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Summary

We are currently compiling cryogenic hyarogen data
for magnetic fusion engineering, Many physical prop-
erties of DT can be extrapolated from Hp and Dy values.
The phase diagram properties of the D2-DT-Ty mixture
are being measured. Three properties which will be
gr_atly affected by tritium should be measured. In
order of their perceived importance, they are: 1) solid
thermal conductivity, 2) solid mechanical strength, and
3} gaseous electrical conductivity. The most apparent
need for DT data is in Tokomak fuel pellet injection.
Cryopumping and distillation applications are also con-
sidered.

Introduction

The fusion fue! that ignites at the lowest temoer -
ature is DT; i.e., a mixture of the two isotopes of
heavy hydrogen. The DT may be liguified or frozen at
several stages in Tokorak operation. First, a fuel
pellet may be fired at high speed through the magretic
field. If not initially solid, passage through the
reactor chamber vacuum will freeze it, After the fusion
reaction, the DT will be drawn from the reaction chamber
by the 4.2 K cold of copper c¢ryopanels. These panels
will be periodically cleaned, and the DT will be dis-
tilled to Dy and T2 so that the proper mix is ready for
the next fuel cycle.

The unique aspect about tritium, of course, is that
it is radioactive, with a half-1ife of 12.3 years.! The
daughter products are He3, a beta particle, and an anti-
neutrino. The tota! decay energy is 18 keV, but the
beta particle can carry any amount, with 5,65 keV the
mean amount. The beta particle travels about 2 um in
Tiquid or solid, and it leaves a trail of over a hun-
grec 10n pairs behind it. Altnough neutrons have a more
obvious ability to damage by billiard-ball collisions,
ionizing radiation can cause a surprising amount of
damage over time.

0f General Importance: Mixture Effects

The most obvious effect of the radiation is to
transform DT into the three-component mixture:
0>-DT-Tp. This is because the tritium beta particle
catalyzas the chemical reaction:

Dy + T, : 207 (1)

At room temperature and above, a 50% 0 - 50% T mixture
produces about 50% molecular DT; at 20 K, 40%, and at
4.2 K, 9%.° Almost nothing is known of the reaction
rate., At room temperature, the half-time 30 equilibrium
appears to be on the order of ten minutes. 5 At 20 K,
the H-T reaction appears to slow down to hours, as
shown by the change in total pressure (DT is not sensi-
tice enough for this method).,* Also of interest are
the rotational transitions (ortho-para) of Dy and Tp,
which may react in minutes at 20 X in the presence of a
catalyst like the beta particle.® At Lawrence Livermore
Laboratory, we are readying mass and infra-red spec-
troscopy to better study t.ese reactions. An infra-red
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spectrum of 92% T, - B% DT is shown in Fig. 1. The
S(0) peak is a mefsure of the amount of the ground
rotational state {(para-Tp)}, and the Q and S{1) peaks
measure mostly the first excited state (ortho-T3).
The smaller DT peaks are seen at higher frequency.4
The infra-red spectrometer is a promising tool for
quantitative analysis of all the isotopic and rota-
tional hydrogen species.

There is no way to avoid the Dp-0T-T, mixture,
because the fusion reaction itself is a near-instan-
taneous catalyst. Separating the tritium for magnetic
fusion will be done by distillation.> At 25 K, for
example, liguid 50% D - 50% T will fractionate to 55%
D - 457 T in the vapor. C(orrections of interest in
distillation are the several percent deviation from
Paoult's Law and the several percent increased vola-
tility caused by the ever-present H impurity. 7

The most serious potential problem occurs in
freezing DT, At the 19.8 K triple point, liquid 50% D~
50% T freezes to solid 48% D - 52% T, This is a smal
effect, but it is the accumulated fractionation that
matters. The result, then of a slow freeze will be a
graded composition, tritium-rich at the surface of
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Infra-Red Spectrum of Liquid 95% T - 8% DT
at About 21 XK. The S{Q) peak represents the
ground rotational state; the Q and S{1} peaks
measure mostly the first excited state. The
Qg-Qr splitting is a measure of the cuasi-
Debye temperature, Op.
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first freezing and almost pure Dz at the end of the
freeze, "A “slow" freeze is faster than one might
think. For the sub-pm DT films in laser fusion tgr-
gets, the extreme mobility of the liquid hydrogen
requires a freeze in less than 20 ms to avoid fraction-
ation, Once frozen, the sample quickly sublimes,
redistributing portions of jtseif to unexpected parts
of the containment vessel in a crude distillation.

At 4.2 K, solid 50% D - 50% YT will chemically equili~
brate to 993 D - 1% T in the vapor phase. A final
note on the solid is the possible, although unlikely
occurrence of phase separation. Early arguments about
this effect in solid Hy-Dy were never quite resolved. 10

It could be desirable to avoid mixture effects
while forming and shooting the fuel pellet. This could
be done by taking the center cut of the distillation
column and obtaining pure molecular DT. We do notknow,
however, how stable this compound is {to decomposition
by Eq. 1) at low temperatures.

Pellet Irjection into Tokamaks

There are three properties, at least, that cannot
be accurately estimated from Hp and Dp data. Two
properties are of prime importance: solid thermal
conductivityll and solid mechanical strength.!Z We
currently lean towards the former as the first one
deserving measurement, since it is needed for heat flow
calculations in virtually every device that freezes DT,
Radiation can only degrade this property, and the only
question is how fast. Mechanical properties are impor-
tant to determine the deformation of the pellet as it
is accelerated. Here, there is 2 choice between using
the soft, fresh solid or deliberately making it harder
and more brittle by accumulated radiation.

The third property-electrical conductivity of OT
gas--is the least important because it is needed only
i€ electrostatic acceleration of fuel pellets is used.
The tritium decay is too slow to ever self-charge a
DT pellet by escape of the oeta particles. The char?e
will have to be put on oy a discharge from a needle. 3
The current and breakdown characteristics of the OT
gas, which is subject to constant jonizing radiation,
will affect sparking of electrodes and leakage of
charge fror the pellet.

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

Solid Thermal Conductivity

The reason why most physical properties will
probably not be affected by the tritium radiocactivity
is the length of the half-life. The disintegrat’ign
rate is 1.072 x 10'5 Ba/mol T or only 2 out of 10
nutlei per second. At this rate, damage generally must
accumulate some time to show up. The damage must also
remain frozen in during this time, as in the sclid,
especially around 4 K. We may expect almost instan-
taneous annealing in the liquid.

solid thermal conductivity is a typical solid
property in that extensive radiation damage is needed
to affect it, It will take hours or days--the time to
produce aggregates and bubbles in the solid,

The crucial question is what the Dp-DT-T2 mixture,
plus possible rotational excitation, will do to,the
thermal conductivity. Data for unirradiated H,'® and
%915 s shown in Fig, 2 (only one good data point
exists for 0275). The numbers refer to the percent of
mlecules in the first excited rotational state. Such
excited molecules, along with dislocations and impurity
awms, all scatter phonons and lower the thermal con-
ductivity below 10 K, The presence of the DT mixture

will also cause this, and we estimate a value of about
0.2 W/m-K at 4.2 K for fresh DT, This is five orders
of magnitude below that expected for a perfect crystal-
never yet achieved, although a recently grown pHp
crystal has set a new conductivity record.

A few hints are to be had from 4.5 K electron spin
resonance studieg og solid Tp18 and Co®0-irradiated
solid Hp and Dp. 9-20" ‘The number of free electron
defects saturates at about 5 ppm after 30 minutes to
30 _hours, In DT, we also expect 10-% mole fraction of
Hed atoms every day. Unknown, however, is the extent
of local crystal breakup due to the beta particle.

Such breakup should be slow to heal, even just telow
the triple point, as indicated by the slow molecular
self-diffusion coefficient of 10-18 m2/s.2] As a pure
guess, then, we estimatz that the tritium radiation
will lower the thermal conductivity of frozen 0T from
0.2 to 0.0 W/m-K after 24 hours, and to 10°3 W/m-K
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Fig. 2. Solid Thermal Conductivity of the Hydrogens,
The dashed lines, which includes all DT
points, are estimates. The nuicers are the
% of molecules in the first excited rota-
tional state.



after a week. These values will produce unacceptable
therma)l gradients in DT layers thicker than 3 mm,
120 um, and 4 1m. respectively.

A related propzrty is the heat capacity, which
will increase slightly with radiation, and then reverse
sign as the radiation damage stores energy, to be
released yoon heating.

Solid Mechanical Properties

Pure D, solid has the strength of cold butter.
Just below the triple point, the yield stress is 13 psi
and the necking stress (where massive failure occurs)
about 35 psi. At 1.4 K, the solid is only slightly
stronger: ths stresses are about 50 and 80 psi,
respectively. 2 If we consider a single measurement
on an Np-02 mixtrure, there is no reason to expect ghe
freshly frozen Dp-DT-Tp to be much harder than Dp.23
ke may expect radiation hardening, which could be
caused by the very fi-st point defects formed. We are
again left with a time scale of minutes to hours to
ponder.

Electrical Resistivity of DT Gas

This property is instantaneously affected by
radiation in all ghases. Pure 1iquid Hp is a hard
dielectric at 10! Q-m, with charge carriers being
procuced only by cosmic rays. Even one part Ty in 109
D, reduces the resistivity a hundredfold.24 Our pre-
1iminary measurement of 5% DT - 95% D is shown in
F:g. 3. Resistivities are now reduced to 10° to 101
-m, or to about the range of a soft dielectric. The
dashed, voltage-dependent “s0)id" curves are probably
really gas breakdown in the cracks between the shrurken
solid and the electrical plates, The efficiency of
producing charge carriers drops consi]derably as the
tritium concentration rises from 10~/ to 2.5%. This
means the charge carriers are recombining quickly and
again, the material anneals wut the greater part of
the damage. In the gas, however, the low density
neans longer lived charge carriers and perhaps the
lowest electrical resistivity of any phase.
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Fig. 3. Preliminary Data for Electrical Resistivity
of 5% DT - 95% Dp. The dashed curves are
thought to be electric breakdown of gas in
shrinkage cracks between the solid and the
electrical plates.

Mass Effects: Predicting DT Progerties

For most properties, the only expected difference
between Hp and DT is that due tc mass. [t would take
too long to measure all the DT properties, and it is
easier to estimate them from data for Hz (a lot), Op
(less), HD and Ty (very little). There is almost
nothing for DT itself, Such estimates are empirical,
because there is no function or process that converts
the value of one isotope to that ¢* another,

There are several excellent compendia of cryogenic
hydrogen properties to start ggo?--aﬂ but one from the
National Bureau of Standards.25-29 These sources con-
tain 1ittle tritium data and no extrapolations (save
the fluid Hp model to 1000 atm).

We are currently preparing a compendium to comple-
ment those above. We will further develgp the available
data and extend estimates to DT itself.3

The current program to build a supersonic liquid
hydrogen jet has led into Htt]e-trage)ed parts of the
nHy phase diagram (100 K; 5000 atm),>! This provides
an interesting example of developing current data. We
may ombine molar volume and sound velocity, whether of
the solid or flu'd, to obtain a quasi-Debye temperature,
0p.%¢ This is eally a measure of the highest energy
"Tattice" vibration of a Debye solid, but it is often
used as_an_overall parameter in equation-of-state
medei5.99-39 Fig. 4 shows a quick plot of available
data, including the WBS fluid mode’,29.35-40 This kind
of plot allows rapid access to vast portions of the
phase diagram for persons who must quickly calculate
heat capacities. The next step is to use Op to calcu=-
late the zero point energy of a mylecule in its cell,d!
and from there, to work one's way to the potential
energy. As an example, Fig. 5 shows the energies for
solid OT at the triple point at 19.a k.30 We see that
the 2ero-point energy pushes the DT molecule about
half-way up in the classical potentia’® well. OQFf course,
all the DT data is estimated.

We close the circle by returning to the infra-red
spectrum of fig, 1, The splitting between the Qq agg
Qr 1ines is a little-used but direct measure of vp.
For the Tp in Fig. 1, we obtain a op of 85 K for both
the solid and liquid near the triple point. This shows
that Op is not just a function of molar volume, as is
so often assumed,

Cryopumping

A1) present cryopumps use a 77 K baffle followed
by direct condensation of the DT onte a copper panel.
The helium goes on_to_be captureg in a second stage by
a molacular sieve,5:43 ion pump,44 or trapping ina
frozea gas.45 We have already postulated that the
solid thermal conductivity and self-heating will not be
important unless mm of DT are cordensed or the solid
layer remains for many hours. The other possible
issue with solid DT concerns a possible "anomalous"
vapor pressure, caused by the spike of the beta particle.
Salid Hy in the path ¢f gas at 77 to 693 X shows a
deviation above th expected vapor pressure orly below
3K and 10-9 torr.46 The effect of the triti.i beta
particle will probably be no larger, if as great, as
this. This has been recently confirmed by a rass
spectrometric measurement over a thin DT film at 4,2 K39
The observed 10-11 torr total pressure compares with
the expecﬁd 10-12 torr by extrapolation from the other
isotopes.

The only other possible tritium issues center on
the second stage of the cryopump. Helium can be 2 fec-
tively pumped by trapping in an argon gig stream, 7 but
Hz and Dz are generally ineffective.44:%5 There is a
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faint chance that DT or Tp with their higher mass,
might dynamically trap he?ium, but it is not likely.
There is finally the possibility of using a molecular
sieve to collect DT, should an unforeseen calamity
affect the copper plates. Plans are underway at ORKL
to measure she amounts of H2 and 02 captured by
adsorbents, 43 There is again a faint possibility that
tritium radiation could damage the molecular sieves,
although a time of days or weeks would probably be
needed, A more likely problem might be the beta catal-
ysis of an impurity reaction that poisons the adsorbent.

We see that no obvious tritium problems should
affect thin cryopumped 0T layers. Should thicker DT
layers be used, we are led once again to the solid
thermal conductivity as the main property of interest.

The Dominating Implication: Containment

The most important implication of tritium really
has nothing to do with property changes. It is,
instead, the containment of tritium, so that nejther
personnel nor envirgnment are injured.38-51 Time and
expense are multiplied by an order of magnitude in the
transition from D2 to DT. One now has to consider
glove boxes with inert atmospheres, monitors, and
alarms; tritium clean-up systems; and inventory measuring
equipment. [t is now a world of all-metal seals, x%-ray
certified welded joints, double-contained transducers,
miniaturized 1ines, and multi-thousand-dollar ballast
tanks. All current certified tritium parts are made
for room temperature and above., The engineering of
cryogenic DT is yet to come.
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