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Niagretic Microscopic Imaging with an Optically Pumped Magnetometer and

PubliEhipgGuides
Young Jin Kim,%® Igor Savukov,* Jen-Huang Huang,* ® and Pulak Nath?
P-21, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

By combining an optically pumped magnetometer (OPM) with ux guides (FGs) and by installing a sample
platform on automated translation stages we have implemented an ultra-sensitive FG-OPM scanning magnetic
imaging system that is capable of detecting magnetic elds of 20 pT with spatial resolution better than
300 m (expected to reach 10 pT sensitivity and 100 m spatial resolution with optimized FGs). As a
demonstration of one possible application of the FG-OPM device, we condéicted magnetic imaging of micron-
size magnetic particles. Magnetic imaging of such particles, including_nanc=particles and clusters, is very
important for many elds, especially for medical cancer diagnostics and biophysies applications. For rapid,
precise magnetic imaging, we constructed an automatic scanning system/which holds and moves a target
sample containing magnetic particles at a given stand-o distance fram the.EG tips. We show that the device
was able to produce clear microscopic magnetic images of 10 «m-sizesmagnetic particles. In addition, we
also numerically investigated how the magnetic ux from a gargetsample at a given stand-o distance is

transmitted to the OPM vapor cell.

Many elds, such as neuroscience, biomedical research,
and material science, are in need of high-sensitivity, high-
spatial-resolution magnetometry. In order to meet de-
manding requirements for various applications, we have
recently combined a cm-size spin-exchange relaxations
free (SERF) optically pumped magnetometer (OPM)*?
with high permeability ferrite ux guides (FGs) to real=
ize a simple yet highly competitive approach for magnetic
micro-imaging®. Among various possible applications«f
this approach in neuroscience are the detection‘efa.small
number of neurons to improve understanding theshuman
brain function and to record Magnetoencephalography
signals in small animals, widely used in. neurescience‘re-
search. For example, it can be applied«to~animal nerve
impulses detection*: FG-OPM can be placed at astand-
o distance of a few microns to.nerve samples to im-
prove both sensitivity and spatial reselution. The ca-
pability of microscopic magnetic tmaging will be crucial
for neurosurgery planning, developing diagnostic meth-
ods and treatments, and steying cognitive and percep-
tual responses®. Beyond/neuroseiencé, the FG-OPM ap-
proach can be applied to the detection of nano-particles,
which will be valuable“in many, elds of medicine and
biophysics. Specially, magnetic imaging of tagged nano-
particles to cangérous cells will greatly improve diagnos-
tics and treatment of cancer at an early stage®. In addi-
tion to bio-applications, the approach can be also used for
non-destrugctive testing and authentication of integrated
circuits to upcover gounterfeit parts.

To explare ong speci c aspect for applications via mag-
netic particlesy in this paper we apply the FG-OPM de-
vice to microscopic magnetic imaging of micron-size mag-
nigtie.particles. Our previous work® was focused on the
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b)Current address: Department of Chemical Engineering, National
Tsing Hua University, 101, Sec. 2, Kuang-Fu Rd, Hsinchu 30013,
Taiwan.

proof-ofsprinciple demonstrations with coils, which were
operated atssu- ciently high frequency for easy detection
and-weredimited in size by our ability to construct them
from available wire. Also, the tests of spatial resolution
weke done by manual scanning in one direction. In gen-
eral, the experimental techniques developed in the previ-
ous work were not applicable for imaging DC magnetic
objects such as micro- or nano-particles with good spa-
tial resolution, sensitivity, and measurement speed. First
of all, the sensitivity to DC magnetic elds was quite low
owing to much larger noise in the OPM (1/f noise) and
FGs (domain- uctuation noise). To address this, we in-
troduced a modulation generated by a translation stage
which converts the DC eld signal to a monochromatic
signal of 0.6 Hz. Second, we implemented an auto-
mated 2D surface scanning system to eliminate the need
for long-term manual scanning. Third, we have made tar-
get samples with magnetic micro-particles for more prac-
tical measurement and developed methods for their imag-
ing and analysis. Finally, we performed numerical sim-
ulations that allow relating experimental measurements
to the magnetization and localization of micro-particles
and their magnetization orientation for a given FG tips
con guration and stand-o distance. The modeling is es-
sential for the analysis of the magnetization of a sample
and for prediction of the performance of the device and
its optimization.

The experimental setup for microscopic magnetic
imaging consists of the FG-OPM device (a cm-size QuS-
pin OPM with 3 3 3 mm? Rb vapor cell and FGs with
the 50 m tips gap; the cell is located in the center of the
larger gap of the FGs), magnetic shields, eld and gradi-
ent compensation coils, a 3D position scanning system,
and a sample holder (Fig. 1). In tests with coils, this FG-
OPM achieved the spatial resolution of 250 m (limited
by the tip geometry of the anufactured ferrite FGs®)
and the sensitivgy of 23 pT/ Hz with the OPM oper-
ating at 20 fT/° Hz intrinsic sensitivity at a frequency
larger than its 1/f corner frequency. An automatic scan-
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FIG. 1. (a) Schematic of an experimental setup for micro-
scopic magnetic imaging (not scaled). (b) Photograph of the
FG-OPM device.

ning system is based on a three-axis translation stage
and precision positioning motorized actuators providing
a 2.5 cm travel distance (Thorlabs Z825B). It served to
increase the measurement speed as well as to make the
measurements more precise. The three-axis tranglation
of the scanning system was entirely controlled bysgur
LabView program. The FG-OPM was located inside ‘a
cylindrical ferrite shield with end-caps (18 cm diameter
and 38 cm height) inserted into a two-layer open mu-
metal concentric cylindrical shield (26 cm Mmneg _diame-
ter, 29 cm outer diameter, and 69 cm deight) to remove
the ambient DC eld and magnetic noises, The.residual

elds and linear gradients from the ferrite“shield were
cancelled by three orthogonal coils“and a complete set
of wve rst-order gradient coils“placed inside the shield.
A target magnetic sample, Aattached to/a plastic sam-
ple holder connected to thé scaphing System through a
rigid plastic bar, was located near the/G tips and moved
with respect to the tipS.“<I’he scagning system was lo-
cated outside the mu<megtal shigld to reduce its e ect on
sensitive magnetic 4neasurements. For data acquisition,
a 24-bit analog-to-digital converter (NI PXle-4497) was
employed.

Magnetic particlés of jmicron-size were prepared by
fragmenting and grinding a 1 cm-diameter neodymium
(NdFeB) magnet disk ‘with the surface eld of 0.2 T.
Because neodymium is easily oxidized once the exter-
nal coating of the“magnet is broken and because of me-
chanical shockjy the magnetic particles produced in this
way, weressigni cantly demagnetized "8 as we observed
in‘eurexperiments. Target at samples of mm-size con-
taining home-made micron-size magnetic particles shown
in Fig.".2{4 were shortly magnetized by a \shim-a-ring"
magnet® generating a uniform 0.5 T magnetic eld in or-
der to orient the magnetization of the magnetic particles
along the most sensitive direction of the FG-OPM device
(y-axis in Fig. 1). The FG-OPM automatically mapped

the magnetic eld distribution from the target samples
with the scanning system controlled by our LabView pro-
gram. The scanning protocol generally consisted of ve
steps: (1) one edge of a sample (x =y = 0) was aligned
with the FG tips at the stand-o distance of 50 m
(set by the precision actuator in z-axis); (2) at the start
of the LabView program, the sample were modulated in
the z direction by the z-axis actuator with a modulation
frequency of 0.55 Hz (the maximum frequency achieved
by the actuator) and afmodulation amplitude of 450 m;
(3) rst, the sample‘moved in the y direction at x = 0
with a given step/ “y«to scan and record the magnetic
elds; (4) when the sample reached the maximum y po-
sition, it moved by a.given step X in the x direction,
came back to y =40, and, it was scanned again through
the y diregtion™; (5) ‘when the sample reached both the
maximum X.and-ywpositions, the modulation was halted
and thé-program terminated. In order to nd the start
positign (x =g =*0) we placed a 100 m-diameter thin
wire loop, which generated an AC eld at 10 Hz in the y
direction, right next to the sample’s starting position.

Figure 2(b) shows the magnetic image of a target sam-
ple containing a 22 m-diameter magnetic particle as in-
dicated in Fig. 2(a). yand x were set to 50 m and
100 /m, respectively. The FG-OPM device detected the
modulation signal at 0.55 Hz; amplitude was obtained
from the corresponding peak in the Fast Fourier trans-
form (FFT) spectrum. Because the 1/f corner frequency
of the FG-OPM was measured to be 10 Hz mainly due
to the thermal magnetic noise originating from the FGs?3,
the FG-OPM sensitivity at the modulation frequency de-
creased by a factor of ve. That resulted in the increase of
the measurement time to suppress the background noise:
the data was collected for 20 seconds at each scan posi-
tion, which led to the total measurement time of about
one hour. In the near future, the actuator will be replaced
with a piezo stage to increase the modulation frequency
over the 1/f corner, thereby reducing the measurement
time at each scan position to one second. As shown in
Figure 2(b), the FG-OPM clearly detected the presence
of the magnetic particle. We investigated the spatial res-
olution of the manufactured FGs by tting a Gaussian

c 2
model function, f(y) = a+ ﬁd'%ze 25 where the  t-

ting parameters 1, a, b, and c are respectively the width,
the o set, the area, and the position of the center of a
Gaussian, to the data obtained at x =400 m, in which
the width I = (300 11) m is equivalent to the spatial
resolution. The t results in the 300 m spatial resolu-
tion of FG-OPM which is comparable to the previously
measured value with coils of 250 m3.

We also obtained a microscopic magnetic image of a
target sample containing a 10 m-diameter particle as
shown in Fig. 3(b). For this image, y and Xx were
set to 80 m and 100 m. The magnetic image of the
FG-OPM clearly pinpointed the position of the magnetic
particle. It is known that the magnetic eld B from
dipolar sources of di erent diameters d has the relation
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FIG. 2. (a) Optical microscope image and (b) magnetic image
of a target sample with a 22 m-diameter magnetic particle.
The sample was modulated at the frequency of 0.55 Hz and
the modulation amplitude of 450 m. The magnetic image of
FG-OPM agrees with the optical microscope image.
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FIG. 3. (a) Optical microscope image and
of a target sample with a 10 m-diameter ma
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of B1=B, / d$=d3 where 1 and enote two di erent
sources. Compared to Figdre 2(b), measured mag-
netic eld of the 10 i er particle is about 10
times smaller, which i goo ntitative agreement
with the above relati n (22 0 m)3=10.65. This
estimate of course i d on e assumption that the
tlcles is the same and that the
spherical. Note also that the
v less sensitive to magnetic particle
, S0 our FG-OPM device would
in biological imaging where mag-
masked by other inclusions and by

optical image
than the

;Flg 4(b) shows the magnetic image of
e which contains two 10 m-diameter
m ic particles at di erent locations as indicated in
Fig.4( \y and xwassetat80 mand 120 m. The
device could detect distinct two peaks from the
two particles and clearly nd their locations.

To examine the propagation of magnetic ux from a
micron-size magnetic particle to the OPM vapor cell we
performed 3D numerical simulations using a nite ele-
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icroscope image; however, the visibility
s on the magnetic image is much better

medical |mag|ng with magnetic particles for

e of i
{mpleﬁ)tagged cancer cells.
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\%e: analysis software (COMSOL Multiphysics 4.3). A
stand-o distance from the FG tips, the tips gap, and

e shape of FGs were chosen to closely resemble exper-
imental ones (see the inset in Fig. 5(a)). A magnetized
spherical particle in the sensitive direction of the FG-
OPM was de ned by lling its volume with a uniform
magnetization M of 7:5 10° A/m, which is the typical
value for NdFeB magnets. Because of the demagnetiza-
tion factor N, the internal magnetic eld is somewhat
reduced, Bjnt = (1 N) oM. The numerical calculation
estimated that Byt is 0.6 T, which is in good agreement
with Bjn: analytically calculated with the known value of
N = 1=3 for the spherical shape. The magnitude of the
surface eld at the nearest position to the FG tips was
estimated to be 0.3 T; this surface eld can be used to
obtain the elds at large distances by using a cubic fall
o of a magnetic dipole source.

Figure 5(a) and (b) show numerically calculated mag-
netic elds at the position of the center of the OPM
vapor cell as a function of the stand-o distance, from
22 m-and 10 m-diameter spherical particles, and mag-
netic eld patterns when the particles relocate along
the sensitive direction of FG-OPM with respect to the
center of FGs at the 50 m stand-o distance, respec-
tively. The data was t to the following model of
f(z) = a;=(z + a»)® + a3, where z is the stand-o dis-
tance and a;, az, and ag are free tting parameters. At
the stand-o distance of 50 m, the eld transfer coef-

cients of the FGs, the ratios of the elds measured by
the FG-OPM to the surface elds of the particles, were
estimated to be 3:4 10 8and 2:4 10 °for22 m-and
10 m-diameter particles. That revealed that the sensi-
tivities of the FG-OPM to the surface eldsof22 m-and
10 m-diameter particles at the 50 m stand-o distance
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FIG. 5. (a) Numerically calculated magnetic elds at the
OPM vapor cell as a function of stand-o distance, originated
from magnetized 22 m- and 10 m-diameter spherical par-
ticles. The dashed lines indicate a t to the dipolar sources
( t model:f (z) = a1=(z + a,)® + az). (b) 1D magnetic eld
patterns by moving the particles along the sensitive direction
of FG-OPM with respect to the center of FGs at the 50 m
stand-o distance.

were2:9 10 ' Tand4:1 10 © T assuming an improved
OPM operating at 10 fT intrinsic sensitivity® (note that
in experiments we have signi cant 1/f noise but it can
be removed by increasing the modulation frequency by
using a piezo stage). According to the estimated ‘eld
transfer coe cient, the surface elds on the magnetic
particles in Fig. 2{4 were estimated to be 1 mT{200
times smaller than the initial surface eld of 0.2 T in the
magnet from which the particles were made. NI hesde-
magnetization could be due to oxidation of neodymium
or mechanical shock during the preparation‘ef‘the parti-
cles as discussed above. On the other hand, ifiwescould
maintain the same magnetization in smah,particles as in
the bulk (perhaps by preventing the oxidization of the
sample and assuring that the particlescemains in the sat-
urated state), then by using cubic scaling with the size,
one can conclude that potentially“the FG-OPM should
be able to detect as small particles as*200 nm.

We also performed theé abowve nunierical calculations
with the optimized FGs{(shown in"kig. 5b in Ref. 3) which
improve both the spatial resolution and the sensitivity of
FG-OPM. We found thatithe eld transfer coe cients of
the optimized FG$ at'the'stand-o distance of 50 m were
4:3 10 8and@1 10 ®4gr22 m-and 10 m-diameter
particles, which“gesults in calculated sensitivity of the
FG-OPM tg the particle§of 2:4 10 “"Tand3:2 10 6 T.
In addition, we numerically investigated the dependence
of the eld transferfcoe cient on the FG tips gap. We
found| that the“eee cient of both manufactured (used
in thelexperiment) and optimized (proposed for future
improvement)<FGs at the tips gap lower than 100 m
is held“constant in the optimal value while it drastically
drops, 10 times at the zero tips gap (i.e., the FG tips
touch):

Since the home-made magnetic particles are not per-
fectly spherical in shape, we also numerically investigated
a disk-shaped particle with M of 7:5 10° A/m. The in-
ternal and surface elds of disk-shaped particle depend

on the particle’s diameter-to-height ratio (DHR): the in-
ternal eld at the center exponentially increases with
DHR while the surface eld exponentially decreases. For
example, at DHR of 2 and 10, the internal elds were
estimated to be 0.75 T and 0.90 T which correspond
to N of 0.204 and 0.045 while the surface elds were
0.18 T and 0.05 T. Thus some decrease in the surface

eld of the home-made magnetic particles to 1 mT level,
stated above, could be also attributed to the particle’s

at shape. These results are valid for any diameters.
In case of a disk-shdped“particle with a DHR of 2 and
a diameter of 22 4m<the eld transfer coe cient at the
50 mstand-o distancé was estimated to be 4:75 10 8.

This scanning FG"@PM magnetic imaging system can
be also employed ‘te deteet magnetic impurities on a ma-
terial of interest. Sinee most high-precision experiments
to test fundamental symmetries such as the search for
the permanentielectric dipole moment (EDM) of ele-
mentary partigles®®11 and exotic spin-dependent interac-
tions'?‘are aiming to detect minute magnetic elds as the
physical observable, magnetic impurities on their exper-
imental systems can be a dominant source of systematic
g ects, For example, in case of the recently proposed
neutron EDM experiment®13, to be conducted at the
spallation neutron source at Oak Ridge National Labo-
ratory, the known systematic e ects are caused by mag-
netic eld non-uniformities in the measurement cells'®.
Hence magnetic impurities (mainly iron particles) buried
in the material of measurement cells will create magnetic
gradient inside the measurement cells which mimics an
EDM. The high-sensitivity magnetic microscopic imaging
of the material will be critically important to success of
the EDM experiment by detecting magnetic impurities,
thereby removing magnetic gradients.
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