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Abstract 

The National Synchrotron Light Source II (NSLS-II) is 
a state of the art 3 GeV third generation light source at 
Brookhaven National Laboratory. To achieve the goal, 8 
pm level vertical beam emittance, the coupling due to the 
misalignment in quads and vertical beam offset in 
sextuples must be corrected. Traditional method, based on 
response matrix, such as LOCO, is wildly used measure 
and corrects the coupling. In this paper, we present a new 
method to measure and correct the coupling with BPMs 
TBT data from fast kickers or pingers excited betatron 
oscillation. Besides the TBT data, other method, is also 
used to characterize the coupling. 

INTRODUCTION 
The National Synchrotron Light Source II (NSLS-II) is 

a 3 GeV third generation light source [1,2] with ultra-low 
horizontal emittance (1 nm-rad). In the vertical plane, the 
designed emittance is < 8 pm-rad, reaching the x-ray 
diffraction limit. They are very critical to increase NSLS 
II brightness >1021 photons s-1 mm-2 mrad-2(0.1%BW)-1 
and affect beam lifetime.  

The vertical plane emittance main contributions are the 
betatron coupling and vertical dispersion [3]. The linear 
coupling comes from the misalignment (rolling) of 
quadrupoles and the vertical orbit displacement through 
sextupoles induced skew quadrupole effect. The vertical 
dispersion comes from the coupling contribution (such as 
all coupling errors from quads roll, sextuples offsets, 
main dipole magnets pitch, skew quadrupoles at locations 
with non-zero horizontal dispersion) and non-coupling 
contribution (such as vertical offset in quadrupoles 
induced dipole kick).  

The common method to assess the linear coupling is to 
measure the minimum tune separation [4] between two 
coupling modes. Experimentally, the minimum tune 
separation is measured by tuning quadrupoles to bring 
horizontal and vertical tunes as close as possible. Another 
common way used in storage ring to assess the coupling 
to fit orbit respond matrix non-zero off-diagonal elements 
with LOCO [5] algorithm to identify coupling source and 
the needed corrector strength. There are other ways to 
observe the coupling effect, such as the vertical beam 
size, beam lifetime and horizontal excitation betatron 
oscillation effect on vertical residual betatron oscillation.    

In this paper, a new method is discussed to measure and 
correct the betatron coupling with BPMs TBT data from 
fast kickers or pingers excited betatron oscillation. As the 

turn by turn data cannot reflect the vertical dispersion 
effect, the coupling correction is separated into two steps. 
First, the vertical dispersion is corrected with dispersive 
skew quadrupoles. Then the coupling is corrected with the 
non-dispersive skew quadrupoles from turn by turn data. 
This order cannot change, as dispersive skew quadrupoles 
affect both dispersion and coupling, but non-dispersive 
skew quadrupoles only affect betatron coupling.  

One big advantage of this method is that this method 
only takes seconds to excite the beam, collect the data and 
apply the correction.   

VERTICAL RESIDUAL BETATRON 
OSCILLATION MINIMIZING 

If beam is excited by one injection kicker (horizontal 
plane only, with negligible vertical component), with 
initial offset  at the location of the 
kicker, and it will do the betatron oscillation in the 
following turns. Ignoring the radiation damping, the 
subsequent BPM readings for next several turns are 
written as 

 

where  is the turn index and  is the storage ring’s one-
turn transport matrix.  includes BPMs 
reading in horizontal and vertical plane. We measure the 
dependence of the vertical residual oscillation on the 
skew quadrupoles currents, and write it as a matrix 

 

where  is the current change of the  skew 
quadrupole,  is the  BPM’s  turn y 
readings. 

Thus the needed skew quadrupoles strengths for 
coupling correction can be obtained by solving the 
following linear equations 

. 

The minimum number of turn-by-turn data should 
cover a full betatron oscillation. Usually several iterations 
are needed to let the solution to converge. 

EXPERIMENTAL RESULT 
NSLS II is designed as 30 cell double-bend-achromatic 

lattice, 15 super periods. In order to control the vertical 
beam size, each cell is designed to have a skew 
quadrupole. In the odd numbered cells, they are located in 
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the dispersive region, which can be used for vertical 
dispersion compensation. And in the even numbered cells, 
they are located in non-dispersive regions, which are used 
for linear coupling correction.  

Dispersion Measurement and Correction 
Dispersion was measured by changing RF frequency 

to change beam energy 

. 

where  is the master oscillator frequency change, f is 
the master oscillator frequency and  is the momentum 
compaction factor. By changing frequency in several 
steps within +/-0.3% and monitor the beam position 
change in y plane, the linear dispersion in each BPM are 
fitted. 

The dispersion correction based on response matrix, the 
vertical dispersion responding to the dispersive skew 
quads. The theoretical matrix along with magnet unit 
conversion was used, which works very well, similar as 
our experience on orbit correction and beta beat 
correction. Figure 1 shows the vertical dispersion before 
and after correction. 

 
Figure 1: Vertical dispersions before and after correction. 

Coupling Measurement and Correction 
One IS kicker kicks the beam in horizontal plane at 1/3 

Hz to excite the same horizontal betatron oscillation and it 
couples to vertical plane. The vertical plane residual 
oscillation from turn 4 to turn 15 were measured and used 
as the correction object. 12 turns’ BPMs response matrix 
to all non-dispersive skew quads was measured and 
response matrix dimension is . 

 
Figure 2: Horizontal betatron oscillations with one 
horizontal kicker excitation. 

The horizontal oscillation peak is ~4mm with one 
kicker excitation (Fig. 2). The vertical residual oscillation 
amplitudes before correction and after correction are 

shown in Fig. 3. The betatron oscillation peak was 
suppressed from ~ 1.8 mm to 0.25 mm. 

Figure 4 shows all the skew quads current for the 
coupling correction. The peak current is less than 1.5 A.  

 

 
Figure 3: Residual vertical oscillations before (upper) and 
after (lower) correction with the same kicker excitation. 

 
Figure 4: Skew Quads current to correct coupling. 

COUPLING MEASUREMENT WITH 
OTHER WAYS 

After the above coupling correction was implemented, 
the related data was also collected to characterize the 
coupling effect.  

Tune Separation  
The betatron coupling can be measured by the tune split 

method. The coupling ratio [6]  is calculated  

 

Where  is the difference between horizontal and vertical 
fraction tune,  is the minimum separation between the 
horizontal and the vertical tunes when the tunes are 
scanned by changing quadrupoles.   
The tune separation curve is measured by varying three 
quads families in the non-dispersive low-beta function 
section. The tune separations before and after correction 
are measured and shown in Fig. 5. The minimum tune 
separation  reduced from ~0.011 to ~0.0015 and 

. The betatron coupling factor is suppressed 
from 3.6% to 0.07%.   
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In NSLS II, other ways were also used to correct 
coupling. One is to minimize the non-zero off-diagonal 
elements in the orbit respond matrix [7]. Another is to use 
BPMs turn by turn data. From the BPMs data, 
Hamiltonians describing the coupled linear dynamics are 
extracted. Four plane-crossing terms in Hamiltonian 
directly characterize the coupling between the horizontal 
and the vertical planes. Coupling correction is 
accomplished by utilizing the dependence of the plane-
crossing terms on skew quadrupoles and direct 
minimizing plane-crossing terms [8]. 

 
Figure 5: Tune separation measured before and after 
correcting linear coupling. 

CONCLUSIONS 
In this paper we discussed a new method to correct 

coupling based on BPMs turn by turn data. It has some 
limitation, such as the betatron excitation from kicker tilt 
or the BPMs tilt effect on beam position reading cannot 
be separated. But this method is more obviously and 
faster to check the coupling, comparing with the tune 
separation curve measurement or LOCO. The correction 
result is verified in other way. 
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