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Thermal conductivity of condensed D-T and T2
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The thermal conductivity of condensed T2 and D-T has been measured by conventional tech-
niques. Measurements for solid T2 and D-T (D2-DT-T2j from the triple points to 3 K are presented,
along with measurements in the liquid phases from the triple points to 25 K. The sample geometry
was that of a thin disk, a single heater being used to produce a temperature difference between the
faces of the disk. The steady-state thermal conductivity of the solid increases from 0.15 W/m K at 3

K to between 0.5 and 0.7 W/m K at 8 to 10 K before dropping to 0.3 W/m K at the triple points.
Two T2 samples had large thermal conductivities I,

'=1.2 W/m K) at 9 K, probably caused by ac-
cidentally good sample packing. The liquid thermal conductivity increases from 0.3 W/m K at the
triple points to between 2 and 6 W/m K at 25 K, with convection of the liquid being probable. The
effect of shrinkage upon freezing is considered, and an unexplained time-dependent behavior, seen

in both T2 and D-T, is described. The considerable importance of the solid thermal conductivity to
nuclear spin polarization of D-T is discussed in detail. The need for a triton spin-lattice-relaxation
time greater than 100 s is made evident by the need to remove the heat due to tritium decay and that
from microwave pumping of the electron spins.

I. INTRODUCTION

Achievement of near-total parallel alignment of both
deuteron nuclear spins and triton nuclear spins in solid
deuterium tritide (nuclear spin polarization) would have
interesting scientific and technological consequences.
The technological interest is related to the possible use of
D-T as a target material for nuclear fusion. Kulsrud
et al. ' have predicted that the cross section for hydrogen
fusion for spin-polarized samples will increase by 50%%uo

over that for samples with the random magnetic mix.
More calculated that the initial nuclear spin polarization
would not be destroyed by the laser shot in inertial-
confinement fusion (ICF). Pan and Hatchett then es-
timated that the laser driver could be reduced to half the
normal size if nuclear-spin polarized fuel was used.

The scientific interest comes from numerous studies of
other highly polarized spin systems coupled with frustra-
tion over the lack of success in producing large polariza-
tions of the nuclear spins in any solid hydrogen sample.
Polarized targets based on more complicated spin sys-
tems have been used for years in high energy physics ex-
periments. Protons (which have almost the same size
magnetic moment as tritons) have been polarized in
Cr(V)-doped 1,2-propanediol to between 98 and 100%%uo by
deBoer and Niinikoski. Deuterons have proven to be
much harder to polarize than protons. Using deuterated
solid ammonia, Meyer et al. have achieved a vector po-
larization of 44%. This degree of polarization is inade-

quate for fusion requirements, although solid ammonia is
currently the best of all known candidates. The nuclear
spin-lattice-relaxation times (T, ) of the materials above
are all over 10 s. To achieve such long relaxation times,
temperatures as low as 0.3 K have been required. The
time constant T, can be thought of as the nuclear spin
polarization "memory time. " For successful polariza-
tion, it should be as long as possible.

Although much work has been done on polarizing pro-
tons and deuterons in various substances, the only viable
fusion fuel is deuterium-tritium. This is because D-T has
the largest fusion cross section and as a fuel will have no
nonfusible nuclei. When condensed into the liquid or
solid phase, the fuel density could be greatly increased.
Unfortunately, the intrinsic tritium radioactivity creates
many problems for potential spin polarization. First,
self-heating from a heat flux of 200 mW/g, coupled with
an unknown Kapitza boundary resistance for the sam-
ples, apparently precludes cooling to millikelvin tempera-
tures in a large static magnetic field where brute-force nu-
clear polarization is possible. Because of the higher
working temperatures dictated by the tritium self-
heating, we earlier suggested that dynamic nuclear polar-
ization (DNP), the method used for nearly all nuclear tar-
gets, be used instead. A second problem caused by the
tritium is that the radiation created equilibrium of 25%%uo

D2 —50% DT—25'Fo Tz in equimolar D-T leads to a
steady state o-T2 concentration of a few percent that
drastically shortens the nuclear T, 's. This mixture at 3
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to 6 K has as its shortest spin-lattice-relaxation time, that
of the triton, a value of only 0.3 s. By analogy with solid
hydrogen deuteride, we suggested that ultrapure molecu-
lar DT would be the desired, long-time constant species
of interest. We have succeeded in making D-T with up
to 95% mo1% of DT and by doping such samples with
n-H2, we have obtained relaxation times of 6 to 8 s.

Since it will be necessary to remove the heat put into
the sample in the DNP process from the microwave
pump as well as the heat coming from the radioactive de-
cay, the thermal conductivity of solid DT is a critical
property. We have previously estimated the thermal con-
ductivity from NMR data we obtained on solid T2,

' but
the first direct measurements are given here. In this pa-
per, in addition to the direct measurements of the
thermal conductivity of T2, H2, and D-T, we discuss the
implications of the magnitude of the conductivity on suc-
cessful DNP experiments.

difference across the sample, 6T;

AoL abT=- +E 2 A
(2)

The directly measured quantity is 5T and K is calculated
from

AoL +—
2

(3)

The mean sample temperature, ( T ), can be expressed as
r

( T ) =—J T (z)dz = T0+
1 L L
L o 2E

AoL

3 A
+—,(4)

where To is the temperature of the bottom face of the top
copper block. The tritium self-heating term can be ex-
pressed as

A0=(1.954}fop, (5)

II. EQUIPMENT AND PROCEDURE

The sample cell was made of two oxygen-free copper
sections. The cell has an inner radius of 9.5 mm and
height of 1.32%0.05 mm. The height was determined
after final assembly by x-ray radiography and confirmed
by measurement of the resulting photographs. The two
copper cell sections were connected by a stainless steel
tube of wall thickness 75+12 pm. Germanium resistance
thermometers, greased for high thermal conductivity,
were varnished into the top and bottom copper sections.
The stainless steel fill line has an inner diameter of 1.0
mm and was in thermal contact with the upper copper
section before reaching the cell. The heater was wound
on tape and varnished to the bottom copper section. The
cylindrical cell was threaded into the cold block of an
Airco helium How cryostat (1 W cooling power). A pump
with 26 ft3hnin capacity was used to produce tempera-
tures below 4.2 K. The thermal conductivity was ob-
tained by measuring the temperature difference between
the top and bottom faces of a disk shaped sample. The
two faces of the sample must be in good contact with
both the upper and lower copper sections of the cell as it
is the temperature difference between them that is used to
compute the thermal conductivity. We neglect any con-
tributions to the temperature difference due to solid to
solid boundary resistance.

The quasi-one-dimensional geometry made it easy to
use the classical temperature gradient method to deter-
mine the thermal conductivity. We assumed the thermal
conductivity was temperature independent and solved the
heat conduction equation.

dT HK =Aoz+ —.
dz A

Here, EC is the thermal conductivity (W/m K), T the tem-
perature (K), z the sample position coordinate (m}, A0
the tritium self-heating (W/m ), H the bottom heater
power (W), and A the cross-sectional area (equal to
2.835X10 m ). Equation (1) can be integrated from 0
to I. (the sample thickness) to give the temperature

where fr is the atomic fraction of tritium in the sample
and p is the density (mol/m ) of the sample. For the
solid, we estimate the density from the equation

p, ( T) = [ V, (0)+ A T"] (6)

For n-H2, D-T and T2, we use the values V, (0)=22.76,
19.29, and 18.78X10 m /mol; with A =2.233, 1.680,
and 1.571X10 ' m /molK"; and b=4 424, 4.27. 6, and
4.242, respectively. ' These values are suitable from near
0 K to the triple points. The numbers for D-T and T2
have not been measured but are estimated from data on
the other solid hydrogens.

The liquid densitites are given by

PL= A —BT2 . (7)

For D-T and T2, the constants are A =49290 and 51100
mol/m; and 8=12.90 and 13.54 mol/m K . ' No data
have been taken for D-T.

One crucial issue for all thermal conductivity measure-
ments in the solid hydrogens is the following: At the tri-
ple point, the volume shrinks (about 12%) upon freezing
and also decreases a small amount from the triple point
to 4 K (about 2 to 3%). Our samples are loaded into the
cell as liquids and then frozen. A slow freeze taking over
half an hour was used. Just at the freezing point, heat
pulses are applied to the fill line so that the more liquid
can trickle into the cell but the actual fill density of the
solid hydrogen is unknown. There is also the possibility
that shrinkage may produce a crack between the hydro-
gen and one of the copper plates. This situation is not
unique to our experiments but exists in all previous mea-
surements of the thermal conductivity of solid H2 and D2
made under the saturated vapor pressure. ' ' While
large thermal conductivities have been measured, Bohn'
has concluded that there is no way to judge the solid-
filling problem in any of the work presently in the litera-
ture. The only way to assure complete filling would be to
apply pressures as high as 12 MPa for D-T and 14 MPa
for T2. ' These pressures would assure complete cell
filling even to 0 K. H. Meyer has pressurized H2 to 10
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MPa (twice the expected pressure) in order to ensure
good plate contact for dielectric constant measure-
ments. This difficult technique has been extended to
thermal conductivity measurements in the work of Cal-
kins and Meyer. '

Another experimental problem comes from the heat
conducted by the stainless steel walls of the sample cell.
For Hz, Mylar may be used, providing thermally insu-

lating walls, but fear of losing the tritium sample dictated
the use of metal for the walls, hence the choice of thin-
wall stainless steel. The steel has a thermal conductivity
comparable to that of the hydrogen (about 0.3 to 0.5
W/m K, but the cross-sectional area of the steel is only
1.6% that of the hydrogen. Thus if the hydrogen is in
good contact with the copper, the heat conducted by the
steel walls is a small effect that can be corrected for.

Since our method relies on the steady-state tempera-
ture difference between two plates (b, T), we must know
the time constant characteristic of the system's thermal
response. The appropriate time constant ~ is

0.8

0.6—

0.2—

0 OQ

2
2I. CP

K
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2

I i I t 1 I i I

T (K)

4 6 8 IO I 2 I 4

where I. is the thickness of the material under considera-
tion, C the heat capacity, p, is the density, and E is the
thermal conductivity. For the solid hydrogen sample, let
us take K=0. 1 W/m K as the smallest value of K and
C=5 J/molK. Then r~h„d„,„~=4 s, where the steel
walls have about the same value. The copper, however,
has a large thermal conductivity of about 500 W/mol K
at 4 K and a heat capacity of about 6 J/mal K. This
leads us to time constants of 0.6 and 0.1 s for the upper
and lower copper blocks. Whether longer time constants
exist due to poorly made connections or other causes was
tested by rapidly raising and lowering the temperature of
a solid Hz sample. No such effects were seen.

With our sample cell empty, the bottom copper section
was thermally isolated. Its temperature increased precip-
itously when the bottom heater was turned on, showing
the effectiveness of the stainless steel walls as insulation.
We next added nearly normal Hz (x =0.65-0.72), where
x is the fraction of J=1 hydrogen in the entire mixture,
for calibration. We found that a temperature difference
existed even with the heater off that amounted to a power
input of 0.003+0.002 W. This led us to use 0.105 W
(which produced b, T= 1 to 3 K) as the standard heater
po~er in this work, a value that is at least twenty times
the "background" power. With solid Tz and no heater,
the use of 0 W in Eq. (3) produced erroneous thermal
conductivities, twice as large as those seen at 0.105 W,
but only in the temperature range of 4 to 9 K, where the
thermal conductivity reaches its peak. On the other
hand, increasing the heater power to 0.432 W had no
effect on the derived thermal conductivity values.

We next compared our results on the Hz sample with
x =0.65 —0.72 with that of Heubler and Bohn' taken at
x =0.70. As seen as Fig. 1, the two sets of data are com-
parable at 6 K where K=0.3 W/mK but at the 10 K
maximum in the conductivity, we get 0.5 W/m K com-

FIG. 1. The thermal conductivity of H2 with J =1 concen-
tration between 72/o and 65%, measured in our cell, is com-
pared to the work of Heubler and Bohn (Ref. 14). The symbols
are 4 Heubler and Bohn (70% J =1 concentration); our cali-
bration for a mean concentration of 68%%uo.

III. RESULTS AND DISCUSSION

Measurements of the thermal conductivity of solid Tz
at several mean temperatures are shown in Fig. 2 as a
function of time. For a given temperature, the thermal

TABLE I. Composition of samples in mol%. The atomic
fraction of tritium, ft, is needed for Eq. (5).

T2

Atomic T

HD
HT
DT
T2

0.1

0.5
1.0

98.4

100.0
99.2
0.992

D-T HD
HT
D2
DT
T2

0.3
0.3

20.0
45.0
34.4

100.0
57.0
0.570

pared with 0.7 W/m K in their work and at 13 K, the
values are 0.3 and 0.5 W/mK, respectively. We may
speculate as to why our values above 6 K are lower than
those of Huebler and Bohn. Their cell was 10 mm in di-
ameter with a height of 500 mm so that it may have been
easier to load than ours, resulting in a lower "fill factor"
in our case.

The compositions of the tritiated samples were deter-
mined by magnetic sector mass spectroscopy and are list-
ed in Table I. The D-T is assumed to have the room tem-
perature equilibrium at cryogenic temperatures.
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FIG. 2. Thermal conductivity of solid tritium from 3 to 10 K
as a function of time. The sensor temperatures are 4 3 K; 0 4
K; ~ 5K; 10K;and A 9K.

conductivity increases slightly with time in most cases.
For the two curves at almost the same temperature, the
results are very different. The 10 K run is a normal fill,
whereas the 9 K data come from an anomalous run.
Only two of these occurred in the entire series of experi-
rnents, both for solid Tz between 9 and 10 K. We believe
that in the 9 K run, for unknown reasons, the cell "fill
factor" was unusually large. The increase in the thermal
conductivity with time, for all the samples, is most likely
attributed to the radiation-catalyzed reaction of J=1 to
J=O Tz. It is well known that such catalysis in solid Hz
and Dz greatly increases the thermal conductivity. '

The sudden drop in the thermal conductivity for the 9 K
sample at two hours could be caused by the sample
breaking away from the plates.

To isolate the contribution of the J= 1 molecules to the
thermal conductivity of solid Tz, we calculate the fraction
of Tz in the state J= 1 from the equation

This resistance we attribute to radiation-created defects
in the solid Tz. The results of this analysis at four tem-
peratures are shown in Fig. 3. We see that this resistance
is both time and temperature dependent. At the higher
temperatures, the resistance quickly attains a time-
independent value but a the lower temperatures, the time
dependence is pronounced and the "long-time" value of
the resistance is larger. This explains why the time
dependence (the J =1 dependence) of It: is so sluggish in

Tz as compared to that in Hz or Dz. As the J =1 Tz con-
centration decreases, it is replaced by defects as the
scatterers of phonons.

Additional data were taken for samples with small
J =1 concentrations. These samples were held at 10 K
for four hours since rj has its minimum value (0.5 hour)
at this temperature as the tritium atoms exercise their
maximum catalytic effect at this temperature. ' After
four hours, we expect x„=0.02. Moreover, all samples
have filled to the normal extent and all time-dependent
effects have equilibrated.

The results for solid Tz and D-T are shown in Fig. 4 for
all the samples except the two samples where K was
anomalously high. This figure gives the behavior of our
typical samples. The shape of the curve is well known
from studies of the thermal conductivity of insulators
and hydrogen in particular. The thermal conductivity in-
creases with temperature at low temperatures as the pho-
non density increases. When there are a sufBcient num-
ber of phonons, they interfere with each other (the Um-

klapp process) and the thermal conductivity decreases
with increasing temperature. The fact that D-T is a mix-
ture of three major isotopic constituents apparently
causes a decrease in the thermal conductivity as well
when compared to T2. The magnitude of the thermal
conductivity of Tz measured here agrees well with our
earlier crude estimate based on NMR experiments.

5.0—

x =(xo —x „)exp — +x„,
TJ

(9)

where xo and x „are the initial and steady-state J=1 Tz
concentrations at a given temperature. In the above
equation, t is the time and vJ is the J= 1 to J=O time
constant. The quantities ~J and x were previously
determined by nuclear magnetic resonance. The sam-
ples start at x =0.75 at room temperature, so that xo at
the temperature of interest may be calculated using Eq.
(9). Typically xo is about 0.65.

We next assume that the thermal resistance due to the
J=1 impurities will be the same in solid Tz as it is in
solid Hz and Dz. By isolating the contributions in Hz and

Dz that are due to the J= 1 impurities only,
K(J =1),' ' we can calculate the remaining contribu-
tion to the thermal conductivity and extract the thermal
resistance R ~d f t) from
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FIG. 3. Calculated defect thermal resistance of solid tritium
from 3 to 9 K. The 9 K run is the anomalously high run shown
inFig. l. 43K:04K;~ 5K;and&9K.
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FIG. 4. Steady-state thermal conductivity of solid T& and D-
T. These points represent a normal filling of the cell with solid.

I D-T; 0 T2. The J =1 concentration (x) for each point is ap-

proximately the dynamic equilibrium concentration for each
temperature. For Tz, at 14.5 K, x =23.1%, at 10 K, x=5.5%%uo,

and at 5.3 K, x=2.9%. This quantity was measured in Ref. 25.

To compare the present data with that of solid H2, we

note that both the temperature where the peak in the
thermal conductivity occurs and the magnitude of the
conductivity at the peak are very sensitive to the ortho
concentration. On the high-temperature side of the peak
in H2, the thermal conductivity is roughly independent of
ortho concentration and equal to 0.5 W/mK, comparable
to the value we obtain in T2 or D-T. At the peak, howev-

er, the conductivity of H2, for low ortho concentrations,
say 2.5%, is 50 W/mK or 50 times larger than we ob-
serve. We believe this reduction in conductivity at the
peak is most likely due to radiation damage efFects in our
solids and scattering from the atoms they contain.

The steady-state thermal conductivity of liquid T2 and
D-T is shown in Fig. 5. The liquid data merge with the
solid data near the triple point but increase above 24 K.
The thermal conductivity of liquid Hz increases from
only 0.10 to 0.12 in the same temperature range, ' so
we are probably observing the results of convection in T2
and D-T driven by their internal heating. The heater
placement on our cell was inadequate for experiments on
liquids. To minimize the effects of convection, we should
have directed the heat current downwards but could not.
We have visually observed refluxing of liquid D-T previ-
ously in this laboratory.

Additional time-dependent effects were seen with tri-
tiated solids although these effects were not seen for the
empty cell nor with solid H2. The most dramatic of these
efFects occurred upon sudden heating from about 3 K to
about 5 K. These effects were seen in seven runs out of
eight, in both solid T2 and D-T and are illustrated in Fig.
6 for a T2 sample first held three hours at 10 K to reduce
the J =1 concentration. Upon sudden heating from 3.8
to 4.9 K (after 1.2 hours at the lower temperature), the
thermal conductivity rose to a large value, then decreased
to the steady-state value of Fig. 4. The thermally an-

FIG. 5. The thermal conductivity of liquid T, end D-T.
D-T; 0 T,.
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FIG. 6. Time-dependent thermal conductivity (symbol f)
seen in solid T2 upon changing the temperature from 3.8 to 4.9
K at 12 hours. The temperature change from the 1.2 hour
point, DT, is shown for the hot (symbo1 0) and cold (symbol ~)

plates as well.

chored cold upper plate did not change temperature but
the thermally floating, hotter, lower plate had its temper-
ature increase steadily.

There are several possible explanations for this
phenomenon. One possibility is that the solid touches the
walls after the temperature change and then pulls away.
This is impossible to rule out but the corresponding effect
was not seen, as would be expected, when solid Hz was
used. The most likely explanation is that the large popu-
lation of hydrogen atoms (previously formed by tritium
radioactivity) recombines, releases heat, and temporarily
removes scattering centers from the solid improving its
thermal conductivity until the atom population is re-
established. A larger heat-source term (coming from the
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recombination energy) will lower the measured thermal
conductivity while removal of "defects" mill increase it.
The data support this explanation. Initially, after the
temperature rise, the enhanced thermal conductivity does
show tendencies to decrease (as the recombination heat is
taken out) before decaying to its steady-state value. The
conductivity at 5 K is roughly 0.35 W/m K. The "defect
resistance" was calculated to be 1.6 m K/W. If the ob-
served thermal resistance is the sum of the defect resis-
tance and that of the "pure" crystal, then the conductivi-
ty of the crystal, without defects, would be 0.8 W/m K,
very close to the observed value.

This explanation is also supported by our recent EPR
measurements which show that the atom population is
quickly reduced to almost zero following an abrupt tem-
perature increase before it rebuilds. The time constant
for reestablishing the atom population gets longer at
lower temperatures.

IV. RELATION TO NUCLEAR SPIN POLARIZATION

Now that the thermal conductivity of the major candi-
date for laser fusion is known, it is possible to discuss the
limitations this parameter places on the polarization pro-
cess. The internal heating of the samples combined with
the limitations from the thermal conductivity and the
Kapitza resistance dictate that DNP be used. For DNP
to be successful, there must be a source of electron spins.
In T2 and DT, the source of electron spins is the tritium P
decay that produces atoms. Each P decay produces of
the order of 1000 atoms. Because of the constant produc-
tion of atoms, a dynamic equilibrium population builds
up with the number density increasing with decreasing
temperature. The mechanism for DNP is discussed
below.

The dominant characteristic of the nuclei for DNP is
their spin-lattice-relaxation time T&. This quantity de-
scribes how fast the nuclei will forget their polarization
(or how long it will take to establish a polarization).
Clearly, one criterion for successful polarization is that
under irradiation by a microwave pulse, we must achieve
the desired polarization in a time t where

where T, here refers to the nucleus with the shortest re-
laxation time, the triton. If P(oo) is the theoretical
achievable polarization, then the maximum actual polar-
ization, P(max), will be

p(oo) 'm
P (max) = exp — dt,

t o T&
(12)

P(max}
p(oo) 1 —exp (13)

For t « T, ,p(max)/P( oo) approaches unity. Numeri-
cally, for the ratio t /T, =0.1, 1, or 10, the ratio
P(max)/P( oo)=095, 0.63, or 0.10. The highest possible
polarization attainable is the initial polarization of the
electron spin system. This is given by

o».PBo=
ETi

(15)

Here, No is Avogadro's number, h is Planck's constant,
v, is the microwave frequency (Hz}, and e is the efficiency
of polarization, the number of nuclei polarized per mi-
crowave quantum absorbed by the solid. The factor of 2
arises because hydrogen is diatomic. The above term, Bo,
represents a "self-heating" term much like the term Ao
used earlier for the tritium radioactive decay, except that
Bo can be much larger than Ao in a DNP experiment.
Equation (14) assumes that all nuclei are available for po-
larization, i.e., no I=O molecules are present. We also
assume that the polarization time is inherently fast com-
pared to T, .

There are two distinct mechanisms for DNP with
different requirements. Thermal mixing (or dynamic
cooling) requires a broad electron-spin-resonance (ESR)
line. ' Here, the free electron distribution is cooled by
microwaves and the nuclei can give up their energy to the
electrons. The efficiency can be unity at the beginning
but it decreases as more and more nuclei become polar-
ized. If all the nuclei are polarized, the solid will contin-
ue to absorb microwave energy with zero efficiency.

The second mechanism, the solid-state (or solid) effect,
requires a narrow ESR line. ' In this case, the mi-
crowaves drive a double ESR-NMR transition and the
electrons deexcite by ESR relaxation. The efficiency is al-
ways unity because if all the nuclei are polarized, no dou-
ble transitions can take place. Despite the high
efficiency, there is no guarantee of a large polarization be-
cause the double transition is forbidden.

Suppose the efficiency (e) is unity, p, is 50000 mol/m,
and v, =94 GHz, then the microwave power density
(W/m ) is

4X10'
p T]

(16)

We substitute this into Eq. (2), keeping only the tritium
self-heating term to obtain the temperature difference
across a sample in a DNP experiment:

( Ao+Bo)L5T=

In Table II, we calculate the microwave heating Bp and
the temperature difference across a 1 mm solid D-T sam-
ple with a thermal conductivity of 0.1 W/m K (appropri-

lp, IB
P ( oo ) =tanh

kT

where ~p, ~
is the absolute value of the electron magnetic

moment, B is the dc magnetic field intensity (tesla) and k
is the Boltzmann constant. ' It is clear from Eq. (14) that
if the temperature increases too much, relative to the
magnetic field, the electron spin polarization is reduced
and any chance for a large nuclear spin polarization is
lost.

For simplicity let t = T, . The microwave power den-
sity generated in solid D-T, Bo in W/m is given by
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T, (s)

10
100

1000

Bo (W/rn )

4X10'
4X 10
4X10'

AT (K)

2.2
0.44
0.27

TABLE II. Calculated microwave heating in a disk shaped
(quasi-one-dimensional) solid D-T sample with a 94 GHz pump-
ing frequency, a thickness of 1 mm, and a thermal conductivity
of 0.1 W/m K. The efficiency of nuclear polarization is assumed
to be unity.

apparently low E. Improvement of the contact would
permit utilization of the optimum E. Nuclear target
makers routinely cool to low temperatures (0.3 to 0.5 K)
in order to lengthen the nuclear relaxation time to days
or weeks. There is clearly no point in doing this if the de-
crease in thermal conductivity more than compensates
for the increase in the relaxation time at lower tempera-
tures. Perhaps in the future, superhigh magnetic fields
will allow polarization at 8 K, where the D-T thermal
conductivity is optimum.
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