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Pitch bonded graphites are among the best known thermdhitoss at sub-kelvin temperatures, but are
very good conductors at higher temperatures. This makens tteal for mechanical supports which must
provide good thermal isolation at an operating temperdialew 1 K, but must have good conductance at higher
temperatures to aid in initially cooling down an instruméat‘passive heat switch”). One type of graphite,
AGOT, has been known as having the lowest thermal condtichelow 1 K not only among graphites, but also
compared with any other material. It is, however, no longeilable. We have carried out thermal conductivity
measurements at temperatures between 60 mK and 4 K on a ptopgdacement, POCO AXM-5Q graphite,
as well as a sample of AGOT graphite. Our measurements staivibdith graphites have a difference of about
six orders of magnitude in conductivity between room terapee and 100 mK, but that AGOT graphite is
not as good an insulator as previously believed. We condhde AXM-5Q graphite is not only a suitable
replacement for AGOT, but in fact is somewhat superior.
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1 Introduction be extremely useful.
One type of pitch-bonded graphite that has been well char-

Pitch bonded graphites are among the best known thermaicterised at cryogenic temperatures is POCO AXM-5Q1.
insulators at sub-kelvin temperatures. In contrast, threy a This is an industrial grade petroleum coke based fine-gdaine
very good conductors at higher temperatures, and at roofgotropic moulded graphite, graphitized at 256(8]. Some
temperature the thermal conductivity approaches that af pu typical properties are given in Table I. It was studied [8ffia
metals such as copper and aluminium. This makes them ide&P80’s with a view to using it as a standard reference materia
for mechanical supports which must be good thermal isaatorfor thermal conductivity. This study included careful thmed
at an operating temperature below 1 K, but must have googonductivity measurements on two samples of the material
conductance at higher temperatures to aid in initially irgpl ~ over the temperature range from 5 K to room temperature. We
down an instrument. Such components are sometimes referré@ve carried out measurements which extend the known tem-
to as passive heat switches. perature range to below 100 mK. However, we used a slightly

Graphite is available in many different varieties, and thedifferent material, AXM-5Q, which is more readily availabl
properties vary strongly depending on the source of the rasdXM-5Q1 differs only in that it has undergone an extra stage
material and the manufacturing process, and thus on the u@f purification to remove metallic impurities, and the efect
timate composition [1]. The thermal conductivity of vargou cal and thermal conductivity at room temperature are simila
pitch-bonded graphitésvas measured at temperatures belowto AXM-5Q [8].

1 Kiin the 60's and 70's [4-6]. The lowest reported values  \jechanically, AXM-5Q graphite has superior properties to
were for AGOT graphite, a “nuclear” grade (i.e. designed foragoT graphite, for example a compressive strength of 125 N
use in nuclear reactors) petroleum coke based high-pueity € ;mm-2 compared to under 50 N mm for AGOT [9].

truded graphite [2]. Indeed, this material is believed t@be ) ) ) -
of the best known insulators at millikelvin temperaturesa-M ~ Despite the fact that slightly different conductivity vaki

terials which are better for reactor use are now availabdetan @nd different measurement temperature ranges have been re-
is no longer manufactured, though it is still occasionatigd ported in the millikelvin temperature range for AGOT graphi

for its low temperature properties in labs which have rexdin (for €xample in Ref. [10]), these all appear to refer to a sin-

supplies of the material [7]. A replacement would therefored!€ Original measurement [4]. We therefore also measured th
conductivity of a sample of AGOT from a small supply re-

maining in one of our laboratories in order to compare with
the previous measurement.
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2 Experimental technique ter were glued onto the two copper blocks at the ends of the
sample (see Fig. 1).
The electrical connections to the heater and to the ther-

Thdebth?rr]m?l co_?d dL.'Ct'\I”ti' 0; thﬁ tV;’?I graphlttr(]as dwiskmea'mometer were made with NbTi wires. The NbTi wires (25
sured by the fongriudinal steady heat flow method. nown ., diameter) were electrically connected by tiny crimped

power P was supplied to one end of the sample to establish U tubes. At the ends of the NbTi wires a four lead con-

temperature differencg; — T, between the ends of the sam- .
. T . - nection was adopted. The bottom copper block was screwed
ple. By differentiation of the power (witfi; constant during P PP

the measurement): onto a copper sample holder in thermal contact with the mix-
’ ing chamber of a dilution refrigerator. Two Ry@alibrated
A T T thermometers were used for the measuremerit, aind 75.
P(T)) = = / k(T)dT = g/ k(T)dT (1) The thermometers were calibrated by means of an SRD 1000
L Jr, Ty (Superconductive Reference Device) and an NBS-SRM 767a

o ) fixed point device [12-14]. A copper shield, in thermal con-
the thermal conductivity:(7") can be obtained, whet¢ and  a¢t with the mixing chamber of the dilution refrigeratarrs

L are the cross-sectional area and length of the sample respggunded the experiment. During measurements, the vacuum
tively, andg, the geometrical factor, is defined @s= A/L.  jn the sample space was maintained at a pressu@dfmbar
Each data point was taken when stable values of Bpt@nd o |ower. The thermometers were measured using an AVS 47

Ty were reached (this generally took about 30 minutes). a.c. resistance bridge and power was provided to the heater
The experimental set up for the thermal conductivity measing a four wirel — V source meter (Keithley 2601).

surement is shown in Fig. 1. The thermal contacts at the ends 14 ensyre that the contact thermal resistances could be ne-
of the sample have been realised by means of two COPPYYlected, a second measurement run was carried out on both
cylindrical blocks and two copper screws, 4 mm in diametermaterials with a different geometrical factor(about twice
Since the thermal contraction of graphite is lower than ¢iiat ¢, original value). Within the experimental error, the sam
copper [11], the thermal contact between the blocks and thg,| s of thermal conductivity were obtained in an overlap-
two ends of the sample becomes better on cooling. An SM ing temperature range.

(Surface Mount Device) NiCr heater and a RutBermome-

Ei:telcslfzzlze ?gm 3 Results and discussion

Total porosity 23 %

Apparent density 1.73gcm 3.1 Discussion  The sample of AXM-5Q graphite is a
Compressive strength 125 N mmh cylinder with a diameter ofl1.04 +
Tensile strength 50 N mn? 0.03 mm. The length (over which the

temperature gradient is measured]Lis= 90.97 &+ 0.01 mm,
giving a room temperature geometrical factoyof A/L =
1.052 4+ 0.003 mm.

The sample of AGOT graphite is a cylinder with diameter
Heater ———=&3 8.00 + 0.02 mm, length42.01 + 0.01 mm and a geometrical
factorg = 1.197 £+ 0.004 mm. It was taken from a block
marked with the lot number “XOT2K7”. AGOT graphite ex-
Copper hibits some anisotrop(there is a slight alignment of the crys-
blogks tallites with the layer planes parallel to the extrusiorsihe
long axis of the cylinder (the direction in which the measure
ments were made) was parallel to the extrusion direction.

Table I: Typical properties for AXM-5Q graphite; data supgl by
the manufacturer.

Thermometer T,

Graphite

sample T~

3.2 Details of For both samples, a plot d?(77) was
calculating k(7') obtained (Eqg. 1). The thermal conduc-
tivity was obtained by differentiation of

. L Copper P(Ty)/g. The measured thermal conductivity of AXM-5Q
Thermometer 7, —§ - N screw graphite in the 60 mK-3.25 K temperature range and of
AGOT graphite in the 70 mK—4 K temperature range is shown
in Fig. 32 and Table II.

There are three main contributions to the relative error in
— E(T):

Sample lenght L

Figure 1: Set up for the measurements of the two types of geaph

3 This is one reason that AGOT is now considered to be obs@gte [



Temperature (K) Conductivity (Wm'K—1)

0.1000F j j POCO AXM-5Q AGOT
: ] 0.063 4.76¢107° -
~ 0.072 5.5%107° 9.07x107°
X 0.0100¢ 3 0.080 6.1&107° 0.000101
§ 0.090 7.0%10°° 0.000114
\; 0.100 7.8%107° 0.000127
E 0.0010F 3 0.120 9.5410° 0.000153
S ] 0.140 0.000113 0.000179
= I M ] 0.160 0.000130 0.000205
© 0.0001 E o9 e y AGOT O 7 0.180 0.000148 0.000233
e AXM-3Q ® ] 0.200 0.000165 0.000258
n L ] 0.250 0.000210 0.000333
0.1 1.0 10.0 0.300 0.000256 0.000408
Temperature (K) 0.350 0.000302 0.000489
0.400 0.000329 0.000578
Figure 2: Measured conductivity of AGOT)and POCO AXM-5Q 0.450 0.000396 0.000660
(e) graphite. 0.500 0.000440 0.000755
0.600 0.000540 0.000964
0.700 0.000638 0.00118
0.800 0.000772 0.00144
e the power supplied to the sample: we estimate that th 0.900 0.000957 0.00169
relative error ofP is of the order of~ 0.1%; 1.00 0.00112 0.00199
1.10 0.00133 0.00233
e the measurement of the form factar The error in the 1.20 0.00154 0.00269
measurements gf is estimated to be less thafi; 1.30 0.00177 0.00309
. . 1.40 0.00201 0.00351
e the uncertainty in the temperature due to the accurac 1.60 0.00252 0.00456
of the thermometers in this temperature range. A con 1.80 0.00314 0.00564
servative value of AT) /T is ~ 2% for T > 1K and 200 0.00399 0.00693
~ 1% for T < 1K. 2.25 0.00522 0.00873
2.50 0.00667 0.0109

Taking into account these contributions, the maximum edat
error ink(T') is about3%. 2 DooEEs DO

We calculate that the total heat transfer due to conductiol 3.00 0.0108 0.0163
through the NbTi wires, convection by residual gas and ther 3.25 0.0135 0.0197
mal radiative exchange was of the order of 0.1% of the powe 3.50 - 0.0233
supplied to the heater. These effects were therefore disre j-gg - 8-8331

garded in the calculations, as was the correction due totler
contraction Ag/g < 0.04%) [11].

Table II: Measured conductivity of POCO AXM-5Q and AGOT
graphite (the measured values are interpolated to a setpfeia-
tures at fixed intervals).

3.3 Discussion The measurements on AXM-5Q
graphite are compared to other mea-
surements in Fig. 3. Our results fall between limits obtdine
in a different laboratory on a specimen taken from the
same rod [15] (the limits are approximately 40% higher
and 25% lower than our measurements over the overlappinghen comparing different thermal conductivity values for
temperature range). Our results also appear to agree weihny material since measurements often suffer from systemat
with other measurements at higher temperatures [8], thoug@'rors of this size.
this agreement should be taken with some caution for the Our measurements do not follow a simple power-law, and
following reasons. Firstly, the high temperature measureas temperature increases they appear to show a cross-over
ments were made on the purer material AXM-5Q1, rathefrom a linear variation with temperature to a higher power-
than AXM-5Q as measured by us. In addition, measurementaw exponent, consistent with tHe*> variation seen in other
on AXM-5Q1 have shown considerable variation in thermalmeasurements at higher temperatures. (In general, ex{gonen
conductivity at the level of-10% between different samples of 2.5to 2.7 are seen for polycrystalline graphites [1]). alle
of nominally the same material [8], and even as a function ohot aware of other measurements showing the cross-over at
position within a single sample [16]. We should therefore no lower temperatures for pitch-bonded graphites, although s
expect better agreement than this between our measurememishaviour is described in Ref. [6] without results beingigho
and other results. However, a similar problem usually ogcurHowever, this behaviour has been seen for highly oriented py
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Figure 3: Measured conductivity of AXM-5Q graphite)( along Figure 4. Measured conductivity of AGOT nuclear graphiteafial
with upper and lower limits from previous measurements angde  to the extrusion directione], along with other measurements from
from the same rod [15]¥, A), and measurements on three sample the literature: parallel to the extrusion direction beloHK [4] (o)

of AXM-5Q1 graphite [8] ¢, J, x). The solid lines show alinearand and above 10 K [19]M), and perpendicular to the extrusion direction
T2 temperature dependence and are chosen to agree with the ¢ [20] (0). The solid lines show a linear arfef-° temperature depen-
ductivity in the low and high temperature regimes respebtivAlso dence and are chosen to agree with the conductivity in theatwiv
shown: measurements on HOPG (highly oriented pyrolytiplgite) high temperature regimes respectively. Values for POCO A5
parallel to the layer planes [17)], [18] (¢) and -5Q1 graphite from Fig. 3 are also shown (dashed line).

rolytic graphite (HOPG). We see similar behaviour for our measurements on AGOT

The structure of graphite consists of planes of atoms (Tlayeﬁ_raﬁ hite (Fig. 4), and an extr:apolation ?10I5f tgehcof‘duc.ﬁ“i‘y
planes” or “basal planes”) stacked together. Electrical-co igher temperatures using the expe ehaviours in

duction takes place within the planes, but not perpendicala reasonable agreement with results from the literature. ifs w
them. Thermal conduction in graphite is normally dominated™M-5Q graph|t_e, we W.OUId not expect perfect agreement
by lattice (phonon) conduction. However, thermal condurcti dug to systematic experimental errors and sample_to sample
by electrons will take place whenever electrical condurctso variations. Both our measurements and those at hlgher_ tem-
possible. This is generally too small to be observed, but a erature show that '.A‘GOT has a slightly higher conductivity
sufficiently low temperatures the lattice thermal concareti  than AXM-5Q graphite.

falls sufficiently for electronic thermal conduction to dem  However, the conductivity values previously reported be-
nate. All the graphites considered in this paper are pofycry 10w 1 K [4] are much lower. Furthermore, they show a differ-
talline. However, HOPG is made from crystallites which are€nt temperature dependence and do not seem consistent with
well aligned with each other, so that the overall behavisur i the higher temperature data. It appears that the resufts fro
similar to that of a single crystal. The electrical and tharm Ref. [4] are based on a single set of measurements, in which
properties are thus h|gh|y anisotropic_ Thermal Conduvtiv the effect of contact conductance was not determined. A POs-
measurements parallel to the layer planes [17, 18] showra ne&ible explanation is that the results suffer from a systemat
linear temperature variation of conductivity below 1 K, cor €rror. Thermal contact was made using grease, and a signifi-
responding to electronic thermal conduction (Fig. 3). iRitc cant thermal resistance at the contacts would cause thalbver
bonded graphites are also polycrystalline, but the crgstas ~ Measured conductance to drop, and to show a greater than lin-
are not highly oriented, and electrical conduction is theee ~ €ar temperature dependence as observed.

possible in all directions, taking place via crystallitbattare However, the measurements shown in Fig. 4 were all made
favourably oriented. We would therefore expect the behavio on different samples, and we have no knowledge of sam-
of pitch-bonded graphites to be similar to that of HOPG in-ple to sample variations. Indeed, there are different tyjfes
plane, as we observed. AGOT graphite [2]. The sample measured in Ref. [19] was
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Figure 5: Comparison of the conductivity of graphites meadiy
us and from the literature. Our measurements: AGOT (dashe} |
POCO AXM-5Q (solid line). Other measurements: AGOT [4])(
BB5 [5] (e), “battery graphite” [6] ¢), CEN nuclear graphite [5]
(+). The points for each measurement are joined by dashedftines
clarity.

described as the variant AGOT-KC, but the remaining mea
surements, along with the shipping note accompanying ou
sample, merely refer to AGOT.

We therefore cannot rule out sample to sample variatiot
as an explanation for the discrepancy. Unfortunately the
two measurements above 10 K shown in Fig. 4 are not di
rectly comparable, since AGOT graphite exhibits consiolera
anisotropy and they were taken perpendicular to each othe
with respect to the extrusion axis (a similar ratio of conduc
tance between the two measurement directions has been se
for room temperature measurements on AGOT [2]). However
our measurements and those of Ref. [4] were both made parz
lel to the extrusion axis, and should not differ for this i@as

A comparison with measurements from the literature or
other graphites below 1 K (AGOT [4], BB5 [5], “battery
graphite” [6] and CEN nuclear graphite [5]) is shown in Fig. 5
With the exception of the AGOT results, discussed abovg, the
show a similar magnitude and temperature dependence of co
ductivity to our measurements, suggesting that the bebavio
we have observed is quite general. It is almost certain that a
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Figure 6: Comparison of the conductivity of AXM-5Q and 5Q1
graphite with representative values for other materialamaium
[21], sapphire [22] (extrapolated below 400 mK), high sgtn
beryllium copper (C17200) [23], 18-8 stainless steel [Z], (hter-
polated between 1 and 2 K), VesBeBP22 [5, 26] and TorldR [27,
28]. Nylon is another good insulator at cryogenic tempeestuthe
conductivity is similar to Torlof®. For VespeP we are not aware of
measurements between 1 K and room temperature; a singkefealu
the room temperature conductivity is shovs), (inked by a straight
line to the low temperature values. The aluminium valuesaen
from Ref. [21], and (in the normal state) apply to an RRR of,850
which is the highest value expected for 4N (99.99%) puritij[2n
the superconducting state, variations in lattice conditgtbetween
samples are large [21], and do not appear to correlate witiplsa
purity. The two sets of values shown correspond to the twemes
seen in Ref. [21].

the graphites shown here are pitch-bonded, though we only

know this to be the case for the AXM-5Q, AGOT and battery
graphite measurements.

peratures that can be similar to room temperature. The ratio
of room temperature to millikelvin conductivities, refedr

3.4 Comparison
with other materials

The thermal conductivity of

graphite is quite unusual; to put
this in context, Figure 6 shows
how the conductivity of other materials compares with
graphite. The values for aluminium, beryllium copper (B&Cu

to in the following discussion as the “conductivity ratidgs’

therefore small. As the purity decreases, the peak vanishes
and materials such as beryllium copper have a nearly linear
temperature dependence. Lower conductivity (less pure)
alloys such as stainless steels have even smaller conitiyctiv

and stainless steel demonstrate the behaviour of metats. TH2UOS:
purest metals show a large conductivity peak below room An exception is metals which exhibit superconductivity,

temperature, resulting in conductivities at millikelviant-

and a corresponding sharp drop in thermal conductivity be-



low the superconducting transition temperature. For eXxemp 4 Conclusion
aluminium has a similar difference between conductivity at

100 mK and room temperature as AXM-5Q graphite. How-
ever, since the aluminium conductivity is still very high at
1 K, it would only be useful in isolating two parts of an in-

Pitch-bonded graphites are good thermal insulators at low
temperatures but good conductors near room temperature.
One type of graphite, AGOT, has been known as the best insu-

strument which were both at millikelvin temperatures; sach lator below 1 K not onl hites. but al d
situation is rarely encountered. The problem with alunmmiu ator below notonly:among graphites, but also compare
with any other material. However, it is an obsolete material

arises because the superconducting transition temperistur : -
b 9 b and is no longer produced. We measured the conductivity of

so low. Two commonly encountered elements, lead and nio= . .
bium, have higher transition temperatures. However, tla pe a possible replacement, POCO AXM-5Q graphite, as well as

in thermal conductivity occurs near to their transition pem of a sample of AGOT graphite remaining in one of our labs.

atures, and consequently the difference in conductivity be Ol:r ][esul'ii wl_etre gtener?rlLy conS|sten(th|th dotht(_er_tmiasfutre-
tween room temperature and 1 K is only about one order o ents from he fiterature. 1he measured conductiviiese

magnitude [29], making them no more useful than aluminium VO samples were similar to each ther_and aI;o to measure-
These materials do find a use when used as an active h nts on other pitch-bonded graphites in the literatureh Bo

switch, with an applied magnetic field used to switch thems owed a cross-over from a linear temperature dependence be

from the superconducting (insulating) to normal (condugti !?th K,h.b?]heved to ble du;aht_o r(]alect:tromc trlermal %anlg[tt'v'
state. Such switches suffer from the problem of relativel Y, toahigher power-iaw at higner temperatures wheree

low conductivity at the higher temperatures encounteretéwh conduction is presumed to dominate. Similar behaviour has

an experiment is cooling down, which can be alleviated b)}éﬁggvfteenMigaZTrzrn%ﬁ?; (;)r]: %ﬁﬁhtﬁi stgrr:} T::Cvgirgehiir ng&
putting graphite in parallel [30]. Y. P 9

Crystalline dielectrics such as sapphire show a condtivi agreement with values from the literature at higher tempera

peak similar to pure metals; polycrystalline materialssas tres. dln bofth case_;s Ijhefconductlwtty falls b¥ ap|?roi<(|)rgatell<
alumina have much lower conductivities but still show a sim->* Ord€rs ol magnitude irom room temperature to me,

ilar peak. Insulators such as VespeSP22, Torlo® 4203 making them highly suitable for supporting miliikelvin gtes
and nylon show similar conductivities to AXM-5Q graphite In Instruments.

; - The one major discrepancy is that the conductivity previ-
tt)ee;?p\:\é}aﬁjrgm do notreach such high conductivities at roomously reported [4] on AGOT graphite below 2 K is somewhat

Pitch-bonded graphites are therefore unusual in providin wer than our measurements, and shows a different tempera-

such a large conductivity ratio (six orders of magnituderfro ure dependence. This could be due to variations between our

300 K to 100 mK). The reason for this is that the thermalsamples, but we suspect that the original measurements were

conductivity peak occurs near room temperature, giving thdn error due to the measurements including a non-negligible

largest possible conductivity ratio. For graphites witgter contact resistance. If this is the case, then AGOT graphite

conductivities, the peak occurs at lower temperaturesiced is not in fact the best known insulator at millikelvin temaer
ing the condu’ctivity ratio tures; VespéP SP22 is a better insulator below approximately

Graphites with smaller crystallites have even lower comdch00 mK. However, this behaviour is only achieved by the ad-

tivities than AXM-5Q graphite [19, 20], presumably becauseditiodn otf_ gtrapShite;pure Vespef® has a significantly higher
the phonon mean-free-path is limited by scattering from thecog uc(;w y [5]. ts. AXM-5 hite h -
crystal boundaries. However, electron mean-free-patbs arI ased on our measurements, -5Q graphite has simi-

much smaller than for phonons, and the reduction in eleitron ar (an_d indeed slightly better) !nsulating properties @Q‘T'
thermal conduction is likely to be less than in lattice cordu More importantly, it has superior mechanical propertie® W

tion, reducing the conductivity ratio. This is hinted at It therefore consider AXM-5Q g_raphite to be not only a_suitable
results in Ref. [6] for battery graphite. The conductivigitw replacement for AGOT graphite, but a considerable improve-

1 K is similar to AXM-5Q graphite, while the room tempera- ment.
ture value can be estimated from the quoted electricaltiesis
ity. Various relationships have been proposed between ther
mal and electrical conductivity at room temperature [2, 31] Acknowledgement

and for this material they suggest a conductivity of around

16 Wm'K~! or lower, which is considerably lower than for ~ We thank T. Burchell of the Oak Ridge National Laboratory
AXM-5Q graphite. This suggests that AXM-5Q has a nearlyfor originally providing the AGOT sample, and POCO for the

optimal conductivity ratio. donation of the AXM-5Q graphite sample.
[1] Kelley BT. The thermal conductivity of graphite. In ments. J. Phys. Chem. Ref. Data 1974;3 Suppl. 1:1.
P. L. Walker, Jr., editor, Chemistry and physics of carbak; v [3] Burchell T, Bratton R, Windes W. NGNP graphite selectéom
ume 5. Marcel Dekker inc, NY, 1969; pages 119-215. acquisition strategy. Technical Report ORNL/TM-2007/153

[2] Ho CY, Powell RW, Liley PE. Thermal conductivity of theeel Oak Ridge National Laboratory, September 2007.



[4] Edwards DO, Sarwinski RE, Seligmann P, et al. The thermal temperature, type, neutron irradiation, and brominati®hys.

conductivity of AGOT graphite between 0.3 and 3 K. Cryogen- Rev. 1956;104:885.

ics 1968;8:392. [20] Tyler WW, Wilson Jr. AC Thermal conductivity, electakre-
[5] Locatelli M, Arnaud D, Routin M. Thermal conductivity of sistivity, and thermoelectric power of graphite. Phys..R&53;

some insulating materials below 1 K. Cryogenics 1976;14:37 89:870.

[6] Jana S, Kov& L, Feher A. Thermal conductivity of graphite [21] Woodcraft AL. Recommended values for the thermal caadu
in the temperature range from 0.7 to 2K. Physica Status iSolid tivity of aluminium of different purities in the cryogeniot

A 1972;9:K153. room temperature range, and a comparison with copper. Cryo-
[7] Teleberg G, Chase S, Piccirillo L. A cryogen-free miniat genics 2005;45:626.
dilution refrigerator for low-temperature detector apptions.  [22] Rose-Innes AC. Low temperature laboratory techniques-
J. Low Temp. Phys 2008;151:669. glish Universities Press, 1973.
[8] Hust JG. Fine-grained, isotropic graphite for use as NBS[23] Woodcraft AL.  Zirconium copper - a new material for
(National Bureau of Standards) thermophysical propertysRM use at low temperatures? In Y Takano, SP Hershfield,

from 5 to 2500 K (Final report). National Bureau of Standards SO Hill, PJ Hirschfeld, AM Goldman, editors, Low Tempera-
Boulder, Colorado, 1984. NBS Special Publication 260-89. ture Physics: 24th International Conference on Low Temper-

U.S. Govt. Printing Office, Washington D.C. ature Physics - LT24, volume CP850. American Institute of
[9] Mercuri RA, Criscione JM. Nuclear graphite, 1985. USqyst Physics, 2006; pages 1691-1692.
4,526,834. [24] White GK.  Experimental techniques in low-temperature
[10] Pobell F. Matter and Methods at Low Temperatures. Sj@in physics. Clarendon Press, Oxford, 1979.
1992. [25] Hust JG, Lankford AB. Update of thermal conductivitydan
[11] Seligman PF, Sarwinski RE. The contraction from 295K to electrical resistivity of electrolytic iron, tungsten asthinless
4K of some solders, epoxies, and AGOT graphite. Cryogenics steel. National Bureau of Standards, Boulder, Colorad8419
1972;12(3):239. NBS Special Publication 260-90.
[12] Bosch WA et al. Proc. TEMPMEKO 2001. 397, ed. by B. [26] Vespe® Polyimide Specifications. http://www.boedeker.com/
Fellmuth et al., VDE Verlag, Berlin. vespel_p.htm. Accessed 2008/05/13.
[13] Schéttl S et al. Evaluation of SRD1000 Supercondudied- [27] Ventura G, Bianchini G, Gottardi E, et al. Thermal exgian
erence Devices. J. Low Temp. Phys. 2005;138:941. and thermal conductivity of Torlon at low temperatures. &ry
[14] Schooley JF, Soulen RJ Jr., Evans GA Jr. Standard Refere genics 1999;39:481.

Materials: Preparation and Use of Superconductive FixéatPo [28] Barucci M, Olivieri E, Pasca E, et al. Thermal conduityivof
Devices, SRM 767. National Bureau of Standards, Boulder, Torlon between 4.2 and 300 K. Cryogenics 2005;45:295.
Colorado, 1972. NBS Special Publication 260-44. U.S. Govt.[29] Touloukian YS, Liley PE, Saxena SC. Thermophysicalpgre

Printing Office, Washington D.C. ties of matter. Vol. 1. Thermal conductivity: metallic elents
[15] Woodcraft AL, Duncan WD, Hastings PR. A replacement for and alloys. Plenum, NY, 1970.
AGOT graphite? Physica B 2003;329-333:1662. [30] Shore FJ, Sailor VL, Marshak H, et al. Use of graphiteas |
[16] Mirkovich VV. Electrical resistance anisotropy of a BO temperature support and shunt for heat switch. Rev. Sdi. Ins
AXM-5Q1 graphite. Int. J. Thermophys. 1987;8:795. 1960;31:970.
[17] Chau CK, Lu SY. Low-temperature magnetothermal corduc [31] Maahs HG. A study of the effect of selected material prtips
tivity of pyrolytic graphite. J. Low Temp. Physics 1974;457. on the ablation performance of artificial graphite. Techhic
[18] Morelli DT, Uher C. Thermal conductivity and thermopemof Report TN D-6624, NASA, Langley Research Center, Hampton

graphite at very low temperatures. Phys. Rev. B 1985;31.672 VA, 23365, 1972.
[19] Smith AW, Rasor NS. Observed dependence of the low-
temperature thermal and electrical conductivity of gréplon



