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SIMULATION STUDIES ON LONGITUDINAL BEAM DYNAMICS
MANIPULATED BY CORRUGATED STRUCTURES UNDER DIFFERENT
BUNCH LENGTH CONDITIONS AT KARA
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A.-S. Miiller, Karlsruhe Institute of Technology, Karlsruhe, Germany

Abstract

In the KIT storage ring KARA (KArlsruhe Research Ac-
celerator), two parallel plates with periodic rectangular cor-
rugations are planned to be installed in a dedicated part
of the vacuum chamber. These plates will be used for
impedance manipulation to study and eventually control
the beam dynamics and the emitted coherent synchrotron
radiation (CSR). In this contribution, we present simula-
tion results showing the influence of different corrugated
structures on the longitudinal beam dynamics and how this
influence depends on the machine setting in the low momen-
tum compaction regime.

INTRODUCTION

In contrast to incoherent synchrotron radiation, coherent
synchrotron radiation (CSR) scales quadratically and not lin-
early with the number of emitting particles. Consequently,
the emitted photon flux can be amplified by several orders
of magnitude. For the generation of CSR pulses in the THz
frequency range, the length of the emitting structure has to
be reduced to the single-digit picosecond time scale since the
radiation is only coherent if the wavelength of the emitted
photons is longer than the radiating structure.

At KARA, this longitudinal compression of the bunches
is realized using a magnetic lattice with reduced momen-
tum compaction factor (low-a¢) [1,2]. The resulting high
particle density entails nonlinear phenomena due to the in-
teraction of the particle bunches with their self-emitted CSR.
This can result in longitudinal bunch deformations and dy-
namical fluctuations, due to the microbunching instability.
The latter causes longitudinal substructures on the bunches
and generates quasi-periodic outbursts of intense THz radia-
tion [1,3,4]. The understanding of this instability is crucial
for opening a new additional frequency range with intense
radiation for various experiments, which were not possible
previously.

A versatile impedance manipulation chamber is currently
under development for the KARA storage ring at KIT. Chang-
ing the longitudinal impedance of the ring and the longitudi-
nal wakefields of the particles influences the beam dynamics
of the passing electrons. The additional impedance and
the change of wakefields are created by a pair of horizon-
tal parallel plates with periodic rectangular corrugations
perpendicular to the propagation direction of the electrons.
Figure 1 shows a schematic cross section of the structure
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Figure 1: Corrugated plates in cross section with the relevant
geometric parameters. The blue ellipse indicates an electron
bunch.

with geometric parameters corrugation depth 4, periodic
length L, corrugation width g, and plate distance 2b. To
our knowledge, such a structure has not yet been installed
into a storage ring. At KARA, the bunch profile and the
emitted CSR can be affected periodically by the additional
impedance due to the repeated passage with the revolution
frequency of 2.7 MHz.

The longitudinal impedance Z! of a cylindrical corrugated
pipe has been theoretically described in Ng et al. [5] with
the validity range L < h < b, as
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ber k = %, the vacuum impedance Z,,, the §-distribution,
and the principal value P.V.(x) [6]. In [7], we already con-
firmed a good agreement between the simulation results and
the theoretical prediction of the impedance.

This contribution shows the impact of different impedances
on the beam dynamics depending on the machine parame-
ters, namely the momentum compaction factor «. and the
acceleration voltage V..

with the resonance wave number k., = ‘, 2L “the wave num-

IMPEDANCE SCAN

The longitudinal beam dynamics have been simulated
with the in-house developed Vlasov-Fokker-Planck solver
Inovesa [8], for which a good agreement with measurements
of the microbunching instability at KARA has already been
shown [9].

In the following, the machine settings are changed by adjust-
ing a. and V. . In all simulations, the overall impedance
is given by the dominant CSR parallel plate impedance [10]
at KARA and the additional impedance of the corrugated
structure, which is determined by the resonator model [11]
with its resonance frequency f,.,, shunt impedance Z;, and
quality factor Q. As only the impact of the resonance fre-
quency is examined, the latter two parameters remain fixed
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Figure 2: In the case without an additional impedance there
is no emitted CSR below the unperturbed bursting threshold.
Here however, an additional corrugation impedance with
a resonance frequency of f,. leads to an emission of CSR,
here plotted at the bursting frequency f,,.- A dashed line
indicates the 2-peak Gaussian fit. Constant parameters are
Zy=1k2,0=3,a,=6x10"% and V,.. = 0.9MV.,

at values that are suitable for a structure length of 20 cm [7]
in this contribution: Z; = 1k and Q = 3.

For the design of the corrugated structure, the impact on
the threshold current of the microbunching instability is a
key parameter. In the unperturbed case, i.e. without the
additional impedance, there is no CSR emission below the
threshold current. To investigate to what extent the addi-
tional impedance can reduce the threshold current leading to
emission of CSR, we simulated the emitted power for differ-
ent resonance frequencies at a bunch current corresponding
to 98.5 % of the unperturbed threshold current. The Fourier
transform of this simulated emitted power over time reveals
the dominant fluctuation frequencies of the microbunching.
Figure 2 shows the emitted power at the dominant fluctu-
ation frequency fi,, Of the instability depending on the
resonance frequency of the additional impedance for the
machine settings a, = 6 x 10™* and V,.. = 0.9 MV. Since
no significant amount of CSR power is emitted below the
instability threshold current, the significant enhancement of
the fluctuation power shown in the plot indicates a reduction
of the threshold current for a certain range of the resonance
frequency of the additional impedance. For the machine set-
tings used in Figure 2, this reduction of the threshold current
can be observed for an impedance resonance frequency in
the range from 70 GHz to 170 GHz. For the determination
of the impedance resonance frequency f,., that is most ef-
fective at reducing the threshold current, the CSR power at
Jourst VETSUS fro is fitted with a 2-peak Gaussian. Note that
this double peak structure only appears for some machine
settings, while the dependence resamples a simple Gaussian
in the other cases.
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Figure 3: Color-coded most effective impedance resonance
frequency f;, of the maximal fluctuation power enhancement
depending on the two machine parameters V, . and a..

MACHINE SETTING SCANS

The impact of the corrugated structure on the longitudinal
beam dynamics depends on the KARA machine settings.
The investigation of this dependence is of great interest for
the design of the corrugated plates and the understanding
of the microbunching instability. Therefore, we performed
a scan of the impedance resonance frequency for different
values of V.. and a. at 98.5 % of the respective unperturbed
threshold current.

This most effective resonance frequency f,., is shown in Fig-
ure 3 as a function of both machine parameters. Increasing
a. shows that the single, dominant peak shifts to smaller f;.
until it reaches the value of about 80 GHz, where it jumps
back to f,., = 135 GHz. It decreases with increasing momen-
tum compaction factor until a threshold value is reached and
then jumps back to the maximal value. Additionally, it can
be seen, that f,., remains constant along the first diagonal.
This behavior is based on the different shapes of the fluctua-
tion power as the scan of f;. for the different machine settings
shows. However, for understanding the phenomenon, the
dependency on the beam properties is more relevant than
that on machine settings. For this purpose, the machine
settings are reduced to the dimensionless and accelerator-
independent shielding parameter IT [10]:

1
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2-hi)
with bending radius p, half spacing between parallel plates
hyp = %hc. This parameter is proportional to the zero-

current bunch length o, .

Figure 4 shows f.., depending on this parameter, where
different colors and shapes indicate the respective number
of substructures in the longitudinal phase space that are
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Figure 4: Most effective impedance resonance frequency fres
maximizing the fluctuation power depending on the shield-
ing parameter II o o. The color indicates the number of
substructures in the longitudinal phase space.

caused by the microbunching instability. In this context,
the half-integer finger numbers imply a different number of
substructures in the inner and outer parts of the phase space.
We show an example of a phase space with a half-integer
number of fingers in Figure 5, which has been studied al-
ready by M. Brosi [12].

Figure 4 shows a clear saw-tooth behavior, which correlates
directly with the number of fingers in the outer part of the
phase space. Thereby, the second peak in the scan of the fluc-
tuation power in dependence on the impedance resonance fre-
quency (as seen in Fig. 2) is only significant in the transition
range between the individual saw teeth. As long as the num-
ber of substructures is constant, f,., decreases linearly with
the shielding parameter down to fres’min = (82.9+3.2) GHz.
As soon as the zero-current bunch length is long enough
that an additional substructure can develop, the most ef-
fective resonance frequency jumps to the maximal value
fres’max = (132.8 + 1.4) GHz. T. Boltz has shown a similar
periodic saw-tooth behavior [13] of the substructure oscilla-
tion frequency versus the shielding.

The fit with a saw-tooth function allows the determina-
tion of the necessary longitudinal space to form an addi-
tional substructure, which is given by periodicity AIl =
(0.443 + 0.011) of the saw-tooth and accordingly Ao =
(1.260 + 0.031) ps for the KARA machine dimensions.
Beyond that, this periodic dependency of the most effective
impedance structure on the bunch length gives the possi-
bility of measuring the dimensions of the substructures in-
directly by measuring the changes in the emitted intensity
fluctuations as a function of the machine settings for a fixed
additional impedance. This gives an understanding of the
dominant frequency creating the longitudinal substructures,
allowing a clearer insight into the microbunching instability.
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Figure 5: Example of the longitudinal phase-space with non-
integer number of substructures (N = 5.5) with the machine
settings V,..=0.9 MV and a.=7 x 107, By subtracting the
mean temporal distribution, the substructures are more pro-
nounced. Since the substructures start to develop from the
outside (solid line) to the inside (dashed line) of the phase
space, in the lower-left part, the additional finger (red arrow)
is only present in the outer part.

SUMMARY & OUTLOOK

It is planned to install a versatile impedance manipula-
tion chamber into the KARA storage ring to manipulate the
longitudinal beam dynamics and, in this way, study the mi-
crobunching instability. The results of the beam dynamics
simulation with the Vlasov-Fokker-Planck solver Inovesa
show that the resonance frequency is the most crucial param-
eter of the impedance to manipulate the longitudinal beam
dynamics.

The resonance frequency f,., most effective at reducing the
threshold current of the microbunching instability varies in
the range of 83 GHz to 133 GHz. Also, we observe a peri-
odic dependency of f,., on the zero-current bunch length,
determined by the number of substructures in the longitudi-
nal phase space and bunch profile. Therefore, it is possible
to use the identical impedance structure for different ma-
chine settings to influence the longitudinal beam dynamics
effectively.

The production of prototypes is currently ongoing. Further-
more, the corrugated structures will be electrically charac-
terized by measuring the S-parameters of electromagnetic
waves with different frequencies.
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