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The CLIC SC Wiggler prototype at 
KARA

3

HIGH ORDER MAGNETIC FIELD COMPONENTS AND NON-LINEAR 
OPTICS AT THE ANKA STORAGE RING 

A. Papash*, E. Blomley, J. Gethmann, E. Huttel, A.-S. Müller, M. Schuh, KIT, Karlsruhe, Germany 

Abstract 
The Karlsruhe Institute of Technology operates the 2.5 

GeV electron storage ring ANKA as an accelerator test 
facility and synchrotron radiation source. A superconduct-
ing wiggler is installed in a short straight section of the 
ring where the vertical beta-function is large (13 m). The 
lifetime of the electron beam is reduced from 15 to 12 
hours at a high field of the wiggler (2.5 T) even though 
the coherent shift of vertical tune was compensated local-
ly. Computer simulations show the non-linear nature of 
the effect. The ANKA storage ring operates with strong 
sextupoles at a positive chromaticity of +2/+6. Even re-
sidual octupole components of the wiggler field, at the 
tolerance of the specification, can reduce the dynamic 
aperture for off-momentum particles when the betatron 
tune is close to a weak octupole resonance and the chro-
maticity is high. Also the vertical betatron tune is close to 
the sextupole resonance Qy=8/3. A large resonance stop-
band and proximity to a sextupole resonance affect the 
lifetime as well. When the betatron tunes of ANKA are 
shifted away from suspected high-order resonances the 
beam lifetime is substantially improved. 

INTRODUCTION 
The 2.5 GeV ANKA storage ring [1] has a four fold 

symmetric double bend achromat structure (DBA) formed 
by sixteen 22.5° bending magnets (Fig.1). The flexible 
lattice of the ANKA storage ring (Table 1) allows a varie-
ty of operation modes, such as the theoretical minimum 
emittance mode with distributed dispersion (TME εx=56 
nm) (Fig.2), the Double Bend Achromat (DBA) regime 
with D=D′=0 in all straight sections and εx=90 nm, or 
low-alpha operation.  

Two high field superconducting insertion devices are 
located in straight sections of the ANKA ring (Fig.1). The 
CATACT wiggler with a magnetic field up to B=2.5 T is 
installed in a short straight section where the vertical beta-
function is large (13 m) (Fig.2). The CLIC wiggler with a 
field up to B=2.9 T is placed in the long straight section 
with small vertical beta (0.87 m). Both wigglers might 
produce residual higher order (octupole) components of 
magnetic field. A lifetime reduction from T1/2=15 hours 
down to 12 hours was observed during the ramp of the 
CATACT wiggler at fields above the 2.2 T, even though 
the coherent shift of the vertical betatron tune due to over-
focusing by the wiggler poles was compensated locally, 
and residual octupole components do not exceed the de-
sign values. The CLIC wiggler does not influence the 
lifetime of the beam, even at high field level (BCLIC=2.9 
T) and without any compensation coils. 
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Figure 1: Four fold symmetric model of the ANKA ring [2]. The 
22.5° bending magnets are depicted in blue, quadrupoles in red 
and the thin sextupoles are marked in green. The CAT-
ACT/CLIC wigglers are shown by long green strips and are 
located in long/short straight sections. Higher order field com-
ponents of the wigglers are modelled as thin octupole lenses in 
the middle of insertion devices (brown strips). 
 
Table 1: Parameters of the ANKA Ring and the Wigglers 

Parameter ANKA 
Energy / Magnetic rigidity 2.5 GeV (8.339T·m) 
Circumference, m 110.4 
Beam current, mA 150−170  
Long/short straight sections, m 5.604 / 2.236 
Natural εx (nm⋅rad) TME/DBA 56 / 90 
Natural Chromaticity ξX/ξY −12/−13 
High  (low) chromaticity ξX/ξY +2/+6  (+1/+1) 
Int.Sxt strength,m-2 (high) (low) (+4.9/−4)  (+4/−3) 
Hor/vertical tunes QX/QY 6.779 / 2.691 
High tune operation QX/QY 6.761 / 2.802 
RF frequency (MHz)/ hRF 500 / 184 
CATACT field, T 2.5  
CATACT length / period 0.96 m / 48 mm 
Octupole CATACT, g3(k3·LW) ≤120 T/m3 (≤20m−3) 
CLIC field, T 2.9 
CLIC length / period 1.84 m / 51 mm 
Vertical βy (CATACT/CLIC), m   13.3/ 0.87 

NON-LINEAR BEAM DYNAMICS 
Extensive studies and computer simulations have been 

done to reproduce the non-linear beam dynamics in the 
ANKA ring and to better understand the origin of the 
lifetime reduction and other effects. The computer code 
OPA [2] was used to simulate high-order effects due to 
the presence of insertion devices. The model includes the 
main magnetic elements like bending magnets, quadrupo- 
les and sextupoles with parameters corresponding to those 
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Figure 1: Four fold symmetric model of the ANKA ring [2]. The 
22.5° bending magnets are depicted in blue, quadrupoles in red 
and the thin sextupoles are marked in green. The CAT-
ACT/CLIC wigglers are shown by long green strips and are 
located in long/short straight sections. Higher order field com-
ponents of the wigglers are modelled as thin octupole lenses in 
the middle of insertion devices (brown strips). 
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Nb-Ti full length wiggler – 1st FAT. May 
2014

SUPERCONDUCTING WIGGLER MAGNETS FOR CLIC. STATUS AND PERSPECTIVES. CLIC PROJECT 

MEETING 2015

• The magnet was tested in its own cryostat at BINP, Russia.

• Cooling down to a temperature <= 4.2K (minimum achieved temperature was

3.2K)

• Maximum bore field reached = 3.1T

• It was possible to hold the current for more than 1 hour only up to a field of

2.6T, with the magnet quenching at 2.7T after about 10 minutes

Strategies adopted to increase the field in the gap

• The magnetic gap was reduced from 18mm to 17mm (different spacers 

installed)

• Copper foils of 0.2mm were installed between the coils, slightly increasing the 

period length (from 51mm to ~51.5mm)

Photo taken during FAT at BIN
P

Cross-section of the assem
bled w

iggler
cryostat. M

ezentsev
N

.A., 2012

• KARA (previously named ANKA) is 
a 4-fold DBA ring with very flexible 
optics, able to serve 19 beamlines

• The CLIC SC Nb-Ti Wiggler 
prototype was installed at KIT-KARA 
in 2016.

• This  project is the result of a fruitful 
collaboration between KIT, BINP 
and CERN 

• Several ongoing studies to 
characterize the impact of the 
wiggler on beam dynamics

J. Gethmann et al, IPAC 
2017, WEPIK068, p.3087-
3089

A. Bernhard et al, IPAC 
2016, WEPMW002, p.2412-
2415
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A. Papash et al, IPAC 2017, 
WEPAB011, p.2586-2589



The impact of the CLIC SC Wiggler 
on beam dynamics

4

Parameter Value (0 T / 2.9 T) 
I1 [m] 1.058 / 1.058

I2 [m-1] 1.140 / 1.258

I3 [10-1 m-2] 2.069 / 2.427

I4 [10-2 m-1] -1.488 /-1.488

I5  [10-3 m-1] 6.830 / 7.125

• The KARA beam dynamics are not 
dominated by the CLIC wiggler.

• A slight emittance reduction of 6% is 
expected for Dispersion Achromat optics 
(D,D’=0 at LSS)

• A slight emittance blowup is expected in 
the Distributed Dispersion mode (D,D’ ≉ 0 
at LSS)

23/5/2018 1st ARIES Annual Meeting 2018
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Scaling laws for the radiation 
integrals
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with ρw=Bw/Bρ, Lw the length of the wiggler, Nw the number of periods, η and βx the dispersion and beta 
functions at the wiggler



Beta-beating in simulations
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• The CLIC wiggler is situated at 
a position where βy is minimum, 
to minimize optics beating, tune-
shift etc.



Beta-beating in simulations
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• The CLIC wiggler is situated at 
a position where βy is minimum, 
to minimize optics beating, tune-
shift etc.

• The Wiggler at maximum field 
generates vertical beta-beating 
as expected.



Beta-beating in simulations
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• Vertical  Phase beating at the 
order of 5 % at the CLIC 
Wiggler location

• The wiggler induced beta-
beating is at the order of 10 %

• Tune-shift from simulations: 
ΔQ=+0.018
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The outline of the experiment at KARA
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• Turn by turn data were recorded 
from the 39 BPMs at KARA for 
about 1700 turns (~760 μs)

• The CLIC Wiggler was ramped up 
in 0.5 T steps from 0 T to 3 T

• During each ramp, the RF 
frequency was modulated to 
induce radial steering for 
chromaticity measurements

• The injection kicker was used to 
excite the beam horizontally and 
vertical oscillations were possible 
through betatron coupling.

23/5/2018 1st ARIES Annual Meeting 2018



Preparation of the TbT data

11

• Filtering of noise is always a good practice 
as long as it is justified.

• A powerful method exists by using 
Singular Value Decomposition analysis.

23/5/2018 1st ARIES Annual Meeting 2018

Before SVD

After SVD
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Methodology I: Tune measurements

13

• Certain damping mechanisms can affect 
the precision of tune measurements

• Refined Fourier Methods as a remedy  to 
this problem.

• The Numerical Analysis of Fundamental 
Frequencies (NAFF), allow for a fast 
convergence to the tunes at the order of 
1/N4

• Can we accelerate this convergence?

23/5/2018 1st ARIES Annual Meeting 2018



Methodology I: Tune measurements

14

• Combining M BPMs together, which have an 
average sampling rate error δ, leads to an 
increase of the resolution by:

|Q0-Q(N)|  ~  
,

C7D6 (1+δ)

• Recipe: Gather the TbT in an array [NxM] and 
vectorize [1xMN]:
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Mixing the BPM data together

I Suppose that we gather TxT data for N turns and from M
BPMs, which are stored in a matrix:

I Vectorize the matrix as:
x̃ = [x1[1]x2[1]...x

M

[1]| {z }
First Period

... x1[N]x2[N]...x
M

[N]| {z }
M Period

]

I This transformation results in the increase of the sampling rate
from 1 sample/turn to M samples/turn.

I The new tune is Q̃ = Q

M

. If M � Q

2 then the integer part of the
tune can be also obtained. There is no aliasing, given a
su�cient number of BPMs M.

x 1 [1] 
x 1 [2]

x 2 [1] 
x 2 [2]

... 

... 

... 

...

x M [1] 
x M [2]

...
x 2 [N]
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x M [N]

...
x 1 [N]
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Results I: Tune Measurements
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• By using the mixed BPMs scheme 
the tunes were also measured 
during each ramp of the wiggler 
with the beam at the nominal 
chromatic orbit.

• Precision is increased in both 
cases and it is at the level of 10-4 

at around 30 turns. 

23/5/2018 1st ARIES Annual Meeting 2018



Results I: Tune Measurements

16

• The measurements were 
fitted with quadratic models.

• The horizontal tune-shift is not 
expected but it is present, 
possibly due to sextupolar 
feed-downs.

• The expected vertical tune-
shift is relatively close to the 
theoretical predicted value.

• (ΔQx/Qx, ΔQy/Qy) ~ (0.5%, 
2%) at 2.9 T

23/5/2018 1st ARIES Annual Meeting 2018
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Methodology II :Chromaticity measurements

18

• It has been shown* that Fourier 
analysis can determine the linear 
chromaticity, which quite simply scales 

as : Q’ = EF
GH

I,JIK,
IL

�

• Precise knowledge of the RMS energy 
spread is important.

• Independent of BPM calibration factors

* P. Zisopoulos, Y.  Papaphilippou, 
IPAC 2014, THPRO076, p. 3056-3058

23/5/2018 1st ARIES Annual Meeting 2018



Results II: Chromaticity measurements

19

• RMS Energy spread 
measurements performed with 
a streak camera.

• The errorbars correspond to 
1σ uncertainty of the 
measurement.

• To obtain the energy spread at 
intermediate points, the 
measurements are fitted to*:

𝑦 𝑥 =
1+ c1	x3

1 + c2	x2

23/5/2018 1st ARIES Annual Meeting 2018

* with W3=I3w/I3o, W2=I2w/I2o, we have  (σδ/σδ0)2 ~ ,JR7
,JR)



Results II: Chromaticity measurements

20

• The synchrotron period at KARA 
is about 80 turns.

• The chromaticity was extracted 
from the Fourier spectra of 4/Qs 
turns and from a fit with the dp/p.

• The measurements indicate a 
slight increase of Q2x 

• For Q2y the uncertainty in the 
vertical plane is larger so a clear 
trend is not evident.

23/5/2018 1st ARIES Annual Meeting 2018
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Conclusions
• The first beam dynamic measurements with the CLIC SC Wiggler were 

carried out at KARA.

• The tune-shift with the wiggler’s field was measured. The estimated 
vertical focusing agrees reasonably with the theoretical prediction. A slight 
horizontal defocusing is also reported.

• A novel method to measure chromaticity was introduced. The results 
agree well with the traditional chroma measurements.

• A slight increase in horizontal chromaticity is observed. The vertical 
chromaticity exhibits larger uncertainties due to the conditions of the 
machine while recording the TbT data.

2223/5/2018 1st ARIES Annual Meeting 2018



Thank you for your attention !
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Spare Slides
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The NAFF Algorithm
• See J. Laskar, Frequency analysis for multi-dimensional systems. 

Global dynamics and diffusion)

• Outline of the method
1. Given a numerical sequence f(t) i.e. BPM signal, perform standard FFT to 

locate approximately the maximum of power spectra

2. Apply a window filter in order to reduce leakage effects.

3. Use interpolation methods (quadratic, Hardy’s integration) to find exactly 
the maximum of φ(ω)=<f(t), eiωt> in the vicinity of the previously found 
frequency. This gives the first frequency v1. 

4. Perform orthogonalization of the basis function eiv1t so we can project f(t) 
on it . Substract the first term from f(t) and iterate until desired number of 
frequencies is obtained.
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Normalized Intensity evolution
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