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Purpose of AC-L oss (Coupling) Studies

In order to ensure stability and to reduce distortions of the cable-wound dipole
guidance fields of high energy particle acceleratorsit is important to control
the magnitudes of interstrand coupling currents (ICC) and "supercurrents’ (i.e.
boundary-induced coupling currents, BICCs) .

Both of these are suppressed by increasing the cables crossover and side-by-
sdelCRs, R, and R, respectively. Full strand insulation is not acceptable.

A compromise between |CC and BICC reduction and magnet stability via
Interstrand current sharing leads to the recommendation that R, should be
small and R, should belarge, but not too large, i.e. about 15+5 p€2 .

The introduction of a stainless steel core into the Nb3Sn cableisintended to
raise its as-reacted R, from the vicinity of 0.2 p€2 into the desired range.

Fine tuning is generally achieved by varying the width of the core.



M easurement and Analysis

Magnetic and /or calorimetric measurement of the
frequency dependence of loss

yields Qtotal ~Qp Q(f)
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The “hysteretic |oss’

component (persistent Primarily interstrand coupling loss
current magnetization) hence interstrand contact resistance,
ICR
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Q(f), theinterstrand coupling component
(1) Thelow-frequency range
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-- hence ICR from the initial slope, dQ/df, fron:]...-fhe FO measurement
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(2) Thefull-frequency range
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Qcoupling(f) characteristics, each figure representing three cables
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(a) Each cable has a single homogeneous
ICR, each given by itsinitial slope dQ/df
and/or its critical frequency, f..
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(b) Each cable exhibits ablend of

two |CRs, one common to all cables
and the other different for each cable.
Thus each curve possesses a second f .
that €levates its tail
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Pioneering investigations on cored NbTi cables provided the basis for
subsequent studies of cored Nb3Sn research-type-, LARP-, and NED cables

NbTi Cables. Background studies
strand coating in generd
stabrite coating
introduction of the core
influence of compaction
variation of core width

Nb3Sn Cables: Coupling Lossand ICR
strand architecture
external- and internal (core) copper
stainless steel cores— monoalithic and bimetallic
variation of pre-heat treatment condition
variation of cable (magnet) preparation conditions

Nb3Sn Cables: Magnetization, |CR, and deff
variation of core width and placement
importance of strand magnetization
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Background -- NbTi Cables

Problem: Couplinglossin SSC’s fast-ramping HEB dipoles

Study group-1
Subsize cables with variously coated strands
strand coatings of Cr, Ni, Ni+Cr, Ni-P

Study group-2
Cableswith various strand coatings and cores
bare-Cu, Ni-plated, stabrite coated strands
cores of titanium, stainless steel, kapton
three" curing" temperatures
measured with and without cold pressure, 36 and 78 M Pa

Engineering
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Background -- NbTi Cables

Problem: Magnetization and Couplingin LHC dipoles

Study group-3
Bare-Cu cables with and without SS cores
stainless steel cores, three thicknesses (* internal compaction”)
three curing temperatures
measured under " pressure-release”
Study group-4
Stabrite coated cables with and without SS cores
two core thicknesses
five core widths (including zero width)
four levels of external compaction
several " curing" temperatures

T > M F
SD’JE E— Department of Materials Scienceand @—— LASM
UNIVERSITY

. . Lahoratories for Applied Superconductivity and Magnetism
Engineering



Suppression of Coupling Lossin Cored NbTi Cables

(1) Introduction of afull core completely suppresses crossover contact in
bare-Cu and stabrite-cored cables

(2) Extreme sengitivity of stabrite cables to cold pressure is eliminated by the
introduction of the core

(3) The effective field-perp. contact resistance can be adjusted by varying the width

of the SS core
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Total Dissipation per Cycle, Q, 10*J/m? of strand

L oss suppression in a bare-Cu cable using a full-width core.
Note the effect of “internal compaction” (variation of core thickness)
and change of curing temperature (200-250°C)
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Figure 1.
Stabrite Coated Cabl es reSpOnd [ Total energy dissipation per
_ ] 30 cycle versus field ramp rate?,
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Control of ICR by variation of corewidth
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AC Lossin Nb;Sn Cables

(1) Coupling Lossand Interstrand
Contact Resistance

Variation of strand architecture

Introduction of external- and internal (core) copper
Introduction of stainless steel cores — monolithic and bimetallic
Variation of pre-heat-treatment condition

Variation of cable (magnet) preparation conditions

Variation of core width and placement

Magnetization, M, 105 Jm3T
A I\ o N IS

(2) Cable and Strand Magnetization, |CR, and d¢
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Coupling Loss and ICR
-- core suppression of loss
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Typl cal Results - measurements made at University of Twente by MDS
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Collected Results, R ; «, LE2

No core Full-Width Core
[2] <0.1(0T), 2.7 (1T) 33 (0T), 78 (1T)
[9] 0.24 23
24
53

11 N
oo

[6][7] 0.15(OT), 0.4 (1T)
13.0 (OT), 11.5 (1T)
1.47 (OT), 3.09 (1T)
0.33 (0T), 1.27 (1T)

0.30 (OT)
[8] 0O4and4
[9] 0.19,0.21 8
[11] 0.31 209
“Averages’ 0.7 (0T), 1.9 uQ (1T) 33 — morethan 200 pQ
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Coupling Loss and ICR
-- variation of corewidth
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Coresremoved from as-wound unreacted cables

LAALAS R

Core4 Coreb5 Coreb6
4.5 mm 5.2 mm (9.5 mm) 10.8 mm
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Variation of corewidth [®1[10]

OoSsuU Core <R />ay <R >y
Cable | Width | Calorimetric Magnetic
No. mm 19 ne
Core placement
NC 0.19 0.21
4.5 0.45 0.37 Well centered
5 52 0.29 0.33 Way off-center
6 10.8 8.2* 7.90* Off-center

* Based on cored-stabrite-cable results a coverage increase of from 75% to 100%
could resultsin an almost 4-fold increase in R, « —to about 32 pQ in this case.
An even greater increase would accompany correct centering of the core.

In fact LBNL’s full well-centered coreyielded an R,  of 209 uQ
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Cable and Strand M agnetization,
|CR, and d;

Magnetization, M, 105 Jym3T
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EO: 4.23 (cable, extrap.) — 4.29 (strand, VSM), Qh(1)
EO: 3.62 (cable, extrap.) — 4.19 (strand, VSM), Qh(2)

Bm =400 mT
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The edge-on (EO) cable lossis hysteretic (independent of f ) and stems from
the hysteretic losses of the individual strands in the cable pack
-- note the EO/FO anisotropy in the hysteretic loss
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EO: 4.23 (cable, extrap.)— 4.29 (strand, VSM), Qn(1)
EO: 3.62 (cable, extrap.)— 4.19 (strand, VSM), Qn(2)
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Total per-cycleloss, Q, ., 10° Jm’
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Frequency equivalent of
theinjection ramp-rate

(dB/dt)

f=2
7°B._

Then with:
dB/dt = 7 mT/s
Bm =400 mT

f=3.5mHz

The edge-on (EO) cable loss is hysteretic (independent of f ) and stems from
the hysteretic losses of the individual strands in the cable pack

-- even FO, the coupling loss during the injection ramp (to 540 mT for LHC)
would be dominated by Qh
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Cable M agnetization dueto Interstrand Coupling

4\ W dB N?
IR B
o

3/t dt /| 20R, 4

Next, insert a set of typical cable

parameters:

w (mm) 14.23

t (mm) 1.78 4

(wit) 7.99 M coup = 3. 7740 (A/m)
L, (mm) =55.1 mm = 0.0551 m R, o (£€Q2)

dB/dt (mT/s)=7 = 0.007 T/s
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Cable M agnetization based on Persistent-Current
M agnetization of component strands

M = (Bij‘]c cabOST(A/ mz)Xd(m) (Bean, in A/m)

with ‘Jc,cab,O.ST — 05 X 09 X 168 X Jc,non-Cu,lZT

Meab = 1.60 X J¢ non-cu 121 (A/MMF) X dege(m) (A/m)

Finally, after equating M, to M, we find:

coup

2.359x10"
‘]c,non—Cu,lzT (A/ mmz)deﬂ‘ (,um)

1t = H =B
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“ Effective ICR” asfunction of filament diameter
-- based on measured and deduced cable magnetizations
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Cable M agnetization based on Persistent-Current
M agnetization of component strands
at high fields, eg.,> 12T

Asthefield increasesfrom 0.5 T to > 12 T J_ decreases by afactor of > 16.8
(based on the previously used Kramer factor). At the same time the transport
current needed to achieve these fields reduces the strand magnetization by a

factor of (1-i2).

Let usassumei = 0.8. Applying the product of these reduction factors (X
46.7) to the results of the previous M, = M, equality would raise R,
from say 0.3 uQ (dg = 40 um) to 14 u€ which is within the range of
accessible values.
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Summary
(1) NbTi-cable studies pointed the way by showing how:
(i) The introduction of afull-width SS core could strongly suppresses
coupling loss and the crossover ICR known also as Rc.
(i1) The core-suppressed Rc could be tuned by vary the width of the core.

(2) The above ideas were transferred into the Nb3Sn cable program
wherein it was again shown that strong loss suppression and increased ICR
would accompany the introduction of SS cores and composite cores of SS and Cu.

(3) In experiments on a set of Nb3Sn cables with cores of various widths
it was found that:
(i) 1CR varied rapidly with core width
(i1) Narrow cores produced little loss suppression
(ii1) The level of suppression was sensitive to the position of the core indicating
that care is needed to ensure that the core is well centered.

(4) The EO loss tended to be frequency independent and hence attributable to
the “hysteretic” persistent-current magnetization of the strands

(5 Under LHC injection conditions, Binj =540 mT and (dB.dt)inj = 7 mT/s,
strand magneti zation also dominates the FO magnetization of the Nb3Sn cable. [LASM &t
This was not the case for NbTi Smmmm——

(6) Away from injection, and in the operating field range of the dipole, the cable's TOI-H]]OE
magnetization drops by afactor of at least 47 into an acceptable range of values.
UNIVERSITY
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