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This study focuses on developing a dual-Helmholtz-coil magnetic field system for polarized 3He to generate a uniform
magnetic field. A theoretical analysis of the mechanism by which dual Helmholtz coils produce a uniform magnetic field
was first conducted. Based on these findings, the magnetic device was designed with the finite element analysis software
COMSOL, employing an optimization algorithm to efficiently set current densities and minimize the transverse gradient
in the central region. The simulated transverse gradient achieved was 9.54x107> cm™! in the 20 cmx20 cmx8 cm
central region, and the experimental measurement yielded a value of 6.31x10™* cm~!. Additionally, lifetime testing
of two polarized 3He cells revealed lifetimes of 151.041.8 h and 206.2+4.4 h, demonstrating the excellent magnetic field
uniformity of the device. The current work integrates theoretical, simulated, and experimental results. It advances polarized
3He magnetic technology, offers an upgrade solution for off situ polarized >He pumping stations to extend the volume of the
uniform magnetic field without enlarging the coil size, and provides a method for using polarized He on neutron beamlines
requiring large acceptance angles.
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1. Introduction

Polarized *He has a wide range of applications in

1,2]

particle physics and nuclear physics,! condensed mat-

1341 nuclear magnetic resonance imaging,[!

[6.7]

ter physics,

magnetometry, and polarized nuclear fusion fields.®!

Moreover, polarized *He can be used as a neutron spin fil-

=111 Currently,

ter (NSF) in polarized neutron experiments.
two commonly used methods for polarizing *He are spin-
exchange optical pumping (SEOP)!!>"15] and metastability-

[16] In these methods, the magnetic

exchange optical pumping.
system primarily defines the polarization direction of He and
maintains its polarized state. Helmholtz coil magnetic field
systems are employed to generate highly uniform magnetic
fields, mainly in off situ polarized *He pumping systems!!’]

and wide-angle polarized 3He devices.!!”!8] Institutions such
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as ORNL,!"”) NIST?Y! and CSNS?! have adopted single-
pair Helmholtz coil designs for their off situ polarized *He
pumping systems. Facilities including ISIS,'”) JCNS!'8] and
ILL?>231 utilize a multi-pair Helmholtz coil configuration
in the design of wide-angle polarized 3He devices. Wide-
angle polarized He devices are essential for separating co-
herent, nuclear spin incoherent and magnetic scattering, [>*!
as well as for measuring magnetic excitations!>! and re-
lated phenomena. Typical neutron scattering experiments re-
quire a 10 cm diameter homogeneous field region. However,
wide-angle cells often have an external diameter exceeding
20 cm, %! a scale at which single-pair coils cannot meet the
field-uniformity requirements. Therefore, advancing domestic
wide-angle polarized *He NSF technology necessitates a mag-
netic field device capable of providing a large-volume uniform
field, both for off situ pumping systems and for future wide-
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angle polarized *He devices.

For a typical polarized *He pumping station, when the
pumping stops, the 3He polarization P30He(t = 0) is gradually
relaxed over time ¢ in an exponential decaying form as de-
scribed by

Puygo (1) = P, exp (—;,) . (1)

1

The relaxation time 77 (also termed the lifetime) of polarized

[27.28] wall collisions,

3He is influenced by three main factors:
magnetic dipole—dipole interactions, and magnetic field inho-

mogeneity, as shown below:

1

?1 =I; =Iya +1—éipole—dipole +1—éradient 2
7000 |VBy|? + |VBy|?

I—éradiem = | X| | y| . 3

2
BO

Here, p is the polarized *He gas pressure in bars. Once the
polarized 3He cell has been sealed, the first two factors re-
main fixed. Therefore, magnetic field uniformity becomes cru-
cial for extending the relaxation time. Consequently, reducing

the standardized transverse gradient \/ (VB + ]VBy‘z) /B3
is key to extending the relaxation time of polarized *He, and it

should usually be reduced to the order of 10~* cm™".

A common choice for generating a magnetic field in an off
situ pumping station is to use a pair of Helmholtz coils.[19-2!]
However, to provide a standardized gradient on the order of
10~* cm™!, the size of the Helmholtz coils is usually so large
that it increases the footprint of the off situ pumping station. To
address this, this study investigates a nested dual-Helmholtz-
coil configuration. Theoretical derivations demonstrate that
the uniformity of dual Helmholtz coils is superior to that of
a single pair of Helmholtz coils. Meanwhile, the finite ele-
ment analysis (FEA) simulation software COMSOL** and
its optimization module were used to determine electric cur-
rent parameters to minimize the gradient in the central region
(Iength x width x height =20 cm x 20 cm x 8 cm). The nested
dual Helmholtz coils were designed according to these simu-
lation results. During the commissioning, a three-dimensional
stepper motor combined with a gaussmeter was employed to
map the magnetic field in the central region.

The novelty of the presented approach lies in its compact,
nested dual-coil geometry combined with automated current-
density optimization. In contrast to conventional designs that
employ spatially separated main and compensation coils, the
proposed system integrates two concentric Helmholtz pairs
with opposing currents. This configuration promotes more
effective cancellation of higher-order field gradients within
a limited footprint. In simulation, a transverse gradient of
9.54 x 107> cm™! is achieved in the target volume, which

represents an order of magnitude improvement over a sin-
gle Helmholtz pair (2.05 x 1073 cm™!). When evaluated un-
der a fixed gradient threshold, the designed system provides
approximately 2.5 times larger usable uniform field volume
than conventional multi-coil designs, offering a distinct ad-
vantage for applications that require extended uniform fields
without increasing the overall system scale. The performance
of the dual-Helmholtz-coil design has also been experimen-
tally validated. The lifetimes of two polarized He cells are
simultaneously measured by the free induction decay (FID)
method.3%3!1 Compared with a single pair of Helmholtz coils
with the same diameter, this dual-Helmholtz-coil design sig-
nificantly enlarges the central uniform region, making it suit-
able for upgrading the magnetic system on off situ pumping
stations using the SEOP method. Moreover, the magnetic field
design serves as a wide-angle polarized *He device, featuring
a large neutron scattering angle.

2. The uniformity theory of dual Helmholtz coils

Guol®?! derived the magnetic field at the spatial point
P(r,0,¢) for a pair of coils arranged on a sphere of radius
R with current /. Equation (4) presents the expression of the
magnetic field in cylindrical coordinates at point P(p,8,z),
and Fig. 1 illustrates the coil layout within this coordinate sys-

tem:
ul & PP+’
B, = Eﬂg’osmaleﬁl(COS O‘)PZn(COSG)< R2 ’
w1
B = — g L 5,y Sin @l (cosc)P, (cos6)
24 2\"
y (p +z )
R? ’
By = 0. “

Fig. 1. Coil arrangement in the coordinate system.

To obtain the most uniform magnetic field in the central
region, the coefficients of the expansion must be minimized.
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The n = 0 term provides a constant field, independent of p.
The condition for nullifying the 7 = 1 term is cos ot = 1/v/5,
which leads to B, = 0 and defines the classic Helmholtz coil
configuration, where the coil radius Rsina equals the sep-
aration distance d. The enhanced uniformity of the dual-
Helmholtz-coil design is achieved through the systematic can-
cellation of higher-order magnetic field gradients. While a
single Helmholtz pair minimizes the first-order (dipole) vari-
ation by satisfying d = R, it retains significant second-order
(quadrupole) gradients. The limitation of a single Helmholtz
pair design is overcome via a gradient superposition principle:
two concentric coil pairs with opposing currents are config-
ured so that their quadrupole contributions destructively inter-
fere. To cancel the n = 2 (quadrupole) term, a dual-coil system
is employed. The total magnetic field is the superposition of
the fields from two Helmbholtz pairs with radii R;sina and
R sin a, carrying currents /; and I, respectively. The explicit
forms of B;1,B,,Bp1,Bp> follow

B; = B;1 + B2

I (==}
- % Y sinaPy, | (cos )Py (cos 0) (
I =0

p2+22)"
R}

L & 2+
_,_& SinOlelnH(COSOC)PZn(COSQ) (P ";Z ) )
R2 n=0 R2

Bp = Bpl +Bp2

__ung
R n:02n—|—1
2 2\ "
(=)
Rl

ubh <1
& Z P sina P}, 1 (cos )Py, (cos )

sin o Py, 1 (cos &) Py, (cos )

n=0
(%)
x 5 ,
R;
Bg = Bg1+Bg2 =0, )

with the corresponding radii and currents. To derive the can-
cellation condition for the n = 2 term, the expansions of By
and By, are written explicitly. For the dual-coil system, the
total B, is the sum of two such series with parameters (/;,R;)
and (L,R;). The condition for canceling the n = 2 term is
that the sum of the n = 2 contributions from both coils van-
ishes, i.e., Bp1 —|—Bp2 = (0. The n =2 term of each coil is
proportional to //R> and shares the same angular dependence.
Explicitly, B, o 1% -sina P} (cosa)P} (cosB), B L

o< .
5
R2

p2
sina P4 (cos )P} (cos 0). Setting the sum to zero and cancel-
ing the common non-zero factors (the angular part and sin @)
yields the condition:% + 1% =0.

Thus, when the currents in the two coil pairs satisfy this
relation, the quadrupole (n = 2) gradient is eliminated at the

center. This allows the dual-Helmholtz-coil design to en-

hance the magnetic field uniformity while maintaining the
same outer diameter as a single pair.

3. The design and simulation of dual Helmholtz
coils

Based on the theoretical framework established in Sec-
tion 2, the design and simulation stage was initiated. The pri-
mary objective was to translate the theoretical dual-coil con-
cept into a practical magnetic field device and to optimize its
performance using FEA.

A finite-element model of the dual-Helmholtz-coil sys-
tem was established in COMSOL Multiphysics® ! to ensure
reproducible simulations. The coil geometry (Fig. 2) was con-
structed according to the parameters in Table 1, incorporating
the actual rectangular cross-section of the windings (2 mm x
4 mm). The magnetostatic Magnetic Fields (mf) interface was
applied within a spherical air domain of radius 3.0 m, suffi-
ciently large to avoid boundary effects. The external bound-
ary condition was set to Magnetic Insulation to simulate free-
space conditions.

Fig. 2. Design of a dual Helmholtz coils magnetic system, supported by
an aluminum alloy structure.

Table 1. Parameters of the dual Helmholtz coils: outer diameter (OD), inner
diameter (ID), number of turns/layer (Nwms), number of layers (Njayers), and
wire diameter (WD).

Coil OD (cm) ID (cm) Nurns Mayers WD (mm?)
B1 58.4 55.2 8 9 2x4
B2 51.2 48.0 8 8 2x4

A user-controlled free-tetrahedral mesh with an element
size of 8 mm was applied in the coils and the central region of
interest. Mesh independence was verified by recalculating the
average transverse gradient in the central target region (20 cm
x 20 cm X 8 cm) using a systematically refined mesh. The
variation in the computed gradient was less than 0.3%, con-
firming that the chosen mesh yields grid-independent results.

First, initial parameters were set according to the theo-
retical analysis. The current density J; of coil B1 was fixed
at 1.25 A/mm?. The initial current density J, of coil B2 was
determined from the theoretical condition Bp| + Bpy = 0, re-
sulting in J, = 0.71 A/mm?. Using this initial parameter set,
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models of the B1 and B2 coils were built in COMSOL and
simulated. This initial simulation gave a magnetic field of
9.6 G and an average volumetric gradient of 2.59 x 10~* cm ™!
in the central target region (20 cm x 20 cm x 8 cm). For
reference, the theoretical (analytical) values for the dual-coil
system at J, = 0.71 A/mm? are a central field of 9.6 G and a
cm~! (from Eq. (5)) (Figs. 3(a)
and 3(b)). The corresponding single-coil (B1 only) theoreti-
cal values at the same J; = 1.25 A/mm? are 22.1-22.8 G and
1.48 x 1073 cm™!, respectively (Figs. 3(c) and 3(d)). How-
ever, this initial simulated mean gradient, 2.59 x 10~% ecm™!,

mean gradient of 1.34 x 10~

was about 1.9 times larger than the purely theoretical predic-
tion of 1.34 x 10~* cm
alization of the coils as line currents in the theoretical model,

~!. The discrepancy stems from the ide-

whereas the actual coils possess a finite rectangular cross-
section. This finite geometry alters the current distribution and
the effective winding distance. Two primary effects arise: (1)
the current is distributed over a finite volume, which modifies
the magnetic field profile, particularly near the coil edges; and
(2) the effective radial position of the windings relative to the
central region is shifted. Collectively, these effects distort the
field geometry, rendering the simple line-current model inad-
equate for precisely predicting the gradient within our target
volume.

Fig. 3.
(20 cmx20 cmx8 cm).

central region

Calculated magnetic field in the
(a) Magnetic field strength of 9.6 G and (b)
transverse volume gradient of 1.34x10™* c¢cm~! for the dual Helmholtz
coils, derived from analytical numerical solutions. For comparison, (c) and
(d) show the corresponding analytical results for a single Helmholtz coil
pair (B1 alone), exhibiting a magnetic field strength of 22.1-22.8 G and a

transverse volume gradient of 1.48x1073 cm~!.

To compensate for the effects of the finite geometry, an
automated optimization was performed. The optimization
aimed to minimize the volume-averaged normalized trans-
verse gradient in the central region, defined as the objective
function:

|VB |2+|VB |2
foi = / av, ©)

where V is the volume of the central region. The optimization
was performed using COMSOL’s built-in COBYLA (Con-

strained Optimization BY Linear Approximation) algorithm.
The current density for coil B1 was fixed at 1.25 A/mm?; the
current density J, of coil B2 (initial value 0.71 A/mmz) served
as the optimization variable, constrained within +3 A/mm? of
its initial value. The convergence criterion was set to a relative
change in fqp; of less than 1 x 1076, The algorithm converged
to an optimal current density J, = 0.68 A/mm?, representing
This
adjustment effectively rebalances the magnetic contributions

a 4.2% adjustment from the theoretical starting point.

of the two coils, counteracting the distortion caused by their
finite size. A final simulation with the optimized parameters
(J1 = 1.25 A/mm?, J, = 0.68 A/mm?) yielded significantly im-
proved results: a central field of 10.1 G and a much-reduced
mean gradient of 9.54 x 1075 cm™! (Figs. 4(a) and 4(b)). For
comparison, a single pair of B1 Helmbholtz coils operated at a
current density of 1.25 A/mm? was also simulated (Figs. 4(c)
and 4(d)). The single-coil system produced a field of 22.1-
22.8 G and a mean transverse gradient of 2.05x1073 cm™!
in the same central region. Clearly, the dual-Helmholtz-coil
configuration provides a substantially more uniform magnetic
environment than a single coil pair.

SIS and ILL™?! also employed two sets of coil de-
signs to create magnetic field devices. For a typical Helmholtz
coil, a uniform region is rendered at the center of its region,
proportional to the size of the coil itself. Therefore, it is im-
possible to directly compare the magnetic field systems. A
dimensionless figure of merit, denoted as A, is defined and
employed here as the ratio of two volumes: the volume within
which the magnetic field gradient at the device center is less
than or equal to a fixed gradient threshold (~ 10~* cm~1) and
the total volume occupied by the magnetic field device itself.

The ISIS magnetic system comprises a main coil pair
(outer diameter 695 mm, 300 turns) and a counter-wound
compensation pair (outer diameter 416 mm, 69 turns), with
axial separations of 334 mm (compensation) and 410 mm
(main). The cell-placement region is a cylinder with an in-
ternal diameter of 10 cm, an external diameter of 24 cm, and
a height of 17 cm. A COMSOL model of this setup was con-
structed, and the average gradient within the cell position re-
gion was optimized, yielding a best value of 7.97x10™* cm ™!,
consistent with the reported performance of the ISIS device
(8x107*
a gradient < 10x10~* cm™

cm™!). Subsequently, the volume corresponding to
! was simulated. Figure 5 shows
the transverse gradient distribution in the Z = 0 plane, with
the red contour marking the 10x 10~% cm~! level. Panel (a)
corresponds to the ISIS model, yielding Ajsis = 5.39%, while
panel (b) shows our dual-Helmholtz-coil model, for which
Agual = 13.26%.

overall device volume, the uniform-field region of the dual-

This result indicates that, for the same

Helmholtz-coil design is about 2.5 times larger than that of
the ISIS style system.
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10.13
, 8
1012 2
10.11
22.8
226
)
24
222

(b) Bl

G (10% cm™)

G (103 cm™)

Fig. 4. Simulated magnetic field in the central region (20 cmx20 cmx8 cm) (top view). (a) Magnetic field strength of 10.1 G and (b) transverse
volume gradient of 9.54x 10~> cm ™! for the optimized dual Helmholtz coils. For comparison, (c) and (d) present corresponding results for the single
Helmholtz coil pair (B1 configuration), exhibiting a magnetic field strength of 22.1-22.8 G and transverse volume gradient of 2.05x 103 cm~"!.

12
%
Q
E
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4
0
3
2 ~_~
g
Q
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©
1
0
-20 -10 0 10 20
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Fig. 5. (a) The transverse gradient distribution in the Z = 0 plane for
the ISIS magnetic field model. (b) The transverse gradient distribution
in the Z = 0 plane for the dual-Helmholtz-coil magnetic field model.

The comparison above relies on a fixed gradient threshold
(10x 10~* cm™ 1) to define the uniform field boundary. To ver-

ify that the concluded advantage is not an artifact of this par-
ticular choice, the sensitivity of the volume ratio Agy/Arsis
to the threshold value was examined. The ratio remains be-
tween 2.3 and 4.0 across a wide range of thresholds from
1.0x 1073 ¢cm~! down to 1.0 x 10~% cm~!, with a value of
2.5 at the originally selected threshold. This confirms that
the dual-Helmholtz-coil configuration consistently provides a
substantially larger uniform field volume, and the conclusion
is robust against variations in the defining gradient criterion.

4. Uniformity measurements of dual Helmholtz
coils

Following the simulation-guided design and optimization
described in Section 3, the dual-Helmholtz-coil system was
fabricated and experimentally characterized. This section aims
to validate the predicted field uniformity through direct mag-
netic field mapping and, more importantly, by measuring the
relaxation lifetime of polarized *He cells — a direct indicator
of field quality. The B1 and B2 coils were wound accord-
ing to the parameters in Table 1 and fixed with epoxy resin
approximately 1.8 mm thick. The corresponding mechani-
cal supports and adjustment mechanisms for the B1 and B2
coils were designed based on Fig. 2(a). The mechanical de-
sign allows the central heights of the B1 and B2 coils to be
adjusted within =3 mm of the theoretical design value. It
also enables each coil to rotate £3° around the z-axis. Af-
ter the magnetic field device was designed, fabricated, and
assembled, the mechanical positioning structure was used to

070704-5



Chin. Phys. B 35, 070704 (2026)

fine-tune the coil positions based on the actual magnetic field
measurements. In addition, the currents in the B2 coils were
carefully adjusted based on the test results of polarized *He. A
three-dimensional stepper motor combined with a gaussmeter
was used to measure the magnetic field. Measurements were
performed in the central core region (20 cmx20 cmx8 cm)
of the device, with a resolution of 5 mm in each direction.
The measured magnetic field in the central core region was
10.1-10.2 G, with a mean volumetric transverse gradient of
6.31 x 10~* cm~! (Fig. 6). The difference from the simulated
gradient (9.54 x 107> cm™') primarily arises from practical
experimental factors. These include coil-positioning uncer-
tainties (contributing up to ~ 10 — 1073 cm™!), DC current
ripple, environmental stray fields, and instrumental limitations
of the gaussmeter. Controlled perturbation simulations con-
firm that the combined effect of these quantifiable tolerances

! consistent with the observed

is on the order of 10™* cm™
discrepancy. Hence, the deviation is attributable to typical ex-
perimental variations and does not undermine the design or

simulation validity.

110.25

Z (cm)

10
10.15

® 0

5
(c 2, ) 5 X &C“\\

Fig. 6. (a) Measured magnetic field in the central region. (b) Measured
magnetic field standardized transverse gradient in the central region.

After the actual magnetic field measurement, two polar-
ized 3He cells (Cell20221230 and Cell20230324), produced
at the gas filling station at CSNS,*3 were used to test the
magnetic field uniformity. Cell20221230 and Cell20230324
both have a diameter and length of 8.0 cm, with the cell
wall thickness being approximately 0.4 cm. The pressures of
Cell20221230 and Cell20230324 were determined by neutron

transmission measurements according to[3+-36]

To = T.exp(—nol) = T.exp(—0.072pA x 1), @)

where Ty is the neutron transmission for the unpolarized 3He,
T, is transmission through an empty glass, p is the >He pres-
sure in bar, A is the neutron wavelength in angstroms, and [ is
the path length inside the cell in centimeters. By plotting the
neutron transmission as a function of wavelength (Fig. 7) and
fitting using Eq. (7), the measurement results show that the
pressures of Cell20221230 and Cell20230324 were 1.93 bar
and 2.52 bar, respectively, at the room temperature of 25 °C.
Subsequently, the lifetimes 7} of the two cells were tested on
the pumping station at CSNS, [>!! which features a Helmholtz
coil system with an outer diameter of 86 cm. Within the cen-
tral region of the Helmholtz coils (10 cmx10 cmXx10 cm),

the mean transverse gradient simulated was 9.05 x 105 em™ 1,

as shown in Fig. 8, and the measured mean volume trans-
verse gradient was 5.8x107* cm~!.[>!l The lifetimes of
Cell20221230 and Cell20230324, measured at the pumping
station, were 165.1+£1.4 h and 251.94-2.4 h, respectively. The
measured lifetimes are shown in Fig. 9. Subsequently, the
dual-Helmbholtz-coil magnetic field device was used to test
Cell 1 and Cell 2. The FID method®%3!! was used separately
to pick up signals from Cell20221230 and Cell20230324. Af-
ter acquiring the FID signal, the 7, value of the FID signal
quickly reflects the magnetic field uniformity at the FID coil
position, 13 allowing an initial assessment of the magnetic
field uniformity in the central region. Finally, the fitted life-
time 77 was used to definitively determine the magnetic field

uniformity.
0.3 ' ’ ' T
(a) <+ Cell20221230
— Fitting
0.2
% Ty/T. = exp(—0.072pAXI)
& Pcep = 1.93 bar at 25 °C
0.1
0 ) )
1 2 3 4 5
Wavelength (A)
03 T T T T
t (b) ~ Cell20230324
= Fitting
0.2
[
E To/ Ty = exp(—0.072pAXI)
Pcor = 2.52 bar at 25 °C
0.1
0 L L 1 1 ‘

1 2 3 4 5
Wavelength (A)

Fig. 7. Neutron calibration results of pressure in polarized He cells:
(a) Cell20221230 has a pressure of 1.93 bar and (b) Cell20230324 has
a pressure of 2.52 bar.

G (107% cm™?)

0
o)
575 ® G
Fig. 8. (a) Simulated magnetic field in the central region
(10 emx10 cmx 10 cm). (b) Simulated magnetic field standardized
transverse gradient in the same region.
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028l (@) o Cell20221230
: '.\o - Fitting
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£ 0.24f *a
= o
= )
g 0.207 Pa.
R .,
~ o
2 0.16 Se.
& °‘o,°~
_ _ .
0.12}F y1=0.2853exp(—t/165.1) l‘l
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0.10 I°.,\ -+ Fitting 1
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—_ Q
: -
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= 0.07 \".,_o\o i
y2=0.10416exp(—t/251.9) “pe
0.06F 71 =251.9+2.4 hrs %
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Fig. 9. (a) Fitting result of the lifetime of Cell20221230. (b) Fitting
result of the lifetime of Cell20230324.

Subsequently, the two cells were placed in the

dual Helmholtz coils for

Cell20221230, acting as the polarizer, was placed inside an

performance demonstration.

aluminum alloy box, while Cell20230324, serving as the
analyzer, was mounted on a bracket approximately 4 cm
away from the box. The two cells together were centered
in a region of 20 cmx20 cmx8 cm. The placement of
Cell20221230 and Cell20230324 and the magnetic field de-
vice is shown in Fig. 10(a). The FID method3%3!] was used
simultaneously to measure the signals from Cell20221230
and Cell20230324 and to fit 77. Cell20221230 exhibited a
lifetime of 151.041.8 h, while Cell20230324 demonstrated a
lifetime of 206.2+4.4 h. The specific test results are shown in
Fig. 10(b). The lifetimes measured in the dual-Helmholtz-coil
system are close to those obtained on the filling station but
present a decrease. This can be attributed to two aspects. In
addition to the fact that the measured transverse magnetic field
gradient is slightly higher than that of the filling station, the
simultaneous FID measurements by employing two pick-up
coils would have further altered the field uniformity and ag-
gravated the polarization relaxation. On the other hand, the
lifetimes measured in the dual-Helmholtz-coil system are suf-
ficiently long, and the uniform field area is extended to one
three times larger. Moreover, compared with conventional
neutron beam transportation solenoid devices (neutron scat-

,211 this system achieves a much larger

tering angle < 10°)
neutron acceptance angle of approximately 20°. These advan-
tages make the current design suitable for future application

on neutron beamlines.

0.21} (b) 9 Cell20221230 FID signal 4
o (Cell20230324 FID signal
°'8~ov —- Fitting
— 0.18F ®e a o ~ Fitting ]
> e
é 1 1“‘910\0
3 91Ty =0.19445exp(~/206.2) >3
o0 o T, =206.24+4.4 hrs
n L.
A2 O-o_ E
n 0 ° .
— [ 3 @-
5 o0y
0.09+ A _
Iy =0.12572exp(—t/151.0) ~~
T, =151.0£1.8 hrs
0‘06 1 1 1 1 1
0 15 30 45 60
Time (h)

Fig. 10. (a) Test configuration of Cell20221230 and Cell20230324.
(b) Fitting results of the lifetimes of Cell20221230 and Cel120230324.

5. Conclusion

Combining the theoretical, simulated, and experimental
results presented in the preceding sections, we have success-
fully developed and validated a dual-Helmholtz-coil magnetic
field system for polarized *He applications. The key find-
A dual
Helmholtz magnetic field device for polarized *He was suc-

ings and implications are summarized as follows.

cessfully proposed and developed, comprising two pairs of
Helmbholtz coils. Theoretical derivations show better unifor-
mity in the dual coils than in a single pair with the same outer
diameter. The dual-Helmholtz-coil system was designed us-
ing the FEA software COMSOL, where an optimization algo-
rithm was employed to minimize the gradient in the central re-
gion. This resulted in a simulated magnetic field uniformity of
9.54 x 107> cm ™! within a 20 cm x 20 cm x 8 cm volume. The
measured gradient of the final device was 6.31 x 10~% cm™!.
Finally, two polarized He cells (Cell20221230 and
Cell20230324) were placed in the device’s central region for
lifetime testing by the FID method. The lifetimes of the two
cells were 151.0£1.8 h and 206.2+4.4 h, respectively. Com-
bined with Cell20230324, the device enables a neutron scat-
tering angle of approximately 20°. The magnetic field design
offers a solution for off situ *He pumping stations to extend
the volume of the uniform magnetic field without enlarging
the size of the coils, and provides a method for using polarized

070704-7



Chin. Phys. B 35, 070704 (2026)

3He on neutron beamlines requiring large acceptance angles.

Acknowledgments

This work was supported by the National Science

Fund for Distinguished Young Scholars of China (Grant
No. 12425512), the National Natural Science Foundation of
China (Grant Nos. U2230207 and 11875265), the Guang-
dong Basic and Applied Basic Research Foundation (Grant
No. 2019B1515120079), Guangdong Provincial Key Labora-
tory of Extreme Conditions (Grant No. 2023B1212010002),
and Dongguan Polarized Neutron Key Laboratory.

References

(1]

(2]

(3]
(4]
[3]

(6]

(7]

(8]

[9]

[10]
[11]

[12]

[13]

[14]

Jau Y Y, Hussey D S, Gentile T R and Chen W 2020 Phys. Rev. Lett.
125 110801

Zhang M, Yang Z, Zhang J, Huang C, Wang T, Chen Y, Fan R, Snow
W M and Tong X 2025 Nucl. Instrum. Methods Phys. Res. Sect. A 1072
170184

Hang X, Matsuda M, Held J T, Mkhoyan K A and Wang J P 2020 Phys.
Rev. B 102 104402

Krycka K, Borchers J, Ijiri Y, Booth R and Majetich S 2012 Applied
Crystallography 45 554

Brunner E 1999 Concepts in Magnetic Resonance: An Educational
Journal 11 313

Kraft A, Koch H C, Daum M, Heil W, Lauer T, Neumann D, Pazgalev
A, Sobolev Y and Weis A 2014 EPJ Techniques and Instrumentation 1
1

Farooq M, Chupp T, Grange J, Tewsley-Booth A, Flay D, Kawall D,
Sachdeva N and Winter P 2020 Phys. Rev. Lett. 124 223001

Baylor L, Deur A, Eidietis N, Heidbrink W W, Jackson G L, Liu J,
Lowry M M, Miller G W, Pace D and Sandorfi A M 2023 Nuclear
Fusion 63 076009

Coulter K, Chupp T, McDonald A, Bowman C, Bowman J, Szymanski
J, Yuan V, Cates G, Benton D and Earle E 1990 Nucl. Instrum. Methods
Phys. Res. Sect. A 288 463

Tasset F, Chupp T, Pique J, Steinhof A, Thompson A, Wasserman E
and Ziade M 1992 Physica B 180 896

Gentile T R, Nacher P, Saam B and Walker T 2017 Rev. Mod. Phys. 89
045004

Zhang J, Huang C, Qin Z, Ye F, Amir S M, Salman A, Dong Y, Tian L,
Buck Z N and Kreuzpaintner W 2022 Science China Physics, Mechan-
ics & Astronomy 65 241011

Tang J, Wang B, Huang C, Gao H, Zheng Q, Liu R, Ye F, Qin Z, Wang
T and Salman A 2025 Chin. Phys. Lett. 42 022901

Jiang C, McDonald L, Cao H, Balafas M, Crow L and Kroll E 2023 J.
Phys.: Conf. Ser. 2481 012010

[15]

(16]

(17]

[18]

[19]

[20]
[21]
[22]

[23]

[24]

[25]

[26]

[27]

(28]
[29]

[30]
[31]

(32]
[33]

[34]

[35]

[36]

070704-8

Yan S, Zhang M F, Guo W C, Wang W Z, Gong J, Liang T J, Liu
B Q, Peng M, Peng S M and Sun G A 2019 Science China Physics,
Mechanics & Astronomy 62 102021

Wang Y, Wu L, Zhang K, Peng M, Chen S and Yan H 2024 Science
China Physics, Mechanics & Astronomy 67 273011

Cassella G, Stewart J, Paterno G, Sakai V G, Devonport M, Galswor-
thy P, Bewley R, Voneshen D, Raspino D and Nilsen G 2019 J. Phys.:
Conf. Ser. 1316 012007

Voigt J, Soltner H, Babcock E, Aldus R J, Salhi Z, Gainov R R and
Briickel T 2015 EPJ Web of Conferences 83 03016

Jiang C, Tong X, Brown D, Lee W, Ambaye H, Craig J, Crow L, Cul-
bertson H, Goyette R and Graves-Brook M 2013 Physics Procedia 42
191

Chen W, Gentile T R, Erwin R, Watson S, Ye Q, Krycka K L and
Maranville B B 2014 J. Phys.: Conf. Ser. 528 012014

Huang C, Zhang J, Ye F, Qin Z, Amir S M, Buck Z N, Salman A, Kreuz-
paintner W, Qi X, Wang T, et al. 2021 Chin. Phys. Lett. 38 092801
Babcock E, Salhi Z, Pistel P, Simeoni G and Ioffe A 2014 J. Phys.:
Conf. Ser. 528 012018

Jullien D, Petoukhov A, Enderle M, Thiery N, Mouveau P, Hansen U
B, Chevalier P and Courtois P 2021 Nucl. Instrum. Methods Phys. Res.
Sect. A 1010 165558

Steffens P, Sidis Y, Kulda J, Mao Z, Maeno Y, Mazin I and Braden M
2019 Phys. Rev. Lett. 122 047004

Do S H, Zhang H, Dahlbom D A, Williams T J, Garlea V O, Hong
T, Jang T H, Cheong S W, Park J H and Barros K 2023 npj Quantum
Materials 8 5

Chen W, Gentile T R, Ye Q, Kirchhoff A, Watson S, Rodriguez-Rivera
J, Qiu Y and Broholm C 2016 J. Phys.: Conf. Ser. 746 012016
Petoukhov A, Guillard V, Andersen K, Bourgeat-Lami E, Chung R,
Humblot H, Jullien D, Lelievre-Berna E, Soldner T, Tasset F, et al.
2006 Nucl. Instrum. Methods Phys. Res. Sect. A 560 480

Babcock E, Salhi Z, Barnsley L, Voigt J, Mattauch S and Ioffe A 2019
J. Phys.: Conf. Ser. 1316 012019

COMSOL AB 2023 Comsol multiphysics® 2023
https://www.comsol.com stockholm, Sweden

Bloch F 1946 Phys. Rev. 70 460

Parnell S R, Woolley E B, Boag S and Frost C D 2008 Measurement
Science and Technology 19 045601

Guo S 2008 Electrodynamics 3rd Ed. (Beijing: Higher Education
Press) (in Chinese)

Qin Z, Huang C, Buck Z, Kreuzpaintner W, Amir S, Salman A, Ye F,
Zhang J, Jiang C, Wang T, et al. 2021 Chin. Phys. Lett. 38 052801
Batz M, Bae?ler S, Heil W, Otten E, Rudersdorf D, Schmiedeskamp
J, Sobolev Y and Wolf M 2005 Journal of Research of the National
Institute of Standards and Technology 110 293

Tong X, Jiang C, Lauter V, Ambaye H, Brown D, Crow L, Gentile T,
Goyette R, Lee W and Parizzi A 2012 Rev. Sci. Instrum. 83 075101
Jiang C, Tong X, Brown D, Glavic A, Ambaye H, Goyette R, Hoff-
mann M, Parizzi A, Robertson L and Lauter V 2017 Rev. Sci. Instrum.
88 025111

v6.0


http://dx.doi.org/10.1103/PhysRevLett.125.110801
http://dx.doi.org/10.1103/PhysRevLett.125.110801
http://dx.doi.org/10.1016/j.nima.2024.170184
http://dx.doi.org/10.1016/j.nima.2024.170184
http://dx.doi.org/10.1103/PhysRevB.102.104402
http://dx.doi.org/10.1103/PhysRevB.102.104402
http://dx.doi.org/10.1107/S0021889812010114
http://dx.doi.org/10.1107/S0021889812010114
https://doi.org/10.1002/(SICI)1099-0534(1999)11:5<313::AID-CMR4>3.0.CO;2-C
https://doi.org/10.1002/(SICI)1099-0534(1999)11:5<313::AID-CMR4>3.0.CO;2-C
http://dx.doi.org/10.1140/epjti1
http://dx.doi.org/10.1140/epjti1
http://dx.doi.org/10.1103/PhysRevLett.124.223001
http://dx.doi.org/10.1088/1741-4326/acc3ae
http://dx.doi.org/10.1088/1741-4326/acc3ae
http://dx.doi.org/10.1016/0168-9002(90)90139-W
http://dx.doi.org/10.1016/0168-9002(90)90139-W
https://doi.org/10.1016/0921-4526(92)90502-J
http://dx.doi.org/10.1103/RevModPhys.89.045004
http://dx.doi.org/10.1103/RevModPhys.89.045004
http://dx.doi.org/10.1007/s11433-021-1876-0
http://dx.doi.org/10.1007/s11433-021-1876-0
http://dx.doi.org/10.1088/0256-307X/42/2/022901
http://dx.doi.org/10.1088/1742-6596/2481/1/012010
http://dx.doi.org/10.1088/1742-6596/2481/1/012010
https://doi.org/10.1007/s11433-019-9410-3
https://doi.org/10.1007/s11433-019-9410-3
http://dx.doi.org/10.1007/s11433-023-2355-7
http://dx.doi.org/10.1007/s11433-023-2355-7
http://dx.doi.org/10.1088/1742-6596/1316/1/012007
http://dx.doi.org/10.1088/1742-6596/1316/1/012007
http://dx.doi.org/10.1051/epjconf/20158303016
http://dx.doi.org/10.1016/j.phpro.2013.03.194
http://dx.doi.org/10.1016/j.phpro.2013.03.194
http://dx.doi.org/10.1088/1742-6596/528/1/012014
http://dx.doi.org/10.1088/0256-307X/38/9/092801
http://dx.doi.org/10.1088/1742-6596/528/1/012018
http://dx.doi.org/10.1088/1742-6596/528/1/012018
http://dx.doi.org/10.1016/j.nima.2021.165558
http://dx.doi.org/10.1016/j.nima.2021.165558
http://dx.doi.org/10.1103/PhysRevLett.122.047004
http://dx.doi.org/10.1038/s41535-022-00526-7
http://dx.doi.org/10.1038/s41535-022-00526-7
http://dx.doi.org/10.1088/1742-6596/746/1/012016
http://dx.doi.org/10.1016/j.nima.2005.12.247
http://dx.doi.org/10.1088/1742-6596/1316/1/012019
http://dx.doi.org/10.1088/1742-6596/1316/1/012019
https://www.comsol.com
http://dx.doi.org/10.1103/PhysRev.70.460
http://dx.doi.org/10.1088/0957-0233/19/4/045601
http://dx.doi.org/10.1088/0957-0233/19/4/045601
http://dx.doi.org/10.1088/0256-307X/38/5/052801
http://dx.doi.org/10.6028/jres
http://dx.doi.org/10.6028/jres
http://dx.doi.org/10.1063/1.4731261
http://dx.doi.org/10.1063/1.4975991
http://dx.doi.org/10.1063/1.4975991

	1. Introduction
	2. The uniformity theory of dual Helmholtz coils
	3. The design and simulation of dual Helmholtz coils
	4. Uniformity measurements of dual Helmholtz coils
	5. Conclusion
	References

