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Ultrafast imaging tools are of great importance for determining the dynamic density distribution in high energy density
(HED) matter. In this work, we designed a high energy electron radiography (HEER) system based on a linear electron
accelerator to evaluate its capability for imaging HED matter. 40 MeV electron beams were used to image an aluminum
target to study the density resolution and spatial resolution of HEER. The results demonstrate a spatial resolution of tens
of micrometers. The interaction of the beams with the target and the beam transport of the transmitted electrons are further
simulated with EGS5 and PARMELA codes, with the results showing good agreement with the experimental resolution.
Furthermore, the experiment can be improved by adding an aperture at the Fourier plane.

Keywords: high energy density matter, high energy electron radiography, areal density resolution, spatial
resolution
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1. Introduction
High energy density (HED) matter is usually defined as

matter in the state of deposited energy larger than 1011 J/cm3

or, equivalently, pressure higher than 1 Mbar. This state of
matter is widespread in the universe stars and centrosphere.
Furthermore, HED matter is also an important state for the in-
ertial confinement fusion (ICF) processes. The physical prop-
erties of the matter at the extreme states are the most inter-
esting for high energy density physics (HEDP) research: for
instance, the knowledge of spatial distribution and temporal
evolution of the temperature, volume, pressure, and density
of HED matter are required for conducting experiments. In
ICF/HEDP research, the fuel capsule density can be varying
dramatically, from 0.02 g/cm3 to 400 g/cm3, with the spa-
tial scale strongly compressed from 3 mm to ∼ 100 µm on
the scale of tens of ns. Meanwhile, the pressure increases
to 1 Mbar; thus, the hydrodynamic response, as a highly en-
hanced velocity, will be on the scale of km/s. To obtain the
fast-changing properties of matter in the case of high tempera-
ture, high pressure, and high density, the spatial and temporal
resolution, as well as the areal density, are strictly limited. In
addition, the diagnostic system must be sensitive to a mixture
of high-Z and low-Z elements as well, because it is essential to

measure the moving boundary and the proportions of different
materials in order to understand the hydrodynamic processes
in the HED sample.

Many ultrafast imaging diagnostic tools are based on the
use of hard x-rays, Gamma rays, electrons, protons, and car-
bon beams, or even neutron beams produced by high power
lasers or other pulsed power devices.[1–10] High energy pro-
ton radiography developed at Los Alamos National Laboratory
(LANL) has shown its great potential for HED matter diagnos-
tics with excellent spatial and temporal resolutions.[11–13] This
technique is also proposed at the Facility for Antiproton and
Ion Research (FAIR) with 4.5 GeV proton beams.[14,15] Al-
though a proton beam is superior to an electron beam in terms
of penetration ability, a high energy proton accelerator and the
corresponding imaging system are very costly, and a ps-scale
proton beam bunch with desirable energy and intensity for ra-
diography is not yet available in the laboratory. In addition, a
proton radiography facility is always much larger in size than
an electron radiography system. Furthermore, many other di-
agnostic methods, e.g., using the runaway electrons, are also
applied to study the plasma characteristics.[16]

High energy electron radiography (HEER) is important
to implement experimentally because of the great potential in
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the diagnostics of HED matter. So far, the reported radio-
graphy has achieved ∼ 100 µm spatial resolution by using
30 MeV electron beams at LANL.[17] However, the resolu-
tions for time and density are not systematically investigated.
In particular, the new technology of ultrashort pulse laser cou-
pled radio-frequency (RF) acceleration is applied in current
electron accelerators, and high-quality electron beams with ul-
trashort bunch structure are now available in HEER. This pa-
per reports on experimental HEER investigation carried out
by Institute of Modern Physics (IMP), Chinese Academy of
Sciences (CAS) and Tsinghua University (THU), based on
the THU 50 MeV linear electron accelerator (LINAC) facil-
ity. The preliminary results confirm that the high areal den-
sity resolution and spatial resolution can be obtained by using
the picosecond pulse-width electron radiography, which can
be applied for HED matter diagnostics.

2. Principles of HEER
The high energy short pulsed electron beams have energy

spreading and angle scattering after passing through the speci-
men. The electrons with angle and energy distributions can be
refocused on the screen by the magnetic lens system. The elec-
trons arrived at the area on the screen are the electrons emit-
ted by the corresponding area on the target, thereby enabling
point-to-point imaging. The intensity of photons is propor-
tional to the electron count on the screen; thus, different inten-
sities show the areal density distribution from the correspond-
ing location. The chromatic aberration of the electron beams
can be reduced by using an aperture at the Fourier plane of the
magnetic lens. Figure 1 shows a schematic diagram of HEER.

Fig. 1. Schematic diagram of HEER. The trajectories of different colors
starting at the object location represent electrons scattered into various
angles within the object. The Fourier plane is located at the midpoint
of the lens, where a collimator is positioned. The position–angle cor-
relation at injection determines the location of the Fourier plane and
partially cancels second-order chromatic aberrations.

Two key aspects for the HEER application to HED matter
diagnostics, namely spatial resolution and density resolution,
are investigated in this paper. Related to the spatial resolution,
the deviation of the electrons on the screen dominates in the
point-to-point imaging technique. The deviation of electrons
can be described by the following formula:

∆x =
R12∆x′

Mx
, (1)

where ∆x′ is the collimation angle of the aperture, R12 is the
transfer matrix first-order term, and Mx is the magnification
factor.[18]

The interaction of high energy electron beams with mate-
rials is very complex. However, only the multiple scattering,
ionization, and bremsstrahlung processes need to be consid-
ered in our case. For high energy electrons, Coulomb scat-
tering introduces a certain distribution when the electrons are
travelling in the target. The energy loss experienced by the
electrons is mainly due to the bremsstrahlung and ionization
processes.

All the processes related to the electron beam going
through the target and transported in the beam line will result
in a loss of electrons. The transmission of the monoenergetic
electron beam going through the target as a function of the
target mass thickness can be given by a binomial formula.[19]

Therefore, the areal density can be extracted from the trans-
mission. Meanwhile, the transmission relates to the initial
energy of the electron beam. For the point-to-point imaging
system, the transmission is also influenced by the settings of
the beam line. The scattering angle plays an important role
in the imaging quality. Molière’s multiple scattering theory
gives the distribution of the electrons scattering angle after the
target, which can be written in the following way:

N(t,φ)
N0

=
1

φ0(t)
√

2π
exp

[
−1

2

(
φ

φ0(t)

)2]
, (2)

where

φ0(t) =
13.6 MeV

βcp

√
t (1+0.038ln(t)) .

Equation (2) shows that the angle distribution is a Gaussian
distribution relative to the target thickness and for constant en-
ergy; further, there exists a significant linear correlation be-
tween the FWHM of the Gaussian distribution and the electron
energy in the same target thickness. Thus, increasing the inci-
dent electron energy can induce the transmission of electrons
in the aperture collimating angle and increase the range of the
density diagnostics simultaneously.

3. Experimental design
The HEER system was commissioned at the THU linear

electron accelerator. The electron beam and lens system are
designed as shown in Fig. 2. The electron beams were pro-
duced from the RF photocathode electron gun and accelerated
at an energy of 46.2 MeV. The intensity was∼ 100 pC, and the
emittance was ∼ 2 mm·mrad. The diameter of the beam spot
on the target was∼ 3 mm, and the bunch length was∼ 1 ps; the
momentum divergence was less than 1%. The lens is formed
by two triplets, and the maximum of the magnetic field gradi-
ent is 12 T/m. An AYAG scintillator, a 45◦ reflection mirror,
and a 16 bit CCD were employed to record the radiographs.
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CCD and camera
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Fig. 2. Sketch of the HEER based on THU LINAC.

A step-wise aluminum target used as the sample was
placed at the object plane; the thicknesses of the six steps were
7, 14, 28, 56, 112, and 224 µm, with 500 µm width for each
step. The target structure is shown in Fig. 3.

F E D
C

B

A 224 mm

112 mm
56 mm

28 mm14 mm7 mm

Fig. 3. Schematic diagram of the aluminum step target.

4. Results and discussion

The recorded image of the Al ladder target is shown as
Fig. 4. The transmission of the 7 µm region is set to 1.0. To
reduce the influence of the edge of the target frame, the pixels
can be picked along the horizontal direction at the area with a
higher contrast located away from the edge of the image. The
magnification of the image is ∼ 0.68. The result of restoring
the image to 1:1 and normalization is shown in Fig. 5. The
transmission distribution in the x-axis is shown in Fig. 5. The
red line is a fit with the assumption of a Gaussian line spread
function resulting in the RMS width of the adjacent two steps.
The RMS spatial resolution is presented in Table 1.

Fig. 4. Image of the aluminum step target recorded by HEER. The
thickness of the target increases from the left of the picture to the right.
The dark background around the target is due to the target holder frame
blocking the electron beam.
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Fig. 5. Transmission across each step shown in Fig. 4. The black line is
the measured transmission, and the red line shows the fitted result using
a Gaussian line spread function with an RMS width for each step of tens
of micrometers.

Table 1. RMS spatial resolution of the 46.2 MeV HEER experiment.
The RMS width is obtained from the fit line shown in Fig. 5.

Thickness/µm 7 14 28 56 112 224
RMS/µm 9 12 15 28 25 33

The transmission of each step can be found by fitting the
line in Fig. 5, with the result shown in Fig. 6. The dependence
of the transmission on the target thickness can be character-
ized by an exponential within the experimental error. Conse-
quently, good areal density estimation can be obtained by the
46.2 MeV electron beam radiography measurement.
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Adj. R Square 0.99051

Value Standard erro

B y0 0.37094 0.02246

B A 0.71746 0.03338

B R0 -0.0170 0.002

Fig. 6. Transmission for different thicknesses of the target.

5. Simulation
Simulations were performed to study the influence of the

aperture size at the Fourier plane on HEER.

5.1. Theoretical model

In simulations, we calculated the delivery of electrons that
hit the target and later propagate in the magnetic field and re-
focus on the screen. There are two specific processes that were
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considered in the simulations: the EGS program was used to
calculate the interaction between the 40 MeV electron beams
and the aluminum stepwise target that we used in the exper-
iment; the other process is the electron transport in the two
triple-magnet lens system after the target simulated with the
PARMELA code.[20,21] The influence of the aperture size at
the Fourier plane on HEER is discussed theoretically.

The distribution of the electrons at the Fourier plane can
be described by the following formula:

xF = RF11x0 +RF12x′0. (3)

Here, RF11x0 is made very small by optimizing the beam line.
Thus, the angle selected by the aperture mainly depends on
RF12x′0. The following formula can be obtained:

∆xF = RF12∆x′0. (4)

The parameters of the beam line are shown in Tables 2 and 3.

Table 2. Transfer matrix of the origin to focus.

RF11 −3.0×10−3

First order RF12 1.1×10−1 cm/mrad
transform matrix RF33 −6.7×10−3

RF34 −5.3×10−2 cm/mrad

Table 3. Parameters of the lattice.

R11 –1.0
First order R12 −6.67×10−4 cm/mrad

Transform matrix R33 –1.0
R34 −7.10×10−4 cm/mrad
T116 −1.79×10−4

Second order T126 3.31×10−3 cm/mrad
Transform matrix T336 −6.33×10−4

T346 2.49×10−3 cm/mrad

Figure 7 shows the distribution of the output electrons,
and the sigma of the Gaussian fitting line is presented in Ta-
ble 4.
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Fig. 7. Angle distribution of the electrons after passing through the
target with varying thickness.

Table 4. Sigma of the Gaussian function fitting the angle distribution.

Thickness/µm 7 14 28 56 112 224

Sigma/mrad 1.6 2.5 3.8 5.8 8.6 12.7

In this work, ∆xF is set to 8 mm and 4 mm. For the 8 mm
width aperture, the scattering angle ranges from −3.6 mrad to
3.6 mrad. For the 4 mm width aperture, the scattering angle
ranges from −1.8 mrad to 1.8 mrad.

5.2. Results and analysis

Using apertures of different size at the Fourier plane, we
simulate the images shown in Fig. 8. It can be clearly seen that
the aperture improves the HEER images resulting in a better
contrast.
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Fig. 8. Simulated images of the step target with (a) no aperture, (b) 8 mm size aperture, and (c) 4 mm size aperture at the Fourier plane in the
x-axis. Lighter areas correspond to more electrons. The target for the imaging is the same as shown in Fig. 3. The thickness of the step shown
in the imaging decreases from the left to the right of the image. The left and right edges are blank in the simulations.

Figure 9 shows the simulated transmission as a function

of the target thickness, for the three discussed cases including

that of the unlimited aperture, 8 mm side length aperture, and

4 mm side length aperture. The density resolution is positively

correlated with the slopes of the curves. The decrease of the

aperture size causes the curves to move downward; as a result,

a higher density resolution can be achieved. Simultaneously, a

similar effect occurs for the areal density resolution.
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Fig. 9. Transmission across each step for the cases of no aperture
(black), 8 mm side length aperture (red), and 4 mm side length aper-
ture (blue) at the Fourier plane.
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Fig. 10. Electron distribution along the x-axis.

Table 5. RMS spatial resolution obtained in the 40 MeV HEER simu-
lations. The block letters in Table 2 represent the position in the target
with varying thickness as shown in Fig. 3.

Thickness/µm 7 14 28 56 112 224

RMS/ µm

no-aperture 11 17 26 37 54 81

8 mm aperture 3 6 9 9 18 25

4 mm aperture 3 5 9 7 9 14
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Fig. 11. RMS spatial resolution for each step with no aperture (black),
8 mm side length aperture (red), and 4 mm side length aperture (blue)
at the Fourier plane.

The distribution of the electrons on the screen is shown
in Fig. 10. The RMS spatial resolution for different thickness
gradient can also be obtained by Gaussian line spread fitting,
with the corresponding results shown in Table 1. Figure 11
shows the RMS spatial resolution for each step obtained with
apertures of different size. Using the contrast of the RMS spa-
tial resolution obtained with apertures of different size at the
Fourier plane, we can find that the effect of the aperture is
clearly to improve the RMS spatial resolution. Based on these
results, different size of the aperture can be selected for the
required spatial resolution.

6. Conclusion

The experimental result of radiography measurements us-
ing the 46.2 MeV electron beams agrees well with the simu-
lations for 40 MeV HEER on an aluminum step target, giving
the RMS spatial resolution on the order of tens of micrometers.
The transmission of the electron beams for different areal den-
sities were investigated experimentally. The influence of the
diameter of the aperture placed at the Fourier plane was dis-
cussed, showing that smaller apertures can improve the spatial
resolution to several micrometers and make the transmission
more sensitive to the areal density. In summary, the result of
the experiment is consistent with the simulations, demonstrat-
ing that the LINAC with an ultra-short pulsed electron bunch
is suitable for HEER applications.
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