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Effect of undulators on magnet lattice and emittance
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NSLS-II is now one of the brightest synchrotron light sources worldwide, in user operations since 2014.
Currently, 20 light-generating insertion devices (IDs) are installed: 3 damping wigglers and 17 undulators
of various types. These devices introduce significant distortions into the magnet lattice of the storage ring.
For each ID, the distortions have been locally corrected using quadrupole magnets located nearby the ID.
The insertion devices have also a significant impact on the electron beam emittance. Precise measurements
of the emittance were carried out at the Coherent Hard X-ray beamline for three different lattices: without
IDs, with 3 pairs of damping wigglers only, and with all IDs. A minimum horizontal emittance of 0.76 nm
was achieved. The radiation energy loss and relative energy spread were also measured using a streak-
camera. The measured data show good agreement with analytical formulas and numerical simulations.

DOI: 10.1103/PhysRevAccelBeams.22.124001

I. INTRODUCTION

NSLS-II is one of the brightest synchrotrons in oper-
ation. The storage ring consists of 15 mirror-symmetric
Double-Bend Achromat supercells with short (6 m) and
long (9 m) straight sections. To decrease the beam
emittance, 3 pairs of damping wigglers are installed.
Figure 1 shows beta functions and dispersion for two
cells, one with two undulators and the other with two
damping wigglers.

The NSLS-II storage ring was commissioned in 2014
with the damping wigglers and six undulators installed as a
part of the NSLS-II project. Since the wigglers significantly
effect the magnet lattice and beam dynamics, two options
for the lattice were developed and optimized during
commissioning: the lattice without insertion devices
(“bare”) and the operational lattice with 3 pairs of damping
wigglers (3DW). Effects of six installed undulators were
small and therefore not included in the initial lattice model.
Table I shows typical NSLS-II lattice parameters calculated
for both options.

The 3DW lattice has been used for user operations since
2014. However, more and more undulators were installed
in the ring every year, so now NSLS-II operates with 17
undulators of various types. The main parameters of the
light-generating insertion devices (IDs) are summarized in
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Table II: magnet length L, period 4,, magnet gap, and
undulator strength parameter K defined as [1].

cByl
=% (1)
2zE,/e
where By, is the peak magnetic field and E, = m,c? is the
electron rest energy. For every insertion device, the beam-
line and the year of commissioning are also shown.

II. COMPENSATION OF OPTICS DISTORTION
CAUSED BY UNDULATORS

Since the total effect of all 17 undulators is not
negligible, an updated lattice model has been developed.
The wigglers and undulators are modeled as 2-dimensional
kickmaps calculated by RADIA Magnetostatics Computer
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FIG. 1. Beta functions for 1/15 of NSLS-II (cells 7 and 8).
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TABLE I. NSLS-II storage ring.

Parameter Value
Energy 3 GeV
Circumference 792 m
Horizontal emittance (bare/3DW) 2.1 nm/0.95 nm
Betatron tunes, hor/ver 33.22/16.26
Natural chromaticity, hor/ver -98/ —41
Momentum compaction 3.6 x 1074

286 keV/649 keV
51x1074/8.2 x 107
2.7 mm/4.3 mm

Energy loss per turn (bare/3DW)
Relative energy spread (bare/3DW)
Bunch length® (bare/3DW)

Zero beam current, 3 MV RF voltage.

Code [2]. The lattice functions are calculated using
ELEGANT [3] with imported kickmaps for all IDs. The
relative distortion of the beta functions caused by the
undulators is presented in Fig. 2. The horizontal betatron
tune is shifted by about —0.01 and the vertical tune by
about 0.04.

For every ID, the lattice distortion has been locally
compensated by six nearby quadrupoles to keep the beta
functions unchanged in the rest of the ring. Optimization
packages in ELEGANT were used for the lattice correction.
The result is shown in Fig. 3, where the relative distortion
of the beta functions is presented in the upper plot and the

lower plot shows the relative changes of the normalized

quadrupole strength K; = =3 aai

The new lattice model with all IDs has been tested
experimentally. The linear lattice is characterized using a

TABLE II. NSLS-II wigglers and undulators.

Ay Gap
Cell Beam-line Year Type L (m) (mm) K" (mm)

C08D ISS 2015 DWI100 2x34 100 165 15
C18D FXI 2015 DWI00 2x34 100 165 15

C28D XPD 2015 DWI0O0O 2x34 100 16.5 15
C02C SIX 2017 EPUS57 35 57 44 16
C03C  HXN 2015 IVU20 3 20 183 52
C04U ISR 2016 IVU23 2.8 23 205 62

CO5D  SRX 2015 IVU21 1.5 21 179 64

CO070  SST1 2018 OVU42 1.6 42 327 115
C07D  SST2 2018 EPU60  0.89 60 5.7 115
C1oC IXS 2015 IvU22 3 22 156 74
Cl1C CHX 2015 IVU20 3 20 183 52
C12D SMI 2017 IVU23 2.8 23 205 62
C16C LIX 2016 IVU23 2.8 23 22 5.7
C170 FMX 2016 IVU21 1.5 21 179 64
Cl17D AMX 2016 IVU21 1.5 21 179 64
C19U0 NYX 2017 IVUI18 1 18 155 5.6
C21U ESM 2016 EPU57 14 57 44 16

C21D ESM 2016 EPU105 2.7 105 112 16

C23U CSX1 2015 EPU49 2 49 43 115
C23D CSX2 2015 EPU49 2 49 43 115

For EPUs, the maximum K parameter (linear mode) is shown.
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FIG. 3. Locally compensated distortion of § functions.

technique based on the analysis of turn-by-turn data
measured by beam position monitors after the betatron
oscillation is excited by a pulse kicker [4,5]. The beam
motion is controlled in the linear regime by adjusting the
excitation magnitude. The method to obtain beta functions
from measured turn-by-turn beam oscillations was pro-
posed in Budker Institute [6] and realized at VEPP-4M
[7.8], LEP [9], and many other accelerator facilities.
Experimental crosscheck of lattice correction algorithms
carried out at NSLS-II [10] shows the techniques based on
measurement of turn-by-turn beam position provide almost
the same correction quality as LOCO [11] based on closed
orbit measurement, but they are much less time-consuming.
The difference between the measured lattice functions
and the design model is then corrected by tuning quadru-
poles with the rigid regression developed from a Bayesian
approach [12]. We have corrected the NSLS-II beta
functions with the relative accuracy better than 1%.

III. EMITTANCE AND ENERGY SPREAD

Synchrotron radiation generated by the electron beam in
wigglers and undulators results in additional beam energy
loss affecting the beam emittance and energy spread. The
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energy loss of an electron passing through a wiggler or
undulator is given by [1]

1 2
Up = - r.E 2K (22 L, (2)
3 7,

where r, is the classical electron radius, y is the Lorentz
factor, and K is the undulator strength parameter (1).

The insertion devices change the radiation integrals [13]
used to calculate emittance

7215x
q12 - I4x

e =C (3)

and energy spread

1
% _ Cq$ (4)
E 20y + 1y + 1y

of the electron beam. Here /, are the radiation integrals

55 hc ~ —l'i
andC WE__383X10

For an ideal sinusoidal insertion device located in a zero-
dispersion section, the radiation integrals can be calculated
by the simple formulas [14]:

L 4L /12

L=— Li=— 5 5 5
2 2,0 3 371',03 5 15”3 5<ﬂ> ()

where p is the peak bending radius of the ID field and (f,)
is the horizontal beta function averaged along the device.

IV. BEAM-BASED MEASUREMENTS

We measured the beam emittance, energy spread, and
radiation energy loss for three modes of the NSLS-II lattice:
1. Bare lattice (no wigglers and undulators); 2. Lattice with
damping wigglers only; 3. Lattice with all wigglers and
undulators.

Collective effects, such as potential well distortion,
intrabeam scattering and coherent instabilities can affect
the measured emittance, energy spread and bunch length.
To minimize the collective effects, the measurements were
carried out with a low beam intensity; the total beam
current was 10 mA in 1000 bunches or 10 uA per bunch.

A. Emittance

The NSLS-II emittance is routinely measured by an
x-ray pinhole camera [15] installed in the NSLS-II diag-
nostic beamline. However, there is a significant systematic
error depending on the beam intensity and the camera
settings must be accurately adjusted before the measurement.

High-precision measurements of the beam emittance
were carried out at the coherent hard x-ray (CHX) beamline
using x-ray beam generated by an in-vacuum undulator

IVU20 installed in cell 11. The emittance values were
calculated from precise measurements of intensity profiles
of the focused undulator radiation in a simple electron
beam imaging scheme. A monochromatic x-ray beam
(7th spectral harmonic of the 3 m IVU20 in-vacuum
undulator at 13.1 keV photon energy) was refocused with
a lens at the nominal sample position of the CHX
beamline (48.7 m downstream from the center of the
straight section) to produce a focused spot 16.9 m further
downstream. The lens was a 2D parabolic-shape Be lens
with ~50 um radius at the tip of parabola and ~350 ym
geometrical aperture. The horizontal size of this focused
beam was measured by scanning a chromium slide of
50 nm thickness (deposited atop a ~200 um deep thin wall
etched into a Si wafer) across the beam, using nanometer-
precision encoded piezo stages. The fluorescent signal of
the chromium layer was detected by an energy-dispersive
detector, enabling measurements of the beam size with
tens of nanometer precision.

The measured value of the horizontal FWHM of the
focused x-ray beam was (32.2 + 1.0) ym with all ID gaps
closed to their nominal values. The FWHM of the point-
spread function, calculated with SRW [16,17], was
~4.6 ym (mainly determined by the lens aperture), so
the measured spot size was strongly dominated by the
electron beam size, i.e., by the horizontal emittance. The
measured spot size corresponds to (0.76 £+ 0.05) nm hori-
zontal emittance, assuming a 1.84 m horizontal beta
function in the middle of low-f straight section.

To compare with the measured data, the emittance was
calculated using formula (3) adding the IDs one-by-one
to the bare lattice. Using ELEGANT, the simulations were
carried out with lattice distortions caused by every ID
locally corrected. Figure 4 shows the measured data in
comparison with formula (3) and ELEGANT simulations. By
design, the damping wigglers have the most effect on the
emittance reduction, about a factor of two. The effect of all
17 undulators is an additive 15%.
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FIG. 4. Horizontal emittance vs ID number.
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B. Energy loss

The synchronous phase ¢, is determined by the radiation
energy loss per turn U and the accelerating rf voltage V.
Every insertion device contributes an addition U, (2) to
the total energy loss resulting in the synchronous phase
shift

Agp, = arcsinﬂ - arcsinM. (6)
of Vi

The phase shifts caused by the damping wigglers and by 17
undulators was experimentally determined by fitting the
longitudinal bunch profiles measured using a streak camera
[18]. The streak camera was preliminary warmed up and
the measurements were done in a minimum possible time
interval to reduce the systematic error caused by the streak
camera drift. The r.m.s. bunch length o, and arrival time 7,
were calculated by Gaussian fitting the averaged 50 bunch
profiles for the bare lattice, the lattice with damping
wigglers, and the lattice with all IDs. The measured bunch
profiles and the Gaussian fit curves are shown in Fig. 5 for
each lattice. Since there is no absolute phase calibration,
this technique allows us to measure only the synchronous
phase difference Ap, = (1.5 — t,.1) Wy

Solving Eq. (6), we find the ID contribution Uyp, to the
total energy loss. The measured data in comparison with
formula (2) and with the ELEGANT simulations are pre-
sented in Fig. 6.

A factor of two increase in the beam energy loss
introduced by the damping wigglers results in a factor
of two emittance reduction. The equilibrium emittance is
reached when quantum excitation proportional to the
numerator of equation (3) is equal to radiation damping
proportional to the denominator of (3). At NSLS-II, all
wigglers are installed in the dispersionfree straight sections.
The dispersion in the straights has been well corrected
to zero and the intrinsic dispersion of the wigglers is
negligible, so their contributions to the radiation integral

A()
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FIG. 5. Bunch profiles measured by streak camera.
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FIG. 6. Radiation energy loss vs ID number.

Is= [ W“T;#M ds in the numerator of (3) and to the
L= w1+ 2p?K)ds term in the denominator of (3) are
negligible compared to the I, = [ [% ds term. By having

twice the beam energy loss from the wigglers, the radiation
damping is doubled and the quantum excitation is not
changed. Hence, the equilibrium emittance should be
reduced by half.

C. Energy spread

Since the beam current was only 10 yA per bunch, we
can neglect collective effects, such as potential well
distortion and intrabeam scattering. The energy spread
op/E can be estimated from the standard low-current
bunch length formula

o or/E 2naE/e (7)
" wy \| hyVigcos

where A is the rf harmonic number, a is the momentum
compaction factor. The r.m.s. bunch length ¢, was obtained
by a Gaussian fit of the longitudinal bunch profiles
registered by the streak camera.

The relative beam energy spread was also determined
from the spectral scan of 7th harmonic of IVU20 undulator
radiation vs photon energy measured in projection geom-
etry (without the x-ray beam focusing) and from SRW
simulations. The spectral measurements of the 7th har-
monic were performed through a 50 x 50 um? aperture
34.3 m donwstream from the center of the straight section
and employed the fluorescent signal from a metal foil
detected by a pin diode [19]. The corresponding SRW
simulations used the same geometry as the measurements
and the magnetic field data from magnetic measurements of
the CHX IVU. In the simulations, the IVU was assumed to
be perfectly aligned with respect to the electron beam orbit.
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FIG. 7. Beam energy spread vs ID number.

Figure 7 shows the measured data in comparison with
formula (4) and with the ELEGANT simulations. Note that,
unlike the wigglers, the undulators result in a small
decrease in energy spread. This effect was calculated using
formula (4), simulated using ELEGANT, and confirmed by
the measurements (see Fig. 7).

The energy spread measured at the CHX beamline is
about 0.93 x 1073 with all the ID gaps closed, with a
measurement error of about 5%. The calculation does not
include systematic errors, such as misalignment of IVUs
relative to the electron beam or the pinhole relative to the
emission axis. The result of a previous (2018) measurement
[20] also shown in Fig. 7 is in better agreement with the
model and steak-camera measurement. We note that the
previous energy spread measurements at the CHX beamline
were done after a special undulator alignment procedure
[21] followed by multiple accuracy tests, which could not
be accomplished before the recent measurement because of
time constraints.

The observed discrepancy between the 2018 and 2019
measurements can be explained by a misalignment of the
CHX IVU by a few tens of microns, which might arise due
to floor movements over time. While such small misalign-
ment may have a noticeable impact on the measured
spectrum (in particular, harmonic widths and peak inten-
sities), its real impact on the energy spread of the electron
beam is negligible.

V. CONCLUSION

NSLS-II is a high-brightness synchrotron light source in
user operations since 2014. Up to now, 20 light-generating
insertion devices are installed: 3 damping wigglers and 17
undulators. The lattice distortion introduced by each
insertion device is locally compensated using 6 quadrupole
magnets located nearby. The lattice model of the NSLS-II
storage ring with all the IDs has been developed and tested
with the beam.

Beam-based measurements of the beam emittance,
energy spread, and radiation energy loss were carried
out using NSLS-II optical diagnostics and CHX beamline.
The measurements have been done for three options of
NSLS-II lattice: bare lattice (no wigglers and undulators);
lattice with 3 damping wigglers only; lattice with all
insertion devices. The measured emittance is 2.05 nm,
0.92 nm, and 0.76 nm, respectively. The measured values
of the emittance, radiation energy loss, and energy spread
show a good agreement with analytical formulas and
numerical simulations.
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