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Abstract
Validated particle in cell (PIC) simulations of the DARHT

Axis 1 injector have the potential to reduce accelerator down-
time, assist experimental data analysis and improve acceler-
ator tunes. To realize these benefits, the simulations must
be validated with experimental results. In this work, the
particle in cell code Chicago is used to simulate the injector
region of the dual-axis radiographic hydrodynamic test fa-
cility (DARHT) first axis. These simulations are validated
against experiment using measured anode-cathode voltage,
beam current at three positions, optical transition radiation
and previously calculated emittance. Since all of these mea-
surements contain some variation, the respective simulation
parameters are varied to understand their effect. The re-
sulting simulated beam current distributions can then be
compared to the measured 2*RMS radius. This resulted in
a reasonably well validated simulation model. Some incon-
stancy between simulated and measured results still exists,
which future work will address.

EXPERIMENTAL AND
SIMULATION SETUP

Figure 1 shows the DARHT Axis 1 injector geometry.
Simulations are performed using the particle in cell code
Chicago [1]. The anode magnet focuses the beam, while
the bucking coil has the opposite polarization and is set to
reduce the on-axis axial magnetic field to zero at the cath-
ode face. The optical transition radiation (OTR) foil creates
optical light proportional to the beam current density pass-
ing through it for a given beam energy. The foil is at a 50∘

angle, allowing the emitted light to be imaged using a gated
CCD camera. The image is then corrected for angle and a
background subtraction is performed. Figure 2 shows an
example OTR image. An important factor in the OTR data is
the width of the gate (10 ns, shown in Fig. 2) causing a small
portion of the energy and current variation to be sampled.
Only beam properties in the “flat-top” or steady state portion
of the voltage and current pulse will be considered here. A
range of beam profiles can be measured by changing the
anode magnet field intensity. This results in a relationship
between the anode magnet current and 2*RMS beam radius
at a given axial position as shown in Fig. 3. A similar simu-
lation geometry can be found in work performed by Plewa
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Figure 1: Geometry of the DARHT Axis 1 injector (not to
scale). Far left vacuum boundary is a transverse electro-
magnetic launch and wave absorbing boundary (TEM
WLAB). Far bottom right vacuum boundary is a wave ab-
sorbing boundary (WAB). The E-dot measures the cathode-
anode voltage and was cross calibrated with permanent mag-
net spectrometer [4]. The anode-cathode gap is nominally
18 cm. BPM 1, 2 and 3 measure beam current at 24.5, 82.4
and 208.0 cm from the cathode face. The OTR measurement
foil is located 163.0 cm from the cathode face. The velvet
emitter is slightly recessed from the cathode face.

Figure 2: Left: OTR image taken 163 cm from the cathode
face with an 186 A anode magnet current. Corrected for
OTR foil angle. Right: Pulsed diode voltage showing flat-
top and OTR sample period.

et al. [2], while detailed emitter region simulations can be
found in work performed by Coleman et al.’,[3].

SIMULATION VALIDATION
There are several free parameters which need to be con-

strained in the simulation:

1. Input voltage is adjusted until the anode-cathode
(diode) gap voltage is equal to that measured by the
E-dot.
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Figure 3: OTR measured 2*RMS beam radius at 163 cm
from the cathode face as a function of anode magnet current.

2. Beam current is space charge limited and is controlled
by the emission area for a given input voltage. The
emission area is adjusted by increasing or decreasing
the velvet emitter recess from the cathode shroud. As
the depth is increased, the electric field is reduced at the
emitter edges. This reduces the area of the emitter that
reaches the breakdown threshold, reducing total current.
The emitter depth is adjusted until the simulated and
measured beam currents match.

3. Emittance has been calculated using OTR images and
a fitting routine in the envelope code XTR [5]. The ini-
tial beam temperature is adjusted until beam emittance
matches XTR calculated values.

Variation in Measured Quantities

Each measured quantity has some variation during the
“flat top” portion of the pulse. Moir et al. [6] used a perma-
nent magnet spectrometer to measure beam energy over a
pulse. For a diode voltage near 3.34 MV, the RMS energy
spread during a 60 ns portion of the pulse flattop was 0.43%.

Figure 4 shows three PIC simulated solenoid sweeps with
roughly 0.5% changes in the diode voltage. The distribution
of 2*RMS beam radii shifts to higher anode magnet currents
as the diode voltage increases. This can be explained as an in-
crease in anode magnet focal length, which is approximated
by the thin lens formula [7]:

𝑓 = 4𝛽2𝛾2𝑚2𝑐2

𝑞2 ∫ 𝐵2𝑑𝑧
, (1)

where 𝛽 and 𝛾 are the usual relativistic factors, 𝑚 is the rest
mass of an electron, 𝑐 is the speed of light, 𝑞 is the elementary
charge and 𝐵 is the on-axis axial magnetic field. Both 𝛽 and
𝛾 increase with diode voltage, causing the increase in focal
length.

Figure 4: 2*RMS beam radius solenoid sweep for various
diode voltages.

Figure 5: 2*RMS beam radius solenoid sweep for various
beam currents.

An approximation to the relativistic 1D Child–Langmuir
law gives the current (𝐼) - voltage (𝑉) relation [8]:

𝐼 ∝
((𝑉(𝑀𝑉)

0.511 + 1)2/3 − 1)
3/2

(√3 − 1)(𝑉(𝑀𝑉)
0.511 + 1)−0.392 + 1

. (2)

Using this relation for a diode voltage of 3.34 MV, a 0.43%
change results in a 0.54% change in beam current. A change
in current of this magnitude is not obvious and so Figure 5
shows three PIC simulated solenoid sweeps with roughly 4%
changes to the beam current. Since an increase in current
comes from an increase in initial beam radius, and corre-
sponds to an increased self electric field force, the beam
will have a larger radius in the anode magnet region. Conse-
quently the beam compress faster for a given anode magnet
focal length, increasing the slope on the left hand side of
Fig. 5. The higher compression causes a tighter pinch, lead-
ing to faster expansion and a larger slope on the right side
of the figure.
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Figure 6: 2*RMS beam radius solenoid sweep for various
initial emittance values.

Finally, the normalized emittance of a thermal emitter is
given by [7]:

𝜖𝑛 = 2𝑟emit√
𝑘𝐵𝑇𝑒
𝑚𝑐2 , (3)

where 𝑟emit is the radius of the emitting area, 𝑘𝐵 is the Boltz-
mann constant and 𝑇𝑒 is the electron temperature. For a
55 mm diameter emitter, the emittance is calculated to be
1200 ±10% mm-mrad using a fitting routine in the XTR
code. Generally the fitting routine calculates a 10% error in
emittance due to the fit, other error sources are not included.
Figure 6 shows three PIC simulated solenoid sweeps with
roughly 10% changes in the normalized emittance, which
was varied by changing the emitted electron temperature
only. Changes can be seen in the 2*RMS minimum region,
where a larger emittance produces a larger 2*RMS minimum.
Using the trends shown in Figs. 4–6, a simulated solenoid
sweep which reasonably matches the measured values can
be found.

MATCHING MEASURED TO
SIMULATED SOLENOID SWEEPS

Figure 7 shows the closest match between measured and
simulated 2*RMS beam radius over a solenoid sweep. The
input parameters are 3.3 MV, 1.69 kA and 1090 mm-mrad
for the diode voltage, beam current and normalized emit-
tance respectively. Both the diode voltage and normalized
emittance are within reasonable values to those measured,
however the current is larger than expected. Further, the
2*RMS radius values do not match for the highest anode
magnet current simulated. Future work will address these
discrepancies.

FUTURE WORK
To address discrepancies between measured and simu-

lated data, comparisons between the full OTR measured
and simulated radial profiles, or x-y transverse profiles will
be made, rather than the less instructive 2*RMS values.

Figure 7: Best-matched measured (blue) and simulated (or-
ange) 2*RMS beam radius solenoid sweep.

Work will also be performed to constrain the beam’s ini-
tial phase space through experimental measurement using
inverse Thomson scattering, a set of simulation to OTR
measurement comparisons using a design of experiments
or machine learning approach, or simulations which run the
simulation backwards using the OTR data and an assumption
for beam temperature.
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