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W TLTRALTEM CONSTANTS FOR THE HYDHOGEN 1SOTOR LU SELF-EXCUANGE

*
REACTIONS IN THE 4.2 to 50 'I TEMPERATNKE RANGE
J. W, Pyper and P. C. Sauers
Lawreare Livermore Laboratcry, University af California

Livermore, California 94550

ABSTRACT

fiydrogen fusion may require a mixture of Jiquefled or Frozen Dy and T,.
The cquiiibriom constast of the exchanpe reactien deacribes the composition of
this fuel, We have calculated the equilibrium constang KDT for the reaction
[)? + Tz = 20T in the 4.2 to 100 K temperature ranpe. The results agree well
vith previous calvulations ar 2%, 50, and 100 K. Calculatlens at temperatures
below 25 & bave not been published previously In the 16.7 ta 131 K

temperature range, which fncludes the tripie point, Kl con he tepresented by

DT
K 2 2,995 expf-10.82/T]. The values of the =nolesous equilibrium constants

for I(z—l)2 and iIZ~Tz are atso given In the 4.2 to 50 K temperature range.
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INTRODUCTION

Patential shuctafe of eaergy {n the Untied Stares hos stimulated interest
In the production of power by controlled bvdropen fusien. All of the preposed
methods (magnetic confioement, plasma focos, electron beam implesion, or laser
toplosion) require the fusien fuel that ignites at the lovest tempevature — a
mixture of the hvdropen isatepes M and T in the Jiquid or solid state. Values
of the equilibrivm censtants are important to this fusion research because they
Jescribe the camposition of the fuel fn tevms of the molecular species Dy br,
and T_.,.

The self-exchange reactlons of the hydrogen faotopes arc defined as

£0llows:
W, + D, = 2HD, (9D
Uy + T, = 2HT, )
and
D, + T, = 2DT. {3

In the pas phase, the equ’ifbrium constant i8 expres:wd in terms of the parrial

pressure of cach isatope.

%o = "™, * To, )

. 2

Kur = Tur/Ty . ()
and

Yr = o/ v, * ®

The equilibrium eonstants In the 1iquid and s0lid phases are expressed in terms

of mode fractlons NZ. For example, KD in the ]iqnld phase would he
&
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and KD‘[‘ ia the solid phase would be

s \2
K (s) = oy @
Tt T s e
L

with analogoys expressions foy the other equilibriur constants. The equidibrium
copstants in the 1iquid and seifd phoses cian be calculated from the gan-phase
cquitibr{un constant € one knows the vapor pressure of the purce, condenscd

spectes. For example, {t s readily shown{!] hv using Raoult’s Law that

Py P ()
I?
_..T_,_ {493

Kpr €83 = Kyrtid CIS
or¢t ]

and

) oy <53 s l‘.?’{s)
Ko (8) = Kpp(m) ;[‘T‘T’]T- . an
BT
apain, vith analegeus expression fnr the orher equililrium vonstants,  Real
mixtures of hydrogen 1sotoprs, althongl misclble, deviate from Kaoult's Law.

)
Three phase studles shou maximum deviatlons uf +8.57 for 0,021 and +4.21

7
for 1,-07-T,.13) Those deviattons decrease with incressing comperature un the
{2-41

tiquid-pas phase line, The lack of viral roefficient dara for mixtures

makes present foterpretalion difffeulit. At most temperatnees, the ratie of the

“apne prersures of the pure upecles in hath tlie solid and liquld plase ara
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very close to one. 131 Therefore, Kpr(B) ® Kpp(2) and Ko (g) ¥ Kpo(a),
Accordingly, the gas-phase equilibrium constant, which can be calculated from
theory, ckn be used to cvatimute the equit{brium constant for the cundensod
phase.

m

We have made an extenaive search of the literature and found rhat no
datn on the equlltbrium constants exlst {n elther condensed phase. We did find
culculnted valuesn of the gas-phuse cquiiihrium constants ar cemperatures for
Km) angt KHT above 50 K, and fer Kyt ahave 23 K. But there are no experimental
values of tbese constants below 77 K.  For the hydrogen fusion programs, the
temperature repfon vf most Interest {a that near the triple points (shout

20 K) and below, We therefore have caleulated X‘HD’ K1|T’ and KI)T using the

Rigelcisen-Muver Lt\eoryxﬂ in the 4.2 to 50 K temperature range.
THEORY

Bigelelsen and H.-nyer‘ﬂ have shown in most isotopic exchange reactlons,
that the equiifbrivm constants are a {unction of the vihrational frejuencies
caly at constant temperature. The present sttuatfon, elith {sotopes aof hydengen

at luw temperatures, 1s an exception. In this case, the rotational partitieon

functionh must be determined by direct numatlon”] and the proportinn of the

even and ndd rotatipnal states for the various hydrogens must be taken into
uwcesunt,  To fllustrate this, we will show how KDT was calenlated. Fquatioms

for K, and KIH’ are formulated in an attaloyous fashion, and {z should be

]
polnted out that these caleatatlons apply to ideal mases. The vibrational

part of ¥ 1s gtvent®] by
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The frequencies for the varfous hydrogen lsotuplc molecules were nbtained

[ 1

tn the following manner: The w, value Bl for tigdrogen 1s 4195.24 en™), The
Isotnpically Independent f[orce constant k(_ ta then calculated from the hydrogen

4, vatue by solviog for ko Ea. (12),
L
et me Vi - an

Subsequentiv nll of the u, values can be gencrated by using k, and Koo (12).
Tnhle T gives the resuits of these calculationk. This procedure [s more

accurate than using =, values from varlaus sources or using w, values that are

9}

"
not Isatoptcully lndepandent.

[RI3]

To abtatn the tntal equilibrium constamt, ve must miCiply Koo (vih)

by the retatinnal part of the equil{brium censtant, {rot):

Kpr
K,

by Kpp(vip) o Kpp(ret). an

This rotational part (s given by

(%,
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The conktant Ho for the isotopic hydrogen molecules {8 proporticnal to

WL the 5 values for the Isotopic hydromen molecutes were obtulned tn

the same manner as the o, values; the hvdrageo vatuel 121 B, = 60.466 cn |

wnd used to determine the proportionality constant k and then the BQ values
were found from B = ki”'. Table 11 gives the results,
Note that the summatfons of rotatfonal coergy states are weighted in

Fq, (14) to give the equilibrium constant fur equilibrium DZ and T2; i.e,, for

4+ 2/% ortha anl 173 pata, and for T,. 1/4 para and 3/6 vrtho. The same

conslderations were followed In calvulating che other vquilibrium constants.

1.TS AND DISCUSSION

Using the data and the form:ilas discussed In the previeus section, we

caleplated K yy- And Kpooas functfens of temperatare,  The repults are

w*
given In Table 111, These equilibrium constants lave been previously

caleulated at bigher temperatures by Jonen. ') Therefore, where possible, ve

have compared cur caleulatfons with his, The reement 18 gond (within 12),

To he more accurate, we wnld have te lnclude many more carrection terms gnd
calenlations, We belleve the present aceuracy fu sutflolent.  Max Wolfaberg
sy

and hin co-workers are planning a more extensive calculation that wil]

inelude 211 sipnificant corresthons,
and KI‘T versus 1/7 I8 shown o

Fig, 1, Kote that the plot of xm versus 17T constste of two llnear portions

A semtlog plot ol the waluen of Kook
comnerfed by an a-ahabed fegion,  ThIK Transstden reglon vicars hecanse the

rotat lunal vorrection beoomes tnpertant of (ad peioat.  The curves far le and
"m w11 show the same hehavier at higher temperatures.  Because the s-whaped

Pye muts In e repten of ahe tripde poipy, we have blown it op in Fig, 2,
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As ve sce, In the temperature ramke from 16.7 to 33.3 K, the curve can be
approsimated by @ straight Hne, The equation of this line from a least

squares (10 i

. T 108
Kpp = 2995 exp |- LA ] (15)

We can check the accuracy of this cquation by co aring the original potats
caleutated frou theory to (e fieted polats, ole IV shows thls comparlson,
He e that the fltted »quation givesw ces s that are aw sccurate as the

caleutations themselves.
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NOTATION

the rorationn) conrtant (different for each isotope}

speed of 1lght

Pianck’s constant

equillbrfum constant for l?Oz-'l"2 self-exchangc

cquilibrium constant for HZ'DZ gelf-exchange

equilibriuzm constant for "2_72 self-exchange

mole fractfens in phase | (solid or liquid) for isotopic hydrogen 1
partial pressure of isotopic hydrogen i

vapor pressure of pure isctopic specles § In the liquid (R) or solld (s)
pnase

Boltzmann's constant

force conatant

absolute temperature

h:uE/kT

red iced mass of rhe hydrogen isotupes

thE/kT

harmonic vibrational frequency (different for each isorope)
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Table 1. Reduced massea and vibrational

isotpple moleculos,

Irequencies for the hydrogen

Molecule vy « (caleulated)
Il2 0,041 4195.24
nn 0.4734 3807.05
HT 0,7556 1590.00
I'!2 1.0074 1109. 14
aT 1,208 2839.27
T 1.508%

2540, 7R




Talble 11, Recipracal of the reduced mnsees and rotationnl constanta for the

{sutopic livdragen molecules.

-1

Holecule u Be
", 1,9837 60,86
nn 1.4883 45,66
nr 1,3235 40,61
UZ 0.9927 30.46
DT 0.8278 25.40

T, 0.6629 20,34




Table 111, Values of Ky, Kyr opd Ko as functions of temperature.

Temperature (K)T Kun Kir Kpr
6.2 4,90 * 107® 174 > 107V 0.0472
5.0 0,04
7.0 0.316
10.0 2.67 ¥ 1077 5.70 x 1077 795
12.9 1t
13.3 1.24
.3 1.36
15.4 1.45
16.7 1.56
18.2 1.66
20.0 0,137 2.60 » 1073 175
22.2 1.8
25.0 1.93 (1.95)®
2.6 2.04
0.0 0,500 3,38 * 1072 2.07
33,3 2.18
0.0 0,942 0.118 2.3
50.0 1.3 0an? D256 (0.2623% 2,57 {2.603"
66.7 2.89
100.0 1.29 (330"

“Yulues {n parentheses are thoae siven by Jones, hef. 13,



Table IV,  Comparison of caleulated and fitted polnts for Nm. in the

range of 16,7 tn 1LY K,

Temperature (K) . _jm.lulh‘) RyplfiL)
6.7 1.56 1,57
4,2 1.66 165
20,0 1.75 2
222 1.R4 1.84
25.0 1.93 1.9
28.8 2.04 2,09
106 .07 S

13.3 2018 2.1k




©IGURE CAPTIONS

Fig. 1. Semilog plot of K. Ko, and Ko ak o functdon of 1/T.
Flg. 2. Semilog plat of Ko versus I/T In the cemperature range from 12,9

ta 100 K.
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