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ABSTRACT 

This document reports on the design, construction, and testing of a 7-Tesla, 44x1. 
bore superconducting magnet for use in the Astronautics Refrigerator Experiment. The 
magnet is a single-strand, layer-wound, potted solenoid wound with Formvar-insulated 
SSC strands. The magnet was constructed by American Magnetics, Inc. of Oak Ridge and 
has been installed in the Astronautics Refrigerator Experiment at the Astronautics 
Technology Center in Madison, Wisconsin. 

. 

1. INTRODUCTION: SIZE AND SHAPE OF THE MAGNET 

The task was to design a solenoid that has a bore diameter 2a = 4 in. = 10.16 cm 
and that produces a central field Bo = 7 T. The first step is to determine the shape factors 
01 and p (see Fig. 1 for the definitions of a and p). We do this by minimizing the winding 
volume as follows: 

The field B at a point P on the axis of a solenoid is given by 

where 

and 

F(a, t) = t l n  [-S-) 
Here z is the distance of P from the center of the magnet, 
space ( 4 ~  x lW7 Henry/m), and J is the average cumnt density over the winding. When 
z = 0, the central, on-axis field Bo is given by 

is the permittivity of free 

- -  Bo - F(a, p) . 
Po Ja 

If we fm the value of J ,  the cumnt density, we fix the value of the shape function 
F(a, p). For each value of F, there is a unique pair of shape factors (a, p) that minimizes 
the winding volume V = 2X (a2 - l)pa3. These 01 and p are shown in Fig. 2 plotted 
against F. 

Shown in Fig. 3 is a plot of the minimum value of (a2 - 1)p versus F. According to 
Fig. 3, (a2 - 1)p varies as the 1.7-power of F, which means the winding volume Vvaries 
inversely as the 1.7-power of the current density J since Bo and a are fixed by the design 
constraints. 
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To achieve low cost (and a small magnet), the current density should be high. But 
as current density increases, stability decreases. A current density of 15 kA/cm2 is not an 
extravagant goal from the point of view of stability. With SSC strands (which we recently 
purchased at $0.91 per meter), the cost of superconductor for the magnet would be about 
$3,200. A crude rule of thumb is to triple the cost of the superconductor to get the cost of 
the magnet, which would then be about $lO,OOO. Reducing the current density to 
5 W c m 2  would diminish the stability problem but would increase the cost by a factor of 
6.5, making the magnet rather expensive. On the other hand, increasing the current den- 
sity to 30 Wcm2,  which is rather risky, would decrease the cost by less than a factor of 
three. I say “less than” because when the magnet is small, the rule of three quoted above 
probably no longer holds: a certain irreducible amount of labor is required to make the 
magnet, even if the superconductor inventory is very small. In view of the relatively 
small expected cost of the 15-kA/cm2 magnet to start with, the risk of increasing the cur- 
rent density seems unjustified, 

When J = 15 kA/cm2, F = B&Ja = 0.7310, and the minimum-volume shape fac- 
tors are a = 2.162 and p = 1.258. The magnet dimensions a= then these: OD = 
8.647 in. = 21.96 cm, length = 5.027 in. = 12.77 cm, build = 2.323 in. = 5.902 cm. The 
volume of the winding is 3.803 L. 

2. DETAILED DESIGN OF THE WINDING 

To proceed further with the design, one must choose a conductor and decide how it 
will be wound and cooled. A convenient conductor, of which ORNL had an adequate 
supply on hand, is one produced for the Superconducting Super Collider (SSC). Its speci- 
fications are given in Table 1. The data used to determine the critical current density in 
Table 1 are reported by Valaris et al. in Ref. 1 and by Kallsen et al. in Ref. 2; they are 
listed in Table 2. 

Table 1. Specifications of the SSC Wire 

Strand diameter 0.81 mm 
Cu/NbTi volume ratio 1.5 
Critical current density (7 T, 4.2 K) 1.8 kA/mm2 of NbTi 

The data in columns 2 and 3 of Table 2 are well fitted by a second-order polynomial in B 
(column 4), namely 

J, = z i  + b B  + a 2  (3) 

where 

E = 6.821 kNmm2, 
6 = -0.8394 kA/mmS-T, and 
F = 0.01726 Wmrn2-p .  
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Table 2. Critical current density data of Valaris and Kallsen 

Jc (4.2 K) (kA/mm* of NbTi) 

Magnetic field 0 Valaris et al. Kallsen et al. Least squares 

2 5.214 5.21 1 
5 3.028 3.039 3.055 
5.6 2.664 2.661 
6 2.422 2.405 2.405 
7 1.817 1.802 1.790 
8 1.197 1.210 

A single-strand, layer-wound, potted winding is a good choice for a small magnet 
such as that foreseen here. The specifications of the magnet are given in Table 3. 

Table 3. Specifications of a magnet wound with dose-packed 
Formvar-insulated SSC strands 

Bore radius, cm 
Outer diameter, em 
Length, cm 
Area of winding, cm2 
Overall current density, W c m 2  
Ampere-turns 
Packing fraction 
Area of stands, cm2 
Number of turns 
Critical current per strand (7 T, 4.2 K), A 
Current per strand, A 
Inductance, H 
Stored energy, kl 
Total length of winding, km 
Charge time at 6 V, s 

5.08 
22.0 
12.8 
75.4 
15 
1.13 x 106 
zf2& = 0.907 
68.3 
13,263 
371 
85.2 (23% of critical) 
16.0 
58.1 
6.69 
77.7 

3. PROTECTION 

The magnet described above is self-protecting. This means that if a normal zone 
were formed at a point, say by cracking of the epoxy, it would grow quickly enough that 
the stored energy would be more or less uniformly spread over the mass of the magnet. 
The subsequent rise in temperature would then be well within tolerable limits. 
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In an uncooled conductor, the longitudinal velocity of propagation is given by 

where the function c(i) is determined by Eq. (4b) [3]: 

The quantity c 4  is shown in Fig. 4 plotted versus i. Shown also is the straight line 
of slope 1 through the origin. For i < 0.3, the curve and the line are very close, so that 
c 4  = i, in which case F q  (4a) becomes 

For S we must write 

s = f kuCpCu i- (1 -fl hTiCpNbTi 

where the specific heat is given by 

Cp = fT+ bfl  
where the values of PI f , and 6 are listed in Table 4. 

Table 4. Specific heat parameters 
of NbTi and Cu 

NbTi [4] Cu [SI Units 

f 0.145 0.01 1 J/kg-K2 

6 2.3~10-3  7 .44~10-4  Jkg-K4 

6 6000 8960 kg/m3 

Sincef= 0.6 according to the data in Table 1, for the SSC strands 

S = Z T +  69 
where 

2 = 407 J/m3-K2 , 6 = 9.52 J/m3-K2 . 
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According to Eq. (6), the average specific heat in the range (Tb Tc), where T ,  = 4.2 K 
and T, = 6.0 K (7 T) is S = 3380 Jh3-K.  The value of J in the strands 16.5 kA/cm2. Then 
according to Eq. (k), the propagation velocity is 11.7 m/s. 

This is the longitudinal propagation velocity. The transverse propagation velocity is 
smaller by a factor ( S l l s i ) ( k ~ / l q ) 1 ~ ,  where kl and kll are the thermal conductivities of the 
winding in the transverse and longitudinal directions, respectively, and S_L and Si1 are the 
volumetric heat capacities per unit volume with and without the contribution of the 
epoxy, respectively. Since copper is the continuous phase in the strands and is expected 
to have a much larger thermal conductivity than normal-state NbTi, a binary alloy, we 
calculate k~ as though the copper and epoxy were thermally in series and the NbTi were 
replaced by vacuum. Thus 

where thef ’s are volume fractions (fep = 0.0931,fc, = 0.5441,JirlbTi = 0.3628) and the 
k’s are thermal conductivities. According to Reed and Clark [5], kep = 0.1 W/m-K and 
(C’) 9: 1 Jkg-K. We take 6ep = lo00 kg/m3. We fmd kU from the Wiedemann-Franz law 
assuming for the copper p = 5.39 x 10-10 ohm-m [RRR = 79 (Ref. 6); the resistivity 
includes magnetoresistivity]. We then find kU = 191 W/m-K. From Eq. (7) it follows 
that k~ = 1.065 W/m-K and 41 = 115 W/m-K so that ( k ~ / h l ) l Q  = 0.0964. Furthermore, 
SJ./SII = 1 + lo00 x 0.0931/3380 x 0.9069 = 1.030. Therefore, the ratio of the transverse 
to the longitudinal propagation velocities is 0.0936. The transverse velocity is then of the 
order of 1 m/s, and the entire coil will become normal in about 0.1 s. 

The adiabatic hot-spot integral lo o.1sJ2dt = 2.25 x 10 A m s and corresponds 
to a hot-spot temperature of about 20 K. If the stored energy (58.1 k3) of the coil were 
uniformly spread over the entire conductor volume (3.08 L), the final temperature would 
be 53 K, according to the enthalpy derived from Eq. (6). The hot-spot temperature is then 
less than 73 K, which is entirely tolerable. 

15 2 -4 

4. OUT-OF-BORE FIELD REDUCTION BY SOFT IRON FLANGES 

Soft iron flanges placed on the ends of the magnet serve as flux return paths and so 
may be expected to decrease the field experienced by the bed when it is fully withdrawn 
from the magnet. We can roughly estimate the size and effect of such flanges as follows. 

present at the ends of the magnet and let us take the saturation magnetization M in the 
iron to be 2 T [B = k ( H  + M); &,A4 = 2 TI. We estimate the thickness of the flanges by 
assuming the entire flux from the bore returns through the iron (Fig. 5). Then 

To begin with, let us assume the iron to be completely saturated in the high fields 

lea23, = 2na(y - P ) a w  (gal 
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or 

which corresponds to a flange 8.89 cm (3.50 in.) thick. 

two oppositely directed current sheets whose current per unit length I is equal to the mag- 
netization M, i.e., Z = M. We propose to replace the flanges by such current sheets in 
order to estimate their effect. Since the magnetization M of the flanges is radially out- 
wards, the sheet currents must flow azimuthally as shown in Fig. 5. Such annular current 
sheets are just thin solenoids in planes AB and CD. This replacement is only approxi- 
mate, but should suffice for us to estimate the effect of the flanges. 

mulas to the limit p -+ 0 while p a  remains fued at the value 1/2. Since F is an odd 
function oft, we can write Eq. (la) as 

Now an infinite slab of saturated iron with a magnetization M can be replaced by 

The on-axis field of a solenoid is given by Eq. (1). We need to specialize these for- 

1 
2 B = poJa - - [ F ( a  z/a + 0) - F ( a ,  Z/U - p)] 

which becomes in the limit, 

From Q. (IC) we find that 

- aF = G(a,  t )  - G(1, $1 
at 

where 

. (lob) 
t2 G(a, t) = In 

The field contribution from the sheet AI3 adds to that of the main magnet; the contribu- 
tion from the sheet CD subtracts. 

The magnet described in Table 3 has J = 1.5 x l@ Nm2, u = 0.0508 m, a = 2.162, 
and p = 1.258. According to Eq. (8b), y = 3.008. Figure 6 shows its on-axis field with and 
without end flanges. The out-of-bore field at the bed is substantially educed by the pres- 
ence of the iron flange. 



7 

5. MAGNETIC FORCE BETWEEN THE BEDS AND THE MAGNET 

The force per unit volume 
the field B of the magnet is given by 

exerted on a magnetized bed (magnetization &) by 

j = v(a-2) 
where the V operates only on 8. At low temperatures, the magnetization of the bed 
material, GdNi2, saturates at quite low fields; for example, at 40 K, it saturates for applied 
fields of less than 1 T at roughly 125 A-mzkg (see Fig. 7). Since the density of GdNi2 is 
9680 kg/m3* 1 A-mzkg thus corresponds to a magnetization of 9680 Nm, which con- 
tributes 12.2 mT to the magnetic induction B. Therefore, 125 A-m*lkg corresponds to a 
saturation induction of 1.52 T. Assuminga to be parallel to 2, Eq. (1 la) becomes 

j = M V B  (1 1b) 

The total force on the bed is then 

bed 
VOL 

bed 
vol. 

bed 
Surf. 

The lateral surfaces of the bed contribute nothing to the integral because of the azimuthal 
symmetry both of the bed and the field. Hence, the force is axial, attractive, and of 
magnitude 

P O  

where AB is the difference in B between the two ends of the bed. Equation (12b) is based 
on the assumption that the field is uniform over the end faces of the bed and equal to the 
on-axis field. 

fraction is 5696, which Educes the effective value p,-@ to 0.851 T. 

diameter and 5 cm long) as a function of the displacement of one of them from the mag- 
net center. The parameter labeling the curves is the bed separation in cm. Except for the 
curve corresponding to the smallest separation, all the curves have a sinusoidal shape. 
Consider, for a moment., the curve corresponding to a separation of 20 cm. When the dis- 
tance of bed 1 from the center is z = 0, the distance of bed 2 from the center is z = 20 cm. 
The force on bed 1 is zero (by symmetry); that on bed 2 is very small because it is far 
from the magnet center (point A in Fig. 9). At point B, the force tending to pull bed 1 
back into the magnet is large while that on bed 2 is still small. At point C, the forces on 
the two beds are balanced and the net force is zero. Point D is like point B, but with the 

In using Eq. (12b), it is necessary to account for the voids in the bed; the packing 

Figure 8 shows the total force on a pair of rigidly connected beds (each 5 cm in 
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direction of the force reversed, and point E is like point A, but with the direction of the 
force reversed. A similar analysis holds for the other curves. 

If the bed separation is 17.5 cm and the bed stroke about 20 cm (to minimize the 
field on the bed not in the magnet), the maximum force on the bed assembly is about 
4000 N (or 900 lb.). 

6. HYSTERESIS LOSSES 

The motion of the paramagnetic bed into and out of the bore of the magnet induces 
a voltage across the winding that is opposed by a change in the magnet c m n t  The 
change in current alters the field of the magnet and thereby causes hysteresis losses in the 
superconducting filaments. 

of 6.77 x 105 A/m (which corresponds to an induction of 0.851 T). Since the bed is a 
cylinder whose axis is parallel to the magnetization vector, it is equivalent to a sheet cur- 
rent on its outer cylindrical surface whose linear density I = M (see Fig. 10). We now 
replace the problem of inserting the bed with another problem, namely, that of charging 
the sheet current I = M with the bed already in the inserted position. These problems are 
not the same, but should have roughly the same hysteresis losses. This replacement is 
unavoidable because the actual problem is extremely difficult and would involve quite 
long and extensive computations. 

rent sheet is being charged 

A paramagnetic bed in the fully inserted position has a saturated magnetization M 

The magnet, being superconducting, cannot support any voltage, so that as the cur- 

L - dl + M, - d (2zM) = 0 
dt dt 

when= L is the self-inductance of the magnet, Ms is the mutual inductance between the 
one-turn current sheet and the magnet, and z is the half-length of the bed. Integrating 
Eq. (13) with respect to time over half a cycle, we find that the absolute change in the 
magnet current on fully charging the current sheet is 

IAq = 2zM y MS . 

The inductances have been determined by the Fawzi-Burke method [6]; L = 16.0 H 
and Ms = 700 pH. Then from Eq. (14), we find IM = 1.48 A. Since the operating current 
of the magnet is 85.2 A, IAN1 = 0.0174. 

2JcldB/dtl D/3n. Thus, the total dissipation Q per cycle per bed is 
The hysteresis power density in a fully saturated round filament of diameter D is 
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where Vis the volume of the superconductor (NbTi) in the magnet (1.38 L). Now for the 
SSC conductor, JCB is roughly constant at about 12 kA-Thm2 and D = 6 pm. Therefore, 
Q = 0.734 J per cycle per bed. Since there are two beds and the cycle time is 2 s, the 
average hysteresis power is 0.734 W. 

7. COUPLING LOSSES 

The coupling-loss power density 0 in a composite strand is given by 

Q = = p  B2 (”)” g 
where B is the rate of change of the magnetic field, p is the transverse (matrix) resistiv- 
ity, and p is the twist pitch of the filaments. Now b = hB/At, where AB is the field 
change caused by insertion or withdrawal of a bed and At is the insertion or withdrawal 
time. Now IM/BI = W/Jl so that 

If we integrate Q over the volume Vof the winding, we obtain the total coupling 
power P : 

where f’ is the volume fraction of conductor in the winding (d28 = 0.907). 

losses are present only when the bed is moving, the average coupling power per cycle is 
2 Atlz times the power given in Fq. (18); here, z is the cycle time. Thus, finally, 

The last term is a fraction g of the stored energy E of the magnet. Since coupling 

2 2 f’ P O P  ;;z pTAt (3 g E  
P =  

The fraction g for our solenoid is 0.343. Accordingly, g E  = 20 kY. 
The bulk of the coupling losses will come from the high-field region, where B is 

largest. A suitable value of p for copper in a 7-T field is about 5 x 10-lo ohm-m (RRR = 
100). For p we use 10 strand diameters, Le., 8 mm. The cycle time is 2 s, the insertion 
time 0.5 s. Then P = 0.107 W per bed or 0.214 W for both beds, 

The total ac losses resulting from the motion of the beds should then be roughly 
1 W, corresponding to a boiloff of liquid helium of 1.4 L/hr. Since the cross-sectional 
area of the helium pot above the magnet is 7 10 cm2, this boiloff corresponds to a rate of 
drop of the helium level of 2 cm/hr. The height of the ullage volume above the magnet is 
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15 cm, so steady operation of no more than 7.5 hours is possible before the helium pot 
must be refilled. 

8. RADIAL DESTABILIZING FORCE ON THE BED IN THE MAGNET 

Owing to the increase in field as one moves radially outwards from the bore center, 
a bed is mechanically unstable when inserted in the magnet: if the bed suffers a small 
displacement from dead center, it will experience a magnetic force in the direction of the 
displacement that tends to increase the displacement further. This magnetic force, if inad- 
equately restrained, will push the bed assembly against the wall of the bore tube, a cir- 
cumstance that is highly undesirable. This unstable motion of the bed is restrained by the 
stiffness of the support tubes (one-inch, stainless-steel tubes). If the bearings that guide 
the support tubes can prevent rotation of the tubes (clamped boundary condition), the 
thickness of the tubes (25 mil) is sufficient for them to restrain the magnetic destabilizing 
force. If the bearings cannot prevent rotation of the tubes (pinned boundary condition), 
25 mil in not sufficient for the tubes to restrain the magnetic destabilizing force. 

tion of the bed in the bore tube. The net transverse force on the bed is in the direction of 
the displacement OP of the bed center P from the bore center 0. In the cross-sectional 
plane (b), we let the direction OP be the x-axis. The x-component of n dS is then R cos0 
de dz, where R is the bed radius. Then the x-component of F is given by 

The total force on the bed is given by Eq. (12a). Figure 11 shows a schematic depic- 

By symmetry, VB vanishes at 0; but 0 is neither a simple maximum n0r.a simple 
minimum, but rather a saddle point, being a minimum in the r-direction and a maximum 
in the z-direction. We therefore set 

1 1 2  B = B~ - - clz2 + - c2r 
2 2 

in the neighborhood of 0. When Eq. (21) is inserted into Eq. (20), the first two terms 
make no contribution because for them the 8-integral vanishes. Therefore, 

Applying the law of cosines to triangle OPQ, we see that 

r2 = R~ + e2 + 2 ~ e  case . (23) 

Again the first two terms contribute nothing to the integral. We find finally that 
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or in terms of the force per unit displacement 

e 
0 

where Vis  the bed volume. 

shown in Table 5. 
A calculation of the fields at points 0, A, B, and C in Fig. 1 la gives the results 

Table 5. Results of field computation 

Error in field 
Point Field (T) Fit (TI 

0 7 . m  7.oooo 0 
A 7.7478 7.8445 13 
B 7.7478 7.3742 -20 
C 6.6259 6.5297 26 

A least-squares fit of Eq. (21) to the deviations of the field from Bo at points A, B, and C 
gives cl = 1501 T/m and c2 = 654.4 T/m. Using a bed volume of 228 cm3 (3 in. in 
diameter by 5 cm long), we find from Eq. (25) that 

F 
2 = 1.01 x lo5 N/M = 576 lb/in. 
e 

(26) 

Figure 12 shows schematically the G-10 bed assembly, the magnet and the one-inch 
stainless-steel support tubes. At the attachment of the support tube to the bed assembly 
(point A), the tube will be considered as clamped, i.e., not able to rotate. At the bearing, 
we shall take the tube to act as though inned. Then, the force per unit deflection of the 
bed with respect to the bearing is 3B/I , where I is the unsupported length of the tube 
and B is its flexural rigidity. 

less steel) and I is the moment of inertia of the tube cross section around an axis through 
its centroid and perpendicular to the plane of bending. For a thin tube of radius I and 
thickness t, I = d t .  So for the tube to restrain the force given by Eq. (8), we must have 

P 

Now, B = YZ, where Y is the elastic modulus of the tube material (200 GPa for stain- 

3 
5. = 3A (f) Y? . 
e 

The unsupported length P is about 14 in. so that t = 1.18 mm = 46.5 mil. 
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If the bearing clamps the tube against rotation, the force per unit deflection is four 
time.. larger than if the bearing merely pins the tube. Then the value o f t  required for 
mechanical stability is four times smaller, i.e., 1 1.6 mil. 

9. LOCATION OF THE 5-GAUSS SURFACE 

Since 5 Gauss is less than one ten-thousandth of the central field of the magnet, we 
can use the approximation that the magnet is a simple dipole located at the center point in 
determining the location of the 5-Gauss surface. The total dipole moment M of the mag- 
net is given by 

M = 2 n4Jp(a3 - 1) . 
3 

The magnetic field of such a dipole (assumed to be pointing in the z-direction) in cylin- 
drical coordinates (r, z )  is 

On the axis (r = 0), the 5-Gauss point occurs 2.12 m from the magnet center. In the cen- 
tral plane (z = 0), the 5-Gauss point occurs 1.68 m from the center. In the diagonal plane 
( r  = t), the 5-Gauss point occurs 1.96 m from the center. These three points come very 
close to lying on an ellipse. For practical purposes, then, the 5-Gauss surface is an ellip- 
soid of revolution whose major axis, 2.12 m long, is along the magnet axis and whose 
minor axes, 1.68 rn long, are perpendicular to the magnet axis. 

Since each iron piece is effectively two magnetic dipoles close together, the iron 
should not affect the field at great distances from the magnet center. As reference to the 
axial field profiles in Fig. 6 shows, the field on the magnet axis is not affected much by 
the presence of the iron beyond 35 or 40 cm from the center. 

10. CONSTRUCTION OF THE MAGNET 

Figure 13 shows the construction drawing submitted to prospective vendors. The 
construction contract was awarded to American Magnetics, Inc. of Oak Ridge, TN 37830. 
A number of small variations were introduced in the course of construction that are not 
shown in this figure. The most important of these are (1) the replacement of the screwed- 
down lid plate sealed with an indium gasket by a welded closure, and (2) the replacement 
of the six 1/4-in. support rods by a support tube. Figure 14 is a photograph of the com- 
pleted magnet. Fig. 15 is a photograph of the closed helium pot that shows the following 
six tubes: (1) a 1.625-in. tube above the 27-pin electrical connector (the layout of which 
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is given in Table 5), (2) a 1-1/4-in. pressure relief pipe, and (3) four 1/2-in. pipes, two for 
the vapor-cooled leads, one for adding liquid helium, and one for venting vapor. These 
tubes all penetrate the lid of the 77-K tank. The pressure relief tube is surmounted by a 
BS&B 1-1/2-in., 10-psig burst disk assembly. 

the actual number of turns is 10,067 instead of the 13,263 calculated for the bare wire. 
This change in the number of turns requires that the operating cumnt be raised from 
85.2 A to 112 A. The inductance of the winding is reduced from 16.0 H to 9.22 H. (These 
latter figures refer to the bare coil without the iron end-pieces.) 

August 11,1993. The magnet suffered two training quenches on its fmt two current 
ramps, the first at 6.3 T, the second at 6.4 T. On the third cumnt ramp, the magnet 
achieved the design field of 7.0 T. After the design field was reached, the third current 
ramp was continued, and the coil quenched at a central field of 7.6 T. A fourth current 
ramp was undertaken, and the coil reached a central field of 8.0 T without quenching. The 
fourth ramp was not continued beyond 8.0 T. 

The current required to produce a central field of 7.1 T, namely, 107 A, compared 
favorably with that Calculated, namely, 106 A. (The latter figure takes into account both 
the effect of the iron pole pieces and the effect of the smaller number of turns actually 
wound.) 

Fig. 16 shows the measured field along the magnet axis. The circles and crosses 
show the field in two different series of measurements. The triangles show the field in a 
third series of measurements in which the Hall probe was moved off center in the direc- 
tion opposite to the first two series. Comparison of the triangles with the other points 
shows that the zero position of the Hall probe was mislocated about 1 cm from the center 
of the magnet. The measurements were carried out at a current of 107 A (central field of 
7.1 T). The calculations shown in Fig. 6 are for a current of 85.23 A for 13260 turns, cor- 
responding to 112 A for 10067 turns. For comparison with the measurements, the theoret- 
ical curves should thus be lowered by about 5%. The measurements show clearly that 
although the iron does lower the out-of-bore field, the decrease is less than expected. 

The calculated inductance of the coil without the iron pole pieces is 9.2 H. The 
inductance measured with the pole pieces is 12.4 H at zero field and 10.65 H at 7.0 T. 
The reduction from the zero-field value is due to the saturation of the iron at high field. 

44 L of helium and took about 1-1/2 hours. It took another two hours to collect enough 
liquid to cover the magnet, but this was in a 16-in. dewar. 

Owing to the thickness of the insulation provided by the manufacturer on the wire, 

The magnet acceptance test was carried out at American Magnetics, Inc. on 

Cooldown from nitrogen temperature (77 K) to helium temperature (4.2 K) requ&d 
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Fig. 1. A sketch of the magnet and bed defining the conventional shape factors a 
and p. 
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Fig. 2. The values of a and p that minimize (a2 - 1)p plotted against F(C& p) = 
BdClda. 
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Fig. 3. The minimum value of (012 - 1)p plotted against F ( a  p) = BJpJa. 
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Fig. 4. The quantity c& plotted versus i [c is defined in Eq. (4b)l. Shown also is 
the straight line of slope 1 through the origin. 
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Fig. 5. A sketch of the magnet showing one of the soft iron end-flanges used as 
flux returns. 
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Fig. 6. The calculated on-axis field as a function of distance from the magnet center 
with and without the soft iron end-flanges. 
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Fig. 7. The saturation magnetization of GdNi;! as a function of temperature with 
field as a parameter. 
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Fig. 8. The total force on a pair of rigidly connected beds as a function of the dis- 
placement of one of them from the center. The parameter labeling the curves is the bed 
separation in cm. 
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Fig. 9. An auxiliary sketch to aid in the interpretation of the curves in Fig. 8. 
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Fig. 10. A sketch showing the location of the current sheet that replaces the bed. 
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Fig. 11. A schematic depiction of the bed in the bore tube. 
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Fig. 12. A sketch of the bed assembly, support tubes, magnet, and bearings. 



26 

ORNL-DWG 94-2661 FED 

ASTRONAUTICS MAGNET 

16-518' VAPOR-COOLED LE AD (#2) 114' NPT THREADS 

I I 1' OD, 0.9414' ID, 0.028' WT 

19.028' 

- CulNbaSn S I C  
BUS. 24' 

- 1/8' SS FLANGE 

- 1.865' 

- 1/16' SS SHEET 

- 118' SS FLANGE 

- 114' SS SHEET 

Fig. 13. The construction drawing of the magnet. A number of small variations 
were introduced in the course of construction that are not shown in this figure (see main 
text). 
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Fig. 14. A photograph of the completed magnet. 
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Fig. 15. A photograph of the closed helium pot showing the six tubes that connect 
the interior of the helium pot to the laboratory. 
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Fig. 16. The measured on-axis field as a function of distance from the magnet 
center with the soft iron end-flanges present. 
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