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Abstract of the Dissertation

MEMS multi-pole electromagnets:

Compact electron optics and undulators

by

Jere Harrison

Doctor of Philosophy in Electrical Engineering

University of California, Los Angeles, 2014

Professor Rob N. Candler, Co-chair

Professor Jack W. Judy, Co-chair

MEMS electromagnets occupy a unique niche in the design space of magnetic devices: they

are small enough that length-scaling enables Tesla-scale field intensity and kTesla-scale field

gradient, but large enough that power dissipation does not exceed practical power density

limits for conductive cooling. This work demonstrates the first application of MEMS electro-

magnets to charged particle beam optics. Particle beam optics are an important component

in beam transport systems for medical and scientific instruments such as Hadron therapy for

cancer treatment and free electron lasers for high energy coherent light production. These

MEMS devices promise smaller and higher performance instruments using the performance

scaling that results from reducing the electromagnet gap. This work demonstrated a MEMS

multi-pole Ni80Fe20-yoke electromagnet with a 600-µm pole-pole gap producing a 24-mT

dipole field at 3 A, steering a 34-keV electron beam in two dimensions without measurable

hysteresis. The same multi-pole electromagnet producing a 220-T/m quadrupole field gra-

dient at 4.7 A was used to focus a 34-keV electron beam. The spatial distribution of the

quadrupole field was characterized using a novel electron beam-probe method. Simulations

project that 4-pole electromagnets with 100 µm pole-pole gap electromagnets and a 200 µm

thick Co57Ni13Fe30 yoke will produce 850 mT dipole fields and 20,000 T/m quadrupole field

gradients, exceeding all published quadrupole optics by more than an order of magnitude.
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CHAPTER 1

Introduction

C
ONTINUOUS IMPROVEMENTS over the last century in the understanding and

control of charged particle beams have led to revolutionary scientific discoveries

[Gol76, CKS13], live-saving medical technologies [Wil46, GKP10], and advanced tools for

manufacturing [MS60, BEH86] and metrology [KR32, RPB57]. Magnetic optics play a key

role in these particle beam systems, controlling the motion, focus, and dispersion of high-

energy particle beams.

Manipulation of charged particle beam motion is accomplished through the Lorentz force,

γm~a = ~F = q( ~E+~v× ~B), where γ is the Lorentz factor, m is the particle mass, a is particle

acceleration, F is relativistic Lorentz force, q is the particle charge, E is electric field, v is

particle velocity, and B is magnetic flux density. Static electric fields are limited by field

emission and Paschen breakdown to 100 MV/m-scale, while electromagnet heating limits

resistive electromagnets to Tesla-scale intensity. For particles traveling faster than 1/3 the

speed of light, a Tesla-scale magnetic fields displace a beam more strongly than a 100 MV/m-

scale electric field, making magnetic optics the preferred technology. Further, magnetic

fields only produce forces transverse to particle motion, conserving beam momentum and

simplifying beam transport systems.

The last 30 years have also seen a revolution in manufacturing technology, where tool-

ing developed for the integrated circuit industry has been employed on a more general set

of problems. Micro-electromechanical systems, or MEMS, is the science, techniques, and

systems developed in the size-scale between 1 µm and 1 mm—beyond the precision of tra-

ditional machining, but larger than systems produced by the chemistry and self-assembly

techniques of nanotechnology. Today, MEMS manufacturing techniques are being employed

1



wherever performance can be improved or cost can be reduced by shrinking the size of a

system. This has led to high-performance microphones [WBB06], accelerometers [FHW04],

and gyroscopes [TSS09] in every cellular phone, high-resolution projectors [Hor97] in every

theater and conference room, micro-scale DNA biosensors [BNN11] in medical laboratories,

portable chemical sensors [KBC12] for environmental monitoring, and even chip-scale atomic

clocks [KSS04] in satellites.

This dissertation presents the first application of MEMS to magnetic optics for charged

particle beams. This chapter introduces the scaling laws that motivate this work. Chapter 2

discusses prior work in the area of magnetic optics. Chapter 3 presents the design techniques

employed in this work for magnetic optics and systems. Chapter 4 presents the fabrication

techniques used to manufacture the devices presented in this work. Chapter 5 presents

the characterization of the manufactured devices. Chapter 6 discusses the ongoing work to

produce light from a microfabricated undulator. Chapter 7 concludes this work. Appendices

A, B, and C contain data processing and simulation scripts and the fabrication traveller used

during the manufacture of these MEMS magnetic optics.

1.1 Historical improvement of beam quality

A typical particle beam system starts with a charged particle source, a cathode in the case of

an electron beam or a plasma in the case of an ion beam, followed by an acceleration stage,

either by a static potential or a phase-matched periodic electric field, and a beam transport

system consisting of dipoles, quadrupoles, and sextupoles to condition the beam and project

it to a desired location. The performance of particle beam-based systems is directly tied to

the quality of the charged particle beam, which has led to a concerted research effort over

several decades to to improve the performance of particle beam system components.

One measure of beam quality that underlies compatibility with miniaturized optics is

emittance—the spread in position and momentum of a particle beam. The normalized root-

mean-square (rms) transverse emittance (εn) sets the minimum product of a beam’s spot

size and angular divergence and is conserved throughout linear transformations of the beam,
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such as deflection, focusing, and dispersion. With a small emittance (mm-mrad-scale), a

particle beam can be focused for insertion into the sub-mm bore of MEMS beam optics.

Early charged particle beams had emittance greater than 10 mm×mrad and several per-

cent energy spread, leading to mm-scale transverse beam sizes, rapid angular divergence,

and a longitudinal spread in focal length. Field emission electron sources and radiation

damping in synchrotron storage rings can produce beams with 0.01 mm-mrad-scale emit-

tance, but suffer from other limitations. The emitting area of field emission sources are too

small to produce the large beam current (100+ A) required for light sources and beams in a

storage ring have large emittance until they have traversed the ring many times. Photoinjec-

tor technology [RBH94] producing reliable electron beams with sub-1-mm-mrad transverse

emittance was developed in the late 2000’s, making MEMS magnetic optics and undulators

a possible alternative to traditionally machined devices. Beams from thermionic sources and

laser-plasma wakefield sources have recently become compatible with MEMS-scale beam op-

tics as well. Figure 1.1 shows improvement of normalized rms transverse emittance over time

for several commissioned electron guns.

Figure 1.1: Normalized transverse rms emittance vs. commissioning year for high-cur-
rent electron sources [Dow10, SGF88, RBH94, DCS95, OS99, Shi06, DSB07, MME08,
Cen14, SBK10, Sch13]. Emittance is reported in the standard convention of the product
of spot-width in mm and divergence in mrad. The beams circulating in synchrotron storage
rings have emittance on the order of 10−3 mm×mrad because of radiation damping.
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Recent breakthroughs in compact laser accelerators using dielectric structures [NVP12]

and plasma wakes [WIW10, WRP12] promise to dramatically reduce the size of particle

accelerators while maintaining the ultra-low emittance and low energy spread of modern

RF-photoinjector sources, promising a dramatic reduction in the size and cost of particle

beam sources. The size and performance of particle beam optics and undulators, however,

has not seen the same rapid progress as beam sources.

1.2 Multi-pole field scaling

Lorentz force optics producing dipole, quadruple, and higher order fields control the direction,

focus, and dispersion in particle beams [Lee04]. Improving the size and performance of the

beam transport system is necessary to realize the potential of the next generation of beam

sources and systems. The large angular divergence of laser plasma wakefield accelerated

beams, for example, necessitate immediate and high-gradient focusing to minimize bunch

elongation and reduction in beam current [WFP11]. High gradient focusing of high-current

beams will also improve the efficiency of particle-beam based light sources, matching the

particle beam width to the optimal size of the optical beam in free electron laser [Xie00] and

inverse Compton scattering (ICS) sources [SLC96, PBH00].

Many linear manipulations of the 3-D momentum and position of a charged particle

beam are possible with well controlled magnetic fields. A simple 4-pole electromagnet can

produce both steering and focusing fields (Figure 1.2), and the field intensity from these

electromagnets improves with a reduction in the gap between the electromagnet poles.

Particle beam deflection is accomplished with a dipole magnetic field. Solving the Lorentz

force for a particle moving through a dipole field results in the momentum-normalized equa-

tion of motion, R−1 = qB/p, where R is the radius of curvature, B is the magnetic field, q

is the particle charge, and p is the particle momentum. For a small-gap dipole electromag-

net with a high-permeability yoke, magnetic circuit analysis approximates magnetic field

intensity as B = µnI/2r, where µ is the permeability of free space, n is the number of

electromagnet turns, I is the electromagnet current and r is the distance between the center
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Figure 1.2: Illustration showing the layout of a 4-pole electromagnet producing (a) dipole
steering fields or (b) quadrupole focusing fields. Gray shows the electromagnet yoke and
poles, orange shows the top of the electromagnet windings, blue shows the electron beam
location, and cyan lines show the flow of magnetic flux. The inset plots show example field
magnitude along the marked transverse direction of the electromagnet.

of the gap and pole tip. Simple scaling of the transverse dimensions from the cm-scale of

traditional systems to sub-mm-scale of MEMS results in more than 2 orders of magnitude

improvement in field intensity for a fixed electromagnet drive current. This allows much

‘thinner’ optics for a given deflection angle. The deflection of a charged particle beam by a

simple normalized dipole field is shown in Figure 1.3.

Figure 1.3: Illustration of electron deflection by a normalized dipole field.
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Focusing is necessary to transport the beam over a distance without loss or to improve

the beam intensity at a point, and is accomplished for high-energy particle beams with

quadrupole magnetic fields. A particle beam focused by a quadrupole field can be described

using a momentum-normalized focusing strength, k = qg/p, where q is the particle charge

and g is the field gradient. For a monochromatic particle beam, the focal length transverse

to the field gradient is f−1 = kl, where l is the effective magnetic length of the quadrupole, or

the normalized interaction distance between the particle and the field. The field gradient in

a small-gap quadrupole with a high-permeability yoke can be approximated as g = 2µnI/r2.

Reducing a cm-scale gap in a set of quadrupole beam optics to sub-mm-size leads to more

than 4 orders of magnitude improvement in field gradient for a fixed electromagnet drive

current, and can enable record-setting focusing performance.

Lorentz forces in a quadrupole field imply that particles distributed on one transverse

axis focus while particles distributed on an orthogonal transverse axis defocus. Net focusing

then requires 2 or more quadrupoles rotated 90◦ to each other. The reduction in size-scale

and improvement in field gradient enables dramatic reductions in the size and overhead

of a particle-beam focusing lattice. The focusing of a charged particle beam by a simple

normalized quadrupole field is shown in Figure 1.4.

Figure 1.4: Illustration of electron focusing by a normalized quadrupole field’.

For both dipole and quadrupole fields, the strength of a multi-pole electromagnet is re-

lated inversely to the distance between the pole tips, while material parameters such as the

yoke’s magnetic saturation or the maximum current density of the electromagnet windings

is not directly affected by scaling. Additionally, smaller electromagnet gaps reduce the to-

6



tal magnetic flux necessary for a given field. This is reflected in the electromagnet design

as a reduced number of turns, lowering the resistance, inductance,
∫
A
~B/I = L, and the

RLC circuit time constant. A circuit time constant shorter than the time between electron

pulses allows short-duty-cycle pulsing of the electromagnets, enabling dynamic pulse-to-pulse

reconfiguration of the electromagnet array while reducing system power consumption and re-

laxing thermal design constraints. As a result, scaling down from traditional centimeter-scale

out-of-vacuum magnetic optics to sub-mm-scale in-vacuum surface-micromachined magnetic

optics provides a clear path for improvements in steering, focusing, and chromatic correc-

tion while dramatically reducing the size, weight, and power consumption of a particle-beam

transport system.

1.3 Undulator scaling

Undulator and wiggler magnets producing a periodic magnetic field play a key role in the

development of modern x-ray sources. As electrons move through the periodic undulator

magnetic field, photons are emitted at a central wavelength

λr ∼=
λu(1 +K2/2)

2γ2
(1.1)

with radiated power of

PT =
N

6
Z0eI

2πc

λu
γ2K2 (1.2)

where λu is the undulator period, K is the normalized root-mean-square (rms) undulator

vector potential, γ is the relativistic Lorentz factor, N is the number of periods, and Z0 is

the impedance of free space (377 Ω), e is the electron charge, and I is the beam current.

Reducing the length-scale of an undulator blue-shifts the radiated light for a given set of

electron parameters. Figure 1.5 illustrates an undulator light source.

The normalized undulator parameter, K, describes the transverse deflection imparted

onto the traveling electron. The undulator parameter plays a prominent role in the phase

matching condition for undulator radiation and its deflection strength determines the number
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Figure 1.5: Illustration of an undulator light source. Blue shows the electron beam path
(deflected in the z-direction inside the undulator), cyan shows the magnetic field direction
(oriented in the y-axis), and green shows the radiation intensity and direction. The charac-
teristic length of the periodic field is defined as λu.

of photons emitted each period, making it a common metric for comparing undulators. It is

defined by

K =
eB0λu
2πmec

(1.3)

where e is electron charge, B0 is transverse magnetic field, me is electron mass, and c is the

speed of light.

The radiation produced by one electron acts on other electrons, introducing an interac-

tion [Pel01] between the two. As a result, the beam evolves toward a distribution with the

electrons regularly spaced within the beam at a distance of the undulator radiation wave-

length. As electrons bunch in regular intervals, a larger electromagnetic field is formed that

results in increased energy exchange and bunching. This process, called the Free Electron

Laser (FEL) instability, results in an exponential gain in radiation field amplitude, saturat-

ing when the number of electrons radiating coherently becomes on the order of number of

electrons in the beam. The instability growth rate for an ideal 1-D system, called the gain

length, is

Lg =
λu

4πρ
(1.4)

where the Pierce parameter, ρ, is

ρ =

(
KλuΩp

8πcγ

)1/3

(1.5)
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and Ωp is the relativistic plasma frequency. For an undulator with many gain lengths of

distance, the intensity grows as

I ∼ I0

9
ez/Lg . (1.6)

Conventional undulator technology uses permanent magnet and high-permability-yoke

or superconducting electromagnetic undulators with period λu > 1 mm. To access the

λr = 1 nm x-ray region of the electromagnetic spectrum with these period lengths, a minimum

beam energy of 500 MeV (γ ∼ 1000) is required. Modern radio-frequency (RF)-accelerator

gradients still remain below 20 MV/m, requiring at at least 25 m of linear accelerator for

a 500 MeV beam. This component drives the size and cost of high energy beam systems,

often requiring national-scale facilities to house them. If a beam of sufficiently high quality or

phase space density is transported through a long undulator, the free-electron laser instability

develops causing coherent radiation generation with exponential optical gain [BPN84].

These linear accelerator FEL light sources, known today as 4th generation light sources,

are the most intense sources of coherent light ever made, and under great demand for scientific

experiments, drug discovery, and medical imaging. Undulators with period range between

100 µm and 1 mm would enable access to this region of the electromagnetic spectrum with

medium energy (<100 MeV) electron beams. These microundulators could take advantage

of the continuous progress in the generation of high brightness electron beams and would

constitute an attractive solution for lowering the energy requirements of electron accelerators

for next generation FEL-based x-ray sources, dramatically reducing cost [BPN84]. At the

same time, microundulators would also constitute a valid alternative to inverse Compton

scattering [SLC96] sources, as short wiggling periods and long interaction lengths could be

obtained without the use of high power laser systems. Figure 1.6 compares the wavelengths

and light intensity accessible by several light source technologies, highlighting the application

space that MEMS microundulators and focusing optics are intended for.
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Figure 1.6: Peak brightness vs. photon energy for existing light sources, both m-scale and
km-scale [Lab14, Ins14, Cen14, Ele14b, Ele14a, OS12, FWP09, KMM10, CIE11, AAG11,
PLP10, ABS13, PCT12, CPG13, CAP10, PCP12]. Brightness is reported in the standard
convention of photons/second normalized to 1 mm2 surface area and 1 mrad2 solid angle.
Between the national-scale 4th generation light sources and the 3rd generation and compact
light sources is a technological gap, limited by the lack of high-performance short-period
undulators. The solid blue line shows the calculated power output power of a compact soft
X-Ray free electron laser operating in the Raman regime with a micro-undulator.
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CHAPTER 2

Prior art

T
HERE have been continuous improvements in magnetic optics and undulators as the

underlying physics have been explored and as materials and manufacturing preci-

sion has improved. Steering magnets, focusing optics, and undulators have all seen several

orders of magnitude improvement in strength and operating frequency, enabling several new

generations of beam systems at each new performance level.

2.1 Steering magnets

Steering magnets for particle beam systems can be generalized into three groups: slow

magnets used for constant beam deflection, fast (kHz) sweeping magnets for beam steering in

electron and ion beam microscopy, and very fast pulse (µs) ‘kicker’ magnets at slow repetition

rates (Hz) for injecting and extracting beam pulses from circulation in synchrotron storage

rings. Figure 2.1 shows an assortment of commercially available slow steering magnets,

Figure 2.2 compares an assortment of fast sweeping magnets, and Figure 2.3 shows an

assortment of kicker magnets.

While miniaturization has clear performance benefits for operating frequency and dipole

field intensity, the deflection angle of a steering magnet, θ = qBLm/p is also dependent on

Lm, the normalized distance the charged particles travel through the magnetic field. MEMS

manufacturing places upper limits on the size of individual devices due to limitations on

aspect ratio during patterning and material deposition, preventing the scaling of the elec-

tromagnet gap while maintaining the interaction length. These limitations makes MEMS

steering electromagnets promising for fast sweeping stages, short period undulators, or kick-
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Figure 2.1: Integrated deflection strength (B×Lm) and maximum frequency response vs
magnet bore for several commercial slow deflection electromagnets [Tec14d, Tec14e, Tec14a,
Tec14b, Tec14c, Dan14b]. Black shows the integrated deflection strength and gray shows
the fastest operating frequency.

Figure 2.2: Integrated deflection strength (B × Lm) vs. sweep frequency for several beam
sweeping electromagnets [Tec14d, Tec14e, DKG03, LSC01, Leb99, LCC99, TLK87, SPD07,
BVS01, BKJ01].
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Figure 2.3: Magnet pulse rise time and power draw vs. magnetic gap for several ‘kicker’ elec-
tromagnets [NTY11, GPR97, ZSH04, AAB09, OCW05, OCW02, BCD07, ELM03, ADD05,
YOG08, Nak09, FMS12, KTK06, KM14, Dan14c, Lee12]. Black shows the rise time of the
magnetic pulse and gray shows the power draw during the pulse. The repititon rate and
integrated deflection strength (B × Lm) of some example kickers are annotated on the plot.

ers for compact low-energy storage rings, but limits their use for constant deflection magnets

or kicker electromagnets in high-energy synchrotron storage rings.

2.2 Focusing magnets

Improvements of quadrupole focusing optics has centered on integrated strength, field qual-

ity, and tuneability, depending on the needs of the application. Improvements in integrated

focusing strength have focused on reducing the electromagnet gap, using permanent magnets,

or using very high electromagnet drive currents. Permanent magnet quadrupoles lack tune-

ability, but can produce very high field gradients in a small gap without power consumption.

Lim et al. used this strategy to demonstrate a 5-mm bore Halbach configured permanent

magnet quadrupole producing 560 T/m for high-intensity inverse Compton scattering exper-

iments [LFT05]. Very high electromagnet drive currents in a macro-scale quadrupole electro-

magnet requires specialized electromagnet geometries to reduce inductance and also requires
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high-voltage energy-storage systems to provide power for the pulse, but can produce very

high gradients. Winkler et al. demonstrated this with a 1-Hz 20-kA pulsed quadrupole elec-

tromagnet that produced 1400-T/m gradient across a 20-mm gap [WCB03]. Improvements

in field quality have relied on electromagnets with very precisely machined magnetic pole

tips. Rebrov et al. demonstrated a quadrupole electromagnet producing 650-T/m gradients

across a 13-mm gap with less than 0.1% higher order multipole field components [RPP07]

using precision electrical-discharge machining tools. Improvements in tuneability have relied

on secondary coils used to tune other multi-pole components of the field. Volk et al., for

example, used field shimming coils to provide 6-T/m of tuneability to a 36-T/m gradient

permanent magnet quadrupole [Spe01]. Each of these performance metrics can improve

directly with miniaturization and MEMS fabrication technologies. Figure 2.4 compares a

variety of quadrupole focusing electromagnets.

Figure 2.4: Quadrupole field gradient vs. beam aperture for several resistive, supercon-
ducting, and permanent magnet quadrupoles used in operating beamlines [Spe01, Dan14a,
WCB03, TOO01, LHR98, KAC09, CDF09, KAK12, BGL99, RPP07, WFP11, ZCK13,
MIK04b, LFT05, MLM12, MIK04a, TPC12, SPR07]. The gray line denotes the projected
performance of optimized MEMS quadrupole electromagnets.
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2.3 Undulators

Macro-scale undulators have been well established since Hanz Motz used an undulator and

an electron beam to produce the first man-made coherent infrared light [MTW53]. Since

then, national-scale user facilities have been set up in many developed countries, providing

access to a variety of difficult to reach wavelengths. Undulators in synchrotron facilities

such as SPRING-8 in Japan, BESSY in Germany, and the Advanced Light Source and

Advanced Photon Source in the United States produce light from deep ultraviolet to hard

X-rays. Undulators at the end of ultra-bright linear accelerators are known as 4th generation

light sources, and produce ultra-bright coherent beams of VUV to hard X-rays at facilities

such as the Linac Coherent Light Source in the United States, SACLA in Japan, and the

European XFEL in Germany. Most of these undulators utilize permanent magnets, but some

electromagnetic [KBH98] and superconducting undulators [HKM98] are also in service.

Undulator designs with period lengths in the mm to sub-mm range have been pursued

to reduce the size and cost of high-energy light sources since the mid-1980’s. V. Granatstein

proposed a design for mm-scale pulsed electromagnetic undulators [GDM85]. G. Ramian

proposed using periodic grooves ground into samarium cobalt blocks to produce a mm-

scale undulating field [REK86]. K.P. Paulson built and characterized this undulator design,

demonstrating that machined permanent magnets could be used to reduce the period length

to 4 mm. His work noted the unsolved drawbacks inherent in small machined permanent

magnets of smaller magnetic fields, continuous offset and long-period field errors, and large

end fields [Pau90]. Paulson proposed integrated electromagnets and magnetic end-caps as

potential solutions, but this was not pursued further at the time due to the expected manufac-

turing complexities. Tatchyn et al. proposed and fabricated hybrid-bias-permanent-magnet

undulators with period lengths in the range of λu = 700 - 800 µm. Magnetic testing of these

‘micropole’ undulators showed magnetic fields as high as 0.38 T [TC87]. These undulators

demonstrated 1 pW of 66-eV soft x-ray/VUV radiation from a 70-MeV 1-nA linear accel-

erator at Lawrence Livermore National Laboratory [TTH89]. The magnetic field in these

devices was limited by the low remnant field of the NdFeB permanent magnets (0.73 T) and
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by the 200+ µm gap, which still was not wide enough to fully accommodate the electron

beam available at the time. Electron beam size, positioning, and stability were identified as

primary limitations on further developing the technology. Another limitation was identified

in the transverse and longitudinal disturbances to the electron beam energy by wakefields

within the undulator [TCT89]. In subsequent years, the emittance and stability of electron

beams have improved by orders of magnitude [DBD09].

Since these early efforts, the range of undulator period lengths between 10 µm and 700 µm

has remained inaccessible. Laser undulators at these wavelengths are limited by a lack of

high intensity gain media. Permanent magnets, on the other hand, are limited by crystal

grain and magnetic domain size limits [AW09]. Machining technology does not exist to man-

ufacture superconducting undulators with sub-mm period, and the only other feasible alter-

native, ‘slow light’ cavity undulators, have yet to be experimentally demonstrated [PBM09].

Figure 2.5 compares the performance of several demonstrated undulators.

Recent progress on surface-micromachined magnetic materials [GHN10, OTH98] and

devices [OHC06, GTH09, GTH11] has enabled soft-magnet inductors and actuators to be

fabricated by photolithography and electroforming with precision on the range of a few µm in

the lateral dimensions and film thicknesses in excess of 50 µm. These surface-micromachined

inductors are the predecessors to this work.
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Figure 2.5: Undulator strength vs. undulator period for several research undulators and oper-
ating light source undulators. Annotations identify the undulators by facility or author, and
the black circle indicates the range of parameters targeted for MEMS undulators. The inverse
Compton scattering light source Thompson-Radiated Extreme X-Ray (T-REX) [GAA10] and
plasma betatron light source Kneip et al. [KMM10] driven by Terawatt sub-micron wave-
length laser facilities are included for reference. The T-REX light source is optimized for
the production of gamma rays, however, and plasma betatron light sources cannot produce
monochromatic light.
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CHAPTER 3

Design

H
IGH-PERFORMANCE and manufacturable designs for MEMS-based electromagnet

systems require a combination of analytical and computational modeling at the

device and system level. Guided by the scaling laws for these devices and the process

constraints discovered during manufacturing, quadrupole and undulator electromagnets were

modeled as magnetic circuits, optimized using 3-D finite element method (FEM) simulations,

and the resulting parameters were used in 3-D physics simulations modeling a MEMS-based

light source.

3.1 Electromagnets

Soft-magnet electromagnets require an actively powered coil producing magneto-motive-force

(MMF) to generate magnetic flux, a magnetic yoke to direct the flux across a free-space gap,

and engineered magnetic pole tips to concentrate the magnetic flux density. The maximum

field that can be generated is limited by the saturation magnetization of the magnetic yoke,

which is as high as 1.1 T for electroplated alloys of NiFe [GHN10] and 2.1 T for electroplated

alloys of CoNiFe [OTH98]. Other limitations on peak free-space field result from the lost

magnetic flux that fringes across the yoke before reaching the undulator or quadrupole

magnetic gap. Peak flux densities in these devices may range from 10 mT to over 1 T in the

gap, depending on the design. The pole separation for quadrupoles and period length for

undulators is limited at a lower bound by the resolution of the thick photoresist mold that is

used in the magnetic yoke fabrication process, typically ∼ 10 µm, and at an upper bound by

wafer bow due to the volume of deposited material, typically ∼ 0.1 mm3 of permalloy and
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copper for a 9 mm2 silicon die. Overall device size is limited by the size of the silicon wafer

used in fabrication, typically 100 mm in a university cleanroom and 300 mm in a commercial

cleanroom.

Several obstacles have prevented soft-magnet MEMS devices from achieving widespread

use. The complex fabrication process required to produce integrated 3-D coils has lim-

ited most previous devices to less efficient planar coils or external magnetic flux sources,

two options that would prevent the scaling of microfabricated undulator period length

and quadrupole gap diameter to the sub-mm level. Depositing high-quality ferromagnetic

films thicker than 10 µm requires expertise in electrochemistry and controlled atmosphere

tools [GHN10], a significant barrier to entry in the field. Additionally, microfabrication re-

quires an assortment of cleanroom fabrication tools and a complicated skill set for the tool

operator. Thick magnetic film devices, in particular, use atypical processes such as thick

photoresist electroplating molds and photolithography over high aspect-ratio topology.

The electromagnet geometry is primarily limited by two effects during manufacturing,

diffraction and uneven absorption during photolithography and high internal stress in the

photoresist electroplating molds. The diffraction limited critical dimension for photolithog-

raphy, where adjacent lines and spaces follow precisely from the mask pattern, is expressed

by

bcrit =
3

2

√
λlz

2
(3.1)

where bcrit is the feature width that can be precisely resolved, λl is the wavelength of the

photolithography light source, and z is the thickness of the photoresist [Mad02]. For the

100 µm thick photoresist electroplating mold proposed for the electromagnet yoke exposed

with an i-line (365 nm) mercury arc-vapor lamp, experimental results confirm the simple

estimates based on equation 3.1 and yield a limit between 5 µm and 10 µm for minimum

geometry feature size [FWT99]. Thick chemically-amplified photoresists have experimentally

demonstrated 7 µm lateral features in 100 µm thick SU-8 10 [FWT99], 15 µm lateral features

in 1.5 mm thick SU-8 [CCD10] and 18 µm lateral features in 180 µm thick KMPR [LJ08].
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The resolution limitations imposed by internal stress in the photoresist can be signifi-

cantly coarser than the effects of diffraction and dose absorption in negative-tone thick-film

photoresists. For some geometries, the internal stress of the negative-tone photoresist elec-

troplating mold used during fabrication of the yoke and windings will exceed the adhesion

strength between the mold and the preceding film. Fabrication test structures have shown

electroplating mold failure with negative tone photoresists for length-to-width ratios less

than 4 to 1 for 50 µm thick films and 10 to 1 for 25 µm thick films. For example, the limita-

tions for an undulator with a 100 µm yoke width and height are 50 µm spacing between pole

tips and 10 µm spacing between windings given the limitation stated above. Positive tone

photoresists do not suffer from stress limitations, but are limited in thickness by exposure-

induced opacity and do not achieve the vertical sidewall aspect-ratio required to produce

magnetic films for uniform field distribution.

3.1.1 Magnetic circuits and geometry

The achievable peak magnetic flux density and uniformity is governed by the geometry of

the flux source. Different geometric designs can be analyzed using Hopkinson’s/Rowland’s

magnetic analogy to Ohm’s law

φ =
F
Rtotal

(3.2)

where φ is the total magnetic flux, F is the MMF, and Rtotal is the total reluctance of all

flux paths (Figure 3.1). The reluctance of a flux path is

R =
L

µTW
(3.3)

where L is the magnetic flux pathlength, µ is the magnetic permeability, T is the yoke

thickness, and W is the yoke width. Reluctances in parallel add like electrical resistors

in parallel (R−1
parallel = R−1

1 + R−1
2 ), while reluctances in series add like resistors in series

(Rseries = R1 +R2). The total magnetic flux delivered to the undulator gap will be reduced

by the fringing flux paths in parallel with the desired flux path in the system. Because there

are numerous fringing flux-paths for complicated 3-D geometries, magnetic circuit analysis
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is primarily useful as an optimization tool for seeding 3-D the geometric parameters of a

finite element model.

Figure 3.1: Illustration of a magnetic circuit. Gray denotes the ferromagnetic yoke material
and the electric circuit symbols denote magnetomotive force source (windings) and magnetic
reluctance around the magnetic circuit path.

For a multi-pole electromagnet with a high permeability magnetic yoke, the fraction of

generated magnetic flux that is channeled into the gap is a function of the reluctance of the

magnetic path across the gap relative to the magnetic reluctance of all other return paths in

parallel. Careful design of the flux path is required to minimize the reluctance of the desired

path and maximize the reluctance of all other paths.

The ‘racetrack’ solenoidal coil is an area-efficient design that fits the windings and yoke

into a compact solenoidal configuration, ideal for multi-pole electromagnets and short period

undulators (Figure 3.2). The solenoidal coil design can fit an order of magnitude or more

windings into a given surface area than the simpler and more common planar MEMS coil

design.

Figure 3.2: Scanning electron micrograph of a surface-micromachined ‘racetrack’ transformer
fabricated at UCLA.
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3.2 Multi-pole electromagnets

An electromagnet with an even number of poles can produce dipole fields by energizing poles

on one side as ‘North’ and poles on the other side as ‘South’. Figure 3.3 shows one flux path

through a 2-pole electromagnet producing a dipole field.

Figure 3.3: Illustration of a 2-pole magnetic circuit. Gray denotes the ferromagnetic yoke
material, cyan the magnetic flux lines, and circuit symbols denote the magnetic circuit paths.

An electromagnet with 4-N poles can produce quadrupole fields by energizing the poles

in each quadrant with fields in alternating directions. Figure 3.4 shows one set of flux paths

through a 4-pole electromagnet producing a quadrupole field.

Dipole, quadrupole, and higher order fields are orthogonal to each other, allowing the

linear superposition of fields by adding the electrical current configuration of each electromag-

net winding for each desired multi-pole field. A 4-pole electromagnet that can superimpose

a dipole field on a quadrupole field is known as a combined-function quadrupole, and can

either steer and focus a been simultaneously, or use the dipole field to electrically shift the

quadrupole field centroid about the electromagnet gap. Figure 3.5 illustrates the soft-tuning

of a MEMS quadrupole field centroid.

Magnetic circuit analysis of several 4-pole electromagnet geometries indicated that the

pole tip taper angle most significantly influenced field strength. Figure 3.6 shows a model of
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Figure 3.4: Illustration of a 4-pole magnetic circuit. Grey denotes ferromagnetic yoke mate-
rial, orange denotes the electromagnet windings, and cyan denotes magnetic flux lines. The
inset shows the in-plane magnetic circuit parameters.

Figure 3.5: Illustration of a combined-function electromagnet electronically shifting the
quadrupole field centroid from left to right. The inset shows the transverse y-component
of the magnetic flux density across the transverse x-axis of the quadrupole center.

the magnetic flux density along a quadrupole magnet pole of a 600 µm-gap electromagnet

for a variety of pole taper angles. Figure 3.6(a) and (b) illustrate the difference in field for

the case of an electromagnet with a 10◦ and 35◦ pole taper angle.

Table 3.1 shows the result of a parameterized 3-D FEM optimization of quadrupole

electromagnet geometry seeded by optimized geometries with a NiFe yoke (Bsat = 1.1 T)

using magnetic circuit analysis. The quadruple that was actually fabricated and tested is

included as the last entry in the table.
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(a) Quadrupole with 10◦ taper angle (b) Quadrupole with 35◦ taper angle

Figure 3.6: Calculated flux density along a quadrupole pole tip vs. pole taper angle.

Table 3.1: Optimized quadrupole geometries. The fabricated quadrupole is bolded.
Electromagnet Winding Yoke Taper Field Dipole

gap (µm) pitch (µm) thickness (µm) angle (◦) gradient (T/m) strength (T)
100 45 200 30 10000 0.425
200 45 200 30 6800 0.400
300 65 200 38 3300 0.320
400 75 200 40 2200 0.300
600 100 200 35 1000 0.200
600 85 55 10 220 0.024
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The field produced by -1.0 A in each coil of the fabricated quadrupole electromagnet

was simulated using the 3-D magnetostatic simulation package in the finite element method

multiphysics software COMSOL. Figure 3.7 shows the simulated dipole field profile and

Figure 3.8 shows the simulated field profile for a quadrupole field. The magnetic length

was 686 µm for the dipole field simulation and 384 µm for the quadruple field simulation.

The inductance calculated by integrating the stored magnetic energy (E =
∫
B2/(2µ)dv)

matched the measured inductance for the quadrupoles described in Chapter 5 within 6%

before packaging and 21% after packaging. Post-packaging measurements were through

20 wire bonds reworked with a chlorine plasma etch, potentially explaining the variation

between measurements.

Figure 3.7: Simulated transverse magnetic dipole field profile for I = -1.0-A drive current.
Integration across the model volume yields a 32.2-nH inductance. Dividing the z-integrated
field by the peak field yields a 686-µm magnetic length, which is the normalized interaction
distance of a charged particle.

These simulations show that the yoke for the electromagnet as-fabricated saturates with

I = ±2.35-A drive current when producing a dipole field and I = ±4.7 A when producing

a quadrupole field while the poles are only 25% saturated with magnetic field. The yoke

width in these devices was limited by a 3-mm die size, limiting the maximum field. A 4×

field strength improvement could be realized by simply extending the yoke width without

further optimization, however, this design was selected given the fabrication design rules in

place at the time.
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Figure 3.8: (a) Simulated transverse magnetic quadrupole field profile for I = -1.0-A drive
current. (b) Dividing the z-integrated field gradient by the peak field yields a 384-µm
magnetic length, which is the normalized interaction distance of a charged particle.

3.3 Undulators

The flux path configuration for an undulator allows more flexibility in design. It is possible

to generate the magnetic flux on one side of the undulator (Design 1) or on both sides of

the undulator axis as in a typical electromagnetic undulator (Design 2) [Cla04], as shown

in Figure 3.9. Directing the flux through MMF sources located only on one side of the

undulator axis to a short yoke on the other side of a gap (Design 1) allows doubling the

yoke width and spacing for a given undulator period length, but at the cost of additional

parasitic magnetic fringing between the short yokes. As a result, directing the flux through

MMF sources on both sides of the undulator axis (Design 2) achieves a larger peak magnetic

field but also a longer minimum period length for a given yoke thickness.

Figure 3.10 shows a reluctance model of the undulator neglecting 3-D fringing and period-

to-period fringing. Period-to-period fringing is negligible if the yokes of each period are

disconnected. The equations for the total, fringing, and return flux path reluctances can be

obtained from Figure 3.10 and are shown below.
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Figure 3.9: Illustration of a two period cross-section of two undulator designs with
λu = 100 µm. Undulator design 1 allows further scaling. The magnetic yoke is shown in
gray, the solenoid winding interconnect cross-sections are shown in orange, and the intended
magnetic flux path is shown in blue.

Rtotal = Ryoke,f +
(
R−1

fringe +R−1
return

)−1

Rfringe =
(
R−1

window,y +R−1
window,g

)−1
Design 1

Rreturn = 2 Rgap +Ryoke,g

Rtotal = Ryoke,f +
(
R−1

fringe +R−1
return

)−1

Rfringe = Rwindow Design 2

Rreturn = 2 Rgap +
(
R−1

yoke +R−1
window

)−1

Magnetic saturation sets the upper bound for efficient generation of magnetic flux in the

undulator yoke. The magnetic flux density in the yoke is

Byoke =
φtotal

WyTy

(3.4)

where Wy is the yoke width and Ty is the yoke thickness.

27



Figure 3.10: Illustration of a simple reluctance model of the two undulator designs illustrated
in Figure 3.9.

Magnetic circuit analysis shows that the flux remaining at the magnetic pole tips is

φtip =
φtotal

1 +Rreturn/Rfringe

. (3.5)

To get an analytical estimate of the field, we assume a linear and uniform magnetic material.

The magnetic flux at the pole tip and the MMF at saturation can then be found by increasing

φtip up to the point where Byoke = Bsat (2.1 T for CoNiFe).

The transverse magnetic flux density at the center of the undulator is reduced by fringing

in the axial direction and can be significantly less than the flux density in the cross section

of the yoke. The magnetic field of a standard (Design 2) undulator including 2D fringing

was analyzed by Poole et al. and is given by

Bpeak =
φtip

WyTy

1

cosh(ξ)

(
1− sinh(ξ)/(3sinh(3ξ))

1− sinh(ξ)/(3sinh(ξ))

)
(3.6)
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where ξ = πg/λu [PW80], g is the gap between pole tips, and λu is the undulator period

length.

Figure 3.11 shows the magnetic flux density of the undulator (Design 2) plotted at satura-

tion using equations 3.4 and 3.6, varying the undulator period and gap. When all geometric

parameters are scaled together, the peak magnetic flux density remains constant. To ver-

ify the analytical scaling law, a variety of undulator geometries were simulated using the

2D finite element method (FEM) magnetostatic package in COMSOL Multiphysics with

a nonlinear CoNiFe material model derived from vibrating sample magnetometry (VSM)

studies of electroplated Ni80Fe20 [GHN10] scaled to the saturation magnetization and initial

permeability described in Osaka et al. [OTH98].

Figure 3.11: Plot showing the scaling of the transverse magnetic flux density in the center
of the undulator vs. gap and period. Values of Ly = λu/4, Wy = λu/4 and Bsat = 2.1 T are
used. Lines denote calculations and diamonds denote simulations.

Analytical results approximate the simulated fields well while 1 ≤ λu/g ≤ 8. For large

ratios of period to gap, the undulator tip curvature focuses the field and using φtip/WyTy as

the flux density at the tip is inadequate. For small ratios of period to gap, longer fringing

paths across the window that were neglected become relevant and Rwindow is inadequate.

Figure 3.12 shows the MMF in Amp-turn required to generate 1 T for many different ge-
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ometries. Peak transduction of electrical current to magnetic field is found across wide bands

of period lengths centered at λu/g ≈ 4 and is approximately 0.528 A–turn/T/µm × λu[µm].

Figure 3.12: Plot showing the ratio of the MMF required to saturate the magnetic yoke,
normalized to 1 T, for a variety of undulator geometries.

The maximum MMF that can be generated for each period of the undulator is limited by

the maximum allowed current density through the coil before the maximum operating tem-

perature is reached. The maximum operating temperature of the undulator will be reached

when either the magnetic material passes the Curie temperature, the internal stress of the

magnetic material increases significantly due to annealing, or the polymer used to isolate

the windings from the magnetic yoke decomposes. The curie temperature of Co65Ni12Fe23

is typically in excess of 800◦ C [Oma90]. The internal stress of magnetic alloys containing

Ni and Fe anneal to high stress in excess of 250◦ C and the polymer SU-8 decomposes in

vacuum at 280◦ C, setting a maximum operating temperature of 250◦ C.

Heat transport from the electromagnet through the substrate is limited by the thermal

conductivity of silicon, 65 W/cm2/◦C for a 200-µm-thick substrate. At 10 kW/cm2, 150 ◦C

of the thermal budget is consumed in a 200-µm-thick Si substrate. The thickness of the

bottom and top winding layers can be increased to improve heat transport and reduce Joule

heating in the electromagnet using a damascene and through-mold electroplating process,

respectively, but the cross section of the vias is limited by the available space between the
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magnetic yokes. Figure 3.13 shows the maximum MMF that can be generated for different

uniformly scaled geometries dissipating 10 kW/cm2.

Figure 3.13: Plot showing the maximum MMF that can be generated by a 32-turn coil
dissipating 10 kW/cm2.

As an example, let us consider a λu = 100 µm g = 25 µm undulator with a 50 µm

thick yoke, saturated with 160 A-turns of MMF. Assuming a 32 turn 0.8 Ω coil, we have

J = 2.5×1010 A/m2 winding current density, and each period of the undulator will dissipate

5 W. The base of the 200 µm thick substrate needs to be maintained at a temperature below

-143◦ C to keep the undulator from exceeding 250◦ C. This undulator should be capable of

operation when cryogenically cooled by liquid nitrogen. To improve the thermal performance

of the undulator, we can reduce the electromagnet yoke thickness to match the size of the

gap between the poles. If a 25 µm thick yoke is used, the base of the substrate must be kept

below 41◦ C and the undulator can operate at room temperature.

The optimal design for the undulator electromagnet is obtained as a compromise between

i) reducing the length of the racetrack yoke to minimize the fringing flux losses to reduce

the required MMF for a given field and ii) increasing the winding cross-section to reduce the

current density and improve heat transport.
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3.3.1 Optimization of undulator geometry for higher field

Another design option is to reduce the undulator magnetic gap width below λu/4. This causes

the field down the undulator axis to deviate from sinusoidal uniformity, radiating power into

higher order harmonics. This deviation can be corrected by shaping the magnetic pole

tips. Increasing the radius of curvature of the poles slightly reduces the peak field, but also

reduces the contribution of higher order (odd) harmonics in the magnetic field (Figure 3.14).

Increasing the radius of curvature from 12.5 µm to 32 µm reduces the third harmonic from

11.5% of the total spectral content to 4.6% and increases the peak of the fundamental

harmonic by 7%.

Figure 3.14: Plot of the spatial harmonics of the undulator field in undulator design 2 with
λu = 100 µm and g = 12.5 µm for several pole tip curvature radii. Data was taken from
from 2D magnetostatic FEM simulations.

For periods longer than 100 µm, tapering the yoke from a wide back to a λu/4 width

pole reduces the magnetic reluctance (see Figure 3.9) and spreads out the flux at the back

corners of the yoke where the undulator first saturates. 2D nonlinear magnetostatic FEM

simulations show that a λu = 400 µm undulator with yoke tapering and a 50 µm wide

magnetic gap produces a saturated peak field of 1500 mT, 45% greater than the un-tapered
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yoke. As the undulator period is scaled down, this optimization becomes unfeasible due to

the space requirements for the electromagnet winding vias. Table 3.2 lists the peak magnetic

flux density simulated for a variety of optimized undulator geometries using a CoNiFe yoke

(Bsat = 2.1 T).

Table 3.2: Optimized undulator geometries using undulator design 2
λu (µm) Undulator gap (µm) Bpeak (mT) K

25 6.25 540 8.9×10−4

25 12.5 230 3.8×10−4

100 25 727 4.8×10−3

100 50 334 2.2×10−3

400 50 1500 4.0×10−2

400 100 970 2.6×10−2

The strength of the coupling between the radiation and the relativistic beam is related

to the normalized undulator parameter, K

K =
eBpeakλu

2
√

2πmec
(3.7)

where e is the charge of an electron, Bpeak is the peak on-axis transverse magnetic field, λu

is the undulator period, me is the electron mass, and c is the speed of light. The achievable

undulator parameter in the range of λu = 25 µm to λu = 1 mm scales between K = 9×10−4

and K = 0.1. This is comparable with the shortest period undulators discussed in recent

literature, K = 0.03 for a 706 µm hybrid permanent ‘micropole’ undulator [TTH89], K = 0.4

for a λu = 5 mm permanent magnet undulator [EGB07], and K = 0.2 for a λu = 3.8 mm

superconducting undulator [HKM98].

3.3.2 Undulator sextupole focusing

It is not uncommon for traditional permanent magnet undulators to operate with GeV

beams. Scaling the undulator design to the micron-scale eliminates the need for GeV electron

sources for X-ray photon energies, and enables more than an order of magnitude increase in

photon energy over currently available sources with the same electron accelerator. Shorter

undulator scales and lower energy electrons, however, place other demands on the electron
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beam characteristics in order to maintain focus and alignment for long distances in sub-

100 µm magnetic gaps. The undulator can either rely on upstream beam optics to maintain

focus or be designed to achieve a large magnetic spatial gradient in transverse directions,

producing a sextuple field to confine the beam.

Relying on upstream beam optics, the length that the electron beam will remain focused

is given by

Lu = 2σ2
0γ/ε. (3.8)

Assuming a normalized transverse beam emittance of ε = 1 mm-mrad, a σ = 20 µm beam

width and 120 MeV beam energy, the electron beam will remain focused for a distance of

19 cm, a distance compatible with the length of these microfabricated undulator sections.

In order to reach power saturation, many additional stages of focusing optics and undulator

segments must be used, or the undulator must be designed to provide natural-focusing in

both transverse directions.

Natural-focusing in the out-of-plane transverse direction can be provided by generating

an out-of-plane field gradient. This field can be accomplished with additional magnetic

material above and below the magnetic pole tips (Figure 3.15).

(a) Field intensity without flux lens (b) Field intensity with flux lens

Figure 3.15: Natural focusing sextupole field with additional magnetic material.

The natural focusing strength can be derived from the Lorentz force on an electron moving

through the undulator with a field in the transverse y and z directions [HK07]. The natural
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focusing strength in the y direction in a flat-pole electromagnetic undulator is defined by

kn =
2πK√
2λuγ

� 2π

λu
(3.9)

Typical natural focusing values in a short undulator X-ray FEL, such as a high-gain FEL

using a MEMS undulator proposed below (Table 3.4), are kn = 1.6 m−1. The natural focusing

strength stays constant with scaling of the undulator period, but increases linearly with a

reduction in electron beam energy.

Natural focusing can be provided in both directions, as shown in Figure 3.15. The

strength in the transverse directions, however, is limited to

k2
nx + k2

ny = k2
n0 (3.10)

providing transverse electron acceleration back toward the undulator center:

d2xβn
dz2

= −k2
nxxβn (3.11)

d2yβn
dz2

= −k2
nyyβn. (3.12)

Natural focusing in both directions can reduce or eliminate the need for quadrupole fo-

cusing optics in some low-energy beam cases, dramatically simplifying the construction of

the FEL. Additionally, longitudinal modulation of the electron bunch phase relative to the

radiation field, an effect that is detrimental to micro-bunching of the beam, can be avoided

with the elimination of the FODO quadrupole focusing lattice [Sch85]. The additional pat-

terned material used to provide focusing in the transverse out-of-plane direction comes at the

expense of added fabrication complexity, but has the potential to provide a simpler compact

FEL.
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3.3.3 Magnetic field uniformity

The low K value of these undulators implies that magnetic field non-uniformity has a rel-

atively small effect on the undulator resonance condition. However, beam position and

focusing will be more sensitive to the magnetic field profile because the electron beam occu-

pies much of the space between the magnetic pole tips. 3-D magnetostatic FEM simulations

of the field in a 100 µm period, 50 µm × 50 µm gap undulator were performed with COM-

SOL Multiphysics to visualize the transverse behavior of the field. Figs. 3.16 and 3.17 show

the transverse magnetic flux density at different positions in the undulator.

Figure 3.16: Transverse magnetic flux density at different positions for undulator design 1
with λu = 100 µm and g = 50 µm driven far below magnetic saturation. The plot spans 5
of 7 periods of an undulator with y = z = 0 µm at the center.
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Figure 3.17: Transverse magnetic flux density at different positions for undulator design 2
with λu = 100 µm and g = 50 µm driven far below magnetic saturation. The plot spans 5
of 7 periods of an undulator with y = z = 0 µm at the center.

The z-dependence of the magnetic field seen in both designs is explained by the fact that

out-of-plane magnetic fringing reduces the transverse magnetic flux density away from the

center of the undulator. Conversely, in the undulator plane (along y-direction), the magnetic

flux is larger as we approach the magnetic flux sources. This effect is more pronounced in

undulator design 1, where the flux source is only on one side (see Figure 3.17).

In order to estimate the magnitude of the magnetic field errors in this undulator, we

observe from equation 3.6 that the on-axis magnetic field varies inversely with the thickness

of the yoke. The precise thickness of binary and trinary magnetic alloys is difficult to control

37



across a patterned feature. A typical random variation in the thickness of the undulator

yoke with σt = 0.01 Ty corresponds to a σB,t = 0.01 Bu variation in the undulator field.

Non-uniformity in the photolithography exposure tool dose (< 1% for modern projection

and 1.5% for contact lithography tools) will cause variation in the critical dimensions of

the yoke. Using the lumped parameter model for optical lithography [Mac07] and assum-

ing a high-contrast negative-tone photoresist and features that are larger than the critical

dimension defined in equation 3.1, a σI = 0.01 I0 variation in exposure dose will result in

approximately a σCD = 0.01 bcrit critical dimension variation. For a 100 µm thick electro-

magnet yoke electroplating mold, the undulator gap would then vary by σg = 60 nm. A

Taylor expansion to first order of terms containing the gap in equation 3.6, ξ = πg/λu, at

g/λu = 1/2 show that the magnetic field varies with Bu ∝ 1.05 − 0.525 ξ. A σg = 60 nm

uncorrelated variation in the gap of a λu = 100 µm g = 50 µm and λu = 400 µm g = 100 µm

undulator will result in a σB,g = 0.005 Bu and σB,g = 0.0004 Bu variation in undulator field,

respectively.

The total effect of these uncorrelated transverse field errors on the undulator phase match-

ing condition, defined in equation 1.1, will be limited by the small K of the undulator. A

σB = 0.011 Bu total variation in the transverse field intensity with K = 0.003 will result in

a 1×10−7 rms error in the phase matching condition of a λu = 100 µm undulator.

Electrically tuning individual undulator electromagnets can mitigate these errors. For un-

dulator design 1, Hopkins analysis neglecting fringing yields a tuning range from B = 0 to Bpeak.

For undulator design 2, full tuning range can be achieved when the yoke is unconnected be-

tween undulator periods. When the yoke reluctance between periods is much less than Rtotal

and there are many periods, however, tuning range approaches zero.

3.4 Challenges for free electron laser system using MEMS optics

Integrating a microfabricated electromagnetic undulator with a beam line poses several chal-

lenges that are not typically encountered with macroscopic permanent magnet, supercon-

ducting, or laser undulators. The undulator transverse structure is sub-mm size, and it must
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be placed inside the vacuum beam line, complicating alignment, electrical interconnects,

heat extraction, and beam focusing. Spatial measurements of the actual magnetic field will

be complicated by the small undulator gap. Further, the proximity of the undulator surface

to the electron bunch influences the beam characteristics.

3.4.1 Heat dissipation

Heat extraction is a serious challenge when operating electromagnetic undulators under

vacuum. Further aggravating heat extraction from the undulator is the reduced cross-section

of the windings as the undulator period scales down, driving up both current density and

coil resistance. Depending on the geometry, the undulator dissipates 100s of W/cm2 to 10s

of kW/cm2 during operation (Figure 3.18).

Figure 3.18: Plot showing the scaling of the surface power dissipation density generated by
the undulator windings at saturation.

For a saturated 400 µm period undulator with a magnetic gap of 50 µm, 3820 W/cm2 must

be extracted from the undulator to maintain a steady-state temperature. Figure 3.19 shows

the 2D temperature distribution simulated using COMSOL Multiphysics across a 50 µm

tall winding cross section of a λu = 400 µm undulator on a 200 µm thick silicon wafer.

Here, the base of the wafer must be held at less than 138◦ C to keep the structural polymer
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from exceeding a safe temperature of 250◦ C. Figure 3.20 shows the simulated temperature

distribution across a 25 µm tall winding cross section of a λu = 100 µm undulator on a

200 µm thick silicon wafer. Here, the base of the wafer must be held at less than 32◦ C.

Figure 3.19: Temperature distribution simulation (Kelvin) of a λu = 400 µm undulator
winding cross-section driven with 5 A, producing 1.2 T, fabricated on a 200 µm thick Si
wafer.

Figure 3.20: Temperature distribution simulation (Kelvin) of a λu = 100 µm undulator
winding cross-section driven with 0.8 A, producing 0.3 T, fabricated on a 200 µm thick Si
wafer.

For geometries that generate more surface heat density, conductive heat transfer from

room temperature is not sufficient to keep the undulator below the structural polymer’s
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decomposition temperature. To address this limitation, the structural polymer may be

removed by an O2 plasma etch prior to operation, the undulator must be run pulsed, or a

circulating liquid or cryogenic cooler may be used to extract heat from the undulator. Given

the τ = 100 ns - 100 µs response of the undulator inductors, pulsed operation at 1 kHz

with a 10% duty cycle would allow all undulator designs to be driven with the substrate

held at room temperature. Integrated two-phase microjet impingement cooling [WZJ04] is

another potential solution to dramatically increase heat transport allowing continuous wave

operation without cryogenic cooling.

3.4.2 Wakefields

Wakefields generated by the electron beam in sub-mm gaps are significantly stronger than in

mm- or cm-scale undulator beam pipes and have the potential to seriously affect the electron

beam energy spread and propagation. There are two main sources for the wakefields, the

resistive wall effect and the surface roughness effect.

The resistive wall wakefield is a result of electrical currents induced in the walls of the

undulator electron beam waveguide. These finite currents will excite both transverse mag-

netic and transverse electric waveguide modes, resulting in longitudinal energy modulation

and transverse instability of the electron bunch.

Longitudinal wakefields will induce a significant energy spread in the electron bunch as

it travels through the undulator when the length of the electron bunch is comparable to a

characteristic distance,

s0 =

(
cg2

8Z0σ

)1/3

(3.13)

where c is the speed of light, g is the undulator gap (approximating the waveguide cross-

section as round rather than rectangular), Z0 is the impedance of free space, and σ is the

conductivity of the undulator waveguide walls [BS96].

Studies by Bane et al. showed that a rectangular aluminum beam pipe reduced longitudi-
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nal wakefields by 50% compared to an equivalent sized round copper beam pipe [Ban07]. An

aluminum covered rectangular beam pipe is compatible with the fabrication process proposed

here, and the wakefield effects for this configuration are calculated below. A g = 100 µm

undulator with an aluminum covered waveguide has a characteristic distance s0 = 724 nm

and a loss factor of kz = 0.1 MV/pC/m. The longitudinal energy modulation of a of a

750 Apeak 100 pC electron bunch by short-range resistive wall wakefields were calculated

using the GENESIS module Genwake for a variety of undulator gap sizes and plotted in

Figure 3.21.

Figure 3.21: Resistive wall component of the longitudinal wakefield for a 750 Apeak 100 pC
gaussian electron bunch between two parallel aluminum plates separated by g.

The other contribution to the undulator wakefield is due to the boundary conditions

on the electric field induced by a rough waveguide wall. This field distortion will impact

the energy of subsequent electrons in the bunch with an inductive load on the electron

beam [BNC97]. To illustrate this effect, surface roughness wakefields were calculated using

the GENESIS module Genwake for an aluminum coated g = 100 µm and g = 400 µm

waveguide with a variety of surface roughnesses, Rq, and shown in Figure 3.22.

The surface morphology of evaporated or sputtered metal films is typically characterized

by nm-scale surface roughness that follows the underlying topology. The proposed micro-

undulator fabrication process uses SU-8 polymer patterned by UV photolithography to define
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Figure 3.22: Longitudinal wakefield for a 100 pC gaussian electron bunch between two
parallel aluminum plates separated by g = 100 µm (top) and g = 400 µm (bottom).

the sidewall topology. The sidewall of these SU-8 features have a surface roughness below the

measurement capabilities (∼ 5 nm) of the scanning electron microscopes used in this work

(S-4700, Hitachi Instruments, Inc., San Jose, CA, USA). Tapping mode atomic force micro-

scope measurements have been reported with Rq ∼ 4 nmrms sidewall surface roughness over a

correlation length of 46 nm for proton beam patterned SU-8 [SBS04] and Rq ∼ 4 nmrms side-

wall surface roughness without a reported correlation length for UV-patterned SU-8 [ZSC10].

These values are strongly affected by fabrication process conditions, especially the tempera-

ture and duration of subsequent anneal bakes and the temperature, duration, and chemistry

of subsequent plasma etching steps. Scanning tip profile measurements of SU-8 films during
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the proposed fabrication process have shown surface roughness ranging from Rq ∼ 1 nmrms

to Rq ∼ 100 nmrms, depending on the exposure of the SU-8 to fabrication process conditions.

Because the FEL instability requires that the energy bandwidth in an FEL slice of the

electron pulse be less than the FEL gain (Pierce) parameter, the energy chirp imparted

by wakefields can prevent the micro-undulator from operating as a FEL [BS05]. Taking

the parameters from the high-gain soft-x-ray FEL amplifier example below, E = 210 MeV,

Lg = 53 cm, Lc = 1.5 µm, and ρ = 4.5×10−5, the induced energy spread across a FEL slice

must be less than ∼18 keV/m for FEL operation.

In order to further mitigate the longitudinal energy modulation by wakefields, one needs

to reduce the amplitude of the electron distribution or minimize the overlap of the spectral

components of the beam longitudinal distribution with the impedance response of the struc-

ture. One possibility is to reduce the electron bunch charge and length. This wakefield will

be reduced approximately in proportion with the reduction in charge, however, sub-micron

bunch lengths may become comparable to the slippage length in the undulator, halting the

FEL process. Figure 3.23 demonstrates the overlap between Fourier transformed σ = 1.6 µm

and σ = 16 µm Gaussian electron bunches with the same 750 A current, and a g = 100 µm

rectangular waveguide wake function ([Cha93], equation 2.75).

Bane et al. suggested that vanishingly small periodic fins in a rectangular waveguide

beam-pipe would shift the resonant frequency of the cavities between fins beyond the high-

frequency cutoff of a finite energy electron beam, ω = 2γc/g ([BS03], footnote 17). This

analysis was carried out to study surface roughness wakefields, but hints at an interesting

strategy to mitigate the effects of wakefields in a waveguide. Periodic structures are a

common method for eliminating unwanted propagating modes in microwave waveguides.

Neglecting higher order modes, additional wakefields caused by the waveguide discontinuities,

and the evanescent fields in the waveguide stop-bands, 15 µm fins spaced 15 µm apart in a

100 µm wide waveguide should reduce the resistive wall wakefield.
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Figure 3.23: Spectral distribution of a 750 Apeak 10 pC and 100 pC gaussian electron bunch
(dashed) and the resistive wall impedance per unit length for a g = 100 µm aluminum
waveguide (solid).

3.4.3 Electron beam induced heating

Energy dissipation in the undulator waveguide by longitudinal wakefields will also cause

Joule heating, further complicating thermal management of the undulator.

A 116 MeV electron beam with continuous 1 mA electron current will dissipate 200 W in

5 cm of a g = 100 µm undulator waveguide. Wakefield induced joule heating will dissipate

334 µJ per shot into each meter of undulator length for a 100 pC bunch in a g = 100 µm

Rq = 10 nmrms aluminum-coated undulator waveguide due to the wakefields shown in Fig-

ure 3.22. At a repetition rate of 1 MHz, wakefields will dissipate <1 kW/cm2 in the waveg-

uide.

The total of all electron induced heat loads is less than the expected electromagnet

dissipation at saturation.

3.5 Micro-undulator system examples

While there are many potential applications of micro-undulators, two use cases are presented

here: an undulator radiation source with a high average current beam and a high-gain soft
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x-ray FEL amplifier.

3.5.1 Undulator radiation source with a high average current beam

The first example takes advantage of the relatively low power requirements of an electro-

magnetic micro-undulator. Competitive approaches to ultrashort wavelength undulators are

all based on high power laser pulses which typically have limited repetition rates (< 1 kHz).

In fact, it is common to invoke complex designs involving recirculating cavities and multi-

interaction schemes to get a high average photon yield with a laser based source [JSG07].

Conversely, only a few amps of current are required to drive the electromagnetic micro-

undulator, and it is practical to apply current continuously to the micro-coils and have the

magnetic field on at all times. It is then natural to couple this undulator with an electron

beam from a CW or high duty cycle electron accelerator.

As an example, we consider injecting a 1 mA 116 MeV beam with parameters typical

of proposed Energy Recovery Linacs [MH10] into a micro-undulator with 400 µm period,

100 µm gap, and 18 cm total length. The magnetic field of the micro-undulator in this case

can be as high as 1 T. The resonant wavelength for this case is λr = 3.9 nm. Assuming the

undulator natural focusing is equal in the the two planes, the undulator beta function, a

parameter proportional to the depth of focus and inversely proportional to the beam width,

is

β? =

√
2γλu
K2π

. (3.14)

Due to the small value of K, this only provides weak focusing. In principle, strong focusing

could be added to the micro-undulator. But this would require a careful magnetic design

because the yoke operates very close to saturation and non-linear effects may take place. The

total undulator length is then set by the distance of the upstream optics required to focus

the beam to a rms beam size small enough to fit the beam through the undulator. For the

sake of discussion, we shall require σ0 < 20 µm to minimize the portion of the beam incident

on the undulator poles (0.1%, or ∼100 W). Assuming a normalized transverse emittance of
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εn = 1 mm-mrad, we can estimate the undulator length Lu = 2σ2
0γ/εn

∼= 18 cm.

The total number of photons produced can be estimated using the fact that each electron

traversing the undulator will emit (π/3)αK2 photons per undulator period (α is the fine

structure constant) in a narrow cone with half-width
√
λr/(Nuλu) = 0.1 mrad. The number

of photons per second is 3×1013 s−1. This photon flux is larger than the state-of-the-

art in advanced multi-interaction Inverse Compton Scattering schemes. Another important

advantage of this scheme is the spectral brightness. The bandwidth of the radiation could

be affected by various factors, such as beam energy spread and emittance. The contribution

to the bandwidth due to the undulator itself could be very narrow (< 0.1%). This is not

easily achieved in ICS sources where many factors, such as the laser bandwidth or diffraction

effects in the focusing geometry, come into play in broadening the spectrum of the generated

x-rays [RW06]. The parameters of this example are listed in Table 3.3.

Table 3.3: High-average-power soft x-ray source based on a 400-µm period MEMS undulator

E-beam energy 116 MeV
E-beam current 1 mA
Beam emittance 1 mm-mrad
Undulator period 400 µm
Undulator gap 100 µm
Peak magnetic field 1.0 T
K (rms) 0.026
Nu 450
Undulator length 18 cm
λr 3.9 nm
Er 319 eV
Average radiation power 800 µW
Total photon flux 1013 s−1

The main problem limiting the obtainable x-ray flux using the micro-undulator is the

small normalized vector potential K. An interesting possibility to increase the number of

photons produced is to substantially decrease undulator gap, increasing the peak magnetic

field. In this case, wakefields will broaden the radiation and higher (odd) harmonics appear

in the undulator spectrum because the magnetic field on the undulator axis is no longer
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sinusoidal. Nevertheless, the number of photons generated by the beam can be significantly

larger.

Even with this preliminary design it is interesting to note that the micro-undulator

opens the possibility of production of nearly monochromatic short wavelength radiation by

relatively low energy electron beams without the need for expensive and bulky high average

power laser systems.

3.5.2 High-gain soft x-ray FEL amplifier

The second example that we analyze is the possibility of using an ultra-high-brightness

beam in conjunction with the micro-undulator. This is a very exciting case, since the energy

requirements to access high gain FEL amplification and production of coherent radiation

at short wavelength will be strongly reduced, bringing a significant advantage in terms of

size and cost for a x-ray laser. While the potential of this device is exciting, wakefields will

significantly impact the FEL process, requiring new strategies to mitigate these effects before

a micro-FEL can be realized.

We consider an example where the micro-undulator period is 400 µm, gap is 100 µm, and

produces a magnetic field amplitude of 1 T. Assuming an input beam energy of 210 MeV, the

resonant wavelength of the system is 1.2 nm. The matched beam size for a 0.05 mm-mrad

normalized emittance beam is 13 µm. It is straightforward to calculate the 1D FEL param-

eter ρ = 4.5× 10−5. The 1D gain length of the system is 41 cm and taking into account the

3-D effects using Ming Xie’s fitting formulas [Xie00] we get 53 cm gain length. In particular,

this could be attractive to a variety of FEL test facilities in the 200 - 300 MeV energy range

(SPARC, PSI, SDL) which have already demonstrated kA-class beams and sub-mm-mrad

emittance. With some improvements to the beam brightness, it could be possible for these

facilities to achieve the parameters used in our FEL simulation, which are reported in Ta-

ble 3.4.

Exponential amplification of the undulator radiation was simulated with the 3-D FEL

code GENESIS [RMG07] including in-slice longitudinal space charge effects without wake-
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Table 3.4: High-gain soft x-ray FEL amplifier based on a 400-µm period MEMS undulator
E-beam energy 210 MeV
E-beam peak current 750 A
Beam emittance 0.05 mm-mrad
Undulator period 400 µm
Undulator gap 100 µm
Peak magnetic field 1.0 T
K (rms) 0.026
Nu 20000
Undulator length 8 m
λr 1.2 nm
Er 1 keV
Peak radiation power 6.7 MW
Peak photon flux 1022 s−1

fields and with resistive wall and surface roughness wakefields. Wakefields were calculated

using the GENESIS module Genwake assuming a g = 100 µm aluminum covered waveguide

with 10 nm surface roughness. Figure 3.24 shows the power output averaged across the

100 pC electron bunch from the beginning of the undulator to the saturation regime.

Figure 3.24: 3-D FEL simulation of the average micro-undulator radiation power across the
electron bunch with and without longitudinal wakefields.

Without wakefields, we can extract a gain length for the FEL of 51 cm and estimate

5.5 MW of coherent radiation power in 8 m of undulator from the time independent GEN-

ESIS simulation. The difference between the simulated gain length and the gain length
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calculated using Ming Xie’s formula is likely due to space charge forces which are included

in the GENESIS simulation, but not in Ming Xie’s formulas. The space charge term in

the FEL growth eigenfunction, σ2
SC/ρ, has a stabilizing effect competing with the FEL in-

stability [MPB85]. This stabilization increases the gain length, affecting the performance

of short-period FELs. Preliminary work to obtain a simple fitting formula to including

space charge effects has been made in Marcus et al. [MHR11], although three dimensional

simulations are still required to self-consistently include the emittance effects.

Wakefields in the small gap of the undulator modulate the electron energy across the

electron bunch. The finite electron bandwidth increases the length of the lethargy regime,

prevents the FEL instability from developing in FEL slices where the wakefield-induced

bandwidth is greater than 18 keV/m, and causes premature FEL saturation. GENESIS

simulation shows that these effects increase the FEL gain length to 1.3 m, reduce the average

power across the bunch to 110 kW at saturation, and cause FEL saturation after 6 m of

undulator. Radiation bandwidth at saturation is 13%.

In practice, a high performance FEL design with a sub-mm gap undulator will require

a larger Pierce parameter, shorter gain length, and a waveguide that mitigates the effects

of wakefields. A low-emittance ultra-high current electron beam, such as the 10s of kA

beams reported from laser-wakefield accelerators [GTV04, GNP08], could be an option to

reduce the gain length below 10 cm and increase the Pierce parameter beyond 1×104. Real

improvement in power output would be limited, however, because wakefields scale up with the

peak current. A design that directly addresses longitudinal wakefields in the waveguide could

include periodic fins to eliminate propagating transverse magnetic modes of the wakefield.

Since the maximum size of substrates and nanofabrication tooling is limited, a power

saturated FEL micro-undulator will involve aligning 10s of 8+ cm undulator sections with

sub-µm accuracy. Harmonic production will be limited due to the very small undulator

K value. These results show potential for surface-micromachined magnetic undulators to

couple with high-brightness beams for ultra-compact FELs operating in the exponential gain

region.
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CHAPTER 4

Fabrication

M
AGNETIC MEMS at UCLA has benefitted from two decades of research in Prof.

Judy’s laboratory, JUDYLAB, and the generous contributions of expertise and

equipment by Dr. Ira Goldberg. The surface-micromachined racetrack solenoid electromag-

net manufacturing process started in JUDYLAB with Dr. Michael Glickman [GTH11], build-

ing long-throw MEMS relays. Building on this research, the UCLA RF-switch was developed

in Prof. Candler’s Sensors and Technology Laboratory as an extension of the magnetic re-

lay with changes to increase the relay force and throw: a thicker magnet yoke and greater

winding cross section. Fabrication process development continued from these RF-switches

to magnetic beam optics, where the same benefits of high energy density and high magnetic

gradients could be utilized for particle beam systems [HJL12, HJH14].

4.1 The UCLA RF-switch process

The UCLA RF-switch was a project between the successful UCLA MEMS relay and the

magnetic beam optics that forms the majority of this dissertation. Several process changes

to the UCLA relay were made to enable the increased yoke thickness necessary for longer

actuation distance, and this increase in yoke thickness enabled the realization of effective

particle beam optics. The final metallization step of the 3-D solenoid process in the UCLA

magnetic relay process was replaced with a patterned planarizing photoresist film and a

dual-damascene metallization step. The winding cross section in the UCLA magnetic relay

had been limited to 1.8 µm by the process that defined the bottom layer of the windings,

a plasma etch into oxide and a self aligned evaporative lift-off. This process was replaced
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with a single-damascene process into oxide-coated silicon, increasing the bottom layer of the

windings to 10-µm thickness.

The final metallization step in the relay process required a continuous lithographic pat-

tern from the bottom layer of the windings, over the high-aspect-ratio magnet yoke sidewall,

across the magnet yoke, and down the high-aspect-ratio sidewall to the other side. Negative-

tone photoresists suffer from poor pattern fidelity at the base of the sidewall, where shad-

owing prevents cross linking of the polymer between adjacent windings. Increasing dose to

compensate for shadowing leads to unacceptably high stress in the thick film, and delamina-

tion during the through-mold electroplating process. Positive-tone photoresists suffer similar

shadowing challenges, but increasing the dose can resolve the pattern without increasing the

stress. Thick positive-tone photoresists, however, become opaque with increasing dose. This

limits the maximum photoresist thickness that can be patterned with a single exposure and

development cycle, and the maximum yoke thickness of the UCLA magnetic relay process.

A planarizing photoresist layer step was added to address the step-coverage issues with

thicker (>20 µm) yokes. The subsequent negative-tone photoresist electroplating mold can

then resolve the top winding layer without shadowing.

Figure 4.1 illustrates the RF-Switch process and the following text describes it in detail.

Figure 4.1: Illustration of the RF-switch process used for an early attempt at MEMS undu-
lators and focusing optics.
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4.1.1 Bottom winding layer

The pattern for the bottom coil windings is photolithographically defined on a high-resistivity

silicon wafer using a 5-µm-thick sacrificial high-aspect-ratio negative-tone photoresist (KMPR

1007, Microchem Corp., Newton, MA, USA). Using this soft mask, 10-µm trenches are

anisotropically etched in the silicon wafer using the Bosch process [LS96] with a deep re-

active ion etcher (SLR-770, Plasma-Therm, St Petersburg, FL, USA). The duration of the

second etching step of the Bosch process is reduced by 20% to provide a slightly canted

sidewall (Figure 4.2). This improves coverage of the metallization adhesion layer in a later

step. The photoresist is removed in an organic photoresist stripper (ALEG-380, J.T. Baker,

Phillipsburg, NJ, USA) and the wafer surface is cleaned in an O2 plasma (Matrix 105 Plasma

Stripper, Matrix Integrated Systems, Richmond, CA, USA).

Figure 4.2: Image showing the trench sidewall angle.

A 100-nm insulating layer of silicon nitride is deposited by inductively-coupled plasma-

enhanced chemical vapor deposition (STS MESC Multiplex CVD, SPTS Technologies Lim-

ited, Newport, United Kingdom) to isolate the bottom windings from the silicon substrate.

The wafer is sputter-etched for 5 minutes, and an electroforming seed is deposited on the

surface of the silicon nitride by RF sputtering with a 20-kV wafer bias (CVC 601, Consoli-

dated Vacuum Corporation (was CVC, now VEECO), Plainview, New York, USA). Wafer
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bias is necessary for adequate coverage over the 10-µm wafer topology. The seed layer con-

sists of 30 nm of titanium to provide adhesion to the substrate, 300 nm of copper to carry

the electroplating current and compatibility with copper electroplating, and 30 nm of tita-

nium to protect the copper from oxidation. The exposed seed layer is etched to copper in

1% hydrofluoric acid and a 12-µm-thick copper film is electroplated from a phosphorized

copper anode in a sulfate based solution (Technic Elevate copper 6320, Technic Inc., Rhode

Island, USA). The film is polished back down to the silicon surface (PM5, Logitech Ltd.,

Glasgow, Scotland), yielding the bottom of the electromagnet winding pattern. Figure 4.3

shows devices after the bottom-winding-layer damascene process.

Figure 4.3: Image of a quadrupole electromagnet (left) and undulator (right) during the
bottom winding layer step.

The thickness of the bottom metal layer cannot exceed 10 µm with this process due to

non-uniform polishing with the CMP. Thickness could be increased by filling blank areas of

the wafer with a pattern to normalize the down-force across the wafer.

A 300-nm insulating layer of silicon nitride is deposited by inductively-coupled plasma-

enhanced chemical vapor deposition (STS MESC Multiplex CVD) to isolate the bottom

windings from the conductive magnet yoke.
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4.1.2 Magnet yoke

An electroforming seed is deposited by sputtering (CVC 601) on the surface of the silicon

nitride. The seed layer consists of 30 nm of titanium to provide adhesion to the substrate,

300 nm of copper to carry the electroplating current and provide a surface compatible with

magnetic alloy (NiFe, CoNiFe, or CoNiP) electroplating, and another 30 nm of titanium to

protect the copper from oxidation before plating and to provide adhesion between the metal

and the electroplating mold.

A 60-µm film of high sidewall-aspect-ratio negative-tone photoresist (KMPR 1025) is

photolithographically patterned into the geometry of the magnet yoke. The exposed seed

layer is etched to copper in 1% hydrofluoric acid, and the magnetic alloy that forms the

electromagnet yoke is electroplated through the mold using the process detailed by Glickman

et al. [GTH09]. The mold is removed by delamination after soaking 8 hours in heated organic

photoresist stripper (ALEG-380, J.T. Baker, Phillipsburg, NJ, USA). The electroplating seed

is stripped by consecutive immersions in 1% hydrofluoric acid, a mixture of 5% acetic acid

and 15% hydrogen peroxide, and 1% hydrofluoric acid. Figure 4.4 shows devices after the

magnet yoke electoplating mold is stripped.

Figure 4.4: Image of a quadrupole electromagnet (left) and undulator (right) after the magnet
yoke electroplating step.
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4.1.3 Planarization layer

A 55-µm layer of structural photoresist (Microchem SU-8 2025) is spun on the wafer to

isolate the conductive magnet yoke from the top layer of the coil windings. The photoresist

is patterned using photolithography to define the coil winding interconnects and the electron

beam path and annealed under vacuum for 8 hours at 230◦C.

The silicon nitride covering the copper at the base of the vias is etched with an inductively

coupled CF4 plasma (STS MESC Multiplex AOE) to expose the bottom windings of the coil.

Figure 4.5 shows devices after the planarization layer is polished.

Figure 4.5: Image of a quadrupole electromagnet (left) and undulator (right) after the pla-
narization-layer step. The inset figure shows a via with the oxide etched at the base.

A systematic manufacturing defect appeared at this step. Patterns in the negative tone

planarizing photoresist in the center of concave features in the magnet yoke became cross-

linked even when the magnet yoke was completely covered by the photomask. This is shown

in Figure 4.6. This unwanted photoresist caused open-circuited windings in the undulator

structure, resulting in reduced die yield. This problem was addressed in the next iteration

of the fabrication process by electroplating via pillars through a pattern prior to the magnet

yoke step.
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Figure 4.6: Image of a undulator via structure (left) and a close image of an undulator via
at the center of the concave features defining the back of the undulator yoke (right). The
via at the back of the yoke shows unwanted cross-linked photoresist in both cases.

4.1.4 Top winding layer

Another Ti/Cu/Ti electroforming seed is sputtered on the surface (CVC 601). To achieve

coverage on the sidewalls of the high-aspect ratio vias, the copper sputtering step is split

into 3 steps: 300 nm is RF-sputtered without wafer bias, 150 nm is sputtered with 20 kV

wafer bias, and another 300 nm is sputtered without wafer bias. These steps anisotropically

deposit copper on the surface of the wafer with little sidewall coverage, redeposit that metal

on the sidewalls using the sputter-etching from the wafer bias, and then replenishes the

copper thickness with a third coat. Figure 4.7 shows the metrology results from this sputter-

coverage process.

A negative-tone photoresist electroplating mold (Microchem KMPR 1005) is patterned

into the geometry of the top layer of the electromagnet coil windings. Gold is electroplated

from a potassium aurocyanide bath (Technic HS434) heated to 55◦C with strong agitation

from a platinized titanium anode through the photo-patterned mold to complete the elec-

tromagnet coil windings. The mold and electroplating seed are stripped using the process

described above, completing the undulator solenoids. Figure 4.8 shows devices after the top

winding layer.

Electroplated gold can be seen peeling off the sidewalls of the inset wirebonding pads in
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Figure 4.7: Via-coverage process development.

Figure 4.8: Image of a quadrupole electromagnet (left) and undulator (right) after the top
winding layer step.
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the quadrupole and undulator devices. This is due to a combination of internal stress in the

deposited gold and poor adhesion of the seed layer due to poor titanium sidewall coverage,

as shown by energy dispersive x-ray spectroscopy (EDX) metrology in Figure 4.7.

4.2 Multi-pole electromagnet process

The RF-switch process described was re-designed to address the specific challenges posed by

thick-film multi-pole electromagnets [HPH14]. The new process is illustrated in Figure 4.9

and discussed below.

Figure 4.9: Illustration of the revised multi-pole electromagnet process.

Several changes were included throughout the process. The thickness of the bottom

winding layer was increased to 20 µm with a deeper etch and a thicker deposit of copper. A
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fill pattern was etched into blank areas of the wafer to improve down-force uniformity during

the CMP step, producing a inset metal with better than 10% thickness uniformity across the

wafer. Reliability of the top-to-bottom winding interconnection was improved by through-

mold electroplating the vias rather than filling them from the top with a dual Damascene

process. To ensure that there was no photolithographic defects due to diffraction from the

mask and reflection off the yoke, the winding via step was inserted between the bottom

winding layer process and the magnet yoke process. Bubbles from trapped gas during the

spin coat of the planarization layer were removed before soft baking with a short vacuum

step.

4.2.1 Bottom winding layer

The pattern for the bottom of the windings is photolithographically defined on a silicon

wafer using 5-µm-thick photoresist (KMPR 1005). A regular hole array is patterned filling

unused space to make the polishing down-pressure uniform in a later polishing step. Using

this soft mask, 20-µm-deep trenches are etched in the silicon using a deep reactive ion etcher

(Plasma-Therm SLR-770). The photoresist is stripped in ALEG-380 and 5:1 H2SO4:H2O2.

A 500-nm SiO2 film is grown by thermal oxidation (Mini 3600, Tystar Corp., Torrance,

CA, USA) to isolate the bottom windings from the silicon. The wafer is sputter-etched

for 5 minutes, and an electroforming seed is deposited on the SiO2 by RF sputtering with

20-kV wafer bias (CVC 601). The seed-layer consists of 30-nm titanium for adhesion to the

substrate and 300-nm copper to carry the electroplating current. Seed layer oxidation is

etched in 1% hydrofluoric acid and a 25-µm copper film is electroplated from a phosphorized

copper anode in a sulfate-based solution (Technic Elevate 6320) at 5 mA/cm2. The wafer

is polished down to silicon with chemical mechanical polishing, CMP, (Logitech PM5) using

100-nm alumina slurry, yielding the winding bottom layer inlayed in the substrate.
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4.2.2 Winding vias

Another electroforming seed is sputter deposited, with an additional 30-nm layer of titanium

for adhesion between the seed and an electroplating mold (i.e., titanium/copper/titanium

layer). A 100-µm-thick high-aspect-ratio photoresist (KMPR 1025) film is patterned to

define the interconnect geometry of the electromagnet windings. The titanium exposed by

the photoresist pattern is etched back to copper in 1% hydrofluoric acid, and 100 µm of

copper is electroplated through the mold. The interconnect height is planarized to within

1% uniformity variation across the wafer by CMP with the electroplating mold still on the

wafer. The slurry is removed with a dip in 1% hydrofluoric acid.

The mold is removed by plasma etching with 4:1 O2:CF4 plasma (STS AOE) using 600-W

coil and 50-W platen (capacitively coupled) power. Wet-stripping processes were not able

to cleanly remove all of the electroplating mold, and finishing the strip with a long plasma

etch resulted in non-uniform sputter-etching of structures on the wafer. The electroplating

seed is stripped by increasing the platen power to 200 W and sputter etching the thin metal

seed layer. The wafers are dipped in 5% C2H4O2 and 1% hydrofluoric acid to ensure a clean

surface, and a 2-µm-thick insulating Si3N4 film is deposited by plasma enhanced chemical

vapor deposition, PECVD, (STS Multiplex CVD) to isolate the windings from the magnet

yoke. Figure 4.10 shows devices after the winding-via step.

Figure 4.10: Image of a quadrupole electromagnet (left) and undulator (right) after the
via-layer step.
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4.2.3 Magnet yoke

An electroforming seed is deposited as described in the winding-via step. A 100-µm film

of KMPR 1025 photoresist is patterned into the geometry of the magnet yoke. Between

pouring the photoresist and spinning, the film is de-gassed in a vacuum oven at 30 Torr

for 30 seconds. The exposed seed layer is etched to copper in 1% hydrofluoric acid, and a

Ni80Fe20 electromagnet yoke (Bsat = 1.1 T, µr = 8000) is plated through the mold using the

process detailed by Glickman et al. [GTH09]. Planarization, mold and seed stripping, and

layer isolation proceed as described in the winding via step. Figure 4.11 shows an undulator

yoke test structure that was not fully planarized. This planarization step is necessary to

guarantee field uniformity locally and across the wafer. Figure 4.12 shows devices after the

magnet yoke step.

Figure 4.11: Image of an undulator yoke during planarization.

4.2.4 Planarization layer

A 100-µm-thick film of photoresist (SU-8 2025) is used to provide a planar surface for defining

the top of the coil windings. The SU-8 is de-gassed in the same manner as KMPR in the pre-

vious step, patterned and baked to expose the winding vias, and planarized to 10 µm above

the yoke before development to improve thickness uniformity. The film is then annealed in

vacuum for 8 hours at 200◦C. Figure 4.13 shows devices after the planarization-layer step.
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Figure 4.12: Image of a quadrupole electromagnet (left) and undulator (right) after the
magnet-yoke step.

Figure 4.13: Image of a quadrupole electromagnet (left) and undulator (right) after the
planarization-layer step.

4.2.5 Top winding layer

The copper in the vias is exposed by etching the Si3N4 with C4F8 plasma (STS AOE).

A seed layer is sputtered on the surface as described in the winding-via step. A 25-µm-

thick KMPR 1005 layer is patterned into the geometry of the top winding layer, and 20-µm

copper is electroplated through the mold. The mold and seed are stripped using the process

described in the winding via step, completing the multi-pole electromagnets. The SU-8 is

etched using the mold stripping process described in the winding via step to avoid thermal

expansion issues during operation. Figure 4.14 shows devices after the top winding step.
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Figure 4.14: Images after the top winding layer step of a quadrupole electromagnet before
etching back the planarizing photoresist layer (left) and undulator after etching back the
planarizing photoresist layer (right).

Many devices failed after this step due to an insufficiently thick seed layer. The 300-nm-

thick copper seed layer etches at∼100 nm/min, and the titanium and SU-8 below etch rapidly

once exposed to the plating solution. If the seed layer is broken through before deposition

begins to add material, pits can form and be filled with metal, shorting the winding to the

yoke, or the entire winding trace can be lost. Figure 4.15 shows a quadrupole electromagnet

that failed completely due to this manufacturing defect. Occasional high-resistance shorts

from the top metal layer to the electromagnet yoke that were due to this problem were

correctable with a short current pulse.

Figure 4.15: Image of a quadrupole electromagnet that failed due to the loss of the seed
layer in the time between loading the electroplating tool and starting deposition.
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4.2.6 Through-wafer etch

Through-wafer holes are desired in some applications, such as manipulation of charged par-

ticle beams. To achieve a through wafer particle path, an etch pattern is defined with

KMPR 1005 photoresist on the back-side of the wafer and aligned to the front using a con-

tact aligner. Holes and trenches are etched from the back of the substrate to the front,

defining the electromagnet gap and singulating the devices using a post-process Bosch etch

(Oerlikon FDSE II). Figure 4.16 shows devices after the through-wafer etch step.

Figure 4.16: Image of a quadrupole electromagnet after through-wafer etching the electron
beam path.

4.2.7 Packaging

Integrating microfabricated electromagnets inside a beamline pose challenges that are not

typically encountered with macroscopic permanent-magnet, superconducting, or laser beam

optics and undulators. The electromagnet transverse structure is sub-mm-size, and it must

be placed inside the vacuum beamline, complicating alignment, electrical interconnects, and

heat extraction. Spatial measurements of the actual magnetic field are complicated by the

small undulator gap. Further, the proximity of the undulator surface to the electron bunch

influences the beam characteristics.

Several steps were taken to address these issues. To increase the thermal mass of the

65



electromagnet, it is mounted in a 1-mm-thick conventionally machined oxygen-free high-

conductivity (OFHC) copper fixture. Either a 610-µm or 50-µm hole is made in the fixture

with a size 73 drill or laser mill to provide an aperture for the electron beam. To con-

nect the macroscopic coaxial feedthroughs on the beam pipe to the MEMS electromagnet,

a vacuum-compatible high-thermal-conductivity PCB (Duroid 6002, Rogers Corp., Rogers,

CT, USA) is mechanically mounted on the copper fixture with 0-80 screws, connected to

the feedthroughs with vacuum-compatible (PTFE coated) 16 AWG wires (5858 WH005,

Alpha Wire, Elizabeth, NJ, USA), and connected to the electromagnet with 15-µm Al wire-

bonds. Figure 4.17 and 4.18 shows a packaged quadrupole electromagnet. The electromagnet

die has withstood 70-A pulses on a probe station without failure, but the 20 15-µm diameter

Al wirebonds in the package failed at 5.5 A. The development of a flip-chip bonding process

between the electromagnet die and the package PCB would address wire bond failure and

increase the tolerable average drive current.

Figure 4.17: Image of a quadrupole electromagnet packaged in a copper beam testing fixture
with a laser-machined 50-µm electron-beam aperture.

To produce a well-controlled beam for the experiments using the DC-photogun, three

approaches were taken to manufacture an aperture for the electron beam upstream of the

MEMS electromagnets: a mechanically drilled 610-µm-wide hole in the 1-mm-thick OFHC

copper MEMS die fixture, a laser milled 50-µm-wide hole in the 1-mm-thick OFHC copper
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Figure 4.18: Image of a quadrupole electromagnet fixture mounted on a vacuum bellow
before insertion into an experiment chamber. The aluminum shield visible on the side of the
image bolts over the quadrupole, protecting it from handling damage.

MEMS die fixture, and a translatable aperture made from two orthogonal 20-µm-wide steel

slits. The 610-µm-wide hole was machined using a drill press in the UCLA Center for High

Frequency Electronics (CHFE). The 50-µm-wide hole, shown in Figure 4.19, was machined

by Laserod Corp.

Figure 4.19: Image of the 50 µm wide copper aperture.
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The orthogonal slit aperture, illustrated in Figure 4.20, is pair of Thorlabs S20R slits that

were chemically stripped of the optical coatings to prevent charging by the electron beam.

To clean the oil off the black oxide-coated stainless steel, the slits were soaked in acetone for 1

minute and rinsed in isopropanol. The slits were then soaked in 10% hydrochloric acid for 30

minutes to oxidize the ferrous oxide to ferrous chloride. Vigorous agitation in methanol was

then used to dissolve the ferrous chloride. The slit surface was gently brushed with a kimwipe

to clean off the remaining ferrous chloride. After thoroughly washing the slits in water, the

slits were soaked in sodium hydroxide for 10 minutes to reduce the anodized aluminum

surface to aluminum metal. The slits were then washed in water and gently brushed with

a kimwipe. To ensure that the entirety of both slits were electrically conducting, 10 nm of

gold germanium was sputtered on both sides in a Denton Desktop Sputter system.

Figure 4.20: Illustration of the orthogonal slit-based aperture.
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CHAPTER 5

Characterization

E
LECTROMAGNET PERFORMANCE was investigated with impedance character-

ization before and after packaging and a series of electron beam experiments. Impedance

analysis provided the circuit parameters of the device and frequency response, beam deflec-

tion and focusing experiments demonstrated the reconfigurability and performance of the

device and beam-probe field-mapping of the electromagnet demonstrated the spatial distri-

bution of the fields produced.

5.1 Impedance analysis

Each electromagnet was measured using an impedance analyzer (Agilent 4294A) with a

set of coaxial probes (APT 740CJ) in a four-terminal pair configuration. Before packaging,

electromagnet impedance measurements of the 600 µm gap quadrupoles showed 58.2±1.2-mΩ

resistance and 30.4±1.9-nH inductance at 100 kHz. These measurements agree well with the

71-mΩ resistance and 32.2-nH inductance expected from 3-D FEM simulation. Figure 5.1

shows the electromagnet resistance and inductance for these devices before packaging and

Figure 5.2 shows the electromagnet resistance and inductance after packaging.

There was insufficient yield among the undulator devices to measure the impedance of a

complete 50-period (100-pole) undulator side. Measurements of individual periods, however,

yielded measurements of 137±1.0-mΩ resistance and 17.0±2.0-nH inductance at 100 kHz.

These measurement agree well with the 137-Ω resistance and 17.7-nH inductance expected

from 3-D FEM simulation.
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Figure 5.1: Measured resistance (blue) and inductance (red) of the 600-µm gap thick-film
MEMS quadrupole between 10 kHz and 5 MHz before packaging (shown in Figure 4.17).
Line thickness indicates measurement precision.

Figure 5.2: Measured resistance and inductance of the 4 electromagnets in the 600-µm
gap thick-film MEMS quadrupole between 10 kHz and 4 MHz after packaging (shown in
Figure 4.17). Measurement precision below 200 kHz is limited to 10%.

5.2 Beam experiments

To demonstrate beam steering and focusing, the MEMS quadrupole was mounted in the

path of an electron beam and powered in dipole or quadrupole configuration (Figure 5.3).

By varying the electrical current in individual coils, the beam was focused or deflected. The

magnetic field or field gradient at the transverse location of the beam in the electromagnet
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could then be calculated from the change in beam location or beam shape.

The electron beam used in these experiments was generated using a sub-ps 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 adjusts 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 20-µm 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.

Figure 5.3: Photograph and illustration of the electron beam experiment. The black bordered
inset illustration shows MEMS quadrupole fixture ’q’ entering the chamber from above,
vertical slit ’y’ entering the chamber horizontally, and horizontal slit ’x’ entering the chamber
from below. The white bordered inset picture shows the 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.

We acquired a background shot with the electron beam off for each image, which was

subtracted from the data before calculating beam centroid and rms size. The experiment used

71



a slightly under-focused 34 keV sub-pC electron beam pulsed at 1 kHz repetition rate. The

aperture was centered by switching the 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.

5.2.1 Electron beam transverse positioning

The transverse position of the electron beam in the electromagnet gap was controlled by

two micrometer-mounted slits forming a 20 µm × 20 µm aperture. Before each experiment,

the aperture was centered by switching the electromagnet on and off in quadrupole mode

while adjusting the aperture position until there was no position change between the on

and off state. This procedure is illustrated in Figure 5.4. Set up for experiments requiring

a beam positioned off-axis started by centering the beam, then translating one slit of the

electron beam aperture. Translating the aperture along the x-axis and y-axis is illustrated

in Figure 5.5 and 5.6. Off-axis beam measurements recorded the beam position with the

electromagnet off as the reference to avoid mechanical location uncertainty.

Figure 5.4: Illustration of the electron beam centering by translating the horizontal and
vertical slits while switching the electromagnet on and off.
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Figure 5.5: Illustration of the electron beam translated off-axis by moving the vertical slit
along the x-axis.

Figure 5.6: Illustration of the electron beam translated off-axis by moving the vertical slit
along the y-axis.
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5.2.2 Electron beam steering

To measure beam deflection performance, the electromagnet aperture was centered and cur-

rent was stepped from -1.5 A to +1.5 A and back to -1.5 A in 0.5 A increments in an x-dipole

field configuration and then repeated in a y-dipole configuration. Figure 5.7 shows the mea-

sured movement of the beam centroid with data from measurements back and forth along

the x- and y-axis overlaid. The beam was deflected the same distance in each direction, indi-

cating that the electromagnets were well matched. Less than 0.7% electromagnet hysteresis

was measured, well within the experimental error, indicating that these electromagnets will

not require compensation for their hysteresis during operation.

Figure 5.7: Measured beam deflection left, right, up and down across the MCP. Black
deflection data was taken while increasing the current and grey data was taken while reducing
the current. No hysteresis is visible from the measurements.

The experiment was repeated from -5.5 A to 5.5 A to explore electromagnet performance

near saturation. Figure 5.8 shows the measured beam deflection and the field strength

calculated from the measurements. Electromagnet saturation occurred between 2 A and

3 A drive current in dipole configuration and was expected at 2.35 A from simulation. The

wirebonds in the electromagnet package failed at +5.5 A.

74



Figure 5.8: Electron beam steering experiment using a 4-pole electromagnet to deflect a
34-kV electron beam. Field strength assumes 686-µm magnetic length from FEM simulation
at -1 A (the circled operating point). An equation fitting the field implied by the deflection
data is shown.

5.2.3 Beam-probe field mapping

Field uniformity experiments were taken in quadrupole configuration from -1 A to 1 A current

in 0.5 A increments. For each electromagnet current dataset, the aperture was stepped in

equal intervals across the entire electromagnet bore in the horizontal direction and then

in the vertical direction. The magnetic field was calculated from the measured electron

beam deflection at each aperture position using Lorentz force and the normalized magnetic

length from FEM simulation at -1 A quadrupole configuration drive current. Figure 5.9

and Figure 5.10 show the field calculated from beam deflection measurements across the

horizontal and vertical transverse axis of the electromagnet.

The field gradient, shown in Figure 5.11, scales linearly and with hysteresis less than the

measurement error. The difference between the horizontal and vertical field gradient could

be due to poor control of the quadrupole electromagnet axis in the experiment chamber. The

experiment setup obstructed observation of electromagnet orientation inside the chamber and

the azimuth angle was hand-set to pass the beam. Simulations indicate that a 15◦ azimuth
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Figure 5.9: Measured x-axis transverse field profile measured with a 20 µm electron beam
probe. Error bars and regression lines show the field across the center of the gap. 54 T/m
gradients at 1 A are expected from FEM simulations.

Figure 5.10: Measured y-axis transverse field profile measured with a 20 µm electron beam
probe. Error bars and regression lines show the field across the center of the gap. 54 T/m
gradients at 1 A are expected from FEM simulations.

angle error would reduce the field gradient shown in Figure 5.9 from the 54 T/m to the

47 T/m calculated from the beam deflection measurements across the horizontal axis of the

electromagnet. The 57 T/m field gradient calculated from measurements across the vertical

axis could have resulted from slight mis-centering of the aperture before the measurement

started.
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Figure 5.11: Transverse field gradient measured with a 20 µm electron beam probe. Gradient
measured along the horizontal axis is black and measured along the vertical axis is gray.

5.2.4 Electron beam focusing

To measure the performance of the quadrupole focusing the beam, the electromagnet aper-

ture was centered and the current was configured for quadrupole mode and stepped from

-1.5 A to +1.5 A and back to -1.5 A in 0.1 A increments. The experiment setup is shown in

Figure 5.12.

Figure 5.12: Illustration of the quadrupole focus sweep experiment.

The measured beam rms width is shown in Figure 5.13, and a focused beam waist is

obtained at the MCP plane in the y-axis for I = 0.9 A and in the x-axis for I = -0.9 A. The
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beam expands slightly between the first and second slit, resulting in the beam being slightly

taller than wide at the quadrupole.

Figure 5.13: Beam width after focusing with the quadrupole electromagnet powered in
quadrupole configuration. Horizontal rms width is black and vertical rms width is gray.

The field gradient plots can be used with the measured rms beam width at different

focusing currents to show that the MEMS quadrupoles behave like regular beam optics

and can be used for a quadrupole-scan measurement. Quadrupole-scan measurements are

a method to extract the phase-space parameters of an electron beam at the quadrupole

entrance from measurements at a fixed focal plane.

Using the transfer matrix of a thin quadrupole lens of focal distance f and drift length

ld between the quadrupole and MCP screen,

x
x′


final

=

1 ld

0 1

 1 0

1/f 1

x
x′


initial

,

we can write for the final rms beam size σ2
x = var(xfinal):

σ2
x,f = (1− ld

f
)2σ2

x,i + l2dσ
2
x′,i + 2ld(1−

ld
f

)σxx′,i.

The beam parameters at the quadrupole from the fit of the data yield σx = 17 µm,

σy = 21 µm, σx′ = 0.9 mrad, and σy′ = 1.0 mrad in good agreement with the beam parameters
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expected following the 20 µm aperture, validating our model for the MEMS quadrupole

performance.
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CHAPTER 6

Future work

M
ANY EXPERIMENTS demonstrating the unique performance of MEMS particle

beam optics have not yet been carried out. Experiments using the Photoelec-

tron Generated Amplified Spontaneous Radiation Source (PEGASUS) in the UCLA Particle

Beam Physics Laboratory (PBPL), shown in Figure 6.1, rather than the 100 kV DC-photogun

will enable state-of-the-art control of the electron beam in both time and phase-space for

these experiments at the relativistic beam energies relevant to applications in electron-beam-

based light sources.

6.1 High-speed focusing experiment

Experiments demonstrating the higher operating frequency or faster magnetic field response

enabled by MEMS focusing and deflecting optics could lead to fast beam-dither stages for

transmission electron microscopes or kicker beam extraction magnets in synchrotrons that

minimally affect the circulating beam. A proof of principle experiment using the Pegasus

accelerator in PBPL will reproduce the experimental conditions of the quadrupole demon-

strated with the DC-photogun, but with 4 MeV electrons and controlled phase between the

electron bunch and the MEMS quadrupole focusing current pulse. By stepping through 180◦

relative phase at pulse widths between 1 s and 1 µs, the frequency response of the quadrupole

electromagnet will be experimentally demonstrated.
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Figure 6.1: Illustration of the PEGASUS beamline and undulator radiation experiment.

6.2 Undulator radiation experiments

Several proof-of-principle experiment aimed at demonstrating the feasibility of coupling a

high brightness electron beam in the small gap of a prototype surface-micromachined 100 µm

period microundulator are possible using the Pegasus accelerator in PBPL. A 50 period

undulator with 800 µm period length (4 cm total length) and 1 Tpeak transverse magnetic

field will be fabricated in the UCLA Nanoelectronics Research Facility and tested using

the ultra-small emittance beam available at the Pegasus RF photoinjector. The Pegasus

beamline is described elsewhere [MMG09].

The parameters of the beam are listed in Table 6.1. Preliminary tests show that the

4 MeV 10 pC electron beam can be focused down to a 18 µm spot size. With 0.1 mm-mrad

normalized beam emittance, the beta function is 2.5 cm. The goal of the first experiments

are detection of spontaneous undulator radiation at 863 nm from the MEMS fabricated un-

dulator. This is a very convenient range in the electromagnetic spectrum, since diagnostics

in the visible are very sensitive and easily available. Even though the energy estimated for

spontaneous radiation in these conditions will be weak (only few thousands of visible/IR pho-
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Table 6.1: Parameters of the microundulator experiment at the Pegasus beamline
E-beam energy 11 MeV
E-beam peak current 100 Amp
Beam emittance 0.1 mm-mrad
Undulator period 800 µm
Undulator gap 200 µm
Peak magnetic field 1 T
K (rms) 0.1
Nu 50
Undulator length 4 cm
λr 863 nm
Er 1.43 eV

ton generated), we will be able to use intensified CCD cameras with single photon detection

capabilities to characterize the radiation.

Another feasible experiment will be to use the 800 nm Ti:Sa laser system available in the

Pegasus laboratory to microbunch the 4 MeV beam at 800 nm with a seed radiation pulse.

This is an application for which microundulators might be uniquely suited. Currently, there

is no way to efficiently couple a low energy electron beam and an optical or near infrared

laser. The period of conventional undulator magnets is too long to tune at the resonance

condition and harmonic coupling coefficients quickly decrease in amplitude with increasing

harmonic number. This coupling can be used to diagnose and manipulate the longitudinal

phase space of low energy beams at the optical scale. Coupling this scheme with recent ideas

on longitudinal space charge amplification [SY10], which naturally works better at lower

beam energy, might open a path towards a new kind of radiation source.
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CHAPTER 7

Conclusion

T
HIS PROJECT demonstrated the first application of magnetic MEMS to focusing

and steering electromagnets for charged particle beams. A 600-µm magnetic gap

4-pole electromagnet was designed, fabricated, and tested with a 34 keV electron beam,

demonstrating digitally controlled steering and focusing.

The performance of these magnetic optics improves considerably as size is reduced into

the micro-scale. Simple scaling of the prototype results presented in this work indicated 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.

Undulators with magnetic gap and undulator period in the range of 100 µm were designed

and a compatible fabrication process was developed. This period range is presently not

covered by other undulator technology and is very attractive since it bridges the gap between

traditional permanent magnet undulators and laser undulators employed in inverse Compton

scattering sources.
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APPENDIX A

Experiment data processing scripts

Images of the MCP from the beam experiments were recorded with a matlab script that

recorded the experimental parameters in the image filename. The images were sorted into

directories corresponding to each experiment type (deflection, focusing, field characteriza-

tion), and the quadImageProcess() script was run on the directory to extract measurement

metadata from the images.

The plotQuadData() and plotDipoleData() scripts were run with the processed metadata

input to plot the measurement results.

A.1 Beam data pre-processing MATLAB script

function [files] = quadImageProcess(directory)

% [files] = quadImageProcess(pwd())

%

% Old experiment is 133 microns / pixel

% Old experiment is 16.5 cm from the MCP

%

% New experiment is is 40 microns / pixel

%

% New MCP setup is closer to the quadrupole

%

% NOTE: Focusing statistics are only for changes to the x and y axis.

% Anything at a different angle, such as 2 electromagnets being driven, will

% not process unless rotateOn is set to 1 and the commented code is

% modified to accommodate the change at imrotate( ...

%

% cSum = [files.c1]+[files.c3];

% cDiff = [files.c1]-[files.c3];

% centroidX = [files.centroidX];

% centroidY = [files.centroidY];
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% majorAxis = [files.majorAxis];

% minorAxis = [files.minorAxis];

% orientation = [files.orientation];

%

% New additions!

% uniformityTest = 0; processes the data with a fixed iris

% uniformityTest = 1; processes the data with to orthogonal moving slits.

% This adds two new double precision variables to the ’files’ structure,

% irisX and irisY. irisX is the x-axis position (converted to meters) of

% the vertical slit and irisY is the y-axis position of the horizontal

% slit. The November26 experiment (data taken December 5 after stripping

% the insulating films off of the x and y iris) uses 20 micron slits. Slit

% 1 is 26 microns and is the x-moving vertical slit. Slit 2 is 23.5 microns

% and and is the y-moving horizontal slit.

%% Processing parameters

rotateOn = 0;

uniformityTest = 0;

%calibration data (meters/step) for the y-moving horizontal slit.

%Taken from StepperCalibration.xlsx

slit2Step = 286.3e-6/5000;

%% Parsing parameters

delimiter = ’_’;

%% Get file names

files = dir(directory);

%% Parse file names

fprintf([’Parsing file names in ’ directory ’ to metadata...’]);

%list of position reference files with the form:[... ; X Y fileIndex ; ...]

posReferenceList = [];

for fileIndex = 1:length(files)

delimiters = 0;

for parseIndex = 1:length(files(fileIndex).name);

if (strcmp(files(fileIndex).name(parseIndex),delimiter))

delimiters = [delimiters parseIndex];

end

end

if strcmp(files(fileIndex).name,’Background.bmp’)

files(fileIndex).isFile = 1;

files(fileIndex).isBackground = 1;

elseif length(delimiters)>3%First delimiter is set at 1.

if exist(’item’)

clear(’item’)
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end

for delimiterIndex = 1:length(delimiters)-1

item(delimiterIndex) = ...

{files(fileIndex).name(delimiters(delimiterIndex)+...

1:delimiters(delimiterIndex+1)-1)};

end

files(fileIndex).c0 = 0;

files(fileIndex).c1 = 0;

files(fileIndex).c2 = 0;

files(fileIndex).c3 = 0;

files(fileIndex).mc0 = 0;

files(fileIndex).mc1 = 0;

files(fileIndex).mc2 = 0;

files(fileIndex).mc3 = 0;

files(fileIndex).isFile = 1;

files(fileIndex).isBackground = 0;

files(fileIndex).isPosReference = 0;

files(fileIndex).offsetX = 0;

files(fileIndex).offsetY = 0;

files(fileIndex).slitX = 0;

files(fileIndex).slitY = 0;

files(fileIndex).exposureTime = .1;

files(fileIndex).MeasurementNumber = 1;

files(fileIndex).posReferenceIndex = 0;

files(fileIndex).posReferenceUsed = 0;

files(fileIndex).SNR = 0;

for itemIndex = 1:length(item)

if strcmp(item{itemIndex},’c0’)

files(fileIndex).c0 = str2num(item{itemIndex+1});

elseif strcmp(item{itemIndex},’c1’)

files(fileIndex).c1 = str2num(item{itemIndex+1});

elseif strcmp(item{itemIndex},’c2’)

files(fileIndex).c2 = str2num(item{itemIndex+1});

elseif strcmp(item{itemIndex},’c3’)

files(fileIndex).c3 = str2num(item{itemIndex+1});

elseif strcmp(item{itemIndex},’mc0’)

files(fileIndex).mc0 = str2num(item{itemIndex+1});

elseif strcmp(item{itemIndex},’mc1’)

files(fileIndex).mc1 = str2num(item{itemIndex+1});

elseif strcmp(item{itemIndex},’mc2’)

files(fileIndex).mc2 = str2num(item{itemIndex+1});

elseif strcmp(item{itemIndex},’mc3’)

files(fileIndex).mc3 = str2num(item{itemIndex+1});

elseif strcmp(item{itemIndex},’beamOff’) || ...

strcmp(item{itemIndex},’BeamOff’) || ...
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strcmp(item{itemIndex},’Off’)

files(fileIndex).isBackground = 1;

elseif strcmp(item{itemIndex},’beamOn’) || ...

strcmp(item{itemIndex},’BeamOn’) || ...

strcmp(item{itemIndex},’On’)

files(fileIndex).isBackground = 0;

elseif strcmp(item{itemIndex},’roi’)

files(fileIndex).offsetX = str2num(item{itemIndex+1});

files(fileIndex).offsetY = str2num(item{itemIndex+2});

elseif strcmp(item{itemIndex},’window’)

files(fileIndex).offsetX = str2num(item{itemIndex+1});

files(fileIndex).offsetY = str2num(item{itemIndex+2});

elseif strcmp(item{itemIndex},’slitX’);

files(fileIndex).slitX = str2num(item{itemIndex+1})/1e6;

elseif strcmp(item{itemIndex},’slitY’);

files(fileIndex).slitY = str2num(item{itemIndex+1})/1e6;

if ~files(fileIndex).c0 && ~files(fileIndex).c1 && ...

~files(fileIndex).c2 && ~files(fileIndex).c3 && ...

~files(fileIndex).isBackground

files(fileIndex).isPosReference = 1;

posReferenceList = [posReferenceList;...

[files(fileIndex).slitX,files(fileIndex).slitY,...

fileIndex]];

end

elseif strcmp(item{itemIndex},’exp’)

files(fileIndex).exposureTime = ...

.001*str2num(item{itemIndex+1});

elseif strcmp(item{itemIndex},’rep’)

files(fileIndex).MeasurementNumber = ...

str2num(item{itemIndex+1});

elseif strcmp(item{itemIndex},’Is’)

files(fileIndex).solenoidCurrent = ...

str2num(item{itemIndex+1});

end

end

elseif length(delimiters)>2 && length(delimiters)<5

for delimiterIndex = 1:length(delimiters)-1

item(delimiterIndex) = ...

{files(fileIndex).name(delimiters(delimiterIndex)+...

1:delimiters(delimiterIndex+1)-1)};

end

files(fileIndex).isFile = 1;

files(fileIndex).isBackground = 0;

files(fileIndex).c1 = str2num(item{1});

files(fileIndex).c3 = str2num(item{2});
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else

files(fileIndex).isBackground = 0;

files(fileIndex).isFile = 0;

end

end

fprintf(’\n’);

referenceIndex = [];

deleteIndex = [];

fprintf(’Parsing file metadata...\n’);

for fileIndex = 1:length(files)

if files(fileIndex).isFile

info = imfinfo([directory ’/’ files(fileIndex).name]);

try

%NECESSARY for threshold processing

files(fileIndex).depth = info.NumColorsUsed;

catch

files(fileIndex).depth = 2^(info.BitDepth);

end

if files(fileIndex).isBackground

referenceIndex = [referenceIndex fileIndex];

end

else

deleteIndex = [deleteIndex fileIndex];

end

end

fprintf(’Parsing background reference image metadata...\n’);

index = 1;

for index = 1:length(referenceIndex)

referenceImage(index).data = ...

imread([directory ’/’ files(referenceIndex(index)).name]);

referenceImage(index).sizeX = size(referenceImage(index).data,1);

referenceImage(index).sizeY = size(referenceImage(index).data,2);

referenceImage(index).offsetX = files(referenceIndex(index)).offsetX;

referenceImage(index).offsetY = files(referenceIndex(index)).offsetY;

referenceImage(index).exposureTime = ...

files(referenceIndex(index)).exposureTime;

index = index+1;

end

if uniformityTest == 1

fprintf(’Parsing position refence image metadata...\n’);

index=1;

for index = setxor(1:length(files),posReferenceList(:,3))’

if files(index).isFile

for posIndex = posReferenceList(:,3)’
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if files(index).slitX == files(posIndex).slitX && ...

files(index).slitY == ...

files(posIndex).slitY && ...

~files(index).posReferenceIndex && ...

~(files(posIndex).posReferenceUsed== ...

files(index).c0)

%May need to be modified when there are multipole

%position references (passed 0 multiple times)

files(index).posReferenceIndex = posIndex;

%Files will be sorted in this list, so this should keep

%the same image from being used by multiple repitions

%of the same current.

files(posIndex).posReferenceUsed = files(index).c0;

end

end

%What if it doesn’t find a reference file? It’ll return -0- for

%.posReferenceIndex and cause a problem in plotQuadData2.

if ~files(index).posReferenceIndex && files(index).c0

fprintf([...

’ Error: no position reference found for file\n’...

’ ’ files(index).name ’\n’])

end

end

end

end

clear(’item’,’index’,’fileIndex’,’delimiters’,’delimiterIndex’,...

’delimiter’,’info’,’parseIndex’,’referenceImageIndex’,’posIndex’);

%% Process the images for centroid location, minor axis, major axis,

%and ellipse orientation

% intensity ratio at **two** standard deviations from the centroid

% One standard deviation is pretty close to the centroid (couple pixels)

threshold(1) = exp(-1);

threshold(2) = exp(-4/2);

threshold(3) = exp(-9/3);

threshold(4) = exp(-16/4);

threshSelect = 2;% How many standard deviations for measurement?

threshMeasure = 1;

for fileIndex = 1:length(files)

fprintf([’Processing ’ files(fileIndex).name ’, ’ num2str(fileIndex)...
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’ of ’ num2str(length(files)) ’... \n’]);

if files(fileIndex).isFile && ~files(fileIndex).isBackground

% Remove background noise and damage to the MCP & CCD from the

% image.

files(fileIndex).image = ...

imread([directory ’/’ files(fileIndex).name]);

files(fileIndex).proc = files(fileIndex).image;

usableReference = [];

for referenceImageIndex = 1:length(referenceImage)

if (size(files(fileIndex).proc,1) == ...

referenceImage(referenceImageIndex).sizeX && ...

size(files(fileIndex).proc,2) == ...

referenceImage(referenceImageIndex).sizeY && ...

files(fileIndex).offsetX == ...

referenceImage(referenceImageIndex).offsetX && ...

files(fileIndex).offsetY == ...

referenceImage(referenceImageIndex).offsetY && ...

files(fileIndex).exposureTime == ...

referenceImage(referenceImageIndex).exposureTime)

usableReference = [usableReference referenceImageIndex];

end

end

try

reference = ...

single(zeros(referenceImage(usableReference(1)).sizeX,...

referenceImage(usableReference(1)).sizeY));

catch

reference = single(zeros(size(files(fileIndex).proc,1),...

size(files(fileIndex).proc,2)));

files(fileIndex).noNormalization = 1;

end

for index = 1:length(usableReference)

reference = reference + 1/length(usableReference)*...

(single(referenceImage(usableReference(index)).data));

end

reference = uint16(reference);

files(fileIndex).proc = files(fileIndex).proc - reference;

files(fileIndex).threshSelect = im2bw(files(fileIndex).proc,...

single(max(max(files(fileIndex).proc)))/...

(files(fileIndex).depth-1)*threshold(threshSelect));

[files(fileIndex).threshLabeled num]= ...

bwlabel(files(fileIndex).threshSelect);

stats = regionprops(files(fileIndex).threshLabeled,’centroid’,...

’MajorAxisLength’,’MinorAxisLength’,’Orientation’,’Area’);

[val,statIndex] = max([stats.Area]);
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measureLocationX = round(stats(statIndex).Centroid(2));

measureLocationY = round(stats(statIndex).Centroid(1));

files(fileIndex).threshMeasure = im2bw(files(fileIndex).proc, ...

single(max(max(files(fileIndex).proc(...

measureLocationX,measureLocationY))))/ ...

(files(fileIndex).depth-1)...

*threshold(threshMeasure));

[files(fileIndex).threshLabeled num]= ...

bwlabel(files(fileIndex).threshMeasure);

spotLocationX = stats(statIndex).Centroid(1);

spotLocationY = stats(statIndex).Centroid(2);

stats = regionprops(files(fileIndex).threshLabeled,’centroid’,...

’MajorAxisLength’,’MinorAxisLength’,’Orientation’,’Area’);

statIndex = 0;

for index = 1:length(stats)

if spotLocationX - 4 < stats(index).Centroid(1) && ...

stats(index).Centroid(1) < spotLocationX + 4 && ...

spotLocationY - 4 < stats(index).Centroid(2) && ...

stats(index).Centroid(2) < spotLocationY + 4

statIndex = index;

end

end

if statIndex

files(fileIndex).area = stats(statIndex).Area;

files(fileIndex).centroidX = stats(statIndex).Centroid(1);

files(fileIndex).centroidY = stats(statIndex).Centroid(2);

files(fileIndex).majorAxis = stats(statIndex).MajorAxisLength;

files(fileIndex).minorAxis = stats(statIndex).MinorAxisLength;

%Angle coutnerclockwise from the x-axis

files(fileIndex).orientation = stats(statIndex).Orientation;

% Rotate image by stats.orientation and perform a gaussian fit

beamSpotWindow = 20;%(20 makes 41x41, 25 makes 51x51)

if round(files(fileIndex).centroidY-beamSpotWindow) < 1

beamSpotWindow = round(files(fileIndex).centroidY)-1;

end

if round(files(fileIndex).centroidY+beamSpotWindow) > ...

size(files(fileIndex).proc,1)

beamSpotWindow = size(files(fileIndex).proc,1)-...

round(files(fileIndex).centroidY)-1;

end

if round(files(fileIndex).centroidX-beamSpotWindow) < 1

beamSpotWindow = round(files(fileIndex).centroidX)-1;

end

if round(files(fileIndex).centroidX+beamSpotWindow) > ...

size(files(fileIndex).proc,2)
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beamSpotWindow = size(files(fileIndex).proc,2)-...

round(files(fileIndex).centroidX)-1;

end

%Check again to make sure that it isn’t in the corner.

if round(files(fileIndex).centroidY-beamSpotWindow) < 1

beamSpotWindow = round(files(fileIndex).centroidY)-1;

end

if round(files(fileIndex).centroidY+beamSpotWindow) > ...

size(files(fileIndex).proc,1)

beamSpotWindow = size(files(fileIndex).proc,1)-...

round(files(fileIndex).centroidY)-1;

end

if round(files(fileIndex).centroidX-beamSpotWindow) < 1

beamSpotWindow = round(files(fileIndex).centroidX)-1;

end

if round(files(fileIndex).centroidX+beamSpotWindow) > ...

size(files(fileIndex).proc,2)

beamSpotWindow = size(files(fileIndex).proc,2)-...

round(files(fileIndex).centroidX)-1;

end

edge1 = round(files(fileIndex).centroidY-beamSpotWindow);

files(fileIndex).edge1 = edge1;

edge2 = round(files(fileIndex).centroidY+beamSpotWindow);

files(fileIndex).edge2 = edge2;

edge3 = round(files(fileIndex).centroidX-beamSpotWindow);

files(fileIndex).edge3 = edge3;

edge4 = round(files(fileIndex).centroidX+beamSpotWindow);

files(fileIndex).edge4 = edge4;

if edge1 < 1 || edge3 < 1 || ...

edge2 > size(files(fileIndex).proc,1) || ...

edge4 > size(files(fileIndex).proc,2)

deleteIndex = [deleteIndex fileIndex];

fprintf([’ Dumping ’ files(fileIndex).name ’, ’ ...

num2str(fileIndex) ’ of ’ num2str(length(files)) ...

’ (bounds:’ num2str(edge1) ’,’ num2str(edge2) ’,’ ...

num2str(edge3) ’,’ num2str(edge4) ’)\n’])

else

beamSpot =(files(fileIndex).proc(edge1:edge2,edge3:edge4));

if rotateOn

beamSpotProc = imrotate(beamSpot,...

mod(90,files(fileIndex).orientation),...

’bicubic’,’crop’);

else

beamSpotProc = beamSpot;
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end

beamSpotCSx = beamSpotProc(:,1+beamSpotWindow);

files(fileIndex).beamSpotCSx = beamSpotCSx;

beamSpotCSy = beamSpotProc(1+beamSpotWindow,:);

files(fileIndex).beamSpotCSy = beamSpotCSy;

%Integrate across image for increased SNR

beamSpotIntX = sum(beamSpotProc,1);

files(fileIndex).beamSpotIntX = beamSpotIntX;

beamSpotIntY = sum(beamSpotProc,2);

files(fileIndex).beamSpotIntY = beamSpotIntY;

%Set up fitting initial parameters.

minFx = min(beamSpotIntX);

maxFx = max(beamSpotIntY);

minFy = min(beamSpotIntX);maxFy = max(beamSpotIntY);

ezfitFunX = [’y = a*exp(-((x-x_0)^2)/(2*sigma^2))+y0;a=’...

num2str(maxFx-minFx) ’;x_0=’ ...

num2str(round(length(beamSpotIntX)/2)+1) ...

’;sigma=3;y0=’ num2str(minFx)];

ezfitFunY = [’y = a*exp(-((x-x_0)^2)/(2*sigma^2))+y0;a=’...

num2str(maxFy-minFy) ’;x_0=’ ...

num2str(round(length(beamSpotIntY)/2)+1) ...

’;sigma=3;y0=’ num2str(minFy)];

%Fit offset gaussian to beam spot shape.

Fx = ezfit(beamSpotIntX,ezfitFunX);

Fy = ezfit(beamSpotIntY,ezfitFunY);

files(fileIndex).fitIntX = Fx;

files(fileIndex).fitIntY = Fy;

if files(fileIndex).fitIntX.r < 0.95

deleteIndex = [deleteIndex fileIndex];

fprintf([’ Dumping ’ files(fileIndex).name ’, ’ ...

num2str(fileIndex) ’ of ’ num2str(length(files))...

’ (fit R = ’ num2str(files(fileIndex).fitIntX.r)...

’)\n’]);

elseif files(fileIndex).fitIntY.r < 0.95

deleteIndex = [deleteIndex fileIndex];

fprintf([’ Dumping ’ files(fileIndex).name ’, ’ ...

num2str(fileIndex) ’ of ’ num2str(length(files))...

’ (fit R = ’ num2str(files(fileIndex).fitIntX.r)...

’)\n’]);

end

%Fit gaussian to beam spot shape.

Fx = ezfit(single(beamSpotCSx),...

’y = a*exp(-((x-x_0)^2)/(2*sigma^2))+y0;a=500;x0=21;sigma=20;y0=50’);

Fy = ezfit(single(beamSpotCSy),...

’y = a*exp(-((x-x_0)^2)/(2*sigma^2))+y0;a=500;x0=21;sigma=20;y0=50’);
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files(fileIndex).fitCSX = Fx;

files(fileIndex).fitCSY = Fy;

files(fileIndex).SNR = max(max(...

files(fileIndex).proc(edge1:edge2,edge3:edge4)))/ ...

mean(mean(files(fileIndex).proc([1:edge1 edge2:end],...

[1:edge3 edge4:end])));

end

else

deleteIndex = [deleteIndex fileIndex];

fprintf([’ Dumping ’ files(fileIndex).name ’, ’ ...

num2str(fileIndex) ’ of ’ num2str(length(files))...

’ (centroid)\n’])

files(fileIndex).area = NaN;

files(fileIndex).centroidX = NaN;

files(fileIndex).centroidY = NaN;

files(fileIndex).majorAxis = NaN;

files(fileIndex).minorAxis = NaN;

files(fileIndex).orientation = NaN;

if files(fileIndex).exposureTime ~= 0.001

’stop temporarily and inspect’;

end

end

end

end

save([directory ’/filesNew.mat’],’files’);

deleteIncrement = 1;

deleteArray = unique([deleteIndex referenceIndex]);

if uniformityTest

% Update index references to relative position files and delete.

for index = deleteArray

for index2 = index:length(files)

files(index2).posReferenceIndex = ...

files(index2).posReferenceIndex-1;

end

end

end

%clear this file from the array

files(unique([deleteIndex referenceIndex])) = [];

clear(’lastfit’);

save([directory ’/filesNew.mat’],’files’);

fprintf([’Finished ’ directory ’.\n’]);
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A.2 Beam-steering data processing MATLAB script

function [files] = plotQuadData2(files)

% [plotData,focusMajorMean,focusMajorStd,...

% focusMinorMean,focusMinorStd,FocusMajorSubMinorMean,...

% focusMajorSubMinorStd]

%% Data handling parameters

manualCheck = 0;

automaticCheck = 0;

uniformityTest = 0;

imageCenteredOn = 0;

imageUncenteredOn= 1;

%% Fundamental parameters

%Electron properties

e0 = -1.60217646e-19; %C

m0 = 9.10938188e-31; %kg

Ebeam = 34e3;

restmass = 510998.93;%eV

%Fundamental constants

c = 299792458; %m/s

h = 6.626068e-34; %m^2*kg/s

eps0 = 8.85418782e-12; %F/m;

mu0 = 1.25663706e-6; %H/m

gamma = Ebeam./restmass+1;%absolute

beta = sqrt(1-1./gamma.^2);%absolute

%MCP Pixel Size (10/22/13)

pixelSize = 57.15e-3/(1725-358); % From MCP_pixelsize.png

MCP_distance = 11.5e-2;%From Evan

magLengthDipole = 686e-6;

magLengthQuad = magLengthDipole;

%% Deflection statistics sorting

fprintf([’Drive current data: ’ num2str(unique([files.c0])) ’\n’])

focusCurrent = [-4000:1000:4000];

%slitXLoc = unique([files.slitX]);

%slitYLoc = unique([files.slitY]);

exposureTimeCheck = .05; % s

solenoidCurrentCheck = 2080; %mA

imageRep = [1];

roiXsel = [1070];

slitSel = unique([files.slitX]);
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exemptionIndex = [5 0];

exemptionSelection = [2];

exemptionCounter = 1;

%Pick out the index of the dipole data

transportIndex = [];

transportIndexIndex = 0;

fprintf(’Finding quadruple data’);

if uniformityTest

dataLength = length(slitSel);

for dataIndex = 1:dataLength

fprintf(’.’);

tempIndex = find([files.c0]==focusCurrent);

tempIndexSubset = find([files(tempIndex).exposureTime]==...

exposureTimeCheck);

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

tempIndexSubset = find([files(tempIndex).solenoidCurrent]==...

solenoidCurrentCheck);

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

tempIndexSubset = find([files(tempIndex).slitX]==...

slitSel(dataIndex));

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

if ~isempty(imageRep)

if ~isempty(exemptionIndex) && dataIndex == ...

exemptionIndex(exemptionCounter)

tempIndexSubset = find(...

[files(tempIndex).MeasurementNumber]==...

exemptionSelection(exemptionCounter));

exemptionCounter = exemptionCounter + 1;

else

tempIndexSubset = find(...

[files(tempIndex).MeasurementNumber]==imageRep);

end

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

end

if ~isempty(roiXsel)

tempIndexSubset = find([files(tempIndex).offsetX]==roiXsel);

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

end

plotIndex = 1;

96



for plotIndex = 1:length(tempIndex)

transportIndexIndex = transportIndexIndex + 1;

transportIndex(transportIndexIndex) = tempIndex(plotIndex);

data(dataIndex,plotIndex) = tempIndex(plotIndex);

scale(dataIndex,plotIndex) = 1/2 * ...

(files(tempIndex(plotIndex)).fitCSX.m(1) + ...

files(tempIndex(plotIndex)).fitCSY.m(1));

end

end

fprintf(’.\n’);

else

dataLength = length(focusCurrent);

for dataIndex = 1:dataLength

fprintf(’.’);

tempIndex = find([files.c0]==focusCurrent(dataIndex));

tempIndexSubset = find([files(tempIndex).exposureTime]==...

exposureTimeCheck);

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

tempIndexSubset = find([files(tempIndex).solenoidCurrent]==...

solenoidCurrentCheck);

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

tempIndexSubset = find([files(tempIndex).slitX]==slitSel);

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

if ~isempty(imageRep)

if ~isempty(exemptionIndex) && dataIndex == ...

exemptionIndex(exemptionCounter)

tempIndexSubset = find(...

[files(tempIndex).MeasurementNumber]==...

exemptionSelection(exemptionCounter));

exemptionCounter = exemptionCounter + 1;

else

tempIndexSubset = find(...

[files(tempIndex).MeasurementNumber]==imageRep);

end

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

end

if ~isempty(roiXsel)

tempIndexSubset = find([files(tempIndex).offsetX]==roiXsel);

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

end
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plotIndex = 1;

for plotIndex = 1:length(tempIndex)

transportIndexIndex = transportIndexIndex + 1;

transportIndex(transportIndexIndex) = tempIndex(plotIndex);

data(dataIndex,plotIndex) = tempIndex(plotIndex);

scale(dataIndex,plotIndex) = 1/2 * ...

(files(tempIndex(plotIndex)).fitCSX.m(1) + ...

files(tempIndex(plotIndex)).fitCSY.m(1));

end

end

fprintf(’.\n’);

end

dataEnd = zeros(1,size(data,1));

exposureTime = zeros(1,size(data,1));

for dataIndex = 1:size(data,1)

fprintf([’Processing data for ’ num2str(data(dataIndex,1)) ’.’]);

%Select the center of the spot and make an averaged and scaled image.

for plotIndex = 1:length(data(dataIndex,:))

fprintf(’.’);

if plotIndex == 1 && data(dataIndex,plotIndex)

imscale(dataIndex,plotIndex) = ...

(65535/100)/scale(dataIndex,plotIndex);

if imageCenteredOn

beamSpotWindow = 3;

edge1 = round(files(...

data(dataIndex,plotIndex)).centroidY-beamSpotWindow);

edge2 = round(files(...

data(dataIndex,plotIndex)).centroidY+beamSpotWindow);

edge3 = round(files(...

data(dataIndex,plotIndex)).centroidX-beamSpotWindow);

edge4 = round(files(...

data(dataIndex,plotIndex)).centroidX+beamSpotWindow);

plotData(:,:,dataIndex) = imscale(dataIndex,plotIndex)* ...

(files(data(dataIndex,plotIndex)).proc(...

edge1:edge2,edge3:edge4));

elseif imageUncenteredOn

plotData(:,:,dataIndex) = imscale(dataIndex,plotIndex * ...

(files(data(dataIndex,plotIndex)).proc);

end

exposureTime(dataIndex) = exposureTime(dataIndex) + ...

files(data(dataIndex,plotIndex)).exposureTime;

elseif data(dataIndex,plotIndex)

imscale(dataIndex,plotIndex) = ...
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(65535/100)/scale(dataIndex,plotIndex);

if imageCenteredOn

beamSpotWindow = 3;

edge1 = round(files(...

data(dataIndex,plotIndex)).centroidY-beamSpotWindow);

edge2 = round(files(...

data(dataIndex,plotIndex)).centroidY+beamSpotWindow);

edge3 = round(files(...

data(dataIndex,plotIndex)).centroidX-beamSpotWindow);

edge4 = round(files(...

data(dataIndex,plotIndex)).centroidX+beamSpotWindow);

plotData(:,:,dataIndex) = ...

plotData(:,:,dataIndex) + ...

imscale(dataIndex,plotIndex) * ...

(files(data(dataIndex,plotIndex)).proc(...

edge1:edge2,edge3:edge4));

elseif imageUncenteredOn

plotData(:,:,dataIndex) = plotData(:,:,dataIndex) + ...

imscale(dataIndex,plotIndex) * ...

(files(data(dataIndex,plotIndex)).proc);

end

exposureTime(dataIndex) = exposureTime(dataIndex) + ...

files(data(dataIndex,plotIndex)).exposureTime;

elseif ~dataEnd(dataIndex)

dataEnd(dataIndex) = plotIndex-1;

break

end

end

if ~dataEnd(dataIndex)

dataEnd(dataIndex) = length(data(dataIndex,:));

end

if automaticCheck

fprintf(’\n’);

%Check for likely MCP damage overlap

centroidX(dataIndex) = mean([files(...

data(dataIndex,1:dataEnd(dataIndex))).centroidX]);

centroidY(dataIndex) = mean([files(...

data(dataIndex,1:dataEnd(dataIndex))).centroidY]);

cenotroidMismatchTol = 2.25;

for plotIndex = 1:dataEnd(dataIndex)

if files(data(dataIndex,plotIndex)).centroidX > ...

centroidX(dataIndex)+cenotroidMismatchTol/2 || ...

files(data(dataIndex,plotIndex)).centroidX < ...

centroidX(dataIndex)-cenotroidMismatchTol/2
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deleteIndex = [deleteIndex data(dataIndex,plotIndex)];

fprintf([’ Found centroid mismatch in data at index ’ ...

num2str(data(dataIndex,plotIndex)) ’\n’]);

fprintf([’ X shifted ’ ...

num2str(files(data(dataIndex,plotIndex)).centroidX-...

centroidX(dataIndex)) ’ from mean ’ ...

num2str(centroidX(dataIndex)) ’\n’]);

fprintf(’ Please re-run with the returned file metadata\n’);

elseif files(data(dataIndex,plotIndex)).centroidY > ...

centroidY(dataIndex)+cenotroidMismatchTol/2 || ...

files(data(dataIndex,plotIndex)).centroidY < ...

centroidY(dataIndex)-cenotroidMismatchTol/2

deleteIndex = [deleteIndex data(dataIndex,plotIndex)];

fprintf([’ Found centroid mismatch in data at index ’ ...

num2str(data(dataIndex,plotIndex)) ’\n’]);

fprintf([’ Y shifted ’ ...

num2str(files(data(dataIndex,plotIndex)).centroidY- ...

centroidY(dataIndex)) ’ from mean ’ ...

num2str(centroidY(dataIndex)) ’\n’]);

fprintf(’ Please re-run with the returned file metadata\n’);

end

end

end

if manualCheck

centroidX = 115;

centroidY = 146;

for plotIndex = 1:dataEnd(dataIndex)

figure(6);imshow(files(data(dataIndex,plotIndex)).proc*...

((65535/10)/scale(dataIndex,plotIndex)*99/...

dataEnd(dataIndex)),’InitialMagnification’, ’fit’);

fprintf([’Automatic centroid flag @ ’ num2str(centroidX) ..

’x, ’ num2str(centroidY) ’y\n.’]);

fprintf([’\nX Centroid:’ ...

num2str(files(data(dataIndex,plotIndex)).centroidX) ...

’\n’]);

fprintf([’Y Centroid:’ ...

num2str(files(data(dataIndex,plotIndex)).centroidY) ...

’\n’]);

fprintf([’P Rotation:’ ...

num2str(files(data(dataIndex,plotIndex)).orientation) ...

’\n’]);

fprintf([’X SigmaInt:’ ...

num2str(arrayfun(@(x) x.fitIntX.m(2), ...

files(data(dataIndex,plotIndex)))) ’\n’]);
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fprintf([’Y SigmaInt:’ num2str(arrayfun(@(x) ...

x.fitIntY.m(2), files(data(dataIndex,plotIndex)))) ’\n’]);

fprintf([’X SigmaCS: ’ num2str(arrayfun(@(x) ...

x.fitCSX.m(2), files(data(dataIndex,plotIndex)))) ’\n’]);

fprintf([’Y SigmaCS: ’ num2str(arrayfun(@(x) ...

x.fitCSY.m(2), files(data(dataIndex,plotIndex)))) ’\n’]);

fprintf([’X SigmaX/Y:’ num2str(arrayfun(@(x) ...

x.fitIntX.m(2), files(data(dataIndex,plotIndex))) ...

./ arrayfun(@(x) x.fitIntY.m(2), ...

files(data(dataIndex,plotIndex)))) ’\n’]);

deleteCurrent = input(’1 to delete, 0 to keep: ’);

fprintf(’\n’);

if (~deleteCurrent && ( files(...

data(dataIndex,plotIndex)).centroidX<centroidX-10|| ...

files(data(dataIndex,plotIndex)).centroidX > ...

centroidX + 10 || ...

files(data(dataIndex,plotIndex)).centroidY < ...

centroidY - 10 || ...

files(data(dataIndex,plotIndex)).centroidY > ...

centroidY + 10))

%Track the centroid progress and ask for verification if

%the mean centroid is far away from the present spot

%centroid

deleteCurrent = ...

input([’Are you sure? Look at the centroid. ’ ...

’1 to delete, 0 to keep:’]);

fprintf(’\n’)

end

if deleteCurrent

deleteIndex = [deleteIndex data(dataIndex,plotIndex)];

fprintf([’ Labeled metadata at index ’ ...

num2str(data(dataIndex,plotIndex)) ’ for deletion.\n’]);

fprintf([’ Metadata corresponds to I=’ ...

num2str(focusCurrent(dataIndex)) ’\n\n’]);

else

centroidX = mean([centroidX ...

files(data(dataIndex,plotIndex)).centroidX]);

centroidY = mean([centroidY ...

files(data(dataIndex,plotIndex)).centroidY]);

end

end

end

%Calculate statistics

dataSet = data(dataIndex,1:dataEnd(dataIndex));
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referenceDataSet = [files(data(dataIndex,...

1:dataEnd(dataIndex))).posReferenceIndex];

%Quality parameter statistics

focusFitXRmean(dataIndex) = mean([arrayfun(@(x) x.fitIntX.r, ...

files(dataSet))]);

focusFitYRmean(dataIndex) = std([arrayfun(@(x) x.fitIntY.r, ...

files(dataSet))]);

focusFitXRstd(dataIndex) = std([arrayfun(@(x) x.fitIntX.r, ...

files(dataSet))]);

focusFitYRstd(dataIndex) = std([arrayfun(@(x) x.fitIntY.r, ...

files(dataSet))]);

focusFitXx0mean(dataIndex) = mean([arrayfun(@(x) x.fitIntX.m(3), ...

files(dataSet))]);

focusFitYx0mean(dataIndex) = mean([arrayfun(@(x) x.fitIntY.m(3), ...

files(dataSet))]);

focusFitXx0std(dataIndex) = std([arrayfun(@(x) x.fitIntX.m(3), ...

files(dataSet))]);

focusFitYx0std(dataIndex) = std([arrayfun(@(x) x.fitIntY.m(3), ...

files(dataSet))]);

focusSNRmean(dataIndex) = mean([files(dataSet).SNR]);

focusSNRstd(dataIndex) = mean([files(dataSet).SNR]);

%Data statistics

focusMajorMean(dataIndex) = mean([files(dataSet).majorAxis]);

focusFxMean(dataIndex) = mean([arrayfun(@(x) x.fitIntX.m(2), ...

files(dataSet))]);

focusMajorStd(dataIndex) = std([files(dataSet).majorAxis]);

focusFxStd(dataIndex) = std([arrayfun(@(x) x.fitIntX.m(2), ...

files(dataSet))]);

focusFx2Std(dataIndex) = std([arrayfun(@(x) x.fitIntX.m(2), ...

files(dataSet))].^2);

focusMinorMean(dataIndex) = mean([files(dataSet).minorAxis]);

focusFyMean(dataIndex) = mean([arrayfun(@(x) x.fitIntY.m(2), ...

files(dataSet))]);

focusMinorStd(dataIndex) = std([files(dataSet).minorAxis]);

focusFyStd(dataIndex) = std([arrayfun(@(x) x.fitIntY.m(2), ...

files(dataSet))]);

focusFy2Std(dataIndex) = std([arrayfun(@(x) x.fitIntY.m(2), ...

files(dataSet))].^2);

focusMajorSubMinorMean(dataIndex) = ...

mean([files(dataSet).majorAxis] - [files(dataSet).minorAxis]);

focusMajorSubMinorStd(dataIndex) = ...

std([files(dataSet).majorAxis] - [files(dataSet).minorAxis]);

focusMajorDivMinorMean(dataIndex) = ...

mean([files(dataSet).majorAxis] ./ [files(dataSet).minorAxis]);

focusMajorDivMinorStd(dataIndex) = ...
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std([files(dataSet).majorAxis] ./ [files(dataSet).minorAxis]);

focusOrientationMean(dataIndex) = mean([files(dataSet).orientation]);

focusOrientationStd(dataIndex) = std([files(dataSet).orientation]);

focusFxSubFyMean(dataIndex) = ...

mean([arrayfun(@(x) x.fitIntX.m(2), files(dataSet))] - ...

[arrayfun(@(x) x.fitIntY.m(2), files(dataSet))]);

focusFxSubFyStd(dataIndex) = ...

std([arrayfun(@(x) x.fitIntX.m(2), files(dataSet))] - ...

[arrayfun(@(x) x.fitIntY.m(2), files(dataSet))]);

focusFxDivFyMean(dataIndex) = ...

mean([arrayfun(@(x) x.fitIntX.m(2), files(dataSet))] ./ ...

[arrayfun(@(x) x.fitIntY.m(2), files(dataSet))]);

focusFxDivFyStd(dataIndex) = ...

std([arrayfun(@(x) x.fitIntX.m(2), files(dataSet))] ./ ...

[arrayfun(@(x) x.fitIntY.m(2), files(dataSet))]);

focusDeflectXmean(dataIndex) = mean([files(dataSet).centroidX]);

focusDeflectXstd(dataIndex) = std([files(dataSet).centroidX]);

focusDeflectYmean(dataIndex) = mean([files(dataSet).centroidY]);

focusDeflectYstd(dataIndex) = std([files(dataSet).centroidY]);

fprintf(’.\n’)

end

%% Deflection statistics plotting

coefficient = gamma*m0*beta*c/magLengthQuad/e0;

’hold’

% X Deflection

%for 11/26/13 and later datasets

figure(8);

errorbar(1e-3*focusCurrent,pixelSize*1e3*...

(focusDeflectXmean-focusDeflectXmean(1)),...

-pixelSize*1e3*focusDeflectXstd,1e3*pixelSize*focusDeflectXstd,’.k’);

set(gca,’LineWidth’,2,’FontSize’,30,...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Dipole drive curent (A)’,’FontSize’,40);

ylabel([’Beam deflection, x (mm)’],’FontSize’,40);

title(’20 \mum iris centered in 600 \mum gap quadrupole electromagnet’,...

’FontSize’,40)

undofit;

fit08 = ezfit(1e-3*focusCurrent,pixelSize*1e3* ...

(focusDeflectXmean-focusDeflectXmean(1)),’poly3’);

undofit;

showfit(fit08);

axis([-1.75 1.75 -2 2]);

%for 10/22/13 dataset

figure(80);errorbar(1e-3*focusCurrent,pixelSize*1e3* ...
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(focusDeflectXmean-focusDeflectXmean(5)),...

-pixelSize*1e3*focusDeflectXstd,1e3*pixelSize*focusDeflectXstd,’.k’);

set(gca,’LineWidth’,2,’FontSize’,40, ...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Dipole drive curent (A)’,’FontSize’,50);

ylabel([’Beam deflection (mm)’],’FontSize’,50);

title(’50 \mum iris centered in 600 \mum gap quadrupole electromagnet’, ...

’FontSize’,40)

undofit;

fit80 = ezfit(1e-3*focusCurrent(2:end-1),...

pixelSize*1e3*(focusDeflectXmean(2:end-1)-focusDeflectXmean(5)),’poly3’);

undofit;

fout080 = showfit(fit80);

set(fout080.heqbox,’BackgroundColor’,’none’);

set(fout080.heqbox,’FontSize’,40);

set(fout080.heqbox,’LineStyle’,’n’);

set(fout080.heqbox,’FontName’,’Times New Roman’)

axis([-4.2 4.2 -3.5 3.5]);

figure(83);

errorbar(1e-3*focusCurrent,coefficient*tan(pixelSize* ...

(focusDeflectXmean-focusDeflectXmean(5))/(MCP_distance)),...

-coefficient*tan(pixelSize*focusDeflectXstd/(MCP_distance)), ...

coefficient*tan(pixelSize*focusDeflectXstd/(MCP_distance)),’.k’);

set(gca,’LineWidth’,2,’FontSize’,40,...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Dipole drive curent (A)’,’FontSize’,50);

ylabel([’Field Strength (T)’],’FontSize’,50);

title(’50 \mum iris centered in 600 \mum gap quadrupole electromagnet’, ...

’FontSize’,40)

undofit;

fit83 = ezfit(1e-3*focusCurrent(2:end-1),...

coefficient*tan(pixelSize*(focusDeflectXmean(2:end-1)-...

focusDeflectXmean(5))/MCP_distance),’poly3’);

undofit;

fout083 = showfit(fit83);

set(fout083.heqbox,’BackgroundColor’,’none’);

set(fout083.heqbox,’FontSize’,40);

set(fout083.heqbox,’LineStyle’,’n’);

set(fout083.heqbox,’FontName’,’Times New Roman’)

axis([-4.2 4.2 -3.5*.022932/2.8092 3.5*.022932/2.8092]);

% Y Deflection

figure(9);

errorbar(1e-3*focusCurrent,1e3*pixelSize* ...

(focusDeflectYmean-focusDeflectYmean(1)),...

-1e3*pixelSize*focusDeflectYstd,1e3*pixelSize*focusDeflectYstd,’.k’);
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set(gca,’LineWidth’,2,’FontSize’,30, ...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Dipole drive curent (A)’,’FontSize’,40);

ylabel([’Beam deflection, y (mm)’],’FontSize’,40);

title(’20 \mum iris centered in 600 \mum gap quadrupole electromagnet’, ...

’FontSize’,40)

axis([-1.75 1.75 -2 2]);

undofit;

fit09 = ezfit(1e-3*focusCurrent,pixelSize*1e3* ...

(focusDeflectYmean-focusDeflectYmean(1)),’poly3’);

showfit(fit09);

% Beam shape

figure(6);

errorbar(1e-3*focusCurrent,pixelSize*1e3*focusFxMean, ...

-pixelSize*1e3*focusFxStd,1e3*pixelSize*focusFxStd,’.k’);

set(gca,’LineWidth’,2,’FontSize’,30, ...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Dipole drive curent (A)’,’FontSize’,40);

ylabel([’Beam RMS envelope, x (mm)’],’FontSize’,40);

title(’20 \mum iris centered in 600 \mum gap quadrupole electromagnet’, ...

’FontSize’,40)

axis([-1.75 1.75 0.05 0.145]);

figure(7);

errorbar(1e-3*focusCurrent,1e3*pixelSize*focusFyMean, ...

-1e3*pixelSize*focusFyStd,1e3*pixelSize*focusFyStd,’.k’);

set(gca,’LineWidth’,2,’FontSize’,30, ...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Dipole drive curent (A)’,’FontSize’,40);

ylabel([’Beam RMS envelope, y (mm)’],’FontSize’,40);

title(’20 \mum iris centered in 600 \mum gap quadrupole electromagnet’, ...

’FontSize’,40)

axis([-1.75 1.75 0.05 0.145]);

%for 10/22/13 dataset

figure(80);

errorbar(1e-3*focusCurrent,...

pixelSize*1e3*(focusDeflectYmean-focusDeflectYmean(5)),...

-pixelSize*1e3*focusDeflectXstd,1e3*pixelSize*focusDeflectXstd,’.k’);

set(gca,’LineWidth’,2,’FontSize’,40, ...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Dipole drive curent (A)’,’FontSize’,50);

ylabel([’Beam deflection (mm)’],’FontSize’,50);

title(’50 \mum iris centered in 600 \mum gap quadrupole electromagnet’, ...

’FontSize’,40)

undofit;

fit80 = ezfit(1e-3*focusCurrent(2:end-1),...
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pixelSize*1e3*(focusDeflectYmean(2:end-1)-focusDeflectYmean(5)),’poly3’);

undofit;

fout080 = showfit(fit80);

set(fout080.heqbox,’BackgroundColor’,’none’);

set(fout080.heqbox,’FontSize’,40);

set(fout080.heqbox,’LineStyle’,’n’);

set(fout080.heqbox,’FontName’,’Times New Roman’)

axis([-4.2 4.2 -3.5 3.5]);

figure(83);errorbar(1e-3*focusCurrent,...

coefficient*tan(pixelSize*...

(focusDeflectYmean-focusDeflectYmean(5))/(MCP_distance)),...

-coefficient*tan(pixelSize*focusDeflectXstd/(MCP_distance)), ...

coefficient*tan(pixelSize*focusDeflectXstd/(MCP_distance)),’.k’);

set(gca,’LineWidth’,2,’FontSize’,40, ...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Dipole drive curent (A)’,’FontSize’,50);

ylabel([’Field Strength (T)’],’FontSize’,50);

title(’50 \mum iris centered in 600 \mum gap quadrupole electromagnet’, ...

’FontSize’,40)

undofit;

fit83 = ezfit(1e-3*focusCurrent(2:end-1), ...

coefficient*tan(pixelSize*(focusDeflectYmean(2:end-1)- ...

focusDeflectYmean(5))/MCP_distance),’poly3’);

undofit;

fout083 = showfit(fit83);

set(fout083.heqbox,’BackgroundColor’,’none’);

set(fout083.heqbox,’FontSize’,40);

set(fout083.heqbox,’LineStyle’,’n’);

set(fout083.heqbox,’FontName’,’Times New Roman’)

axis([-4.2 4.2 -3.5*.041658/2.8092 3.5*.041658/2.8092]);

% Combined X Deflection (Blue is the first dataset, connects at +1.5A)

figure(10);

errorbar(1e-3*focusCurrent,...

pixelSize*1e3*(focusDeflectXmean-focusDeflectXmean(1)),...

-pixelSize*1e3*focusDeflectXstd,1e3*pixelSize*focusDeflectXstd,’.b’);

set(gca,’LineWidth’,2,’FontSize’,30, ...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Dipole drive curent (A)’,’FontSize’,40);

ylabel([’Beam Deflection, x (mm)’],’FontSize’,40);

title(’20 \mum iris centered in 600 \mum gap quadrupole electromagnet’, ...

’FontSize’,40)

hold on;

figure(10);

errorbar(1e-3*focusCurrent2, ...

pixelSize*1e3*(focusDeflectXmean2-focusDeflectXmean2(1)),...
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-pixelSize*1e3*focusDeflectXstd2,1e3*pixelSize*focusDeflectXstd2,’.r’);

set(gca,’LineWidth’,2,’FontSize’,30, ...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Dipole drive curent (A)’,’FontSize’,40);

ylabel([’Beam Deflection, x (mm)’],’FontSize’,40);

title(’20 \mum iris centered in 600 \mum gap quadrupole electromagnet’, ...

’FontSize’,40)

hold off;

undofit;

fit081 = ezfit(1e-3*focusCurrent, ...

pixelSize*1e3*(focusDeflectXmean-focusDeflectXmean(1)),’poly3’);

showfit(fit081);

fit082 = ezfit(1e-3*[focusCurrent2 focusCurrent(end)], ...

pixelSize*1e3*([focusDeflectXmean2 focusDeflectXmean(end)]- ...

focusDeflectXmean2(1)),’poly3’);

showfit(fit082);

axis([-1.75 1.75 -2 2]);

% Combined Y Deflection

% (Blue is the first dataset (lower Rep#, connects at -1.5A)

figure(10);

errorbar(1e-3*focusCurrent, ...

pixelSize*1e3*(focusDeflectYmean-focusDeflectYmean(1)),...

-pixelSize*1e3*focusDeflectYstd,1e3*pixelSize*focusDeflectYstd,’.r’);

set(gca,’LineWidth’,2,’FontSize’,30, ...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Dipole drive curent (A)’,’FontSize’,40);

ylabel([’Beam deflection, y (mm)’],’FontSize’,40);

title(’20 \mum iris centered in 600 \mum gap quadrupole electromagnet’, ...

’FontSize’,40)

axis([-1.75 1.75 -2 2]);

hold on;

figure(10);

errorbar(1e-3*focusCurrent2, ...

pixelSize*1e3*(focusDeflectYmean2-focusDeflectYmean2(1)),...

-pixelSize*1e3*focusDeflectYstd2,1e3*pixelSize*focusDeflectYstd2,’.b’);

set(gca,’LineWidth’,2,’FontSize’,30, ...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Dipole drive curent (A)’,’FontSize’,40);

ylabel([’Beam deflection, y (mm)’],’FontSize’,40);

title(’20 \mum iris centered in 600 \mum gap quadrupole electromagnet’, ...

’FontSize’,40)

axis([-1.75 1.75 -2 2]);

hold off;

undofit;

fit081 = ezfit(1e-3*focusCurrent, ...
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pixelSize*1e3*(focusDeflectYmean-focusDeflectYmean(1)),’poly3’);

showfit(fit081);

fit082 = ezfit(1e-3*focusCurrent2, ...

pixelSize*1e3*(focusDeflectYmean2-focusDeflectYmean2(1)),’poly3’);

showfit(fit082);

axis([-1.75 1.75 -2 2]);

figure(1);plot(1,1); %images of average beam at each current point

subplotSize = ceil(sqrt(length(focusCurrent)));

for dataIndex = 1+2:2:length(focusCurrent)-2

subplot(1,length(1+2:2:length(focusCurrent)-2),(dataIndex-1)/2);

dataScaleAbs = 65535/max(max(max(plotData(:,:,:))));

dataScaleTime = 100/exposureTime(dataIndex);

dataScaleEnd = 1/dataEnd(dataIndex);

dataScale = 99/dataEnd(dataIndex);

imshow(plotData(:,:,dataIndex)*dataScale);

set(gca,’LineWidth’,2,’FontSize’,30,...

’FontWeight’,’normal’,’FontName’,’Times’);

title([’I = ’ num2str(focusCurrent(dataIndex)) ’ mA’],...

’FontSize’,30,’FontWeight’,’normal’,’FontName’,’Times’);

end

figure(2);plot(1,1); %images of average beam at each current point

subplotSize = ceil(sqrt(length(focusCurrent)));

for dataIndex = 1:length(focusCurrent)

subplot(subplotSize,subplotSize,dataIndex);

dataScaleAbs = 65535/max(max(max(plotData(:,:,:))));

dataScaleTime = 100/exposureTime(dataIndex);

dataScaleEnd = 1/dataEnd(dataIndex);

dataScale = 99/dataEnd(dataIndex);

imshow(plotData(:,:,dataIndex)*dataScale);

set(gca,’LineWidth’,2,’FontSize’,30,...

’FontWeight’,’normal’,’FontName’,’Times’);

title([’I = ’ num2str(focusCurrent(dataIndex)) ’ mA’],...

’FontSize’,30,’FontWeight’,’normal’,’FontName’,’Times’);

end

%% Data cleaning

if ~isempty(unique(deleteIndex))

fprintf([’Found centroid mismatch in data. Deleted ’ ...

num2str(length(unique(deleteIndex))) ’ metadata entries.’ ]);

fprintf(’Please rerun with new metadata.\n’);

files(unique([deleteIndex])) = [];

end

’hold’;
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A.3 Beam-focusing data processing MATLAB script

function [files] = plotQuadData(files)

% [plotData,focusMajorMean,focusMajorStd,...

% focusMinorMean,focusMinorStd,FocusMajorSubMinorMean,...

% focusMajorSubMinorStd]

manualCheck = 0;

automaticCheck = 0;

%Dataset 10/22/2013 doesn’t have focusing data for c0=2000mA.

focusCurrent = [-1500:100:1400];

imageRep = 2;

%focusCurrent = 0;

exposureTimeCheck = .25; % s

solenoidCurrentCheck = 1870; %mA

%Pick out the index of the focusing data

transportIndex = [];

transportIndexIndex = 0;

fprintf(’Finding quadruple data’);

for dataIndex = 1:length(focusCurrent)

fprintf(’.’);

tempIndex = find([files.c0]==focusCurrent(dataIndex));

tempIndexSubset =find([files(tempIndex).c1]==-focusCurrent(dataIndex));

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

tempIndexSubset = find([files(tempIndex).c2]==focusCurrent(dataIndex));

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

tempIndexSubset =find([files(tempIndex).c3]==-focusCurrent(dataIndex));

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

%Select the datasets for long enough exposure times.

%if abs(focusCurrent(dataIndex)) <= 5000

tempIndexSubset = find([files(tempIndex).exposureTime]==...

exposureTimeCheck);

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

tempIndexSubset = find([files(tempIndex).solenoidCurrent]==...

solenoidCurrentCheck);

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

%end

if ~isempty(imageRep)
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tempIndexSubset = find([files(tempIndex).MeasurementNumber]==...

imageRep);

tempIndexReplace = tempIndex(tempIndexSubset);

tempIndex = []; tempIndex = tempIndexReplace;

end

plotIndex = 1;

for plotIndex = 1:length(tempIndex)

transportIndexIndex = transportIndexIndex + 1;

transportIndex(transportIndexIndex) = tempIndex(plotIndex);

data(dataIndex,plotIndex) = tempIndex(plotIndex);

scale(dataIndex,plotIndex) = 1/2 * ...

(files(tempIndex(plotIndex)).fitCSX.m(1) + ...

files(tempIndex(plotIndex)).fitCSY.m(1));

end

end

fprintf(’.\n’);

deleteIndex = [];

dataEnd = zeros(1,length(focusCurrent));

exposureTime = zeros(1,length(focusCurrent));

for dataIndex = 1:length(focusCurrent)

fprintf([’Processing data for ’ num2str(focusCurrent(dataIndex)) ...

’ mA quadrupole current ’]);

%Select the center of the spot and make an averaged and scaled image.

for plotIndex = 1:length(data(dataIndex,:))

fprintf(’.’);

if plotIndex == 1 && data(dataIndex,plotIndex)

edge1 = round(files(data(dataIndex,plotIndex)).centroidY-20);

edge2 = round(files(data(dataIndex,plotIndex)).centroidY+20);

edge3 = round(files(data(dataIndex,plotIndex)).centroidX-20);

edge4 = round(files(data(dataIndex,plotIndex)).centroidX+20);

imscale(dataIndex,plotIndex) = ...

(2^16/100)/scale(dataIndex,plotIndex);

plotData(:,:,dataIndex) = imscale(dataIndex,plotIndex) * ...

(files(data(dataIndex,plotIndex)).proc(...

edge1:edge2,edge3:edge4));

exposureTime(dataIndex) = exposureTime(dataIndex) + ...

files(data(dataIndex,plotIndex)).exposureTime;

elseif data(dataIndex,plotIndex)

edge1 = round(files(data(dataIndex,plotIndex)).centroidY-20);

edge2 = round(files(data(dataIndex,plotIndex)).centroidY+20);

edge3 = round(files(data(dataIndex,plotIndex)).centroidX-20);

edge4 = round(files(data(dataIndex,plotIndex)).centroidX+20);
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imscale(dataIndex,plotIndex) = ...

(2^16/100)/scale(dataIndex,plotIndex);

plotData(:,:,dataIndex) = plotData(:,:,dataIndex) + ...

imscale(dataIndex,plotIndex) * ...

(files(data(dataIndex,plotIndex)).proc(...

edge1:edge2,edge3:edge4));

exposureTime(dataIndex) = exposureTime(dataIndex) + ...

files(data(dataIndex,plotIndex)).exposureTime;

elseif ~dataEnd(dataIndex)

dataEnd(dataIndex) = plotIndex-1;

break

end

end

if ~dataEnd(dataIndex)

dataEnd(dataIndex) = length(data(dataIndex,:));

end

if automaticCheck

fprintf(’\n’);

%Check for MCP damage overlap w/ the beam spot

centroidX(dataIndex) = ...

mean([files(data(dataIndex,1:dataEnd(dataIndex))).centroidX]);

centroidY(dataIndex) = ...

mean([files(data(dataIndex,1:dataEnd(dataIndex))).centroidY]);

cenotroidMismatchTol = 2.25;

for plotIndex = 1:dataEnd(dataIndex)

if files(data(dataIndex,plotIndex)).centroidX > ...

centroidX(dataIndex)+cenotroidMismatchTol/2 || ...

files(data(dataIndex,plotIndex)).centroidX < ...

centroidX(dataIndex)-cenotroidMismatchTol/2

deleteIndex = [deleteIndex data(dataIndex,plotIndex)];

fprintf([’ Found centroid mismatch in data at index ’ ...

num2str(data(dataIndex,plotIndex)) ’\n’]);

fprintf([’ X shifted ’ ...

num2str(files(data(dataIndex,plotIndex)).centroidX- ...

centroidX(dataIndex)) ’ from mean ’ ...

num2str(centroidX(dataIndex)) ’\n’]);

fprintf(’ Please re-run with the returned file metadata\n’);

elseif files(data(dataIndex,plotIndex)).centroidY > ...

centroidY(dataIndex)+cenotroidMismatchTol/2 || ...

files(data(dataIndex,plotIndex)).centroidY < ...

centroidY(dataIndex)-cenotroidMismatchTol/2

deleteIndex = [deleteIndex data(dataIndex,plotIndex)];

fprintf([’ Found centroid mismatch in data at index ’ ...

num2str(data(dataIndex,plotIndex)) ’\n’]);
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fprintf([’ Y shifted ’ ...

num2str(files(data(dataIndex,plotIndex)).centroidY- ...

centroidY(dataIndex)) ’ from mean ’ ...

num2str(centroidY(dataIndex)) ’\n’]);

fprintf(’ Please re-run with the returned file metadata\n’);

end

end

end

if manualCheck

centroidX = 115;

centroidY = 146;

for plotIndex = 1:dataEnd(dataIndex)

figure(6);imshow(files(data(dataIndex,plotIndex)).proc* ...

((2^16/10)/scale(dataIndex,plotIndex)* ...

99/dataEnd(dataIndex)),’InitialMagnification’, ’fit’);

fprintf([’Automatic centroid flag @ ’ num2str(centroidX) ...

’x, ’ num2str(centroidY) ’y\n.’]);

fprintf([’\nX Centroid:’ ...

num2str(files(data(dataIndex,plotIndex)).centroidX) ’\n’]);

fprintf([’Y Centroid:’ ...

num2str(files(data(dataIndex,plotIndex)).centroidY) ’\n’]);

fprintf([’P Rotation:’ ...

num2str(files(data(dataIndex,plotIndex)).orientation) ’\n’]);

fprintf([’X SigmaInt:’ num2str(arrayfun(@(x) ...

x.fitIntX.m(2), files(data(dataIndex,plotIndex)))) ’\n’]);

fprintf([’Y SigmaInt:’ num2str(arrayfun(@(x) ...

x.fitIntY.m(2), files(data(dataIndex,plotIndex)))) ’\n’]);

fprintf([’X SigmaCS: ’ num2str(arrayfun(@(x) ...

x.fitCSX.m(2), files(data(dataIndex,plotIndex)))) ’\n’]);

fprintf([’Y SigmaCS: ’ num2str(arrayfun(@(x) ...

x.fitCSY.m(2), files(data(dataIndex,plotIndex)))) ’\n’]);

fprintf([’X SigmaX/Y:’ num2str(arrayfun(@(x) ...

x.fitIntX.m(2), files(data(dataIndex,plotIndex))) ./ ...

arrayfun(@(x) x.fitIntY.m(2), ...

files(data(dataIndex,plotIndex)))) ’\n’]);

deleteCurrent = input(’1 to delete, 0 to keep: ’);

fprintf(’\n’);

if (~deleteCurrent && ...

( files(data(dataIndex,plotIndex)).centroidX < ...

centroidX - 10 || ...

files(data(dataIndex,plotIndex)).centroidX > ...

centroidX + 10 || ...

files(data(dataIndex,plotIndex)).centroidY < ...

centroidY - 10 || ...

112



files(data(dataIndex,plotIndex)).centroidY > ...

centroidY + 10))

%Track the centroid progress and ask for verification if

%the mean centroid is far away from the present spot

%centroid

deleteCurrent = input([’Are you sure? ’ ...

’Look at the centroid. 1 to delete, 0 to keep:’]);

fprintf(’\n’)

end

if deleteCurrent

deleteIndex = [deleteIndex data(dataIndex,plotIndex)];

fprintf([’ Labeled metadata at index ’ ...

num2str(data(dataIndex,plotIndex)) ...

’ for deletion.\n’]);

fprintf([’ Metadata corresponds to I=’ ...

num2str(focusCurrent(dataIndex)) ’\n\n’]);

else

centroidX = mean([centroidX ...

files(data(dataIndex,plotIndex)).centroidX]);

centroidY = mean([centroidY ...

files(data(dataIndex,plotIndex)).centroidY]);

end

end

end

%Calculate statistics

dataSet = data(dataIndex,1:dataEnd(dataIndex));

referenceDataSet = ...

[files(data(dataIndex,1:dataEnd(dataIndex))).posReferenceIndex];

%Quality parameter statistics

focusFitXRmean(dataIndex) = ...

mean([arrayfun(@(x) x.fitIntX.r, files(dataSet))]);

focusFitYRmean(dataIndex) = ...

std([arrayfun(@(x) x.fitIntY.r, files(dataSet))]);

focusFitXRstd(dataIndex) = ...

std([arrayfun(@(x) x.fitIntX.r, files(dataSet))]);

focusFitYRstd(dataIndex) = ...

std([arrayfun(@(x) x.fitIntY.r, files(dataSet))]);

focusFitXx0mean(dataIndex) = ...

mean([arrayfun(@(x) x.fitIntX.m(3), files(dataSet))]);

focusFitYx0mean(dataIndex) = ...

mean([arrayfun(@(x) x.fitIntY.m(3), files(dataSet))]);

focusFitXx0std(dataIndex) = ...

std([arrayfun(@(x) x.fitIntX.m(3), files(dataSet))]);

focusFitYx0std(dataIndex) = ...
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std([arrayfun(@(x) x.fitIntY.m(3), files(dataSet))]);

focusSNRmean(dataIndex) = mean([files(dataSet).SNR]);

focusSNRstd(dataIndex) = mean([files(dataSet).SNR]);

%Data statistics

focusMajorMean(dataIndex) = mean([files(dataSet).majorAxis]);

focusFxMean(dataIndex) = ...

mean([arrayfun(@(x) x.fitIntX.m(2), files(dataSet))]);

focusMajorStd(dataIndex) = std([files(dataSet).majorAxis]);

focusFxStd(dataIndex) = ...

std([arrayfun(@(x) x.fitIntX.m(2), files(dataSet))]);

focusFx2Std(dataIndex) = ...

std([arrayfun(@(x) x.fitIntX.m(2), files(dataSet))].^2);

focusMinorMean(dataIndex) = mean([files(dataSet).minorAxis]);

focusFyMean(dataIndex) = ...

mean([arrayfun(@(x) x.fitIntY.m(2), files(dataSet))]);

focusMinorStd(dataIndex) = std([files(dataSet).minorAxis]);

focusFyStd(dataIndex) = ...

std([arrayfun(@(x) x.fitIntY.m(2), files(dataSet))]);

focusFy2Std(dataIndex) = ...

std([arrayfun(@(x) x.fitIntY.m(2), files(dataSet))].^2);

focusMajorSubMinorMean(dataIndex) = ...

mean([files(dataSet).majorAxis] - [files(dataSet).minorAxis]);

focusMajorSubMinorStd(dataIndex) = ...

std([files(dataSet).majorAxis] - [files(dataSet).minorAxis]);

focusMajorDivMinorMean(dataIndex) = ...

mean([files(dataSet).majorAxis] ./ [files(dataSet).minorAxis]);

focusMajorDivMinorStd(dataIndex) = ...

std([files(dataSet).majorAxis] ./ [files(dataSet).minorAxis]);

focusOrientationMean(dataIndex) = mean([files(dataSet).orientation]);

focusOrientationStd(dataIndex) = std([files(dataSet).orientation]);

focusFxSubFyMean(dataIndex) = ...

mean([arrayfun(@(x) x.fitIntX.m(2), files(dataSet))] - ...

[arrayfun(@(x) x.fitIntY.m(2), files(dataSet))]);

focusFxSubFyStd(dataIndex) = ...

std([arrayfun(@(x) x.fitIntX.m(2), files(dataSet))] - ...

[arrayfun(@(x) x.fitIntY.m(2), files(dataSet))]);

focusFxDivFyMean(dataIndex) = ...

mean([arrayfun(@(x) x.fitIntX.m(2), files(dataSet))] ./ ...

[arrayfun(@(x) x.fitIntY.m(2), files(dataSet))]);

focusFxDivFyStd(dataIndex) = ...

std([arrayfun(@(x) x.fitIntX.m(2), files(dataSet))] ./ ...

[arrayfun(@(x) x.fitIntY.m(2), files(dataSet))]);

focusDeflectXmean(dataIndex) = mean([files(dataSet).centroidX]);

focusDeflectXstd(dataIndex) = std([files(dataSet).centroidX]);

focusDeflectYmean(dataIndex) = mean([files(dataSet).centroidY]);
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focusDeflectYstd(dataIndex) = std([files(dataSet).centroidY]);

fprintf(’.\n’)

end

%% Least squares fit beam parameters

%Electron properties

e0 = -1.60217646e-19; %C

m0 = 9.10938188e-31; %kg

Ebeam = 34e3;

restmass = 510998.93;%eV

%Fundamental constants

c = 299792458; %m/s

h = 6.626068e-34; %m^2*kg/s

eps0 = 8.85418782e-12; %F/m;

mu0 = 1.25663706e-6; %H/m

gamma = Ebeam./restmass+1;%absolute

beta = sqrt(1-1./gamma.^2);%absolute

%Quadrupole constants -- I added a mT/m to keep f from hitting inf @ I = 0

Bgrad = focusCurrent*39.8e-3;%39.8 Tesla/m @ 1000 mA

quadL = 371e-6;

MCP_distance = 11.5e-2;%From Evan

magLengthQuad = 370.7e-6;%From simulation

magLengthDipole = 686e-6;

Kappa = (e0*Bgrad)/(gamma*m0*beta*c);

f=1./(Kappa*quadL);

%Drift constants

% Distance between the MCP and the quadrupole. 10/22/13

driftL = 12.1e-2;

%MCP Pixel Size (10/22/13)

pixelSize = 57.15e-3/(1725-358); % From MCP_pixelsize.png

transportIndex = 0;

dataCurrent = [];

for dataIndex = 1:length(focusCurrent)

for plotIndex = 1:dataEnd(dataIndex)

%Don’t put anything higher than this in this loop

transportIndex = transportIndex + 1;

dataCurrent(transportIndex) = focusCurrent(dataIndex);

sigmaX(transportIndex) = ...

(pixelSize*arrayfun(@(x) x.fitIntX.m(2), ...

files(data(dataIndex,plotIndex))));

sigmaY(transportIndex) = ...

(pixelSize*arrayfun(@(x) x.fitIntY.m(2), ...

files(data(dataIndex,plotIndex))));

T1(transportIndex,:)=[1 -2*driftL*(focusCurrent(dataIndex)*1e-3)...

driftL^2*(focusCurrent(dataIndex)*1e-3)^2 driftL^2 ...
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2*driftL -2*driftL^2*(focusCurrent(dataIndex)*1e-3)];

T2(transportIndex,:)=[1 -2*driftL*(focusCurrent(dataIndex)*1e-3)...

driftL^2*(focusCurrent(dataIndex)*1e-3)^2 driftL^2 ...

2*driftL -2*driftL^2*(focusCurrent(dataIndex)*1e-3)];

end

end

transportParamX = sigmaX.^2’\T1;

transportParamY = sigmaY.^2’\T2;

%% Plot data

fprintf(’Plotting data\n’)

figure(1);plot(1,1); %images of average beam at each current point

subplotSize = ceil(sqrt(length(focusCurrent)));

for dataIndex = 1+2:2:length(focusCurrent)-2

subplot(1,length(1+2:2:length(focusCurrent)-2),(dataIndex-1)/2);

dataScaleAbs = 65535/max(max(max(plotData(:,:,:))));

dataScaleTime = 100/exposureTime(dataIndex);

dataScaleEnd = 1/dataEnd(dataIndex);

dataScale = 99/dataEnd(dataIndex);

imshow(plotData(:,:,dataIndex)*dataScale);

set(gca,’LineWidth’,2,’FontSize’,12,...

’FontWeight’,’normal’,’FontName’,’Times’);

title([’I = ’ num2str(focusCurrent(dataIndex)) ’ mA’],...

’FontSize’,14,’FontWeight’,’normal’,’FontName’,’Times’);

end

figure(2);plot(1,1); %images of average beam at each current point

subplotSize = ceil(sqrt(length(focusCurrent)));

for dataIndex = 1:length(focusCurrent)

subplot(subplotSize,subplotSize,dataIndex);

dataScaleAbs = 65535/max(max(max(plotData(:,:,:))));

dataScaleTime = 100/exposureTime(dataIndex);

dataScaleEnd = 1/dataEnd(dataIndex);

dataScale = 99/dataEnd(dataIndex);

imshow(plotData(:,:,dataIndex)*dataScale);

set(gca,’LineWidth’,2,’FontSize’,30,...

’FontWeight’,’normal’,’FontName’,’Times’);

title([’I = ’ num2str(focusCurrent(dataIndex)) ’ mA’],...

’FontSize’,30,’FontWeight’,’normal’,’FontName’,’Times’);

end

% Ratio of beam shape

figure(3);

errorbar(focusCurrent,focusFxDivFyMean,...
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-focusFxDivFyStd,focusFxDivFyStd,’.’);

set(gca,’LineWidth’,2,’FontSize’,22,...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Quadruople drive curent (mA)’,’FontSize’,30);

ylabel([’Electron beam shape’ 10 ...

’(x-axis width / y-axis width)’],’FontSize’,30);

axis([-5500 5500 0.5 1.5]);

%plot average beam width at each current point

figure(6);

errorbar(1e-3*focusCurrent,pixelSize*1e3*focusFxMean,...

-pixelSize*1e3*focusFxStd,1e3*pixelSize*focusFxStd,’.k’);

set(gca,’LineWidth’,2,’FontSize’,30,...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Quadruople drive curent (A)’,’FontSize’,40);

ylabel([’Beam RMS envelope, x (mm)’],’FontSize’,40);

title(’20 \mum iris centered in 600 \mum gap quadrupole electromagnet’,...

’FontSize’,40)

axis([-1.75 1.75 0.095 0.145]);

undofit;

fit6 = ezfit(1e-3*focusCurrent(1:15),pixelSize*1e3*focusFxMean(1:15),...

’poly2’);

showfit(fit6);

figure(7);errorbar(1e-3*focusCurrent,1e3*pixelSize*focusFyMean,...

-1e3*pixelSize*focusFyStd,1e3*pixelSize*focusFyStd,’.k’);

set(gca,’LineWidth’,2,’FontSize’,30,...

’FontWeight’,’normal’,’FontName’,’Times’);

xlabel(’Quadruople drive curent (A)’,’FontSize’,40);

ylabel([’Beam RMS envelope, y (mm)’],’FontSize’,40);

title(’20 \mum iris centered in 600 \mum gap quadrupole electromagnet’,...

’FontSize’,40)

axis([-1.75 1.75 0.095 0.145]);

undofit;

fit7 = ezfit(1e-3*focusCurrent(end-15:end),...

1e3*pixelSize*focusFyMean(end-15:end),’poly2’);

showfit(fit7);

%plotting each fit

figure(4);plot(1,1);

set(gca,’FontSize’,12,’FontWeight’,’normal’,’FontName’,’Times’)

subplotSize = ceil(sqrt(length(focusCurrent)));

for dataIndex = 1:length(focusCurrent)

subplot(subplotSize,subplotSize,dataIndex);

hold on;

for plotIndex = 1:dataEnd(dataIndex)

fitIntX = files(data(dataIndex,plotIndex)).fitIntX;
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fitIntX.x = 40e-3*fitIntX.x;

fitIntX.m(3) = 40e-3*fitIntX.m(3);

fitIntX.m(2) = 40e-3*fitIntX.m(2);

showfit(fitIntX,’fitcolor’,’blue’,’fitlinewidth’,1);

title([’ I = ’ num2str(focusCurrent(dataIndex)) ’ mA’],...

’FontSize’,14,’FontWeight’,’normal’,’FontName’,’Times’);

% xlabel(’Y-position (mm)’);

% ylabel(’Image intensity (counts)’);

axis([40e-3*[0 41] 0 max([arrayfun(@(x) x.fitIntY.m(1), ...

files(data(dataIndex,1:dataEnd(dataIndex))))])])

end

end

hold off;

%plotting each fit

figure(5);plot(1,1);

set(gca,’FontSize’,12,’FontWeight’,’normal’,’FontName’,’Times’)

subplotSize = ceil(sqrt(length(focusCurrent)));

for dataIndex = 1:length(focusCurrent)

subplot(subplotSize,subplotSize,dataIndex);

hold on;

for plotIndex = 1:dataEnd(dataIndex)

fitIntY = files(data(dataIndex,plotIndex)).fitIntY;

fitIntY.x = 40e-3*fitIntY.x;

fitIntY.m(3) = 40e-3*fitIntY.m(3);

fitIntY.m(2) = 40e-3*fitIntY.m(2);

showfit(fitIntY,’fitcolor’,’red’,’fitlinewidth’,1);

title([’ I = ’ num2str(focusCurrent(dataIndex)) ’ mA’],...

’FontSize’,14,’FontWeight’,’normal’,’FontName’,’Times’);

% xlabel(’Y-position (mm)’);

% ylabel(’Image intensity (counts)’);

axis([40e-3*[0 41] 0 max([arrayfun(@(x) x.fitIntY.m(1), ...

files(data(dataIndex,1:dataEnd(dataIndex))))])])

end

end

hold off;

if ~isempty(unique(deleteIndex))

fprintf([’Found centroid mismatch in data. Deleted ’ ...

num2str(length(unique(deleteIndex))) ’ metadata entries.’ ]);

fprintf(’Please rerun with new metadata.\n’);

files(unique([deleteIndex])) = [];

end

’hold’;
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APPENDIX B

Free electron laser simulation scripts

The simulation scripts used to calculate the radiation from the MEMS undulators are pro-

vided below. The simulation software can be downloaded from the UCLA PBPL website.

B.1 GENESIS FEL simulation script of a λr = 1 nm FEL using a

λu = 400 µm undulator

$newrun

aw0 = 0.02641E-00

xkx = 5.00000E-01

xky = 5.00000E-01

wcoefz = 0.00000E+00 0.00000E+00 0.00000E+00

xlamd = 4.00000E-04

fbess0 = 0.00000E+00

delaw = 9.30000E-07

iertyp = 2

iwityp = 0

awd = 0.02641E-00

iseed = -1

npart = 1024

gamma0 = 4.10960E+02

delgam = 4.11000E-03

rxbeam = 1.2000E-05

rybeam = 1.2000E-05

alphax = 0.00000E-00

alphay = 0.00000E-00

emitx = 0.05000E-06

emity = 0.05000E-06

xbeam = 0.00000E+00

ybeam = 0.00000E+00

pxbeam = 0.00000E+00

pybeam = 0.00000E+00
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isravg = 0

isrsig = 0

cuttail= -1.00000E+00

xlamds = 1.1850723E-09

prad0 = 1.00000E+00

zrayl = 1.20000E+00

zwaist = 0.10000E-00

ncar = 121

lbc = 0

rmax0 = 0.00000E+00

dgrid = 4.00000E-04

nscr = 1

nscz = 1

nptr = 40

nwig = 19800

zsep = 4.00000E+00

delz = 2.00000E+00

nsec = 1

iorb = 1

zstop = -1.00000E+00

magin = 1

magout = 1

ildgam = 5

ildpsi = 7

ildx = 1

ildy = 2

ildpx = 3

ildpy = 4

itgaus = 0

nbins = 8

lout = 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0

iphsty = 1

ishsty = 1

ippart = 100

ispart = 100

ipradi = 0

isradi = 0

idump = 0

iotail = 1

idmpfld= 0

idmppar= 0

nharm = 1

ntail = 0

nslice = 408

shotnoise = 0.00000E+00
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ipseed = -1

iall = 0

itdp = 0

iscan = 23

nscan = 3

svar = 5.00000E-05

ilog = 0

filetype = ’ORIGINAL’

beamfile = ’1nm_400um.beam’

maginfile = ’1nm_400um.lat’

magoutfile= ’1nm_400um.line’

outputfile= ’1nm_400um.dat’

$end

B.2 GENWAKE wakefield energy modulation script for a 750 A,

100 pC, gaussian beam in a 400 µm wide aluminum waveguide

radius = 100e-6

roundpipe = 0

h_rough = 0e-9

l_rough = 50e-9

sigma = 5.96e7

tau = 8.09e-06

current = 750

profile = gauss

bunchlength = 1.6e-5

outputfile = 1nm_400um100um100pCCu.beam

comploss = 100
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APPENDIX C

Fabrication Traveler
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