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Abstract

At high charge, relativistic electron bunches circulating
in storage rings undergo an instability, the so-called mi-
crobunching or the CSR (Coherent Synchrotron Radiation)
instability. This instability is due to the interaction of the
electrons with their own radiation and leads to the formation
of microstructures (at millimeter scale) in the longitudinal
phase space. Here we present results of the modeling of the
dynamics at UVSOR-III using a one dimensional Vlasov-
Fokker-Planck equation. In particular, we focus on the effect
of impedance (such as the shielded CSR impedance but also
the resistive and inductive impedances) and noise on the
CSR dynamics.

INTRODUCTION

In a relativistic electron bunch, the interaction of the
electrons with their own electromagnetic field (walefield)
can induce the so-called “microbunching instability” [1-3]
which is characterized by the spontaneous formation of pat-
terns in the electron bunch phase-space at a millimeter scale.
This effect has been observed and studied in various storage
ring facilities such as ALS [3], ANKA [4], BESSY [5],
DIAMOND [6], ELETTRA [7], MLS [8], Synchrotron
SOLEIL [9] and UVSOR [10]. Recently, direct recordings
of the bunch microstructure dynamics using ultra-fast detec-
tors based on superconducting thin film YBCO have been
reported [11]. These experimental data provide a severe test
for numerical models of the CSR instability. Here we present
results of the modeling of the dynamics at UVSOR-III us-
ing a one dimensional Vlasov-Fokker-Planck equation. In
particular, motivated by the asymmetry of the bunch profile,
we study the effect of several types of impedance such as the
shielded CSR impedance but also the resistive and inductive
impedances.

LONGITUDINAL BEAM DYNAMICS
Vlasov-Fokker-Planck equation

For the numerical simulation we use the Vlasov-Fokker-
Planck (VFP) equation [1] to describe the evolution of the
electron density distribution function f(g,p,8) in the longi-
tudinal phase-space (g, p), where ¢, p and 0 are the longitu-
dinal position, relative momentum and time (dimensionless
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I.E,,r(q) is the collective force due to the interaction be-

tween the electrons and their own radiation. The term — =22

TR
represents the Robinson damping with wy the synchrotron
frequency and 7g the Robinson damping time.

Longitudinal Impedances

Concerning the wakefield term, we consider an elec-
tron moving on a circular orbit between two parallel plates
(shielded CSR wakefield) [12] and we have added the resis-
tive R and inductive L impedances [13] to take into account a
global effect due to the complex vacuum chamber geometry.
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Since the real electron bunch distribution function is not
smooth due to the granularity of the electrons, a white noise
term is adding to the electron bunch density po(p, g) at each
step of VFP integration in a phenomenological way:

1
50 = 59 = ,9 ,9 3
p(q,6) = po(q )+W\/po(q )é(q,0) 3)

with £(gq,0) a Gaussian white noise and N the number of
electrons in the bunch.

The resistive and inductive wakefield can induce a length-
ening and distortion of the electron bunch. We estimate the
value of R and L by integrating the VFP equation and try
to find a bunch profile similar to the experimental bunch
profile, as illustrated in figure 1.

The parameters used in the numerical simulations are
summarized in the table 1.

NUMERICAL RESULTS

Shielded CSR Impedance

In a first step, only the shielded CSR impedance is taken
into account. The figure 2 illustrates the link between the
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Figure 1: Average longitudinal electron bunch profile on
the UVSOR-III storage ring above the instability threshold.
(red: experiment at I = 62 mA, green: numerical simulation
without R and L wakefields and blue: numerical simulations
with R and L wakefields at I = 120 mA). Note that each
density is normalized such that the maximum is equal to 1.

Table 1: UVSOR-III storage ring parameters

Nominal Energy Ey (MeV) 600
Momentum Compaction Factor a 0.033
Circumference C (m) 53.2
Relative Energy Spread o s 4.36-107%
Natural Bunch Length o, (cm) 3
Revolution Period Tj (ns) 177
Bending Radius R, (m) 2.2
Vacuum Chamber Height 2/ (cm) 3.8
Synchrotron Frequency f; (kHz) 23.1
Synchrotron Damping Time 7, (ms) 32.36
Resistive Impedance R (€2/m) 11.3
Inductive Impedance L (nH/m) 0.28
Robinson Damping Time 7r (us) 43.2

longitudinal electron bunch phase-space [Fig. 2(a)] and the
CSR electric field [Fig. 2(c)] emitted during the microbunch-
ing instability. Above a current threshold (here, ~100 mA
in the simulations), microstructures appear spontaneously
in the electron bunch distribution [Fig. 2(a)]. The experi-
mental observations of these structures can be possible by
either recording the longitudinal profile of the electron bunch
[Fig. 2(b)] which corresponds to the projection of the elec-
tron bunch distribution along the longitudinal position axis
or recording the CSR pulses [Fig. 2(c)]. The figure 2(d)
represents the temporal evolution of the CSR electric field
turn-by-turn.

Note that the structures move toward the head of the bunch
with a slope of 20 ps/us (blue dashed lines in Fig. 2(d)).

Influence of the R and L Impedances and noise

In a second step, we take into account the effect of the
resistive and inductive impedances as well as the contri-
bution of the shot noise. Above the instability threshold,
the numerical results reveal the spontaneous formation of
microstructures in the electron bunch distribution function
[Fig. 3(a)]. However, since we added a resistive wakefield, a
larger structure is now present which wrap the whole elec-
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Figure 2: (a) Longitudinal electron bunch phase-space, (b)
associated bunch profile and (c) associated CSR electric
field. (d) Color map of the temporal evolution of the CSR
pulses. (a,b,c) are taken at the beginning of (d). The beam
current is I = 120 mA.
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Figure 3: (a) Longitudinal electron bunch phase-space, (b)
associated bunch profile and (c) associated CSR electric field.
(d) Color map of the temporal evolution of the CSR pulses.
(a,b,c) are taken at time ¢t = 10.4 us (white dashed line in
(d)). The beam current is I = 120 mA and R = 11.3 Q/m
and L = 0.28 nH/m.

tron bunch in a “spiral” shape. From the calculation of the
CSR electric field [Fig. 3(c)], we notice that the spiral is at
the origin of the structures at the borders of the CSR pulse
whereas the thin microstructures are responsible for the fast
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oscillations at the center. Because the electron bunch dis-
tribution rotates in phase-space, the structures in the CSR
electric field drift along the longitudinal position, i.e. along
the fast time axis [Fig. 3(d)]. The structures at the bottom are
drifting toward the tail with a slope of 5.5-6.5 ps/us (blue
line in Fig. 3(d)) and the second structures move in both
directions with a higher slope of 19-20 ps/us (blue dashed
line in Fig. 3(d)) which is different to the case without the
resistive and inductive impedances.

CONCLUSION

We study the electron bunch dynamics using numerical
simulations when under the influence of shielded CSR wake-
field combined to resistive and inductive impedances. We
show that R and L impedances result in a bunch length-
ening and an asymmetric bunch profile. As a result, the
spatiotemporal evolution of the microstructures in the bunch
is strongly altered. New experimental possibilities using
thin-film YBCO detector or electrooptic detection technique
will allow to make severe comparisons of the models.
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