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Abstract

In order to achieve nominal performance in terms of the
dynamic aperture and lifetime of a storage ring, it is impor-
tant to be able to characterise and correct its second order
optics. At the MAX IV 3 GeV storage ring in Lund, Swe-
den, the linearity of the 2nd order dispersion with chromatic
sextupole field strengths has been utilised to investigate the
sextupole circuits. The beating induced in the 2nd order
dispersion when reducing the strength of a sextupole magnet
can be compared to the beating in simulations. From this a
beam-based sextupole calibration curve can be found. This
work was inspired by similar work done at ESRF [1].

THE MAX IV 3 GEV STORAGE RING

LATTICE

The MAX IV 3 GeV storage ring lattice consists of 20
identical achromats. Each achromat has five sextupole mag-
net families (see Fig. 1), each on a separate circuit by family
and achromat. The SDend, SFi, SFo, and SFm families con-
sist of two magnets connected in series, while the SD family
consists of 10 in series. The SFi circuit in achromat 8 is split
up for BPM offset experiments, resulting in a total of 101
separate sextupole circuits [2].

Figure 1: Sextupoles of the MAX IV 3 GeV storage ring
achromats. [2]

The linear optics has been corrected using LOCO, and
the machine functions can be found in [4]. There, the maxi-
mum amplitude of the horizontal beta beat is reported to be
∼1.9 %, and the dispersion beating ∼6.2 %. At the time of
measuring, the horizontal beta beat was slightly higher at
∼2.8 %.

Prior to these investigations the non-linear optics of the
machine had been optimised using RCDS in order to increase
horizontal kick resilience [4], and the chromaticity corrected
to +1/+1. Due to time constraints the optimisation used
global sextupole and octupole family values as optimisation
parameters.

THEORY

The second order dispersion function, η1, is given by [3]:
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hη′20 (1)

where h, the dipole bending curvature, k, the normalised
quadrupole strength, and m, the normalised sextupole
strength, are all functions of the longitudinal position, s.

From Eq. (1) we get that the second order dispersion is
linear with respect to the sextupole fields of the lattice. Thus,
a change in the 2nd order dispersion, induced by a change
in sextupole strength, can be used to derive the change of
sextupole strength.

METHOD

The 2nd order dispersion of the MAX IV 3 GeV stor-
age ring was simulated in Accelerator Toolbox using full
6-dimensional particle tracking. The procedure used was the
same as the one later used to measure on the machine. The
accelerating RF was shifted between −500 Hz to 500 Hz in
100 steps of 10 Hz. At each BPM, a polynomial was fitted
to the dispersive orbit vs change in momentum. The 2nd
order dispersion at each BPM is the quadratic coefficient of
this polynomial, while the linear coefficient is the 1st order
dispersion.

In order to properly extract the 2nd order component of
the dispersive orbit the polynomial to fit needs to be of a
high enough order, at a certain shift in RF, so that higher
order components do not affect the 2nd order component.
The order also needs to be low enough so that there is little
risk of over-fitting to the BPM noise present in the real
measurement.

For a shift of ±500 Hz in accelerating RF, fitting a third
order polynomial is sufficient to bring the residuals down to
a level set by the BPM noise at cold beam, σ = 0.4 µm (see
Fig. 2).
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Figure 2: RMS when fitting a polynomial of a certain order
to the dispersive orbit in each BPM. The RMS becomes
dominated by BPM noise, σ = 0.4 µm, at 3rd order.
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The change in accelerating frequency was converted to a
change in momentum using a momentum dependent MCF,
α(δ), from simulation. The momentum dependence of α
was small, but included nontheless. The BPM readings of
the dispersive orbit was corrected for BPM non-linearities
using a polynomial map calculated from a boundary element
method [5]. A fourth order polynomial was fitted to the
orbit excursion in each BPM as a function of momentum
deviation.

When modulating the strength of a single sextupole cir-
cuit, a 2nd order dispersion beating pattern appears. For
each of the measured 2nd order dispersion beating patterns
the strength of the corresponding magnet can be tuned in
the model until the beating pattern of the model 2nd order
dispersion matches the measured. From this, we get a rel-
ative magnet calibration where a certain change in current
corresponds to a certain change in sextupole field strength.

As given by Eq. (1), the 2nd order dispersion depends
quadraticly on the 1st order dispersion, and linearly on the
beta functions, at the location of the magnet. Thus, the
signal-to-noise is higher at a location of high 1st order dis-
persion and beta function.

MEASUREMENTS

A typical example of the measured data at a low dispersion
BPM and a high dispersion BPM can be seen in Fig. 3 and
Fig. 4 respectively.
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Figure 3: Dispersive orbit in a low 1st order dispersion BPM.
The errorbars are given by the STD of 10 BPM readings.
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Figure 4: Dispersive orbit in a high 1st order dispersion BPM.
The errorbars are given by the STD of 10 BPM readings.

The measured 2nd order dispersion of the MAX IV 3 GeV
ring can be seen in Fig. 5. When reducing the strength of a
single SFi magnet a clear beating pattern appears (see Fig.
6). A subset of magnets belonging to the SDend and SFi
family were investigated, and are presented here.

Resulting Calibration Curve

The fit at a location of high dispersion can be seen in Fig.
7, and at low dispersion in Fig. 8.
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Figure 5: Initial measured 2nd order dispersion of the MAX
IV 3 GeV. The errorbars are given by the STD of 10 mea-
surements.
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Figure 6: Measured 2nd order dispersion of the MAX IV
3 GeV after reducing a single SFi magnet to zero. The
errorbars are given by the STD of 10 measurements.
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Figure 7: Measured and simulated 2nd order dispersion
beat induced by a SFi magnet, which is at a location of
high dispersion. The errorbars are given by the STD of 10
measurements.
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Figure 8: Measured and simulated 2nd order dispersion
beat induced by a SDend circuit, which is at a location of
low dispersion. The errorbars are given by the STD of 10
measurements.

From the fitted 2nd order dispersion a calibration curve
could be calculated for each of the two examples above.
In the case of the high dispersion sextupole (see Fig. 9),
calibration curves calculated from 2nd order dispersion are
not greatly affected by noise. The sextupole also appears to
be∼11.5 % stronger compared to the rotating coil calibration
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curve. In the case of the lower dispersion sextupole (see Fig.
10), the dispersion calibration appears to match the rotating
coil measurement fairly well. However, measurements on
this sextupole appears to be more affected by noise.
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Figure 9: Calibration from rotating coil measurements as
well as from 2nd order dispersion measurements. The sex-
tupole used is a single sextupole, SFi, at a location of high
dispersion.
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Figure 10: Calibration from rotating coil measurements
as well as from 2nd order dispersion measurements. The
sextupoles used are a circuit of two magnets, SDend, at a
location of low dispersion.

Chromaticity Measurements

The 2nd order dispersion calibration curve in Fig. 9 de-
viates significantly from the rotating coil measurement. In
order to ascertain whether this measurement is accurate, the
chromaticity of the machine was measured at the same mag-
net currents as the 2nd order dispersion measurements. The
measured chromaticities, along with the expected chromatic-
ities assuming the sextupole follows either the rotating coil
or 2nd order dispersion calibration curve, can be seen in
Fig.  11.

Sources of Error

From the chromaticity measurement it appears that the
rotating coil measurement can better predict the change in
chromaticity when decreasing the sextupole current. This
might be explained by errors in the linear optics. The 2nd
order dispersion’s dependence on beta function is linear,
while its dependence on 1st order dispersion is quadratic.
Assuming an equal distribution of errors in both the beta
and dispersion functions at the location of the sextupole, a
beating of ∼2.7 % from nominal is sufficient to explain the
disparity between the rotating coil and 2nd order dispersion
calibrations. This value is in the range of the beta and disper-
sion beating of the MAX IV 3 GeV storage ring at the time

∆Current [A]

-100 -80 -60 -40 -20 0 20

∆
ξ

-1.5

-1

-0.5

0

0.5

1

1.5 ξ
H

 from rotating coil

ξ
V
 from rotating coil

ξ
H

 from η
1
 calibration

ξ
H

 from η
1
 calibration

Measured ξ
H

Measured ξ
V

Figure 11: Measured chromaticity when decreasing the
strength of the SFi sextupole corresponding to Fig. 9, and
the predicted change in chromaticity based on the rotating
coil and 2nd order dispersion measurements.

of writing. Since the beating in beta and dispersion function
is approximately symmetric around their respective nominal
values it will have little effect on the chromaticity.

CONCLUSIONS

The potential of using the 2nd order dispersion of a stor-
age ring to perform a beam based sextupole calibration was
explored at the MAX IV 3 GeV storage ring. The repro-
ducibility of the calibration was dependent on the linear
optics at the location of the sextupole. At certain sextupoles,
the calibration did not match the calibration curves from
the rotating coil measurements. Since the 2nd order disper-
sion calibration curve was not confirmed by chromaticity
measurements the discrepancy might be the result of first
order optics errors. The errors required to produce this dis-
crepancy are within the ranges of linear optics errors of the
MAX IV 3 GeV storage ring at the time of measurements.

Further investigation and measurements are planned in
order to ascertain the source of the discrepancy, and whether
the 2nd order dispersion sextupole calibration can be used
as a complement to the rotating coil measurements.
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