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PEP-II Rf System Design
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Figure 2. HER RF station ba 

Table 2: Cavitv design pi 

PARAMETER 
RF frequency (MHz) 
Shunt Impedance Rs (Mfi) a 
Max. gap voltage (MV) 
Accelerating gradient (Mv/m) 
Wall loss/cavity (kw) 
Coupling factor without beam (p) 
Unloaded Q of cavityb 
a Rs =V2/2P 
b with ports, at 40°C 

3. SYSTEM LAYOUT 
An overall system layout was established using the above 

cavity parameters and a 1.2 MW power source similar to those 
available in industry. The high energy ring is operated with 6 
klystron stations and 24 cavities, each four cavities driven by 
one klystron (see Fig. 2). Similarly the low energy ring has 
5 klystron stations driving 10 cavities, two cavities per 
klystron. With this system layout both rings can operate with 
full beam current and slightly increased bunch-length (1.15 cm 
instead of 1 cm) with one station idle in each ring. This 
requirement is driven by PEP-II being designated a “factory” 
with an up-time of more than 75% and the possibility of a 
station being in a maintenance mode despite a rugged design 
philosophy.- 
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Table 3: Station pan 

PARAMETER 
Number of klystrons 
Number of cavities 
Gap Voltage (MV) 
Accelerating gradient (MV/m) 
Wall loss/cavity (kw) 
Coupling factor without beam (p) 
Klystron power with beam (MW) 
Reflected power w. beam/sta. (kW: 
Beam power/cavity (kW) 
Total power/window (kW) 
Cavity detuning with beam (kHz) 

:ters 
HER 

6 
24 

0.77 
3.4 
85 
3.6 
1.03 
12 

160 
245 
-73 

LER 
5 
10 

0.59 
2.6 
50 
3.6 
.82 
83 

302 
393 
-206 

A circulator is used to protect the klystron output window 
and allow for stable klystron operation. It also provides a 
matched source for the cavities, which improves beam 
stability. The power is divided by Magic-Tees and the cavities 
are placed an odd number of quarter wavelengths apart. This 
combines emitted power from the cavities into a 1.2 MW load 
at the fourth port of the Magic-Tee. The arrangement shields 
the circulator from the large emitted power spikes from each 
cavity, which can reach as much as four times the maximum 
drive power of 500 kW per cavity when the beam is suddenly 
lost. 

1 1’ / I . . J 
Quadqoles . 3.m~ 8.761 . 

Figure 3. Cross-section of waveguide layout with 4 cavities 
in tunnel 

The design of the waveguide network is guided by the 
following requirements: 

1) Minimize electrical length. 
2) Dissipate potentially large reflected power in the Magic- 

Tee loads to protect the circulator. 
3) Phasing of RF fields in the cavities correctly for 

acceleration of the respective beams. 
4) Match the signal delay to each cavity to beam arrival 

time in each cavity within M.5 wavelengths for fast feedback. 
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PEP-II Rf Parameters
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Parameter Symbol Unit HER LER

Beam energy E GeV 9 3.1

Beam current  
(max achieved) I A 2 3.2

harmonic number h -- 1792 1792

ion-clearing gap % of bunches 5 ≈> 1 5 ≈> 1

Rf Voltage Vrf MV 16 6

Rf Frequency frf MHz 476 476

Total # cavities in ring 28 8

# cavities/klystron 4 & 2 2

cavity coupling factor ß 3.6 3.6
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Rf Station

§ Digitally controlled analog 
LLRF system 
– comb filter is digital 

§ Baseband processing in the 
analog chain 

§ Rf voltage regulated using 
HV (no mod-anode) 

§ Piston tuners run by stepper 
motors. 

§ Input for phase control by 
LFB system (low-frequency 
kicker)
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
      

       

       
        
       




:.




 
       

         
  
     



:.

       

      
        
       
        
        



       

       
    
      



       

      





         
       
       
         
        
       
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
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:.



      
        
     
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
       
       

       

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§ Cavity detuning for match to klystron: 

– for PEP-II HER R/Q ≈ 120 Ω, Vc ≈ 700 kV, I0=2 A: wD/(2π) > 160 kHz (negative), > 136 kHz. 
– Robinson unstable once revolution frequency is crossed. 
– (not crossing the rev. harmonic is no guarantee for stability, though!) 

§ Make Vc larger and/or R/Q smaller to avoid this? 
– impractical for r/t cavities, to much power dissipation (KEKB ARES comes close, though) 
– s/c cavities in principle can do this. 

§ Use rf feedback to suppress impedances.

U. Wienands, EIC Collab Meeting - Oct 9-11, 2019

Why are fast & Comb-filter feedbacks needed?

5

January 20, 2004

Can we keep cavity detuning below one revolution harmonic?

We start from answering the following question: can an RF system be designed so that the cavities
that are detuned by less than a revolution harmonic at the highest beam current? Doing so greatly
reduces the requirements to the RF feedback and bunch-by-bunch feedbacks.

Cavity detuning is given by the following formula

For a given beam current we will aim for low and and high gap voltage. Consider a
superconducting cavity with the following parameters:

, ,

Then at 11 A beam current the detuning is 94 kHz - below the revolution frequency of 136 kHz.
However at 23 A even this low-frequency cavity has to be detuned by 138 kHz. At 952 MHz the
detuning is doubled.

At first it would seem that for the machine the RF system can run with small
detuning.

However in addition to generating the necessary gap voltage the RF system must restore the energy
that the beam loses via synchrotron radiation, HOM and resistive wall losses.
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---- 31.6Ω= ωr 2π476MHz= V c 2.5MV=
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Feedback Parameters

§ Gain for direct loop is limited by group delay (≈ 17 dB in PEP-II case) 
§ small group delay is difficult 

– PEP-II klystrons spec’d for 150 ns (c/f 600 ns, APS klystrons (352 MHz, 1.1 MW)) 
– direct loop electronics ≤ 100 ns 
– rf and cable runs

6

td = 500 ns
td = 0
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Comb Filter

7

§ Comb filter loop to make up the rest 
– the trick is to get the correct phase at each synchrotron harmonic, phase flip in between 
– in practice, we used a double comb peaked at ns sidebands (avoid amplifying rev. harmonics)  
– can get another 20…30 dB

frev
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Combined effect

8


      

       

       
        
       




:.




 
       

         
  
     



:.

       

      
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“Woofer”

§ Direct & comb filter were not sufficient for low-lying, negative modes at higher 
beam currents (≥ 1 A or so) 

§ Use a direct link from the LFB system into the rf system, adjusting the rf 
phase 
– ≈ 1 MHz bandwidth (up to maybe mode ±6) 

§ in principle can reduce effect of rf noise (mode 0) as well 
– in practice, better to fix at the source (klystron), maybe using ripple compensation.
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Gap transients

§ Never(!) enough klystron power to compensate transients from gaps in beam 
– pre-compensate rf reference so LLRF would not try to compensate; adjusting to beam 

conditions. 
– operationally, we could increase beam current by reducing gap length (5% ≈> 1%). 
– slightly larger detuning than optimal gives the transient 1st-order behavior. 

§ Schemes like guard bunches to compensate gaps cause beam-beam issues 
in colliders. 
– either too much beam-beam 
– or (if non-colliding) too little 
– short lifetime, high background
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EXPERIENCE WITH THE PEP-II RF SYSTEM AT HIGH BEAM CURRENTS*
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Abstract
The PEP-II B Factory Low-Level RF System (LLRF) is a
fully programmable VXI based design running under an
EPICS control environment. Several RF feedback loops
are used to control longitudinal coupled-bunch modes
driven by the accelerating mode of the RF cavities. This
paper updates the performance of the LLRF system as
beam currents reach design levels. Modifications which
enhance the stability, diagnostics, and overall operational
performance are described. Recent data from high current
operation is included.

1.  INTRODUCTION
Both the high energy ring (HER) and the low energy ring
(LER) of the PEP-II B factory are inherently longitudi-
nally unstable due to interaction between the beam and the
fundamental mode of the RF cavities [1]. RF feedback
loops operating at baseband and a fiber optic connection to
the longitudinal multibunch feedback system were used
successfully to control the low-order longitudinal modes
(figure 3) [2,3,4]. The system is modular and very com-
pact. The LLRF hardware for each RF station is based on a
set of custom, highly integrated VXI modules (figure 1).
Each station contains a built-in network analyzer to con-
figure and test the feedback loops and a series of transient
signal recorders which can record a wide variety of wave-
forms. After a fault has occurred the circular buffers are
frozen and the data is stored in files. This post-mortem
analysis capability has proven to be extremely beneficial
for diagnosing problems, especially intermittent faults.

Fig. 1.  PEP-II LLRF system VXI crate topology (HER)

A
B

 S
C

A
N

N
ER

SL
O

T 
0
µP

RO
C

ES
SO

R

SP
A

R
E 

(2
)

A
R

C
/IN

TL
K

 D
ET

476 MHz reference
ethernet

multi-bunch “kick” cavity
probes (4)

RF out

station RF
inputs (24) interlocks

HVPS trigger471.1 MHz L.O.

476 MHz

G
A

P 
V

O
lT

A
G

E 
FF

W
D

C
O

M
B

 F
IL

TE
R

 (I
)

IQ
/A

M
P 

D
ET

EC
TO

R
 1

C
O

M
B

 F
IL

TE
R

 (Q
)

R
FP

 M
O

D
U

LE

C
LK

/R
F 

D
IS

TR
IB

.

IQ
/A

M
P 

D
ET

EC
TO

R
 2

IQ
/A

M
P 

D
ET

EC
TO

R
 3

to AB system

Overall the system has preformed extremely well. To
date stored current has reached 950 mA in the HER and
1700 mA in the LER. Even at the highest currents the
beams are well stabilized by the active controls. Presently
the HER beam current is limited to the 700 mA due to
heating of one vacuum chamber. Beam current and phase
of both rings while colliding are shown (figure 2).

Fig. 2. Beam current and phase profiles measured during
colliding with hardware built into the LLRF system. The si-
nusoidal shaped HER phase is due to four parked cavities.

The use of RF feedbacks does complicate some
aspects of system operation. The changes we have made
and plan to make to improve operation will be described in
detail so others may benefit from our experience.

2.  DECREASING STATION CYCLE TIME
Once beam currents exceed ~300 mA, a beam abort will
cause all the RF stations to trip on cavity reflected power.
This is due to the cavities tuners being set to match the
large reactive beam contribution, which is suddenly
removed. In addition, the wideband direct RF feedback
loop attempts to maintain the gap voltage (figure 3), keep-
ing output power high while cavities are reflecting >90kW
of RF power. Since the tuners cannot move quickly we
chose to improve the overall station power-up cycle time.

The power-up procedure is implemented as an EPICS
state sequence, thus is fully programmable [5]. The origi-
nal approach (slow turn-on) energized the station at a
moderate gap voltage with RF feedback loops disabled.
The gain of the direct and then the comb loop were
ramped up, followed by raising the gap voltage to the
desired level. This procedure required three minutes to
complete. The new fast turn-on scheme presets the tuner
positions, loop gains, and baseband IQ references to their
no-beam, normal gap voltage values. The klystron high
voltage corresponding to the no-beam condition is then
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Parked Cavities

§ Occasionally one is forced to run with some stations off. 
– tune rf cavities in pairs to ± 2.5 revolution harmonics to minimize impedance 
– pairwise detuning cancels the imaginary(?) part of the (uncontrolled) impedance.
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EXPERIENCE WITH THE PEP-II RF SYSTEM AT HIGH BEAM CURRENTS*
P. Corredoura✝, S. Allison, W. Ross, R. Sass, R. Tighe

Stanford Linear Accelerator Center, Stanford, Ca 94309, USA

Abstract
The PEP-II B Factory Low-Level RF System (LLRF) is a
fully programmable VXI based design running under an
EPICS control environment. Several RF feedback loops
are used to control longitudinal coupled-bunch modes
driven by the accelerating mode of the RF cavities. This
paper updates the performance of the LLRF system as
beam currents reach design levels. Modifications which
enhance the stability, diagnostics, and overall operational
performance are described. Recent data from high current
operation is included.

1.  INTRODUCTION
Both the high energy ring (HER) and the low energy ring
(LER) of the PEP-II B factory are inherently longitudi-
nally unstable due to interaction between the beam and the
fundamental mode of the RF cavities [1]. RF feedback
loops operating at baseband and a fiber optic connection to
the longitudinal multibunch feedback system were used
successfully to control the low-order longitudinal modes
(figure 3) [2,3,4]. The system is modular and very com-
pact. The LLRF hardware for each RF station is based on a
set of custom, highly integrated VXI modules (figure 1).
Each station contains a built-in network analyzer to con-
figure and test the feedback loops and a series of transient
signal recorders which can record a wide variety of wave-
forms. After a fault has occurred the circular buffers are
frozen and the data is stored in files. This post-mortem
analysis capability has proven to be extremely beneficial
for diagnosing problems, especially intermittent faults.

Fig. 1.  PEP-II LLRF system VXI crate topology (HER)
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Overall the system has preformed extremely well. To
date stored current has reached 950 mA in the HER and
1700 mA in the LER. Even at the highest currents the
beams are well stabilized by the active controls. Presently
the HER beam current is limited to the 700 mA due to
heating of one vacuum chamber. Beam current and phase
of both rings while colliding are shown (figure 2).

Fig. 2. Beam current and phase profiles measured during
colliding with hardware built into the LLRF system. The si-
nusoidal shaped HER phase is due to four parked cavities.

The use of RF feedbacks does complicate some
aspects of system operation. The changes we have made
and plan to make to improve operation will be described in
detail so others may benefit from our experience.

2.  DECREASING STATION CYCLE TIME
Once beam currents exceed ~300 mA, a beam abort will
cause all the RF stations to trip on cavity reflected power.
This is due to the cavities tuners being set to match the
large reactive beam contribution, which is suddenly
removed. In addition, the wideband direct RF feedback
loop attempts to maintain the gap voltage (figure 3), keep-
ing output power high while cavities are reflecting >90kW
of RF power. Since the tuners cannot move quickly we
chose to improve the overall station power-up cycle time.

The power-up procedure is implemented as an EPICS
state sequence, thus is fully programmable [5]. The origi-
nal approach (slow turn-on) energized the station at a
moderate gap voltage with RF feedback loops disabled.
The gain of the direct and then the comb loop were
ramped up, followed by raising the gap voltage to the
desired level. This procedure required three minutes to
complete. The new fast turn-on scheme presets the tuner
positions, loop gains, and baseband IQ references to their
no-beam, normal gap voltage values. The klystron high
voltage corresponding to the no-beam condition is then
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Practical Experience

§ The strong feedback loops are very sensitive to transients. 
– due to high loop gain, transients tend to cause relatively quick changes of rf voltage -> 

reflected power -> station trip 
§ Ramping a station up initially very slow 
– Turn rf on with no feedback & moderate rf voltage 
– ramp up loop gains (very slowly to avoid trips) 
– raise gap voltage slowly to control transients. 
– It turned out much faster to run the stations up with loops set at no-beam settings. 

§ ac ripple a significant limit on performance 
– gain of klystron varies -> loop gain varies -> cannot operate too close to the limit 
– needs to be taken care of at the LLRF level 
– solid-state rf power amplifiers do not have this issue.
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Dynamics of Analog Circuitry

§ Any noise or transient can cause klystron saturation: game over! 

§ Amplitude limiter helps 
– but the gain still drops

13

gain to the minimum allowed (full beam current) setting.

5.  PREVENTING EXCESSIVE DRIVE
POWER FOR ROBUST OPERATION

During normal operation we have experienced occasional,
as yet unexplained, sudden loss of the cavity probe RF sig-
nal. The built-in transient recorders have proven very use-
ful to study these phenomenon. The fault signature is not
consistent with a full cavity arc since the reflected power
does not show a large perturbation. In systems operating
with direct RF feedback the loss of a cavity probe signal
will cause the drive chain to immediately saturate. If the
klystron is severely over-driving, the output power will
actually drop (figure 7). If the drive power exceeds the
peak of the saturation curve, even for a brief instant, the
direct feedback loop will saturate and not recover.

Fig. 7.  Measured klystron saturation curve showing sug-
gested operating points (Wop) at various cathode voltages.

In an attempt to prevent klystron overdrive we config-
ured the transimpedance amplifier gain such that the RF
modulator was operating near saturation when producing
saturated klystron drive power from one baseband input (I
or Q). This implies that the maximum power could be 3dB
higher if both inputs were driven to saturation.

In practice the task of balancing maximum available
drive power with required dynamic range of the baseband
modulator is a trade off. Operating any of the components
near saturation degrades the system’s ability to amplitude
modulate. The ability of the LLRF system to fully cancel
the RF ripple caused by the switching aspect of the high
voltage power supply (HVPS) is compromised. Based on
our experience we propose upgrading the system.

6.  PROPOSED CHANGES
By applying active limiters before the baseband modulator
we can prevent overdriving the multipliers while preserv-
ing linearity during normal operation (figure 8). Suitable
op-amps must be selected which can tolerate the +/-1 volt
differential voltages present during non-limiting condition.

A second limiting circuit will be added to prevent the
drive power from exceeding the klystron’s saturation point
(figure 9). The actual drive power will be detected by an

existing linear detector in the IQA module [6]. If the
detected voltage exceeds a programmable set-point, both
the baseband drive signals will be reduced proportionally
to decrease the drive power to a programmable level while
maintaining the output phase. We expect this feature will
allow each RF system to “ride through” transient events
which presently cause a fault.

Fig. 8.  Bipolar limiter to prevent overdrive of multipliers.

Fig. 9. Drive power limiting circuit to improve robustness.

The final change we plan to make to the system is the
addition of a wideband analog “ripple” loop to cancel RF
modulation caused by the switching aspect of the HVPS.
A DSP was intended to handle this task but the combina-
tion of significant delay in the digital IQ receiver and the
50 kHz bandwidth ripple proved challenging. Presently an
analog integrator in the direct RF feedback loop cancels
the ripple but simulations show it will cause instability as
beam currents reach 2A.

7.  CONCLUSIONS
The PEP-II RF system has performed extremely well.
Large beam currents are routinely stored with no sign of
instabilities. The EPICS interface provides a flexible tool
to improve many operational aspects of the system in short
order. We hope our experience with baseband RF feed-
backs will provide others with useful information.
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Trips from Transients

§ Irregularities in the cavity probe signals initially a significant source of rf trips. 
– drop in probe signal not due to arc, causes large increase in klystron power to compensate 
– this leads to reflected power in other cavities -> trip. 
– reduced by masking short drop-outs.
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HER 12-6 Aborts

• Masked cavity A probe in the 
LLRF system on 7/22 to 
ignore such a fast change in 
signal. 

• Station has not aborted on 
such a fault since. 

• Signal is dropping out 
somewhere in the probe 
signal path and recovers 
within 10 µs – cavity probe, 
cable or coupler in LLRF rack.

7.8 us

Probe signal masked in LLRF
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Tuning of the LLRF System  

§ Online fit of linear model allows to optimize loop gains and phases: 
– iterative online procedure would  

setup loops

16
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Low-level RF modeling

There are 7 control parameters that define
the configuration of the feedback. These
must be very precisely set to achieve stable
operation and impedance reduction.

RF signal processing hardware includes a
digital network analyzer which can measure
open and closed loop transfer functions

A closed-loop transfer function
measurement does not provide direct
information on the stability margins of the
system or the settings of the control
parameters.

I have developed a new analysis method for
these measurements. In the new method a
linear model of the system is used to fit the
measured closed-loop transfer function providing information on the loop stability and estimates of
the control parameters.

Using the linear model we can estimate residual longitudinal driving impedances.
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Modeling of the Rf Dynamic

§ System modeled in MatLab/Simulink during PEP-II construction 
– Time-domain modeling code 
– Cavity model, klystron model including some nonlinearities, saturation 

§ Nowadays, elegant may be able to do similar modeling 
– rfmode element, beam-cavity interaction, feedback loops (direct & comb). 
– true multibunch modeling, parallelized version exists. 
– not presently in elegant: klystron model, saturation, gain variation
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Some General Design Considerations
§ Minimize the delays in the rf system (klystron, cabling, electronics) 
– can a fully digital system achieve minimal delay? 

§ Minimize the noise on the klystron output, phase-stabilize klystron 
– allows running closer to saturation 

§ Consider the effect of limited collector power on the output capability 
§ Gap transients will be a fact of life;  
– matching the transients of hadron and electron rings may be tricky 
– even if matched, large transients may limit achievable beam current 

§ Harden system against effects of transients 
– Redundant cavity probes may be important in reducing spurious trips. 
– Amplitude limiters (maybe with soft clipping) 
– Avoid overdriving mixers lest they produce phase rotations.

18
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Conclusion
§ Feed-back controlled rf worked, eventually worked well. 
– significant tuning effort 
– system remained sensitive to transient disturbances 

§ Optimal performance at PEP-II required 
– Suitable diagnostics in the LLRF system (network analyzer, fault-file history, modeling of 

beam-cavity interaction) 
– Operating the klystrons not too close to saturation (affects collector power) 
– Compensation of ps ripple for klystron amplifiers 
– Ability to ride through transients in the signals from the cavity 
– Detailed modeling in the design stage to anticipate performance 

§ Larger rings will be more challenging 
– detuning is stronger (relative to revolution frequency) 
– synchrotron frequency is lower (sidebands closer together)

19
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Credits

§ Design and operation of the PEP-II rf systems was enabled by many: 
§ Design: M. Allen, H. Schwarz, R. Rimmer, M. Neubauer, P. Corredoura, R. Tighe 
§ Operation, improvements (esp. LLRF): P. Corredoura, D. Teytelman, C. Rivetta, 

D. van Winkle, P. McIntosh, J. Judkins & many others 
§ Longitudinal feedback: D. Teytelman, J. Fox, S. Prabhakar, H. Hindi et al. 

§ F. Pedersen (CERN) laid the foundation for the LLRF system during a 
sabbatical at SLAC in 1992. The essence of the system architecture was 
defined in SLAC-R-400, p. 192 ff (1992).  

§ Several of the ideas were pioneered by D. Boussard at CERN in the 70s and 
80s. 

§ Apologies to all I forgot. It’s been more than 10 years ago…
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