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Introduction and SUlllllary 

Superconductors provide the accelerator designer 
with a unique opportunity to construct machines that 
can achieve high particle energies and yet have low 
operat I ng cos ts. Th I s paper descr I bes the des Ign, 
fabrication and testing of a 4 layer, 50 "I" bore 
superconductlng dipole magnet, 0-9A. The magnet 
reached short sample, 5.B T at 4.4 K and B. O T and 
1.B K, with little training, and exhibited low losses 
and low ramp rate sensitivity. 

The optimum field for superconductlng accelerator 
dipoles depends on many factors and cannot be deter
mined In a general sense without the selection of a 
site and a variety of accelerator design parameters. 
The highest possible field must be considered If the 
circumference of any new accelerator is to be as 
small as possible to reduce the amount of land 
required for multi TeV accelerators, where new and 
Interesting physics can be explored. 

Two superconductors can be considered for a 10 T 
accelerator. The first is NbJsn, which can oper
ate at 10 T at about 4.4 K, an the second i s NbTi, 
which mu s t operate in superfluid helium at 1.B K to 
achieve 10 T. Several different deSigns were con
sidered for these magnets and two were selected as 
the basis for a model testing program. l The one 
described here, the cylindrical layer deSign, was 
selected because of the e~perlence with this type of 
winding in the ESCAR,2 the Ferml1ab3 Ooublerl 
Saver, the BrOOkhaven ISABELLE4 magnets, and the 
recent re.ults In the development and testing of 
model magnets at LBL. 5 A somewhat s Iml1ar des Ign 
was described by Ishibashi and Mclnturff. 6 

The 50 IlIIl (2") bore was selected for these models 
to minimize costs. Accelerator deSign does not 
requ I re larger bores, and we selec ted 50 om (2") as 
a reasonable goal with existing conductors. Smaller 
bore magnets of the layer type would be quite diffi
cult with the conductor used for 0-9A because of the 
small radius of curvature of the inside turn of the 
first layer . 

Our program to develop 10 Tesla col1s Includes 
perfecllllg the 4 layer de.lgn Including fabrication 
and assembly and developing a sult}ble conductor. 
The general conductor type selected is a Rutherford 
cable of approximately the width of the FNAL cable. 
To achieve 10 T in 4 layers with NbTi at 1.B K 
requires an efficient coil deSign with graded conduc
tor and a copper to superconductor ratio of about 1. 
We are now developing suitable graded cable. However 
we used the cable with the lowest copper-to
superconductor ratio available, 1.5, in the model 
dipoles described here. The current density is the 
same In all four layers. 

Col1 DeSign 

The 4 layer magnet, 0-9A, described here Is a 
logical extension of work on 2 and 3 layer magnets 

'This work was supported by the Director, Office of 
Energy Research, Office of High Energy and Nuclear 
Physics, High Energy Physics DiviSion, U. S. Dept. 
of Energy, under Contract No. OE-AC03-76SFOO09B. 
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already deve loped at LBL . 7-9 A tran sverse cross 
sec tion of the col1 Is shown In Fig. I, and a 

CROSS SECTION OF 4 LAYER DIPOLE D-9A 
" l U , ... .,. 

Fig. 1. Cross section of the 0-9A Dipole. 

longitudinal secllon Is shown In Fig. 2. Some 
characteristics of the co11 are presented tn 
Table I. The central angles for the four layers are 
chosen to minimize the allowable harmonics with the 
wedges as shown. The actual conductor dimensions 
are sl ightly different fom those used in the 
optimhation so some harmonics may appear but these 
could easily be eliminated in a large scale 
production with consistent conductor dimensions. 

TABLE I: Accelerator dipole 0-9A design 
characteristics 

Pole C I rcumferent I a I 
Layer Turns ID DO An~le Modulus 

(om) (nvn) ( ) (MPa) 

1 28 58.5 74.5 75.23 1.83xl04 
2 27 76.7 92.0 53.40 2. 03xl04 
3 26 94.9 110.9 41.00 2. 17x104 
4 18 113.0 129.0 23.60 2.39xl04 

The coil winding can support an inward radial load 
in the straight section and when clamped under the 
maximum stress remains separated from the stainless 
steel boretube by about 0.5 om. A layer of 1 om 
thick nylon monofilament Is wound over each layer to 
(1) provide a precompress ion before the subsequent 
layers are applied, (2) aid the external rings in 
supplying the final preload, and to (3) provide a 
path for helium to flow circumferentially around the 
coi I. The ends of the coi I, which are not self sup
porting, contact the boretube and are under a radial 
load and some circumferential load due to the nylon 
banding and external rings. 
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LONGITUDINAL CROSS SECTION OF 4 LAYER DIPOLE D-9A 

Fig. 2. Longitudinal cross section of the 0-9A winding showing the end of call and the staggered layer ends, 
which reduce the field rise. 

TABLE 11: Stresses in the 4 layers of the 0-9A 
dipole under various conditions 

During After At At Max 
Layer Cure final Assy 1.8 K Current 

(MPa) (MPa) (MPa) (MPa) 

1 82.7 89.6 68.9 98.6 
2 82.7 65.5 51.7 73.8 
3 82.7 51.7 44.8 60.7 
4 82.7 33.1 33.1 37.2 

The longitudinal section in Fig. 2 shows that -the 
ends of the call layers are staggered, the outer 
coils are shorter, to reduce the maximum field at the 
innermost turn of the first layer. The effect of 
this end design is to move the high field region to 
the straight section of layer one, probably below the 
ends of the straight section of the innermost turns 
of layers three and four. Neglecting these possible 
end effects, the maximum field rise in the straight 
section of layer 1 is about 3 on the first turn. 

The 2.46 mm thick, 52.5 mm dlam bore tube is an 
integral part of the coil and is vacuum tight. Pins, 
as shown in Fig. 2 are welded into holes in this tube 
to provide an index for mounting the preassembled 
co 11 s halves and to support the co 11 aga i ns t the 
circumferential force of the nylon during winding. 
The field quality of this magnet was not measured 
during the first test, but the integral, sealed bore 
tube will allow cold measurement at a later time if 
necessary. 

The conduc tor used in the call sis similar to the 
FNAL Rutherford cable and is described in Table III . 
The copper-ta-superconductor ratio 1n the conductor 
is 1. 5, wh i ch is somewhat lower than tha t of the FNAL 
DoublerlSaver conductor. The short-sample critical 
currents of this conductor are shown in Fig . 3 at 
both 4.4 and 1.8 K.l0 Several different measure
ments were combined to obtain these curves l some were 
on single strands, others on complete cable. The 
results are all generally in agreement, and the 
values for 4.4 K are probably correct to about 5 • 

TABLE III: Conductor used for accelerator dipole 09A 

Conductor dimensions (mm)2 
insulated at 82.7 MPa 

Kapton insulation (mm)2 
50 overlap 

No. strands 

Cable pitch (, ... - 1) 

Strand diam. (om) 

Twist pitch (010-1) 

Copper to superconductor 
ratio 

1.25 x 8.03 

0.025 x 12.7 

23 

0.013 

0.027" 

0. 11 

1.5 

The 1.8 K curve is based on a few paints between 10 
and 11.5 T and is an extrapolation to the actual 
operating conditions near 8.0 T. The load lines for 
the central and estimated peak fields in the coil are 
also shown. 

The cable is very lightly compacted by a "turk's 
head" while in the winding line under tension. This 
operation produces a rectangular conductor with a 
final size that is uniform throughout the coil and 
brings the Internal structure of the conductor into 
final registry to remove distortions that might have 
been introduced during handling. For example, in the 
year or so between manufacture and coil winding the 
conductor may be respooled several times and passed 
over several pulleys during the cleaning and inspec 
tion process . This final compaction and sizing is 
quite important because of the strong dependence of 
the coil prestress on the conductor d1n~ns1ons. 
Glass- epoxy wedges are placed in the windings of each 
layer at tntervals of about 7.5' of w1ndtng arc . 
Th is keeps the conductors or iented radially and 
maintains constant circumferential pressure across 
each 1 ayer. The winding pack age has a measured 
effec tive circumferential modulus of about 
2xl04 MPa 4S shown in Table I. This relatively 
high value, compared to the stress in earlier 
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fig. 3. Short sample critical current for the 
conductor used in 0- 9A and the 0- 9A load line. 

cOils,5,7 imposes severe restrictions on the 
dimensional tolerance of the conductor. Using the 
first layer as an example, assuming the circumference 
is held constant, a variation of 2.54 "'" (0.0001") 
in the conduc tor th i cknes s 1 eads to a 28 Mpa 
(4000 psi) change in the compressive load. 

After compaction, the conductor passes through a 
wrapping stage where a spiral wrap of Kapton insula
tion is applied. The Kapton layer is overlapped to 
give a 50"m (0.002") insulation thickness over 
about gO of the conductor surface. As a final step, 
8-stage epoxy is then sprayed onto one surface of the 
insulated conductor before it is wound onto the coil 
form. The epoxy applied in this fashion aids in 
fabrication but has little effect on the call under 

load. dnd no epoxy is In direct contact with the 
conductor. 

Ou r 1 ng co 11 wi nd 1 n9 the conductor 1 sunder abou t 
450 N (100 lbs.) tension. A dunmy pole island made 
of aluminum is used for the winding and the epoxy 
curing processes. This island is firmly attached to 
a sol id cyl indrical mandrel. Wedges of glass-epoxy 
are placed between the turns as the conductor is 
wound onto the mandrel and the island. After winding 
i s completed an aluminum half-shell having the same 
10 and 00 as the 1 ayer is mated to the winding and 
mandrel. A stainless steel shell and chain clamps 
are th en applied to the entire assembly. The coil 
winding is compressed, but the dimensions of the 
back ing aluminum half shell are chosen to keep the 
coil away from the mandrel . The pressure in the coil 
is brought up to 83 Mpa (12,000 pst) and the entire 
assembly is placed in an oven and cured at 120'C for 
about 3 hours. The bolts holding the chains in place 
are periodically tightened to maintain pressure as 
the epoxy cures and the Kapton insulation creeps into 
the spaces around the conductor. The creep Is usu
ally completed in the first hour of curing. 

The assembly of the four coil layers is a sequen
tial operation in which each layer is mounted in 
place and the nylon is then wrapped on at the deSign 
pressure given in Table I. figure 4 shows the first 
layer during assembly. 

Target prestresses were determined for each layer. 
The goal Wds to provide sufficient ambient tempera
ture precompresslon so that after cool down and upon 
energizing, the inside turns of each layer would 
remain under compress ton. Precompress 10n has to be 
high enough to offset stress loss due to thermal 
contraction and to the lorentz forces tending to move 
conductor away from the poles. The magnet was 
modeled ds a series of nesting shells of different 
mechanical and thermal characteristics that depend 
on the amount of G-l0 and superconductor in each 
layer to calculate the stress change during cooldown. 
A different calculation determined the uniform cir
cumferential compreSSion that produces, at the first 
turn, the same IOOt10n as the Lorentz force. These 

fig. 4. The first layer of D- 9A. during coil assembly. 



two stresses are superimposed (added) to give the 
, minimum assembly prestress for each layer. 

For example, In layer 1, cool down to 4 K will 
cause the compessive stress to decrease by 3,000 pSi. 
The lorentz force, assuming a zero 1nit tal compres
sion, would cause the first turn to move tangentially 
0.071 mm away from the pole. Had this layer been 
compressed in It i ally by th i s amount, correspond i ng 
to 56 . 5 Mpa (8200 ps 1) , there wou 1 d have been no 
motion of the first turn. The two effects combine 
to give a minimum target prestress of 11,200 psi. 
We used 13,000 psi as our goal for this layer. 

Ouring assembly, after each new pair of preformed 
layer halves is assembled onto the existing layers, 
a radial pressure is applied via chain clamps to 
produce a compressive stress in each layer. The mid
plane spacers in the new layer are adjusted to tailor 
Its compressive prestress to the target value rela
tive to the inner layers. This distribution of 
s tresses is rna 1 ota 1 ned as subsequen t 1 ayers are 
assembled and when the external structural rings are 
applied. The nylon monofilament wrap between each 
layer does not alter this distribution. Stresses are 
measured using strain gage instrumented aluminum 
blocks fit into slots in the pole island of each 
layer. Each block, which is about 3 x 6 x 25 mm3, 
is instrumented with a full-bridge strain-gage 
circuit. 

The compressive loads expected in the coil as 
constructed are shown 1n Fig. 5. These loads are 
1 arge enough to prevent separation of the conductor 
from the pole islands when the coil Is fully charged. 
The pressures tn the col1 under other various condi
tions are also shown in Fig. 5. 
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Fig. 5 Compressive loads In the 0-9A coil under 
various conditions. 

Finally, after the four conductor layers and the 
four nylon wraps are completed, a set of stainless 
steel rings and collets are assembled on the outside 
of the col1 to bring the pressures in the winding to 
the design value. The rings also resist the Lorentz 
forces in the coil during operation. 

The splices between 1 ayers 1 and 2 and 1 ayers 3 
and 4 are made outside the col1 as shown in Figs . 2 
and 4. 10 allow the conductor to cross to the out
s ide of the rinys and to avoid damaging the conductor 
during assembly, the ring s are installed in both 
directions from the point where the layer 3 and layer 
4 leads leave the coil. The two collets between the 
two lead areas are split to pass over the conductors 
without dama9ing the Insulation. The completed coil 
is shown in Fig. 6. 

Test Results 

The 0-9A dipole magnet was tested in our horizon
tal He I/He II test cryostat that has been described 
previously .5,7 The training behavior in both He I 
and pressurized He II Is excellent; short sample 
performance in lie I at 4.4 K was reached on the third 
quench. The sequence was 4.8 T central field on the 
first quenCh, 5.3 T on the second and 5.8 T on the 
third. In pressurized He II at 1.8 K short sample 
was reached on the second quench. The sequence was 
7.4 T on the first quench and B.O T on the second. 

Voltage taps on the inner turns of the ins Ide 
layer showed that the quenches all started in the 

Fig. 6. The completed 0-9A coil 

straight section of the inside turn of either the top 
or bottom half of the inner layer. although a rela
tively lossy cable utilizing "staybrite" insulation 
on the strands is used. the ramp rate sensitivity is 
relatively low at both 4.4 and 1.8 K. We attribute 
this to adequate helium ventilation. 

Extensive cyclic heating data were taken. In 
He II, we use a calorilootr ic method us Ing the rise 
in b~fh temperature as an indication of energy 
10ss.1 Cycling was done in the range from 0 to 
6.1 T with field change rates beween 0 and I T per 
second. At the maximum rate the cyel ic loss was 
37 . 4 W. In He I a computer based electronic system 
was used. The magnet was cycled from 0.3 to 4.6 T 
at rates ranging from 0 to 0.9 T per second at the 
maximum rate in He II, the cyclic loss was 30 . 4 W. 
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