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Chapter 7

Implementation of the
Segment-by-Segment technique at
RHIC.

The segment-by-segment technique was successfully demonstrated in the LHC operation for reducing
the beta-beat [79]. It was decided to develop and apply the same technique to RHIC during the polar-
ized proton operation in 2011. Few limitations had to be taken into account during the development of
the segment-by-segment technique for RHIC. First limitation is that double plane BPMs are installed
only around the IPs, elsewhere single plane BPMs are available. Second limitation is that small num-
bers of independent power converters are available, meaning that the available number of correctors
is limited. The RHIC lattice and optics are discussed in section 7.1. The measurements are discussed
in section 7.2. The first corrections calculated and implemented during operations are presented in
section 7.3. Optics stability, presented in section 7.4, is important for safe operations. Measurements
were conducted between two fills separated by 1.5 months. A summary is given in section 7.5.

7.1 Introduction to the relativistic heavy ion collider

RHIC consists of two six-fold symmetric superconducting rings with a circumference of 3.833 km. The
two rings (blue and yellow in figure 7.1) are made up of six arcs intersecting at six interaction regions
(IRs) and provide collisions for 2 or 4 experiments. The names of the four experiments are PHOBOS,
BRAHMS, PHENIX and STAR. An overview of the accelerator complex is shown in figure 7.1. The
main goal of RHIC is to provide collisions at energies of up to 100 GeV/u per beam for heavy ions. The
accelerator is also designed for colliding lighter ions all the way down to protons (250 GeV), including
polarized protons [117], [118].

7.1.1 RHIC optics layout

The optics layout for the blue ring is shown in figure 7.3. As opposed to the LHC, RHIC is not equipped
with double plane BPMs everywhere. Single plane BPMs are installed in the arcs, where double plane
BPMs were installed in the insertion regions. Due to this limitation the segment-by-segment algorithm
had to be adjusted. The adjustment that had to be made for this is that the BPM data had to be
filtered separately per plane. A second limitation is that the number of independent power supplies
around the IPs is limited, this significantly reduced the number of available variables.

Table 7.1 shows the main optics parameters for the blue ring of RHIC during proton operation.

7.2 Optics measurements

Optics measurements were conducted at several instances during the 2011 polarized proton run. The
measurements described in this thesis are for the blue ring at 250 GeV. Figure 7.4 shows a comparison
between the two methods, i.e, the fit and phase methods, which are used to measure the linear optics.
The fit method [119] consists of fitting the amplitude of the betatron oscillations. The phase method
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Figure 7.1: Overview of the RHIC complex.
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Figure 7.2: Optics layout for the blue ring of RHIC. Quadrupole strengths are shown on top. β-
functions in the middle, for horizontal plane (red) and vertical plane (blue). The horizontal dispersion
is shown on the bottom. This is for RHIC at top energy, 250 GeV. IP6 and IP8 are squeezed down to
0.62 m and IP2 to 3 m.

Parameter Value
Store energy [GeV] 250
Circumference [m] 3833
Horizontal tune 28.69
Vertical tune 29.68

Horizontal natural chromaticity -58.62
Vertical natural chromaticity -57.36

γ at store 14.498
Normalized emittance [µm] ∼ 1.3

β∗
2011 at IP6,IP8 [m] 0.62

beam size at IP6,IP8 [µm] 81.25

Table 7.1: Main parameters for the blue ring of RHIC at store during proton operation.

140



7.3. Optics corrections 141

-0.2
-0.1

 0
 0.1
 0.2

K
1 

[m
-2

] Blue ring 250 GeVIP12

 0

 50

 100

 150

 200

 250

β[
m

]

Horizontal
Vertical

-0.5

 0

 0.5

 1

 1.5

 2

 1800  1850  1900  1950  2000  2050  2100

D
x[

m
]

Longitudinal position [m]

Figure 7.3: Optics layout for IP12. Quadrupole strengths are shown on top. β-functions in the middle,
for horizontal plane (red) and vertical plane (blue). The horizontal dispersion is shown on the bottom.
This is for RHIC at top energy, 250 GeV.

uses the phase of the main betatron line and the model. The β-beat, i.e being the normalized difference
between measurement and model, is shown. A good agreement between the two methods is observed.
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Figure 7.4: A comparison between the two different methods used to measure the optics at RHIC, for
the horizontal plane (above) and vertical plane (below). Abrupt jumps are observed in the vertical
plane for IR6, IR8 and IR10.

A peak beta-beat of ∼ 30%, 40%, in the horizontal and vertical plane respectively is observed.
Abrupt jumps in the β-beat indicate strong local errors. Large local jumps are observed in IR6, IR8
and IR10.

7.3 Optics corrections

In this section the analysis and correction of IR6 and IR12 will be discussed. The observable used
is the phase error, i.e. the difference between the measured and model phase advance. Figure 7.5
shows the phase error observed for IR6, the largest error is observed in the vertical plane. A suitable
correction was found, but due to technical limitations, an alternative correction had to be found. The
result is presented in the figure, showing measurements with correction (blue), before any corrections
(red) and after applying 80% of the correction strength (green). The local error originates from the
right of the IP, indicating that the main error source is the triplet. Applying 100% of the correction
had a negative impact on the optics. A list of the correctors used for IR6 is shown in table 7.2.
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Corrector ∆K[10−4m−2] rel values[%]
Q7I6 0.84 1
Q5IT6 -0.53 2
Q1I6 -0.05 -0.1
Q2O6 0.05 0.1
Q5OT6 1.97 7

Table 7.2: List of local correctors used for IR6 correction.
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Figure 7.5: Local correction for IR6. The top plot shows the location and strengths of the quadrupoles
in the segment. The middle plot shows measurements in the horizontal plane and the bottom plot
refers to the vertical plane. Measurements before correction are shown in red, fitted model in blue and
measured after correction in green. The largest deviation is observed in the vertical plane.

Figure 7.6 shows the phase error observed for IR12. A suitable correction was found using the
correctors listed in table 7.3. A large number of correctors was used to achieve the correction shown.
The calculated correction (blue) agrees well with the measurement (red). A correction of only 20%
was applied. Measurements after correction (green) indicate a change in the observed phase error.

Corrector ∆K[10−4m−2] rel values[%]
Q6O12 8.9 0.1
Q5O12 -17.9 2
Q2I12 -2.2 0.4
Q3I12 2.7 0.5
Q4I12 18.0 -2.0
Q5I12 26.9 3.0
Q6I12 -44.9 5.0

Table 7.3: List of local correctors used for IR12 correction.

β-beat for several steps in the correction process is shown in figure 7.7. The top plot shows the
horizontal plane and bottom plot the vertical plane. The beta-beat is ∼ 30%, 40% around the ring for
the baseline measurement (red), some outer layers are at 60%. After the correction in IR6 was applied
(green) the peak beta-beat in the horizontal plane remained the same. In the vertical plane the large
local jump at IR6 is corrected. The peak beta-beat is reduced to a 20% level. After applying IR6 and
IR12 correction (blue) simultaneously, a difference is observed in both planes. The peak beta-beat in
the horizontal plane was reduced to a 20% level around the ring. In the vertical plane, however, the
peak beta-beat was not further reduced.

142



7.3. Optics corrections 143

-0.2
 0

 0.2

K
1L

-0.1

-0.08

-0.06

-0.04

-0.02

 0

 0.02

∆ 
φ x

Before
Correction

After

-0.06

-0.04

-0.02

 0

 0.02

 1750  1800  1850  1900  1950  2000

∆ 
φ y

Longitudinal position [m]

Figure 7.6: Local correction for IR12. The top plot shows the location and strengths of the quadrupoles
in that segment. The middle plot shows the measurements in the horizontal plane and bottom in the
vertical plane. Measurements before correction are shown in red, fitted model in blue and measurement
after correction in green. Largest error is observed in the vertical plane.
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Figure 7.7: β-beat for several steps in the correction process. After the correction in IR6 was applied
(green) the peak beta-beat in the horizontal plane remained the same. In the vertical plane the large
local jump at IP6 is corrected. The peak beta-beat is reduced to a 20% level. Applying IR6 and
IR12 correction simultaneously a difference is observed in both planes (blue). Peak beta-beat, in the
horizontal plane was reduced to a 20% level. In the vertical plane however, the peak beta-beat was
not further reduced and remained at a 20% level.
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7.4 Optics stability

Optics stability is important for safe operation. Measurements were conducted to investigate the
variation of the β-beat over a period of time. Baseline measurements were conducted separated by 1.5
months. In figure 7.8 a histogram of the difference in the β-beat is shown. The main distribution is
below 10%.
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Figure 7.8: Histogram of the difference in the β-beat. Results for the horizontal plane are shown on
the top plot and for the vertical plane on the bottom plot. Horizontal axis shows the difference in the
β-beat between two fills separated by 6 weeks.

Figure 7.9 shows the phase error for the horizontal plane (top) and vertical plane (bottom) spread
over 6 weeks and using different BPMs. The observed error is very similar for both fills.
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Figure 7.9: Measurement for the phase error in IR6 is shown. The horizontal plane, top and vertical
plane, bottom. Different starting BPMs were used and measurements were separated by 6 weeks. In
the vertical plane there is one missing BPM for fill15329, compared to fill 15220.

7.5 Summary

First measurements and corrections using the segment-by-segment technique show promising results.
Corrections for IR6 and IR12 have been implemented and a reduction in the β−beat has been achieved.
The β−beat around in the ring in both planes was reduced from 30%, 40%, respectively in the hori-
zontal and vertical plane, to a ∼ 20% level. Corrections were applied in the order of 20%, 80% of the
calculated corrections. Further investigation should be carried out to find out why the full calculated
corrections were successful. A plausible explanation could be the spurious effects from the AC-dipole
on the β measurement. β−beat has been shown to be stable at the ∼ 10% level over a 6 week period.
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The observed local errors are reproducible from fill to fill and are not dependent on the starting BPM
chosen. Scans of IR4, IR2 and IR8 corrections were also performed during the polarized proton run in
2011. Local errors at IR4 have been identified and a suitable correction was found. A first correction
campaign for IR4 showed promising results. Detailed analysis and comparisons are in progress.

More detailed measurements and systematic scans of all IPs should be performed. The effect of
the AC-dipole on the linear optics should be taken into account. When all local errors are corrected
to a satisfactory level, a global correction should be calculated to correct small distributed errors. The
same measurements and corrections will be repeated for the yellow ring. When the β−beat in both
rings is corrected the segment-by-segment technique should be extended to measure and correct locally
the coupling, dispersion and chromatic β.
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