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Abstract
A nanopatterned microbunching collaboration has been

formed to test the production of electron microbunches by
rotating transverse beamlets into the longitudinal plane us-
ing the emittance exchange (EEX) beamline of the Argonne
Wakefield Accelerator (AWA). This mechanism has been
suggested, such as by the Compact X-ray Free-Electron
Laser (CXFEL) group at Arizona State University, to hold
the potential to make short-wavelength free-electron lasers
(FELs) more compact. Our collaboration will pattern AWA’s
44 MeV electron beam with a TEM grid to produce micro-
scale beamlets that will become mico-to-nano scale mi-
crobunches in the longitudinal plane. Characterizing an
array of beamlets with a modulation period at the few mi-
cron scale and a low, single pC scale total charge presents
challenges in achieving the necessary transverse resolution
and signal strength. These proceedings will detail the di-
agnostics explored to characterize these transverse modu-
lations. We will discuss the merits and challenges of each
approach in relation to our application, and progress towards
demonstrating these desired diagnostics.

INTRODUCTION
The nanopatterned microbunching experiment [1, 2] is

sketched in Fig. 1. 44 MeV electrons are scattered by a
12.5 µm TEM grid, creating transverse beamlets that are then
demagnified with quadrupoles [3] to 3 µm, and converted
through emittance exchange to 800 nm microbunching.
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Figure 1: Nanopatterned microbunching experiment.

To tune the quadrupole demagnifier, we need to char-
acterize the micron-scale transverse beamlet pattern after
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demagnification. However, resolving a single or sub-micron
patterned electron beam at 44 MeV is non-trivial. Figure 2
shows a focused 44 MeV electron beam at AWA on a 100 µm
thick YAG:Ce screen. The imaging system (BFLY-PGE-
23S6M-C Blackfly camera and Nikon AF FX 200mm f/4D
IF-ED Lens, with a 381 mm extension between the lens and
camera) had 1.3 µm/pixel, and 6.2 µm resolution as mea-
sured on a USAF target. However, the smallest RMS beam
size measured was 𝜎 = 40 µm. This large size may be due
to a blurring of the beam from the YAG:Ce screen, YAG
saturation from high charge intensity, an inability to focus
the beam to a smaller spot, or a combination of effects.
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Figure 2: Electron beam measurements at AWA on a 100 µm
thick YAG:Ce screen. A) 0.3 pC beam charge, 𝜎𝑥 = 74 µm,
𝜎𝑦 = 40 µm, B) 3 pC beam charge, 𝜎𝑥 = 88 µm, 𝜎𝑦 = 62 µm.

To better understand this system, we reviewed the litera-
ture for high-resolution transverse electron beam diagnostics
measuring beams similar to our 44 MeV, ≈1 pC beam. This
proceedings will summarize our investigation of transverse
diagnostic methods and their applicability to the nanopat-
terned microbunching experiment.

RESOLVING MEV-SCALE BEAMS
Table 1 presents several examples of high-resolution trans-

verse diagnostics catered towards our goal of measuring a
3 µm modulation at 44 MeV and 1 pC. Since our goal is
to measure a patterned beam, not a single beam, resonant
cavity beam position monitors have been excluded.

Screen Methods
Screen-based diagnostics provide single-shot 2D profiles.
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Table 1: Smallest Beams Measured by a Sample of High-Resolution Transverse Electron Beam Diagnostics

Method Material Beam Size, Energy Charge Facility Refs
𝜎 (𝜇m) (MeV) (pC)

Scintillator YAG:Ce, 20 µm thick 5 8 0.02 UCLA Pegasus [4]
YAG:Ce, 100 µm thick 15 7-250 6 PSI SITF [5], f47
YAG:Ce, 200 µm thick 14 7 <1 PSI SITF [6–9]
LYSO, 200 µm thick 1.4 855 250 pA CW JGU MAMI [10]

OTR Al-coated mirror 14 50 250 BNL-ATF [11]
Al-coated Si 0.75 1280 1600 KEK ATF2 [12]

Wire Scan Au, 900 nm wide 0.434 300 <1 PSI SwissFEL [13,14]
Au, 1 micron wide 2 50–155 0.2 DESY ARES [15]

Slit Scan W, 10 µm wide slit ≈50 20 250 DESY PITZ [16]

Knife-Edge Si, coated 0.0015 * 0.1 0.2 nA CW NTT Corp (Lithography) [17]
Scan SiN and Au film 0.4 0.75 200 fA CW LBNL HiRES [18]

“Metal” 3.9 4.2 0.0015 SLAC UED [19]

Moire Ni mesh 15† 0.003 – SZU (Vacuum Tube) [20]
* 𝜎 = FWHM/(2√2 ln 2) for Gaussian
† 𝜎 = FW/(2√3) for flat-top

Scintillators Scintillation screens produce light from
interaction with high-charged particles. Single-crystal scin-
tillators such as YAG:Ce, LYSO:Ce, LuAG:Ce and YAP:Ce
are often thinned to 100s of µm, as at low energies, the
thickness of the scintillator directly affects the resolution.
This effect can be estimated with the formula for multiple
Coulomb scattering [21] (Eqns 34.16 and 34.20):

𝜃𝑟𝑚𝑠 = 13.6𝑀𝑒𝑉
𝛽𝑝𝑐 𝑧√

𝑥
𝑋0

[1 + 0.038 ln ( 𝑥
𝑋0

)] , (1)

where 𝑦𝑟𝑚𝑠 = 𝑑𝜃𝑟𝑚𝑠/√3 is resolution, 𝜃𝑟𝑚𝑠 is the angular
distribution, d, 𝑋0 are material thickness and radiation length,
and 𝛽𝑐, p and z/e are velocity, momentum and charge. For
YAG:Ce (𝑋0 =3.533 cm), this is plotted in Fig. 3. Using
this formula, the best resolution expected in Fig. 2 is 0.7 µm,
although the achieved resolution is worse. Thinner screens
or higher beam energies would improve resolution.

Optical Transition Radiation (OTR) OTR screens
produce light as charged particles cross into a material with
a different refractive index. A high-resolution example of
OTR was performed at 50 MeV [11], suggesting feasibility
of OTR measurements at 44 MeV, and achieved a resolution
of 14 µm. However, the two-lobed structure of the OTR
radiation, which is on the 5-10 µm scale [12], requires care-
ful fitting to resolve sub-10 µm beam sizes, which may be
challenging for our sub-micron beamlet array.

Occlusion Scanning Methods
Occlusion-based multi-shot scans move a feature across

a beam and collect transmitted or scattered beam/radiation.
Resolution, determined by feature and scanning step size,
can be higher than screens, with scanning steps <100 nm
quite achievable (e.g. AWA owns actuators, Huntington Me-
chanical Labs, L-2252-6-ESMNC, that microstep ≈63 nm).
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Figure 3: Electron resolution limit on a YAG:Ce screen.
Screen thicknesses of 20 µm, 100 µm, and 200 µm are indi-
cated by dashed lines. Markers give examples from Table 1.

Wire Scans A wire scan moves a thin wire across a
beam. Downstream detectors measure either electrons scat-
tered by the wire [13, 22], or secondary particles/radia-
tion [15]. Following Equation 1, electron scattering angles
are inversely proportional to energy, so measuring the scat-
tered beam is only possible at low energies.

For a 44 MeV beam with 50 nm*rad normalized emittance
and transverse beam size is ≈50 µm, beamlet angular diver-
gence at a waist is ≈12 µrad. A 1 µm gold (𝑋0 = 3.344 mm)
wire [15], would produce a scattering angle of 3.7 mrad,
much larger than the beam divergence. Thus, at a dis-
tance of 5 cm, the scattered beam would be ≈200 µm, while
the transmitted beam has expanded negligibly, allowing us
to cleanly differentiate the scattered beam from the direct
beam. However, the scattered signal may be quite weak.
AWA previously measured a 1 pC beam spread out over
𝐹𝑊 ≈ 500 µm [2], but larger or weaker beams become
drowned by dark current in our beamline, and the beam
scattered by a thin wire may be 1% of this signal or less.
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Gated cameras can reduce the dark current background, but
are expensive. We could instead measure the direct beam,
but a detector with high enough dynamic range to measure
a small intensity reduction on the direct beam is also costly.

Slit Scans A slit scan moves a thin slit across a beam.
Electrons not transmitted by the slit are scattered, and the
transmitted beam intensity is measured on a downstream
screen or detector [16]. Slit scans are commonly used as
part of electron beam emittance measurements, but typically,
larger, 100 µm slits are used, and we could not find literature
examples where slits were used to measure beams smaller
than 50 µm. We suspect this absence is due to slit scans
becoming impractical at high energies. At high energy, the
electron scattering angle can be smaller than the electron
beam divergence, making it difficult to separate the scattered
beam or backgrounds from the direct beam.

Slit scans seem feasible at 44 MeV. Consider a 1 µm slit
in 3 µm Ni foil, with a 5 µm slit in 12.7 µm stainless steel slit
backing (National Aperture, Inc, #2-1-1+HS). The Ni foil
(𝑋0 = 14.24 mm), and steel (for Fe, 𝑋0 = 17.57 mm) will
have scattering angles of ≈2 mrad-6 mrad, making the scat-
tered beam easily separable from the direct beam. However,
unlike the wire scan, most of the beam is scattered, reducing
the dynamic range needed to measure the direct beam.

Since most of the beam is scattered, we also need to con-
sider backgrounds - bremsstrahlung, optical transition radia-
tion (OTR) and Optical Diffraction Radiation (ODR). For-
tunately, in the far field, all three effects will be distributed
into an angle of ≈ 1

𝛾 = 11 mrad, easy to separate from
the direct beam [12,23, 24], and are estimated to be small.
For the slit considered, the photon rate for Bremsstrahlung,
𝑁 = 𝑑

𝑋0
(4

3 ln 𝑘𝑚𝑎𝑥
𝑘𝑚𝑖𝑛

− 4(𝑘𝑚𝑎𝑥−𝑘𝑚𝑖𝑛)
3𝐸 + 𝑘2

𝑚𝑎𝑥−𝑘2
𝑚𝑖𝑛

2𝐸2 ) < .1% [21],
even considering a large range of photon kinetic energies
(𝑘𝑚𝑖𝑛 =1 eV, 𝑘𝑚𝑎𝑥 =100 keV) and neglecting absorption in
the material. For OTR, with plasma energy ℏ𝜔𝑝 ≈ 60 eV
the photon rate at energies above ℏ𝜔0 =1 eV is 𝑁(ℏ𝜔 >

ℏ𝜔0) = 𝛼
𝜋 [(ln 𝛾ℏ𝜔𝑝

ℏ𝜔0
− 1)

2
+ 𝜋2

12 ] ≈ 10% [21], unlikely

to be overwhelming. ODR becomes similar to OTR radia-
tion when 𝜆 << 2𝜋𝑎

𝛾 . For slit width 𝑎 =1 µm, 2𝜋𝑎
𝛾 =80 nm

at our energy. So UV photons which could be detected by
the scintillator may be produced at a similar rate to ODR.

Knife-Edge Scans A knife-edge scan moves the edge of
a scattering material across a beam. This method is popular
for low energy beams [17–19], and shows no fundamental
limits preventing its use at 44 MeV. However, it shares simi-
lar problems to the wire scan for signal detection, requiring
a large dynamic range to measure the signal of the direct
beam from its blocked to fully un-blocked position.

TEM Grid Scans A TEM grid scan moves a grid across
a beamlet array, producing high signal contrast when the
period of the beamlet array matches the grid. However,
since it is a multi-shot measurement which requires a precise
match of the TEM grid to beamlet size, it is also a less
general-purpose solution.

Moiré Patterns
Moiré patterns are long-wavelength features which form

when two periodic structures are overlaid. Electron beam
moiré has been shown at 3 keV [20], where a grid of electron
beamlets with spacing 𝜆=106 µm scattered off a 𝜆′=106 µm
grating (rotated at angle 𝛼) to produce features as large as
𝜆𝑚 = 𝜆𝜆′

√𝜆′2 sin 𝛼2+(𝜆′ cos 𝛼−𝜆)2
= 1.4 mm.

Electron beam moiré could be a fast, single-shot method
to show periodicity of a beamlet array. If our beamlet array is
incident on an array of similar periodicity, moiré fringes may
be produced at long wavelengths resolvable on the YAG:Ce
screen. As shown in Fig. 4, a 3 µm pattern offset at 3° pro-
duces moiré fringes with 𝜆𝑚 =60 µm.
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Figure 4: Moiré pattern feature sizes for beamlet spacing 𝜆,
grid period 𝜆′ and relative angle 𝛼.

For effectiveness, grid periodicity must be very close to
the beamlet spacing. As shown in Fig. 4, at 0.4 µm (13%)
difference between the grid and beamlet spacing, maximum
𝜆𝑚=25 µm. At larger differences, moiré features become
even smaller, until they are no longer resolvable on the screen.
Thus, periodicity must match at the ≈10% level.

Single-micron-scale grids are obtainable (e.g. Electron
Microscopy Sciences, AUFT306-50, 𝜆′ =1.6 µm), making
this technique seem feasible. Studying second-order moiré
could also determine if this method can work with beamlets
more finely spaced than we can obtain TEM grids for.

DISCUSSION/CONCLUSION
After reviewing these options, we are focusing on screen-

based diagnostics (20 µm thick YAG:Ce) for resolving beam-
lets 𝜎 >5 µm, and slit and knife-based scans for resolving
features 𝜎 = 1-5 µm. In tuning the demagnification stage
shown in Fig. 1, we will first create beamlets with coarser
grids. For example, a grid with 125 µm pitch (Ted Pella, Inc
G200G) will produce beamlets with a period of 30 µm after
demagnification. These can be resolved on the thin YAG:Ce
screen for fast initial tuning. The coarse grids will be subse-
quently removed and replaced with the finer grids (Ted Pella,
Inc G2000HSG) to produce the final 3 µm pattern, which
will then be probed with a slower slit or knife-scan.

The thin YAG:Ce and slit and knife-scan diagnostics will
be tested in our run in Fall 2026, demonstrating a key re-
quirement of the nanopatterned microbunching experiment.
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