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Abstract
Planned plasma acceleration experiments at FACET-II

will use betatron radiation emitted by both the drive and
witness beams to provide single shot non-destructive beam
diagnostics. We numerically model this radiation by com-
puting the Liénard-Wiechert fields from the trajectories of
particles tracked by the Quasi-Static Particle-in-Cell (PIC)
QuickPIC. This model is validated against analytical expres-
sions and the radiation for a prototypical FACET-II plasma
acceleration experiment is discussed. Finally, we calculate
the radiation signature produced by witness beams of dif-
ferent spot sizes and discuss the implications on betatron
radiation diagnostics at FACET-II.

INTRODUCTION
The Facility for Advanced Experimental Tests II (FACET-

II) [1, 2] is a test facility at SLAC National Accelerator Lab-
oratory primarily dedicated to research and development of
advanced acceleration technologies. FACET-II has a number
of ambitious research goals which require the measurement
of low emittance beams including the demonstration of emit-
tance preservation in a plasma accelerator, the creation of
ultra high brightness beams from a plasma photocathode.
Achieving these goals requires sophisticated beam diagnos-
tics. The utility of betatron radiation diagnostics has already
proven in inverse compton scattering experiments [3]. Beta-
tron radiation encodes a wealth of information about ultrafast
relativistic beam-plasma interactions. In this paper we first
discuss a numerical model for this radiation which is vali-
dated against analytical theory. Next, we show the properties
of the betatron radiation from a prototype simulation with
FACET-II relevant parameters. The witness beam spot size
of this prototype simulation is varied, and the effects on
the radiation spectrum and angular distribution are shown.
Finally, we discuss concerns related to the realization of
betatron radiation diagnostics at FACET-II.

ANALYTICAL RADIATION SPECTRUM
In a blowout regime plasma accelerator, the uniform ion

distribution inside the bubble generates a linear transverse
electric field which focuses the witness beam [4]. The par-
ticles inside the bubble undergo simple harmonic trans-
verse betatron oscillations which produces betatron radi-
∗ monika.yadav@liverpool.ac.uk
† clairehansel3@gmail.com,

ation [5, 6]. This radiation is analogous to that produced
in a wiggler with undulator parameter 𝐾 = 𝑘𝑝𝑎√𝛾/2 ≫ 1

where 𝑘𝑝 = √4𝜋𝑟𝑒𝑛0 is the plasma angular wavenumber, 𝑎
is the amplitude of the betatron oscillation, 𝑛0 is the plasma
density, and 𝑟𝑒 is the classical electron radius. However in
contrast to a wiggler where the beam is offset from the axis
and each particle has roughly the same 𝐾, a beam in a plasma
accelerator is in most cases centered on the axis and each
particle has a different value of 𝐾. For a single particle, the
radiation spectrum is given by [7]
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which satisfies the normalization condition ∫∞
0 𝑆𝑠(𝑥)𝑑𝑥 = 1.

The betatron radiation for a zero-emittance, monochromatic,
transversely symmetric, Gaussian electron beam can be ob-
tained by integrating the single particle spectrum over a
range of the betatron amplitudes, a, in the beam as in
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⟂/6𝑒 is the total radiated
energy, 𝜖𝑐,𝑏 = 3ℏ𝑐𝑘2

𝑝𝛾2𝜎⟂/4 is the critical energy, and
𝑆𝑏(𝑥) is the function

𝑆𝑏(𝑥) = 9√3
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normalized such that ∫∞
0 𝑆𝑏(𝑥)𝑑𝑥 = 1. A plot of the func-

tions 𝑆𝑠(𝑥) and 𝑆𝑏(𝑥) is shown in Fig. 1.
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Figure 1: Normalized analytic betatron radiation spectra as
functions of the normalized radiation energy. Solid Line:
Single particle spectrum 𝑆𝑠(𝜖/𝜖𝑐) given by Eq. (2). Dashed
Line: Beam spectrum 𝑆𝑏(𝜖/𝜖𝑐) given by Eq. (4). Note
that both spectra are normalized to the same critical energy
𝜖𝑐 = 𝜖𝑐,𝑠 = 𝜖𝑐,𝑏 which implies that the single particle
spectrum shown is for a particle with amplitude 𝑎 equal to
the beam spot size 𝜎⟂.

QUASI-STATIC PARTICLE-IN-CELL WITH
LIÉNARD-WIECHERT RADIATION

In order to efficiently and accurately model betatron ra-
diation, we used a method similar to [8]. We modified the
Quasi-Static Particle-In-Cell (PIC) code QuickPIC [9, 10]
to output particle trajectories. We developed a code which
takes these trajectories as its input and computes the radiation
by numerically integrating the Liénard–Wiechert integral as
given in Eqs. (5) and (6) [7]

𝑉𝑖 = ∫
𝑡𝑓

𝑡𝑖

̂𝑛 × (( ̂𝑛 − 𝛽(𝑡)) × ̇𝛽(𝑡))
(1 − ̂𝑛 ⋅ 𝛽(𝑡))2 𝑒𝑖𝜔(𝑡−𝑛̂⋅𝑟(𝑡)/𝑐)𝑑𝑡 (5)

𝑑2𝐼
𝑑Ω𝑑𝜖 = 𝑒2

16𝜋3𝜖0ℏ𝑐
∣∑

𝑖
𝑉𝑖∣

2
. (6)

where n̂ is the direction unit vector radiation is measured in,
r is the position vector of the particle, and � is the particle
velocity vector normalized to 𝑐, and 𝜔 = 𝜖/ℏ.

Table 1: Parameters Used to Benchmark PIC + LW Code

Parameter Value Unit
Plasma

𝑛0 4 × 1016 cm−3

𝐿𝑝 60 cm
𝑟𝑝 31.88 µm

Drive/Witness Beam

𝑄 500/10 pC
𝐸 10/10 GeV

𝜎𝑥,𝑦,𝑧 5/2 µm
𝜖𝑛𝑥,𝑛𝑦 3/14.89 µm

𝜉0 102 µm

Computing radiation from all of the trajectories output by
the PIC code is computationally infeasible and so a subset
is randomly sampled and the final result is scaled. Accurate
modeling of high frequency radiation requires a smaller step
size, 𝑑𝑡 in Eq. (5), than the step size required to accurately
track particles in the PIC code. Therefore, a cubic B-spline
interpolation was used to increase the number of points in
each particle trajectory exported from the PIC code. In order
to validate the PIC+LW code, a simulation was run with the
parameters shown in Table 1. Longitudinal acceleration of
the witness beam, which is not accounted for in the analytic
expression given by Eq. (3), was minimized through the
use of a narrow plasma and a witness beam in a judiciously
chosen 𝑧 position. The computed spectrum, shown in Fig. 2,
is is very good agreement with the analytical expression
Eq. (3). Despite the many advantages of this PIC+LW code,
it has a number of limitations including an inability to model
beam energy loss due to radiation.

Figure 2: Blue: Radiation spectrum computed numerically
using the PIC+LW code. Black, Dashed: Analytical radia-
tion spectrum given by Eq. (3).

PRELIMINARY SIMULATIONS
We characterized the radiation for a prototypical parame-

ter set based on what is feasible for plasma wakefield acceler-
ation experiments at FACET-II. These parameters are shown
in Table 2. The spectrum of radiation produced by the drive,
witness, and both beams are shown in Fig. 3. The noise in
the spectrum is primarily a result of the finite 𝜙𝑥/𝜙𝑦 step size.
It is clear that the lion’s share of the radiation is produced
by the drive beam, which means diagnosing witness beam
parameters is challenging as variation in the witness beam
spectrum will have a relatively small effect on the overall
radiation. This is discussed further in the conclusion.

WITNESS SPOT SIZE SCAN
Reconstruction of the beam parameters from the radiation

signature requires an understanding of how the parameters of
the beam affect the radiation produced in the beam-plasma
interaction. The prototypical parameter set was perturbed
in a number of ways. The full results will be presented
in a future publication [11]. Here we show the result of a
parameter scan over the initial witness beam spot size. The
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Table 2: Prototype Simulation Parameters

Parameter Value Unit
Plasma

𝑛0 1.79 × 1016 cm−3

𝐿𝑝 30 cm
𝐿ramp 10 cm
𝜎ramp 3.33 cm

Drive/Witness Beam

𝑄 1.5/0.5 nC
𝐸 10/10 GeV

𝜎𝑥,𝑦 5/4.5 µm
𝜎𝑧 30/12.15 µm

𝜖𝑛𝑥,𝑛𝑦 5/5 µm
𝜉0 180 µm

Figure 3: Betatron radiation spectrum from the prototype
simulation.

evolution of the witness beam spot size over the length of
the plasma is shown in Fig. 4. The witness beam spectra and
1-D angular distributions are shown in Fig. 5. These results
show that, except for the 𝜎𝑖 = 2.5 µm case which, as can be
seen in Fig. 4 is somewhat overfocused, larger initial spot
sizes lead to more radiation and a wider angular distribution.

Figure 4: Evolution of witness beam spot size throughout
the length of the plasma.

The main goal of this research is to be able to diagnose the
parameters of a beam from the spectral and angular distri-
bution of the betatron radiation which encodes information
about the beam-plasma interaction.

(a)

(b)

Figure 5: (a): Spectra of radiation generated by witness beam
for a range of different initial spot sizes. (b): 1D angular
distribution of betatron radiation generated by witness beam
for a range of different initial spot sizes.

CONCLUSION

Above we have discussed betatron radiation diagnos-
tics modeling for FACET-II. We described the design of a
PIC+LW code for betatron radiation modeling. This model
is more efficient than other approaches such as full PIC codes
with Liénard-Wiechert or QED radiation models. We vali-
dated our code against analytic expressions. We presented
simulations of the betatron radiation for FACET-II relevant
parameters including a scan over different witness beam spot
sizes.

Diagnosing witness beam parameters from betatron ra-
diation is challenging in cases where the majority of the
radiation is being produced by the drive beam. This may
present challenges for some experiments at FACET-II. How-
ever, because the total radiation emitted by a beam scales as
𝐼𝑏,0 ∼ 𝑄𝛾2𝜎2

⟂, this is less of an issue for witness beams that
have higher charges, larger spot sizes, or higher energies.
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