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Abstract

Measurements of the bunch current dependent syn-

chronous phase shift are a standard method to characterize

the impedance of a storage ring. To study this shift, differ-

ent experimental approaches can be used. In this contribu-

tion, we first derive the phase shift caused by the impedance

describing the emission of coherent synchrotron radiation

(CSR) based on numerical simulations of the longitudinal

phase space. The predicted shift is compared to measure-

ment results, obtained by time-correlated single photon

counting.

INTRODUCTION

A crucial parameter to understand and eventually prevent

instabilities in an accelerator is the impedance. We are par-

ticularly interested in the micro-bunching instability which

is caused by the CSR impedance. As a direct measurement

of the impedance is not feasable, it can only be investigated

by studies of impedance-related effects. For the resistive

(real) part of the impedance, one of these effects is the cur-

rent dependent shift of the synchronous phase. For a single

particle, the synchronous phase is defined by the energy

balance between accelerating voltage VRF and synchrotron

radiation losses U0. In a classical view that neglects the

quantum nature of radiation, an electron at the synchronous

phase

Ψ0 := arcsin

(

U0

eVRF

)

(1)

will stay at this fixed phase relation with respect to the accel-

erating voltage. For electron bunches with charge |Q | > |e|
however, there are additional losses UC due to collective

effects. An electron’s total energy budget per revolution can

then be expressed as

∆E + eVRF [sin(Ψ) − sin(Ψ0)] = U0 +UC. (2)

UC is a function not only of the bunch charge Q = eN and

the impedance Z , but also of the position τ = Ψ/(2π fRF)
of the particle with respect to the synchronous phase in the

zero-current limit and of the Fourier transform of the bunch

profile ρ̃(ω) =
∫ ∞
−∞ ρ(τ)e

−iωτdτ [1]

UC(τ) =
e2N

2π

∫ ∞

−∞
Z(ω) ρ̃ (ω) eiωτdω. (3)
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Averaging over all particles
∫ ∞
−∞ ρ dτ yields

〈UC〉 =
e2N

2π

∫ ∞

−∞
ℜ[Z (ω)] | ρ̃ (ω) |2dω = ke2N, (4)

There are two common approximations: where k is the loss

factor. Typically, this quantity is taken for UC in Eq. (2),

resulting in an average phase 〈φ〉 = 〈Ψ〉 − Ψ0, which is

equivalent to the center of mass position of the bunch. For

small phase variations φ ≪ 1, it is sin(Ψ) − sin(Ψ0) ≈
φ cosΨ0. This is done, e.g. in [2]. Also, when ∂ρ/∂Q = 0,

k(Q) is constant and φ ∝ Q, as in [3]. Notice that dependent

on the shape of Z , k(Q) can also be constant with changing

ρ(Q). Alternatively to using Eq. (4), one can directly utilize

Eq. (3). In this view, the synchronous phase φ0 is defined

by an individual particle with ∆E = 0. As it is part of the

ensemble, UC , 0 and φ0 , Ψ0. For a strong potential

well distortion, there can also be a significant difference

between φ0 and 〈φ〉. It is noteworthy that the incoherent

(single-particle) synchrotron motion is around the first, while

coherent (complete bunch) synchrotron motion is around

the latter.

SIMULATIONS

We know [4] that for short-bunch operation at the KArl-

sruhe Research Accelerator (KARA) at KIT, the beam dy-

namics can be modeled reasonably well using ZPP, the CSR

impedance shielded by parallel plates [5]. An example con-

figuration, that is used for this contribution, can be seen

in Tab. 1. To find the contribution of this impedance to

the phase shift, we use the simulation code Inovesa [6].

Scripts to reproduce the simulation results can be found

at [7]. Carrying out simulation runs over a wide current

Table 1: KARA parameters and settings. Starting from VRF,

all quantities can be flexibly adjusted for the experiment.

Quantity Symbol Value Unit

Revolution frequency frev 2.716 MHz

Harmonic number h 184

Bending radius R 5.559 m

Full beam pipe height g 32 mm

Accelerating Voltage VRF 1.5 MV

Beam energy E0 1.285 GeV

Energy spread σE 6040 keV

Damping time τd 10.4 ms

Synchrotron frequency fs,0 11460 Hz
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Figure 1: Simulated current-dependent bunch position. The

standard deviation of the fluctuations in positions in bursting

CSR is displayed as a band around the average value. The

micro-bunching instability threshold is at Ib ≈ 0.18 mA.

range yields the current-dependency of the average phase

displayed in Fig. 1. The qualitative current-dependency of

the synchronous phase is as follows: For stable conditions,

the phase is not fluctuating but increases monotonically with

current. As 〈φ〉 ∝ UC, this is also true for the average en-

ergy loss. In more detail, the form factor can be considered

constant near Ib = 0, so here UC ∝ I2
b
. Bunch lengthening,

however, counteracts the quadratic behavior. This can also be

seen, e.g. in the phase shift measurements [2]. The general

trend changes at the micro-bunching instability threshold.

For the displayed data, it is reached at Ib ≈ 0.18 mA. At

this current, the bunch leans forward the most. Above, sub-

structures form on the phase space and the micro-bunching

instability leads to fluctuations in emissions and phase. In

total, the average emission per particle decreases (this has

been observed, e.g., at MLS [8]).

The case simulated here only takes into account the CSR

impedance. While this impedance is assumed to dominate

the high frequency range, there are additional contributions

to the overall impedance budget of a storage ring like geo-

metric impedances due to apertures and cavities as well as

the resistive wall impedance due to the finite conductivity of

the beam pipe. Independent of their nature (broad or narrow-

band) these contributions are assumed to be dominant in

the low-frequency range below 50 GHz, where the CSR is

shielded. As the form factor is 1 close to f = 0 Hz, these

contributions to the overall impedance might still dominate

the coherent losses UC. In that case, the curve shown in

Fig. 1, is just one small contribution so that no peak will be

observed in the phase shift.

EXPERIMENTAL METHODS

First of all, experimental studies of the phase shift require

a precise timing reference. Ideally, the RF signal could

be taken directly. However, for longer measurement times,

e.g. temperature changes in the clock distribution can lead

to significant timing drifts – we observed up to 10 ps. A

common way to provide a more stable timing reference is

the usage of additional bunches. Often, two bunches are

observed for a long time: One bunch starts with high charge

which decreases faster as the one of a low-charge reference

bunch. When k(Q) = const ., it is then possible to determine

the phase shift based on the differences of the two bunches

in both, charge and phase. If the reference bunch is small

enough, it might also have almost constant charge and thus

assumed to stay at the same phase. For ZPP, we see the

problem that the phase of a low-current bunch might actually

shift stronger then the one of the high-current bunch. A

solution is a filling pattern persisting of multiple bunches

spanning a wide range of charges – allowing to perform the

measurement in a short period of time [Q(t) ≈ const .]. To

exclude influence of beam loading and other effects on the

phase, the pattern has to be carefully designed. An example

can be found in [2].

For the actual arrival time measurements, we utilize a

setup based on time-correlated single photon counting which

is located at the visible light diagnostics port [9]. This setup

is used to determine the filling pattern of the storage ring [10].

To identify the arrival time, usually Gaussian curves are fit-

ted to individual peaks in the histogram. If single photon

avalanche diodes (SPAD) are used as detectors, the shape of

these peaks deviates from a normal distribution due to detec-

tor effects [11]. Even if the diffusion tail can be minimized

using bandpass filters, it cannot be suppressed completely.

Therefore, we do not fit purely Gaussian curves but expo-

nentially modified Gaussians [12]. Their probability density

function can be written as

fEMG =

exp
[

1
2

(

σ̃

τ̃

)2 − x−µ̃
τ̃

]

2τ̃
× erfc

(

1
√

2

(

σ̃

τ̃
− x − µ̃
σ̃

))

.

It is defined by the position µ̃ and the size σ̃ of the under-

lying Gaussian distribution as well as the time constant τ̃

of the exponential decay; erfc is the complementary error

function [13, Eq. 6.2.9].

The bunch arrival time can be determined from the first

statistical moment which is given by τ̃ + µ̃. Compared to a

purely Gaussian fit, this function leads to better results as it is
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Figure 2: Raw data histogram (blue) and fits to the peak

region using an exponentially modified Gaussian (EMG,

red) and a Gaussian (purple). The grey lines show the ±1σ

band around the measurement data, calculated according to

Poisson’s statistics (σi =
√

ni).

9th International Particle Accelerator Conference IPAC2018, Vancouver, BC, Canada JACoW Publishing
ISBN: 978-3-95450-184-7 doi:10.18429/JACoW-IPAC2018-WEPAL028

WEPAL028
2224

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

06 Beam Instrumentation, Controls, Feedback, and Operational Aspects
T03 Beam Diagnostics and Instrumentation



shown in Fig. 2. Already a comparison by eye shows that the

exponentially modified Gaussian reproduces the shape of the

peaks better. This is quantified by the value for the reduced

chi-squared, which is 4.92 for the purely Gaussian while it is

1.01 for the exponentially modified Gaussian, respectively.

It is noteworthy that the shape of the bunch peaks is de-

fined by the detector response. In case of the SPAD used

here (id100-20 ULN [14]), the FWHM of the detector point-

spread function is in the order of 40 ps, which is approx-

imately one order of magnitude above the FWHM bunch

length. In addition, the acquisition time is very long com-

pared to a synchrotron period and thus the synchrotron mo-

tion is averaged out and the peak position only allows to

identify the center of the oscillation – which corresponds to

〈φ〉. To find φ0, the bunch shape would have to be detected

on a single-turn basis – for example using a streak camera

with two time axes.
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Figure 3: Upper: Currents (blue) of two example bunches

and phase (red). Solid lines mark the low-charge bunch, the

dashed ones the high-charge one. Lower: Individual mea-

surements of phase difference (light magenta). To guide the

eye, a moving average (magenta line) has been added. The

red line gives the contribution by the phase shift computed

based on the CSR impedance model (see upper plot and

Fig. 1).

RESULTS

Using a custom filling pattern, we would have been re-

stricted by our harmonic number of 184. Thus, we chose

to stick to the approach observing the evolution of only two

different bunches. However, having in mind the possibility

of a significant drift of the reference bunch, we consider the

two individual bunch currents. They start at 1.5 mA and

44 µA and go down to 202 µA and 19 µA, respectively. This

method does not aim to find k(Q) but allows to quantify to

which extent the CSR impedance used for the simulation

contributes to the total losses. Results of both, measurement

and simulation are compared in Fig. 3. As expected, the

phase of the smaller bunch shows a significant shift due to

the CSR impedance. In the measurement, the effect is less

important: The contribution of ZPP to the total impedance

budget seems to be small for high currents. However, it

becomes significant for lower currents. For lower bunch

currents, the overall losses will probably be dominated by

the emission of CSR. That the influence is largest here is

expected, as the bunches are shortest for these conditions.

SUMMARY

Aiming to find the influence of the CSR impedance to

the total losses during the short-bunch operation at KARA,

we compared different methods to define and to measure

the synchronous phase. As we expect a significant phase

shift also for small absolute current changes of a low-charge

bunch, we took into account both individual bunch currents

and compared measurement and simulation. Our results in-

dicate, that for low bunch currents, and thus shorter bunches,

the overall losses can be dominated by the emission of CSR.

For higher currents, however, additional sources seem to

dominate the total impedance.
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