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A technological gap exists between the �m-scale wiggling periods achieved using electromagnetic

waves of high intensity laser pulses and the mm scale of permanent-magnet and superconducting

undulators. In the sub-mm range, surface-micromachined soft-magnetic micro-electro-mechanical system

inductors with integrated solenoidal coils have already experimentally demonstrated 100 to 500 mT field

amplitude across air gaps as large as 15 �m. Simulations indicate that magnetic fields as large as 1.5 T

across 50 �m inductor gaps are feasible. A simple rearranging of the yoke and pole geometry allows for

fabrication of 10+ cm long undulator structures with period lengths between 12:5 �m and 1 mm. Such

undulators find application both in high average power spontaneous emission sources and, if used in

combination with ultrahigh-brightness electron beams, could lead to the realization of low energy

compact free-electron lasers. Challenges include electron energy broadening due to wakefields and

Joule heating in the electromagnet.
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I. BACKGROUND

Undulator and wiggler magnets play a key role in the
development of modern x-ray sources. The output spec-
trum of the radiation generated by the passage of relativ-
istic particles in a planar oscillating magnetic field peaks at
the resonant wavelength �r,

�r ffi �uð1þ K2=2Þ
2�2

; (1)

where �u is the undulator period, K is the normalized rms
undulator vector potential, and � the electron Lorentz
factor.

Conventional undulator technology uses permanent
magnet and steel-yoke or superconducting electromagnetic
undulators with period �u > 1 mm. To access the x-ray
region of the electromagnetic spectrum and generate
radiation at a wavelength �r ¼ 1 nm with these period
lengths, a minimum beam energy of 500 MeV (��1000)
is required.

Undulators with period range between 10 �m and 1 mm
could be very interesting as they would enable access to the
short wavelength region of the electromagnetic spectrum
with modest energy electron beams. These devices could
take advantage of the continuous progress in the generation
of ultrahigh-brightness electron beams and would consti-
tute an attractive solution for lowering the energy and cost
requirements of electron accelerators for next generation
free-electron laser (FEL)-based x-ray sources [1]. At the
same time, microundulators would also constitute a valid
alternative to inverse Compton scattering (ICS) [2]
sources, as short wiggling periods and long interaction
lengths could be obtained without the use of high power
laser systems.
Undulator designs with period lengths in the mm to

sub-mm range date back to the mid-1980’s. Granatstein
proposed a design for mm-scale pulsed electromagnetic
undulators [3]. Ramian proposed using periodic grooves
ground into samarium cobalt blocks to produce a mm-scale
undulating field [4]. 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 of smaller mag-
netic fields, DC and long-period field errors, and large end
fields [5]. 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 �u ¼ 700–800 �m. Magnetic test-
ing of these ‘‘micropole’’ undulators showed fields as high
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as 0.38 T [6]. These undulators successfully demonstrated
960 fWof 66 eV soft x-ray/VUV radiation from a 70 MeV
1 nA linear accelerator at Lawrence Livermore National
Laboratory [7]. The magnetic field in these devices was
limited by the low remnant field of the NbFeB permanent
magnets (0.73 T) and by the 200+ �m gap required to
accommodate the electron beam. Electron-beam size, po-
sitioning, and stability were identified as primary limita-
tions 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 [8]. In subsequent years, the emittance
and stability of electron beams have improved by orders of
magnitude [9].

Since these early efforts, the range of undulator period
lengths between 10 and 700 �m has remained inaccessible.
Laser undulators at thesewavelengths 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 [10]. Machining technology does not exist to manu-
facture superconducting undulatorswith sub-mmperiod, and
the only other feasible alternative, ‘‘slow light’’ cavity un-
dulators, have yet to be experimentally demonstrated [11].

Recent progress on surface-micromachined magnetic
materials [12,13] and devices [14–16] has enabled soft-
magnet inductors and actuators to be fabricated by photo-
lithography and electroforming with precision on the range
of a few �m in the lateral dimensions and film thicknesses
in excess of 50 �m. These surface-micromachined induc-
tors produce 80 to 400 kA=m magnetic fields across air
gaps up to 15 �m.

In this paper we explore the possibility of adopting the
progress in micromachining magnetic materials and de-
vices to the development of undulators with period lengths
between 10 �m and 1 mm (Fig. 1). We will consider as
examples undulators with periods of �u ¼ 100 �m and
�u ¼ 400 �m which have gaps large enough to fit existing
sub-mm-mrad emittance electron beams. In particular, we
analyze the possibility of using microundulators with �u ¼
100 �m for producing high-average-power high-energy

undulator radiation, and of �u ¼ 400 �m undulators for
FEL amplification. Period lengths shorter than 100 �m
will require active cooling to accommodate the increased
current density in the coil, and gaps smaller than 50 �m
will require smaller electron-beam emittance than is pres-
ently available and new strategies to mitigate the energy
modulation caused by wakefields.
In the first part of the paper we discuss design optimiza-

tion decisions and describe the microfabrication processes
required for the construction of these novel undulators. The
mature process technologies used for these devices can
provide high-aspect-ratio (> 100:1 sidewall slope) thick
(10 �m–100 �m) electroformed magnetic films, creating
fields across transverse cross sections that are large enough
to accommodate currently available electron beams. The
actively powered nature of these devices also enables
the dynamic manipulation of the undulator magnetic
field by modulating the driving current. This rapid
(� ¼ 10 ns–10 �s) tuning of the undulator field facilitates
modulation of the light beam, automated tuning of the field
uniformity, and arbitrary field strength tapering of the un-
dulator. In the second part of the paper, we investigate
topics concerning the operation of short-period electromag-
netic undulators within a beam line. The heat dissipation of
the electromagnet and electron-beam induced currents in
the beam pipe, sensitivity of the electromagnets to external
magnetic fields, and wakefield modulation of electron en-
ergy will be explored. In the third part of the paper, we give
two application examples where such a short period undu-
lator could be employed: a spontaneous emission source
based on a high average current electron source and an FEL
amplifier driven by an ultrahigh-brightness beam. In the last
section of the paper, we present a road map of an experi-
ment in the visible spectral range for testing a prototype at
the UCLA Pegasus photoinjector laboratory.

II. SOFT-MAGNET UNDULATOR DESIGN

Soft-magnet undulators require an actively powered coil
producing magnetomotive force (MMF) to generate mag-
netic flux, a magnetic yoke to direct the flux across the
undulator gap, and engineered magnetic pole tips to con-
centrate 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 2.1 T for electro-
plated alloys of CoNiFe [13] and CoNiP. Another limita-
tion comes from the magnetic flux that fringes across the
yoke before reaching the undulator gap. Peak flux densities
may range from 100 mT to over 1 T in the gap, depending
on the design. The undulator period length 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 �m, and at an upper bound by the size of
the silicon wafer used in fabrication, typically 100 mm in a
university cleanroom and 300 mm in a commercial
cleanroom.

FIG. 1. CAD rendering of a potential microundulator design
on a 500 �m thick silicon substrate.
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Several obstacles have prevented soft-magnet micro-
electro-mechanical system (MEMS) devices from achiev-
ing widespread use. The complex fabrication process
required to produce integrated 3D coils has limited nearly
all previous devices to inefficient planar coils or external
magnetic flux sources, two options that would prevent the
scaling of microfabricated undulator period length to the
sub-mm level. Depositing high-quality magnetic films
thicker than 10 �m requires expertise in electrochemistry
and controlled atmosphere tools, a significant barrier to
entry in the field. Additionally, the microfabrication re-
quires an assortment of cleanroom fabrication tools and
significant experience. Thick magnetic film devices, in
particular, use atypical processes such as thick photoresist
electroplating molds and photolithography over high
aspect-ratio topology.

A. Magnetic flux generation

The ‘‘racetrack’’ solenoidal coil is an area-efficient de-
sign that fits the windings and yoke into a long and narrow
space, ideal for short period undulators (Fig. 2). The sole-
noidal 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.

For a single electromagnetic undulator period with a
high permeability magnetic yoke, the fraction of generated
magnetic flux that is channeled into the undulator 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.

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)
[17], as shown in Fig. 3. Directing the flux through MMF
sources located only on one side of the undulator axis to a
short yoke on the other side (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 undu-
lator axis (Design 2) achieves a larger peak magnetic field
but also a longer minimum manufacturable period length.
The undulator period and gap are primarily limited by

three effects during manufacturing, diffraction, uneven
absorption during photolithography, and high internal
stress in the photoresist electroplating molds.
The diffraction limited critical dimension for photoli-

thography, where adjacent lines and spaces follow pre-
cisely from the mask pattern, is expressed by

bcrit ¼ 3

2

ffiffiffiffiffiffiffi
�lz

2

s
; (2)

where bcrit is the feature width that can be precisely re-
solved, �l is the wavelength of the photolithography light
source, and z is the thickness of the photoresist [18]. For
the 100 �m thick photoresist electroplating mold pro-
posed for the electromagnet yoke exposed with an i-line
(365 nm) mercury arc-vapor lamp, experimental results
[19] confirm the simple estimates based on Eq. (2) and
yield a limit between 5 and 10 �m. Thick chemically
amplified photoresists have experimentally demonstrated
7 �m lateral features in 100 �m thick SU8-10 [19],
15 �m lateral features in 1.5 mm thick SU8-2150 [20],
and 18 �m lateral features in 180 �m thick KMPR [21].
The resolution limitations imposed by internal stress in

the photoresist can be significantly 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 electroforming mold used
during fabrication of the undulator yoke and windings will
exceed the adhesion strength between the mold and the
preceding film. Fabrication test structures have shown
electroplating mold failure for length-to-width ratios less
than 4 to 1 for 50 �m thick films. With a yoke length equal
to the undulator period, the spacing between magnetic

FIG. 2. Scanning electron micrograph of a surface-
micromachined racetrack transformer fabricated at UCLA.

FIG. 3. Illustration of a two period cross section of two un-
dulator designs with �u ¼ 100 �m. 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.
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yokes is limited to 12:5 �m for a 50 �m thick yoke given
the limitation stated above. This limits Design 1 to undu-
lator periods greater than 12:5 �m and Design 2 to undu-
lator periods greater than 25 �m. Scaling beyond these
limitations may be achieved if new high-resolution thick-
film photoresists are developed with lower internal stress.

B. Managing the field

The achievable peak magnetic flux density and uniform-
ity 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,

� ¼ F
Rtotal

; (3)

where � is the total magnetic flux, F is the MMF, and
Rtotal is the total reluctance of all flux paths. The reluc-
tance of a flux path is

R ¼ L

�TW
; (4)

where L is the flux path length, � is the permeability, T is
the yoke thickness, andW is the yokewidth. Reluctances in
parallel add like electrical resistors in parallel (R�1

parallel ¼
R�1

1 þR�1
2 ), while reluctances in series add like resistors

in series (Rseries ¼ R1 þR2). 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. Figure 4 shows a reluctance model of the
undulator neglecting 3D fringing and period-to-period
fringing. For undulators with the yoke of each period
unconnected to the next, period-to-period fringing is
negligible. For yoke geometries with cross sectional thick-
ness (Ty) within a factor of 4 of the width (Wy), finite

element method (FEM) simulations show that parasitic

3D fringing will reduce the peak field by 5%–10% from
this model.
The equations for the total, fringing, and return flux path

reluctances can be obtained from Fig. 4 and are shown
below with numbered subscripts distinguishing between
designs:

Rtotal; 1 ¼ Ryoke; f þ ðR�1
fringe; 1 þR�1

return; 1Þ�1

Rfringe; 1 ¼ ðR�1
window; y þR�1

window; gÞ�1

Rreturn; 1 ¼ 2Rgap þRyoke; g

Rtotal; 2 ¼ Ryoke; f þ ðR�1
fringe; 2 þR�1

return; 2Þ�1

Rfringe; 2 ¼ Rwindow

Rreturn; 2 ¼ 2Rgap þ ðR�1
yoke þR�1

windowÞ�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 ¼ �total

WyTy

: (5)

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

�tip ¼ �total

1þRreturn=Rfringe

: (6)

To get an analytical estimate of the field, we assume a
linear and uniform magnetic material. The magnetic flux at
the pole tip and theMMF at saturation can then be found by
increasing�tip up to the point where Byoke ¼ 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 ¼
�tip

WyTy

1

coshð�Þ
�
1� sinhð�Þ=½3 sinhð3�Þ�
1� sinhð�Þ=½3 sinhð�Þ�

�
; (7)

where � ¼ �g=�u [22].
Figure 5 shows the magnetic flux density of the undu-

lator (Design 2) plotted at saturation using Eqs. (5) and (7),
varying the undulator period and gap. When all geometric
parameters are scaled together, the peak magnetic flux
density remains constant. To verify the analytical scaling
law, a variety of undulator geometries were simulated
using the 2D FEM magnetostatic package in COMSOL

MULTIPHYSICS with a nonlinear CoNiFe material model

derived from vibrating sample magnetometry studies of
Ni80Fe20 [12] scaled to the saturation magnetization and
initial permeability described in Osaka et al. [13].
Analytical results approximate the simulated fields well

while 1 � �u=g � 8. For large ratios of period to gap, the
FIG. 4. Illustration of a simple reluctance model of the two
undulator designs illustrated in Fig. 3.
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undulator tip curvature focuses the field and using
�tip=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 6 shows the MMF in Amp-turn required to gen-
erate 1 T for many different geometries. Peak transduction
of electrical current to magnetic field is found across wide
bands of period lengths centered at �u=g � 4 and is ap-
proximately 0:528 A-turn=T=�m� �u ½�m�.

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 op-
erating temperature 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 signifi-
cantly 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 [23]. The internal stress of magnetic alloys contain-
ing 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 sub-

strate is limited by the thermal conductivity of Si to
65 W=cm2=�C for a 200 �m thick substrate. At
10 kW=cm2, 150�C of the thermal budget is consumed
in a 200 �m Si substrate. The thickness of the bottom and
top winding layers can be increased to improve heat trans-
port and reduce Joule heating in the electromagnet using a
damascene and through-mold electroforming process, re-
spectively, but the cross section of the vias is limited by the
available space between the magnetic yokes. Figure 7
shows the maximumMMF that can be generated for differ-
ent uniformly scaled geometries dissipating 10 kW=cm2.
As an example, let us consider a �u ¼ 100 �m, g ¼

25 �m undulator with a 50 �m thick yoke, saturated with
160 A-turns of MMF. Assuming a 32 turn 0:8 � coil, we
have J ¼ 2:5� 1010 A=m2 winding current density, and
each period of the undulator will dissipate 5W. The base of
the 200 �m 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 �m 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

FIG. 6. Plot showing the ratio of the MMF required to saturate
the magnetic yoke, normalized to 1 T, for a variety of undulator
geometries.

FIG. 7. Plot showing the maximum MMF that can be gener-
ated by a 32 turn coil dissipating 10 kW=cm2.

FIG. 5. Plot showing the scaling of the transverse magnetic
flux density in the center of the undulator vs gap and period.
Values of Ly ¼ �u=4, Wy ¼ �u=4, and Bsat ¼ 2:1 T are used.

Lines denote calculations and diamonds denote simulations.
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(ii) increasing the winding cross section to reduce the
current density and improve heat transport.

C. Optimization of undulator geometry for higher field

Another design option is to reduce the undulator mag-
netic gap width below �u=4. This causes the field down the
undulator axis to deviate from sinusoidal uniformity, radi-
ating 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
(Fig. 8). Increasing the radius of curvature from 12.5 to
32 �m 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%.

For periods longer than 100 �m, tapering the yoke from
a wide back to a �u=4 width pole reduces the magnetic
reluctance (see Fig. 3) 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 �u ¼
400 �m undulator with yoke tapering and a 50 �m wide
magnetic gap produces a saturated peak field of 1500 mT,
45% greater than the untapered yoke. As the undulator
period is scaled down, this optimization becomes unfeasi-
ble due to the space requirements for the electromagnet
winding vias. Table I lists the peak magnetic flux density
achieved with a variety of optimized undulator geometries.

The strength of the coupling between the radiation and
the relativistic beam is related to the normalized undulator
parameter, K,

K ¼ eBpeak�u

2
ffiffiffi
2

p
�mec

; (8)

where e is the charge of an electron, Bpeak is the peak

on-axis transverse magnetic field, �u is the undulator

period, me is the electron mass, and c is the speed of
light. The achievable undulator parameter in the range of
�u¼25�m to �u¼1mm scales between K¼9�10�4 and
K ¼ 0:1. This is comparable with the shortest period un-
dulators discussed in recent literature, K ¼ 0:03 for
a 706 �m hybrid permanent micropole undulator [7],
K ¼ 0:4 for a �u ¼ 5 mm permanent magnet undulator
[24], and K ¼ 0:2 for a �u ¼ 3:8 mm superconducting
undulator [25].

D. Magnetic field uniformity

The low K value of these undulators implies that mag-
netic field nonuniformity has a relatively 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 occupies much of the
space between the magnetic pole tips. 3D magnetostatic
FEM simulations of the field in a 100 �m period, 50 �m�
50 �m gap undulator were performed with COMSOL

MULTIPHYSICS to visualize the transverse behavior of the

field. Figures 9 and 10 show the transverse magnetic flux
density at different positions in the undulator.
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 undu-
lator plane (along the y direction), the magnetic flux is
larger as we approach the magnetic flux sources. This
effect is more pronounced in Design 1, where the flux
source is only on one side (see Fig. 10).
In order to estimate the magnitude of the magnetic field

errors in this undulator, we observe from Eq. (7) 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 across a patterned
feature. A typical random variation in the thickness of the
undulator yoke with �t ¼ 0:01Ty corresponds to a �B;t ¼
0:01Bu variation in the undulator field.
Nonuniformity 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 [26] and assuming a high-
contrast negative-tone photoresist and features that are
larger than the critical dimension defined in Eq. (2),

TABLE I. Optimized undulator geometries using Design 2.

�u Undulator gap Bpeak K

25 �m 6:25 �m 540 mT 8:9� 10�4

25 �m 12:5 �m 230 mT 3:8� 10�4

100 �m 25 �m 727 mT 4:8� 10�3

100 �m 50 �m 334 mT 2:2� 10�3

400 �m 50 �m 1500 mT 4:0� 10�2

400 �m 100 �m 970 mT 2:6� 10�2

FIG. 8. Plot of the spatial harmonics of the undulator field in
Design 2 with �u ¼ 100 �m and g ¼ 12:5 �m for several pole
tip curvature radii. Data was taken from 2D magnetostatic FEM
simulations.

HARRISON et al. Phys. Rev. ST Accel. Beams 15, 070703 (2012)

070703-6



a �I ¼ 0:01I0 variation in exposure dose will result in
approximately a �CD ¼ 0:01bcrit critical dimension varia-
tion. For a 100 �m thick electromagnet yoke electroplat-
ing mold, the undulator gap would then vary by
�g ¼ 60 nm. A Taylor expansion to first order of terms

containing the gap in Eq. (7), � ¼ �g=�u, at g=�u ¼ 1=2
shows that the magnetic field varies with Bu /
1:05� 0:525�. A �g ¼ 60 nm uncorrelated variation in

the gap of a �u ¼ 100 �m, g ¼ 50 �m undulator and a
�u ¼ 400 �m, g ¼ 100 �m undulator will result in a
�B;g ¼ 0:005Bu and �B;g ¼ 0:0004Bu variation in undu-

lator field, respectively.
The total effect of these uncorrelated transverse field

errors on the undulator phase matching condition,
defined in Eq. (1), will be limited by the small K of the
undulator. A �B ¼ 0:011Bu total variation in the trans-
verse field intensity with K ¼ 0:003 will result in a
1� 10�7 rms error in the phase matching condition of a
�u ¼ 100 �m undulator.

Electrically tuning individual undulator electromagnets
can mitigate these errors. For Design 1, Hopkins analysis
neglecting fringing yields a tuning range from B ¼ 0 to
Bpeak. For Design 2, the full tuning range can be achieved

when the yoke is unconnected between undulator periods.

When the yoke reluctance between periods is much less
than Rtotal;2 and there are many periods, however, tuning

range approaches zero.

III. UNDULATOR FABRICATION

The fabrication process is based on a microscale
magnetic actuator process [12] and uses planar batch-
fabrication processes that are well established in the
MEMS community. These processes regularly yield
thousands of MEMS devices per wafer. The details of
the microsolenoidal electromagnet fabrication process
(Fig. 11) are as follows.
(1) The pattern for the bottom coil windings is photo-

lithographically defined on a high-resistivity silicon wafer
using a 5 �m thick sacrificial high-aspect-ratio negative-
tone photoresist (KMPR 1007, Microchem Corp., Newton,
MA). Using this soft mask, 10 �m trenches are anisotropi-
cally etched in the silicon wafer using the Bosch process
[27] with a deep reactive ion etcher (SLR-770, Plasma-
Therm, St. Petersburg, FL). The photoresist is removed in
an organic photoresist stripper (ALEG-380, J. T. Baker,
Phillipsburg, NJ) and the wafer surface is cleaned in an
O2 plasma (Matrix 105 Plasma Stripper, Matrix Integrated
Systems, Richmond, CA).

FIG. 10. Transverse magnetic flux density at different
positions for Design 2 with �u ¼ 100 �m and g ¼ 50 �m. The
plot spans 5 of 7 periods of an undulator with y ¼ z ¼ 0 �m
at the center.

FIG. 9. Transverse magnetic flux density at different positions
for Design 1 with �u ¼ 100 �m and g ¼ 50 �m. The plot
spans 5 of 7 periods of an undulator with y ¼ z ¼ 0 �m
at the center.
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A 100 nm insulating layer of silicon nitride is deposited
by inductively coupled plasma enhanced chemical
vapor deposition (STS MESC Multiplex CVD, SPTS
Technologies Limited, Newport, United Kingdom) to
isolate the bottom windings from the silicon substrate.
An electroforming seed is deposited on the surface of the
silicon nitride by rf sputtering with a 20 kV DC bias (CVC
601, Consolidated Vacuum Corporation (was CVC, now
VEECO), Plainview, New York). DC bias is necessary
for adequate coverage over the 10 �m wafer topology.
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 compatibility with copper
electroplating, and 30 nm of titanium to protect the
copper from oxidation. The exposed seed layer is etched
to copper in 1% hydrofluoric acid and a 12 �m thick
copper film is electroplated from a phosphorized copper
anode in a sulfate based solution (Technic Elevate Cu
6320, Technic Inc., Rhode Island). The film is polished
back down to the silicon surface (PM5, Logitech Ltd.,
Glasgow, Scotland), yielding the bottom of the electromag-
net winding pattern.

A 300 nm insulating layer of silicon nitride is deposited
by inductively coupled plasma enhanced chemical
vapor deposition (STS MESC Multiplex CVD, SPTS
Technologies Limited, Newport, United Kingdom)

to isolate the bottom windings from the conductive
magnetic yoke.
(2) An electroforming seed is deposited by sputtering

(CVC 601, VEECO, Plainview, New York) 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 electro-
plating mold.
A 60 �m film of high sidewall-aspect-ratio negative-

tone photoresist (KMPR 1025, Microchem Corp., Newton,
MA) is photolithographically patterned into the geometry
of the magnetic 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. [15]. The mold is removed by delamination after
soaking 8 hours in heated organic photoresist stripper
(ALEG-380, J. T. Baker, Phillipsburg, NJ). The electro-
plating seed is stripped by consecutive dips in 1%
hydrofluoric acid, a mixture of 5% acetic acid and 15%
hydrogen peroxide, and 1% hydrofluoric acid. Figure 12
shows an electromagnetic microactuator yoke fabricated
with this process.
(3) A 55 �m layer of structural photoresist (SU-8 2025,

Microchem Corp., Newton, MA) is spun on the wafer to
isolate the conductive magnetic yoke from the top layer of
the coil windings. The photoresist is patterned using pho-
tolithography 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, SPTS Technologies
Limited, Newport, United Kingdom) to expose the bottom

FIG. 11. Microelectromagnet device fabrication process. Film
thicknesses are not to scale.

FIG. 12. Photograph of a MEMS microactuator during fabri-
cation demonstrating results of the magnetic yoke electroplating
process step. The inset shows a scanning electron micrograph of
the pictured microactuator at a 45� angle.
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windings of the coil. Figure 13 shows vias in an electro-
magnetic microactuator fabricated with this process.

(4) Another electroforming seed is sputtered on the
surface (CVC 601, VEECO, Plainview, New York), and a
negative-tone photoresist electroplating mold (KMPR
1005, Microchem Corp., Newton, MA) is patterned into
the geometry of the top layer of the electromagnet coil
windings. Gold is electroplated from a potassium aurocya-
nide bath (HS434, Technic Inc., Rhode Island) heated to
55�C with strong agitation from a platinized titanium
anode through the photopatterned mold to complete the
electromagnet coil windings. The mold and electroplating
seed are stripped using the process described above,
completing the undulator solenoids. Figure 14 shows
completed windings in an electromagnetic microactuator
fabricated with this process.

Additional processing steps may be necessary for inte-
gration with an electron beam line. To carry image current,
the gap defined by the thick structural photoresist can be
covered with a layer of metal by sputtering or electron-
beam evaporation. The windings can be protected from
electrical shorts during this metal deposition by either a

sacrificial patterned photoresist or a thin film of silicon
nitride.

IV. CHALLENGES

Integrating a microfabricated electromagnetic undulator
with a beam line poses several challenges that are not
typically encountered with macroscopic permanent mag-
net, superconducting, or laser undulators. The undulator
transverse structure is sub-mm size, and it must be placed
inside the vacuum beam line, complicating alignment,
electrical interconnects, heat extraction, and beam focus-
ing. 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.

A. Electromagnet heat dissipation

Heat extraction is a serious challenge when operating
electromagnetic undulators under vacuum. Further aggra-
vating 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 100 s of W=cm2 to 10 s of kW=cm2 during
operation (Fig. 15).
For a saturated 400 �m period undulator with a mag-

netic gap of 50 �m, 3820 W=cm2 must be extracted from
the undulator to maintain a steady-state temperature.
Figure 16 shows the 2D temperature distribution simulated
using COMSOL MULTIPHYSICS across a 50 �m tall winding
cross section of a �u ¼ 400 �m undulator on a 200 �m
thick silicon wafer. Here, the base of the wafer must be
held at less than 138�C to keep the structural polymer from
exceeding a safe temperature of 250�C. Figure 17 shows
the simulated temperature distribution across a 25 �m tall
winding cross section of a �u ¼ 100 �m undulator on a

FIG. 15. Plot showing the scaling of the surface power dissipa-
tion density generated by the undulator windings at saturation.

FIG. 13. Scanning electron micrograph taken at 45� showing a
MEMS microactuator during fabrication demonstrating results
of the via process step.

FIG. 14. Scanning electron micrograph of completed windings
and vias. The inset shows a more detailed view of the filling of
the via.
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200 �m thick silicon wafer. Here, the base of the wafer
must be held at less than 32�C.

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 decomposition temperature. To address this
limitation, the structural polymer may be etched away
in O2 plasma 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 � ¼ 100 ns–100 �s 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 [28] is another
potential solution to dramatically increase heat transport
allowing continuous wave operation without cryogenic
cooling.

B. 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 magnetic 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 compa-
rable to a characteristic distance,

s0 ¼
�

g2

2Z0�

�
1=3

; (9)

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 � is the conductivity of the undulator wave-
guide walls [29].
Studies by Bane et al. showed that a rectangular alumi-

num beam pipe reduced longitudinal wakefields by 50%
compared to an equivalent sized round copper beam pipe
[30]. An aluminum covered rectangular beam pipe is com-
patible with the fabrication process proposed here, and the
wakefield effects for this configuration are calculated be-
low. A g ¼ 100 �m undulator with an aluminum covered
waveguide has a characteristic distance s0 ¼ 724 nm and a
loss factor of kz ¼ 0:1 MV=pC=m. The longitudinal en-
ergy 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 undu-
lator gap sizes and plotted in Fig. 18.
The other contribution to the undulator wakefield is due

to the boundary conditions on the electric field induced by

FIG. 18. Resistive wall component of the longitudinal wake-
field for a 750 Apeak 100 pC Gaussian electron bunch between

two parallel aluminum plates separated by g.

FIG. 17. Temperature distribution simulation (Kelvin) of a
�u ¼ 100 �m undulator winding cross section driven with
0.8 A, producing 0.3 T, fabricated on a 200 �m thick Si wafer.

FIG. 16. Temperature distribution simulation (Kelvin) of a
�u ¼ 400 �m undulator winding cross section driven with
5 A, producing 1.2 T, fabricated on a 200 �m thick Si wafer.
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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 [31]. To
illustrate this effect, surface roughness wakefields were
calculated using the GENESIS module Genwake for an
aluminum-coated g ¼ 100 �m and g ¼ 400 �m wave-
guide with a variety of surface roughnesses, Rq, and shown

in Fig. 19.
The surface morphology of evaporated or sputtered

metal films is typically characterized by nm-scale surface
roughness that follows the underlying topology. The
proposed microundulator fabrication process uses SU-8
polymer patterned by UV photolithography to define the
sidewall topology. The sidewall of these SU-8 features has
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).
Tapping mode atomic force microscope measurements
have been reported with Rq � 4 nmrms sidewall surface

roughness over a correlation length of 46 nm for proton
beam patterned SU-8 [32] and Rq � 4 nmrms sidewall

surface roughness without a reported correlation length
for UV-patterned SU-8 [33]. These values are strongly
affected by fabrication process conditions, especially the
temperature 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 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 Pierce parameter, the energy chirp imparted by
wakefields can prevent the microundulator from operating
as a FEL [34]. Taking the parameters from the high-gain
soft-x-ray FEL amplifier example below, E ¼ 210 MeV,
Lg ¼ 53 cm, Lc ¼ 1:5 �m, and 	 ¼ 4:5� 10�5, the in-

duced 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 longitu-
dinal distribution with the impedance response of the
structure. One possibility is to reduce the electron bunch
charge and length. This wakefield will be reduced ap-
proximately in proportion with the reduction in charge,
however, submicron bunch lengths may become compa-
rable to the slippage length in the undulator, halting
the FEL process. Figure 20 demonstrates the overlap
between Fourier transformed � ¼ 1:6 �m and � ¼
16 �m Gaussian electron bunches with the same 750 A
current, and a g ¼ 100 �m rectangular waveguide wake
function ([35], Eq. 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, ! ¼ 2�c=g ([36], footnote 17). This analysis was
carried out to study surface roughness wakefields, but hints
at an interesting strategy to mitigate the effects of Fhod 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 �m

FIG. 20. Spectral distribution of a 750 Apeak 10 pC and 100 pC
Gaussian electron bunch (dashed) and the resistive wall imped-
ance per unit length for a g ¼ 100 �m aluminum waveguide
(solid).

FIG. 19. Longitudinal wakefield for a 100 pC Gaussian elec-
tron bunch between two parallel aluminum plates separated by
g ¼ 100 �m (top) and g ¼ 400 �m (bottom).
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fins spaced 15 �m apart in a 100 �m wide waveguide
might reduce the resistive wall wakefield.

C. Electron-beam induced heating

Energy dissipation in the undulator waveguide by lon-
gitudinal wakefields will also cause Joule heating, further
complicating thermal management of the undulator.

A 116 MeV electron beam with continuous 1 mA elec-
tron current will dissipate 200 W in 5 cm of a g ¼ 100 �m
undulator waveguide. Wakefield-induced Joule heating
will dissipate 334 �J per shot into each meter of undulator
length for a 100 pC bunch in a g ¼ 100 �m, Rq ¼ 10 nm

aluminum-coated undulator waveguide due to the wake-
fields shown in Fig. 19. At a repetition rate of 1 MHz,
wakefields will dissipate <1 kW=cm2 in the waveguide.

The total of all electron induced heat loads is less than
the expected electromagnet dissipation at saturation.

D. Other magnetic fields

The undulator also cannot be placed near macroscopic
magnetic electron-focusing optics. Because the magnetic
yokes of the device are operated near saturation magneti-
zation, strong external magnetic fields can perturb the
magnetic flux sources. In the short term, either macro-
scopic long focal length magnetostatic focusing optics
external to the beam line or electrostatic focusing optics
placed within the beam line must be used. In the long term,
microfabricated magnetic quadrupoles can be developed to
focus the beam.

E. Magnetic measurements

Directly measuring the microscale magnetic field is
challenging because the undulator gap is smaller than
typical Hall-effect probes, GMR probes, and the wires
used in present pulsed-wire undulator characterization
[37]. The micropole undulators built by Tatchyn et al.
were characterized with a novel moving wire measurement
for magnetic gaps down to 250 �m [38]. Tatchyn’s mea-
surement technique may be scalable to 100 �m gaps, but
maintaining �m-scale alignment of the wire as it moves
down the cm-scale length of the undulator will be difficult.
25 �m AWG56 BeCu wire and a high-resolution laser
doppler vibrometer could be used to extend pulsed-wire
testing of undulators down to 100 �m gaps.

For smaller gaps, traditional undulator field characteriza-
tionmethods do not scale andother options such asmagnetic
forcemicroscopy (MFM) testing or integrated test structures
must be used. Such test structures could include patterned
magnetoresistive or magneto-optical imaging films inte-
grated in the gap of the undulators to provide direct empiri-
cal verification of the field distribution. Sub-10 nmFe/Cr/Fe
trilayer films exhibit a�40% change in conductivity under
1.3 T applied field at room temperature [39]. Magneto-
optical imaging films such as lead- and bismuth-substituted
yttrium iron garnet have reported Faraday rotation of

1:85� �m�1 for 633 nm light at 295 K [40] and have been
prepared as 0.2 wt% concentration nanoparticle solutions
with Verdet constants up to 0:03� T�1 �m�1 for 1:3 �m
light at room temperature [41].

V. UNDULATOR RADIATION SOURCE WITH
A HIGH AVERAGE CURRENT BEAM

In the last part of this paper we give three examples of
possible applications of these new microundulators.
The first example takes advantage of the relatively

low power requirements of an electromagnetic microundu-
lator. 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 recircu-
lating cavities and multi-interaction schemes to get a high
average photon yield with a laser based source [42].
Conversely, only a few amps of current are required to
drive the electromagnetic microundulator, and it is practi-
cal to apply current continuously to the microcoils 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 [43] into a microundulator with
400 �m period, 100 �m gap, and 18 cm total length.
The magnetic field of the microundulator in this case can
be as high as 1.0 T. The resonant wavelength for this case is
�r ¼ 3:9 nm. Assuming the undulator natural focusing is
equal in the two planes, which can be obtained by properly
shaping the magnetic poles, the undulator beta function is


? ¼
ffiffiffi
2

p
��u

K2�
: (10)

Because of the small value of K, this only provides weak
focusing. In principle, strong focusing could be added to
the microundulator. But this would require a careful mag-
netic design because the yoke operates very close to satu-
ration and nonlinear 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 �0 < 20 �m to minimize
the portion of the beam incident on the undulator poles
(0.1%, or �100 W). Assuming a normalized transverse
emittance of �n ¼ 1 mmmrad, we can estimate the undu-
lator length Lu ¼ 2�2

0�=�n ffi 18 cm.

The total number of photons produced can be estimated
using the fact that each electron traversing the undulator
will emit ð�=3Þ�K2 photons per undulator period in a

narrow cone with half-width
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�r=ðNu�uÞ

p ¼ 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.
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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 spec-
trum of the generated x rays [44]. The parameters of this
example are listed in Table II.

The main problem limiting the obtainable x-ray flux
using the microundulator 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
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 microundulator 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.

VI. HIGH-GAIN SOFT X-RAY FEL AMPLIFIER

The second example that we analyze is the possibility of
using an ultrahigh-brightness beam in conjunction with the
microundulator. 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 signifi-
cantly impact the FEL process, requiring new strategies to
mitigate these effects before a micro-FEL can be realized.

We consider an example where the microundulator pe-
riod is 400 �m, gap is 100 �m, 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 mmmrad normalized
emittance beam is 13 �m. It is straightforward to calculate
the 1D FEL parameter 	 ¼ 4:5� 10�5. The 1D gain
length of the system is 41 cm and taking into account the
3D effects using Ming Xie’s fitting formulas [45] 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 demon-
strated 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 Table III.
Exponential amplification of the undulator radiation was

simulated with the 3D FEL code GENESIS [46] including in-
slice longitudinal space charge effects without wakefields
and with resistive wall and surface roughness wakefields.
Wakefields were calculated using the GENESIS module
Genwake assuming a g ¼ 100 �m aluminum covered
waveguide with 10 nm surface roughness. Figure 21 shows
the power output averaged across the 100 pC electron

FIG. 21. 3D FEL simulation of the average microundulator
radiation power across the electron bunch with and without
longitudinal wakefields.

TABLE II. Parameters of a high-average-power soft x-ray
source based on a �u ¼ 400 �m MEMS undulator.

E-beam energy 116 MeV

E-beam current 1 mA

Beam emittance 1 mmmrad

Undulator period 400 �m
Undulator gap 100 �m
Peak magnetic field 1.0 T

K (rms) 0.026

Nu 450

Undulator length 18 cm

�r 3.9 nm

Er 319 eV

Average radiation power 0.8 mW

Total photon flux 1013 s�1

TABLE III. Parameters of a high-gain soft x-ray FEL amplifier
based on a 400 �m MEMS undulator.

E-beam energy 210 MeV

E-beam peak current 750 A

Beam emittance 0.05 mmmrad

Undulator period 400 �m
Undulator gap 100 �m
Peak magnetic field 1.0 T

K (rms) 0.026

Nu 20 000

Undulator length 8 m

�r 1.2 nm

Er 1 keV

Peak radiation power 6.7 MW

Peak photon flux 1022 s�1
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bunch from the beginning of the undulator to the saturation
regime.

Without wakefields, we can extract a gain length for the
FEL of 0.51 m and estimate 5.5 MW of coherent radiation
power in 8 m of undulator from the time independent
GENESIS simulation. The difference between the simulated

gain length and the gain length calculated usingMing 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, �2

SC=	, has a stabilizing effect competing

with the FEL instability [47]. 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. [48], 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 satu-
ration. GENESIS simulation shows that these effects in-
crease 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 ultrahigh current
electron beam, such as the 10 s of kA beams reported from
laser-wakefield accelerators [49,50], 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 nanofabrica-
tion tooling is limited, a power saturated FEL microundu-
lator will involve aligning 10 s of 8+ cm undulator sections
with sub-�m accuracy. Harmonic production will be lim-
ited due to the very small undulator K value.

These results show potential for surface-micromachined
magnetic undulators to couple with high-brightness beams
for ultracompact FELs operating in the exponential gain
region.

VII. PROOF-OF-PRINCIPLE EXPERIMENT

Finally we present a 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 �m period microundulator. A
500 period undulator with 100 �m period length (5 cm
total length) and 200 mTpeak transverse magnetic field will

be fabricated in the UCLA Nanoelectronics Research
Facility and tested using the ultrasmall emittance beam
available at the Pegasus rf photoinjector. The Pegasus
beam line is described elsewhere [51]. We report the
parameters of the beam in Table IV. Preliminary tests
show that the 4 MeV 10 pC electron beam can be focused
down to a 18 �m spot size. With 0.1 mmmrad normalized
beam emittance, the beta function is 2.5 cm. The goal of the
first experiments is detection of spontaneous undulator
radiation at 816 nm from the MEMS fabricated undulator.
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 photon 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 micro-
undulators 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 de-
crease 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 longitu-
dinal space charge amplification [52], which naturally
works better at lower beam energy, might open a path
towards a new kind of radiation source.

VIII. CONCLUSIONS

In this paper, we discuss the idea of using a MEMS
fabricated microundulator for advanced light sources. With

TABLE IV. Parameters of the test experiment for the micro-
undulator at the Pegasus beam line.

E-beam energy 4 MeV

E-beam peak current 100 Amp

Beam emittance 0.1 mmmrad

Undulator period 100 �m
Undulator gap 50 �m
Peak magnetic field 0.2 T

K (rms) 0.003

Nu 500

Undulator length 5 cm

�r 816 nm

Er 1.5 eV
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the new progress in nanofabrication techniques, it becomes
feasible to build electromagnetic undulators with periods
in the 10 �m–1 mm range. 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 em-
ployed in inverse Compton scattering sources.
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