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Abstract

Two parallel, corrugated plates will be installed at the
KIT storage ring KARA (KArlsruhe Research Accelerator).
This impedance manipulation structure can be used to study
and eventually control the electron beam dynamics and the
emitted coherent synchrotron radiation (CSR) at KARA. In
this contribution, we present the design of the impedance
manipulation structure with corrugated plates, simulation
results showing the influence of different corrugation pa-
rameters on its impedance, and the impact of this additional
impedance source on the temporal changes in the emitted
CSR in the presence of the microbunching instability.

INTRODUCTION

Unlike the incoherent synchrotron radiation, the coher-
ent synchrotron radiation (CSR) does not scale linearly but
quadratically with the number of emitting particles, so conse-
quently the emitted photon flux can be enhanced by multiple
orders of magnitude, for typical electron synchrotron radi-
ation facilities. This makes it attractive to use the CSR for
various kinds of applications. However, the emitted radi-
ation is only coherent when its wavelength is longer than
the emitting structure. Therefore, very short bunches and
thus a high particle density is required to extend the CSR
to a higher frequency range and to increase the total radi-
ation intensities. In such a short-bunch regime, collective
phenomena occur due to an interaction of an electron bunch
with its own self-emitted CSR, which can lead to bunch
deformations and dynamic instabilities like the so-called mi-
crobunching instability [1]. Especially, the microbunching
instability leads to dynamically changing substructures and
thereby intermittent regions of increased longitudinal charge
density causing intense bursts of CSR in the THz frequency
range.

A versatile impedance manipulation chamber is in de-
velopment and will be installed into the KIT storage ring,
KARA. The purpose of this chamber is to study the effect on
the microbunching instability by manipulating the longitudi-
nal impedance and thereby affecting the longitudinal beam
dynamics of the electron bunches. The additional impedance
is generated by a pair of horizontal, parallel plates with peri-
odic, rectangular corrugations. Figure 1 shows a schematic
drawing with the parameters corrugation depth 4, corruga-
tion width g, periodic length L, and plate distance 2b. A
cylindrical corrugated pipe has been tested in a linear ac-
celerator by Bane et al. [2, 3], where they produced narrow-
banded THz pulses of Smith-Purcell radiation [4], which
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is not examined in the KARA project. To our knowledge,
such a structure has not yet been tested in a storage ring,
where the wakefields in the corrugated structure can affect
frequently the bunch profile and the resulting CSR due to
the passing of the structure with a revolution frequency of
2.7MHz (for KARA).
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Figure 1: The corrugated pipe in cross section with the rele-
vant geometric parameters corrugation depth 4, corrugation
width g, periodic length L, and plate distance 2b is shown.
The electron bunch is indicated in blue.

The longitudinal impedance Z! of a cylindrical, corru-
gated pipe has been theoretically described in Ng ef al. [5]
with the validity range L < h < b, as

Z Zye
L~ b2

k
[nkresd (k2 - kz) +i-PV. (W)] 1)
— Rres

with the resonance wave number ks = \/bz% , the wave
number k = <, the vacuum impedance Zy,c = 377 Q, the
o-distribution, and the principal value P.V.(x) [6].

At KARA, the CSR impedance is the dominant longitu-
dinal impedance source in the short-bunch operation mode
at 1.3GeV. In the frequency range below 200 GHz, the
parallel plate impedance gives for the impedance per revolu-
tion the highest contribution with up to 10kQ and thus an
additional impedance of 1 kQ, which can be generated by
the corrugated structure, could significantly contribute to
the total impedance. For now, the parameter values of the
corrugations in Table 1 were chosen so that the theoretical
resonance frequency fres = ﬁkres lies between 50 GHz and
200 GHz. The simulated impedance can be described by
an effective resonator model [7] that is characterized by the
resonance frequency fis, the shunt impedance Zj, and the
quality factor Q.

Table 1: Parameter Values Used for the Simulations

Parameter Variable Range
Periodic length L 50 um to 200 um
Corrugation depth h 50 um to 300 pm
Corrugation width g 12.5 um to 150 um
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To determine the smallest possible plate distance for ex-
periments, a set of two vertical scrapers were moved towards
the beam from the top and the bottom. This experiment, in
the short-bunch operation mode, showed a drastic reduction
of the beam lifetime due to a significant loss of electrons
for a vertical opening of bscraper < 3 mm. Based on this
and taking into account the different value of the vertical
beta-function at the position of the scraper and the planned
chamber, » = 5mm was chosen as the smallest plate dis-
tance for the simulations. In the following, if not explicitly
stated otherwise, the duty-cycle of the corrugations is taken
to be 50% or rather L/g = 2. At KARA, a limited space of
around 48 cm is available in the ring for the entire chamber
including taper sections and vacuum pumps. Therefore, the
length of the corrugated structure is limited to 20-25 cm, but
in this paper a length of s = 10 cm was chosen to reduce the
simulation time. In contrast to Ref. [8], design considera-
tions of the corrugated plates will now also be discussed in
this contribution.

IMPEDANCE SIMULATION

To simulate the impedance of the corrugated structures,
the Wakefield solver of the CST Particle Studio [9] was used.
Its numerical code computes the wakefields in the time do-
main and calculates the impedance from the Fourier trans-
formation of the longitudinal wake potential and the Fourier
transformed charge distribution of the bunch. The simulated
structure consists of two corrugated plates of stainless steel
and vacuum between them. A more detailed description
of the settings for the impedance simulations is given in
Ref. [10].

Plate Distance

The impact of the plate distance 2b on the impedance is of
great importance for the chamber design because of the need
to be able to remove the additional impedance for the normal
KARA machine operation. Furthermore it is a tuning knob
during the experiments as the parameters of the corrugation
structures are typically fixed. The variation of the real part
of the longitudinal impedance of a corrugated structure with
the half plate distance b is shown in Fig. 2. The increase
of the plate distance results in a distinct reduction of the
magnitude of the impedance, as expected from Eq. (1).

Figure 3 shows the shunt impedance Z, for different b,
fixed 4 = 200 ym and L = 100 um. From Eq. (1) we would
expect a 1/b°/? dependency based on the pre-factors of the
o-function. From the fit, however, we find a 1/bY with
y = 2.23 +£0.02 behavior with an exponent smaller than
predicted for a cylindrical corrugated pipe in the equation.
The deviation might be explained by the different geometric
shape of the structure (parallel corrugation plates). Fur-
thermore, the simulation results showed that the exponent
was not constant for different corrugation parameters and
increased with both L and A.

Figure 2 also shows that fis is not nearly as strongly af-
fected by plate distance as Z, but is rather determined by
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Figure 2: Real part of the longitudinal impedance Z! for
different half plate distances b and a fixed corrugation depth
h =200 pm and periodic length L = 100 um, respectively.
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Figure 3: Shunt impedance Z; in dependence of the half
plate distance b. The parameters of the corrugations are the
same as in Fig. 2. The fit validates the 1/b?Y behaviour with
vy =2.23+0.02.

the corrugation parameters [10]. This gives the possibility
to manipulate the strength of the influence of an additional
impedance without significantly affecting other characteris-
tics of the impedance.

Plate Width

In the case of a narrow transverse width of the corrugated
plate, the side edges could affect the impedance. To deter-
mine the required width, to avoid effects of the lateral edges
of the corrugated plate on the impedance, simulations as a
function of the plate width xg of the corrugated structure
were done. The real part of the longitudinal impedance for
a corrugated structure with the parameters £ = 200 um and
L = 100 pum for different plate widths xg is shown in Fig. 4.
It can clearly be seen that for narrower corrugated plates not
only the strength of the impedance is suppressed but also
fres is shifted. Above a width of xo =16 mm, it seems that
the impedance characteristics remain nearly unchanged. In
Fig. 5 the impedance parameters Zy and fi.s - determined
by fit - are shown in dependency of the plate width. In the
case of xgp < 10 mm, the shunt impedance increases roughly
linearly with x( before it seems to approach a level of satura-
tion to an asymptotic limit, which is assumed to be reached
at xo > 16 mm. Moreover, the resonance frequency reaches
the asymptotic limit for the same width x( of the corrugated
structure, so this could be defined as the minimum necessary
width.
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Figure 4: Real part of the longitudinal impedance Z! for
a different width x( of the corrugated plate with a fixed
corrugation depth 2 = 200 uym and periodic length L =
100 pm, respectively.

However, the horizontal dimension of the bunch (o =
0.5 mm) as well as the horizontal orbit in the section of the
impedance chamber need to be taken into account. Therefore
we chose xp = 20 mm as the realistic width. This relatively
narrow width compared to the normal KARA vacuum cham-
ber width of xgkara = 70 mm makes it possible to mount
three independent strips with different corrugation param-
eters next to each other. This allows switching between
different corrugations without breaking the vacuum in the
chamber. By moving the corrugation plates with the three
strips horizontally, the active strip interacting with the elec-
tron bunch can be chosen by centering the strip over the
bunch orbit. However, since one strip is required as a ref-
erence strip without any corrugations, only two strips with
different corrugations can be installed. By moving the cor-
rugated plates vertically far enough apart (26 = 32 mm)
the normal KARA beam pipe cross section can be imitated,
practically disabling the additional corrugation impedance.

To find the structure parameters and the resulting
impedance that efficiently affect the microbunching instabil-
ity, beam dynamic simulations have been performed, which
are described in the following section.

BEAM DYNAMICS SIMULATION

The beam dynamics simulations were done with the in-
house developed Vlasov-Fokker-Planck solver, Inovesa [11],
which can reproduce the longitudinal beam dynamics dur-
ing the microbunching instability observed at KARA [12].
For the studies presented here, settings that match the short-
bunch operation mode at KARA with a synchrotron fre-
quency foyne = 9.44kHz, the acceleration voltage Vrr =
1.048 MV, and the zero-current bunch length o0 = 4.1 ps
at abeam energy of E = 1.3 GeV were used for Inovesa. The
total impedance is defined as a sum of the dominant CSR par-
allel plate impedance [13] and the additional impedance of
the corrugated plates. The former was shown to drive the mi-
crobunching instability [12, 14] at KARA. The corrugated
plate impedance is described and given by the resonator
model and its parameters fi.s, Zo, and Q.
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Figure 5: Shunt impedance Z; (blue) and resonance fre-
quency fres (red) in dependence of the width x¢ of the cor-
rugated plate for a fixed corrugation depth 4 = 200 um and
periodic length L = 100 um, respectively.

Threshold Current & Bursting Frequency

The CST impedance simulations have shown that for a
plate distance of b = 5 mm and a structure length of 20 cm
the impedance parameters Q = 3 and Zy = 1 k€ can be real-
ized. In Ref. [8] we have already presented the results of In-
ovesa beam dynamics simulations directly above and below
the unperturbed microbunching bursting threshold current
Iihy with additional corrugated plate impedances, with vary-
ing fies. The bursting threshold current is the limit, above
which the first fluctuations in the intensity of the CSR occur.
Below the threshold current, the fluctuation power at the
bursting frequency, which is the dominant frequency of the
intensity fluctuation of the CSR caused by microbunching,
is drastically reduced in amplitude [15]. So this parameter
can be used to determine the bursting threshold current.

Preliminary studies showed that impedances with fis =
110 GHz and fi.s = 180 GHz affect the fluctuation power
of the emitted CSR particularly for the used typical KARA
parameters. Hence, we simulated the beam dynamics for
these two settings in detail by calculating so-called spectro-
grams with Inovesa. The results for these two cases, together
with the case without additional impedance as reference are
shown in Fig. 6. A spectrogram is the Fourier transform of
the emitted CSR time-domain signal as function of bunch
current showing the fluctuation frequency of the emitted
radiation intensity. It indicates the dominant frequencies
caused by microbunching. For the current range directly
above the threshold this results in a finger-like structure,
that is characteristic of the microbunching-induced beam
dynamics directly above the threshold current [14, 16].

It can be seen that the general "shape" of this finger is
not changed significantly by an additional corrugated plate
impedance with Zg = 1kQ. However, the two different
impedances affect the characteristic parameters of the finger,
namely the threshold current Iy, and the bursting frequency
at the threshold fiurst. This shows that the longitudinal beam
dynamics is modified by the additional impedance in com-
parison to the pure CSR impedance case.

For the fi.s = 110 GHz impedance the threshold current
is reduced significantly by 16 pA (7.1%), whereas the burst-
ing frequency at the threshold is not changed. In contrast,
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Figure 6: Color-coded power of the emission fluctuations as a function of the fluctuation frequency around the bursting
frequency fourst @s a scan over the bunch current with and without additional corrugation impedances for two resonance
frequencies fis.The shunt impedance and quality factor were fixed at Zy = 1kQ and Q = 3, respectively. The white dashed
lines mark the onset of the fluctuations due to the microbunching and the corresponding bursting frequency in the case

without the corrugated structure (center).

for a corrugation impedance with fi.s = 180 GHz the thresh-
old current is increased slightly by 3 pA, so that the CSR
outbursts and the emission of intense THz radiation are sup-
pressed for a somewhat larger current range. Additionally,
in this case the bursting frequency increased by 1.9 kHz.

Figure 7 illustrates how both threshold parameters de-
velop for the two impedance configurations in dependence
on the shunt impedance. This shows that depending on
the chosen f;.s of the additional impedance, one threshold
parameter changes significantly and almost linearly with
increasing shunt impedance, whereas the other parameter
remains nearly unchanged.

SUMMARY & OUTLOOK

It is planned to install a chamber with two horizontal, par-
allel plates with corrugated structures into the KARA storage
ring to study and manipulate the microbunching instability.
The impedance simulations showed that the possibility of
changing the distance between the plates and the electron
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Figure 7: Bursting threshold and frequency for different
shunt impedances Zj. An additional impedance with a reso-
nance frequency fr.s = 180 GHz (blue) affects the bursting
frequency, whereas fi.s = 110 GHz (red) changes the thresh-
old current.
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beam offers a tuning knob to change the shunt impedance
during operation. Furthermore, it is planned to mount three
strips with a width of xo = 20 mm nearby each other on a
plate so that different structures can be tested without break-
ing the vacuum. The current plan is, that two strips will
have corrugations producing an impedance with a resonance
frequency of f.s = 110 GHz and f;.s = 180 GHz, respec-
tively. The remaining strip will not have any corrugations to
separate the influence of the corrugated structure from the
change of the geometric aperture of the beam pipe.

Beam dynamics studies with the Vlasov-Fokker-Planck
solver Inovesa, indicate that the resonance frequency is the
crucial parameter of the additional impedance, which de-
cides in what way the microbunching instability is influenced.
This parameter decides whether the bursting threshold is re-
duced (and thus intensive THz radiation is emitted at even
lower currents), or the dominant fluctuation frequency in the
emitted CSR intensity is changed.

As a next step, the corrugated plate will be manufactured
and the chamber details will be determined. A key challenge
is to design a short taper section that allows both vertical
and horizontal movement of the corrugated plates.
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