





































































































































































































































































































































































































1i7.

k
CyHigCl + HCL —_—y 1-C,HgC1 + C1 (8)
Key
Gl O, G, + Bl —2—> 2-G, 1 (8a)
c1
Skeg
'cnzcaacl + HCl ———> CICH,CH,Cl + H* (9)

& Ské' »® (
c::x3,au01 + HCL  ——> GiBCHClz + H %a)
Termination
C1° + cazaiam —SkL> clcagcziam (10)

sx,?,
C1® + CHQHCL — = CH;CHCL, (10a)
_ kg
C1® + °Ci,CH,CH,CH,C1 1,4-C\HgCL, (11)
e . . (11a)
c1° + cﬂamzc\a mj —> 1,3-C, 1501, ila

1

Since the amount of l-chlorobutane formed is much greater
than that of 2-chlorobutane, being about 20 to 1, the expression derived
102 l=-chlorobutane in part C. is a good approximation to the correct
one, 71he rate expression for the production of 2-chlorobutane would
have an identical form to that of l-chlorobutane only if the equilibrium
expressed in reaction 5a is very rapid in relation to the rates of
consumption of the GHBSHCJ. radical. No experimental difference in the
kinetics of the l-chlorobutane and 2-chlorobutane has been found and
thus it is assumed that the equilibrium is indeed rapid. Since the
proportions of l-chlorobutane and 2-chlorcbutane have been found to be

about 20 to 1 at room temperature, a difference in the stability of the



two radicals of about 2 Kecal per mole would be expected if their
reactivities were similar. The estimated difference (Appendix II)
is about 4 Kecal/mole, This value, which was obtained from the difference
of two larger numbers, is reasonably close to that required to account
for the observed proportions.

The hypothesis that these two species are in equilivrium
could be checked by carrying out radiolysis of HCl - CZHQ mixtures
at various temperatures. The relative proportions of the two

chlorobutanes would be expected to be temperature dependent,

F. ihe Formation of 1,2-Uichloroethane

It was at first suspected that the observed 1,2-dichloroethane

was formed by the termination reaction 10:
. ]
C1* + *CH,C1 _ C1C,H,C1.

This mode of formation would have required the rate to be linearly
dependent on HCl concentration which it was not. IExperimentally,
its rate of formation becomes independent of HCl concentration and
its rate of formation is greater than the rate of initiation., This
implies that it has a further mode of production, involving a chain
process. Its production was also found to depend on the square root
of the available surface area. This is consistent with reaction 9:

=
. 6 .
CoH,Cl + HCL , —— > 1,2-C,H,Cl, + H (9 ,

providing it is assumed that the concentration of adsorbed HCl is
independent of HClL pressure. The results of the experiment with
radicactive HCl described in Chapter 2, Section J., show that HCl

is adsorbed on glass surfaces even at very low HCl pressures. It may
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be seen from the isotherm represented by the broken line in Fig. 24

that the amount of adsorbed HCl is virtually constant in the range

of pressures (up to 3 em.) in which the reaction kinetics were studied,
The required HCl and surface dependences are given by

reaction 9 which is thus considered to be the main mode of formation

of 1,2-dichloroethane. Varyihg small proportions, depending on the

particular reaction conditions, are alsc formed by termination

reaction 10.

G. Further Addition Heactions Leading to Higher
Holecular Weight Chlorinated Hydrocarbons.

Since it has been shown that the addition of a chloroethyl
radical to ethylene to give a chlorobutyl radical is a fairly common
reaction, it might be expected that the addition of a chlorobutyl
radical to ethylene to give a chlorohexyl radical would occur tc very
nearly the same extent. The end product of this reaction would be

l-~chlorohexane as shown in the following sequence?

HCL
CZE C1
/ > bty
3 k3
Czﬁkc -
o 0
49
CH,, kg
G Cl
k# 438 HCYL
Gy T G4
Céﬁ 1
Kk P
. C Ay,

'CBHIGCI
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This reaction sequence reveals that the proportion of l-chlorohexane
will be greatest in reactions where the concentration of HCl is low,
An attempt to find l-chlorohexane in the reaction products was
unsuccessful, as shown by the results given in Chapter 2, Section L.
Here the molar proportion of Caﬁu to HC1l was 1540 to 1. For these
conditions it was found that the amount of ethyl chloride, l=-chloro-
butane and l-chlorohexane were in the proportions of 41:59: <1.
Thus, the selected conditions have yielded no measureable l-chloro-
hexane, even though the l-chlorobutane was favoured over the ethyl
chloride. This implies that the rate constant ratio k5/k9 is more
than 100 times greater than k}/k“, and suggests that the proximity
of a chlorine atom to the free radical centre enhances the rate of

addition as opposed to extraction.

He BExamination of Other rossible Mechanisms

In an effort to determine whether other mechanisms would give
rate expressions in agreement with the observed results, the various
possible initiation and termination sequences were individually
investigated. (See Appendix III) The determination of the rate
expressions for the formation of ethyl chloride and l-chlorobutane
showed that only the mechanism given in section B., with possible
modifications of Sections D, and L., gave expressions in agreement
with the experimental data.

The important observation arising from the above investigation
is the fact that the ethylene is apparently not taking part in the

initiation., In other words, energy deposited in the ethylene does



not lead to any of the observed reaction products. Although
unquestionably the ethylene is undergoing a series of complex
reactions under the influence of the radiation, these not being

chain reactions will have relatively small G values, The yields of the
resulting producte will thus be insignificant compared to the yields

of those being formed by means of the chain process.

I e tia Proc

Since it has been kinetically shown that the ethylene does not
contribute significantly to the formation of chlorine atoms, it is
assumed that all the initiation comes about by the direct interaction
of the gamma rays and fast electrons with the HCl, There are two
main ways in which this interaction takes place; donization and
excitation.

When interaction of the radiation takes place to give ions,
by far the most common event will be that in which an #C1" ion is
formed, along with a secondary electron. JSeveral reactions involving
HC1" nave been proposed (35) to account for the production of chlorine
atoms in irradiated HUl, These reactions can all be excluded in the
case of the HC1 - CZH“ experiments described in the present work as
the HC1" ion is probably neutralized by a charge transfer reaction
with ethylene. The icnization potential of ethylene is 2 eV below
that of HCl, favouring this charge transfer process.

The reaction: HCl + e —> H + C1”, has been given (35)
as a possible reaction occuring in irradiated liquid HCl, This

reaction has been shown to be an insignificant contributor to the
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initiation process in the gaseous HCl - CZHQ system, The application
of a high voltage across the irradiation vessel did not result in a
measureable decrease in product yield. The magnitude of the field
was high enough to cause the major fraction of the electrons and
positive ions to be collected while not high enough to cause
secondary dissociative excitation,

From these observations it has been concluded that in the
presence of ethylene, the decomposition of HCl occurs mainly through
the dissociation of electronically excited HCl molecules. When
ionigzing radiation and fast charged particles dissipate energy by
excitation, it is mainly by causing excitation to the lowest electronically
excited state (¢f 1). Spectroscopic data (36) shows that the lowest
excited state of HCl dissociates, the maximum intensity of the
continuum occuring at 8.1 eV above the ground state. It has been
shown, (Appendix V), that it is energetically possible to explain the
observed rate of initiation as arising solely from the decomposition
of excited molecules.

Experimental evidence has been given in Chapter 2, Section
Ne. to support the view that excited molecules are contributors to the
initiation process. <hese results, however, do not prove that excited
molecules are “he sole contributors although the discussion above would
indicate that tl:is is indeed the case.

The initiation reactions thought to occur in the system aret

HC1 —wWwW—> H(C1* ——> H* + C1° Q1)

H* + HC1 e H, + (1 g (2)
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H + O, —— '0235 (3)

'Cali5 + HCL —— Caﬁe-h Cl (4)

Reactions (2) and (3) both have activation energies of about

4 Keal/mole (37,38) and since the ethyleme concentration was in

excess in all the experiments, reaction (3) probably predominates. The
important thing to note is that regardless of the reaction which the
hydrogen atom undergoes, the end result of the dissociation in (1)

is the production of two chlorine atoms. Since neither Ha nor

Galie are produced by a chain mechanism, the guantities formed would

be too small to be quantitatively determined by the techniques used

in this work. In any case, the production of hydrogen from ethylene
by the hydrogen split-out mechanism would make interpretation of such

date difficult,

The termination reactions which give kinetic expressions in
agreement with the experimental data, predict the formation of
1,2~dichloroethane and 1l,4-dichlorobutane, No l,4~dichlorobutane was
chromatographically detected and it appears that the 1l,2-dichloroethane
which was observed came almost entirely by the chain reaction
involving the adsorbed HCl,

The termination reaction:

L' +CL*+8 —> C, +8,
might have been expected to occur but no trace of chlorine could be
found in the reaction products. Also, it has been shown in Appendix III

that the kinetics do not agree with the experimental data when the
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mechanism having this reaction as the major termination process is
considered. It must therefore be concluded that this mode of

termination is not important.

K. Sucgestions for Further Work

Yhe reaction mechanism discussed in the preceding sections

has satisfactorily explained the formation of the four products
observed for the reaction conditions employed. Certain aspects of
the mechanism, however, have been presented as postulates, which lead

to predictions vhich can be subjected to further experimentation.

(1) Concentration studies
The mechanism predicts that at sufficiently high HCl

concentrations, only ethyl chloride will be observed as a product.
Further work is necessary to check the hypothesis that ethyl chloride

is partly being formed by means of a surface reaction.

(2) lemperature studies

Reaction rates at various temperatures should give the
activation energy of the initiation reaction as well as that of
the addition of a chlorine atom to ethylene. DUVifferences in the
activation energies for the other reaetioné could also be cbtained.
in particular, how:ver, tewperature variation could be used to check
the mechanism postulated to explain the formation of 2-chlorobutane.
If the propused mechanism is correct, the relative proportions of
l~-chlorobutane and 2-chlorcbuteane should become more nearly equal at

high temperatures,
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(3) Applied volt studie
The measurement of product yields at various voltages could

shed more light on the actual mode of interaction of the ganna

rays and fast electrons with the reactants.



APPENDIX I

DERIVATION OF RATE EXFPRESSIONS
Using the steady state approximation, the following expressions
can be written down from the mechanism outlined in Part 111, Chapter 3,

Section B.:

C. eNfe . vy ® N[
- s 0= aklI(H01)-Sk7(Cl ¢ 02H401)-bk8(b1 b1 Cuﬂacl) (1)
dreHA) Lo, 1, (C1* )G, ke *CH, G (HCL)
dt

~k4('c23401)<0234).5k7(01')('caﬁucl)
-3k6(°czakcl)(uc1ads) (2)
wrokd) _o, 1, ("€, CL(C, iy )=k (O, Hig@L ) (HCL)
dt
—Sk8(01')(’043801) (3)
I = radiation intensity

5 = surface area

The above equations, when solved, lead to complicated rate
expressions which would be very difficult to deal with. In order to make
the expressions more manageable, some simplifications can be made.
Lquation (1) cannot be simplified. However, it will be observed in
expression (2) that the terms Sk, (C17)(*C,H,Cl) and k¢ HC1 . (°C,H,C1)
will be small in comparison to the terms k, (HCl)('Caﬁu01) and

k), (CZH#)(°CQH“01) if Sk7(Cl') and Sk HCl . are a great deal smaller

ds

126,
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than ks (HC1) and k,(CH,). This should be the case for Sk,(C1")
since the chlorine atom concentration is undoubtedly a great deal
lower than that of HCl1 or CEH# and the rate constant would not be
expected to outweigh this concentration difference., Since the amount
of 1,2~0234012 formed was much less than C23561 and C#H9Cl in all
the experiments, Skg HClade (‘CZHQCI) can also be neglected. By

an argument similar to that used above, the Ska(cl')(°CAHSCl) term
can be neglected in the third expression. Using these simplified

equations the following expressions are obtained for the steady

state concentrations of the three free radicals:

. 2 1/2
(c1*) = akllk (HC1) k3(HC].) s kl* (Cgﬂt,)
ka iSk,?ks (HC1) + Sk8k4 (CZHA)) ((Caalp))
i i & 2 1/2
( (oaﬁh(‘l) = 2k, Ik k. (HCL)® (C H,.)

3 25
(sx7\<5 (HC1) + Sk8k4 (Czﬂ,')f(kj (HC1) + ky, (cau,’))

. 2 3 1/2
( c,‘naca.) = akllkzku (caﬂlg

kg ksk7k5 (HCL) + Skgk, (CZH#;) (—k} (HC1) + X, (CH,))

The rates of formation of the various products are given by:

4(023201) - k3 (HC1) (‘caahcl)
dt

d(C‘*HiCl) . k5 (HCL) ('cuaecl)
dt

d(ClCZHkCI) - Sk6 ( Cznucl) HCla

dat

ds



128,

Since HClads

of HCl pressure in the range of pressures used, Hclada = AS where

has been found to be essentially independent

A is an adsorption constant.
The rate expressions given in Part I1II, Chapter 3, Section

B. follow from these relations.



APPENDIX I1

CALCULATICON OF HEAT OF FORMATION OF 'Cﬂzcﬁach AND CKBQHGL

To enable this calculation to be carried out, it has been
assumed that the heats of formation of the two radicals can be
obtained from the heats of formation of 1,2-dichloroethane and
1,l-dichloroethane by subtracting the energy required to break a
carbon~chlorine bond. This value is probably not too different for
the two compounds as evidenced by the faet that the carbon-chlorine
bond lengths in OH3C1 and GHECIE differ by less than one percent.

The heats of formation of 1,2-dichloroethane and 1,1~
dichloroethane, in the liquid phase, were calculated from their
heats of combustion and found to be =62,1 and -58.4 Kcal/mole
respectively, The value for the carbon-chlorine bond energy given
by Pauling (39) is 78.5 Kcal/mole. The heats of formation of
*CH,CH,C and CH5CHCL are +16.4 Kcal/mole and +20.,1 Kecal/mole
respectively., The 'Gﬂacﬂ Cl is therefore the more stable by about

4
4 Kcal/mole.
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APFENDIX I1I

CONSIDERATIUN OF VARICUS FOSsSIBLL MECHANISMS

The reaction mechanism leading to the formation of ethyl
chloride, which includes the initiation and termination reactions
which have been deemed possible, is as follows:

Initiation by interaction of radiatiom with HCl

klI
HCl —aw— H* + C1' (1)
k,
H* + HCQY —=— H, + c1* {2)
Ky
H* + CH, —> '0235 (3)
K20 .
caas + HQl —==— CJH  +Cl (4)
Initistion by interaction of radiation with ethylene
k, I
GEH# ——~&w——> 02H3 +H (5)
k,
H® + HCQL —=>H, + 1’ (6)
kg
H® + CH —7> czns | (7)
K3a
'can5 + HCQl ——> caas + C1° (8)
k
Gy, + HCL _2 5 C,H, + Cl (9)
Propagation
k
C1” + can,‘ -5 . ‘can,’cl (10)

130,
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caa“u 4+ HCl ———— c?_asc;\ + Cl (11)
Termination
S
Q' + 1 ka 012 (12)
Sk
L+ *CH 0 Nk S C1C,H,C1 (13)
8Ky
‘ClL+H* ——— HC (14)
Skyy
Skyo
023“01 + can,’cl —=> (1 c,’uacl (16)

For the purpose of examining tSc various possible combinations
of reactions, the reaction in which the addition of a chloroethyl
radical to ethylene takes place has been excluded to simplify the
derivations. The rate exprission for ethyl chloride which is obtained
will thus be the rate of formation at HCl concentrations where the
addition reaction is a negligible contributor, Following the method
used by Trotman~Dickenson (38) in his examination of the mechanisms
of the photo-chlorination of unsaturated molecules, two general cases
will be considered. Case I: only HCl decomposition leads to initiation.
Five subcases have been dealt with, each of the termination reactions
in turn being considered to be the main mode of termination.

The second general case is that in which the ethylene is
considered to be the main contributor to the initiation. The same
termination reactioms as in Case I have been considered in the five

subcases.,
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In the derivations, the following symbolism has been used:

x = (C1°%) A = (HCL)
y = ("CH,C1) B = (C,H,)
z = (H")

Cage 1

(a) Termination reaction (12) main contributor to the termination process

. 2
gf =0 = zkle + keBx - k Ay - Skox (1)
nOlka" v (2)
& “add o
(1) + (2) 2k, IA - Skg Lel Sf.xe 2k, IA 1/2
g

. 1/2
. .y' k6B Zklu

kA Skg
1/2
d (canicl) = kB Zk!IA
dt Skg

(b) Termination reaction (13) main contributor to the termination process

= 0= 2k.IA = k Bx + k Ay = Skoxy (1)
& ik < e e = S

=0 = Bx - y = Skoxy (2)
& =0= kb -lgly - Sk

The third term may be neglected as it will be small compared
to the second.
(1) + (2)  2)IA = 28kgxy = 0 4" x = ke, 1A

Sksy

1



subst, in (2)  k, Ik AB -k Ay = 0
o'+ kT AB - Sk8k7Ay2 .0

. 1/2
e » ¥ o= k11k6B
Sk8k7

. 1/2
e ACHG) kg liklxxssjl

dt Sk8k7 =
(¢) Reaction (14) main contributor to the termination process
%-Ozaklu-k68x+k7}\y-$kloxz (1)
&y = 0 = k. Bx - k Ay (2)
ot 6 7
82 = 0 = k IA - k Az = kyBz - Sk, xz (3)
dt
(1) - (3) + (2)
from (3): 2z =_ e Yo %)

kZA + kBB
* o X = 2(k£A . kBB) (5)
%0
subs, (5) in (2) y = EEQB (ggf + kbﬂ)
kA g

d(CZHSCD 2k B (k2A + ij)

“dt - Bicyo
(d) Reaction (15) main contributor to the terminatiorn process
8x = 0 = 2k, IA = k. Bx + k Ay - Sk,.x (1
s %y 6 7 11
&y = 0 = kgBx = koAy (2)

dt

133,
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(1) -(2): 2klIA - Sk.ux = 0 s xm 2k IA

y = kéﬁ ff] IA

k7ASkn
"(‘3235"1) - ZkllksA
dt Skqq

(e) Reaction (16) main contributor to the termination process

s 0 =2k IA » k.Bx + k (1)
& s bl o
2
=0 = k.Bx « k Ay - 8k (2)
% 6 7 127
(1) + (2) 2k11A - Sklaya =0

0.. y a[ZklIA:I 1/2
2

. s | NE
N d(canicn " k7A |:2klm}
dt Sk

12

Case 11
(a) Reaction (12) main contributor to the termination process

2
dx = 0 = 2k,IB = k.Bx + k Ay = Skox (1)
= 4 g ¢ Ry > By
&y = 0 = k. Bx - kAy (2)
= kg 7

i il

1.0 X = [aC“IBJl/a
s

. 1/2
s s ¥ o= k6B 2k N iB
k7A Sk8
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. 1/2
op d(CZHECI) k¢B Zk"IB
dt " Skg

(b) Reaction (13) main contributor to the termination process

dx = 0 = 2k, IB = k Bx + k Ay = Sk xy (1)
= 4 g™t Ny 9

dy = 0 = k. Bx - k. Ay - Sk, xy (2)
e 6 A = By

fhe third term may be neglected as it will be small compared
to the second.
(1) + (@) 2,18 - Skgxy = 0
X = ZkhlB
Skgy

Substitute in (2), disregarding the third term

+". kB 26,IB - kyhy = 0
Skgy

. 2 |1/2
e s ¥ = 2k6k‘+IB

kA kg
.*. d(C.H_C1) 2k k k, 1824 |2
LA | e R
at Sk

(¢) Reaction (14) main contributor to the termination process

-;‘-’é = 0 = 2, IB = keBx + k,By = Sk, xy (1)
% =0 =kBx - k7By (2)
%% =0 =kIB-kihz - kBBz - Sk, Xy (3)

(1) + (2) = (3) k,IB + kAz + ijz =0

o'o ﬂ‘kl’IB

- Zk2A+k335
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fex = Z(kaA + k,B)

L

0

and y = 2k.B (kZA + k3B)

k7A 5k
% d(CgHSCI) i 2k, B (kgi + k33)
dt 5Ky

(d) Reaction (15) main contributor to the termination process

=0 = 2k, IB « k. Bx + k Ay - Sk,.x (1)
% i g™ * Kok 11
ﬂ =0 = k. Bx + k y
x a4
(1) + (2) X = akEIB
8k, o
» 2
. o y = ak‘*Ik6B
Al Sk
a(C_H_C1) 2k, Ik B°
25 L)
dt e Bk,
(e) Reaction (16) main termination:
gx;sﬂaakhm-k63x+k7lly (1)
&y = 0 = kgBx - k Ay - Sklaya (2)
dt
(1) + (2) y= [Zkhlﬁ:l /2
Sk, 4

dt Sk

. 1/2
a( 923201) _ ke A F:hm:]
11
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This is the only mechanism, other than the one which has been
accepted as the mechanism of the reaction (I(b)) which gives & rate
expression for ethyl chleride in agreement with the experimental
results, When the full mechanism was worked out, inciuding the
formation of l-chlorobutane, the rate expression for this product
did not agree with the experimental results as it predicted that

it depended on the square of the HC) concentration at high HCl
concentrations while it was experimentally observed to become

independent of HCL concentration,



APPENDIX IV

A VALUE FOR kll

An absolute value for the rate constant of the initiation
k. I
reaction HC1 ———aék—-—& H® + C1°® has been obtained. This was done
by observing the rate of production of NOCL in irradiated NO-HCL

* aes”r, The validity

mixtures, the value obtained being 4.9 x 10
of transferring the value of kII found in the absence of ethylene,

to systems containing ethylene, fequires some discussion, The
question as to whether or not the presence of the ethylene is leading
to additional initiation must be answered., Since the kinetic
expressions derived from mechanisms which assume that the ethylene
leads to initiation do not agree with the experimental results,

this suggests that initiation resulting from ethylene decomposition
is unimportant,

Irradiation studies on mixtures of ethylene and deuterated
ethylene (24), has shown that essentially all the molecular hydrogen
produced in the radiolysis results from molecular hydrogen split-out.
This observation in itself does not rule out the possibility that
hydrogen atoms are being produced, as any that were produced would
undoubtedly be scavenged by the ethylene to produce ethyl radicals.
The independence of the rate of initiation on ethylene concentration,

however, does give evidence to the fact that the removal of a hydrogen
138.
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atom from an ethylene molecule is a relatively rare event.

If the ethylene is not contributing to the rate of initiation,
the question remains as to whether or not it is preventing some
reaction from taking place which is a significant contributor to the
rate of formation of chlorine atoms in the HCl - NOU system. The
ionization potential of NO is about 4 eV below that of HCl, 1t is
thus quite possible that the presence of the NO in the HCl -~ NO
irradiations leads to the elimination of the ion-molecule reactions
involving HC1', If this is indeed the case, this would indicate
that ion-molecule reactions are not contributing to the rate of
production of chlorine atoms, even in pure HCl, since Lee et al
(40) have found that the G value for hydrogen formation in irradiated
HCl is 8.0, This would predict a G value of 16 for the rate of
production of chlorine atoms which is the value obtained from the
HCl=NO experiments described in this work.

From these considerations, it would appear that all the
chlorine atoms arise by the dissociation of molecules which have been
excited from the ground state to the lowest excited state by the

direct interaction of the radiation.



APPENDIX V

CALCULATION TC SHOW THAT ON ENERGETIC GROUNDS, THE OBSERVED RATE
OF FORMATION OF CHLORLNE ATCMS CAN BE EXPLAINED A5 ARISING SOLELY
FROM THE DISSOCIATION OF EXCITED MOLECULES

The calculation requires the knowledge of the rate of
formation of chlorine atoms, the rate of formation of ions and the
rate of deposition of energy in HCl, The rate of formation of
chlorine atoms at the distant irradiation position used for the ion
current measurements was found to be 6,7 x 10%2 atoms/g/sec. Since
it has been postulated that one dissociation of an HCl molecule leads
to the production of two chlorine atoms, this gives a value of
3.4 x 1012 dissociations/g/sec. for the rate of dissociation of HC1,
ihe rate of dissipation of energy by this process is thus 2.7 x lO13
eV/g/sec., assuming the average value of 8.1 eV for the excitation
energy of HCIl,

Ion current measurements gave a value of 1,98 x 1012 ion
pairs/g/sec. for the rate of production of ion pairs. Assuming that
the majority of the positive ions formed are HCL' ions, this leads to

a value of 2.5 x 1013

eV/g/sec. for the rate of dissipation of energy
by ionization., A recent value of 12,6 eV (41) for the first ionization
potential of HCl has beeﬁ used.

lon current measurements with air gave a value of 1.7 x 1012

ion paira/gair/sec. for the rate of production of ion pairs in air.

140,
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Taking a value of 32.5 eV for wair' this means that the rate of
deposition of energy in the air was 5.5 x 1013 eV/g ; /sec,

Multiplying this value by the stopping power ratio for HCl and air,

HCL
air

deposition of energy in the HCL as 6.4 x 10%? °V/SBCI/°°°‘ Since

obtained from reference 40, (.e = 1,16), gives the rate of

the sum of the rates of dissipation of energy by ionization and
excitation to the lowest excited state is only 5.2 x lOl3 eV/gﬂcl/aee.,
this indicates that it is energetically possible for all the chlorine

atoms to be originating from excited molecule decomposition.,
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