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Abstract
The RHIC luminosity upgrade program aims for an in-

crease of the polarized proton luminosity by a factor 2. To

achieve this goal a significant increase in the beam inten-

sity is foreseen. The beam coupling impedance represents a

source of detrimental effects for beam quality and stability at

high bunch intensities. In this paper, we evaluate the global

transverse impedance in both the AGS and RHIC with mea-

surements of tune shift as a function of bunch intensity. The

results are compared to past measurements and the present

impedance model. First attempts at transverse impedance

localization are as well presented for the RHIC Blue ring.

INTRODUCTION
The measurements of transverse beam coupling

impedance are presented for the AGS and RHIC. In the first

section we present the measurements on the AGS whose

beam position monitor (BPM) system allowed for a global

transverse impedance estimation. In the second section

we perform the same measurement for the RHIC Blue and

Yellow rings. The impedance of the Blue ring was found to

be higher than expected. This motivated a first attempt at

impedance localization observing the impedance-induced

phase advance beating. A detailed report on the performed

measurements and analysis can be found in [1].

AGS MEASUREMENTS
In the AGS accelerator due to a limited number of turn-

by-turn BPMs, the system allowed only for the measurement

of the total effective impedance through the observation of

the transverse tune shift with intensity. A measurement in

the vertical plane could be performed while time constraints

didn’t allow the measurement of the horizontal plane. It is

however believed to be small due to the elliptical shape of

the vacuum chamber.

The measurement has been performed at 23.8 GeV total

energy injecting a single bunch of σb = (5.8 ± 0.1) ns rms
bunch length with transverse emittance of ε95%n = 13.5 μrad
on both planes and varying intensity from Nb = 5 · 1010 to
Nb = 25 ·1010 ppb. The bunch was excited with a transverse
kicker synchronized with a dedicated high-resolution BPM

from which 300 turns of coherent betatron oscillation were

stored.

The total effective transverse impedance Ze f f
x,y is defined

as

Ze f f
x,y =

∫ +∞

−∞
Zx,y (ω)S(ω) dω
∫ +∞

−∞
S(ω) dω

, (1)

with S(ω) the beam power spectrum and Zx,y (ω) the trans-
verse impedance. The transverse tune shift ΔQx,y is then

given by [2]

ΔQx,y = − q2NbR
8π3/2Q0

x,y β2Eoσb
Im
(
Ze f f
x,y

)
, (2)

where q is the proton charge, Nb the bunch population,

ΔQx,y the perturbation on the measured coherent tune, Q0
x,y

the unperturbed tune, R = 128.5 m the AGS machine radius,

β the relativistic factor, Eo the proton total energy and σb
the rms bunch length (in seconds). Inverting this equation

and taking the derivative over the intensity scan in Fig. 1,

we obtain

Im(Ze f f
y ) = 1.3 ± 0.1MΩ/m. (3)
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Figure 1: Coherent tune shift vs intensity acquired in the

AGS vertical plane.

The longitudinal effective impedance is defined as

Ze f f
l

n
=

∫ ∞

−∞
Zl (ω)

n
S(ω) dω

∫ ∞

−∞
S(ω) dω

, (4)

with n = ω/ωo and ωo = 2π frev where frev is the rev-
olution frequency. From past measurements [3] a longitu-

dinal effective impedance Im(Ze f f
l

)/n = 10Ω is generally
considered as the longitudinal AGS impedance budget. As-

suming the longitudinal impedance as prevalently due to

the resistive wall contribution, we can derive the transverse

effective impedance from [2]

Im(Zt (ω)) =
βc
ω

2

b2
Im(Zl (ω)), (5)

where b is the beam pipe radius. Since in most of the AGS

machine the vacuum chamber is elliptical with a vertical
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axis of 8.2 cm and a horizontal axis of 17 cm, we assume b
as the semi vertical axis length, i.e. 4.1 cm. Integrating over
the beam spectrum S(ω) we get

Im(Ze f f
y ) =

2R
b2

Im(Ze f f
l

)

n
� 1.5MΩ/m (6)

which is close to the measured value. This confirms that

most of the AGS impedance is due to the resistive wall

contribution. In order to further confirm this result, the

measurement of the effective longitudinal impedance could

be repeated.

RHIC MEASUREMENTS
The impedance measurements in RHIC were performed

at injection energy on both the Yellow and Blue rings. Past

measurements can be found in [4] and will be used as com-

parison.

Total Impedance Measurements
Two sets of tune shift measurements were obtained in the

Yellow ring injecting train of bunches at different intensities,

from 0.5·1011 to 2.5·1011 ppb with average rms bunch length
σb � 4 ns. The beam was excited with a transverse kick

in both planes and the betatron oscillations were recorded

for 1024 turns. The chromaticity was set as close as pos-

sible to 0 on both planes, requiring considerable machine

set-up time. Due to fast damping after the kick excitation,

a good coherence was achieved only for 100 turns out of

1024 achievable. The signals were Fourier analyzed after

noise reduction. The analyzed tune shifts for both planes

are presented in Fig. 2 and the corresponding impedances

in Tab. 1 calculated using Eq. 2 accounting for the average

β function along the accelerator.

0.5 1 1.5 2 2.5
−1

−0.8

−0.6

−0.4

−0.2

0 x 10−3

Nb [1e11 ppb]

Q
x,

y−
Q

0 x,
y

X plane
Y plane

Figure 2: Coherent tune shift measurements of two fills in

RHIC Yellow ring taken on 01-05-2013 with an rms bunch

length σb � 4 ns. The tune was corrected for the bunch

length fluctuations.

The measurements in the Blue ring where analogously

performed in 2 instances injecting a train of bunches with

different intensities, from an intensity of Nb = 0.5 ·1011 ppb
to 1.8 · 1011 ppb with average rms bunch length σb � 5 ns.

Table 1: Horizontal and vertical effective impedances mea-

sured in RHIC Yellow ring.

Im(Ze f f
x ) [MΩ/m] Im(Ze f f

y ) [MΩ/m]

Set #1 2.47 ± 0.30 3.22 ± 0.27
Set #2 3.87 ± 0.85 3.14 ± 0.62
Average 3.17 ± 1.15 3.18 ± 0.89
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Figure 3: Coherent tune shift measurements in RHIC

Blue ring taken on 15-05-2013 with an rms bunch length

σb � 5 ns. The tune was corrected for the bunch length

fluctuations.

The set of measurements acquired on 15-05-2013 is shown

as an example in Fig. 3.

Unfortunately, as shown in Tab. 2, the measured

impedances were not very reproducible. The reason is not

clear yet. Nevertheless the systematically higher impedance

value motivated a more detailed analysis based on the

impedance localization method.

Table 2: Horizontal and vertical effective impedances mea-

sured in RHIC Blue ring.

Im(Ze f f
x ) [MΩ/m] Im(Ze f f

y ) [MΩ/m]

Set #1 7.06 ± 1.29 9.06 ± 1.56
Set #2 20.51 ± 1.98 19.07 ± 1.15
Average 13.79 ± 6.72 14.01 ± 5.00)

Impedance Localization
The possibility of localizing impedance sources monitor-

ing the variation of phase advance with intensity in RHIC

can be evaluated comparing the accuracy of the method with

the expected signal induced by impedance sources. The

measured data presented an average noise to signal ratio

N SR � 5% on the recorded turn by turn coherent betatron

oscillations. We can estimate the accuracy of the phase

advance slope measurement σΔμ/ΔNb
as [5]

σΔμ/ΔNb
∝ N SR

σX

√
M
√

N
, (7)

where σX is the rms width of the intensity scan, M and

N are respectively the number of measurements and turns
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Figure 4: Measured phase advance slope in the Blue ring. At the top, the reconstructed impedance locations (in black)

with corresponding accuracy threshold (in red). At the bottom, measured phase advance slope and the least squares

reconstruction.

recorded. M � 100 measurements, N � 1000 turns and

an intensity scan from 8 · 1010 to 1.8 · 1011ppb leads to
σX � 0.4 and we get σΔμ/ΔNb

� 2 · 10−4. This is almost a
order of magnitude lower than the measured tune shift in the

Blue ring allowing for a good accuracy for the impedance

localization measurements.

As opposite to the AGS, RHIC is equipped with a large

number of turn-by-turn BPMs distributed around the ring [6].

This allows for a reconstruction of Δμ/ΔNb . The impedance

reconstruction algorithm is based on a least-square (LSQR)

procedure: defining a set of observers B (i.e. the BPMs)

and a set of reconstructors K (i.e. the impedance positions),

we can calculate the response matrix S at the observers

location from each of the reconstructors modeled as a thin

quadrupole error. In order to accurately reconstruct the possi-

ble impedance positions we considered a set of impedance re-

construction points coincident with the BPM position. This

choice is imposed by the model accuracy that exhibits a

β-beating of 30%: choosing the reconstruction points at the
BPM position enables to calculate the response matrix S us-
ing the measured phase advances instead of the model ones.

On the other hand, the β functions are model dependent and,
due to the high β-beating, are source of uncertainty in the
reconstruction.

Measured and reconstructed slopes are shown in Fig. 4 as

well as the impedance location and accuracy threshold. Most

of the impedance sources are localized around ∼ 2500m

from STAR, the reference machine starting point. This is

only a preliminary conclusion due to the limited accuracy

of the lattice model. This is a known difficulty for RHIC

injection due to the Siberian snakes [7], special magnets
used to preserve the beam spin direction along acceleration

which feature very complex fields.

CONCLUSIONS
The total vertical imaginary effective impedance has

been evaluated in the AGS machine to be about

Im(Ze f f
y ) � 1.3 MΩ/m. This estimation is in good agree-

ment with past longitudinal impedance estimations and sug-

gests that most of the accelerator impedance is due to the

resistive wall impedance.

In RHIC, the impedance of the Blue ring has been found

to be significantly higher than the one of Yellow ring where

we have estimated Im(Ze f f
x,y ) � 3 MΩ/m: this discrepancy

is under investigation and we tried to localize the main Blue

impedance sources. Despite the good accuracy achieved,

the optics of the machine turned out to be not accurate for

impedance position reconstruction. It is known that part of

the complication is due to the presence of the snakes. New

measurements are therefore planned at flat top and injection

energies, switching off the snakes and making use of the AC

dipole excitation.
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