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Abstract-The presence of small features such as thin gaps in a 
large magnetic object presents difficulties for numerical computa- 
tion. The proposed MINOS neutrino detector displays just such a 
difficulty, small (-1 mm) but unavoidable gaps in the large (-8 m) 
iron of the magnets. This paper describes the process of obtaining 
adequate precision while modeling those gaps. 

I. INTRODUCTION 
The presence of small-scale features in large magnetized 

bodies can cause problems that must be studied via the numer- 
ical computations of magnetic fields. Such problems include 
determining global field reductions due to the feature and how 
far field perturbations due to the feature extend. Moreover, the 
computations themselves should not introduce nonphysical 
behavior into the model. To model the whole body with a 
mesh on the scale of the fine structure would require unavail- 
able quantities of computer memory and time. Bossavit [l], 
among others, has looked into finding better ways to model 
gaps and similar structure. 

II. THE MINOS EXPERIMENT 
Two major unresolved issues of contemporary physics and 

cosmology, the missing matter problem (The neutrino is the 
only known particle that could provide sufficient matter to 
close the universe.) and the solar neutrino deficit (Four inde- 
pendent experiments find that the flux of electron neutrinos 
from the sun is much lower than expected.), demand an 
improvement in our knowledge of the properties of neutrinos 
PI. 

One explanation suggested to solve these problems is that 
neutrinos have mass, and that the three kinds.of neutrino-elec- 
tron, mu, and tau--have different masses. If that is the case, 
then, for example, the electron neutrinos leaving the sun could 
turn into another kind before reaching the detectors of electron 
neutrinos on earth. 

To explore whether neutrinos do change from one kind to 
another, a group of more than a hundred researchers from more 
than twenty institutions has proposed the MINOS (Main Injec- 
tor Neutrino Oscillation Search) experiment [2]. A beam of 
mu neutrinos is to be produced at the main injector ring of Fer- 
milab in Illinois and pointed toward the Soudan Iron Mine, 
located in the Soudan Underground Mine State Park in Minne- 
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sota, 730 km away. The laboratory at Soudan is 713 m under- 
ground, minimizing the background from cosmic rays. 

The proposed underground detector is 36 m long and in 
cross section is a circle or octagon 8 m across. In the long 
dimension, 600 layers of magnetized iron, each 40 mm thick, 
alternate with arrays of plastic streamer tubes. See fig. 1. 

m. THE MINOS DETECTOR MAGNETS 
The neutrinos are converted to tau particles, muons, or elec- 

trons by the iron. Muon momentum is measured by the curva- 
ture of the muon in the magnetic field of the iron (typically 
-1.5 T). Knowledge of the field and field uniformity to within 
a few percent is probably sufficient; multiple scattering of the 
muon introduces an uncertainty into determining momentum 
that prevents taking advantage of better knowledge of the field. 

The field in the iron is produced by a conductor running 
down the center of the iron octagon and carrying a current of 
10 to 15 kA. Computations show that the location of the cur- 
rent return path@) does not have much effect on the field in the 
iron. 

Because the iron for the magnets must be carried to the labo- 
ratory deep underground by elevator, it must be made of pieces 
no more than 2 m across. The length of the pieces is less of a 

Fig. 1. One of three modules of the MINOS Far Detector. Layers of 
magnetized iron and detectors alternate. Figure from Lawrence 

Livermore National Laboratory, used by permission. 
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Fig. 2. One quadrant of the model for the reference design, showing the 
mesh and contours of constant Be. Mesh lines are concentrated near the 
1-mm vertical and horizontal gaps. Contour lines every 0.2 T from 0.6 T 

to 1.8 T. 

problem because the elevator cage is open at the top. 
Three possible iron designs are under active investigation. 

In one, the reference design, the iron consists of alternating 
vertical and horizontal strips 2 m wide, joined to form an octa- 
gon. In the second, the iron is circular in cross section, and 
each lamination consists of 12 sectors like slices of a pie. In 
the third, strips of iron 10 mm thick are wound up into a coil 8 
m in diameter. In the reference and pie designs, each of the 
600 40-mm thick layers of iron will consist of two or more 
laminations in order that near a gap within a lamination mag- 
netic flux may transfer from one lamination to its neighbors. 
In the coiled iron concept, each closed flux line will cross one 
gap between neighboring turns of the coil. The coil design 
will not be discussed further in this paper. All three designs 
have been shown capable of producing the necessary fields. 

N. COMPUTATIONS 
Most of the flux path is through the iron, but the air gaps 

between pieces add to the reluctance. Under these circum- 
stances, the magnitude of the flux density depends strongly on 
the B-H curve of the iron, much more strongly than in mag- 
nets that have large air gaps. In the computations, three differ- 
ent B-H curves, all supposedly for the same steel, gave values 
of flux density that varied by up to a factor of three for the 
same driving current. The search for a steel that gives a high 
permeability over much of the magnet iron and yet has a rea- 
sonable price is continuing. For all the computations 
described here, a standard 1010 B-H curve was used, with a 
current of 15000 A. 

Aside from the B-H curve, the biggest uncertainty in com- 
puting the fields is the magnitude and uniformity of the gaps 
between pieces of a lamination and between laminations of a 

Rg. 3. An earlier. coarser mesh for the reference design. Note how the 
contour lines for Be are distorted by the coarse mesh. Contour lines 

every 0.2 T from 0.6 T to 1.8 T 

layer. Different designs and different fabrication methods for 
a given design will result in different gaps. For the sake of 
consistency, in the computations reported here, the gap 
within a lamination was taken to be 1 mm, and the gap 
between laminations, 0.5 mm, except for the computations 
carried out to determine how a change in gap size affects the 
value of the field. 

Some of the earlier, conceptual computations used the 2-D 
code OPERA-2D, but most field computations were carried 
out with the 3-D magnetostatics code TOSCA [3]. In 
TOSCA, the magnet is modeled by defining its geometry in 
the base plane and then extruding that geometry into the third 
dimension. 

In defining and modifying the model, the gap between 
laminations could be changed with a single command, but to 
change the small gaps within a lamination required the 
tedious process of clicking every identified point along that 
gap in every plane and then changing its coordinates. 
As will be seen, the major problem in modeling small gaps 

in large laminations was choosing a mesh that treated local 
effects correctly without leading to unphysical field behavior 
elsewhere and without unreasonable demands on computer 
time and memory. 

A. Reference Design 
The acceptable model for the reference design, shown in 

fig. 2, had three elements across the 1-mm gap, then six ele- 
ments in the 30 mm on either side, then six more elements in 
the next 170 mm, and finally the rest of each 2-m by 2-m 
square was subdivided into ten by ten elements. In one lami- 
nation, the thin (1-mm), vertical elements are taken as air, 
and the others iron; in the next lamination, the thin horizontal 
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elements are air, and the others iron. This permits modeling 
rapid variation of field both near a gap and in the neighboring 
lamination where the field from the gap region is shunted. 
Altogether in the two layers of laminations and three of air, 
there were 37300 finite elements and 88100 nodes. Second 
order elements were used throughout the iron and the gaps. 
, In the earlier model of that design, shown in fig. 3, there 
were two elements across the 1-mm gap, then the rest of each 
2-m by 2-m square was subdivided into four by four elements. 
Altogether there were 4140 finite elements, all second-order, 
and 18100 nodes. 

One quadrant of the iron cross section was modeled, and in 
the axial (z) direction, the model included one complete layer: 
two laminations, the 0.5-mm gap between, and on each side 
half the air (10 mm) between one layer and the next. 

The field contour lines of figs. 2 and 3 show a sizable varia- 
tion in the local field due to the presence of the gaps; the field 
is diminished in one lamination due to.the gap, but is 
enhanced in the neighboring lamination without a gap. The 
two contour plots are similar in general, but the coarse mesh 
introduces a nonphysical variation to the computed field near 
some mesh lines; that variation is not detectable with the fine 
mesh. 

Omn Fackler of Lawrence Livermore National Laboratory 
(LLNL) has modeled the reference design with an even finer 
mesh. The results shown below in figs. 4 and 5 used the mesh 

Despite the large field perturbations in the two laminations 
of a layer, the integral through the entire layer shows much 
less variation. This is important because the orbit of a muon 
through the detector is much longer than the 40 mm of iron in 
a layer. The field integral was approximated by the sum of the 
fields in the center of the two laminations, multiplied by the 
thickness of a lamination (20 mm). The justification for this 

of fig. 2. 
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Fig. 4. Reference design. Azimuthal variation of the integral of Be 
through a layer consisting of two laminations, at radii of 2.1 and 3.1 m. 
Integrals both for solid laminations and for laminations with alternating 

vertical and horizontal gaps of 1 nun. 
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* Fig. 5. Reference Design. Radial variation of Bo at an angle of 
459 The field for solid laminations and for 1-mm and 5-mm gaps are 

shown. 
approximation is given in Sec. C. below. 

Figure 4 shows the variation of the integral of azimuthal 
component of field Be with angle at radii of 2.1 m and 3.1 m, 
both for a 1-mm gap within the lamination and for a solid 
lamination. The figure shows that the field scarcely changes 
with angle at 2.1 my but has some variation at 3.1 m due to 
the octagonal shape of the iron. It also shows how much the 
1 mm gap reduces the field. The small bumps in the curves 
are at the location of the gaps; with the solid iron, the bump is 
an artifact of the mesh. 

At an angle of 45O, the field in the laminations with verti- 
cal and horizontal gaps must be equal. Figure 5 shows Be as 
a function of radius at 45’. Curves for no gap, a 1-mm gap, 
and a 5-mm gap show how the gaps reduce the field. 

B. Pie Laminate Design 

For the pie laminate design, only the 30’ annular extent of 

Fig. 6. Mesh for the fie Laminate design (4-L) The gaps in the, four 
laminations occur at four different angular positions. 
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Fig. 7. Angular variation of Be with angle in each of the four laminations of thc 

pie laminate design. 1=2 m. 

one sector was modeled. W o  possibilities for this design were 
considered: two 20-mm thick laminations, with the gaps stag- 
gered 15' from each other (2-L); and four 20-mm laminations, 
with each gap progressively 7.5' from the last (4-L). 

The mesh for the 4-L design is shown in fig. 6; the model 
has 50000 elements and 144000 nodes. There are four ele- 
ments across the 1-mm gap, then two across the next 20 mm 
on each side, then four across the next 80 mm, and then eight 
across the space to the location of the next gap. 

The angular variation of the field in the midplane of each 
lamination is shown in fig. 7, in which the dips correspond to 
the gap in each lamination. The figure also shows that at each 
gap position, the field shunts over to the other three lamina- 
tions; there is field enhancement even three laminations away. 
Figure 8 shows the integrated field; it can be seen that (for the 
curve marked "hybrid") the variation is less than 0.3% peak to 
peak. Actually, for radial gaps, flux conservation requires that 
the field must be uniform; all variations shown are artifacts of 
the computation and can be judged to represent the limits to 
precision due to the mesh. See Sec. C. below for the meaning 
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Fig. 9. Four-lamination pie design: an earlier coarser meshing. 
Elements in the iron were too large to model the flux shunted due to 

the ga s. The integrated field does not conserve flux. 
of the labels 'kybrid" and "approximate." In h s  mesh, and 
the ones described above for the reference design, thin ele- 
ments were included in the base plane at every location 
where some lamination would have a gap, the mesh was 
extruded strictly in the z direction, and in each lamination 
plane, the elements were defined as iron or air as appropriate. 

In another meshing, attempted earlier, only one gap posi- 
tion was defined in the base plane; between each lamination 
and the next, the extrusion was accompanied by a rotation to 
bring the gap to its correct position for that lamination. Fig- 
ure 9 shows the field in each lamination and the integrated 
field for that model. The small gap-size elements in one lam- 
ination adjoined full-size elements in the next. Because of 
this mismatch of scale, the neighboring lamination does not 
show a field shunted into it, and field integrals do not show 
flux conservation. 

The mesh for the 2-L design is shown in fig. 10; the model 
has 23200 elements and 58000 nodes. There are four ele- 
ments across the 1-mm gap, then six across the next 20 mm 
on each side, then six across the next 180 mm, and then four 
across the space to the next gap region. The field contours in 

Fig, 8. Angular variation of the integral of Be for the four-lamination pie 
design at 1=2 m. Approximate: The i~rtegral is approximated h m  the 

integration is used near the gaps. 
mid-plane fields. Hybrid: Same except that 1600-point numerical Fig. 10. Mesh for the 2-lamination pie design. with field contours. 



Fig. 11. Wo lamination pie design. Angular variation of the integral of Be 
at 1=2 m for no gap and for I-mm and 5-mm radial gaps. . 

fig. 10 show how the field is reduced near the gap at 15’ and 
enhanced at 0’ and 30°, opposite the gap in the other lamina- 
tion. But in fig. 11, we see’almost no variation of the inte- 
grated field with angle. That figure also shows how the size of 
the gap affects the integrated field. 

C. Approximation to Axial Integration. 
Except very near the gaps, the field is all in the laminations, 

and is found to be uniform across a lamination. Summing the 
fields in the two or four laminations and multiplying by the 
thickness of a lamination was found to give a better approxi- 
mation to the field integral than using the trapezoid rule, even 
with 800 axial points (as performed with the OPERA [3] com- 
mands LINE and PLOT). All of the field integrals shown in 
the figures were evaluated by this approximation, except the 
curve marked “Hybrid” in fig. 8. On that curve, the integrals 
at positions within 1’ of the gap used the trapezoid rule with 
1600 points. 

v. RESULTS 

Both the verticalhorizontal strip design and the pie lami- 
nate design were found to give acceptable field patterns in the 
iron. 

Figure 12 shows the radial variation of the Be integral for 
the three designs (reference, two-lamination pie, four- lamina- 
tion pie). The values at an angle of loo are shown, but as can 
be seen from figs. 4, 8 and 11, the values are not sensitive to 
the angle. The values are largest for the reference design, for 
which a flux line in a plane must cross two radial gaps and at 
most four non-radial gaps, while for the pie laminate design, 
the flux line must cross twelve radial gaps. The integrals are 
lower for the two-lamination pie than for the four, because the 
shunted field is restricted to a single lamination, which is 
prone to saturate. 

The effect of gaps on the field was about as expected, as can 
be seen in figs. 5 and 11. 
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Fig. 12. Radial variation of the integral of Be at 8=10° for the reference 
design and with pie designs with two and four laminations 

Even with the finest meshes practical, it was not possible 
to determine accurately how far the effects of the gap extend. 

VI. CONCLUSIONS 
The fields, and especially the axial integrals of the fields, 

can be computed with sufficient accuracy for the MINOS 
detector magnet, despite the small (-1 mm) gaps in the large 
(-8 m) magnet iron. The largest uncertainties in the fields are 
due to uncertainties about the magnetic properties of the iron 
and uncertainties about the size and variability of the gaps. 
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