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Abstract
In the past, longitudinal beam profiles have been measured

with e.g., Feschenko monitors, Fast Faraday Cups (FFC) and
field monitors. Feschenko monitors usually examine an
average shape over several pulses and FFCs are intercep-
tive devices by design. In this work we want to present the
progress in the development of a novel GHz diffraction radia-
tion monitor which shall be able to measure the longitudinal
charge distribution of single bunches within Hadron beam
LINACS non-destructively. A proof-of-concept measure-
ment has been performed at GSI. We aim for a resolution of
50 ps to 100 ps at beam energies of 𝛽 = 0.05 to 0.74. elec-
tronic field simulations were performed using CST Particle
Studio® to determine an optimal RF-Window, which also
suits as vacuum chamber and the beam energy and angu-
lar dependencies of the diffraction radiation for different
materials were analyzed.

INTRODUCTION
The longitudinal bunch shape is of interest for condition-

ing and verification of the beam dynamics of LINACs. While
for relativistic particles pick-ups may be used to observe
the longitudinal shape, non-relativistic particles self field
spreads significantly along the beam axis, so that a direct cor-
relation of the self fields and the actual charge distribution
becomes ambiguous. The very same problem is given for
field monitors. They also depend highly on the transverse
field component which increases with the Lorentz factor 𝛾.
The response of the field monitor becomes more flattened
for slower beams cause of the stretched field distribution [1].

However, there are other ways to measure the longitu-
dinal beam profiles of non-relativistic particles like e.g.,
Feschenko monitors [2], which rely on beam interactions
with a wire to create secondary electrons. Unfortunately,
only average measurements are possible [3]. So changes
of the shape from shot-to-shot measurements might not be
visible. Another option to measure longitudinal beam pro-
files are Fast Faraday Cups (FFC). Nevertheless, those have
two major disadvantages. The first is its destructive nature
towards the beam itself and the second is the field elongation
for non-relativistic beams, where the self field of the beam
interacts with the FFC before the beam actually hits the FFC.
Meanwhile, there are designs to reduce the effect of the self
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field [4–6], but careful handling of secondary electrons is
still necessary for a longitudinal charge profile measurement.

In the following sections we will discuss the next step
on advancing to a novel longitudinal beam shape monitor
based on diffraction radiation. The diffraction radiation of
the beam passing an aperture from the outside of the beam
pipe, it is essential that the diffraction radiation can exit
the vacuum system through the vacuum chamber. Hence,
selecting a well-suited material is crucial for the operation
of this type of monitor. The presented effect of different
materials on the diffraction radiation is examined with the
particle in cell solver of the simulation software CST Particle
Studio®.

THEORY
A summary of the theory of the normal incident radiation

(NIR) and the angular distribution of the radiated electric
field [3] is given, before discussing the results of the simula-
tion.

Figure 1: Coordinate system and target plane [3].

Figure 1 shows the idealized setup for the diffraction
radiation simulations. The perpendicular incident bunch
is passing through the aperture of radius 𝑎 of the perfect
electric conducting (PEC) target of radius 𝑏 with velocity
⃗𝑣e = −𝛽𝑐0 ̂𝑒z. If the field monitor, located at 𝑅⃗, is in the 𝑥-𝑧

plane, then it should be sensitive to the emitted radiation of
the field components 𝐸x and 𝐸z. Meaning that the relevant
signal components would be 𝑘x ̂𝑒𝑥 + 𝑘z ̂𝑒z, which are gener-
ated at the surface location ⃗𝑟s on the target plane [3]. The
angle 𝜙s describes a rotation in the target plane and 𝜃 the
angle between beam axis and the position vector of the field
monitor.
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(a) (b) (c)

Figure 2: Comparison of angular field distribution 𝐸f using FFT(𝐸abs) as NIR for (a) different beam energies and (b)
different distances and (c) time domain snapshot at 𝛽 = 0.75.

We follow the argumentation of [7] to obtain Eq. (1) for the
special case of NIR generated at the surface of the target and
observed at a field monitor. The radiation itself originates
from a virtual magnetic surface current relying only on the
transversal field components 𝐸x,y of the particles [7], so that
the temporal signal corresponds to the longitudinal charge
distribution.

⃗𝐸 = 2𝑒
4𝜋2𝜖0𝛽2𝛾𝑐𝜆

∫
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,

(1)

where 𝑅̃s is the shifted norm of 𝑅s = ‖𝑅⃗ − ⃗𝑟s‖ using ̃𝜙s =
𝜙s−𝜋, the modified Bessel’s function of second kind 𝐾1 and
the corresponding wavelength 𝜆 of the generated radiation.

To evaluate the angular distribution of the radiated electric
field we use the weighted sum of the frequency spectrum
measured at an angle 𝜃 in distance 𝑅 with respect to the
target plane as given in Eq. (2) [3]

𝐸f(𝜃, 𝑅) =
∑𝑁

𝑓 =1 𝑊f ⋅ NIR(𝜃, 𝑅, 𝑓 )

∑𝑁
𝑓 =1 𝑊f

, (2)

where NIR may be replaced by the Fourier Transform of
Eq. (1) or of a signal of a broad band monitor of a simulation.
We weight the frequencies with the Fourier Transform of
a Gaussian pulse with 𝑊f = DFT [exp (−𝑡2

2𝜎 )] with 𝜎 =
100 ps. The correlation between the theoretical NIR and the
CST simulations is strong [3]. Therefore, we focus only on
the CST simulations. In addition, we cut the signal of the
electrical field monitors, so that we only process the signal
which arrives later than the particles travel time to the target
plus the signal travel time to the probe. This is used to reduce
the influence of the entrance radiation [3] and the diffraction
radiation that occurs at the end of the shielding tube around
the particle source.

As seen in Fig. 2a, the overall signal strength increases
significantly with the beam energy, while the angular distri-
bution remains similar. The distance between field monitor
and target scales with 1

𝑅 [3] and drops faster at greater dis-
tances for 𝜃 < 40° (see Fig. 2b). The jump at 2.5° for
distance 𝑟 = 1000 mm is caused by mirror charges accu-
mulated on the shielding pipe of the source leading to a
constantly higher field at that location and hence to a higher
𝐸f. An example of the time dependent signal in the 𝑦-𝑧 plane
is given in Figure 2c. 𝐸x is almost zero and only the compo-
nents 𝐸y and 𝐸z contribute to the absolute field 𝐸abs used to
calculate 𝐸f.

Table 1: Examples of Possible Vacuum Chamber Materials

Material 𝜖r𝜖r𝜖r

Alumina (99.5) 9.7 to 9.9 @1.0 MHz [8–10]
PEEK700 6.55 to 7.25 @2.4 GHz [10–12]
PTFE 2.1 @2.4 GHz [10]
Quarz (Fused) 3.74 @2.4 MHz [10,13]

The influence of the vacuum system, especially the vac-
uum chamber, has not been taken into account for the time
being. In Table 1 there is a selection of possible dielectric
materials usable as vacuum chamber. While they all have
𝜇r = 1 they differ in 𝜖r from 2.1 to 9.9. There will be re-
flections at the vacuum chamber walls due to the different
𝜖r compared to vacuum. These reflections will propagate
through the vacuum chamber creating additional diffrac-
tion radiation like peaks. The signal transition through the
vacuum chamber is reduced by the amount of the reflected
part. Hence, the signal detection becomes difficult due to
the signal-to-noise ratio as well as the correct peak selection.

PARTICLE IN CELL SIMULATION
The simulation has been simplified to investigate only

the influence of the vacuum chamber’s 𝜖r by using only a
cylindrical vacuum chamber directly attached to the target
without any sealing parts. To suppress the entry radiation [3]
we use a round pipe with an inner diameter of 25 mm and a
length of 140 mm. The target is a 5 mm thick PEC plate with
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(a) (b) (c)

Figure 3: Comparison of angular field distribution 𝐸f at 𝑟 = 600 mm for (a) 𝛽 = 0.15, (b) 𝛽 = 0.45 and (c) 𝛽 = 0.75 using
FFT(𝐸abs) as NIR for different beam energies and different 𝜖r at 600 mm distance. A ’×’ indicates an electric field monitor
inside and ’∗’ outside the vacuum chamber.

an aperture of ∅ = 40 mm. The distance between the pipe
and the target is 1 m. The vacuum chamber has a diameter
of 140 mm and a thickness of 10 mm. We use a generic
loss-free material varying 𝜖r and constant 𝜇r = 1. Outside
the chamber we use air as background and inside perfect
vacuum. Perfect electrical monitors are positioned radially
in distances of 200 mm each every 2.5° in the 𝑦-𝑧 plane. The
system is excited by a 𝜎 = 100 ps Gaussian bunch with total
charge of 1.6 × 10−19 C and all boundaries are set to open
with an estimated reflection factor of 1 × 10−10.

The angular field distributions 𝐸f derived with FFT(𝐸abs)
as NIR for three different 𝛽 at 600 mm distance varying 𝜖r
from 1 to 13 are shown in Figure 3. The symbol ’×’ indicates
that the position of the electric field monitor is within the
vacuum chamber, while a symbol ’∗’ says it’s outside.

Figure 4: 𝐸abs(𝑡) at 𝛽 = 0.15 observed at distance 𝑅 =
600 mm and angle 𝜃 = 80°.

Within the vacuum chamber the diffraction radiation is re-
flected at the vacuum chamber wall. The reflection becomes
more significant with increasing 𝜖r and cascades through
the chamber backwards. The transitioned part of the signal
is reduced accordingly to the reflected part, which becomes
significantly at greater 𝜖r. The relative signal strength be-

tween the primary diffraction radiation - we want to measure
- and the reflections increases with the observation angle
𝜃. Hence, 𝐸f is dominated by reflections for small angles -
especially within the vacuum chamber - and by the primary
diffraction radiation for large angles.

In Fig. 4 the time signal is shown for a selection of different
𝜖r. The reflections are clearly visible for higher permittivi-
ties. The relaxation to the undisturbed case may take 0.5 ns
to 12 ns depending on 𝜖r. The amplitude of the reflections
can become equally high with respect to the primary diffrac-
tion radiation depending on 𝜃 and 𝛽. The reflections lead
also to the significant deformations in 𝐸f.

CONCLUSION
In this work, the influence of material of a vacuum cham-

ber on the expected signals at the antenna was investigated.
It has been made clear that an 𝜖r > 5 leads to serious reflec-
tions, which should be avoided. The detector may be placed
at an angle 𝜃 > 40° and distances above 𝑟 ≥ 600 mm are
beneficial concerning the reflections. The quartz fused glass
chamber used in the proof-of-concept measurements [3]
with an 𝜖r = 3.8 [14, 15] has proven to be a good selection.
Nevertheless, there are plastics with even lower 𝜖r which
might be considerable like PTFE or some variants of Peek
with 𝜖r ≥ 2.6 @2.4 GHz [11]. But especially for plastics
the permeability has to be low enough, so that a pressure
of <1 × 10−6 mbar may be reached. The simulated generic
materials have been loss-free and have a constant 𝜖r for all
frequencies, but real materials are lossy and generally 𝜖r
is not constant for all frequencies. Also, the shape of the
vacuum chamber as not been investigated. So further simu-
lations should be done to take these into account.
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