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Abstract. At the NSLS-II ring, a 1.2 m long superconducting wiggler with the maximum
4.34T magnetic field has been installed at a low-β straight section (cell 27) to drive the high
energy engineering X-ray scattering (HEX) beamline. To mitigate the potential performance
degradation due to the linear optics distortion, a local compensation scheme was adopted and
confirmed with the online beam measurement. A feedforward control to enable a dynamic
compensation of the linear optics distortion was deployed. It can maintain the storage ring
lattice performance when the device main coil current ramps.

1. INTRODUCTION
A 1.2m long superconducting wiggler has been recently installed in the NSLS-II storage ring’s
27th cell to drive the High Energy engineering X-ray scattering (HEX) beamline. However,
the alternating magnetic field generated by the wiggler can cause a linear lattice distortion,
particularly in the vertical plane, which might have a potentially negative impact on the
performance of the ring lattice. The optics distortion can result in low injection efficiency and
reduced beam lifetime because of a degradation of dynamic aperture (DA) and local momentum
aperture (LMA). To address this issue, a local compensation scheme was designed and deployed
to recover the linear optics distortion. Six neighboring quadrupoles were chosen to confine the
optics distortion only within the straight occupied by the wiggler itself. When the wiggler
field ramps to different peak values, these quadrupoles can dynamically compensate the optics
distortion in the manner of a feedforward control. Besides the optics compensation discussed in
this paper, an orbit compensation was also deployed to mitigate its first and second field integral
errors and reported in the same proceedings [1].

2. Simulation and experimental studies
The linear optics in storage rings can be characterized by the Twiss functions (β, α)(x,y) and
the dispersion function η(x,y) respectively. Since this device is located in a non-dispersive
straight section, and its intrinsic dispersion leakage of is negligible due to its periodical structure.
Therefore, only the Twiss functions, particularly in the vertical plane, have large distortions.
The concept of compensation is to confine the optics distortion within the straight, and make
it transparent to the rest of the storage ring.
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2.1. Simulation
The maximum peak field of this wiggler can reach up to 4.34T when its main coil is powered
to 440 A for the routine operation, and the peak field variation with its excitation current is
illustrated in Fig. 1. At Bpeak = 4.34T , the device was modeled as a 2D transverse kickmap [2]
and integrated into the storage ring lattice. Since it is off-centered downstream by 1 m in cell 27
straight (see Fig. 2, its up- and down-stream quadrupole compensations have to be asymmetric
as well.

Figure 1. Vertical peak field By vs. main coil current of the HEX wiggler.

We solved the linear optics compensation scheme as the follow optimization problem. For
a given beam-line segment from the exit of cell 26’s last dipole to the entrance of cell 27’s
first dipole, with the initial Twiss functions (β, α)(x,y) as the existing ring optics, we vary six
independently powered quadrupoles as free knobs to let the Twiss functions at the exit to exactly
match (β,−α)(x,y). In the meantime, keeping the phase advances φ(x,y) unchanged is used as
constraint.

There are six constraints and six free knobs, and the solution should be unique. However,
some soft constraints need to be considered as well, for example, the compensation ∆K1 should
be sufficiently weak so that new quadrupole settings are still within the capacity of their power
supplies, and the maximum β-functions are limited within reasonable ranges. Since a global
tune feedback is already in place in the NSLS-II ring, the constraints on the phase advance is
loose. The optics after compensation is illustrated in Fig. 2, which confines the (β, α) distortion
within the straight with some small quadrupole adjustments. The chromaticity change is so
small that no change is needed for the chromatic sextupoles. The dynamic aperture and local
momentum aperture were confirmed sufficient to satisfy the routine operation requirements (see
Fig. 3) using the tracking code elegant[3].
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Figure 2. Magnet layout in cell 27 nondispersive straight and new β-functions after
compensation. The green block is the wiggler; the yellow ones are quadrupoles, which are
used as the compensation knobs, and the red ones are harmonic sextupoles. Since the maximum
intrinsic dispersion inside the wiggler is only 70 µm, it is not shown there.

2.2. Experimental studies
During the routine operation, this device can be turned on and off with a stored beam. In
the worst scenario, the superconducting magnet quench might occur. Therefore, its main coil
excitation current needs to ramp up and down occasionally. Consequently, its perturbation on
the linear optics needs to be dynamically compensated with such changes. We experimentally
calibrated the linear optics along the excitation curve as shown in Fig. 1 and generated a
feedforward table in order to deploy dynamic compensation. Experimentally, it is impractical to
directly measure the Twiss function exactly at the entrance and exit of cell 27 straight with beam.
Alternatively, except 4 specific beam position monitors (BPM) located in cell 27 straight, other
176 β-functions were measured at the locations of BPMs along the ring. Then six quadrupoles
neighboring to the device were used to minimize the optics distortions. In other words, rather
than matching the Twiss (β, α) exactly at the entrance/exit of the straight, the β-beats observed
by the rest ring (i.e., 176 BPMs) were chosen as the correction objective to make the wiggler
transparent. Finally, based on the measurements, the needed compensation for six quadrupoles
were computed with the following linear equations,

∆βx,y = M∆K1, (1)
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Figure 3. On- and off-momentum dynamic apertures at the injection point (with βx =
21.2m,βy = 3.6m) after integrating the HEX wiggler into the NSLS-II operation lattice. Totally
18 insertion devices are included.

here ∆β are the β-beat seen by 176 BPMs, M(176×6) is the linear response matrix of β on the
six knobs, ∆K1 is the needed correction. The device was ramped up and down to calibrate the
correction scheme twice, and the results were found quite reproducible as illustrated in Fig. 4.

Figure 4. Calibration of the quadrupole compensation schemes for six quadrupoles when the
wiggler ramps up and down. The magnet hysteresis effect is negligible.

After applying the compensation, the residual β-beats observed at those 176 BPMs (Fig. 5)
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recovered to a level of 1-3%, which is similar to the status when the device was not installed. A
local optics bump exists at cell 27 straight as expected, but the top-off injection efficiency was
not degraded. The beam lifetime actually became longer. It is because bunches are lengthened
due to an extra energy spread introduced by the wiggler, even the transverse beam emittance
reduces correspondingly due to a strong radiation damping from it as well.

Figure 5. Vertical β-functions observed at 176 BPMs before and after implementing
compensation when the main coil current is 440 A (i.e., with a peak field B=4.34 T). The
β-functions at 4 BPMs neighboring to the wiggler are not included in the compensation scheme
(as shown with blanks.)

2.3. Linear coupling characterization
The linear coupling was also measured with turn-by-turn (TBT) data when the wiggler ramped.
The device was confirmed not having visible skew quadrupole components, because the linear
coupling driving terms observed by BPMs are so small that it could not be resolvable. The
TBT spectral analysis at 180 BPMs also show that in each transverse plane, the coupling from
another plane is barely visible. As illustrated in Fig. 6, when the wiggler was excited at different
currents, the Betatron tune spectrum in the transverse planes has sole peak, which confirms the
coupling is too weak to be measured.

3. feedforward control of quadrupoles
To compensate the wiggler dynamically when the wiggler ramps (or a quench occurs), a
feedforward control has been implemented through the EPICS control system [4]. First, an
additional EPICS PV was created for each quadrupole (knob) power supply, which’s setting
depends on the wiggler main coil current. Six quadrupole adjustments ∆K1 in the physics unit
were converted into their power supply current, i.e., the engineering unit Ampere. Usually a
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Figure 6. Spectral analysis of one of BPMs to show that the linear coupling introduced by the
device is barely visible. Top: horizontal plane, bottom: vertical plane. The vertical tune shifts
when the wiggler ramps because the global tune feedback is not engaged in this measurement.

ramping curve for a magnet needs to be continuous up to its second order derivatives. To smooth
out the errors and discontinuity during the calibration, each quadrupole ramping curve in this
control was fitted as a second order polynomial (Fig. 7).

4. CONCLUSION
A 1.2 m long superconducting wiggler with the maximum peak field 4.34 T has been installed
on the NSLS-II storage ring. Its effect on the linear optics has been calibrated and compensated
in the manner of a feedforward control. After the compensation, the residual beta-beats could
be reduced down a level of 1-3%. A high efficient injection and sufficient beam lifetime indicate
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Figure 7. Linear optics feedforward control implemented with the engineering unit (A) for
both the wiggler peak field and quadrupole gradients.

that the dynamic aperture and local momentum aperture were not degraded after installation.
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