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MEMS Components for NMR Atomic Sensors
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Abstract— This paper introduces a batch fabrication method
to manufacture micro-electromechanical system (MEMS) compo-
nents for nuclear magnetic resonance (NMR) atomic sensors, such
as NMR gyroscope (NMRG) and NMR magnetometer (NMRM).
The components presented are: 1) micro-coils generating the
magnetic field with the magnetic field homogeneity of H = 354
ppm; 2) spherical micro-fabricated atomic cells confining alkali
metal and noble gases; 3) micro-heaters keeping the alkali metal
in a vapor state while minimizing residual magnetic fields; and
4) origamilike silicon structures with integrated optical reflectors
preserving 90.9% of the light polarization. The introduced
design utilized a glassblowing process, origamilike folding, and a
more traditional MEMS fabrication. We presented an analytical
model of imperfections, including errors associated with micro-
fabrication of MEMS components. In light of the developed error
model, phenomenological dynamic model describing NMR sen-
sors, and experimental evaluation of components, we predicted
the effect of errors on performance of NMRG and NMRM.
We concluded that with a realistic design, a 5-mrad angular
misalignment between coils and folded mirrors, and a 100-µm
linear misalignment between folded coils, it would be feasible to
achieve an NMRG with ARW 0.1 deg/rt-hr and an NMRM with
sensitivity on the order of 10 fT/rt-Hz. [2018-0169]

Index Terms— Atomic sensors, microfabrication, nuclear mag-
netic resonance (NMR), NMR gyroscopes, NMR magnetometers.

I. INTRODUCTION

ATOMIC sensors can deliver a precise measurement of
physical quantities such as time, magnetic field, and

rotation by utilizing a cloud of conditioned atoms [2]. For
example, in table-top setups, an atomic magnetometer can
measure magnetic fields with a sensitivity of 1 f T/

√
H z [3],

and an atomic gyroscope can measure rotation with an
Angle Random Walk (ARW) of 0.002 deg/

√
hr [4]. The

emerging applications that demand low-cost chip-scale atomic
sensors [5], [6] have started a trend in the early 2000s
on miniaturization of atomic sensors and their components.
The advancements in miniaturized cell fabrication [7]–[10],
and Vertical Cavity Surface Emitting Lasers (VCSELs) [11],
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encouraged developments towards miniaturization of atomic
clocks [12], atomic magnetometers (NMRMs) [13]–[15], and
atomic gyroscopes (NMRGs) [15]–[17].

The process of conditioning atoms for atomic sensors (such
as NMRM and NMRG) consists of multiple steps. The first
step is to confine the atomic cloud in a container, i.e., a vapor
cell. The next step is to heat the cell, which is necessarily to
vaporize the alkali metal and to increase the vapor pressure,
which would effectively increase the signal-to-noise ratio of
measurement. This is followed by aligning the atomic spins
of nuclei by applying a precise static and oscillating magnetic
fields via electromagnetic coils. The next step is to optically
polarize the spins using a laser source, assuring that their
magnetic moments are aligned forming a net magnetization
vector. Lastly, in the case of NMRG, the sensor is encapsulated
using a µ-metal shield to preserve this conditioning during
sensor operation. In the case of NMRM, no magnetic shield
would be typically used.

The utilization of Micro-ElectroMechanical Systems
(MEMS) techniques accelerated the advancement of
miniaturization of atomic cells [18]–[20]. However,
MEMS techniques have not been adopted widely for
other essential components of atomic sensors, such as multi-
axis magnetic field coils, cell heaters, and optical components.
In previous studies [15], [21], multi-axes coils and cell heaters
were realized through flexible printed circuit boards technique.
Individually machined optical apparatus, such as lenses and
light reflectors, were assembled to route the light in-and-out of
the cell [21], [22]. One obvious limitation of such techniques
is that the components were picked and placed individually,
which made the assembly process inefficient and devices
bulky. MEMS techniques offer an approach to address this
limitation by utilizing a lithography driven batch fabrication.

In our previous work [1], we introduced a miniaturization
method based on the micro-fabrication of NMR components
on a wafer-level, as a potential approach for size, weight,
power, and cost (SWaP+C) reduction. Our method combines
micro glassblowing technology for fabrication of miniaturized
atomic cells [18], and a 3-D folded MEMS structures [23], for
fabrication of magnetic coils, interconnects, silicon backbones,
and light reflectors. However, miniaturization comes with a
cost of imperfections. In this work, we discuss and analyze
the contribution of errors introduced by each component on
the overall performance of NMR atomic sensors. We then
demonstrate that MEMS-based implementation is a potential
candidate for precision sensing.

This paper is structured as follows. In Section II,
we described the principle of operation and listed the essen-
tial building blocks of atomic sensors. Then, in Section III,
we introduced a set of phenomenological equations that
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Fig. 1. Principle of operation of Nuclear Magnetic Resonance Gyroscopes and Magnetometers, (a) due to optical pumping and spin exchange, the atoms are
precessing around the applied field and are aligned, resulting in a net magnetization vector in the z-direction, (b) the applied oscillating field B1 synchronizes
the atoms’ spins in phase, so that the magnetization vector is precessing around B0 with a frequency ωL , (c) a frequency shift is observed after applying the
rotation rate ωR (in case of gyroscope) or after applying a variable external magnetic field (in case of magnetometer). The illustration is adopted from [24].

described the ideal dynamics of spin-polarized devices.
In Section IV, we present our suggested miniaturized imple-
mentation of NMRG and NMRM using the micro-fabrication
techniques. Section V presents an analytical model supported
with experimental evaluation of sources of the fabrication
imperfection. Finally, Section VI talks about the projection
of assembly errors on the device performance based on the
developed model. Section VII concludes the paper and gives an
outlook on the development of MEMS-based atomic sensors.

II. ESSENTIAL BUILDING BLOCKS

In this section, the principle of operation of the
NMR-based sensors is briefly explained, followed by an
overview of the essential building blocks required for real-
ization of such systems.

A. Principle of Operation

The configuration for NMR gyroscopes and magnetometers
is designed to detect a response of a cloud of alkali metal
(for example, Rb) vapor and a noble gas (for example, Xe)
to rotation or a magnetic field. It should be noted that other
alkali metals and noble gases can be used, for example K
and He. The cloud of atoms is conditioned and interrogated
electromagnetically and optically to detect the phenomenon of
interest (rotation or magnetic field). When Xe atoms are in an
applied magnetic field B0 along the z-axis, Fig. 1, they develop
a precessing motion around the axis of the applied field with
a certain angular frequency (Larmor frequency), such that

ωobs = ωL = γ B0, (1)

where γ is the gyromagnetic ratio, which is a unique value
for each atomic species. For example, for 129Xe atoms γ =
11.86 Hz/µT [25]. A spin-exchange optical pumping process
is used to align Xe atoms, Fig. 1-(a) [26]. In this process,
a circularly polarized light beam polarizes (pumps) the
Rb atoms. Circularly polarized light is fundamental for the
optical pumping process because it has angular momentum

which can change the quantum state of the outer electrons
of the Rb atoms to reach the pumped state (mF = −2 or
mF = 2 by the right or left handed polarized light, respec-
tively) [24]. Then, direct collisions and formation of Van Dar
Waals molecules (spin exchange) transfer the polarization from
Rb atoms to Xe atoms. This process adds up the magnetic
moments of Xe atoms to form a net magnetization vector.
An applied oscillating field B1 at Larmor frequency along the
x-axis synchronizes the atoms in phase, so that the effective
magnetization vector precesses around the B0 magnetic field
with a frequency ωL , Fig. 1-(b).

For the NMR gyroscope, when a rotation rate ωR is applied
to the whole system, the new observed frequency of the
magnetization vector precession becomes

ω′
obs = ωL ± ωR (2)

This phenomenon is illustrated in Fig. 1-(c).
The behavior of the Xe magnetization vector is transferred

to the ensemble of Rb atoms through the same process of
spin exchange. Subsequently, the Rb atoms are detected via
a linearly polarized light. The rotational rate can be then
extracted from the frequency measurements.

The principle of operation for NMR magnetometer is similar
to that of the NMR gyroscope. However, instead of detecting
the applied rotational rate ωR , NMR magnetometers detect
the changes in the magnetic field along the z-axis, Fig. 1. The
observed frequency of the magnetization vector becomes

ω′
obs = γ (B0 ± δBz) (3)

B. Basic Components

Fig. 2 shows a diagram of the components required for
NMR sensors. The atomic vapor cell is in the heart of the
NMR sensors and encloses the noble gas and the alkali metal
atoms. Alkali metals are usually in a solid-state at the room
temperature and a cell heater is needed to raise temperature
in order to vaporize the metal. Vaporization leads to increase
in the alkali vapor density. Multi-axis magnetic field coils
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Fig. 2. Functional elements of Nuclear magnetic resonance gyroscope.

are needed to apply the static magnetic field B0 along one
axis, the oscillating field B1 along a perpendicular axis, and
an additional field along the third axis might be needed to
cancel any residual fields inside the cell. Light sources and
photo-detectors are needed for pumping and detecting the
precessing alkali atoms. Optics, such as mirrors, lenses, and
linear and circular polarizers are required to collimate the light,
ensuring a proper polarization of the beams (circular and linear
polarization for the pump and probe beams, respectively).
NMR sensors are sensitive to small magnetic fields, on the
order of nano-Tesla. Knowing that the surrounding fields,
such as the Earth’s magnetic field, can be 3 to 4 orders of
magnitudes larger, an NMRG requires a magnetic shield to
eliminate those ambient fields. In the case of NMRM no
magnetic shield would be typically used. Finally, a set of
control electronics that controls the fields and extracts the
precession of the magnetization vector from the photo-detector
signal is necessary [27].

III. PHENOMENOLOGICAL DESCRIPTION

In this section, we introduce a phenomenological mathemat-
ical model of NMR sensors. The change of the magnetization
vector in an applied magnetic field was described by the
mathematical model developed by Bloch [28] 1946. Under
the assumptions of an applied static magnetic field B0 on the
z-axis, an oscillating magnetic field Bx = B1 cos(ωat) is
applied along the x-axis and By = ∓ B1 sin(ωat) is applied
along the y-axis. Assuming that the input rotation is small,
the analytical solution is found to be,

u = M0
γ B1T 2

2 $ω

1 + (T2$ω)2 + (γ B1)2T1T2
, (4)

v = M0
γ B1T2

1 + (T2$ω)2 + (γ B1)2T1T2
, (5)

Mz = M0
1 + (T2$ω)2

1 + (T2$ω)2 + (γ B1)2T1T2
, (6)

where $ω = (γ B0 − ωa) − ωR is a mismatch between
the applied oscillating field and the Larmor frequency of the
atoms ωL = γ B0, T1 and T2 are the longitudinal and trans-
verse relaxation time constants, respectively, and (u, v) are

Fig. 3. Typical response of equations (4) and (5), showing the absorption
(v-mode) and dispersion (u-mode).

Fig. 4. An implementation of NMR atomic sensors.

the magnetization vector components projected on a rotating
coordinate system that rotates around the z-axis. The compo-
nent u will rotate in phase with B1, while v will rotate in
quadrature with B1. Derivation of equations (4), (5) and (6)
can be found in [28].

If we set the oscillating field frequency exactly at the
Larmor frequency, then the rotational rate ωR can be extracted
from either the absorption mode (v) or the dispersion
mode (u). A typical normalized response described by equa-
tions (4) and (5) is shown in Fig. 3, where it can be noted
that the dispersion mode is more suitable to distinguish the
direction of rotation.

IV. MINIATURIZATION

In this section, we introduce our implementation of NMR
sensors. We start with explaining the approach of combining
the 3-D folded MEMS and a micro-glass blowing techniques.
Next, we introduce the fabrication processes of each compo-
nent and demonstrate fabricated prototypes. Our miniaturized
implementation of NMR atomic sensors is sketched in Fig. 4.
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Fig. 5. Conceptual drawing of the folded micro-NMRG. (a) Double-folded structure and coils fabricated on a flat wafer, (b) Initial folding of backbone
structure with co-fabricated mirrors, (c) Assembly of glassblown micro cell, (d) Coils are folded, (e) VCSELs and photo-detectors are assembled, (f) Backbone
structure is fully folded, (g) The sensor is placed inside magnetic shields (a cross-section view of the shields).

The atomic cell is a glassblown micro-sphere filled with
Rb, Xe, and a buffer gas, for example N2 and Ne, positioned
on top of a cell heater and surrounded by two orthogonal
pairs of Helmholtz coils. This assembly is encapsulated by
a foldable backbone structure that houses 2 VCSEL’s and
2 photo-detectors, all connected by through-wafer-vias to the
outer-side of the backbone structure. Four 45◦ reflectors are
included in the design of the backbone structure that route
the light beams from VCSEL’s through the cell to the photo-
detectors. A 4-layer µ-metal shield protects the sensor form
surrounding magnetic interferences (not shown).

Our approach starts with fabrication of a backbone, which
is a double-folded structure with integrated reflectors and
Helmholtz coils on a flat silicon wafer, Fig. 5-(a). Then,
the metallic reflectors are folded, and subsequently the coils
are assembled in the middle of the backbone structure,
Fig. 5-(b). Next, the atomic cell is assembled in the middle
of the folded Helmholtz coils, Fig. 5-(c). After folding the
coils, two Vertical Cavity Surface Emitting Lasers (VCSEL)
and two photo-detectors are assembled, Fig. 5-(d, e). The
backbone structure is finally folded and placed inside multi-
layer magnetic shields, Fig. 5-(f, g). The fabrication process
and the design descriptions for each of these components are
discussed next.

The assembly of the folded coil and the glassblown cell in
the middle of the folded structure is achieved via pick and
place technique. Several alternative folding approaches were
also explored, including a self-assembly triggered either by
light, magnetic field, or resistive heating actuation of shape
memory polymers [29]–[31]. However, due to compatibility
issues of those polymers with our wafer-level process and the
sensor operation, we adopted a guided assembly technique
using a folding mold, Fig. 6. This folding method is com-
patible with a wafer-level assembly process.

Fig. 6. Sketch of the guided assembly process of the folded Helmholtz coils
using a pre-defined mold, insert: a picture of a coil’s sample inside a folding
mold prototype created using 3D printing.

A. Folded Helmholtz Coils and Integrated Cell Heater

The fabrication process of the folded coils with inte-
grated cell heater starts with a 500µm silicon wafer coated
with 3000Å of LPCVD silicon nitride, Fig. 7-(a). The first
metal layer of the cell heater was defined by evaporat-
ing 500/5000Å Cr/Au, followed by photo-lithography and
wet metal etching using Cr TFE and Au GE8110 etchants
from Transene Company for etching Cr and Au respectively,
Fig. 7-(b). Note that a lift-off process can be used at this step.
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Fig. 7. Fabrication process of the folded Helmholtz coils.

Next, a 14µm parylene film was deposited on top of metal-1,
and subsequently etched using reactive ion etching (RIE) with
a 1000Å Ti film as the hard mask, forming the flexible hinges,
Fig. 7-(c) [32]. Metal-2 was an evaporated and patterned
500/2500Å Cr/Au layer to form the Helmholtz coil traces,
as shown in Fig. 7-(d). Finally, the coils and hinges were
defined using photo-lithography, followed by RIE-DRIE-RIE
etching sequence of the Si3N4-Si-Si3N4 layers, respectively,
starting from the backside of the wafer, Fig. 7-(e).

The generated field by an ideal Helmholtz coil at the center
of the coil along the axis is a superposition of the field
generated by two current loops separated by a distance equal
to the radius of a single loop [33],

Bz = µ0 N I R2

2
[
(z − R/2)2 + R2

]3/2 + µ0 N I R2

2
[
(z + R/2)2 + R2

]3/2 ,

(7)

where µ0 is the air permeability, N is the number of turns, R
is the coil’s radius. The field homogeneity is defined as

ηBz(ppm) = $Bz

B0
× 106, (8)

where $Bz is the difference between the field maximum and
minimum across the cell, B0 is the field value at the center of
the coil.

The trade-offs in the coil’s design are the size and homo-
geneity, both can be determined by the radius of the coil
according to equations (7) and (8). The field homogeneity
improves as the coil’s radius increases relative to the cell.
However, for a 1mm cell a coil of radius above 5mm does
not provide a significant improvement in the magnetic field
homogeneity, but increases volume of the coil [33]. For
example, homogeneity of an ideal Helmholtz coil with the
radii of 3mm, 5mm, and 6mm across 1mm cell would be
around 860ppm, 113ppm, and 55ppm, respectively. A coil of
radius of 4.2mm was chosen for our design.

The heater design utilized a multi-pole current carrying
conductors with (+ − − + − + + −) configuration, illustrated
in Fig. 8. This created a 23 poles magnetic moment that
resulted in a suppressed magnetic field from the heating
current [34]. In addition to using a magnetic field suppressing

Fig. 8. Heater layout illustrating the (+−−+−++−) configuration. Sign
convention, (+) is for counter clockwise and (−) for clockwise flow of current
in the heater traces.

Fig. 9. Fabricated sample of the folded Helmholtz coils: in the flat state
(left), and in the folded state (right).

heater layout, a modulated heater current with a frequency
of 100kHz was utilized (the frequency was intentionally
selected far away from Xe resonance frequencies of ∼100Hz
to reduce an interference with Xe precession). The heater
was placed 4.2mm below the cell and a thermally conductive
micro-pedestal made from silicon was used to interface the cell
to the heater. This distance was chosen to ensure placement
of the cell at the center of symmetry coils and placement of
the heater at the base of the coils, Fig. 4-(2).

B. Glassblown Atomic Vapor Cell

Our approach utilizes a glassblowing process for manu-
facturing spherical micro-cells [18]. A perceived advantage
of spherical cells is their 3-axes symmetry and ability to
have two or more optical ports, which is required for NMRG
and NMRM operation. The presented process allows filling,
with alkali metal, noble gas, and buffer gas, multiple cells at
the same time providing a control over the Rb gas pressure
inside the cell, regardless of the cell size. The process started
with the DRIE etching of 750µm-deep cavities in a 1mm-
thick Si-wafer, Fig. 10-(a). The first anodic bonding of a
500µm-thick Pyrex-wafer to the Si-wafer sealed the cavities
at atmospheric pressure. After placing the wafer-stack in a
furnace at ∼850◦C for 5-7 minutes, spherically shaped glass
shells were formed [18], Fig. 10-(b). At the next step of the
process the backside of Si was opened and ∼250µm-deep
micro-channels were defined by DRIE; the micro-channels
after this step are shown in Fig. 10-(c). The second anodic
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Fig. 10. Description of the process flow: (a) Sealing cavities in Si by anodic
bonding of glass wafer to etched Si wafer, (b) glassblowing of cells, (c) Filling
with alkali, noble gas, and buffer gas, (d) Closing channels between dispensing
and satellite cells, followed by dicing.

bonding took place after alkali pills were placed in the central
cell (alkali pills are Rb dispensers supplied by SAES getters).
The cells are subsequently transferred and anodically bonded
in a chamber with a noble gas and a buffer gas at a pressure
of 410 Torr (Xe: 65 torr, Ne: 45 Torr, and N2: 300 Torr).
After the bonding process was completed, each pill was
activated by focusing a 1-1.5W laser for 2 minutes, which
released the alkali vapor to the satellite cells, [35], Fig. 10-(c).
After dispensing, the channels and the cells were sealed,
Fig. 10-(d). This was accomplished by localized heating of the
glass layer with a laser, which sucked-in the softened glass in
the below-atmospheric-pressure channels and cells. The glass
cooling permanently sealed the channels and plugged the cells’
post, isolating the cells and assuring a necessary level of cell
sphericity. Finally, a pulsed laser was used to dice cells across
the sealed channels.

The design parameters that control the glass blown cell’s
volume are the radius and depth of the etched Si cavities
(cylindrical cavities are preferred for axissymmetric cells). The
hight hg and the inner radius of the cell rg , shown in Fig. 11,

Fig. 11. Sketch of a cross section view of the glassblown cell.

are given by equations (9) and (10), respectively [36]

hg =

[(
3Vg +

√
r6

oπ
2 + 9V 2

g

)
π2

]2/3

− r2
oπ

2

π

[(
3Vg +

√
r6

oπ
2 + 9V 2

g

)
π2

]1/3 (9)

rg =
h2

g + r2
o

2hg
(10)

where Vg is the inner volume of the cell equal to
heπr2

o (T f /Ts − 1), T f and Ts are the glass blowing furnace
and the cavity sealing temperatures in Kelvins, r0 is the radius
of the etched cavity, he is the etched cavity depth [36].

An experimental validation of this process showing the
Rb absorption curve was presented in our previous work [1].

C. Folded Structure

The backbone of folded NMR sensors was fabricated using
a process similar to the one used for coils, but with only one
metal layer. The process is implemented on a 4-inch silicon
wafer, but can be adopted for larger sizes. Flexible parylene
hinges were defined on one side of the wafer, a metal layer
of 500/5000Å Cr/Au was evaporated and patterned to form the
metal reflectors on the other side of the wafer. The fabricated
prototype of the double folded structure is shown in Fig. 12,
with one of the two optical paths illustrated.

The folded structure is the backbone of the sensor and the
light reflectors integrated within. The design consideration is
to provide four 45◦ reflectors in a compact design that route
the pump and probe beams in and out of the cell. The angle
of each reflector is determined by three panels that construct
each side wall of the folded structure, the required relative
angles between the panels to achieve 45◦ reflectors are listed
in Table I. The reflector panel was designed to be 8×6mm to
provide a mechanical support of the side wall and to ensure a
large enough area for beam routing.

V. MODELING AND EXPERIMENTAL EVALUATION

In this section, we introduce our analytical model for errors
associated with 3D folding process, such as misalignment of



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

NOOR AND SHKEL: MEMS COMPONENTS FOR NMR ATOMIC SENSORS 7

Fig. 12. Fabricated folded structure with 45◦ metallic reflectors. Only one
optical path is shown.

components after folding and reinforcement against shock,
vibration or thermal expansion. The analytical model was
evaluated by experimental validation of each component. The
fabrication process utilized lithography-based machining accu-
racy to define dimensions of the micro-components in 2-D.
However, folding those components into a 3-D configuration
introduced assembly errors. The considered components in this
analysis were the folded Helmholtz coils and the double-folded
backbone structure.

In calculating homogeneity, the volume of interest was a
1mm diameter glass blown cell placed at the center of the
two coils.

A. Folded Helmholtz Coil

1) Analytical Model: An Ideal Helmholtz coil consists of
two identical current loops separated by a distance equal to
the radius of each loop. Assuming there are two current loops
perpendicular to the z-axis, with radius rcoil and their centers
at locations of (0, 0,−rcoil/2) and (0, 0, rcoil/2). The field
generated by this Helmholtz coil at any point (x,y,z) can be
calculated using the Biot-Savart law as

B⃗H H (x, y, z) = B⃗1(x, y, z + rcoil/2)

+ B⃗2(x, y, z − rcoil/2), (11)

A model developed in [37] was adopted here to study the level
of accuracy required for the folding process.

Misalignment errors in the structure are either due to
the angular or linear shift of one current loop with respect
to the other. To simplify the model, we assumed that the
total misalignment is a superposition of angular and linear
misalignments by each loop of the coil.

There are two angles of misalignment, as shown by the loop
on the left of Fig. 13: αz is the angle of the loop with the
y-axis and βz is the angle with the x-axis. The loop’s field
due to the angular misalignments is

B⃗1 = B⃗(u − u0, v − v0, w − w0), (12)

where (̂u, v̂, ŵ) is a rotated coordinate frame and is related to
the main frame (̂x, ŷ, ẑ) as

⎡

⎣
û
v̂
ŵ

⎤

⎦ =
[
Tz(αz,βz)

]
×

⎡

⎣
x̂
ŷ
ẑ

⎤

⎦, (13)

Fig. 13. Sketch of angularly (left) and linearly (right) misaligned coils,
(original location of the coils is illustrated with dashed lines and gray color).

where Tz is the rotation matrix [37], and is defined as
⎡

⎣
− cosβz − sin αz cosαz sin βz cos2 αz sin βx

0 cosαz sin αz
cosαz sin βz − sin αz cosβz cosαz cosβz

⎤

⎦,

(14)

where (u0, v0, w0) is the center of the first loop projected on
the rotated frame (̂u, v̂ , ŵ) and is defined as

⎡

⎣
u0
v0
w0

⎤

⎦ = [
Tz(αz,βz)

] ×
⎡

⎣
0
0

−rcoil/2

⎤

⎦ (15)

Assuming the second current loop is linearly shifted and its
center is at C ′

2(x0, y0, z0), as shown by the loop on the right
in Fig. 13. The generated field by the loop is then

B⃗2 = B⃗(x − rcoil)z sinψz, y − rcoil)z cosψz,

z − rcoil Dz − rcoil/2), (16)

where Dz is a normalized mismatch in the z-direction,
)z and ψz are the shifts of coil’s center C ′

2 along the y- and
x-directions. In polar coordinates, the corresponding parame-
ters can be defined as

Dz = z0/rcoil (17)

)z = 1
rcoil

√
y2

0 + x2
0 (18)

ψz = cos−1 y0√
y2

0 + x2
0

(19)

From equations (12) and (16), the magnetic field of the
misaligned Helmholtz coil becomes

B⃗H H (x, y, z) = Gz × B⃗1 + B⃗2, (20)

where Gz is the transpose of Tz , which projects the field back
to the main frame (̂x, ŷ, ẑ).

The homogeneity of the magnetic field along the z-direction
is defined by equation (8).
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Fig. 14. Analytical modeling of folded Helmholtz coils’ homogeneity as a
function of the linear shift in the axial (circular markers) and radial (square
markers) directions.

Fig. 15. Analytical modeling of folded Helmholtz coils’ homogeneity as a
function of the angular misalignment along the x and y axes.

The linear misalignment in the range from 0 to 1mm shows
that the axial shift (along the z-axis) has a larger impact on
the homogeneity than the radial shift (along the x- and y-axis),
Fig. 14. The angular shifts αz and βz , on the other hand, show
an identical effect on the field homogeneity in the z-direction,
Fig. 15.

Folded coils are defined by the locking slots at the bottom
side and a locking latch at the top side, visible in Fig. 4 and
Fig. 9. These components are typically defined with a few
microns of tolerance. The folding is accomplished using a pre-
defined mold for guided assembly, Fig. 6. However, etching
through a 500µm wafer introduces fabrication imperfections
which could be up to 20µm. This translates to 5 mrad angular
misalignment or 20µm linear misalignment.

2) Projection of Imperfections to Performance: The reso-
nance line width of Rb atoms in equations (4) and (5) is
determined by the transverse relaxation time T2, and they are
related as [24],

$ω = 1
T2

(21)

Optical pumping, spin exchange, spin destruction, and wall
collisions are all the factors that contribute to broadening
the resonance line [38]. In addition, the field gradient inside
the cell causes the Rb atoms to precess at different frequen-
cies, which contribute to further broadening of the resonance
line [24]. By lumping all factors, except for the field gradient,
and calling it $ωsetup, we can write the measured resonance
line width $ωm as

$ωm = $ωsetup +$ωgradient (22)

Fig. 16. Normalized absorption and dispersion curves (experimentally
measured) of both the folded coil sample (solid red) and the reference coil
(dashed blue).

Now that the $ωgradient is known, equation (21) gives the
relaxation time associated with the field gradient. The field
gradient is then defined as

$Bz = 1
πγ T2,gradient

(23)

3) Experimental Results: The experimental evaluation of
this model was performed using a folded coil sample with
the radius Rcoil = 3mm and a 2mm cubic cell. The sample
was hand-folded which resulted in an angular, radial, and axial
misalignments measured optically to be 5.2◦, 0.87mm, and
0.6mm, respectively. The folded sample was placed inside a
4-layer magnetic shield with integrated 3 axes magnetic field
coils (reference coils). The main field B0 = 4.7 µT was
applied along the z-axis, that is the pump beam axis, and an
RF field was applied along the y-axis, which is the probe beam
axis. The RF was swept from 15 kHz to 28 kHz to generate
the Rb absorption and dispersion resonance lines.

First, the main field was applied using the reference coil
to calculate $ωsetup in equation (22), then repeated using
the folded coil sample to estimate $ωgradient . Fig. 16 shows
the normalized experimental curves for both cases. It was
found that the broadening due to the field gradient was
around 846Hz, which corresponded to the field non-
homogeneity of ηBz(exp) = 38585 ppm, according to
equation (8), (21) and (23). The analytically estimated mag-
netic field non-homogeneity was derived to be ηBz(model) =
37337 ppm, which is in a close agreement to what was
measured experimentally. This result correlates to the optimal
case with Rcoil = 4.2mm, N=5 turns, 1 mm cell. For the
optimal case, we estimated non-homogeneity to be on the level
of 345ppm.

B. Folded Backbone Structure

1) Analytical Model: The folded structure’s panels
in Fig. 17 are fabricated on the wafer-level (flat), then
subsequently folded into 3D configuration. The folding
procedure is performed by rotating panel 1 with respect to the
base, panel 2 with respect to panel 1, and panel 3 with respect
to panel 2, by utilizing three hinges marked as H1, H2, and
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Fig. 17. Cross sectional view of Folded Structure (only the base panel and
one side of the folded structure are shown for clarity).

TABLE I

ROTATION OF THE NORMAL VECTORS OF THE FOLDED STRUCTURE
PANELS RELATIVE TO THE ADJACENT PANEL

H3 in Fig. 17. The rotation of each panel can be modeled
using three Euler’s angles (ψ: about the z-axis, θ : about
the y-axis and, φ: about the x-axis). The orientations of
the normal vectors of each panel are calculated using the
directional cosine matrix (DCM) in equation (24).
⎡

⎢⎢⎢⎢⎣

cos θ cosψ − cosφ sinψ sin φ sinψ
+ sin φ sin θ cosψ + cosφ sin θ cosψ

cos θ sinψ cosφ cosψ − sin φ cosψ
+ sin φ sin θ sinψ + cosφ sin θ cosψ

− sin θ sin φ cos θ cosφ cos θ

⎤

⎥⎥⎥⎥⎦
,

(24)

To achieve 45◦ mirrors for the current design, the angles of
panels relative to each other are summarized in Table I.

The normal unit vector to the base panel is defined as
v⃗B = [0 1 0]′. Thus, the normal unit vectors to the other
corresponding panels are defined as

v⃗1 = [DC MB,1]v⃗B, (25)

v⃗2 = [DC M1,2]v⃗1, (26)

v⃗3 = [DC M2,3]v⃗2, (27)

where [DC Mi, j ] is the directional cosine matrix that describes
the j th panel rotation relative to the i th panel. The normal
unit vector to the mirror is v⃗m = −v⃗3 and the unit vector of
the incident ray is v⃗ I = v⃗B . The reflected ray’s unit vector
becomes

v⃗R = [DC MI,R ]v⃗ I , (28)

where the Euler’s angles for the [DC MI,R ] are (ψI,R = π −
2(π − β), θI,R = 0 and, φI,R = π/2 − γ ). β and γ are the
angles made by the mirror’s unit vector and the y- and z-axis
respectively, Fig. 17.

Latches on the sidewalls (panels) of the folded structure
ensure the proper alignment of the structure’s parts with
respect to each other. Similar to the folding process of

coils, a predefined mold would be used for folding and
permanent enforcement. Since the NMR sensors operation
requires heating the cell, a potential misalignment might occur
due to thermal expansion of the enforcement material. Our
study of different enforcement materials on similar structures
concluded that the effect of enforcement material’s thermal
expansion is inversely proportional to the size of the folded
structure [39].

For example, the coefficient of thermal expansion (CTE) of
an AuSn alloy is 16 PPM/◦C, a 100◦C temperature difference
would result in 0.16% volume expansion of the enforcement
material. Since the hinge volume is 2mm3, and assuming there
is 20% more alloy on one of the hinges between the base and
panel 1, the excess would result in 6.3mrad misalignment of
panel 1 relative to the base panel, which is translated to 50µm
misalignment of the beam with respect to the cell, according
to equations (25)-(28).

2) Projection of Imperfections to Performance: Displace-
ment of the pump beam would result in reduction of the
pumping rate, which would reduce the number of polarized
Rb atoms. Misalignment of the probe, on the other hand,
reduces the number of interrogated atoms. Both scenarios
result in a drop of the signal-to-noise ratio (SNR). Since the
used beams for pumping and probing are Gaussian beams,
the drop in SNR is expected to follow the Gaussian function:

y = ae−x2/2c2
, (29)

where y is the SNR of the magnetometer, a is the SNR value
in the perfectly aligned state, x is the displacement of the beam
relative to the cell, c is the width of the Gaussian curve which
determines the relation between the SNR decay and the beam
displacement.

3) Experimental Results: To verify experimentally the effect
of reflector misalignment with respect to the cell, a sample
reflector of the folded structure was placed on a 6-axis optical
mount and its angle was controlled to create a displacement
of the light beams (pump and probe) relative to a 2mm cell.
Fig. 18 illustrates the experimental setup. Fig. 19 shows the
relationship of the normalized magnetometer’s sensitivity to
displacement of the beam. As predicted by the model, the drop
in the magnetometer sensitivity follows the Gaussian function.
We found that SNR is more sensitive to the probe beam
displacement than to the pump beam. This is explained by
the optical power on the pump beam to be higher than the
probe beam.

VI. PREDICTION OF PERFORMANCE

As discussed in previous sections, the folding error can be
either due to the folded coils, which affects the relaxation
time T2 of Xe atoms, or due to the folded structure, which
affects the Signal-to-Noise Ratio (SNR) of the electron para-
magnetic resonance (EPR) magnetometer [40].

Assuming a closed loop system with the white noise limiting
the photo-detector, the Angle Random Walk (ARW) of the
NMRG is predicted by the relatio [41],

ARW = 3600
T2 × SN R

√
$ f

[◦/
√

hr ], (30)
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Fig. 18. Sketch illustrating the experimental setup used for measuring the
effect of pump beam displacement relative to the cell on the magnetometer
sensitivity.

Fig. 19. Normalized Magnetometer Sensitivity (experimentally measured)
vs beams displacement relative to the cell (pump: triangles, probe: circles).

Fig. 20. Partially folded NMR sensor prototype showing all components of
the system.

where T2 is the transverse relaxation time, SNR is the signal
to noise ratio, $ f is the bandwidth of the phase noise in Hz.

On the other hand, the fundamental sensitivity limit of the
NMRM is related to two factors, EPR magnetometer SNR and

Fig. 21. NMRG ARW as a function of SNR and coils’ angular misalignment.

Fig. 22. NMRM sensitivity as a function of SNR and coils’ angular
misalignment.

Xe atoms relaxation time T2. The fundamental sensitivity can
be defined as [40],

δBn = 1
2πγ T2

× δBe

P × d Bn/d P
, (31)

where δBe is the noise floor of the EPR magnetometer, P is
the percentage of polarized Xe atoms, d Bn/d P is the magnetic
field produced by Xe atoms per unit polarization.

The fundamental sensitivity of EPR magnetometer of a cell
with an internal diameter of 1mm containing Rubidium and a
buffer gas is limited by the atomic shot noise to approximately
120fT/

√
H z [24].

Assuming 129Xe transverse relaxation time T2 = 20s,
the effect of the angular misalignment of the coils on the
NMRG ARW and the NMRM fundamental sensitivity is
presented by Fig. 21 and Fig. 22, respectively. Similarly,
curves with circular markers in Fig. 23 and Fig. 24 represent
NMRG ARW and NMRM sensitivity, respectively, due to
linear axial misalignments, while the curves with triangu-
lar markers in Fig. 23 and Fig. 24 represent linear radial
misalignments. The general trend in both figures is that as
the misalignment increases the required SNR to achieve a
certain ARW value increases. For example, SNR of 150 can
achieve ∼1◦/

√
hr with perfectly aligned coils, while 5◦ angular

misalignment increases the SNR requirement by a factor of 4
to achieve the same 1◦/

√
hr .

To visualize the impact of the folded structure misalign-
ment on the device performance, we assumed a constant
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Fig. 23. NMRG ARW as a function of SNR and coils’ linear misalignment
(axial: circular markers, radial: triangular markers).

Fig. 24. NMRM sensitivity as a function of SNR and coils’ linear
misalignment (axial: circular markers, radial: triangular markers).

Fig. 25. NMRG ARW as a function of Relaxation time (T2) and Folded
Structure misalignment (Pump: circular markers, Probe: triangular markers).

SNR=5000. Using equations (30), (31) and extrapolating the
experimental points presented by Fig. 19, the NMRG ARW
and NMRM sensitivity are depicted by Fig. 25 and Fig. 26,
respectively, under different combinations of the relaxation
time (T2) and the folded structure misalignment. The curves
with circular markers of Fig. 25 and Fig. 26 represent cases
when the misalignment occurs on the pump side and the curves
with triangular markers are on the probe side of NMRG and
NMRM, respectively.

The developed error model and the phenomenological ana-
lytical model suggests that the introduced design with 5mrad
angular misalignment between the coils and the folded mirrors
and 100µm linear misalignment between folded coils can

Fig. 26. NMRM sensitivity as a function of Relaxation time (T2) and Folded
Structure misalignment (Pump: circular markers, Probe: triangular markers).

achieve NMRG’s ARW ∼0.1◦/
√

hr and NMRM fundamental
sensitivity better than 10 fT/

√
H z.

VII. CONCLUSION

We presented an approach for implementation of MEMS
components for NMR sensors utilizing a batch fabrication
process, with minimum assembly requirements. We evaluated
the performance boundaries of our suggested design by esti-
mating possible fabrication imperfections and projected their
effect on the device performance. Our error analysis method
is general and could be applied to other implementations. The
analysis suggested that the presented folded MEMS approach
is a strong candidate for implementation of at least a tactical-
grade level of performance micro-NMRG and a femto-Tesla
level of performance micro-NMRM.
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