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Abstract

A new scheme is proposed that high energy electron
beam as a probe is used for time resolved imaging
measurement of high energy density materials, especially
for high energy density matter and inertial confinement
fusion. The first picosecond pulse-width electron
radiography experiment was achieved by Institute of
Modern Physics (IMP), Chinese Academy of Sciences
(CAS) and Tsinghua University (THU), based on THU
Linear electron accelerator (LINAC). It is used for
principle test and certifying that this kind of LINAC with
ultra-short pulse electron bunch can be used for electron
radiography. The experiment results, such as magnifying
factor and the imaging distortion, are consistent with the
beam optical theory well. The 2.5 um RMS spatial
resolution has been gotten with magnifying factor 46,
without optimization the imaging lens section. It is found
that in the certain range of magnifying factor, the RMS
spatial resolution will get better with bigger magnifying
factor. The details of experiment set up, results, analysis
and discussions are presented here.

INTRODUCTION

The technique of charged particle radiography [1] has
been developed and proved with 800 MeV protons at
LANSCE of Los Alamos National Laboratory (LANL),
as a diagnostic to study dynamic material properties under
extreme pressures, strain and strain rate. The high spatial
resolution and high energy proton microscopy also
developed at ITEP and FAIR [2-4]. LANL used 30 MeV
electrons to radiograph thin static and dynamic eRad with
picosecond pulse-width electron bunch has been achieved
by IMP, CAS and THU. The experiment objects. The
spatial resolution of their imaging system is 100 um in
both x and y directions [5]. A principle test of is based on
the THU Thomson X-ray scattering source. The LINAC
consists of RF photocathode injector and s-band
accelerating tube. The RF photocathode injector provides
3 MeV, very low emittance and picoseconds pulse-width
electron bunches. The highest beam energy of the LINAC
is 50 MeV.
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THE ERAD EXPERIMENT SETUP

In the eRad experiment, the beam energy is 46.3 MeV,
bunch charge is about 100 pC, the emittance is about
2 mm-mrad, the beam spot size is about 3 mm, the bunch
length is about 1 ps and the beam momentum divergence
is less than 1%. The lens consists of two triplets. For
simplicity, the lens section is not designed purposely. The
quadrupoles for imaging are provided by the old ones,
which have been used for focusing the beam in the
Thomson scattering X-ray experiment.

The sketch of eRad experiment is shown in Fig. 1. The
target vacuum cell and YAG and mirror vacuum cell are
added. The electromagnetic quadrupole lens section
consists of two triplets. The maximum of the magnetic
field gradient is 12 T/m.
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Figure 1: the sketch of the eRad based on THU linac.

The samples are electron microscopy grids, placed on
the object plane. Four kinds of grids are installed in the
target cell. They include 50 meshes square nickle (Ni)
grid, 200 meshes square gold (Au) grid, 200 meshes
square copper (Cu) grid and 75 meshes hexagon Cu grid.
They are all in 25 microns thickness and 3 mm diameter.
They are installed in a column, and can be moved up and
down by a stepper motor. The samples pictures are shown
in Fig. 2 (a). In the experiment, a criterion is set, if the 200
meshes square Au grid is imaging clearly, it is considered
that the parameters of the lens section is suitable for
imaging, shown in Fig. 2 (b). The other experiments can
be taken under these conditions.

(a)

Figure 2: the picture of the samples (a) and the image of
200 mesh Au grid (b).
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EXPERIMENT RESLUTS AND
ANALYSIS

Based on the imaging criterion mentioned above, the
other three samples, 50 meshes square Ni grid, 75 meshes
hexagon Cu grid and 200 meshes square Cu grid, are well
radiographed. The images are shown in Fig. 3.

(D)

Figure 3: The images of the samples (a) 50 meshes Ni grid
(b) 75 meshes Cu grid (c) 200 meshes Cu grid.

Electron Optical Analysis

The parameters of imaging lens section can be decided
by the imaging criterion mentioned above. The voltages
and currents supplied for the quadrupoles are recorded
under imaging conditions, by which the magnetic gradient
parameters of the two triplets can be calculated.

The lens section transfer matrix can be calculated by
Transport [6]. The first order beam optical transport is
also studied based on the above parameters. The envelope
plot of the imaging lens section is shown in Fig. 4.
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Figure 4: The envelope of the imaging lens section.

In the ray trace plot, shown in Fig. 5, five points in the
object plane are assumed to emit five beam on each point,
with different emitting angle, 0.1, 0.2, 0.3, 0.4, 0.5 mrad
individually. From the first order beam optics theory, the
position on the imaging plane of each point depends on
the first order transport matrix, shown in formula (1).
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From the transfer matrix of the lens section, the value
of R34 is bigger than Ri», so in the ray trace, the emitting
angle will influcence more in y direction than in x, which
is identical with formula (1), shown in Fig. 5. In y
direction the image point will blur more than in x
direction.
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Figure 5: the ray traces plot of the imaging lens section.
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Magnifying Factor Analysis

The image of 50 meshes square Ni grid is chosen for
analysis. One grid was used for magnifying factor
analysis, shown in Fig. 6. Before the experiment, the CCD
and camera was calibrated by a rule, which placed on the
imaging plane. It is shown that one pixel is 8.125um. So in
the Fig.6, the |AB|=sqrt(0A" +|OB[), OA and OB can be
obtained by the pixel coordinates of point O, A and B.
The distance of AB in the image is 2193.75 um. The
distance of AB of the sample is just one pitch, equals to
500 um. Assuming the magnifying factor is M, there is
M=4.38. So the magnifying factor in X direction is 2.48
and in Y direction is 3.68. Compared with the lens section
transfer matrix, the Ri;; = -2.30927 is X direction
magnifying factor and the R33=-3.89845 is the Y direction
magnifying factor. The experiment results are consistent
with the calculated results well.

Figure 6: One grid of the 50 meshes Ni grid image.

In Fig. 6, it is shown that the image of square sample is
not square because of the different magnifying factor in X
direction and Y direction and the x direction and y
direction of the sample grid is placed not parallel with the
x direction and y direction of beam, which was certified
by the simulation with beam tracking code PARMELA
[7]. In the simulation, the maximum beam energy is 46.3
MeV and the minimum is 45.9 MeV, the momentum
divergence is 1% and the beam distribution is in Gauss
distribution. The grids on object plane are shown in Fig. 7
(a). With the same lens section parameters mentioned
above, the final beam distribution is shown in Fig. 7 (b) on
the image plane. The simulation results are well explained
the image distortion.
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Figure 7: Beam distribution (a) after the grid on the object
plane (b) on the image plane.

RMS Spatial Resolution Analysis

The RMS spatial resolution is an important parameter
for radiography. The method of analysis is the same with
reference [5]. In the image Fig. 3 (a), for 50 meshes Ni
grid, 1 pitch corresponds to about 280 pixels, so 1 pixel
equals to 1.79 um. With Gauss fit, the RMS spatial
solution is 14.1 um, shown in Fig. 8.
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Figure 8: The RMS spatial resolution analysis with gauss
fit.

Because the magnetic strength of the triplets can be
adjusted, with the different proper magnet strength, the
different magnifying factor (MF) can be obtained. The
MF will influence the RMS spatial resolution (SR), so the
RMS SR with different MF was analysed, shown in Fig.
9. This analysis is based on the 200 meshes Ni grid
imaging. It is shown that when MF is smaller than 1, the
RMS SR is bigger than 20 um and the smaller MF will not
influence the RMS SR much; when MF is bigger than 30,
RMS SR is less than 3 um and the bigger MF will not
improve the RMS SR more; when the MF is between 1
and 30, the RMS SR will get better with the bigger MF.
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Figure 9: the relationship between RMS spatial resolution
and the magnifying factor.

CONCLUSION

The first experiment of eRad based on picosecond
pulse-width electron bunch has been achieved. It is
certified that this kind of LINAC and picosecond
pulse-width electron bunch can be used for eRad
perfectly. Because of the short pulse width electron bunch
(~picosecond), the dynamic imaging can be achieved with
nanosecond time interval, which just limited by the
detector recording velocity and the data capturing
method. So the dynamic radiography with 10 nanosecond
time interval becomes available. The experiment results
are consistent with the beam optical theory well, such as
magnifying factor and the imaging distortion. The 2.5 um
RMS spatial resolution has been gotten with no
optimization the lens section. During this experiment,
there is no aperture used, so if the aperture is adopted
properly and placed on the right position, the RMS spatial
resolution will be enhanced more. So the RMS spatial
resolution of the eRad can be get better than 2.5 um with
some optimization in the future. Furthermore, the density
resolution and dynamic radiography of the eRad will be
gotten in the future experiment.
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