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ABSTRACT

Magnetic measurements of cored-cable AC loss accompanied by SEM measurements
of cable cross sections have been made in an investigation of the effects of core width
and position on the effective interstrand contact resistance, R, ;. The results were
compared with those of previous studies of Rutherford cables with cores of various
widths and designs. It was noted that although the uncored R, s agreed well with those
measured previously the cored results fell short of expectation. The suppression of R o
is attributed to several factors that differ from cable to cable: e.g. displacement of the
narrower cores to one edge of the cable, shrinkage in the width of the widest core as a
result of severe compaction-induced imprinting. After allowing for these factors the
projected R, o4 tended to agree with previous results for full-width-core Nb3Sn cables.

Keywords: NbsSn, critical frequency, AC loss, contact resistance
PACs: 74.25 Ha, 74.25 Nf, 74.70 Ad, 84.71 Fk

INTRODUCTION

The design and fabrication of Nb;Sn quadrupoles magnets is ongoing in the US under
the inter-laboratory LHC Accelerator Research Program, LARP. Although not directly
part of LARP, but nevertheless supportive of its goals, is a research collaboration
established between OSU’s Laboratory for Applied Superconductivity and Magnetism
(LASM) and the Fermi National Accelerator Laboratory (FNAL) — with help from the
University of Twente’s Low Temperature Division -- for studying the properties of
Nb;Sn strands and cables. Of particular interest are the stability, AC loss, and interstrand
contact resistance, ICR, of Nb3Sn cables with cores. In order to ensure stability and to
reduce distortions of the cable-wound dipoles it is important to control the magnitudes of
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interstrand coupling currents (ICC) and "supercurrents" [1] (or boundary-induced
coupling currents, BICCs [2]). The suppression of ICC currents with increasing ICR is
well known. While the situation is more complicated for BICCs, ICR increases generally
suppress these as well (see specifically the results in [2], pp 140-1 and preceding work,
where resistive cores are shown to reduce BICCs by about an order of magnitude). Thus,
both of these are suppressed by increasing the cables' crossover and side-by-side ICRs,
R, and R/, respectively, but to the detriment of current sharing and hence stability. A
compromise between ICC and BICC reduction and magnet stability is required. From AC
loss and field quality considerations, it can be shown that R, should not be not less than

0.2 pQ [2] and that R, should be about 1545 pQ [3]. These latter numbers were

specifically advanced for the LHC, but will be comparable for similar aspect ratio cables
whether they are NbTi based or Nb;Sn based. On the other hand, the ICR values should
not be too high otherwise stability will be degraded, although no hard numbers seem to
be available. The introduction of a stainless steel core into the Nb3Sn-wound cable assists
in the attainment of these goals.

Numerous studies have been made on cored Rutherford cables beginning with the
pioneering experiments of Yamada et al [4] and continuing (starting in the mid-1990s) with
studies by the LASM group of cored cables wound with bare-NbTi, stabrite-coated NbTi,
NbsAl, Bi:2212, and NbsSn strands, e.g. [5]. In retrospect it is clear that bare-Cu-stabilized
NbTi cables cured at 225-250°C and stabrite-coated NbTi/Cu cables cured at 200°C were
good models for the 650°C-RHTd uncored Nbs;Sn cables to come, in that interstrand
diffusion bonding guaranteed in all cases very small R, values. As pointed out in [6] there
are several ways of coating the surfaces of NbTi- and NbsSn strands to control the ICRs
of cables wound from them. The inclusion of a core provides another mechanism. For
this reason a series of studies was initiated on the influence of cores with various
thicknesses and widths on the ICRs of stabrite-coated LHC-class NbTi cables [7][8],
followed by AC loss measurements of Nbs;Sn cables provided with cores of various kinds
and thicknesses: simple 25um thick AISI316 stainless steel tape [9], double-bimetallic
and composite SS/Cu tapes [10]. But this report represents the first of a series of studies
of the influence of cabling-compaction and core width on the AC loss on Nb;3Sn cables.
Here we report on the results of magnetic measurements of AC loss in cables with
stainless cores of nominal widths 10.8, 5.2, and 4.5 mm comparing them with that of an

uncored cable and show how the desired R, = 1545 nQ can be approached by increasing
the width of the core.

SAMPLE MATERIALS AND PREPARATION

In preparation for this study FNAL wound many tens of meters of 27-strand
Rutherford cable using 1 mm diameter RRP Nb;Sn-precursor strand from Oxford
Superconducting Technologies (OST). Stainless steel strips (AISI316, 25 pm thick) of
widths 4.5, 5.2, and 10.8 mm were introduced in succession during the winding. At
LASM, four sets each of five cable segments 20 inches long were wrapped with S-glass
tape (about 25% overlap) in readiness for the assembly of four 5-high cable packs. Each
set of five cable segments was stacked into a stainless steel fixture designed to apply
side-constraint during uniaxial compression, after which the following operations were
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performed at FNAL: (1) A ceramic-precursor solution was squirted onto the exposed
edges of the cable packs, following which uniaxial pressure of 35 MPa was applied in a
hydraulic press and secured by tightening down the fixture nuts. (2) The insulation was
then cured for 30 min/150°C (plus up- and down ramps) and the pressure released. (3)
The assemblies were then returned to the hydraulic press, compacted to 10 MPa and re-
bolted. (4) In a sealed flowing-Ar retort the assemblies experienced 72h/210°C +
48h/400°C + 48h/650°C interspersed with ramps of 50°C/h, a heat-treatment specification
intended to provide a combination of high J. and RRR. After being shipped back to
LASM the cable packs were: (1) removed from the RHT fixture, wrapped in teflon film,
installed in silicone-greased aluminum molds, uniaxially loaded and retained at 10 MPa,
(2) vacuum impregnated with CTD-101 resin, cured following CTD's standard
recommendations, and cut to a length of 396 mm in readiness for AC loss measurement.

TABLE 1. Details of the Cable Samples for AC Loss Measurement.

The Strand

Type OST-RRP Billet No. 8853-2616

Diam, mm 1.0

Filament count 60/(61) subelements spaced 50% more than in the standard array
Filament diam., um ~100

The Cables

Strand count, N 27

Keystone angle, deg. 0.95

Level of compaction, % 87

Width, w, mm 14.23

Thickness (av.), £, mm 1.78 (hence aspect ratio, w/t = 7.99)
Transposition pitch, 2Lp, mm 110.2

Insulation S-glass tape wrap/CTD-101 resin

Core type AISI316, 25 pm thick

Cable No./Core width (mm) Cable 3/NC, Cable 4/4.5, Cable 5/5.2, Cable 6/10.8

MAGNETIC MEASUREMENT OF AC LOSS

The principal components of a Rutherford cable’s total per-cycle loss, Oy(f), are: (i)
the strand’s “persistent current” magnetization loss, Oy, (ii) its relatively negligible eddy
current loss, Q.(f), and (iii) the cable’s frequency dependent coupling loss, QO.(f).
Magnetic measurements of Oq«(f) = Oy+QO.(f) were made at 4.2 K using the inductive- or
pick-up-coil method on the same samples mounted inside the University of Twente’s
calorimeter/magnetometer [11]. The loss was generated by transverse AC fields of
amplitude B,,= 400 mT and frequencies, f, of up to 80 mHz except that Cable 6 received a
second measurement at B, = 50 mT with f up to 1000 mHz. The magnetic loss was
calibrated against the calorimetric loss of one of the cable packs at a selected frequency, the
calorimeter having been calibrated against ohmic loss developed in a built-in 100 € resistor.

Measurements of Qf) in the face-on (FO) direction of the applied field yielded a
coupling loss designated O ,(f) after a weakly linear base-line with intercept Q= O:(f—0)
(the latter from a parallel set of calorimetric measurements) had been subtracted.
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AC LOSS DETERMINATION OF ICR
Low Frequency AC Loss — The Initial-Slope Method

The per-cycle coupling current loss, Q 4(f), can be usefully expressed in terms of the
following expression based on calculations by Sytnikov et al. [12]:

27t \w ,| N? 1
QL_( 3 ](JL”B{ZORLJFNR}J (1

where w/t is the width/thickness aspect ratio of an N-strand cable, L, (in m) is one-half of
the transposition pitch, B, (in T) is the amplitude of an applied field oscillating at a
frequency f, R, is the cross-over, and R, the side-by-side ICRs (in ). For uncored
cables such that R,  (1/20)N’R, the latter can be neglected in Equation (1). On the
other hand in cored cables, especially when variable width needs to be considered, it is
preferable to combine the FO ICRs into an “effective value “ defined by:

2 2
0, =| %~ [WJLPB; N1/ inwhich 1=1+(22j1 @)
3\ 20R, R, R, \N'JR

As shown in a series of earlier papers [5,7,8,9,10] on the effects of cores in NbTi and
NbsSn superconductor based cables, it is frequently the case that the resistivity of the cores
is dominated by the oxide surfaces that form on them, such that the actual value of R, is
quite high. For example the coupling current loss is nearly negligible in the cored cables of
ref [9], indicating the existence of a very high R_. In some cases [9] the values of R, are not
sufficiently low to contribute much to the loss, but in other cases (especially for NbTi based
cables), they can dominate the creation of loss in even the perpendicular field orientation
[10]. The dominance of R, influences on perpendicular field loss was investigated in detail
for NbTi based cables in [13]. However, from a magnet engineering point of view, it is
usually more useful to discuss this loss, whether it comes fully from R /-related paths, or has
some admixture of R paths, in terms of an R, . as given by Eq (2).

Measurements on NbTi based cables demonstrated that the suppression of the loss
was not due to the bulk resistivity of the core — the loss was quite similar whether the core
was stainless steel, Ti, or kapton. In fact, the results suggested that the metallic cores were
“insulating” (or anyway high enough that loss from R, associated paths were
immeasurable), perhaps due to the expected native oxide coating. The losses for these cables
were then due to R/-associated current paths, even in the perpendicular orientation. In the
case, however, of partial width cores, the losses were again dominated by the R -associated
current paths, but in such cases only those not covered by a core [14]. The present
measurements show a similar effect for NbsSn based cables. Previous measurements of
Nb3;Sn based Rutherford cables with cores have shown that the R/~associated losses present
in perpendicular fields are usually negligible in Nb3;Sn cored cables. Thus, in the present
case, it is likely that the extracted value of R, .y is entirely due to R -associated paths, but
only the ones not impeded (covered) by the cores. However, in the analysis that follows, the
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results are discussed in terms of the effective resistance, R 5 which can be associated with
the generic term ICR.

In the present case since for some cables substantial losses are present, it is useful to
extract data from both the initial slope and the loss maximum. Along those lines, the
experimental R, .y can be obtained from the reciprocal of the linear initial slope of Q ,(f)
hence that of Qu(f), viz. (dQ/df)ini. On the other hand in case R, is relatively small
such that Q,(f) begins to bend over and pass through a maximum within the frequency
range of the experiment (see below) a fitted initial slope, (dQ/df)inirsi1, 1s also available
for use.

Higher Frequency AC Loss — The Critical Frequency Method

The simultaneous generation and decay of coupling currents gives rise to a maximum
in Q) at a critical frequency f, =1/277, (where 7. is the corresponding relaxation time)

following a general relationship

f1f

— 3)
1+(f/1)

o(f) =0,

which applies both to strand eddy currents as well as cable- and cable-stack coupling
currents. Use is made of the low-f limit of Equation (3) to obtain a value for the fitted
initial slope of Q(f) and hence R it fir

Relationships between the individual-cable relaxation time, 7., and the
relaxation time of the cable stack, 7y, lead to f.-based ICR values herein designated
R, f. According to Verweij [5] R, = (DE)2nf. where E = (Wt)N/{(w/t) + C(N-1)} =
Tstack/ Tears = 1/(27feTeap) and D = 2LpC’(N2 - 4N) = R T, (in Qs) in which (W)L, and N
are the individual-cable parameters, N, is the number of cables in the stack, and C and C’
are the numerical constants defined in [5]. With k&=2a(DE) the per-cycle loss is given by

L TR P EONEY (LR S A
QL(f)—[mJ(t)L,,BmN (,J(H(f/mz} )

whose maximum value Q.. or Q(f.)) is independent of f;. A previous application of this
critical-frequency method to uncored Nb;Sn Rutherford cables is described in [15].

RESULTS OF THE MAGNETIC MEASUREMENTS

The results of the magnetic AC loss measurements are shown in Figures 1 and 2 fitted
to Equation (4) of the form Q = QO +Qu(/fo){1/(1+(f/f.))} + Rf, in which a common
intercept, O = 4.95x10* J/m’, was obtained from the accompanying set of calorimetric
measurements, Qg = (44.6—47.3)){104 J/m® , and R = 20x10* J.s/m>. The small base-line
slope, R (~1% in the initial slope for Cables 3, 4, and 5), was included to improve the fit
to the data beyond f.. It suggests the possible existence of a second maximum in Q(f)
well beyond the range of the present equipment, cf. [15].
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Cable 3, no core
Cable 4, 4.5 mm :
Cable 5, 5.2 mm
Cable 6, 10.8 mm B
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Frequency, f, Hz

FIGURE 1. Magnetically measured loss at an AC field amplitude B,, = 400 mT
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Frequency, f, Hz
FIGURE 2. Magnetically measured loss at an AC field amplitude B,, = 50 mT

TABLE 2. Summary of the Magnetically Measured Interstrand Contact Resistances

OSuU Core R, R, S R, <R Zav.
C;Ible width init® init it mHz from f;
0. mm uQ uQ 119 119
3 NC 0.24 0.25 6.6 0.15 0.21
4 45 0.34 0.47 13.3 0.30 0.37
5 52 0.34 0.40 10.6 0.25 0.33
6 108 7.89 877 10953100 [2.47° 7,028 7.90

a) From linear fit to the raw initial data, (b) From the initial slope of the Eqn.(4)-fitted Q,(f), hence Q,./f. (c) For Cable 6, f. is out of the
frequency range of the standard experiment, (d) Extended-frequency-range result (Figure 2)
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The results of the measurements in terms of the measured FO R, s are summarized in
Table 2. In it we notice that the introduction of narrow cores (4.5 and 5.2 mm wide in the
as-wound cable) produce in the present case barely a doubling of the uncored R, ;. Only
after the inclusion of a much wider core in the present class of cables do we find R, ..
increasing to about 8 U< and approaching the acceptable 10-20 u€ range.

CONCLUDING DISCUSSION
The Uncored Cable

The uncored R, 5 = 0.21 uQ agrees well with several previous results obtained under a
collaboration with the Lawrence Berkeley National Laboratory (LBNL) viz.: 0.24 uQ [10]
and 0.16, 0.30, 0.36 uQ although some higher values were also obtained depending on the
cable’s pre-heat-treatment condition [6][16]. The result also compares well with the 0.4 pQ
obtained on a series of FNAL cables, insulated heat treated and impregnated under various
conditions [15].

The Cored Cables

Previous studies of LBNL-wound Nb3Sn cables with full-width cores yielded R .
values of 23, 53, and 78 p€Q [9][10] . As for previous variable-width-core results we turn to
study of LBNL-wound stabrite-coated cables. These LHC-type cables, wound to a 1.2-
1.25° keystone angle and compacted to 81-98% (average 90% [5]) had cores that covered
zero, 20%, 50%, 75%, and 100% of the available cable width. Measurements of the 170°C-
cured cables yielded R, ;s that increased monotonically from 2.53 to 123 pQ. These
results stimulated the winding and measurement of the present variable-core-width Nbs;Sn
cables. But unlike those of the earlier measurements the present R, .;s did not increase
monotonically with core width, nore did the intended full-width core result in an expected
R ;e in the 50-100 pQ range. The explanation has to do with the locations and effective
widths of the cores both of which were studied using scanning electron microscopy
(SEM). The numerical results are summarized in Table 3.

TABLE 3. Location and Condition of the Cable Cores as Determined by SEM.

OSuU Initial core  Final core  Distance from  Distance from Condition of the core
Cable No.  (idth® mm widthbmm edge-1, mm edge-2, mm

3 No core - - - -

4 4.5 4.0 4.75 6.01 Fairly well centered

5 52 5.1 0.95° 8.27 Shifted to one side of
the center-line
-- curled at one edge

6 10.8 9.6 0.93° 393 Off-center but covering

the center-line
(a) From cores extracted from unreacted cables, (b) Measured on cables after compaction and RHT, (c) In Cables 5 and 6 one edge of the
core is wedged between an outer pair of I mm. diam. strands
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These data and the accompanying SEM micrographs (not reproduced here) embody
the following information: (1) Only Cable 4 has a well-centered core; those of the other
cables were shifted all the way across to one edge leaving a large fraction of the surface
exposed. (2) The edge puckering of Cable 5’s core, by reducing its effective width, is
partly responsible for its R, .y being less than that of Cable 4. (3) Undulation of the
core’s cross-section as it follows the curves of the nested strands causes it to shrink below
its nominal width such that even the widest core did not extend from edge to edge. (4)
Partly for this reason the core of Cable 6 covers only 77% of the 12.2 mm (I.D.) available
cable width. Based on [5] a coverage increase of from 75% to 100% could result in a
four-fold increase in R, . -- to about 32 pQ in this case. Because of the sensitivity of loss
to the distributions of RL across the width of the cable (Ref [2], page 84, also [14]), an
even greater increase would accompany the shift of the core to the center of the cable and
bring its R, o+ more into line with previously measured values [9][10].
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