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Cable R&D for the LHC Accelerator
Research Program

Daniel R. Dietderich, Emanuela Barzi, Arup K. Ghosh, Nathan L. Liggins, and Hugh C. Higley

Abstract—Future luminosity upgrades for the LHC at CERN
will require higher field magnets than those presently being uti-
lized. The US LHC Accelerator Research Program (LARP) is ad-
dressing this need with the design and fabrication of prototype
quadrupole magnets utilizing Nb3Sn technology. A part of the
R&D effort is the development of suitable cables for the magnet
designs being considered by LARP. The cable parameter limits for
LARP prototype and production cables are presented. At present
the standard strand for LARP is the Restack Rod Processed (RRP)
strand being produced by Oxford Superconducting Technologies.
The present strand has 54 sub-elements and 53% Cu. An optimal
cable for the first generation of LARP quadrupole magnets has a
width of 10 mm, thickness of 1.26 mm, and a keystone angle of 1
degree. This work shows that if a strand is properly cabled a nearly
degradation-free mechanically-stable cable can be produced.

Index Terms—Accelerator magnets,Nb3Sn, Rutherford super-
conducting cables.

I. INTRODUCTION

MAGNETS for High Energy Physics (HEP) applications
require the highest critical current densities to obtain

the highest magnetic fields. To that end, the Rutherford labo-
ratory in England developed a rectangular cable that bears its
name [1]. The “rectangular” geometry of the cable provides both
the highest packing density, also called packing or compaction
factor, of the strand and provides the flexibility for winding coils
of various types, , , and racetracks coils.

For over 15 years the Superconducting Magnet Group of
Lawrence Berkeley National Laboratory (LBNL) has been fab-
ricating rectangular and keystone cables. During this time over
900 cables of , NbTi, and Bi-2212 have been produced.
Some were very long lengths, while others were only short
prototypes. This paper summarizes the experience at LBNL,
presents guidelines for the fabrication of damage-free cables,
and places this experience in context of the LHC Accelerator
Research Program (LARP).

II. CABLE DESIGN

The development of a cable for a magnet is an iterative
process. The magnet designer proposes a cable for a particular
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magnet design. These initial parameters (i.e. number of strands,
strand diameter, cable width, cable thickness and keystone
angle) are used as a starting point for prototype cable develop-
ment. The initial parameters are modified so that a mechanically
stable cable is obtained for winding that also has minimal, or
no critical current degradation.

The LARP cable design is based on some empirical guide-
lines developed over the years at the DOE-HEP laboratories.
Recently LBNL has established certain guidelines when making
Rutherford cables from strand of internal-tin or powder-in-tube
wire. Due to the difference in mechanical properties of the wire
components, i.e. core materials (i.e. Sn or Sn alloy or Nb-Sn
powders) and the Nb-Cu matrix, they cannot be deformed to the
same extent as NbTi strand. Cables made of strand al-
ways (except perhaps for bronze-processed wire) need
to be made wider than cables made of NbTi strand for the same
cable parameters (i.e. number of strands, strand diameter, cable
pitch length).

By shearing the strand the Sn cores can leak Sn and contami-
nate the Cu stabilizer or worse, have a molten Sn leak that shorts
several turns of the coil. There is some experimental evidence
at FNAL that highly sheared strands can have merged sub-el-
ements after heat treatment and produce strand with larger ef-
fective filament diameter that are more unstable. This re-
sults from the sub-elements coming into contact from excessive
deformation and then sintering during heat treatment. To over-
come any issue with strand stability, for the present, LARP has
elected to heat treat coils at low temperature for short times to
limit the Sn diffusion out of the sub-elements into the copper
stabilizer that could impact magnet performance.

III. CABLE PARAMETER DETERMINATION

LBNL has developed a simple empirical formula for deter-
mining an acceptable cable dimensions for the odd strand con-
figuration. This strand configuration in Fig. 1 is the widest sec-
tion of the cable and it is from this that the ideal “theoretical
width” is calculated in (1). The input for this calculation
is the number of strands in the cable (N), the strand diameter (d),
and the cable pitch angle (PA) [2]. The Width Parameter (WP)
for a cable is defined by (2).

(1)

(2)

A value of means that a cable has been fabri-
cated wider than its theoretical width and the opposite is true
for values of WP less than zero.

1051-8223/$25.00 © 2007 IEEE
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Fig. 1. Cross-sectional image of the 3 strands at the thin (minor) edge of two
different cables: (a) Cable 939R with sheared sub-elements observed in at least
two of the three strands; (b) cable 946R with no sheared sub-elements.

Fig. 2. Plot of the thickness parameter vs. the width parameter of cable fabri-
cated at LBNL.

For NbTi strand, and perhaps a bronze-process strand,
one can deform the strands more since the strands are more tol-
erant to deformation. For NbTi strands one is mainly concerned
with eliminating, or reducing, the number of broken NbTi fil-
aments during the cabling process. This is still a concern for

strands but there is the added concern for strands
produced by internal-tin type processes; one must not shear
the sub-elements and rupture the diffusion barriers of the wire.
The Sn-rich core gives these types of strands different mechan-
ical properties than NbTi. Therefore, when designing cables for
strands with Sn or powder cores, such as the powder-in-tube
(PIT), one must use the more conservative, out of phase config-
uration, shown in Fig. 1. This reduces the edge deformation but
may make the cable less mechanically stable for winding coils.

Even within the same strand family (internal-Sn and PIT),
variations in mechanical properties occur. This requires that one
use these initial cabling parameters as the first iteration in fab-
ricating a cable for a magnet and then finalize the magnet di-
mensions. For years LBNL, and others, have used the overall
compaction of a cable as a guide for its fabrication. However,
this does not provide guidance regarding the deformation of the
width relative to the thickness. The deformation, i.e. strain, in
the two dimensions must be decoupled as it is in Fig. 2. With the
early keystone cable R&D runs for magnet D-20, and its final
production cable runs, the importance of the deformation at both
the major and minor edges of the cable began to be recognized
[3]. By making a cable too narrow, strands at both edges of the
cable can be highly deformed, and thus severely damaged.

Recently LBNL has been separating the thickness from the
width deformation in place of using the overall compaction of a

TABLE 1
TQ CABLE PARAMETERS

cable in determining the final dimensions of a cable. The overall
compaction is still useful in terms of determining how efficiently
the cable is packed.

If one adds the inner cable of the LHC High Gradient
Quadrupole that is made of NbTi to the plot of Fig. 2 one sees
that it is in the lower left corner of the graph. The NbTi strands
in this cable can undergo more strain without severe damage
than the high- strands.

IV. LARP CABLE SPECIFICATIONS

The early prototype cables for the LARP quadrupole magnets
were made with 26, 27 and 28 strands and keystone angles of 1.0
and 1.3 degrees [4]. Based on the results of these earlier cables,
we chose to use 27 strands with a keystone of 1.0 degrees. The
present cable parameters for the magnets are given in Table I.

V. CABLING PROCEDURES

In order to improve the mechanical characteristics of the cable
for magnet winding and to remove part of the contraction that a
cable undergoes during heat treatment LBNL has implemented
a double rolling procedure for our last several magnets [5]–[7].
The initial cable is fabricated to the desired width but made
50–75 microns oversize in thickness. After the cable has been
annealed at 200 C for 4-6h the cable is rolled to the desired thick-
ness. This procedure has two functions: The cable contracts by
0.20–0.25% removing about half of the overall contraction that
the cable will undergo during a complete heat treatment cycle
due to release of tensile strain in the Nb filaments in the Cu ma-
trix [8], [9]. This reduces the dimensional changes that would
take place during coil heat treatment. The second is to give the
cable a higher overall compaction (an increase of 2–3%) after a
re-rolling step such that the cable critical current density is in-
creased slightly. However, more importantly it provides a more
mechanically stable cable for magnet winding due to better in-
terlocking of the strands.

The recent cables made for LARP are listed in Table II. All
of the cables were production runs except 933R, it was a short
R&D run.

Even though cable 939R (Table II) was made within the spec-
ifications listed in Table I the cable had edge damage. After this
was observed the re-rolling procedure was modified with the
vertical rolls being made 0.050 mm wider. This would ensure
that during re-rolling the edge would not be over compacted.
Since the cable increases in width and thickness during the an-
nealing step the wider rolls will only deform the cable back to
the original rolling width and not more. This is important since
friction between the vertical rolls and the strands prevent the
edge load from being transferred to the strands in the center of
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TABLE II
STRAND AND CABLE PARAMETERS

P.L. is pitch length, K.A. is keystone angle

Fig. 3. (a) Facets on the strands at the thin edge of cable 939R. (b) Facets on
the strand at the thin edge of cable 946R. The facet size is defined as the length
of the long axis of a facet, as shown in (a).

the cable, and as a result, the strain is concentrated to the three
strands at the edge of the cable.

VI. LARP TQ CABLE ANALYSES

A. Edge Facet Analyses

During cabling the greatest source of strand damage is at the
edge of the cable. Analyses of the size of the edge facet on the
strands at the edge of the cable, images in Fig. 3, can quantify the
deformation (i.e. strain) of the strand without requiring prepa-
ration of a metallographic sample to obtain cross- sectional im-
ages like those in Fig. 1. A histogram with the facet size (i.e.
length of the long axis of the facet) of several LARP TQ ca-
bles is shown in Fig. 4. One can see a direct correlation between
the size of the facet on the surface of the cable and the internal
deformation of the strands; the larger the facet the greater the
shearing deformation.

Fig. 1 shows the cross sections of two of the cables (939R and
946R) shown in the facet size plot of Fig. 4. These two cables
are keystone cables made for the LARP technology quadrupole
(TQ) magnets. Cable 939R and 946R both met the LARP cable
specification in Table I, but cable 939R was excessively de-
formed at the thin edge and under deformed at the thick edge.
The exact cause of this asymmetric deformation has not been
determined. However, cable 939R is the narrowest of all of the
cables and it was re-rolled to a width 33 microns narrower than
it was fabricated. Cables 946R and 947R were fabricated with
wider rolls for the second rolling step. This produced some of
the smallest facets of the cable set, and the re-rolled cable width
was 28 micron larger than it was fabricated.

Fig. 4. Histogram for LARP cables showing the length of the major axis of
the facet on the thin edge of cables (on the left) along with the pitch length
per strand measured between facets (on the right). The bar on each major axis
column denotes one standard deviation.

Cable 933R, an R&D run, also showed some evident of
sheared sub-elements. It was made within the LARP speci-
fication but the keystone angle was near the top of the range
at 1.09 degrees. This could introduce damage at the minor
edge of the cable. The two cables that showed evidence of
damaged sub-elements were 933R and 939R and they were
both fabricated from the same billet, 8220.

B. Critical Current and Cabling Deformation

First, we estimate cabling degradation by comparing round
strands and strands extracted from cables, both of which are
given the same reaction which typically is 210 C for 72 h plus
400 C for 48 h plus 640 C ( 2 C) for 48 h. Most cables
with the exception of 939R show degradation at 12T 0–3%.
For 939R, extracted strands were difficult to test with all strands
quenching below . Using values extrapolated from the small
onset voltages, showed that the strand of the extracted strand
was 5% lower than those of round wires. However, for some
cables, a determination of the degradation was not possible since
the round and extracted strands were not given the same heat
treatment. An in depth discussion of the data can be found in
the paper by Barzi et al. published in these proceedings [10].

Strand from cable 939R was more unstable during testing.
The reduced stability of the wire must be due to the rupture of
the diffusion barriers of several sub-elements at the minor edge.
The barrier damage leads to an increase in the resistivity of the
Cu locally with an accompanying loss of dynamic stability. The
other possible cause for reduced stability may be the formation
of a “super-element” with two or more of the sub-elements sin-
tering forming a large effective sub-element. This will be dis-
cussed more in the following section on strand stability.

C. Strand Stability and Cabling Deformation

In prior papers by several of the authors it was shown that
a strand stability current is a strong function of RRR re-
gardless of the sub-element size [11]–[14]. These showed that
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was weakly dependant on the sub-element size. The dynamic
stability obtained by decreasing the copper resistivity (i.e. in-
creasing RRR) was 1–2 orders of magnitude larger than the ef-
fect of sub-element size. However, there is the risk during ca-
bling that large deformations will shear strands and produce
bridged sub-elements with an effective diameter a factor of 2
or 3 larger. Fig. (1a) shows a highly deformed stand that has the
potential to produce a “super-element”. The severely deformed
strand should be avoided during cabling. The cabling parame-
ters should be modified to prevent such a high strand deforma-
tion.

The stability current drops significantly with the increase in
edge damage of the strand. The of cable 939R dropped by
about 50% from the round strand value. This is much larger than
all of the other cables which typically decreased by only 10%
[10]. The large reduction in suggests that a super-element may
have formed or the local RRR was too low, or both aspects could
be contributing.

VII. CONCLUSIONS

Development of the cabling parameters for LARP has shown
that the most important aspect of cabling strands of is the
width deformation at the edge of a cable. Severe strand damage
at the edge of one cable (939R) reduced the critical current by

5%, while all of the other cables had a negligible reduc-
tion of 0–3% which is within the measurement error. More-
over, the damage in cable 939R produces a significant reduc-
tion ( 50%) in the stability current of the extracted strand rel-
ative to the round strand. The facet size on strands at the edge
of cable provides a direct measure of the amount of deforma-
tion that a strand has undergone and an indicator of the amount
of sub-element distortion that has occurred in the interior. This
work shows that if a strand is properly cabled a nearly degrada-
tion-free mechanically-stable cable can be produced.

ACKNOWLEDGMENT

The authors would like to thank Luling Sun for high quality
images of cable cross-sections and image analyses to quantify
the facet sizes.

REFERENCES

[1] G. E. Gallagher-Daggett, Superconducting Cables for Pulsed Dipole
Magnets Rutherford Lab., Report RHEL/M/A25, 1972.

[2] D. R. Dietderich, in Cabling Issues for Nb Sn, WAMDO Workshop,
CERN, April 2006 [Online]. Available: http://wamdo-2006.web.
cern.ch/wamdo-2006

[3] A. D. McInturff et al., “Test results for a high field (13T) Nb Sn

dipole,” in Proc. Part. Accel. Conf., 1997, p. 3212.
[4] E. Barzi et al., “Round and extracted Nb Sn strand tests for LARP

magnet R&D,” IEEE Trans. Appl. Supercon., vol. 16, no. 2, pp.
319–322, June 2006.

[5] A. F. Lietzke et al., “Fabrication and test results of a high field Nb Sn

racetrack dipole,” in Proc. Part. Accel. Conf., June 2001, p. 208.
[6] A. F. Lietzke et al., “Test results of RD-3c, a Nb Sn common-coil

racetrack dipole magnet,” IEEE Trans. Appl. Super., vol. 13, pp.
1292–1296, 2003.

[7] A. F. Lietzke et al., “Test results for HD-1, a 16 Tesla Nb Sn dipole
magnet,” IEEE Trans. Appl. Super., vol. 14, pp. 345–348, 2004.

[8] D. R. Dietderich et al., “Dimensional changes of Nb Sn, Nb Al,
and Bi Sr CaCu O , conductor during heat treatment and the
implications for coil design,” Adv. in Cryogenic Eng., vol. 44B, pp.
1013–1020, 1998, Plenum Press.

[9] N. Andreev et al., “Volume expansion of Nb-Sn strands and cables
during heat treatment,” Adv. in Cryogenic Eng., vol. 48B, pp. 941–948,
2001, Plenum Press.

[10] E. Barzi et al., “,” presented at the RRP Nb Sn Strand Studies for
LARP, paper no., 1MK07, These proceedings, unpublished.

[11] D. R. Dietderich et al., “Correlation between strand stability and
magnet performance,” IEEE Trans. Appl. Supercon., vol. 15, no. 2, pp.
1524–1528, 2005.

[12] A. K. Ghosh et al., “Dynamic stability threshold in high-performance
internal-sin Nb Sn superconductors for high field magnets,” Super-
conducting Science and Technology, Rapid Communications.

[13] E. Barzi et al., “Study of Nb Sn cable stability at self-field using
a SC transformer,” IEEE Trans. Appl. Supercon., vol. 15, no. 2, pp.
1537–1541, 2005.

[14] G. Ambrosio et al., “Critical current and instability threshold measure-
ment ofNb Sn cables for high field accelerator magnets,” IEEE Trans.
Appl. Supercon., vol. 15, no. 2, pp. 1545–1549, 2005.


