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We investigated a new cathode design and beam transport with the EPURE axis-1 injector in order to
increase the beam characteristics at 3.8 MeV, 80 ns FWHM from the 2.0 kA nominal current to 2.6 kA
corresponding to an average current density of 82 A=cm2. Such current increase is highly desirable for
improving the x-ray dose and hence radiographic performances. To achieve this, a time-dependent model
based on the particle-in-cell method was developed in order to simulate the injector. Using results from
calculations based on this model, a 17.2 cm AK gap diode with a larger radius cathode (3.175 cm) was
designed, manufactured and tested. Experimental and calculated currents and emittances are qualitatively
compared. The study provides a detailed understanding of the beam dynamics inside this type of high
current, high energy injector.
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I. INTRODUCTION

X-ray flash radiography is a powerful diagnostic used
worldwide [1–6] for investigating the structural response of
matter under impulsive loading during hydrodynamic
experiments. Intense pulsed x-ray sources are required
for capturing target motion during these experiments
and, hence, obtaining good quality images. A joint U.K./
France hydrodynamics research facility known as EPURE
is under construction at CEA VALDUC in France. At the
present stage, this facility operates in a single radiographic
axis configuration. This first axis generates an intense x-ray
pulse resulting from the interaction of a 2 kA, 19 MeV,
80 ns FWHM electron beam [7] with a solid tantalum
target. The resulting bremsstrahlung spectrum is required to
penetrate high Z, highly compressed objects during hydro-
dynamic experiments. By 2022, two additional high per-
formance radiographic axes will be added and this unique
triple-axis radiographic facility will be operated jointly by
British and French teams. One of these two upcoming x-ray
sources will be a linear induction accelerator (LIA) similar
to the current first axis accelerator.

Recently, significant efforts were undertaken in order to
enhance the current first axis radiographic performance
such as x-ray dose and spot size. This required a thorough
numerical modeling and prediction of the beam dynamics
within the injector of the linear induction accelerator.
The objective of the present study is to provide such a
comprehensive numerical analysis based on particle-in-cell
(PIC) simulations. Section II provides an overview of the
first axis technical features. In Sec. III, the experimental
setup and the overall geometry used for the numerical
simulations are presented. Next, simulation results are
discussed and compared to experimental measurements
performed at the EPURE facility in order to increase the
beam intensity. This was achieved by using an optimized
velvet cathode, calculated numerically, to increase intensity
from 2.0 to 2.6 kA. Finally, the main concluding remarks
about this numerical approach are drawn.

II. BACKGROUND

The first axis uses 64 ferrite-loaded cells to accelerate the
beam produced inside the injector where a high power
electron diode, composed of a cathode and an anode, is
used to generate an intense high quality, pulsed electron
beam. For this purpose, a velvet cathode is driven with a
75 Ω graded transmission line, which delivers a 3.8 MV,
95 ns (FWHM) high power electrical pulse across a
17.2 cm diode gap. The application of a strong electric
field results in plasma formation due to surface flashover
[8,9]. This electric field extracts a space charge limited
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electron flow from the plasma. Space charge limited (SCL)
flow in diodes has been an area of active research since the
pioneering work of Child and Langmuir [10,11]. The scope
of the theory was later extended in order to incorporate
other physical mechanisms such as relativistic behavior
[12] or quantum mechanical effects [13], although the
modeling was limited to a one-dimensional treatment of the
SCL flow. In 2001, Lau first introduced a simple analytical
theory for two-dimensional Child Langmuir law [14] which
proved to be in good agreement with the simulation data
obtained by Luginsland [15]. In spite of these theoretical
advances, multidimensional codes remain necessary tools
for gaining insight into the physics of multidimensional
space charge limited flow that takes place within the
injector diode. More recently, Coleman and co-workers
[16] carried out a quantitative study of the plasma dynamics
within the DARHT-1 high power diode to gain a better
understanding of the electron beam generation. Diode
transport simulations were performed, in the injector of
the FXR induction accelerator [17], in order to lower the
beam emittance which is a contributing factor that affects
radiographic spot size [18].

III. SIMULATION MODEL AND
EXPERIMENTAL VALIDATION

A. Numerical configuration

Particle-in-cell simulations were used to study and
predict beam dynamics inside the injector. Simulations
were performed with the fully relativistic 3D LSP code [19]
used here in 2D cylindrical geometry (R, Z). Figure 1
shows the overall simulation geometry.

The emission is modeled by a SCL flow at the cathode
with an electric field threshold of 20 kV=cm. The latter is a
mean value obtained from a dedicated bench test experi-
ment. The 3.5 eV average electron emission temperature
used in this study was inferred from spectroscopic mea-
surements made on the EPURE axis-1, based on a colli-
sional-radiative model [20]. All other materials (stainless
steel and aluminum) are treated as time-accurate Integrated
TIGER Series (ITS) media (Monte Carlo treatment) for
simulating electron scattering and energy losses [21]. The
diode extraction voltage, V in, used in LSP is the exper-
imental value measured by a flush mounted coaxial E-dot at
EPURE (Fig. 2). The amplitude and time profiles of the
experimental data are properly incorporated in the simu-
lation. The beam position monitors (BPM 1, 2 and 3)
indicate the location of the sensors which provide the
experimental current. A grid resolution of 250 μm was
used. The LSP code was run with an explicit particle push
and a time bias explicit field solver to damp high frequency
noise, the typical time step was 0.5 ps.
After being produced within the diode, the beam is

extracted and accelerated across 64 ferrite-loaded cells.
The value of the extraction magnetic field is critical for
matching the beam with the desired envelope parameters in
order to avoid emittance growth which may result from
envelope oscillations during the transport. The use of a
magnetic field for extracting the electron beam at the velvet
cathode is likely to affect the radiographic spot size at the
end focus. Therefore, a “bucking coil” with reverse polarity
is implemented in order to suppress the axial magnetic field
at the center of the cathode (at R ¼ 0 cm) and, hence,
reduce its value at larger radii. Magnetic field measure-
ments were carried out for each solenoid in the accelerator
in order to determine the best fit model. Figure 3 shows the

FIG. 1. Geometry used for simulating the beam dynamics
inside an injector of an induction accelerator. BPM (for beam
positioning monitor) indicates the location of the current sensors.
The inset is a zoom in the diode region.

FIG. 2. Typical measured voltage on EPURE axis-1 (black) and
simulated voltage (dashed blue) used as an inlet boundary in the
simulation (V in in Fig. 1).
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resulting magnetic field as a function of the propagation
distance (Z) for various radii used in the simulation cor-
responding to a driving current of 201 A on the extraction
solenoid.
In the simulation, the off-axis field components Br and

Bz are inferred from Bzð0; ZÞ and its derivatives [22]. It is
important to include all nonlinear components from exter-
nal fields because they contribute significantly to the beam
properties during the transport within both the injector and
the linear accelerator [23,24]. The specific effects of these
nonlinear components on the beam dynamics were
accounted for in the PIC calculations.

B. Simulation and experimental results

We investigated a new cathode design and beam trans-
port through the injector in order to increase the beam

intensity from the nominal 2.0 to 2.6 kA. The radius of the
velvet cathode was changed from 2.550 to 3.175 cm. Next,
results from numerical simulations in this new configura-
tion are discussed and compared to experimental measure-
ments at the EPURE facility.

1. Diode results

Usually, the velvet cathode is recessed relative to the
shroud, positioned at negative Z, as shown in the inset of
Fig. 1. Recessing the cathode has significant effects on the
initial beam properties at the cathode. This point is
specifically examined in what follows.
The time profile of the simulated anode current at the

BPM 1 location is shown in Fig. 4(a) for a velvet cathode
with a 3.175 cm radius, 17.2 cm AK gap, and recess values
ranging from 0 to 15 mm.

FIG. 3. Simulated magnetic fields used in the simulation for a 201 A driving current on the extraction solenoid when the bucking coil
current is chosen to minimize the on axis magnetic field at the velvet cathode; (a) Bz at R ¼ 0 cm (black line) and R ¼ 7 cm (blue line)
as a function of Z; (b) Br component at two different radii: at R ¼ 3 cm (black dashed line) and R ¼ 7 cm (blue line).

FIG. 4. (a) Simulated electron beam current at BPM 1 as a function of time for different recess values. (b) Simulated
mean beam current over [70–75] ns range as a function of recess (blue square) and fourth order polynomial fit
(black curve): current ¼ 3408.08 − 491.40ðrecessÞ þ 47.76ðrecessÞ2 − 3.07ðrecessÞ3 þ 0.08ðrecessÞ4.
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Figure 4(a) suggests that the extracted current is strongly
dependent on the recess value. The mean extracted current
over the [70:75] ns time range is plotted as a function of the
recess in Fig. 4(b). This evolution is well fitted by the
following fourth order polynomial function:

Current ¼ 3408.08 − 491.40ðrecessÞ þ 47.76ðrecessÞ2
− 3.07ðrecessÞ3 þ 0.08ðrecessÞ4; ð1Þ

where the current and recess are expressed in A and mm,
respectively. Figures 4(a) and 4(b) show that the beam
intensity is strongly reduced when the recess increases. A
direct comparison of the effect of a change in cathode
radius on the current is relevant only if the recess values
associated are identical.
This result is better understood in the light of the results

presented in Fig. 5, where simulated electronic charge
distribution profiles at the cathode are shown for five recess
values.
The features of the beam profiles represented in Fig. 5

are solely governed by the total electric field at the cathode
surface. The extracted current is proportional to the total
electric field. This total electric field is the addition of the
“external” electric field applied to the cathode shroud and
the electric field of opposite sign induced by the space
charge density. The beam halo profile observed at null
recess in Fig. 5 (black curve) is induced by a spatial change
in electric field between surrounding vacuum and the beam.
At the center of the cathode (R ≤ 2 cm) the total electric
field is dominated by the screening effect due to the space
charge density. This results in a lower electric field inside
the beam than outside. Towards the cathode edges, the
electric field screening due to space charge is less pro-
nounced. Therefore, the contribution of space charge

density to the total electric field is less important. Thus,
the rise of the overall electric field at the edges results in
higher extracted current. In addition, by increasing the
recess, the external electric field at the cathode edges is
decreased leading to a reduction of the halo beam profile
and a reduction of the beam radius, which is consistent with
the observed edge profiles in Fig. 5. These results are in
good agreement with the study of Hegeler and co-workers
[25]. The beam halo profile is penalizing because it is a
potential source of emittance growth during beam transport,
which is likely to affect the final spot size. Previous
experiments performed on DARHT axis-1 and AIRIX
evidenced a change in beam profile occurring while
switching from a standard cathode geometry to a Pierce
geometry [26].
Based on the time-dependent simulation model devel-

oped in this work, a new cathode with a 3.175 cm radius
was designed, manufactured and tested on the EPURE
injector. The 2 mm recess configuration was chosen to
reduce the beam hollowness. As can be seen in Fig. 6, a
good agreement is obtained between simulated and mea-
sured currents at the BPM 2 location (see Fig. 1). It is
important to note that the comparison between simulated
and experimental currents demonstrated that the emission
surface does not coincide with the velvet surface. Con-
sidering a 2D uniform emission region, a correct extraction
current can only be reproduced if one considers that the
emission surface is slightly downstream (of the order of
1 mm) of the actual velvet surface. Such an assumption is
particularly relevant to the current plateau while it is less
valid at times corresponding to the rise and fall of the
current profile. This explains the discrepancies between
simulated and experimental currents appearing in these
regions.

FIG. 5. Simulated electron beam profile at the cathode, along X
at Y ¼ 0, on the flattop voltage for a 3.175 cm cathode radius for
five recess values ranging from 0 to 4 mm. The inserted image is a
2D plot of the simulated beam distribution at the cathode for a
2 mm recess.

FIG. 6. Experimental and simulated currents at the BPM 2
location for the new 3.175 cm radius velvet cathode and a 201 A
driving current.
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On the flattop, the experimental current only increased
from 2525 A at t ¼ 60 ns to 2615 A at t ¼ 105 ns. Over
the pulse duration, the current variation is due to several
factors which depend on the diode operation. These factors
are the voltage increase, the changes introduced in the
diode geometry by the expanding velvet plasma [27] and
ion flow from the anode [28]. In our study, the hollowness
of the anode and the large AK gap (17.2 cm) prevents ion
flow from the anode during the time window of interest.
In order to estimate the plasma expansion velocity it is
necessary tobuild a relationship betweencurrent, voltage and
plasma expansion velocity. Using our simulation model, a
relationship is built between the current and the voltage for
each diode geometry, without taking the plasma motion
into account. This approach appears to be more accurate
than an analytical one because no assumption is made on the
relationship between current density and voltage [29].
The good agreement obtained between the experimental

and simulated diode justifies to put forward two fourth
order polynomial fits of the current as a function of recess at
t ¼ 60 ns and t ¼ 105 ns, respectively. A similar approach
was previously used in Fig. 4 at t ¼ 70 ns. Based on these
fits, the motion of the plasma emissive surface over 45 ns is
estimated at 0.24 mm, corresponding to an average velocity
of 0.53 cm=μs. This value is consistent with the one
obtained by Coleman and co-coworkers who found an
estimated plasma velocity of 0.59 cm=μs at 3.8 MV for a
1800 A electron diode [16]. Krasik and co-workers [27]
inferred the plasma expansion velocity at 1.0� 0.2 cm=μs
by monitoring the appearance of the Hα spectral line at
different distances from the cathode.

2. Characterizing the beam dynamics within the injector

After the beam has been produced with the desired
2.6 kA intensity, driven by the dose requirement for a given
end-point energy, the beam must be injected through the
accelerating section of the LIA in order to be accelerated
and transported toward the x-ray conversion target located
50 m downstream. The quality of the beam at the end of the
injector (BPM 3, see Fig. 1) is in fact very critical for the
transport properties and final beam focusing. The magnetic
field induced by the extraction coil must allow optimal
beam injection. Therefore the coil must be operated at an
adequate driving current. The latter is determined using the
time-dependent computational model developed in this
study. The beam dynamics are simulated for various
magnetic coil driving currents. Figure 7(a) shows the
temporal profiles of the beam current for three different
driving currents. In this figure, the beam current at BPM 1,
corresponding to the current upstream of the coil, is
displayed along with the beam currents obtained down-
stream of the coil, for three different driving currents.
Figure 7(a) suggests that the beam current on the flattop

is strongly dependent of the extraction solenoid driving
current. If the latter is too low or too high, significant losses

occur during transport from the diode to the end of the
injector. Despite being based on hypotheses that are not
fully valid within the diode, the envelope equation is quite
useful for understanding and predicting the dynamics of the
beam envelope downstream of the diode, beyond ∼17.2 cm
[30–31]. The envelope equation is expressed as follows:

R00 ¼ −
�
γ0

β2γ

�
R0 −

�
γ00

2β2γ

�
R −

�
eBzð0; zÞ
2βγm0c

�
2

R

þ ε2

R3
þ
�

eψ0

2πβγm0c

�
2 1

R3
þ K

R
; ð2Þ

where R is the beam envelope radius and the prime symbol
denotes a derivative taken with respect to z, β ¼ v=c,
γ ¼ 1=ð1 − β2Þ1=2, and K is the generalized perveance
defined as

K ¼ eI
2πε0m0ðβγcÞ3

: ð3Þ

Using the energy, emittance, currents and magnetic field
values obtained from PIC simulations at Z ¼ 17.2 cm, the
envelope equation is solved. Figures 7(b), 7(c), and 7(d)
confirm the dependence of the transported beam current on
the envelope equation and on the solenoid current. In this
study, the dominants terms in Eq. (2) are the 4th, 5th and
7th terms.
If the solenoid current is too low the beam space charge

[7th term in Eq. (2)] exceeds the focusing strength [4th term
in Eq. (2) and the beam blows up as confirmed by PIC
calculations in Fig. 7(b). If the solenoid current is too high,
the beam space charge becomes negligible compared to
the focusing strength, resulting in beam overfocusing as
illustrated in Fig. 7(c).
Furthermore, Fig. 7(e), which represents a snapshot of

electron particle plot obtained from PIC LSP simulation at
201 A, 70 ns [Fig. 7(d)] along with the beam envelope
curve obtained by solving the envelope equation, shows
that the envelope code provides a reasonable description of
the beam dynamics. Figure 7(e) shows that optimal trans-
port is achieved with a 201 A driving current, since no loss
occurs over the plateau.
It appears that the beam pulse is shortened between

BPM 1 and BPM 3 for all driving currents. This result
confirms the influence of energy on the beam envelope
dynamics. Electrons produced during the rise and fall of
the pulse are mostly lost in the pipe, inducing bremsstrah-
lung as shown by Coleman and co-workers [32]. In order to
complement their study, simulations were carried out to
extract all particles striking the tube, as can be seen from
the time-integrated energy distribution of the “lost” elec-
trons at 201 A shown in Fig. 8.
The “lost” electrons have energies below 3300 keV.

The energy dissipated within the beam pipe due to
electronic losses induces a temperature rise ΔT. The latter
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is calculated from the deposited energy per unit depth
(dE=dx) by each impacting electron, based on the formula

ΔT ¼ dE
dx

� eNe

ρCp cos θ
; ð4Þ

where e is the electron charge, Ne is the area density of
electrons striking the pipe, ρ is the material density, θ is the
electron incidence angle and Cp is the material specific
heat. Simulation shows that the temperature rise resulting
from the electron energy deposition is negligible (<2 K).
Therefore, particle thermal desorption is negligible and
does not affect the beam dynamics. The energy distribution
in Fig. 8 confirms that all electrons produced over the
duration of the plateau, with energy of about 3800 keV, are
injected into the accelerator. Energy stability during the
pulse is important for minimizing the x-ray spot size. In
Fig. 9, the injected charge at BPM 3, between 50 and 110 ns
corresponding to the voltage plateau, is plotted for various

FIG. 8. Simulated time integrated energy distribution of the loss
electrons striking the pipe.

FIG. 7. (a) Simulated beam current at the BPM 3 location as a function of time for three different magnet driving currents: 100 A in
red, 201 A in green and 300 A in blue. Beam current (in black) at the BPM 1 location after minor time rescaling for clarity
(measurements were taken at different locations). Electron particle plots at 70 ns for 100 A (b), 300 A (c) and 201 A (d) driving currents.
(e) Snapshot of electron particle plot obtained from PIC LSP simulation (in blue) at 201 A, 70 ns, with the superimposed beam envelope
curve (in red) obtained by solving the envelope equation.
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solenoid extraction currents. The injected charge is constant
near 181.6 μC suggesting that the beam injection efficiency
is better achieved for driving currents ranging from 160
and 220 A.
For the EPURE axis-1, the root-mean-square (rms)

radius of the beam for different extraction coil currents
at BPM 3 is deduced from the measured optical transition
radiation (OTR) profile obtained with a 100 μm thick
aluminized kapton foil target. In Fig. 10, measurements
are compared to a PIC simulation model which incorpo-
rates the OTR target.
As can be seen in Fig. 10, simulated rms beam radii are

consistently smaller than the experimental values, even
though they have similar profiles: the rms beam radius

decreases with increasing extraction coil currents up to a
minimum. Then the rms radius increases beyond this
minimum due to envelope dynamics.
The 3.8 MeV, 2.6 kA beam is likely to induce OTR target

heating and gas desorption, producing ion backstreaming
into the electron beam and increasing the rms size. Based
on the 2D simulation, a maximal temperature rise of only
100 K was obtained for the OTR target for an extraction
coil current of 212 A, corresponding to the minimum rms
radius. The discrepancy between simulated and experi-
mental rms radii is consistently observed whether particles
desorption occurs or not. This suggests that other mech-
anisms such as emittance growth during transport may, in
addition to the beam target effects, contribute significantly
to the observed discrepancy. In an attempt to investigate
this aspect, we carried out 3D Cartesian simulation. As
can be seen in Fig. 10, the 3D curve is closer to the
experimental one. However, both simulations fail to prop-
erly reproduce the rms beam radii, especially beyond its
minimum value. Although a higher electron temperature at
the emission may partially explain the lower rms values
obtained from simulations, it is very likely that the uniform
emission model used in the simulation does not sufficiently
account for all effects influencing the emittance growth,
and hence tends to underestimate the emittance.
The “three gradients method” [33] is used in order to

estimate the experimental emittance. The measured rms
beam radius versus extraction coil current in Fig. 10 is fitted
to a curve calculated from an envelope equation which
depends on normalized root mean square (rms) emittance,
initial rms beam radius and divergence at the anode. The
same method is applied to the simulated rms radii curves in
order to compare the experimental and simulated emittance
values. From the experimental curve, a normalized emit-
tance of 0.103 cm rad is inferred, while normalized
emittances of 0.055 cm rad and 0.080 cm rad are inferred
from the axisymmetric 2D and 3D Cartesian simulations,
respectively. In the absence of beam-target interaction
effects [34] on the x-ray converter, the beam emittance
is the ultimate limitation on x-ray spot size.

IV. CONCLUSION

Based on the particle-in-cell method, we developed a
time-dependent simulation model of the electron beam
dynamics within the injector. This model was used to
design a new cathode with the objective to significantly
increase the EPURE axis-1 beam intensity. Based on this
model, a 3.175 cm radius cathode was designed, manu-
factured and tested on the EPURE axis-1 injector. This
resulted in a significant increase of the beam intensity to
2.6 kA. The study shows that the beam intensity is strongly
reduced when the recess increases, due to changes induced
in the beam profile at the cathode. A very good agreement
was obtained between simulated and measured currents
at the exit of the extraction coil. The time-dependent

FIG. 9. Simulated electronic charge at BPM 3 integrated over
50 and 110 ns corresponding to the quasiflat part of the
voltage pulse.

FIG. 10. Comparison of rms beam radii at BPM 3 for various
extraction coil currents: measured (black squares) and simulated
using an axisymmetric 2D geometry (blue circles) and a Cartesian
3D geometry (green triangles).
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computational model developed in this study enabled an
estimate of the plasma velocity to 0.53 cm=μs. Utilizing the
“three gradients” method for both the experimental and
simulated root mean square radii allowed us to compare the
experimental beam emittance (0.103 cm rad) to values
obtained through 2D axisymmetric (0.055 cm rad) and 3D
Cartesian simulations (0.080 cm rad). Despite underesti-
mating the beam emittance, the simulation is satisfactory
for predicting the beam dynamics and properties, and
especially the beam current within high current, high energy
injectors. Efforts are under way for improving the 3D model
by introducing a nonuniform emission model in the simu-
lation and taking into account solenoidmisalignments which
may contribute to further emittance growth.
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