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KINETICS OF THE RADIATION-INDUCED EXCHANGE
OF Hj, D3, AND T;, A REVIEW

Abstract

Mixtures of HZ-TZ or D2-T2 will
exchange to produce HT or DT due to
catalysis by the tritium 8 particle.
The kinetics of the reaction D2 +
T2 = 2DT may play an important role
in designing liquid or solid targets
of Dz—DT-T2
and distillation schemes for tritium

for implosion fusion,

cleanup systems in fusion reactors.
Accordingly, we have critically
reviewed the literature for inférma—
tion on the kinetics and mechanism of

radiation-induced self-exchange

We

+7T, =

2HT in the gas phase and developed a

reactions among the hydrogens.
found data for the reaction Bz

scheme based on these data to predict
the halftime to equilibrium for any

+ T2 mixture at ambient
temperature with an accuracy of *10%.
= 2HT

reaction is 1.6 based on an initial

gareous H2
The overall order of the Hy + T2
rate treatment of the data. The most
probable mechanism for radiation-

induced self-exchange reaction is an
ion-molecule chain mechanism.

Introduction

The thermochemical and kinetic
properties of the isotopic mixture
D2—DT-T2 (hereafter referred to as
DT) are of interest to hydrogen fu-
sion programs since this mixture
fuses at the lowest temperature.
Targets of liquid or solid DT will be
needed for fusion schemes involving
And, in addition to
gaseous DT to fuel the magnetic

implosion.

confinement reactors, tritium recov-
ery systems will require the cryo-
genic distillation of DT mixtures.
Unfortunately, few data exist on
tritium-containing molecules of

hydrogen at cemperatures near the

-1-

triple point. To characterize the
physical and chemical properties of
DT at temperatures near the triple
point, we have embarked on an exten-
slve program. This program consists
of survey reviews of the literature,
theoretical modeling and calculations,
and experiments to measure the
various physical and chemical pro-
perties of the isotopic hydrogen
molecules H2, HD, D2, HT, DT, and T

This review focuses on the kine-

9

tics and mechanism of radiation-
induced self~exchange reactions
among the hydrogens. Of particular

interest is the B~catalyzed exchange



- of D

'tsor DT, .

Y and '1'2 to produce DT, Mix-‘
ltures ‘of HZ-Tz ‘and” D2 TZ will not
T_temain isotopically pure for long ‘
- since the B from the tritium catalyzes
'”rthe‘éxchange rsactichs, producing HT
The B-catalysis likewise
'prevents the study of pure HT and DT

sincc“themnixcdzspecics.disproportion-

’3-ates!to-H and T2 or.DZ.snd Tz‘

2
Therefore, whenever. D2 and T2 or H2

V“dand T2 are comhined a mixture of. the
three isotopes will be found.

" The kinetics of. the DT equi1ibra-
:tion reaction 1s vital since the
;_methodygi,prepsripg inertial,targcts
for. fusicn with known -isotopic concen-
trations will depend on, how rapidly
this B-catalyzed equilibration takes

place, - The rate of this isotopic

-. exchange will also affect the design

- of cryogenic distillstion columms for
the tritium recovery systems necessary
: for fusion reactors.

A literature séarch failed to turn
Vﬁp anﬁ dsta.cﬂ thé'rsdiation-induced

~ exchange of‘D2 and TZ'

T,

We did find
some gas-phase studies on the
radiation~induced exchange of Hz and
2 but no data for the liquid and

solid phases. Since there are a

~oumber of studies on the radiation-

induced exchange between H2 and D2,
our review includes material on this
exchange reaction.

We are beginning experimental
studies of the HZ + T2 and D2 + T2
exchange reactions near the triple
point. Gas-phase studies will be
made ¢7 8Ztu uging a specially adapted
quadrupole mass filter, and liquid-
phase studies will be done with
The liquid-

prhase studies are already underway

infrared spectroscopy.

and members of the cryogenic tritium
groupl have recently measured the
first-ever induced-infrared spectra
of DT and TZ‘

some room-temperature kinetic measure-

We are also completing

ments of HZ-TZ and D2-T2 systems re-—

ported elsewhere.

- : Rate Et;usﬁon and Treatment of Experimental Data

 SELF-EXCHANGE “REACTIONS™ AND

-~ RELATIONSHIP. OF :RATE CONSTANT TO
. EQUILIBRIUM CONSTANT

The'f»_lowing isotopic self-
Texchang reactions will ‘be. discussed

SO N
Z» 7 or second-order reaction.
(2)

B, + T, * DT (3
‘Since these reactions form equilibrium
mixtures, with the mixed specie pro-
duct as abundant as the reactants,
the kinetics are complex and we do
not expect to observe a simple first-
These
equilibrstions have opposing forward



and reverse reactions., If we assume
simple second-order kinetics for each
reversible step, the equilibrium
constant is related to the rate

expression in a straightforward

manner. Using reaction (3) as an
example,
kf
D2 + T2 : 2DT .
T

The rate of the forward reaction,

Rf, is given bty

R = kg [D,][T,] , O]

where kf is the rate constant for the
forward reaction. The rate, Rr’ of
the reverse ceaction is given by
R =k [DT]2 (5)
T r '
where kt 18 the rate constant for the

reverse reaction. At equilibrium,

the forward reaction rate is equal to"

the reverse reaction rate; therefore,

2
Re =R, = kf[D2][T2] = k_[DT] (6)
and
ke - _MJZ_. - X (¢))
k. [D,I[T,) eq *

The equilibrium constant is equal
to the forward rate constant divided

by the reverse rate constant. This

is true for uncomplicated second-
order kinetics. As we will see, how-
ever, the mechanism of these self-

exchange reactions is a complex chain
process and Eq. (7) does not strictly

obtain.

RATE EXPRESSION AND REACTION ORDER

The thermally induced exchange of
H, and D, [Eq. (1)] was studied by
Farkas and Farkas shortly after the
discovery of deuterium.3 They applied
a rate expression for the progress of
reaction (1) which Dorfman and
Mhttrawa later used to treat the data
for reaction (2). The rate

expression

kt

(HD], - [HD], = [HD], e (®
reduces to
[HD] _
1- " e ke, (9

where [HD]t and [HD]°° denote the
concentrations of HD at time t and at
equilibrium respectively, and k is a
constant.

Differentiating Eq. (8) with
respect to time gives the reaction
rate at any time t,

d{HT]
dt

kt

’

t

= k[HT] e~ (10)

and setting t = o gives the true
initial rate,



S (SLILTJ.) . k[ii’l‘]w.- (11)
tmo - .

Tdt

f_"l‘he halftime of the exchange is
- found by setting [HI)] /[H:D] = 0,5
_end s_olv;lz;g fpr: ;1/2 in Fq. 9.

t1/2" 0.693/1:_ . (12)
' 'vThis ‘has. the same form as. the t1/2
S for a first—order reaction. However,

L rat:e constanf since there is a differ—
ent- k for ‘each set: of. initial pres—

".v sures. Pewe

[ Ihe_,_qrder of;';he t:h_ermai reaction
(1) 1s 3/2; this vas found by plotting
1/ t: 1/2 versus PT, vhere P 1s total

—-pressure.: Investigators using shock
4t:‘u1'ae tecliniques for the homogeneous

'rels_c;ion \1) '.ha’vs _recq:nfly found over-

~ all erders from:1.04 to 1.4 for the

3,6 and 1.4 for the

essentially confirm-

forward reaction
reverse reac:t::Lon,7
ing the reaction order given by Farkas
and Farkas. Lifshitz%*8
gested the early work really occurred

has sug-

. under heterogeneous rather than homo-

geneous conditions so many of their

conclugions are suspect.

RADIATION-INDUCED KINETICS OF H, +

2
T2 = 2HT

In 1953, Mattraw and Dorfman

published a study of the B-ray
They
showed by linear plots of n(l - [HT]t/
[HT] ) versus time that the B-ray

catalysis of reaction (2).

catalyzed reaction could be treated
by the kinetic equation Farkas and
Fark353
thermal equilibration of H

developed for the homogeneous
2 and D2'
Their data are summarized in Table 1.

They also made calculations of the

ble “L ‘Kinetic data for H, + T, = 2HT.
Total Tritium © Mole' (ﬂg%l_t_)
'j_,upressure pressure fract:iop - 4 Helftime t=0 2
(Torr) (Torr)_ HT, (min ~x10°) (min) (moles/litre *minx10%)
, ‘-’\46'".1_:‘ 8 47 818 8.55
. 6h.6- 0,454 550 36.4
L 816 0,418 522 36.7
- ez oaas 137 504 38.7
©.7 295.4 147.7 '\7', 0.4 355 140.6
260 233.9

399.9  133.6. ,

i



adsorption of radiation by the hydro-
gen isotopes and found the initial
rate proportional to the total éres-
sure and the adsorbed B intensity.
The G value (the number of mole-
cules of a given product formed or
reactant converted for each 100 eV
of energy absorbed) for the formation
of HT ranged from 220 to 450 HT

molecules per 100 eV. In a subsequent

9 on the radiation-induced

study
(using the tritium B-ray) self ex~
change of HZ and DZ’ Mattraw and
Dorfman obtained G values of 2 X 104
HD molecules/100 eV at only 27.%5 Torr
They indicated im-

purities in the earlier experiments

total pressure.

inhibited the lengths of the chain

carriers.

PREDICTION OF HALFTIME AND INITIAL
RATE

One important practical question
is "If H2 and T
fied gas pressures, how long will

the mixture take to equilibrate?"

, are mixed at speci-

We have developed an empirical method
of treating the data of Ref. 4 so
this estimation can be made. We can
also treat the data of Ref. 4 so the
initial order of the forward reaction
can be calculated.

If the initial rate (d[HT]/dt)t’O =
R, or the constant k, which is pro-
portional to the initial rate, are
plotted versus the total pressure
times the tritium pressure to the

-5

1/2 power, we can obtain a reasonable
linear correlation (see Figs. 1 and
2). The least-squares fitted equa-
tion in Fig. 1 is Ro = (=18.064 x .
10" L nin™l) + (5.06 x
1079 moles 1itre™ min~t Torr 2
(P%izPT withla coefficient of deter-
mination r = 0.975. The least-
squares fitted equation in Fig. 2 is
k= (8.364 x 1074 min™ly + (0.3699
m:l.n"1 Torr_alz) (P%/ZPT) with a coef-
ficient of determindtion of r
0.953, The halftime to equilibrium
is obtained from k using Eq. (12).

7 moles litre™

Therefore, one can, upen specifying
2-T2 mix—
ture and the T2 pressure, estimate

the initial rate and the halftime.

the total pressure of the H

To test the accuracy of the half-
time predictions, we took the predicted
k values from the curve for experi-
ments 1-6 of Ref. 4, calculated the
halftimes, and compared them to the
measured values. The results are
shown in Table 2.
can expect to predict the halftime of
the H, + T

2 2
accuracy of the order of #10%.

As 1s seen, one

= 2HT exchange to an

H2 + T

9 = 2HT INITIAL REACTION ORDER
The initial order of the reaction
can be calculated from the data in
Table 1 using the following treat-
ment. The initial rate is given by

an equation of the form

amrly  _ . . ar. b
( at )tm R, = k17107 . (13)
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Table 2. Measured and predicted halftime values.
k estimated tllz estimated tllz measured
Experiment (min.-1 X 104) (min) (min) % error®
1 9.8 707 818 -13.6
2 11.9 582 550 +5.8
3 12.4 558 522 +6.9
4 12.9 537 504 +6.5
5 21.6 321 355 -9.6
6 24,2 286 360 -10.0

38,7% av + 10.0% relative standard deviation.

Taking the natural logarithm, we
obtain

= 1
in R, R.nkn+aﬂ.n[H2J +b !.n['l'z] . (14)

Since we know the initial rates
and concentrations of [H2] and [T2]
for the six experiments in Ref. 4, we
can use these data to solve for ko, a,
and b.
binations of these 6 data sets each

taken 3 at a time is 20 (C = 6P3/3P3=
6x5x4 _ 20)
3x2x1 *

We have solved the 20 combinations

The number of possible com-

of simultaneous equations for the
values of fn k° a, and b. The results
are given in Table 3. The averages
were obtained without the data from
combinations 2,3,4 and 1,3,5 which
were checked and then eliminated on
statistical grounds.

The value of k_ = 4.45 x 10°

min~l “0:6 11tret0:6, he

9

moles

initial order_of the reaction with

respect to H2 is 0.77 and 0.86 with

respect to T2.4 The overall initial

order is 0.77 + 0.86 = 1.63. This is

similar to the results obtained for

the homogeneous thermal reaction

H2 + D2 = 2HD which give overall

initial orders from 1.04 to 1.5

[see discussion following Eq. (12)].
Joneslo gives initial rate data

for reaction (2) at 76.7 K.
1/2
T

his data, whic% were taken over a

We have

applied our P PT correlation to

large pressure range (-156 to 2400

Torr). The results are shown in

;IZP

9 T

versus Ro to accommodate the three=

1/2

P..

T2 T

Surprisingly, the data fall into

Fig. 3 where we have plotted in P
orders-of-magnitude change in P,
three groups. Group 1, approximately
a 50~50 HZ-T2 mix, has the fastest
initial rates. Group 2 has an initial
T2 of approximately 90%, and Group 3

-



‘ ~ Table 3. Results of solving simul-

taneous equations for £n
ko’ a, and b.
-Coﬁbination of
data from
experiments 1-6
of Ref. &4 fn ko a b
1,2,3 ~19.45 0.79 0.90
2,3,4 ~13.73 0.14 0.16
3,4,5 ~18.99 0.62 0.9
o 4,5,6 -21.49 1.07 1.00
T 1,3,4 . -19.91 0.71 1.08
’ 1,4,5 -19.37 0.69 9.95
1.5,6 -17.95 0.96 0.40
1,2,4 -7 220,41 0.72  1.20
1,2,5 -18.41 0.87 0.58
1,2,6 -19.05 0.82 0.78
1,3,5 ~76.61 =9.83 22,94
1,3,6 -19,72 0.74 1.01
1,4,6 -19.99 0.71 1.10
2,3,5  -18.59 0.70 0.79
2,3,6 117.43  0.56 . 0.64 Fig. 3. Plot of fn P1/2PT vs K.
2,4,6 ° -19.91 0.68 1.12 2
2,5,6  "-18.31 0.97 0.46
3,4,5 © -20,02 0.72 1.09
2,4,5 . -19,83 0.67 1.1l
3,5,6 ©°  -17.28 0.93 0.29

. Averages® . -19.23 0.77 0.86

Onitting data from 2,3,4 and 1,3,5.

. with approximately 172 T 4s the slow- halftimes for the H, + T, exchange
'“est. It is probable that each initfal  from the data at 76.7 K. We do not
5 concentration of '.l'2 would have a : know why the initial rate of the

"Lsep ate l:l.ne. Therefore, this © . 50-50 mix is faster than those mixes
; qschene clnuot be used to predict ‘the with higher tritium concentrations.



Radiation-Induced Exchange Mechanism

Determining the mechanism of a
chemical reaction is a complex and
subtle quest. Reactions such as
HZ + 12 = 2HI, which for years was
given in text books as the classical
bimolecular mechanism with a four-
atom transition state, has recently
been shown to be either a termolecular
or atom-chain mechanism.ll Iron-
ically, the homogeneous thermal
convers:on in the hydrogen system
represented by reaction (1), which
was originally thought to have an
atom-molecule chain mechanism,3 now
appears to have a molecular mechan-
ism. Also in this case, the simple
bimolecular mechanism has been ruled
out.8 It is, therefore, not surpris-
ing that the proposed mechanism for
radiation-induced self exchange among
the hydrogens has changed drastically
through the years as more data become
available.

The earliest data we could find in
the literature on radiation-induced
self exchange among the hydrogens was
a study by Mund et al.12 of reaction
(1) induced by o particles. The
change in resistance of a hot platinum
wire was used to detect the progress

Mund et 2l1. made a
13-16 o

of exchange.
series of subsequent studies 14
this particular reaction mechanism.

They interpreted data in terms of an

atom-molecule chain mechanism. Later

works have shown an atom-molecule
chain mechanism is relatively unim-
portant; therefore, we shall not
discuss this early work further. The
studies of reactions (1) and (2)
induced by tritium B particles by
Dorfman et al.b’g were also inter~
preted using the atom-molecule chain
mechanism proposed by Mund.
17,18 showed

the most probable méchanism of the

Thompson and Schaeffer

radiation-induced self exchange of
hydrogen isotopes was an ion~molecule
chain mechanism with the H + ion as

3
Their evidence

the charge carrier.
came from studies of inhibition of
the rate of a-particle-induced H, +
D2 exchange by rare gasas Kr and-Xe,
which have ionization potentials
below hydrogen. These rare gases
inhibit the chain mechanism by remov-
ing the H3+ carrier.

Thompson and Schaeffer's ion-
molecule chain mechanism has been
essentlally confirmed by mass
spectroscoplc studies of the relevant
ion-molecule reactions19 and by
studies of the inhibition of thesge
reactions by application of electric
fields,20-22

review of these mechanistic studies

However, a detailed

is beyond the scope of this paper,
especially since the evidence has
been critically reviewed by A. R.

Anderson.23



'*‘.'Ion'es“;]'o:'has shown that thie: don-

k -_noleclu.e chain mechanisn is the most

=""_‘,-'probab1e one for reaction (2) By

'extensi n, we can reasonahly assume o

At is alao the mos

5 'for reactign._g
,_:I.sm 3:|.ven,_‘by Jones 1s shown below. i

. Loni‘.lzftgl.pn,‘ Hz + uz ‘+

Initiation: H,"
‘Chain

propagation:. H’_,‘."j-_’_-l-.:'l_fz-*.HZT*' +HT (2)

robable mechanism -

The t':it:l.um mechan-' .

~+ Hz" H3 ,}-+‘H‘ (1) v

Chain ’
termination: H

+
3 +) o

or>3H, 3

+ H

where (~) denotes an electron, nega=-

t::l.ve_‘ ior_l, or wall recombination.
‘Ob_v:I.Ously, a similar mechanism

could be written using T3+ as the

chain carr_:ier or, in the case of

.reaction (3Y, with D3+ as the chain

carrier. In any case, the present

evidence convinces us that the

. radiation-induced self exchange mech~

anism of the hydrogen isotopes is of
the ion-molecule type given above,
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