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Abstract

Polarized neutrons play an indispensable role in neutron scattering research and have been incorporated into various neutron
diffractometers and spectrometers. Recognizing the importance of polarized neutrons, the China Spallation Neutron Source
(CSNS) has dedicated resources for developing its own capabilities for polarized neutron techniques. Hence, a polarized
neutron development platform was allocated to the BL-20 beam port at CSNS for the purpose of facilitating new technological
developments and calibration of instruments. Here, we report the progress we have made in terms of using the established
development platform at BL-20, including the characterization of neutron spin filter cells manufactured at CSNS, the calibra-
tion of self-developed polarized neutron instruments, performance of the polarized neutron technique applied to beamlines,
and associated simulation work for beamline magnetic field environments. These results demonstrate the capability of the
CSNS to develop time-of-flight polarized neutron instruments and techniques in-house, which will be incorporated into the
construction of CSNS neutron beamlines.
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1 Introduction

By taking advantage of the fact that neutrons are uncharged,
yet possess magnetic moments, the polarized neutron tech-
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separated, as demonstrated by applications at the Institut
Laue-Langevin (ILL) D7 and the High Flux Isotope Reactor
(HFIR) HB-1 [5-7]. In neutron spectroscopy experiments,
neutron polarization analysis methods are used to distinguish
magnons from phonons to study spin wave mechanisms.
Typical applications of the polarized neutron spectrometry
are performed at the ILL THALES and IN22 beamlines
[8, 9]. For mesoscale and large-scale structural studies, the
polarized neutron technique is commonly applied to neutron
reflectometry and small-angle neutron scattering (SANS)
beamlines, such as the beamlines of the Heinz-Maier-Leib-
nitz Zentrum (MLZ) KWS-1 and National Institute of Stand-
ards and Technology (NIST) NG-1 [10, 11].

The China Spallation Neutron Source (CSNS), designed
as a large-scale multidisciplinary neutron source, currently
operates with 100 kW proton beam power, generating a sta-
ble neutron beam with a high flux of neutrons. The CSNS
provides a powerful and comprehensive research platform
for many frontier disciplines involving the study of the struc-
tures and dynamics of various material systems [12—14].
Great demand exists for the capability to supply polarized
neutrons to meet different research requirements at CSNS,
including studies of nanomagnetic materials on its very
small-angle neutron scattering spectrometer [15, 16], as well
as magnetic dynamics studies of materials on the direct-
geometry polarized neutron inelastic scattering spectrometer
[17, 18]. In this case, in-house research and development
(R&D) work on the polarized neutron technique is urgently
needed for CSNS because commercially available polarized
neutron components are often inadequate for customization,
particularly for complex neutron beamline applications.

R &D in scientific instrumentation is crucial for maintain-
ing the long-term performance and capabilities of a neutron
beamline. Therefore, dedicated test beamlines are commis-
sioned at neutron facilities, such as the NOBORU beamline
at J-PARC in Japan [19], the TBL beamline at the European
Spallation Source (ESS) in Sweden [20], and the HB-2D
and CG-4B beamlines at HFIR in the USA. These beamlines
support studies such as detector trials, polarized neutron
imaging tests, examinations of instruments developed in-
house, and verification of new techniques. The development
of key instruments on test beamlines, including the calibra-
tion of 3He spin-filtering cells, detector tests, and examina-
tion of the chopper design [20-22], indicates the importance
of development tests in the smooth commissioning of such
instruments or techniques. In addition, these beamlines have
contributed to advanced neutron research [23, 24].

The primary R &D goal for polarized neutrons at CSNS
is to generate and manipulate polarized neutrons in a self-
sufficient way. Significant progress has been made in this
area, including the in-house development of 3He neutron
spin filter (NSF) systems, neutron spin flippers, and custom-
ized guide field systems. As a newly commissioned neutron
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source, CSNS also takes advantage of the opportunity to open
up novel neutron experimental methods and further promote
research on neutron methodology. To satisfy the in-house
requirements for polarized neutron development, as well as
to explore new techniques, time-of-flight polarized neutron
development at CSNS aims to achieve quantitative analysis of
neutron polarization across a wide range of wavelengths. Such
work will be conducted under various beamline configura-
tions along with customized simulations of the magnetic field
environment and neutron polarization, which are expected to
improve our understanding of the performance of polarized
neutron setups.

In this paper, we report the performance of the polarized
neutron technique under different combinations of customized
polarized neutron instruments at the neutron technology devel-
opment beamline (BL-20) at CSNS, as well as the capabil-
ity of simulating the magnetic field environment and neutron
polarization of the beamline, indicating that CSNS have the
ability to generate and manipulate polarized neutron beams
with high neutron polarization and transmission over a wide
range of neutron wavelengths and can meet the needs of vari-
ous neutron experiments.

2 Setup of the polarized neutron
experiment platform at CSNS

Test experiments using polarized neutrons were conducted at
BL-20. BL-20 uses a decoupled hydrogen moderator to slow
down spallation neutrons at first, followed by a T, chopper to
filter out the high-energy flash at time 0, which is 11.4 ms away
from the neutron beam port. By adjusting the phase of the T,
chopper mounted behind T, with respect to the proton pulse,
a bandwidth of 4.5 A for a pulsed neutron beam was selected.
In polarized neutron tests, typical wavelengths of 1-5.5 A are
selected to incorporate the pulse peak intensity while avoid-
ing short-wavelength neutrons (4 < 1 A ) that are naturally
difficult to polarize. The spectrum within this bandwidth is
shown in Fig. 1.

During the polarized neutron experiments at BL-20, four
optical platforms were installed and coaligned using lasers in
the beamline space. The neutron intensity spectrum was meas-
ured by using a time-of-flight *He gas detector mounted at the
end of the fourth platform. Another counter was mounted in
front of the platform, near the beam port, as a beam monitor.
Both the detector and monitor have their zero-time signals
synchronized with the proton pulse to enable us to convert the
neutron time of flight to its wavelength based on the following
equation:
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Fig. 1 Prime beam profile provided at BL-20. The downward peaks
in the profile curve represent the Bragg edges of aluminum

where m is the neutron mass, L is the distance between the
moderator and detector, ¢ is the time required for a neutron
to travel between them, 7 is the reduced Planck’s constant.
The wavelength was calibrated against the Bragg edges of
aluminum, as indicated by the red arrows in Fig. 1. Initially,
square neutron beams with a 12-mm length were produced.
The beams were collimated using B,C neutron slits of dif-
ferent sizes mounted along the neutron flight path.

The polarized neutron development platform at BL-20
was built by installing an arrangement of neutron spin polar-
izers, guide fields, spin manipulation devices, and final neu-
tron spin analyzers before the detector. This platform was
used to conduct polarized neutron experiments and perform
quantitative neutron polarization analyses. Among the neu-
tron spin polarizer and analyzer, at least one component is
a polarized *He spin filter device. A schematic layout of
the experimental platform and corresponding photographic
image of the equipment are shown in Fig. 2.

Benefiting from this development platform, multiple
measurements for characterizing our customized neutron
spin filter (NSF) cells, such as the cell pressure and lifetime
of the 3He polarization, can be performed efficiently and
accurately. In addition, our spin-exchange optical pumping
(SEOP)-based *He NSF systems were tested at BL-20 for
stability and performance. Equipped with NSF cells with
different characteristics, the ’He NSF systems were verified
for their capacity to generate high neutron polarization over
a wide range of neutron wavelengths, operate continuously
and stably for a prolonged period, and implement spin flip-
ping with lower 3He polarization losses [25-27]. Further-
more, neutron transmission measurements performed on
this platform were used to test and characterize commercial

system
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Fig.2 (Color online) a Photograph of the polarized neutron setup
including the ex-situ and in-situ *He NSF systems applied to BL-20.
b Schematic diagram of the polarized neutron testing experiment
corresponding to a. The blue and red arrows represent the different
neutron spin polarizations, respectively, and the colored arrows at
the bottom represent the magnetic field direction at corresponding
regions

instruments such as a polarizing supermirror with a V-cav-
ity. In combination with our in-house developed z-angle-
reversal neutron spin flipper, which is a nonadiabatic fast
passage spin flipper with ideal flipping efficiency, the cali-
brated supermirror can also yield polarized neutron beams
with high polarization and can be utilized as polarizers or
analyzers in future experiments.

In the following sections, we present our current achieve-
ments by applying the above neutron-polarizing instruments
to the BL-20 development platform.

3 Neutron polarization testing result

Figure 2(a) shows the beamline configuration at BL-20,
obtained by combining the ex-situ and in-situ *He NSF sys-
tems for polarizing and analyzing incident neutron beams.
This setup is more suitable for beamlines that have already
been constructed, as they usually have a compact structure,
or for experiments that require higher neutron polarization
homogeneity over a wide wavelength range and mainly
focus on studies within a lower wavelength range. Owing
to the flexibility of the ex-situ *He system, it is possible
to easily assemble or disassemble instruments at the beam-
line or to switch NSF cells of different characteristics to
satisfy the experimental requirements for varying neutron
wavelengths. Using four B,C slits in the instrument layout
shown in Fig. 2b, a collimated neutron beam with a diam-
eter of 10 mm was generated. A horizontal guide field of
approximately 10 Gauss was generated using three self-
designed solenoid coils mounted behind the ex-situ system,
ensuring that the neutron spin was not affected by precession
[29]. Following its passage through the ex-situ spin filter,
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as indicated by the red arrows in Fig. 2b, the horizontally
polarized neutron beam was analyzed by the in-situ system
in accordance with the *He polarizing direction within the
NSF cell. During the measurements at BL-20, two differ-
ent sets of neutron transmission data were collected by flip-
ping the *He polarization through the adiabatic fast passage
(AFP) installed on the ex-situ *He NSF system, which was
verified to be highly efficient, with a loss of approximately
0.5% of *He polarization per AFP operation. The neutron
transmittances are labeled as T, and T__, where + and -
represent the *He polarization of *He NSF systems parallel
or antiparallel to their holding-field directions. As shown in
Fig. 3a, the maximum value of T, ,, which corresponds to
the high neutron flux spin state, exceeded 40%. The neutron
polarization P, is given by [30]:

— T, —T_, )
! T, + T—+.

The *He NSF systems are equipped with the in-house pro-
duced NSF cells named Salty and Trident, the parameters
of which are listed in Table 1. With this combination of
3He NSF instruments, over 90% of the neutron polariza-
tion above 3.1 A and over 94% above 4 A can be obtained
(Fig 3a). A comparison of the neutron polarization curves
measured at different times revealed that the decay of *He
polarization over time in the ex-situ system resulted in a
reduction in neutron polarization by less than 1% at 4 A after
14.5 h of measurement, demonstrating that the 3He NSF
setup can be used as a reliable method to produce polarized
neutron beams with reasonable polarization over a prolonged
period.

Additionally, the ex-situ system is considered a good
choice for characterizing newly produced NSF cells at
BL-20. This system was used to individually test the two
NSF cells on the beamline to perform neutron transmis-
sion measurements on the unpolarized and polarized new
cells loaded inside its solenoid, as shown in Fig. 3b. The
properties of one of the new cells made of GE180 glass
were determined to be the following: pressure of 2.046 +
0.002 bar and He polarization of 52.3% + 0.1%, which is
close to the 49.2% + 0.1% >He polarization determined by
electron paramagnetic resonance (EPR) measurement. These

Table 1 Parameters of the customized cylindrical 3He NSF cells,
including the cell inner length [ and inner diameter ¢, >He pressure p
at 25 °C, maximum lifetime 7, and maximum saturated 3He polariza-
tion Py,

Cellname [Xx¢ p T, Py

(cm) (bar) () (%)
Trident 79x72 158x0.01 2029x1.6 744+ 0.1
Salty 86x7.1 1.62+0.04 2399+138 77.7+19
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Fig.3 (Color online) a Neutron polarization and transmission meas-
ured with the setup shown in Fig. 2. The neutron polarization is plot-
ted as a function of the neutron wavelength measured at different
time, the transmission curves represent the high-flux spin state 7', ,
and the low-flux spin state 7_, corresponding to the measurements
performed at the very beginning. b Neutron transmission data of
one of the newly produced cells collected by using the ex-situ sys-
tem individually. The transmission curves of the unpolarized cell and
the transmission ratio of the polarized to the unpolarized cell are plot-
ted in black and blue, respectively, where the cell pressure and He
polarization can be derived from the fittings based on the equations
labeled in the figure [27, 28]. T, T,,, and T, are the neutron transmit-
tance through depolarized, fully polarized, and empty *He NSF cells,
respectively, [ is the cell inner length, n is the number density of the
3He, 4 is the neutron wavelength, 6 = 6,4 with o, being the >He
absorption cross section for A =1 A p is the cell pressure, and Psy, is
the 3He polarization. The fitted values of the pressure and *He polari-
zation are 2.046 bar and 52.3%, respectively

results provide us with a reliable reference value to calibrate
the results collected by offline nuclear magnetic resonance
measurements.

Considering the figure of merit of a neutron polarization
instrument, which is widely used as Q = P>T and is depend-
ent on the neutron wavelength and beam angular width (@),
the 3He NSF has its natural advantages in the research area
requiring smaller y and larger @ compared to polarizing
supermirrors. This makes it more favorable for high-energy
neutron scattering measurements with larger beam sizes,
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such as off-specular neutron reflection measurements [31,
32]. In general, the performance of a polarizing supermir-
ror is considered superior at longer wavelengths, since a
much higher 3He polarization is required for the 3He NSF
to counteract the rapid decrease in neutron transmittance
and achieve a Q value comparable to that of a supermirror.
Above the critical wavelength value, polarizing supermir-
rors have a large and constant neutron transmittance and
polarization, and they perform independently of external
influences.

At BL-20, to integrate the advantages of the *He NSF
and supermirror, extend the available wavelength range, and
improve the Q of the entire beamline, we replaced the He
NSF system with a combination of a polarizing supermirror
and a neutron spin flipper as the incident beam polarizer
and spin flipper, respectively. The polarizing supermirror
installed behind the monitor, which consists of Si wafers
coated on both sides with m = 4 Fe/Si thin films, where m is
a measure of critical angle in units of critical angle of nickel,
was fabricated by SwissNeutronics and commissioned as
a transmission geometry unit [33] (Fig. 4). The supermir-
ror was assembled in a V-shape with a taper angle of 1.19°
and mounted inside a magnetic casing with its field verti-
cally aligned, which generated a critical wavelength of 2 A.
Behind the supermirror, an in-house developed neutron spin
flipper was employed to manipulate the neutron polarization
and was verified to have polarization flipping efficiency of
more than 90% and over 95% neutron transmittance at wave-
lengths longer than 1.1 A [34].

The main field directions between the supermirror polar-
izer and in-situ *He NSF analyzer were different, and a
customized guide field system was required to realize the

KO-
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Fig.4 (Color online) Schematic diagram of the polarized neutron test
experiment setup consisting of a supermirror, neutron spin flipper, in-
situ *He NSF system, the designed guide field system, and the neu-
tron beam monitor and detector. The blue and black arrows represent
the magnetic field and neutron evolution of the polarization along the
central neutron trajectory, respectively

adiabatic transition of neutron polarization. Using the three-
dimensional finite element method of the COMSOL Mul-
tiphysics® software [35], we simulated the magnetic field
distribution along the overall beamline using calibrated
models of the polarized neutron components. This led to the
design of a suitable guide-field system. As shown in Fig. 5a,
the field direction is initially along the vertical direction and
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Fig.5 a Magnetic field simulation according to the beamline con-
figuration shown in Fig. 4 using the finite element method. b One-
dimensional cut of the magnetic field strength distribution along the
center of the neutron trajectory. ¢ Calculated adiabaticity parameter
based on the field distribution shown in b for the 2 A neutrons. The
dashed boxes in b and ¢ represent the nonadiabatic transition area at
the position of the yttrium barium copper oxide (YBCO) thin film
and the adiabatic transition area between the guide field components,
respectively
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then becomes horizontally aligned between the permanent
magnet and coil components. To satisfy the condition of
adiabatic transition of the neutron polarization, the field
strength and positions of all components were optimized
along the entire neutron path (Fig. 5b). When determining
the ability of the neutron spin to follow the magnetic field
transitions along its trajectory, the evolution of the adiabatic-
ity parameter (k) is always used as a reference. This parame-
ter is defined as the ratio of the Larmor precession frequency
@, to the changing rate of magnetic field direction wg [36],

a)L ynB mA
k=L = =, 3)
wg dbg/ds h

where y, is the neutron gyromagnetic ratio, h is Planck’s
constant, fy is the angle of the magnetic field vector, and s
is the distance travelled by neutrons. By applying the Bloch-
Solver neutron-processing analysis software, as shown in
Fig. 5c, the k values at different positions were calculated
based on the results of the magnetic field simulation. As rep-
resented by k¥ < 1 (Ig(x) < 0) at the position of the neutron
spin flipper, the flipping process is proven to be nonadiaba-
tic. By contrast, for other values, « > 10 (Ig(x) >1) at the
other positions indicate the neutron polarization is preserved
or manipulated adiabatically, particularly at the positions
near the gap between the magnet and coil guide fields, where
the neutron polarization was adjusted to be parallel to the
3He polarization. The beamline setup was constructed on the
basis of the aforementioned simulations. The initial and final
neutron polarization states were manipulated by adjusting
the working status of the flipper and flipping the *He polari-
zation through AFP, and four neutron transmission measure-
ments were performed. Their results are labeled T, |, T__,
T,_, and T__, where the first index represents the flipper
status and the second index represents the *He polarization
states. Hence, the overall beamline neutron polarization can
be calculated using Eq. (2). The analyzing efficiency P,(*
He) of the *He NSF system can also be determined inde-
pendently from the neutron transmittances 7, and T,,, which
can be given by [27, 28]

T,-T T,
P,(*He) = ﬁ = tanh (nolPsy,) = 1/1 - T—g. “)

Additionally, a neutron polarization analysis method
was applied to demonstrate that the flipping and polariz-
ing efficiencies of the flipper and supermirror could be dif-
ferentiated and derived from the above measurements. As
indicated by the black curve in Fig. 6, the setup shown in
Fig. 4 with the neutron spin flipper turned on and the *He
polarization flipped (7, and T, _) is capable of providing
effective neutron polarization. Furthermore, no obvious
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Fig.6 (Color online) Neutron polarization plotted as a function of the
neutron wavelength. The black curve represents the neutron polariza-
tion of the overall beamline setup shown in Fig. 4. The blue curve
represents the analyzing efficiency of the 3He analyzer, obtained from
the neutron transmission measurements with an in-situ system. The
red curve shows the polarizing efficiency of the supermirror polarizer
determined from the neutron polarization of the beamline setup and
the in-situ system

neutron polarization loss induced by the flipper or *He AFP
was observed in further measurements. The combination of
the neutron polarization instruments listed above enabled
a neutron polarization of more than 90% over 3 A to be
achieved, and the polarization at shorter wavelengths was
improved to 50% at approximately 2 A when the in-situ *He
NSF system was applied as an analyzer instead of the super-
mirror. The analysis efficiency of the in-situ He NSF system
was calculated using equation (4) and is shown as the blue
curve plotted in Fig. 6. Accordingly, the neutron polariza-
tion is 90% at 2.2 A and reaches 99% at 4.1 A. The red curve
shows the derived polarizing efficiency of the supermirror
used on BL-20, above its critical wavelength of 2 A and
the efficiency rapidly increases to reach more than 90% at
2.4 A. Comparing the neutron polarization performances
collected by different beamline setups, the performance of
the 3He NSF polarizer surpasses that of the polarizing super-
mirror polarizer at wavelengths below approximately 2.3 A,
whereas the performance of the supermirror is more stable
and consistent at longer wavelengths, which is in accordance
with the characteristics of these components.
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4 Conclusion

A new development platform for testing polarized neutron
techniques with pulsed neutrons was verified at the neutron
technology development beamline BL-20 at CSNS. Dif-
ferent combinations of polarized neutron instruments were
used to assess the neutron beam polarization performance,
including the utilization of He NSF systems as neutron
spin polarizer and analyzer, as well as the replacement of
the *He NSF with a polarizing supermirror and neutron
spin flipper to manipulate incident neutron polarization.
Based on the design of the guide-field system supported by
the simulation of the magnetic field, the neutron polariza-
tion of the former polarized neutron beam setup reached
over 90% at 3.1 A and was maximized at 94.5%, remain-
ing stable within a difference of 1% over 14.5 h. The latter
achieved neutron polarization of 50% at 2 /f\, more than
90% over 3 A, and maximum polarization of 96.5 %.

As evidenced by the diversity of the polarized-neutron
setup at BL-20, the polarized neutron technique developed
at CSNS is capable of supporting experiments with varied
requirements in a wide range of research fields, and its feasi-
bility makes it suitable for application to neutron beamlines
at CSNS. Future developments aim to focus on improving
the performance of the polarized neutron setup at BL-20 and
the upcoming new testing beamline BL-8A, as well as the
application to spectrometers that are currently under con-
struction at CSNS that have corresponding requirements,
such as the very small-angle neutron scattering spectrometer
and the direct-geometry polarized inelastic spectrometer.
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