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We present a design of a permanent magnet (PM) assembly for a large volume that allows the reduction
of long-range external stray fields through magnetic self compensation while also yielding a higher central
field. The array described here was developed for a neutron polarization analyzer comprising a large-area
supermirror (SM) array. The resulting array is self-compensated because it utilizes two groups of PM with
equal but opposite dipole moments and involves modification to a permanent magnet based window-frame

magnet. The principles of self compensation with permanent magnets presented are generally applicable for
other applications where large volume magnetic fields with low stray field are required.

1. Introduction

Polarizing supermirror (SM) arrays for neutron polarization and
neutron polarization analysis need to be magnetized in order to pro-
vide the desired performance [1], this is normally accomplished via
permanent magnet arrays. These arrays commonly consist of rows of
strong permanent magnets such as NdFeB arranged on either side of a
cavity made of a pair of thick (~ 1 cm) soft iron poles. Such dipole-like
configurations can produce fields on the order of 50 mT (500 G) or
more over the large volume of the SM array depending on its actual
dimensions. However, these magnetic arrays, in addition to the desired
central field of the cavity, create a large dipole field external to the
device. Passive shielding with additional magnetic layers or shells of
u-metal, soft iron, or even steel, add much extra weight, complexity
and size. Therefore we developed and produced a modification to the
typical SM magnetic array to largely compensate the stray fields at
long range. Adding anti-parallel magnets with the same but oppositely
oriented total dipole moment suppresses the stray field at distances
relevant to neutron instrumentation. The final device, shown in Fig. 1,
is similar to a Halbach array and can be produced essentially as a “bolt-
on” addition to existing polarized SM array magnetic arrays. Moreover,
this modification also increases the magnetic field inside the assembly
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thus improving the magnetic saturation of the polarized SMs which in
turn increases their neutron polarization performance.

For spin analysis of the scattered neutron beam the polarized cold
neutron triple-axis spectrometer KOMPASS at the MLZ [2-4] was re-
cently equipped with a high-performance multichannel polarizing V-
cavity consisting of a large-area spin analyzing SM array for its sec-
ondary spectrometer. The outer dimensions of this spin-analyzer as-
sembly are 122 mm X 238 mm in cross-section and 645 mm in length
consisting of the casing with the SM spin analyzer within a PM version
of a window-frame magnet cavity. Window-frame magnets are broadly
used in accelerator physics and commonly utilize resistive or supercon-
ducting field coils on “yokes”, rather than the permanent magnets used
at KOMPASS [5,6]. At KOMPASS this magnetic cavity is made with
rows of permanent NdFeB magnets on either side separating a pair of
thick soft iron plates that act as magnet poles creating a dipole field
with an air gap. Such an array provides a permanent saturating field
ensuring high neutron polarization efficiency of the SMs that form the
V-cavity [7]. The magnetic cavity creates a large field of about 65 mT
(650 G) inside its volume but also a corresponding large dipole field
outside of it. Because a neutron triple-axis spectrometer measurement
involves scanning three angles, the angle of the primary spectrometer
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Fig. 1. A drawing of the novel PM array, showing a 3D model on the left hand side and the cross section on the right hand side with the magnetic flux pattern indicated with
arrows. The olive green slabs represent the thick iron plates used for poles, and the parts colored in blue and pink represent NdFeB magnets with magnetization to the left and
right respectively. The central magnetic field, B, points to the right as indicated. This arrangement yields a uniform inner field that resembles a sextuple externally.
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Fig. 2. Diagrams of the magnet cavities described in the text. In the figure, olive green is iron, blue are wires or PM that create a magnetic flux downwards and pink are PM with

upward flux as indicated. A is the common window frame magnet magnetized by the indicated current-sheet coils. B is the PM equivalent of the window frame magnet which
uses stacks of magnets to mimic the magnetization profile of A. C is an air-gapped permanent magnet cavity that uses an iron tunnel as a yoke. While the yoke makes a closed
flux-path, the active uniform volume is smaller than in A or B. The flux lines of C are like an iron-pole Halbach array (diagram 13.6 (b) and (e) from [8]) but are magnetically
much different to A and B which have a nearly full usable cross section but make a dipole field externally.

for neutron energy selection (first axis), the take-off angle of scattering
from a sample (second axis), and the secondary spectrometer detector
arm to determine final neutron energy (third axis), a complex move-
ment pattern is created. Therefore the stray field of the PM cavity,
mounted on the secondary spectrometer, will cause a time variation
in the ambient magnetic field around it.

The KOMPASS triple-axis neutron spectrometer is installed next
to the Jiilich Neutron Spin Echo (J-NSE) spectrometer [9], another
polarized neutron instrument which is highly sensitive to magnetic field
gradients and/or time instabilities in the magnetic field environment
along its entire neutron flight path. A typical NSE experiment measures
quasielastic and inelastic scattering from soft-matter samples at a series
of scattering vectors (Q). The scattering can be weak which requires
many days of data collection under stable magnetic field conditions.
During commissioning and initial use of the KOMPASS spin analyzer,
variations of the magnetic field at the location of the J-NSE neutron
flight path on the order of few uT (tenths of mG) were caused by
the detector arm movements. This undesired cross-talk to the J-NSE
greatly limited its user operation. However, with the data we were
able to quantify the magnitude of the magnetic cross-talk to the J-NSE
by both magnetic field sensors and also the shift in the neutron spin-
echo pattern which in itself acts as a high-precision magnetometer.
Additionally reduction of stray magnetic fields is also important for
the optimal function of the KOMPASS instrument as interference with
its own magnetic guide fields can severely reduce the precision of the
neutron polarization analysis.

A solution to allow the free and simultaneous operation of both
KOMPASS and J-NSE with high precision was required. Shielding op-

tions on the KOMPASS instrument were briefly considered, but would
have required large modifications to its detector arm. Passive magnetic
shielding has been employed for a similar NSE instrument at SNS
to prevent similar effects but this requires significant space [10]. An
active shielding option of the J-NSE itself was considered but has been
discontinued for the time due to the high costs and efforts needed [11].
Up to now the only readily feasible solution has been to employ self
compensation in the magnetic casing design of casing for the SM
spin-analyzer array, namely a type of Halbach configuration.

2. Magnetic design

In general two simple types of dipole arrangements with soft-
iron/high-permeability elements can be made. The first example, as
used in the original KOMPASS array, is where the magnets are arranged
in columns above and below the beam axis using the iron elements on
the N and S poles as pole shoes to guide the horizontal field which is
the permanent magnet analog to the electro-magnet shown in Fig. 2A
and B respectively, which are commonly referred to as window frame
magnets [5,6]. The second type is an iron tunnel where magnets of
the same magnetization direction are attached to the inside upper and
lower caps of the tunnel. Here the air-gap flux is from the N pole of
the lower magnet(s) to the S pole of the upper magnet(s) with the
return flux going around either side of the tunnel which then acts as
a magnetic yoke, see diagram C in Fig. 2 [8]. Each tunnel of these
types then has a rectangular cross section that can be varied. Example
C, being fully yoked in the transverse plane, has a much suppressed
external field compared to the long-range dipole-like field of A, and B.
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Fig. 3. Plots of the calculated field magnitude of the old dipole-like array (red), the
new Halbach-type array as built (blue) and the Halbach-type array with theoretical
maximum stray field compensation (black) for the longitudinal direction which is
parallel to the neutron beam and along its 65 cm length (solid lines) and the transverse
direction which is perpendicular to the neutron beam (dotted lines). At the closest
distance, the KOMPASS PM array can be ca. 2.5 m from the NSE neutron path.

We note that a cylindrical-geometry Halbach array is a PM arrange-
ment such that, M(8) = M(sin([k + 116)), (cos([k + 1]6)) with 6 the
angular position of the origin of the dipole moment of a discrete magnet
from the y-axis, where a typical Halbach cylinder with radial symmetry
is assumed, and k = 1 yields an internal uniform field and vanishing
external field for continuously varying magnetization [12,13]. In the
references n is used to signify the number of the current-sheet equiva-
lent permanent magnets or iron-core electromagnets [14]. For discrete
block-type magnets, i.e. low n, the external field will not be 0, but
rather a multiple related to ». In this description 2 A and B would be
like a k = 1 Halbach with » = 2 and iron poles.

The external stray-field compensation we employed involves begin-
ning with a PM window-frame cavity as in Fig. 2B and adding NdFeB
permanent magnets of equal magnetic moment to those of the existing
ones, but with their magnetization in the opposite direction. These
additional magnets are mounted onto the outer surface of the soft iron
pole plates of the original array. This arrangement looks similar to a
simplified cladded magnet [15] which is another variation of a k = 1
Halbach array, now with n = 4 current sheet equivalent magnets.
This particular Halbach geometry with n = 4 yields a rather high
field homogeneity in the entire volume [14]. In addition the iron pole
plates homogenize the field in the longitudinal direction (i.e along the
beam direction) as in [16]. However, here we make two additional
modifications, the aspect-ratio of height-width is not 1, and the magnets
from the original split-dipole arrangement must not make continuous
and discrete frames with the additional magnets added onto the iron
pole plates.

Such a Halbach-like arrangement has two advantages for this par-
ticular application. First, ensuring equal total magnetic moment for
the opposite permanent magnets suppresses the long-range dipole field,
and, second, the additional magnetization actually increases the inter-
nal field of the array compared to the original dipole by about 30%.
On the one hand, using a higher field for the magnetization of the
SM should improve the neutron polarization efficiency and lower any
remaining diffuse magnetic scattering [1]. On the other hand, if one
were to accept the original 0.055 T field as in the original dipole
arrangement, one could reduce the magnet density in the Halbach-type
magnet design by approximately 30% which would be observed as a
proportional further reduction in the stray field.

Results of finite-element method (FEM) calculations of the old
dipole-like and of the Halbach-type magnet arrays are shown in Fig.
3. A conceptual diagram of the new array is shown in Fig. 1. The
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Halbach-like design indeed produces a flux pattern very similar to an
n = 4 Halbach, but stretched to the rectangular geometry. This type
of array produces an external sextupole field as a dominant term and
the resulting magnetization patterns in the material are much different
than the examples shown in Fig. 2.

In accelerator physics, the quality of such an array is often quanti-
fied by looking at the form of its magnetic moment contributions which
can be represented as a Fourier series of the contributing moments,
i.e. dipole, quadrupole, sextupole etc. about a given radius where an
ideal/balanced configuration would produce close to a single contri-
bution to the series, see chapter 6 of [17] for example. While such
an analysis is normally performed with respect to the active volume
of a magnetic arrangement, arguments given in [17] can be extended
to represent the field outside the system. When one can assume a
simple radial symmetry, i.e. infinite length the problem reduces to a
2D analysis. The radial field at a given radius outside the magnet can
be represented by a Fourier series of the form

B,(r,0) = ) B, sin(if) + A, cos(i6) €))

where B; and A; are the normal and skew multipole coefficients,
respectively, and i an integer. The perpendicular components By(r,9)
can also be represented with a similar series. If the multipole moments
are oriented along 6 = 7/2 then the A; coefficients are zero.

For the simplified 2D version of our Halbach-like array one can
determine the series representing the dipole contributions from the
field along a simple circle. Results shown in Fig. 4 are the results for an
example array with a separation of the iron plates, i, equal to double
their width, w, where we plot the results at radius r = 4 on the left hand
side, and at multiples of r/h on the right hand side. For the 2D case
the long-range fields scale as B>? o 1/r*!. This geometry is very well
described by the first 3 allowed terms, i = 1,3, 5. For the compensated
Halbach-like array with the multipole moments oriented along 6 = = /2
fits to Eq. (1) yield By ~ 19.4 x B; and Bs; ~ —4.4 X B, at a radius
r = h showing a dominant i = 3 sextuple and i = 5 decapole moment.
For comparison, also on the left hand side is an uncompensated array of
the same size. Here the fits to Eq. (1) yield B; ~ —B, /3 and Bs ~ B, /20
showing that the i = 1 dipole term is dominant and is 24 times larger
with opposite sign compared to the compensated Halbach-like array.

For the compensated case, even though the decapole and sextupole
terms replace the dipole term and dominate at short distances, the
long-range field is still given by the remaining diminished dipole contri-
bution. The various multipole terms result from the extended geometry
and symmetry of the PMs so they cannot be individually eliminated. In
the full 3D simulation shown in Fig. 3 comparison of the magnitude
of the long-range field for the compensated and uncompensated case
implies a ca. 100 fold reduction is obtainable for ideal balancing of
magnetic moments of the PMs for the actual geometry of the KOMPASS
analyzer PM array.

3. Mechanical design and construction

Care must be taken to design the static mechanical system as arrays
of this type store a significant amount of mechanical energy. In the
new design, there is now a repulsive force of about 7000 Newtons
between the iron plates, which are clamped in place against this force
via bolts through the iron poles to the (pre-existing) aluminium support
fixing the placement of magnet columns between the iron plates. The
additional magnets placed on the iron plates have an attractive force to
the iron plate, but the forces between the neighboring magnets are from
1 to 10 Newtons and repulsive except for the rows on the edges which
experience higher repulsive forces from 10 to 20 Newtons. Therefore,
a slotted aluminium cap plate with set screws on the ends of the slots
is used on top of these magnets to hold them in place. The individual
groups of magnets between the iron plates and those added onto the
iron plates do not have identical dimensions. Since the iron plates and
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Fig. 4. Plots of the radial field values, B, of a h = 2w self compensated array (blue) and uncompensated array (red) from 2D FEM simulations. On the left hand side is B, at
r=h and on the right hand side is the absolute value of B, at multiples of r/h for an ideally compensated array with matched total dipole moments of the two PM groups. The

dashed black lines are fits to Eq. (1).

Fig. 5. FEM calulations of the new compensated array. The left hand side shows the field in the XY vertical plane, and the right hand side shows the XZ plane as defined in Fig.
1. The flux arrows show the sextupole form of the resulting field on the 2D symmetry planes. Note the rotated orientation of this diagram compared to Fig. 2 corresponding to

the orientation of our actual array shown in Fig. 1.

magnet are of similar thickness, the iron remains below saturation with
a high slope in relative permeability (the iron relative permeability goes
close to 1 at ~ 1.6 T, whereas the saturation magnetization of NdFeB
magnets is ca. 1.2 T) so they effectively homogenize the magnetic flux.
Consequently, a moderately non-uniform arrangement of the magnets
on the iron plates should not largely affect the field or uniformity of the
inner volume. The number of magnet pillars between the iron plates
need not be equal to the number of rows on the iron plates provided
that both are arranged uniformly enough to prevent local saturation of
the iron plates and that the total magnetic moments of the two groups
are balanced (see Fig. 5). Using these principles, the actual array as
shown in Fig. 1 was built. The magnetic pillars, their slotted aluminium
support structure, and the iron plates were not modified other than
the addition of some mounting holes in the iron poles and aluminium
support to secure the new aluminium slotted cap plates and to clamp
the iron poles in place.

In the first revision of this particular array there are 23 evenly
spaced original magnet pillars on either side between the 10 mm thick
306 mm high by 655 mm long soft iron plates. Each of these 46 pillars
consist of 2 PMs of the size 62.0 x 25.0 x 16.0 mm?, colored blue in Fig.
1. There are 22 additional rows of PMs on the Fe plates, colored pink
in Fig. 1. most of which consist of 7 pieces of 10.0 x 40.0 x 20.0 mm?
except for the first row on one edge which consists of 7 PMs of 10.0 x
40.0 x 15 mm? and the last three rows from the other side which consist
of 12 PMs 8.0 x 25.0 x 25.0 mm? in size. This arrangement for the new
rows of magnets on the iron plates was chosen to accommodate other
existing mechanical structures such as biological shielding around the
casing and to be able to use standard commercially available magnet
dimensions. Using these dimensions the two groups of magnets would
have a ca. 8% mismatch, which can be improved. Furthermore we
expect empirical adjustment of the magnet volumes are required to
achieve optimal compensation in real instances.

A drawing of this new Halbach-type magnet structure is shown
in Fig. 1. Here we point out a few important features. The magnets

are placed in rows with some separation between them. A gap is
important as it prevents excessive repulsive forces between the magnet
rows, and it enables variation of the magnet sizes to balance the
dipole moments of the two magnet groups using commercially available
magnet dimensions. Further there are aluminium supports structures
(not shown) around both the magnet rows and columns to hold them
in place against the moderate forces between the magnets which also
serve as a clamp to hold the iron plates in place against the larger net
repulsive force of the assembled array.

4. Test experiments and comparison

Tests of the “isolated” arrays measured with a high-sensitivity Hall
probe which can be compared to the FEM calculations as well as tests of
the interaction/cross talk of this array as seen by the J-NSE instrument
were performed. Fig. 6 presents Hall probe measurements away from
the neutron instrument which indeed show a large reduction in the
stray fields already at a distance of 1.5 m, but the accuracy of this
reduction is near the sensing limits of the Hall probe used [18]. The
8% mismatch of the new compensating PM magnetic moments leads to
about a 25 x reduction in stray field at 3 m distance as in the calculated
fields shown in Fig. 3, but the measured fields of the actual arrays fall
off faster than the FEM calculated fields do. This is probably because
the FEM calculation was conducted for a system in an ideal non-
magnetic surrounding whereas the actual system was in a building with
various steel elements around it, which serve as magnetic conductors to
pull the flux away from the array faster than in the relative permeability
u, = 1 bounding volume of the calculation.

For a practical comparison, a reference position of the upstream
J-NSE z/2 flipper position which is at the beginning of the J-NSE
instrument and the closest point to the KOMPASS analyzer array was
chosen. This location is around 2.5 m to 4 m away from the KOMPASS
detector arm depending on its placement. The FEM calculated values
for the uncompensated system vary by about 13 T (130 mG) whereas
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Fig. 6. Graph of the measured fields for both the old dipole-like design (red) and the
new Halbach-type magnet design (blue) corrected for the ambient field. Closed markers
are for the Z direction i.e. longitudinal to the tunnel of the array and open markers
are for the X direction, i.e. transverse. The lines are to guide the eye. At the larger
distances the values are near the sensitivity limit of the Hall probe we used.

with the new system they are more than 25 times less, i.e. a 0.5 uT
variation between 2.5 m and 4 m distances. These calculated field
variations for the uncompensated array are actually about 4 times
higher than measurements with the 3-axis Hall probe on the J-NSE
instrument itself for the uncompensated array which gave a change
of 3.5 uT (35 mG) upon movement of the KOMPASS detector arm.
However, for the compensated array the 0.7 yT (7 mG) difference
measured upon scanning of the detector arm from the 2.5 m to 4 m
distance from the J-NSE reference position and back is in agreement
with the FEM calculations. Therefore a fivefold reduction in the relative
disturbance is obtained between these positions vs. the factor of 25
predicted in the FEM calculations for the as-built case. With further bal-
ancing of the actual array we expect a further reduction of the relative
disturbances at the J-NSE reference position of up to a factor of 10 more
than presently achieved. The lower than predicted relative disturbance
from the un-compensated array in these practical conditions is likely
again due to coupling of return flux-paths through nearby iron or steel
instrument components (i.e. with y, > 1) preferentially influencing
the dipole portion of the resulting flux pattern which is the dominant
portion for the uncompensated array.

5. Conclusions

With a straight-forward application of self-compensation, using this
Halbach-like magnetic arrangement we have developed and verified a
method to reduce long-range stray fields of permanent magnet arrays.
For our particular application, relative disturbances from the stray
fields from the KOMPASS analyzer at the position of the J-NSE up-
stream 7 /2 flipper (closest point) have been reduced by more than
a factor of 5. Fine turning of the balance of magnetic moments can
further improve this result. Clearly the idea of active self-compensation
has been widely used in electromagnet design, especially for high-
field superconducting magnets which would be difficult to passively
shield. Here we show the same sort of principles can be used to reduce
stray fields and cross-talk from PM arrays. Typical self-compensated
electromagnet arrays, such as compensated split-pair magnets, use
opposing dipoles of different size but equal dipole moments resulting
in a reduced magnetic field for the active volume. In contrast, for the
methods presented here, using PM’s with equal but opposite dipole
total moments and iron pole pieces, the magnetic field inside the
active region is increased while maintaining the advantages of self-
compensation, namely reduced stray fields and magnetic coupling.
Thus, the type of self-compensated permanent magnet array based on a
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Halbach magnet design provides multiple advantages for applications
while known downsides are comparatively minor and technical in
nature. Such known downsides are limited to added assembly time
and the slight increase in cost where the cost of the magnets and the
mechanical assembly is typically only a few percent or less of the total
cost of the instrumentation using such magnetic arrays. Based on our
experiences with schemes for passive shielding or active compensation,
the solution presented here is extremely cost effective, and better
performing. We would encourage such design principles to be utilized
whenever possible.
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