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Abstract

In the LHC main magnets, using Rutherford type cable, the eddy current loss and dynamic magnetic
field error depend largely on the electrical resistance between crossing (Rc) and adjacent (Ra) strands.
Cables made of strands with pre-selected coatings have been studied at low temperature using a DC
electrical method.

The significance of the inter-strand contact is explained. The properties of resistive barriers, the DC
method used for the resistance measurement on the cable, and sample preparation are described. Finally
the resistances are presented under various conditions, and the effect is discussed that the cable treatment

has on the contact resistance.
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Abstract—In the LHC main magnets, using Rutherford type  magnetic field error and the energy losses. At its maximum,
cable, the eddy current loss and dynamic magnetic field error the R is limited by the cable stability against thermal
depend largely on the electrical resistance between crossing (Rc) excitations [2], and uneven current distribution between
and adjacent (Ra) strands. _ strands due to boundary-induced coupling currents [3].

C_:ables made of strands W_lth pre-selecteq coatings have been Based on a theoretical study [4] and the measurement of
studied at low temperature using a DC electrical method. dynamic field errors, the Rshould be maintained above

The significance of the inter-strand contact is explained. The .
properties of resistive barriers, the DC method used for the 10puQ. The R&D work aims at a value of 2Q. At the

resistance measurement on the cable, and sample preparation same time Rshould not be set too high for thermal stability
are described. Finally the resistances are presented under '€asons. . o .
various conditions, and the effect is discussed that the cable ~ The effect of adjacent ,Ron the magnetic field error is

treatment has on the contact resistance. not significant for R>0.2uQ [5], which is valid in all
applicable non-soldered cables.
|. INTRODUCTION The LHC strands are well defined, but the strand coating,

The coils of the LHC dipoles and quadrupdi&kconsist Which repreger!ts only a small part of the cable budget, has
of 2 layers of winding, 15 mm wide, with a differentStill to be optimized. _ _
superconducting Rutherford type cable for each layer. The main goal of the R&D program is: 1) to define a

The inner cable of the dipoles is made of 28 strand<oating which can be industrially deposited, and well
1.065 mm in diameter, having a Cu/SC ratio of 1.6. The out&pntrolled either at the strand or at the cable level, and 2) to
cable is made of 36 strands 0.825 mm in diameter. The 1368t@blish procedures that guarantee the desired valuginf R
LHC twin aperture dipoles will require the fabrication offunctioning magnets.
around 6600 km of superconducting cable.

The strands are annealed before coating and cabling. THe THE R&D PROGRAM ONCONTACT RESISTANCE ATCERN
cable is fabricated by passing the strands through a turk’s The CERN R&D program has 3 main lines of activity:
head, where they are strongly deformed. Sometimes diluted « the testing of the physical properties of the strand with
and volatile ail is introduced in the cable during fabrication. different coatings by a three contacts setup [6],

A standard heat treatment (SHT) for 0.5 hour at 190 C « the measurement of Rn industrially made cables by
under pressure is used in the fabrication of the coils for a DC method, and simulating the various fabrication
gluing the polyimide insulation of the cable. processes, which both are described in this paper,

In a Rutherford type cable strands touch in 3 types of « the determination of Rand its distribution in the
contacts: strands laying in opposite faces of the cable form magnet coils by measurement of the loss and the
crossing contacts with electrical resistances rieighboring dynamic magnetic field error [7].
strands form (on most of the length) adjacent contacts with The program incorporates the physical and chemical
resistances R while on the cable edges they form moreobservation of the contact surfaces before cabling, after
complex contacts related tq Bnd R. R,, R. are defined and cabling, and after the heat treatment with and without
normalized as the resistances per one cross-over of strartessure, in connection with the coil fabrication procedures.
The values of these resistances are very sensitive to tBpecial attention is paid to the analysis of the local
fabrication process of cables and caoils. deformation, and the evolution of oxides in the coatings.

During the ramping of the LHC magnets, coupling The Sn,, Ag,, coated strands, which have been widely
currents are induced between the strands, resulting ised in accelerator magnets and in the LHC prototypes, are
dynamic distortions of the magnetic field, and in energyeing extensively studied. Other variants under evaluation
losses. These effects are proportional to dB/dt and inversedye: non-coated strands, strands having a CuNi barrier,
proportional to the contact resistancg Rhe inner layer of strands coated with Ni, Zn, SnNi, SnZn, Snin, NiZn and
the LHC dipoles is the main source of field error and Joul&nSb.
heating. Special developments are pursued at the cabling level in

The desired value of Rin the main LHC magnets is order to fabricate and evaluate Rutherford cables with a
limited at its minimum by constraints on the dynamicmetallic ribbon between the strand layers in the states:

non-soldered, partially soldered, or soldered with a porous
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Similar programs exist for other machines; bareabove the melting temperature of the coating (~210 C) the
superconducting cables have been extensively studied for tgpwth of the e-phase accelerates so that it can fill the

RHIC [8], and for the SSC [9]. coating layer in a few minutes.
We have observed by the means of Auger depth analysis
[Il. PROPERTIES OF THERESISTIVEBARRIER [11] that in some of the tested strands the coating was

The interstrand contact resistance (ICR) is controlled bompletely transformed into a (3n, phase, while on other
the resistive barrier surrounding the strand. A layer ofested strands some non-reacted, 3, remained at the
resistive alloy, e.g. CuNi, or a thin film of Cu oxides on theSurface.
surface of the strand form a resistive barrier. The coating of the strand reacts with air. The type of

An ideal bulk material giving the Rof 20uQ at a oxide which is formed on the surfa_c.e during storage or heat
thickness of 1um should have resistivity of f@m at (reatment depen_ds on the composition of the coating. When
1.9 K. As an example, the barrier made of 8iy, giving R. ~ S™s.AJs,. rémains on the surface, or when thephase
of 20 uQ should be as much as ~gf thick. CgeSrg intermetallic reaches the surface, oxides SnO or a

A barrier can also be made from a thin film of metalmixture of SnO+SnQare formed [12]. When-phase CiSn
oxides. They form spontaneously or can be forme&Xists atthe surface, Cu oxide is developed.
artificially on the strand surface. Some of them are From that description of the formation of oxide barriers
semiconductors with high resistivity at low temperature. AN SnAg coating we can deduce that during the coating
few nm thick layer is sufficient to have the Bf 20puQ.  Process and periods of storage, predominantly SnO barrier is
Most of the LHC model magnets use strands coated wiffprmed at the surfacg. When the cable is fab_ri_cated through
Sn,,Ag., which in contact with air develops a similar the turk’s head the oxide layer is strongly modlfled.
barrier. The metallurgical properties of ,Spg,, are In prder to study the properties of the barrier formed by
discussed in the next paragraph. Cu oxides, the coating layer has first to be converted into the

R. of cables changes during cable and magne‘i‘phas? intermetallic by a'spec'ial heat treatment. .
manufacturing, intermediate storage, and perhaps during the During the magnet coil curing, the conductor is warmed
magnet functioning. Shaping and gluing of magnet coil§P typically to 190 C at a pressure of ~100MPa for ~30 min.
(curing) changes the ICR more than any other step. Cablé§€ contacts between strands close hermetically under
with bare Cu strands, ready for coil manufacturing have apressure. Micro-contacts flatten and oxygen easily diffuses
R. of 10 to 16 uQ. After SHT curing, their Rdrops to 0.5 from the contact surface inside the Coatln.g. As no addlt'lonal
to 2uQ. The resistive barrier must be robust in order to keefXy9gen can reach the contact, concentration of oxygen in the
the R, within desired limits. contact drops and so the, Becreases, as measured in our

Another physical properties of the resistive barrier whictfXPeriments. . o _ _
should be taken into consideration are: good adhesion to the On€ of our goals was to obtain a resistive barriers being
strand, low thermal Kapitza resistance to the superflui§table after coil curing.

He Il, and small thickness as the barrier occupies space used
otherwise by stabilizing copper. These properties are not V- DC ELECTRICAL METHOD FORMEASUREMENT

subject of this paper. OF R, ON CABLE SAMPLES
We have implemented a system for DC electrical
A. Properties of the SnAg Coating measurement of Rand R . The system consist of a 4.2 K

As an example, we resume the creation and diffusion &yostat with a superconducting magnet, sample holders, DC
intermetallics and oxides in the SnAg coating, as found ifurrent supplies for samples and for the superconducting
literature. magnet, and an (IBM compatible) personal computer

The SnAg coating for the LHC is made by hot dippingcontrolling the experiment. In addition we use a hydraulic
the annealed strand in a,SpAg,,, bath. The coating layer is Press for the sample assembly, and an electrical oven for the
nominally 1 to 1.5um thick. heat treatment of the samples.

Inside the strand, at the Cu/SnAg boundary, Cu diffuses
into the coating and Sn diffuses into the Cu, creating Cugh- Principle of the Measurement
intermetallics [10]: a film of the C8n intermetallic called The principle of the method is the measurement of the
e—phase, and on top of it a (B, intermetallic with a grain distribution of the DC voltage among the strands of a cable
structure, callech-phase. At room temperature thgohase sample in the superconducting state, and the evaluatiop of R
Cu,Sn remains limited to the Cu/coating interface, while theand R from this distribution. The electrical field in the
n-phase CiBn grows continuously through grain sample is controlled by current injected into two opposite
boundaries until the external surface of the coating istrands.
reached. If the temperature increases, dfghase CiBn The electrical scheme of the sample is shown on Fig. 1.
grows as a layer at the expense of thehase. Slightly Each superconducting strand acts as an equipotential

cylinder. Let us suppose that both &d R are uniform in
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Fig. 1. Simplified electrical scheme of the cable sample. The scheme 0 4 8 12 1 20 2 28

drawn for a cable with 14 strands, which are marked with circles. Thi Position of strand in cable

measured cables had 26, 28, and 30 strands. For the sake of clarity, the r

resistances are shown between the strand connected to lead +1, and all othigr 2. Voltage distribution on a sample with homogenoysa/®d R. The
strands only. In cable these resistances exist between any two non-adjacealtage is relative to the voltage hetween the strands introducing current
strands. into the sample.

the sample. The complete electrical network of the cable theaf Ti alloy. The holder has 42 mm outer diameter and is
simplifies, and can be described using total resistancesdr 190 mm long.
r. between strands. The total resistangebetween two The two trapezoidal cables, insulated by a double wrap of
adjacent strands is a parallel combination gfNy, adjacent 25 pum thick polyimide foil, are installed into the cradle in
contacts with resistance,Rand N, crossing contacts with 0pposite directions, so that they have an overall rectangular
resistance R The total resistance . r between two Cross-section. The cables are compressed into the cradle via a
non-adjacent strands is a parallel combination gthssing ~ piston with the help of a press. Pins are then installed to
contacts with resistance. R\, is the number of strands in the maintain the assembly, and the pressure is released. The
cable, N,=2L, /L, where L, . is the length of the shrinking cylinder is compressed perpendicularly to the
sample, and |.is the twist length of the cable. Electrically longitudinal axis, and deformed to allow the insertion of the
the sample is a polygon with strands in the nodes, adjace¢figadle with cable and piston. When the pressure on the
resistances,ron the sides, and crossing resistangesasr shrinking cylinder is released, the cylinder pushes the piston
diagonals. The current leads are connected in two opposigainst the cradle keeping the cable under pressure (P). P is
nodes of the polygon. calculated from the difference in deformation of the relaxed

If both R, and R are uniform in the sample, the voltage shrinking cylinder with and without sample with the
distribution is symmetrical. The shape of the distributiorPrecision of 15 %. The value of P depends on the dimensions
(Fig. 2.) is a function of the JR., while the voltage U of the sample, and varies between 20 and 35 MPa. For
between strands used as current leads, is a function of b&@veral measurements a new sample holder was used with
R, and R. This result was independently shown in [3]. InP =50 MPa.
real cable the distribution is not symmetrical as a result of Nine pairs of potential taps are attached to each sample:
the ICR changing on the cross-section of cable.

If R,>7 x R, we consider that Ris proportional to U 41 mm SHRINKING CYLINDER
When that condition is not valid, we calculate a voltage
distribution for trial values of R and R by solving the
circuit matrix of the cable. We usg Rind R™ as parameters,
and we minimize for the selected strands the square
difference between the measured and calculated voltages. In
that case we take into account both the varying ICR and the
real geometry of the cable .

PISTON

2 SAMPLES OF CABLE

. CRADLE
B. Experimental Setup

The sample holder consists of a cradle, a piston, a set of
pins, and. an outer shrinking qyllnder (Fig. 3.). The Cradl%i . 3. The sample holder consists of the cradle, piston and the
and the piston are made of stainless steel, the pins are Mag@gnking cylinder. Two samples of cable are installed in oposite
of hardened silver steel, and the shrinking cylinder is maddirections. The holder is 190 mm long.




one pair is attached to the strands used to connect the sample  VI. CABLES WITH STRANDS WITHOUT COATING
to the current supply. The other pairs are used to record the
potential on the 8 strands closest to the strands connectedAoEffect of Heat Treatment under Pressure

the current supply. The fit of the measured data for 25, 165, 190, 215, 246 C.

The measured voltage ranges between 100nV anghows exponential decrease of resistance with the
100uV, and is measured by a Keithley 182 nano voltmetefemperature of the heat treatment (Fig. 4.):

using a Keithley 7001 scanner. The measurement is fully R. = 152x exp (-0.029%60) [uQ] for cable No. 2184,

controlled by a personal computer. and R = 1590x exp (-0.03636) [uQ] for cable No. 525. In
Magnetic field is applied parallel to the longitudinal axeshoth cases, data are for heat treatment of 1 hour at

of the sample by a superconducting solenoid in persistefgmperatur@ and P = 28 MPa, and B = 0 T. For example the

mode. cable No. 2184 has R 0.54uQ, while cable No. 525 has

R.=1.6uQ after SHT. These results indicate that R

influenced by the cable manufacturing, since the cables were
All ICR measurements presented here were done atade by different suppliers from the same strands.

4.2 K, and P of 20 to 35 MPa, unless specified otherwise. The residual Rafter heat treatment for 3 hours at 250 C,
During testing, the sample undergoes a series of differeahd P =23 to 30 MPa was 0.07@ (No. 2184, 0OT) and
heat treatment and pressure relaxation, with the ICB.16uQ (No. 525, OT). These results indicate that if contacts
measured after each step. stay well closed during the heat treatment, natural Cu oxides

In order to trace the Rand R evolution during magnet diffuse into the copper so that the electrical resistance of the
production, we measure the ICR of the cables: 1) dsarrier decreases. To obtain anvlue needed for the LHC
delivered, 2) after heat treatment at elevated temperature am@gnets, the oxide layer has to be produced by relaxing the
pressure simulating the coil curing, and 3) after the pressusable pressure during the coil curing as has been
on the sample was relaxed overnight and restored. In orderitaplemented in the RHIC machine magnet construction [8].
study the properties of ICR when oxides penetrate into the
strands special heat treatment is applied to the cable. B. Comparison with Measurement in Magnets

The ICR measurement starts by cooling the sample down The mean value of Rneasured in 3 model dipoles made
to ~4.2 K in a liquid Helium bath. The voltage d|str|but|9nwith the cable coming from the same supplier (No. 2184) is
between strands of the cable is then recorded both in @yove 3qu0 [7]. This high value of Rin the magnets

magnetic field of B = 6 T, and at zero magnetic field. indicates that new oxide layers must have been produced
In order to get the voltage distribution, taps 1109 argeanyeen the contacts during curing.

successively connected to the voltmeter via the scanner. FOr The rate of creation for oxide layers on Cu is as high as

each tap, the voltage is recorded at current levels of: 0, 10,y m/min at 170 C [8]. The problem which has still to be
40, 070, 0, 100, and 0 A, or 0, 2, 0, 8, 0 14, 0, 20, and 0 Ag|yed is the exact procedure (temperature and pressure
in both polarities. The voltage measured at 0 A, and thgycle) for controlling the equal distribution of the oxide
standard deviation of each measurement are used to MonifR&ige the contacts and all over the length of cables during

the drift and noise. the coil curing. Another source of non-uniform distribution
The measured Rs an average value ofRf about 1200  ¢5ncerning the Cu oxide layers could be its fragility as

contacts. The error of the measured averagis R.005.Q  shown in [6]. Moreover the Kapitza thermal resistance is
or 0.03 %, whatever is bigger. This error is not related to th

spread of the ICR in the cable. However the spread of tt  '°®
average Rmeasured on several samples of the same cable
related to the spread of individual,Rand could be used to
estimate it.

C. Measurement Procedure

Rc = 1590%e 2% 525, 1 hour at 27 MPa

100 m 2184, 1 hour at 30 Mpa

V. RESULTS OFR, MEASUREMENTPERFORMED ONCABLE
SAMPLES

The comparison between the Reasurements on cable
samples and the measurements in magnets is given in pa
[7]. The correlation between the measurements on cab
samples and the measurements on strands is discussec ‘ ‘ ‘ ‘ ‘
paper [6] o 50 100 150 200 250 300

With the exception of cables with resistive core anc Temperature  of heat treatment [C]
soldered cables, the measurements of ICR have shown that
R.>>R.. We therefore limit our presentation to Rr all the Fig. 4. Crossing contact resistance R. of cables No. 525 and No. 2184
other measured cables. with non-coated strands.

10

Re = 1527 *%7®

Crossing contact resistance Rc [ u£2]




very sensitive to the state of the Cu surface that could mefficient [ is rather constant for all samples
harmful to the stability of LHC magnets operating at 1.9 K. (B= 0.01&0.001 K), while the coefficient depends on the
sample as shown in the Fig. 5:

C. Evolution of Rwith Time at Room Temperature o = 23.0 uQ for cable No. 2191, 2 hours at 11 MPa,

Two cable samples (No. 2184) which have been treatede = 16.8 pQ for cable No. 2192, 2 hours at 11 MPa,
respectively at 190 and 250 C and kept under a pressure oft = 5.00 uQ for cable No. 2192, 2 hours at 25 MPa,
28 MPa, showed an QRdecrease of 17 and 10 % after 42 o = 3.27 uQ for cable No. 2193, 1 hour at 27 MPa.
days. The results of these measurement indicate that the After the SHT the Rvalue is a factor 7 smaller than
oxide is still diffusing into Cu at room temperature andbefore the SHT.

continues to influence R In order to understand in general the evolution ofitee
to the heat treatment and pressure cycles we compared
D. Influence of the Magnetic Field measurements on samples No. 01B0222, 01D6001, and

The variation with the magnetic field of Foetween 01E0104S produced by different manufacturegsofrtables
0and 6 T is the same for both cables and seems to depetidreceived ranged between 1 andi25 and R during the

mainly on the internal strand geometry and copper qualitfesting ranged between 0.6 and 125 We found that for

h d variati Ro(6T)-R:(07) all 3 cables (at P = 19 to 27 MPa):
The measured variation=z@ry — was 0.11, 0.31, 044 " peat treatment for 1.5 hour at 110 C decrease® R

for the different heat treatment of 160, 190, and 215 C. The R,/1.9,
Kohler's rule for copper having a residual resistivity ratio « heat treatment for 1.5 hour at 110 C and for 1.5 hour
rrr = 140 and 33 would give a resistance variation of 2 and at 140 C decreases ® R/ 3.1,

0.5 between O and 6 T. « heat treatment for 0.5 hour at 190 C decrease® R
R.,/7.0.
VII. CABLES WITH STRANDS WITH CuNi RESISTIVEBARRIERS R, is the resistance before heat treatment.

Cable No. 2188 with strands having a CuNi resistive If the pressure is released after a 0.5 hour heat treatment
barrier was compared with cable No. 2192 having similagt 190 C, R increases to R+ 14pQ. The standard
strands without barrier. The CuNi barrier was nh8thick ~ deviation of all these relations was 30%. One exception was
and was embedded in the outer Cu shell of the strangim50 Observed in sample No. 01E0104S; after pressure release R
deep from the strand surface. Strands of both cables weached its value before SHT but did not increment by
coated with ~Jum of Sn,,Ag.,. The cables as received had 14 uQ. If one subsequent SHT under pressure on the same
R.=11uQ (No. 2188, 13MPa, 0T) and.RL3uQ (No. 2192, sample is made, Rwill decrease by the already mentioned
13MPa, OT). Heat treatment of 250 C at 13MPa for 2 hour&ctor of 7.
was applied to both cables in order to distinguish the net ) o
contribution of the CuNbarrier. R dropped to R=2.4uQ B. Effect of Stimulated Oxidation at Room Temperature
(No. 2188, 13MPa, 0T) and R0.8puQ (No. 2192, 13MPa, In order to understand how different test operations
OT) respectively. modify R., we performed a series of measurements on

The difference of 1.6Q is due to the CuNi barrier. samples from cable No. 01E0104S. We found that humidity
Calculation based on the bulk resistivity of @i, and

contact dimensions suggests that iuld be 17uQ if a 100
Cu,Ni,, barrier of 25um would be put at the surface of the z Rc = 23.0% %0 x 2191, 2 hours at 11 Mpa
strand N Re = 16,8+ *%11 4 2192, 2 hours at 11 Mpa

m 2192, 2 hours at 25 Mpa
« 2193, 1 hour at 27MPa

VIIl. CABLES WITH STRANDS COATED WITH Sn,,,. Ad.,.

The R values of the cables, as received, vary from 1.7 t
3.7uQ (cables No. 2193, 01B0222, 01E0104S), and from 1
to 30uQ (cables No. 2191, 2192, 01B234A2, 01B234C2.
01D6001), for a pressure between 20 and 50 MPa.

Releasing and re-applying the pressure on the cable
room temperature and reinstalling the sample in the hold:
does not change R

10 -

Rc = 5.00*e™*-90%"

Rc = 3.27% 00100

Crossing contact resistance Rc [

0.1

A. Effect of Heat Treatment under Pressure 0 0 100 150 20 250

L . Temperature @ of heat treatment [C]
Heat treatment under pressure diminishesfdlowing

the exponential law R=a x exp ($x6) [uQ], with 6 the Fig. 5 Crossing contact resistance R of cables No. 2191, 2192, and
temperature of the heat treatment at full pressure. Th®93 with Sn,,,Ag,,, coated strands.

95wt.



condensing on the sample after it has been removed from tB46 C. The linear relation results in a decrease in ICR

cryostat increases the resistive barrier. smaller than for the previously described coatings.
Experiments show that Rf barriers formed by humidity After releasing the pressure, an increase obéturs and

at room temperature decreases more after the first SHT, thtre value can be close to or even well above theaRie of

R, of barriers formed at 190 C. the as received cable. A subsequent heat treatment shows a

reduced linear decrease: .R-0.583x 0+ 197 Q.
C. Effect of Heat Treatment without Pressure and Stimulate@onditions of the measurements are: heat treatment of 1 hour
Oxidation at temperatur® and P =28 MPa, B =0 T. The fit is based

Heat treatment at 190 C without any pressure has be®R data for 165, 190, 215, and 246 C.
performed on cables No. 01B0222, 01D6001, and 01E0104S The effect of the second heat treatment can be expressed
and lead to an increase bym independent'y of the strand by a I’atio betWeen the initial and final values Qf'l-'\he ratio
and cable manufacturing, and even of the previous history &f @ constant for a given heat treatment and cable, and does
the cable. If one subsequent heat treatment with pressure @t depend on the initial value. For the heat treatment of
the same Samp'e is made, tm' decrease by the a|ready 1 hour at 245 C and 24 MPa the ratio was 3.8 to 4.5 while

mentioned factor of 7. These measurements show th#te initial R, varied between 185 and 1140.
relaxing the pressure after SHT, or heat treating without Samples treated at 190 and 250 C were re-measured after

pressure has the same effect Qn R 42 dayS at P =26 MPa. They showed a small increasg of R

We performed a series of experiments on samples froMiith time.
cables No. 01B234A2, 01B234C2, and 01E0104S in order to
understand what treatment causes the increase of the resistiv&. CABLES WITH STRANDS COATED WITHSN,,,, A, AND
barrier. We found for cable No. 01E0104S that during heat WITH A METALLIC CORE IN THECABLE
treatment in dry air at 190 C, a protecting layer of oxides is Cable No. 533 is made of §pAg,,, coated strands and
formed on the strand surface. This layer prevents furthdras a 2qum thick stainless steel core [13]. After a heat
oxidation, and thereby does not allow to increaseyRmore  treatment of 1 hour at 165 C and 31 MPa, the contact
than 14uQ2 even after 2 hours heat treatment. If oneresistance of the two samples was equal to= R0O9 and
subsequent heat treatment with pressure on the same san#e uQ, and R = 4.8 and 5.LQ respectively. The high R
is made, Rwill decrease by the factor of 7. value obtained with the stainless steel core is probably due to
When the sample (measured on cable No. 01B234A2n oxide barrier formed on the core.
01B234C2, and 01E0104S) was treated at 190 C in air Cable No. 534 has a 28n thick Ti core and Sp,Ag.,,
containing water vapor, the_Pbarrier continued to grow. coated strands. After heat treatment of 1 hour at 165 C and
The increment in Rafter 4 hours of heat treatment was31 MPa, the contact resistance of the two samples was equal
58 and 6G.Q (sample No. 01B234A2)and 71 and 812  to R. =50 and 5410, and R = 2.6 and 3.1 respectively.
(sample No. 01B234C2). Partial soldering of the cored cables with,SAg,,, has
After a first SHT, following the heat treatment in the airreduced the Rto 0.14uQ.
containing water vapor, the 2 samples No. 01B234A2
reached R=17 and 13.Q, while the samples No. 01B234C2 XI. CABLE FILLED WITH POROUSMETAL

d
reached =22 and 23.Q. After the 2" SHT heat treatment, 1,5 samples of cable with non-coated strands filled and
which immediately followed the first one Recreased only ¢ 1dered with a mixture of Ag powder and,SAg,,, solder
by 2 to 4%. These results indicate that the oxide formed 3] were measured. '
using water vapor penetrates deeper in the coating and the pq received the cable had#3.7uQ for both samples,
concentration gradient flattens. The rate of the oxidgpq R=49 and 671. In a sequence of heat treatments of
diffusion into the coating slows then down, andtRRcomes ;5 hoy/110 C/27 MPa, 1.5 hour/140 C/27 MPa,  pressure
constant in the range of 17 to @@, independently of the rg|axation and application, and 0.5 hour/190 C/29 MPa, R
following heat treatment. of the first sample grew steadily from 3.8 to 4¢3, while
. R, first dropped to 3.8Q and then grew steadily to 6uS2.
IX. CABLES WITH STRANDS COATED W'THN' R. of the second sample first dropped to {5 and then

Strandg of the cable No. 531 have a Ni eleptroplated layegmained stablewhile R, first dropped to 2.3 and then

of 1 um thickness. The Rof the cable as received was 318grew to 2.8uQ. The presence of the core in the cable would

and 386uQ, at B = 0 and P = 30 and 25 MPa respectively. increase the crossing contact resistanceyRabout 10QQ.
In the first series of heat treatment the sample shows a

linear decrease of R R.=-0.850x 6+ 216 [Q], with XIlI. CONCLUSIONS
temperature. Conditions of the measurements are: heat 1 pie | shows the typical values for the dbtained with

tre_atment of 1hour at temperatufe and P =30MPa, o caples as received and after the heat treatment for
B=0T. The fit is based on data for 20, 165, 190, 213, anglg hoyr at 190 C under 20 to 30 MPa. Also shown are



results for the heat treatment for 0.5 hour at 190 C without

pressure, and results after special heat treatment.

The resistive barrier in bare Cu strands readily drops after

TABLE I.
COMPARISON OFTYPICAL R_ VALUES FORDIFFERENTCOATINGS
AND SURFACE CONDITION, P = 25 MPa

heat treatment to very low values. We did not try to produ
the high R barrier that would result in R20 uQ after SHT,
because the inconvenience of such a barrier in the mag
manufacturing is the strong .Rincrease if pressure is
released after the magnet coil has been cured.

An external CuNi barrier could provide the desired R
increment independent on coil curing. The inconvenience
the occupation by CuNi of part of the space otherwise usd
by Cu, with possible consequences for thermal stability an
magnet protection.

et

Condition of the cable

Accelerated
oxidation

Cable as received
After heat treatment:
190 C, 0.5 hour
full pressure
After oxidation heat
treatment: 190 C, 0.5
hour without pressure
Cable as received
After heat treatment:
190 C, 0.5 hour
full pressure

Type of strand Crossing contact resistance Rc [uQ]

The R of Sn,,.Ad,, coated strands can be increased b
chemical oxidation at elevated temperature to about 100
200uQ. Coils made from such a cable will have the desire
R. after curing. The Rwill not change after longer or
repeated curing cycles. Even if the pressure is locall
released, Rwill remain below 120 to 220Q. Moreover, a
heat treatment step could be foreseen in the cab
manufacturing, that would decrease the cahléoRhe stable
value, and make it insensitive to (even repeated) norm
curing procedures.

y

A

Strands coated with SnAg

@ 30 pm thick, calculated

Strands coated with SnAg,
stainless steel core in cable

Bare strands 80-700 05-16

17-30 05-45 15-20 >70 17-23

Internal CuNi barrier

13 pm thick 1.6 pQ + Rc of the coating

External CuNi barrier, 20 uQ + R of the coating

Strands coated with Ni 320 55 > 300

115

In conclusion on Sp,Ag,, coating, R=20uQ have

been obtained by intervening either in the curing cycle or 'fb] M. N. Wilson, R. Wolf, “Calculation of minimum quench energies in

the cable fabrication.

Strands coated with Ni show _R50uQ. More

(8]

information is still necessary to know the effect of the oxides
as well as about the spread of results for coatings prepa;@?

by different manufacturers. A model dipole magnet with
Ni plated cable will be fabricated at CERN.

The evaluation of cored cables is going on, from th¢s]
fabrication possibilities, and the magnet stability point of®l

views.

Other potentially useful coatings have been tested usiqg]

the three point method [6].
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