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Chapter I. INTRODUCTION -

A. Hot-Atom Chemistry

Electromagnetic radiation or particles can transfer
momentum to an atom in a molecule. If a sufficiently large
momentum 1is acquired by the atom it will possess a high
translational kinetic energy and will dissociate from its
parent molecule. For example, it 1s calculated in Chapter
II that the Br in CH3Br will recoil and dissoclate from the
molecule if an energy greater than 20.7 ev 1s imparted to
the bromine atom. For this energy, the dissociated atom
will possess 14.7 ev. For bromine atoms to acquire an av-
erage of 14.7 ev of kinetic energy it would be necessary to
heat the atoms to about 1.8 million degrees centigrade.
Hence, such dissociating atoms are frequently called hot-
atoms and the study of the reaction of these atoms with
thermal energy molecules is called hot-atom chemistry.

The simplest way to transfer a large amount of momen-
tum to an atom in a molecule is by a nuclear process. Thus,
either nuclear activation such as (nsvy), (n,p)s (vysn) ac-
tivation or nuclear decay can result in the production of
hot. atoms. The term, chemical effects of nuclear trans-
formations, has become synonomous with hot-atom chemistry.

Atoms produced by photochemical activation have also
been called h:v-atoms. However, the photo-activated atoms

invariably possess kinetic energies which are much less

-1-
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than that acquired in nuclear transformations. The chemical
reactions involving the photo-activated atom are usually sim-
ilar to those found at thermal energies. Hot atoms produced
by nuclear transformation appear to undergo unique reactions
which occur as a result of the very high kinetic energies of
the atom.

For purposes of this dissertation we will be concerned
primarily with hot atoms produced by nuclear transformations
although certain of the chemical reaction mechanisms described

here could also be of importance in photo-chemical reactions.

B. Review of Previous Work

In 1934 Szilard and Chalmers?! observed that a large
fraction of the radioactive I*#® formed by neutron bom-
bardment of liquid ethyl iodide could be extracted by an
equeous solvent. Fermi and his co-workers® interpreted
this observation in terms of the bond rupture caused by
the recoil momenta of the emitfed gamma rays.

Gluckauf and Fay® found that the hot atoms produced
by the Szilard-Chalmers process re-entered into chemical
combination and that the extent of reaction did not depend
on the temperature of the system but did depend on the a-
mount of chemically inert substance added to the system.

These two observations opened the field. Since then
many experiments have been performed, both confirming the
early discoveries and contributing new findings and theories.
The two reviews by Willard®*’® surveyed the advances in the

field through 1955. A short review of the previous work in the
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field which 1s pertinent to this dissertation is given here .

1. Molecular Dissociation Following Nuclear Transformations

Conservation of momentum requires that an atom under-
going a nuclear transformation receive a recoil momentum
equal to the momentum of the electromagnetic wave or par-
ticlé emitted by the atom. The recoil energy thus imparted
to an activated atom is of the order of 100 ev for (n,v!
activation reactions and of the order of 3 ev for betaw=par-
ticle emission.®

For diatomic molecules, Suess” calculated that the in-
fernal energy increase is a function of both the total
coll energy received by the hot atom and the ratio of tro
mass of the non-activated atom to the mass of the hot aton.
For (n,vy) activation, the diatomic molecule can remain ir -
tact following nuclear activation if (1) the hot atom iz
very heavy compared with the mass of the atom to which ¢
is bonded, or (2) the neutron-binding energy is emittod .
not as a single gamma ray, but as a gamma-ray cascade and.
due to partial cancellation of gamma-ray momenta, the net
momentum imparted to the atom is a small fraction of the
maximum possible momentum®*?®,

Wollowing Br?® n,v)Bre®™ activation, Wexler and Davies’
found 1% of the Br®™ retained in the form of ethyl bromid:.
Cobble and Boyd'® observed similar results in the Br”2(:, -
Br®° activation of ¥Br0Os and suggested the use of the ronc.. -
walk model to calculate the extent of partial cancellatic:

of recoil momentum. For a series of alkyl halides,
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Gordus!?!’'2 measured the extent of failure to bbnd—rupture
following (n,7y) activation and found that they were of the
order of 0.1 to 1%. | ﬂ

Wexler and Davies® found that a portion of the activated
iodine and bromine produced by the (n,y) reaction are posi-
tively charged, presumably a result of the internal conversion

of low-energy neutron capture-gamma rays.

2. Hot-Atom Reactions: Experimental Evidence and Proposed
Mechanisms

Hamill and Williams®® found that 13% of the Br®° formed
by (n,vy) activation reacted with gaseous ethyl bromide to form
HBr8° via a one-step hot-atom gaseous reaction:

Br®° + CpoHsBr - CpH4Br- + HBr®°.

It was observed** *® that 54.4% of the I'2® formed by
the I*27(n,vy)I*2® process reacts with gaseous methane to
form CHszI*2%®; 13.3% of (n,y) activated Br®° was found to re-
act®*” with CH4 to yield CHsBr®®. The presence of hot reac-
tions in these two systems was illustrated by the observa-
tions**’17 that inert gases reduce the extent of reaction
with CHa4.

A number of models have been proposed in an attempt to
describe the mechanisms of the hot-atom reaction. Libby
postulated®’1®that the hot atom loses its excess energy by
‘colliding elastically with its neighboring molecules (the
"pilliard ball model") until it reaches an energy low enough
so that a collision will result in a displacement reaction

(the "epithermal reaction" process). This oversimplified
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model is unable to account for the formation in the liquid
phase of products which apparently are formed in two-step
processes. Using this hypothesis, Miller, Grydon, and
Dodson2® and Capron and Oshima®' formulated mathematical
expressions to describe simple hot-atom reaction systems.
Estrup and Wolfgang22 further extended the formulation to
describe systems which include non-reactive moderators.

Their results have .been used to describe the observed inert-
gas moderation of the T + CH4s2, Br + CHe ', and T + CHa'*
systems.

To account for liquid-phase products which must be formed
via two-step processes, Willard* proposed that some of the
hot-atom collisions result in random fragmentation of the
thermal molecules. Because of the complexity of the liquid
phasé, no mathematical formulation of this model has, as yet,

been attempted and results are discussed qualitatively.

C. Purpose of this Study

The hot-atom reaction mechanism may be summarized as

follows:

1. The hot atom (or ion) is formed with a high kinetic
energy and dissociates from its parent molecule.

2. The excess kinetic energy of the hot atom is dis-
sipated in collisions with atoms, molecules, or
atoms in molecules.

3. When the energy of a hot atom reaches a certain

value, the hot atom can, in a single collision,



displace an atom or a radical in a molecule and
enter into stable combination with the remainder
of the molecule.
In this dissertation, attempts are made to formulate
mathematical expressions to describe each step mentioned
above. The validity of these expressions are tested usingv

gas-phase experimental data appearing in the literature.

D. Published Data

Some of the mathematical formulations described in this
thesis have appeared in published journal articles.

"A closed general solution of the probability distribu-
tion function for three-dimensional random-walk processes'

was derived and appeared in The Journal of Chemical Physics,

Volume 34, (1961), page 535. The use of this calculation 1is
discussed in Appendix IT.
"Momentum transfer to an atom in a molecule: internal

excitation and bond-rupture' appeared in The Journal of

Chemical Physics, Volume %6, (1962), page 947, and is dis-
cussed more fully in Chapter II and Appendix III.
"Failure to bond-rupture and nuclear recoil following

(n,y) activation" appeared in The Journal of Chemical Physics,

Volume 36, (1962), page 954 and is discussed in Chapter ITI.



Chapter II. MOMENTUM TRANSFER IN- A MOLECULE

A. General Considerations

Momentum transfer to an isolated atom is a simple problem
in classical mechanics. However, if the dtom which receives
the'impulse is bound chemically, it is not immediately obvious
how the recoil energy becomes distributed among the various
internal energy modes of the molecule.

For a diatomic molecule, Suess” calculated that the internal
energy, Ei’ will be increased by

AE; = ET(Zmi - mN)/Zmi, (1)

where My is the atomic weight of the atom receiving the im-
pulse, Zmi is the molecular weight of the diatomic molecule,
and ET'is the recoil energy acquired by the atom. In general,
ET ==Q?/?mN, where Q is the momentum transferrred to the atom.
For gamma-ray recoil®, E (537 E /m where E_ is in units

T
N in amu, and the gamma ray energy, Ey’ in Mev.

of ev, m
Steinwedel and Jensen®® calculated the fractional dis-
tribution of the internal energy between the vibrational and
rotational modes of a diatomic molecule. In addition, they
considered a quantum-mechanical approach to the problem.
Recently, SvobodaZ®?% discussed the relationship between
rotational excitation and the bond dissociation energy.
Wolfsberg?Ss also included such an effect in his quantum-

mechanical evaluation of the beta-decay recoil-excitation

of C*% labeled ethane.



To calculate the recoil energy required for chemical
bond rupture in a polyatomic molecule it is possible to
utilize a quantum-mechanical approach. However, because of
the uncertainties and assumptions associated with such deriv-
ations, the calculated value would be considered as only a
very rough approximation.

The problem of recoil momentum activation of polyatomic
molecules will be considered in terms of a mechanical model.
The model which is proposed involves only a small number of
well-defined assumptions, and these assumptions, at least for

the simpler molecules, may not invalidate the results.

B. The Model

Consider a molecule as consisting of a group of point
maéses, the atoms linked together by springs. The molecule,
therefore, is not rigid and the atoms in the molecule may
undergo independent constrained motions in addition to the
translational and rotational motions of the molecule. For
a molecule composed of N atoms, 3N coordinates will be re-
quired to describe the molecule in detail. This can be
achieved by first defining a set of coordinates T(%X,7,2)
with the center of gravity of the molecule, G, as the origin.
The coordinates of the center of gravity of the molecule are
ﬁ(X,Y,Z) and the translational motion of the center of gravity
of thé molecule 1s E(X,?,Z)a The orientation of the molecule
in space is usually represented by §(e,¢,g) and, thus, 8 or &

is the angular motion of the molecule about its center of

gravity. In addition, the relative positions of the atoms
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i1 the molecule can be described as ?1(xi, Yy zi) (i - 1 to N)

thus resulting in 3N-0 independent coordinates. Although the
positions, ;1’ describes 3N coordlnates, not all are independ-
ent since (1) the choice of the origin as the center of grav-:

ity results in
—->

Zmir"_.l = 0 (2)

and (2) the translation and rotation of the molecule has been

described by the translation and rotation of the (x,y,z) coor -
...)

dinates, 1i.e. R and 8. Thus, there should be no net angular
momentum with respect to the (x,y,z) coordinates. As a result,

> ->
Zmiai X Vi = 0, (3)

where gi 1s the equilibrium position of the ith atom and 31

1s the vibrational veloclty of the ith atom with reépect to

the molecule.
>
When the framework (X,Y,Z) moves at a velocity, R, and

rotates at an angular velocity, 3, and the atoms simultaneous-
ly vibrate around their equilibrium positions, Zi’ at veloc-

1ties, ??i, then, the space velocity of the ith atom, §i, 1s
Li'— (.L.-f’i.Vin

Hence, the total energy of the molecule is

>
o . -> -> >\ >
Ep = é@mi (R+ o X ry + vi) + V(ri). (4)
g > > > - .
Since l”i = w X l"i + Vi and Zmiri = 0, it can be shown that
-
Zmivi = 0.

Using Ego. (27, (3), and (5), the total energy of the

system is



_ P 1 > -> e >
En %-Zmi R® + & Zmy (5 x ri) (o x ri)
2 > -> -> >
+ -ii-Zmiv:.L + & - Zmy (pi X Vi) + V(ri), (6)
-> > >
where p, = r, - a; 1s the displacement of the 1th atom and

V(?i) is the potential energy of the molecule.

The first term on the right-hand side of Eq. (6) is the
translational energy of the molecule, the second term is the
rotational energy, the third term is the vibrational energy,
the fourth term is the rotational and vibrational coupling,
and the last term is the potential energy of the molecule.

On averaging, it is found that ?i i1s approximately equal
to 31 and that Ei approaches zero; hence, the internal energy
may be approximated by

Eype = E3m (6 xa,) ¢ (6 x3))

+ é—Zmivig + V(gi). (1)

If an atom in a molecule suddenly experiences a mechanical
recoill and if the recoil energy is very large compared with
the thermal motion of the molecule, then the total energy in-

crease 1is

B .5 -> > L >
AE, = + R m, -é—Zmi (0 % ri) (5 % ri)
> > _ >
+ é—Zmivi + V(ri) V(ai)o (8)

The total internal-energy increase is

?i) + % Sm.v.2 + v(7,)

-> > >
AEint = é—Zmi (o X (o X A 1

i)
- V(Zi). (9)
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1. Vibrational and Rotational Energy Separation

Let us now examine the potential-energy change
[V(;i) - V(gi)]' This change can result from both the vi-
brational and rotational motions. The vibrational effect
on the potential energy is obvious. The rotational effect
on the potential energy can be described as follows. When
a molecule is rotating about its center of grav1ty, centri-
fugal forces develop stresses in the chemical bonds and,
congequently, the bonds are stretched inelastically from
their original equilibrium positions, Zi’ to new equilibrium

positions, g This results in a rotational potential -energy

i

change of [V(gi) - v(a,)]. The total potential energy change

)
may be rewritten as [V(?i) - V(gi)] + [V(gi) - V(gi)] where
[V(;i) - V(g.)], therefore, is the vibrational potential -energy
change. Thus, the total internal-energy change, AE nt? can
be divided into two parts: that resulting from the rotational-
energy change, AEr’ and that resulting from the vibrational-
energy change, AEV, where

AE, =% 3m, (& x 7)) - (@ x 7)) + v(b,) - V(&) (10)

and

AE = % m v,Z o+ V(?i) —V(Bi), (11)

Assuming that the atoms vibrate as simple harmonic oscil -
lators around their equilibrium positions, gi’ the vibra -

tional-energy change becomes

=+ Zmyv_,® (12)

where 301 is the vibrational velocity of ith atom at its

equilibrium location gi'
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2. Momentum Excitation in Each Bond

Equations (10) and (12) represent the total vibrational
and rotational-energy changes due to an impulse, 3, received
by an atom, N. Although this sudden impulse, 6, will excite
principally those bonds which l1ink atom N to the'remainder of
fhe molecule, it will also cause some excitation in the other
bonds in the molecule. 1In order to be able to calculate the
impulse required to rupture a particular bond, it is necessary
to express AEr and AEV as sums of the energy changes in each
bond. The resulting expressions will depend upon the mole-
cular configurations.

Let us consider a molecule which consists of a center
atom, C, and (1-1) remaining atoms [1,2,..005sc00.(1-1)]
which are joined only to atom C. [Typical examples of such
compounds are: CHsBr where the Br receives the impulse, PCls
where the Cl receives the impulse, CHzCHzBr where the Br re-
ceives theﬁimpulse and the CHs is considered as a point mass.
If the carbon in a compound such as CHaBr receives the impulse,
a slight modification of the final result is needed.] We de-
fine the bond which connects atoms C and J as J and define
the vibrational and rotational-induced energy changes asso-

ciated with this bond as AEVJ and AE ., respectively.

rj

3. Vibrational-Energy Contribution

Using Eqs. (5) and (12), the vibrational-energy con-

tribution is found to be
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i-1" i-1

A _ _ 1 - > L2 2
Bp= 20 M= 2 omyVoyt (Vgg - Vec) (33)
j=l J=1
Hence, the vibﬂational—energy change in bond j is
> ->
é—mj of (VOj —-voC). (14)

., Rotational-Energy Contribution

The rotational-energy change is separated on the basis
that the rotational excitation of the chemical bonds is due
to the centrifugal stresses developed in the bonds.

The centrifugal forces associated with atbms J and C are
ﬁj = mjwz?j and ﬁC = mdmg?co However, ﬁC = —Z ﬁjo Hence, the
centrifugal force can be resolved into —ﬁ components (3=1 to
j = 1-1). The stress in bond J will be due to the centrifugal

force, F,, on the Jth atom and a portion of the centrifugal

3’
force of the atom C —ﬁj. Depicted in Fig. 1 are the forces
acting on the bond, Jj, where G is the center of gravity and
aj is the angle between.Gj and Cj.

The vector, ﬁj’ is next resolved into two components: FS1
is in the direction of bond j and will cause a stretching vi-
bration of the bond; Fbj is perpendicular to the bond j and

will cause a bending vibration in the bond. Using a simple

valence-force approximation for the potential, we have

F . =2F, cos a, = k_, . 1
SJ J J Sd 6SJ (15)
and ¢
F., =2F, sin o, = k, . . 1
bJ J J b3 Oby’ (16)
where ksj is the stretching-force constant, kbj’ the bending-—

force constant,; 6sj is the elongation of the bond J due to

the stretching force st, and 6 Ib - gC |Gj where Gj is
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the angle through which the bond is deflected due tovaj.

The energy deposited in the bond due to stretching is
- 2., 2.4 2
Esj 2mj r %0 (cos aﬁ/ksj (17)
The energy deposited in the bond as a result of bending can

be obtained in a similar manner. Thus, the total energy de-

posited in the bond due to rotation is

o2 2
sin®a, N cos ai
Erj = QmJZPJZw4 K K ) (18)
bJ 8J

The energies deposited in other bonds can be calculated in a

similar manner. The fraction of the rotational energy, fj’

deposited in the bond j is

i-2
£, = Erj/j.zl By, (19)

The rotational energy change which is effective in the

excitation of the bond j is

-> >
AErj = fj AEP = fj éZmi (b % r

) @xr) + By - wE,

(20)

5. Potential-Energy Change Due to Inelastic Stretching

The potential-energy change of the bond j due to the
rotation of the molecule can be approximated by [V(dej)

V(doj)] where d_. and dej are the jth bond distances before

oJ

and after inelastic stretching. Using a quadratic function,

V(dj) = v(d_.) —%—ksj (c1J - dg

o3 (21)

)2 - VPJ’

where ij is the potential-energy change due to rotation of

J

the molecule. As a result of conservation of angular momentum,



Figure 1.

Centrifugal forces effecting the C-j bond.

_g-[_
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— 2 2 2
ij = é—mj (w aj) (cos aj) (aj/%j) . (22)
For a small change, (rj/aj) may be approximated by (dj/doj)’

Hence, from Eq. (21), the potential energy of the bond is

v(d,) =Vv(d.,) -+ k_.(d, -d_,)% - &m, )8 2a, 2,
(dy) (dog) - F kg ldy - dyy)® - 2my(way)®(cos®ay) (a,,/d,)
(23)
The new equilibrium distance, dej,‘is determined by
(BV(dJ.)/BdJ)d 4 = O which results in
J ed
a _ 2 2 2 3 _
ksj(dej doj) mj(maj) (cos aj)(dOJ /deJ ) = 0. (24%)
Combining Egs. (20), (23), and (24),
|4 2d .
_ > -> —> -> o 2 eJ _ ejJ _
AErj &-ijmi(w X ri)a(m X ri) -é—ksjdoj T T 1,
0J 0J
(25)
and the total energy increase in bond j is AEj = AEVJ +-AEPJ,

which is obtained from Egs. (1%4) and (25).

6. Rotational and Vibrational Excitations in a Molecule

If a momentum impulse, Q, were acquired by an atom, N,
in a time-period so short that during that period it was not
transmitted to the remainder of the molecule, then, §ﬁ =
(a/mN) + Sy where d§N is the velocity of the atom, N, be-
fore acquiring the impulse and §ﬁ the velocity following the
impulse. Thus, O§i ~ §i for 1 # N. If the impulse, Q, is
large compared to the momentum associated with the atoms of
a thermal-energy molecule, then, § N = a/mN and §iz 0O for
i #N. From conservation of momentum and the definition of

space velocity,



- -> —>_6 6 __Zmi_mN
® X T+ vy = ﬁﬁ - = my iy g . (26)

The first term on the left-hand side of Eq. (26) describes the

rotational effect and $N’

the vibrational effect of a on
the Nth atom.

We may resolve 3 into a component, aﬁ, which is per-
pendicular to ;N and results in a rotation of the molecule
and into a component 6V’ which will be in a random direction
and will result in a vibration in the molecule which is de-
pendent on the strength of the bonds and the moments of in-
ertia.

Equation (26) can be separated into

2m, -m
i N
& X Ty = §R (27)
m. 2 m,
N i
and S m. - m
N i N
vy = —————— Gy . ' (28)
N m.. 2 m v
N i

Realizing that there exists the relationships: ;ﬁ.l.g and

>

Iy 1.3h, it follows that
. 2 RN 5@ X ;ﬁ
o = my = my ry® ) (29)
For k # N,
5> dy 4 2my -my (G x ?N) X Ty (30)
Tk T T Z my o3 my ) my T my PN2

Consequently, the internal-energy increase in bond N is



> >
N 2 m, My ] (QyGg) [myrf - (2 my my) (P -Fy)]
AE . = +
N m..> m QV
N© Ui b3 mir§
=my -my (P 0 G (Fy Gy
+ . . (31)
2 m:.L rN

In order to resolve @ into 5R and av we define the mole-
cular coordinate system (x,y,z) choosing the center-of-mass,
G, as the origin, and placing the bond N parallel to the z

.9 .
axis. The vector Q is resolved into Qy’ Qt’ and Qr’ where
Qy is parallel to the y axis, Qt is on the plane xz and is

perpendicular to 7 and Qr is in the direction of ? . Since

N N

Qr passes through the center of mass G, it will not affect

the rotation of the molecule. Qy will cause both a bending
vibration of bond N and a rotation of the molecule, parti-
cularly in x- and z- directions, i.e. wx and W, - Qt will

also cause both a bending and a stretching vibration of bond N
as well as a rotation in y-direction, my, Let us write

% " Gy

and

3

%

where va and Q. are momenta effective in the vibration of

Qtv + Qtr
the bond N, and er and Qtr are momenta effective in the

rotation of the molecule. We define the constants as given:

vaz erz
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Upon averaging we obtain

2 — 1 2
Q> == (L +F +F ) Q

yv
and
.3 - * +1 o2
<6V QR>Av _-&-[(Fvayr) t (Ftthr) ] Q
02 - <02 = <02 = 102
based on the fact that <Q >, <Q,y>AV = <Qg>p, = 39

->

Defining as <y the angle between ; and Ty

c the vibrational-

energy increase in bond N is

<LE v

' ;  |2m, -m f ' &
Q2 i N - - i
%-EE [-Z " :}[1+Fyv+Ftv+ [(Fvayr) + (Ftthr) ]

ST

Ta
. mN—(Zmi-mN)Fﬁ—cosy
x & : 0 (34)
2 m,
i
It can be shown that when PN = aN;
- _ a2 s 2
] 2 mi N Q2 Fyr cos aN ( )
<o >,., = (3 ) 25
x “Av m P
L z my N my ay
o N - 2
] 2 my - My o Fep 56)
<w,, > = ( ) s
YW L gm ] VW T ay?
- -2 7 2
2 mi - ‘yrSin aN
<@,y = 1 (55%) — (57)
2 my, N My 8y




and
o>y = o>y = <we>, = 0. - (38)
Also,
2
o B Qz > m__.L - mN Fyr + Ftr
<w=>, = . S (39)
Av 3 m : 2
N 2 m. m,, a
i N °N

The total internal energy change in bond N will therefore be

2 m, - m
o Q® ! N
LE v = ¥ g (40a)
N- 2 m, _
: : ~ i
where : aC
3 i S PR [(F,,F )24 )%]mN—(Zmi_mN)% o
= {—— |1+ + + F +(F,__F
Sm. - m yv T tv yvoyr tv tr Sm
i N i
2 2
L. Fyr(Ixxcos ay +I,,sin aN) + FtrIyy
N m,.a, >
N™N
a1z i d Sm, - m
N oN i N
- (F._ + F,_ )cos2a, |22 2 - (40b)
yr tr N deN deN Bzmi

T. Estimation of Constants

Consider Qt acting on the atom as depicted in Fig. 2.
As 'a result of Qtr’ the molecule will rotate; the inertia
opposing rotation is Iyy“ As a result of Qtv the molecule
will vibrate. The bond N will stretch and bend as a result

of Qtvsina and QtvcosaN, respectively. If 6S is the max-

N N
imum elongation of bond N due to Qtv sinaN, energy balance gives
Q.. 2 sin® B 2
tv T = kg By
N

Similarly,
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.pd q..Houom?EﬁucmEos ayy mo‘QOﬁpﬁﬁomom ‘2 u&swﬂm




\Y% N 2
= kpy Oy

The degree of difficulty in deforming a bond increases as

4 mN’ 6sN’ and GbN increase. Let us assume that the deform-
ation inertia opposing Qtv is
2 2 2
cos
m(8,,F + 6% = Q2 . Siz | . Q};" ,
o = ’ LN sN tN
where
-3 {00 2
1 B cos Qg sin Oy .
k- T Tkt TE (4L
tN bN : sN

The total inertia that 1s opposing Qt is therefore

2
I+ v

vy Ken

The fraction of inertia that 1s opposing Q should also be
tr

the fraction of Q@  that 1s assoclated with Q. Thus

B VA 22 (42)
Qy? Q.

T 4 e

¥y Ky

Solving Eq. (42) for Qy? it is found that
_ . , 4 |
o Ttv Q{utfé'{[l + (1+u5)é'Ié.+ [1 - (1+ut)%'] (43)

F = e—— =
tv Qt

where U, = N VY . In a similar manner,
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: . | P %
Fyv.é, _ _%, - -&(:uy)?’ { [1 + (1—+uy)‘l'] + [1 - (l+uy)%] ;4)

2 2
_ . bk (I ,c08%ay + I, sin ay)
where u, = : .

v - 9Q®

C. .Fallure to Bond-Rupture

When <AE,\>, attains the value of the dissociation

energy of bond N,{EBN, bond rupture results. Rearranging

Eq. (40), the momentum required for bond rupture defined
as Q° will be

. .
: 2
Q° = 6mNEBN \ z my ,
2 *2 *
: (Fyr + Ftr) cosZay (B -_dN,(z - dN)j Zmg - my
| (45)
. *
where dy = doN/deN and (46)
: Zm
B = e — 1 [ 1+ By, + F
(Fyrthr) cosZay | Imy -my
‘ EQ_ cosy
) ; my - (Zmi-mN)aN
+ [(FyVFyr) + (Ftthr) ] Zm1
2 2
Y5 Fyr(Ixxcos ay + I,,sin aN) + ?trlyy
‘N ' m.a.2 * (47)
NN
From Egs. (24) and (45), B can also be evaluated in
terms of the expression: |
*\ 4
B - 2Egy (dy) +oarE(2 - ab). (48)

2 *
Koy~ (1 - dp)



In the particular case where the atom receives a gamma-
ray momentum impulse, the energy of the gamma ray required
for bond-rupture is E; = Q°c, where c¢ is the veldcity of

light.

D. Calculation of Q°

To calculate the recoil momentum required for bond-
‘rupture, a method of successive approximations could be
used. The steps are : (1) calculating Iex? Iyy’ I,

COS Qs and cos <y for each molecule using bond-distance
and bond-angle data, (2) assuming a value of Q°, (3) cal-

culating uy, u and consequently, F_, F__, F F__, and

t’ yr’ “yv’ Ttr’ Ttv
B using the assumed value of Q° and Egs. (43), (44), and
* 4
(47), (%) solving for dy in Eq. (48) using the value of B
obtained in step (3), (5) calculating Q° by substituting

the calculated values of F.__, F

yor Fips Bs and a% into Eq. (45)

N
and comparing with the assumed value of Q°.

To avoid these lengthy calculations generalized plots
were prepared of gsome of the variables. These plots are
discussed and sample calculations are_given in Appendix IITI.

The minimum net recoil energies, E% = (Q°)2/2mN, re-
quired for bond-rupture were calculated for a series of
halomethanes and are listed in Table I. It is noted that,
in general, the heavier the mass of the radical attached to
the activated atom, the smaller the net recoil energy re-
quired for bond rupture.

Also presented in Table I, as a percent of E%, are the

rotational and the vibrational-excitation energies receilved



N
U1
i

by the bond (E_._ = E; + E;). For a diatomic molecule,

BN
Steinwedel and Jensen®® have shown that EV/(EV + Er)

/3.
Typical values of this quantity for the compounds in Table I
are: CHgBr - 0.79, CDsBr - 0.84, CFgBr - 0.98, CClsBr - 1.00,
CBry - 1.00. It is seen that the heavier the radical attached
to the activated atom, the more unlikely is rotational excita-
tion. This is to be expected since (1) an increase in mole-
cular weight is accompanied by an increase in the moments of
inertia and (2) the bending-force constants for similar
carbon-halogen bonds do not change appreciably. The net
result is that, with increased molecular weight, rotation be-
comes more difficult compared with vibration of the molecule.

The fraction of the internal energy, $°, received by
the bond which joins the activated atom to the molecule is
given in Table I for values of E% for each molecule. For
these molecules, the average value of §° is 0.80. This value
can serve as a means for predicting the energy E% required for
bond-dissociation. Thus, on the average, E% = EBN Zmr/q§.8o
X (Zmi - mNﬂ,

It is interesting to compare §° values for a series of
structurally similar molecules. For the series: CHaBr, CDsBr,;
CFsBr, CClsBr, CBrs, the $° values are 0.895, 0.860, 0.819,
0.874, and 0.9%6, respectively. It may appear surprising
that the $° values should first decrease and then increase.
This is due to a combination of effects:(1) when the radical
attached to the activated atom is of low molecular weight,

it responds approximately as a point mass. As the molecular
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Table I. Minimum Energy Required and Energy Distribution
for Carbon-Halogen Bond Rupturea°

c b By Ey Ex o
ompound — % L 4 %
ev B Ed
CHaI 27.29 6.63 1.94 0.818
CDsI 23 .86 8.00 1.80 0.795
CFsI 8.34 23.61 1.57 0.719
CHz Iz 5.52 36.79 0.02 0.700
CaHsI 20,41 9.47 1.60 0.599
i-CgHrI 12.97 13.92 2.81 0.665
n-CsH-I 12.76 13.39 2.28 0.623%
CHsBr 20.74 11.12 3.01 0.895
CDsBr 18.54 1%.19 2.61 0.860
CFaBr 7.38 37.29 0.64 0.819
CClsBr 4.06 52.18 0.02 0.874
CHzBrz 6.14 41.83 0.02 0.775
CF2Bra 4.90° 53 .06 0.02 0.858
CClzBrs 3.64° 58.23% 0.00 0.868
CHC1Brs 4,93C 51.70 0.02 0.839
CHBrs 4,76 56 .09 0.00 0.820
CBra 2,98 71.04 0.00 0.9%6
CzHsBr 15.14 16.00 2.63 0.700
1,1-C2H4Bro 5.78° 46 .69 0.02 0.813
CHsC1 14.68 20.72 3,06 0.840
CDsC1 1%.26 23%.93 2.38 0.819
CFaCl 6.14 56.05 0.17 0.872
CHF2C1 7.13° 45.76 0.26 0.803
CHoClz 7.45  142.80 0.00 0.757
CF2Clz 5.63 59.66 0.00 0.862
CHCls 5.16 56 .04 0.00 0.81%4
CFCls 5.21 62.99 0.00 0.864
CCla 4,6 66.11 0.00 0.873
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Table I. (Con't.)

. E& Ez E;
Compoundb oy E: % g: % g°

T T
CH. 6.78 64.06  1.13 0.696
CD. 6.91 61.84 2.12 0.711
CFHs 5.30 83.31 0.09 0.858
CFaHs 4,81 91.89 0.00 0.938
CFsH 4,74 93.25 0.00 0.943
CF4 9.33 65.38 1.07 0.847
CHF s 9.15 54.17 1.02 0.757
CHaF» 9.90 47 .60 1.29 0.771
CHaF 13.50 28.94 5.4% 0.779
CHaT" 2.18 67 .41 1.40 0.837
CoHsT ' 1.79 83.71 0.09 0.925
n-CaH,T" 1.66 90.36 0.00 0.966
1-CaHyT" 1.69 88.76 0.00 0.950
HaCY4HaN 3.75 49.93 1.00 0.866

& The bond-dissociation energy, EBN
b

The dissociating atom is the last element listed in the
formula.

= E° + E°.
r v

c .
Based on estimated EBN“



weight of the radical increases (for constant E it appears

»
less 1like a point-mass radical and the energy absorbéd as
internal energy of the radical increases. Hence, T de-
creases. (2) When the mass of the radical increases, E%
decreases since the factor that principally affects the
energy transferred into internal energy, (Zmi—mN)/ Zmi,
becomes larger. Due to the smaller recoil momentum acquired
by the whole molecule, the internal energy received by the

radical will be small. The radical again begins to approxi-

mate a point mass and F° increases.

E. Summary

A molecule is visualized as being composed of a group
of point-mass atoms joined together by springs. When one
of the atoms in the molecule receives a momentum impulse, Q,
the atom will dissociate from fthe molecule if Q Z Q°. An
equation is derived relating Q° to the bond energy, bond
angles and distanceé, and the masseg of the aﬁoms in the
molecule.

In deriving this expression, two major assumptions are
made. They are

1. The rotational and vibrational motions of the

molecule are independenﬁ and can therefore be
separated.

2. The momentum impulse is acquired by the atom in

a time period which is short compared with the
time required for the dissociation of the atom.

This dissociation time is probably of the order of
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107** sec., the time required for one vibration.
This is, perhaps, the most crucial assumption,
leading to the approximation that the atoms other
than the reoiling atom do not experience an in-
crease 1in space velocity. It is not obvious how
to correct for this effect since the time sequence
of momentum transfer through the molecule is not
known. Since some intramolecular momentum transfer
undoubtedly does occur, the calculated values of Q°
must, of necessity, be low. The extent of correction
needed to correct for this effect would probably de-
pend upon the complexity of the molecule. Thus, for
recoiling Br, Q° for CHsBr could be closer to the
correct value than would Q° for CsHsBr. Similarly,
Q° for i-CsH7I could be more correct than Q° for
n-CaH7I since, in the latter compound, the atoms,
on the average, afe separated from the recoiling
lodine by a larger number of chemical bonds.

The various data used in calculating the values given in

Table I are given in Appendix I. A simple calculation of

E% is given in Appendix IIT where CsHsBr is used as the

example.



Chapter III. THE APPLICATION OF THE MOMENTUM TRANSFER TO
FATLURE TO BOND-RUPTURE

A. Molecular Dissociations following the (n,y) Reactions

In the preceding chapter a method is proposed for cal-
culating the increase in internal energy of a polyatomic
molecule.

If a single gamma ray, of the order of 6 Mev energy,
is emitted by an atom it would be expected that the activated
atom would always rupture from its parent compound. The
only exception would be, perhaps, the case where the acti-
vated atom was bonded to an atom of small atomic weight, as;
for example, in the hydrogen halides. However, indirect ex-
perimental evidence*® indicated that in the (n,7vy) activation
of gaseous CzHsI, of the order of 1% of the I'2® did not rup-
ture from the parent molecule.

Such failure to bond-rupture can be explained. In (nsvy)
activation, and particularly in the activation of the halogens,
the neutron-binding energy is released most frequently not as
a single gamma quantum, but as a gamma-ray cascade. Because
of partial cancellation of gamma-ray momenta, some of the
atoms could receive a net-recoil momentum which 1s less than
that required for bcnd rupture.

If the complete neutron capture - gamma ray cascade
spectrum is known, and if there are no angular correlations
between the gamma rays, then, using the method of random

26227 the net gamma-ray momentum probabilities can be

walks,
calculated. (Such a calculation has been performed for the

-30-
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G1®%(n,vy)C1%® process.2®) TIn addition, if the net gamma-ray
momentum required for bond rupture can be calculated, then
1t is possible to predict the percent of the activated atoms

which will fail to rupture from their parent compound.

1. Results

Let us assume that the I'®® or Br®° splits from a mole-
cule only if it receives a net gamma-ray momentum sufficient
to cause carbon-halogen bond rupture. Then for a series of
molecules, ; plot of the percent failure to bond-rupture vs.
the calculated net gamma-ray energy required for bond rupture
should be identical with a plot of the gamma-ray energy prob-
ability vs. the net gamma-ray energy.

Since, for these isotopes, the neutron capture-gamma
ray data are inadequate to permit calculating the probabil-
ities, the latter plot cannot be obtained. However, the
general shape of the probability curve will, perhaps, be
similar to that calculated for the €1°°(n,y)C1%® process .28

Listed in Table II are the literature values of the
percent of halogen activity found in the organic phase,’?2
and the net gamma-ray energy required for bond rupture,

B} = (Ep m/ 537 ).

Presented in Figures 3 and 4 are the observed I'28 gnd
Br8° as organic as a function of the fractional gamma-ray
is the neutron binding energy

energy, E; / E where E_

max’ ax
and equals 6.6 Mev for I'28 gnd 7.3 Mev for Br8°. The.
dashed curve is the lower-energy portion of the probability

VS . E7 /8.5 Mev curve for the C135(n,vy)C13® process. This



TABLE IT

Calculated Net Gamma-Ray Energy Required for BondQRupture
and the Percent of Failure to Bond-Rupture.

<5, b Fevoent of Maloeen
CHaBr 1.76 0.25
CDsBr 1.66 0.20
CHoBra 0.959 0.115
CFsBr 1.05 0.105
CFa2Brs 0.855 0.093
CHC1Br» 0.852 0.087
CClsBr 0.779 0.066
CHBrs 0.84% 0 .048
CBrs 0.667 0.0%1
CoHsBr 1.52 0.33
1,1-C2H4Brs 0.941 0.173%
CHaT 2.3%9 1.09
CDaI 2.2k 0.68
CFsT 1.%% 0.12
CHoIs 1.08 0.068
CoHsI 2,12 0.82
n-CaH7 I 1.7% 0.66
1-CaHrI 1.61 0.30

& The atom receiving the gamma-ray impulse and dissociating

is the last element 1isted in the formula.
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curve differs slightly from that presented in Ref. 26 in
that recent data 2% are included in the random-walk

calculation.

2. Discussion

The data presented in Figs. 3 and 4 appear to describe
a function characteristic of the energy distribution asso-
ciated with (n,y) activation. However, there is no assurance
that the E; energies ascribed to the compounds actually cor-
respond to the net gamma-ray energies required for dissociation.
It could be due to the fact that the formation of ionized or
electronically excited halogen is not taken into account.
It is known® that at least 18% of Br 2° and 50% of IZ8
formed by (n,7vy) activation is positively charged. Such
positive charge probably results from the internal conversion
of low-energy gamma-rays resulting from cascade-gamma emission.
If a positively charged alkyl-halide molecule is produced,
two possible modes of dissociation are RX+ > R + X+ and RX+ >
R+ + X. For most alkyl halides, the first process requires
the larger amount of energy. If the energy imparted to the
halogen is less than that required for the first process, but
greater than that required for the second, then the molecule
could remain intact until internal electronic rearrangement
occurs. The value of E; required for bond rupture of the
positively charged molecule differs from that required for
the neutral molecule. For example; E; = 2.77 Mev for CH31+ -
CH3+ + I and 2.55 Mev for neutral CHsI. For CHsBr'+ -> CH3+ +

Br and CHsBr, E; = 1.57 and 1.76 Mev respectively.
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Unfortunately, the ionization potential of many of the radicals
are not available. Thus, it is not possible to determine
whether the data would approximate a smoother curve if ioni-
zation effects were taken intc account.

For gamma-cascade emission involving, perhaps, more than
three or four gamma-ray quanta another problem.arises° It is
possible, in such cascade processes, that molecular dissocia-
fion occurs before all cascade-gamma rays are emitted. In
order to determine the importance of this effect it is neces-
sary to have knowledge of the lifetimes of intermediate nuclear
states. Such information is not avalillable, although i1t can be
estimated®®’2° that the lifetimes may be of the order of 10 5
to 107 ** sec.

Since vibrational times are of the order of 10 ** sec.,
the number of gamma rays effecting dissociation may be less
than the total number of gamma rays emitted by the nucleus.

As a result, the gamma-ray energy-probability distribution
which must be evaluated would differ from that calculated for
the complete cascade processes, although this distribution
would again represent a smooth rising curve. However, if,
because of the differences in vibrational times, the number
of gamma rays effecting dissociation vary from compound to
compound, separate distribution curves would be required for
each molecule and the experimental failure to bond-rupture
data would not necessarily be expected to approximate a
smooth rising curve. |

From the above discussion it is apparent that it is not
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possible to calculate unambiguously either the gammaifay
recoil energy necessary for bond rupture or the recoil-
energy distribution associated with the atoms prior to
dissociation.

a. Higher Alkyl Halides Because of the assumption that the

space velocities of the non-recoiling atoms are the same, it
is not surprising that the data for alkyl halides containing
more than one carbon atom if plotted in Figs. 3 and 4 would
not approximate the same curve as that for the methyl halides.
The greater the number of bonds separating an atom in a
molecule from the atom receiving the recoil, the less effect-
ed will be the non-recoiling atom. Thus, a fraction of the
energy could be deposited in the C-C bond. If it were possi-
ble to correct for this effect, the calculated E; values
would be numerically larger and the data for CzHsI, n-CaHzI,
i-CsH7I, CzHsBr, and 1,1-CoH4Brs would probably be more in
accord with the data for the methyl halides.

b. C1® Recoil Lacking any other means of comparison, the

normalized, calculated C13%%(n,vy)C13® gamma-ray probability
curve was also plotted in Figso 3 and 4. There is no reason
to éxpect the Br®° and I'2® data to be in agreement with the
ClSé curve. This calculated curve serves only to indicate
the general shape of the probability distribution curve
associated with a gamma-recolil process which involves fair-
ly complex gamma-ray cascades. However, the fact that the
experimental data do approximate a smooth rising curve

similar to that of C1%° would suggest that the (n,y) fail-



ure to bond—fupture is due to the partial cancellation of

gamma-ray momenta.

5. Diatomic Molecules

The gamma-ray recoil energy, E;, required for bond
rupture of a diatomic molecule may be calculated exactly
according to Eg. (2) since AE; = Egys

80 _ ° _ ) 128 _
energy. For Br®°-Br, Ev/Emax OolQ6, for I I, the value

the bond-dissociation

is 0.095. Referring to Figs. 1 and 2, it is seen that the
expected extents of failure to bond-rupture would be approxi-
mately 0.05 and 0.02 percent respectively. For the hydrogen
halides, E;/EmaX would be much greater than that included in

the range of data given in Figs. 3 and 4.

B. Molecular Dissociation by Beta-Decay Recoll

In beta decay, if it is assumed that there is no angular
correlation between the emitted beta particle and the neutrino,

then the recoil energy, E imparted to the product isotope

T,
is3?t:

E., = 140 [(W& - 1) + (W

T - W)‘?‘]/mN (49)

m

T
beta-ray rest-mass energy equivalent: moe?2, Wm is the maximum

where E, 1s in ev, W 1s the beta-ray energy in units of the

beta-ray energy in this dimensionless form, and My is the

mass in amu of the product isotope.

Using published carbon-14 and tritium beta-ray energy

spectra®2’33, the energy, Ej imparted to the N'% or He3 was

calculated as a function of the probability, P(ET), that the

imparted energy is §I%¢ These data are given in Figs. 5
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Figure 5. P(ET) vs Ep for Cl% peta decay
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and 6. For N'% and He®, the maximum values of E_. are 6.08

T
and'3.35 ev respectively.

The expected C'* and H® beta-recoil failure to bond-
rupture was calculated for a number of gaseous molecules
for which experimental data were available. In performing
the calculations, the influence of electronic excitation on
the bond-dissociation energy was estimated using, as a guide,
the Franck-Condon principle and the Morse potential function.
The value of E% was then calculated and'the probability of
acquiring less than this value was determined directly from
the beta-ray recoil energy probability graph. In the case
of the C'* decay of CaHs to yield CHsNHz s insufficient data
were avallable in the literature to predict the effect of
electronic excitation on the bond-dissociation energy. For

o

this molecule, ET was calculated assuming that the CH3NH2+

o

T
corresponding probability value was obtained and this latter

was not electronically excited. TUsing this E; value, the
value multiplied by the probability that a 1322s2p3 carbon
atom becomes a 1s22s2p® positive nitrogen®> This product
is the expected C-N failure to bond-rupture.

These data are given in Table III and further discussions

of these methods are presented below.

1. HT and To

Using a modified mass spectrometer, Wexler determined
that 89.5% of the (H-He3)+ product of HT and 94.5 % of the
- (T~He®)™ product of T» remained bound during the 10 % sec.

transit time of the spectrometer3*. He suggested that the
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Table III. Minimum Energy Required for Bond Rupture
Parent E% 5° % non-rupture
Compound ev Calc. Exp.

HT a 1.0 a 89.53%

TT a 1.0 a 9k .5%%

CH3T 0.070 0.84 1.5 0.235

C2HsT 0.059 0.93% 1.1 0.2%8

CHsCHoCHoT 0.055 0.97 0.9 0.2%7

CH3CHTCHs 0.056 0.95 1.0 0.237

Cr40s 3.06-3.82 0.85 T73-87 81 3%

Cot*He 3.75 0.87 69 56 38239

a

Refer to text for calculated values.
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greater stability of (THeS)+ was due pfihcipally to the
slight difference in zero-point Vibrafional energies as
well as the larger vibrational amplitude of (THe3)+° The
following explanation appears to explain the observations
more satisfactorily.

The potential curves for the ground state HT and Ts
molecules (curve A), the excited ionic state HHe+ and THe+
ions (curve B), and the ground ionic state HeH+ and He'I‘+
ions (curve C) are given in Fig. 7. Immediately following
beta-particle emission, the positive charge should reside
on the helium and a transition from A to‘B should result.

If the molecule-ion remained in this state, vibrational dis-
sociation would result and the failure to bond-rupture would
be 0%. Since a large fraction of the ions are stable for
periods much longer than a vibrational period of 10 '“4sec.,
fransitions from B to C must frequently occur. This implies
that the charge-transfer rate exceeds the molecular-vibra-
tional rate.

If the charge-transfer process is much faster than the
vibrational rate, all ioﬁs would undergo a transition to
cufve C, Dissociation would theh occur if the recoil energy
exceeded that required for bond rupture. Since the amount
of energy required for the dissociation of HeH% is twicea
that required for HeT+, the failure to bond-rupture of HBH%

should be greater than that of HeT+ in contradiction of the
a

. . o _ _ o _
For a diatomic molecule, Ep = EBNZmi/(Zmi mN)° Thus, Ej
D)

BN 7.28 ev for ground-state HeH dissociation and E
2 EBN 3.46 ev for ground state HeT dissociation. A

HeH" bond energy of 1.82 was assumed*©®.

o_

T
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Figure 7. Electronic excitation of HT in tritium beta-decay.
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experimental observations.

The data are explained if it is assumed that the charge-
transfer rate is only slightly greater than the vibrational
rate. Under these conditions most of the ions will undergo
a transition from B to C. Since the vibrational frequency
of HHe+ is aboutVV2 times as great as that of THe+ it would
be expected that a larger fraction of HHé+ would be able to
dissociate prior to charge-transfer. Some of those ions which
succeed in reaching curve C can dissociate if they have suffi-
cient energy. However, both molecules have received the same
distribution of energy and for state C as stated above, a
larger amount of HeT+ should dissociate. 1In order that the
combined dissociation from states B and C be such that the
percent dissoéiated HeT+-< HeH+ it 1s necessary that a smaller
‘number of dissoclations occur in state C.

The potential function for the HeH+ ion was calculated
using the Morse equation and data of Evett®*°. It was assumed
that curve C is identical for HeT+ and HeH+° The percent dis-
soclation which would occur if all the ions were in the vi-
brational state v of curve C was then calculated using the
tritium beta-recoil energy-probability curve. These results
are given in Table IV. Since the observed amounts of HeH+
and HeT+ are 89.5 and 94.5%, respectively, the data of Table
IV suggest that most of these ions would undergo a transition
from curve B mainly to the v = 0 or v = 1 vibrational states

of curve C.
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Table IV. Tritium Beta-Recoil Dissociation
_ a
Vib. State, v %;Failure to Bond Eupture

HeH HeT
0 100 100
1 100 96
2 100 : 80
) 92 56

& Assuming all ions are in the state Ve
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2. Tritiated Alkanes

Unfortunately, no data are available for use in pre-
dicting easily the extent of electronic excitation to be
ascribed to such molecules as CH3He+ formed by tritium beta
decay. In addition, the ground-state C—He+ bond-dissociation
energy is not known. This latter value was assumed to be

° are

approximately 0.05 ev and the calculated values of ET

given in Table III.

These low recoil energies are related on the probability
graph, Fig. 6, to beta-ray energies of= 580 ev. It is at
these low energies. that it is most difficult to perform reli-
able beta-ray enefgy measurement. Considering these many un-
certainties it is surprising that the calculated and experi-

mental data are in reasonable agreement.

3. C%0z

In this molecule, the atom receiving the impulse 1is
bonded to two other radicals and the method of calculating
the internal excitation following beta decay differs slightly

from that given in Chapter II. The calculation for E. for

T
the N-0 bond rupture in the product molecule N02+, is given

in Appendix III where it is shown that E> = 1.92 EB The

T N°

bond-dissociation energy, is 2.59 ev for ground-state

BpN
N02+. However, examination of the Morse potential curves
for COo and N02+ indicates that, on the average, the N02+
possesses about 0.6 to 1.0 ev of electronic excitation

energy. This results in a calculated value of the failure

to bond-rupture of 73-87%, in good agreement with the experi-

mental data.
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4.  Col%He

For the grouﬁd electronic and vibrational state C1*-N1*
dissociation, it was calculated that E% = 3.75 ev 1s required.
This corresponds to an 85% failure to bond-rupture. If it
is assumed that those CHSNH2+ molecules not in the ground
electronic state will dissociate, then the above values can
be multiplied by the probability that the c** beta decay re-
sults in a ground state N+° Wolfsberg®® 1lists this latter
value as 0.815. Thus, the minimum expected failure to bond-

rupture is (0.85)(0.815)(100) = 69%. If vibrational excita-

tion is considered, this value would be lower.

5. Summary

Considering the many assumptions involved in these
calculations, the agreement with experimental data seems
adequate. Of the various molecules discussed in this section,
C*%05, because of its simplicity, is the one most worthwhile
to consider further. However, a more precise calculation
of the expected failure to bond-rupture of N02+ would require
an exact evaluation of the probabilities that the N02+ mole-

cule be formed in various vibrational excited states.



Chapter IV, THE NATURE OF HOT ATOMS AND
THEIR INTERACTIONS WITH OTHER MOLECULES.

-A. The Energy of the Radicals

1. Kinetic Energy of Radicals

Of the net recoil energy, E%, imparted to an atom, only
a fraction of this energy is consumed in the bond rupture.
Because the chemical reactivity of the radicals frequently
depends upon their kinetic energy, it is of interest to deter-
mine the energies associated with the radicals.

If the net momentum, Q, exceeds that required for bond
rupture, Q°, the total energy available to the newly-formed
radicals fo;lowing bond rupture is the difference between the
net-recoil energy acquired by the molecule, ET = Q2/2mN, and

the bond dissociation energy, E The total kinetic energy

BN’
acquired by the two radicals is equal to the kinetic energy

of the parent molecule, Q°/2%m,, plus the bond-excitation
energy which is in excess of the bond-dissociation energy,

BBy - Epye

The internal energy, E associated with the radical,

Ri’
originally bonded to the activated atom, will therefore be
equal to the total energy minus the bond-dissociation energy

minus the kinetic energy of the radicals. Thus,

“hgo
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QZ Q2
E = - E - + AE,.. - E
Ri om BN o5 iN BN
N i
Zm, - m B
- L1 - AL e, (50)
2my Zm, (Q°)
— 2 o\ 2
where AEiN = EBNQ /(Q°%)%.
° ° 2 —? >
The velocity of the activated atom is SN =R + vy and
9 .
that of the radical §ﬁ =R + $R° Because of conservation of
—> >
momentum, vy T T (Zmi - mN)VR//hN, As a result of the con-
servation of energy, the energy associated with the activated
atom 1is
' m > m, - m 2
B>y, = N Q S S\ [ ? _ 1} 5| (s1)
Zmi EZmi my (Q°)

and that of the radical originally bonded to the activated

atom is

m, - m 2 m 2
i N |88 N [ ? ~ - 1} Egy |- (52)
Zmy 22m, Smy - My (Q°)

<EpPpy =

The energy of the radicals as a function of the net re-
coil energy received by Br®° in CHsBr is presented in Fig. 8.
It is noted that the energies of the radicals are approximately
a linear function of the net recoil energy, ET° Thus, once
the energy distribution between the radicals at the minimum

recoil energy, Ews is known, the general trend of the energy

TS

distribution as a function of the net recoil energy, E can

T’
be predicted. For a series of halomethanes, there are pre-

sented in Table V the energy distribution between the radicals
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Table V. Energy Distribution among the Radlcals Evaluated at E%o

E> E> EZ E2.

Compounda e$ E%’% E%’% Egl’%

CHsI 27 .29 80.12 9.39 1.91 -
CDsI 2%.86 76.87 10.81 2.52
CFsI 8.34 4o .22 22.76 9.84
CHaIz 5.52 22.48 24 .92 15.79
CzHsI 20.41 66 .47 15.06 7 .40
1-CaH7I 12.97 56.03 18.83 8.41
n-CsHr7I 12.76 56.0% 18.83 9.47
CHsBr 20.74 70.91 1% .30 1.66
CDsBr 18 .54 66 .64 15.00 2.56
CFsBr 7 .38 28.83 24.86 8.38
CClsBr 4,06 16.25 24,06 7 .49
CHzBra 6.14 21.14 24 .84 12.17
CFaBra 4 .90° 14.52 23 .58 8.82
CClsBra 3.64° 10.84 22,09 8.8l
CHC1Bra 4.93b 14.72 2% .65 9.91
CHBrs 4,76 9.99 21 .63 12.29
CBra 2.98 5.82 18,28 4,86
CzHsBr 15.14 53 .87 19.52 7.98
1,1-CoHaBrs 5.,78° 18.10 o4 4 10.75
CHsC1 14.68 51 .40 20 .29 4,53
CDsCl1 13.26 - 46,05 21.81 5.83
CFsCl 6,14 12.61 22,90 8.27
CHF2C1 7,13b 18.23 o4 47 11.28
CH2Clz 7.45 18.86 24 .56 13.76
CF2Clz 5.63 9.47 21.30 9.57
CHCls 5.16 9.71 21,44 12.81
CFCls 5.21 7 .36 19.78 9.87

CCl4 4646 5089 18039 9061
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Table V. (Con' t.)
Compound? Sg Eg,% %B,% ERi,%
En E E%

CHa 6.78 0.39 5.86 28.56
CDa 6.91 1.00 9.00 26.04
CFHs 5.30 0.09 2.85 13.66
CF2Ho 4.81 0.04 1.88 6.19
CFaH N 0.02 1.1 5.32
CFa 9.33 4 .66 16.93 11.96
CHF3 9.15 .37 19.77 17 .67
CHaFa 9.90 13.35 23.19 14.57
CHsF 13.50 31.23 o4 .65 9.75
CHaT " 2.18 2.78 13.89 14.502
CoHsT 1.79 0.88 8.50 6.82
n-CgH,T" 1.66 0.42 6.10 3.12
1-CgHyT" 1.69 0.42 6.10 4.72
CHsHaN ' 3.75 16.96 24 .22 7.89

a

b

The dissociating
formula.

Based on estimated

atom 18 the last element listed in

BN®

the
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T’

mum kinetic energies (E°N and Eﬁ) of the radicals.

Data of Figs. 3 and 4 were extrapolated to 100% so that the

evaluated at E these values, therefore, represent the mini-

curve had the same shape as that for the C1®5(n,y)C1®® process®€.
To determine the probability distribution, P(EN), of the bromine
atoms which rupture from their parent compound (99.75% of the Br8°
for CHsBr and 99.97% for CBr4), it was necessary to correct the
above extrapolated curve, P(EY)’ for the failure to bond-rupture
portion, P(E;), of the same curve. Thus,
P(Ey) = [B(E) - B(E)1/[1 - B(E)]. (53)

Presented in Fig. 9 is P(EN) plotted as a function of the
translational recoil energy of the dissociated bromine atoms,
the values of EN having been calculated according to Eq. (51).
Figure 10 is a plot similar to Fig. 9 for the energy distribution

of dissociated iodine atoms originating from CHsI*28,

2. Electronic Energy of the Radicals

In addition to kinetic energy, the hot atoms activated by
nuclear processes may also receive an appreciable amount of
electronic energy. For example, at least 50% of the I*®® formed
by the (n,y) reaction is positively charged®. Thus, some of the
hot reactions may involve electronically excited atoms or ions
as was found in the reaction of I*28® with CH.'*.

5, Loss of Excitation Energy

The electronic excitation energy could be emitted as
flourescent radiation if the transition was allowed. However,
during the 1078 sec. normally ascribed to the emission of
flourescent radiation, the hot atom would undergo 10,000 or

more collisions. The excitation energy could possibly be
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dissipated through inelastic collisions whereby the electronic
energy is transformed into vibrational energy. The magnitude
of electronic excitation energy far exceeds that of vibrational
transition energies and such conversion would be ineffective.
Hence, any electronic excitation energy associated with the
hot atom or ion would normally be retained during a number of
collisions. There would be exceptions, of course; the charge-
transfer reaction: I+(1D2) + Xe > I + Xe' is one such process
which was observed to occurl4.. In general, it would be ex-
pected that the collisional degradation of translational
kinetic energy would be the main effect occurring, and this
will be assumed to be the main result of a collision of a

hot atom or ion with a thermal-energy gaseous molecule.

B. Chemical Interactions between Hot Atoms and Other Molecules

During a collision between a hot atom and a molecule, it
is conceivable that part of the kinetic energy of the system
could be transferred into the internal energy of the molecule.
Such an encounter is known as an inelastic collision. Generally,
this internal energy increase in the molecule 1s stored in the
chemical bonds of the molecule; in other words, the chemical
bonds in the molecule become excited during an inelastic
collision. If the excitation is large enough, the excited
bond could rupture. On the other hand, if the bond is only
moderately excited the atom joined by the excited bond to 1its
parent molecule can become reactive and the replacement of
this atom would then be possible. Hence, two types of chem-
ical reactions which might occur during an inelastic col-

lision are dissociation and replacement reactions.
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C. Mechanical Interactions

1. Energy Transfer in Elastic Collisions*?

In elastic collisions, only the transfer of the trans-
lational energy is possible. The transfer of momentum is,
however, restricted only to its head-on component, because,
in elastic collisions, the particles are considered as fric-
tionless and the transfer of the tangential component of the
momentum is only possible through the friction between the
particles. Thus, éhere will be no momentum transfer between
their tangential components. On this basis, a set of equations
could be derived when particles A and N collide in a manner

as shown in Figure 11.

Figure 11

Céllision between
particles A and N

For the conservation of translational energy,
1 1

' _
Bmy i+ mvy = Fmv,E+ é—mNVN2 , (54%)

for the conservation of the head-on component of the momentum,
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cos@, + m v._ cos 6 A

mAvA A NN = mAvA qose + mNY coso

N (55)

and for the conservation of the tangential components of the

N

momenta

m,v, sin6b

' v
aVn p = MV, sinb, (56a)

A'A

and
1

sinb sin@N (56b)

Y N = Ty |
where 4+ m v is the kinetic energy of ﬁhe particle; m is.its
mass, v its velocity and 6 its angle between its velocity
vector and the collisional axis. Subétituting Eas. (54),

- (56a) and (56b) into the square of Eg. (55), one will arrive

at the expression

(mA + mN)? o o
my (VN - VN. ) =
< (57)

(mAvA cos% + myV)y oS GN) (VN cos 6 - v, coseA).

The fractional change in the kinetic energy .of particle N as
a result of the collision is AEN/EN, and according to Eq. (57),

can be written as

2 -]
ARy ~‘§mN(VN—VN ) _ 4mAmN 2<mAvA
EN é—mNVNz (mA+mN)

A N vy A)'
(58)

If N is a hot atom which possesses a kinetic energy of

\ v
cos 6 +cos 6 (cose,---—A cosf
mNVN N

more than 100 ev, and A 1s in the thermal region with a
kinetic energy of approximately 0.025 ev., the velocity ratio
of A and N before collision, VA/VN, became negligible. The en-

ergy degradation of the hot atom N is then

AE 4m m 2
(fj% — AN . cos 6N° (59)
EN max (mA+mN)
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The maximum energy is transferred in a head-on collision;

i L e .9 eN = O,: and

AE bm m
(_N) R (60)
E : m,+m

‘N max YA N

There will be no energy transfer when .the two bodies, A

and N, only glance each other; i.e., 6. = T/2.

N
.27 .Inelastic Collisions

‘In the collislions between hot atqms,and molecules, in-
elastic éollisions are more‘likely,to‘occur than are elastic
.collisions. Benson*? suggested a simple model to treat this
rather complicated system. .It was assumed that the molecule
1s made up of two elastic particles, A and B, linked together
by a spring. The third particle; N, collldes with the B part
of the flctltious molecule A-B. It was also assumed that the
two bodles, A and B,.vibrated as an harmonic osclllator; that
the duration of the collision is much longer than the time of
a vibrational period; and that the kinetic energy of the hot
atom, N, far exceeds the average vibratlonal energy of a
simple harmonlic oscillator. Using these assumptions,

‘Benson found that for a head-on collision, the energy trans-

ferred into various forms were:

A 4m_m
e O - i i (61)
By (mgtmy )
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AE, o o 4mB2mN . -

8B . (62)
Ey (mA+mB)(mB+mN)

éEX _ 4mAmBmN (63)
g (my+mp) (mpgrmy )=

where EAB is the kinetic energy of the molecule A-B and EV
is the internal energy of the molecule A-B.

Following Benson's method and using his assumptions,
expressions were derived for the interaction between A-B
and N at any angle. Depicted in Fig. 12 is the encounter

between A-B and N.

Figure 12. 1Inelastic collision between A-B and N.
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During the elastic collision, the energy change of N should
be determined exclusively by the nature of the contacting
particles, B and N, as both are assumed to be elastic
spheres. According to the energy transfer in elastic col-
lisions, Eq. (58), the fractional change in the kinetic

energy of N will be

AE 4 Vg
cosO_ + cosGN)(coseN - — cosb

N gy (mBVB
B

2
Ey (mB+mN) My ) vy

B
(6k)
This should also be the total energy transferred to the mole-
cule A-B. However, only part of this energy is available
for inelastic exchange and a considerable fraction of it
must be consumed in the change of the translational energy
of A-B in order to fulfill the law of conservation of momentum
of the entire system.

Again the assumption that momentum transfer is only ef-
fective in the head-on direction has been used. The con-
servation of momentum of the system requires that

‘= ! 1 . .
mABVABCOSGAB + vaNcoseN mABVABCOSQAB + mNVNcoseN

(65)
and

= 1 1 :
mypVapSind, g mypVagSind}o | (66)

where v is the center of mass velocity of A-B.

AB
The energy balance and the momentum balance in the

collision between B and N give



_63_

2 1 2 _ 1 12 "2
-évaB + Bmyvy = Bmgvp +--%vaN (67a)

and

1 1

1 '
stinGN = stinGN, vBsinGB = vBsinGB (670)

and

1 1 1 ]
vaNcoseN + vaBcoseB = mNVNcoseN + mBVBcoseB (68)

and vB is the velocity of the particle B and differs from

the velocity of the center of the mass of A-B. From Egs.
(67a), (67b) and (68), it was found that

; . 1

vNcoseN = [mNVNcoseN + EmBVBcoseB - vaNcoseN].

mB+mN ( 69 )

Consequently, Egs. (65) and (69) yield the following

EmBmN

1 1
cosf, . = v, cosO, + (v.cosb . - v
AB AB AB AB N N
(mA+mB)(mB+mN)

v cosQB)

(70)

B

Using Egs. (66) and (70), the kinetic energy change of A-B

was found to be

2 2 2
AE,p _ FHmymg) (vig - va3) _ bm2 my
2
Ey Ey (mA+mB)(mEﬁmN)
v (m_+m_) (m,+m_)v v
X —Ecose -cosb B N A B AB cos®o — —Ecose + cos®@
VN B N _ AB v B N
BN N N

(71)

Conservation of energy requires that the total energy change

of the system be zero, or AEN + AEAB + AEV = 0. This gives
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the change of internal energy of A-B

AE AE._+AE 4m m_m Y |
_v_ _ _N _"AB _ _ A"B'N . ; [COS@N— _B cosGB}
EN EN (mA+mB)(mB+mN) vy
(m,+m_+m_)m_v ”(m +m_ ) (m_+m_)v,. -
x | —2TBNTBB (o504 cosey ~ A B B NTVAB cost,
TN TNV ‘
(72)

~

If N is a hot atom with an energy of more than 100 ev and the
molecule A-B is in the thermal energy region with an energy
of about 0.025 ev, then both VAB/VN and VB/VN approach zero.

The energy changes in A-B and N, Egs. (64), (71) and (72)

become
AE,. _  4m_m 7
SN = B N - coszeN , (73)
Ey (mB+mN)
AE ~ 4m_2m _
_EAE - - B_N 2 coszeN (745
N (mA+mB)(mB+mN)
and
AR 4bm m_m
voo_ A BN ; cosZGNa {75)
By (mA+mB)(mB+mN)

The angle, © is random, and upon averaging over/@hé entire

N,
range of GN,it was found that the average energies transferred

in an inelastic collision are:
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KAED> T AR 4m_m

S NAV . 3 | N sinege, = BN (76)
E E NTN s )2
N ° °N B N

2

LErpav gy ’ (77)
By B(mA-.FmB)(mB%—mN)2

and

<AEV>Av _ 4mAmBmN ° (78)
Ey B(mA+mB)(mB+mN)2

These equations differ from that for head-on collision
only by a factor of one-third. This is to be expected since
only'about one-third of all collisions have velocity components
along the molecular axis, A-B, and about two-thirds of all
collisions take place laterally and are ineffective in energy
transfer. 1In this treatment, the classical concept of an
oscillator has been used. However, in the quantum-mechanical
sense, the oscillator has a discrete set of allowable energy
levels which further limits the inelastic energy transfer.
Hence, Eq. (78) represents the maximum possible energy trans-

fer in a collision.



Chapter V. DISSOCIATION AND RECOMBINATION REACTIONS

In reactions activated by nuclear processes the total
mole-fraction of activated atoms is usually less than 10 %2,
Since the atoms will remain hot for less than about 10 *°
seconds, during a molecular bombardment not more than a few
hot atoms would be present in the system. Hence, it is highly
unlikely that a thermal molecule which has collided with a
hot atom would again meet the same or another hot atom.

Any dissociation of a thermal molecule by a hot atom must,
therefore, be a one-step process and the minimum hot-atom
energy required for a dissociative inelastic collision, ENo’
can be calculated on the basis of a one-step mechanism.

For hot atoms possessing an initial energy, Eﬁ, Eq.

(76) becomes

<AE, > Ex - <E>
A
Wav . B FA& - 1 - g (79)
By By
where
2
B(mB+mN)
After one collision, <EN>AV = q Eﬁo After k collisions,
__k o . P T
<EN>Av = q ENo Ir ENO is the minimum average hot-atom

energy required for dissociation of a thermal molecule, then

a ENO is the minimum hot-atom energy following this last
dissociative collision. Hence,

_ ko
and

66—
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log E - log E2
Kk = No ! (82)

log q

The quantity, k, is therefore the average number of thermal
A-B molecules dissocilated by a hot atom, N, of initial energy,
Eﬁ.

If the reaction system contains molecules other than the
A—BAspecies, Eq. (82) must be modified. Consider first a
system consisting of A-B and G where G is a non-reactive mole-
cule or atom such as an inert gas. Defining dp and dg as the

energy degradation factors for collisions of the hot-atom with

the molecule ahd with the inert substance, then, for a series

of collisions, of which kA are between A-B and N and kG are
between G and N, the energy of the hot atom is E& KA ng.

If ENO again refers to the lower energy limit of a dissociative
collision between N and A-B then
_ o kp kg

Equation (83) can be rewritten in the form

ky = K - Lk, (84)

G

where the constants are

K = (log ENO - log Ey + log qA)/log g (85a)

and
L = log q,/log qg (85b)
The probability that N collides with A-B is 8y the prob-
ability that N collides with G is 1 —gA. This probability

factor is a function of the mole-fraction of A-B, X and

AB’

the collision cross-sections of N with A-B, and N with

GAB’
G, OG. Thus,
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Xpp Oan
8y = (86)

Xpp 95 T %5 %

Although the collision cross-sections are energy dependent,
it is shown in Appendix I-F that the cross—sectioh ratio, and,
therefore, gA remain constant.

The probability, €, that kA collisions occur as N is re-

o o .
duced in energy from EN to Ay ENo is
kA + kG . .
E(EXs ks Koy g,) = g, © (1 -g,) C
N’ TA’ TG’ SA Ky A A (87)

where the first term on the right-hand side of Eq. (87) is the
binomial coefficient.

Combining Egs. (8%4) and (87),

K—(L-l)kA

. kA K—LkA
A

The average value of kA as a function of Eﬁ and gA is

~ K/L

(L- l)k K K-Ik
A A
( ) gA (1—gA) dkA

(89)

k K-Lk
K-(L-1)k A A
( ( ) A) gA (1—gA) dk
J O

A

A

The averaging was performed by integration rather than
summation since an average energy-degradation factor, g, was
used. The final numerical result differs only slightly from

that found by the summation process.
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It has been pointed out that the probability distribution
of initial hot-atom energies could be calculated in certain
cases from the spectrum of emitted gamma rays or approximated

using failure to bond-rupture data. The integration of

o

N
the average number of dissociative collisions as a function

<kA(E§, gA)>AV over the entire energy range of E° would give

of gy -
(EN)max q ( )
P(E? ° o
o) dElc\’I

From Eg. (90) the extent of collisional dissociation
reactions could be estimated. As an example;, for the system

G + CHsI, using Eq. (78) the minimum dissociative energy, ENo’

for the C-I bond is 60.3 ev. For C-H dissociation, EN =
: (]

426 ev. If hot iodine atoms are produced by the (n,y) reaction,

(EN)maX is 154 ev and only C-I dissociation in CHsI is

possible. The average number of C-I bonds which would be

o]

N
of argon was calculated using Eq. (89) and is presented in

broken per hot atom as a function of E;; and the mole-fraction

Fig. 13.
For a system consisting of CHsI and a scavenger, S, of

cross-section o which will completely deactivate

s =~ YcHsT’
the I, at any energy, in a single collision, the equations

must be modified. For this system; 8y = 0O and the maximum

number of bonds which would be broken, (k will be gdiven

A)m’
in terms of the relationship for a single substance, Eq. (81),



CH;-I BONDS RUPTURED

Figure 13.
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Average number of C-I bonds in CHsI dissociated
by hot iodine as a function of the initial
energy of the hot iodine atom and the mole
fraction of argon additive.



(k,)
_ m o
Thus,
. log E.. - log E{
(k) = L 5ov - (92)
m log dp
(k,)
A k
and m A
Kaay = (93)
(x,)

m kA
% (l‘gs) gs

Figure 14 is a plot in terms of Eq. (93).

Using the I'28 distribution of initial energies, Eﬁ,
Fig. 10, kA was calculated as a function of the mole-fraction
of the additive using Egs. (90) and (93). These results are
given in Fig. 15. It is seen in Fig. 15 that an effective
scavenger would easily reduce the radical concentration. How-
ever, even without a scavenger, the concentration of radicals
produced by the hot atoms is so low that gas-phase recombina-
tion reactions are improbable. On the other hand, the low
diffusion rates in liquids would result in a high local con-
centration of radicals and some extent of reaction between

radicals could be possible.
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Figure 14. Refer to Fig. 13. An effective scavenger is used.
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Chapter VI. HOT-ATOM REACTIONS

A. Introduction

Hot atoms are usually highly excited both kinetically
and electronically, immediately after breaking away from
their parent molecules following a nuclear transformation.
Often the electronic excitation is so great that positively-
charged species are formed®. These hot atoms are chemically
very reactive and will undergo many unique chemical reactions
with some otherwise relatively inert molecules** 18, The
unusual reactiveness of hot atoms is attributed to the high
kinetic and electronic energies of these atoms.

Experimental data indicate that the addition of inert-
gas moderators to the hot reaction system exhibit an effect
similar to that of neutrons cooling down in an inert .

medial 4517522 .

Attempts have been made to explain the

hot chemical reactions theoretically by means of the
'neutron cooling down' model. Miller, Gryder, and DodsonZ°,
early in 1950, successfully used this model to describe

some hot-atom reactions in binary liquid systems. Capron
and Oshima®? later, using a different method, obtained
similar results for the hot atom reaction in certain
single-component systems. Estrup and Wolfgang®2 developed
an equation that described the effect of inert-gas modera-

tion. The disadvantage of the above mentioned equation is

that it i1s semi-empirical and experimental data are needed

“7h-



in order to obtain. the required constants for it. There
was no restriction in the method of Miller, et. al.

In this part of the research, Miller's method has been
used as a basis for correlating the experimental results
using only the thermodynamic data and the transport prop-

erties of the substances in the reaction system.

B. Assumptions’

Many assumptions have been made in formulating mathe -
matically the expressions to be used in calculating the ex—'
pected yields of products of hot-atom reactions. Whereas
the minor assumptions are introduced when they occur in
the derivation, the major assumptions are given here.

They are:

1. The energy associated with a newly-formed atom
is greater than the maximum energy which will
permit stable formation of a chemical product.
This assumption is valid for many hot-atom re-
actions. For example, it will be shown that
for the reaction, Br + CH4 - CHsBr + H to
occur, the Br atom must possess between 13.6
and 15.1 ev of kinetic energy. According to
Fig. 9, more than 99 percent of the bromine atoms
which rupture from either CHsBr or CBr4s as a re-
sult of the Br’®(n,y)Br®° process wiil possess
more than 15.1 ev of kinetic energy. As a re-

sult, hot bromine atoms from either source
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would be able to react with CH4 with equal prob-
ability*®. Hence, the molecule which provided

the hot atom is generally of no concern and only
the kinetic energy associated with the recoiling
‘atom is of interest. There, of course, are ex-
ceptions to the above statement. Only a small
fraction of the bromine in HBr®° would dissoclate;
the failure to bond-rupture is estimated?® to be
about 85 percent. In this case it would be mainly
hot HBr molecules which would collide and react
with CH4. This type of hot-molecule reaction is
not considered here although it could be handled
easily by slightly modifying the equations.
Similarly, low-energy hot atoms produced by beta
decay or produced photochemically cannot be
handled directly in terms of the equations to

be presented since the kinetic energy possessed
by these atoms 1is generally less than the maximum
energy which will result in chemical stabilization.
A slight modifiication in the equations, however,
would permit calculafing the expected product
yields.

The number of hot atoms in a system is so small
that the probability is infinitely small that a
given thermal molecule will collide more than

once with a hot atom. Thus, any reactions can

be assumed to occur between a thermal molecule
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and a hot atom and must take place in a dhe—step
process.

The hot atoms lose their energy through elastic
and inelastic collisions. All collision-contact
angles are considered equally possible and, as a
result, per collision, the hot-atom energies will
be distributed between the initial pre-collision
energy, E;, and the minimum energy, expressed as

E - E(4mAmN)/(mA+mN)2°

If the collision of the hot atom with the molecule
is considered to be elastic, my is the total mass
of the molecule, Eq. (60). If the collision is

inelastic, m, is the mass of the portion of the

A
molecule which makes contact with the hot atom,
Eq. (61)

The reactilion takes place through the formation

of a collision complex:

N*¥ + A-B > (A-B-N)* > A + (B-N)*->
: de-excitation

where N* is the hot atom and A-B the thermal
molecule. Differing from the collision complexes
in thermal reactions, this complex (a) has a very
short lifetime, (b) merely denotes that, during
the collision, the hot atom and molecule are in
close proximity in a configuration indicated by

the complex, and (c) the product of the reaction
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is determined by the configuration of the collision
complex. This is a critical assumption sincé the
possible reaction products will depend on the pos-
sible collisional configurations. The exact hot-
atom reaction mechanism is still uncertain; however,
experimental data lend»support to this postulate of
a collisional complex.

There exists a definite energy range in which re-
action is possible. From the energy standpoint,
this is a natural consequence of the preceding
assumption. IfAthe energy of the hot atom exceeds
a calculated value, the energy associlated with the
collision complex i1s too great to allow a stable
compound to be formed. On the other hand, the
minimum energy required for reaction will be deter-
mined in terms of the endothermicity in endothermic
reactions.

According to assumption 5, there is a definite
energy range in which the reactions can occur.

In order to make this model mathematically ex-.
pressible, it is necessary, further, to assume

that the reaction will definitely occur once the
hot atom in the favorable reaction energy zone
meets a reactive molecule. This does not say that
the reaction probability in that energy zone is

unity. It merely states that, for a hot atom of

‘energy, E, if, in one collision with a reacting
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molecule its energy falls intd the reaction-energy
zone, then a reaction will result. However, in
one collision, the energy of the hot atom does

not necessarily fall into the reactilon-energy
zone. Hence, the reaction probability of a hot
atom with energy, E, is also the fraction of hot
atoms that will be in the reaction energy zone.
This fraction is defined as F(E).

If more than one reaction is possible in a
particular reaction-energy zone, then the prob-
ability of occurrence of a given reaction, s, in
that reaction zone must be considered. Hence the
ith reaction probability of a hot atom with energy
E will be siFi(E). This probability of occurrence
of a given reaction, s, has been referred to as a
steric factor®*®7 %45, It can be calculated from the

configuration of the molecule and will be discussed

in detail in a later section.

C. Nomenclature

The most frequently used terms employed in the derivation
are defined as follows:
E° the initial kinetic energy of the hot atom.

Ea

the maximum energy the hot atom may have
and be able to react to form any of the

possible products.
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E the maximum energy the hot atom may have

in forming a particular product.

EY the minimum energy the hot atom must have
to form a particular product.
E” the minimum energy the hot atom must have

to form any of the possible products.
Thus, the maximum reactive energy range is from E? to E?
and the energy range for producing a particular product is from

Eb to EY. If the product under consideration is formed in the

maximum reactive energy range, then Eb = Ea and EY = EZ° For
example, in the reaction of Br with CH4, it will be shown that
HBr is formed in the range 4.3 to 22.5 ev and CHsBr is formed
in the range 13.6 to 15.1 ev. According to the definitions,

B = 22.5 and EZ = 4.2 ev. For the product, CHsBr, Eb = 15.1

and EY = 13.6 ev; for the product, HBr, Eb = 22,5 and EY =
4.3 ev.

In a binary mixture of A and B, A is always capable of
reacting with the hot atom whereas the molecule or atom, B,
may be reactive or virtually inert except for possible
charge-transfer reactions.

Further definitions are:

ry fhe minimum fraction of its energy which

the hot atom can retain following a col-

lision with molecule i. Thus:
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the mass of the molecule i

the mass of the hot atom

the probability that the hot atom will
collide with the molecule i in the mixture,

where

the mole fraction of species i in the mixture
the collision between the hot atom and mole-
cule 1 where

_ 2
oy = w(mi + mN)

the collision radius of molecule i

the collision radius of the hot atom

the fractional probability of forming a
given product in.a reaction zone where more
than one product can be formed. In this

zone, 2 8, = 1.0,
J

the yield of a product, J, assuming Sj =
1.0 throughout its energy range

the yleld of a product j taking into
account Sj factors. Yj’ then, is the
fraction of the total hot atoms which
have been stabilized in the form of com-
pound j. Using, again, the example of
Br + CH4 where CHaBr and HBr are the two

products, and the HBr energy range encloses
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that of CHsBr,

YoHaBr = SCHaBr\CHsBr
Yuer = Bumr ~ Youamr
n(E°, E)dE  the number of hot atoms of initial energy,

E°, which have an energy between E and

E + dE.

In addition, two dimensionless quantities, a and b, are

defined as

D. Theoretical Considerations

A mixture of A and B in which both molecules can react
with the hot atom but are inert to each other constitutes a
system with competing reactions. The characteristic energies
for A and B are:

Z b

B2, EZ Eb EY . and Ea, E. E Ey., where j refers to the

A TAT TR’ TAj B’ B’ "Bj’ "Bj <
product. Let us arbitrarily set Ei > E%.

1. Energy Distribution of Hot Atoms

If the energy of a hot atom is greater than Ea no reaction
1s possible. Collisions with both A and B will only result in
the energy degradation of the hot atom. Under steady-state
conditions, the number of hot gtoms which will undergo colli-

silons with an energy E + dE equals the number of hot atoms
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entering this energy interval®®, Mathematically,
EO
o
n(E°,E)dE = £6(E-E°)dE + g, n(E%E)dE  qp
E El(l_rA)
EO
n(E°,E;)dE
+ (1-g,) J g Ea(I-r.) dEa (94a)
or
EO
o
n(E°,E)AE = £ 6(E-E°)dE + (a+b) J n(E%,Ey )dE g, (94b)
E Ei

where £ is the number of newly-formed hot atoms of energy E°
and 8(E-E°) is the Dirac delta-function and has the follow-

ing properties:

8(E-E°) = o if E = E°
5(E-E°) = O if E # E°
Ez
J 5(E-E°) dE = 1  if Ez= > E° > E;
Ea
E2
j 5(E-E°)dE = 0O if E° > Ez > E;
Ea or

Ez > E1 > E°.
In the energy range between . Ei and EZ » only those hot
atoms which collide with B will survive since a collision
with A leads to the formation of a stable product. For

steady-state conditions in this energy range there results:
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o]
B (E°,E, )dE

E E;

n(E°,E)E = (1-g,) £5(E-E°) + b J dE;. (95)

Since both A and B can react with hot atoms between E%

and Eg or Ei, whichever 1s greater, the energy distribution

of hot atoms 1is zero in this range. If the maximum degradation

of energy of a hot atom of energy Eg results in an energy >
Eg or Ei, whichever is greater, then n(E°,E)dE = O for E <
z zZ . .
EB or EA’ whichever is greater.
Using the Leibnitz rule, the solution of Eq. (94b) for
o a a .
E” > EA and E > EA is
y . a+b
n(E°,E)dE = £ 5(E-E°)dE + (a + b) —;(E—> dE. (96)
E E

Similarly, the solution of Eq. (95) for E° > E% and

a a .,
EA >E > EB is

b
n(E°,E)dE = (l—gA) £ ®(E-E°)dE + b 2 <§-> dE| . (97)
E° \E

If only A is reactive Egs. (96) and (97) still apply.

The distribution remains unchanged for E > Ej but the

applicability of the distribution function for Ei > E > E%

is now extended to Ea > E > Ei since Ea = 0,

A B
For a system consisting of a single component, A, 8y =

1.0. The distribution for E < Ei will equal zero if the

a

A i1s to an energy

maximum energy degradation of atoms of E

z
E> EA'
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2. The Fraction of Hot Atoms Entering the Reaction Zone

Following collisions between hot atoms of energy E and
thermal energy molecules, 1, the energies of the hot atoms
will be distributed evenly between E and riE.v The probability
of a hot atom having an energy between E; and E; + dE; is
dE%/E(l-ri) for E > E1 > r,;E. The fraction, Fi(E), of hot
atoms which enter a reaction zone as a result of a single
collision can be obtained by integrating the above probability

expression over the energy of the reaction zone of interest,

J i dE, E" - E!
Fy (E) = E! E(l—ri) - E(l—ri) (98)

This fraction will depend on the energy region as indicated

in Table VI.

3. Calculation of the Yield

The yield, Rj(E°), is the ratio of the number of hot
atoms stabilized as compound j to the total amount of hot
atoms. The number of atoms of initial energy E° which en-
ter the reaction zone of molecule i to form product j is

b
f Ei/Ty

g4 n(E°, E) Fy(E) dE (99)
J By

The total number of atoms of initial energy E° is 4. Thus,
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Table VI.

The Reaction Probability for Different Energy Ranges.

Energy Range Fi(E)
EP - EY
ES>E >E >rE
1- 171 E(l-r,)
1
b EP _ r,E
E > E. >r,E>E L
1 1 1
E(l—ri)
b v E - E¥
E;, >E > E{ > r,E
= .4 1 E(1l-r,)
] 1
E° S E>rp,E>E 1
i 1 2]
b . v
E>rE> E > E] 0

b y
By > Ef > E > ryE 0




I
thUQ
I
S
=
o
-
=
o
=
[oN]
[e3]

R,(E®)

; (100)

Since both n(E°,E)dE and Fi(E) depend on the energy range
examined, Eq. (100) must be evaluated in segments. B

Frequently, as in (n,y) activation, the hot atoms are
formed with a spectrum of initial energies, E°. If such is

the case, the average yield can be calculated in terms of

Eq. (101).
a b
Ei/ri E.i/ri
¢}
gﬁi%Ll. % n(E°,E)F, (E)dEAE®
_ BY B By
<Rj>Av = 8, i i
Ei/ri (101)
dP(E®) 4go
5y d E°
i

where dP(E®)/dE° is the initial energy distribution of the
hot atoms.

Theoretically, dP(E®)/dE°® can be determined in a manner
suggested in Chapter IV. If most of the hot atoms have an
initial energy which is much greater than E?/ri, on the
average, a number of collisions will be needed before the
atoms reach the reaction zone. By then, the distribution
will be fairly uniform and, to a first approximation,
dP(E°)/dE can be assumed to be a constant.

The hot reaction begins at E = E® and a sudden decrease
in dP(E°) / dE° occurs at that energy. Shown in Fig. 16 is
the energy distribution of hot atoms of energy E' after one

collision.
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dP(E°)
aE° B
reacted with A
dP(E? ]
[o]
dE A
( . reacgfd with B
dP(E
ol |7 77
dE ;476
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l/// ,
Y
-
PBE EB

Figure 16. Energy distribution of a hot atom
after one collision.

From Fig. 16 it is seen that

dP(E®)
A

dP(E®)

1 -gy, = E' (1 -rp) o
B

and therefore,
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dP(E®°)

= (a+b)E' for E° > Ei (102)
dE®
) ,
dB(E°) = pE' for E® S EC > EO (103)
R A B
[o]
95&531 - 0 for E° < E2 (104)
dE 5
Substituting Eqs. (102) and (103) into Eq. (101),
a
1 Ey/Ty
_ o o
<R;>py - 4 R; (E®)dE
EA a o a
= - Ey| + — [EA - EX] -
T a+b A
a 3
oy |
4 aEb R, (E°) dE® p - (105)
y
By

Equation (105) may now be used to calculate <R

values for systems of competing reactions,

moderation, etc.

17 Ay
inert-gas

E. Evaluation of Various Systems

A large number of reaction systems could exist, each

with different relative reaction energy 2zones.

Given here

are solutions for a few systems which will be of interest.

1. Competing Reactions.

(a) Ep »

b a Yy _ oZ
Ey, > rpEy > Ey = E, » O
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a+b
a Ez Ei
<RA>AV - S -
52 (a+b)(a+b-1) P
A ge b_ g2 _ g2 A
ry A a+b A B \
b a : a+b
r, E 1
a+b a+b -1 Tp
~ b
[ D a a
+ (1 -g )((ﬁé _Ta"B | P
R s B -
B
b a\) b
N e SO Y 1 T O (106)
b b-1/ T a+b
b
(b) By » Ep > rgEe > EL = ER ) O
Rp>,. = b °B “B
B Av a b
Eg g b [go _ 4o (atb)(atb-1) 2
rg o B )
a+b
b a a
) (EB rgfa ) g
a+ a+b-1 S _a ,
EpTg
Eb r_E2 g2 v Eb r B2\
¢ (1-g )| B - BB A\ B _BA|
A b b-1 Ea b b-1
B
r a b )
I (107)
L\Eap ) a+b
5 |
a b y a ‘
(c) Ef >Ey > Ey >rpEy # 0
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Eb " a+b
<R > _ a ) A A
A”Av a b
E, a b [a a (a+b)(atb-1) Ey |-
—A‘EA“LE%[EA‘EB} - | |
a+b a+b
v a b _y .
(a+b)(a+b-1) |E} a+b Ir,
)
b Ly a b
(1-g,)(E,-E3) E
+ AL A A “% -1 (a+b)(j;) —a
b(a + b) Eg r,
a b y a
(d) Ef »Eg > Ep > rgEf # O
( b ‘ a+b
a
RS _ b EB EB
B”Av 2 b [a & (a+b)(a+b-1) Eg
—= - ES| + — | ES-E
B A a+b [ A B}
a+b a+b
a b Ly a
) ES EJE_S) . Ep-Eg [ E3 )
vy a
(a+b)(§+b—l) B a+tb  |\E,rg
(1-g,) (E3-EY) [(EF\° Ej \°
+ o(a + D) Eg - 1{{(a+b) - - al o
B “BA
2. Inert-Gas Moderation

Consider A as the reactive component and B as an un-

reactive component.

a a

b oy b y
(2) E° 3 E° >E >r,E >rE >r,E

(108)

(109)



a a+b
a 1 b
<R>, = 3 E°| —
AV P[RR a] bEY | et (Eb)
r
A
a+b a+b
a (1-g,)
-5 (B + (EP-wY) (1 + A
EY rp b(b-1)
b b b
a a
x [(a+b) L a} [—(b 1)(EP-EY) - EP v BV [E }
E EY
N . (110)
(b) E® 3 EP > rpEa 3 EY > ppEP > ppEY
: r b 512 +b
B>, = 2 = |E
Av a2 jatd y |a+b-1 |gP
T - a - bE
A
r a+b
n EEb _p Ea a+b 1
| A a+b-1 A
(1-g,) a\Pb
+ A7 1 (a4p) (b-1)EP +or,B* - E° |2
b(b-1) E
b
a r g2
+ B2 gy (111)
E
(c) E2 >/Eb > rAEa > rAEb > EY S r-AEy

The equation for <R>, 1is the same as that for case (b),
Eq. (111).

(a) B* 3 E° > r,E® 5 r,B° > BV = B% = 0



[
, a+b a+b
_ ar, J _EP [g? b _ _a atb 1
By = & ) - BTy
E [a(l-rA)+b] a+b-1 \g ' atb-1 || rp
b b7
1-g 1 b a !
+ —A|(a+d) | - a||-(b-1)E” + br,E? —Eb(gg) ﬁ ‘
3. Single Component Systems
The solutions may be found by setting By = 1.0.
(a) B > rE® > B > &Y
Fpy = 0 (113)
(b) E* 3 E° > rE® > BV > rEP
or EZ >E > rE ;.rEb > BV (EY can = 0 )
L L
l-r 1l-r
a a b
| E E2_E° [1 .
By = |73 '—é———H (114)
E E°(1-r)
(c) E* 3 E° > BV > rE®
L S _r
l-r 1l-r l-r
P_gd 1 o B¢
<B>, . - | + |5 - =5 (115)
EZ(1-r) B E

Equations (113), (114), and (115) can be obtained by integrating
the equations given by Capron and Oshima®!. The agreement in-
dicates that the methods used by Miller, et.al.,2° and Capron

and Oshima®! are identical. Since Miller's method was simpler,

it was adopted in this derivation.
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F. Estimation of the Reactive Energy Range

It is postulated that the hot-atom reaction takes place

via a collision complex:
h* + a-b > a-b-h¥ > a + bh* > de-excitation.

As was stated earlier, the complex, a-b-h*, differs from the
collision complex in thermal reactions and simply denotes
the configuration of the molecule + hot-atom pair when these
two particles are closest to each other.

According to a momentum balance, the internal energy,
AEi, acquired by the complex is

m E, + m E
a

AEi — ab "h h b (116)
Mabh
Since Eh >> Eab’
m
ab
AE, = ab g (117)
i M _bh h

Only a fraction, %, [Eq. (40), Table I], of the internal
energy will be acquired by a-b in the collision and will be
associated with the a-b bond. Thus,

m

_ ab
%AEi = 3 -

abh

E, - (118)

The maximum energy released in the dissociation of a-b-h¥

is the dissociation energy of bond b-h¥, Db—h°

is transferred completely to the bond, a-b, then the

If the energy,

Dy _n’

maximum energy received by the bond a-b is Db—h

Dissociation of bond a-b will result if i1ts bond-dissociation

+ JAE, .
i

energy, D 1s exceeded. Mathematically,

a-b’



m
D+ ¥ azh B »D (119)
a
or ( )
m D - D
Eh > abh a-b bh (120)
m 3
ab

If the energy received by the complex exceeds Db—h’ the
reaction will not lead to a stable product. The upper limit

f is
o) Eh

D (121)

G. Estimation of the Steric Factor

The steric factor, s, is defined as the relative prob-
‘ability that the hot atom reacts with a certain atom 1in a
molecule. Intuitively, one would think that the geometry of
the interacting pair alone determines the value of s. However,
Odum and Wolfgang®® have pointed out that although the path
of the reaction is controlled mainly by the geometry of the
colliding particles, i1t is also influenced by the intertia
of the atom or group which is to be replaced by the hot atom.
This inertial effect depends on the mass of the group being
replaced; the kinetic energy—of the hot atom, and the inter-
action potential. Clearly, the analysis of this effect 1s
complicated and it can only be discussed qualitatively.

The geometrical steric factor, sg, can be calculated
easily from the geometry of the interacting pair. For the

interaction between the hot atom and the ith atom in a
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molecule, Sgi will be the ratio of the surface area of the
ith atom exposed to the hot atom, Ay to the total surface
of all atoms in the molecule exposed to the hot atom, ZAi.
S, = Ai/’ZAi, (122)
In the collision of a hot atom with a diatomic molecule,

a"b,

S, = Aa//(Aa + Ab) (123)

If n_  and n, are the covalent radii of atoms a and b, re-
spectively, Ny, 1s the atomic radius of the hot atom, and ab

is the interatomic distance in molecule a-b, then conditions
indicated in Fig. 17 will exist. The arc u v w is described

by a circle of radius Nyt with its center at a. This semi-
circle describes the various possible positions of the center
of fhe hot atom for a + h collisions. Similarly, the semi-

circle, u t w, of radius, n describes the various

o + Ty
possible positions of the center of the hot atom for b + h
collisions. The porftion of the spherical surface described
by the revolution of arc u v w along the axis a-b is Aa and
the surface described by arc u t w is Aba From spherical

trigonometry, these areas are

A
a

2T (ma + mh)z(l + cos Ga) (124)

Il

A

b 2T (mb + n

N 2(1 + cos 6,) (125)

where Ga and Gb are defined in Fig. 17.



Figure 17

Geometry of collisions ketween h and ab.

- -16-
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The other common reaction process involves the inter-
action between a hot atom and a tetrahedral molecule such
as methane or substituted methanes. This can be analysed
by a spherical triangle, a;azd, which covers one-eighth of the
surface of the tetrahedral molecule as shown in Fig. 18.
- This triangle encompasses one-sixth of the exposed area of
ai, one-third of that of as, and approximately one-eighth
of that of c¢c. Following the treatment used for a diatomic
molecule, the exposed surface areas are

for ai, -%W(mal + mh)2(1 + cos 6_ ),
for az, &w(n. + n,)23(1 + cos 6_ )
ao h ’
and for c , [%—total area of ¢ - é the area covered by a; -

%4 the area covered by a%, thus, for c,

271 2 1
v(mc + mh) (% cos Gcl + &5 cos 902 - &)

For all triangles in the molecule

— . 2
A, = 2n(ma. + mh) (1 + cos Ga.)
i i
. i=4
= 2 -
A, W(mc + rh) [izl cos eci 2]. (127)

where ea and Gc are defined in Fig. 19.
i i
Given in Table VII are geometric steriec factors calcu-

lated for some common interacting pairs.
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Figure 18. Pictorial representation of a tetrahedral mole-
cule of center atom C and four stoms: 231, az,

25 and aq.
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Figure 19. Definition of the angles Gai and eci"
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Table VII. Calculated Geometric Steric Factors
Interacting Product Sg
Pair

CH4 or CD4 + T

CH4 + Br

CFqa + T

CHFs + T

CHzFs + T

CHsF + T

CHsT or CDsT 0.37
HT or DT 0.63
CHsBr 0.32
HBr 0.68
CFaT 0.0%
TF 0.97
CHFoT 0.07
CFsT 0.05
HT 0.11

TF 0.77
CHoFT 0.08
CHFoT 0.09
HT 0.25

TF 0.58
CHsT 0.06
CHoFT 0.19
HT 0.39

TF 0.36
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If it is assumed that all other assumptions in the
derivation are correct then, using experimental data, it
is possible to calculate the steric factors, Séxp’ for a
given reaction. When this is done, it is usually found that
Sexp # sg. In the calculation of the product yield, Sg was
used in some cases, and in others, data of Urch and Wolfgang?*3
were used. They determined the relative probability that
a hot tritium atom attacks C-C and C-H bonds in alkanes and
also determined the relative probability of abstraction and
replacement reactions in an attack on a C-H bond. The
particular steric factor used 1n a calculation is given 1in
Table VIIT.

The steric factors should be identical for a reaction
with isotopic molecules. In this case the steric factor
will not appear in certain calculations of the yileld ratio
and this ratio will serve as a better indication of the

validity of the various assumptions. Such calculations

are given in Chapter VII.

H. The Energy-Degradation Factor

The energy-degradation factor, r, will depend on the
mass of the atom, molecule, or portion of the molecule with
which the hot atom collides. This factor is of importance
in calculating the hot-atom energy—distribution function
following a series of collisions. For T + CH4 collisions,
for example, it seems reasonable, because of the relative
sizes of the two particles, that some of the collisions

could be between T and H in CH4 and others between T and C
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in CH4. If this be the case, the factor, r, can be replaced
by an effective energy-degradation factor, r,-

Consider a molecule consisting of two types of atoms.
When hot atoms encounter this mdlecule there are ¢ collisions
with one of the types of atoms and d collisions with the
other type of atoms. The energy-degradation factors are r,
and rys respectively, The effective energy-degradation
factor is

d
c+d c+d c+d
= ¢cnd = (128)
r, = (PC rq ) r r

But c/(c+d) = 8.; the steric factor for interactions of the
hot atom with the first type of atom. Similarly, for the

other types of atom; d/(c+d) = s4. Hence,

rp =r %p 9 (129)



Chapter VII. CALCULATED YIELDS

A. Quantities Used in the Calculations

Using the methods outlined in the previous chapter,
various gquantities needed in the calculation of the ex-

pected reaction yield are given in Table VIII.

B. Isotope Effects

The isotope effect in a chemical reaction is attributed
to the difference in isotopic masses. In hot-atom reactions
an isotopic change in mass will effect the value of the energy-
degradation factor, r, the upper and lower reaction—ehergy
limits, Eb and Ey, and the reaction probability, F(E). The
steric factor, however, should remain unchanged. If the
yield for a product, Jj, is given by the equation Yj = Rj Sy
then, in calculating the yield ratio for a pair of isotopic
molecules, the steric factor does not appear; the yield
ratio Yj/Yj = Rj/R3° The isotopic yield ratio should pro-
vide a more reliable indication of the validity of the model

than would the calculation of the individual yields.

1 ° T - HZ + D2

ILee, Musgrave, and Rowland*® determined experimentally
the ratio of YHT/YDT as a function of the mole fraction of
Ho for the reaction of tritium atoms with an Hs + Dz mixture.
These experimental data are indicated by the open circles in

Fig. 20.

~10%-
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Using an internally consistent set of data (refer to
App. I-E) the radius of tritium (0,533) can be compared
with the dimensions of an Ha or Do molecule (covalent
radius: 0,373, interatomic distance: 0.742), Because the
sizes of T and Hz or Dz are comparable it might be expected
that both T+ Hand T + D as well as T + Hz and T + D»o
collisions are possible. Expected yields and yield ratios
could be calculated for both types of collisions. The actual
expected vields should then be somewhere between these two
extremes.

This system involves two competing reactions, where A =Hs

and B = Dp. For this case Ep = EK - 11.3 ev, E) = E; = 0.88 ev,
a _ b _ y oz _ ) . . .

EB = EB = 8.0 ev, EB = EB = 0.61 ev. If the collisions are
assumed to be between T and H or T and D, then r, = 1/4, rg =

1/25. If the collisions are between T and Hs or T and Do,
then r, = 1/25, rg = 1/49.

If the mole fraction of Ho = 1.0, then 8y = 1.0. For

T + H collisions, Egq. (114) is used and Yyp = 1.00. For
T + Hz collisions, Eq. (115) is used and Yom = 0.98.
If the mole fraction of Hs = 0.0, then 8y = 0.0. For
T + D collisions, Eq. (115) is used and Yo = 0.98. For
T + Dz collisions, Eq. (115) is used and Yop = 0.97.

For the mixtures, 1f the collisions are between T and
Hor T and D, Yy, and Y, are obtained using Egs. (106) and
(109), respectively. If the collisions are between T and
Heo or T and D, YHT and YDT are obtained used Egs. (108)

and (109) respectively. In using these equations, g, 1s



Table VIII. Important Quantities Used in the Calculations
Hot Atom Molecules
or Ion A B T rs Product E EY
ev ev
T Ho Do 0.040 0.020 HT 11.3 0.88 1.0
0.250 0.040 DT 8.0 0.61 1.0
T CHa He+4 0.342 0.020 CH3T 5.25 2.73 0.50
HT 5.37 0.91 0.50
T CD, He?* 0.148 0.020 CD3T 5.08 2.58 0.50
DT 5.20 0.91 0.50
T CHsF 0.424 CHoFT 4 .81 2.03 0.192
HT 4,92 0.58 0.389
CHsT 4.81 3.53 0.059
TF 6.33 0.13 0.360
T CHoF2 0.468 CHF.T 4 .68 1.80 0.088
HT 4,78 0.51 0.254
CHzFT 4,68 3.85 0.081
TF 6.16 0.51 0.577
T CHFs3 0.514 CFaT 4 .61 1.77 0.048
HT 4,72 0.50 0.112
CHF,T 4,61 y. 27 0.072
TF 6.07 0.91 0.768
T CF4 0.5%6 CFaT 4,57 4,13 0.027
TF 6.02 1.15 0.973
Br CHa Xe 0.445 0.059 CHaBr 15.2 3.5 0.50
Kr 0.000 HBr 22.5 4.7 0.50
Ar 0.111
+ Ne 0.360
Br (3Pz) CH. 0.445 CHsBr ! 22.9  4.28 0.50
HBr 23.8 .21 0.50
Br Cz2He 0.468 C2HsBr 10.3 4 .85 0.332
CHaBr 10.7 1.91 0.043
HBr 13.8 1.56 0.625

_90‘[_



Table VIII. (Con't.)

Molecules

or Ion A B A rB Product Eb Ey ]
ev ev
I(®P3e) CHg %e 0.605" 8.822 cg§1 g%,% 15.2 8.28
r ° s N o

I(2S1p) CHa 0.605 CHali 29.5 8.52 0.50
I+<3P2) HI 27 .5 9.75 0.50
I(%*Pops CHa 0.605 } CHsI 26.8 10.5 0.50
“Pop, 4Pyé) HI 27.5 9.75 0.50
T7(3P,, ®Po) CH. 0.605 CHsli 21.7 2.40 0.50
+o HI | 20.0 4,31 0.50
I ('Ds) CH, 0.605 CHaI, 14.0 0.0 0.50
S HI 12.2 0.0 0.50
1(2P%e) CH, ' 0.605 CHaIT  24.8 0.0 0.50
) HI 27.5 0.0 0.50
I(®P3k) CD4 0.531 CDsI 14,2 7.32 0.50
+a DI . 22.6 8.00 0.50
I (3P2) CD4 0.531 CDaI, 24,1 8.02 0.50
3 DI 22.6 8.00 0.50
I(®P3e) CzHe 0.62k4 CaHsI 11.9 9.90 0.332
CHsI 12.3 5.03% 0.043

+a HI 16.1 5.70 0.625
I (°P2) CoHg 0.624 CaHsI, 8.54 0.00 0.33%2
CHaI -12.3 0.00 0.243

HI 16.1 0.00 0.625

I(2P%@) CaHg 0.624 n-CaH7 I 8.16 8.07 0.238
0.3%98 i-CaH7I 7.82 7.83% 0.080

0.398 CoHsI 8.84 3 .86 0.024

0.624 CHaI 9.07 3.36 0.024

HI 16.5 4,74 0.634

-L0T-
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L2

Figure 20. Isotopic specific activity ratio as a function
of the mole fraction of Hs in Hs-Ds mixtures.
Data are of Lee, Musgrave, and Rowland®®.
Curve a was calculated assuming T + Hz and
T + Do collisions, curve b, assuming T + H
and T + D collisions. Neither curves were
corrected for thermal exchange.



Table IX.

HT and DT Yields in the System T + Ho + Do

T + Hor D Collisions

T + Hs or D> Collisions

R g w, EmEL TR BN e
HT DT Activity HT DT . Activity
0.0 0.00  0.99 — — 0.00 0.97 @ — —
0.1 0.08  0.53 1.31 .50 0.12  0.59  1.87 1.87
0.2 0.16  0.51 1.25 g 0.23  0.57  1.58 1.64
0.3 0.24 ~  0.46 1.2% .40 0.32 0.49 1.52 1.59 |
0.4 0.34 0.41 1.22 .35 0.41 0.42 1.47 1.5% ‘%
0.5 0.43.  0.35 1.22 3k 0.50  0.35  1.45 1.51
0.6 0.53  0.29 1.22 .32 0.60 0.28  1.43 1.49
0.7 0.65  0.23 1.22 .30 0.70  0.21  1.h2 1.46
0.8 0.76  0.15 1.23 .29 0.80  0.14 1.4 n
0.9 0.87  0.07 1.24 .27 0.90  0.07 1.4 1.4%
1.0 1.00  0.00 — — 0.98  0.00 — —
& The specific activity = (YHT/YDTa/TXHZ/(l—XHZ)]

o Corrected for thermal exchange reactions: T + Ho and T + D2z.
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equal to the mole fraction Of.Hg gince the cross—sections are
equal for the two types of collisions. The steric factors
equal 1.0.

These various data are listed in Table IX and the
specific activities (YHT/YDTb/TXHg/(l - XHé)] are plotted
in Fig. 20 for T + Hz or Dp collisions (curve a) and T +
H or D collisions (curve b).

One additional effect should bé considered. Those
tritium atoms which bypass the reactive-energy range
v(11,3 - 0.61 ev) can react further with Hz or Do in a
thermal exchange reaction. At 1000°K, the ratio*7’*%8 of
the rate constants for the reactions (H + Ho - Hz + H)/
(H+ Dz » HD + D) and for the reactions (D + Hz - DH + H)/
(D+ Dz » Dz + D) are about 1.7 - 2.2. No data are avail-
able for the T + Hs and T + Do exchange reactions.

The calculated specific activities were therefore
corrected for the thermal—exchange'reaction assuming the
T + H%/T + Do rate-constant ratio was 1.9. As an example,
for T + Ho or Dz collisions, when XH2 = 0.2, the fraction
of tritium atoms available for the thermal-exchange reaction
is 1.00 - 0.23 - 0.57 = 0.20. Of these, (0.20)(1.9)(0.2)/
[(1.9)(0.2) + (1.0)(0.8)] = 0.06 form HT and 0.20 - 0.06 =
0.14 form DT. The corrected specific activity is (0.29/
0.71)/(0.20/0.80) = 1.6k,

Rowland*® considers the experimental data accurate to
about * 3%. For the T + Hz or Do collisions, the corrected

data are in agreement with the experimental within * 1.4 %.
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For the T + H or D collisions, the corrected data are 12.5%
lower than the experimental data. | |

The irradiated samples contained*® 15-17 mm He® and
about 630 mm total Hs + Ds. Thus, the mole ffaction of
He® is only 0.025. The presence of He® will affect the
specific activity ratio in two Ways but the two effects
are in opposite directions. Since the energy range for pro-
duction of HT 1is greatef than that for production of DT,
collisions of T with the small amount of He® will cause a
small decrease in the HT yield but an even smaller decrease
in the DT yield. Thus, the specific activity ratio will be
slightly smaller. However, these additional tritium atoms
which have not formed HT or DT in the hot reaction energy
zones can then react thermally to form HT or DT and, for
this reaction, the HT produét will predominate° The cor-
rected specific activity will be approximately the same
as if the presence of He® was neglected.

The above calculations do not necessarily indicate that
the colliding partner must be Hp or Do rather than H or D.
If the thermal-exchange rate-constant ratio was 2.2, for
example, rather than 1:9, thé corrected curve for T + H or D
collisions would be more in agreement with the experimental
data and the T + Hs-or Ds corrected curve would lie above
the experimental points.

The excellent agreement between‘theory and experiment
suggests that the mathematical model serves properly to

describe hot-atom reactions in these simple systems.
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2. T - CHzDs and T - CHy4 + CD4

Lee, Musgrave, and Rowland®° determined the (HI/DT)/
(CH4/CD4) and (HT + DT)/(CHsT + CDsT) ratios in the re-
action systems: T - CHzDz and T - CH4 + CDs. Although
they were able to separate HT and DT, the CHsT and CD3T

products appeared as a single gas chromatography peak.

These systems constitute a reaction mixture involving
competing reactions. The T - CHzDz system can be handled
as though it were an equimolar mixture of CHs and CD4.

Using effective energy-degradation factors, 0.342 for T-CHa.
and 0.148 for T - CD4, calculation of the values of R is
made using Eq. (108) for CHsT, Eq. (106) for HT, and Eq.
(109) for CDsT and DT.

Lee, Musgrave, and Rowland®° observe (HT + DT)/(CH3T+CD3T)
ratios of about 0.82 to 0.90. As is discussed §n page 124 and
depicted in Fig. 26, the calculated ratio of HT/CHsT for non-
moderated systems will depend on the choice of SCHaT and
varies from 1.0 for s = 0.6 to 2.0 for s = 0.4, For s =
0.5, a ratio (HT + DT)/(CHsT + CDsT) of 1.12 is calculated.
Although this value 1s certainly greater than the observed
value of 0.82 to 0.90, the calculated value is more in
agreement with Wolfgang's observatiéns that the HT/CHsT
ratio is > 1.0

The isotopic methane yield ratios and specific éc-
tivities can be calculated unambiguously since the steric

_factor cancels. However, YHT = RHT - RCHsT SCHsT and YDT =



RDT - RCDsT SCDsT. A calculation of the specific activity

ratio, (YHE/YDT)/QCH%/bD4) will therefore require knowledge
and s

of If these steric factors are assumed

- SCHST CD3T" |
equal to 0.5, then the calculated specific activity ratio
involving HT and DT is 1.24 for 0.50 mole-fraction CHg, in

good agreement with the experimental value of 1.29.

3. T - CH4 + He and T - CDg + He

Estrup and Wolfgangzgvand Cross and Wolfgang®* have
performed a number of experiments to determine the effect
of He* on the yields of the T + CH4 and T + CD4 reactions.
These experimental data are given in Figs. 21 and 22. The
discussion here will be limited to the isotope effect in
the production of CHsT and CDsT. Detailed calculations for
these systems are given in Appendix III. The calculated
yields of CHsT and CDsT are given by the solid lines 1in
Figs. 21 and 22. 1In performing these calculations, an
effective energy degradation, r ., was used although the
yiéld ratio is not effected appreciably by this choice.
For any mole fraction of Heé, YCHaT/YCDaT = RCHgT/RCDaT
are assumed

since the steric factors, and s

SCHaT
equal and therefore cancel.

CDsT’

The calculated yield»ratio?_?CHgT/YCDST’ as a function
of the mole fraction of He4, is plotﬁed as a solid line in
Fig. 23. The best visually drawn uppér and lower-limit
curves which encompass.abbut 90% of the experimental data
of Figs. 21 and 22 were used to calculate the experimental

yield ratio. These experimental ratios are indicated by
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Figure 21.

| |
0.2 04 0.6 0.8 1.0
MOLE FRACTION CH,

Percent CHsT in T - CHs + He systems as a
function of the mole fraction of CHs. Data:Q ,
Estrup and Wolfgang®®; @, Cross and Wolfgang®?l;
solid curve is calculated.
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35 | - T

1 I I
0 0.2 0.4 o6 08 1O

MOLE FRACTION CD,

Figure 22. Percent CDsT in T - CDs + He systems as a
function of the mole fraction of CDs. Data:
Cross and Wolfgang®'; solid curve, calculated.
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Figure 23.

I | | l
0.2 04 0.6 0.8 1.0
MOLE FRACTION—METHANE

CH3T CDsT ratio vs. the mole fraction of
methane in T - CH4 + He and T - CD4 + He
systems. Ratio of experimental data is
indicated by the shaded band; calculated
ratio 1s the solid curve.
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the speckled band of Fig. 23. The agreement seems excellent.

4, I'28_ CH4 and I*28- CD,

At least 50% of the I*2® produced by the Il'z"(n,'y)Il.28
process 1is positively ohargeds{ In non—mbderated CHs or CD.
systems, the ratio: CHS;/stl was calculated to be 0.92 if
the I'28 is a ground-state neutral iodine (®Pgk) and 1.01
if the iodine is I+ (®P2). Similar values are to be expected
for other iodine species.

Rack and Gordus'* determined that the non-moderated
CHaI'®® yield is 54%.4 * 0.5% and that the non-moderated
CD31128 vield is°% 52.3 * 1.0%. The yield ratio is there-

fore 1.04+ 0.02%, in agreement with theory .

5. Br8°- CH, and Br8°- CD,

The CHsBre° yield in'ﬁon—méderated Br8® + CH4 systems is
13.3 * 0.5% when the Br8° is produced by (n,vy) activation?.
No data are availble for the analogbus Br8° + CD4 reaction.
A calculation of the expected yiéld ratio; CHan/CDgBr, in-
dicates a value of 0.98 if the Br®° is ionic and 0.94 if

ground-state neutral Br®® is involved. Thus, the expected

yield is about 12.5 - 13.0%.

6. Conclusions

The excellent agreement between the theoretical and
experimental values of the isotope yield-ratio suggests that
the proposed model i1s a reasonably valid representation of
the reaction mechanism. It should be noted, however, that

this agreement does not suggest that the proposed steric
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factors are valid since the steric factors do not enter into
the calculation of the organic yield ratio. The particular
choice of the energy-degradation factor, r, does not strongly
effect the calculated yield-ratio except in the case of the

T + Ho and T + Do reactions. Hence, the agreement between the-

ory and experiment does not completely validate the choice of r.

C. Inert-Gas Moderated Systems

1. T - CH4 + He®

One of the most extensive studies of the effects of inert
gases on a hot-atom reaction is that of Estrup and Wolfgang?Z2.

1 who examined the T + CH4 system. The

and Cross and Wolfgang®
vast majority of their data are concerned with the He* moder-
afion of this reaction and the discussion here will be limited
to these data.

a. The Steric Factor - Unlike the calculation of the isotope

yield ratio: CHaj/CDsT, the determination of the individual
yields requires knowledge of the steric facotr. It was stated
earlier that the relative sizes of the tritium atom and the
methane molecule are such that, in a collision with CHa, the;
tritium come is contact with only a portion of the moleculé.
The geometry of the colliding particles indicates that sg =
0.37 for CHsT formation and therefore sg = 0.63 for HT
formation.

| If it is assumed that all other aspects of this mathe-
matical model are valid, then, using the experimental data

of Wolfgang and co-workers, it is possible to calculate
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the experimental steric factor, s Since Y

CHaT

CHaT SCHsT’ the value Of.SCHsT cgn_be'calculated using the

calculated value of RCHsT and the experimental value of

exp’
R

Y In a similar manner, experimental values of YHT

CHST" _
can be used to calculate SCHST according to the equation:

Y R - R

HT = "HT - "CHaT SCHaT"

Using experimental CHsT data for scavenged systems,
SCHST was fouhd to equal 0.58. For corresponding experi-
mental HT data in scavénged systems, SCHST was found to
equal O.74.

The value Qf SCHsT cap also be féund from a combination
of these two yields: Spy n = (RHT/RCHsT) / (1 + (YHT/YCHST)].
This representation has the advantage that it is necessary
'to know only the relative HT and CHaT yields rather than
| the abso1ute yieids° Using'thié equation, SCHsT is found to
be 0.66 for scavenged systefns° This latter value is the
average of the two values above calculated from the individ-
ual yields. This correspondence 1is not a general rule and
occurs here only because YHT is'approximately‘equal fo YCHST
in the scavenged syétéms°

It is not at all obvious why the experimentally-derived
steric factor should differ so ffbm the geométric sﬁeric
factor. An effect deScribed by Odum and Wolfgang®*® as an
inertial effect, has, in a sense been:accounted for in the
calculation of ¥, the fraction of tﬁe internal energy as-
sociated with the CQH bond, and has also been ﬁartially

accounted'for in‘the calculation of the efféctive energy-—
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degradation factor, re, It may be, however, that this in-
ertial effect is indeed so important a factor in the hot-
atom reaction that this mathematical model does not take

full cognizance of it. However, updn examining the various
data for a variety of systems, it is seen that the calculated
values are always in reasonable agreement with experiment.
When the calculated yield is high, the experimental yield is
high. When the calculated yield indicates only a few percent
yield, invariably the experimentally observed yield is only
a few percent. It is therefore difficult to assess acéue
rately and judge, with any high degree of conviction, the
various possible choices of the steric factor.

It 1s of interest to note that the value of SCHST
derived from the YHT/YCHsT experimental data®2’5! for un-
scavenged systems is 0.41, in very good agreement with the
geometric factor.

‘Lacking any other means of determining this steric

factor the decision was made to use, simply, = 0.50.

SCHaT
The solid curves of Figs. 21, 22, and 25 were calculated
using this value.

b. 'The Energy-Degradation Factor - The total tritium sta-

bilized as HT and CHsT is independent of the steric factor

since Yyp + You o = (Bgp - Yoy o) + Yoy o = Bype

of different choices of the energy-degradation factor can

The effect

then be evaluated in terms of its effect on RHT° Presented

in Fig. 24 are two curves. Curve a was calculated assuming

the collisions were between T and the methane molecule.
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FRACTION OF TRITIUM STABILIZED

olo % | | |

o 0.2 0.4 0.6 0.8 1.0
MOLE FRACTION-CHg4

Figure 24. Fraction of tritium stabilized as a function
of the mole fraction of CHs. Curve a, r = 0.25.
Curve b, r = ro = 0.342. Data: @ , unscavenged,
O, I2 scavenged.
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Hence, for this curve, r = 0.25. If the effective energy-
degradation factor, r, = 0.342 is used, the calculated
curve 1s b. Thus, the choice of r has very little effect
-on the calculated yields.

Also plotted in Fig. 24 are the experimental data®2’5%
for the HT + CHsT yields in scavenged systems. These data
by no means extrapolate to 1.0 at unit mole-fraction of CHa4.
The experimental data®2® for the HT + CHsT yields in unsca-
venged systems, however, are in much better agreement with
these curves. (In the scavenged systems the HT yields are
much lower. The reason why the Io scavenger affects only
the HT and not the CHsT is not obvious.)

It should be pointed out that the lack of agreement
between these scavenged data and the two curves of Fig.

24 is not a result of an improper choice of r. It 1s prob-
ably due to the fact that additional reactions with the
scavenger were not included in the calculations. For
example, i1t was assumed that between 2.73 and 0.91 ev only
T + CHq4 - CHs + HT occurs. However, between 3.1 and 0.0 ev
vthe reaction T + I » TI + I can occur. If, in the range
2.1 to 0.91 only T + I> reactions occur, which is by no
means possible in the experimental systems studied since
the pressure of CH4 far exceeded that of‘I%; then the cal-
culated yilelds of HT are given by curve b in Fig. 25.

Another, perhaps more realistic reaction, which could
lead to the depletion of HT is the thermal reaction :

HT + Io - HI + TI.
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PERCENT HT

0

Figure 25.

| |
02 04 06 08 1.0
MOLE FRACTION-CH,

Percent HT as a function of the mole fraction of
CH4. Curve a, unscavenged. Curve b, a scav-

enger totally effective in the range 3.1-0.91 ev.
Data: @, unscavenged, O, scavenged.



c. The HT/@HsT Yield - The ratib of yields of HQ/CHST was
discussed above in relation to the calculation of the sterié
factor. One other point bears comment. Estrup and Wolfgang?®2
noted that the ratio H?/bHsT increased in highly moderated
systems and stated that this is probably due to the reaction
of T with HI. Calculations indicate that such_a variation

in this yield ratio should occur and would be a direct con-
sequence of the fact that the reactive-energy range for the
production of HT is greater than that for the production of
CHsT. These data are depicted in Fig. 26.

2. T - CD4 + He*

The discussion for this system exactly parallels that

given for the T - CHy4 + He* system. The value of S 6DAT
3

calculated from the ratio YDT/YCDgT was 0 .67 for scavenged

and O0.44 for unscavenged systems 5!, A value of SeDsT =

0.50 was used in the calculation of the solid curve of Fig.

22,

3. Br®° - CHs + Inert Gas

At least 18% of the Br®° produced by (n,y) activation
is positively charged®. Since no information about possible
exclted species was available, it was assumed that only
ground-state Br(®Psr) atoms and BP+<3P2) ions took part in
the reaction. A steric factor of 0.5 was assumed, although
it may be slightly high. Since the bromine atom is much
larger than the size of a hydrogen atom in CHs, 1t was
assumed that the bromine collides with the whole methane

molecule. Thus, r = 0.445,
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MOLE FRACTION - CHa4

Figure 26. %HT/%CHST vs the mole fraction of CH. for various.
steric fagtors. Curve a, s = 0.40; b,s = 0.50;
c, s = 0.60.
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The ionization potentials of CHs, Ne, Ar, and Kr are
greater than that of Br and charge-transfer between Br+
and CH4, Ne, Ar, and Kr would not occur. In Br®° - CH4
systems containing these inert gases both Br+ and Br
species will exist.

For pure CH4 + Br+(3P2), a yield of 45.0% is calculated.
The effect of Ne, Ar, and Kr on this reaction is indicated
by curves a in Figs. 27, 28, and 29. For pure CHs + Br(ZPgb),
a yileld of 6.2% is calculated. The effect of Ne, Ar, and Xr
on this reaction 1s indicated by curves d in Figs. 27, 28,
and 29. In these figures, curve b corresponds to a mixture
of 80% Br and 20% Br+; curve ¢ corresponds to a mixture of
85% Br and 15% Br+. Thus, curves b and c¢ define a region
corresponding to 15-20% positively charged Br8°. These
calculated curves agree surprisingly well with the experi-
mental datal”.

The xenon-moderated reaction can involve the charge-
transfer reaction of Br (®P.) with Xe to yield Br(®Pgh) +
Xe+(2P3é). If the Br+(3Pﬂ, while in the reaction energy
range, encounters a CHy4 before meeting a xenon atom, it will
react with the CH.. If the Br+(3P1) meets a xenon first, it
will be neutralized to (2P%é) which, if it possessed enough
kinetic energy, can still react with CHs. The fate of the
Br+(3P1) will be a function of the probability that it col-
lides with CHg, gA. Curve a of Fig. 30 indicates the frac-
tion of bromine originally as Br+(3P1) which reacts with CHg.

Curve d is the reaction of Br + CHg4. Curves b and ¢ cor-
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Figure 27. Effect of Neon on the yield of CHsBr®°. Curve a,

Brt + CHs4; b,80% Br, 20% Brt + CH4; c,85% Br,
15% Brt + CHs, d,Br + CHg.
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Figure 28. Effect of Argon on the yileld of CHsBr®°. Refer
to Fig. 27.
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Figure 29. Effect of Krypton on the yield of CHaBr®°.
: Refer to Fig. 27. Data:@ Rack and Gordus '7;
O, Gordus, unpublished. : ,
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Figure 30. Effect of Xenon of the yield of CHsBr®°.

Curve a, CHs + BrT (®Py) or Br(®Pge) formed
from Br (®P1); 1,80% Br, 20% Brt( °P;) + CHy;
c, 85% Br, 15% Br'(°Py) + CHs; d, Br + CH,.
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respond to 80% and 85% Br, respectively. The calculated

curves, b and ¢ encompass most of the data points®”.

k, 128 _ CH, + Inert Gas

These reaction systems are very similar to those in-
volving the inert-gas moderation of Br®°® + CH,. In the
case of Ilzs, however, at least 50% of the atoms are positive-
ly charged® and at least 25% are I+(1D2)14’55° A steric factor
of 0.5 was assumed and the value of r = 0.605, which corresponds
to collisions between I and CH4. molecules was chosen.

With xenon moderator, i+(lD2) + Xe > I(2Pap) + Xe(3Pap)
can occur. Experimental data'?® and various calculated curves
are given in PFigs. 31 and 32.

I+(1D2) cannot undergo charge-transfer with krypton. The
effects of this gas on various processes which yield CHzI'28
are given in Fig. 33 and compared with experimental datal*.

Since the I*2® ionic abundances are not known, the net
CH3I*28 yields cannot be calculated. These curves serve only
to indicate the general trends in moderating the various
reactions.

D. Non-Moderated Systems

Presented in this section are the calculated yields
for various non-moderated reaction systems where the target
molecule is in great exéessu The agreement between the cal-
culated and experimental valﬁes is fairly good. It should be
emphasized that, in these calculations, unlike those of the

isotope yield ratio; the choice of the effective energy-

degradation factor and, particularly, the steric factor
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Figure 31. Effect of Xenon on the Xield of CHaI'28,
(a) I+(*Dz) + CHy4 and I ngg) + Xe charge
transfer, (b) I + CH4t,

c) I(®Pae) + CHa. .
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Figure 32. Effect of Xenon on the yileld of CHsI'238,
3)31+( %P,,%Po) + CHa, (b) I( 31/2) and
. éHP 2) + CHs, (c) I( Pge, *Pges “Pye)
4 .
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Figure 33. Effect of Krypton on th'((a §1e1d of CHsI'38,
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(a) IT'(3P1,3Po) + CHa, I(1Sye) or
1T(3p2) +lCH4? (c) I?4P5/2,4P3/2,‘1‘!12°,/2) + CHa,
(d) I(2Pge) + CHa.



can strongly affect the calculated yield.

1. T + Hydrocarbons

These yields were calculated using the energy-degradation
factors, steric factors, and feaction—enérgy limits 1listed in
Table VIII. The steric facﬁors were based on values derived
from experimental data by Urch and Wolfgang*®. The values
were calculated according to the methods outlined in Chapter

VI-H. These yields are listed in Table X.

2. Br®° + Hydrocarbons

For ground-state Br(qué) atoms a CHsBr yield of 6.2%
is calculated. For ground—ionic state Br+(3P2) ions a
yield of 45.0% is calculated. Excited ionic states of Do
or greater should undergo'charge—transfer with CH4. The -
CHsBr calculated yield is therefore (0.82)(6.2) + (0.18) (45.0) =
13.7%. The agreement with the experimental value'”, 13.3%0.5%,
is remarkably good, although fortuituous.

Charge transfer can occur between ground-state Br+ ions
and CzHg. The calculated yields, therefore, were based on
the reaction of ground-state Br atoms. The disagreement be-
tween experimental and calculated data in Table X could be
due to an improper choioerf:the steric factor which was the

same as that used in the tritium-ethane system.

3. I'28 4 Hydrocarbons

At least 50% of the I*28 produced by (n,y) activation

is positively charged® and some of these I*28 ions are in
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Table X. Calculated and Experimental Yields in
Non-Moderated Systems.

System Product Yield % Reference
Calc. Exp.
T + CH. CHsT 41.6 36.0 22, 51, 53
HT 58.4 348,560 o2
T + CD4 CDsT 33.0 30.6 51, 53
DT 66.6 25-30 51
T + CoHg C2HsT 30.3 27 .5 54
CHsT 4.0 3.8 54
HT 51.8 4z .4 54
B¢£2P32)+CH4 CHaBr 6.2'} 5.3 17
Br (®Ps)+CH4 CHsBr 45.0
Br(2Pap )+CHa CoHsBr  12.3% 4.0 11
CHsBr 1.9 5.6 11
I(®Pak )+CHs CHaT 11.7 )
I(4P§/2): I(4P3/2):
I(*Pyfz)+CHa CHsI 45.7
I(®Syz)+CHs CHs T 60.5 \ 5.4 14
1 (3P, )+CHs CHaI™  60.5
17(°P1), I (°Po)
+CHa CHsI' ~ 64.8
Ii2P%é)+CD4 CD31+ 12.7 } 52.3 52
I"(°P2)+CDs CDsI 59.7
Iiqub)+C2H6 CzH51+ 44 } 1.0 11, 55
T (%P2 )+C2Hg CoHsI 0.0
I£2P9@)+02H6 CH3I+ 0.8 } ol 11, 55
I (%P2 )+C2He CHsI 1.3
I(Pgk)+CaHs n-CsHsI 0.3 0.3 11
1-CaH+I 0.0 0.5 11
CoHsI 0.4 0.4 11
- CHaI 0.5 0.5 11
a

With I- scavenger

o Without scavenger
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14555, CH3I'®® yields were cal-

excited electronic states
culated for ground-state (ZP%@) iodine atoms, slightly ex-
cited (4Pq@), (4Pqé), and (4P#2) iodine atoms; highly ex-
cited (®Sye) iodine atoms, ground-state (°Pz) iodine ions,
and slightly excited (®p.) and (®Po) iodine ions. Because
the relative abundance of these various species as well as .
I+(;D2) ions is not known, it 1is impossible to calculate an
average_or overall expeotéd CHai yield.

Tn the case of the I*2® 4+ C.Hg reaction, I’ ions in the
1Ds, or higher, state will undergo charge transfer with CzHg.
Yields of CoHsI and CHsI were calculated for ground-state
iodine atoms and jons. Although it is not possible to cal-
culate the individual yields, it is interesting to note that
the orders-of-magnitude of the various calculated yields are
in reasonable agreement with experiment. Similar order-—of-
magnitude agreement exists for the one I + CzHg reaction

calculated.

4, T + Fluoromethanes

The steric factors used in the calculations of the tri-
tium + fluoromethane yields was based on the geometry of
the interacting pairs and 1s given in Table VIII. An ef-
fective energy-degradation factor, r,, was used. The lower
energy limit was based on activation energies of 1.6 ev
for replacement and 0.56 ev for abstraction reactions. The
calculated yields, Table XI, do not agree in all cases pre-

cisely with the experimental data of Odum and Wolfgang*S.

The discrepancy could be due partially, if not completely,
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Table XI. - Calculated and Experimental Yields in
Tritium-Fluorocarbon Systems.
Reactant Product Percent Yield Corrected Values
Exp. Calc. S Fyield

CHsF CHoFT 12.7 8.5 0.29 12.8
CHaT 5.3 2.1

CHoF» CHF.T 5.3 3.0 0.17 5.8
CHoFT 1.6 2.0

CHFs CFsT 2.9 1.6 0.08 2.7
CHF.T 0.7 1.4

CF4 CFsT 0.3 0.4
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to an improper choicerf the steric factor. It may be that,
in some cases, the.inertial efféct broﬁosed by Oduﬁ ahd
Wolfgang*® contributes markedly to the”effective steric
factor. In the case Qf tritium replacement and abstraction
of fluorine in fluoromethanes such an inertial effect may
not be important in the calculation of s since the mass of
fluorine and the radical attached to the fluorine are both
much greater than the mass of the tritum atom. This would\
not be the case when the tritium atom abstracts or replaces
a hydrogen atom in a fluoromethane. .
Experiments®2 indicate that the tritium shows very 1little
bias in the abstraction or replacement of hydrogen in CHs
although the calculated steric factors, Table VIII, indicate
SCHaT/éHT = 0.59. To correct partially for such inertial
effect, the average value of the geometric steric factors for
hydrogen displacement and abstraction reactions was used as
the steric factor for hydrogen replacement and is listed in
Table XI. These corrected data agree remarkably well with
the experimental data. The agreement is undoubtedly for-

tuiltous.
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E. Simplification of the Model

1. Estrup and Wolfgang ModelZ®2

Estrup and Wolfgang®2 derived an ekpression which can
be used to describe the inert-gas moderation of hot-atom re-
actions. By neglecting higher-order terms, they have reduced
their expression to a usable form. .Using the same notation

as in this dissertation, their equation is:

g g,1 2
8 A
Ypg = o 41 - [a—] Ky (130)
where
a = ? 8,2y | (131)
M, - m
@, = 1 +|—2 NVt pnp, , (132)
1 M.m 1
1N
EE (E)
T~ F.(E
_ i
Iy =84 7 4 (133)
gy
E” [ [E° ‘
r
v F, (E) F, (E)
K., =g2 < dE » dE , (134)
1 1 E E
EY E

2. The Proposed Model

An expression similar to Eq.. (130) can be obtained by
expanding the distribution function, Eq. (96), in the form

of a Taylor's series. For E° > E
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n(E°,8) _ ath [1 v (asbo1) (EE>+ (a+b—l)(a+b—2)(E;-E>2+,..

Y/ E E 21

(125)

According to the definition of R, Eq. (101), where only

A is reactive,

<Ry>p, = 8y (a+b) [Jli + (a.+b-1)(J2:.L - J11)

4 (a+b-1;$a+b—2) (Jai - 2Jp3 + J1g) +e.... J,
where a b (126)
B E-
= r
o F.(E)
(Eo)l’l—l dP(E )dE° ln dE
dE® E
y y
; - 4E E ) (137)
ni )
T o
dP(E }iEo
dE°
Ey

If dP(E°)/dE® is a constant, as is the case for T produced

by the He®(n,p) T reaction, then

2 . ?EE
n.
(r_) - [ r F, (E)
J . = = dE . (138)
ni a n
E y
oy T E) JEY
For n = 1’
ol
r
Ji = F---di(E) E- i
3 = i - Si ) (139)

.].
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Jz24 differs slightly from the constant, K,, Eq. (134)

ol
r
a F.(E) ,
J2q =.§-<%r + EV) = dE , (140)
E2
5y

Using the formulas for F(E) in Table VI, it is found that

EP 1y
J]_i = El’l E—y— = % (141)
and
b Ly a :
2E"E - r

Thus, Ji1i values can be calculated and compared with

experimental data for Ii'

5. T + CHy and T + CDg4

The ratio of I values for T + CH4 and T + CD4 reactions

can be calculated unambiguously since the steric factors

cancel.
Uudemer  _ Temer _ 967
(J1)op,t LopaT

Cross and Wolfgang®?', using the Estrup-Wolfgang model, found
this ratio to be 1.00 * 0.13. The agreement between theory

and experiment is excellent.

~ 5.0
CHaT™ SCH.T 95775

N

The calculated value of I is I

CHsT

0.653 SCH3T° If SCHsT = 0.5, ICH3T = 0.327.
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- _ 5.08 _
Similarly, ICDST = SGp,T In 558 = 0.677 S ODaT If
SCDaT = 0.5, ICDST = 0.339.
The experimental values of I will depend on the choice
of M, in Eq. (132). Estrup and Wolfgang®® and Cross and
Wolfgang®' use Moy, = 16 and MCD4 = 20. On this basis they

= T - + =
CHsT = 1CDaT 0.28 0.04. If a value of M

o
1.2A is used rather than ng = 0.53A (see Appendix I-E),

obtain®t I

then °2, LoHaT = 0.38 and TopaT = 0.375. It is suggested in
this dissertation that, because of the relative sizes of

T and CH4 or CD4, an effective energy-degradation factor,
r.» should be'used° The value of r, used in this disser-
tation is the same value that would be obtained for r if

= 11.5 and M = 6.8 were useda. Using these values

CHa4 CDa4
for Mi’ and plottong the experimental data

M

22551 gccording

o
to Eq. (130) using n,, = 1.2A, it is found that I

. = 0.38

CHsT
and ICD3T = 0.40.

Considering the various uncertainties in these cal -
culations, and particularly in the cholce of the steric
factor, the agreement between theory and experiment is

remarkably good.

h, Bré® 4+ CH,

Rack and Gordus'”, using the Estrup and WolfgangZ®Z
A . _ N
model, Eg. (130), determined T oHyBr 0.057 * 0.005 for

the Br®° + CH4 reaction. If the reaction involves ground-
a

Tt may appear surprising that the "effective mass" of

CD4 is less than that of CHs. This results from the fact
that T+H collisions are less effective for energy degra-
dation than T+D collisions. Thus the T+D collisions con-
tribute more to (ry)cp,r than do T+H collisions to

(re)CH3T°
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80 _ 15:2 _ p.120
state Br atoms, then ICHsBr SCHsBr In 1%.5 0.

SCHaBr'
If s = 0.5, as was arbitrarily chosen (Table VIII),
CH3 Br

= ° O i °
then ICHsBr 0.060 in agreement with experiment

5. I'28 4+ CH,

Only 18%/54.4% of the total 54.U% yield of CHsI*2®, in
the reaction, I'2® + CH,, appears to involve a reaction
requiring hot iodine'*’35, For this 18% yield, 1t was
found**, using Eq. (130), that ICHgI = 0.06 £ 0.01.

If 18/54%.4 of the total I'28® produced by the (n,vy) re-
action reacted by a hot reaction and if the remainder

1 - (18/54.4), reacted by processes which does not nec-
essarlly require excess kinetic energy, then the yields
used in the determination of ICHgl are too low. The cor-
rected value is I =(0.06% 0.01)(54.4/18) = 0.18 t 0.03.

CHsI™
For ground-state I'28, T = In gl—%-= 0.34 s

CHaI ~ °CHaI 15 CHaI'
If sgy.p = 0-50 as was arbitrarily chosen (Table VIII),
3
then ICH T = 0.17 = 0.17 in excellent agreement with ex-
3

periment.

6. I'28 + CHFs

For the reaction I*%® + CHFs, EP = 6.74 and EY = 6.12
if the products are CFaI + H. The reaction will not take

place by the process I + CHFs - CHF-L+ F since EP - 6.74

. vy B 6.74
is smaller than E“=10.0ev. Thus, ICFSI = Sgp,T ﬁnGTTE =

0.094 s If T = 0.047. Rack®2 de-

CFsI’ Sora1” 92 Iop.z
termined that I = 0.05% * 0.015.
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T Inorganic Yields

-
Y
series, Eq. (13%5) becomes divergent and it is not possible

It should be noted that when > 1.0, the Taylor's

to approximate the series by only the first few terms. TFor
all inorganic products given in Table VIII, (e2-8YYEY > 1.0.
Thus, Eq. (13%6) and probably also Eg. (130) are not valid
for describing the inorganic yield. This is undoubtedly

the reason Estrup and Wolfgang®® found that Eq. (13%0) does

not apply to the HT yield in the T -+ CH4 reaction.

F. “Concluding Remarks

It has been shown that valués of R for any product can
be easily calculated. The calculation of the yield, Y, is
much more uncertain because of the lack of knoWledgé of the
steric factors. It was sden;'however, that, in the hot
tritium reactions, the geometrical steric factor, calculated
using covalent bond radii, results in calculated values of
Y which, surprisingly, are in reasonable agreement with
experimental data.

Using experimental hot-atom data, this model could be
used in a semi-empirical manner to calculate steric factors.
For example, as noted in Section C of this chapter, SCHsT
was found to be equal to 0.58 using the CHsT yields of Io
scavenged T + CHs systems. When atomic-beam techniques be-
come perfected it should be possible to measure the steric

factors directly and also determine the reaction-energy

limits, Eb and Ey.
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In Section E of this chapter experimental values of I,
determined using the Estrup and Wolfgang equation®2, were
compared Qith values of I calculated using the model pre-
sented in this dissertation. The fact that: (1) the Estrup
and Wolfgang value of I, = s,J1, and ; (2) the calculated'
values of SiJli agree very well with experimental values of
Ii’ both indicate that these two models are similar. This
is to be expected since both models are based on the same
reaction mechanisms and are both derived in terms of the
neutron cooling-down model. The present model, however,
has greater applicability since there 1s provided a means
of calculating: (1) the energy ranges, (2) the values of
Sy (3) the effective values of r, (4) the values of I, =
s;J14, and, (5) the values of Rj and therefore Yj for any
product in (a) pure systems, (b) inert-gas moderated sys-
tems and (c) systems consisting of more than one reactive

species.



Appendix I. PHYSICAL CONSTANTS USED IN THE CALCULATIONS

A. Structural Constants

In calculating the effects of momentum transfer to an
atom in a molecule, Chapter II, it is necessary to use a
number of molecular structural constants. These data

were obtained from the book, Tables of Interatomic Distances

by Sutton®® and are listed in Table XII. In this table,
the halogen, X, bonded to the carbon is listed in the col-
umn of C-X bond distances. Those data which were estimated
are indicated by an asterisk.

B. Force Constants

A set of force constants for a molecule, though internally
-consistent, may differ appreciably from other sets of force
- constants for the same molecule. Since the force constants
were used on a compérison basis to determine the extent of
vibrational and rotational excitation energy recelved by a
molecule, efforts were made to ensure internal consistency of
data. Most of these data were from the series of articles on
substituted methanes by F. F. Cleveland, et. al. and are listed
in Table XIIT.

The notations used in the table are defined as follows:

k with one subscript is the stretching-force constant

k with two subscripts is the bending-force constant

i refers to the C-I bond

b refers to the C-Br bond

¢ refers to the C-Cl bond

_147_
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Table XIII. TForce Constants for Individual Molecules

Molecules Force Constants, md/z Reference
CHzI or CDsI Ky - 2.24 57
kh 5.05
Kph 0.442
Kin 0.463
CFsI L 6.246 58
ky 2.289
Ky p 0.183
Kop 1.213
CHzI2 ki 2.2333 59
ky 4.9688
LN 0.458
k.. 0.222
ii
Lo 0.242
CHsBr or CDsBr k. 2.8631 60
K 5.1199
LR 0.448
LSRN 0.301
CFaBr Ka 6.2460 58
k) 3.0352
Ky o 0.292
Kon 1.213
CClsBr Ky 2.8976 61
k, 3.4580
K.o 0.37094
k 0.41617

bec
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Table XIII (con't.)

hh

~Molecules Force Constants, md/K Reference -
CHz2Brz ky 5.0455 62
Ky 2.8965
K1 0.298
‘ LS 0,285
Lo 0.516
CFzBre ke 6.1400 63
Lo 2.9132
Kop 0.871
L 0.463
K1 0.279
CClzBro kb 2.7530 64
k, 3.3713
L 0.371
LERN 0.333
kbc O °537
CHBra Ky 2.8976 65
k. 4.8828
Koo 0.233
Ky 0.288
CBra Ky 2.8976 65
' kbb 0.29473
CH3Cl or CDsCl kC 3.37 66
ky 5.01
kch 0.354
k 0.448
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Table XIII. (con't.)

Molecules Force Constants, md/ﬁ Reference
CFsC1 kg 6.25 67
k, 3,46
Koo 1.22
kcf 0.652
CHCls kh 4 .8002 61
kK, 3. 4580
Koo 0.37094
L 0.29046
CFCls kf h.ohht 61
kc 3. 4580
K, 0.37094
L 0.52922
CCl, K, 3.4580 61
K, 0.39512
CHF>C1 kc 3.5910 68
K 6.2925
Ky '5.03%00
K, ¢ 0.470
L 0.318
Koo 0.745
k 0.521

fh
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h refers to the C-H bond
f refers to the C-F bond
For example, kf is the stretching-force constant of a

C-F bond and k is the bending force constant between C-H

bh
and C-Br bonds.

Listed in Table XIV are force constants for various
other bonds.

C. Bond-Dissociation Energy

Thé bond-dissociation energy is defined as the energy
required to dissociate a molecule into two radicals. This
definition differs from the definition of bond energy which
is based on the total dissociation of a molecule. For the
processes discussed in this thesis the bond—diséociation
energy rather than the bond-energy is required. Unfortu-
nately, bond-dissociation energy data are not as plentiful
as bond-energy data and, in some cases, it was necessary to
estimate the data. Given in Table XV are the bond-dissocila-
tion energies used in the calculations.

The bond-dissociation energy for an ionized .molecule

was calculated according to the following thermodynamic

cycle:
+ DAB+ +
AB A+ B
l/ -IP(AB) \L IP(B)
AB A+ B
DaB
Thus,

= D, + IP(B) - IP(AB)

Dypt AB
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Table XIV. Force Constants for Group Motions

Bond EQ%EEE References
A

k CH3—H; 3.8 29
. k(CHz-H .5 9
Stretching x(CH-H) 4.7 69
Force k(C-H) ) 3-24 69
k(C-CHs 3. 70

Comstants 1 cp,_ci,) .00 70,71

k CH2-01; 2.90 70,71

. k(CHz-Br 2.40 70,71
k(CHs-CHz -CHs) 0.20 71
k CHS—C—CHsg 0.20 69
k(C-CHz-CHs 0.20 70

k(C-C-H 0.15 69,72

k(H-C-H 0.40 69,72
k C—CHg-Clg 0.17 70
Bending k(C-CHz-Br 0.10 70
k(C1l-CHz-C1 0.1% 71
Force x Br-CHg—Brg 0.10 71
Constants k 01-0-013 0.10 69
k(Br-C-Br 0.05 69
k(F-C-F) 0.15 69

k(H-C-F) 0.06 72,73

k(H-C-C1) 0.05 72,73

k(H-C-Br) 0.04 72,73

k(H-C-I) 0.04 72,73
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Table XV. Bond Dissociation Energies

Bond Dissociation

Molecule, Energy, ev Reference
CHs-H L, 42 T4
CoHs-H 4,16 T4
CHs -CHs %.60 Th

p—03H7—H 4030 7)-|-

s-CzH7-H 4 .07 T4
CHs-CoHs 3.62 T4
CH5-I 2.3 T4
CDs-I 2.34 est
CF5-I 2,10f0.2 78
CHoI-I 2.03 est
CoHs-1I 2.26 Th4
n-CsH7-I 2.17 T4
1i-CgH7-1I 2.00 T4
CH3 -Br 2 e92 75
CDs-Br 2.92 est
CF5-Br 2.80 75
CCls-Br 2.12 75
CHoBr-Br 2.59%0.15 76
CF2Br-Br 2.60 est
CClsBr-Br 2.12 est
CHBrs -Br 2.67Y0.17 76
CBrs-Br 2.12 75
CoHs-Br 2.82 75
1,1-CoH4Br-Br " 2.70 est
CH5-Cl 3.46 T4
CDs-C1 3,46 est
CF3-Cl 3.60+ T4
CH-C1-C1 3.1970.12 76
CF-Cl-Cl 3 .36 est
CHCls-C1 2.89%0.12 76
CFCls-C1 %.28%0.10 77
CCls-Cl 2.95 T4
CHF5-C1 %.28 est
NO-0 3,12 79
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D. Tonization Potentials

Listed in Table XVI are the ionization potentials used
in the calculations. Many of the data were taken from the

table compiled by Kiser®®; the most recent value was chosen.

E. Collision Cross-Sections

The collision cross-section can be calculated, in
principle, from the collision radii of the interacting

particles.

— 2
0y = w(mi + mj)

where oij is the collision cross-section for an encounter

between i and J and n, and mj are the collision radii.

i

The collision cross-section of non-rigid particles is
a function of energy. If the interacting potential field
takes the form of the Lennard-Jones potential, the energy

dependence of the collision cross-section will be %%

1
91 _ |Ez|°®
O2 B,
where o1 and oz are the collision cross-sections of a given
pair at energies E; and Es,respectively.
The collision cross-sections are used in calculating
the collisional probability of N in a mixture, A + B,

according to the equation

X))y

AT Y. (1-X,)o ) 1-
A%yt (1-Xp)opy 1+ —

>

A 9BN
AN
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Table XVI. TIonization -Potentials of Molecules and Radicals

Ionization
Molecules Potential, References
ev
CHa4 12.99 80
CoHg 11.65 80
CsHg 11.88 80
CHsI 9.54 80
CDaT 9.54 est
CEsI 10.0 78
C2HsI 9.35 80
n-CsH7I 9.41 80
1-CsH7I 9.30 est
CHsBI’ 10 054 80
CDsBr 10.54 est
CFsBr 11.82 80
CHoBro 8.34 76
CHBrs 8.10 76
C2HsBr 10.29 81
HBr 11.62 81
HI 10.38 81
CO2 14.4 80
(010] . 14.1 80
NO2 9.78 79
NO 9.25 81
I 10.454 84
Br 11.84 83
T 13.60 82
CHs - 9.95 85
CzHs - 8.78 85
p-CaH7 - 8.68 85
s-CaH7° 7.97 85
CFg - 10.2 85
CCls- 8.28 77
CHo2Br - 9.30 85
CHBrso ° 8.13 80

*
for linear molecule
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where XA 1s the mole fraction of A in a mixture of A and B
containing only a trace of N. It should be noted that only
the ratio of the collision cross-section appears in this
calculation. Since the energy dependence of the collision

cross section will be the same for both types of interactions,

and the ratio will remain constant with respect to energy.
Hence, it is necessary to ascertain this ratio at only one
energy and the obvious choice is to use a thermal-energy
value since the most data are tabulated at this energy.
There exists in the literature two major types of
cross-section data: those derived from the second virial
coefficient and those obtained from transport properties.
They are use in different areas of study and serve dif-
ferent purposes®®. Since the collision cross-sections
were used to calculate the collision probability, it is
more appropriate to use data based on transport properties.
Although such data are available for most commdn molecules,
collision radii based on transport properties were not
available for the hot atoms considered in this dissertation.
Given in Table XVII are atomic and molecular radii
obtained from a variety of sources. It is seen that the
van der Waal radii are in good agreement with viscosity
data. On the other hand, radii determined from atomic

volume measurements are consistently greater than the



Table XVIT. Collision Radii of Atoms and Molecules

Collision Radii, A
References I IT IIT Vv \
a b
Xe 2.05 2.03 2,58 2.46 1.99 2.
Kr 1.80 1.80 2.34 2.09 1.80 1.
Ar 1.70 1.71 2.13 1.83 1.73 1.
Ne 1.37 1.39 1.89 1.30 1.1 1.
He 1.28 2.82 1.09 1.
T 2. 42 2.12 2.
Br 2,12 1.95 1.
T 1.71 1.2 1.
CHg* | 2.0 2.
CHg 1.92 1.94 1.
CF, 2.35 2.
CCl, 2.94 2.
Ho 1.46 1.
Da 1.46 1.
CoHe 1.98 2.21 2.
CsHs 2.82 2.5% 2.

-691-

I refers to the 2nd virial coefficients8s.

II refers to viscosity coefficient®€,

III refers to atomic volume®7.

IV refers to viscosity coefficient, before 1939°°,
-V refers to van der Waal radii, a®8, p8°,

VI refers to the value used.
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radii based on viscosity coefficient data. Hence, the data
éhosen for use in the calculations in this dissertation,

as indicated in Table XVII, were based on either viscosity
~coefficients, the 2nd virial coefficient, or the van der
Waal radius.

Tt should be noted that Estrup and Wolfgang®Z? have
used a tritium collision radius of O.BBK whereas 1.23 is
used here. The value of 1.2& is internally consistent with
the radii chosen for the other molecules and atoms. 1In
addition, although of only minor importance, is the fact
that collision radii used by Estrup and Wolfgang for inert
gases was taken from a 1939 compilation by Chapman and
Cowling®°. These data are numerically greater than the more
recent tabulations.

In calculating the geometric steric factors, an inter-
nally consistent set of radii must also be used. In this
case the values were based principally on structural con-
stants and are: T - 0.53%3%°°, H or D in Hs or Dz - 0.3787,

H in CH4, etc. - 0.3287, C in CH4, etc. - 0.77%7, F in
fluoromethanes - 0.7287, Br - 0.90'°°, Br in bromomethanes -
1.1487, T in iodomethanes - 1.3%% , Cl in chloromethanes -

0.99 & 87,



Appendix II. USE OF THE RANDOM-WALK MODEL
IN CASCADE-GAMMA EMISSION

In Chapter III it was suggested that the observed fail-

ure to bond-rupture following (n,y) activation was due to

partial cancellation of gamma-ray recoil momenta in cascade

gamma emissiont®’26291793

The net recoil momentum imparted

fo the activated atom can be described by a random-walk model

and the probability that the net recoil momentum exceeds a

certain value, R, could be calculated using the equation®6’27,

'R
n-1
P(R) = : c n-=> n-=>
0 n Z (MJ | Mjl Ny jNJ.])RdR,
-2t Tl e, |30
i=1 Jo (143)
where
n is the total number of momenta randomly directed

£;  1is the magnitude of the momentum i

P(R) i1s the probability that the net momentum is R

Mj is an algebraic sum of R, £;, £s, etc., with an
odd number of total negative signs

Nj is an algebraic sum of R, 41, £2, etc., with an

even number of total negative signs

If more than one cascade is possible, the probability,

%KR), for each cascade, k, can be calculated. If p, is the

fractional occurrence of a cascade, k, then

P(R) b, P (R).

m
;z;
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(144)
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The only complex neutron capture-gamma spectrum for a
halogen for which sufficient data are available is the for
the C135(n,vy)C13% process®8’94295, mpe spectrél data could
be resolved into the 17 cascades given in Table XVIII.
Using these data, the probability P(EV) was calculated and
plotted as a function of Ey/Emax where EmaX = 8.55 Mev.

This curve is depicted in Fig. 34.
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Table XVIII. Gamma-Ray Cascades from C135(n,vy)C138

Energies, Mev Occurrence, %

oo
Ul
Ul

(2 G B ) B @) U \0 BN R G 2 N N O R S U 2 B © ) W ©) W BN

.78
.40
.96
.64
.72
.28
5k
Ol
.12
.01
.01
.76
12
.01
.01

01

2.39
0.79 9.43
1.16 16.93
1.60 2.30
1.95 13 .90
2.87 6.77
3.34 1.94
4.0k 2.66
1.16 0.79 3.51
0.51 1.95 15.61
1.65 1.95 2.90
3.62 1.95 3.62
3.87 1.95 2.42
0.51 1.16 0.79 10 .28
1.13 0.51 1.95 2.17
1.65 1.16 0.79 0.79
1.13 0.51 1.16 0.79 1.45



Appendix IIT. SAMPLE CALCULATIONS

A. Moments of Inertia from Structural Constants

For most molecules, the moments of inertia given in the
literature are based on their principal axes. In the cal-
culations presented in this dissertation the required mo-
ments of inertia are based on aﬁother set of coordinates
where the z axis is always parallel to the bond which re-
ceilved most of the excitation from the recoil momentum.

The calculation of the moments of inertia of Cz2HsBr is
given here as an example. For simplicity, the methyl group
is considered as a point with its mass concentrated at the
center of mass of the methyl group.

1. Molecular Structural Data

The bond distances are: C-C = 1.54, C-H 1.103, and

o
C-Br = 1.938 A. The bond angles are : LCCBr = 110°,
/[ CCH = 109°28' for the methyl end, and £ CCH = 110°48
for the CHzBr end. The, HCH is estimated to be 109.5°.

2. Center of Mass of the Methyl Group

Hs

fa s
——————————

]
o
m\

Top view of CHs Side view of CHs

_165-
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Let M be the center of mass of the methyl group. The
center of mass of the three hydrogen atoms, Hs, Hs, and Hs

is at H. The location of M can be calculated by the equa-

tion
3HM = 12C2M = 12 (CgH - HM).
Thus,
HM = €CoH.
But, Cz2H = CgHs cos (7 - 199°28') - (1.103)(0.3333) =
0.36T76A

- o
7and HM = 0.29414A

Therefore C;M = 1.54 + 0.3676 - 0.2941 = 1.614A.

3. Coordinates of Each Atom of Group in the Molecule

1.10% sin 292:5° _ 4 90074

JHl = 2 =
C.J = 1.103 cos l%ﬁ;é_ = 0.6366A
Cy
(o] [e]
1.103A 1.614A
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H,M = [1.1032H1.6142-(2)(14103)(1.61%(cos11048 1) ¥

Il
N
N
ul
Ul
0

The general representation of the molecule 1is:

+* 0
JM = (H.M® - JH.2) = (2.2552 - 0.90072) = 2.067A

1.6142 + 0.63662 - 2.0672
(2)(1.614)(0.6366)

£ MC1J = 127°58!

cos £MC,J =

= ~O°6152

The projected view on the x-z plane 1is as follows

| X
M
\ E °
N 1.514A
7 \
- \
7 \
ol AN ]
o 8?' ~
Br o7 E VA 127°58!
1.938A o
C.6366A
Hy, J, Ho
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G 1s the center of mass of the molecule,

mg = (1:938)(80)(sin 57°58') - (1.61%4)(15)(sin 52°27)
109

= 1.03074,

RC, = (1.938)(80)(cos 57°58") + (1.614)(15)(cos 52°2')-(2)(0.6366)
109

= 0.8793A,
The z coordinate of C; is [+ CLE cos 57°58' + EG sin 57°58! ]
= +(0.8793)(0.5304)+(1.0307)(0.8477) = 1,3401:\.°

The x coordinate of Ci is[- GE sin 57°58' + EG cos 57°58']
= -(0.8793)(0.8477) + (1.0%07)(0.5304) = - 0.1987A.

In a similar manner, the coordinates of the atoms are
found to be:

Hi -0.7383, 0.9007, + 1.6778),
Hz -0.7383, -0.9007, + 1.6778),
Br -0.1987, 0 , -0.5979)

(
(
C. (-0.1987, O , 1.34%01)
(
(1.3175, O , +1.8919),

CHs

g, Moments of Inertia for CsHsBr

According to the definition,

— 2 2
Toe = 2 (vi + 23),

— 2 2
Iyy = % my (xi + Zih

— 2 2
I, = f my (x§ + ¥9).

Thus,
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I .. = (15)(1.8919%)+(2)(1)(0.90072+1.6778%)+(12)(1.34012)

XX
+ (80)(0.5979%) = 111.090 amu AZ.
Similarly,
Tyy = 140.227 amu A%
_ Ra2
I, = 32.382 amu A%,

The moments of inertia of other alkyl halides and al-
kanes are given in Table XIX.

B. Fraction of the Rotational Energy Deposited in Bond J

The calculation of fj’ the fraction of the rotational
energy deposited in bond j can be determined using Egs. (18)
and (19). CzHsBr is again used as an example.

1. Vibrational Constants

The stretching vibrational constants are: C-Br=2.4x10°,
C-H=4.2X10°, and C-CHg=4.00x10° dynes/cm. The bending vibra-
tional constants are: H-C-Br=0.04x10%, C-C-Br=0.15%X10°%,
C-C-H=0.15X10°, and H-C-H=0.40x10° dynes/cm.

- For the C-Br bond

ksj = 2.4 x 10° dynes/cm,
kyy = 3(0.044+0.04+0.15)X10° = 0. 077X10° dynes/cm,
The values of ksj and kbj for each bond 1is
ksj kbj
C-Br 2.4 x 105 0.077 X 10°
C-H 4,2 x 10° 0.197 X 10°
C-CHs 4,0 x 10° 0.15 X 10°

2. Distances from the Center of Gravity

The distance from the center of gravity, aj, can be

calculated from the equation: a? = x% + y2 + z2.

J J J
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Table XIX. Moments of Inertia (in amu £% units)
Molecule? I I I
' XX VA% A
CHaI 67 .3 67.3 3.37
CDsI 83.7 83.7 6.73
CFs1I 336 .4 336 .4 88.0
CH2I> 585.9 836.5 253.9
CoHsI 152.2 182.7 33.7
i-CgH7I 266.0 229 .5 67.7
n-CgH7I 252.3 371.1 122.0
CHsBr 52.8 52.8 3.36
CDsBr 65.6 65.6 6.70
CF3Br 242.0 242.0 88 .6
CClsBr 4z2.7 4z2.7 500.9
CH2Bro 282.0 417.8 139.0
CFoBro 566.3 519.1 243.5
CClzBrso 484 .8 621.8 4oT7.0
CHBrs 769 .0 41o.4 Lug . 4
CHC1Bro 383 .8 540.2 295.0
CBrly 804.5 804.5 804.5
C2HsBr 111.1 140.2 32,4
1,1-CoH4Brs 320.8 480.0 194.5
CHsCl1 38.1 38.1 3.353
CDsC1 47.8 47.8 6.66
CF3Cl 157.7 157.7 88 .4
CH=2C12 115.1 172.6 60.5
CFx2Cls 176.5 2%6.3 201.6
CFCls 306.3 219.9 219.3
CHCls 290.9 162.4 170.4
CHF2C1 144.9 107.0 57 .1
CCla 302.7 302.7 302.7
CHsT 5.30 5.30 3.17
C2HsT '9.08 27 .81 2% .38
n-CsH7T 11.87 45.52 36 .90
i-CgH,T 59.54 14.79 62.6
CHa 3.72 3.72 3.72

& The dissoclating element is the last atom listed in

the formula.
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Thus:
1

-3 o
agp = (0.1987% + 0% + 0.59792) = 0.6331A

Similarly, a. = 2.0924R, a = 2.30548, and a. = 1.3547A.
H CHa C

3. Calculation of the Angle, aJ

According to the definition aj = /£GjC,and can be cal-

culated by the cosine law

G2 + O + G3°
2 G xXTCJ

cos a, =

For ag ., GCi= 2= 1.3544, TJ = the C-Br bond distance =

1.938A, and G = ap, = 0.63%1A. Thus cos Op, = 0.9460
2 _ . 2 _ . 2. _
and cos Qp, = 0.8949, sin Qp., = 0.1051. Similarly, cos Qy
2 _ 2 -
0.3783%, cos o, = 0,6686, sin AoH, 0.3314.

4., Calculation of fj

From Egs. (18) and (19)

- 2
2 2 sin“a cos aj
a —d 4+ —
J T3 ix Kk
bj - sJ
£, =
J
2; A (sinzaj cos’goi_.l
ms as +
J J kbj ij
J
Using the values calculated above, f = 0.6092. Other

Br
values are given in Table XX.
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Table XX. The Fraction of the Rotational Energy
Deposited in Bond j, f‘Jo
Molecule fj Molecule f‘j

CHsI 0.943 CHsBr 0.91%4
CDsI 0.861 CDsBr 0.802
CFsI 0.713 CFa3Br 0.576
CHaTI2 0.500 CClsBr 0.395
Cz2HsI 0.613 -CHz2Br2 0.500

i-CsH7I 0.743 CF2Bra 0.483

n-CsH7I 0.712 CClzBrs 0.410
CH3C1 0.910 CHBrs 0.333
CDsCl 0.796 CHC1Bro 0.448
CFsCl 0.612 CBra 0.250
CH2Cl> 0.500 CzHsBr 0.610
CF2Clz 0.431 1,1-C2H4Br2 0.492
CHCls 0.333 CHa 0.250
CHF>C1 0.546 CHsT 0.666
CFCls 0.318 C2HsT 0.212
CCls 0.250
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C. Calculation of E%

E% can be calculated using the methods outlined in Chapter

ITI. Two graphs were prepared to assist in the calculations.

Equations (43) and (44) indicate that VFyv and'\/Ftv

are given by the same form of equation. Since var =

1 —-VFYV and‘\/Ftr = 1 _W/Ftv’-vT&;’ and\/Ftr are also

described by the same form of equation. A graph of F

L

A
Fyr s and‘\/Fvayr as a function of uy 1s the same as a
graph of Ftv P Ftr’ and Ftthr as é function of Uy - Hence,

a generalized graph can be prepared of Fv’ Fr’ and FvFr as
a funotion of u. This is given in Fig. 35.

The inelastic-stretching effect due to rotation is cal-
culated using Eq. (48). The object in solving Eq. (48) is
to obtain the quantity dﬁz (2—d§) for a certain value of B
and a particular bond of interest. Obtaining such a solu-
tion is possible but tedious since Eq. (48) is a function
of dﬁ to the fourth power. Figure 36 is a graph of
dﬁ?(Q-dﬁ) as a function of B for C-I, C-Br, and C-Cl bonds.

1. E,% for CgHsBl"

From the equation, cos vy = (aé + a%

is found that cos v = - 0.8860. The quantities u, and ug

——2 o
.- CBr )/KEacaBr), it

are defined in terms of Egs. (43) and (44) and

cos®a. sin2a ot
N N
—x - T * Iyy
bN sN

E

u, = 2.588 x 1073

2
v
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Figure -36. A graphical aid for the solution of d* in Equation (48), for bonds:
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2 2
o - 2.588 x 10-3 (T, cos®ay + I, sin®ay)

y 22
'y .
For CoHsBr, kbN = 0.0 77 mdynes/z, k = 2.4 mdynes/ﬁ

sN
2, _ 2 _ - -
cos dN = 0.8949, sin Oy = 0.1051, IXx = 111.1, Iyy = 140.2,
I =32.4 amu A%. Thus, u = 0,0279/E;2and ug, = O.0206/E;2.
. Proceeding by trial-and-error, it was first assumed that

E; = 1.50 Mev from which u

Fig. 55,

g = 0.0124 and uy = 0.00915. From

Fyr 0.429 Ftr = 0.390

FyV 0.118 Ftv = 0.141

VFyr Fyv = 0.227 W/Ftr Ftv = 0.235

Together with values of as and aN, B 1s calculated from

Eq. (47) and found to be 11.92. From Fig. 36, curve b,

1l

*¥2(o_d¥*) = _ $o0 - =
ax (2 dN) 0.994. For the C-Br bond in CzHsBr, Eox

2.815 ev. Using Eq. (45) and E; =Q%c, it 1s calculated

that E° = 1.49 Mev. Thus, further calculations are un-

v
necessgary.
From the equation, E% = 537 E;%/mN, it i1s found that
° =
ET 15.14 ev.
D. Momentum Transfer to C in C**0-

1. Mathematics

When momentum is transferred to a center atom in a mole-
cule, as C in COz, the expressions for the calculation of
E% will differ slightly from those given in Chapter ITI.

The carbon in COs is located at the center of mass of
the molecule and no rotational excitation is expected when

the carbon receives a recoil momentum impulse. The space
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velocities of the atoms are
N

. ->
gi = R + vy

Since Zmi 31 = 0, and assuming a is large compared to the
thermal motion of the molecule, the total internal-energy

increase can be written as

AE, v = T Emy vyE o+ V(ri) V(ai).

The increase of internal energy in the two bonds are:

AE, = +m ;;c (31—30) + V(Fl) - V(al),

<V

AEiZ = ’é‘ Mo

o+ (Vemvy) + v(¥2) - V(3a),

_.9
From momentum balance, R = Q/Zmi. Using the assumptions:

g = afmc and §1 = §2.= O, then

c
-> ->
AEj, = T2 B + V(7,) - V(&:1),
Zmi
AR = —-IE% E + V(\_/'>2) - V(gg)
is s T .
My

When the carbon atom is at its equilibrium position,
the internal energy is distributed evenly between the two
C-0 bonds. When the carbon receives a momentum impulse, Q,
an asymetric stretching vibration results. One of the bonds
will receive somewhere between & and all of the internal
energy increase. On the average, it will receive ¥ of

::.--i = m_l_ S
AEim° Thus, AEil 4AEint = Ep. Dissociation

2m,
i
2m.
)

. .\ 2 o+
will result when ET > 5 L BN
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2. Evaluation of EBN

The beta-decay product of C*%0, is N02+° Since COo
is a linear molecule, the NO2" product should be linear®5—98,
The dissociation energy for NO> - NO + O is %.12 ev
(Table XV). The ionization potential of NOs to yield linear
NO2t 1s 9.78 ev (Table XVI) and that of NO is 9.25 ev
(Table XVI). Thus from a thermodynamic cycle, the bond-
dissociation energy of an electronic ground state, linear
NO2" is -9.78 + 3.12 + 9.25 = 2.59 ev.

Using a Morse potential function, the potential-energy
curves for the C-0 bond in COz and the N'-0 bond in N' Oz
were calculated. Hence, V(g) = EBN(l-e_zae)2 where € =
(r-a)/a and B = me/u(EBNBe)%I For COs, a = 1.1615A°9,

w, =(1351.2 cm™t)®%, B, = (0.3906 ecm~*)°9, and Egy = 5-51
ev (Table XV). For NOx', a = 1.197A°7, w, = (1400 cm=*)°8,

B, = (0.3678 em *)°°;, and E_,. = 2.59 ev. The zero-point

BN
energy, é—hcwe, is 0.082 ev for COz and 0,087 for NOs .
From potential curves, it was estimated that the average e-

lectronic excitation energy is 0.6 - 1.0 ev.

3. Calculation of E%

For the reaction:

0140, —B5 Nos N0 + 0

By = B By = (8)(#8)(2.59-F,)

where Ee is the electronic excitation energy. Thus, E’ =

3.05 - 3.82ev.
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B, Upper and Lower Energy Limits

Consider the reaction of T with CH.,. Two reactions
are T + CHy » CHsT + Hand T + CH4 - CHs + HT. For the
replacement reaction, the activation energy is 1.6 ev*7.

— )/ -
Thus, 1.6 ev = %mCH4 E/«mT + mCH4)' Since § = 0.696
(Table I), EY = 2.73 ev. The C-T bond energy is 4.42 ev
_ b b _
(Table XV). Thus 4.42 ev = my, E/(mT + mgy,) and E° =
5.25 ev. In a similar manner, using 0.56 ev as the activ-
ation energy for the abstraction process, B = 0.91 ev;

the HT bond energy is 4.52 ev and Eb = 5.37 ev.

F. Effective Energy Degradation Factor

If s = 0.5 then, for the T + CH4 reaction, r =

CHsT ’ e

- . _ 2 _
JET—H Pr_cH, * But rq_, = [(mT mH)/(mT+mH)] 0.25. For
the T-C contact collisions, the total mass of the molecule
will probably partake in a momentum transfer. Hence,

[(mT—mCHé)/Km +m.. )12 = 169/289. Therefore

rT—CH4 T "CHg

r, = 0.342,

G. The Reaction Probability, F(E)

The reaétion probability, F(E); is zero for E > Eg/f
or E< E. For E/r >E > B, F(E) is given in Table VI
as a function of E. For the reaction, T + CH4 > CHsT + H,

r = 0,342 (refer to the preceding Section, F,) EP

= 5.25 [SAVN
and EY = 2.73 ev (Section E).

For EE/P >E > Ez/r, that is, 15.35 ev > E > 7.98 ev,
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b

For B/r > E > E°, that is, 7.98 ev > E > 5.25 ev,

’5y _ 3.83

(1-r)E E

A
=
|
|

For B2 > E > B, that is 5.25 ev > E > 2.73 ev,

y
F(E) = _E-E 1.52 - E%%i_

(1-r) E
Presented in Fig. 37 is the reaction probability,
F(E) plotted as a function of E for the reactions T + CHg -
CHaT + H (curve a) and T + CD4 > CDsT + D (curve b). The

overall probability that the reaction occurs is s,F(E).

i
It should be noted that
Eb

R = % T n(E°,E)F(E)dE.

BY

H. Calculation of R

Consider the reaction of T + CH4. For the product,

CHsT, Eb = 5,25 and Ey = 2.73% ev; for the product, HT, Eb =

5.37 and EY = 0.91 ev. Thus, EX = 5.37 and E- = 2.73 ev.

For CHaT, rES = (0.342)(5.37) = 1.83 < EY and rE° =

(0.342)(5.25) = 1.79 < Y. The condition E* > EC > EY >

rE® > rEb applies to the reaction T + CHs - CHaT + H and

Eq. (110) is used to calculate RCH3T° CH3T= SCHSTRCH3T7
b

For HT, E° = E° = 5.37 ev and EY = EZ = 0.91 ev.

Thus, E* = E° > rE® = rE° > BY = % and Eq. (112) is used

Y

to calculate R,; e Y = R -Y

HT HT HT CHsT®
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Figure 37.

EN—ev

Reaction probability F(E) as a function of E.

to form CH3T; T + CDs to form CDsT.

: T + CHq

-ISI_



-182-

-I. Calculation of the Steric Factor

If gas-phase collisions are considered, radii based on

viscosity, second virial coefficient, or the van der Waal

equation are appropriate. For the reaction of a hot atom

with a gaseous molecule, it is more appropriate to use

radii based on covalent bond-length measurements since the

hot atom must interact with the valence bonds of the molecule.
Consider the reaction of T with CHzFs. . For this reaction;

= 0.77, and g = 0.53 A (Appendix I-E).

= 0052’ = 0072, n

e’ s c
The areas of the two hydrogen atoms or the two fluorine atoms
which are exposed to the tritium can be calculated according
to Eq. (126). Hence, AJ = 'uv(mj-+ mT)z (1 + cos ej),
where j = H or F. From Fig. 19, cos GH = (mH + mTL/2ﬁC,
where HC is the C-H bond distance and equals 1.091K. Thus,
A, = 12.6A% and, using a C-F bond distance of 1.32&, Aj =
29.14.

Two types of triangles are considered in calcuiating

the surface of carbon exposed to the tritium.

H F

Type I ' Typce II
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For the four triangles of type I, the total carbon

_ 2(1 2 _
surface area is (AC)I 4W(mc + mT) (% cos Oy + B cos O, £).

From Fig. 19, cos 6y, = [HC® + (ng + np)® - (ng + mT)Z]

+ 2HC (n. + mT)z = 0.79. Similarly, cos 6., = 0.56.

C CF

Hence, (AC)I = 2,92.3° For the type I spherical triangles,
two-thirds of (AC-)I is in proximity to the fluorine atom
and it is assumed that collisions of T with this portion of
the carbon surface will lead to F displacement. Similarly,
collisions of T with the remaining one-third of the surface
which is close to the hydrogen is assumed to result in H
displacement.

For the four triangles of type II, the total carbon area,
(Ac)II = MW(mC + mT)zC%-cos O up + & cos ® oy -&) = 4,5422.
For these triangles, one-third of the area is assumed to
correspond to F displacement and two-thirds to H displacement.

Hence, for F replacement:

(Ag) = & (Ag) +4 (Ag) = 3.46 A2,

F I IT
For H replacement:

_ r2
(A o) = k.00A%.

)
Cly T | I

Thus , - 12.6/(12.6 + 29.1 + 3.46 + 4.00) = 0.25.

Sy
Similarly, Sop = 0.59, SCHZFT = 0.08, SCHFgT = 0.08.
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DEFINITION: OF SYMBOLS °

gy/(1 -1y
equilibrium position of ith atom in a molecule

exposed area of ith atom in a molecule.

(1 - g,)/(1 - rp).

equilibrium position of ith atom in molecule after
rotational inelastic stretching.

a quantity defined in Eq. (47), p. 23.

velocity of light.

JTth bond distance.

equilibrium jth bond distance.

equilibrium jth bond distance after rotational inelastic

stretching.
Gof/ Gy
dissociation energy of molecule ab into a and b-

kinetic energy of 2ab.

bond dissociation energy of bond joining N to the re-

mainder of the molecule.

kinetic energy of h

internal energy of a molecule.

neutron binding energy.

kinetic energy of atom N.

minimum hot-atom energy required to dissocilate a
thermal molecule-.

kinetic energy of the radical.

internal energy of the radical.

energy deposited in bond j due to stretching.

_]_91_
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ET recoll energy.
EV gamma-ray energy.
AE kinetic energy change of molecule AB.

AB
AEi internal energy change.

AEij internal energy change in bond J.
AE kinetic energy change of atom N in a collision.
AEP rotational energy change-.

AE_, rotational energy change in bond j-

AE vibrational energy change.

AE vibrational energy change in a collision.

AE._ ., vibrational energy change in bond J.

E? the maximum energy the hot atom may have in forming any’
product.
Eb the maximum energy the hot atom may have in forming a

particular product.

EY the minimum energy the hot atom must have to form a
particular product.

EZ the minimum energy the hot atom must have to form a
particular product.

E° initial energy of a hot atom.

Eﬁ minimum kinetic energy, éfter bond rupture, associated
with hot atom, N.

Ey initlal energy of the hot atom, N.

E; minimum rotational energy received by the bond.

Eﬁ minimum kinetic energy of the radical after bond rupture.

Eﬁi minimum internal energy received by the radical after

bond rupture.
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E% minimum recoil energy required fof a bondvrupture.

E; minimum vibrational energy received by a bond.

E; minimum gamma-ray energy required for a bond rupture.

f fraction of rotational energy depcsited in bond j.

Fj(E) reaction probability in the energy zone to form pro-
duct J.

For (/%)

Foy (Q4,/0)°

Pyr (Qp/Q)"

Py (Gpy/%y)

a quantity defined in Eg. (40b), p. 20.

o

_ [}
value of T when ET = ET'

centrifugal force associated with atom j in a rotation.

el

j J
ﬁbj bending component of ﬁj'
ﬁsj stretching component of ﬁj'
8y probability that the hot atom collides with the ith specles
in a mixture.
I, & constant, Eq. (133), p. 140.
X moment of inertia about x-axis-.
Iyy moment of inertia abhout y-axis.
Izz moment of inertia about z-axis.
I constant defined in Eq. (137), p. 141.
k, average number of thermal molecules i dissociated.
kbj bending force constant of bond J.
ksj stretching force constant of bond j.
K a constant, Eq? (858, p. 67.
K a constant, Eq. (134), p. 140.

e
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total number of hot atoms.

Y/

Ei ith gamma-ray momentum in a gamma caséade.

L a constant, Eq. (85b), p. 67.

m, atomic weight)of atom 1.

mij mi + mj°

Zmi or Mi molecular weight.

Mj an algebraic sum defined on p. 161.

n number of gamma rays in a gamma cascade.

n(E°,E) number of hot atoms of inital energy, E°, having
energy E.

NJ an algebraic sum defined on p. 161.

Py fractional occurrence of kth gamma ray in a gamma cascadé.

P§X) probability that the hot atom energy is less or equal to
X, where X = Ey, Eﬁ’ Ey, E;, etc.

ay average energy degradation in a collision between a hot
atom and the ith molecule.

6 momentum transferred to a molecule.

6R a component of 6 resulting in rotation of a molecule.

6V a component of 6 resulting in vibration of a molecule.

Qr a component of 3 in the direction of ?ﬁ.

S

a component of 6 perpendicular to ?ﬁ,
a component of 6 parallel to the y-axis.

a component of Qt effecting the rotation of bond N.
a component of Qt effecting the vibration of bond N.
a component of Qy effecting the rdtation of bond N.
a component of Qy effecting the vibration of bond N.

minimum momentum required for a bond rupture.
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r molecular coordinates.
r. energy degradation factor of a hot atom colliding with
molecule 1.

r effective encrpy degradation factor of a hot atom.

e
ny collision radius of molecule 1.

Ny  collision radius of hot atom N.

ﬁ space coordinatés of the frame work ?,

E translational velocity of the frame work ?.

R net recoil momentum.

Rj yield of product j if Sj = 1.0.

Sexp experimental steric fagtor.

sg geometrical steric factor.

8y steric factor for the formation of product jJ.

space velocity of atom i.

o§. initial space velocity of atom 1.

Uy a quantity defined on p. 22.

uy a quanﬁity defined on p. 23.

\ velocity of particle 1 before a collision.

vi velocity of particle i after a collision.

v vibrational velocity of atom 1 in a molecule.
>

Vo vibrational velocity of atom i in a molecule at its
equilibrium position, gi'

V(?j) potential energy of a molecule.

ij potential-energy change of bond j due to rotational in-
elastic stretching.

W beta-ray energy in units of electron rest-mass energy.

wm maximum beta-ray energy in units of electron rest-mass energy.
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X mole fraction of ith species in a mixture,

Y, yield of product j.

Q a quantity defined in Egs. (131) and (132), p. 140.
a an angle defined in Fig. L, p. 15.
Y an angle betwceen ?C and fN.

8(x-x') Dirac d-function.

6} bending elongation of bond Je

bJ
GSJ stretching elongation of bond j.
Gi interacting angle of particle i before a collision,

Fig. 11, p. 58, Fig. 12, p. 61.
Qi interacting angle of particle i after a collision,
Fig. 11, p. 58, Fig. 12, p. 61.
orientation of the frame work T in space.
or 3 angular velocity of the frame work ? in space.
a probability function of collision.
Py ry - ay.
collision cross section of hcot atom and species 1 in

mixture.



