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Abstract
Precession of neutron spin in amagnetic field can be used formapping of amagneticfield distribution,
as demonstrated previously for staticmagnetic fields at neutron beamline facilities. The fringing in the
observed neutron images depends on both themagnetic field strength and the neutron energy. In this
paper we demonstrate the feasibility of imaging periodic dynamicmagnetic fields using a spin-
polarized cold neutron beam.Our position-sensitive neutron counting detector, providingwith high
precision both the arrival time and position for each detected neutron, enables simultaneous imaging
ofmultiple phases of a periodic dynamic process withmicrosecond timing resolution. Themagnetic
fields produced by 5- and 15-loop solenoid coils of 1 cmdiameter, are imaged in our experiments with
∼100 μmresolution for both dc and 3 kHz ac currents. Ourmeasurements agree well with theoretical
predictions of fringe patterns formed by neutron spin precession.We also discuss thewavelength
dependence andmagneticfield quantification options using a pulsed neutron beamline. The ability to
remotelymap dynamicmagnetic fields combinedwith the unique capability of neutrons to penetrate
variousmaterials (e.g., metals), enables studies of fast periodically changingmagnetic processes, such
as formation ofmagnetic domains withinmetals due to the presence of acmagnetic fields.

1. Introduction

The unique ability of neutrons to penetratematerials opaque to other types of radiation, combinedwith their
ability to interact with amagnetic field through the neutron spin precession,makes neutrons an excellent probe
for remotely studyingmagnetic field distributions, even internally within solid objects. Various techniques
utilizing polarized neutrons have been developed for the spatially resolved investigation ofmagnetic fields [1–
14].One of these techniques correlates the variation of neutron intensity with themagnetic field strength and
direction, allowing effectivemagnetic field imaging [2, 3, 5–10]. Also interferometric and diffractionmethods
have been available for a number of years, where the dependence of the real part of the refractive index on the
magnetic field strength can be exploited [1, 4, 11, 12] includingmethods utilizing spin echo [13, 14].However
the latter techniques operate with neutron beams of low intensity caused by all the necessary beam conditioning,
and further, some of them require spatial scanning through the sample, and therefore provide very limited
imaging statistics, but with the tradeoff of providing very good spatial resolution. The alternative approach
combines the conventional neutron imaging technique (whereby the two-dimensional neutron flux intensity
distribution ismeasured after the sample) with the neutron spin analysis [5–10].Magnetic fields within
relatively large areas (tens of centimeters in linear dimension) can be studied by this techniquewithout spatial
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scanning.Here the precession of the neutron spin in the presence of amagnetic field can bemeasured as a
modulation of the intensity. Compared to a conventional neutron radiographic setup a spin polarizer/spin
analyzer pair needs to be added, enabling studies ofmagnetic fields in combinationwith conventional
absorption contrast imaging aswell as othermodalities such as neutron transmission tomography andBragg
edge imaging. Previousmagnetic field studies concentrated on the imaging of staticmagnetic fields [5–10]. In
this paper we demonstrate how similarmethods can be implemented for studies of dynamicmagnetic fields.
However, the limited neutron flux available even at the present state-of-the-art neutron imaging facilities [15–
20] necessarily limits these dynamic studies to either slowly changingmagnetic fields (<1 Hz ) or to periodic or
cyclical processes wheremeasurements ofmultiple cycles can be performed, in order to acquire sufficient
neutron statistics for adequate imaging. Importantly however, the frequency of the periodic field can be as high
as∼100 kHz, as the timing resolution of present neutron imaging detectors is in a sub-microsecond range [21].
This represents a significant advance in capability, comparedwith previous instrumentation.

In the presence of amagnetic fieldwith non-zero component perpendicular to the neutron spin vector the
spin undergoes precession around themagnetic field vector. That precession is described by the spinwave
equation of an individual neutron spin ⃑S t( )propagating in amagneticfield ⃑B t( ) [5, 8]

γ⃑ = ⃑ × ⃑
t

S t S t B t
d

d
( ) ( ) ( ) , (1)⎡⎣ ⎤⎦

where γ is the gyromagnetic ratio of the neutron (−1.8 324 × 108 rad s−1 T−1). Thus the neutron spin precesses

around the vector ⃑B t( ) and has the instantaneous angular velocity ω γ α= ⃑t B t( ) ( ) sin ,where the angleα is

the angle between the vectors ⃑S t( ) and ⃑B t( ), figure 1. The angle of rotation of spin component perpendicular to
themagneticfield around the vector ⃑B t( ) can be found then from the equation:

φ ω=t t td ( ) ( )d . (2)

Substituting the time variable t to the neutron path variable l (t= l/v) equation (2) becomes

φ ω ωλ γλ α= = = ⃑l
l

v

m

h
l

m

h
B l ld ( )

d
d ( ) sin d , (3)

where v and λ are the neutron velocity andwavelength, respectively,m is themass of neutron, h is the Plank
constant and dl is a short section of neutron path l. Integrating equation (3) over the neutron path it is possible to
calculate the angle of spin precession around the vector ⃑B l( ):

∫φ γλ α= ⃑m

h
B l l( ) sin d . (4)

From equation (4) it is clear that the spin precession depends on the value and direction of themagnetic field
and the neutronwavelength: for the samemagnetic field the precession angle is larger for shorter wavelength
neutrons. Therefore, to accurately probe themagnetic field by neutron spin precession at a continuous neutron
source, amonochromatic beamof neutrons is required. At the same time, a polychromatic neutron beam can be
used if the energy of each neutron is detected and therefore its wavelength λ is known, allowing for the

reconstruction of value α⃑B l( ) sin .The full three-dimensional reconstruction of themagnetic field vector ⃑B l( )

requiresmultiplemeasurements with all possible combinations of the polarization vectors of incident neutron
beamand the polarization analyzer, as explained in [6] and in section 1.1 below.

Let’s consider a simple case, when neutrons propagate along theZ-axis and themagnetic field is directed
along the same axis: ⃑ = =B l B B B B( ) ( , , ) (0, 0, ).x y z z In that case the neutron spin always precesses around

Figure 1.Precession of neutron spin vector ⃗S around the ⃗B vector ofmagnetic field.
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theZ-axis and the angle of precession φ Δ= γλ B zm

h z is proportional to the value of themagnetic field and the

neutronwavelength. Therefore the value of themagnetic field can be recovered if the angleφ ismeasured and the
two-dimensionalmap ofmagnetic field valuesBz(x, y) can be found from themap of anglesφ(x, y). In our
imaging experiments at a continuous neutron sourcewemeasured rather sinφ(x, y) than the angleφ. Therefore
wemeasure themagnetic field accurate only with respect to an unknown offset (due to sinφ= sin (φ+ 2nπ). The
reconstruction of the absolute value of themagnetic fieldBz(x, y) requires a priori knowledge of the absolute
value of themagnetic field at least in one point (e.g. the zero value of the field at a certain position x, y) or
multiplemeasurements at different wavelengths [5, 24]. In the general case, when themagnetic field is not
alignedwith theZ-axis, the precession of the vector ⃑S l( ) around the particularmagnetic field vector ⃑B l( ) at a
point l along the neutron path can be calculated for a small increment dl. That process repeated for the entire
path of the neutron travel between the polarizer and the analyzer can be used to correlate themeasured spin
precession angle with themagneticfield vector and thus be used for the reconstruction of themagnetic field.
Note, however, that a discrete numerical calculation requires very small time steps and pixel sizes in the adiabatic
case when the neutron spin projection on the vector B remains constant, i.e. the component of the neutron
polarization parallel to the field follows directional changes of themagnetic field adiabatically.

1.1. Reconstruction of themagneticfield distribution from spin polarized neutron radiography
Disregarding neutron scattering and refraction (which only involves a small fraction of neutrons and very small
beamdeviations inmost imaging experiments) it is assumed in our analysis that neutrons propagate along theZ-
axis. If the incident neutron beam is spin- polarized and a polarization analyzer is installed between the sample
and the detector, the intensity of the neutron flux I(x, y) at position (x, y) behind the spin analyzer, is determined

by the sample attenuation ∫− ∑( )l lexp ( )d , and the transmission function of the analyzer φ+ x y[1 cos ( , )]
1

2
[5–10]

∫ ∑ φ= − +( )I x y I x y x y z z x y( , ) ( , ) exp ( , , )d
1

2
[1 cos ( , )], (5)0

whereΣ(x, y, z) is the linear attenuation coefficient of the sample at position (x, y, z), I0(x, y) is the intensity of the
incident beam, andφ is the angle between the neutron spin at the analyzer position and the analyzermaximum
transmission direction. For experiments inwhich themagnetic field components perpendicular to the initial
spin orientation are both zero (the angleφ is always equal to 0 as no spin precession is present forα= 0) the
measured intensity is determined only by the sample attenuation, as seen from the equation (5). Therefore if the
magnetic field of the sample can be switched off (e.g. experiments with themagnetic field produced by a current)
the influence of the sample attenuation can bemeasuredfirst and used later for normalization to isolate only the
magnetic field component from the equation (5). Another possibility is to switch the direction of polarizer by
180° and perform themeasurements with spin up and spin down. From themeasurement of spin up and down
for both sample and open beam the degree of beamdepolarization can be reconstructed accurately [8] and the
attenuation due to the sample can be separated. As soon as at least one of the perpendicular field components is
larger than 0 the neutron spin precesses and arrives at the analyzer with certain angleφ(x ,y) and therefore the
measured intensity at that position is reduced by a factor of φ+ x y[1 cos ( , )].1

2
Thus both perpendicular

components of themagnetic field are probed in the experiment with a spin-polarized incident beam.
Realignment of the spin polarizer and the analyzer along the other axes allows studies of the other pairs of the
magnetic field components. In order to reconstruct the full three-dimensional distribution of themagnetic field
(not intended in the present study) a set of ninemeasurements can be acquiredwith the polarizer P and analyzer
A oriented alongX orY orZ axis in pairs as PxAx, PyAy, PzAz, PxAy, PxAz, PyAx, PyAz, PzAx, PzAy. In practice,
instead of realignment of polarizer and analyzer it is easier to use a pair of spin flippers installed after the polarizer
and before the analyzer [6].

2. Experimental setup

Our imaging experiments are conducted at the cold neutron beamline facility CONRAD [15] at theHelmholtz-
ZentrumBerlin (HZB) providing a continuous flux of neutrons with the spectrum shown infigure 2. A spin
polarizer with amagnetic field directed along theY-axis was installed at the exit of cold neutron guide. The
samplewas placed in front of a spin-analyzer followed by a position sensitive detector, figure 3. Both the
polarizer and the analyzer were bending-type spin polarization devices [25, 26], which transmit only neutrons
with a particular spin state (parallel to its ownmagnetization axis) and absorbs neutronswith the other spin
state. The polarizer and the analyzer were co-aligned so that the intensity of the transmitted neutron beamwith
no externalmagnetic fields wasmaximized. The polarization axes of the polarizer and the analyzerwere along
theY-axis.

3
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Aneutron counting detector withmicrochannel plates, providing both position and time of neutron arrival
was used in the experiments [21, 22, 27]. The active area of the detector was limited to 14 × 14 mm2 and the
spatial and temporal resolutionwas 55 μmand∼1 μs, respectively. High detection efficiency exceeding 50% for
thermal and cold neutrons [28, 29] andwas essential for the present studies of the dynamicmagnetic fields
where acquisition ofmany frames corresponding to various phases of themagnetic field variationwas required.
The detector was synchronizedwith the ac current source for the coil generatingmagnetic fieldwith 3 kHz
frequency. A coil with 5 and another coil with 15 loops of∼10 mmdiameter were installed at a few cmdistance
from the analyzer, figure 3. A 1 mmaluminumwire coated by 0.1 mm insulationwas used to form the coils
shown infigure 4. The neutron attenuation of these coils was very low and thus the contrast in the images
acquired in our experiments was determined almost exclusively by the spin precession in themagnetic field and
not by the neutron attenuation by the sample. All the images reported in this paperwere normalized by the ‘open
beam’ images to eliminate the stripes from the structure of the polarizer and the analyzer, which consisted of
multiple layers of the polarizingmirrors andGd absorbers [25, 26].

For the staticmagnetic fields a dc current of 1–10 Awas supplied to the coils and the resulting transmission
imageswere accumulated by the detector over a 100 s period inmost cases. Themeasurements of the dynamic
magnetic fieldwas performed simultaneously for all phases of the ac cycle, unlike a stroboscopicmode often
used in time resolved neutron imaging experiments, whenmost of the neutrons are excluded from images by
electronic shutter and only a short time rangewithin each cycle ismeasured. In our experiments the time of each
detected neutronwasmeasuredwith sub-μs accuracy relative to the trigger synchronized to the ac current
source. The events were binned online into a stack of images, each corresponding to a 2 μs wide period of the ac
cycle, so that 166 phases of 3 kHz cycle were accumulated simultaneously, allowing an efficient data collection
for a dynamic process with 333 μs period.

We used the full spectrumof the beam in order to increase the counting statistics for both dynamic and static
experiments. Asmentioned earlier, the presence of neutrons of various energies leads to a certain blurring of the
magnetic field imaging as the rate of spin precession is proportional to neutron energy andmore accurate future
experiments will have to be conductedwith somewhatmonochromatized neutron beams (e.g. by a velocity

Figure 2. SpectrumofCONRADbeamline used in the polarized imaging experiments. No beammonochromatizationwas
implemented.

Figure 3. Schematic diagramof the experimental setup. A 5- or 15-loop coil installed between spin polarized and spin analyzer.
Neutron counting detector is synchronizedwith the current source. Time and position of each neutron is detected. Polychromatic
beamwas used in experiment.

4
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selector with its∼10% energy resolution or a double crystalmonochromator with∼3% energy resolution). A
pulsed neutron beam can also be used as the energies of neutrons can be recovered from their time offlight and
thus images corresponding to different energies can be acquired simultaneously. The advantage of the pulsed
neutron beam for polarizationmeasurements is in the fact that a wide spectrumof energies can be used at the
same time, thus allowing efficient quantification. Indeed the angleφ can be recovered explicitly from
equation (5)without the bias of an undefined offset due to themodulus of the cosine [6, 24, 30].

3. Theoretical predictions of polarized neutron radiography ofmagneticfields

All our experimental results of the correspondingmeasurements were compared to the calculated images for the
15 loop coil operating in dc and acmodes. The utilized calculation procedure of the resulting images can be
applied to anymagneticfield and is not limited to the field produced by our coil sample. To calculate the
expected intensity distribution for a given sample wefirst compute the three-dimensionalmagnetic field

⃑ =B x y z B x y z B x y z B x y z( , , ) ( , , ), ( , , ), ( , , )x y z (in our case thefield in a 20 × 20× 30mm3 volume around
the coil, appendix A). Then for each position (x, y) the integrated angle of neutron precession as it propagates
through themagnetic field is calculated numerically from equation (4) for the neutrons of variouswavelengths
λ. The details of integration of equation (4) are described in appendix B.Once the angleφwas found for the
neutron arriving at the analyzer position the intensity of the neutron flux at position (x, y) is calculated from
equation (5) assuming there is no attenuation of the neutron beamby absorption (low absorbing aluminum
wire in our experiments). The image otherwise ismodified by the attenuation of the sample if required, or results
are correlated to attenuation corrected images through normalization. The calculation is repeated for each pixel
(x, y) of the detector active area and the resulting transmission image I(x, y) is calculated for a given current I in
the coil and given neutronwavelength λ. Finally, to simulate the experiment at CONRADbeamlinewith awide
neutron spectrummultiple images are calculated for various neutronwavelengths (for the samemagnetic field
value) and those images are combinedwithweighted coefficients corresponding to the beam spectrum shown in
figure 2.

4. Results

4.1.Dcmagneticfields
Initially we havemeasured the spin-polarized neutron images of staticmagnetic fields produced by 1–10 A dc
currents in the 5 loop and 15 loop coils,figures 5 and 6. The observed fringing from the 5-loop coil indicates that
even at 10 A the number of full 2π precessions of the spin in theXY-plane is small, while for the 15 loop coil 10 A
create amagnetic field strong enough to producemultiple fringes in the resulting images. Some of those fringes
cannot be resolved because of the use of the polychromatic neutron beam, image blurring by the beam
divergence and the short period between the fringes at positionswithmaximumfield values. The agreement
between the calculated (figure 7) andmeasured polarized images confirms the validity of ourmodeling, which
can be used for the pre-experimental analysis in future studies for the estimation of whichmagnetic fields can be
resolved by our technique andwhat is the requirement for the beammonochromatization. Themeasured

Figure 4.Photograph of 15-loop coil used for the polarized imaging experiments. Three layers of 5 loopswere overlayed on top of each
other to produce a largermagnetic field. The 5 loop coil was similar with only one 5-loop layer. The aluminiumwire has very low
neutron attenuation.

5
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magnetic fields produced by opposite currents,figure 8, also agree quite well with the results of our
corresponding calculations, figure 9, although the asymmetry of the coil leadwires results in some asymmetry of
the polarized images.

Figure 5. Spin-polarized neutron radiographs of a dcmagneticfield produced by a 5-loop coil. The value of the dc current in the coil
varied from5 to 10 A, leading to increased neutron spin precession and resulting inmore fringes seen in the images at a higher
magnetic field.

Figure 6. Spin-polarized neutron radiographs of a dcmagneticfield produced by a 15-loop coil. The value of the dc current in the coil
varied from1 to 10 A.

6
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Figure 7. Simulated radiographs of a dcmagneticfield produced by a 15-loop coil. The value of the dc current in the coil varied from1
to 10 A. The images are calculated for theCONRADbeam spectrum shown in figure 2.

Figure 8. Spin-polarized neutron radiographs of a dcmagneticfield produced by a 15-loop coil. Positive and negative 5 and 10 A
currents are imaged, demonstrating the asymmetry of themagneticfield produced by the coil due to the geometry of the leads on the
coil.

7
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4.2. Time-varying periodicmagneticfields
Imaging of dynamicmagnetic fields in general is difficult as the polarized neutron fluxes are relatively low (105–
107 n cm−2 s−1) and a short exposure time (microseconds tomilliseconds) is not sufficient to form an imagewith
acceptable statistics. However, if themagnetic field varies periodically the neutron statistics can be improved by
the integration of polarized neutron images at the same phase overmultiple cycles. Stroboscopic imaging is one
of the optionswhere only a particular phase of the dynamic process is imaged by gating a fast imaging detector
(e.g. scintillator screen coupled to a gated image intensifier followed by aCCDorCMOS readout). However, this
approach has a serious limitation: the timing resolution of such experiments is fixed by the acquisition shutter
and cannot be changed by the later analysis. Evenworse, a large fraction of neutrons is not used for the imaging
andmultiple acquisitions have to be performed in order to cover the full cycle of the process, which is highly
inefficient. Another approach is to use a neutron counting detector, which can provide both position and time
resolution for each detected neutron. Synchronization of timing in such experiment to the dynamic process
under study enables quasi-simultaneous detection ofmultiple phases of the cycle andflexible time binning. In
that case only onemeasurement is required and the resulting time-resolved images are integrated overmultiple
cycles. In our dynamic experiments a neutron counting detector with Timepix readoutwas used to image a
dynamicmagnetic field produced by the 15-loop coil conducting a 3 kHz ac current. The detector and the coil
were the same as in staticmeasurements, only the current was changed fromdc to ac. In the resulting data set the
333 μs wide cycle was split into 166 images each corresponding to a specific 2 μs wide phase of the process. The
flexibility of this acquisitionmode allowed subsequent grouping of the images into 10 μs wide slices (with the
phase of each slice shown infigure 10). Themeasured neutron polarized images for the 2 A rms ac current are
shown infigure 11 and for 10 A rms current infigure 12. A better visualization of themeasuredmagnetic field
dynamics can be found in the animation of the acquired images in the online supplementalmaterials7. The
neutron statistics of dynamic images is lower than in dc current experiments as the process was split into 166
individual frames and a lower number of neutrons were acquired in each 55 μmpixel of our detector per
acquisition frame compared to the staticmeasurement. The simulated images corresponding to a 10 A rms
current shown infigure 13were calculated for the polychromatic beam spectrumof CONRADbeamline and

Figure 9. Simulated spin-polarized neutron radiographs of a dcmagneticfield produced by a 15-loop coil. Positive and negative 5 and
10 A currents are calculated for theCONRADbeamline spectrum shown infigure 2.

7
The dynamicmagnetic fieldsmeasured for a 3 kHzAC current in a coil imaged at CONRADbeamline facility as well as simulated images

for the same coils are presented in the online supplementalmaterial to this article (stacks.iop.org/NJP/17/043047/mmedia).
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demonstrate the blurring of the fringes through the superposition of images corresponding to various neutron
wavelengths. A detailed analysis of thewavelength dependence of such dynamic polarized neutron imaging is
described in the next section.

5.Wavelength dependence of polarized neutron imaging

As seen from equation (4) the neutron spin precession angle depends both on the value of themagnetic field and
thewavelength of the neutrons. In the experiments with a staticmagnetic field the contrast in themeasured
images is determined by the variation of themagnetic field across the field of view and by themonochromaticity
of the beam.With a neutron beamof a relatively narrow energy range (e.g. formed by a double crystal
monochromator at a continuous source) themagnetic field variation is represented by the oscillation of
intensity across the image.Measurements with a pulsed neutron beamallow simultaneous detection ofmultiple
energies andflexible energy binning improving the statistics and enablingmore accurate quantification of the
magnetic field values.However, in dynamicmagnetic fieldmeasurements there is another factor affecting the

Figure 10.The phases of themagnetic field shown infigures 11–13.Neutrons of 10 μs time ranges (3%ofmagnetic field period) are
grouped together to form the individual images offigures 11–13.

Figure 11. Spin-polarized neutron radiographsmeasured for different phases of a dynamicmagnetic field. The field is produced by a
15-loop coil with a 3 kHz ac current with 2 A peak-to-peak amplitude. Each image here represents a 10 μs wide time slice of the ac
cycle. The corresponding phases of the 3 kHz cycle are shown infigure 10.Multiple cycles of the process were imaged and grouped
together to provide adequate statistics. All phases of the dynamicmagneticfield are imaged quasi-simultaneously, which is enabled by
the time tagging of each detected neutron relative to the phase of the ac current.

9
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Figure 12. Same asfigure 11 except for the ac current of 10 A rms. Compared to thefigure 11 a larger number of fringes is detected in
the images for the same phases of the 3 kHz cycle.

Figure 13. Simulated spin-polarized neutron radiographs for the experimental data shown infigure 12. Images of individual 10 μs
wide time slices (3%of total cycle period) are calculated for theCONRADbeamline spectrum. Themagneticfield is produced by a 15-
loop coil running a 3 kHz current with the 10 A rms amplitude. 200 μmGaussian blur is applied to the calculated images in order to
simulate the experimental conditionswhere beamdivergence in the∼170 mmgap between the sample and the detector led to image
blurring.

10
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contrast of themeasured images and thus complicating the data analysis: neutrons of different wavelengths
impinging on the detector at the very same time have experienced themagnetic field at different times and hence
represent different phases of the dynamicmagnetic field. Neutrons of various energies travel at different speeds
through the gap between the sample and the detector. That leads to the fact that faster neutronswhich interacted
with a given phase of themagnetic field arrive at the detector earlier, simultaneously with colder neutronswhich
interactedwith a different phase of themagnetic field. Thus two blurring effects on fringes occur in the dynamic
imagingwith polarized neutrons due to limitedwavelength resolution: thefirst is due to the increase of the spin
precessionwith neutronwavelength; the second is due to the fact that slower neutrons corresponding to a
particular phase of the dynamic process arrive at the detector planewith some delay compared to the faster
neutrons. Figure 14 demonstrates the time difference of the corresponding neutron arrival for various
wavelengths. Here the time of arrival of neutrons corresponding to the same phase of the dynamic process is
calculated for neutrons of various energies, assuming that neutrons of 3.45 Å arrive at time t = 0. The difference
in arrival time between 1 and 6 Åneutrons is∼200 μs for the 170 mmdistance between the coil and the detector
used in our experiment. That implies that there is about∼1–2 μs un-sharpness for 1%wavelength resolution in
that energy range. To demonstrate the extent of this dynamic blurring by the polychromatic neutron beamwe
have calculated the images corresponding to the same phases of ac cycle in the coil as shown infigure 13 for the
neutrons of three different wavelengths, figures 15–17. For 2.025 Åneutrons theminimumnumber of fringes is
observed at the phase corresponding to the phasemarked as (a) in figure 10, while it is close to the phase (b) for
3.45 Åneutrons and phase (c) for neutrons of 4.875 Åwavelength. Therefore if a wide spectrumneutron beam is
used for imaging of dynamicmagnetic fieldsmultiple phases of the dynamicfield overlap in the resulting images.
Consequently, at a continuous source a compromise needs to be found between the reduced neutron statistics
and the degree of beammonochromatization. The possibility to imagewith intrinsic energy resolution over a
broadwavelength band at a pulsed neutron source is probably the best option for imaging the dynamicmagnetic
fields as it also provides the basis for accurate data analysis. However, since the frequency of neutron sources is
fixed to a certain value and the frequency of the dynamic process of interest can be different, for each neutron
pulse the dynamic process will be probed by a random correlation of process phase and neutron energy.With
multiple neutron pulses acquired, all phases can be imaged at all neutron energies available in a particular beam.
However, care has to be taken to avoid some harmonics between the two frequencies involved. Analyses of the
probedmagnetic field can then be performedwavelength bywavelength. These results can subsequently be
combined for the accurate quantification of themagnetic field values without the need for the absolute field
calibration required for a singlemonochromaticmeasurement.

To demonstrate the potential of quantitative analysis ofmagnetic fieldsmeasured at a pulsed neutron
beamlinewe simulated the data set which could be obtained in such experiment with the same 15-loop coil
sample as in our continuous source experiment. A staticmagnetic field is simulated in that case, although similar
methodswill be applicable for the dynamic studies, where each phase is analyzed separately in the sameway as in
case of a corresponding static field. At a pulsed source a set of images, eachmeasuredwith a certain neutron
energy can be acquired. Thus the energy dependence of themeasured intensity is obtained for each pixel of the
resulting data set. In the simplest case, when themagnetic field distribution has only one component, which is
perpendicular to the initial beampolarization vector, the spin precession has a sinusoidal dependence on the
neutronwavelength as seen from equations (4) and (5). The period of that fluctuation can be used to calculate
the value of themeasuredmagnetic field. Asmentioned earlier, this field quantification technique does not

Figure 14.The time difference of neutron arrival at the detector for neutrons whichwere at the same locationwithin the coil at the
same time. Distance to the detector active area∼170 mm.Different phases of the acfield are imaged at the detection plane by neutrons
of different energy.
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Figure 15. Simulated spin-polarized neutron radiographs of a 3 kHzmagnetic field produced by a 15-loop coil with 10 A rms ac
current. Amonochromatic neutron beamof 2.025 Åwavelength is assumed in the calculations. The phases of the 3 kHz cycle are
shown infigure 10. The distance to the detector is 170 mm.

Figure 16. Same as figure 15 except calculated for neutrons of 3.45 Åwavelength. Note thatminimumfield ismeasured by the detector
at times close to phases (b) and (e) offigure 10, while the 2.025 Åneutrons arriving earlier to the detector show theminimum field
close to phases (a) and (d). Thus images corresponding to significantly different phases of themagnetic field overlap at the detector
plane. Hence, a beamwith relatively narrow spectrumneeds to be used tomeasure dynamicmagnetic fields accurately.More fringes
are also seen for the longer wavelength neutrons due to the fact that these neutrons spendmore timemoving through themagnetic
field. The numbers in image (b) indicate the areas where the neutron transmission spectra offigure 18were obtained.
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require counting of fringes from the zero-field area and provides the field value for a given pixel of the image.
However, in a general experiment with a three-dimensionalmagnetic field distribution the precession of
neutron spin ismore complicated and amore detailed analysis has to be performedwithmeasurements of
different orientation of spin analyzer and polarizer. Figure 18 demonstrates the calculated intensity variation
with neutronwavelengths for several areas in and around the coil for 5 and 10 Adc currents. In the center of the
coil (area 1 offigure 16(b)), where themagnetic field is predominantly directed along theX-axis, the spin
precession occursmostly in theXY-plane resulting in a nearly sinusoidal variation of themeasured neutron
intensity in that area. Same is valid in area 2, where the field is not as strong as in area 1, the variation of intensity
is with a larger periodwith respect to the neutronwavelength. However, in areas 3 and 4, the presence of
considerablemagnetic field components in theYZ- andXZ-planes results in a complicated pattern. To
reconstruct the three-dimensionalmagnetic field distribution quantitativelymoremeasurements are required,
as explained earlier. However, the field pattern can still be somewhat visualized in a singlemeasurement, as seen
in simulated images infigures 15–17.

6. Summary and conclusion

The remote imaging of staticmagnetic fields demonstrated in previous studies [5–10], has been extended in this
paper to time-varying periodic fields, which provides a powerful new tool for dynamic applications where
probing themagnetic field can otherwise be difficult if not impossible. The ability of neutrons to penetrate some
materials (e.g.,metals) and at the same time to provide quantified information on the distribution of the
magnetic fieldwithin (or even behind) thesematerials, enables unique studies to be carried out—for example,
the realignment ofmagnetic domains under the influence of externalmagnetic fields,measurement of the
magnetic fields within complicated structures, and so on. It is shown that careful planning of the experimental
setup is required for accurate quantification of themagnetic field distribution. In particular, a compromise
between the image statistics (or integration time) and beammonochromatization—factors which determine the
accuracy of the reconstructed distribution—must be found for any specific experiment at a continuous source.
Selection of a particular neutron energy range is required for themeasurement of a given range ofmagnetic field
values, because the spatial resolution of polarized neutron imaging sets the limits on the distance between the
fringes which are still resolvable. Thus strongermagnetic fieldsmay be better imagedwith neutrons having
shorter wavelengths, while weakermagnetic fields require imagingwith longer wavelengths. The limits of the

Figure 17. Same asfigure 15 except calculated for neutrons of 4.875 Åwavelength.Note thatminimumfield ismeasured by the
detector at times close to phases (c) and (f) offigure 10.
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quantification of spin precession are defined by theminimumdistance between the fringes which can still be
resolved by a particular experimental setup. In that respect, providing amore compact analyzer device will be
very helpful, allowing reduction in the distance between the sample and the detector area, thus reducing
image blurring due to the neutron beam divergence. In principle, spatial resolutions down to∼10 μmcan be
achieved using the latest high resolution neutron imaging detectors [27, 31]. Thus fringes as close as 20 μm
can be resolved, provided adequate neutron statistics can be achieved and the image blurring remains
below 10 μm.

The limit on the frequency of periodically changingmagneticfields in neutron imaging experiments is
determined by the energy resolution of the beam (ΔE/E) and the timing resolution of current neutron imaging
detectors—which can be of the order of sub-microsecond [21–23]. The limited energy resolution can cause
overlap of adjacent phases of a dynamic process due to the fact that neutrons have different travel times between
sample and detector, including the finite length of the spin analyzer. Faster neutrons representing a particular
phase of theBfieldwill arrive at the detector simultaneously with slower neutrons representing a preceding
phase of theBfield, and that will constrain the frequency of the dynamic process, which can be studied at a
particular beam facility. At a reactor source, the energy resolution is usually defined by themosaicity of the
double crystalmonochromator being used, leading typically to resolutions ofΔE/E∼ 3%—a compromise
between the neutron flux and energy resolution. At pulsed sources, energy resolution is limited by thewidth of
the neutron pulse, typically 10–100 μs for thermal and cold neutrons at short pulse sources. Therefore, processes
as fast as 100 kHz can still be studiedwith the present reactor-based and pulsed experimental facilities, using
compact spin analyzers whichminimize the distance between the sample and the detector.

The potential to quasi-simultaneouslymeasure images atmultiple energiesmakes pulsed sources very
attractive for imaging ofmagnetic fields with an expanded dynamic range. However, accurate quantitative
reconstruction algorithms still need to be established, especially for three-dimensional reconstruction
problems. Current developments at pulsed neutron sources [24] are very promising, and represent a significant
addition tomethods already being used at continuous neutron sources.

Moreover, simulation andmodeling of images for a specific experimental setup andmagnetic field
distribution should prove very beneficial for the optimization of a particular experiment, especially taking into
account relatively long integration times required for accurate quantificationwith accompanying high spatial
resolution.

Figure 18.Neutron transmission spectra calculated for a 15-loop coil for the areas shown in figure 16(b). (a) For a 5 A dc current. (b)
10 A dc current. The nearly sinusoidal variation ofmeasured neutron intensity is observed in themiddle and above the coil (areas 1
and 2), where thefield is predominantly perpendicular to the neutron spin polarization. There the spin precession is almost exclusively
in theXY plane. However, in areas 3 and 4 the presence of themagnetic field fringes leads to a three-dimensional precession of the
neutron spin, resulting in a deviation of transmission spectra from a purely sinusoidal curve.
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AppendixA. Calculation of themagneticfield distribution around folded 15-loop coil
with leadwires

To calculate the neutron spin precession in amagnetic field generated by the solenoid coil used in our
experiments the three-dimensional distribution of themagnetic field first needs to be determined. The coil
formed by a 1 mmaluminumwirewith 15 loops folded by stacked 5 loop layers had two leadwires, as shown in
figure 3 andfigure 16(b). Themagnetic field in each point around the coil was calculated from the Biot–Savart
law
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where I is the current in the coil, w⃑d is the small section of thewire ⃑r x y zand ( , , ) is the vector from the section
of thewire to point (x, y, z) where themagnetic field is calculated. The coil in our calculationswas split into five
sections: three overlapping 5-loop sections and two leadwires. The diameters of the three overlapping 5-loop
sectionswere 9.3, 6.9 and 4.5 mm.The leadwireN1was connected to the external loopswith diameter 9.3 mm,
and thewireN2was connected to the internal loopswith diameter 4.5 mm,making the coil and the resulting
magnetic field asymmetric. The integration of equation (A1) over the coil loops is performed according to
equations (A3) and (A4):
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where x0 is the position of the left edge of the coil,P is the period of the coil alongX-axis (width of the coil divided
by the number of loops in one layer) and d is the diameter of a particular coil layer. Thefinalfield ⃑B was
calculated for each point (x, y, z) in a 2 × 2× 2 cm3 volume enclosing the coil from the superposition of thefields
from the three layers (5 loops each,middle layer has the current in opposite direction alongX-axis compared to
the outer and inner loops) and two leadwires.

Figures 19 and 20 show the calculated distribution ofmagnetic field produced by our 15-loop coil
conducting a 10 Adc current. The values of themagnetic field components averaged over a 3 cmpath alongZ-
axis of our coil are within fewmillitesla range, with themaximumfield values alongX-axis, reaching∼20 mT at
the center of the coil.

Appendix B. Integration of neutron spin precession

The calculation of the spin precession in amagnetic field is performed along the neutron propagation path,
which is split into small steps. Integration of spin precession in three-dimensional space is performed on each
step. The precession of vector ⃑S l( ) around vector ⃑B l( ) is calculated according to the following procedure.
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Initially the vector ⃑B l( ) is alignedwith axisZ″ by two rotations of the systemof coordinates: first

counterclockwise by the angle φ−π( )B2
aroundY axis,figure 21(a)
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and then clockwise by the angle θ−π( )B2
aroundX′ axis,figure 21(b).
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After that the systemof coordinates is rotated clockwise by the angle η to position the vector ⃑S l( ) intoY‴Z‴
plane,figure 21(c)
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At that point the vector ⃑S l( ) and ⃑B l( ) are both in the planeY‴Z‴ and the precession of vector ⃑S l( ) can now
be calculated from its rotation by an angleφ aroundZ‴ axis (vector ⃑B l( )) according to equation (3),figure 21(d)
with sinα found from

Figure 19.Calculated values of themagnetic field generated by a 15 loop coil with 10 A dc current.The values are averaged over 3 cm
distance along Z-axis (neutron propagation direction). (a), (b), (c)—B-field components alongX,Y andZ axes, (d)—themodule of
the averagedmagneticfield. The legend indicates the values of themagnetic field inmT. The coil orientation is shown by the dashed
lines in (a).

Figure 20. Same asfigure 19, but calculated for a fixed position alongZ-axis at the center of the coil. The legend indicates the values of
themagneticfield inmT.
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After that precession the systemof coordinatesX‴Y‴Z‴ is transferred back toXYZ by three inverse rotations
by angles−η, θ − π( )B 2

and φ − π( ).B 2
That process is repeated along the neutron path between the polarizer

and the analyzer in the presence of themagnetic field and the vector ⃑S l( ) is obtained at the position of the
analyzer entrance. The intensity of neutronflux in pixel (x, y) of the imagewas then calculated from equation (5)
with the angleφ of the neutron spin inXY plane calculated from the equation
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