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EQlMLIbflU'H CONSTATS FOR *fttfc HVDKOKKS ISOTYPIC SEL3--RKaU5NGK 

RKACTIOKS IN THE 4.2 to "if) " TF.MI'KRATI.'KE RANflE 

.). K, I'yper and P. C. SouerM 
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Hydrogen fusion may require a mixture of l iquefied r>r frozen I>2 am) T\,. 

The f-qiif librhim rnnsEant nf Che exriwmfte ren t t i MI dPfii-rlbCK tbi! cnmpostt inn of 

th i s fuel. We Have calculated the *>qnl 1 lbrluw constant K-- for the rt>iietiiisi 

I)., + T, • 2t>T in Clic 4,2 to 100 K temperature ran^o. The- r e su l t s aftree woll 

uitli previous c3]Lu)ittJon» at 25, 50, and UK) U. Cutcuiattons at u-mperiiturcs 

S'ft»w 25 K have not been published previously In tin- lfi.7 to 33.3 K 

temperallire range, which SiK-lusIes the t r i p l e iwint , Kj can be represented by 

K * 2.995 fxl'(-10.H2/Tl- The values of the -iiuttojtmts eqyS librhis* constants 

for l l 2 ~» 2 and iU-T, .ire also Riven in the 4.2 to *>n K temperature ranfiu. 

r'TirJEE'lf r/,,/' 1^ 



INTRODUCTION 

F n U ' i i t i . l l siit;;-£,-!p,' o f enerf iS ' i n t h e l ' n i \ e d KtiiCP-i iiiis s t i m u l a t e d i n t e r c u t 

In The p r o d u c t i o n of power 1»y r o u t r o l l e d hydrop .en f u s i o n , A H of t h e p r o p o s e d 

m e t h m l s ( m a g n e t i c c o n f i n e m e n t , p l a s m a f o c u s , e l e c t r o n beam i m p l o s i o n , o r l a s e r 

I m p l o s i o n ) r e q u i r e t h e f u s l r n f u e l t h . i t I g n l t C H . i t t h e l o w e m t e m p e r a t u r e - a 

m i x t u r e o f t h e hvd roge f i i s o t o p e s D and T in t h e l i q u i d o r « « t l d s t a t e . Value:) 

of t h e e q u i l i b r i u m c o n s t a n t s a r e i m p o r t a n t t « t h i s f u s i o n r e s e a r c h b e c a u s e i h e y 

d e s c r i b e t h e c o m p e l t i o n o r ( l ie f u e l in t e r m s at t l w i o l * c i i l a r s p e c i e s 0 , , DT, 

and T , . 

The s e l f - e x c h a n g e r e a c t i o n s n f t h e h y d r o g e n i s o t o p e s a r e d e f i n e d a s 

f n l h ' w s : 

11., + I ) , = 2\M), ( 1 ) 

11., + T 2 = 2HT, (2 ) 

and 

1), + T , = 2DT, ( 3 ) 

I n the f>as p h a s e , t h e e ^ i i ' l i b r i u n c o n s t a n t i s e x p r e s s e d in t e r m s of t h e p a r t i a l 

p r r n s u r o e f e a c h i s o t o p e , 

s.> - 4 ; v • >' v "> 
"SIT ' >m>\ ' r

V

 < 5 ) 

and 

•ST " p m / p » 2 • '"ly ' " 

The e q u i l i b r i u m c o n s t a n t s i n t h e l i q u i d and s o l i d p h i i s e s a r c e x p r e s s e d i n t e r m * 

i.f tnojc f r a c t i o n s N. ' . Fr>r e x a m p l e , K In t h e l i i ] u l d p h a s e wuuid h e 

JifWa^a „/, 

http://th.it


n.l K, in the solid phase would be 

2 ^ 

with nn.rlop.ou5 expressions for the other equilibrium I'onHtnins. The enii l l lhrl 

.enM.ints In the l iquid nhn so l id phases run he calculated from the cns-pi,ase 

<'«ui 1 thr inn constant if one knows the vapor pressure of the pore , condensed 

species. For example, It Is readi ly shntm' 1 ^ hv ustne, Ruoult 's Law that 

/!'„ (t) • K «> 
S T "•> • K I > T < « > ' 

[ " S T < ; » ] J 

f „ _ ( s ) • >'T ( » ) 

again, with aim l i tems yspn^Hton inr Ou- atlior efjuiti!.rlii.n ttm^umLs, He.ii 

mixtures uf Iivdrnpcn iRot.iprs, .lUhmijiU misulbl^, di;vldU- fmm Hamuli's L.iw. 

Tliree pliaso studies show m^imum JirvWn Urns uf +8.5"' for l l 2 - [ ) , ' J ' .ind +/<. 22 

for H,,-I)T"T 9 . ' 3 ' Those rfi-vl.-it Iims do.Tt'nse with inrru.islnfi temperature <w the 

1i(ju id-pus phase l ine J 2 " 4 * Tin- lock of v i t a l roeff ie ient dnm for mixlnrus 

rsiifeus |>rpfient SnEorpreLiiEitm t i i f f l c t i l t . At mnst toiaperatiircs, the n i t i « I'f she 

" ifmr pressures nf thu pure -ijit'clOr, in huth chc sol id ;wd liquid pli.isc ,-iro 

http://nn.rlop.ou5


very close to o n e . I S 1 Therefore. K^fg) » K^f.1) and K ^ C R ) * *„ (« . ) . 

Accordingly, the gas-phase equilibrium constant , which can be calculated from 

theory, csn be used to est imate the equil ibrium vonatanc fnr the condenaed 

ptiadf?. 

We have made an extensive *eareh of the l i t e r a t u r e 1 ond found that no 

dntn on the eiful I ihr lum constants exis t in c i t he r rondensed phase. We did find 

CiiH'.ulnted values of the gas-phase equil ibrium constants ox temperatures for 

K^j ansi K ( ( T above 50 K, and for K.]JT shove 25 K, But there .ire no experimental 

values of these constants helow 77 K. For the hydrogen fusion programs, the 

temperature region uf most Interest In thnt near the t r i p l e points (about 

120 K) niul below, Ke therefore hnv*> calcula ted K ^ , K, ) T, and K n T usin* the 

n I ge tH (ten-Mayer theory' ! in the 4,2 to SO K temperature range. 

THEORY 

HtRelelsen and Mayer' ' hnvc shown In moat i so topic exchunKc reac t ions , 

that the equil ibrium constants a re a function of the vibrotion.-il frequencies 

only ill constant temperature. The present s i t u a t i o n , wit!i (swt'ines at hydrogen 

at low temperatures, is an exception. In t h i s case, the rota t ional pa r t i t i on 

functioni! must be determined by d i rec t summation and the proportion of the 

even and odd rotatlnr.nl s t a t e s for the various hydrogens must bit talun into 

ai-niimi, To I l l u s t r a t e t h i s , we wil l shr*v i.ow KD T v.ifi c^!ci>l,-ue<i. f.'t«.n!i«!ti 

fnr K | n ) and K.,T are fnrwul.itfd In an ,-i« A lupous fashion, and it nlwmld he 

pointed out that those ca lcula t ions apply to Ideal R n«es. T] u. vihrationnJ 

part of K D T Is R i v e n ' 5 1 hy 

http://rotatlnr.nl


K„T(»ih) 

The frequencies for the vi 

In the follf-wlnfi Tn.inr.rr: The i.. 

I.intnpfc.il I v Independent force • 

hydroRcn laotopic muleculeji wen- nhtnlned 

- n l u e ' 8 ' for hydroRcn 1B 4195.24 cm" 1. The 

isttint k , Is then r,l Icul.itt'd from Ihu hv<lro|«n 

^ value bv Snlvlng Tor k in Eq. (12) , 

Subsequent jv fill of the î  viilues can be Renei 

Tnble I Rives the r e su l t s nf tlicsc cnlcghir 1m 

.iccurntc than using . 

not I so top ica l ly lndepnndent. 

Tn obtain the tnt.il equilibrium constnnt, " " ' we must multiply K (vl|.) 

by the rot . i t lonnl p;irt of the equilibrium connt/int, K. <r»t): 

; from v.irlfi1 

19) 

«M by using k e mi<l Y.<\. i l i ) . 

This procedure Is* more 

:cs or uslnp u.f v.HueH th.it «• 

[10] , 

K n T fvlh) • K I l T ( r o t ) . 

r f ta t lon . i l pnrr. is Riven by 

'I' 
•Mi-. • ; : > • • 

:jfu 
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The constant H for tlir isntopii: hydrogen poU'culon Is proportional to 

M~ . ' n ' The B VHIUPB for the isotypic hydrogen IWUTIIICS were obtained in 

the name manner an the u t v a l u e s ; t h e h y d r o g e n v a l u e ' nf B = 60.Hfi& cm" 

wn« u s e d t o d e t e r m i n e t h e p r o p o r t i o n a l i t y I ' o n s i a n t k nnd t h e n t h e B v a l u e s 

w e r r found frnm B - k i i " . T a b l e I I R I V C S t h e r o s u l t s . 

N o t e t h a t t h e snmm.1t I o n s of r o t a t i o n a l e n e r g y s t a t e s a r e w e i g h t e d In 

En. 0 4 ) t o R i v e t in- vr\ul I J h r i u m c o n s t a n t fu r e q u i l i b r i u m I) and T • i . e . , f o r 

D H-\ o r t l m an.l l fi yarn, and f o r T I Ik j . n r a ami 3 /4 o r t h o . The name 

c o n s i d e r a t i o n s w r v f o l l o w e d i n c a l c u l a t i n g t h e o t h e r e q u i l i b r i u m c o n s t a n t s . 

HKWI.TS AND DISCISSION 

L ' s ine t h e da<,i and t h e f o " - " ; l a n d i » c u s i i e d In t h e p r e v i o u s s e c t i o n , we 

m l i-n I n t e l K . . j . K.. and K ,ta i t im- t i o n ? o l t e m p e r a t . i r e . The r e s u l t s l i re 

j t i von (n I . i M e I I I . Thi '«e ...Jul I ( b r l u m co i i a t . in f s hnvo b e e n p r e v i o u s l y 

r n l r u l a t c i l nt h i g h e r I emper . i t t i r o s hv U>nen. ' T h e r e f o r e , w h e r e p o t t n i h l e , wo 

h a v e . i . m p n r e d o u r . . i l r n l . i t I o n s w i t h h l n . The a g r e e m e n t in Rood ( w i t h i n I Z ) . 

To 1.1- more .ii-ciir.it • , wi> w.'iil.i IMVI- t o in r l i t i Jv mnnv more c o r r e c t i o n t e r m * and 

f . i l . - n l i i l h'Tif. V.- l u - l l e v i - t h e p r e s e n t <u r u r . i , v IH Htii f I. l e n t . Max Wo] r* lnTR 

ami I I I H . o - w o r k e r n ' ' " ' , u r p l a n n i n g .. more r K t e n n i v e i - . i l i -u ln t Jon t h a t w i l l 

I n r l u i l c , i l l s i c n l f i . .111' . - r r . - . 1 I O I I H . 

,\ si-inili.K l-l'M " I 1 hi- v . i h „ . « o( K | ( | ) , K | f t , .mil K [ | T v e r s u s 1/T I s shown lit 

KlU. I . N<'Ie M1.1t t h e |<]i-l ••( K v W M i s 1 ' I i i m - U l u of two l i n e a r p o r t lonw 

M-mie. Ii-d hv .in 1- *h.ip.-d t i - | - l o i . , I I , I * I I . I IV. 11 Ion r e pi on m r u r « h e i m m - t h e 

r - t i i t l o n a l r i T f i - , t l i-n W M < C J - « I r q u T t a n ! .if I lull | n < l n t . The c u r v e s f o r Kj and 

K w i l l ohow t in- "..«•• l . fh . ivh .T .M h l f l u - i tt-n<|>fi.ttiin-H. He<au»e t h e s - N h a p e d 

1 n r v i .?» In IHr r . - H - i ' •• ' t hi 11 I t ' l l - i - ' h u , w,- h.ivi- b lown i t up i n F i « . i . 
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-7-

«\s vc see . In the temperature runge from Jfr.7 to Yi.1 K, the curve can he 

.ip]ip'jiimnii'd by n fJtr.ilRlit Hue, Thp equ.it inn of tlila l ine from a Jc.ir.t 

; i.|u.ircs (ft in 
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N0TAT10N 

II • Hie r i > [ n r 1 n n a ) e n n r t n n t ( d i f f e r e n t f o r e a c h I s o t o p e ) 

c » upeod n f 1 IjtliC 

b = P l a n c k ' s c o n s t n n t 

K - e q u i l i b r i u m c o n s t a n t f o r D j ' ^ 2 H e l f ~ e 3 t c n a n 8 t 

K^ D - e q u i l i b r i u m c o n s t a n t f o r H ~ - D 2 s e l f - e x c h a n g e 

Kj,_ - e q u i l i b r i u m c o n s t .in t f o r H , " 7 ? s e l f - e x c h a n g e 

N ' - m o l e f r a c t i o n s i n p h a s e J ( s o l i d o r l i q u i d ) f o r I s o t o p l c h y d r o g e n 1 

" . • p a r t l . i l p r e s s u r e of i s o t o p i e h y d r o g e n i 

P j ( ] ) - v a p o r p r e s s u r " of p u r e i s o t o p l c s p e c i e s i In t h e l i q u i d (H) o r s o l i d ( a ) 

p n a s e j 

h • B o l t z t n a n n ' s c o n s t n n t 

k -• f o r c e c o n s t a n t 

T - a b s o l u t e t e m p e r a t u r e 

Uj - h c u e / k T 

t i , • r e d i ced m a s s o f t h e h y d r o g e n I s o t o p e s 

D, - h c B e / k T 

!•• • h a r m o n i c v i b r a t i o n a l f r e q u e n c y ( d i f f e r e n t f o r e a c h I s o t o p e ) 
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T.iMi ' I . Reduced m a s s e * .md v l b r u t l n n a l ( r t><iucnc ies f o r lUv l iydruKvn 

I s n t n p i . - m n l e n i K * . 

0 , , 0 4 1 4 1 9 5 . 2 4 

0 . <i 71 *> WW.O'i 

0,75.1(1 1 5 9 0 . 0 0 

1.0074 H 0 9 . 1 4 

1 .208 J H 1 9 . 2 7 

l.SOH'i 2541). 7H 



T n M f 1 1 . K c c l p r o r j i l i>f thi> r f d u r c d masses and r o t a t i o n a l conHt f ln ts f o r tr ie 

I s d t n p l c l iydraRvn m o l e c u l e s . 

;-ioH>i-iilc l i - 1 B 

11, 1.9837 60 .86 

IIP 1.4883 65 . fid 

UT 1.3235 40 .61 

l>2 0.9927 30.46 

DT 0.8278 25.40 

T, 0.bbZ9 20,3', 



Table i l l . Values of K ^ , K ^ find K^ 

^ n 

4.2 

5.0 

•SIT nI)T 

0.0472 

0 , t 1)4 

0 . 316 

10.0 2.67 y 10" ' 5.70 * l f t - / 0.795 

U.*> 1.14 

13.3 1.24 

!4.3 1.36 

15.4 1.45 

16.7 1.56 

18.2 1.66 

20.0 0.137 2.6" - 10" 3 1.75 

22.2 1.84 

25.(1 1.93 0 . 9 5 ) a 

2B.6 2.04 

30.0 0,500 3.38 " Id" 2 2.07 

33.3 2.18 

40, D 0.942 O.llfl 2.33 

50.0 1.34 ( U l ? ) a 0.244 (0.24S)* 1 2.S? <2.f>0)i) 

66.7 2.89 

100.0 3.29 (3 ,32) n 

'Values in (i aremlieses are thorn* »1 vcn by Jimes, Hef. 1 3 . 



T.ihtt* IV. C.Mnp.irtsi.n el caK-ulntH imtl f i i t n l |i,.liif« f.T K,)T In rli 

rnnpe nT If.. 7 to 11. 1 K, 

Tunpcrnturu (K) K ] ) TicrtU-) K)yj. t f i l > 

lh .7 1.56 l .W 

in.2 t.ftfi I.t.S 

20.0 1,7 5 1.7,', 

22 2 l.fli I.H/. 

25.0 1,93 1,14 

28.ft 2.04 :,I>'> 

lO.o 2.o? :.m 

33.3 2.1H ; . » , 



MCliHK CAPTIONS 

Ki K . 1. SenlloR pl„ . „t K ^ . K„ T, and K | ) T »N ,, f.in.-M..., ..| 1/T. 

PIR. 2, Semilog pUn ol K | | T vermis I/T In tlu- (emi'orfldiri. rnnRi- fr.tm 12,". 

to 100 K. 



\ £ Jjjf- Temperature - K 

„l 1 lO uo 

^ csj O m •* 
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U SID ( w , t h 
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tu'sted by Jones 
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. o r . i M n j r ^ 
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