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High-energy charged particle radiography has been used for diagnostics of high-energy density matter,
and electrons can serve as a promising radiographic probe that acts as a complement to commonly used
proton probes. Here we report on an electron radiography experiment using 45 MeV electrons from an
S-band photoinjector, where scattered electrons, after interacting with a sample, are collected and imaged
by a quadrupole imaging system. We achieve a spatial resolution of a few microns (~4 pym) and a thickness
resolution of a few percent for a silicon target of 300-600 xm in thickness. With additional dark-field
images captured by selecting electrons with large scattering angles, we show that complementary
information for determining external details such as outlines, boundaries and defects can be obtained.
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I. INTRODUCTION

High-energy density physics (HEDP) is the study of
matter properties under extreme pressure and temperature
conditions, such as those occurring in heavy ion, laser drive
fusion and similar processes. Generally, HED matter can
only be transiently generated on a timescale of 10 ns to
1-us, and the hydrodynamic response under pressure of
>1 Mbar leads to a high expansion velocity in the range of
um/ns. Therefore, a diagnostic tool with the capability of a
picosecond-scale temporal time resolution and a micron-
scale space resolution is urgently needed. In addition, the
diagnostic system must have a large dynamic range and be
sensitive to a mixture of high and low Z (atomic number)
components in order to provide an understanding of the
hydrodynamics of HED samples. Diagnostics based on
charged particle beams have been the subject of studies for
many years, beginning with the pioneering efforts of Frank
Merrill et al. [1-5]. In recent decades, there has been strong
interest in using electron beams to probe the dynamic
processes in a target driven by either a laser or heavy ion
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beams as well as in online diagnostic for heavy ion induced
target damage [6—8]. The process uses a magnetic imaging
lens system (quadrupoles or solenoids) that focuses a beam
passing through a thick target. The beam is collimated at a
focal point and then projected onto a luminescent screen
[9]. This method is fundamentally different from typical
shadowgraphy with either charged particles or X/gamma
rays. Several experiments have been performed with results
in good agreement with predictions [10-12], although the
spatial resolution has reached only a few tens to 100 ym,
insufficient for a HEDP diagnostics. In general, these
experiments required a dynamic process with a nanosec-
ond-scale temporal resolution and a submicron spatial
resolution. In the past few decades, the use of rf photo-
cathode techniques has enabled the generation of a pulse
train of electrons with high charges (>nC) and high
energies (~100MeV), such as at the Tsinghua Thomson
scattering x-ray source [13]. Recently, an experiment using
a compact permanent magnet quadrupole based lens was
carried out at UCLA, where the micron-scale features of a
metal sample were magnified by ~30 times and imaged
with single-shot, low energy (4 MeV) electron bunches
[14]. However, the sample used was a thin (20 ym) Cu
target due to the limited penetration power of the low
energy electrons, and no areal density resolution was
obtained, which is the key criterion for high-energy
electron radiographs to be useful for HEDP experiments.
Moreover, the targets used in these experiments were see-
through targets instead of opaque thick targets, such as
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FIG. 1.

Experimental setup. The aperture in the vertical or horizontal plane comprises two plates. Each plate is fixed to a step motor

and can move independently over a wide range of distances, thereby enabling the selection of on-axis or off-axis particles to form a

bright-field or dark-field image, respectively.

those used in our experiment, where we designed and
fabricated a set of thick silicon targets with letters etched on
in order to replace real high areal density material, in order
to check the feasibility of high-energy electron beams from
the photoinjector for the HEDP diagnostic.

In this paper, we report on a new experiment performed
with photoinjector enabled high-brightness electron beams
to obtain single-shot radiographs of a thick target with a
micron-order spatial resolution and a few percent thickness
resolution. To the best of our knowledge, this is also the
first time that dark-field imaging has been achieved in high-
energy electron radiography, while similar results have
been obtained using a fixed inverse collimator to image thin
materials in high-energy proton radiography very recently
[15]. This successful demonstration of the imaging of HED
targets has proven the feasibility of using high-brightness
electron beams for HEDP diagnostics and is expected to
have a major impact on HEDP research.

The experimental setup [16] is shown in Fig. 1. The
electron beam is produced and accelerated to approxi-
mately 45 MeV with an S-band photoinjector and accel-
erator. The average bunch charge is 200 pC, and the bunch
duration is 10 ps. Detailed parameters of the electron probe
hit on the targets are listed in Table I. The electron beam is
transported to the target area after a 90-degree bend. After
the electron beam passes through the target, the scattered
electrons travel through focusing quadrupole arrays which
act in a manner analogous to an optical imaging system. An
aperture in both the x and y planes is located at the focal

TABLE I. Parameters of the electron beams on the target.
Bunch charge 200 pC
rms normalized emittance 0.6 mm mrad
Bunch length 10 ps
rms energy spread 0.3%
Beam radius on sample ~2 mm

plane, or the so-called Fourier plane, 1.3-m downstream of
the object plane, where the positions of the particles are
related only to their initial spread angles. In a commonly
used symmetric quadruplet imaging system in high-energy
charged particle radiography community, the Fourier
planes of x and y axes are possibly at the same position.
Since the rather wide angle spread after beam passing
through the thick targets and the high beam energy, the
charge density at the Fourier plane would not be too high to
have a big impact on the imaging process. But this problem
should be concerned in a low energy imaging scenario
where the sample is thin and beam angle is small, such as
in the case of Ref. [14], where a triplet was employed
instead of a quadruplet to avoid this problem. The electrons
selected by the aperture hit a thin (30 ym) yttrium-
aluminum-garnet (YAG) screen on the imaging plane
located 2.6-m downstream, and the beam patterns are
captured by a CCD detector. The design, optimization
and extensive simulation of the whole quadrupole-
lens-based imaging system were described in Ref. [15].
A brief summary of the parameters of the imaging system is
listed in Table II. The main target used in this experiment
was an opaque 300-ym thick silicon slab engraved with
lines of different patterns and depths. A standard 200 mesh
molybdenum TEM grid with a hole width of 90 ym and a
bar width of 35 ym was used to determine the spatial
resolution of this imaging system. A radiograph of this grid
is shown in Fig. 2. Since the thickness of the TEM grid is

TABLE II. Parameters of the quadruplet imaging system.
Quads f Gdz (T) Transport matrix element Value

Q 0.315 R, Ra3 —2.84

Q, —0.743 Ris, Ry 0

Q3 0.743 T]](), T|26 689, 4.81 m/rad
Q4 —0.315 T336’ T346 608, 6.01 m/rad
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FIG. 2. TEM grid image for spatial resolution calibration. (a) The 200 mesh grid image. (b) Zoom to a small region between the bar
and the hole (pink rectangular box) and calculate the intensity projection on the x axis, i.e., the edge spread function (pink curve).
(c) Line spread function and its Gaussian fit, giving a resolution of three pixels (corresponding to about four micros on the object plane).

just about 20 microns, the edge of the bar can be considered
as an ideally sharp edge. By studying the step in trans-
mission across the edge of a bar, the edge spread function
can be determined, as described in Ref. [10].

The line spread function (i.e., the derivative of the edge
spread function) was fitted with a Gaussian function,
resulting in a fit rms width of three pixels, on both the
horizontal and vertical planes. The good agreement
between the data and the fitting results validates the
assumption of a Gaussian-shaped line spread function.
Given the known geometry of the mesh target, we deter-
mined that the spatial resolution on the object plane is about
4 um, which is very close to the ultimate resolution limited
by the point spread function of the 30-um thick YAG
screen.

II. THICK TARGET IMAGING

In addition to the detailed spatial resolution measure-
ment, a set of thick targets with etched grooves of a known
width and depth were radiographed to study both the space

and areal density capabilities of the radiography system, as
shown in Fig. 3(a). A logo with the etched letters “HEER”
(75 pm in width) was measured experimentally, revealing
qualitative surface profile information, as shown in Fig. 3(b).
For comparison, we also acquired images of the sample
using a scanning electron microscope (SEM), and measured
the groove depth at several points with the help of a high-
resolution profiler.

The letters are clearly visible in the radiographs, but far
more detailed features of the logo can also be seen. For
example, the nonuniformity of the widths at the junctions of
the perpendicular grooves as seen from the radiograph
matches well with the SEM surface profile measurement,
especially in the cases of the first letter “E” and the letter
“R.” We also measured four different typical points on the
logo as shown in Fig. 3(b). The beam intensity is well
correlated with the groove depth, which can be interpreted
as a drop in the transmission rate as the effective target
thickness increases.

To quantitatively study this system, we concentrated on a
small area of a different target etched with the letter “N.”

FIG. 3.

HEER logo SEM image and radiography image comparison. (a) Profile of the target as scanned with a SEM. Some

imperfections of the surface and grooves can be clearly observed. (b) False-color radiographic map of the HEER logo image. The depths
of the four spots in (b) (from left to right) were measured to be 42, 50, 46 and 54 pm, respectively.
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FIG. 4. Letter N image. (a) SEM surface profile of the letter N
sample under x75 magnification SEM. The roughness and
nonuniformity of the grooves due to the etching process are
apparent. (b) Beam intensity distribution radiograph. The signal
from the beam passing through the entire target area has been
subtracted as background, and the regions with brighter colors
correspond to the grooves. (c¢) Depth information acquired by a
high resolution step profiler (blue line) along the red dashed path
in (b), compared with the intensity distribution along the
same path.

The surface profile of this letter as obtained with the SEM is
shown in Fig. 4(a). The beam intensity, as seen in Fig. 4(b),
shows a very nonuniform distribution. A depth measure-
ment was performed along the path indicated by the dashed
red line. When comparing the depth and intensity distri-
butions, we find that a depth difference of a few tens of
microns can be resolved, which is equivalent to a density
resolution of a few percent.

III. DARK-FIELD IMAGING

Next, we attempted to image the target using the large-
angle scattered beam electrons, a process commonly
referred to as dark-field imaging, in contrast to on-axis
bright-field imaging. This is analogous to the contrast-
enhancing techniques developed for optical systems,
conventional transmission electron microscopes, and
x-ray imaging [17]. However, dark-field imaging, or, more
generally, scattering-based imaging, using high-energy

electrons and exhibiting a good signal-to-noise ratio has
not, to our knowledge, been previously demonstrated.
Implementing dark-field imaging can provide an additional
method of obtaining the desired information about a target,
especially when the on-axis information is inaccessible.
In general, radiographic contrast is achieved by the
collimation of the electrons through the aperture on the
Fourier plane. Considering the beam energy, the main
process occurring during beam-target interaction is multi-
ple Coulomb scattering [10], resulting in a Gaussian
scattering angle distribution related to the beam energy
and target thickness, which is defined by formula (1):

2
N 1 i)
NO 90(1)\/% ’

(1)

where @, is the collection angle of the aperture, and 6, is
defined by

_ 13.6 MeV\/—

00(l) == p— VIl +0038 (D), (2)

where P is momentum and [ is the areal density in unit of
the radiation length of the material. For a quasimonoener-
getic electron beam, the width of Gaussian distribution is
related to the target thickness, with a thicker target having
an angular distribution with a larger FWHM, as in the case
represented by the blue line in Fig. 5, where 6, of the thin
and thick target is 2 and 6 mrad, and responds to 10-pm and
70-pm thickness silicon target, respectively.

In our study, a 2-mm thick sample holder made of
stainless steel with a 3 mm square hole in the center was
used. There was also a step 500 ym in width and 400 ym in
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FIG. 5. Principle of dark-field imaging. A probe beam passing

through a thicker target will exhibit a wider Gaussian angular
distribution. Selecting electrons with larger scattering angles will
lead to the formation of a dark-field image (pink region).
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FIG. 6. (a) Sketch of the target. (b) Optical image of half of the
hollowed target. (c) Simulated dark-field image. (d) Experimental
dark-field image.

height between the hole and the surface, as shown in
Fig. 6(a). The detailed features of the right half of the step
were observed under a microscope, revealing a visible
scratch in the middle part of the right border, as shown in
Fig. 6(b). With stepper motors to control location and
dimensions of the focus aperture, the aperture was centered
on the axis; in this case, as shown in zone (A) in Fig. 5, the
ratio of slightly scattered electrons or “unscattered elec-
trons” to all transmitted electrons was much larger than the
portion of scattered electrons, as is normally the case of
bright-field image. By contrast, when the aperture was
placed in an off-axis location, as shown in zone (B) in
Fig. 5, only scattered electrons were allowed to pass,
leading to the formation of a dark-field image. In practice,
the transition from a bright-field image to a dark-field

image can be observed by gradually moving the aperture
off the axis. At the position, where the numbers of electrons
scattered by a thick target and by a thin target are almost
equal, for example in zone (C) in Fig. 5, the contrast
generated by multiple Coulomb scattering will be zero, and
no distinct radiograph will be seen. A simulated dark-field
image is shown in Fig. 6(c), where the real features of the
target were included in the simulation. The simulation of
the dark-field imaging process is validated by the exper-
imental results, shown in Fig. 6(d). Good agreement with
the physical features of the sample is seen in the patterns of
the electron images, where the difference in thickness
between the hollow region and the edge creates the
contrast, and the roughness of the target edge can be
observed. This is especially apparent in the case of the
visible scratch, where the slight thickness discrepancy
induces a nonuniform intensity distribution. We can con-
clude that dark-field images are also very sensitive to
thickness, thus implying a good areal density resolution in
dark-field radiography.

For a more quantitative study, we also acquired a dark-
field image of a mesh target with one grid square filled in
glue [the lighter spot in the bottom left of the grid in
Fig. 7(a)], which can be observed through either on-axis
bright-field [Fig. 7(b)] or dark-field imaging [Fig. 7(c)].
Here, the resolution of this subtle feature of the target is
strongly related to the image contrast, which is defined in
terms of the image intensity as R = (Ia — Lnin)/
(Iax + Inin)- In the bright-field image, within a small
region of three pixels around the “bad’ hole, the intensity of
each adjacent hole is 3 times brighter than that of the bad
hole, resulting in a contrast of 0.5. This situation is opposite
to that of the dark-field image, in which the intensity of the
bad hole is 2 times brighter, resulting in a contrast of 0.33.
Although the contrast of the dark-field image is slightly
lower, tiny features that cannot be clearly observed in the
bright field are more distinctly visible here. Here we note
that the whole intensity of the dark-field image is much
lower than that of the bright-field image. The dark-field
image of the TEM grid in Fig. 7(c) is captured with an
exposure time of 1 s, i.e., the image is an accumulation of

©

FIG. 7. SEM, bright-field and dark-field images of TEM grid. (a) SEM image of a standard 200 mesh TEM grid. (b) Bright-field

image. (c¢) Dark-field image.
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ten frames. The distortion of the dark-field image may be
caused by the large spread angle induced image blurring due
to the imperfect point-point imaging system as well as the
beam shot-to-shot jitter on the target. Even so, these results
illustrate how dark-field imaging can be used for defect
identification in the target with a good contrast.

In summary, we have performed high-energy electron
radiography on an opaque target with a spatial resolution of
4 pm and an areal density resolution of up to a few percent in
accuracy. Further resolution improvement could be achieved
by optimizing the beam transport system, particularly the
magnification factor. Through further magnification by a
factor of 10, a submicron resolution could easily be achieved.
The experimental results reported in this article validate this
technique as a promising candidate for HEDP or inertial
confinement fusion diagnostic. Moreover, we have per-
formed dark-field imaging with the off-axis aperture tech-
nique for the first time in high-energy electron radiography
experiments, thereby demonstrating that more detailed and
complementary information on a specific part of the target
can be obtained in addition to that gained through on-axis
bright-field imaging and pioneering the use of this advanced
imaging technology in the charged particle radiography
community.

Furthermore, with the expected picosecond time reso-
lution via picosecond or even femtosecond -electron
bunches from the existing photocathode rf gun, this
electron imaging system could be used in other dynamic
systems, as long as there is a density distribution to probe.
This system could even be used for multiple-axis imaging
of the target, yielding 3D images [18]. For a target that is
much denser or thicker, one could increase the electron
beam energy accordingly, with the physics remaining
otherwise the same as in this experiment.
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