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University of Califomia. 



" 

( 

-. --- .. --.~-------~ -~-.--~---...:.......-.- ~-----.-.- _ .. _ .. _.- . 

~,:::- r-------~----------------.,.I-;:C-;;-;0AD;7EA-0-1-00--~S;;;::E-;;-R .. 1 A'L _-=L~B.!:.CI DTI--.!5~8~pq~GEO---' 
LAWRENCE BERKELEY LABORATORY - UNIVERSITY OF CALIFORNIA 

-~ ENGINEERING NOTE M5933 1 OF 7 
(1' AUTHOR DATE 

M.A. Green IM
D EEPCAHRAT MNEIN cT 

AL 
ENGINEERING I 

LOCATION 
Berke1ev 16 June 1982 PROGRAM - PROJECT - JOB 

MECHANICAL ENGINEERING, GENERAL 

SANDIA r·1AGNET AND CRYOSTAT 
TITLE 
t"lAGNET SYSTEM t4ASS VS. ~1AGNETIC FLUX, STORED ENERGY AND t1AGNETIC MO~1ENT 

Bill Cowin of Sandia National Laboratory, Albuquerque, NM, has 
asked me to look at how one might minimize coil and cryostat mass while 
maximizing the total magnetic flux and magnet stored energy in a magnet 
which might be used in a flux compression power supply which might pro
vide power to a high-powered laser. This engineering note presents the 
results of looking at seven different superconducting solenoid magnet 
configurations which result in figures for (1) stored magnetic energy 
per gram of magnet system mass, (2) magnetic flux per gram of magnet 
system mass, and (3) magnetic moment per gram of magnet system mass. 
The magnet system mass includes coil conductor, coil secondary circuits, 
coil support structure, coil leads and plumbing, and the coil cryostat. 

Before proceeding with the seven cases, it is useful to look 
at the scaling relationships between stored energy and mass and total 
magnetic flux and mass. In general, the larger the solenoid magnet di
ameter the larger the stored energy and flux in the useful region. In a 
magnet of given current density, \"Jhich scales three-dimensionally, the 
~red energy goes up with the sixth power of dimension and total flux 
goes up as the cube of the dimension. To first order the coil mass 
goes up as the cube of the dimension. In large magnets, this kind of ' 
scaling does not hold because of limits imposed by superconductor per
formance and magnetic strain. 

The exact scaling depends very much on the size of the sole
noid. Up to say one meter in diameter, the current density in a sole
noid is limited by the critical current density in the superconductor. 
Above about 1 meter in diameter magnetic strain becomes the limiting 
factor in the current density within the windings. 1 Other factors 
come into play such as the amount of stored energy per active current 
carrying mass (mass of the superconductor plus any secondary circuits) 
but these become important as magnetic strain comes into play. In a 
high current density magnet, it is desirable to limit average strain 
under magnetic forces to about 0.15 per cent in order to prevent coil 
training. 2 Peak or concentrated strains up to 0.25 per cent can be 
permitted. 

In order to meet the magnetic strain criteria one must limit 
either conductor current density or stored energy per unit solenoid 
length. If one a~sumes that the superconductor carries about one 

This work was supported by the U.S. Department of Energy under Contract 
No. DE-AC03-76SF00098. 
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third of the total magnetic force, one finds the following design rela
tionship between stored energy per unit magnet coil length and current 

• density in the superconductor plus matrix materia1:1 ,3 

-1-

where EL is the stored magnetic energy per unit solenoid length 
(Jm- l

) and J is the current density in the superconductor plus 
matrix (Am- 2). ~'Jhen equation 1 is applied in solenoids or torroids 
with one third of the stress carried by the superconductor, an average 
strain of less than 0.15 per cent will result. 

Equation 1 is taken independently of any quench protection 
criteria, such as quench back time4 and the general quench protection 
criteria which states that1 ,3 

-2-

where 

-2a-

where E is the stored magnetic energy of the entire magnet on a set 
of leads; J is the matrix plus superconductor current density; £ 

is one minus the coupling coefficient between two circuits which have 
self inductances Ll and L2 and a mutual inductance M12 . Lawrence 
Berkeley Lab has designed large high-current density solenoids which 
have an £ from 0.005 to 0.05 depending on the design details for 
the superconducting coil (circuit 1) and the shorted secondary circuit 
(circuit 2). 

~Jhen a large high current density solenoid is built one must 
. avoid strain concentrations and one must make sure the coil gas a high 
modulus so that forces can be carried by the superconductor and the 
adjoining force containing structure. 1 In general, the stored energy 
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per unit mass of active circuit materials (i.e., the superconductor in
cluding its matrix material and the secondary circuits) is limited to 
an upper limit of 15 Jper.gram4 (this imposes an upper limit tempera
ture of 100-120K in the coil when the energy is spread evenly in the 
active circuit materials). 

By the use of indirect cooling with forced two-phase helium 
and the use of high strength, high modulus, low-mass banding, one can 
make the magnet cold mass as little as 1.5 times the active circuit 
mass. As a result, the upper limit fotstored energy per unit cold 
mass is about 10J per gram. A more reasonable limit for stored energy 
per unit cold mass might be 8 J per gram. 

The Lawrence Berkeley Lab has built its high current density 
magnet cryostats from aluminum. Even in the best of circumstances, an 
aluminum cryostat vacuum vessel has about the same mass as the coil it 
houses. (The TPC magnet cryostat has almost twice the mass of coil be
cause the cryostat is also an e1even~atmosphere pressure vessel as well 
as a vacuum vessel.) By the judicious use of composite materials (i.e. 
Kev1ar epoxy, glass epoxy and carbon epoxy) and honeycomb material 
(i.e. Hexe1), it is possible to reduce the cryostat mass by a factor of 
two. The result is a magn.et stored energy of 5 to 7 J per gram of total 
magnet system mass. O~hen one uses an all-metal cryostat the stored 
energy per unit mass is from 3.5 to 5.5 J per gram.) 

Let us look at seven mag~et designs which have been built, are 
being built or are proposed. These magnets are divided into two cate
gories so that one can investigate the effect of magnet length on vari
ous parameters. These are the 1nng magnets with 3.3m coil lengths and 
the short magnets with 0.5 to 0.7m coil lengths .. The seven cases which 
are to be compared are: 

Long magnets 3.3m long --

1) The old TPC magnet built with two layers 0.9 x 3.6mm super
conductor and an ultrapure aluminum circuit. The cooling 
circuit forms the banding. 5 

2) The new TPC magnet built with two layers 1.0 x 3.6mm super
conductor and a two-layer copper circuit 1.0 x 3.6mm. This 
coil has additional banding and a separated cooling circuit. 
The increase in mass is mostly in the active circuit. 

3) A light version of the TPC magnet with the same conductor 
as the previous case. The copp~.!' layer is replaced with 
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two layers of 1.0 x 3.6rrnn ultrapure aluminum 
clad with hard aluminum. The aluminum banding is re
placed by boron aluminum tape. The TPC cryostat is re
placed by a non-pressure vessel built of aluminum, mag
nesium aluminum and metal-cored Hexel. 

Short magnets 0.5 to 0.7m long --

4) The B coil which has two layers of 1.Omm diameter super
conductor with a l-to-l copper to superconductor ratio 
(all other superconductors are 1.8-to-l copper to super
conductor ratio). The cooling tube acts as banding. 
The cryostat is the warm bore cryostat built by Sandia. 6 

5) The C coil which has two layers of 1.5mm diameter super
conductor and two layers of banding plus the cooling 
tube.? The cryostat assumed is the warm bore cryostat 
which is being designed by LBL which has a mass of 1430 
kg. 8 

6) The proposed new Sandia magnet with 14 layers of 1.0 x 
3.6mm superconductor, two layers of 1.0 x 3.6mm copper, 
a 19mm-thick bore tube, 30mm of aluminum banding and a 
separate cooling tube. 9 The cryostat is the same one 
as in Case 5. (This cryostat is designed to support 
the explosion containment vessel.) 

7) A light version of the new Sandia magnet with 12 layers 
of 1.0 x 3.6mm superconductor, two layers of 1.0 x 3.6mm 
ultrapure aluminum, a 19mm thick bore tube, 20mm of 
boron aluminum banding and a separate cooling tube. The 
cryostat has a thin aluminum bore tube and Hexel outer 
shells. The projected mass of this cryostat is 600 kg. 
(This cryostat could not support the exploSion contain
ment vessel.) 

TABLE 1 compares the basic parameters of the seven magnet 
cases. Included are the ampere turns at design current, the stored 
magnetic energy at design current (with no iron), the average magnetic 
flux in the bore at design current, and the magnetic moment at design 
current. The active mass (coil plus secondary circuits), the cold 
mass (all parts which are at 4K), and the total mass (cold mass plus 
cryostat mass) are given for the seven cases. Stored energy per unit 



TABLE 1. .- A comparison of stored energy per unit mass, magnetic moment per unit 
mass and magnetic flux per unit mass for seven magnet designs 

L _ 0 n 9 M oJ -- - - - S h - - t M t VE 
Old TPC New TPC Light TPC ::,anOla 

Parameter Magnet Magnet Magnet B Magnet C Magnet t1agnet 

Diameter of Coil 10 (m) 2.17 2.17 2.17 1.00 2.00 2.00 
Length of Coil (m) 3.30 3.30 3.30 0.46 0.70 0.70 
10 of Cryostat (m) 2.04 2.04 2.04 0.89 1. 90 1. 90 
00 of Cryostat (m) 2.36 2.36 2.36 1.23 2.30 2.30 
Length of Cryostat (m) 3.84 3.84 3.84 0.79 1.25 1.25 
Ampere Turns at Design 

4.69 x 106 4.69 X 106 0.77 X 106 * 2.83 X 106 Current (A) 4.69 x 106 1.24 x 106 

Stored Magnetic Energy 
10.8 x 106 * at,Design Current (J) 10.8 X 106 10.8 X 106 0.33 X 106 1.92 x 106 10.0 X 106 

Magnetic Moment at 
* Design Current. (Am2) 17.3 x 106 17.3 X 106 17.3 X 106 0.60 X 106 3.90 X 106 8.89 X 106 . 

Average Magnetic Flux (T) '\.11.50 '\.11.50 '\.11.50 '\.11.07 '\.11.05 '\.12.39 
Active Mass (kg) 890 1250 860 49 188 760 -. ... _ .. 

Cold Mass ( kg) 1550 1950 . 1300 79 375 1330 
Total Mass (kg) 4850 5250 2440 470 1805 2760 

Energy/g Active Mas$ (Jg- 1 ) 12. 14 8.64 12.56 6.73 10.21 13.16 
~nergY/Q Cold Mass : (Jg- 1 ) 6.97 5.54 8.31 4.19 5.12 7.52 
Energy/g Total Mass: . (Jg-l) 2.22 2.06 4.43 0.70 1.06 3.62 
Magnetic Moment per gram 

Total Mass - . .. . (Am2 g- 1 ) 3.59 3.31 7.13 1.28 2.16 3.21 
Flux pe~ gram Total Mass (Weber g-l) -6 _6 

2.27 X 10-6 -6 -6 -6 L 14 x 10 1.06 x 10 . 1.79 xl 0 1.82 x 10 2.72 x 10 

*Critica1 Current 
**Just below the practical upper lin t of 15 Jg-

,," ',-

Light 
Sand i a 
Magnet 

2.00 

0.70 
1. 90 
2.30 
1.25 

2.83 X 106 

10.0 X 106 

8.89 X 106 

'\.12.39 
670 

11 00 
1700 

** 14.93 
9.09 
5.88 

5.21 
4.42 X 10-6 

""C 3: 
(.Q U'1 

1.0 

w· 
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active mass, per unit cold mass and per unit total mass are given in the 
TABLE. The magnetic moment per unit total mass and the magnetic flux 
(giv~n in Webers) per unit total mass are also presented. 

From TABLE 1, one can observe the following: 1) The TPC magnet 
does not use material effectively but if it had no pressure vessel it 
would be a lot better. 2) In general, the short solenoid probably has 
a stored energy per unit total mass and a higher flux per unit total 
mass. 3) The long solenoids appear to have more magnetic moment per 
unit mass. 4) When one compares the C magnet with B magnet, one finds 
that the stored energy per unit cold mass and per unit active mass is 
higher for C magnet (the larger diameter magnet). B magnet is designed 
to the current density limit of the superconductor rather than the strain 
limits C magnet is designed to. On the other hand, the amount of flux 
per unit cold mass is greater for the smaller magnet because magnetic 
flux scales differently from stored energy. 

From TABLE 1 and the basic scaling laws it appears that the fol-
lowing design conditions apply: 

Stored energy 
~ 4 - 5 Jg- 1 

per unit total mass 

and 

Total magnetic flux :::::: 4 - 6 X 10- 6 Webers g-l per unit total mass 

The optimum design favors short rather than long magnets in both cases. 
The optimum diameter is different if one optimizes stored energy per 
unit mass than if one optimizes total magnetic flux per unit mass. Fur
ther study could yield an optimal design in either case. 
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