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Abstract We present a new method for paleomagnetic investigations, polarized neutron imaging, a non-
destructive magnetic imaging technique benefiting from the high penetration depth and spin of the neutron
allowing spatial characterization of the magnetic field within a sample. We showcase the general capabilities of
the technique by performing 3D vector tomography reconstructing the full magnetic field inside a

10 mm X 13 mm X 2 mm fragment of the remagnetized Martian meteorite NWA 7034. This was done in
preparation for the Mars sample return mission where the orientation of samples on Mars is known. The
magnetic field was measured with a spatial resolution of 215 pm and lower field bound of 0.5 mT mm.

Plain Language Summary Paleomagnetic measurements are important to uncover the history of
rocks, and the magnetic landscape of the past. Many of these techniques only measure the magnetic field on the
surface of the rock samples, or destroy the magnetic field inside the sample, such that repeated measurements
are difficult. In this article we demonstrate the mapping of the 3D magnetic field inside a Martian meteorite
using the emerging technique “polarimetric neutron imaging”, which is non-destructive and provide
information of the 3D field inside the bulk of the sample. This was demonstrated on a remagnetized piece of the
NWA7034 meteorite, where we measured field strengths upwards of 4 mT in a 10 X 13 X 2 mm piece of the
meteorite, with a spatial resolution of 215 pm capable of detecting fields stronger than 0.5 mT*“mm. From our
meteorite measurements we find that this method indeed is well suited for geological samples, ideal for
supplementing the other measurement methods, and is particularly of interest for the upcoming Mars sample
return mission.

1. Introduction

In extraterrestrial paleomagnetic studies one key area of research pertains to the magnetic evolution of the planet
Mars. The strong magnetization of the Martian crust implies that Mars used to contain a dynamo like that of the
Earth (Acuia et al., 1999; Langlais et al., 2019), which ceased function 3.7 billion years ago (Ga) (Mittelholz
et al., 2020).

Martian meteorites can help provide information on this magnetic evolution as their age can be determined quite
accurately and the field present during rock formation is often frozen in the rock at the time of crystallization and
present as a natural remanent magnetization (NRM) in the magnetized meteorite components. By analyzing the
NRM one can estimate the magnetic field at the time of the rock creation which can be determined via radiometric
dating, and with multiple samples one can gain insight into the magnetic evolution of the areas from which the
rocks originate. However the original orientation of meteorites are unknown, so for a spatial magnetic map one
would need carefully extracted samples.

Only a few meteorites have intact paleomagnetic fields because of impacts, weathering on Earth and overprinting
by hand magnets (Vervelidou et al., 2023) and thus only a few have been characterized. Shergottite and nakhlite
meteorites are valuable for the understanding of the young Martian field and paleointensity <2.9 Ga (Gattacceca
etal., 2013; Volk et al., 2021; T. Cao et al., 2024). The ALH8001 meteorite is 4.1 Ga and provides information on
the early Martian field (Steele et al., 2023). NWA 7034 is the only other meteorite containing components older
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than 3.9 Ga and contains a sufficient fraction of Fe oxides, specifically magnetite, to retain remanent field
(Gattacceca et al., 2014), but has also been remagnetized by hand magnets, which means none of the NRM field is
left. With the plans for a Mars sample return mission it is a question of time before pristine samples will be
available on Earth, and these samples contain great possibility for future paleomagnetic analysis (Mansbach
et al., 2024). It is therefore essential to develop and refine techniques for the paleomagnetic studies of such
samples.

To measure magnetic properties of rock samples, bulk measurements are often used. This includes vibrating
sample magnetometers (VSM) or SQUID magnetometer for remanence measurements. These can be combined
with cryostats or furnaces for thermal demagnetization or coils for alternating field demagnetization (Zeigler &
Kodama, 2017). Surface probing of the magnetic field combined with imaging can be done using various methods
like a quantum diamond microscopy (Glenn et al., 2017) or micromagnetic tomography (de Groot et al., 2021).

An alternative magnetic imaging technique is polarized neutron imaging (PNI), which is a non-destructive
magnetic imaging technique, capable of spatially measuring the integrated magnetic field along one dimension
of a sample. As it is a neutron imaging technique the method is capable of probing centimeter-thick samples, as
well as samples encapsulated in large scale sample environments such as a magnetically inert box or a temperature
controller.

Currently, the main use of the technique is as a contrast mechanism in engineering research differentiating be-
tween magnetic and non-magnetic phases of metal (Busi et al., 2023). However recently it was shown possible to
use PNI in a tensor-tomography setup to reconstruct a 3D volume of a sample with the full 3D magnetic field
information (Sales et al., 2018). This technique has hitherto been limited to proof-of-concept measurements on
already well understood samples such as a current conducting solenoid, with only very recent attempts at using it
on more complex samples such as superconductors (Oji et al., 2024). In this paper we showcase the general
capabilities of the technique by measuring and reconstructing the full magnetic field inside a fragment of the
Martian meteorite NWA 7034 and discuss its possible usage as a new technique in the field of paleomagnetism.

2. Methods
2.1. Polarized Neutron Imaging

Polarized neutron imaging (PNI) is an imaging method which measures the integrated magnetic field along the
neutron flight path. The technique utilizes the fact that the neutron has a spin and thereby also a magnetic moment
that will perform Larmor precession when subjected to a magnetic field. The precession angle 0 in the plane
perpendicular to the magnetic field is given by

0 = y1B, ey

with y being the gyromagnetic ratio, ¢ being the time spent by the neutron in the magnetic field, and B the strength
of the field.

In a classic depolarization PNI experiment one utilizes a spin filter along a chosen axis i to polarize the beam,
ensuring that all neutrons have the same direction of magnetic moment before interacting with the sample. As the
neutron is moving, the rotation is determined by the integrated field strength " B(z)dz, along the neutron flight
path, labeled the z-direction. The time spent in the field depends on the neutron velocity, and therefore the neutron
wavelength. The precession angle € for movement in the z-direction can be expressed as

0= %/1 f B(2)dz, )

with m being the neutron mass and % Planck's constant. By placing an identical second spin filter after the sample
one can convert the magnetic rotation into a contrast mechanism, as regions with high rotations will be subject to
stronger filtering effects. To quantify this neutron rotation, one repeats the measurements by changing the entry
direction of the neutron spin 180° from a spin up (1) to a spin down (| ) state, as the magnetic contribution will be
inverted, but structural attenuation from the sample remains constant, and can thus be removed. From the spin up
(1) and down (}) measurements one calculates the polarization image P.
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Figure 1. Sketch of the beamline setup needed to acquire neutron imaging data for the polarimetric matrix. In this example the
two final spin flippers are turned off, producing the measurement of the polarimetric xy-component. The gray and black
arrow show the evolution of the neutron spin state as it passes through the various components, and magnetic fields presented
by the orange arrows.
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A problem with this technique is that magnetic fields parallel with the filter direction i do not cause any
meaningful precession. Another problem is the fact that one cannot discern the exact direction of the magnetic
field along the path.

These problems can be solved by repeating the measurement while altering the entry or exit spin direction along
the three different principle axes, x, y and z. By changing the direction of the entry spin one ensures that all three
field components will be parallel to the probe direction at some point, and by changing the exit spin filter from
parallel with the entry direction i, to being along a perpendicular direction j, one makes the filter sensitive mainly
to rotations in the ij-plane.

To retrieve the full magnetic information one needs to probe spin up and down for each entry and exit spin di-
rection separately, yielding a total of 18 measurements. This results in a 3 X 3 matrix, the so-called polarimetric
matrix.

A conventional experimental setup for achieving such a measurement is seen in Figure 1. The setup includes two
spin filters placed at the beginning and end of the experiment, called the polarizer and analyzer respectively.
Following the polarizer is a n-spin flipper, which is used to flip the spin from a {-state to a |-state. On each side of
the sample is a pair of w/2-spin flippers, which are coils producing homogenous fields along the x- and y-direction
calibrated to each induce a n/2-rotation in the neutron. Together these four x/2-spin flippers allow the manip-
ulation of the entry and exit spin state along the principal coordinate axes, enabling this measurement of the full
3 X 3 polarization matrix.

For weak magnetic fields this is enough to fully characterize the magnetic field, as the three components of the
magnetic field can be viewed as more or less decoupled. The rotation of the polarization vector around a static
weak field can be found by the Rodrigues formula (Rodrigues, 1840)

Protated = Pinitiar €08(0) + (B X Pipigia) sin(6) + B(B - Py )(1 — cos(6)) 4)

with B = \%I' How this relates to each component P; of the polarimetric matrix is shown in Table 1. For weak

fields we see that the parallel components Py, P,, and P, are less sensitive, as their cosine-dependency on &
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Table 1
Polarimetric Matrix Components P, for a Homogeneous Field Oriented Along the B Direction, Following the Rodrigues
Equation

Py j=x ji=y JB 8

i=ux cos O + fgf(l — cos ) B.B,(1 — cos6) — B, sin6 B.B.(1 — cos @) + B,sin6
i=y ByB.(1 — cos@) + B, sin6 cos O + igi(] — cos 0) B,B.(1 — cos§) — B,sin0
i=z B.B,(1 — cos@) — B, sin6 B.B,(1 — cos@) + B,siné cos 6 + jgi(] — cos 6)

Note. 6 is calculated from Equation 2.

means the signal strength scales as 6°. The transverse P;; components however, have a much greater signal
strength, being sine-based and thus linear in 6. Furthermore we see that for weak fields the cross terms become
negligible, and a rather direct interpretation can be drawn, where the transverse polarization component P;; is

simply proportional to the field along the final axis By, for example Py = f?z sin(@). As B,, B, and B, are then
easily extracted, one can simply rotate the sample and use conventional tomography techniques to reconstruct the
magnetic domains without further issues (C. Cao et al., 2021; Sales et al., 2018).

Problems arise when measuring relatively strong and spatially heterogeneous magnetic fields with an integrated
field strength above 10 mT mm, as they cause precession angles above n radians. For these fields cascading
effects might occur where the rotation induced by a domain early in the neutron trajectory affects the interaction
with later domains, thereby coupling the three components of the magnetic field signal. To reconstruct such
advanced structures, such as the one found in this meteorite sample, it is advantageous to use iterative recon-
struction techniques in conjunction with advanced modeling of the sample, to allow the reconstruction of the
magnetic field to overcome the cascading effects.

2.2. Iterative Reconstruction

For the iterative reconstruction used in this work an initial magnetic field structure of the sample was predicted,
after which the following three steps were repeated until a satisfactory solution was found.

1. A forward model describing the PNI experiment was used to simulate experimental results for a given
magnetic field structure inside the sample. This was done for all rotation angles and spin settings to produce a
full set of polarimetric matrices.

2. The mean square error of the simulated experimental results and the actual results was used to estimate the
correctness of the reconstructed sample. This value is called the loss.

Loss = (Psimulaled - PMeasured)2 (5)

3. A gradient descent optimizer, in this case the Adam model (Kingma & Ba, 2014) as implemented in PyTorch
(PyTorch Contributors, 2025), correlated the loss to the sample structure and updated the predicted sample
structure in a way that minimizes the loss.

A satisfactory solution was found once the loss no longer decreased with subsequent iterations, meaning that the
structure reached a steady state solution. To avoid a false steady state we verify by comparing the structure with
the radiographs and a priori expectations of the sample structure.

The forward model used in this reconstruction was rather simple and models the sample as an N X N X N X 3 grid
with N being 80 in this work. This grid represents the sample volume as an N X N X N cube voxel grid, with each
voxel containing the magnetic field vector (B,, B, B;) within that volume. For each voxel-row a vector simulating
the magnetization of the neutron beam is initialized along the x direction. Then each row is parsed through one
voxel at a time, updating the magnetization vector according to Equation 1 for each voxel. The final x, y, z
components of the polarization vector then corresponds to the P,,, P,, and P,, components of the polarimetric
matrix, after which the process is repeated twice initializing the magnetization along the y and z directions instead,
yielding the full polarimetric matrix once finished. The sample structure is then rotated, repeating the simulation
of the polarimetric matrix for each measurement angle acquired in the experiment.
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3. Measurement

These measurements were conducted at J-PARC's RADEN beamline (B22)
with a time-of-flight beam containing neutrons with wavelengths spanning
from 2 to 8 A, with a weighted mean wavelength of 3.3 A (Shinohara
etal.,2017). The average polarizer efficiency over the entire wavelength frame
was estimated to be 87%, with maximal efficiency being achieved above 4 A.

Sample to detector distance was 1 = 0.775 m, with a pinhole size D = 5 mm
and a pinhole to sample distance of L = 18 m yielding an L/D ratio of 3600
and a final geometric blur of 0.215 mm. A Lumacam setup with a Timepix3
camera detector was used enabling high quality event-based neutron acqui-
sition (Losko et al., 2021). The field of view was a circular with a diameter of

10 mm

Figure 2. Photograph of the NWA 7034 meteorite fragment, scalebar is

10 mm.

23.8 mm, and the final image dimension was chosen to be 128 X 128 to
maximize counting statistics while maintaining the resolution relevant to
resolve the main features, thus having a pixel size of 0.186 mm, roughly
matching the geometric blur.

The measured sample was a fragment of the NWA 7034 meteorite shown in Figure 2. The sample was 2 mm thick,
approximately 10 mm wide and 13 mm tall. Since no remanent field remained in the sample, a small whiteboard
magnet was applied to the sample prior to measurement to ensure a magnetic field signal was present. The sample
was mounted to an aluminum stick and test measurements were done showing that no signal was present in the
sample holder, indicating that it did not affect the magnetic field structure in the sample.

Thirty one angles were measured spanning from 0 to 360° with 12° steps, alongside two extra measurements done
at 90° and 270° for symmetric completion. At each angle all 9 components of the full polarimetric matrix were
measured, with each component being measured for 5 min, split in two 150 s measurements covering spin up and
spin down. Thus, 45 min were spend per angle making the total tomography duration for all 33 angles measured
come out to 24 hr and 45 min.

4. Results

An example of the polarimetric matrix for the sample placed perpendicular to (front view) and parallel with (side
view) the neutron beam direction is shown in Figure 3. A 3D rendition of each separate field component in the
final reconstruction of the magnetic field can be found in Figure 4. A vector plot of the final reconstruction

Polarimetric matrix side
XY XZ
YY Yz
ZX X

Figure 3. Left: Polarimetric matrix of the front view of the meteorite (not rotated) Right: Polarimetric matrix from the side
view (rotated 90°).
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Figure 4. B,,B, and B, components of the final reconstruction shown separately with an added sample outline in light blue.
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showing the total magnetic field in the sample is found in Figure 5 alongside two plots showing the in-plane
orientation of the field along two 2D-plane slices.

The P,,, P, and P, components of the front view projection show a general lack of polarization in the center
region, with the bulk of the magnetic signal being contained to the edges of the sample. This is also seen in the 3D
vector reconstruction, where it is clear that the strongest signal is found in the left and right side of the sample,
with only a moderate field being found at the center.

Looking at the B, component of the fields found in Figure 4, it is clear that while a significant magnetic B,-domain
is present, the back of the sample is subject to an oppositely aligned wrapping field, canceling out the magnetic
field contributions from the main domain. This explains the lack of signal in the central parts of the projections
despite moderate field strengths being present in the central areas of the reconstruction. The P,, component of the
side-view matrix further confirms this, being the component most sensitive to By fields and showing both the
dominant positive domain and the anti-aligned wrapping fields clearly.

The B, component of the reconstruction agrees with the general shape of the measured P,,/P,, signal. It is clear
that this component of the magnetic field is almost exclusively related to the wrapping from the positive to
negative By domains. Viewing the B; and B, fields in conjunction, it is evident that they together form a closed

loop stemming from the highly magnetized central region of the sample.

The B, component expresses the most interesting behavior as no clear positive/negative pairing domain structure
is present. Instead, a general positive gradient is found throughout the top of the sample, dragging the entirety of

sliceaty = 20

°

Py el
Vi TV AT e < 5 R
S (AT Fe Tt £

5

8 magnitude in plane [mT]

(idi £ bt blatsir ittt iniis dn b

AL dblittawan ot i s -

b ki st vdivg o s
Vi byl d 1

2 3 4 H 6 7

x (mm]
Slice at z = 20

Magnetic field strength [mT]

°

8 magnitude in plane [mT]

Figure 5. Left: Vector plot of the final reconstruction, with a low-resolution reconstructed meteorite volume added as a visual
guide in gray. The results are downscaled by a factor 3 for better visibility. Right: In-plane orientation of the magnetic field
vectors along the two plane slices, downscaledby a factor 2 for better visibility.

QVISTGAARD ET AL.

6 of 9

85U8017 SUOWIWIOD BAER.D 3[edl[dde ayy Aq peusenob afe ol VO ‘SN 0 S9InJ 10} Akeid1 78Ul UO 8|1 UO (SUOPUOD-PUE-SWLB)ALIOD A8 1M A eI 1[BU 1 [UO//StY) SUORIPUOD PUe SWwie | 8u1 89S *[9202/v0/72] uo Areiqiauljuo A8)im ‘sBpeimousi eoluyoe | usived Aq T92T0095202/620T OT/10p/w0d Aa|im Azl ipul|uosqndnbe//sdny Wwol pepeojumod 't ‘9202 ‘220252ST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2025GC012641

the magnetic structure towards the upper left corner of the sample. A likely explanation could be that this corner
served as the last point of contact with the re-magnetizing magnet, dragging the entire field structure towards it.

Inspecting the slice-plots in Figure 5, we find that the exterior field of the sample largely has no structure, as it
consists mostly of random field vectors. This is likely because the external field strength was negligible compared
to the center features of the meteorite, and thus the signal contribution is drowned out by noise from the
experimental setup, causing the iterative method to fail at reconstructing these regions.

Overall it appears that reconstruction is consistent with the theory that the magnetic signal in the sample is entirely
caused by re-magnetization due to contact with an external magnet at the corner of the sample, with little to none
remanent Martian magnetic field being present. However, the general lack of strong magnetic field in the center of
sample, resulting in the split double domain structure in the left and right side of the sample is not easily explained
simply by the presence of an external magnet.

5. Discussion

We have shown that it is possible to reconstruct the full 3D magnetic field inside a rock sample with a spatial
resolution of 215 pm. As mentioned previously, this field was caused by contact with a hand magnet, both upon
discovery (Vervelidou et al., 2023) and immediately prior to the experiment. This is also seen by the measured
field strength of 1-4 mT which is orders of magnitude larger than previously measured high paleointensity of
30 uT (Steele et al., 2023). Thus, our sample field is not itself of scientific interest, but acts as a test field to
demonstrate the technique. It is possible to conclude that all grains of the sample were strongly magnetized and
thus formed a magnetic field across the whole sample, which made it impossible to distinguish between con-
tributions from individual magnetic grains.

The primary strength of PNI, as shown in this article, is the capability of imaging the magnetic field of cm-scale
samples with high accuracy and 215 pm spatial resolution. These spatially resolved measurements make it
possible to distinguish between clusters of fields with different directions such as the ones investigated in (Steele
et al., 2023). This is different from other techniques in the field that are either bulk measurements or perform 2D
surface scans. Furthermore, the technique is non-destructive both structurally and magnetically, which enables
further characterization of the sample, making it a good supplement to the existing suite of methods. Due to the 3D
nature of the measurement, it is possible to image highly spatially heterogeneous fields, such as those found in
local magnetic domains, provided that the size of the domain is within the given spatial resolution. The magnetic
range for these experiments is currently estimated to be between 0.1 and 10 mT mm. In other words, in a sample
1 mm thick it is possible to measure an integrated field down to 0.1 mT, in a sample of 10 mm the floor is 10 pT
and so on. The lower limit of the methods resolution is in theory unbound, as one can simply measure for longer
and thereby improve the counting statistics, which is the limiting factor for polarization resolution. The actual
measurement with the highest sensitivity has to our knowledge been on a 0.1 mT mm sample (Jau et al., 2020).
However, in practice a noise floor is likely also present due to experimental limitations, such as external magnetic
fields, limited shielding and static background signal, although the exact limitations such factors present are not
yet clear.

PNI measures the total magnetic field, meaning both the H-field and the M-field from the sample magnetization.
Thus, in order to isolate the sample magnetization, further analysis is needed to separate the contributions from the
two fields. This could be potentially be done by incorporating a more advanced sample model in the forward
model for the reconstruction, separating M and H contributions to B. Furthermore one could combine high
resolution stray field measurements with PNI to provide better constraints for the reconstruction, and aid in the
separation of the M- and H-contributions.

Another benefit of PNI is the option to use sample environments, for example made of Al which is transparent to
neutrons. For instance, one might utilize a cooling system or a furnace to probe the magnetic field at different
temperatures or coils to apply external magnetic fields to investigate the spatially resolved magnetic response in
the sample. Finally, PNI tomography has the benefit that simultaneously provides an attenuation tomography of
the sample, albeit at a limited resolution. This attenuation tomography can assist in giving key insights into the
structure of the sample and aid the magnetic analysis.

Since we do not know the original orientations and formation locations of Martian meteorites, only paleointensity
data can be recovered. With samples collected by the Perseverance Rover the orientations are known to high
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accuracy which opens the possibility to measure absolute direction of the paleomagnetic field (Weiss et al., 2025).
PNI can help with this and provide an overview without even removing samples from their casings.

Overall we believe the technique provides many promising opportunities for magnetic imaging of large scale
geological samples. As the technique is still relatively new and as neutron facilities are rapidly improving
(Andersen et al., 2020; Bilheux et al., 2023) the limits of what the technique can achieve are ever expanding in
terms of both spatial resolution and magnetic field sensitivity.

6. Conclusion

In this paper we have successfully reconstructed the 3D magnetic field inside a 10 X 13 X 2 mm? piece of the
Martian meteorite NWA 7034 using polarized neutron tomography. We have identified two significant magnetic
domains and correlated it with regions of high metallic content. The field measured was not a remanent field from
Mars, but more likely stemmed from applied rare earth magnets, however, the technique shown is generally
applicable and shows the possibility of non-destructive 3D imaging of geological samples, which might prove
relevant given the ongoing Perseverance rover mission and the possibility of sample return.
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