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Recent advancements in microelectromechanical system (MEMS) fabrication techniques have enabled
the batch-fabrication of quadrupole MEMS electromagnets producing 100 mT-scale field across sub-mm
gaps with the potential for transformational advances in the field of compact high performance charged
particle focusing and steering optics. The footprint of these in-vacuum focusing and steering optics can be
as small as 3 mm × 3 mm × 0.5 mm. The low electromagnet impedance (58 mΩ, 32 nH per pole)
facilitates power-efficient operation and continuous or low duty cycle operation, and the individually
controlled electromagnets allow combined dipole-quadrupole fields. Here we report on an experiment
where these miniature devices have been used to focus and steer a 34 keV electron beam from a DC
photogun, demonstrating the first application of magnetic MEMS to particle beam focusing.
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I. INTRODUCTION

Charged particle beam optical elements such as dipoles,
quadrupoles and higher order multipoles play a fundamen-
tal role in all applications of high quality electron beams
throughout science and medicine, from microscopy [1] and
diffraction [2] to cancer radiotherapy [3] and the production
of intense and coherent X-Rays [4].
For all these demanding applications, it is critical to

improve the performance and reduce the size of beam
transport systems. For example, matching the particle beam
width to the optimal size in free electron laser [5] and
inverse Compton scattering light sources (ICS) [6–8]
dramatically improves power efficiency and source bright-
ness, but ultra-high gradient focusing and short effective
magnetic length are required in order to achieve sub-μm
spot sizes. In electron microscopes, stronger magnetic
lenses can be used to reduce the beam size at the sample
and/or increase the magnification of the system while
higher order magnetic elements correct the effect of

aberrations on the instrument spatial resolution [9,10]. In
plasma wakefield accelerator applications, matching the
beam to the extreme strong focusing of a plasma channel
necessitates very small spots at injection [11,12] using very
strong, very short focal length quadrupoles, and the large
angular divergence leaving the laser plasma wakefield
accelerator necessitates high-gradient focusing over a short
distance to minimize bunch elongation and retain high peak
current [13]. In multistage laser-dielectric accelerator and
undulator structures, strong magnetic optics matched in
size-scale to the sub-mm accelerator or undulator gap are
required to realize a full scale demonstration of a light
source system [14–18].
Simple electromagnet performance scaling indicates that

decreasing the gap between the poles is a direct way to
improve dipole field strength and quadrupole field gradient.
For example, magnetic circuit analysis of a dipole electro-
magnet with a high-permeability yoke and no field fringing
yields B ¼ μ0nI=4r for the field intensity, where μ0 is the
permeability of free space, n is the number of electromag-
net turns on each pole, I is the current driving each set of
windings, and r is the distance between the center of the
gap and pole tip. For charged particle focusing, quadru-
poles can be characterized by their effective magnetic
length Lm and normalized strength k2 ¼ qg=p where q
is the particle charge, g is the field gradient, and p is
the beam momentum. The focal length for a single quadru-
pole can be written as f−1 ¼ k2Lm in the thin lens
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approximation (e.g., when the focal length is greater than
the effective magnetic length, f ≫ Lm). The field gradient
in a quadrupole with a high-permeability yoke neglecting
fringing can be approximated as g ¼ 2μ0nI=r2. These
parameters are illustrated in Fig. 1.
Looking at these examples, we note how the strength of

the electromagnet is related inversely to the distance
between the pole tips for both dipole and quadrupole fields
while material parameters such as the yoke’s magnetic
saturation or the maximum electromagnet winding current
density are not affected by scaling. Additionally, a smaller
electromagnet gap reduces the total magnetic flux neces-
sary to produce a field. This is reflected in the electro-
magnet design as a reduced number of winding turns,
reducing the resistance, inductance, and the circuit time
constant. For pulsed beams, a fast magnet response allows
short-duty-cycle electromagnet switching, reducing power
consumption and enabling pulse-to-pulse reconfiguration
of the beam optics. As a result, scaling from traditional
cm-gap out-of-vacuum magnetic optics to sub-mm-gap
in-vacuum MEMS optics provides a path for ultra-high-
gradient focusing and fast reconfigurable beam control on a
size-scale compatible with compact accelerators while
reducing the size, weight, and power consumption of beam
transport systems.
Reducing the electromagnet gap to MEMS-scale size

places constraints on the beam source and transport system.
In order to pass through the 0.1 mm-scale good-field region
of the MEMS quadrupole electromagnet, the initial beam
must be smaller than the electromagnet gap or focusable
below 0.1 mm spot-size by an upstream lens. Recently,
much progress has been made in high brightness electron
sources, which are now capable of producing high current

electron beams with sub-mm-mrad emittances, thus ena-
bling the development of small-aperture magnetic elements
[19–21].
Due to the short effective magnetic length (sub-mm),

these magnets are presently most appropriate for low
energy beamlines (up to few MeV). In order to extend
application of MEMS magnets to high energy beams (over
100 MeV), new microfabrication processes must be devel-
oped to increase the effective magnetic length of the
electromagnet to the mm-scale.
In this paper, we present experimental results for the first

quadrupole particle beam focusing optics fabricated using
magnetic MEMS manufacturing processes. The electro-
magnet was manufactured and packaged at UCLA using a
recently developed microfabrication process (manufactur-
ing process described in detail in [22]) and tested in the
UCLA Particle Beam Physics Laboratory. For this kind of
quadrupole, linear field response to applied current is
limited by saturation magnetization and maximum field
strength is limited by thermal constraints; 1.1 T saturation
magnetization for Ni80Fe20 and 300 °C to reach mechanical
stress limits in this work. Additionally, the achievable field
gradient is set by design parameters such as the electro-
magnet gap distance, pole cross-section taper, yoke thick-
ness, and yoke width. Electron beam-probe measurements
for a 0.3 mm-radius 0.055 mm-long quadrupole electro-
magnet demonstrated a gradient between 47 T=m and
58 T=m at 1 A with 0.477 mm effective magnetic length,
within 13% of the 54 T=m predicted by simulations in the
0.143 mm wide good field region. Steering and focusing
experiments show quadrupole saturation at 4.7 A and
packaging failure at 5.5 A, which prevented field charac-
terization at the maximum currents. Optimized quadrupoles
using flip-chip packaging rather than wire bonding are
projected to produce multi-kT=m field gradients without
packaging failure. The rapid tunability, high field gradient,
and low hysteresis indicate that batch-fabricated micro-
quadrupoles could fill a present need in particle accelerators
and light sources.

II. STANDARD APPROACHES TO QUADRUPOLE
MAGNETS USED IN PARTICLE BEAM OPTICS

Several approaches have been used by other groups to
produce small-gap quadrupole optics. Permanent magnet
quadrupoles (PMQ) can produce very high field gradients
in a small gap without power consumption but must be
hand-assembled and lack tunability. Several groups have
taken this approach recently; Lim et al. demonstrated a
2.5 mm-radius PMQ that produced 560 T=m and Eichner
et al. demonstrated a 3 mm-radius PMQ that produced
503 T=m for ICS and undulator experiments [8,23].
Another approach relies on pulsed electromagnets to
produce high gradients at a low duty cycle. Winkler et al.
demonstrated a 10 mm-radius pulsed quadrupole that
produced 1400 T=m gradient at 1 Hz using 20 kA-pulses

FIG. 1. Particle-tracking illustration of a 0.3 mm electromagnet
gap radius, 0.2 mm yoke length MEMS quadrupole acting on an
electron beam. The magnitude of the force on the electron beam is
illustrated in color (e.g., red ¼ max force). The illustration
perspective shows electron beam focusing on-axis of the quadru-
pole; a perspective from the top would show defocusing of the
electron beam.
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[24], but the complicated power supply for this scheme has
limited its utility. Another approach, taken by Rebrov et al.,
uses electrical discharge machining to manufacture tradi-
tional quadrupole electromagnets with a cm-scale gap and
0.01 mm-scale geometry tolerance [25]. This produced a
tunable quadrupole with 650 T=m gradient across a
6.5 mm-radius for ion beam analysis systems. Scaling
Rebrov’s approach further requires smaller and thinner
beam pipes, complicating the beam system. The closest-
scale focusing optics to date is an in-vacuum electrostatic
Einzel lens demonstrated by Shui et al. using 300 V across
several 1 mm-gap electrodes [26]. This approach is useful
for beam energies keV-scale and lower. Figure 2 shows the
prior art in the context of magnetic gap vs peak field
gradient.

III. NOVELTY OF THIS APPROACH

Microscale quadrupoles are manufactured by combining
the fabrication techniques developed for nano- and micro-
scale integrated circuits with special purpose MEMS
processes and materials. The geometry of this quadrupole
electromagnet (and thousands of devices manufactured in
parallel on each substrate) is defined by a series of 2-D
patterns optically defined in photosensitive polymers. A
device is created as layer-by-layer extrusions of these
patterns, either adding a film of material and etching it
through a patterned polymer mask or adding material
through a patterned polymer mold. Examples of MEMS
applied to other physical systems include mm-scale
accelerometers [27], image modulators [28], and atomic
clocks [29].
The details of the manufacturing process for the quadru-

pole used in Sec. VIII are fully described in Ref. [22].
Briefly, manufacturing consists of a 3-step winding fab-
rication process where copper is electrochemically grown
through polymer molds resulting in 3-D coils surrounding a

soft magnetic yoke. During winding fabrication, a yoke
fabrication step is inserted where Permalloy 80=20 is
electrochemically grown inside the incomplete windings
using the process described in Ref. [30]. Between steps,
layers are planarized by chemical mechanical polishing,
molds are stripped by plasma etching, and the yoke and
windings are separated using layers of silicon nitride grown
by plasma-enhanced chemical vapor deposition. Individual
quadrupoles are singulated from the substrate using a
dicing saw or plasma etch.
The prototype quadrupole was required to fit within a

3 mm × 3 mm footprint and layer thicknesses were
required to be less than 0.06 mm to comply with the
design rules for the fabrication run. These temporary
limitations restricted the back of the electromagnet yoke
to 0.2 mm wide and 0.055 mm thick. The large difference
between transverse and longitudinal dimensions is common
in MEMS devices and complicates the use of simple
analytical approximations [31], making numerical methods
preferential when computing resources are available.

IV. ANALYTICAL QUADRUPOLE
APPROXIMATIONS

Simple 2-D analysis of a quadrupole with a high-
permeability yoke and a 0.3 mm electromagnet radius
yields 112 T=m quadrupole field gradient at 1 A winding
current. An infinitely long yoke with hyperbolic shaped
poles would produce 34 mT field intensity at the pole tip.
The effective magnetic length of a quadrupole with a finite-
length yoke is often approximated by adding the radius of
the quadrupole to the yoke length. The analytically
approximated effective magnetic length for the prototype
MEMS quadrupole with 0.055-mm-yoke length would be
0.355 mm.
In practice, several factors lead to actual field distribu-

tions deviating from this ideal case. Yoke permeability is
finite, and high-permeability materials such as our
Permalloy 80=20 are limited by shape anisotropy to an
effective permeability far below the bulk material proper-
ties of a sphere or disk. Quadrupoles manufactured using
MEMS processes are particularly sensitive to design trade-
offs that limit the pole tip shape. For example, pole tips are
truncated to be manufacturable, invalidating the approxi-
mation of the magnetic equipotential lines as perfect
hyperboloids. The thin yoke in MEMS electromagnets
also result in significant magnetic field fringing from the
pole before the tip, making it advantageous to use the entire
distance between yoke and pole tip for windings to achieve
the highest possible field gradients. This larger portion of
the field fringing from pole surfaces relative to a quadru-
pole with yoke length several times as long as the
electromagnet radius increases the 3-D effective magnetic
length compared to analytic approximations.
A result of finite permeability in the yoke, short yoke

length, and imperfect pole tip shape is that Ampère’s

FIG. 2. Peak field gradient of superconducting and resistive
electromagnet, permanent magnet (PMQ), and the MEMS
quadrupoles described here. The tested MEMS quadrupole is
circled and the simulated results for optimized quadrupole
designs are indicated by the arrow.
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Circuital Law cannot accurately approximate the flux loop
as n I ¼ R

r
0 g r dr. Design considerations, such as tapering

the magnetic pole tips to increase the flux density at the
pole tip, further complicate analytical calculation.
Magnetostatic simulations using the finite element method
(FEM) are commonly used to bridge the gap between
analytical approximations for simplified electromagnet
geometries and the complicated 3-D geometries of mag-
netic MEMS devices.

V. MAGNETOSTATIC SIMULATIONS

Static 3-D FEM simulations of the magnetic field were
performed using COMSOL Multiphysics. An initial sim-
ulation of yoke and winding geometries that were designed
to fit within our manufacturing limits was run with 1 A
current in each set of windings. Mesh density in the
electromagnet gap was greater than 107 elements=mm3

for each simulation. The peak field in the yoke or pole was
used to determine the saturation current of the electromag-
net and a second simulation using a nonlinear material
model based on measurements of our electroplated perm-
alloy was run for a more accurate field distribution. Table I
details the results, with the prototype quadrupole electro-
magnet typeset bold alongside several designs with pole
taper angle, yoke length, and yoke width optimized for
peak gradient. The geometric details of the presented
quadrupoles are the Magnet radius, the distance between
the electromagnet center and pole tips, Yoke length, the
physical length of the quadrupole in the longitudinal
direction, and Pole taper, the angle between the pole edge
and the pole center-line. The listed performance details of
the quadrupoles are the Peak field gradient, the transverse
magnetic field gradient along the longitudinal axis of the
electromagnet when the yoke or poles are driven to
saturation, Magnetic length, the normalized interaction
distance of the particle beam in the field gradient,
Lm ¼ R

g dz=gpeak, and Winding current, the drive current
in the windings that saturate the electromagnet.
Peak field gradient was calculated using the quadrupole

field component of the simulated field at the edge of the
0.1% good field region, 0.072 mm from the center, where
the sum of multi-pole field components higher than the
quadrupole moment are less than 0.1% the magnitude of
the quadrupole field moment. Figures 3 and 4 show a

simulation of the transverse magnetic flux density in the
yoke and gap of the prototype MEMS quadrupole.
Simulation results shown in the longitudinal plane in
Fig. 4 demonstrate that fringing fields extend significantly
beyond the region between the pole tips. This is a
fundamental difference for our 3-D geometry and the main
reason that 2-D approximations which assume a constant
field profile along the longitudinal direction do not accu-
rately model our case. Figure 5(a) shows the field intensity
across the transverse axis of the electromagnet for trans-
verse planes between the electromagnet center and
0.25 mm above the electromagnet center. Figure 5(b)
shows the field gradient through the center of the electro-
magnet. It should be noted that while the integrated field
gradient remains constant with respect to radial position
throughout the electromagnet gap, the field gradient
decreases and effective magnetic length increases with
distance from the electromagnet pole tip. Figure 6 shows
how the field gradient and magnetic length vary between
the electromagnet center and edge of the magnetic gap.
Simulation results converge with analytical calculations
when yoke length is at least 4 times the magnet radius.
The prototype design left room for many improvements.

When the windings are driven to produce a quadrupole
field, the electromagnet saturates the poles near their
connection to the yoke rather than at the tips due to
magnetic flux fringing out of the pole surfaces. Driving
current through the windings to produce a dipole field
doubles the peak magnetic flux carried in the yoke,
saturating the electromagnet well before the poles. A 15°
pole width taper (7.5° on each side) was employed to retain
the magnetic flux density towards the quadrupole pole tip,
resulting in peak magnetic flux density in the yoke
0.26 mm from the pole tip for quadrupole fields.
Tapering the pole to a wider base at the connection with
the yoke brings the peak flux density closer to the pole tip
and increases the peak field gradient, but also requires a
wider yoke than can be accommodated in the 3 mm ×
3 mm prototype MEMS die footprint. This can be seen in
Fig. 3(b), where the electromagnet yoke is as magnetized as
the pole tips when the pole width taper is limited to 15°.
The relative thinness of the prototype quadrupole

electromagnet yoke (0.055 mm) compared to the
0.3 mm magnet radius also results in large magnetic
reluctance across the electromagnet gap compared to the

TABLE I. Simulated MEMS quadrupole field parameters in the center of the electromagnet driven to saturation. The prototype
quadrupole electromagnet is typeset bold. Pole taper is optimized for each geometry to maximize peak field gradient.

Magnet radius Yoke length Pole taper Peak field gradient Magnetic length Winding current

0.300 mm 0.055 mm 7.5∘ 253 T=m 0.477 mm 4.6 A
0.300 mm 0.200 mm 35° 1.0 kT=m 0.504 mm 11.0 A
0.200 mm 0.200 mm 40° 2.2 kT=m 0.387 mm 9.6 A
0.100 mm 0.200 mm 30° 6.1 kT=m 0.281 mm 6.1 A
0.050 mm 0.200 mm 30° 10.0 kT=m 0.245 mm 2.9 A
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3-D fringing reluctance behind the pole tip. The compa-
rably large reluctance across the gap leads to significant
3-D fringing of the magnetic field before the pole tip and
across the magnetic gap, reducing the peak field gradient in
the center of the electromagnet while increasing the
inductance and magnetic length. The effect of 3-D fringing
spreading the field over the volume of the magnetic gap is
shown qualitatively in Fig. 4 and quantitatively in Fig. 6,
where the gradient in magnetic flux density is larger and
magnetic length is shorter near the pole tip.
Recent fabrication process development has extended

the maximum film thickness to 0.2 mm and the MEMS die
footprint restrictions have been relaxed to 4 mm × 4 mm.
Together with geometry optimizations, such as increasing
the pole taper angle from 7.5° to 35° and increasing the
yoke width from 0.2 mm to 0.5 mm, a 4-fold improvement
is projected in peak field gradient. We anticipate achieving

the performance figures projected in Table I in a future
fabrication run.

VI. MULTI-POLE FIELD ANALYSIS

Applications of particle beams require beam optics with
a consistent field over the usable aperture and small
undesired higher-order field content. Fringing fields result-
ing from the short yoke length lead to varying multi-pole
coefficients as the electron traverses the focusing optic.
Asymmetries in the manufactured quadrupole results in
sextupole and octopole field components. The pole tip
curvature, an imperfect hyperbolic shape truncated to

FIG. 4. Image of the 3-D FEM simulation of the prototype
MEMS quadrupole in the 2-D plane through the two north pole
tips and orthogonal to the electron beam axis (inset illustration).
Color shows the radial vector component of the magnetic field for
I ¼ 1 A. Green arrows show the 3-D direction of the magnetic
field (arrow length shows log-scale intensity). It should be noted
that magnetic fringing distributes much of the field over the
volume beyond the two pole tips.

FIG. 5. FEM simulation of the prototype MEMS quadrupole.
(a) Transverse quadrupole field intensity plotted across the x-axis
(ByðxÞ between the pole tips) at longitudinal positions from the
quadrupole center to 0.25 mm above the center. Note that the
x-axis does not intersect the poles. (b) Field gradient (dBy=dx)
plotted down the electromagnet transverse center along the
longitudinal (z) axis for I ¼ 1 A.

FIG. 6. Field gradient (black, dBθðrÞ=dr) and effective mag-
netic length (gray) as a function of distance from the quadrupole
center, calculated using FEM simulations of the quadrupole
magnetic field at 1 A. The pole tip is 0.3 mm from the center.
The solid line shows the prototype 0.3-mm-radius 0.055-mm-
yoke length quadrupole and the dashed line shows an optimized
0.3-mm-radius 0.2-mm-yoke length quadrupole. Integrated field
gradient remains constant across the magnetic gap. Variation in
field gradient and magnetic length become more severe when the
yoke length is much shorter than the magnetic gap.

FIG. 3. Image of the 3-D FEM simulation of the prototype
MEMS quadrupole in the 2-D plane through the center of the
electromagnet yoke. Lines show the yoke and winding edges.
Color shows the radial (a) and azimuth angle (b) vector
component of the quadrupole magnetic field at z ¼ 0 mm
(quadrupole center) for I ¼ 1 A. Green arrows show the mag-
netic field direction (length shows log-scale intensity). The field
gradient integrated down the longitudinal axis was 0.025 Tat 1 A.
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accommodate the electromagnet windings, results in
12-pole and higher multi-pole field components.
The field vector and position data from the 3-D FEM

simulation was converted to polar coordinates, and multi-
pole analysis was performed using the radial field compo-
nent for 128 radial distances from the center to the pole tip
edge on 161 transverse planes from 1 mm below to 1 mm
above the quadrupole center. Figure 7 shows the multi-pole
analysis results for the prototype quadrupole, integrated
through 2 mm of field data in the longitudinal direction.
The dominant multi-pole component integrated down the
longitudinal axis has amplitude of 1.76 × 10−6 T-m
0.072 mm from the electromagnet center, corresponding
to a quadrupole field with 54 T=m field gradient and
0.454 mm effective magnetic length.
We calculate the good field region by integrating the

12-pole to 64-pole multi-pole coefficients from FEM
simulation down the longitudinal axis for each radial
distance from the center and compare them to a percentage
of the on-axis quadrupole field integrated down the
longitudinal axis. Table II lists the radius of the region

(Good field radius) where sums of the multi-pole field
components are less than 1% and 0.1% the magnitude of
the quadrupole field moment.
Table III details the multi-pole analysis results evaluated

at the edge of the 0.1% good field region for the prototype
quadrupole electromagnet (typeset bold) and four quadru-
pole electromagnets optimized for peak gradient. 12-pole
and 20-pole list the intensity of higher-order multi-pole
field components relative to the quadrupole field moment.
Higher-order multi-pole field content was correlated to the
shape of the yoke pole tips, increasing as the hyperbolic-
shaped tip width was truncated in smaller-gap electro-
magnets to provide space for the electromagnet windings.
Multi-pole components higher than 12-pole were below the
simulation resolution for the prototype quadrupole but
resolvable for the optimized quadrupoles.

VII. POWER EFFICIENCY AND DUTY CYCLE

The low impedance (58 mΩ, 30 nH) of these MEMS
electromagnets facilitates circuit-limited driving frequen-
cies up to 2 MHz, allowing pulse-to-pulse reconfiguration
of the magnetic field or short-duty-cycle operation. Driving
the electromagnet windings with short-duty cycle current
pulses dramatically reduces the average power dissipated
by the electromagnet and relaxes the thermal constraints on
the electromagnets. Figure 8 shows the expected average
power dissipation of the MEMS quadrupole electromagnet
driven by 1 A pulses at 960 Hz for pulse widths between
1 μs and 1 ms (0.1% to 96% duty cycle), calculated using
the measured impedance of the 0.3 mm radius MEMS
electromagnet up to 1 MHz. Despite the increased dis-
sipation due to skin effect and eddy current losses, reducing
the duty cycle to 0.1% reduces power dissipation by a
factor of > 750, allowing > 25 times the drive current
compared to continuous operation.

VIII. ELECTRON BEAM EXPERIMENTS

To demonstrate beam focusing and steering, the MEMS
quadrupole was mounted in the path of an electron beam

FIG. 7. Multi-pole moments of the prototype quadrupole field
(inset) evaluated at the edge of the 0.1% good field region
(0.072 mm from the center) and integrated through the longi-
tudinal axis of the electromagnet. 4-pole is the quadrupole
moment. The 12th, 20th, 28th, and higher order odd harmonics
of the quadrupole moment result from truncating the infinite
hyperbolic pole tips in 3-D. Other multi-pole components are a
result of the finite mesh density and imperfect mesh symmetry of
the FEM simulation.

TABLE II. Good field region radius from MEMS quadrupole
simulation data. The prototype quadrupole is typeset bold.

Magnet gap
radius

Yoke
length

1% Good field
radius

0.1% Good field
radius

0.300 mm 0.055 mm 0.130 mm 0.072 mm
0.300 mm 0.200 mm 0.197 mm 0.110 mm
0.200 mm 0.200 mm 0.124 mm 0.069 mm
0.100 mm 0.200 mm 0.059 mm 0.035 mm
0.050 mm 0.200 mm 0.021 mm 0.011 mm

TABLE III. Multi-pole components from FEM simulation data
normalized to the quadrupole field moment for MEMS quadru-
poles. Multi-pole component data is evaluated at the edge of the
0.1% good field region for each simulated quadrupole. The
prototype quadrupole is typeset bold. The 20-pole field compo-
nent was below the resolution of the simulation for the prototype
quadrupole.

Magnet gap radius Yoke length 12-pole 20-pole

0.300 mm 0.055 mm 9 × 10−4 < 2 × 10−5
0.300 mm 0.200 mm 8 × 10−4 3 × 10−4
0.200 mm 0.200 mm 8 × 10−4 3 × 10−5
0.100 mm 0.200 mm 7 × 10−4 4 × 10−5
0.050 mm 0.200 mm 8 × 10−4 4 × 10−4
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and powered in dipole or quadrupole configurations
(Fig. 9). The electron beam used in this experiment is
generated using a short UV laser pulse illuminating a
photocathode embedded in a static electric field (DC
photogun). A solenoid electromagnet adjusts the beam
focus exiting the photocathode, and a set of steering
electromagnets adjust position and angle during an
835 mm drift length to an experiment chamber. The
chamber houses the MEMS quadrupole behind a pair of
micrometer-mounted orthogonal 0.02-mm slits (Thorlabs
S20R) that have been stripped of anodizing and iron oxide
coatings to form an electron beam aperture. After another
115 mm drift length, an imaging system composed of a
Chevron micro-channel plate (MCP) intensifier, phosphor

screen, and cooled CCD camera (Hamamatsu Flash 2.8)
records the beam position and shape.
We acquired a background shot with the electron beam

turned off for each image, which was subtracted from the
data before calculating beam centroid and root mean square
(RMS) size. The experiment used a slightly under-focused
34 keV sub-pC electron beam pulsed at 960 Hz repetition
rate. The aperture central position was obtained by switch-
ing the MEMS electromagnet on and off in quadrupole
configuration and adjusting the position until the beam
location did not change. Each measurement consisted of 25
images taken with 250 ms exposure time.

A. Electron beam steering

To measure beam steering performance, the electromag-
net current was stepped from −1.5 A to þ1.5 A and back
to −1.5 A in 0.5 A increments in an x-dipole field
configuration (two adjacent poles energized as North
and two adjacent poles energized as South) and then
repeated in a y-dipole configuration. Figure 10 shows
measured data for the beam centroid steered right, left,
down, and up. Steering the 34 keV electron beam with the
electromagnet configured in dipole mode at 1 A resulted in
a 1.2 mm deflection after a 115 mm drift distance,
corresponding to a 10.8 mT dipole field using the small
angle approximation. Electromagnet hysteresis when
changing steering directions and third order nonlinear
coefficients measurements were at the limits of the experi-
ment resolution (0.042 mm).

B. Quadrupole field mapping

Spatially mapping a rapidly changing magnetic field in a
sub-mm electromagnet gap presents significant challenges.
Traditional methods such as a measuring vibrations
induced by current pulses in a thin beryllium copper wire

FIG. 8. Average power dissipation calculated for a short duty
cycle (0.1%–96%) 1 A pulse train at 960 Hz using complex
impedance measurements from the prototype quadrupole.

FIG. 9. Photograph and illustration of the electron beam
experiment. Inset (a) shows an illustration of the inside of the
experiment chamber with an electron beam (colored) entering the
chamber from the right, striking a horizontal slit (x-slit) that is
inserted into the chamber from below, a vertical slit (y-slit) that is
inserted into the chamber from the left, and passing through a
MEMS quadrupole (quad) that is inserted into the chamber from
above. Inset (b) shows a photograph of a MEMS quadrupole.
Cyan arrows illustrate the UV laser path from left to right and
blue arrows illustrate the electron beam path from right to left.
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nonlinearity is less than the measurement error, resulting in the
y(I) line overlaying most of the other lines.
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appear to be complicated at these scales by acoustic
dispersion and traditional rotating coils and hall-effect
probes are not small enough to measure inside the gap
with 0.010 mm-scale spatial resolution and mT-scale field
intensity resolution. More exotic techniques such as nuclear
magnetic resonance coils or microfabricated Hall-effect
probes proved too challenging to achieve successful mea-
surements with. The deflection of a probe electron beam,
however, directly measures the integrated field through a
transverse position of the electromagnet gap.
Field uniformity measurements were taken in quadru-

pole configuration (adjacent poles energized as opposite
polarities) from −1 A to 1 A current in 0.5 A increments
using an electron beam probe. For each electromagnet
current dataset, the 2-slit aperture was stepped in equal
intervals across the entire electromagnet bore. The mag-
netic field value was obtained by measuring the electron
beam deflection for each aperture position and using the
effective magnetic length from FEM simulations. Figure 11
(Fig. 12) shows the field gradient across the horizontal
(vertical) transverse direction calculated from the measure-
ments. 47 T=m and 57 T=m were measured across the
x and y-axis, respectively.
The field gradient, shown in Fig. 13, scales linearly with

current, as expected. Measured hysteresis is less than the
measurement variance. The difference between the hori-
zontal and vertical field gradient could be due to poor
control of the quadrupole electromagnet axis in the exper-
imental chamber. The field gradient calculated from the
measured beam displacement assumes that the beam travels
normal to the transverse field of the quadrupole through an
effective magnetic length of 0.477 mm. The experiment
obstructed observation of electromagnet orientation inside
the chamber and the azimuth angle was hand-set to an angle
that passed the beam. The edges of the 0.60 mm hole in the
0.55 mm thick substrate would begin to obstruct the
centered 0.02 mm beam at an azimuth misalignment of
47°. Simulations indicate that a 20° azimuth error in the

experiment would reduce the integrated field gradient on
the beam path for the y-oriented field vector, reducing the
apparent x-axis transverse field gradient shown in Fig. 11.
Other potential causes of the mismatch between the

measured quadrupole field on each axis include manufac-
turing defects in the electromagnet geometry or nonuniform
properties in the magnetic yoke. The geometric accuracy of
the yoke measured using scanning electron micrographs
of the device was within 0.001 mm and chemical analysis
of the magnetic alloy composition with energy dispersive
x-ray spectroscopy on the surface of the yoke during
manufacturing was within 1% of Ni80Fe20. The micro-
scale magnetic properties of the yoke and the magnetic
alloy composition within the yoke volume were not
measured, however.

C. Electron beam focusing

The measured field gradient and RMS beam width at
different electromagnet currents can be used to calculate
beam parameters in a quadrupole scan measurement,
demonstrating that the MEMS quadrupoles work as
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conventional magnetic optics. To measure the performance
of the quadrupole focusing the beam, the quadrupole was
repositioned and reoriented, and the electromagnet current
was configured for quadrupole mode and stepped from
−1.5 A toþ1.5 A and back to−1.5 A in 0.1 A increments.
The measured RMS beam width is shown in Fig. 14, and a
focused beam waist is obtained at the MCP plane in the
y-axis for I ¼ 0.9 A and in the x-axis for I ¼ −0.9 A. The
beam expands slightly between the first (horizontal) and
second (vertical) slit, resulting in the small observed
asymmetry.
The data can be fitted using the gradient extracted from

the quadrupole field mapping measurements (57.6 T=m) to
obtain an estimate for the beam phase space parameters at
the quadrupole entrance. Using the transfer matrix of a thin
quadrupole of focal distance f and drift length ld between
the quadrupole and MCP screen, and representing the
electron beam with its transverse phase space parameters
(x for position, x0 for momentum or angular deviation in the
small angle approximation, and ϵ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hxxihx0x0i − hxx0i2

p
for RMS emittance) in the small angle approximation, we
can write for the RMS beam size at the imaging screen
σ2x;s ¼ varðxsÞ in the transverse horizontal axis:

σ2x;s ¼
�
1 −

ld
f

�
2

σ2x þ l2dσ
2
x0 þ 2ld

�
1 −

ld
f

�
σxx0 :

The beam parameters at the quadrupole from the fit of
the data yield RMS beam width σx ¼ 0.017 mm,
σy ¼ 0.021 mm and angular divergence σx0 ¼ 0.9 mrad,
σy0 ¼ 1.0 mrad, which is in good agreement with the
beam parameters expected following the 20 μm aperture
and validates our model for the MEMS quadrupole
performance.

IX. CONCLUSIONS

MEMS quadrupole electromagnets with sub-mm mag-
netic gap were designed, fabricated, and tested with a
34 keV electron beam. The field gradient increases and the

inductance decreases considerably as the size of these beam
optics are reduced into the micro-scale. Simple scaling of
the prototype results presented in this paper indicates that
multi-kT=m gradients can be obtained using MEMS
fabrication techniques. Such MEMS quadrupoles hold
the potential to revolutionize the field of charged particle
optics with a wide range of applications including electron
microscopes and compact light sources.
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