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Cornell operates two accelerators: /
“ Transfi: Line Transf:r Line K

1. Cornell Electron Storage Ring (CESR)

Storage ring operated as a light source.
RF System: 500 MHz CW
Beam Current: 130 mA

Linac
Gun__ Converter

CHESS (| () CHESS

2. Cornell BNL ERL Test Accelerator e ™™ .
4-turn energy recover Linac. = e
RF System: 1300 MHz CW v
Injector Current: 40 mA CBET{%
Main Linac Current: 320mA

CBETA Injector 2-cell TESLA 9-cell

And copper cavities, including a buncher
and a deflector cavity for CBETA!

CESR B-cell CBETA Main Linac 7-cell
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ETHERNET
COLDFIRE DSP/FPGA
uC5282 FLASH
XILINX SR
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1M X 16 FPGA
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ADC| |[SRAMI— r ANALOG ||
SRAM /O
ADC l. 16 ADC
SRAM 8 DAC
ADC
SRAM LUT SRAM
ADC (1M x 32
ADC SRAM
DAC
oc| |[BRAM I_
HDAC
\—
ERLRF SYSTEM  “—/
TAL PROCESSOR BOARD

FPGA: (Loop latency < 0.1ps)
Field Control

DSP: (Fast loop: ~ 10us, Slow
loop: ~ 100 ps)

Tuner and piezo control
Coldfire:

Talks to the outside world.

Fast ADC board:

6 Channels 16-Bit ADC @ 50
Msps

Fast DAC board:

2 Channels16-Bit DAC @ 12.5
Msps

Medium ADC/DAC board:
Additional 10 to 100 ksps
channels for frequency control...

Controller '
*

CESR ported to new version last year!
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CBETA is a prototype for a bigger ERL, the specifications are chosen keeping in
mind the requirements of a light source where bunch compression can be used.

Injector SRF: Main Linac SRF:

* High beam loading (40mA) * No (almost) beam loading (~OmA)
« SmallQ,~5-104t0 4-10°  HighQ ~6-10"

» Large bandwidth Af~ 2 to 13 kHz « Small bandwidth Af~ 25 Hz
 Field stability requirements:  Field stability requirements:

« gA ~1-10-2 « OJA ~2-104

* Oy ~1deg * 04 ~0.1deg

S s,

Reference System:

 New RF/LO signals

"",, \j
. Hiyyy .“u\““““ )
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« Field controlled by a Proportional Integral feedback loop.
TESLA Cavity Phase Stability*

Injector Cavity Phase Stability
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- Feedforward compensation = | Only Pl
1. Klystron High Voltage s il Ll Feedtorward @
% 10" il ‘ {0l [{ Ll 314 d I m
2. Beam Pulse g M | o |
£ oo L NS P e
o} 2000 ‘#?gguency ?'SS]O 8000
Cavity Q. o,/A oe(deg)
2-cell 5-10¢ 2-10° 0.01
TESLA 5-107 1-10 0.008

10000

*A. Neumann et al., CW Measurements of the Cornell LLRF System at HoBiCaT, MOPQOG67, Proceedings of SRF 2011
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Detuning of the main linac cavities pose a major challenge in field control.

1. Coarse Tuner Control
A simple automatic tuning algorithm was
designed based on a set of rules, drawing
from experience of manually tuning cavities.

Steps:
1. Turn on constant forward power into the
cavity.

2. Determine direction of tuning.
3. Tune until a certain field is reached.

1200 T T T T T T 90

180
1000
170

800

600

Cavity Voltage (kV)

400 -

Tuning Angle (deg)

200 -

. . I . ‘ ‘ -10
0 20 40 60 80 100 120 140
Time (s)

[MV i

C

E
20

detuning [Hz]

2. Lorentz Force Detuning
Compensation
* Piezo based feedforward on
proportional to field square

« Allows fast changes in cavity field.
«  Works very well!

time [s]
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2. Microphonics Compensation
* Proportional Integral feedback for low frequency vibrations
« Frequency domain Least Mean Square technique for discrete lines in the
frequency spectrum. — Very effective for high Q vibration peaks!

0 Histogram ; Integrated Spectrum
10 [Pl only
[P with Adaptive 1Q control at 3 MV
6 L
_2 —~
z" s
vl
5 2
8 E 4 L
>
2107 g ]
- S |
° =
a x5l
10°°
l L
—Pl only
10-8 0 — Pl with Adaptive IQ control at 3 MV
-40 -20 0 20 40 0 100 200 300 400
Detuning (Hz) Vibration Frequency (Hz)

Algorithm is stable! Reduced peak detuning from 30.2 Hz to 15.5 Hz.
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« The Cornell Low Level Radio Frequency system is an universal
architecture used for controlling a wide variety RF cavities including
superconducting and copper cavities.

 The processing is divided among a Xilinx FPGA (loop latency < 0.1 us)
which controls data acquisition and executes field control loops, and an
Analog Devices DSP which handles the state machine, trip processing
and fast tuner control.

« CBETA puts very strict limits on cavity field stability in situations of high
beam loading(~ 40 mA) and also in cavities having high Q,(~ 6 - 107).

 Tests on 2-cell cavities developed for the Cornell ERL injector and in
TESLA cavities at HoBiCaT demonstrate that the system is indeed
capable of reaching these requirements.

» Fast tuning for Lorentz force and microphonics compensation along with
automatic coarse tuning have been demonstrated and is actively under
development for the CBETA project.
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People who contributed to this work.

John Dobbins

Prof Georg Hoffstaetter
Roger Kaplan

Peter Quigley

Prof Matthias Liepe
Charles Strohman
Vadim Vescherevich

NoghOWNE

Thank you!
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1. CESR Web pages.
https://www.classe.cornell.edu/Research/ CESR/WebHome.html

2. G.H. Hoffstaetter et al., CBETA Design Report, Cornell-BNL ERL Test
Accelerator, arXiv:1706.04245 [physics.acc-ph], 2017

3. ERL LLRF Web Page
https://www.classe.cornell.edu/~jad/erl llrf docs/ERL LLRF Controls.html

4. Status of the Cornell ERL SRF Cryomodule
https://www.classe.cornell.edu/~liepe/webpage/docs/TU303.pdf

5. A. Neumann et al., CW Measurements of the Cornell LLRF System at HoBiCaT,
MOPOG67, Proceedings of SRF 2011

6. Z. A. Conway et al., Fast Piezoelectric Actuator Control of Microphonics in the
CW Cornell ERL Injector Cryomodule, TU5PFP043, Proceedings of PAC 2009

7. N. Banerjee et al., Microphonics Compensation for Low Bandwidth SRF Cavities
in the CBETA ERL, O-19, LLRF 2017
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field probe ~ local oscillator  down-conversion of cavity field
1300 MHz 12875 MHz  Probe signal; complete amplitude
and phase information is preserved
IF: 12.5 MHz
2. 0 Il 2 3 /6 ‘ IF signal is sampled at 4*12.5 MHz
‘ time rate
[us]
- imaginary
component (Q)
3 consecutive data points describe real
' . and imaginary part of cavity field
. real (1&Q)

0 component (1)
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Appendix 2: Injector LLRF Layout
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Need phase noise <<300 fs for 0.15deg phase stability at 1.3 GHz

ERL injector master oscillator
« ~300fs rms jitter

' Agilent 50528 signal source analyzer

-10.00

-20.00

-20.00

-40.00

-E0.00

-E0,00

-FoLon

-20.00

-30.00

-100.0

-110.0

12000

12000

-140.0

15000

-160.0

-170.0

#Phaze Moise 10,00dES Ref -10,004BeHz

» r “Taniem1.267499905 GHz 44089 dBrn

4 =1:] [1]RZ ~54.9284] dBciHz
2: |10 Hz 75,9975 dBcsHz
2: 100 Hz -53.4 355 dEc/Hz
4: 1 kHz 95,3363 dBcHz
5110 kHz — =105.9415 dBc/Hz
G: 100 kHz = -120.9340 dEcyHz
Hr-Start 10 -H=

Stop 100 kHz
Center S0.005 kHz
¥ Span 92.89  kHz

= Noise =—

Analysis Range X: | Band Marker
Analwsis Range Y: Band Marker

Intg Moise: -55.4747 dBE 7 99.99 kHz
RMZ Moise: 2.28111 mea

1 1361428 mde
RMS 1ittar: 294,342 fae
Residual FM: 15.236 Hz

T LT

-~ [ i) iy il Tk 1

| IF tSain S0dB Freq Band [99M-1.5GHz L Opt [ =150kHz SB5pts Corre 100

EECAN SR o | Chrl O | Pow 5030 [ akkn OdB | ExtRef | Stop | Sve | 2007-03-13 12:57

Test system master oscillator
e ~40fs rms jitter

) R&S FSUP 26 Signal Source Analyzer LOCKED
Y
Settings Residual Noise [T1 w/o spurs] Phase Detector +40 dB
Signal Frequency: 1.300000 GHz IntPHN (10.0 ..1.0 M) -72.7 dBc
Signal Level: 10.34 dBm Residual PM 18.870 m®
ICross Corr Mode Harmonic 1 Residual FM 23.509 Hz
Internal Ref Tuned Internal Phase Det |RMS Jitter 0.0403 ps
Phase Noise [dBc/Hz]
RF Atten 5dB
Top -70 dBc/Hz
LoopBW
— -80
Al
L
e
2CLRWR |
— -110 ﬂ_%\
| b
— -120
P
Y Y ke |
| ™
— -130
| \"“\
— -140 N
— 15(|} \\\\1 SPR OFF
- . THOdB
|
— -160
10H 100 Hz 1Kk 10Kk 100 Kz 1MHz

Frequency Offsst

New MO system based on test system will be designed and fabricated

for CBETA.
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