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An important consideration when designing a magnetostatic cavities for various applications is to maximize
the ratio of the volume of field homogeneity to overall size of the solenoid. We report a design of a magnetically
shielded solenoid that significantly improves the transverse field gradient averaged over a volume of 1000 cm?
by placing compensation coils around the holes in the mu-metal end caps rather than the conventional design
in which the compensation coils are placed on the main solenoid. Our application is polarized 3He-based
neutron spin filters and our goal was to minimize the volume-averaged transverse field gradient, thereby
the gradient induced relaxation time, over a 3He cell. For solenoids with end cap holes of different sizes,
additional improvements in the field gradient were accomplished by introducing non-identical compensation
coils centered around the non-identical holes in the end caps. The improved designs have yielded an overall
factor of 7 decrease in the gradient in the solenoid, hence a factor of 50 increase in the gradient induced
relaxation time of the 3He polarization. The results from both simulation and experiments for the development
of several such solenoids are presented. Whereas our focus is on the development of magnetically shielded
solenoids for *He neutron spin filters, the approach can be applied for other applications demanding for a
high level of field homogeneity over a large volume.

Keywords: Polarized 3He, neutron spin filter, transverse field gradients, compensation coils, magnetically

shielded solenoid

I. INTRODUCTION

In the last two decades, polarized *He gas has attracted
considerable interest in a wide range of applications in-
cluding neutron spin filters (NSFs)! 5, spin-polarized tar-
gets®”, and magnetic resonance imaging®. An overview
of the full range of applications can be found in a re-
cent review article?. Qur focus is on neutron spin filters,
which rely on the large spin dependence of the cross sec-
tion for absorption of neutrons by *He gas, and are em-
ployed at several neutron facilities for spin-polarizing and
spin-analyzing slow neutron beams. A polarized neutron
experiment is often limited by the relatively low fluence
of polarized neutron beams, so it is necessary to maxi-
mize the time-averaged neutron polarization and trans-
mission for a polarized neutron experiment using 3He
NSFs. This presents the need to maximize the time-
averaged He polarization for a given experiment. Two
possible approaches have been developed to accomplish
this goal. First, a continuously operating 3He NSF sys-
tem based on the spin-exchange optical pumping (SEOP)
method was developed to maintain a constant >He polar-
ization'®. This system, named in-situ SEOP, typically
takes up significant space, which may not be available
on a neutron beam line, particularly when a *He NSF is
retrofitted to an existing instrument. In addition, high
power lasers must be located on the beam line. When
in-situ SEOP operation is not feasible due to a space
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constraint on the instrument, a more compact, remotely
operating *He NSF system using *He gas polarized from
either a SEOP or metastability-exchange optical pump-
ing (MEOP) system in the lab has been used!. In this
scheme, it is necessary to maintain the 3He polarization
relaxation time on a neutron beam line as long as pos-
sible, typically from a hundred hours to several hundred
hours.

The relaxation time T} of the polarized *He gas has
three contributions: 1) dipole-dipole interactions'!, T'3d;
2) wall relaxation'?, T}"; 3) magnetic field gradients'?,

Tlfg; and is given by
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where T} is the intrinsic relaxation time and character-
istic of each cell. The dipole-dipole relaxation rate in-
creases linearly with the partial pressure p of 3He gas
and is given by 1/7{9 = p/807 (h~!) for p in bar'’. For
3He NSF applications, the 3He pressure typically ranges
from 1 bar to 2 bar, corresponding to T{ of ~ 800 h and
~ 400 h, respectively. In the case of thermal or hot neu-
trons, the pressure can be as high as 3 bar, corresponding
to T4 as short as ~ 270 h. The current best *He cell
fabrication practice has nearly eliminated the wall relax-
ation rate (1/T7< 1/3000 h~1) in certain 3He cells'*15.
The field gradient is typically the dominant limitation
to the overall relaxation time for a NSF application. To
make a magnetostatic device more practically feasible,
a field gradient induced relaxation time Tlfg of 600 h or
longer is desired at a modest 3He pressure between 1 bar



and 2 bar so that the overall relaxation time T} would
be better than between 344 h and 241 h for a cell with
negligible wall relaxation.

The magnetic field gradient induced relaxation is a
spin-lattice relaxation of the *He nuclei due to the mag-
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where ng and vgy are the gradients in the trans-
verse components of the magnetic field using the coor-
dinate system in Fig. 1 (for nuclear polarization along
the z-axis) normalized to the central field, B, in units
of em™!. |VB,/B| is the normalized volume-averaged
transverse gradient (NVATG) over the cell volume V,

and is &~ 5x107* cm™! for Tlfg = 600 h. However, these
transverse components are too tiny (< 1 uT) to be mea-
sured accurately for a field gradient level of 107 cm™!
using conventional means. What has been typically done
to optimize the field gradient when characterizing a mag-
netostatic cavity device is to measure the conveniently
measurable gradient component along the applied field.
In prior development of magnetostatic cavity devices, we
demonstrated that the conveniently measurable normal-
ized line-averaged gradient (NLAG) could be used to be
a good indicator of the NVATG of an end-compensated
magic box!”. In this paper, we demonstrate and employ
the same approach for the characterization and optimiza-
tion of magnetic shielded solenoids (MSSs).

For neutron spin filter applications, polarized *He gas
is typically maintained in a spatially homogeneous mag-
netic field provided by either a MSS or a magic box'® on
a neutron beam line. In an unshielded solenoid with a
finite length or aspect ratio, compensation coils on the
main solenoid at the ends or correction coils at different
locations have been employed to improve the field ho-
mogeneity!®. Correction coils in an unshielded solenoid
have typically been used to obtain a high level of field
homogeneity for high precision measurements. A mag-
netic shielded solenoid consists of a solenoid enclosed in
a cylindrical mu-metal shield concentric to the solenoid
with or without a cap on each end of the shield. The mu-
metal shield reduces the effects of external stray magnetic
fields and improves the field homogeneity of a solenoid!®.
Several developments of MSSs have been reported. The
first version of the MSS development by Hanson and Pip-
kin reported a design of three layers of magnetic shield-
ing for a MSS of 33 c¢cm diameter and 92 cm long for
atomic physics applications'®. In their design, the au-
thors did not use compensation coils, instead used a series
of correction coils arranged at several appropriate loca-
tions to cancel the first order and higher order terms in
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netic field fluctuations from the Brownian motion of the
spins in the presence of a magnetic field gradient!®. The
relaxation rate 1/ T1fg due to magnetic field gradients is
directly proportional to the square of the fractional trans-
verse field gradients and inversely proportional to the 3He
pressure'3. At room temperature, 1/T1fg is given by!'6
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the field profile of a solenoid. They demonstrated a line-
averaged field gradient along the applied field of better
than 1x10~%* cm~! over an 8 cm diameter sphere. How-
ever, the device is too large to be practically fit on most
neutron beam lines and the hole size of 7.6 cm in diam-
eter on the end cap for the beam path of light!? is not
large enough for many NSF applications.

NSF applications are typically constrained by space
along the beamline but are able to tolerate larger field
gradients on the order of 5x10~* em™! so that a MSS
can be designed to be more compact. Beam holes on
each of the end caps are often desired for a >He NSF for
a modern neutron scattering instrument. In recent de-
velopment of a MSS, a conventional approach in which
the compensation coils are located on the main solenoid
at ends was employed'%?923, The resulting field gra-
dients are reasonably small and acceptable for certain
applications. However, the device either occupied a large
amount of space or was employed for a small neutron
beam so that the ratio of the volume of the homogeneous
field region to the occupied volume of the device is not
optimized. This is important when a MSS is designed
to retrofit to an existing instrument where the space for
implementation of a MSS is limited. Kira et al. reported
a design of MSS with compensation coils on the main coil
and two side coils placed at the windows of the neutron
beam to suppress the depolarization of the polarized neu-
tron beam?*. This work is to present a different approach
to significantly improve field gradients of short solenoids
compared to the conventional configuration. Field homo-
geneity was improved by placing the compensation coils
only around the holes of mu-metal end caps. In addition,
we introduce the concept of non-identical compensation
coils together with non-identical holes on each of the end
caps that are used to match focusing or divergence of
an incident or scattered neutron beam, respectively. We
show in this paper that the non-identical compensation
coil configuration can further decrease the field gradient.

Development of MSSs for improving the relaxation
times of the *He NSFs on the neutron beams at the
National Institute of Standards and Technology (NIST)
Center for Neutron Research (NCNR) began for a ther-
mal triple axis spectrometer (TAS) more than 10 years
ago?® and has continued for a wide variety of instruments



since then?26:27, However, the instrumentation was the
main focus in those previous publications and no system-
atic studies on the design and optimization of the MSSs
were reported. This paper provides extensive details of
the development of MSSs motivated for several specific
applications over the past decade. Simulation and opti-
mization for parametric studies were done only for those
MSSs targeted for specific applications. However, the
method presented here should be applicable for the de-
sign of any MSS.

1. DESIGN

In order to fit a MSS on a beamline at the NCNR
we typically determined the dimensions of each com-
ponent with the aim of designing the solenoid as com-
pact as possible, but achieving the NVATG better than
5x 1074 cm™!. Space constraints originate not only from
the neutron instrument itself, but also from the need for
adiabatic spin rotation devices to manipulate the neu-
tron spin and/or a radio-frequency (RF) coil within the
solenoid to flip the *He spin using adiabatic fast passage
(AFP) nuclear magnetic resonance (NMR) method. The
most important criteria are to determine the diameters of
the hole of each of the end caps and the aspect ratio that
is defined to be the ratio of the length to the diameter of
the main solenoid. The diameters of the hole of end caps
are directly related to the diameter of a 3He cell. It is al-
ways desired for a MSS and the 3He cell to provide a full
coverage of the required beam size regardless of whether
the 3He cell is used as a polarizer or an analyzer.

Figure 1 shows a schematic of a typical MSS with
circular holes on each of the end caps. A single layer
of 16 AWG (American Wire Gauge) copper wire (7.30
turns/cm) was wound on an aluminum cylinder that is
nested inside a mu-metal cylinder. The gap between the
outer diameter of the solenoid and the inner diameter of
the mu-metal shield is typically from 7 mm to 9 mm is
chosen to protect the mu-metal from saturation and min-
imize the field gradient given a fixed configuration of the
aluminum solenoid. On each end of the mu-metal shield,
a mu-metal end cap is attached to the mu-metal cylinder
body with an overlap of 2.5 cm. The overlap forms a
magnetic connection between the end cap and body and
protects the mu-metal from saturation even when apply-
ing a modest current to the aluminum solenoid. Per-
fection annealed Co-netic?® mu-metal has been used for
both the mu-metal cylinder and end caps. The thickness
for the mu-metal pieces is 1.6 mm. A compensation coil
is attached and centered around the hole in each end cap.
The end caps were designed to be snugly fitted onto the
mu-metal cylinder body to allow for convenient and quick
3He cell exchange (on the order of several seconds) from a
MSS to another device maintaining the *He polarization
or vice versa to minimize loss of the 3He polarization
during the transfer. It has been determined that this
loss is negligible in our setup. There is a circular hole

on each end cap to let neutrons pass through without
neutron depolarization. Other features in Fig. 1 include
borated aluminum neutron shields attached to both the
upstream end cap and the downstream compensation coil
frame. The borated aluminum structures serve as neu-
tron shielding. Not shown in Fig. 1 is an RF coil that is
used to invert the *He polarization. The RF coil is an
important consideration of space when designing a MSS,
but is not a topic here.

FIG. 1. (Color online) Schematic of a MSS with round holes
on the end caps. The neutron beam travels from right to
left in this design. The MSS has the following components:
(a) Co-netic?® mu-metal end caps; (b) the aluminum solenoid
with a wall thickness of 2.4 mm for support of the copper
winding; (¢) Co-netic mu-metal cylinder; (d) copper winding;
(e) compensation coils either attached to the end cap (design
in this work) or wound on the main coil; (f) borated aluminum
neutron shielding pieces attached to the upstream end cap and
the downstream compensation coil (not visible).

As discussed later, a further improvement in the field
gradient can be made by employing non-identical com-
pensation coils on the endcaps. Practically, this implies
a MSS can be made even more compact without losing
the angular coverage for a focusing or divergent neutron
beam. An additional benefit using non-symmetric com-
pensation coils is a possibility of reducing the diameter
of the 3He cell for the same angular coverage since the
most homogeneous part of the field is shifted toward the
sample, which is presumably at the focal point of the
beam. This means that the center with the same field
homogeneity is always closer to the smaller end cap hole
than the larger one, which is the downstream end cap for
the polarizer and the upstream end cap for the analyzer,
respectively.

1. SIMULATION

The finite-element software package RADIA?Y was em-
ployed to calculate the field and the Mathematica®® inter-
face was used for analytical calculation of the magnetic
field gradients. The B-H data for Co-netic mu-metal was
provided by the manufacturer, with a saturated B re-
duced from 0.78 T to 0.69 T as discussed in the ref-
erence'”. The criterion for convergence of the RADIA
simulation iterations was that the magnetization of all



segments changed by less than 10 nT. The segment size
was set to be &~ 4.6 mm along z and 6.67 ° radially in the
xy plane below which point the NVATG changed by less
than 107° cm ™.

We focused on two configurations of compensation coils
with the overall goal to improve the field gradients. The
first one represents the compensation coils of the same di-
ameter centered around the hole of each of the end caps,
and is denoted as identical hole compensation. This is
compared with a conventional design in which the identi-
cal compensation coils are placed on the main solenoid at
the ends'®2%°23 denoted as end compensation. Figure 2
shows a schematic of such configurations of compensation
coils for comparison. A cylindrical He cell with a diam-
eter slightly larger than that of the end cap hole is also
shown for the purpose of calculating the NVATG. The
second configuration includes holes of different sizes on
the two ends of the shield which are matched to the diver-
gence of the neutron beam. In the second case, the com-
pensation coils are matched to the holes in the endcaps
and are therefore also different from each other. This
configuration is denoted as non-identical hole compensa-
tion. This design represents a further improvement in
the NVATG as compared to the first one given the same
space constraint. Figure 3 shows a schematic drawing of
both the identical and non-identical hole compensation
configurations.

We began by computing the NVATGs and NLAGs
|0B,/0z|/B so as to show that optimization of the NLAG
is a signature of optimization of the NVATG. We followed
the same procedure as developed for a magic box!'”. To
optimize a MSS, both a NVATG and a NLAG are com-
puted by varying the number of turns of compensation
coil after a field contour map is generated. We show the
calculation for identical and non-identical hole compen-
sation. The six transverse field gradients are integrated
over a cylindrical cell volume of 12 cm in diameter and
10 cm long. The cylindrical 3He cell is co-axial with
the MSS. The NLAG is integrated over 10 cm along the
applied field direction (z). Both integrations were done
within the most homogeneous region of the field. The
results are plotted in Fig. 4 for the MSS Gemini®! with
the end compensation and for the MSS Honesty with
non-identical hole compensation, respectively. The field
strengths in the solenoids were set to correspond to the
NMR frequencies at which the AFP flipping was opti-
mized, hence these values (2.73 mT for Gemini and 2.85
mT for Honesty) were employed for the simulation. For
the calculation of the non-identical hole compensation
configuration, two curves were calculated, one with the
number of turns of compensation coil fixed for a smaller
end cap hole and the other with the number of turns of
compensation coil fixed for a larger end cap hole, since a
significant difference in the number of turns of the com-
pensation coil at optimization is expected due to asym-
metry along the z direction. Figure 4b shows the result
when the number of turns of compensation coil were fixed
at the larger end cap hole. It can be seen that not only

does the NLAG minimize at the same location as the
NVATG, but it is much more sensitive to the change of
the number of compensation turns. This demonstrates
that the NLAG can indeed be used as a direct evaluation
criterion for minimizing the NVATG when experimen-
tally optimizing a MSS.

Having established the relationship between the
volume- and line-averaged gradients, we have modeled
four different MSSs with different dimensions for different
polarized neutron instrument applications at the NCNR.
For each MSS, we simulated the 3D magnetic field profiles
of Bx, By, and B,. Although the transverse components
By and B, are important for the calculation of the gra-
dients, they are small and not what were experimentally
measured. Only the contour plots of the experimentally
measurable field B, are presented here.

Two configurations of the compensation coil as shown
in Fig. 2 were first modeled using the MSS Gemini mainly
because Gemini has identical compensation coils, which
is more straightforward to be modeled, and allows for
a direct comparison between the two different compen-
sation configurations. The MSS Gemini is 25.4 cm in
diameter, 35 cm long and has an end-cap hole diameter
of 11.4 cm. For the conventional end compensation con-
figuration, the number of turns of compensation coils was
found to be 8 at optimization by seeking the minimum
NVATG when varying the number of turns of the com-
pensation coil. The same procedure was followed for the
identical hole compensation configuration. The number
of turns of compensation coils was then found to be 14 at
optimization. For both simulations, the field in the cen-
ter of the solenoid was fixed at ~ 2.73 mT. The NVATG
|V B, /B] over a cylindrical cell volume of 12 ¢cm in diam-
eter and 10 cm long was determined to be 9.8x10™% cm ™!
and 1.2 x10~% cm ™! for the conventional end compensa-
tion and for the identical hole compensation, respectively.
This indicated an improvement in the NVATG by a fac-
tor of 8.2 for the identical hole compensation compared
to the end compensation. The corresponding improve-
ment in the field-gradient induced relaxation time T1fg is
a factor of 66. More simulations by changing the loca-
tion of the compensation coils by varying their diame-
ter while keeping the axial position were done to further
demonstrate the significant improvement in the field gra-
dient by compensating the hole of each of the end caps,
and the result is shown in Fig. 5. The lowest gradient
corresponds to the identical hole compensation configu-
ration. The highest gradient corresponds to the conven-
tional end compensation configuration. Figure 5 clearly
demonstrated how the location of the compensation coils
improves the field gradient and hence compensating the
hole yields the lowest gradient.

To visually observe the significant improvement, con-
tour plots of the normalized B, in the central plane
(x = 0) of the MSS Gemini for both end and identi-
cal hole compensation configurations after optimizing the
compensation coil conditions are shown in Fig. 2. It is
visually obvious in Fig. 2 that B, and |0B,/dz|/B are
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FIG. 2. (Color online) Schematic (a and d) of end compensation and identical hole compensation configurations in a MSS and
corresponding contour plots of the calculated normalized B, profile (b and e) and the calculated |0B./dz|/B profile (c and f)
in the central plane (x = 0) for the region in which the *He cell is contained. |0B,/dz|/B is in cm™'. (a), (b) and (c) refer to
the conventional end compensation approach. (d), (e) and (f) refer to the identical hole compensation approach. The mu-metal
body and end cap is shown in black color. Long dotted lines close to the mu-metal cylinder body represent winding of the
main solenoid, while the short ones represent winding of the compensation coils. The dashed black line box indicates a region
in which the volume-averaged field gradient is the smallest and a 3He cell should be positioned. Note that the contour intervals
between (b) and (e) and between (¢) and (f) are the same, but the ranges are different for two schemes due to a significant

difference in the gradient.

substantially more homogeneous in the central plane for
the scheme in which the compensation coils are centered
around the hole of each of the end caps than that for the
conventional scheme.

To further improve the field homogeneity of a MSS,
we continued to perform simulation for the non-identical
hole compensation configuration. The optimization pro-
cedure for such a complicated configuration is different
from the identical compensation coil configuration since
the symmetry along z is broken. A typical procedure
for minimizing the field gradient for a MSS with non-
identical compensation coils includes the following steps:
(1) optimizing a MSS with two sets of identical compen-
sation coils separately, one for the smaller diameter, the
other for the larger diameter; (2) varying the number of
turns of the smaller compensation coil while fixing the
number of turns for the larger compensation coil at opti-
mization determined from step 1; (3) varying the number
of turns of the larger compensation coil while fixing the
number of turns for the smaller compensation coil at op-
timization determined from step 2; (3) calculating the

NVATG and repeating the above procedure, if necessary,
until the calculated NVATG is minimized and changed
by less than 107° cm™!.

To preserve the angular coverage from a MSS, the iden-
tical hole compensation configuration with the larger di-
ameter was used for comparison with the non-identical
hole compensation configuration. Figure 3 shows con-
tour plots of the calculated normalized B, in the central
plane (z = 0) for the MSS Nyx in both identical hole
compensation and non-identical hole compensation con-
figurations. Nyx was developed as a polarizer for BT-7
TAS at the NCNR. Nyx is 25.1 cm in diameter and 29.5
cm long. A compensation hole diameter of 12.6 cm for
the identical hole compensation configuration, and diam-
eters of 10.3 cm and 12.6 cm for the non-identical hole
compensation configuration were used in simulation. It
is worthwhile to mention two distinct features: (1) the
center of the homogeneous region of the field is shifted ~
20 mm along z closer to the smaller compensation coil for
the non-identical hole compensation configuration, while
the center is expected at z = 0 for the solenoid with the
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(Color online) Schematic (a and d) of identical and non-identical hole compensation configurations and the corre-

sponding contour plots of the calculated normalized B. profile (b and e) and the calculated |0B./0z|/B profile (¢ and f) in

the central plane (z = 0) for the MSS Nyx. |0B./dz|/B is in cm™!

. (a), (b) and (c) refer to the identical hole compensation

approach. (d), (e) and (f) refer to the non-identical hole compensation approach. The mu-metal body and end cap is shown
in black color. Long dotted lines close to the mu-metal cylinder body represent winding of the main solenoid, while the short
ones represent winding of the compensation coils. A focusing neutron beam is drawn to show that the asymmetric hole sizes
match the focusing condition. The dashed black line box indicates a region in which the volume-averaged field gradient is the

smallest and a *He cell should be positioned.

identical hole compensation; (2) the field is more homo-
geneous for the non-identical hole compensation config-
uration, though it is not visually obvious in Fig. 3. The
NVATG over the volume of a cylindrical *He cell, 12 cm
diameter and 10 cm long is calculated to be 4.9x10~4
cm~! for the non-identical hole compensation configura-
tion, whereas it is 1.1x1073 cm ™! for the identical hole
compensation configuration. This implies an improve-
ment in the field gradient by a factor of 2 and in the field
gradient induced relaxation time by a factor of 4. Conse-
quently, the overall gain from simulation for a MSS with
non-identical hole compensation configuration would be
a factor of ~ 16 (8 from Fig. 2 and 2 from Fig. 3) in the
field gradient and ~ 256 in the gradient-induced relax-
ation time over a conventional end compensation design.

IV. CONSTRUCTION AND EXPERIMENT

Magnetostatic simulation has provided good guidance
for the mechanical design and construction of several
MSSs. Practically, to realize the simulated gain in per-
formance for a real MSS requires substantial care in the
actual design and construction and performance may de-
viate from the simulation due to imperfection in the man-

ufacturing process for the mu-metal parts. For example
in one of our original solenoids, Gemini, there is a slight
gap between the mu-metal body and overlapping endcap
section. Figure 6 shows a picture and a 3D drawing of
the MSS Venus. A 90 degree cut is done to show the de-
tail of the design of a MSS. A MSS includes a Co-netic?®
mu-metal cylinder, two Co-netic mu-metal end-caps fit-
ted over the ends of the mu-metal cylinder with 2.5 cm
overlap, an aluminum compensation coil support, and
an aluminum cylinder for winding the coil on the main
solenoid. On each end cap, there is a 5 mm diameter hole
for access of the compensation wire. There is a notch at
the edge of the end of mu-metal cylinder and the overlap
of the end cap for easy removal of the end cap during the
cell exchange and access of the winding wire of the main
solenoid, and both free induction decay (FID) and AFP
NMR cables. The notch is 5 mm by 5 mm on the cylin-
der and 25 mm by 5 mm on the end cap so that the end
cap can be accurately matched to the cylinder over the
overlap section. The notches allow no gap between the
end cap and mu-metal cylinder. Each compensation coil
support is a ring with a groove of 5.9 mm by 5.6 mm for
winding and is centered to the hole of each end cap. The
gap between the compensation coil and mu-metal end cap
is 3.1 mm, which is necessary for permitting insertion of
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Gemini.

an aluminum screw. The compensation coil support is
attached to the end cap using three aluminum screws
with three 3 mm holes (not shown in Fig. 6) near each
end cap hole. The notches and the 5 mm and 3 mm holes
on the end cap were not modeled in the simulation since
any perturbation to the field profile is localized (further
away from the cell) and small. Tt is likely that a tiny
gap between the overlap of the end cap and mu-metal
cylinder might exist due to the fabrication process. We

estimate that the gap is typically much less than 1 mm,
except for the MSS Gemini, which has a gap of 1.2 mm.

All MSSs were fabricated by Magnetic Shield Corpora-
tion?®. A typical fabrication process for a MSS includes
the following steps: (1) rolling a Co-netic mu-metal sheet
to form a cylinder with the junction welded and with the
small notch pre-cut at ends; (2) the Co-netic overlap sec-
tion is rolled to an open rim shape with the opening
matched to the notch, which is then welded to a circular
Co-netic end cap cover with the hole in the center and
other small holes pre-drilled to form an end cap. Simula-
tion indicated that too sharp a turn in the mu-metal can
result in field leakage, hence a 2 mm radius of curvature
was employed for the joint between the cover and over-
lap section in the end cap. After welding, the roundness
of the cylinder and the overlap section of the end cap
and snugness between them are checked and adjusted,
if necessary. The welding region is then polished and
ground to produce a smooth surface. Final perfection
annealing?® after machining and welding was done in a
controlled hydrogen atmosphere. After annealing, extra
care was taken to avoid dropping or mechanical denting
so as to prevent degradation of the performance when as-
sembling and operating the MSS. We used AA perfection
annealed Co-netic?8.

A single layer of 16 AWG was wound with no gap be-
tween every turn on the aluminum cylinder. Every final-
ized MSS is operated with a single DC power supply so
that the same current is applied to both the main solenoid
and compensation coils. This indicates an integer num-
ber of turns of compensation coil. Although it is possible
that the field gradient can be further slightly improved
using a partial number of turns from simulations, we de-
cided to construct a MSS with only the integer number



FIG. 6. (Color online) (A) Picture of the MSS Venus in which an RF coil and FID NMR coil can be seen and (B) 3D model
of Venus with a 90 degree cut to show the detail of the compensation scheme. The MSS has the following components, (a)
Co-netic mu-metal end cap, (b) compensation coil, (¢) 3 mm diameter hole for access to the winding wire of the compensation
coil, (d) 5 mm by 5 mm notch for access to the winding wire of the main coil, (e¢) Co-netic mu-metal body, and (f) the aluminum

cylinder.

of turns of compensation coil for necessity of convenient
and reliable operation in a space limited neutron beam.

For experimental optimization, a computer controlled
mapping system was used for measurements of the field
at various compensation coil conditions. A 3-axis Hall
probe (Lakeshore 460 3-channel Gaussmeter with a high
sensitivity (HSE) probe) and a 3-axis fluxgate magne-
tometer (Bartington MG-03MS) were used to measure
the field. The fluxgate magnetometer was used for mea-
surements of fields lower than 1 mT, while the Hall probe
was used for measurements of fields higher than 1 mT.
The field maps with fields less than 1 mT were always
checked first.

The relaxation time measurement was done using ei-
ther the neutron transmission method?®? on the Polarized
3He And Detector Experiment Station (PHADES) beam-
line at the NCNR?? or FID NMR method.

V. RESULTS AND DISCUSSION

Over the past decade, we have designed and con-
structed one MSS with identical hole compensation
(Gemini) and three MSSs with non-identical hole com-
pensation (Venus, Nyx, Honesty). Each MSS has been
associated with dedicated development of one or more
enhanced polarized neutron instruments. The first MSS,
Gemini, was developed over 10 years ago to provide a
homogeneous field for a spin analyzer for applications in
small-angle neutron scattering (SANS), TAS, and reflec-
tometry. Gemini has been often used for experiments on

those instruments and sometimes for other applications
such as the development of spherical neutron polarime-
try on the PHADES beamline?*. The MSS Venus was
recently developed as a SANS analyzer with the non-
identical hole compensation to increase the scattering
angular (momentum transfer) coverage, improve the re-
laxation time, and allow for reduction of field gradients
from a nearby 1.6 T electromagnet. The MSS Nyx is
described in Sec. III and the MSS Honesty was devel-
oped recently as an analyzer for the polychromatic beam
reflectometer?”.

We have performed simulations for every MSS for opti-
mization of the NVATG, and experimentally minimized
the field gradient. The experimental optimization was
carried out first at low fields and then at high fields to
check the consistency of the field gradients in both con-
ditions. Field maps were taken on the axis of a MSS by
varying the number of compensation turns. The NLAG
along the solenoid axis was computed over a length of
10 cm centered at the most homogeneous region for each
field map. A minimum NLAG is determined from a series
of measurements of the field map with a varying number
of compensation turns. Figure 7 shows an example of a
set of normalized B, field profiles measured in the cen-
tral plane x = 0. Field maps on off-center axes were
often taken to determine the off-axis gradients along x
away from the center.
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FIG. 7. (Color online) Measured normalized B, field proles
for different numbers of turns of compensation during opti-
mization of the MSS Gemini with the identical hole compensa-
tion configuration. Fifteen turns of compensation coil (shown
in a red solid line) were determined to yield the minimum
NLAG. Lines are to guide the eye. Error bars are smaller
than the data points. Throughout the paper error bars and
uncertainties represent one standard deviation.

A. Field gradient determination

In Sec. II, we have discussed how to compute the field
gradient induced relaxation from simulation. Here we de-
scribe a simple approach to experimentally determine the
field gradient. As described in Eq. 1, the field gradient
induced relaxation Tlfg can be experimentally determined
by measuring the intrinsic relaxation time 7} and the re-
laxation time of a *He cell in a MSS. Tis were measured
in a pair of Helmholtz coils with a diameter of 80 cm that
provide a volume-averaged field gradient ~ 10™* cm™!,
corresponding to a value of Tlfg of ~ 15000 h at a He
partial pressure of 1 bar. Although this approach lim-
ited determination of the field gradients in the MSSs to
10~* cm™!, this was sufficient for evaluation of practical
NSF's and was employed for nearly all applications at the
NCNR. It can be shown from Egs. (1) and (2) that a
3He cell with a longer T} provides higher sensitivity to
determination of the field gradient. Such long relaxation
time cells are conveniently available from our prior cell
development .

B. Compensating the hole of the end cap

As demonstrated in Sec. II, applying fields to com-
pensate the holes on each of the end caps significantly
improves the field gradient over a conventional compen-
sation configuration. The MSS Gemini was employed to
experimentally confirm this. Gemini was first configured
to have the conventional end compensation configuration
as shown in Fig. 2. After optimization through the field
mapping, we characterized the performance by measur-

ing the relaxation time of a 3He cell in Gemini. The cell
Teroldego, 11.5 cm diameter by 10 cm long with a 3He
partial pressure of 1.43 bar, was used for the measure-
ment and had a long T} of 490 h. After 3 days of decay
of the 3He polarization of Teroldego in Gemini, we ob-
tained a relaxation time of 77 = (145 4+ 4) h using the
FID NMR method. After correcting for the intrinsic re-
laxation time, the NVATG |V B, /B| was determined to
be 9.8x10™* cm ™! in the conventional end compensation
configuration. This result was obtained with 7 turns of
compensation. We then removed the compensation coil
on the main coil and reconfigured Gemini to have the
identical hole compensation configuration. After opti-
mization of the number of turns of the compensation coil,
we obtained a relaxation time of (411 + 9) h using the
FID NMR method, which yielded a NVATG of 2.8x 1074
cm~!. Fifteen turns of compensation were determined to
be necessary at optimization in this new compensation
configuration. This experimentally demonstrated that
compensating the end cap hole yielded an improvement
in the field gradient induced relaxation time for the cell
Teroldego in the Gemini MSS by a factor of 12 compared
to that obtained with the conventional end compensation
configuration. This result implies an improvement in the
normalized volume-averaged transverse field gradient of
a factor of 3.5 in this compact MSS. The experimentally
determined field gradient from the conventional end com-
pensation configuration agreed well with that from simu-
lation. However, the experimentally determined gradient
from the identical hole compensation configuration was
higher than that from simulation. This higher gradient
could be due to imperfections in the real apparatus, such
as the small but slightly larger air gap between the mu-
metal body and the overlap of the end cap than a normal
one. However, other non-ideal geometric factors such as
a small difference of compensation coil location, inhomo-
geneous permeability in the mu-metal, roundness of the
mu-metal cylinder and end caps, parallelism of the end
cap, and the centering of the coil in the shield might make
additional contributions to the discrepancy.

We have not configured the compensation coil in any
other positions that are between the two extreme condi-
tions as shown in Fig. 5 of Gemini and have no relaxation
time data in those in-between positions. This is due to a
practical consideration that there are no 3 mm holes pre-
drilled for attaching the compensation coil support to an
end cap. However, such configurations are not necessary
since the relaxation times and the resulting gradients are
expected to fall in between the two extreme conditions,
that is, between 145 h and 411 h and between 9.8x10~*
cm~! and 2.8x107* em™!, respectively. Table I sum-
marizes the result of the field gradient at two extremely
different locations of the compensation coil.

The MSS was finally constructed with the identical
hole compensation configuration. The finalized MSS
Gemini has been used for a decade as a spin analyzer
on SANS, reflectometer and TAS beamlines. The field
gradients obtained from the relaxation time from many



TABLE 1. Comparison of the experimentally determined
NVATG |VB./B| between the end and identical hole com-
pensation configurations for the MSS Gemini. @ = 25.4 cm
and ¢ = 35.6 cm are the diameter and length of the mu-metal
cylinder assembly. The calculated NVATG |VB, /B|" at

optimization is listed for comparison.

compensation VB./B| |VByi/B[*

configuration 107 em™ 107% em™
End compensation 9.8 £ 0.2 9.8
Hole compensation 2.8 4+ 0.1 1.2

user experiments were consistent with those obtained in
this paper.

C. Compensation with non-identical coils

After demonstrating a significant improvement of the
field gradient by applying the identical hole compensa-
tion we continue to show that a further improvement
can be experimentally achieved by applying non-identical
hole compensation. To show the effect, we present the
results from three MSSs that were required for three dif-
ferent polarized beam instruments, SANS, TAS, and re-
flectometer at the NCNR. These applications represent
many conventional but powerful polarized neutron in-
struments for studies of magnetism. Different *He cells
with intrinsic relaxation times longer than 450 hours were
used to experimentally determine the NVATG. These
cylindrical cells have dimensions about 12 cm diameter
and 10 cm long. The results are summarized in Ta-
ble II. Also listed in Table II are the calculated values
of |VB, /B]| for the configurations of non-identical hole
compensation and identical hole compensation with the
larger endcap hole. For SANS, a circular beam size of 12
cm in diameter is chosen, which represented the largest
angular coverage we could have accomplished. The calcu-
lated gradients with the non-identical compensation con-
figuration are up to a factor of 2.2 smaller than that
with identical larger compensation coils. This implied
an additional improvement in the gradient induced re-
laxation time by a factor of more than 4. (Of course,
no improvement would be obtained from this approach
for a collimated beam.) We note that only an integer
number of turns of compensation coils were used for sim-
ulation. A partial number of turns of compensation coils
may further improve the field gradient. We speculate
that this may be a reason why the experimentally deter-
mined NVATG is better than that from simulation. In
addition, the more complicated procedure described in
Sec. I1T to optimize the non-identical hole compensation
configuration may have not yielded the conditions for the
actual optimum.
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D. Size of the homogeneous magnetic field region

A fundamental yet essential goal in designing a mag-
netostatic cavity for a NSF application is to have the vol-
ume of the homogeneous region as large as possible while
still fitting the cavity into a constrained space. In many
cases, an existing magnetostatic cavity uses a significant
amount of space and/or its NVATG is not minimized.
Here we present a benchmark to accomplish this goal
and show that an optimized compensation scheme can
achieve a larger region of field homogeneity for a MSS.
Define T to be the ratio of the volume of the most homo-
geneous field region in which the cell is located to that oc-
cupied by the magnetostatic cavity. The larger this ratio,
the more compact the magnetostatic cavity>¢. Table III
summarizes a comparison of the value of T from various
designs of the magnetostatic cavities for a wide variety
of NSF applications on a great variety of polarized neu-
tron instruments at various neutron facilities. We present
the ratios T not only for the developed MSSs in this
work, but also for magic boxes operated as either a polar-
izer or analyzer?10:23:25.26:35 Tt can be seen that MSSs
typically provide larger values of T than magic boxes
with the exception of end-compensated magic boxes!”.
For offline operation in which 3He gas is polarized off
the beamline, it is apparent that a MSS is advantageous
over a magic box in implementation of a NSF in a con-
strained space and is generally better at shielding stray
fields. When comparisons are made among the differ-
ent MSSs, we show that placing compensation coils cen-
tered around the hole of the end cap provides signifi-
cant advantage in minimizing the field gradient or sav-
ing space or rendering a larger angular coverage. Imple-
menting non-identical hole compensation coils centered
around the non-identical holes of the end caps resulted
in an overall improvement in the field gradient induced
relaxation of the 3He polarization by a factor of ~ 50
compared to a conventional end compensation design of
a MSS and brought the operation of several polarized
neutron instruments at the NCNR to a new stage with
much better performance, greater reliability and more re-
duced maintenance. The new approach would make the
existing MSS-based in-situ SEOP systems, as examples
Refs.?223, more compact without degrading the relax-
ation time, hence the performance.

VI. CONCLUSIONS

We have simulated and optimized the magnetic field
gradients of several magnetically shielded solenoids
(MSSs) for 3He storage of neutron spin filters that
have been employed at several conventional nevertheless
powerful polarized neutron instruments at the NCNR.
The conveniently measurable line-averaged field gradi-
ent along the solenoid center axis has been confirmed in
simulation as a good indicator for the transverse field
gradients that are directly related to the field gradient-
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TABLE II. Comparison of the experimentally determined and calculated NVATG for several different MSSs with non-identical
compensation coils. z and y are the required beam size along the horizontal and vertical directions at the 3He cell position.
@ and ¢ are the outside diameter and length of the mu-metal assembly of the cylinder body and end caps. ds and d) are the
diameters of the small and large holes on the end caps, respectively. 77 is the measured 3He polarization relaxation time in a
cavity. [VB, /B is the NVATG determined from Eqs. 1 and 2 and the partial pressure of *He gas. |V B, /B|°®" is the calculated
NVATG at optimization of a MSS. |§BL/B|§§1H is the calculated NVATG at optimization with larger identical compensation
coils.

solenoid instrument Xy D xL ds di Th° VB./B| |VBy./B[* \ﬁBL/BE;L,
class cm X cm cm X cm cm cm h 107*em™ 107 ecm™ 107* em™!
Honesty reflectometer 12 x 4 27.9 x 35.6 11.7 14.3 415 £ 3 3.7 + 0.2%7 3.5 4.8
Nyx TAS 5 x 10 25.5 x 29.5 10.3 12.6 370 £ 8 4.2 + 0.2 4.9 11.0
Venus SANS 12 x 12 254 x 33.0 9.0 16.0 300 =10 4.4 + 0.2 5.6 11.0

TABLE III. Comparison of the ratio T of the volume of the homogeneous field region to that of the device itself from various
designs of the magnetostatic cavities. The dimensions are a diameter () and length [ for the mu-metal assembly of cylinder
body and end caps for a MSS, and a width w, height h and a length [ for a magic box. dy and [, are the diameter and length
of the cylinder of the homogeneous field region. The data of the magnetostatic cavity devices of the last 6 rows are from other

labs.

cavity cavity dimensions T instrument PorA dy xlIn |6B /B
name type cm X cm class cm x cm 1074 ecm™!
Gemini  solenoid 25.4 x 35.6 0.064 TAS/SANS®® analyzer 12 x 10 2.8 &+ 0.1
Kronos  solenoid 20.3 x 254 0.14 TAS/SANS? polarizer 12 x 10 6.0
Venus solenoid 254 x 33 0.061 SANS analyzer 12 x 9 44 +0.2
Honesty  solenoid 27.9 x 35.6  0.055 Reflectometer?” analyzer 13 x 9 3.7 £ 0.2
Nyx solenoid 25.1 x 29.2 0.078 TAS polarizer 12 x 10 4.2 +£ 0.2
Flattop magic box 40 x 15 x 28.4 0.066 TASY polarizer 12 x 10 5.7 £ 0.4
solenoid?* 27.2 x 36.4 0.037 polarizer 10 x 10 <4.0
solenoid 30 x 46 0.024 TAS*! analyzer 10 x 10 2.0
solenoid 9.5 x 20 0.030 Scpte polarizer 3 X 6 45.0
solenoid 20 x 30 0.030 POLANO?® polarizer 6 x 10 <10.0
magic box 20 x 40 x 78 0.015 TOPAS® polarizer 12 x 8 4.4
magic box 30 x 40 x 62 0.012 MARIA3® analyzer 12 x 8 <2.0
magic box'® 40 x 17x 80 0.005 6 x 10 <2.0
solenoid"? 33 x 96 0.003 8 x 8 <1.0

induced *He polarization relaxation time in MSSs. Mag-
netic field simulations have provided solid guidance in
designing a MSS. We have constructed and character-
ized several MSSs, and find that placing the compensa-
tion coils centered around the hole of the end caps of a
MSS has yielded an improvement in the volume-averaged
transverse gradient by a factor of 3.5. For a MSS of 25
cm diameter and 35.6 cm long, this corresponds to an im-
provement of a factor of 12 in the gradient induced relax-
ation time over that with a conventional configuration in
which the compensation coils are placed on the main coil.
A further improvement in the gradient up to a factor of 2
has been confirmed by implementing a non-identical com-
pensation coils centered around the non-identical hole in
the end cap. Consequently, all MSSs constructed using
the new compensation coil configuration show a volume-
averaged transverse gradient better than 5x10™% cm™!
for a volume of ~ 1000 cm? in a compact space. We have
shown that these newly developed MSSs yield a signif-
icantly larger ratio of the field homogeneity volume to
that of the device itself. The enhanced approach has re-

sulted in significant improvement in the *He polarization
relaxation time and/or allowed more compact designs for
3He NSFs for a wide variety of polarized neutron instru-
ments at the NCNR. The improvement has greatly facil-
itated the routine polarized beam experiments on the in-
struments including the SANS instrument, thermal TAS,
and the reflectometer. The enhanced design of magneto-
static cavities can be applied to other neutron scattering
facilities and other scientific applications demanding for
a high level of field homogeneity with a large volume.
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