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Government. While this document is believed to contain correct information, neither the 
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
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A COMPARISON OF ASTROMAG COILS MADE wrrn ALUMINUM 
AND COPPER BASED SUPERCONDUCfOR 

M.A. Green 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, CA 94720 

The use of aluminum matrix superconductor in"the coils for ~e 
ASTROMAG magnet will increase the integrated field f~r domg 
particle astrophysics in space as compared_ to equal ~~ coils made 
with copper matrix superconductor. ~e mcreased ~bility to detect 
charged particles can be achiev~ wtthou~ decreasmg the current 
margin of the supercon~uctor m the. cotls. The use of a low 
resistivity aluminum matnx conductor m~s the energy need to 
initiate a quench by two orders ~f magrutu~e. ~e current decay 
time constant during a· quench ts substannally mcreased. As a 
result, the quench energy dumped into the helium tank is n:d~ced 
(The ASTROMAG coils are thermally decoupled from the helium 
tank.), and the forces on the shields and shells due to eddy cur:ents 
will be lower. This paper also describes the problems !ISSOCtated 
with the use of aluminum matrix superconductor in the coils. 

Back~und 

The ASTROMAGI superconducting magnet consists of two 
superconducting coils powered with opposite pol~ty so. that the net 
magnetic dipole moment is zero. The two cotls, whtch are two 
meters apart, are attached to a 3440_liter superfluid helium ta~ 
which supplies cooling for the cotls for up to four years m 
space.(See Fig. 1 for a basic confi~urati~n of the ASTROMAG 
magnet coils mounted on the superflutd hehum tank.) 

There are two particle astrophysics experiments, each mounted on 
an end of the cryostat The closest physi~s detector is l~ated 12 to 
15 centimeters from the superconducung magnet cotl for that 
experiment. The heavy nuclei experiment requires that one 
maximize the field integral through the detector. In order to 
maximize the field integral, one must increase the ampere turns in 
the coils. The magnet stored energy goes up as the ~perc turns 
squared for a given coil package. The mass of the coils and the 
cryogenic system goes up as the stored energy. 

The baseline ASTROMAG superconducting coil at the end of 
phase A used a copper matrix superconductor to generate the 
magnetic fie!d2. The copper based coil cross-section is shown in 
Fig. 2. The copper baseline magnet parameters are shown in the 
table below Fig. 2. Each copper based coil will carry 1.98 MA 
turns and has a mass of about 325 kg. The copper based 
superconductor will operate at 85 to 90 percent of critical current 
along the load line when the coil temperature is 4.2K. The magnet 
stored energy at the design current is 11 MJ. 

*This work was supponed by the Office of Astrophysics, NASA, 
and the Office of Basic Energy Science, U.S. Dept. of Energy, 
under Contract No. DE-AC03-76SF00098. 

Manuscript received September 24, 1990 

Aluminum Matrix Coil Versus Comx;r Matrix Coi1s 

Since weight is always an imponant factor in any space mission, 
the use of aluminum matrix superconductor in place of copper 
matrix conductor has been studied. Studies made in May of 19893 
showed that the number of ampere turns in the coil could be 
increased without increasing the magnet weight by using 
superconductor with an aluminum matrix. A number of other 
advantages also became apparent 

The advantages of aluminum matrix superconducting coils over 
copper matrix superconducting coils for the ASTROMAG magnet 
design are as follows:-' 

1 . For a given coil mass (including the coil suppon structure), 
the aluminum matrix superconducting coil will carry more 
current This means that the maximum detectable momentum 
can be increased in the exP.eriments without altering the 
panicle detectors. 

2. The energy needed to initiate a quench in the aluminum matrix 
superconductor in the coil is about two orders of magnitude 
higher than it is for the comparable copper matrix 
superconducting coil. 

3. The quench decay time for the aluminum matrix coil will be 
about a factor of two longer than for the comparable copper 
matrix coil. As a result, less energy will be dumped into the 
helium tank during a quench and the forces on the shields and 
shells due to eddy currents will be lower. 

4. The energy density for the aluminum based superconducting 
coil is higher than it is for the copper based superconducting 
coil. 

The two potential problems which are associated with the use of 
the aluminum matrix superconductor in the ASTROMAG coils are 
as follows: 

1. The aluminum matrix coils are strain limited because the very 
pure aluminum matrix material is not capable of carrying large 
forces without yielding. 

2. Superconductor with a pure aluminum matrix has very 
different quench propagation characteristics from copper 
based superconductor. Quench protection is more of a 
problem at intermediate ~urrents than it is at higher currents. 

The proposed aluminum .matrix superconductor coil cross-section 
is shown in Fig. 3. The parameters for the aluminum matrix coil are 
shown in the table attached to Fig. 3. · 
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Fig. 1. The Baseline Magnet and ~ryostat Configuration for ASTROMAG 
With Copper Matnx Superconducung C01ls. 

H_ard Aluminum Support 

Shroud Attachmen1 Point 

COPPER MAGNET PARAMETERS 

Number of Magnet Calls 
Number of SIC Layers per Coil 
Number of QB Layers per Coli 
Number of Turns per Layer 
Number of SIC Tums per Coli 
Number of QB Tums per coil 
Coli Outside Diameter (m) 
Coli Inside Diameter (m) 
Space Between the Coils (m) 
Coil Width (mm) 
Magnet Self Inductance (H) 
11 MJ Design Current (A) 
Coil Peak Induction (T)• 
lntereoll Tensile Foree (kN)• 
SIC Matrix Current Density (AJ sq mm)• 
Quench Energy at 1.8 K (micro-joules) 
Coli Package Mass (kg) 

At the 11 MJ Design Coli Current 
II 25.6 metric tons 

2 
34 

4 
n 

2448 
288 
1.66 
1.56 
2.00 

184.00 
33.52 

810.09 
6.74 
25111 
405 
9.6 

322.7 

Fig. 2. A Cross-Section of the Copper Matrix 
Superconducting Coil for ASTROMAG. 

-2-

Hard Aluminum Support 

Shroud Attachment Point 
Outer Coli, 60 Turns per Layer · 

Inner Coil, 59 Turns per Layer 

ALUMINUM MAGNET PARAMETERS 

Number of Magnet Coils 
Number of SIC Layers per Coil 
Number of QB Layers per Coil 
Number of Tums per Layer 
Number of SIC Turns per Coil 
Number pf QB Tums per Coil 
Coil Outside Diameter (m) 
Coil Inside Diameter (m) 
Space Between the Coils (m) 
Outer Coil Width (mm) 
Inner Coil Width (mm) 
Magnet Sell Inductance (H) 
13.87 MJ Design Current (A) 
Coli Peak Induction (T)• 
lntercoll Tensile Force (kN)" 
SIC Matrix Current Density (AJ sq mm)• 
Quench Energy at 1.8 K (micro-joules)" 
Coil Package Mass (kg) 

At the 13.87 MJ Design Coil Current 
II 32.6 metric tons 

2 
40 

2 
59 or60 

2381 
119 

1,66 
1,50 
2.00 

186.00 
182.90 
29,35 

972.48 
6.97 
31911 
223 
851 

321.7 

Fig. 3. A Cross-section of an Aluminum Matrix 
Superconducting Coil for ASTROMAG 
Without the Use of Advanced Composites 
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Strain Within The Aluminum Matrix Superconductor 
and the Coil Package 

When one looks at the stress and strain within the ASTROMAG 
aluminum matrix superconducting coil, one must look at the 
properties ·of the coil materials. The basic aluminum matrix 
superconducting coil package shown in Fig. 3 has a total cross
sectional area of 148.8 square centimeters. The coil shown in Fig. 3 
has 2381 turns of aluminum matrix superconductor which has a 
cross-sectional area of 4.3 square millimeters per turn. (The copper 
matrix superconductor used in the coil shown in Fig. 2 has a cross
sectional area of 2.0 square millimeters per turn.) Of the 148.8 
square centimeters of coil cross-sectional area, about 108 square 
centimeters is aluminum matrix superconductor. The remainder of 
the cross-section is fiberglass epoxy insulation. The proposed 
superconductor for the coil consists of 1 part Nb-Ti, 0.8 parts 
copper, and 4 parts RRR=lOOO pure aluminum. 

The aluminum matrix coil is strain limited. One wants to limit the 
coil average strain to less than 0.3% in order to avoid coil training.5 
It is proposed that the aluminum matrix coil shown in Fig. 3 consist 
of potted coil, shrink fitted into a hard aluminum suppon ring. The 
shrink fitted coil will be squeezed by the suppon ring as the coil is 
cooled down. As the coil is powered, the hoop forces in the coil can 
be partially taken up by the support ring without passing this force 
across a tensile or shear joint. As a result, an imponant cause of 
training is eliminated. It is proposed that the coil could be wound 
and vacuum impregnated on a retractable winding mandrel. The 
finished potted coil is then machined to an exact dimension so that is 
can be shrink fitted into a machined suppon ring. The coil will be 
cooled by helium flowing through a tube installed onto the outside 
of the suppon ring. The cooling tube should be insulated from the 
suppon ring in order to control the pressure build up during a 
quench of the magnet 

The step in the coil shown in Fig. 3 is intentional. The outer 22 
layers have 60 turns while the inner 20 layers only have 59 turns. 
This moves ~e center of the intercoil force radially outward. As a 
result, the mechanical moment at the shroud attachment point is 
reduced by over a factor of two. 

VERY PURE ALUMINUM 
QUENCH BACK CIRCUIT 
WITH COLO DIODES 

COIL SUPPORT RING 

Quench Protection of Aluminum Matrix Superconducting Coils 

Aluminum matrix superconductor in the ASTROMAG coils poses 
questions of safety during a magnet quench. The questions posed 
are: 1) Will the magnet quench without the superconductor melting 
or the insulation burning at the place in the coil where the quench 
was initiated? (This is usually a high field point or some kind of slip 
point in the coil.) 2) Can both of the ASTROMAG coils be driven 
normal during the quenc·h process? 3) Will the persistent switch be 
protected should it become normal while the gas cooled electrical 
leads are detached? The answer to all three questions is yes 
provided proper design steps are taken to insure fail safe quenching 
of the coil. 

Fail safe quench protection at full design magnet current appears 
to be possible without using quench back.6 Quench back from the 
suppon ring will insure that the second coil will be normal along 
with the first when one coil or the persistent switch quenches. 
Quench back from the suppon ring does not appear to be adequate at 
currents 50 to 70% of full current. Quench propagation along the 
wire is very fast at high currents, but much slower as the current 
goes down. 7 Transverse quench velocities scale with the quench 
propagation velocity along the wire. 

If a pure aluminum quench back circuit is installed within the coil 
as shown in Fig. 3, the entire coil appears to go normal fast enough 
to insure fail safe quenching over the full range of potential 
operating currents, despite the fact that quench propagation 
velocities are much lower at low currents. The addition of a pure 
aluminum quench back circuit reduces the total ampere turns in the 
coil by about 2 percent for a given operating margin. The pure 
aluminum quench back circuit is a hindrance unless the magnet 
charge time is long. This hindrance can be alleviated by putting cold 
diodes across the quench back circuit (see Fig. 4). 

V- VOLTAGETAP 

• TEMPERATURE SENSOR 

~ HEATER 

GAS COOLED LEADS 

v 

SUPERCONDUCTING 
PERSISTENT SWITCH 

v 

GAS COOLED LEADS 

RESISTOR WITH COLO DIODES 
TO LIMIT SWITCH VOLTAGE 

POWER 
SUPPLY 

v 

v 

Fig. 4. The Electrical Circuit Diagram for the ASTROMAG Magnet System 
With Quench Back Circuits and Cold Diodes. 
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Irrwrovement of Coj! Perfonnance throu~h the 
Use of Advanced Composite Materials 

A change of the conductor from a copper matrix superconductor 
to an aluminum matrix superconductor increases the maximum 
detectable momentum (MDM) of the experiments by 15 percent (To 
first order, MDM is proponional to the product of ampere turns and 
average coil diameter.) Aluminum matrix superconducting coils are 
strain limited. In order to increase the number of ampere turns for a 
given magnet coil mass, one has to increase the amount of 
superconuctor per tum and one must provide additional material 
which is capable of carrying the magnetic forces; 

The most effective way of adding strength carrying material to the 
coil package is to use material which have a high elastic modulus as 
well as high strength. The added material must also have a low 
density. This eliminates metals such as the stainless steels and 
materials such as glass and Kevlar fibers. Also eliminated are most 
of the light metals. (Most do not have a high enough modulus of 
elasticity.) Advance composites such as carbon fiber and boron 
fiber appear to be good candidates if they are used in the uniaxial 
form in the hoop directionS. 

Figure 5 shows an ASTROMAG coil cross-section which uses 
unidirectional boron fiber in both the superconductor and the 
insulation layers between the conductor layers. The superconductor 
p~oposed for the coil shown in figure 5 would consist of 1 pan Nb
TJ, 0.8 pans copper, 0.5 pans unia;(ial boron aluminum fiber 
composite (about 50 percent boron), and "3 pans RRR = 1000 pure , 
aluminum. The interlayer insulation would consist of boron-epoxy 
tape between layers of Kapton. The coil shown in figure 5 has no 
hard ~uminum stru~ture outside of the coil. A relatively thin 6061 
alurrunum structure IS used to carry the longitudinal inter-coil force 
to the shroud. The coil shown in figure 5 will permit the MDM in 
the experiment to go up 20 percent compared to the coil shown in 
figure 3. ·-

Shroud Anachment Point 
Outer Coil, 70 Turns par Layer 

Inner Coil, 69 Turns par Layer 

ALUMINUM MAGNET PARAMETERS 

Number of Magnet Coils 
Number of SIC Layers par Coil 
Number of QB Layers par Coil 
Number of Turns par Layer 
Number of SIC Turns par Coil 
Number pf QB Turns per Coil 
Coil Outside Diameter (m) 
Coil Inside Diameter (m) 
Space Between the Coils (m) 
Outer Coil Width (mm) 
Inner Coil Width (mm) 
Magnet Self Inductance (H) 
18.65 MJ Design Current (A) 
Coil Peak Induction (T}" 
lntercoil Tensile Force (kN)" 
SIC Matrix Current Density (AI sq mm)" 
Quench Energy at 1.8 K (mlcr~joules)" 
Coil Package Mass (kg) 

At the 18.65 MJ Design Coil Current 
t 47.8 metric tons 

2 
38 

2 
69 or 70 

2641 
139 
1.74 
1.59 
2.00 

217.00 
213.90 

37.30 
1000.0 

7.10 
46811 
230 
528 

320.8 

Fig. 5. A Cross-Section of an Aluminum Matrix 
Superconducting Coil for ASTROMAG 
Which Uses Uniaxial Boron Composites. 
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Summaxy 

An ASTROMAG coil set which uses aluminum matrix 
superconductor is both possible and desirable. Coils made from 
aluminum matrix superconductor carry more current per unit mass, 
they require more energy in order to initiate a quench, and they 
decay at a slower rate during a quench. The aluminium matrix coils 
can be made so that they are capable of carrying both the 
longitudinal and hoop stresses. Quench protection of the aluminum 
matrix coils appears to be not much different than for a copper 
matrix superconducring coil system. The quench protection method 
studied will protect both coils and the persistent switch. The use of 
advanced composites along with the aluminum matrix 
superconductor in the ASTROMAG magnet can increase the MDM 
of the experiment by 38 percent without a change in the magnet coil 
mass. 
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