIT

SUBROUTINES AND FUNCION SUBPROGRAMS USED

STIFFZ
AELIB SUBROUTINE l',lHICH SOLVES SYSTEMS OF SIMULTANEOUS
DIFFERENTIOAL EQUATIONS.
(NOTE.THIS SUtsROUTINE CALLS UP SEVERAL OTHERS AS

INDICATED IN AELIB MANUAL)
FCHISQ

EXTERNAL FUNCTION t.lHICH EVALUATES THE REDUCED CHI.
SQUARE FOR THE FIT TO THE DATA

SOLVEQN
INVERTS A SYMMETRIC Tl.lO DIMENSIONAL MATRIX OF DEGREE

NTERMS AND CALCULATES ITS DE'TERMINANT
SOLV

rNtrrALrzEs PARAMETERS FOR STrFt"z'AND CALLS UP STTFFZ

WHEN NECESSARY

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

EQI¡SF
CONTAINS THE SYSTEM OF DIFFERENTIAL EQUATIONS TO BE



c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
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SOLVED

COMMENTS

DIMENSION STATI]MENT VALID FOR NTERMS UP TO 4.
PROGRAM IS SPECIFICALLY DESIGNED TO SOLVE THE DECOMPOSITION OF
METHYL IODIDE IN A NITROGEN CORONA DISC}IARGE.

MORE PARAMETERS
A(1 )-''RATEtr OF HIGH EHERGT PROCESS
A(2)-RATE OF IODINE SPECIES DIFFUSING TO WALL
A(4)-MAXIMUM CROSS-SECTION FOR ELECTRON CAPTURE BY CH3I
A(3)-RATE OF REACTION BETÌ.¡EEN METHYL RADICALS AND METHYL IODIDE
R1-RATE OF GAS-PHÀSE REACTION BETI,IEEN CH3 AND I (12)
R2-RATE OF RECOMBINATION OF METHYL RADICALS
R3-RATE OF RECOMBINATION OF I ATOMS

R1=241.3
R2= 1 038.
R3=7. 239
A 1 )=0.005
A 2 ) =5.0
A 3 )=5.0
A 4 ) =200.
A 5 ) =0.5
DELTAÀ(1 )=0.003
DELTAA(2)=3.0
DELTAA(4 )=30.0
DELTAA(3)=.3
NTERMS=4
MODE=0
N=4

READ DATA FILE WITH FORMAT:

NPTS, FLO, N

xD(r),s(r)
rtn

c
c
c
c
c
c
c

c
c
c

'|

YO
YD( I

I

3

READ (

READ (
D03
S(l)=
l'lR I T}:
l.lRI.tE
}¡RITE
N=4
D0 12 I= 1 

' 
NPTS

SIcMAY(I)=0.0
NFREE=NPTS -NTERMS
FREE= NF REE
rF(NFREE) 1q,14,199
CHISQR=0.
G0 TO r50

COARSE SEARCH FIRST,FIND THU REGION OF MINIMUM CHI SQUARE

D0 200 I: I 
' 

NPTS
CURR=XD(I)
CROSS=S ( I )
CALL SoLV ( Y, T )
YFrT(I)=Y(1)

5r'l
51 1

I=1
S(I
(6,
(6,
(6,

000) NPTS,FLOTNTY0
100) (XD(I),S(I),YD(I),I=1,NPTS)

NPTS
/?50
300 )
000) NPTS,FL0,N,Y0
100) (xD(r),s(r),YD(r) rr=l,NPTS)

12

14

99



-97-

c
c
c

c
c
c

200

215

220

230

235

2\5

255
260
300

c
c
c
c

)
)
(T,T)
(1)

CONTI NUE
CHISQl =F CHISQ( YD r SI GMA Y, NPTS, NF RE¡1, MODE, YFIT )

ITERATE PARAMETERS,TO I.'IND BEST ESTIMÀTE AB(I)

D0 300 J=1 , NTERMS

A(J)+DELTAA(J)

AJ=A(J )
A(J)=AJ+DELTAA(J)
D0 215 I = 1, NPTS
CURR=XD ( I )
CROSS=S ( I )
CALL SOLV(Y,T)
YFIT(I)=Y(l)
CONTINUE
CHISQ2=FCHISQ( YD'SIGMAY, NPTS
IF( CHISQ2. GE. CHISQ'I ) GO TO 2
CHISQl =CHISQ2
D0 220 JJ=IrNTERMS
AB(JJ)=A(JJ)
D0 250 K= 1 

' 
NTERMS

NFREE,MODE, YFIT)
5

t
2

252
c
c
c

c
c
c

502

A(J )+DELTAA(J) AND A(K)+DELTAA(K)

rF(K.LE.J) C0 TO 250
AK=A(K)
A(K)=AK+DELTAA(K)
D0 230 I=lrNPTS
CURR=XD ( I
CR0SS=S ( I
CALL SOLV
YFIT(I)=Y
CON TI NUE
CHISQ3 =F CHISQ ( YD, SIGMA Y, NPTS, NF REE , MODE, YFIT )
A(K)=AK
IF( CHISQ3. GE. CHISQI ) CO TO 250
CHISQl = CHISQ3
D0 235 JJ:1 TNTERMS
AB(JJ)=A(JJ)
CONTI NUE

A(J)-DELTAA(J)

A(J)=AJ-DELTAA(J)
DO 245 I=
CROSS=S(I
CURR=XD(I
CALL SOLV
YFIT(I ) =Y
CONTINUE

, NPTS

CHISQ3 =FCHISQ( YD'SI GMAY, NPTS' NFRtì8, M0DE' YFIT )
rF( cHrsQ3. cE. cHrsQl ) Go ro 260
CHISQl =CHISQ3
DO 255 JJ=IrNTERMS
AB(JJ)=A(JJ)
A(J)=AJ
CONTINUE

FINE SEARCH AND FIT USINC PINITIAL PARAMETERS AS DETERMINED
BY COARSE FIT

Y,T)
1)



270
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-98-

DO 27O JJ=1, NTERMS
DELTAA ( JJ ) =0. 1 rAB( JJ )
A(JJ )=AB(JJ )
D0 3O I=lrNPTS
CURR=XD ( I )
CROSS=s ( I )
T=0.0
CALL SoLV(Y,T)
YFIT(I)=Y(1)
CONTI NU E

CHISQl =F CHISQ( YD 
' 
SI GMA Y, NPTS, NF REE 

' 
MoDE 

' 
YF IT )

CHISQ4 = CHISQl

EVALUAlE ALPHA AND BETA MATRICES

DO 60 J=IrNTERMS

A(J)=A(J)+DELTAA(J)

AJ=A(J)
A(J )=AJ+DELTAA(J )
DO 2ll I=1'NPTS
CURR=XD ( I )
CROSS=s ( I )
T=0.0
CALL SOLV(Y,T)
YFIT(I)=T(1 )
CONTI NUE
CHISQ2 =FCHISQ( Y D, SI GMA Y, NPTS, NFREE, MODE, YFIT )
IF( l.05TCHISQ2.LT.CHISQI{) GO TO 16
ALPHA( J, J )=CHISQ2-2r CHISQI
BETA(J)=-CHISQ2
DO 50 K= 1 

' 
NTERMS

rF(K-J) 33,50,36
ALPHA( K, J )= (ALPHA( K, J )-CHISQ2 ) /2.
ALPHA ( J, K ) =ALPHA ( K' J )
GO TO 50
ALPHA ( J, K) = CHISQl -CHISQ2

A(J )+DELTAA(J ) AND A(K)+DELTAA(K)

AK=A(K)
A(K)=AK+DELTAA(K)
DO 44 I= 1 , NPTS
CURR=XD ( I )
CROSS=S ( I )
T=0. 0
CALL SOLV(Y,T)
YFIT(I )=Y( 1 )
CONTINUE
CHISQ3 =FCHI SQ( YD 

' 
SI GMA Y, NPTS 

' 
NF RtìE, MODE, YF IT )

rF( l.05rcHrsQ3.LT.CHrSQll) C0 T0 16
ALPHA(J 

' 
K)=ALPHA(J, K)+CHISQ3

A(K)=AK
CONTI NUE

A(J)-DELTAA(J)

A(J )=AJ-DELTAA(J )
D0 53 I=1,NPTS
CUBR=xD ( I )
CRoSS=S ( I )
T=0.0

c
c
c

30

21

24

3l

33

ll 1

44

50

51

20
c
c
c

c
c
c

36
c
c
c



53

60

39 50
3 900
4 000

c
c
c

\250
4 200

61

63

65
66

68

4 150
4100"

c
c
c

71
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CALL SOLV(Y,T)
YFIT(I )=Y( 1 )
CONTINUE
CHISQ3=FCHISQ( YD, SIcMA Y, NPTS, NFllEE, MODE, YFIT )
rF( 1.05ìCHrSQ3.LT.CHrSQrl) c0 T0 16
A(J)=AJ
ALPHA( J, J)= ( ALpHA( J, J );CHrSQ3 ) /2.
BETA(J )= ( BETA(J )+cHIsQ3 ) /ll.
CONTINUE
t.lnrrE(6,3900)
D0 3950 I= 1 , NTERMS
HRrTE(6, ¡tO0O ) (ALPHA(r,J),J='1, NTERì,lS)
FORMAT(T CURVAÎURE MATRIX BEFORE MANIPULATIg¡T,/)
FORMATIr r,810. 3r 3X¡810. 3, 3XrE10. 3, 3XrE1 0. 3 )

ELIM]NATE NEGATIVE CURVATURE

D0 70 J=I rNTERMS
IF( ALPHA (J,J ) ) 63
ALPHA(J,J)=-ALPHA
co r0 66
ALPHA(JrJ)=0.01
DO 69 K= 1., NTERMS
rF(K-J) 68,69,68
ALPHA(J,K)=0.0
ALPHA(K,J)=0.0
CONTINUE
CONTI NUE
t.¡RrrE(6,q1oo)
D0 ll 150 I=l,NTERMS
lllnrrE(6,q000 ) (ALPHA(r,J),J='t,NTERMS)
FORMAT(T CUNVATURE MATRIX AFTER MANIPULATIONT,/)

INVERT MATRIX AND EVALUATÈ: PARAMETER INCREMENTS

CALL SOLVEQN(ALPHA,ALPH, NTERMS, NTERMS,MODE, NTERMS, NTERMS)
l.¿RrrE( 6,4200 )
D0 11250 I=1r NTERMS
WRITE( 6' 4000 ) ( ÀLPH(I,J)'J= l, NTERI'{S)
FORMAT(T CURVATURE MATRIX AFTER'*U''''gNTI/)
DO 76 J= 1 

' 
NTERMS

DA(J )=0.
DO 75 K= 1 ¡ NTERMS
DA(J ) =DA 

( J )+BETA ( K )r ALPH (J, K)
DA (J ) =0.2 r DA (J ) r DELTÀA (J )

ÞIAKE SURE CHISQUARE DECREASES

DO 82 J=1, NTERMS
A(J)=A(J)+DA(J)

5 70
)

,
J

6
J

69
70

c
c
c

74
75
76

81
82
83 D0 84 I=t

CURR=XD(I
CROSS=S ( I
CALL SOLV
YFIT(I )=T
CONTINUE
CHISQ2 =F CH ISQ( YD 

' 
SI GMA Y 

' 
NPTS , NFIIEU 

' 
MODE 

' 
YF IT )

rF( cHISQI-CHrSQ2) 87,91,91
DO 89 J= I 

' 
NTERMS

DA(J)=DA(J)/2.
A(J )=A(J )-DA(J )
co T0 83

NP TS

Y,T)
1)

t
)
)
(
(

8ll

87

89

c
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INCREMENT PARAMETERS UNTIL CHISQUARED STARTS TO INCREASEc
c

91
92

D0 92 J=1
A(J ) =A(J )
D0 94 I=1
cuRn=xD(I
CROSS=S ( I
T =0.0
CALL SOLV(Y,T)
YFIT(I)=I(1)
CONTI NUE
ç¡1lgQl =F CHISQ( YD 

' 
SI GMA Y, NPTS 

' 
NF REE 

' 
MODE, YF I I )

rF( cHrsQ3-CHrSQ2 ) 97 ,1 00, 1 0 1

CHISQI =CHISQ2
Ç¡{lgQ2 = CHISQ3
co ro 91

FIND MINIMUM OF PARBOLA DEFINED BY LAST THREE POINTS

DELTA=0.5
co To 102
DELTA= 1 . / ( 1 . + ( CHISQI -cHISQ2 ) / ( CHISa3-cHIsQ2 ) )+0. 5
DO 104 J=1'NTERMS
ALPH (J r J ) =ÀBS (ALPH (J 

' 
J ) )

A(J )=A (J )-DELTATDA(J )
sIcMAA( J )=DELTAA( J )TSQRT (ALPH(J' J ) )
DO 106 I=lrNPTS
CURR=XD(I )
CROSS=S ( I )
T=0.0
CALL SoLv(Y,T)
YFIT(I)=Y(l)
CONTINUE
CHISQR =FCHISQ ( YD I SIGMA Y, NPTS' NF REE, MODE' YF IT )
rF( cHrsQ2-cHrsQR) 1',|2,120, 120
D0 1 1l J=1 , NTERMS
A (J ) =A (J )+ ( DELTA- 1 . ) Ì DA (J )
DO 1 15 I=1 , NPTS
CURR=XD(I)
CROSS=S ( I )
T=0.0
CALL SOLV(Y,T)
YFrT(r )=Y(l )
CONTINUE
CHISQR= CHISQ2

, NTERMS
+DA(J)
, NPTS
)
)

6, tll00

94

c
c
c

101
102

100

104

106

97

99

111
112
113

115

120 !.'RITE
WRITE
WRITE
WRI TE
þ¡RITE
WRI TE
T{ RI TE
WRITE
WRITE
WRITE

500
600
850
800
900
000

, 2100
,2200
,23oo

)
)
)
)
)
)
)
)
)
)

A(1
A(2
A(3
A(4

,1
,1
,1
,1
,1
,2

6
6
6
6
6
6
6
6
6

(
(
(
(
(
(
(
(
(
(

, SIGMAA
,SIGMAA
,SIGMAA
, SIGMAA

(xD(I ),YD(I )'YFIT(I ), I=1' NPTS)
CHISQR

)
)
)
)

(1)
(2)
(3)
(4 )

c
c
c

I 000
r 100
1 300
1400
I 500

FORMAT STATEMENTS

FORMAT( /, 1X, Î2r2X, F5. O, 2X, I 1 r 2Xr Fll. 0, / )
FORMAT( 1 X,F5. 2, 3X,F7. 5, 3X,F6. 2 )
FORMAT(T INPUT DATA DECKI,/)
FORMAT(. P¡RI¡IUTERS WHICH'GAVE BEST FITI 

' 
/)

FORMATi. HfCH ENERcY INTEcRATtìD CROSS-SECTION=r,F6. ¡1, * +/-| t



1

1 600
1700
1 800
1 850
1 900
2000
2 100
2200
2300

150

101 -

F7.5 )
F0RMAT(r I0DINE I'¡ALL REACTION RATE=r,F7.4rr +,/-r'FB.
FORMAT(* METHYL HALL REACTI0N RATE=r,F7.4,t +/-r 

'F8.FoRMAT(r ELECtnON CAPTURE CRoSS-SECTION=r,F5.0, t +/-
F0RMAT(* METHYL+METHYL I0DIDE RATE=rrF7.4rr +/-rrF8.
F0RMAT(* r, /,5X,r #ll#RESULTS##/lr,/)
FORMATIr .r, 13X,r FINAL C0NCDNTRATIONST)
F0RMAT(r CURRENT*r5Xrr OOtOr,6X,r tOOg¡*r/)
FORMATIr r, 1XrF5.2r6XrF5. 1 r5XrF5. 1 )
FORMAT(r REDUCED CHI SQUARE=r,E10.3)
STOP
END
SUBROUTINE SOLV(Y,T)

THIS SUBROUTINE CALLS UP STIFFZ TO SOLVE THE SYSTEM
OF DIFFERENTTAL EQUATIONS DEFINED IN EQNSF

DTMENSTON Y(4 ),}lS(62),A(q )
coMMoN/sTAT/KoUNT (7 )
CoMMoN /xTzQ/Yo, FLO, A , CURR, CRoSS, R 1 , R2, n3
EXTERNAL EQNSF

INITIALIZE PARAMETERS

T=0.0
N=4
Y( 1 )=Y0
DO 5 M=2r4
Y(M)=0.0
EPS= 1.0E-08
MF =22
IN0UT=O
l,ÙS( I )=62.
DTINT=3 I 320.0/FLO
CALL STI FFZ ( E QNSF , Y, N

rF( rNour.LT. -1 ) GO To
IF(T.LT. DTINT) GO TO
GO TO 20

STOPS DUE TO ERROR

t.lRrrE (6, 100 ) rN0ur, KoUNT
FORMAT(r INOUT=r¡I3rr KOUNT=rr715 )
RElURN
END
SUtsROUTINE EQNSF(N, T, Y, DY)
REAL Y(N),DY(N),A(q)
coMMoN /xlZQ/lO,FLOrA, CURR, CRoSS, R 1, R2, R3

THESE EQUATIONS DEFINE THE REACTION SCHEME, WITH THE
SUBSTITUTIONS:
Y( 1 )=cH3I Y(2 )=CH3
Y(3)=I Y(4)=I2
ALL CONCENTRATIONS IN UL/L

DT( 1 )= (-A( 3 )ry ( I )+R1r (Y (3 )+Y (rt ) ) )rr (2 )
1 -0.4956rcURRr(A(1 )rY(1 )+1-EXP(-v(l )rA(4 )rcRoss))

DY(2)=o. rrgS6rcURRr (A( 1 )rY ( I )+ I -EXP ( -Y( I )rA( 4 )r cRoSS) )-v(z )*

5)
5)r,F5.1)
5, /)

c
c
c
c

c
c
c

c
c
c

5

10 T, DTI NT, EPS , H, MF , TNOUT, WS )
50
0

50
100
20

c
c
c
c
c
c
c

1 (n1¡(Y(
oy(3)=o

1 Y(2)r(r
Dy(4 )=R

1O RETURN

Y(4))+A(3
56ÌCURRT(
_y13¡ )+A(
(3)rr2-A(

)rY(1)
À( r )rY
3)rY(1
2)rY(rl

3)*
. rr9
(4 )
3rY

+2.0IR2rY(2))
( I ) )-2.0rR3*Y(3)iI2-A(2)rY(3)+R1r
)rY(2)
)-RtfY(2)rY(4)



i

,

c
c
c
c
c
c
c

-L02-

END

FUNCTION FCHISQ

PURPOSE
EVALUATE REDUCED CHISQUARE FOR FIT TO DATA
FCHISQ=SUM( (T-YFIT ) * r27tto*Arr2 ) /NFREE

' FUNCTTON FCHISQ(Y,SIGMAY, NpTS, NF RtìtirMODE, yFIT)
DTMENST0N T( 1 ) ,SrCMAY( 1 ), yFrT( t ) ,A(4 )
coMMoN /xTz Q/yo, FLo, A , cuRR, CRoss, R 1 , R2, R3
tùRrTE(6,800)
HRITE(6,900) (A(I ),I=1 ¡5)
FORMAT(* PARAMETERST, /)
FORMAT(r A( 1 )=r rE 10.3, * A(2 )=r,810.3r r A(3 )=r rE 10.3rr A(4)=r,ElO.3r/)
l^lRrTE(6, t000)
WnITE(6' 1 100) (Y(I),YFIT(I),I=1,NPTS)
FoRMAT(t t r/ rt DATA*r4Xrr p11r¡
FOtìMAT(* r,2X,F8.4, 2XrF8.4)
CHISQ=0.
rF(NFnEE) 13,13,20
FCHISQ=0.
GO TO 40

ACCUMULATE CHI SQUARE

D0 30 I=1,NPTS
rF(MODE) 22,27,29
rF(Y(1 )) 25,27,23
HEIGHT=1/Y(I)
c0 T0 30
r.rErcHT=1/(-Y(r))
G0 T0 30
I.lbIIGHT= 1 .
c0 T0 30
HEIGHT= 1 . /SIGMAY(I )rr2
CHISQ=CHISQ+HEIGHT* (Y (I ) -YFIT(I ) ) rrz

DIVIDE BY NUMBER OF DEGREES OF FRTìEDOM

FREE=NFREE
FCHISQ= CHISQ/FREE
t.JRrTE(6,ZOOO) FCHTSQ
FORMAT(t t r/ ¡l FCHISQ=r,Elll .7rl)
RETU RN

END
THESE ARE ALL DUMMY SUBROUTINES

800
900

1

1 000
1 100

11
12
13

c
c
c

.20
2'l
22
23

25

27

29
30

c
c
c

c
c

2000
40

SUBROUTINE
RETU RN

END
SUBROUTINE
RETURN
END
SUB ROU TI N E

RETU RN

END
SUBROUTI NE
RETU RN

END
SUB ROU TI N E

DECB

SOLB

JA KOB

SPA RSE

SPA RSEts
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RETU RN

ENI)
SUBROUTINE SORTAC
RETURN
END
SUBROUTINE I,ISCALE
RETURN
END




