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Sumrna ry 

We are current ly compiling cryogenic hydrogen data 
for magnetic fusion engineering. Many physical prop­
ert ies of DT can be extrapolated from H^ and D;> values. 
The phase diagram properties of the D2-DT-T2 mixture 
are being measured. Three properties which w i l l be 
g r .a t l y affected by t r i t i u m should be measured. In 
order of the i r perceived importance, they are: 1) so l id 
thermal conduct iv i ty , 2) so l id mechanical s t rength, and 
3} gaseous e lec t r i ca l conduct iv i ty. The most apparent 
need for DT data is in Toko:nak fuel pe l le t i n j ec t i on . 
Cryopumping and d i s t i l l a t i o n applications are also con­
sidered. 

Introduct ion 

The fusion fuel that igni tes at the lowest temoer-
ature is DT; i . e . , a m-'xture of the two isotopes of 
heavy hydrogen. The DT may be l i q u i f i e d or frozen at 
several stages in Tokonak operation. F i r s t , a fuel 
pe l le t may be f i red at n^gh speed through the magnetic 
f i e l d . I f not i n i t i a l l y s o l i d , passage through the 
reactor chamber vacuum w i l l freeze i t . Af ter the fusion 
react ion, the DT w i l l be drawn from the reaction chamber 
by the 4.2 K cold of copper cryopanels. These panels 
w i l l be per iod ica l ly cleaned, and the DT w i l l be d is ­
t i l l e d to D2 and T2 so that the proper mix is ready for 
the next fuel cycle. 

pect about t r i t i u m , of course, is that 
with a h a l f - l i f e of 12.3 years . 1 The 

are rie^, a beta p a r t i c l e , and an anti-
1 decay energy is 18 KeV, but the 

carry any amount, with 5.65 keV the 
beta par t i c le travels about 2 urn in 

nd i t leaves a t r a i l of over a hun-
ind i t . Although neutrons have a more 
damage by b i l l i a rd -ba l l co l l i s i ons , 
can cause a surpr is ing amount of 

The unique as 
i t is radioactive 
daughter products 
neutr ino. The tot 
beta pa r t i c le can 
mean amount. ^ The 
1iquid or sol i d , a 
dree ion pairs ben 
obvious a b i l i t y to 
ioniz ing radiat ion 
damage over t ime. 

Of General Importance: Mixture Effects 

The most obvious e f fec t of the radiat ion is to 
transform DT into the three-component mixture: 
D2-DT-T2. This is because the t r i t i u m beta par t i c le 
catalyzes the chemical react ion: 

D0 + T 0 2DT (1) 

At room temperature and above, a 50% D - 50% T mixture 
produces about 50% molecular DT; at 20 K, 40%, and at 
•3.2 K, 9%.3 Almost nothing is known of the reaction 
rate. At room temperature, the hal f- t ime to equilibrium 
appears to be on the order of ten minutes. »̂  At 20 K, 
the H-T reaction appears to slow down to hours, as 
shown by the change in to ta l pressure (DT is not sensi­
t ive enough for this method).** Also of in terest are 
the rotat ional t ransi t ions (o.'tho-para) of D2 and T2, 
which may react in minutes i t 20 K in the presence of a 
catalyst l i ke the beta p a r t i c l e . 6 At Lawrence Livermore 
Laboratory, we are readying mass and in f ra- red spec­
troscopy to better study t..ese react ions. An in f ra- red 
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spectrum of 92% Tp - 8% DT is shown in Fig. 1. The 
S(0) peak is a measure of the amount of the ground 
rotat ional state (para-Tg), and the Q and S( l ) peaks 
measure mostly the f i r s t exci ted state (o r tho - T 2) . 
The smaller DT peaks are seen at higher frequency.4 
The in f ra- red spectrometer is a promising tool for 
quant i tat ive analysis of a l l the isotopic and rota­
t ional hydrogen species. 

There is no way to avoid the D2-DT-T2 mixture, 
because the fusion reaction i t s e l f is a near-instan­
taneous cata lyst . Separating the t r i t i u m for magnetic 
fusion w i l l be done by d i s t i l l a t i o n . 5 At 25 K, for 
example, l i qu id 50% D - 50% T w i l l f ract ionate to 55% 
D - 45% T in the vapor. Corrections of in terest in 
d i s t i l l a t i o n are the several percent deviation from 
Pf.oul t ' i Law and the several percent increased vola­
t i l i t y caused by the ever-present H impur i ty .^> 7 

The most serious potent ial problem occurs in 
freezing DT. At the 19.8 K t r i p l e po in t , l i qu i d 50% D-
50% T freezes to so l id 48% D - 52% T, This is a small 
e f f ec t , but i t is the accumulated f ract ionat ion that 
matters. The resu l t , then of a slow freeze w i l l be a 
graded composition, t r i t i um- r i ch at the surface of 
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Fig. 1 . Infra-Red Spectrum of Liquid 95% T2 - 8% DT 
at About 21 K. The S(0) peak represents the 
ground rotat ional i i tate; the Q and S{U peaks 
measure mostly the f i r s t excited s ta te . The 
QQ-QR s p l i t t i n g is a measure of the cuasi-
Debye temperature, 0D. 
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f i r s t freezing and almost pure D2 at the end of tho 
f reeze. "A "slow" freeze is faster than one might 
th ink . For th - sub-um DT fi lms in laser fusion tar ­
gets, the extreme mobi l i ty of the l i qu id hydrogen8 

requires a freeze in less than 20 ms to avoid f rac t ion­
a t i on . Once frozen, the sample quickly sublimes, 
red i s t r i bu t i ng portions of i t s e l f to unexpected parts 
of the containment vessel in a crude d i s t i l l a t i o n . * 
At 4.2 K, so l id 50» D - 50% T w i l l chemically e q u i l i ­
brate to 99S D - IS T in the vapor phase. A f i na l 
note on the so l id is the possible, although unl ikely 
occurrence of phase separation. Early arguments about 
th is e f fec t in so l id H^-D^ were never quite resolved. '0 

I t could be desirable to avoid mixture effects 
while forming and shooting the fuel pe l l e t . This could 
be done by taking the center cut of the d i s t i l l a t i o n 
column and obtaining pure molecular DT. We do not know, 
however, how stable this compound is ( to decomposition 
by Eq. 1) at low temperatures. 

Pel let I r j ec t i on in to Tokamaks 

There are three propert ies, at least , that cannot 
be accurately estimated from H;? and D2 data. Two 
properties are of prime importance: so l i d thermal 
conduc t i v i t y^ and so l id mechanical s t r e n g t h . ^ We 
currently lean towards the former as the f i r s t one 
deserving measurement, since i t is needed for heat flow 
calculations in v i r t u a l l y zvery device that freezes DT, 
Radiation can only degrade this property, and the only 
question is how fas t . Mechanical properties are impor­
tant to determine the deformation of the pe l le t as i t 
is accelerated. Here, there is * choice between using 
the s o f t , fresh so l i d or del iberately making i t harder 
and more b r i t t l e by accumuTated rad ia t ion . 

The th i rd proper ty-e lect r ica l conductivi ty of DT 
gas-- is the least important because i t is needed only 
i f e lec t ros ta t i c acceleration of fuel pel le ts is used. 
The t r i t i u m decay is too slow to ever self-charge a 
DT pe l l e t by escape of the oeta par t i c les . The charge 
w i l l have to be put on oy a discharge from a needle.'3 
The current and breakdown character ist ics of the DT 
gas, which is subject to constant ioniz ing rad ia t ion , 
w i l l a f fect sparking of electrodes and leakage of 
charge froir the pe l l e t . 

We shall consider each of these three properties 
in the current order of importance. 

Sol id Thermal Conductivity 

The reason why most physical properties w i l l 
probably not be affected by the t r i t i u m rad ioac t i v i t y 
is the length of the h a l f - l i f e . The d is in tegrat ion 
rate is 1.072 x 1 0 1 5 Bq/mol T or only 2 out of 10 y 

nuclei per second. At th is ra te , damage generally must 
accumulate some time to show up. The damage must also 
remain frozen in during th is t ime, as in the s o l i d , 
especially around 4 K. We may expect almost instan­
taneous annealing in the l i q u i d . 

Sol id thermal conduct iv i ty is a typical so l i d 
property in that extensive radiation damage is needed 
to a f fec t i t . I t w i l l take hours or days—the time to 
produce aggregates and bubbles i n the s o l i d . 

The crucial question is what the D2-DT-T2 mixture, 
plus possible rotat ional exc i t a t i on , w i l l do to the 
thermal conduct iv i ty . Data fo r unirradiated W% and 
HD 1 5 is shown in F ig. 2 [only one good data point 
exists for D 2 ^ 6 ) . The numbers refer to the percent of 
molecules in the f i r s t excited rotat ional s ta te . Such 
pxc i f °d molecules, along with dislocations and impurity 
uiauis, a l l scatter phonons and lower the thermal con­
duc t iv i t y below 10 K. The presence of the DT mixture 

w i l l also cause t h i s , and we estimate a value of about 
0.2 W/m-K at 4.2 K fo r fresh DT. This is f i ve orders 
of magnitude below that expected for a perfect c rys ta l -
never ye t achieved, although a recently grown pH? 
crystal has set a new conductivi ty reco rd . ' ' 

A few hints are to be had from 4.2 K electron spin 
resonance studies on so l id T^ a n t J Co""-1rradiated 
sol id H2 and D 2 . 1 9 - 2 0 The number of free electron 
defects saturates at about 5 ppm af ter 30 minutes to 
30 hours. In DT, we also expect 10"^ mole f rac t ion of 
He3 atoms every day. Unknown, however, is the extent 
of local crystal breakup due to the beta pa r t i c l e . 
Such breakup should be slow to heal , even j u s t U-low 
the t r i p l e po in t , as indicated by the slow molecular 
se l f -d i f f us ion coef f ic ient of 1 0 * 1 8 m 2 / s . 2 1 As a pure 
guess, then, we estimate that the t r i t i u m radiat ion 
w i l l lower the thermal conductivi ty of frozen DT from 
0 . 2 t o 0.0^1 W/m-K a f t e r 24 h o u r s , and t o 1 0 " 3 W/m-K 
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Solid Thermal Conductivity of the Hydrogens, 
The dashed l i nes , which includes all DT 
poin ts , are estimates. The nuiu.ers are the 
% of molecules in the f i r s t excited rota­
t ional s ta te . 



af ter a week. These values w i l l produce unacceptable 
thermal gradients in DT layers thicker than 3 mm, 
120 yn, and 4 i-nr- respect ively. 

A related propc-rty is the heat capacity, which 
w i l l increase sl- 'ghtly wi th rad ia t ion , and then reverse 
sign as the radiat ion damage stores energy, to be 
relea*<v< uoon heating. 

Sol id Mechanical Properties 

Pure Do so l id has the strength of cold but ter . 
Just below the t r i p l e po in t , the y i e l d stress is 13 ps1 
and the necking stress (where massive fa i l u re occurs) 
about 35 p s i . At 1.4 K, the so l id is only s l i g h t l y 
stronger: the stresses are about £0 and 80 p s i , 
r espec t i ve l y . 2 2 I f we consider a single measurement 
on an N2-O2 mixture, there is no reason to expect the 
freshly frozen D^-DT'-Tj to be much harder than Dg . 2 3 

We may expect radiat ion hardening, which could be 
caused by the very f-' 'St point defects formed. We are 
again l e f t with a time scale of minutes to hours to 
ponder. 

E lec t r ica l Res is t i v i t y of DT Gas 

This property is instantaneously affected by 
radiat ion in a l l phases. Pure l i qu i d Hg is a hard 
d ie lec t r i c at lO 1^ fl-m, with charge carr iers being 
produced only by cosmic rays. Even one part T2 in 10 9 

D? reduces the r e s i s t i v i t y a hundredfold.24 Our pre­
l iminary measurement of 5% DT - 95? Dg is shown in 
r-g. 3. Res is t iv i t ies are now reduced to 10=* to 10'^ 
i:-ni, or to about the range of a sof t d i e l ec t r i c . The 
dashed, voltage-dependent " so l i d " curves are probably 
real ly gas breakdown in the cracks between the shrunken 
so l id and the e lec t r i ca l p lates, The ef f ic iency of 
producing charge carr iers drops considerably as the 
t r i t i u m concentration r ises from 10- ' to 2,556. This 
means the charge carr iers are recombining quickly and 
again, the material anneals out the greater part of 
the damage. In the gas, however, the low density 
means longer l ived charge carr iers and perhaps the 
lowest e lec t r i ca l r e s i s t i v i t y of any phase. 

^ 14 16 18 20 22 
Temperature. K 

Fig. 3. Preliminary Data for E lect r ica l Res is t iv i ty 
of 5% DT - 95% D2. The dashed curves are 
thought to be e lec t r i c breakdown of gas in 
shrinkage cracks between the so l id and the 
e lec t r i ca l p lates. 

Mass Ef fects : Predicting DT Properties 

For most propert ies, the only expected difference 
between H2 and DT is that due tc mass. I t would take 
too long to measure a l l the DT propert ies, and i t is 
easier to estimate them from data fo r H2 (a l o t ) , D2 
( less) , HD and Tj (very l i t t l e ) . There is almost 
nothing for DT i t s e l f . Such estimates are empir ica l , 
because there is no function or process that converts 
the value of one isotope to that 0 ' another. 

There are several excel lent compendia of cryogenic 
hydrogen properties to s ta r t from—all but one from the 
National Bureau of S t a n d a r d s . " " " These sources con­
ta in l i t t l e t r i t i u m data and no extrapolations (save 
the f l u i d H 2 model to 1000 atm). 

We are current ly preparing a compendium to comple­
ment those above. We w i l l fur ther develop the available 
data and extend estimates to DT i t s e l f . 3 0 

The current program to bui ld a supersonic l i q u i d 
hydrogen j e t has led in to l i t t l e - t r a v e l e d parts of the 
nH2 phase diagram (100 K; 5000 a tm) . 3 ' This provides 
an interest ing example of developing current data. We 
may coirtylne molar volume anii sound ve loc i t y , whether of 
the sol id or f l u ^ d , to obtain a quasi-Debye temperature, 
Qn, 3 < : This is rea l ly a measure of the highest energy 
" l a t t i ce " vihf-ation of a Debye s o l i d , but i t is often 
used as^an overal l parameter in equat ion-of-state 
mode is.3.1-34 F-jg. 4 shows a quick p lo t of avai lable 
data, including the NBS f l u i d mode' . 2 9 < 3 5 ~40 This kind 
of plot allows rapid access to vast portions of the 
phase diagram for persons who must quickly calculate 
heat capacit ies. The next step is to use Go to calcu­
late the zero point energy 0* a molecule in i t s c e l l , * 1 ' 
and from there, to work one's way to the potent ia l 
energy. As an example, Fig. 5 shows tho energies for 
so l i d DT at the t r i p l e point at 19. d K. 3 Q We see that 
the 2ero-point energy pushes the DT molecule about 
half-way up in the classical potent ia 1 w e l l . Of course, 
a l l the DT data is estimated. 

We close the c i r c l e by returning to the in f ra- red 
spectrum of Fig. 1. The s p l i t t i n g between the QQ and 
QR lines is a l i t t l e -used but d i rect measure of •-'D-
For the T2 in Fig. 1 , we obtain a On, of 85 K for both 
the so l id and l i qu i d near the t r i p l e point . This shows 
that On, is not jus t a function of molar volume, as is 
so often assumed. 

tryopumping 

Al l present cryopumps use a 77 K baf f le followed 
by direct condensation of the DT onto a copper panel. 
The helium goes on to be captured in a second stage by 
a molecular sieve,5,43 ion pump/ 4 or trapping in a 
frozei gas.45 we have already postulated that the 
so l id thermal conductivi ty and sel f -heat ing w i l l not be 
important unless mm of DT are condensed or the so l id 
layer remains for many hours. The other possible 
issue with so l id DT concerns a possible "anomalous" 
vapor pressure, caused by the spike of the beta part ic le. 
Sol id H£ in the path of gas at 77 to 695 K show3 a 
deviation above the expected vapor pressure only below 
3 K and 10" 9 t o r r / 6 The ef fect of the tr i f ' - . - i beta 
par t ic le w i l l probably be no larger , i f as gr<Mt, as 
t h i s . This has been recently confirmed by a rrass 
spectrometric measurement over a thin DT f i lm at 4,2 Kr* 
The observed 1 0 " ^ to r r total pressure compares with 
the expected 10~ T 2 torr by extrapolation from the other 
i s o t o p e s / ' 

The only other possible t r i t i um issues center on 
the second stage of the cryopump. Helium can be ef fec­
t ive ly pumped by trapping in an argon gas stream, but 
H2 and D2 are generally i n e f f e c t i v e / 4 , 4 5 There is a 
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The Quasi-Debye Temperature, OQI of Super-
C r i t i ca l nH2» 0$ is derived, frota sound 
ve loc i t i es , molar volumes, and heat capaci­
t i e s . The high temperature l i m i t for the 
t ranslat ional heat capacity is 3R for the 
so l id and 3R/2 for the f l u i d . 

f a in t chance that DT or T? with the i r higher mass, 
might dynamically trap helium, but i t is not l i k e l y . 
There is f i n a l l y the poss ib i l i t y of using a molecular 
sieve to co l lect DT, should an unforeseen calamity 
affect the copper plates. Plans are underway at ORNL 
to measure the amounts of H2 and O2 captured by 
adsorbents. 4 3 There is again a f a i n t poss ib i l i t y that 
t r i t i um radiat ion could damage the molecular sieves, 
although a time of days or weeks would probably be 
needed. A more l i ke l y problem might be the beta ca ta l ­
ys is of an impurity reaction that poisons the adsorbent. 

We see that no obvious t r i t i um problems should 
affect th in cryopumped DT layers. Should thicker DT 
layers be used, we are led once again to the so l id 
thermal conductivi ty as the main property of in terest . 

The Dominating Impl icat ion: Containment 

The most important impl icat ion of t r i t i u m real ly 
has nothing to do with property changes. I t i s , 
instead, the containment of t r i t i u m , so that neither 
personnel nor environment are injured.48-51 j-j^e and 
expense are mu l t ip l ied by an order of magnitude in the 
t rans i t ion from D2 to OT. One now has to consider 
glove boxes wi th iv&rt atmospheres, mom t o r s , and 
alarms; t r i t i u m clean-up systems; and inventory measuring 
equipment. I t is now a world of al l -metal seals, x-ray 
ce r t i f i ed welded j o i n t s , double-contained transducers, 
miniaturized l i nes , and mult i- thousand-dollar ba l las t 
tanks. A l l current c e r t i f i e d t r i t i u m parts are made 
for room temperature and above. The engineering c f 
cryogenic DT is yet to come. 
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Molar volume (X10 - 5 m3/mol) 

Potential Energy Diagram for Sol id DT at the 
Tr iple Point, 19.8 K. A l l numbers are 
estimates. The energies are: real gas (Eg), 
sublimation { E s ) , zero-point (E , ) , and thermal 
energy of the so l i d (E t ) . The Binding energy 
is -1190 J/mol, and the classical potent ia l 
energy, -2106 J/mol. 
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