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Beam Loading in RF cavity - Pedersen Model
2.4. INTERACTION WITH THE RF SYSTEM 19
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Figure 2.6: Schematic of the RF cavity model with two input currents and feedback loops

being comparable to or larger than the generator current creates strong interaction which

significantly modifies longitudinal motion parameters and dynamics for the low-frequency

eigenmodes (with mode numbers near 0 or N-1).

Here we will use the Pedersen model [14, 15] to characterize the small-signal behavior of

the beam and RF system. In this model the cavity is represented by an equivalent parallel

RLC circuit driven by two currents: generator current I⃗G and beam current I⃗B . This

model is schematically illustrated in Fig. 2.6. The RF system in addition to the RF power

generator usually includes additional feedback loops. These can be narrowband amplitude

and phase loops that maintain the cavity voltage amplitude and phase at the RF frequency

or broader bandwidth feedback to improve system stability margins [15].

The driving current phasors are evaluated at the RF frequency. For short bunches in

the lepton storage rings |I⃗B | = 2I0. From here on we will use IB to represent |I⃗B |. In the

Laplace domain the impedance of the cavity is given by

Z(s) =
2σRs

s2 + 2σs + ω2
r

(2.13)

where σ = ωr/2Q is the damping time of the cavity. Note that Eq. 2.13 transforms into
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Figure 2.7: Steady-state vector diagram of accelerating cavity currents and voltages

Eq 2.11 with the substitution s = jω.

The beam loading is characterized by the dimensionless parameter Y = IB/IL where

IL is the generator current required to produce the same cavity voltage without beam load

and with the cavity resonance tuned to ωrf . From the steady-state vector diagram shown

in Fig. 2.7 relating I⃗B, I⃗G, and cavity voltage V⃗C one gets the following relationship

tan φL =
tan φZ − Y cos φB

1 + Y sinφB
(2.14)

where φL is the loading angle between the cavity voltage and the generator current, φB is

the synchronous phase angle, and φZ is the cavity impedance angle. For efficient utilization

of the power source loading angle is usually maintained constant and close to 0. To achieve

that according to Eq. 2.14 the magnitude of the cavity impedance angle has to increase

when Y increases - more obvious if we rewrite that equation as

tan φZ = tan φL + Y (tan φL sin φB + cos φB)

Coupled systems between beam dynamics, beam current, generator current, cavity
phase/voltage

Beam loading parameter Y = IB/IL
At high beam loading, cavity is detuned for Robinson Stability

If IB has modulations ( gaps or current variations) VC has modulations

VC modulations in Magnitude and Phase, in frequency domain expressed as revolution
harmonics and synchrotron sidebands

J. D. Fox EIC Gap transient Issues 2
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Cavity-Beam Interaction linear model
RF Cavity Feedback 

Flemming Pedersen l 

Stanford Linear Accelerator Center, Stanford, CA 94309 

ABSTRACT 

The effects of heavy beam loading due to the high circulating current in high luminosity B factories are described 
as well as how to cure them by means of RF cavity feedback. Fundamental limitations to maximum achievable 
feedback gain are discussed. 

1. INTRODUCTION 

Large high current storage rings like B factories and 
large hadron colliders like the SSC and the LHC suffer 
from two particular beam loading effects not present in 
smaller storage rings, namely the excitation of fast 
growing longitudinal coupled bunch instabilities by 
the detuned fundamental RF resonance, and the 
presence of phase modulations of the bunches due to 
gaps in the bunch train. Gaps are required for B 
factories to prevent ions from accumulating in the 
electron beam, and for hadron colliders to allow for 
abort kicker gaps, as well as during the injection 
process. 

These particular beam loading problems are described 
with particular emphasis on the proposed PEP II B 
factory facility [ 11. 

2. BEAM CAVITY INTERACTION FOR THE 
FUNDAMENTAL CAVITY MODE 

This subject has been studied many years ago by 
Robinson [2] for the case where only the n = 0, m = 1 
longitudinal mode of the beam is considered, and no 
RF feedback is applied. The beam modes [3] are 
described by the coupled bunch pattern mode number 
n (n = 0 is for the case where all bunches are moving 
in phase), and the within-bunch mode number m 
(m = 1 for the dipole mode, m = 2 for the quadrupole 
mode etc.). 

While the Robinson criterion is adequate for many 
small storage rings, it does not consider the excitation 

1 on leave from CERN, CH-1211 Geneva 23. Switzerland. 
. 
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of coupled bunch modes with n f 0, which is 
important for large rings. Neither does it correctly 
describe the stability analysis when feedback loops are 
added [4], nor higher order modes like the m = 2 
quadrupole mode. 

While the excitation of the same longitudinal coupled 
bunch modes by HOM’s (higher order modes) of the 
RF cavities is an important issue for PEP II, this is not 
considered in this paper, and the cure (damping by 
wave guide loads [5] and multi-bunch longitudinal 
feedback [6],[7]) is somewhat different from dealing 
with the problems associated with the fundamental 
mode. 

The analysis of the dynamics of the beam - cavity - RF 
system interaction begins with the lumped element 
circuit equivalent of the fundamental RF resonance, 
the common element for both the beam dynamics 
interaction and the RF feedback electronics, figure 1. 

2.1 Steady State Condition: Required 
Power 

We will use the same notation as in reference [4]. 1, 
and 1, represent the fundamental RF components of 
the beam and the incident RF generator current, IT is 
the sum of those two currents and thus the total 
current injected into the cavity, V, is the cavity 
voltage per cell, $z is the cavity impedance angle, and 
I+~ is the stable phase angle. I, is the equivalent loss 
current in the shunt impedance R, which includes the 
loading by the generator output impedance for the 
coupling applied. For a given V, and ez the required 
steady state generator current IG and phase angle 9L is 
given by: 

SLAC April 6~10, 1992 
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Figure 2: Generalized linear beam cavity interaction 
model. 

G, (~1 = --G,(s) = 
ostan4, 

(s+o)2 +(I$) 
(7) 

The transfer functions from Is and IG (G B, GaaB, 
GapBv G aBv Gpp”, GaaG, G,pGp and Gpa?figure 2) 
are simp y obtained by projections of the modulations Q 
of In and I, onto IT, figure 1. 

2.3 Beam Transfer Functions 

Neglecting Landau and radiation damping we get the 
following transfer function for the phase modulation of 
the beam current: 

02 B1(s)dL-L + (n f 0 modes) 
. Pveff s2 +0,2 

63) 

where os is the synchrotron frequency and n the 
coupled bunch mode number. This response is 
dominated by the m = 1 dipole modes. 

For the amplitude modulation of the beam current, the 
response is dominated by the m = 2 quadrupole modes: 

B~(LT)=~= k2(20)s)2 +(n #O modes) 
%ff s2 + (20,)2 

(9) 

where k2 is a form factor for the quadrupole mode 
interaction strength, which depends of the bunch 
length. For the very short bunches normally found in 
B factories like PEP II this form factor is small. The 
fundamental cavity impedance without RF feedback is 

however large and since no coupled bunch feedback 
system is foreseen for the quadrupole modes, these 
modes must be included in a complete analysis. 

2.4 General Stability Analysis 

By combining the beam transfer functions (8) and (9) 
the cavity transfer functions (6) and (7), and the 
various RF feedback transfer functions relating ZG to 
V, a complete and exact stability analysis is in 
principle possible. 

However even for the simplest possible RF feedback 
transfer functions, and without considering coupled 
bunch modes with n #O or quadrupole modes the 
system is already of sixth order (41. A general 
analytical stability criterion as found for the Robinson 
case requires the use of symbolic algebra programs [8] 
and the resulting expressions becomes so complicated 
that they are of limited practical use. 

It is therefore useful to decompose the problem into 
several relatively independent problems. It is for 
example possible to calculate the phase and amplitude 
transients of the RF voltage due to the periodic 
excitation of the beam gap without worrying about the 
stability of the coupled bunch modes, see below. It is 
also possible to calculate the influence of the RF 
system on the coupled bunch modes by calculating the 
complex mode frequency shift as a perturbation mode 
by mode provided the resulting frequency shift is small 
compared with the synchrotron frequency. 

In cases where all feedback transfer functions exhibits 
complete symmetry between phase and amplitude 
modulations the influence of the RF system on the 
beam can be completely described by the closed loop 
impedance of the RF system. 

If this symmetry is broken, the effect of the RF system 
on the beam can no longer be described by a simple 
longitudinal coupling impedance, since the induced 
modulations of the RF voltage depend upon the phase 
relationship of the mode sidebands with respect to the 
RF ‘carrier’. 

194 
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PEP-II and LHC Direct and Comb loops ( Boussard)

II. SYSTEM DESCRIPTION

The PEP-II RF system block diagram is shown in Fig. 1.
The RF stations are comprised of 1.2 MW, 476 MHz
klystrons with either 2 or 4 normal-conducting RF cavities
with high-order mode dampers and an R=Q ratio of 116. In
heavy loaded rings, there is a strong interaction between
the multiple-bunched beam and the RF station. This beam
loading is mainly produced by the effective cavity imped-
ance seen by the beam current. Feedback systems around
the stations are needed to reduce that impedance and
consequently minimize the fast unstable growth of the
low-order modes in the beam.

The LLRF systems include direct and comb loop feed-
back paths to reduce impedances seen by the beam. The
stations also incorporate numerous low bandwidth regulat-
ing loops which control the cavity tuners, the high-voltage
power supply voltage, and compensate for gap transient
effects [4,5]. The tuner loop adjusts the cavity for mini-
mum reflected power, whereas the klystron saturation loop
maintains constant saturation headroom by controlling the
high-voltage power supply to the klystron. The gap feed-
back loop removes revolution harmonics from the feed-
back error signal to avoid saturating the klystron.

The direct loop causes the station to follow the RF
reference adding regulation to the cavity voltage, thus
extending the beam-loading Robinson stability limit and
lowering the effective fundamental impedance seen by the
beam. The comb loop consists of a second order digital
infinite impulse response (IIR) filter that adds narrow gain
peaks at synchrotron sidebands around revolution harmon-
ics to further reduce the residual impedance. Despite the
LLRF feedback, the beam exhibits low-mode coupled-
bunch instabilities at operating currents due to the funda-
mental impedance, and a special ‘‘woofer’’ feedback chan-
nel is required to control low-mode instabilities [6], seen as
the ‘‘longitudinal low group-delay woofer’’ in the block
diagram.

III. MODEL DESCRIPTION

The simulation is focused on understanding the interac-
tion among the low-order dynamics of the beam, the
cavities, and the fast LLRF feedback loops. This tool is
developed as a block system in SIMULINK, which uses the
system parameters calculated in MATLAB [7] to set the
initial conditions of the slow loops and to provide mea-
surement/estimation tools. The simulation is an update of a
previous work developed by Tighe [8].

The overall dynamic system is of complex structure,
including a large number of state variables with different
dynamics that makes simulating at this level cumbersome.
The beam at PEP-II is composed of 1746 physical bunches.
The longitudinal dynamics of individual bunches can be
modeled, based on energy considerations, by

 !! n ! 2dr _!n !
""evrf"!s ! !n # $ Urad "Eo ##

EoTo
% 0

for n % 1; . . . ; 1746;
(1)

where !n is the time deviation of the n th bunch centroid
with respect to the arrival time of the synchronous particle
!s, 2dr & _Urad "Eo #=To is the radiation damping rate, " is
the momentum compaction factor, To is the harmonic
revolution period, and evrf"t# is the total energy, including
wake fields, transmitted to the beam by all the RF stations
per revolution period. The goal of the simulation is to study
the low-order mode behavior of the beam induced by the
interaction with the RF stations. Thus, the particle beam is
modeled via a variable number of macrobunches N com-
parable to the IIR comb filter samples per turn, rather than
the 1746 physical bunches. This approach reduces the
number of state variables assigned to model the beam
dynamics, but allows keeping the same abort gap in the
filling pattern and fully resolves all the low-order beam
modes and interactions with the RF fundamental
impedance.

The energy evrf"!s ! !n # applied per turn to the n th

bunch is the net contribution of all the RF cavities in the
ring. The voltage vrf can be expressed by

 vrf"!s ! !n # %
XST

i% 1

XK

j% 1

vci;j"!si;j ! !n #; (2)

where ST is the number of stations, K is the number of
cavities per station (K % 2 in the LER andK % 2 orK % 4
in the HER), and vci;j is the instantaneous voltage corre-
sponding to the jth cavity in the ith RF station. In nominal
operation, the cavities per station are detuned by the same
magnitude which allows us to group either the two- or the
four-cavity station in a unique dynamic macromodel (a 2 or
4 cavity macromodel). This simplification defines the volt-
age per station as
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FIG. 1. (Color) System block diagram. Fast dynamics (modeled)
appear in blue, slow dynamics (fixed parameters in simulation)
in green, and not modeled components in red.
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RF system models for the CERN Large Hadron Collider with application
to longitudinal dynamics
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The Large Hadron Collider rf station-beam interaction strongly influences the longitudinal beam

dynamics, both single-bunch and collective effects. Nonlinearities and noise generated within the radio

frequency (rf) accelerating system interact with the beam and contribute to beam motion and longitudinal

emittance blowup. Thus, the noise power spectrum of the rf accelerating voltage strongly affects the

longitudinal beam distribution. Furthermore, the coupled-bunch instabilities are also directly affected by

the rf components and the configuration of the low level rf (LLRF) feedback loops. In this work we present

a formalism relating the longitudinal beam dynamics with the rf system configurations, an estimation of

collective effects stability margins, and an evaluation of longitudinal sensitivity to various LLRF

parameters and configurations.

DOI: 10.1103/PhysRevSTAB.13.102801 PACS numbers: 29.20.db, 29.27.Bd

I. INTRODUCTION

The Large Hadron Collider (LHC) rf system consists of
eight rf stations per beam. The rf system accelerates the
beam during the ramp, compensates the small energy
losses during coasting, and also provides longitudinal fo-
cusing. The beam and the rf station are two dynamic
systems with a strong interaction, which complicates
stability considerations for the composite system. A sim-
plified block diagram of the LHC rf system is shown in
Fig. 1.

Each rf station includes an accelerating superconducting
cavity, a 330 kW klystron, and the low level rf (LLRF)
system consisting of the klystron polar loop and the im-
pedance control feedback system. The superconducting
cavity has an R=Q of 45, a resonance frequency of
400.8 MHz, and a mechanical tuner with a 100 kHz range.
The cavity voltage and loaded quality factor QL are set to
1 MV and 20 000, respectively, during injection and to
2 MV and 60 000 during physics, for nominal intensity
beams. The klystron polar loop used at the LHC acts
around the klystron to reject power supply perturbations
and compensate the gain and phase shift of the nonlinear
klystron at low frequencies for different operation points.
The feedback system controls the accelerating fundamen-
tal impedance of the rf station to achieve longitudinal
stability. It incorporates digital and analog paths, as well
as the 1-Turn feedback (comb), which acts to reduce the
impedance at the synchrotron sidebands.

Single-bunch longitudinal emittance growth as well as
beam stability related to collective effects are examined in
this paper. Both of these longitudinal dynamics effects are
strongly coupled to the effective impedance of the rf
station and the configurations of the feedback loop. The
rf configuration is defined by the design choices of com-
ponents and signal levels, as well as the operational choices
of variable parameters. Different approaches on the com-
ponent and parameter selection can have a significant
effect on the stability and characteristics of the beam.
In this work, the LHC LLRF system has been modeled

with the existing technology implementation. The effect of
the operational choices on controller settings is then inves-
tigated. The objective of this work is to verify high-current
and upgraded operating conditions of the LHC, study
optimal configuration techniques to achieve minimum rf
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FIG. 1. (Color) Simplified LHC rf block diagram.
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LLRF systems regulate cavity voltages

Direct and Comb loops reduce impedance seen by beam, fights longitudinal
instabilities

Modulations in beam current drive transients in cavity voltage

Can’t the klystron just compensate? what power is required?
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PEP-II and Gap Feed-Forward

II. SYSTEM DESCRIPTION

The PEP-II RF system block diagram is shown in Fig. 1.
The RF stations are comprised of 1.2 MW, 476 MHz
klystrons with either 2 or 4 normal-conducting RF cavities
with high-order mode dampers and an R=Q ratio of 116. In
heavy loaded rings, there is a strong interaction between
the multiple-bunched beam and the RF station. This beam
loading is mainly produced by the effective cavity imped-
ance seen by the beam current. Feedback systems around
the stations are needed to reduce that impedance and
consequently minimize the fast unstable growth of the
low-order modes in the beam.

The LLRF systems include direct and comb loop feed-
back paths to reduce impedances seen by the beam. The
stations also incorporate numerous low bandwidth regulat-
ing loops which control the cavity tuners, the high-voltage
power supply voltage, and compensate for gap transient
effects [4,5]. The tuner loop adjusts the cavity for mini-
mum reflected power, whereas the klystron saturation loop
maintains constant saturation headroom by controlling the
high-voltage power supply to the klystron. The gap feed-
back loop removes revolution harmonics from the feed-
back error signal to avoid saturating the klystron.

The direct loop causes the station to follow the RF
reference adding regulation to the cavity voltage, thus
extending the beam-loading Robinson stability limit and
lowering the effective fundamental impedance seen by the
beam. The comb loop consists of a second order digital
infinite impulse response (IIR) filter that adds narrow gain
peaks at synchrotron sidebands around revolution harmon-
ics to further reduce the residual impedance. Despite the
LLRF feedback, the beam exhibits low-mode coupled-
bunch instabilities at operating currents due to the funda-
mental impedance, and a special ‘‘woofer’’ feedback chan-
nel is required to control low-mode instabilities [6], seen as
the ‘‘longitudinal low group-delay woofer’’ in the block
diagram.

III. MODEL DESCRIPTION

The simulation is focused on understanding the interac-
tion among the low-order dynamics of the beam, the
cavities, and the fast LLRF feedback loops. This tool is
developed as a block system in SIMULINK, which uses the
system parameters calculated in MATLAB [7] to set the
initial conditions of the slow loops and to provide mea-
surement/estimation tools. The simulation is an update of a
previous work developed by Tighe [8].

The overall dynamic system is of complex structure,
including a large number of state variables with different
dynamics that makes simulating at this level cumbersome.
The beam at PEP-II is composed of 1746 physical bunches.
The longitudinal dynamics of individual bunches can be
modeled, based on energy considerations, by

 !! n ! 2dr _!n !
""evrf"!s ! !n # $ Urad "Eo ##

EoTo
% 0

for n % 1; . . . ; 1746;
(1)

where !n is the time deviation of the n th bunch centroid
with respect to the arrival time of the synchronous particle
!s, 2dr & _Urad "Eo #=To is the radiation damping rate, " is
the momentum compaction factor, To is the harmonic
revolution period, and evrf"t# is the total energy, including
wake fields, transmitted to the beam by all the RF stations
per revolution period. The goal of the simulation is to study
the low-order mode behavior of the beam induced by the
interaction with the RF stations. Thus, the particle beam is
modeled via a variable number of macrobunches N com-
parable to the IIR comb filter samples per turn, rather than
the 1746 physical bunches. This approach reduces the
number of state variables assigned to model the beam
dynamics, but allows keeping the same abort gap in the
filling pattern and fully resolves all the low-order beam
modes and interactions with the RF fundamental
impedance.

The energy evrf"!s ! !n # applied per turn to the n th

bunch is the net contribution of all the RF cavities in the
ring. The voltage vrf can be expressed by

 vrf"!s ! !n # %
XST

i% 1

XK

j% 1

vci;j"!si;j ! !n #; (2)

where ST is the number of stations, K is the number of
cavities per station (K % 2 in the LER andK % 2 orK % 4
in the HER), and vci;j is the instantaneous voltage corre-
sponding to the jth cavity in the ith RF station. In nominal
operation, the cavities per station are detuned by the same
magnitude which allows us to group either the two- or the
four-cavity station in a unique dynamic macromodel (a 2 or
4 cavity macromodel). This simplification defines the volt-
age per station as
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LER with 3.15A for two types of tubes at varying levels of
saturation.  The last column refers to the damping time of
the slowest mode to damp. The table shows that at a higher
current the effect of the klystron parameters on stability
becomes apparent.  It is clear that wider bandwidth and
lower group delay are desirable and that the regime where
this becomes important will be reached when currents are
increased to raise luminosity.

Tube stable? Saturation damping time
BW -3MHz YES None 140 turns

delay-
150ns

YES 81% 350 turns

NO 85%
BW -6MHz YES None 120 turns

delay-
100ns

YES 90% 750 turns

Table 1. Dependence on Klystron Parameters at 3.15A

III. Gap Transients

The HER is to have an ion clearing gap of
approximately 5% of the ring circumference. The LER will
have its gap partially filled in order to match the beam
phase variations in the two rings, maintaining collisions at
the interaction point. Figure 3 displays the cavity voltage
and phase transients induced by the gap in the HER.
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Figure 3. Cavity Voltage Transient

The model confirms the structure of calculated gap
transients and allows evaluation of methods to accurately
match the transients in the two rings[5].

Without accommodation for the gap transient the
feedback would request more than the available power and
the klystron would saturate. A procedure will be used to
prevent the feedback system from attempting such a
compensation.

IV. Feedforward algorithm

An adaptive algorithm has been devised to adjust the
station RF reference to track the transient, keeping the
klystron power constant. A profile corresponding to 20
MHz samples is generated by sampling the klystron drive
over many turns, averaging and modifying the feedforward
values in order to produce a more constant klystron output.
The feedforward signal adapts slowly from turn to turn, and
will not interfere with the operation of the feedback loops.
Figure 4 shows the envelope of the forward power per
cavity during the convergence of the algorithm.  The
convergence rate  may be adjusted as needed.

Figure 5 shows the forward power variation per cavity
over two turns both with and without the feedforward in
effect. The power variation is reduced to approximately
0.5% with feedforward. Figure 6 shows the station
reference signal generated by the feedforward system. This
signal combines with the feedback signal to create a nearly
constant reference for the klystron, maintaining low power
fluctuation despite the gap. The feedforward algorithm will
adapt during the filling of the ring and track as the current
in the ring decays.
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Figure 4. Forward Power Envelope During Adaption

1273 1273.2 1273.4 1273.6 1273.8 1274 1274.2 1274.4 1274.6 1274.8 1275
410

420

430

440

450

460

470

480

490

Turn number

kW

With Feedforward
No Feedforward  

Figure 5. Forward Power Variation, with
and without Feedforward.

PEP-II used damped normal conducting cavities, 1 MW klystrons
Klystron had insufficient power to regulate gap transients
Unsaturated LLRF loops critical for impedance control and cavity regulation
Strategy - learn steady state error transient, cancel this out, leaving klystron
power for impedance control and cavity accelerating voltage
adaptive system, with finite bandwidth
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PEP-II Cavity Gap Transients

noise in the phase error signal are impressed on the beam.
While these signals are filtered through the bandpass DSP
control filters, (reducing the power away from !s in the
kicker system), the overall impact of the low-frequency
signals from the rf system was problematic. In the same
plot, the quantizing noise of the analog-to-digital converter
(ADC) and the receiver noise spectrum when no beam is
present are depicted.

Additional insight of the signals involved in the longi-
tudinal feedback channel can be found by looking in the
time domain at the front-end and back-end signals.
Figure 7 (upper) shows the HER baseband front-end signal
(ADC, from Fig. 2) for a single turn while the machine is
operating stably at 1800 mA. This figure shows the gap
transient, of roughly 4 degrees at the rf frequency, which
fills roughly 1=3 of the dynamic range of the ADC. Each
bunch rides on a unique synchronous phase. The bunch
longitudinal coordinates are processed by the DSP filters,
which are bandpass functions which remove the DC syn-
chronous phase position from each bunch sequence, and
provide gain around the synchrotron frequency. Figure 7
(lower) shows the output of the DSP processing [digital-to-
analog converter (DAC), from Fig. 2] for this same turn. It
is important to observe that the structure of the gap tran-
sient is removed, and about 40% of dynamic range of the
output channel (þ 127=" 128 DAC counts) is used from
the noise and residual motion of the beam at the synchro-
tron frequency.

The systems operate in this equilibrium without diffi-
culty, running the output power stages with signal compo-
nents from the noise and driven motion perturbations of the
beam. The true HOM instability signal is damped to the
noise floor of the ADC as seen in Fig. 6, and the majority of

the power in the processing channel is from driven motion
and broadband noise. The dynamic range around the oper-
ating point, with 35 dB gain of the processing filter, is such
that a few A/D counts of synchrotron frequency motion
through the processing channel fully saturate the output
stage (this corresponds to a few tenths of an rf degree of
phase motion). The high gain is necessary to have adequate
damping, as the HER HOM growth rates are roughly 3X
the original design estimates from the additional cavities
and higher currents.
At the end of PEP-II operations, at 2100 mA in the HER,

the operation of the HER broadband longitudinal feedback
system began to reach an effective gain limit due to satu-
ration effects in the power stages from 720 Hz and impul-
sive noise on the beam from the rf HV power supplies and
other rf system disturbances. The system exhibited short
transient excitations at the synchrotron frequency from
transient effects in one or more of the rf stations, which
drove barycentric (mode zero) longitudinal motion for
short bursts.

D. Understanding the mechanism of transient beam loss
from runaway HOM excited motion

Figures 8–16 show an interesting fault file in the HER at
1800 mA in which an impulsive low-frequency transient
saturates the feedback with mode zero signals, leading to
loss of HOM control and eventual loss of the beam. This
sort of beam loss was very hard to diagnose as the mea-
sured growth and damping rates always showed excellent
margins in operation at the same current, and the behavior
was not a steady-state situation. The ring would operate for
extended periods (weeks) without any anomalous loss of

FIG. 8. (Color) Time-domain fault file from the HER showing
the data at the output of the DSP filters (the output signals from
the DSP baseband processing with dynamic range þ127=" 128
DAC counts) The transient content is significant enough to pass
through the control filter and saturate the power stage near 1000
turns in the data set. The 5000 turns of the recording is 36 ms
long and is from an 1800 mA HER fill.
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FIG. 7. (Color) HER front-end and back-end signals of the
longitudinal feedback system for a single turn while the HER
system is operating with nominal beam parameters at 1800 mA.
The upper plot shows the phase error signal for all the bunches.
The lower plot depicts the base band signal driving all the
individual bunches at the same turn.
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Example from operating PEP-II HER

The variation in synchronous phase
bunch to bunch is steady state

2

LER with 3.15A for two types of tubes at varying levels of
saturation.  The last column refers to the damping time of
the slowest mode to damp. The table shows that at a higher
current the effect of the klystron parameters on stability
becomes apparent.  It is clear that wider bandwidth and
lower group delay are desirable and that the regime where
this becomes important will be reached when currents are
increased to raise luminosity.

Tube stable? Saturation damping time
BW -3MHz YES None 140 turns

delay-
150ns

YES 81% 350 turns

NO 85%
BW -6MHz YES None 120 turns

delay-
100ns

YES 90% 750 turns

Table 1. Dependence on Klystron Parameters at 3.15A

III. Gap Transients

The HER is to have an ion clearing gap of
approximately 5% of the ring circumference. The LER will
have its gap partially filled in order to match the beam
phase variations in the two rings, maintaining collisions at
the interaction point. Figure 3 displays the cavity voltage
and phase transients induced by the gap in the HER.
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Figure 3. Cavity Voltage Transient

The model confirms the structure of calculated gap
transients and allows evaluation of methods to accurately
match the transients in the two rings[5].

Without accommodation for the gap transient the
feedback would request more than the available power and
the klystron would saturate. A procedure will be used to
prevent the feedback system from attempting such a
compensation.

IV. Feedforward algorithm

An adaptive algorithm has been devised to adjust the
station RF reference to track the transient, keeping the
klystron power constant. A profile corresponding to 20
MHz samples is generated by sampling the klystron drive
over many turns, averaging and modifying the feedforward
values in order to produce a more constant klystron output.
The feedforward signal adapts slowly from turn to turn, and
will not interfere with the operation of the feedback loops.
Figure 4 shows the envelope of the forward power per
cavity during the convergence of the algorithm.  The
convergence rate  may be adjusted as needed.

Figure 5 shows the forward power variation per cavity
over two turns both with and without the feedforward in
effect. The power variation is reduced to approximately
0.5% with feedforward. Figure 6 shows the station
reference signal generated by the feedforward system. This
signal combines with the feedback signal to create a nearly
constant reference for the klystron, maintaining low power
fluctuation despite the gap. The feedforward algorithm will
adapt during the filling of the ring and track as the current
in the ring decays.
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Figure 4. Forward Power Envelope During Adaption
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Figure 5. Forward Power Variation, with
and without Feedforward.

Example from simulation ( Tighe)

Mis-matched transients between collider
rings causes Z shift of IP

Z Variation on IP beta function means
luminosity variation with bunch
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Dynamic Range of LLRF loops, impact of linearity

II. SYSTEM DESCRIPTION

The PEP-II RF system block diagram is shown in Fig. 1.
The RF stations are comprised of 1.2 MW, 476 MHz
klystrons with either 2 or 4 normal-conducting RF cavities
with high-order mode dampers and an R=Q ratio of 116. In
heavy loaded rings, there is a strong interaction between
the multiple-bunched beam and the RF station. This beam
loading is mainly produced by the effective cavity imped-
ance seen by the beam current. Feedback systems around
the stations are needed to reduce that impedance and
consequently minimize the fast unstable growth of the
low-order modes in the beam.

The LLRF systems include direct and comb loop feed-
back paths to reduce impedances seen by the beam. The
stations also incorporate numerous low bandwidth regulat-
ing loops which control the cavity tuners, the high-voltage
power supply voltage, and compensate for gap transient
effects [4,5]. The tuner loop adjusts the cavity for mini-
mum reflected power, whereas the klystron saturation loop
maintains constant saturation headroom by controlling the
high-voltage power supply to the klystron. The gap feed-
back loop removes revolution harmonics from the feed-
back error signal to avoid saturating the klystron.

The direct loop causes the station to follow the RF
reference adding regulation to the cavity voltage, thus
extending the beam-loading Robinson stability limit and
lowering the effective fundamental impedance seen by the
beam. The comb loop consists of a second order digital
infinite impulse response (IIR) filter that adds narrow gain
peaks at synchrotron sidebands around revolution harmon-
ics to further reduce the residual impedance. Despite the
LLRF feedback, the beam exhibits low-mode coupled-
bunch instabilities at operating currents due to the funda-
mental impedance, and a special ‘‘woofer’’ feedback chan-
nel is required to control low-mode instabilities [6], seen as
the ‘‘longitudinal low group-delay woofer’’ in the block
diagram.

III. MODEL DESCRIPTION

The simulation is focused on understanding the interac-
tion among the low-order dynamics of the beam, the
cavities, and the fast LLRF feedback loops. This tool is
developed as a block system in SIMULINK, which uses the
system parameters calculated in MATLAB [7] to set the
initial conditions of the slow loops and to provide mea-
surement/estimation tools. The simulation is an update of a
previous work developed by Tighe [8].

The overall dynamic system is of complex structure,
including a large number of state variables with different
dynamics that makes simulating at this level cumbersome.
The beam at PEP-II is composed of 1746 physical bunches.
The longitudinal dynamics of individual bunches can be
modeled, based on energy considerations, by

 !! n ! 2dr _!n !
""evrf"!s ! !n # $ Urad "Eo ##

EoTo
% 0

for n % 1; . . . ; 1746;
(1)

where !n is the time deviation of the n th bunch centroid
with respect to the arrival time of the synchronous particle
!s, 2dr & _Urad "Eo #=To is the radiation damping rate, " is
the momentum compaction factor, To is the harmonic
revolution period, and evrf"t# is the total energy, including
wake fields, transmitted to the beam by all the RF stations
per revolution period. The goal of the simulation is to study
the low-order mode behavior of the beam induced by the
interaction with the RF stations. Thus, the particle beam is
modeled via a variable number of macrobunches N com-
parable to the IIR comb filter samples per turn, rather than
the 1746 physical bunches. This approach reduces the
number of state variables assigned to model the beam
dynamics, but allows keeping the same abort gap in the
filling pattern and fully resolves all the low-order beam
modes and interactions with the RF fundamental
impedance.

The energy evrf"!s ! !n # applied per turn to the n th

bunch is the net contribution of all the RF cavities in the
ring. The voltage vrf can be expressed by

 vrf"!s ! !n # %
XST

i% 1

XK

j% 1

vci;j"!si;j ! !n #; (2)

where ST is the number of stations, K is the number of
cavities per station (K % 2 in the LER andK % 2 orK % 4
in the HER), and vci;j is the instantaneous voltage corre-
sponding to the jth cavity in the ith RF station. In nominal
operation, the cavities per station are detuned by the same
magnitude which allows us to group either the two- or the
four-cavity station in a unique dynamic macromodel (a 2 or
4 cavity macromodel). This simplification defines the volt-
age per station as
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FIG. 1. (Color) System block diagram. Fast dynamics (modeled)
appear in blue, slow dynamics (fixed parameters in simulation)
in green, and not modeled components in red.
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direct-loop and comb-loop parameters were feed-forward
adapted to track the change in the cavity detuning with
current. The loops became unstable as the loop operating
points moved with klystron power. This amount of change
in the system dynamics with operating point was not
anticipated by the designers, and had not been incorporated
into the system modeling and simulation as part of the
design phase.

The operational difficulties, with a continual trade-off
between station stability and instability growth rates, be-
came a difficult issue as currents increased and margins
were lost. Model-based configuration techniques were de-
veloped to allow the online configuration and tuning of the
rf direct and comb loops using closed-loop transfer func-
tions, taken with beam in the machine [29]. While this
approach allowed better stability margins, this was a very
intensive effort and time-consuming task. For every change
of current, or operating configuration of operating and
parked stations, gap voltages, etc., a series of loop optimi-
zations had to be made for each station, as the dynamics of
each station was unique.

C. Identifying the limiting nonlinear element

These concerns drove renewed investment in the non-
linear time-domain rf station-beam model. It was restruc-
tured to allow close comparisons between machine
measurements and the modeling—the identical time-
domain tools were used to measure low-mode instability
growth in both the machine and the simulation [30]. This
more detailed simulation revealed some subtle persistent
deviations between the physical and simulated systems. In
conjunction with high-power klystron test stand measure-
ments, a consistent deviation in the frequency response of
the small-signal gain between model and physical system
was understood [31]. A medium power solid-state ampli-
fier in the direct feedback path was eventually revealed as
the source.

In the LLRF system, the entire processing chain must
faithfully provide linear response for small modulation
signals which can be 60 or 90 dB below the high-power
fundamental (Fig. 20). As it is the small modulation signals
which provide the impedance control feedback, the impact
of a nonlinear element can be very significant. The design
and development team did not realize the significance of
testing all the processing chain for these sorts of nonlinear
effects. The medium power amplifier was specified as
having spurious harmonics better than !60 dBc and the
amplifier was uneventfully tested for gain uniformity and
frequency response as part of system design.

For the initial 7 years of operation these driver amplifiers
had never been a source of any trouble or curiosity (the
focus was often the power stages). As the impact of these
nonlinear elements became better understood, new mea-
surement techniques were developed to allow lab testing of
system elements under realistic conditions. As an example,

a swept frequency response is a common laboratory mea-
surement for rf components. Similarly, it is common to
specify spurious responses in a power spectrum relative to
a single carrier signal. To quantify the linearity of the
LLRF components, new two-tone and swept small-signal
plus large-signal carrier tests were developed. As shown in
Fig. 21, two signals are presented to characterize the trans-
fer function of the low-power klystron drive amplifier to
modulation signals. The amplifier is tested using a large-
signal power carrier in conjunction with a small test signal
(! 30 dB below the carrier). The small-signal gain com-
pression is obvious and very significant. To compare with
the original single sweep frequency test conducted on this
amplifier, the large-signal response is included in Fig. 21.
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FIG. 21. (Color) Large and small-signal transfer function mea-
surement of the original LLRF driver amplifier. The large-signal
response is a single swept test frequency, the small signal is a
swept signal !30 dB below a fixed 476 MHz carrier.
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Klystron provides accelerating voltage

Klystron provides small signal modulations for impedance control at synchrotron sidebands
of revolution harmonics in cavity bandwidth

Unsaturated LLRF loops critical for impedance control, stability of BOTH LLRF land beam
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Issues for EIC design
EIC collider design has very different RF and system dynamics in the two rings

Plans to use PEP-II damped normal conducting cavities in electron ring

What sorts of gap transients can we expect?
What impact will this have on luminosity?
What methods might be helpful to mitigate the impact?
Methods to control low longitudinal modes within damped RF
system bandwidth - longitudinal instabilities driven by cavity
fundamental
Methods to optimally use RF power sources, minimize required RF
station power
Impact of parked cavities, operational flexibility?
Develop RF system tuning tools and methods for optimal
performance
Research new control methods for next-generation colliders

Needs research and development

How big a gap is really needed for Ion Clearing?

J. D. Fox EIC Gap transient Issues 8
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Mitigation - via RF cavity stored energy
Superconducting RF cavity has potential for higher stored energy, smaller
transients

Alternate Idea - used at KEKB

Shintake - NC ARES energy storage cavity system

RF generator 
r--

fo 

Energy Storage Cavity 

Ws, Ps,Qs 

Co u p !e r .-------!:. 

Accelerating Cavity 

Fig. 2 Accelerating cavity coupled to an energy storage cavity. 

7 

longitudinal instability, because the impedance tail of the fundamental mode 
at the instability resonance becomes quite small. 

The total stored energy W,w and the wall-loss P,"' (RIQ\w the unloaded 
Q," and the shunt impedance R,0 , of this coupled cavity system are given by 

Wtot::::::WA+Ws 

Ptot::::: PA+Ps 

v' c 
(R!Qlw, = w,(W A+ W,) 

Qtol 

RlOl :::::: 

(RIQ)A 
1 + w ,JW A 

w + w. 
=W0 P+P A S 

1 + W JW 
QA!+P,JPA 

RA 
1 + ? 5/PA 

(4) 

(5) 

(6) 

(7) 

(8) 

where the subscripts A and S denote the accelerating cavity and the storage 
cavity, respectively. 

If the wall dissipation power in the storage cavity is much smaller than 
the accelerating cavity: P, << P" and the stored energy in the storage cavity 
is much larger than the accelerating cavity: W, >> WA, 

(RIQ)," = W s (RIQ)A « (RIQ)A (9) 

Q,Ol = W QA >> QA 
A . 

(10) 

RIOt :::: RA (!!) 

As shown in these equations, by means of the low-l,oss storage cavity, we can 
reduce the RIQ value as inversely proportional to the stored energy ratio, 
therefore the frequency detuning for the beam loading compensation becomes 

8 
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Mitigation - via fill pattern current modulations

PEP-II simulation adjusting LER currents
near gap to minimize IP shift

several LER buckets near gap at
60% current
Helps match transients, smaller
difference

Another Idea - put extra current at edges
of gap, so "average current" is roughly the
same

Helps reduce magnitude of
transient
Tested/evaluated by D. Teytelman
at ALS study
Lifetime or operational issues?

-1 I I I I I I I I I 

677 677.2 677.4 677.6 677.8 678 678.2 678.4 678.6 678.8 679 
turn 

The gap induced transients in the two rings must be matched to prevent 
excessive collision point variation. Here the transients from the two rings 
are matched to within 0.6" (0.1 oz). Fine tuning of the simulation 
parameters is possible to reduce this further. Theoretically, the transients 
may be perfectly matched ( assuming equal cavity coupling in the two 
rings) 
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Mitigation - via RF modulations of reference
Brute-force approach- Use lots of RF power via direct loop

Alternate Idea - used at LHC

modulation of reference phase to minimize RF power
what is possible for EIC?

Cavity voltage phase modulation to reduce the high-luminosity Large
Hadron Collider rf power requirements

T. Mastoridis
California Polytechnic State University, San Luis Obispo, California 93407, USA

P. Baudrenghien and J. Molendijk
CERN, Geneva 1211, Switzerland

(Received 21 March 2017; published 10 October 2017)

The Large Hadron Collider (LHC) radio frequency (rf) and low-level rf (LLRF) systems are currently
configured for constant rf voltage to minimize transient beam loading effects. The present scheme
cannot be extended beyond nominal LHC beam current (0.55 A dc) and cannot be sustained for the high-
luminosity (HL-LHC) beam current (1.1 A dc), since the demanded power would exceed the peak klystron
power. A new scheme has therefore been proposed: for beam currents above nominal (and possibly earlier),
the voltage reference will reproduce the modulation driven by the beam (transient beam loading), but the
strong rf feedback and one-turn delay feedback will still be active for loop and beam stability. To achieve
this, the voltage reference will be adapted for each bunch. This paper includes a theoretical derivation of
the optimal cavity modulation, introduces the implemented algorithm, summarizes simulation runs that
tested the algorithm performance, and presents results from a short LHC physics fill with the proposed
implementation.

DOI: 10.1103/PhysRevAccelBeams.20.101003

I. INTRODUCTION

The high currents employed in modern light sources and
circular accelerators lead to strong coupling of the bunch
motion with the cavity impedance. The rf system keeps the
voltage constant in amplitude and phase to achieve two
objectives. First, it compensates the beam loading and thus
achieves beam longitudinal stability. Second, it maintains
the bucket area unchanged so that there is no effect on
bunch emittance and beam loss. This is achieved by a
modulation of the generator drive. These modulations scale
with the beam current and lead to increased demanded
power from the klystrons, and eventually to saturation. As a
result, uncompensated beam loading effects in the LHC are
really small due to the action of the strong rf feedback and
one-turn delay feedback. The resulting cavity voltage has
an amplitude modulation less than 1%, whereas the phase
modulation is less than 1°, as shown in Fig. 1. This
operational scheme maintains a constant cavity voltage
in both amplitude and phase by modulating the klystron
drive (in amplitude and phase), as shown in Fig. 2.
This scheme though comes at the expense of klystron

forward power, especially during the transition between the
beam and no-beam segments. At least 200 kW of klystron

forward power would be necessary at nominal intensity
(2808 bunches, 1.1 × 1011 protons=bunch). The klystrons
saturate at 300 kW, but a margin is required to maintain
the rf feedback gain. Figure 2 shows the instantaneous
power in the LHC with 2244 bunches and
≈1.1 × 1011 protons=bunch. The big transients correspond
to all the beam pattern gaps used for that fill: 225 ns due to
the proton synchrotron (PS) kicker rise time, 900 ns due to
the super proton synchrotron (SPS) kicker rise time,
and finally 6.85 μs due to the LHC abort gap. The
300 kW klystron power will not be sufficient for beam
intensity much above the nominal LHC parameters and
definitely not for the high-luminosity LHC (HL-LHC,
2.2 × 1011 protons=bunch) [1].
Boussard proposed a solution to this limitation in 1991

[2]. This method tries to keep the klystron drive constant (in
amplitude and phase) by modulating the cavity reference in
anticipation of the beam, so that the rf loop—and thus the
klystron—does not try to reduce the beam loading effects in
the cavity. In other words, the cavity voltage is modulated
periodically in both amplitude and phase, so that the
klystron drive is constant. This method maintains the
strong rf feedback and one-turn delay feedback (OTFB)
though, with the corresponding positive effects for longi-
tudinal stability. This algorithm was implemented in
simulations [3,4] and during the first LHC run [5,6] with
promising results. Figures 3 and 4 show the resulting cavity
and klystron signals. It is clear that with this scheme the
klystron modulation is significantly reduced, but now
the cavity voltage is modulated in both amplitude and

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.
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LHC Mitigation - via RF modulations of reference

B. Optimal cavity phase modulation

Inserting the optimal detuning in Eq. (2), it is also
possible to calculate the optimal cavity phase modulation:

dφ
dt

¼ Δωopt þ
ωR=Q
2Vo

ibðtÞ

dφ
dt

¼ −Δωopt
ibðtÞ − Īb

Īb

φðtÞ ¼ −Δωopt

Z
t

t0

ibðu Þ − Īb
Īb

du þ φðt0Þ: ð4Þ

The constant φðt0Þ is a “free” parameter as power does not
depend on a constant phase shift of the cavity phase. But
this must be constrained to keep all cavities in phase (for a
given ring), and retain the collision point at the detector
center. The algorithm imposes a zero phase modulation
average over a turn.
In the presence of beam segments and gaps, Eq. (4) leads

to a piecewise linear phase modulation. A very important
consequence is the linear dependence of the peak-to-peak
phase modulation to the abort gap length for a constant total
beam current. Small changes in the LHC beam pattern
could lead to significant changes in the phase modulation.
It should also be noted that the earlier work [2] focused on a
fixed klystron drive and resulted in an exponential voltage
phase modulation [1], as seen in Fig. 3.
Figure 5 shows the estimated cavity phase modulation

for the LHC design report filling pattern and the HL-LHC
beam parameters (2.2 × 1011 protons per bunch at 7 TeV).
The peak-to-peak variation is only 111 ps for an ≈1 ns long
bunch. Furthermore, since this modulation would be almost

symmetric for the two rings, the collision point would
barely shift in the LHC interaction points 1 and 5 (ATLAS
and CMS experiments [11]).

III. ALGORITHM IMPLEMENTATION

The generator current, cavity reference, and cavity
voltage are sampled at 40 MHz in the LHC. The discrete
version for Eq. (1) is

PðkÞ
n ¼ 1

2
R=QQLjI

ðkÞ
gn j

2

¼ V2
o

8R=QQL
þ 1

2
R=QQL

!
− Vo

R=Q
Δω
ω

þ Vo _φ
ðkÞ
n

ωR=Q
− 1

2
iðkÞbn

"
2

; ð5Þ

where n is the time index and k is the algorithm iter-
ation index.
Using a steepest-descent algorithm [12], the update of

the phase modulation becomes

_φðkþ1Þ
n ¼ _φðkÞ

n þ α
∂PðkÞ

n

∂ _φðkÞ
n

¼ _φðkÞ
n þ α

VoQL

ω

!
− Vo

R=Q
Δω
ω

þ Vo _φ
ðkÞ
n

ωR=Q
− 1

2
iðkÞbn

"

¼ _φðkÞ
n þ α

QL

ω
Im½IðkÞgn

¯
VðkÞ
n & ¼ _φðkÞ

n þ fðkÞn ; ð6Þ

where α controls the convergence time leading to a time
constant τ ¼ −Trev= lnð1þ αÞ with Trev the revolution
period.
In the actual implementation, Ig and V are sampled every

25 ns for each of the 3564 possible bunch locations at every
turn (Trev ≈ 88.9 μs). Then the error function fðkÞ and the
new _φ values are computed. The parameter α corresponds
to the system gain. The gain is set so that the algorithm time
constant is about 30 seconds, which is much slower than
the synchrotron period (≈50 ms) and the cavity frequency
tuning loop time constant (≈1 second). As a result, any
changes to the beam phase are adiabatic.
The _φ values are then integrated to produce the new

reference phase value for each bunch. Finally, the dc
component is removed and the new cavity voltage reference
is set. These values are calculated in real time (with a delay
of two turns) and updated every turn. The LLRF cannot
directly adjust the cavity voltage, but instead modifies the
cavity reference and counts on the strong rf feedback and
OTFB to impose this on the cavity. These feedback loops
have a time constant of about 1 μs.
The algorithm is implemented in the digital part of the

LHC LLRF field-programmable gate array (FPGA). There

FIG. 5. Calculated cavity phase modulation for HL-LHC filling
pattern and beam parameters. 2748 bunches, 2.2 × 1011 protons
per bunch, 7 TeV, 16 MV rf voltage, 4.4 μs long abort gap. The
phase is reported in ps with respect to the 400 MHz rf clock.
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is one LLRF system per cavity. The phase modulation is
calculated independently for each cavity. To ensure syn-
chronization between the algorithm and the beam, each
LLRF system receives a revolution frequency reference.
It should be noted that the algorithm only relies on

the measured Ig and V signals and does not require prior
knowledge of the beam pattern or bunch intensity. More
details on the technical implementation can be found in
Appendix A.

IV. SIMULATIONS

The algorithm was first tested in simulations developed
in SIMULINK. These simulations included models of the
rf, beam, cavity, cavity tuner, and LLRF feedback, with
settings corresponding to the nominal LHC beam. Only
half of the ring was filled with bunches in this simulation to
increase the final peak-to-peak phase variation and better
test the algorithm’s precision.
The adaptive algorithm was tested in two stages. First, an

ideal SIMULINK scheme of the whole chain was developed
for initial debugging, filter optimization, and testing. This
initial model also allowed the tuning of algorithm time
constants. The final simulation results were very promising.
Figure 6 shows the cavity reference and cavity phase after
4000 simulated turns (a time constant much faster than
intended in operation was used in simulations to reduce
computational time). The algorithm converged to the
expected theoretical values.
In a second stage, the actual firmware was tested. It was

inserted into the SIMULINK scheme as a fully functional
block. Debugging and partial commissioning was possible
with these simulations without valuable LHC time. A lot
of safety features were added at that time too, to prevent

the algorithm from imposing a big step to the cavity (and
thus beam) phase. The phase variation has to be adiabatic,
which requires slow transitions since the LHC synchro-
tron frequency ranges from 55 Hz (450 GeV) to
20 Hz (6.5 TeV).
Figure 7 shows the maximum klystron power over a turn,

caused by the transitions between the beam and no-beam
segments. The peak power is reduced from 170 kW to
≈75 kW when the algorithm is switched on, in good
agreement with Eq. (1). The reduction of the peak power
transients is evident compared to Fig. 1. In fact, as the
algorithm converges the power transients disappear and the
required power becomes flat.

V. LHC TEST

A. Experimental conditions

An LHC test was performed with nominal LHC con-
ditions at 450 GeV followed by an acceleration ramp to
6.5 TeV [13]. After the initial 12 bunches, batches of
96 bunches were injected up to 1164 bunches for LHC’s
beam 2. Due to transfer line issues during the test, only two
96-bunch batches were injected in ring 1 for a total of 204
bunches. The detectors were off during this initial test for
safety purposes.
The klystron transient behavior depends on the length

of the beam/no-beam segments in the machine. Therefore,
the two batch configuration (≈5 μs long) for beam 1 in the
machine closely resembles the situation of a full machine
with an abort gap, whose length is approximately 4.4 μs.
On the other hand, a half-full machine leads to the highest
phase modulation along a turn, so the beam 2 pattern
provided very useful information too.
The adaptive algorithm was tested during the LHC test.

The gain of the algorithm was adjusted so that the time
constant was set to about 30 seconds.

FIG. 6. Simulation of the algorithm with half-full ring. Optimal
phase modulation.

FIG. 7. Peak power reduction as the algorithm optimizes the
phase modulation.
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B. Luminosity

Figures 20 and 21 show the instantaneous luminosity
from the four LHC experiments during this test. It is clear
that the algorithm activation (16∶05 and 16∶20) had no
effect on the luminosity. The algorithm remained on for the
remainder of this physics fill. Luminosity scans have been
removed to increase clarity. These figures confirm that the
very small shifts of the collision point in longitudinal
position and timing are insignificant compared to the 1 ns
length of the LHC bunches so there is no luminosity loss.

C. ATLAS data

Even though there was no negative effect on luminosity,
it is interesting to check whether the measured time and
position shifts of the collision point agree with the expected
values. Figure 22 shows the collision point time shift for the

ATLAS detector. The measurement for each bucket corre-
sponds to the average value over 100 turns, leading to a
standard deviation of 6 ps. There is very good agreement
with the theoretically estimated shift for the beam and rf
parameters at the time of the test. The estimated value is
computed using Eqs. (3) and (4) for both rings. The time
shift is then proportional to the average value of the phase
shift for each pair of interacting bunches.
The longitudinal position shift should be practically zero

for ATLAS due to the symmetry of the interacting beam
patterns. Figure 23 shows the measured and estimated
position shift. The apparent discrepancy is due to the
limited measurement precision (the standard deviation
for each bucket is about 0.24 mm). The position shift is
so small that it cannot be measured.
The CMS detector results are very similar due to the

LHC symmetry.

FIG. 22. Collision point time shift for the ATLAS detector.

FIG. 21. ALICE and LHCb instantaneous luminosity.
ALICE was switched off during the algorithm deployment
(15:50–16:20).

FIG. 23. Collision point longitudinal shift for ATLAS. Data and
theoretical estimation.

FIG. 24. Collision point time shift for the ALICE detector.
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EIC study - LLRF and High Beam Loading
EIC has challenging goals for stored current

Two rings have totally different RF systems and longitudinal dynamics

Interactions of filling pattern gaps, RF power systems leads to modulations of
synchronous phase and IP. ( shift in luminous region with Luminosity impact)
Expand techniques required for PEP-II ( world record stored current), now used
at LHC and for HL-LHC studies
Investigate the operational limits and impact on beam dynamics from the
impedance-controlled RF systems. Investigate new technical LLRF implementation
options.

Time-domain nonlinear simulation
incorporates beam dynamics with
technology of LLRF system

Based on PEP-II and LHC experience,
where limits of machine were understood,
and overcome, via models and simulation
studies of new control techniques.

T. Mastorides has students, early career
award to support this collaboration

J. Fox - collaborate via Stanford Applied
Physics?
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LLRF and Beam Loading - Proposed areas of study
Expand simulation models to include technical features of possible EIC RF
Systems, beam dynamics

builds directly on existing PEP-II and LHC models and methods
Goal - methods to minimize the difference in gap transients between rings
Methods to control low longitudinal modes within damped RF system bandwidth
Methods to optimally use RF power sources, minimize required RF station power
Develop RF system tuning tools and methods for optimal performance
Research new control methods for next-generation colliders

safe to 50 mA for ID radiation and to >500 mA for
dipole radiation.  An orbit interlock system using 20
BPMs will be activated for currents >20 mA to prevent
chamber damage from mis-steered ID beams and
damage to un-cooled bellows in dipole beam lines.

Resistive CuproNickelTM inserts in the copper chamber
at corrector sites (Figure 2) reduce eddy currents and
increase AC field penetration from orbit correctors to the
order of 100 Hz (3 dB attenuation).  BPM thermal
motion is reduced to 3 µm/oC vertically using Invar
supports mounted to the bottom of the girder. Chamber
RF impedance is reduced by minimizing step
discontinuities, providing 5:1 transitions between
different cross sections, using RF-shielded bellows, and
slotted pipe injection kickers [4]. Solid-state induction
pulsers (using IGBTs) will power the 3 kickers [5].

Four PEP-II mode-damped 476.3 MHz RF cavities [6]
(Figure 3) located in the West long straight section,
together with the digital control system, will replace the
present 358.5 MHz 5-cell cavity system to provide stable
high current operation.  The 1080 kW needed to produce
a 3.2 MV gap voltage for 500 mA will be supplied by a
PEP-II-style 1.2 MW klystron with HV power supply (90
kV, 27 A, SCR voltage control).

The existing VMS computer control system is being
enhanced with a Channel Access server to enable the use
of high level EPICS tools and applications. Many control
and machine modelling applications will be configured
using MATLABTM, which has a Channel Access
interface [7]. Some existing CAMAC systems will be
kept, but new processing and interface systems will be
configured in VME using Motorola G4 PowerPC
controllers that serve both as EPICS IOCs and DSP
engines.  This technology will be used for the distributed
orbit feedback system, which will have a 1-4 kHz cycle
rate to achieve a bandwidth of >100 Hz.  It will acquire
orbit information from 90 BPMs over reflective memory
links from 4 remote processing stations and update 18-
bit set-points in digital power supply controllers for 108
correctors over a dedicated Fast Ethernet network.

The BPM processing system, capable of turn-turn and
first-turn measurements, employs a 4:1 switched-button
analog RF-IF down-converter and a commercially built
VME digital IF processing channel for each BPM [8]. A
quadrupole modulation system will be used for beam-
based alignment and BPM calibration.  Other beam
diagnostics include tune and current monitors, scrapers,
UV SR monitor, and transverse and longitudinal bunch
motion monitors. Since the booster RF frequency will
remain at 358.5 MHz, it must be phase-locked to the
SPEAR 3 RF frequency to enable single-bucket
injection. Machine and personnel protection systems will
be expanded, and a new cable plant will be installed.
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Figure 3:  One of four 476 MHz PEP-II style RF
cavities with mode-damping loads.

Figure 2:  Water-cooled copper vacuum chamber with
CuNi inserts at corrector sites for higher AC field
penetration.  BPM button diameter is 12 mm.
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EIC Beam Instability Feedback Proposal
Expand existing codes used for PEP-II, SuperKEKB

Expands simulation models to include technical features of EIC RF Systems,
beam dynamics for longitudinal, transverse modes

Builds directly on existing PEP-II, SuperKEKB models and methods
Use estimates, knowledge of cavity HOM’s to study coupled bunch motion
Goal - estimate growth/damping rates for all modes vs. current, filling patterns
Estimate required system gains and bandwidths for transverse and longitudinal
planes
Understand interaction of modes within LLRF loop bandwidth and broadband
system bandwidth
Research new control methods for next-generation colliders

Feedback and Dynamics group alumni developed technology and techniques
required for PEP-II, ALS, DAΦNE, Bessy-II, PLS and numerous light sources
worldwide. Recent intra-bunch feedback technology at SPS

Marco Lonza,  “Multi-bunch Feedback Systems” CAS – ”Digital Signal Processing” – Sigtuna, SWEDEN , 1-9 June 2007!"
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Technical examples: LHC LLRF Optimization tools
Tool for calculation and adjustment of RF station closed loop gain/phase.
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Developed from PEP-II tools, now used at LHC to optimally configure superconducting RF
system and LLRF configurations. Extension to HL-LHC
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