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Abstract

We present designs for compact, inexpensive and strong dipole permanent magnets aimed primarily at magnetic
resonance applications where prepolarization and detection occur at different locations. Low-homogeneity magnets
with a 7.5 mm bore size and field up to nearly 2 T are constructed using low-cost starting materials, standard workshop
tools and only few hours of labor — an achievable project for a student or postdoc with spare time. As an application
example we show how our magnet was used to polarize the nuclear spins in approximately 1 mL of pure ['*C]-
methanol prior to detection of its high-resolution NMR spectrum at zero field (measurement field below 10710 T),
where signals appear at multiples of the carbon-hydrogen spin-spin coupling frequency ! Jcy = 140.7(1) Hz.
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1. Introduction

Nuclear magnetic resonance (NMR) spectra are of-
ten desired at the highest available strength of magnetic
field, B, since detection sensitivity is proportional to
B’/* and the resolution of chemical shifts (subject to
field homogeneity) scales linearly with B. The highest
static fields available today are up to 23 T using per-
sistent superconducting magnets, which when coupled
with optimized signal detection achieve sensitivities in
the low picomole (1072 moles) range.

The design and construction of a single NMR mag-
net to meet the demands of high field strength, part-per-
billion homogeneity, high stability and minimal stray
field, however, is an expensive undertaking and at the
strongest fields the final product is neither compact or
mobile.[1, 2] For a significant reduction in the power re-
quired for NMR and an improved mobility of the instru-
mentation, the use of rare-earth permanent magnet as-
semblies (up to 1.5 tesla) has become popular. Sintered
neodymium-iron-boron (NdFeB) magnets have revolu-
tionized a number of technologies, including electric
motors and recently the design of NMR magnets, due
to their high values of remanence and coercivity that
allow for very strong and compact magnet structures
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with very good resistance to demagnetization.[3] Very
soon after NdFeB was introduced in the early 1980s,
Klaus Halbach was one of the first to capitalize on these
properties, proposing an ingenious way to design and
build magnets producing multipolar fields.[4] The cylin-
drical structure and later the spherical structure[5] al-
lowed dipolar magnetic fields exceeding 2 T to be pro-
duced. Since then, several research groups and compa-
nies have refined Halbach’s structures and together with
shim coils magnets up to around 1.5 T can be obtained
with homogeneity to better than 0.05 ppm, allowing for
the resolution of chemical shifts and nuclear spin-spin
couplings in the measured NMR spectra.[6, 7, 8, 9, 10,
11, 12, 13, 14] The sensitivity at 1.5 T is around 1077
"H moles, sufficing for most analyses of solution-state
samples in the synthetic chemistry laboratory and at a
price point that can enter the teaching laboratory.

In the present work we discuss the design, assem-
bly and application of permanent magnet arrays where
field strength and ease of construction are prioritized
over magnetic field homogeneity. These are aimed
at magnetic resonance applications that do not require
sub-ppm field uniformity, for example nuclear pre-
polarization of samples prior to remote detection of the
signal in earth’s field[15] or ultra-low field.[16, 17, 27]
In some cases the magnetic field homogeneity may
be acceptable for in situ high-resolution NMR spec-
troscopy of small-volume samples, which are less sus-
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ceptible to field inhomogeneity,[18, 19] or in con-
junction with RF pulse sequences that correct for the
inhomogeneity.[20]

2. Design of pseudo-Halbach arrays

The original theoretical design of Halbach for mul-
tipolar permanent magnets assumed an infinitely long
cylindrical structure having a continuous distribution
of orientation-dependent, fixed-magnitude magnetiza-
tions. Practical implementations, however, must have
finite length and allow for a segmented assembly. Most
high performance assemblies use wedge-shaped magnet
blocks, which require special magnet grinding and are
best produced and assembled by experts. A few pseudo-
Halbach dipole magnets for NMR have been built using
clusters of identical permanent magnets that can be pur-
chased, such as cylinders,[6] cubes[12] and other reg-
ular prisms.[21, 22, 23] This last approach gave rise to
the “Mandhalas” family of magnets. However, in most
cases these assemblies are designed for optimal mag-
netic field homogeneity at the expense of magnetiza-
tion density, and sometimes to constrain the magneti-
zation density to give a “convenient” value of nuclear
Larmor frequency or for some other reason, e.g. to fa-
cilitate sample access.[14, 24] Our effort here was to
design an ultra-compact dipole magnet inspired by the
original Halbach design, which can be produced using
many identical permanent magnet pieces, similar to the
Mandhalas concept, and has an even higher magnetiza-
tion density.

The initial design was based on the availability of par-
allelepipedic NdFeB magnet blocks with dimensions of
2.00 x 0.500 x 0.500 inches® each magnetized through
the 0.5 inch thickness (CMS Magnetics: N52 grade, re-
manent field B, = 1.44 T, Ni-Cu-Ni plating, dimensions
accurate to +0.002 inch, $4.50 per block, $ = USD,
1 inch = 25.4 mm exactly). In anticipation of hold-
ing the NMR sample inside the magnet array within a
standard 5 mm outer-diameter glass NMR tube, a rect-
angular cross section of 0.5 inch by 0.3 inch (7.5 mm)
was reserved for non-magnetic material. Exact numer-
ical calculations were then performed using analytical
formulae from the literature[11] to determine the max-
imum field strength obtainable in assemblies of two,
four, eight and twenty four of the block units surround-
ing the void (or “bore”), assuming perfectly rigid and
uniform magnetizations over the block volumes.

Demagnetization within permanent magnet arrays
can become an important factor when high magnetic
fields are involved. Magnetic materials are also char-
acterized by a coercivity field (H,) value,[25] which in-
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Figure 1: Cross sections of the Pseudo-Halbach permanent magnet
assemblies involving 2, 4, 8 and 24 NdFeB magnet blocks. Arrows
represent the axis of magnetization in the material. The first three
structures use a single type of material, while the last one uses two
types to reduce demagnetization effects.

No. of blocks 2 4 8 24
Magnetization:

Rigid 0.651 1.031 1.482 2.000
Non-rigid 0.629 1.007 1.445 1.950
Experimental - - 1.380 1.93

Table 1: Calculated and measured central magnetic fields (in tesla)
for the arrays shown in Figure 1 calculated using N52 and N48SH
materials data at room temperature. The central gap measures 0.5
inches (12.7 mm) by 0.3 inches (7.6 mm).

dicates the resilience of the material to demagnetiza-
tion in the presence of an external magnetic field at a
given temperature. Temperature and mechanical stress
are important factors as these govern the dynamics of
magnetic domain shape and orientation.[26] Even slight
increases in temperature may lead to a higher plastic-
ity and values of coercivity subject to demagnetization.
One has to be careful when designing a very strong per-
manent magnet to compute the values of the magnetic
field everywhere in space and in particular inside the
magnetic material — during assembly as well as for the
final structure[29] — in order to avoid moving the work-
ing point of the material beyond the demagnetization
“shoulder”. Going past this point leads to an irreversible
loss of magnetization, which in turn will reduce the pro-
duced magnetic field and induce substantial field inho-
mogeneities. For this reason, the magnet should also not
be exposed to temperatures outside its intended operat-
ing range.

To obtain a practical design where field is maxi-
mized but the effects of demagnetization are reduced,
we searched for the optimal arrangement for two grades
of magnet material when using more than 8§ magnet
blocks. For the second material, N4A8SH grade was cho-
sen (B, = 1.37 T, $10 per block), since the remanence
value is only around 5 percent less than N52 but the co-
ercivity is approximately 2 times greater. The magnet



orientations producing the strongest total field within
the array structure are illustrated in Figure 1. The field
values at the geometric centers of each array are sum-
marized in Table 1. The calculated value of field in
all four magnet arrays given on the first line ignores
demagnetization effects and is calculated using a rigid-
magnetization model: magnetization is uniform over the
material volume, and constant through it, equal to the
value of the remanence B,. This situation is not realis-
tic since in practice the material is in the presence of a
non-zero magnetic field created by the other magnetic
materials, as well as by itself. The magnetization thus
is less than the remanence and follows the demagne-
tization curve. In this realistic case we speak about a
“non-rigid” magnetization, which the value of magnetic
field on second line takes into account. For the 8- and
24-block arrays, constructed as detailed below, the ex-
perimentally measured values of the magnetic field are
also given.

3. Construction

Casings to contain the 8- and 24-block magnet ar-
rays were fabricated from 6061 aluminum in the stu-
dent machine shop of the UC Berkeley physics depart-
ment. A bandsaw, a lathe, a milling machine and a sim-
ple hand-finishing tools were used to build a structure
with outer dimensions 3.00 x 3.00 x 3.00 inches? for the
8-block magnet. A 4.00 x 4.00 x 3.00 inches® version
was built for the 24-block magnet. The final structures
including the NdFeB blocks weighed a total of 1.3 kg
(8-block version) and 3.0 kg (24-block version) respec-
tively. Scale drawings for the constructed parts have
been provided free-of-charge in the online Supplemen-
tary Information.

The Supplementary Information contains detailed in-
structions for assembling the magnet arrays. All of the
array structures shown in Figure 1 could be assembled
by hand, without the need for machine presses, glue or
clamping tools and without compromising safety. Nev-
ertheless, the complexity and difficulty of the task in-
creased rather quickly with the size of the array.

Figure 2 summarizes the stages involved in the as-
sembly of the 24-block magnet array. The first stage is
to install the two central magnets that contribute most
towards the final pseudo-dipolar field, i.e. whose mag-
netization is oriented along the axis of the dipole (Fig-
ure 2(a)). The central part is a 0.5 inch outer diameter,
0.295 inch inner-diameter, 3-inch long aluminum tube
with the central 2-inch length of the exterior machined
down give two flat, parallel slots separated by a thick-
ness of 0.3 inches. These slots accommodate the magnet

blocks to give the desired central void. In the next stage,
the magnet blocks inserted are those which partially at-
tract to those already in place and are easily inserted by
hand. Figure 2(b) shows how these blocks are kept in
their correct position by filling also the remainder of the
array with non-magnetic “dummy” blocks made from
aluminum. The dummy blocks are approximately 0.002
inches oversize in width and depth to assist the next
stage of assembly. The following task is also assisted
by holding the magnet casing in a vise. Working out-
wards from the center of the array, remaining blocks
are pushed into place by hand, one at a time. As one
block is pushed into the array from one side, the alu-
minum dummy block is displaced out of the other side.
This method ensures there is zero free space for other
magnet blocks to move around. It is necessary use a jig
like the one shown in Figure 2(c) to avoid potentially
very unsafe (and unpredictable) high-speed ejection of
other magnet blocks from the array due to release of the
intense repulsion force that is contained. In the Sup-
plementary Information, we provide one design of jig
that will assist a safe assembly of the whole 24-block
array. When all of the blocks have been placed into po-
sition (Figure 2(d)), the jigs are removed and 0.5 inch
thick covers are secured to the top and bottom of the
side walls using national-fine 10-32 hex-head screws.
The whole assembly procedure takes about 30 minutes.
It is recommended that a safety notice (e.g. a sticker,
an engraving or an etch) is placed on the casing to in-
form users of the hazards associated with strong mag-
netic fields.

4. Performance of the magnet arrays

The strength of the magnetic field was measured us-
ing a Hall-effect probe (FW. Bell, model 5180). The
peak magnetic field was measured during each stage
of the assembly for the 24-block magnet and the val-
ues are shown in Figure 3. In the final structures the
field was also measured at 1/8-inch intervals along the
magnet bore and the values are plotted in Figure 4.
The calculated profiles for the magnet arrays are plot-
ted on the same figure as solid lines. The experimen-
tal data reproduce only roughly the theoretical predic-
tions, even when advanced modeling including demag-
netization was used. Since the magnetic pieces were not
sorted beforehand in order to have controlled character-
istics [11], significant variations in magnitude and direc-
tion of magnetization could be present in some blocks:
in our experience, +10° in orientation, and +5% devi-
ations in field magnitude can be expected for magnets
blocks that are bought and used without selection. We



Figure 2: Process for assembling the 24-block magnet array inside the aluminum casing (exterior width and depth 4 inches, height 3 inches): (a)
magnet blocks aligned parallel to the target dipolar field were placed around the cylindrical aluminum bore insert; (b) partly attracting magnet
blocks were the next blocks to be inserted into the array, plus aluminum “dummy” blocks to constrain lateral movement in the subsequent steps; (c)
a safety “jig” was used to further confine the magnet blocks during the later stages of assembly and allow only one array position to be accessible
at a time. Magnet blocks were then pushed into the array by hand from the top side and the aluminum dummy blocks were displaced on the lower
side through the square holes in the jig (0.005 inches clearance on each side). The jig was repositioned for each insertion; (d) shows all magnet
blocks in their final positions before the top and bottom covers were fitted and screwed in place.
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Figure 3: The 24-block magnet array was constructed by inserting blocks in the order displayed from left to right. At each stage of the assembly,
values of the maximum magnetic field in the array were recorded using a Hall-effect probe (F.W. Bell, model 5180 Gauss/Tesla Meter). Arrows
indicate the direction of magnetization in the material.
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Figure 4: Field strengths of the 8-block and 24-block magnet arrays
versus distance along the bore axis. The diamonds correspond to ex-
perimental measurements using a Hall-effect probe, while the solid
lines correspond to the result of advanced numerical modeling of the
magnet array, given the materials data provided (see Supplementary
Information).

expect these effects to decrease for magnetic structures
that require a large number of pieces, because on aver-
age such deviations are damped out, and this is why we
believe that the overall profile from the 24-block magnet
corresponds better to the theoretical model, compared to
the 8-block one. For the 8-block magnet, the field at the
center measured at room temperature was 1.38 T; this is
lower than the predicted 1.445 T, perhaps due to demag-
netization in the N52 material. For the 24-block version
the maximum field was 1.93 T (1.96 T predicted). The
magnetic field was greater than 95% of the peak values
at 0.5 inch either side of the central maximum, which
equals a volume of 0.068 cubic inches (1.1 cm?).

Dipole Halbach magnets provide an additional inter-
esting feature, namely a very small stray magnetic field.
Only for the ideal design of the infinite Halbach cylin-
der is the magnetic field outside strictly null, but even
in practice it is usually extremely small because of the
very efficient field line confinement inside the magnet
structure. In our magnet design, however, since we have
used only two possible orientations, the question about
the quality of the field confinement remains open. We
thus have calculated the theoretical values of the stray
magnetic fields for the 8-block and 24-block assemblies
and we represent its magnitude in Figure 5 as 3D sur-
faces of |B(x,y, z)|, orienting the z axis of the plot with
the symmetry axis of the magnet bore and orienting
the y axis with the net magnetic dipole. The 5 gauss
(IB] = 0.5 mT) surface is well within a spherical vol-

ume having a radius of approximately 12 cm and 25
cm for the 8- and 24-block assembly, respectively. Ex-
perimental measurements performed outside of the alu-
minum frame agree with these theoretical predictions.
At the limits of the casing the peak stray fields |B| are
much stronger: (8-block assembly) xy faces, 0.1 T; yz
faces, 0.012 T; xz faces, 0.025 T; (24-block assembly)
xy faces, 0.3 T; yz faces, 0.04 T; xz faces, 0.08 T. This
feature makes our assemblies magnetically compatible
with other instrumentation reducing risks for hazardous
operations. Nevertheless, stray field remain a hazard;
as a reference, the damage threshold for a high-quality
magnetic card (e.g. an ATM or credit card) is around
0.03T.

We tested the magnet within an “ex-situ” NMR ex-
periment by using it to polarize the nuclear spins in
a sample of 0.1 mL ['3C]-methanol (Sigma Aldrich
Isotec) contained inside a 50 mm long, 5 mm o.d. flame-
sealed NMR tube. The sample was initially held in the
field of the magnet, then shuttled into a spin-exchange
relaxation-free (SERF) rubidium magnetometer of sen-
sitivity 10-20 fT/Hz~!/? to detect evolution of the polar-
ization under the chemically specific '"H-'3C J coupling
at zero field (|B] < 10719 T).[27, 28] The sample and
the magnet were positioned above the Mu-metal shield
of the magnetometer (Twinleaf LLC) as illustrated in
Figure 6 with a 10 cm distance between the shield and
the magnet’s aluminum casing. A 7.5 mm o.d. and
6.5 mm i.d. epoxy tube (TAP plastics) was used to
guide the vertical transport of the sample tube between
the high-field and low-field regions. The sample was
shuttled down to the magnetometer using gravity and
was raised, for re-polarization, by activating a solenoid
valve that opens the top of the tube to a suction (low-
vacuum) line. When the sample comes to rest inside
the magnetic shield, a DC pulse was applied to excite
spin coherence.[28] The magnetometer signal, which is
proportional to the total sample magnetization, was dig-
itally sampled for a period of 10 seconds and Fourier
transformed into the high-resolution zero-field spectrum
shown on the Figure inset. The peaks in the spectrum
correspond to the frequencies of the one-bond '3C-'H
spin-spin coupling, extracted as Jcy = 140.7(1) Hz and
2 X Jey = 281.4(1) Hz. This experiment was repeated
after replacing our magnet with a commercial Halbach
array (2.05 T, BFlux Technologies model RHR-2T-10),
which was composed of 8 wedge-shaped magnet seg-
ments around a 10 mm diameter bore. The zero-field
NMR spectrum was essentially unchanged, except for a
slight increase in signal intensity — around ~ 6% — due
to the increased strength of the polarization field (6%
between 1.93 T and 2.05 T).
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Figure 5: Calculated stray fields for the 8-block and 24-block magnet
arrays (upper and lower plots, respectively). The contour surfaces
represent field strengths of 5, 10, 20 gauss (in blue) and 1000 gauss
(in red).
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Figure 6: Experiment used to test the performance of the permanent
magnet array for spin polarization in an NMR sample. Part (a) shows
a schematic view of a home-built zero-field NMR spectrometer based
on an optically pumped rubidium magnetometer. The sample, con-
tained in a standard 5 mm NMR tube, is polarized within the perma-
nent magnet and then shuttled into a magnetic shield where the mag-
netometer resides. After transport to zero field, a DC pulse excites
the spin coherence and the signal is detected by the magnetometer. In
(b) we show the spectrum recorded for 0.1 mL neat [13C]-methanol,
where the signals appear at 1x and 2x the scalar ! Jey coupling fre-
quency.



5. Conclusion

We have shown how very strong magnets (up to 2
T, 7.5 mm bore) can be easily produced using “off-the-
shelf” NdFeB magnetic blocks and simple engineer-
ing. This approach can be easily implemented in any
laboratory, with particular focus on low-cost portable
pre-polarization at a small fraction of the cost of ex-
isting commercial products. More complicated designs
and modifications to the material composition (e.g. soft-
iron poles) could achieve even higher magnetic field
strengths over similar sample volumes. Unfortunately,
the size and the complexity of the magnet structure in-
creases exponentially with the field strength. The high-
est magnetic field achieved using permanent magnets
presently stands at around 5 T over volumes of a few
microliters.[29, 30] One should seek a different tech-
nology such as high-temperature superconductors for
reaching magnetic fields beyond 5 T. Future work may
involve measuring the field homogeneity of our magnet,
to determine the extent of correction required to mea-
sure NMR spectra with resolved chemical shifts.
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