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Abstract

We present the design of a high-speed single shot rel-
ativistic electron microscope planned for implementation
at the UCLA PEGASUS Laboratory capable of imaging
with less than 30 nm spatial resolution and image acqui-
sition time on the order of 10 ps. This work is based on
a multi-cavity acceleration scheme for producing relativis-
tic beams (3.75 MeV) with suppressed rms energy spread
(05 = 5e — 5), and a means to reduce smooth space charge
aberrations by generating a quasi-optimal 4D particle distri-
bution at the sample plane. start-to-end simulation results
are used to validate the entire setup. Ultimately, a feasible
working point is demonstrated.

INTRODUCTION

Transmission Electron Microscopy (TEM) has been an
invaluable tool to probe the microscopic world [1-3]. With
the aid of modern accelerator technology, TEM is on the
verge of a paradigm shift as research groups implement in
microscope columns RF driven high brightness electron
sources [4]. These sources hold the potential to enable mi-
croscopy with nm resolution and ps acquisition times [5—8].
There is a big push for instruments having excellent spatio
temporal resolution below 10 ps while maintaining sub-nm
resolution as it will enable direct real-time visualization of
processes in material sciences and biology currently beyond
reach with current instruments [9-11].

The development of such instruments is hindered by some
significant challenges. The main issue is the dominant inter-
play between beam current, spatial resolution, acquisition
time, and contrast. Recent work provides details on opti-
mizing the spatial resolution subject to the beam energy,
contrast, and pulse duration [12]. In photoinjector-based mi-
croscopes, it is imperative to provide some means to manage
the strong space charge effects associated with single-shot
electron imaging. The analytical expressions for the space
charge aberration coefficients reveal useful scaling laws that
can be used to optimize the system. For a fixed contrast,
higher energy, sample divergence, and lower current all im-
prove the spatial resolution. This article expands on that
work by applying it to a realistic setup envisioned for the
UCLA PEGASUS photoinjector [13] whereby optimizing
charge and illumination geometry at the sample, we seek to
minimize spatial resolution for a pulse duration of ~10 ps.
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While stochastic scattering events also should be consid-
ered as they degrade resolution by introducing a random
blur [14], for 10 ps beams with = 107 particle per pulse the
collective field imparts strong correlations in the beam phase
spaces which must be dealt with. In the case of elongated
aspect ratio in the beam rest frame o, /y o,«1 (where o, is
the transverse rms measure and o, is the longitudinal rms
measure of the beam), the longitudinal dependence simpli-
fies out, and the collective field essentially only depends on
the 4D transverse distribution function. The 4D distribution
function can be appropriately shaped with apertures and
condensers to linearize the beam’s mean space-charge fields
through objective transport. The optimal case is a 4D uni-
formly filled ellipsoid, which is very challenging to deliver
at the sample plane, thus here we consider the next best-
case scenario which is a uniform momentum distribution
at the sample to optimize an RF accelerator for high-speed
microscopy.

We present start-to-end simulation results of an upcoming
experiment planned for implementation at the 3.75 MeV PE-
GASUS beamline, demonstrating 30 nm spatial resolution
is within reach with the existing hardware. We first estimate
the optimum accelerator working point analytically, then fol-
low up with particle tracking simulations starting from the
cathode. The beamline includes a 1.6 Cell RF gun, followed
by a linac booster for energy tuning and a 7 cell X-band
cavity that compensates for RF-induced quadratic energy
spread. The optimal distribution shape is generated using
two condenser lenses and an optimally positioned aperture
which combine to yield a Gaussian spatial distribution with a
uniformly filled momentum space at the sample plane. This
linearizes the collective field through objective transport.

ACCELERATOR WORKING POINT

In our study, the initial beam has a flat-top temporal pro-
file with a full width of 10 ps. The transverse profile is
a gaussian with ¢ = 50 um. The RF gun is run with a
peak field of 73 MV/m to provide a beam kinetic energy of
3.75 MeV, which is limited by the availability of focal lengths
(5 cm) of the lenses and available distance in the radiation-
shielded bunker. In the gun, different longitudinal slices
of the beam experience different accelerating gradients, the
effect of which, generates a longitudinal phase space correla-
tion, Sy /y (@) = ¢2/2, where ¢ is the phase offset from the
synchronous phase of the accelerator. This quadratic longi-
tudinal phase space correlation leads to dramatic chromatic
aberrations which must be suppressed.
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A higher harmonic cavity is used to cancel the correlation
as discussed in [5]. The net energy gain correlation through
all 3 cavities can be expressed as:

)]

y (1) = yogcos(wot) — ycos(wxt) + ycos(wpt),

where 1, is the time of arrival relative to the resonant particle,
Y0, Y L» ¥ x> are the energy gains and losses in the S-band gun,
Linac, and x-band linearizer respectively. The cavity angular
frequencies w, w, are 2:;7(2.856 GHz), and 2,7(9.6 GHz)
respectively. The amplitude of the x-band is chosen to cancel
the quadratic correlation in the Taylor expansion in Eq. (1),
which can be expressed in terms of the energy gains and
cavity frequencies as y,/(yo + 7 1) = 0.0885. When the
cavities satisfy this condition, the leading order longitudi-
nal phase space correlation is 87 /y = —wjw%*/24 in the
absence of space charge effects which would yield for an
initial 10 ps flat-top distribution an RMS relative energy
spread of 0, = le — 5. In particle tracking simulations, that
take into account space charge (both intra-beam scattering
and mean-field) and transverse effects, the longitudinal emit-
tance increases, and after compensation the energy spread
at the sample is Se-5.

With the nominal energy and energy spread determined,
we can estimate the resolution of the instrument with the
quadrature sum of the various aberrations contributions as
prescribed in [12]:

SNR?
Dose

P = \l(ccayag)2 +(Cy03)* + B2 + ®)
Each term in Eq. (2) (except the last) is the rms measure of
the dynamical image plane deviations of the linear optics.
C,., and C; are the lens’ chromatic and spherical aberra-
tion coefficients respectively, o, is the rms relative energy
spread, o is the beam divergence. R, is the space charge
aberration term, which can be expressed as:

KL
‘%sc(l’ )/’Lv Ueagr’f) ~ S_gs (3)
O¢
where K = - 231 5, is the beam perveance, / is the beam
A

current, I, ~ 17kA is the Alfven current, L is the object to
image plane distance, and g is a dimensionless parameter
of order unity obtained from self-consistent integration of
the equations of motion and is directly related to the space
charge aberration coefficients. The g parameter depends on
the beam distribution function and its evolution along the
beamline. Shorter focal lengths reduce g. The final term
proxies the desired pixel size of the detector, which must be
less than or equal to the dynamical aberrations for the beam
to be capable of generating an image in a single shot. We
desired a signal to noise ratio SNR = 5, as set by the Rose
criterion [15]. The signal term constrains the spot size from
becoming too large as Dose o N /o2, where N is the number
of electrons in the beam. Built into Eq. (2) is the assumption
that all the image plane deviations are independent of each
other. In reality, they are not, but the dependence is weak.
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The order of magnitude of the spherical and chromatic
aberration coefficients is the focal length. Thus, a beam
with energy spread on the order of 5e — 5 and divergence
of 3 mrad yields spherical to chromatic aberration ratio of
a% /o s = 1/10. The chromatic to space charge aberration
contributions are comparable. Thus, the main resolution
figures to consider come from chromatic, and space charge.

We aim to generate a transverse phase space at the object
plane which is uniform in momentum space and spatially
Gaussian to improve the linearity of the space charge fields
in the objective column. This can be achieved using an
aperture in the condenser stage. In the following setup, the
condenser system is comprised of a quadrupole triplet lens
and followed by a solenoid lens. The condenser system is
configured such that there is a 377 /2 phase advance between
the initial aperture and the object plane.

We optimize Eq. (2) concerning beam spot size and di-
vergence to obtain the ideal sample illumination settings
that are feasible. The space charge term is evaluated semi-
analytically using matrix propagators. The results are shown
in Fig. 1, and indicate that smaller emittance yields bet-
ter resolution as long as o,/fo, << 1. For example, the
optimization reveals that better than 40 nm resolution is
achievable with transverse geometric emittance less than
4 nm-rad. The next section presents GPT simulations of
the entire beamline where illumination in this range of the
parameter space is achieved and the spatial resolution is
calculated to be in close agreement with these estimates.
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Figure 1: Optimization of condenser illumination geometry
based on Eq. (2).

START-TO-END SIMULATIONS

The entire setup is simulated using the particle tracking
code GPT [16]. For this simulation campaign, the nominal
parameters are listed in Table 1. Initially, only the built-
in spacecharge 3Dmesh model is used to capture the space
charge forces and determine accelerator setpoints. After they
are found, the simulations are redone using space charge 3D
tree to include binary collisions. For now, we present results
utilizing just the meshing algorithm. However, scattering
effects from the source to the condenser, and in the projectors
have been considered independently. The additional effects
induce blurring but do not overwhelm the dynamics.
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Figure 2: (A) Envelope evolution of the entire accelerator/microscope setup. (B) Longitudinal phase space evolution.
(C) Sample plane distribution. (D) Object and image plane of Siemens star pattern. (E) Image deviation phase space.

Table 1: Beamline Parameters

Parameter Value
MTE 0.5ev
Charge 0.25 pC
Bunch Length (FWHM) 9.5 ps
Laser Spot Size 50 um
X-band Peak Accelerating Gradient 6.7 MV/m
Linac Peak Accelerating Gradient 3 MV/m
1.6 Cell Gun Peak Accelerating Gradient 73 MV/m
Beam Kinetic Energy 3.75 MeV
Normalized Emittance 20 nm-rad

The envelope evolution throughout the entire simulation
is shown in Fig. 2(A). The gun solenoid focuses the beam
through the sequence of RF cavities meant to accelerate
and minimize longitudinal emittance. In Fig. 2(B), the
longitudinal phase space is shown at (a) the gun exit, (b)
after X-band, and (c) at the sample plane. The chosen figure
of merit to describe the overall energy spread of the beam is
the FW50 measure, that is the full width of the distribution
containing 50 percent of the particles. The final energy
spread at the sample plane is 6.5¢ — 5, i.e, nearly 2 orders
of magnitude smaller than at the gun exit. An aperture is
placed at the entrance of the quadrupole triplet to select
the uniform portion of the transverse phase space. Then
the condenser system is set to swap the momentum and
spatial distributions at the sample plane, yielding a uniform
momentum distribution. The transverse phase space at the
sample plane is shown in Fig. 2(C), where the final spot size
is 1.5 pm with 3 mrad divergence.

The image plane deviations, §r/M, can be retrieved from
GPT to obtain a general measure of the deviation space.
In Fig. 2(C), the object and image planes are shown after
imprinting a Siemens star pattern on the distribution at the
sample plane. The pattern can be analyzed using a modu-
lation transfer function as an alternative way to benchmark
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resolution. We directly measure the FW50 measure of the
image plane deviations in Fig. 2(D) and obtain 44 nm.

The FW50 measure was minimized by choosing an opti-
mal defocus. Also, the image plane deviations are correlated
with initial axial distance, so this 4D distribution has better
resolution at the core than at the edges of the field of view.
This effect can also be seen in the Siemens star pattern, as
the outskirts of the fans are significantly blurred compared
to the sharper edges close to the core of the image. This
effect is in part caused by the 3rd order space charge deflec-
tions being mainly imparted near the object plane. After
the object plane, the beam spends a majority of the time as
a uniform spatial distribution that has linear space charge
forces, thus no 3rd order effects.

To improve resolution from here we can increase the
pulse duration of the beam, or optimize the sample plane
illumination. If the ideal illumination conditions could be
achieved, initializing the same 4D distribution at the sample
with smaller spot size, we would obtain a further resolution
improvement. For example, if the spot size could be reduced
below 1 um, the resolution would be 30 nm. Even larger
improvements could be achieved if we had available shorter
focal length lenses (f < 1.5 cm) with smaller aberration co-
efficients [17], then simulations indicate that with the same
injector, 10 nm or better could be achievable.

CONCLUSION

We have presented a high-speed microscope relying on
a pulsed RF-gun-based high brightness electron source ca-
pable of delivering ~ 30 nm spatial resolution with a 10 ps
exposure time. This work takes advantage of a recently de-
veloped analytical framework to describe collective space
charge effects and guide the optimization of a realistic high-
speed TEM setup. With a stronger objective lens, sub 10 nm
resolution is achievable.
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