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IMPEDANCE MEASUREMENT FOR THE SPEAR3 STORAGE RING*
Xiaobiao Huang*, James J. Sebek, SLAC, Menlo Park, CA 94025, USA

Abstract

We studied the transverse impedance of the SPEAR3
storage ring with tune shift vs. beam intensity, head-tail
instability and transverse mode coupling instability mea-
surements. By taking measurements under different ma-
chine conditions, we probed the frequency dependence of
the impedance, from which an impedance model was built.
This model is consistent with instability measurements and
previous bunch lengthening results.

INTRODUCTION

Impedance of a storage ring is an important factor that
determines the performance of the machine. For an opera-
tional machine, knowledge of the machine impedance helps
one to understand the machine performance and provides
input for upgrade considerations.

SPEAR3 is a third generation storage ring light source.
Table 1 shows a list of selected parameters relevant to this
study. Great care was given to controlling the machine
impedance during the design and building phases. Conse-
quently the ring is passively stable under normal operation
conditions.

Table 1: Selected Parameters of SPEAR3

Parameters Value Unit
Energy 3 GeV
Circumference 234.1 m
Current 500 mA
Tune vy, 14.106, 6.177

RF gap voltage 2.85 MV
Bunch length o9 6.3 mm
Phase slippage 1 1.62 x 1073
Synchrotron tune v, 0.0093

During the 2014 and 2015 runs, we took various beam-
based measurements in order to determine the transverse
impedance of the machine. These include tune shifts vs.
bunch current measurements, head-tail instability measure-
ments and single bunch current threshold measurements.
Machine conditions, such as momentum compaction fac-
tor, chromaticities, fill pattern, and RF gap voltages were
changed as needed to probe the spectrum of the impedance.
We tried to interpret the measured impedance with a model
that includes resistive wall impedance and a broad-band res-
onator.

In the following we will show measurements and calcu-
lations and discuss the impedance model.
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TUNE SHIFT MEASUREMENT

Vertical Plane

The betatron tune shift of a storage ring is related to the
transverse impedance through [1, 2]
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where [, is the bunch current, R the average ring radius, E/e
beam energy in eV, o, the bunch length, 8 the beta function,
Zeff the effective impedance, and Im{-} represents taking
the imaginary part. The summation over i is for sections of
the ring whose beta functions and impedance contributions
may differ. The effective impedance is defined as

Zp ZJ_(wp)h(wp - wf)
Zp h(wp - w‘f)

where w, = (p+vg)wy, v the betatron tune, wy the angular
revolution frequency, wg = Ewgvg /7, £ the chromaticity, i
the phase slippage factor, and h(w) the spectral power den-
sity function for the m = 0 azimuthal mode. For a Gaussian
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beam, h(w) = e“”z"'?, with o, = 0, /¢, ¢ being the speed
of light.

We measured tune shifts vs. bunch current for various
machine conditions. Data for the vertical plane are shown
in Figure 1. The vertical chromaticity was corrected to zero
for the low emittance (LE) lattice data. One of the LE data
points was measured with the RF gap voltage reduced to
1.40 MV in order to increase the bunch length. The LE data
points at 2.85 MV were taken with 1, 6, 10, and 12 bunches
filled, respectively. The low alpha data (LA4) were taken
in a lattice for which the momentum compaction factor is
reduced to 2.73 x 107, The vertical chromaticity was & =
0.62 for the low alpha lattice because we had exhausted our
sextupole knobs for second order alpha control. The low
alpha measurements were repeated on two shifts, each time
with RF gap voltage settings of 3.2, 2.4, 2.1 and 1.4 MV,
respectively. All data points were taken with the in-vacuum
undulator BL.12-2 gap open.

Using the data in Figure 1 and Eq. ( 1) we can calculate
the total effective impedance for the ring under the smooth
optics approximation,

ImzT =

myZ&Mfﬁ 3)

The total impedance includes the contribution of resistive
wall (RW) impedance, which can be directly calculated,
knowing the geometry and surface material of the vacuum
chamber. For SPEAR3, the vacuum chamber height in the
arcs and in straight sections without insertion devices (ID)
is 34 mm. Atthe ID straight sections, the height ranges from
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Figure 1: Vertical betatron tune vs. bunch current.

6 mm to 11 mm. The average geometric factor for resistive
wall impedance is < 'l‘% > % =8.06 x10° m~3 with BL12-
2 gap open (22 mm). The entire vacuum chamber is either
copper of copper-plated. The RW impedance at the first rev-
olution harmonic is Z, yw(wp) = 1.16 X (1 — i) MQ/m.
The RW contribution to the ring effective impedance is
Imerw = —0.032 MQ/m for the (LE, 2.85 MV) cases and
—0.012 MQ/m for the LA4 cases.

The differences between the measured total impedance
and the RW impedance can be attributed to a broad-band
resonator (BBR) impedance model which accounts for con-
tributions of the discontinuities of the vacuum chamber,
such as bellows, BPM buttons, stripline kickers, and tapers.
The transverse impedance for a BBR model is

[ R,
Z,(wW=———"—— 4
W= g @)
where w, is the resonant frequency, R, = wLRl, R; the

shunt impedance for the dipole mode, and Q the quality fac-
tor. The effective impedance for a Gaussian beam with the
BBR model is calculated with

ZiTBBR A | e mxerd?
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where A = w, 0 and xg = wg/w,.

We use a BBR model with Q = 1. The shunt impedance
can be determined from the data points taken with & = 0
and taking advantage of the fact that the integral in Eq. (5)
approaches —i when x; = 0 and A >~ 2. The latter
condition is fulfilled for the resonant frequency required
to explain the low alpha data points. Figure 2 shows the
differences between the measured total vertical effective
impedance and the calculated RW contribution. Using the
data points from the low emittance lattice, it is found that
R, = 0.165 + 0.023 MQ/m. Also plotted are calculated
BBR effective impedances for a few possible resonant fre-
quencies. The resonant frequency f, = w,/2n = 37 GHz
appears to fit the measurements well.

The longitudinal BBR impedance is approximately re-
lated to the transverse impedance with the relationship [2]

Z, per(W) = %Z”’LR(Q))~ (6)
w
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Figure 2: The vertical effective impedance attributed to the
BBR model (i.e., the total minus the RW contribution) is
compared to calculated values for various candidate reso-
nant frequencies.

This formula gives a longitudinal shunt impedance of
Z,Ber = 7.4 kQ. By fitting measured bunch lengthening
data for the LE lattice, Ref. [3] gave a longitudinal BBR
model with the shunt impedance of 10 kQ, O = 0.7 and
fr = 30 GHz. A later study adjusted the shunt impedance
to 5.0 kQ to better fit the LE data with the contribution
of shielded coherent synchrotron radiation impedance in-
cluded [4]. Considering R, /Q, the longitudinal BBR
model derived from bunch lengthening data is in excellent
agreement with the recent transverse impedance measure-
ment.

Horizontal Plane

We also measured horizontal tune shifts vs. bunch cur-
rent in the low emittance lattice. The slope showed a strong
dependence on the fill pattern. With the RF gap voltage
at 2.85 MV, horizontal chromaticity corrected to zero, and
bunch length at 7.1 mm (w/ lengthening), the slope was
i%: = —0.02 +0.002, 0.071+0.004, and 0.111+0.005 A~!
for 1, 6 , and 12 bunch uniform fills, respectively, cor-
responding to a horizontal effective impedance of 0.031,
—0.109, and —0.171 MQ/m. Note the sign for the single
bunch case is opposite to the other two cases. The depen-
dence on fill pattern indicates an effect of a long range wake-
field. The magnitude of the horizontal effective impedance
and the extent of dependence on fill pattern is inconsistent
with a pure resistive wall impedance. We suspect a narrow-
band resonant impedance. This topic needs further investi-
gation.

HEAD-TAIL INSTABILITY
MEASUREMENT

The head-tail instability growth rate for the m = 0 mode
is given by (air bag model) [2]

L_oLIe £ ™ Retz, (/Vaon o), ()
T nwnElen J

where Jy(x) is the Bessel function, and Re{-} indicates tak-
ing the real part. For our case withp > 0, the m = 0
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head-tail mode is stable with a positive chromaticity. With
a negative chromaticity, it becomes unstable if the growth
rate exceeds the damping rate.

In the experiments we filled the ring with a single bunch
with a given current, then reduced the chromaticity until
the beam became unstable as indicated by the growth of the
tune signal on the spectrum analyzer. The products of the
chromaticity and bunch current from the measurements are
plotted against the bunch current in Figure 3 for both planes.
For the horizontal plane, £1;, stays constant with a value of
—6.1+0.3 mA. For the vertical plane, the product increases
nearly linearly with current. This occurs in part because the
impedance integral in Eq. (7) decreases as the bunch length-
ens. It may also indicate a damping mechanism becomes
stronger with the increasing bunch current.
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Figure 3: The products of chromaticity and bunch current
at the head-tail instability threshold vs. bunch current.

When we plug in the calculated RW impedance and the
measured BBR impedance from the last section into Eq. (7)
for the vertical plane, the contributions to the impedance
integral are found to be —16.5 kQ/m for the BBR and
—9.0 kQ/m for the RW, respectively. Therefore, the growth
time for the case with I, = 1 mA and & = -1lis 7, =
2.0 ms. If we extrapolate the vertical data in Figure 3 to
I, = 1 mA, the product £1, would be —5.6 mA. Thus the
vertical growth time is 5.6 times smaller, at 0.36 ms. This
is 15 times faster than the radiation damping for the verti-
cal plane. This result may need a numerical correction as
the calculation is based on the air bag model, which tends
to over estimate the results [2]. The rest of the discrep-
ancy may be explained by Landau damping, although fur-
ther study is required.

TRANSVERSE MODE COUPLING
INSTABILITY MEASUREMENT

The transverse mode coupling instability (TMCI) thresh-
old is given by [1],
8 E
L = —Swhkle ®)
<B>ki(oy)

where vy is the synchrotron tune, < 8 >= R/vg the average
beta function, and the kick factor is defined as

1 (o)
ki(oy) = ;f dwlm{Z, (w)}h(w,07).  (9)
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The kick factors for the BBR, RW, and total impedances for
SPEAR3 are plotted in Figure 4 against the bunch length.
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Figure 4: The vertical kick factor vs. bunch length.

In the experiment we measured the single bunch current
threshold for SPEAR3 by injecting into one bunch until ac-
cumulation stopped, at which point there was typically a
step loss of a few milliamps. The bunch current threshold
for a few different RF gap voltage levels is plotted in Fig-
ure 5. The instability that limits the bunch current is con-
sistent with TMCI. For example, the coherent betatron tune
shift at I, = 27 mA for the case with an RF voltage of 2.85
MYV would be 0.008, close to the synchrotron tune of 0.0093.
We calculated the TMCI threshold with Eq. (8) and the ver-
tical impedance model and found good agreement. The re-
sult is also plotted in Figure 5. The calculation includes the
bunch lengthening effect using measurements reported in
Ref. [3]. As a rough approximation, the bunch length at the
threshold is considered 50% longer than the zero-current
limit.
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Figure 5: The measured single bunch current threshold for
SPEAR3 at various RF gap voltage.

CONCLUSION

A broad-band resonator impedance model of R, =
0.165 MQ/m, Q = 1, and f, = 37 GHz for the vertical
plane is derived from tune shift with beam intensity mea-
surements for SPEAR3. This model agrees with head-tail
and TMCI instability threshold measurements. It is also
consistent with a previous study of the SPEAR3 longitudi-
nal impedance. Further study is needed to understand the
horizontal impedance.
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