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Woven Nomex® ribbon cables made up with superconductingimio titanium wire are used at millikelvin
temperatures in many large cryogenic instruments. It iomgmt to know how much heat in transmitted down
such cables. However, the conductivity of the materialgl useot well known. Another problem is that the
wires are normally clad with alloys which exhibit some maigra. This is a potential problem for instruments
employing superconducting detectors. A safe non-magat&mative to the usual materials is phosphor-bronze
clad niobium-titanium wiring. However, there is little exience with such wires. We have therefore measured
the conductance of a ribbon cable made up with these wires.nidasured values are in good agreement with
our predictions, suggesting that the values we have useadeinthe cable are sufficiently accurate, and could
therefore be used to predict the performance of ribbon salding other cladding materials, so long as the
conductivity of the cladding is reasonably well known. Astgs our analysis, we consider the likely variation
in thermal conductivity values for C51000 phosphor broremgsed by legitimate variations in composition.
Keywords: Superconducting cables (A); Thermal conductivity (C)tlamentation (D); SQUID systems (F)

1 Introduction 2 Sample

The sample measured was produced by TeRdatad con-

Woven ribbon cables [1] are used at millikelvin temperagure sisted of 40 wires (made up in twisted pairs) each consisting
in many large cryogenic instruments. Heat transmitted dowmyf a 64 pum diameter niobium titanium (NbTi) core with a 10
the cables is often minimised by using niobium-titaniumTb  um thick phosphor bronze cladding. The phosphor bronze is
wire, which is superconducting at temperatures below 10 K. lalloy UNS C51000 (also known as CDA 510), with nominal
is practically impossible to solder to NbTi, and thus theewir composition of 4.2 —5.8% tin and 0.03 — 0.35% phosphorus by
is generally clad with an aIon which is more amenable to SO|weight, the remainder being copper along with trace iming_it
dering. This alloy is commonly constantan or a similar cappe The ribbon cable is woven from Nomex®; there are 39 warp
nickel alloy. However, such alloys are somewhat magnetid, a (ji.e. parallel to the wires) threads of 0.226 mm diameted, an
there is the potential for them to cause magnetic interfagen six smaller (0.143 mm diameter) threads, three on each $ide o
with SQUIDs where these are used in readout circuitry. Niothe ribbon; the general configuration is shown in Fig. 1. The
bium titanium wire is available with copper cladding. Copjge  sample measured was approximately 100 mm long.
non-magnetic, but it has a high thermal conductivity andtmus
be removed over some part of the wire length. This is possible We are not aware of any measurements on the thermal con-
but not easy to achieve with woven ribbon cables. An alterductivity of Nomex in this temperature range.
native non-magnetic, but low conductivity, cladding metkis
phosphor bronze.

Nomex thread
(weft)

While phosphor bronze is a reasonably common material for
cryogenic wiring, the use of phosphor brorctadding on su-
perconducting wire is not usual, and we are unaware of an
information on the performance of such cables. Furthermore
the thermal conductivity of the niobium-titanium and theawe
material is not well known. We present thermal conductancé
measurements of a ribbon cable made up in this way, intendell—3
for use in the SCUBA-2 astronomical instrument [2] at teraper St LT L (warpy o
atures below 1 K. While we have not measured the conductivity=——— =~ o~c-o~o~o~o~o~o—°
of the components of the wire individually, the measurement
should be of some use in predicting the conductance of simila_

cables using more common cladding materials since even thfg9ure 1: Schematic of the layout of the ribbon cable (theaiatum-
is not well known. er of wires and threads is more than shown)

Wire
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Thermometer Copper foil

conductance G(T):

timated to be about 4%;
— 3) The uncertainty in the temperature due to the accuracy of
the thermometers. A conservative value is 1%.
/ Taking into account these contributions, the relative reimo
conductance is about 5%.

777 — 1) The power supplied to the sample: we estimate that the
Copper relative error is of the order of about 0.1%;
support — 2) The measurement of the geometry of the wires; this is es-

Copper block

4 Results and analysis
Heater \
Ribbon . .
- cable The results are shown in Fig. 3. The conductance was ob-
tained by differentiating the applied power as a function of
|: heater block temperature; the conductance for a unit leofyth

the ribbon cable is shown in Fig. 4. This can be represented by

TR e eoressr

G =3.11x 1078719, (1)
Support for radiation
shield (not shown)
Figure 2: Photograph (left) and schematic drawing (righthe exper- 6 .
imental configuration 10 3 E
= I °
3 Measurements S 107 . .
% C
It is difficult to measure the thermal conductance of a single™ *
length of a non rigid good insulator, since mechanical suipo 10-8kL . __
required and the conductance of this support will be measare 2 o 3
parallel with the sample. We therefore supported the witket
ends and applied heat in the centre, thus measuring the condu i
tance from the centre to each end in parallel. The experimhent 10 :
0.1 1.0

configuration is modified from a design we have successfully
previously used to measure the conductance of Kevlar® at mil
likelvin temperatures [3]. The layout is shown in Fig. 2. The
ribbon cable was supported at both ends by a copper mou

one end of this was mounted onto a copper block attached to
the mixing chamber of a dilution refrigerator. A radiatidriedd

at mixing chamber temperature surrounded the sample. Ther-

Temperature (K)

tjgure 3: Measured power dissipated in the heater as a &umafithe
émperature measured at the centre block.

-7
mal contact was made to the ribbon cable at both ends by sand-, N
wiching it between the mount and a copper block; 50 pum thick i
copper foil was wrapped around the cable to improve thermalg
contact. The copper block was bolted to the mount using ny-c
lon screws; these have significantly greater thermal cotitra o

than copper, and thus the contact improves upon cooling. Atf

the centre, the cable was sandwiched between two more coppel 10781

blocks arranged in a similar manner. The centre copper blocks
carried a NiCr heater and a thermometer, and the outer blockg
carried a thermometer. The thermometers were both,Ri€D 5
vices; the calibration method has been described previfdis!

The two lengths of cable across which the measurements wer

S
3
©
€
made were botB0 £ 0.1 mm. ©

To make measurements, the mixing chamber was held ata
constant temperature and the equilibrium temperature f th
centre copper block measured as a function of applied heater

Temperature (K)

1.0

power. Measurements were made at two mixing chamber tenjgyre 4: Conductance for a unit (1 m) length of ribbon cabliained
peratures (100 and 200 mK); the two measurements were ipy differentiating the data shown in Fig. 3. The line showsagr-law

good agreement with each other. fit to the data.

There are three main contributions to the relative erronan t
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107F R use the conductivity of Kevlar as a substitute for the unkmow
- ] values for Nomex. Our recent measurement of the condugctivit
at millikelvin temperatures [3] gave the following condiuvity:
1078 e 3 KKevlar = 3.8 X 1073(T/K)*PWm 'K~ 1; (3)
earlier measurements over the same temperature rangerg] we
in good agreement.
E However, at room temperature we have measured [7] a con-
1 ductivity of 4 Wm~'K~! for Kevlar; this is much higher than
the conductivity of Nomex [8], which is around OV8m K !,
-7 Measured conductance — 1 suggesting that Kevlar magot have a similar conductivity
- Nomex - . ..
1070 7 NbTi - - = to Nomex. Nomex fibredoes have a similar room tempera-
E L3 ture conductivity to nylon [8], another polyamide (but not a
0.1 1.0 aramid), and therefore the conductivity of nylon at millika
Temperature (K) temperatures may be a more suitable substitute. There are va
ious measurements in the literature on the thermal conducti
Figure 5: Predicted conductance for a unit length of theaibba- ity of nylon below 1 K, most of which are in reasonably good
ble and its constituents. The conductance of the Nomex astmium agreement_ An upper limit to the various measurements (vvh|c

titanium are shown as single lines (dotted and dashed r@sflgl 5 close to the values in the well-known paper by Locatelli et
while the phosphor bronze conductance is shown as a posaiie al. [9]) is given by

of values corresponding to variation between differentgamof the
same material (dotted vertical hatching). The total ptediconduc-
tance therefore also consists of a range of values (dialyomaiched
area). The measured conductance (converted to a valueifderngth
of wire) is also shown (thick solid line).

Conductance of unit length (WmK™)

Knylon = 2.6 x 1073(T/K)* PWm 1K™, 4)

this is slightly lower than the values above for Kevlar atary

genic temperatures. Since the conductivities of nylon and

Kevlar are similar at millikelvin temperatures, it maketldi

difference which we choose; we have chosen the Kevlar values

where T' is temperature; this is shown as the solid line in For the alloy of phosphor bronze used. (.C51OOO)' we are

Fig. 4. A possible source of systematic error in the measure2 V€ of o_nly one set of thermal conductivity measurements
t cryogenic temperatures [£0]Furthermore, there is known

ments would be a significant thermal resistance between t € be considerable variation in conductivity between défe
copper blocks and the ribbon cable. We believe based on pre: y

vious measurements that the mounting scheme we have usggmplesbcl)f this mat_erlﬁl (even att r??_m ter;pﬁratukr]e), sinee t
provides a contact resistance which is sufficiently smalbeo permls_?l le rangtl\e/ls in the amo;m ,:) n ar: P ospt orufsnpnrese
neglected. The results suggest that this is indeed the tase; are quite large. Measurements at room témperature from var-
thermal conductance at such a contact is expected on bath thigUs Sources were considered in Ref. [12] and used to gen-

oretical and experimental grounds to have a temperaturendep €rate an equation for the room temperature conductivity as a
dene betee and; he observed overal variton of 1210 111 21 psphorts conent, For the composiion
T2 suggests that any contact resistance is small. 9 ' P g 9

_ 44 — 92Wm~'K~1!) for room temperature conductivity. The
In Fig. 5, the measured values are compared to values pres ey jimit corresponds to the worst case of maximum phos-

dicted from the composition of the ribbon cable. The thermalphoruS and tin content and is perhaps unlikely. Measuresnent
conductivity of the various components is taken from vasiou 5., presented in Ref. [13] for the thermal conductivity obgh
measurements in the literature. Unfortunat_ely, relialzlkri@s phor bronzes with a range of compositions from around 15 K
are not available for any of the components in the cable. to room temperature. The room temperature values are gener-
The thermal conductivity of NbTi is not well known, and ajly around 20% higher than the equation from Ref. [12] would
above the transition temperature there is considerabla-var suggest, and in particular show less reduction in condittiv
tion depending on exact composition and heat/mechaneatHtr  with phosphorus content than seen in the measurementsrused i
ment, and possibly also between nominally identical sample Ref. [12]. Generating a new equation for room temperatune co
Below the transition temperature there is little data. Rert  ductivity by including data from both Refs [12] and [13] give
more, the thermal conductivity of materials in the supedtant-  gom temperature range for C51000 of 57 “Wah 'K ~1; the
ing state is not well understood. As areasonable approlomat  two samples measured in Ref. [13] with composition withie th
we use measured values [5] for a niobium-titanium rod. Measpecifications for C51000 fall into this range. However, & b
surements on NbTi wire are given in the same paper; the cortonservative, for our analysis we have used the first an@iarg
ductance was found to be about half that of the rod. Given theange given above.
uncertainty for this material, we use the rod values as aegens Having obtained a range of values at room temperature, we
vative value, giving a conductivity of need to convert this to a range at millikelvin temperatuFést
s = 0.027(T/K)2Wm =K. @) we consider the conductivity at 4 K, since this is the lowesi-t

We are unaware of any measurements of the thermal conduc-
tivity of Nomex at cryogenic temperatures. Nomex is an acami , In this paper, good agreement was shown with earlier measunts [11] on

(aromatic F’_Olyamide)- AnOther aramidwhich is commonlydise  an alloy with similar composition to C51000 (the phosphotostent was
at cryogenic temperatures is Kevlar® and we could therefore slightly higher than permitted by the C51000 specificatjons
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perature that we have data for. The measurements in Ref. [10] It can be seen from Fig. 5 that the measured values for the rib-
were made from 4 K to room temperature; at room temperabon cable conductance lie within the range of predictedeslu
ture they are close to the upper limit. To obtain a lower limit Since the contribution from the phosphor-bronze domin#tes
for C51000 at 4 K, we assume that the ratio of conductivities afact that we have represented the Nb-Ti and Nomex components
4 K for two different samples are the same as at room temperdy a single value rather than arange has little effect onghge
ture. While this is in general not true for a metal, it shouddsb  of values for the total predicted conductance; a differeoice
good approximation for such a strongly alloyed materiah&st a factor of two would have little effect on the overall conduc
The validity of this approximation is supported by the usamf tance. Given the large uncertainty in the conductivity oftz
equation [14] derived to predict the conductivity of pur@per  components, the agreement may be to some extent fortuitous.
as a function of temperature for different purities. White i However, it suggests that the predictions are reasonalbly-ac
tended for use only with pure copper, it has been shown to als@te. Therefore it should be possible to predict the peréorre
apply well to dilute copper alloys such as beryllium copdé&i[  of ribbon cables using other wire and cladding material$ wit
and it also fits the data from Ref. [10] reasonably well. some confidence. In particular, it suggests that the coaduet

The next problem is that we do not know the temperaturghrough the Nomex (a poorly known quantity) is small.
variation below 4 K. Above 4 K, the conductivity variesBS2.
The conductivity of a metal due to electrons is expected tg va
linearly with temperature; the fact that the exponent isatge
than 1 is believed to be due to a significant contribution froms Cgonclusions
conduction through the lattice. In a metal, lattice conaturct
is expected to vary below 4 K approximately&%, and there-
fore will become much smaller than the electronic conditgtiv. Ve have measured the conductance of a sample of woven
at millikelvin temperatures. The exponent should therefoe ~ NOMeX ribbon cable containing phosphor-bronze clad nibiu
somewhere between 1 and 1.2. We therefore obtained upper aHnium wire. Such a cable has the advantage that it does not
lower limits below 1 K by extrapolating the upper limit at 4 K Contain any magnetic materials, unlike cables employirgy th
with an exponent of 1, and the lower limit with an exponent of More usual monel or constantan cladding. While the thermal

1.2, giving values of conductivity of the different components of the cable iswell
known, we have predicted a range of likely values for the con-
KPhBr, upper limit = 0.36(T/K)Wm 'K ~! (5)  ductance. The measured results lie within this range, siigge

that the values we have chosen are reasonably accuratéuend t
can be used to predict the conductance of ribbon cables using
KPhBr, lower limit = 0.14(T/K)!?Wm 1K1, (6)  other wiring materials.
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