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EQUILiBRIUJi CONSTANTS FOR THE HYDROGEN ISOTOPIC SELF-EXCHANGE 

REACTIONS IN THE 4,2-50 K TEMPERATURE RAHKg* 

J . W. Pyper and p. C, Souers 

Lawrence- Livennore laboratory, University of California 

Uvermore, California 9/.550 

Hydrogen fusion wil l requtre ti mixture of llquofled or frozen D, and T,-

The equilibrium constant of the mixture describes the composition of t h i s 

fuel . We hsve ca lcula ted the e^iiSHbrtym constant , K n _ ( for the reac t ion D 

+ T, « 2DT in the 4.2-100 K temperature range. The r e s u l t s agree well with 

previous ca lcula t ions at 25, 50, and 100 K. No calcula t ions at temperatures 

below 25 K have been previously - ;Mlshcd< In the 16.7*33.3 K temperature 

range, which includes the t r i p l e po in t , K_T can be represented by 

K - 2,995 exp t - 10,82/Tj. The values of the .-Hialogoas equilibrium constants 

for Hj-D, find Hj" 1 ^ a r e a * s o * * v e n l n t , , e *«2"50 K temperature range. 



Potential shortage of energy In the United States has stimulated 

interest in the production of power by controlled hydrogen fusion. All of the 

proposed methods (magnetic confinement, plasma focus, electron bean implosion, 

or laser implosion) require the fusion fuel that ignites at the lowest 

temperature — a mixture of the hydrogen isotopes D and T in the liquid or 

solid state. The values of the equilibrium constants are important to this 

effprt since they describe the composition of the fuel in terms of the 

molecular species D„, DT, and 1~-

The isotopic self-exchange reactions of hydrogen are defined as follows: 

H 2 + D 2 = 2HD, (1) 

, + T, * 2HT, 

D„ + T, * 2DT. 

U> 
(3) 

In the gas phase, the equilibrium constants are expressed in terras of the 

partial pressures. P., of the isotopic sp" 

V ' "m ' \ • \ «" 

"XT " PHT ' \ • P V <5) 

ST " PDT ' \ • \ - <« 

The equilibrium constants in the l iqu id and sol id phases are expressed in 

terms of mole f rac t ions N,, where 1 i s the Isotopic species and 1* i s the phase 

( l iquid or s o l i d ) . For example, K„ in the l iqu id phase would be 

S S ^ I S D T O l o t " n , n l «^Hiiiiiion. no. ,„>- of Ihtii tmphyttt, (loi toy of Ihcii conlnctoM 

««".«». q n « ImpHrt. or » u m « 7 « C 

2Z%zzir*wfo'"" •«•"»• « < * » 
Z£.ITS * >' , n f o" ," , i on.«pp«niii^p™i«cio. 
B«*li JfartoRfl. o r rtnttienti Ihil it. U K M U U not 
tafrinf* primtlr owned r^hli. 
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°1 T 2 

and IC in the solid phase would be 

U 2 J 2 

with Analogous expressions fur the other equilibrium constants. The 

equilibrium constants in the liquid and solid phases can be calculated from 

the gas-phase equilibrium constant If one knows the vapor pressures of the 

pure, condensed species. For example, it is readily shown by using Raoult'a 

law chat 

[ f 0

D I <"] ' 

[>»] 
/P° (.) • P° M\ 

(again, with analogous expression for the other equilibrium constants), where 

PjCj) Is the vapor pressure of the pure isotoplc species i in the liquid W 

or solid (s) phase, j, Ac most temperatures, the ratio of the vapor pressures 

of the pure species in bott tiie solid and liquid are very close to one. 

Therefore, K^fg) =. K D T
( t ' and ^ ( B ) * Vr(s) • Accordingly, the gas-phase 

equilibrium constants, which can be calculated from theory, can be used to 

estimate the equilibrium constants for the condensed phase. 



Wo huve made an extensive search of the literature and found that no 

data on the equilibrium constants exiat In either condensed phase. We did 

find value* of the gas-phase equilibrium constants at temperatures for K — and 

IC,_ above 50 K, and for K__ above 25 K. For the hydrogen fusion program, 

the temperature region of most interest Is that near the triple points (the 

estimated triple point of DT la 19.7) and below. We therefore have calculated 

KJHJ, K H T , and K Q T using the Blgelelsen-Kayer theory in the 4.2-50 K 

temperature range. 

For most iaotopic exchange reactions, Blgeleisen and Mayer showed that 

the equilibrium constants are a function of the vibrational frequencies only 

at constant temperature. The present situation, Isotopes of hydrogen at low 

temperature. Is an exception. In this case, the rotational partition 

functions must be determined by direct summation and the proportion of the 

even and odd rotational states foi the various hydrogens must be taken into 

account. To illustrate this method, we will show how K__ was calculated. 

Equations for tC and K.,_ are formulated In an analogous fashion. The 

vibrational port of 1C Is given by 

IvJl 
" D T < V 1 1 » 

VDT/ V U D T / V V - e " U T , / 

where u * hew /kT. The constants a r defined as follows: h » Planck'r, 

constant , c a speed of l i g h t , <u t s the harmonic v ib ra t i ona l frequency 



(different for wch Isotypic hydrogen molecule), k * Boltzraann's constant , and 

T - absolute temperature. 

The frequencies for the various hydrogen Isotonic molecules were 

obtained In the following mnnnort The u value for hydrogen i s 4395.24 c m . 

The luotopical ly Independent force constant , k , is then calcula ted from the 

hydrogen w value by solving for k in equation (12), 

in which u Is the reduced maafl of the Isotoptc molecule. Subsequently a l l 

of the u>e values can he generated by using k and Eq. (12). Tabic 1 gives the 

r e s u l t s of these ca l cu la t ions . This procedure i s more accurate than using w 

values from various sources or using <*e values that are not i sotoplc . i l ly 

Independent. 

To ob ta in the t o t a l equilibrium cons tant , we must mult iply K__(vib) by 

the r o t a t i o n a l par t of the equilibrium cons tant , K ( r o t ) : 

hi " K D T

( v I b ) ' K p T ( r o t > * < 1 3> 

This ro ta t iona l part i s givon by 

(^:-y 
p.::;:::-'J,"",""'il.::;:::-"J,'"#I:;:;:::'J"*'^ • * fer ""I <»> 

eft 

http://isotoplc.il


-6-

hc B f i 

where OJ * —££"" i Be • the rotational constant, different for each Isotope. 

The constant B^ for the isotopic hydrogen molecules is proporational to 

u~ . The B values for the isotonic hydros*!* molecules were obtained in the 

same manner as the w^ vnlues; the hydrogen value of B • 60.864 cm" was used 

to determine the proportionality constant, k, and then the B values were 

found from B « ko** . Table 2 gives the results. 

Kate that the systmationa sf rotational energy states ore weighted in 

Eq, (14) so as to give the equilibrium constant for equilibrium hydrogen; 

I.e., for D 2 2/3 ortho and 1/3 para and for T 2 1/4 para and 3/4 crtho. 

RESULTS AND DISCUSSION 

Using the data and the formulas discussed in the previous section, we 

calculated K ^ , K ^ , and K^, as functions of temperature. The results are 

given in Table 3. These equilibrium constants have been previously calculated 

at higher temperaturen by Jones. Therefore, where possible, we compared our 

calculations with his. The agreement is good <w£thin IX), To be more 

accurate, ue would have to include many more correction terms and 

calculations. Ue feel that the present accuracy is sufficient. Max Wolfsberg 

and his co-workers are planning a more extensive calculation that will 

include sll significant corrections. 

A semilog plot of the vnlues of Kj,-, K-,_, and K n_ versus 1/T is shown 

in Fig. 1. Note that the plot of fC_ versus 1/T consists of two linear 

portions connected by an s-shnped region. This transition region 

occurs because the rotational correction becomes important at that point. The 

curvns for Kj, D and K,._ will show the same behavior at higher tumporatures. 

Hecouse the s-shaped curve occurs in the region of the triple point, we have 

blown it up in Fig. 2. An we see, in the temperature range from 16.7 to 



3^.3 K, the curve can be approximated by a straight line. The equation of 
this line from a least squares fit is 

« , „ - 2.995 exp [ - i £ * S i ] , (15) 

We can check the accuracy of this equation by comparing the original points 

calculated from theory to the fitted points. Table A shows this comparison. 

We see that the fitted equation gives results that ore as accurate as the 

calculations themselves. 

ACKNOl/LEDCMENTS 

We would like to thank Robert Epple and others of the Division of 

Physical Research, Energy Research and Development Administration, for their 

support of basic DT studies at cryogenic temperatures. We also appreciate 

suggestions and comments from Jacob Blgeleisen and Max Wolfsberq. 



This work was performed under the auspices of the U.S. Energy Research 

and Development Administration under contract U-7405-Eng-4B. 

J. W. Pyper and P. C. Souers, The Chemlcsl Equilibria Relating the 

Taotopic Hydrogana at Low Tamperaturaa. Lawrence Livermora Laboratory, 

Kept. UCRL-52104 (1976). 

Z H . Holfaberg, Acct. Cham. Raa. 5. 225 (1972). 

J. Bron, C. F. Chang, and M. Wolfsberg, Z. Hacurforsch. 28a. 129 (1973). 

C. Herzberg, Molecular Spectra and Molecular Structure, 2nd ed., vol. 1 

(D. van Hostrand, Princeton, N.J., 1961), p. 530. 

6 H . Holfsberg, A. A. Massa, and J. W. Pyper, J. Chem. Phys. 53, 3138 

(1970). 

J. Bigeleisen, private communication. The details of this calculation 

are given in Ref. 2. 

BJ. Bron and S. 0. Paul, Faraday Trans II 7. 1294 (1974). 

9 C . Herzberg and L. L. Howe, Can. J. Phya. 37, 636 (1959). 

private co^unication 
NOTICfc 

MBI 
ijlb.r 
iHir 

Kill 



Table 1. Reduced masses and vibra t ional frequencies for the hydrogen 
i so top lc moleculei . 

Holecule V 4 ^(calculated) 

H 2 0.5041 4395.24 

HD 0.6719 3807,05 

HT 0.75S6 3590,00 

D„ 1.0074 3109.14 

DT 1,208 2839.27 

T, 1.5085 2540,78 
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Table 2. Reduced nasaes and ro ta t iona l constants for the i so topic hydrogen 
aoleeulea . 

Molecule v V B e 

fl2 0.5041 1.9837 60.86 

HD 0.6719 1.4883 45.66 

HT 0.7556 1.3235 40.61 

D 2 1.0074 0,9927 30.46 

DT 1 . 2 0 8 0.8278 25.40 

T 2 1.5085 0.6629 20.34 



Table 3 . Values of K™, K H J and K__ i a functions of temperature. 

Tomperature (K)T "HD "HI ST 

4.2 4.90 « 10" 8 1.74 « 1 0 " 1 7 0.0472 

5.0 0.104 

7.0 0.336 

10.0 2.67 - 10" 3 5.70 • 10" ' 0.795 

12.5 1.14 

13.3 1.24 

14.3 1.36 

15.4 1.45 

16.7 1.56 

18.2 1.66 

20.0 0.137 2.60 • 10" 3 1.75 

22.2 1.84 

25.0 1.93 (1.95)* 

28.6 2.04 

30.0 0.500 3.3B « 10~ 2 2.07 

33.3 2.18 

40.0 0.942 0 .U8 2.31 

50.0 1.34 (1.33)° 0.244 (0 .242) u 2.57 ( 2 . 6 0 ) a 

66.7 2.89 

100.0 3.29 (3 .32)" 

Values In parentheses are those given by Jones, Kef. 10. 
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T«ble 4. Comparison of calcula ted and f i t t e d points for K „ in the 
temperature range fron 16,7 t o 33,3 K. 

Teapurnture (K) K ^ O y d c ) V * 1 ^ 

16.7 1.56 1,57 

18.2 1.66 1.65 

ZO.O 1.75 1.74 

22.2 1.84 1.84 

25.0 1.93 1.94 

28.6 2.04 2.05 

30.0 2.07 2.09 

33.3 2.18 2,16 



Figure Captions 

Fig. 1 . Semilog plot of KJJJJ, Kj._, and K.- ae a function of 1/T. 

Fig. 2. Semilog plot of K__ versus 1/T In the temperature range from 12.5 

to 100 K. 
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