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I. INTRODUCTION

Our studies have been concerned principally with investiga-
tions of the chemical effects of nuclear transformations. The
theoretical approach (Sections III and IV) has, to date, been
limited to investigations of primary activation processes. The
experimental studies (Sections VI and VIX) have been aimed at
studying the initial activation processes as well as hot-atom
reaction mechanisms.

As a result of these studies it has been possible, in a
number of instances, to obtain information which is of general
applicability and occasionally would appear to be unrelated to
the studies which have been undertaken. For example, the solu-
tion to the random-walk equation (Section III) is completely
general, the calculation concerning the momentum-transfer re-
quired for bond-rupture (Section IV) is not limited to (n,v)
processes but i1s valid for any case of a randomly directed
momentum impulse. Investigations of the effects of molecular
additives on the (n,y) activated reaction of I%28 with CH,
(Section VIT) have yielded information concerning ion-molecule
reactions and an approximate value for the ionization potential
of CxoPg.

As a result of these studies we have been able to gain a
greater understanding of high-energy and ionic reaction mechan-
isms. This understanding is far from complete; however, a
number of important aspects concerning activated halogen atom/

ion reactions have been explained.



ITI. FACILITIES

Michigan Reactor '

All samples were irradiated in The University of Michigan-
Ford Nuclear Reactor which is located in the Phoenix Memorial
Laboratory on the North Campus of the University. This reactor
is of a swimming pool design and is operated at a level of one
megawatt. Samples are sent into the reamctor via a pneumatic
tube system. The thermal neutron flux under -these conditions
is about 2 x 102 n-cm™2-gec~1. The accompanying gamma-radiation

flux is about 8000 roentgens per minute.

Phoenix Laboratory

Irradiated samples are prepared for analysis in a laboratory
room in the Phoenix building. This room, which is used exclusive-
ly by our group, contains a six-foot "Oak Ridge-type" hood, and
the usual laboratory facilities. To date, this area has proven
adequate for our purposes.

Counting of the radioactivity is done in another room which
is shared with others working in the Phoenix building.

In a few instances, it was necessary to analyse samples con-
taining both I'®® (25 min,) and 188 (37.5 min.) activity. Such
analyses were performed on the 100-channel analyser which is

under the supervision of Professor W. W. Meinke.

Chemistry Building

This group has been assigned the use of one small laboratory
in the Chemistry building to be used for experimental studies
involving isotopes. We are using this room for our studies in-
volving the Br®°M(I.T.)Br®° (4.5 hr.) reaction. For these ex-
periments, liquid bromine is irradiated in the Ford Reactor and
then transported to this room in the Chemistry building.

Non-radioactive sample preparations are performed in one of
two other rooms in the Chemistry building where laboratory space
has been made available.



III. GAMMA-RAY RECOIL ENERGY DISTRIBUTIONS

Random-Walk Equation

A closed general solution of the probability distribution
function for three-dimensional random-walk processes has been
derived. This derivation has appearedl in the February, 1961,
issue of the Journal of Chemical Physics. Presented in the
paper are the specific solutions for n = 2, 3, and 4 unequal-
length steps.

The probability distribution function, wn(R), was shown to

be:
2n-l
W (R) = 1 (M2, N2 L) (1)
: M8 rr(n-2) | f%ﬂ@i ;Z; ’ S ’
1=1

where ﬂi is the magnitude of the i'th step and
1. Dboth M, and N. are algebraic sums consisting of (n+1)
terms of R, ﬂ;, Lo, oo, ﬂn;
2. f%here are a total of 2
ent NJ terms;

5. the first quantity in each Mj or Nj terms 1is always

n-1 45 frerent M, and oL gifrens

positive;

4. the total number of negative signs in each M. term is
an odd number, [1, 3, 5, ...., (n-l)e or (n)o];

5. the total number of negative signs in each N. term is
an even number, [0, 2, 4, ...., (n)e or (n—l)o], where e and o

represent n equal to an even or odd number, réspectively.
The probability distribution is

d P (R)/dR = 47RZ W _(R) (2)

The probability that the total displacement is between O
and R as a result of n random vector displacements is,

P (R) = Lf 4TR?W_(R)AR (3)

_B_
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Complete solutions for Wz(R), Was(R), and W4(R)lare'given
below. It should be noted that the signs and magnitudes of the
Mj and Nj terms vary as a result of variations in R and as a
result of these variations W, (R) is a piecewise continuous curve
with respect to R. Consequently, wn(R), and thus dEE(R)/dR and

Pn<R) must be evaluated in segments.

Iwo Random Steps
For two random-length vectors, £, = A and 45 = B where A > B,

the solutions are. trivial. There gre 22-1 — QMJ and QNJ terms.
They are My = R-A+B, Mz = R+A=B, N; = R+A+B, No = R-A-B. Wa2(R)
=0 in the range O < R < (A-B) and = 1/(87RAB) in the range

(A-B) < R < (A+B).

Three Random Steps

For the process involving three random steps there exist two
possible cases. Assuming (£; = A) > (f2 = B) > (Ls = C), then
these two cases are: 1. where A > (B+C), or 2. where A < (B+C).
TMeﬁmeramithmWSam:

M, N.

J J
My = R+A+B-C N1 = R+A+B+C
Mz = R+A-B+C Nz = R+A-B-C
Ms = R-=A+B+C Ns = R-A+B-C
M4 = R-A-B-C Ng = R-A-B+C

As an illustration, let us consider the calculation of
Ws(R) in the range (A+B-C) - (A+B+C), the solution being valid
for both cases (1) and (2).

3=}
Ws(R) = —mpme Z (g b=t
j=1

M1+M2+M3—M4—N1—N2—N3—N4
52TmRABC

-R+ A+ B+ C
107RABC

1l
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The calculated values of Wsz(R) for all four ranges for each

case are given in Table T.

Four Random Steps
For the process involving four random steps there exist

eight Mj and eight Nj terms. Calling £, = A, £ = B, £z = C,
and £4 = D, and assigning 4 > B> C > D, there exist 14 differ-
ent complete solutions depending on the particular numerical
values for A, B, C, and D. These 14 cases are listed in Table IT.
For each of these cases the range of Wa(R) is divided into
eight segments. In many instances, certain solutions of Wa(R)
are common to more than one of the above cases. The complete
solutions of W4(R) for all 14 possible cases are given in

Table TIIT.




Table I. Probability distribution for

three unequal length steps.

R-range Applicability® W3(R)
0 ~ (A-B-C) 1 0
4 X 1
(A-B-C) =~ (A-B4C) 1 Re A4BC
(-A+B+C) — (A-B+C) 2 16 M RABC
1
(A-B+C) - (A+B-C) 1lor2 SIS
-R+A+B+C
A+B-C A+B+C 1 2 L CEL A
(A+B-C) —>(++? or TG ToRATG

%Case 1 1s where A > (B+C); 2 is where A < (B+C)



Table IT., Various cases for four unequal length steps

a

Case Condltions
1 A > (B+C+D) and B > (C+D)
2 A > (B+C+D) and (C4+D)> B
3 (A+D) > (B+C), (B+D)> A, and B > (C+D)
4 (A+D) > (B+C), (B+C)> A, A > (B+D), and B > (C+D)
5 (B+C+D)> A, A> (B+C), and B > (C4D)
6 (A4D) > (B+C) and (C+D)> A
7 (A4D) > (B+C) and (B+D)> A > (C+D)> B
8 (A+D) > (B+C) > A > (B+D) and (C+D)> B
9 (B+0+D) > A > (B+C) and (C+D) > B
10 (B+C)> (A+D), (B+D)> A, and B> (C+D)
11 (B+C) > (A+D), A > (B+D), and B > (C+D)
12 (B+C) > (A+D) and (C+D)> A
13 (B+C) > (A+D) and (B+D) > A > (C+D) > B
14 (B+C) > (A4D), A > (B+D), and (C+D)> B

SWhere AD B> CP» D
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C1°%(n,vy)C13%% Process

We have utilized this random walk equation to determine the
probability distribution and probability of gamma-ray energies
resulting from the C1°%(n,vy)C1%°® process. We have chosen, arbi-
trarily, the 14 gamma-ray cascades listed in Table IV. We then
determined dPP(R)/dR and Pn(R) for each cascade and added them
according to the abundances listed in Table IV. These results
are depicted in Figs. 1 and 2.

It is of interest o note the "step function" nature of the
results of Fig. 1. For example, the Jjump at 6:24 Mev is a result
of the initial contribution from the 7.40 + 1.16 Mev gamma ray
cascade. The jump at 6.99 Mev results from the 7.78 + 0.79 Mev
cascade.



- 11 -

Table IV. Gamma-ray cascades from 0135(rg 5)0136

Energies (Mev) % Occurance
8.55 | 3.71
To78, 0.79 10.33
7.40, 1.16 18.54
6496, 1,60 2.52
.64, 1,95 _ 15.23
5.72, 2.87 3.84
528, 3.34 - - 17.10
664, 1.16, 0.79 _ 1l.26
6e15, 0.51, 1,95 7o k2
5.61, 1.65, 1495 2,12
6015, 0.51, 1316, 0.79 2,38
5001, 1013, 0,51, 1,95 1459
5.01, 1,65, 116, 0479 3.18

5601, 1.13, 0.51, 1.16,.0.79 0.79
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Fig. 2 - Summed Probability for C1®°(n,vy)C1%® Gamma-Ray Energies



IV. ACTIVATION BY THE (n,vy) PROCESS

If an isolated atom absorbs a thermal neutron and the neu-
tron binding energy is released as a single gamma ray, then, as
a result of conservation of momentum, the atom will receive g5

recoll kinetic energy ofg

E, = 537 EX/m (%)
where E is the energy (in Mev) of the gamma quantum, m is the
mass (in amu) and E, is the recoil energy (in ev) of the activ-
ated atom. Such energy is usually greatly in excess of thermal
energies. For example, the neutron-binding energy associated
with the I'27(n,y)I'28 process is 6.6 Mev; an isolated I'2® atom,
releasing this energy as a single gamma ray would acquire 182 ev
of kinetic energy.

If the atom which undergoes an (n,vy) reaction is bound
chemically, it is not immediately obvious how the gamma-ray
recoil is transferred to the atom and the molecule. The observ-
ations of Szilard-Chalmers and subsequent experimenters have
shown that most of the atoms activated by the (n,v) process
rupture from their parent compound. This indicates that at
least a fraction of the gamma-recoil momentum must be deposited
in the bond joining the activated atom to the molecule. For a
given isotope, the gamma-ray momentum required for bond rupture
should depend not only on the bond energy but also on the chem-
ical radical to which the activated atom is bound.
> calculated that, for a diatomic molecule, the in-

ternal energy, Ei’ will be increased by

oy - (L) () g
m » M

where M is the molecular weight of the molecule.

Suess

~14-
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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 activated atom was bonded to
an atom of small atomic weight as, for example, in the hydrogen
halides. However, indirect experimental evidence  indicated that
in the (n,y) activation of gaseous CoHsI, of the order of 1% of
the I'®® did not rupture from the parent molecule.

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

If the complete neutron capture - gamma ray cascade spectrum
1s known, and if there are no angular correlations between the
gamma rays, then, using a closed general solution for three
dimensional random walk processesl, the net gamma-ray momentum
probabilities can be calculated. In addition, if the net gamma-
ray momentum required for bond rupture can be calculated, then,
it is possible to predict the percent of the activated atoms
which will fail to rupture from their parent compound.

Unfortunately, at present, the neutron capture - gamma ray
data are inadequate to permit calculating the momentum prob-
abilities.

The problem, then, is to determine the manner in which a
momentum impulse imparted to an atom is transferred to the bond
Joining that atom to the molecule.

Steinwedel and Jensen5 calculated the fractional distribu-
tion of the internal energy between the vibrational and rota-
tlonal modes of a diatomic molecule. In addition, they con-
sidered a quantum-mechanical approach to the probiem.

Recently, Svoboda~ discussed the relationship between rota-
tional excitation and the bond dissociation energy. WOlfsberg7
also included such an effect in his quantum-mechanical evaluation
of the beta decay recoil excitation of €% labeled ethane.
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To calculate the recoil energy required for chemical bond
rupture in a polyatomic molecule it is possible to utilize a
quantum-mechanical approach similar to that employed by Wolfs-
berg7° However, because of the uncertainties and assumptions
associated with such derivations, the calculated value would be
considered as only a very rough approximation.

We have considered the problem of recoil momentum activa-
tion of polyatomic molecules -in terms of kinetic theory. The
mathematical model which we propose involves only a small number
of well-defined assumptions, and these assumptions, at least for

the simpler molecules, may not invalidate the results.

CALCULATION OF MOMENTUM TRANSFER

As indicated in Fig. 3, we visualize the polyatomic molecule
as composed of a point-mass atom, A, the remainder of the mole-
cule being a rigid body. The atom, A, is Jjoined to the rigid
body by a spring of variable length, r, the spring terminating
at C, a point-mass atom of the rigid body. The mass of the com-
ponents of the rigid body are not considered as concentrated at
a polnt, but retain the spatidl configuration present in the
molecule. This representation, therefore, does not reduce the
problem to that of a diatomic molecule. The important difference
is that, unlike a diatomic molecule, the center‘of gravity of
the polyatomic molecule is not necessarily on the line joining
the atom, A; to the remainder of the molecule. The center of
gravity'of The rigid body is at G'; the center of gravity of the
molecule is on the line G'A and located at a point G.

The atom, A, receives a momentum impulse, Q. We assume
that this impulse causes (a) the molecule to rotate about G,

(b) the spring to vibrate, (c) the atom C to rotate about G!.
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Fig. 3 - Schematic Representation of Pseudo-Polyatomic Molecule



In addition

M -
m -
m -
v -
v? -
V(r) -

the
the
the
the
the
the

The total energy

where v, is the
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Deposition of Energy

to the terms stated above, we also define:
molecular weight of the molecule,

atomic weight of the atom, A,

atomic weight of the atom, C,

velocity of A,

velocity of the rigid body attached to A,
potential energy between the two bodies
of the system, ET’ is

v, - V! (7a)

(7p)

I
<
_I_
==
<

velocity of the center of mass. Eq. 6 may be

G
rewritten
_ 1 2 : m(M-m) _»
Since MVG?/Q 1s the external energy of the molecule, the internal
energy, Ei’ is
E. = [m(M-m)vZ/2M] + V(r) (9)
Prior to A receiving an impulse, V) = v! and r = ro . Therefore,
EE = V(ro). As a result of the impulse, VAV% v', the spring

undergoes an inelastic stretching, and the separation changes

from ro to r.

AEi

The increase in internal energy is

[m(M-m)v®/2mM] + V(r) - v(r,) (10)
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Momentum Transfer

Consider a momentum, Q, randomly directed and acting on the
atom, A. This momentum can be resolved into two parts, QV -~ the
component along the spring (bond) and Qr - the component perpen-
dicular to the line joining the atom H to the center of gravity,
G', of the molecule. Vibrational excitation will result from
QV, rotational excitation from Qr“

The momentum, Q, may be resolved into the two components as
follows.

We choose the location of the atom, A, as the origin; the
bond, CA, Jjoining A to the remainder of the molecule as the Z
axis, and the center of gravity of the rigid body, G!', as a point
on the YZ plane as indicated in Fig. L. The vector Q is defined
by (1Ql, ©, ¢). Since the component Q must lie on the Z axis,
Qr will lie on the plane defined by @ and the Z axis. The vector
Q. 1s therefore defined by (lQT[” 0', ¢). The vector AG' is
defined by (|AG'|, a, 0) and Q. 1s perpendicular to AG'. There-

fore cos £ (Q, - AG') = cos a cos. 0" + sin a sin ©' cos § or
tan 6! = -(ctn a/cos )
Thus:

Q, = Qcos © + Q(sin 0 cos ¢)/ctn «

v

Q sin ©'(ctn® a + cos? ¢)l/2/otn a

U

Assuming that the recoil momentum, Q, is random and isotropic:

<QV%> = Q%/3 cos? « (11)
Av

(a5 = (@3) + (@5 cos® a) (12)
v - @k,

<Q§Z>Av - )



~20 -

Fig. 4 - General Spatial Coordinates for Pseudo-Polyatomic Molecule
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<érx Qr£>Av =0 (15)

Rotational Excitation

According to classical mechanics, the rotational energy of
the system is

1z <w2> ¥ I <w2> + I <w2> + I <ww>
2 [ XX \ X AV yy Y/ pv 2z Z /v Xy Xy AV
I <WW> + I <WW> :jwherew,w, and W_ are the
VZ vV g AV ZX Z X AV X v Z
-2
i

C e 2 2 = _ .
angular velocities, I mi(yi + 2z, ), Ixy 2 2 mx,y,, ete

1

XX

Since Q§%> = 0, the rotational energy, <: > is
Av

ot e e, ] oo

If the momentum <<Q€> is consumed totally in rotating the mole-
cule, then AV

<W>Av = <Qr>AV(M_m), <WX>AV _ <QI’X> S <\ >AV <er ()

| AG| mM | AG | mM | AG| mM
\ 2 i~
g 2 _ I + I
<F;> — E_@ XYY (1 + sec? a) (17)
» o/ AV 12 m M m| AG| 2

The rotation of the molecule about the center of gravity, G

will result in centrifugal forces acting on the bonds in the mole-

3

cule. As a first approximation, we assume that the total energy

<ﬁ€> will be associated with the A-C bond. This assumption
Av

will be approximately valid in the case where (1) the groups
(other than A) attached to C are tightly bound, as in the case
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of C-H bonds and (2) the groups (other than C) attached to A are
also tightly bound, (3) the center of gravity, G, 1s on the line,
AC. For the "molecule" CH5;-NHs, where C is the carbon atom and A
is the nitrogen atom, we consider Er av 28 being deposited
totally in the C-N bond. We are in the process of correcting

for this approximation. The data presented in Table V (pp. 27-

28) are based on this first approximation.

Vibrational Excitation

We may now examine the vibrational excitation. The portion
of the molecule attached to A is considered as a rigid body com-
posed of a group of mass points. As this group experiences a
recoil momentum, Qv’ it undergoes both rotation and translation.
The vector QV may be resolved into QVV which i1s in the direction
of CG' and er which is perpendicular to CG'!'. Refer to Fig. 5.
v CO8 B, er = QV sin B. The vector er’
will cause the point mass at C to rotate about G!, resulting in

As a result, vi = Q
a vibration between C and A. Hence

E,p = Qir mc/Em(mC + m) (18)

On averaging

<éw;>Av = ngc sec? g sin?2 B/Em(mc + m) (19)

The vector vi will cause the whole group of mass-points to move,
thus resulting in a vibration between A and the rigid group of

mass points. For this,

E,, = Qf]v(M-m)/QMm (20)

On averaging

<E%é>Av = Q%(M-m) sec? ¢ cos? 8/6Mm (21)
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APPLICATIONS

This derivation is of a general form and thus does not state
the manner in which the momentum impulse is imparted to the atom
A. The only requirement is that the impulse to A be randomly
directed in space. Therefore, we may consider any number of
means of activation: (n,y) recoil, beta-decay, alpha decay,
X-ray emission, proton or neutron scattering, etec.

For the specific case of bets decay, Wolfgang, Anderson, and
Dodson8 have determined the extent of non-rupture in C*% labeled
ethane to be 47 + 2%. WOlfsbergT, using a quantum-mechanical
approach calculated that if the recoil energy of the carbon-14
atom is larger than 3.57 ev, the vibrational and rotational energy
of the daughter molecule will be larger than the C-N bond energy.

Using the approach outlined above, and considering the CHs
and NHs groups in CHs-NHz as rigid, we calculate that 3.53 ev
recoll energy is required.

Similar calculations have been performed for the case of
gamma-ray emission from various hydrogen and alkyl halides.
Listed in Table V are values for E;, Eér, E;r, and E_ required
for bond-rupture for compounds where the atom A is Bre° op 128
and the atom C is (usually) carbon. To calculate these quantities
we used Egq. 23 and considered AE£>AV = Eb. On this basis, we

defined the fractional contributions as follows:

E /E
<i:r AV b

* =
Evr <?vr /Eb
_ Av

i

*
El”

E*

E /E
AAY << A% Av b

Using Eq. 23, the required gamma-ray energy was calculated after

i

making the substitution:

E, = Qo (31)

where ¢ is the velocity of light.
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Table V.

Net Gamma-Ray Energy Required for Bond Rupture

Molecule Er* Evr* Err* EV
Mev
Brs -= -— - 0.771
HBr -- -- -- 6.789
DBr . _ . 4,825
TBr - -- - 3.968
CHsBr 0.675 0.325- 0.000 1.5622
CDsBr 0.680 0.3%20 0.000 1.400
CHzBr, 0.823 0.073 | 0.104 0.880
CFsBr 0.712 0.288 0.000 0.839
CFz2Bro 0.837 0.113 0.050 0.755
CHC1Bry 0.849 0.100 0.051 0.742
CClsBr 0.756 0.244 0.000 0.678
CHBrs 0.844 0.123 0.033 0.665
CClzBrs 0.832 0.144 0.024 0.658
CBrg 0.802 0.198 0.000 0.542
CzHsBr 0.786 0.058 0.164 1.254
1,1-CoH4Bro 0.832 0.097 0.071 0.835
Io - - - 0.864
HT - — —— 9.762
DT — —- - 6.929
TT - . -- 5.679
CHaI 0.673 0.327 0.000 2.177
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Table V (Cont.)

- a
Molecule Er* vr* rr* E7

Mev
CDsT 0.677 0.3%23 0.000 .996
CFsI 0.700 0.300 0.000 410
CH2I- 0.837 0.093 0.070 .060
CoHsT 0.699 0.184 0.117 .786
n-CsH-T 0.804 0.061 0.135 485
1-CsH-T 0.792 0.1%0 0.078 .501
a

Eq. .5 for diatomic molecules.

Calculated according to Eq. 23 for polyatomic molecules and
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EXPERIMENTALLY DETERMINED FAILURE TO BOND-RUPTURE

The purpose of this study was to determine experimentally
the extents of failure to bond-rupture of T28 and Bre° when in
the form of alkyl halides. TIn addition, it was desired to eval-
vyate, if possible, the proposed mathematical model3 describing
the transfer of momentum from the gamma rays to the internal
modes of the molecules.

Experimental

Quartz bulblets, of 4-5 ml size were filled with about 10-15
mm (if possible) of an alkyl halide and about 700 mm of NO. Gen-
erally, 0.1 mm I» (or Brp) was also added. The organic bromides
were purified by stirring with concentrated H-S0, followed by
washing with water, drying, and distillation. The organic iodides
were passed through a silica gel-alumina column and then distilled.
The samples were packed in ILusteroid rabbit capsules, thus shield-
ing them from light; if they were not to be irradiated within a
few hours, they were stored in a refrigerator.

The samples were irradiated in The University of Michigan
megawatt reactor for about 30-45 sec. at a thermal neutron flux
of 1.5 x 10*% n/cm®-sec, and an accompanying radiation flux of
5000 r/min.

The nitric oxide served three purposes. (1) It is an effi-
clent radical scavenger and thus, should serve to suppress radia-
tion induced reactions. (2) It should react easily with the Br®°
atoms dissociating from the alkyl bromides thus preventing the
Br®°® from returning to organic combination. ‘In the case of the
I'2®, it has been shown (Section VIT) that NO is an effective
moderator for the I'®® 4+ CH, reaction, the moderation being due,
-perhaps, to the fact that NO can effectively neutralize I+ ions.
(3) Large amounts of NO, or, for that matter, any molecular addi-
tive, will serve to reduce the kinetic energy of the recoiling
halogen atoms before they collide with an organic halide molecule
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and thus assist in preventing these atoms from re-forming organic
compounds .

Since it was expected that the extent of failure to bond-
rupture would be 1% or less, it was of utmost importance to be
able to separate completely the dissociated ha1ogen from the
organic halide. To accomplish this, the following procedure was
used.

After Irradiation, the bulbs were broken in a gseparatory
funnel beneath an aqueous solution of Naz50s3; chloroform contain-
ing a small amount of I, was added immediately and the mixture
shaken to extract organic halides. The two phases were each
counted for a period of about 20 minutes, and, after correcting
for coincidence-loss and density effects, the percent of the
total activity found in the organic phase was calculated.

The extraction procedure was evaluated by irradiating mix-
tures of NO + I, and NO + Brs and determining the percent activ-
ity found in the organic phase. The results were approximately
0.01% for I*2® and 0.004% for Br8°. Thus, any observed organic
activity greater than these values is not due to inorganic halo-

gen dissolved in the organic phase.

Results and Discussion

Listed in Table VI are the observed values of the percent
of the halogen activity found in the organic phase. The uncer-
tainty is calculated in terms of the standard deviation of the
mean.

Let us assume that the I'%® or Br®° splits from a molecule
only if it receives a net gamma-recoil momentum sufficient to
cause carbon-halogen bond rupture. If this be so, then, for a
series of molecules, a plot of the percent failure to bond
rupture vs. the calculated net gamma-~ray energy required for
bond rupture (Table V) should be identical with a plot of the
gamma-~ray energy probability vs. the net gamma-ray energy.
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Table VI.

Experimentally Determined Failure to Bond-Rupture

Molecule

Percent Halogen
found as Organic

a
Average

CHasBr

CDsBI’

CHgBPg

CFsBl”

CFQBI‘Q

CHC1Br,

CClsBr

CHBr 3

0.28, 0.26, 0.
.16,

O

o

o O O O O o oo

.150,
.060,
.162,
.150,
.120,
.130,
.092,

.090,

0.099,

123

.105,
.082,

.090,
.091,

057,
079,

.089,

0.17, O

© O O O o o o

.208,
.130,
.160,
.202,
.093,
.091,
.046.,

0.110,
0.093,

112,
.091,

.092,
.068,

.072,
.080,

.030,

22, 0.16, 0.16,
.18

.195,
072,
.100,
.020,
.080,
.093,

O O O O O o

0.100,
0.120,

0.086,

0.089

0.109,
0.075

0.051,
0.061

0.044,

.23, 0.29, 0.27, 0.22, 0.25,
.23, 0.262, 0.25, 0.232

0.160,

0.079,
0.172,
0.014,

0.097,
0,103,

0.098,
0.115,

0.088,

0.083,

0.062,

0.028

0.25

0.115

0.105

0.093

0.087

0.066

0.048

H+

H+

I+

0.010

0.004

0.004

0.005

0.004

0.013
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Table VI (Cont.)
- Percent Halogen a
Molecule found as Organic Average
CBrg 0.032, 0.051, 0.034, 0.044 031 * 0.006
0.026

C=HsBr 0.31, 0.28, 0.41, 0.38, 0.31, .55 * 0.03
0.26, 0.45, 0.21

1,1-CoH4Brs 0.157, 0.175, 0.151, 0.183, 173 = 0.009
0.200

CHaI 1.10, 1.10, 0.99, 1.00, 1.14, .09 % 0.03
1.05, 1.24

CDsI 1.03, 1.02, 1.12, 0.45, 0.56, .68 + 0.06
0.94, 0.65, 0.56, 0.52, 0.43,
0.23, 0.45, 0.71, 0.99, 0.56,
0.65

CFsI 0.176, 0.158, 0.118, 0.112, 12 + 0.02
0.083, 0.091

CHoI2 0.06, 0.07, 0.08, 0.056, 068 + 0.004
0.07, 0.070

CoHsI 0.87, 0.90, 0.82, 0.76, 0.71, .82 * 0.04
0.82, 0.75, 1.01, 1.05, 0.57,
0.96, 0.64

n-CsH-T 0.81, 0.84, 0.72, 0.62, 0.86, .66+ 0.05
0.85, 0.54, 0.58, 0.48, 0.44,
0.55

1-CsH- I O.14, 0.46, 0.26, 0.32, 0.34 .50 * 0.05

a Uncertainty is the standard

deviation of the mean.



3%

Since, for these isotopes, the neutron capture - gamma data
are inadequate to permit calculating ﬁhé'probabilities,‘the latter
plot cannot be obtained. However, the general Shape of the prob-
ability curve will, perhaps, be similar to that calculated for the
C1°%°(n,vy)C1%® process. This calculated curve is depicted in Fig.
2. Plotted in Figs. 6 and 7 are the observed failure to bond-
rupture vs. the calculated minimum recoil gamma-ray energy.

It will be noted that the data for the methyl jodides and
bromides do appear to lie on a smooth curve.

From Figs. 6 and 7 we may deduce that the expected failure
to bond-rupture of I, is 0.04% and that of Bro is 0.08%.

The data for CsHsBr, 1,1-C2H4Brs, CpHsI, n-CsH,I, and i-CaH~-TI
deviate markedly from the curve drawn fhrough the methyl-halide
data. Apparently, as stated above, the direct use of E? Av is
to be considered as only a first approximation. It would be ex-
pected to be most in error for the higher carbon-content compounds.
Preliminary calculations correcting for the assumption indicate
that these ethyl and propyl compound data will be more in accord

with the methyl data.
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V. KINETIC THEORY OF HOT-ATOM REACTTIONS

Estrup and Wolfgang9 (E-W) have developed a kinetic theory
of hot-atom reactions based partially on the mathematics of
neutron cooling processes. One of the assumptions made by E-W
1s that the activated atoms are formed with an initial kinetic
energy which is greatly in excess of that redquired for reaction.
Therefore, on the average, the hot atoms undergo a number of
collisions and assume a statistically-defined distribution of
energies prior to reaction. To utilize this theory in our
studies it is necessary that the Br2° and I'28 atoms or ions
also form a statistical distribution of energies.

Referring to the data of Figs. 6 and 7 we know that there
results partial cancellation of gamma-~recoil momenta in cascade
gamma emission. The Br®° atoms will be formed with a distribu-
tion of energies ranging from some low value to a maximum of
about 357 ev. For I'2® the maximum is about 182 ev. We there-
fore assume that there results an approximate statistical dis-
tribution of energies.

In addition, two additional assumptions stated by E-W must
apply. They are: (l) that energy loss occurs as a result of
elastic-sphere collisions; that the minimum energy regquired for
reaction is large compared with thermal energies.

For reactions of the type:

X + CHa > CHsX + H

where X is a Br®° or I'2® atom or ion the energy required for
reactions vary from about 1.2 to about 15 ev.

To utilize the E-W theory it is necegsary to have available
data concerning the extent of production of a given compound as
a function of the mole-fraction of the target atom. For the
reactions of Br®° or I'2® with gaseous methane, the principal
organic products are, respectively, CHsBr®° and CHSI'28. Thus,
the percent organic activity as a function of the mole-fraction
CH4 can be taken as an indication of the percent CHsBre° or
CHaI*=8,

~36_
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The E-W theory involves two variables, o and f. The guantity
a 1s the average logarithmic energy loss per collision and is a
function of the mass of the hot atoms and the mass of the molecule
or atom with which the hot atom collides. The quantity f is the
probability that the collision be with CH. and is a function of
the mole-fractions of the components and the cross-sections for
the various collisions.

For a system composed of a single reactant:

(a/f) - (fraction of the activity in a given form)

= I - (f£f/a)K (32)

According to the above equation, a plot of (a/f)(fraction
Br®° or I'2® as organic) versus f/a should approximate a straight
line and, equally important, all points should fall on the same

line regardless of the moderator used.



VI. Br®° ACTIVATED BY THE (n,vy) REACTION

We have investigated the reaction of Brd° with gaseous methane
in an attempt to determine whether the reaction occurs principally
because of the positive charge or because of the gamma-recoil
kinetic energy acquired by the Bré°,

If the positive charge is responsible for the reactivity of
the Br®°, then different extents of reaction with CH4. would be
expected for (n,y) activated Br2°" agnd Bre2 since 12 and 25%,
respectively, of these isotopes are positively chargedlo. A
single experiment9 indicated that both Brf° and Bre°M react with
Cs4 to produce the same percent of organic activity. In gaseous
mixtures of Bry, and CgHsBr, CeHg, or n-CsH,Br the percent organic
activity was also found to be the same for the three isotopeslo.
The lack of an isotope effect in these latter experiments could
be due, however, to the fact that the ionization potential of the
main component of each system is less than that of Br.

Experimental

Quartz bulblets, 4-5 ml. in size, were filled with additive,
CHg, and 2 mm. Brs, so that the total pressure was (generally)
about 1 atm.

The samples were irradiated in the University of Michigan
megawatt reactor for approximately 2 sec. at a thermal neutron
flux of 1.5 x 10%% n/cm®-sec. and an accompanying gamma radiation
flux of 8000 r/min° Because of the presence of gcavenger Bros,
there occurred negligible radiation induced effects.

The samples were broken in a separatory funnel beneath a two
phase mixture of CHCls and I, and aqueous NazSOz. The two por-
tions were counted to determine the activity in each phase and
after correcting for Br®°M content and counting coincidence and
density effects, the percent of the total activity present in

the organic phase was determined.

~38-



~39-

Results

The percent of the Br®° present as organic activity for the
various systems are listed in Table VII.

To interpret correctly the data where the bromine was present
as CzHsBr, it is necessary to realize that a small fraction of the
Br®° will not split from the CoHsBr®© molecule and thus will be
recorded as organic activity. This failure to bond rupture, which
amounts to 0.33%, must be subtracted from these data of Table VII.
In addition, the Br®° could react with the molecular additives and
contribute to the observed organic activity. Thus, it is necessary
to correct further these data of Table VII for the fractional reac-
tivity with the molecular additives. To do this, we subtracted
from the observed values the product of the mole fraction of the
additive, multiplied by the extent of reaction with esgentially
pure additive to produce organically bound Br®°. These maximum
extents of reaction to produce organic Br®° are, correcting for
any faillure to bond rupture: CFq4 - 0.7, CoFg - 3.0, and CoHsBr -
2.2%.

These corrected data of Table VII are depicted graphically
in Figs. 8 and 9. The solid curves are calculated according to
the Estrup-Wolfgang theory9. -In order to avoid confusion, the
uncertainties have been omitted from these figures.

Extrapolating the data for the systems where the mole frac-
tion of the additive was less than 0.1, it was found that at zero
mole-fraction additive 13.3 * 0.5% of the Br®° reacts with CH4 to
become stabilized in organic combination. The only other deter-
mination of this quantity was made by Gordus and XAIilZL'ardlLL and
indicated 18% Br®° as organic. The reason for this difference
is probably due to the presence of radiation-induced reactions
in thelr experiments. The gamma dose received by their samples
was almost 100 times that received by our samples.
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Table VIT

Percent Br®° Stabilized in Organic

. . . . . a
Combination in Various Gaseous Mixtures

Pressure Pressure Mole Fraction Percent Br®°
Additive  CH. (mm)  Additive Additive®s© as Organicd
(mm)

He 654 27 0.040(7) 13.5(2)
13.6(4)

549 83 0.131(2) 12.6(1)

12.6(2)

440 87 0.165(5) 12.0(2)

12.0(2)

127 300 0.703(123) 8.5(4)

9.2(4)

Ne 416 52 0.111(12) 11.2(4)
12.5(3)

L5k 129 0.221(17) 10.8(3)

239 217 0.476(52) 9.6(2)

239 219 0.478(52) 8.6(4)

Ar 501 127 0.202(26) 12.1(5)
12.2(5)

238 177 0.427(35) 5.5(6)

6.7(4)

148 279 0.653(40) 4.8(6)
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Table VII (Con't.)

Pressure | Pressﬁre Mole Fraction Percent Br®°
Additive CHs (mm) Additive AdditiveP?C as Organicd
(mm)
Kr 649 47 0.059(1) 11.5(3)
11.5(4)
589 97 0.141(2) 8.7(4)
8.9(3)
283 147 0.342(3) 5.3(2)
5.6(2)
106 91 0.462(7) 3.6(3)
3.6(1)
xe® 663 20 0.029(2) 11.8(3)
14.2(2)
662 43 0.061(1) 11.3(4)
13.8(4)
568 60 0.096(1) 9.8(3)
10.0(%)
335 62 0.156(2) 6.9(3)
8.0(4)
150 65 0.302(3) 5.1(5)
L.7(5)
CFa 557 90 0.139(2) 8.0(2)
8.4(3)
437 2kl 0.356(3) h.r(2)
5.0(3)
262 438 0.626(5) 2.8(1)
3.4(1)
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Table VII (Con't.)

Pressure Pressure Mole Fraction Percent Bre°
Additive CHy (mm) Additive AdditivePsC as Organicd
(mm)
CaFg 498 143 0.223(2) 6.3(3)
368 275 0.428(3) 5.2(2)
6.6(2)
Bro 714 2 0.003(1) 13.1(7)
14.3(6)
658 3 0.005(1) 13.4(4)
656 23 0.034(7) 11.3(3)
13.0(2)
629 65 0.096(7) 10.4(1)
10.9(2)
268 65 0.195(15) 6.6(1)
7.2(1)
112 63 0.360(29) 3.2(1)
hoh(1)
CoHeBrt 699 11 0.015(4) 12.8(4)
13.1(4)
657 20 0.029(1) 12.4(4)
13.4(3)
167 20 0.045(2) 11.1(3)
11.6(3)
323 23 0.067(3) 10.5(2)
12.1(3)
213 26 0.109(4) 9.0(7)
9.1(2)
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Table VII (Con't.)

Pressure Pregsure Mole Fraction Percent Bré°
Additive CHy (mm) Additive Additive®sC as Organicd
(mm)
CoHsBr’ 360 93 0.205(2) 7.2(1)
7.5(1)
183 101 0.356(5) 5.8(1)
179 149 0.454(5) 5.4(1)
5.5(1)
(a All samples, except where noted, contained 2 mm. Brs.
(b) Calculated assuming additive pressures.
(c Uncertainty in last figure or figures (given in paren-

thesis) is based on

pressures.

estimates of determining individual

Uncertainties (given in parenthesis) based on estimates

of uncertainty in positioning 18.6 min. slope through

decay data for inorganic and organic fractions for each

run.

Samples contained 2 mm. CyHsBr and 0.2 mm. Brs.

0.2 mm. Brp scavenger present.
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Fig. 8 - Effect of inert-gas moderators on the reaction of

gaseous CHa with Br®° activated by the (n,vy) process.
Moderators: helium, W ; neon, @ ; argon, B ;
krypton, & ; Xenon, ‘ .
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Fig. 9 - Effect of molecular moderators on the reaction of
gaseous CHs with Br®° activated by the (n,vy) process.
Moderators: CF4, L ; CoFs, V ; Bra, O ; CoHsBr,
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Discussion

It should be possible to interpret qualitatively the effects
of the different moderators. There are various ways 1n which the
Br®° + CH, reaction can be moderated, depending upon the nature of
the Br®° and the moderator: (1) removal of the Br8© kinetic-energy;
(2) neutralization of Br8° ions; (3) inelastic collisions resulting
in the quenching of excited Br®° ions or atoms; (4) reaction of
Br®® with the additive, the Br&° becoming stabilized in chemical
combination.

Inert gases cannot moderate vig process 4. In addition, inert
gases are found to be inefficient in quenching excited speciesll
and because of their high ionization potentials are very inefficient
in undergoing charge-transfer with Br ions. Therefore, if modera-
tion of the reaction by the inert gases occurs, it must be due
mainly to process 1.

We may next examine the experimental data for the samples con-
taining inert gases. Referring to Fig. 8 and ignoring the solid
curves, it is seen that each inert gas 1s capable of suppressing
the extent of formation of organic Br®°. If the inert gases moder-
ate the reaction principally via process 1, then the relative
effectiveness of the additives would depend on the size of the
inert gas atoms and on the fractional energy transfer per Br80-
inert gas collision. Thus, a plot such as Fig. 8 should indicate
that the moderating efficiencies increase in the order: He, Ne,
Ar, Kr-Xe. As seen, the data of Fig. 8 are in accord with that
expected for kinetic-energy moderation.

We may also attempt to determine qualitatively whether the
formation of organic Br8° is due totally to hot processes. This
may be accomplished by extrapolating the data of Fig. 8 to zero
mole fraction CH,. If, for example, the data extrapolated to 6%,
such data would suggest that 6% of the organic Br®° is formed via
thermal processes and 13.3 - 6 = 7.2% via hot processes. The data
for Ar, Kr, and Xe, however, extrapolate to about 0 *+ 2 percent
and there is no reason to expect the helium and neon data to ex-
trapolate to a value which differs from that of the other inert-
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gases. -Therefore, it would appear that the organic Bre° is formed
principally via hot reactions.

The molecular additives are capable of moderating according
to all four processes. However, as with the inert-gases, we may
eliminate certain processes from consideration.

Molecular Bro and CpHsBr should be able to moderate efficient-
ly via all four processes.

For CF4 we would expect charge-transfer to be a very ineffi-
cient prooess12 since the ionization potential of CF, (probably
about 13 ev) is greater than that of Br. This compound has been
found to be highly inefficient in quenching excited I*28 ions
(Section VII). Therefore, it might also be expected that CF.
should be inefficient in quenching excited Br®° atoms or ions.
Reactions of Br®° atoms or ions with CF4 to yleld inorganic or
organic Br®° are more endothermic than similar reactions of Br8°
with CHg. Therefore, it is possible that the Bre° would react
preferentially with CHg. This conclusion is substantiated by the
fact that the reaction of Br®° with excess CF4 results in only
0.7% Br®° as organic, whereas 13.3% Br®° as organic is found in
the Br®° + CH4 reaction. In addition, the endothermicities for
the reaction with CF4 to form inorganic and organic Br®° are of
the same order magnitude (80-90 kcal). As an approximation, it
is possible that only about 0.7% Br®° as inorganic would result
in the reaction with CF4,. Since processes 2, 3, and 4 are prob-
ably of minor importance, we would expect CF4 to moderate prin-
cipally via process 1.

Similar arguments may be presented for CoFg moderation. On
the basis of experiments with I'28, quenching should be unimpor-
tant. Because of the high endothermicities and the low extent of
production of organic Br®° (3%), reaction of Br2° with CoFs to
vield inorganic Br®° may also be of minor importance. The ioniza-
tion potential of CsFg is not available in the literature; however,
it is probably of the order of 11.7-12 ev. Since the ionization
potential of Br is 11.84 ev, charge-exchange could be possible.
Removal of kinetic-energy, process 1, could also occur.

Experimentally, it 1s observed that the moderation exhibited
by all the mélecular additives is quite similar to that exhibited
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by krypton and xenon. It was seen from the inert-gas data that
thermal processes are of little importance. The ionization poten-
tials, quenching abilities, etc., and the chemical reactivities
toward bromine atoms or ions vary greatly among the molecular
additives. Since similar moderation efficiencies result from sub-
stances of similar molecular or atomic weights (Xenon, krypton,
and the molecular additives), these data would suggest that, for
the molecular additives, processes 2, 3, and 4 are not as impor-
tant as kinetic-energy transfer. Thus, it would appear that the
reaction of Br®° with CHs proceeds mainly via a mechanism involv-
ing hot Br®° gtoms.

Figure 10 is a plot of the experimental data corresponding to
Eq. (32) given in Section V. 1In addition, for essentially pure
methane, £/a = 2.84 and (a/f):(fraction of Bré8° ag organic) =
0.0470. The best straight line drawn through the data and ending
at the point (2.84, 0.0470) has an intercept I.= 0.057 * 0.005 and
a slope -K = -(0.0035 * 0.0020). Tt should be emphasized that the
points for all moderators, with the possible exception of CyHsBr,
appear to approximate the same line. The upward trend exhibited
by the CsHsBr data could be due, in part, to an incorrect choice
of the value of the apparent diameter of the compound.

The solid curves of Figs. 8 and 9 were calculated using Eq.
(32) and the above values of K and I. It is seen that the curves
for Xe and Kr moderation are identical. This is due to the fact
that, whereas the Xe-Br cross-section is larger than that of the
Kr-Br, per collision, because of the similarity in atomic weights,
krypton is capable of removing, on the average, more energy from
Br®° than is xenon. Tt should also be noted that this kinetic
theory results in curves for the molecular additives (Fig. 9)
which are in reasonable agreement with the data. This suggests,
as do the data of Fig. 10, that the molecular additives serve
mainly to remove Br®° excess kinetic energy. .If moderation by
the molecular additives were via a process other than kinetic-
energy removal, it would only be under the most fortuitous circum-
stances that their moderation data would be described by the

kinetic-theory curves.
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In summary, the data of Fig. 10 would tend to support the
conclusion stated earlier that the reaction of Br2° with methane
occurs principally, if not completely, as a result of the gamma -

recoil kinetic energy acquired by Bré°,



VII. 1I'#® ACTIVATED BY THE (n,vy) REACTION

Hornig, Levey, and Willard®s> determined that I'2® produced by
the I'27(n,y)I'28 process is able to react with gaseous methane to
form CH3I'®®. Further investigations by Levey and Willard14 indi-
cated that molecules with ionization potentials lower than that of
an lodine atom are more effective than inert gases in moderating
the I'#® + CH, reaction. They interpreted these data as indicating
that the positive cha'rge15 associated with at least 50% of the 128
atoms 1is an important factor in the reaction.

We have been interested in determining gqualitatively the
mechanism of the reaction of I'2® with CH,. To do this, we have
investigated the manner in which the reaction to produce organic
I*#® is moderated by varying amounts of inert-gas and molecular

additives.

Effect of Inert-Gas Additives

Summarized in Table VIII are the observed extents of produc-
tion of organically bound I'®® for various methane-inert gas
reaction systems. Data for ItS3?1 pickup are also included. These
mixtures contained'four substances: methane, inert gas, 0.5 mm.
CHsI, and 0.1 mm. I, scavenger.

In order to interpret properly the relative effects of the
additives, it is necessary to correct these data of Table VITI
for (a) the 1.1% failure to bond rupture of CHsI and (b) any
radiation induced reactions.

Radiation induced reactions. Mixtures containing I. tagged
with I*®! were also irradiated; the percent T:3? appearing in or-
ganic combination is listed in Table I. These data are also de-
picted in Fig. 11. ©Negligible I*®! pickup was found in Io-CH,
systems which did not contain an inert-gas additive.

In order to avoid any possible thermal or photochemical ex-
change reaction between the I--13%1 and CHsI, all samples were pre-
pared in a minimum of light and, if neutron irradiation was not
immediately feasible, stored at 0°C in the dark. This technique
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Table VIII - Percent I*28® (and I3') Stabilized in Organic
Combination in Various Gaseous Mixtures®

Pressure Pressure Mole Fraction Percent Percent
Additive  CH, - mm  Additive AdditiveP 1128 4g T131 g
mm OrganicC Organicd
Neon 594 76 0.113(11) 52.9
489 159 0.245(8) 53.1
52.2
308 128 0.294(24) 53.3 2.6
52.8 2,2
362 231 0.390(45) 50.0
54,0
205 133 0.294(32) 50.1
205 129 9.386(3%2) 50.1
Argon 400 189 0.321(27) 54,3 3.8
54.5 3.9
295 235 0.443(31) 52.2 3.0
52.0 2.0
109 410 0.765(59) 45,4
et
50 347 0.872(67) 1.0
1.5
Krypton 595 80 0.119(2) 53.8
53.5
483 106 0.180(3) 52.4 5.1
320 120 0.273(3) 49.5
48.5
430 236 0.353(3) 50.5 6.2
51.8 7.3
194 141 0.421(1) 45,6
45,0
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Table VIII (Cont.)

Pressure Pressure Mole Fraction Percent Percent
Additive  CH. - mm  Additive AGditive” T128 55 131 4
mm Organicc Organicd
Krypton 143 4o O0.742(4) 49.3 8.8
49,0 9.1
43 456 0.914(3) 48 .0 10.8
Xenon 615 40 0.061(2) 50.8
50.5
563 61 0.098(4) 48 .3 2.3
47.3 2.5
554 101 0.154(2) 45,2
46.5
489 179 0.268(2) 39.6
39.8
251 307 0.552(4) 31.6 7.7
29.4 8.0
179 331 0.649(4) 30.5
29.2
72 yh7 0.865(5) 31.0 16.0
30.4 14.0
60 45y 0.883(5) 29.2
29.3
23 515 0.957(5) 2.1
24,5

# A1l samples contained 0.1 * 0.0l mm Iz and 0.5 + 0.1 mm CHsT and
were irradiated for 7 sec.

Calculated assuming additive pressures. Uncertainty in last
figure or figures (given in parenthesis) is based on estimates
of determining individual pressures.

An uncertainty of % 0.5 was associated with the positioning of
the 25.0 min slope through the decay data.

An uncertainty of = 1.5 was associated with the decay data and
possible pre-irradiation I, - CHsI exchange.
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resulted in a pre-irradiation I*®! organic pickup of only O - 1.5%.

The relative extents of radiation induced reactions for these
inert gases are about 17 : 12 : 5 which is approximately in the same
ratio as the number of electrons in the inert gases. This is as
would be expected since the average energy of the gamma rays in a
nuclear reactor is of the order of 2 Mev and the interaction of
such gamma rays with matter proceeds mainly via Compton scattering,
the interaction probability beingcrelated directly to the first
power of the atomic number of the material.

If a sample contained I*®!, the observed percent organic I+3!
was subtracted from the organic I'2® yield. For those samples not
containing I'®!, the correction for radiation induced reactions
was determined in terms of the straight-line plots of Fig. 11.
These I*®® data of Table VIII, corrected for failure to bond rup-
ture and radiation induced reactions, are depicted in Fig. 12.

Maximum extent of reaction. Extrapolations of the various
data given in Tables VIIT and IX to zero mole-fraction of additive
indicate that 54.4 * 0.5% of the I*28 reacts with methane to become

stabilized in organic combination.

On the basis of previous gas chromatographic analysesu, it is
known that CH5I'®® is the major organic product. The only other
observable organic product was CHxII*®8, present to the extent of

only about 1%.

Discussion

If the CH3I'®® is formed only as a result of & hot reaction,
then a large excess of an inert gas should be capable of suppres-
sing completely the formation of CHsI'28. As séen in Fig. 12,
the inert gases only partially suppress the reaction. Apparently,
then, only a fraction of the CHsI*28 is formed via a hot reaction,
the remainder being formed via thermal processes. It should be
noted that xenon reduces the CHsI*2® yield to 11 + 2%, whereas
other inert gases reduce this yield to only about 36 * 2%. The
assumption that the reduction to 36% is a result mainly of a hot
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reaction is justified by the mathematical analysis given in the
next section.

The fact that xenon reduces the extent of formation of CHgI'28
by an additional 25 #* 3% must be due to a unique ability of xenon
to neutralize or quench excited I*28 ions or atoms. TInert gases,

11. Therefore, this

however, are not effective quenching agents
additional moderation by xenon must be due to a charge-transfer
process. For xenon alone to exhibit moderation by charge transfer
requires that the energy defect of the reaction approach zero more
closely than that for charge transfer with the other inert gases.,
The first four excited states of I+ and their excitation
energies are as follows: (3P,) 0.800, (®°p1) 0.879, ('Ds) 1.702,
(*S2) 4.044 ev. It is unlikely that excited ionic states higher
than the Dy will exist in the methane environment. The ioniza-
tion potential of CHs i1s 12.99 ev. For the process I+(l@2) + CHg4
- I + CH4+ to occur, the relative energies of the reacting
species must be much greater than that supplied by the (n,v)

12. However, charge transfer between CH, and I+ in

activation
the *S5 or higher states are exothermic and very probable since
the excess energy (the energy defect) is assimilated by the
various internal degrees of freedom of the methane ion.
| The ionization potential of an iodine atom is 10.454 ev and
that of xenon is 12.127 ev. Thus, the process I+(1D2) + Xe -
I+ Xe+ is exothermic by 0.029 ev. For this near-resonance
charge-transfer process, the cross-section will be maximum for
relative energies of about 2 ev and slowly decrease for energies
greater than 2 evlq. The smallest energy defect for the possible
charge-transfer processes involving the other inert gases is
1.840 ev endothermic for the IT('Ds) + Kr reaction. Hence,
these processes involving Kr, Ar, or Ne charge-transfer with
I+ ions in energy states of *Do or less have an extremely small
probability of occurance.b

Using the notation of Estrup and Wolfgang, we have calculated
o values and f values for the species involved in the reaction.
It is important to emphasize that attempts to fit directly the
data of Fig. 12 to this kinetic theory were unsuccessful. If,
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however, we assume that the maximum inert-gas kinetic-energy
moderation is 54.4 - 36 = 18.4%, then we find that the theory
serves to describe the observed effects.

Neon, argon, krypton. Thirty-six percent was subtracted from
the individual values for the Ne, Ar, and Kr samples. For essen-
tially pure methane, f/a = 4.29; thus, (a/f)‘(fraction of I*28 as
organic) = 0.0428. Figure 13 is a plot of the experimental data
corresponding to Eg. (32). The best visual straight line drawn
through the data and ending at the point (0.0428, 4.29) has a
slope-K = -0.004 # 0.003 and an intercept I = 0.06 % 0.01. It is
interesting to note that, within the limits of uncertainty, these
values corresporid to those found for the Br8° + CH4 reaction.

The solid curves of Fig. 12 for Ne, Ar, and Kr were calculated

using these values of K and I.

Xenon. As stated earlier, the xenon data are not described
by the kinetic theory. A lack of agreement still exists even
after subtracting 11% from each experimental result. Tt was sug-
gested in the previous section that xenon could be a more effect-
ive moderator since it could easily undergo charge transfer with
I+(1D2), To determine the moderation via the charge-transfer
process, we subtracted from the original data: (l) the 1.1% CHsI
fallure to bBond rupture, (2) the 11% brganic I*28 which is not
effected by xenon, and (3) the expected kinetic-energy moderation
by xenon. This last factor varied from zero to 18.4% and was
calculated in terms of Eq. (32) using the slope and intercept
determined from Fig. 13 above. Depicted in Fig. 14 is the per-
cent organic I'®® remaining after correcting for these three
effects. _

Let us assume that this remaining extent of reaction of T128
with methane to produce organically bound I*28, R, depends on the
probability, P, that the I*®® "collides" with CHs. Thus, R = 25P.
The probability will depend on (l) the mole fraction of methane,
(1 - N), where N is the mole fraction of additive and (2) the
relative cross-sections, C, for the two-types of interactions;

C = o(I"(*D2) + Xe charge exchange)/o(I7(*Dz) + CHs to yield
CHsI*#°). Using these definitions, C = §(25 - R)(1 - N)1/RN.
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The value of C calculated from the data of Fig. 14 is 2.2
* 0.6, Considering the various subtractions and uncertainties,
it is somewhat fortuitous that the calculated C values are in
reasonable agreement. The solid curve of Fig. 14 was calculated
using this value of (.

It is reasonable to expect the excited iodine ions to react
prior to becoming deactivated by fluorescence. The jodine ions
would have undergone of the order of 1000 collisions in the 1078
to 1077 sec. associated with fluorescent deactivation. Only in
systems containing a large excess of inert gas would there be g
possibility of fluorescent deactivation. This could be the reason
that the last xenon data of Fig. 12 are somewhat low.

Reaction Processges

On the basis of the previous discussions, we conclude that
of the 54.4 * 0.5% 128 found as organic:

18.4 * 2% is formed via a hot reaction. The experimental
evidence, however, is insufficient to conclude whether the hot
I'28 species is an ion or an atom.

25 + 3% is formed as a result of the I+(1D2) + CH4 reaction.
Considering the energy requirements, if the reaction is a Simple
hydrogen displacement, then the reaction must be I+(1D2) + CHy4 ~>
CHsIT + H.

11l + 2% is formed as a result of the reaction of T%28 ions
(or excited atoms). Either °p,, ®P,, or %P, IT ions are involved
since, as stated above, ions in energy states greater than the
D> would not exist in the methane environment. If the ionic
reaction taking place involves hydrogen displacement then, con-
sidering the energy available, the reaction must also be
T" + CHy - CHeTT + H.

The manner in which the CH3I+ gains an electron is not known.
It is difficult to accept electron capture ag the process. The
9.54 ev exothermicity would most probably be partially dissipated
in the form of the internal energy of the molecule and thus prob-
ably result in C-I bond rupture. If, instead, C-H bond rupture
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occurred, then, because of the presence of I. in the reaction
system, CHzI, should be a major product. Gas chromatographic
analysis indicated that only a small amount of CHoI- was formed.
However, Dbecause of the presence of CHsI and I- in the reaction
mixture, neutralization of the CH.BI+ probably takes place via

charge transfer.

Effect of Molecular Additives

Contained in Table IX are data of the percent I'28 found as
organic for various mixtures of molecular additive, methane,

1-2 mm CHzI, and O.1 mm I». Table X is a summary of the percent
I'®® stabilized in organic combination in various non-methane
systems where the additive molecule was 1in large excess.

The raw data of Table IX were corrected for (a) the extent
of failure to bond-rupture of the alkyl-iodide, (b) any gamma-
radiation induced formation of organic I*2® compounds, and (c)
the extent to which I'2® is organically bound as a result of
reaction with the additive.

The percent failure to bond-rupture used in correcting the
data are: CHsI - 1.1, n-CsH,I - 0.7, and CFsI - 0.1%.

The maximum extents of reaction with the additives to pro-
duce organic I*#® are, correcting for any failure to bond-rupture:
CFq - 3.4, CH2F2 - 2.2, CoFg - 7.8, CgHg - 1.6, n-CsH,T - 0.6,
and CHsI - 0.2%. The product of the mole-fraction of the addi-
tive multiplied by the extent of reaction with "pure" additive,

as given above, was subtracted from the raw data of Table IX.
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Table IX

Organic Yields of Iodine-128 with Methane at
Various Mole Fractions of the Following Additives

Pressure Pressure Mole Uncorrected Corrected
Additive CH. Additive  Fraction % I'28 as % I1%8 as
(mm) (mm) Additive Organic Organic?
Oz 574.0 80.0 o.122§11) 5.5 51.8
574.0 87.0 0.132(6) 5%.5 51.7
459.0 180.0 o.282§19; 53.0 50.5
459.0 192.0 0.295(13 50.8 418 .2
35.0 482.0 0.932(7) 40.5 3.7
43,0 37.2
Ns 608.0 59.0 o.089§9) 4g.6 418 4
608.0 65.0 0.097(6) 53.6 52.0
529.0 132.0 o.200§16) 51.1 49.0
529.0 148.0 0.219(9) 54.9 52.7
411.0 207.0 0.335(26) 54,5 51.7
35.0 329.0 0.890(12) 418.2 42 .6
46.8 4i.2
CFq 577.0 93.0 0.139(2) 52.7 51.1
52.7 51.1
445.0 249.0 0.359(2) 50.0 47 4
50.1 h7.5
247.0 429.0 0.635(3) 47.3 43,5
47.6 43.8
67.0 640.0 0.905(4) 4o.6 37 .4
42.8 37.6
35.0 653.0 0.950(3) ho,2 36.8
ho.7 37.3
CHzFo 545.0 146.0 0.211(2) 45.3 43,4
416.6 4y 7
282.0 168.0 0.373(3) 4o .7 4o.2
Ly 1 41.6
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Table IX (Cont.)

Pressure. Pressure Mole Uncorrected Corrected
Additive CH, Additive  Fraction % 1128 as % 1128 as
(mm) (mm) Additive Organic Organic@
CHoF» 284 .0 283.0 0.499(3) 37.1 34,5
2é9,o 450.0 0.663(3) 31.0 o7 .4
31.5 27.9
CoFs 590.0 .92.0 0.135(2) 4878 44 .8
. 4g.2 h5.2
367 .0 188.0 0.339(2) 39.7 31.1
' INie) 35.5
389 .0 311.0 O 4hh(h) 42,0 31.1
399.0 331.0 0.453(2) 42,0 30.8
: | by 3 33.2
171.0 287.0 0.627(4) 39.5. o, 2
150.0 520.0 0.776(3) 4o.2 21.4
41 .4 22.7
14.0 649.0 0.979(4) 37.2 13.2
, 57.3 12.2
NO 679.0 9.0 0.013(1) 52.9 51.8
51.8 50.7
674%.0 13.0 0.019(1) 49 4 48,3
: 51.0 49.9
652.0 16.0 0.024(1) 7.2 46.1
51.6 50.5
45k .0 38.0 0.077(2) 4o.6 41.5
43,0 41.9
373.0 4y .0 0.106(2) 39.6 38.5
. ' 29.3 28.2
562.0 112.0 0.166(1) 35.5 BL
: 36.8 35.7
457.0 132.0 0.224(2) 4.1 23.0
31.1 30.0
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Table IX (Cont.)

; Pressure . Pressure Mole Uncorrected Corrected
Additive CH, Additive  Fraction % I128 as % 1128 as
(mm) (mm) Additive Organic Organic@

NO 289.0 161.0 0.357(2) 26.2 25.1

25.1 2l.o

149.0 561.0 0.790(1) 9.2 8.1

9.9 8.8

CHaI 721.0 1.0 0.001(1) 54.8 53.7

710.0 22.0 0.003(1) 55.0 5%.9

, 53.4 52.3

665.0 3.0 0.005(1) 54.2 53.1

53.9 52.8

659.0 7.0 0.011(1) 7.1 46.0

47.8 46 .7

558.0 10.0 0.018(1) ho.,2 41.1

: 42,3 41.2

532.0 12.0 0.022(1) 39.2 38.1

40.6 39.5

460.0 11.0 0.023(2) 38.5 37 .4

37.9 36.8

342.0 12.0 0.034(2) 33.5 32.4

33.7 32.6

186.0 12.0 0.061(4) 24.5 23,4

233.0 22.0 0.086(3) 17.6 16.5

17.6 16.5

131.0 22,0 0.144(5) 11.7- 10.6

111.0 34,0 0.234(6) 7.4 6.3

5.9 4.8

197.0 128.0 0.417(5) 4.2 3.1

3.9 2.8

132.0 163.0 0.553(5) 2.9 1.8

2.5 1.4
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Table IX (Cont.)

Pressure Pressure Mole Uncorrected Corrected
Additive CH4 Additive  Fraction % I'28 as % 1128 as
(mm) (mm) Additive Organic Organic?
CsH,T 684.0 7.0 0.010(1) Ly 7 43,6
4.8 43,7
678.0 15.0 0.022(1) 37 .4 36.3
35.2 3401
482.0 28.0 0.055(1) 28.9 27.8
27.3 26.2
288.0 21.0 0.068(2) 20.1 19.0
18.6 17.5
187.0 22.0 0.105(1) 15.9 14.8
11.% 10.3
181.0 25.0 0.121(%) 14.9 13.8
11.8 10.7
CFaI 620.0 16.0 0.025(1) 35.4 34.3
53.7 32.6
178.0 42,0 0.291(4) 6.6 5.5
5.9 4.8
CeHe 646.0 10.0 0.015(1) n 45,3
48 .4 7.3
659 .0 15.0  0.022(1) 37.7 36.6
37.6 36.5
675.0 27.0  0.039(1) 31.4 30.3
32.4 31.%
155.0 “27.0 0.148(2) 9.7 8.6
, 9.2 8.1

a Refer to text for method of correction.
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Table X

Percent I*®® Stabilized in Organic Combination in

Various Gaseous Mixtures of an Todide and Additive

: Total Mole Fraction % It28 gs
Todide Additive Pressure Additive Organic
CHsI(Iz) CF4 622 0.994 4.6(4) 4.o4(4)
CHsI(Iz) CHzF5 650 0.985 3.5(1) 3.0(1)
710 0.976 3.4(1) 2.9(1)
CHsI(Is) CoFs 623 0.997 8.9(2) 8.8(7)
Io CeHsg 31 0.997 1.2(1) 1.5(1)
CHsI(Iz) - 28 1.4(1)
18 1.3(1)
18 1.2(1)
n-CsH7I(In) - 19 1.3(1)

CFsI(Iz) -- by 0.998 1.1(1) 1.2(1)
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A similar calculation was used in correcting for gamma-
radiation induced reactions. To do this, the extent of radiation-
induced reaction at unit mole fraction was determined. The extent
of radiation-induced reactions then was assumed to be equal to the
product of the mole-fraction of the additive times this maximum
value. For Os and N- this maximum value was assumed equal to
that of Ne-Ar (5%). For CoFs it was found experimentally to be
17%, for CF., 3%. The value for CHoF2 was assumed to be less than
that of CF,; and chosen as 2%.

The percent organic I*2® corrected for these effects is also

given in Table IX.

Nz, Oz, and CF, Additives

Depicted in Fig. 15 are the corrected data for N, 02, and
CF4 moderation. These data appear to extrapolate to 36% suggest-
ing that these additives moderate the 1128 4 CHs reaction only by
removing I'%® excess kinetic energy. The solid curves were cal-
culated according to Eq. (32) using values of T and K calculated
from the inert-gas data (Fig. 13). Fig. 15 suggests that Nz, Oz,
and CF4 are inefficient in quenching excited TL28 ions or atoms.

CHng and Cst Additives

Depicted in Fig. 16 are the data for moderation by CHoF- and
C2Fs. These data appear to extrapolate to a value of about 11%
suggesting that they not only remove excess kinetic energy but
also interaet with I+($D2) ions.

The broken curves of Fig. 16 were calculated according ‘to
Eq. 32. The inhibition in excess of kinetic energy moderation
was determined by subtracting from the data the value calculated
via Eg. 32. Subtracting 11% from this value there are obtained
data which should be analogous to that of Fig. 14. For these
remaining data we calculated "C" values in a manner indicated on
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page 58. These values were 0.50 for CHoFp and 0.72 for CuoFg.

Apparently, these two compounds interact with I+(1D2) ions
with different efficiencies. The ionization potential of CHzFs
is most probably greater than that of CH, (12.99 ev). Since the
I+(1D2) ionization potential is 10.45 + 1.70 = 12.15 ev, charge
transfer between CHoF- and I+(1D2) would be highly unlikely. The
ionization potential of CyFs, however, is probably greater than
11.67 ev. If it is less than 12.15 ev charge transfer is highly
probable.

Reaction with the additive could result in the observed in-
hibition of the I*®® + CH, reaction. Reaction of I'28 with CoFg
to yield organic or inorganic I'2® requires more energy than
assoclated with T (D) ions. However, reaction of thermal
I+(1D2) ions with CHpFs to yield CHF.' + HT is possible; lower
state I+ ions -do not possess enough energy. Thus, it appears
that inhibition of the I'®® 4+ (CH, by CHoFo is a result of kinetic
energy moderation (18%) and reaction with CHzFz (25%). The addi-
tional 25% inhibition by CsFs most probably is due to charge
transfer thus limiting the ionization potential of Cz2Fsg to 11.67 -
12.15 ev.

NO, CHsI, n-CsH7I, CFsI, and CgHg Additives

These additives all possess ionization potentials less than
that of an iodine atom. The inhibition exhibited by these addi-
tives (Fig. 17) is much greater than that of Os, Ns, CF4, CH:F2,
and CzFs. It would appear as though these additives of low
ionization potential inhibit principally by charge neutralization.
However, the large inhibition resulting from CHsI, n-CsH+I, CHFaI,
and CgHeg may be due to ion-molecule reactions.  For example, the

reaction: I+ + CHsI -+ CHs + IQF is possible.
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VIII. WORK IN PROGRESS

The work in progress includes:

1. Studies of the reactions of €1%® produced by the C1°7(1i,y)cL38
process.

2. Gas and liquid phase studies of similar systems, particularly
iodine + chlorocarbon mixtures. |

3. Gas-chromatographic analysis of reaction products.
Effect of additives on such reactions as T128 + CHFs.

5. Studies of the effects of cobalt-60 gamma radiation on halogen-
methane-additive systems.

6. Studies of the failure to bond-rupture of chlorocarbons.

Theoretical analysis of high energy reaction mechanisms.

8. Effect of additives on the gas phase reaction: Br8° + CH,

ﬂ

where activation is by isomeric transition.

-5
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IX. PERSONNEL AND PUBLICATIONS

Personnel

1.

Principal Investigator
Adon A. Gordus

2. Graduate Students (1/2 time)
Edward P. Rack
Ruth (Chi-hua) Hsiung
Harry (Hsien-chih) Hsiung
Navanitray C. Kothary (as of Jan. 1, 1961)
Jack Brillhart (Summer, 1960)
Bernard Spielvogel (Summer, 1960)
3. Undergraduate Assistants (part-time, hourly)
William Rado
Alan Frew
Richard Siemon
Wolf Blatter (as of Sept. 1, 1960)
Martin Cooper (Summer, 1960)
Ronald Fine (Summer, 1960)

Publications

1. "A Closed General Solution of the Probability Distribution
Function for Three Dimensional Random Walk Processes" by
C. Hsiung, H. Hsiung, and A. A. Gordus, J. Chem. Phys.,
24, 535-546 (1961).

2. "Effect of Moderators on the (n,vy) Activated Reaction of
Br®° with CH4" by E. P. Rack and A. A. Gordus, ‘to appear
in April or May, 1961, issue of the Journal of Physical
Chemistry.

5. "Effect of Inert-Gas Moderators on the (n,v) Activated
Reaction of I'%® with CH4" by E. P. Rack and A. A. Gordus,
to appear in June, 1961, issue of the Journal of Chemical
Physics.

4. "Effect of Molecular Additives on the (n,y) Activated

Reaction of I*%® with CH4" by E. P. Rack and A. A. Gordus,
submitted for publication.

~T4-
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5. "Vibrational and Rotational Excitation Resulting from
Momentum Transfer'" by C. Hsiung and A. A. Gordus, submit-
- ted for publication.
6. "Gamma-Ray Momentum Transfer: Carbon-Halogen Failure to
Bond~Rupture Following_(n,v) Activation" by A. A. Gordus,
-submitted for publication.

C. Talks »

A series of talks were given before local groups which included
the U. of Michigan chapter of the Am. Soc. of Met. Eng. and the
Flint subdivision of the Detroit section of the American Chemical
Society. .In addition, two papers were presented at the ~Inter-
national Symposium on the Chemical Effects of Nuclear Transform-
ations which was sponsored by the IAEA and held in Prague, October
24-27, 1960. These papers were:

CENT/49 - Gamma Recoil Energy Distributions

CENT/59 - Hot Ion-Molecule Gas Phase Reactions of (n,v)

Activated I'28, Br®°, and €1%® with Hydrocarbons
and Alkyl-Halides.
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