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Abstractss Calorimetric measurements of AC losg and hence
interstrand contact resistance (ICR), were measured on three
samples of Rutherford eable wound with Cu-stabilized jelly-
roll type unplated NbjAl strund.  One of the cable types was
furnished with a thin core of AIST 316L stainless steel and the
other two were bath uncored but insulated in different ways.
The cables were subjected to a room-temperature-applied
uniaxial pressure of 12 MPa that was malntained during the
reaction heat treatment (RHT), then vacuum impregnated
with CTD 101 ¢poxy, and repressurized to 100 MPa during
AC-loss measurement. The measurements were performed at
4.2 K in a sinusoidal field of amplifude 400 mT at frequencies
of 1 to 90 mHz (no DC-bias field) that was applied both
perpendicular and pavallel to the face of the cable (the Face-on,
F0, and edge-on, EO, divections, respectively), For the cored
cable the FO-measured effective ICR (FO-ICR), was 5.27 uQ.
Those for the uneored cables were less than 0.08 p{}. As
shown previously for NbLTi- and Nb;So-based Rutherford
cables, the FO-ICR can be significantly increased by the
insertion of a core, although in this case it is still below the
range recommended for accelerator-magnet use.  Puost-
mensurement dissection of one of the cables showed that the
impregnating resin had permeated between the strands and
conted the cove with a thin, insulating layer excepting for some
sintered points of contact, Tn the uncoved cables the strands
were coated with resin exeept for the points of interstrand
contact. It is suggested that in the latter case this tendency for
partinl conting leads to a processing-sensitive FO-1CR,

I INTRODUCTION

The "wind-and-react” method that is generally used in the
construction of NbySn magnets requires the cable to be
compacted under maoderate pressure (some 3 MPa) and
given an exiensive reaction heat treatment (RIIT) that
finishes with a hold for several days at about 630°C. A
comparable RHT, but for several tens of hours at 750°C,
would be needed for Cu-stahilized NbiAl-wound magnets.
Such treatments provide ample opportonity for Cu-
stabilized strands to sinter together thereby drastically
lowering the interstrand contaet resistance, ICR, and
increasing the coupling loss [1-6]. A low ICR of | or 2
W€ would favor current sharing and hence cable stability.
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On the other hand, a high value of ICR is neceded t
suppress coupling currents.  Ag a compromise belwec
these conflicting requirements in the case, for example, of
Rutherford-type ILHC cable minimum ICR values withi
the range of ~15£5 PN [7] 1o ~30 p&2 [8] have bheer
recommended.

To suppress interstrand sintering, prereacted strands hawv
been plated with Cr [9), or coated with a synthetis
lubricating oil {(Mcbil 1) [10,11] which decomposes duriny
RIIT ta leave behind an adherent deposit of C, Today sucl
coated strands find use only in cable-in-conduit conductor;
[¢,11]. The NbySn Rutherford cables used in the two mos
recent high-field dipole magnets (the University o
Twente's 11 1, 4.2 K, dipole [12], and Lawrence Berkeley
National Laboratary's 12.8 T, 4.3 K, dipele [13]} were hotl
wound with bare Cu-stabilized strand. The former wa
ramp-rate sensitive and the latter vwas not, Some cable
conditions and heat-treatment variations may he responsible
fir this. But rather than let chance dictate ultimate ramp-ratc
sensitivity it might be prudent to introduce a pre-engineerec
ICR. Then with Rulherford cables, to satisfy the conflicting
requirements of current sharing and low coupling loss it i
desirable o excrl independent control over the "side-by-
side" and "crossover" ICR components. For this reason
rather than coat the strand it is better to separate the "upper’
and "lower” laycrs of the cable with an insulating o
metallic core of either fixed [2-5] or varlable width [14]
As a contribution to the development of advanced cable:
for high-field-magnet applications the efleetiveness of cores
in the controlled suppression of coupling loss i
Bir2212/Ag [15,16] and NbaSn cables [17,18] has recently
been studied; and for comparison with the results of the
latter research, the following AC loss measurements were
undertaken on some cored and uncored cables wound with
Cu-stabilized NbyAl strand.

II. EXPERIMENTAL
A. Cable Preparation

Rutherford cables were wound at Lawrence Berkeley
National Laboratory (LBNL) from NbsAl-precursor strand,
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e 96-filament "jelly-roll” type manufactured by Sumitomo
Electric Industrics Ltd. Duning the cabling a stainless sieel
strip (AI81 3161, 9.5 mm x 25 pum) was fed along a slot in
the cabling mandrel in order to fumish 6 m of the 19 m that
were wound with a stainless steel {(58) core. Three cable
packs were prepared for reaction-heat-treatment (RHT) and
measurement,  Following the LBNL procedure, samples
with and without cores (NA-C and NA-NC, respectively)
were insulated with S-glass braid that had been first cleaned
by vacuum heat treatment and then impregnated with an
casily removable sizing agent (palmitic acid, M.P. 215°C, in
ethy! alechol) to enable it 1o be handled. Then by way of an
alternative insulation procedure, lengths of uncored cable
were covered top and bottom with strips of pre-baked mica
and then wrapped (no gaps) with sized S-glass ribbon --
sample NA-NC/M. The insulated cable segments, about 53
cm In fength were mounted 6-high between the plates
{about 4] x 8 cm) of an 88 clamping lixture and subjected
to a pressure of about 12 MPa, applied by an Instron
machine and retained by two rows of L1 through-belts,
RIIT of the mounted samples, which took place in flowing
Ar, consisted of o slow ramp to about 750°C followed by a
50 h hald at that temperature.  Atter RHT and eool-down
the samiples were vacuum-impregnated with type CTD 101
resin and air-oven curcd. The impregnated samples were
then trimmed 10 a length of 41 em for measurement, and the
G-cm long residual picces (part pressurized and part
clamped together but unpressunzed) were set aside for
visual and metallographic examination.

B. AC Loss Measurement

Calorimetric measurements of AC loss were made at the
University of Twente hy the He-boil-off method [19]. The
straight cable sumple was mounted inside a single-wall
iiquid-He-filled calorimeter which itself was immersed in
liquid ITe. The He boitoff rate was measured by calibrated
gas flow meters. The AIST 316 88 mouating (ixture, 40 cm
leng, consisted ol two halves. Twa rows of 18 bolts
cnabled a pressure of 100 MPa (in this case) to be applicd
across the broad cable faces, AC Joss in the clamped
sample was generated by an allernating dipolar fields of
amplitude 400 mT and frequencies, f, of 1 to 90 mHz that
were applied either perpendicular to or parafic] 1o the broad
cable faces - the flace-on (FO) and edge-on (NQ)
arjentations, respectively.  Background losses (addenda)
were separately determined.

I11. THEORETICAL

Based on equations listed by Sytnikov et al, [20] for power
loss due to interstrand coupling per unit leagth of a
Ruthertord cable exposed (o a ramping magnetic field 8
{amplitude B} in the FO (1) and BO (/) directions,
respectively, are the following expressions for cnergy loss
per cyele per m® of outside cable dimensions (width w and
thickness £}
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The units of 0, (in general Q,) are tesla, meter, second, &
is the number of strands and L, is 1/2 the transposition pitch
of the winding. In (1) the first term describes the
contributions of diamond-shaped coupling current paths
{with which R, the resisiance of cach inlerstrand crossover
contact is associated); the second term describes loss
stemming from currents that utilize side-by-side contact {of
edge-to-cdge resistance Rybetween adjagcent pairs of
strandds, [n principle the ICRa & ; and R can be obtained
from the reciprocal slopes of the @, versus f lines after
making the dB/di-to-f transfommation as discussed in [18].

Having made the conversion, for cable-to-cable comparison
it is then uscful to represent the effects of both types of
contact by an “cffective [CRY, R, ¢ defined by
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in which R . will generally be a combination of R and Ry
The above equation is valid for a triangle wave, in order to
apply it to the sine wave profiles used in this work we need
te multiply the RIIS by °/8.

IV, RisuLTs

Fig. 1 depicts the total FO losses vs frequency for all three
cables. Also shown for reference 18 the EO loss for NA-C,
The uncored cables NA-NC and NA-NC/M both exhibit
very high losses and hence low critical frequencies, f,
(correspending 10 Opmar) and low TCRs. At very low
frequencies (below the range of measurement and less than
I mllz for NA-NC) all thiee FO Q) curves should meet at f
=0, According to (3) the reciprocal slopes of Q,, () for /<
Ji {implicit for NA-NC and NA-NC/M) are proportional to
the respective R, g which have clearly been substantially
reduced by the mefusion of the 85 core,

Fig. 2 depicts the total EQ losses vs frequency for all three
cables, with the TOQ response of NA-C included for
reference. The difference between the “hysteretic”
intercepts probubly stems from the faet that the angle
between the strands and the ficld direction is slightly
different for the FO and TO orientalions of the cable,
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V. IMSCUSSION

Following previous studies of cored cables for which it has
been possible to assume that £, = e [14,17,18], it might be
conciuded that the FO loss in NA-C is again due to side-by-
side strand comtact (of resistance Ry). But before
proceeding to the same conclusion in this case it is
necessary to estimate the magnitude of the intrastrand eddy
currenl contribution to {Jy,, particularly its FO value. This
we do by using Carr’s expression for eddy-current loss (211,
viz. (3, = L,,JB,,,‘WZpJ, and substituting I, = 30 mm, B, =
400 mT, and p, = 18 nfkem (based on a Sumitomo quoted
RRR of = 175 and a A of (1.5), Finally, after taking into
sccount the strand-fill Tactor of the cable (88.2%) and
reaormalizing the loss in the filamentary region of the
strand (78.4% of the slrand) 1o the cntire cable volume, we
conclude that Q.47 = 27 x 10" Js/m” of cable volume. This
accounts for ihe entire 8,y scen in Fig. 2, from which we
conclude that EO coupling loss Is inuncasurably small in
our experimen? within the implied approximation /R, = 0,
Loss slope, loss maximums, critical frequencies and
resistivity values are given in Table 1.

In the abscnce of observahic EO coupling loss we must
conclude that in this set of cables the FO loss is due to some
form of interstrand crossover contact. This is elearly very
strong in the uncored cables but much less so in the cored
ones. In previous studies of NbsSn cables that had received
an RIIT that conclwded with 96 h/G60°C the SS core
scemed to have been fully effective in suppressing
interstrand erossover contaet. The fact that some kind of
erossover contact is entirely responsible for the FO loss in
NA-C suggests that is has been developed under the more
aggressive RHT conditions required in NbyAl processing,
viz. S0hf750°C. To proceed further required a detajled
examination of the struetures of the RHTed cables,
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One of the first things thal was observed was the
omnipresence of epoxy (it is well known that epoxy in
fully potted NbzSn systems wicks up the glass sheaths and
flows throughout the system [22]). In this case the epoxy
was present throughout the pack, including the inside of the
aable, in between the strands,

We then notived that at the cable cnds, in the uncored
cables, where almost no pressure had been applied, the
epoxy layer was like & uniform sheet between the upper and
lower cable layers. No porosity was seen, but just inside the
pressurized zone of this uncored cable, the epoxy layer had
many holes, forming a kind of “sea” of epoxy surrounding
“islands” of contact comesponding to the diamond current
paths. A portion from the center of the pack was observed
to be the same.

Disassembly of the cored cables revealed that in the
unpressurized zone, the cpoxy again formed a layer, this
time altached to the S8 strip. Within the pressurized zone,
however, the islanda of strand-to-strand sintered regions
were of course non-existent because of the intervening core.
There were, however, some regions where the Cu strand
surfaces secmed to have sintered to the S5 strip. These
regions would seem to be the ones responsible for the IO
loss,

In mounted and polished cross seclions af the cored cable it
was noted that the 88 strip had much less metal-te-metal
sintering than was the case for the uncored cables. Also,
very little side-to-side contaet was observed throughout the
ceble. Only near the cable edges, either right at the edges,
or in the form of a top-to-bettom layer contact cutside of
the core region, was strand sintering scen (in uncored cables
there was of course very much lop-to-bottom sintering).
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We interpret the above results as follows. Unless somehow
inhibited, the epoxy tended to coat all surfaces, presumably
leading to high contact values. However, in the partion of
the cables reacted under pressure, crossover contacting
peints tended to sinter together, preventing epoxy from
Nowing in and coating them during subsequent low
pressure fmpregnation. The presence of a core prevenfed
direct strand-to-strand sintering and 1o that extent raised the
ICR. However, as a result of the relatively high temperature
of RHT (750°C), aome indirect strand-to-strand sintering
was noled; in this case via the core material. It was this
conlaet {rather than the expeeted side-to-side-only contact)
that was responsible for the observed coupling in cable
NA-C.

TARLE [ CABLE PARAMLETERS

CABLE NA-NC NA-NCM NA-C

Jeo mHZ <1 il 80

¥O Slope, 10* Isin’ 27,253 23972 361

EO Slope, 10° Jaim® 38.2 369 112

Ry PAY .07 0014 527

O FO, 10* Js/m’ calle >33 3235 229

wxt, mm 124x 146 12.4 x 1.46 124 x 1.49

VI CONCLUSIONS

Calorimetric loss measurements on NbaAl cables and the
ICR values extracted from them show that those with 85
cores had much lower levels of loss than cables without
cores, f,.» values for cored cables were 5.27 (L), while
those for uncored cables were 0.07 and 0.08 pQ. The
presence of mica seemed 1o have little effect on the results.
In general, the impregnation cpoxy tended to permeate the
whole cable. The level of epoxy inside the cable was
lessened in the regions of the cable which were reacted at
high temperatures and under pressure because the epoxy
was excluded from these already-sintered regions. Cores
significantly reduced the loss, either directly by their
presence in the eurrent path, or by retarding sintering, und
thus allowing more uniform cpoxy layers to form. The
cores inereased K0 by at least 50 times, however, the
resulting value of 5.27 &2 is somewhat below (he expected
target ol 15-30pL) [7.8]. [ future studies we expect to be
gble to increase K o by sclecting aliernative core malerials
and/or by lowering the pressure to which the cable is
exposed during RETT.
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