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ABSTRACT

This documentreportson the design,construction,and testing of a 7-Tesla, 4-in.
bore superconductingmagnetfor use in theAstronauticsRefrigeratorExperiment.The

. magnetis a single-strand, layer-wound,pottedsolenoid woundwith Formvar-insulated
SSC strands.The magnetwas constructedby AmericanMagnetics, Inc. of Oak Ridge and .
has been installedin the AstronauticsRefrigeratorExperimentat the Astronautics
Technology Centerin Madison,Wisconsin.

1. INTRODUCTION: SIZE AND SHAPE OF THE MAGNET

The task was to design a solenoid that has a bore diameter2a = 4 in. = I0.16 cm
and that producesa centralfield Bo = 7 T. The firststep is to determinethe shape factors
a and _ (see Fig. I for the definitions of a and _). We do this by minimizing the winding
volume as t011ows:

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

B - BoYa.2[F(a, tl)+ F(a, t2)] (Is)

where

tl - [J- z/a , t2 --- [J + z/a, (lb)

and

F(a, t)= tin(a+ _[a2 + t2 II+ "Jl+ t2 " (Ic)

HerezisthedistanceofP fromthecenterofthemagnet,lloisthepermittivityoffree

space(4n× 10-7Henry/m),andYistheaveragecurrentdensityoverthewinding.When
z= 0,thecentral,on-axisfieldBoisgivenby

Bo = F(o . (2)
BoJa

If we fix the value of J, the currentdensity, we fix the value of the shape function
F(_ _). For each value of F, there is a unique pair of shape factors (a, 13)that minimizes
the winding volume V = 2n (cx2 - 1)1_3.These a and [3areshown in Fig. 2 plotted

" against F.
Shown in Fig. 3 is a plot of the minimum value of (a 2- 1)[3versus F. According to

Fig. 3, (a 2 - 1)[_varies as the 1.7-power of F, which means the winding volume V varies
inversely as the 1.7-power of the current density J since Bo and a are fixed by the design
constraints.



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/cm 2 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 $10,000. Reducing the current density to
5 kA/cm 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 kA/cm 2, 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/cm 2 magnet to startwith, the risk of increasing the cur-
rent density seems unjustified.

When J = 15 kA/cm 2, F = Bo/lJola = 0.7310, and the minimum-volume shape fac-
tors are a = 2.162 and [3= 1.258. The magnet dimensions are 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/mm 2 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

Jc = _ + b-B + UB2 (3)

where

= 6.821kA/mm 2,

= --0.8394kA/mm2-T,and
_"= 0.01726kA/mm2-T2.



Table 2. Critical current density data of Valaris and Kallsen

Jc (4.2 K) (kA/mm 2 of NbTi)
t

Magnetic field (T) Valaris et al. Kallsen et al. Least squares

• 2 5.214 5.211
5 3.028 3.039 3.055
5.6 2.664 2.661

6 2.422 2.405 2.405
7 1.817 !.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 close-packed
Formvar-lnsulated SSC strands

Bore radius, cm 5.08

Outer diameter, cm 22.0
Length, cm 12.8

Area of winding, cm2 75.4
Overall current density, kA/cm2 15
Ampere-turns 1.13× 106

Packingfraction _/2_f3= 0.907
Area of stands, cm2 68.3

Number of rams 13,263

Critical current per strand (7 T, 4.2 K), A 371
Current per strand, A 85.2 (23% of critical)
Inductance, H 16.0

Stored energy, kJ 58.1
Total length of winding, km 6.69
Charge time at 6 V, s 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

v = c(i)_ J-f- _ l'oTb )1/2S [,rc - rb (4a) •

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

_/4- c2 arctan 2_ c2 + 21nc= In 1- i " (4b)

The quantity c-_/i 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_/i - i, in which case Eq. (4a) becomes

j _.. I.,T b )1/2v ffi -_ _Tc_ rb . (4c)

For S we must write

$ =f_'uCpCu + (1-jr) _qbTiCpNbTi (5a)

where the specific heat is given by

CF = _T+ _T3 (5b)

where the values of t, _, and 8 are listed in Table 4.

Table 4. Specific heat parameters
of NbTi and Cu

NbTi [4] Cu [5] Units

0.145 0.011 J/kg-K2

2.3 x 10--3 7.44 x 10-4 J/kg-K4

8 6000 8960 kg/m3

Since f= 0.6 according to the data in Table 1, for the SSC su'ands

S = £'T+ /_T3 (6a) •

where

_" = 407 J/m3-K2 , /_ = 9.52 J/m3-K2 . (6b)



According to Eq. (6), the average specific heat in the range (Tb Tc), where Tb = 4.2 K
and Tc = 6.0 K (7 T) is S = 3380 ]/m3-K. The value of J in the strands 16.5 kA/cm 2. Then

, according to Eq. (4c), the propagation velocity is 11.7 m/s.
This is the longitudinal propagation velocity. The transverse propagation velocity is

smaller by a factor (SlttS l.)(k.l/kll)1/2,where k± and kll are the thermal conductivities of the
" winding in the transverse and longitudinal directions, respectively, and S± and Sil 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 i
to have a much larger thermal conductivity than normal-state NbTi, a binary alloy, we
calculate k.l. as though the copper and epoxy were thermally in series and the NbTi were
replaced by vacuum. Thus

F ]'
(1- __  c Scok± = fep + • kll (7)

Lkep k_u f-_u ' fCu + fNbTi

where the f's are volume fractions (fep = 0.0931,lEa = 0.5441,fNbTi = 0.3628) and the
k's are thermal conductivities. According to Reed and Clark [5], kep - 0.1 W/m-K and
(Cp)- 1 J/kg-K. We take 8ep= 1000 kg/m3. We find kCufrom the Wiedemann-Franz law
assuming for the copper p = 5.39 x 10-'10ohm-m [RRR = 79 (Ref. 6); the resistivity
includes magnetoresistivity]. We then find kCu = 191 W/m-K. From Eq. (7) it follows
that k.l. = 1.065 W/m-K and kll= 115 WIm-K so that (k.l.lkll)lt2 = 0.0964. Furthermore,
$±lSll = 1 + 1000 × 0.093113380 × 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 [O'lSj2dt = 2.25 × 1015A2m-4s and conesponds
to a hot-spot temperature of about 20 K. ff the stored energy (58.1 kJ) 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.

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

• present at the ends of the magnet and let us take the saturation magnetization M in the
iron to be 2 T [B = lao(H + M); _ = 2 T]. We estimate the thickness of the flanges by

. assuming the entire flux from the bore returns through the iron (Fig. 5). Then

_a2Bo - 2xa(v- [3)al_oM (8a)



or

y = [_+ Bo/21.toM (8b)

whichcorrespondstoaflange8.89cm (3.50in.)thick.
Now aninfiniteslabofsaturatedironwithamagnetizationM canbereplacedby

two oppositely directed currentsheets whose currentper unitlength I is equal to the mag-
netizationM, i.e., I = M. We propose to replacethe flanges by such currentsheets in
order to estimate their effect. Since the magnetizationM of the flanges is radiallyout-
wards,the sheet currentsmust flow azimuthallyas shownin Fig. 5. Such annularcurrent
sheets arejust thinsolenoids in planesAB and CD. This replacementis only approxi-
mate,but shouldsuffice for us to estimate the effect of the flanges.

The on-axis field of a solenoid is given by Eq.(1). We need to specialize these for-
mulasto the limit [3--, 0 while []Jaremainsfixed at the value 1/2. Since F is anodd
function of t, we can write Eq. (la) as

1 [F(_ z/a + [_)- F(a, z/a- [3)] (9a)

which becomes in the limit,

/}F _F .

FromEq. (lc) we find that

8F
= G(o_, t) - G(1, t) (lOa)

where

(o / :G(o_, t) = In + 4o_2+ t2 + (10b) I

(o. .:
ThefieldcontributionfromthesheetAB addstothatofthemainmagnet;thecontribu-
tionfromthesheetCD subtracts.

ThemagnetdescribedinTable3hasJ= 1.5x I08A/m2,a =0.0508m,cz= 2.16_,
and13= 1.258.AccordingtoEq.(8b),y= 3.008.Figure6showsitson-axisfieldwithand

without end flanges. The out-of-borefield at the bedis substantiallyeduced by the pres-
ence of the iron flange.



$. MAGNETIC FORCE BETWEEN THE BEDS AND THE MAGNET

' The force per unit volume f exerted on a magnetized bed (magnetization _Q) by
the field B of the magnet is given by

" .f = V{_Q.B) (lXa)

where the V operates only on B. 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-m2/kg (see Fig. 7). Since the density of GdNi2 is
9680 kg/m3, 1 A-m2/kg thus corresponds tca mag,_,etizationof 9680 A/m, which con-
tributes 12.2 mT to the magnetic induction B. Therefore, 125 A-m2/kg corresponds to a
saturation induction I_M of 1.52 T. AssumingM to be parallel to B, Eq. (11a) becomes

.f =MVB Cllb)

The total force P on the bed is then

F ffi _.fd(vol) ffi M_VBd(vol) ffi j'j'j'B.d(surf) . (12a)
bed bed bed
voL vol. 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

F = (_°M)AB na 2 (12b)
kto

where AB is the difference in 3 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.

In using Eq. (12b), it is necessary to account for the voids in the bed; the packing
fraction is 56%, which reduces the effective value IJoMto 0.851 T.

Figure 8 shows the total force on a pair of rigidly connected beds (each 5 cm in
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



direction of theforce reversed,andpointE is likepoint A, butwith the directionof the
force reversed.A similaranalysis holdsfor the other curves.

If the bedseparationis 17.5 cm and the bedsu'okeabout20 cm (to minimize the
field on the bednot in the magnet), the maximumforce on the bed assemblyis about
4000 N (or 900 lb.).

i,

6. HYSTERESIS LOSSES

The motion of the paramagneticbed into andout of the bore of the magnet induces
a voltage acrossthe winding thatis opposed bya change in the magnetcurrent.The
change in currentalters the field of the magnetand thereby causes hysteresis losses in the
superconductingfdaments.

A paramagneticbed in the fully insertedposition has a saturatedmagnetizationM
of 6.77 x 105A/m (whichcorrespondsto aninductionof 0.851 T). Since the bed is a
cylinderwhose axis is parallelto the magnetizationvector,it is equivalentto a sheet cur-
renton its outercylindricalsurfacewhose linear density I = M (see Fig. 10). We now
replace the problemof insertingthe bed with another problem,namely,that of charging
the sheet currentI = M with the bed alreadyin the insertedposition. These problemsare
not the same, but shouldhave roughlythe samehysteresis losses. This replacementis
unavoidablebecause the actual problemis extremelydifficult and would involve quite
long and extensive computations.

The magnet,being superconducting,cannot supportanyvoltage, so that as the cur-
rent sheet is being charged

L ._tt + Ms ._dld (2zM) = 0 (13)

where L is the self-inductanceofthe magnet,Ms is the mutualinductancebetweenthe
one-turncurrentsheet andthe magnet, and z is the half-length of the bed.Integrating
Eq. (13) with respect to time overhalf acycle, we fred that the absolutechange in the
magnetcurrenton fully charging the currentsheet is

[A/1--2zM Ms . (14)L

The inductanceshave been determinedby the Fawzi-Burkemethod [6]; L = 16.0 H
and Ms ---700 ttH. Thenfrom Eq.(14), we find IA/1- 1.48 A. Since the operatingcurrent
of the magnetis 85.2 A, IANI= 0.0174.

The hysteresis power density in a fully saturatedroundfilament of diameterD is
ZlcldBIdtl D/3n. Thus, the totaldissipationQ per cycle per bed is

Q = 3"_4jc_l_DV = 3"_4[Alll(IcB)VD (15)



where V is the volume of the superconductor(NbTi) in the magnet (1.38 L). Now for the
SSC conductor,JcB is roughlyconstantat about 12kA-T/mm2 andD = 6 ttm. Therefore,

, Q = 0.734 J percycle perbed. Since there are two beds and the cycle time is 2 s, the
averagehysteresispoweris 0.734 W.

d

7. COUPLING LOSSES

The coupling-loss power density Q in a composite strandis given by

B2 p 2
Q = --_-(_-_) (16)

whereB istherateofchangeofthemagneticfield,pisthetransverse(matrix)resistiv-
ity,andp isthetwistpitchofthefdaments.Now B = AB/At,whereAB isthefield
changecausedbyinsertionorwithdrawalofabedandAtistheinsertionorwithdrawal
time. Now tABIBI= IAII_so that

Pk I J _Lr . (17)

Ifwe integrateQ overthevolumeVofthewinding,we obtainthetotalcoupling
power P :

P= f,
v

where f' is the volume fractionof conductorin the winding (n/2,f3 = 0.907).
The last termis a fraction g of the storedenergyE of the magnet. Since coupling

losses arepresentonly when the bedis moving, the averagecoupling power percycle is
2 At/'ctimes the power given in F.q.(18); here, 'cis the cycle time. Thus, finally,

P - J--_, gE . (19)

The fraction8 for our solenoid is 0.343. Accordingly,gE - 20 kJ.
The bulk of the coupling losses will come from thehigh-field region, where B is

largest. A suitablevalue of p for copper in a 7-T field is about5 × 10-10 ohm-m (RRR =
100). Forp we use 10 stranddiameters, i.e., 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, correspondingto a boiloff of liquid heliumof 1.4L/hr. Since the cross-sectional
areaof the helium pot above the magnet is 710 cm2, this boiloff correspondsto a rote of
dropof 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

i

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.

The total force on the bed is given by Eq. (12a). Figure 11 shows a schematic depic-
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 O. In the cross-sectional
plane (b), we let the direction OP be the x-axis. The x-component of ndS is then R cosO
dOdz, where R is the bed radius. Then the x-component of F is given by

Fx = MR dO cosOB(r,z,O). (20)

By symmetry, VB vanishes at O; but O is neither a simple maximum nor 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

B - Bo - _ Clz2 + _ c2r2 (21)

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

I:Fx = MRzoc2 cos0 r2dO . (22)

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

r2 = R2+ e2+ 2Re cos0 . (23)

Again the first two terms contribute nothing to the integral. We find finally that
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(a2B'_

Fx = MRzo.2eRn = MVc2e = MV. ./_r-'_Joe (24)
I

or in terms of the force per unit displacement

•
F_J.e= _ [,Or")l---'r"o (25)

where V is the bed volume.

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

Table 5. Results of field computation

Error in field
Point Field CID Fit (T)

deviation (%)

O 7.0000 7.0000 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 fmd from Eq. (25) that

F--,t = 1.01 x 105 N/M = 576 lb/in. (26)
e

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 vinned.Then,the force per unit deflection of the
bed with respect to the bearing is 3B/t °, where t is the unsupported length of the tube
and B is its flexural rigidity.

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

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 r and
. thickness t, I = _r3t. So for the tube to restrain the force given by Eq. (8), we must have

= . (27)
• e

The unsupported length _ is about 14 in. so that t = 1.18 mm = 46.5 mil.
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If the bearingclamps the tube againstrotation,theforce per unit deflection is four
times largerthan ff the bearingmerely pins the tube.Then the value of t requiredfor
mechanical stability is four times smaller,i.e., 11.6 mil. #

9. LOCATION OF THE S-GAUSS SURFACE

Since 5 Gauss is less than one ten-thousandthof the centralfield of the magnet, we
can use the approximationthat the magnetis a simple dipole locatedat the center point in
determiningthe location of the 5-Gausssurface.The totaldipole momentM of the mag-
net is given by

M-- c2s)3

The magnetic field of such a dipole (assumedto be pointingin the z-direction)in cylin-
dricalcoordinates(r, z) is

3 (r2+ z2")S/2 . (29)

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 fromthe center. In the diagonal plane
(r = z), the 5-Gauss point occurs 1.96m fromthe 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 majoraxis, 2.12 m long, is along the magnet axis andwhose
minor axes, 1.68 m long, arcperpendicular 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 fromthe magnet center. As reference to the
axial field prof'flesin 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 constructiondrawingsubmittedto prospective vendors.The
constructioncontractwas awarded to American Magnetics, Inc. of OakRidge, TN 37830.
A numberof small variationswere introducedin the course of constructionthat arenot

shown in this figure.The most importantof these are (1) the replacementof the screwed-
down lid plate sealed with an indium gasketby a welded closure, and (2) the replacement
of the six 1/4-in. supportrodsby a _upporttube. Figure 14 is a photographof the com-
pleted magnet. Fig. 15 is a photographof the closed helium pot thatshows 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-ll4-in. pressurerelief pipe,and (3) four l/2-in, pipe.s,twe for
the vapor-cooledleads, one for addingliquidhelium, and one for ventingvapor.These

, tubes all penetratethelid of the77-K tank.The pressurerelief tube is surmountedby a
BS&B 1-1/2-in., 10-psigburstdisk assembly.

Owing to the thickness of the insulationprovidedby the manufactureron the wire,
• the actual numberof turnsis 10,067 insteadof the 13,263 calculated for the bare wire.

This change in the numberof turnsrequiresthatthe operatingcurrentbe raisedfrom
85.2 A to 112 A. The inductanceof the windingis reduced from 16.0 H to 9.22 H. (These
latterfigures refer to the barecoil without the iron end-pieces.)

The magnet acceptancetestwas carriedout at AmericanMagnetics, Inc. on
August 11, 1993. The magnetsufferedtwo trainingquencheson its first two current
ramps,the first at6.3 T, the second at6.4 T. On the thirdcurrentramp,the magnet
acl_ievedthe design field of 7.0 T. After the deaignfield was reached, the thirdcurrent
rampwas continued,and the coil quenched_tta centralfield of 7.6 T. A fourthcurrent
ramp was undertaken,andthe coil reacheda central field of 8.0 T withoutquenching.The
fourthrampwas notcontinued beyond 8.0 T.

The currentrequiredto producea centralfield of 7.1 T, namely, 107 A, compared
favorablywith that calculated, namely, 106 A. (The latterfigure takes into account both
the effect of the iron pole pieces and the effect of the smallernumberof turnsactually
wound.)

Fig.16showsthemeasuredfieldalongthemagnetaxis.Thecirclesandcrosses

show thefield in two differentseries of measurements. The trianglesshow the field in a
thirdseries of measurementsin which theHall probe was moved off centerin the direc-
tion opposite to the first twoseries. Comparisonof the triangleswith the other points
shows that the zeroposition of the Hall probewas mislocatedabout 1 cm from the center
of the magnet.The measurementswere carriedoutat a currentof 107 A (central field of
7.1 T). The calculations shownin Fig. 6 arefor a currentof 85.23 A for 13260 turns,cor-
responding to 112 A for 10067 turns.Forcomparisonwith the measurements, the theoret-
ical curves should thus be lowered by about5%. The measurementsshow clearly that
although the iron does lower theout-of-bore field, the decrease is less than expected.

The calculatedinductanceof the coil without the iron pole pieces is 9.2 H. The
inductancemeasured with the pole pieces is 12.4 H at zero field and 10.65 H at 7.0 T.
The reductionfrom the zero-field value is dueto the saturationof the iron at high field.

Cooldown from nitrogentemperature(77 K) to helium temperature(4.2 K) required
44 L of helium andtook about 1-1/2 hours.It took anothertwo hoursto collect enough
liquid to cover the magnet,but this was in a 16-in. dewar.
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Fig. 6. The calculated on-axis field as a functionof distancefrom the magnetcenter
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separationin cm.
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