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We have constructed a quadrupole mass filter system to measure the 
equilibrium constants and rates of reaction of the 3-partide-induced 
exchanges between H , D,, and T_ at cryogenic temperatures. Even 
with careful calibration experiments at 298 K, we could not completely 
remove the mass discrimination inherent in our method. We estimate the 
accuracy of our room-temperature mixture analyses to be ±2.2% in the jli 
D -DT-T system, and Z9% in the H2-HT-T2 system, preliminary • * 
kinetic experiments showed that the time to reach equilibrium in the 
exchange H

2
 + T 2 " 2 H T i s 7 t o 1 4 h a t 298 K- The equivalent time 

interval in the exchange D + T 2 = 2DT is 3.5 to 7 h at the same 
temperature. This measured isotope effect of the factor two can be used 
to predict the rates of DT exchange froa HT rates in the literature. 

INTRODUCTION 

As part of the quest for new energy sources, 
research laboratories throughout the worlo a™ 
searching for the most practical method of 
harnessing nuclear fusion. All current fusion 
experiments require fuel mixtures of D_, DT, 
and T. (P-T) because the 0 + T * a + n 
reaction has the largest fusion cross section 
and ignites at the lowest; temperature. Irwrtial-
confinement fusion will require solid, hollow-
sphere targets of this mixture. Magnetic-
confinement fusion may also require the injec­
tion of solid D-T pellets in the fueling proc­
ess. The cleanup of the spent D-T fusion fuel 
using isotope-separation processes is a common 
problem to both fusion efforts. The solution 
of these fueling and cleanup problems will 
require the compilation and measurement of many 
physical and chemical properties of the hydro­

gen isotopes. Therefore, we have begun an 
extensive program to characterize the physical 
and chemical properties of D-T mixtures, espe­
cially, but not exclusively, at cryogenic tem­
peratures. Our program consists of: literature 
reviews, theoretical modeling and calculations, 
and experiments that measure the chemical and 
physical properties of the isotopic hydrogens. 
The experiments are essential because there are 
very few data on species containing tritium. 

The chemical equilibrium constant gives the 
equilibrium composition of isotopic mixtures at 
various temperatures; the kinetic rate constant 
specifies how rapidly equilibrium is achieved 
after mixing or ho* rapidly the composition of 
a mixture changes when the temperature is 
changed. In the future, we plan to measure the 
equilibrium and rate constants in the gas and 
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liquid phases at cryogenic temperatures. We 
expect to use mass spectroscopy to study the 
species in the gas phase and infrared spec­
troscopy in the liquid phase. 

In t.iis paper, we report the kinetics of 
3-particle catalyzed H.-T- and n

2 - T 2 

reactions at room temperature. This work is 
important to the fusion program because most 
fuel cleanup systems for fusion reactors use 
room-temperature equilibration units in their 
isotope separation plants. Rapid room-
temperature kinetics would simplify the choice 
of catalyst for these units and might make it 
possible for a less expensive catalyst to be 
used. 

EXCHANGE REACTIONS 

The hydrogen isotopic molecules H-, HD, 
HT, D 2 , DT, and T_ are related by the fol­
lowing reaction*:: 

(1) 
(2) 
(3) 

These reactions take place in the gas, 
liquid, and solid phases. The rate of the 
reaction in Eq. (i) is vary slow because there 
is no catalyst; the B particle from the 
tritium readily catalyses rreactions (2) and 
(3). Three additional exchange reactions can 
be written that relate the pure isotopic 
species H 2, D,, and T 2 to the mixed 
isotopic species HD, HT, and DT: 

H 2 + DT - HD + HT, (4) 
D 2 + HT - HD + DT, (5) 
T + HD - HT + DT- (6) 

The equilibrium constants K in the gas 
phase are expressed in terms of the partial 
pressures p., where i is the isotopic hydrogen 
species: 

* « » 2 /P p_ . f) 

(8) 

PHD P D T / P D 2
 PHT 

P D T / P " 

(10) 

(12) 

The equilibrium constants in the liquid and 
solid phases have the same form but are ex­
pressed in terms of mole fractions instead of 
partial pressures. 

Several researchers have calculated the 
equilibrium constants K, through K~.' J 

1 o 
All of the calculations agree with those of 

(2) 

The kinetics of the S-induced exchange 
between H and T 2 have been studied by 
Dorfman and Mattraw,* * ' Jones. * and 
by Schott and Beau. However, we found no 
published data on the kinetics of the S-induced 
exchange between D and T . 

MASS SPECTRUM OF THE HYDRQGEH ISOTOPES 

Studying hydrogen isotopes by mass spectrom­
etry is complicated by several factors. If we 
use a conventional electron bombardment source 
with 70-eV electrons, the fragment ions H , 
D , and T interfere with some of the parent 
ions. Tritium decay produces He, which ap­
pears at n/e = 3 as do T and HD . The 
most difficult problem is that HT and D_ ap­
pear at the same mass number. The ioni appear­
ing in the conventional mass spectrum are shown 
in Table 1. The mass spectrum can be simpli­
fied if in the source we use electrons with 
energies lower than the appearance potentials 
of He and the fragment ions (foe He 
the appearance potential is about 25 V; for 
H , about 18 V ) ; As shown in Table 1, we 
still have the problem at m/e * 4 of the two 
interfering ions D and HT_. The mass 
difference between these isotopic ions is 



TABLE 1 . Ions Appearinq i n a 
Spectrum of an H-D-T Mixture 

Convent ional Mass 

Ions 
70-eV 
source 

n / e e l e c t r o n s 

18-eV 
source 

e l e c t r o n s 

i H 

2 
H+2: 

3 HD1 

4 » ; • 

5 DT 

6 < 

?' 

DT 
4-T-, 

four thousandths of a mass unit, requiring a 
resolution of 920 for separation. Because the 
maximum resolution of our quadrupole mass filter 
is only 600. we cannot separate Q and 
HT . Therefore, the rate constants reported 
in this paper require previously measured 
values of K, and Kfi to separate the D_ 
and HT T contributions to the m/e = A peak (7) 

MEASUREMENTS 
Apparatus and Procedure 

Table 2 lists the gases we used in our experi­
ments as well as their purity. Most of the im­
purities were isotopic. 

The gas inlet and mixing system we used is 
shown schematically in Pig. 1 along with dia­
grams of the prototype cell and the quadrupole 
mass filter. While the measurements we report 
here were made at room temperature, we plan to 
use an identical cell for measurements at cryo­
genic temperatures. The diameter of the pin­
hole leak from the cell is 2.5 um. Tht cell 
is connected to an expansion volume that main­
tains the pressure in the cell at a nearly con­
stant value. (The pressure fluctuation was 
about 1 Torr in 160 Torr for the kinetic 
measurements.) Note that this system was 
designed for cryogenic measurements in the 
4-to-25-K range; it is not ideal for room-
temperature measurements because cell and 
connecting-tube volumes are small and could 
cause fractionation. 

D 2 or 

Sampling volumes 

>*t=[ 
JT)=®=; 

Gas inlet 
and mixing 

Mass spectrometer 
(quadrupofe mass filter) 

Vacuum chamber 
Electron-bombardment 7 

ion source 

Pinhole leak 

r \ Ion nump 

FIGURE 1. GM Mixing »y«te». prototype ce l l , and quadruple « « s f i lter .The cel l i s designed 
lorcryogenic use but w aKd for rooa-ce.pericure aeastireaents in the nork reported here. 



TABLE Z. Purity of Gases 

Gas purity, « Supplier 2 

H 7 99.999 Hatiwson 
HD 99 'Jtohler Isotope 

Chemical 

°2 99.4 0c!< Ridge 
National 
Laboratory 

T 2 96.5 Savannah River 
Plant 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the 
U.S. Department o\ Energy to the exclusion of 
others that may be 
suitable. 

The pressure selected for the kinetic mea­
surements was 160 Tore approximately the j/apor 
pressure of T_ at its triple point. We modi­
fied the power supply of the mass filter so 
that we could reduce the ionizing voltage of 
the electrons to 24 V- This is below the ap­
pearance potential of He , but still 
slightly above the estimated appearance poten­
tials of the fragment ions H , D , and 
T . However, at this voltage, fragment ions 
appeared to contribute very little to the spec­
trum, and we needed more sensitivity than would 
result from an ionizing voltage of 18 V (appear­
ance potential of B ). We used an electron 
multiplier for our detector because the spectrom­
eter was not sensitive enough with a Faraday-cup 
detector. 

We began the kinetic experiments by first 
admitting the gas sample that was to have the 
lower partial pressure into the expansion volume. 
We then added the higher-pressure component, 
noted the time of mixing* and opened the valve 
to the cell so that the gases flowed into the 
quadrupole mass filter through the pinhole leak. 
Throughout the experiment, we followed and re­
corded the peak heights on a chart recorder. In 
general, the intensity of the peaks either in­

creased or decreased smoothly with time, although 
there were a few anomalies. The peaks that be­
longed to a particular species were connected 
by a smooth curve and we measured the intensi­
ties from the curves at 10-min intervals. We 
converted these intensities to partial pres­
sures by using sensitivities that were measured 
on the same day as the kinetic run. We did not 
attempt to follow the reactions to equilib­
rium. Instead, we estimated the pressures at 
equilibrium by extrapolating the kinetic curves. 

Sensitivity Calibration 

We calibrated this prototype mass spectrom­
eter by using the gases listed in Table 2 to measure 
the spectrometer sensitivities, S. = I./P., 
where I is ti*e intensity of the peak resulting 
from species i, i being H , HD , D or 
T . We also compared composition measurements 
of isotopic mixtures with those obtained using 
a magnetic sector mass spectrometer. The 
details of these experiments are given in 
Ref. 7. Our results showed that the quadrupote 
mass filter did not respond equally to all 
masses. We estimate the accuracy of our mixture 
analyses in the D -DT-T- system to be *2.2* 
and in the H_-HT-T_ system to be ±9*. The 
latter is larger because of an apparent isotopic 
mass effect on sensitivity. 

In our literature search,* ' we found no 
general treatment that would allow us to predict 
the time required for our mixtures to reach 
equilibrium. In Ref. 3, the kinetic analysis of 
the H.-T data was apparently derived from 
the appearance of the kinetic curves. Kinetic 
curves for products and reactants have the gen­
eral shapes shown in Fig. 2. By inspection, 
after intensities axe converted to partial pres­
sures, we derive the following expression for 
the product curve {xy represents the product — 
DT in this case): 

- k wt 
~" (13) 



50 100 
Time mir, 

FIGURE 2. Plot of mass-spectcometer intensity 
vs time foi mixtures that were originally 1% 
H, 55% D, and 44% T. 

This equation can be rearranged to yield 

p,(«y) -fc„t 

If we plot In 0 vs t r the slope of the result­
ing straight 1 *;ie will yield k , which is 
kind of a rate constant but is different for 
each initial concentration of % and y . 
The inverse o£ k is [ , which we de­
fine as the characteristic time of the reaction 
and which has tiie dimensions of tise <in our 
case, minutes). The characteristic ti»> is the 
time for the function In Q to decrease by a 
factor of 1/e. If In Q decreases by 1/e six 
times, the equilibration will be 99.81 complete. 
Therefore we take 6T as the tine for equil­
ibration. 

The expression that defines the kinetics of 
the reactants can be derived similarly by in­
spection (x- can represent H_, D_, or T - ) : 

x exp (-kx t\ + P m U 2 ) . (15) 

This expression can be rearranged to yield 

Also similarly, if we plot In Q" vs t, the slope 
is I. , and T = 1/k . it can be shown that 

X 2 *2 *2 
T = T =1 -*7* Therefore, any of the reactant 
x xy y 

or product curves are a measure of the character­
istic time and should ail give* the sane value for 
it. Because of the stoichiometry of the reac­
tion, products and reactants appearing or dis-
appciring are related by the following equation: 

d P t ( y 2 ) j dP t(xy> 
il7> 

5 V V - » . ( • • , » - - " - V 1 (16) 

Kinetics of the 8~Particle-Catalyzed 
Equilibrium "-_*__? = 2QT 

We performed three kinetic experiments using 
three mixtures that were initially approximately 
27, 55, and 734 D_. An example of the kinetic 
curves obtained at an initial concentration of 
55* D is shown in Fig. 2. The slopes of all 
thre<* sets of curves at four different times 
are given in Table 3. Note that in the 55 and 
73* D experiments, the slope of the product 
(DT) curves do not maintain their 2:1 ratio to 
the slopes of the reactant curves; however, they 
do in the 27* D experiment. Note also that 
the total pressure as measured by the quadrupole 
nass filter decreases with time for the 55 and 
73* D experiments. These observations imply 
either a general sag in sensitivity or a re­
duction, somehow, of the total amount of D-T. 
This undoubtedly explains some of the errors we 
observed in determining the characteristic 
times of these three mixtures. 

We have plotted the In Q or In Q' against 
time for each of the species in each mixture 
(Figs. 1-5)- The P^(i) for each species was 
not measured: instead, it was estimated from the 
kinetic curve. In some cases, we found that we 
obtained a better straight line fit if we ad­
justed the P O T(i) by a small amount (a few per­
cent). Note that the data for all of the species 
in i-Tch mixture fit straight lines on the semilog 
plots reasonably well. Mote also that the slopes 



TABLE 3. Slopes of the Kinetic Curves (such as in Fig. 2J for the Reaction D ? + T = 2 DT and 
Total Pressures of Each Isotopic Species at Various Tiaes 

Slope, Torr/min 

Mixture Species 
Minutes a f t e r mixing 

50 100 150 

Total pressures, Torr 
•inutes after mixing 

20 50 100 . 150 

{; 

{• 

-1 .125 -0 .485 -0 .100 -0 .02S 

+2.225 +0.835 +0.200 +0.085 

-0 .925 - 0 . 4 2 5 -0 .100 - 0 . 0 1 5 

-0 .825 -0 .500 -0 .300 -0 .175 

+1.67S0 +0.950 +0.360 +0.1QD 

-0 .815 -0 .500 -0 .275 -0 .150 

-0.875 -0.500 -0.325 -0.290 
+1.825 +0.675 +0.260 +0.165 
-1.000 -0.415 -0.250 -0.125 

132 

Time —min 

n a m e 3 . P l o t of I n Q or I n 0" vs U s e foe 
a D-T a i x t u r e tha t u s i n i t i a l l y 27% o . 

periaent (Fig. 

in the 
The slopes of tbe 27% ex-

3) agree better overall than those 

0.51-

0.05. 
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FIGQHE «. Plot of In Q or In Q 1 vs time for 
D-T mixture that ins initially 55% D. 

of tite other two experiments. Recall that the 
total pressure did not sag foe this experiment and 
that the slopes of the kinetic curves maintained 
the proper 2:1 relationship. Because we do not 
know how to choose which slope best represents the 
rate of the reaction foe a particular mixture* we 
report an average slope of tbe three species. The 
values of k and T and the time to equilibriuB 
for these D-T mixtures are given in Table 4. 



TABLE 4 . Resu l t s of the K i n e t i c Analysis for t h e React ion D 2 + T 2 = 2 DT a t Z9E.4 t 0.4 K 

I n i t i a l 
isotopic 
coapasirion 
of mixture, ft 

Pressures, Torr 
p h " V P » , D ?> p n l l V p=0

1T->> P ÎDT) '0'"2 0 1 ' 2 ' DT av 

Tiae to 
t(av)* equilibrium, 

win h 

2.7 27.1 ' 'O^ 26.4 11.B 72.8 59.* 43.5 0.0304 0.0280 0-0266 0.0290 34.5 3.45 
±0.0012 

0.9 54.7 44.4 71.2 38.0 57.6 26.0 61.0 0.0125 0.0197 0.0125 0.0149 67.1 6-72 
•0.0042 

0.9 72.7 26.4 125-0 83.0 41.2 12.0 60.0 0.00965 0.0226 0.0153 0.0159 63.1 6-30 
±0.0065 

1 r*"~l r—- 1 ' ' T "I | 1 "I ' i : 

o.s ^^""YY 

-

0.1 - > ? ; 

. O D 2 . 
0.05 A D T -

- O T 2 

i_ 1 , . 1 _ 1 . - 1 l - . l i iX. 

Kinetics of the 8-Particle-CataIy2ed Equilibrium 

0 SO 100 150 
Time — min 

FIGURE 5. Plot of In Q or In Q* vs ti»e for a 
D-T mixture that was initially ?3% D. 

In oar analysis 
data from fief. 3, we showed that I V k values, and 
tberetore the ? values, were roughly directly 
proportional to the total pressure and to the square 
root of the tritium pressure* The admittedly rough 
and limited D-T data reported here do not show this 
correlation. 

vie perforated three kinetic experiments using 
mixtures of H and T that were initially 
spproximately 2?, 55, and 75%, S 2. Table 5 
shDWs, for various times, the slopes and total 
pressures as measured with the quadtupale mass 
filter. The slopes in all these experiments 
show the approximate 2:1 product;reactant ratio. 
They appear to be more consistent than the 
slopes in the B-T experiments. The total pres­
sure remains constant in the 27% 8, experi­
ment but increases somewhat in the other two. 
This increase could be explained by an upward 
drift in sensitivity, an ̂ rror that is hard to 
control in this system. 

In all cases, in Q or In Q* was platted 
against time. The results for each mixture are 
shown in Pigs. 6-8. He estimated the P^ii) 
for each species by the same procedure used for 
the B-T experiments. As in the D-̂ f experiments, 
all the In Q or In Q* plots can be approximated fay 
a straight line. In none of the B-T experiments 
did any two species have the same slope. 

In Table 6 we list the values of the equi­
librium and initial pressures plus the values 
of K and x and the time to equilibrium for 
these H-T mixtures. Mote that the character­
istic times T for the H-T reactions are about 



TABLE 5. Character is t ics of the Kinetic Curves for tbe Reaction H_ + T. = 2 HT a t 298.4 ± 0.4 K 

Mixture Species 

Slope. Torr/min 

minutes a f ter Mixing 
25 50 100 150 

Total pressure, Torr 
minutes a f ter mixing 

50 100 150 

-0 .240 -0 .180 -0 .075 -0 .040 
+0.640 +0.370 +0.185 +0.100 
-0 .190 -o.ias -0 .085 -0 .060 
-0 .520 -0 .270 -0 .225 -0 .125 
+0.9D0 •0 .625 +0.450 +0.295 
-0 .350 -0 .275 -0 .21S -0 .130 
-0 .320 -0 .200 -P.160 -0 .105 
+0.800 +J.650 +0.J65 0.285 

-0 .425 -0 .285 -0 .170 -0 .160 

50 100 
Time — min 

FIGOaB 6. Plot of In Q or In Q' vs 
H-T mixture that was initially 27ft £ 

150 

time for an 

twice as long as they were in the D-T reac­
tions. This isotope effect is shown in Table 7, 
where the ratios K^J^gg * r e li*ted for 

1 v l 1—1—I—|—I—1—T— 1 | 1 1 1 1 

0 .8 -
-

0.6 <L 

< *X° V t Sx -
0 .4 ^ > o -

O H 2 

A H T ^ S . 

0 7 . 1 . I 1 • . 1 i [ i • • . 

50 100 
Time — min 

FIGPBB 7. Plot of In Q or In C vs time for 
an H-T aixture that was initially 55ft H. 

mixtures of nearly identical T composition. 
Because this ratio is approximately two, we can 
estimate the D-T rates at'other compositions and 
total pressures from the measured H-T rates in 
the literature. (3,4) 



I n i t i a l 
composition 
of mixture, 4 
H D T 

Pressures, Torr Slope (k), min 
IB,) P fH-l P. IT. p IT,) P 1HT) „ ' " 2 - '.'"2' -o'-2' •»"2 H, HT 

Time to 
T(av), equilioriua, 
ain h 

,4 63.2 39.5 

26 99.3 77.0 

65.0 52.5 33.5 0.0140 0.0141 0.0U8 0.0133 75.2 
±0.0013 

51.4 25.5 60.0 0.0072 O.onoo 0.0057 0.0073 137 
10.0017 

36.1 12.0 59.0 9.0049 0.00BI 0.007S 0.0060 147 
SO.0017 
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26 
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