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Abstract 

Unlike conventional ferromagnetic  materials 
such as iron and Supermendur, which produce 
saturation magnetization fields of approximately 
2 T, several of  the rare-earth elements (holmium, 
terbium,  erbium,  gadolinium, and dysprosium) yield 
saturated fields  of  nearly 4 T. This property 
makes these rare-earth metals particularly 
attractive  as  flux concentrators for use in 
superconducting magnets. This  report  concerns the 
use of holmium inserts to  enhance  the peak useful 
field of the  nominally 12.5-T, 5-cm-bore tape 
magnet manufactured by  the Intermagnetics General 
Corporation (IGC). Nonlinear magnetostatic 
analysis indicates that  this  field increases to 
nearly 16 T with the rare-earth poles inserted 
within  the bore on both sides o f  the  coil's 
split-plane radial access gap. This paper focuses 
on computer modeling methods and experimental 
results. 

Introduction 

Ferromagnetic materials can play an important 
role in increasing the  maximum  usable magnetic 
field in research-laboratory small superconducting 
magnets. In the past these  coils have been found 
to be invaluable in several areas, ranging from 
nuclear magnetic resonance (NMR) materials 
measurements to  the qualifying and development of 
superconducting conductors  for use in magnetic 
fusion coils. However, the  maximum permissible 
fields  that  can be generated by commercially 
available superconductors of Nb-Ti  and Nb3Sn peak 
at about 8 and 13  T,  respectively,  for  Coils 
designed to operate at 4.2 K--limits imposed by the 
fundamental material properties (Jc, Tc, and 
H, ) of these  two superconductors. There  are 
onfy four methods of obtaining higher fields: 
superfluid He-I1 with coil operation at 1.8 K ,  
copper-resistive-coil inserts,  new superconducting 
compounds and alloys, and ferromagnetic flux 
concentrators that  increase  the coil field. 
For 1 aboratory magnets (with inner bore diameters 
of less  than 10 cm), the  latter approach seems to 
be the least expensive and easiest  to implement. 
In this  case  the limiting field is determined by 
the saturation properties of available 
ferromagnetics. 

Figure 1 shows  the  a  computer  fit  to 
magnetization and permeability data or  holmium 
metal, as measur d  by  Schauer  et a1 .I and first 
applied by Rupp.' The peak saturation field for 
this metal is 3.9 T--almost  twice  as high as  that 
of iron and Supermendur ferromagnetic materials. 
Its relative permeability exceeds 1.0 even at 
applied field strengths greater than 20 T, making 
holmium an excellent material for enhancing the 
fields of small superconducting magnets. Our 
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Fig. 1. Comparison of the magnetization curve 
(solid line) for  rare earth element holmium to its 
relative permeability (dotted line). 

calculations and experiments confirmed the 
usefulness of holmium in small superconducting 
coils. 

placed within the  5-cm-diam bore of a  commercially 
available 12.5-T tape magnet composed of Nb-Ti  and 
Nb3Sn. The holmium poles  completely filled the 
magnet bore tube  except  for  a 1.1-cm axial space 
located at  the coil midplane that serves as  the 
split-plane radial-access gap. Figure 2 shows  the 
placement of  these holmium cylinders within the 
coil. 

cryostatically  stable (with coil- ack current ' 

densities approaching 20,000 a/cm 9 .  ), It appeared 
that  the enhanced fringing  fields surrounding the 
holmium would exceed the allowable peak field on 

TWO right-cylindrical poles of holmium were 

Because tape  magnets  are designed to be non- 
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Fig. 2. Field contours of a commercially available 
tape  magnet with holmium pole inserts. 
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the Nb3Sn tape (13 T) at the magnet midplane 
and/or that  the radial field  components  at  the 
axial ends of the coil would also increase 
sufficiently  over  the original magnet design 
specifications, resulting in a quench of the 
magnet. Radial increases in the  fringing  fields 
were alleviated by making  the holmium cylinders 
slightly (2.0 cm) longer than  the axial length of 
the  winding pack. 

The authors calculated the  case of two 
ferromagnetic  cylinders immersed in a uniform 
magnetic field and separated by a gap distance g 
(Fig. 3). If the  field strength is sufficiently 
strong and uniform, the material achieves a 
constant magnetization value Ms. Then the 
central resultant  field Hc can be determined from 

in which R and L  are  the  radius and length, 
respectively, of each cylinder depicted in Fig. 3 
and Hb is the applied back round field.3 Using 
values  of 3.9 T, 2.5 cm, 19.0 cm, and 1.1 cm  for 
Ms, R, L ,  and g, respectively, implies that the 
original central field  of  a 12.5-T magnet will  be 
increased to 15.47 T. 

HOLMIUM  POLES 

Fig. 3. Geometry of the  two holmium cylinders. 
Note that R is radius, L is length, and g is  gap. 

to  determine  the  off-axis and non-central field 
values. The authors used the two-dimensional 
non-linear, magnetostatics program JASON to 
determine  the field profiles shown in  Fig. 2, which 
model the  tape  magnet as several pancake layers 
with  different coil pack current densities Jpack. 
(The  exact variation of  Jpack  with pancake 
location is a proprietary trade  secret to IGC4). 
Then  they plotted the uniformity of  the axial field 
component HZ across the gap as  a  function of 
rddial distance  from  the center of the holmium 
poles. Figure 4 compares both the calculated 
results  from JASON and the experimentally measured 
points, indicating that  the expected field 
enhancement would yield a field uniformity of 
better than 5% across the 2.0-cm-diam region 
between the poles. The JASON program predicted a 
0.1-T increase in the peak field on the innermost 
Nb3Sn tape turns adjacent to  either  side of the 
radial-access  gap  whereas  the radial component of 
the  fringing  fields  at  the axial ends  of  the coil 
was calculated to increase only  by 0.01 T. These 
calculations  were later shown to be approximately 
1% higher than the actual experimental results. 

However, a more detailed analysis was needed 

Experimental Results 

The central field between the holmium poles 
was measured using two  cryogenic hall probes and a 
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Fig. 4. Calculated axial field uniformity (solid 
1 ine) vs experimental measurements (dotted line). 

small 1.1-cm  0.d. searc -coil (connected to an 
electronic integrator).' These  were mounted on a 
long, epoxy, G-10 probe that  was inserted during 
ambient conditions down into the  cryostat and 
through the magnet's radial-access gap. 
Measurements  were made by centering each device 
between the holmium poles at selected fractional 
values of  the magnet's full current. All three 
instruments agreed within 1% and yielded  a  final 
gap field of 15.3 T at  the  full-rated coil current 
of 160 A. The  field  enhancement  resulting  from  the 
holmium poles as a  function  of  current excitation 
is depicted in Fig. 5. Specifically,  a  separate 
magnetoresistive probe, located adjacent  to  the 
innermost Nb3Sn tape  turns  at  the midplane, 
indicated that  the peak field on the  conductor 
decreased by 0.1 from its original design value of 
13.0  T. 

fig. 5. Comparison of  magnetic  field v s  current o f  
the typical tape  magnet (sol id line) to  the magnet 
with holmium poles (dotted line). 

Conclusions 

Because  the central field predicted by Eq. (1) 
was  relatively  close to  that actually measured, its 
validity is established. Furthermore, differences 
between the calculated and experimental results  are 
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wi th in   the   exper imenta l   e r ro r  o f  1%. Thus, 
c a l c u l a t i o n a l  ease o f   des i   n in   t hese  holmium f l u x  
concentrators   c lear ly   esta%l is !es  th is  as a  simple 
and e f f e c t i v e  method o f  enhanc ing   the   f ie ld  
s t rength  o f   laboratory-s ized  superconduct ing 
magnets. The cu r ren t   marke t   p r i ce   o f   t he  99+% 
p u r i t y  holmium  used i n   t h i s  study i s  approximately 
$1872/kg; a l t h o u g h   t h i s   p r i c e   l i m i t s   a p p l i c a t i o n   t o  
smal l -s ized,so lenoids,   these  co i ls  can  be  used t o  
t e s t  and develop  the advanced h igh- f ie ld   conductors  
needed i n   f u s i o n  magnets. 
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