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PIP-ll Superconducting RF CW Linac, 800 MeV Consists of
Five Types of Cryomodules 18
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PIP2-IT Accelerator Components
30 keV 2.1 MeV
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PIP2 LLRF Systems

config-
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4-cavity LLRF Station Rack — Components 1
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4-cavity LLRF Station Rack — Components 2

1320MHZ CLK DISTRIBUTION

1320 MHz Clock Distribution

LO DISTRIBUTION

LO Distribution

REF DISTRIBUTION
Reference Distribution

JLAB/FNAL

oy e = Resonance Controller
il Dual Temperature Controller

| (Marble FPGA)

Xilinx — Kintex

2 8-Channel Downconverter
FERMILAB LLRF

8 CHANNEL DOWNCONVERTER 8-Channel Downconverter
FERMILAB LLRF ;

4 CHANNEL UPCONVERTER
4-Channel Upconverter

POWER SUPPLY.

DISTRIBUTION CHASSIS e UC/DC Power Supply

LNL LLRF CONTROLLER LLRF Controller

LBNLLLRF CONTROLLER LLRF Controller

PIP-Il RESONANCE CONTROL SYSTEM
Resonance Controller

PIEZO 3 PIEZO 4
weur

PP
RESONANCE POWER SUPPLY

RCC Power Supply

P.Varghese PIP-1l LLRF System




PIP2 4-Cavity RF Station
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LLRF System Architecture 1 - Amp/Phs Control
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11

SEL System Architecture
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LLRF System Architecture 2 — 1/Q Control
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Resonance Controller Architecture

Resonance Controller FPGA Block Diagram
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LLRF Controller 1 LLRF Controller 2
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Resonance Control Processing

detune__source_select
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HWR LLRF System with Pneumatic Tuner Control
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HWR Resonance Control Design
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Vacuum Valve
Error f
F Controlle: Valve Drive

Pressure Valve

ressur

Cavity

anifol

Hegas
Supply

Pressure
Transducer

Physical Model

Control System Model

Controller Trneport
delay
Pressure K; - -T5
Setpoint z Kp + ? i

1

Pressure
Manifold

1

1+RCs

140
@Wrp

Low Pass
Filter

16 10/23/2023 P.Varghese

Qutput
Pressure

PIP-Il LLRF System

Cavity Probe In

Cavity Feld

I picommo ™ 2
Frequency i }
Tracking PLL Setpoint feedtonmard
[

Phase

Womioa
— N -
IF Freq o Detector
reqes

Cats—a Rf Detune __petune Frea

I
I
|
|
|
|
|
|
| Foe e
|
|
|
|
I
I
|
|

T

Rev P COMmpUte

REMode

Pressure
SetPoint

z
= Pressure Made
w» 4‘ Tuner Pl
uner

Filter Controller | Driver

LLRF Controller

Pressure Transducer In

Signal
Conditioning:

Controller Implementation

Control System Simulation

Pressure Valve Out
Vacuum Valve Out

(P —
Presure Transducar In

Closed Loop Transfer function Kp = 1, Ki = 3 Step Response Kp = 1, Ki =3
@
. 1
s
2
2
[
e 0.8
= @
8
%o.s
o :
S 1440 04
=1
g
£ 2880 0.2
0
430, 0 10 20 30

107 10° 10 10°

Frequency (Hz) Time (seconds)

a'a'a’a’ay
BIE

LLRF2023

LOW LEVEL RADSD FREQUENCY WORK

40

£= Fermilab



HWR Control Performance

HWR Amplitude and Phase Regulation
Cavityd Cavity5 Cavity6é Cavity7 Cavity8

Cavity Field Setpoint (MV/m) 2.89 8.94 8.5 8

Amplitude Regulation (rms) % | 0.0135 0.0101  0.0081  0.0103
Phase Regulation (rms) deg 0.0228 0.0056  0.0055  0.0062
Feedback Proportional Gain 1000 1000 1000 1000

Feedback Integral Gain (rad/sec) 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000

PIP-II Specifications
* Energy Stability(Linac)

*  Amplitude Regulation(individual cavity) < 0.06 rms %

* Phase Regulation
*  Maximum detuning

<0.01%

<0.06 rms deg
<20 Hz
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RF Cavity Parameters and Feedback Gains

Cavity Type QL fo fu Kp
(MHz) (Hz)
Warm Cavity 3000 53 8.83 x 10° 15
RFQ 15000 162.5 5.542 x 10° 23 Maximum Feedback
Buncher Cavity 10000 162.5 8.125 x 10° 16 Gains computed
HWR Cavity 2.32 x 106 162.5 35 3548 for Stability with a
SSR1 Cavity 3.02 x 10° 325 53.8 2317 45 degree phase
SSR2 Cavity  5.05 x 10 325 32.2 3846 Margin with 1 us
LB650 Cavity  10.36 x 106 650 31.4 3935 Loop delay
HB650 Cavity 0.92 x 10¢ 650 32.76 3801
LCLSII Cavity 4% 107 1300 16.25 7600
efzs
Loop Delay
C'(s) Kpwy(s+ K;/Kp) |
— - - N I’ err i
R(s) 2+ s(Kp+ Dwg + Kjwy D e e
H/ P1 Controller i BB Cavity Model
== 3= Fermilab
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SSR1 LLRF System with Piezo Tuner Control

FPGA
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| Converter
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Counts

SSR1 Cryomodule Testing

SSR1 Amplitude and Phase Regulation
Cavityl Cavity2 Cavity3 Cavityd  Cavity5 Cavity6 Cavity7 Cavity8

Cavity Field Setpoint (MV/m) 4.88 4.63 4.78 7.32 7.8 7.56 7.32 10

Amplitude Regulation (rms) % 0.0194 0.0289 0.0219 0.0157 0.014 0.0158 0.0147 0.0124
Phase Regulation (rms) deg 0.0116 0.0164 0.0118 0.0091 0.0088 0.0093 0.0092 0.0076 ‘
Feedback Proportional Gain 1600 1600 1600 1600 1600 1600 1600 1600

Feedback Integral Gain (rad/sec) 3,000,000 3,000,000 3,000,000 = 3,000,000 3,000,000 3,000,000 3,000,000 3,000,000

I\/Iicrophonlcs Detumng Piezo Transfer Function — C1

x10* PIP2IT cavity 1 Piezo transfer function 2021-04-19

* ™ 1 [JaLk - - - - 20000
) 4 % 4 | i} 41 | 15000
3 3
{ L { O
2 2 | 10000
v 0 - : 00— .
40 -20 0 20 20 -10 0 10 20 5000
Hz Hz = . Y--'V--""'

Cavhyl Cavhyz Cavity3 Cavity4 . W

g ) 6 210" ) ) X
4 " : ¥ -5000 (\H

:__C,, 4| 4 Rl | ®
€ = £ -10000
: 3 3 |
g [}

2| 8] 2| { O

1! -15000 {1 — real + 1 sigma
— real - 1sigma
ol ) o ) — imag + 1 sigma
0 10

20 20 10 0 10 20 9% 6 o 10 20 g | i

Counts

A (Hz/v)

Counls

CavnyS CavﬁyG Cavﬁy7 CavﬁyS
== 2& Fermilab
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RF Detune Calibration

- } - & w R I
V() + ~2V () +wdV () = o

QL
dv - -
— = (mwip + AWV + Rpwyp
dV , ~

1 dMy/ -
4= . Y _ BMy

My dt

= The cavity is operated in pulse mode with a cavity field ~ 1/2 FS
magnitude and the cavity probe and forward waveforms are

recorded.

Numerical analysis of the acquired data provides cavity
parameters such as half bandwidth and the detuning constants

10/23/2023 P.Varghese
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Cavity Quench Detection/ Overdrive Protection

. - dUu
Faiss = |K |2 _ |R|2 o E T R
V2
U=—57+
wo(R/Q)
r AV
du _ oR -dV 1
dt dt | wo(R/Q)
B - - dMy
fre| Mic|? = frIMe|* = fr2R | My - —= | — fq

= Quench Detection is based on computing the dissipated power in
the cavity. The dissipated power is compared against a threshold
for quench detection

= RF overdrive is detected when the controller output saturation
persists beyond a specified time (~ 1 sec)

== 3= Fermilab
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HB650 and LB650 Cavity Testing at STC

+ HB650, beta=0.9, B9A-AES-001

= January-March 2020

+ STC commissioning for 650 MHz operations
* Prototype coupler/tuner validation/testing

* Prototype cavity characterization

+ HB650, beta=0.92, B92D-RRCAT-502

* October-November 2021

« Prototype couplerftuner validation/testing

* Prototype cavity characterization, qualification for
prototype HB650 cryomodule assembly

« LB650, beta=0.61, B61-EZ-001

« June-September 2022

* Preproduction coupler/tuner testing
« Prototype cavity characterization

Bare HB650 Cavity

10/23/2023 P.Varghese

PIP-Il LLRF System

== 3= Fermilab



LB650 Cavity Measurements

& L7 Wed, 28 Sep 2022 2:34:32 PM
M2: -2,2250000 MHz -60.17 dB*

FFT | Center 650.0000 Mz
Res BW 30.00 Kz VBIW 30.00 iz

Marker Delta: -625.000 kHz i

Span S.000000 M
VBW 30.00 Kz Swp 8.000 ms (401 pis)

[ Marker Delta: -2.212500 MHz
= (000 Span 5.000000 MHz

3/5m Mode, 2.125 MHz :§Up|5'ression with notch filters

‘Span 5.000000 M-z
SWp 8.000 ms (401 pts)
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CorayPmee 0wt 2 ot 100/ — R 200
| F
i .
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i 4 - - z ! ! ‘
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i
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~ Piezo Tuner Controls Tuner Waveforms

STC LB6S0 cavity L Piezo transfer function 2022-08-19

y
1
| J
BOA-AES-010, February 20, 2020 H
——e—— Measurements i
Fit LFD =161+ 0.01 [HZUMVImF) | \\ -
Tr——— 0

y

o

8
1=}
QI\H‘\IlllllillHII‘\!I\IIIIIIWH

=}
=}

o
o
=]
=]

N %
- - L l
bl b
5l
L BOA-AES-010, February 21, 2020
r —o— Measuroments 400
Fit: dfidp = 6.0 + 0.2 [Hz/Torr]
-100/—
[ 500
180 18 20 2 24 26 2 30 2 4 6 8 10 12 14 16 13 % £ P %

LHe pressure, Torr Eaee . MV/m

df/dp = 6.0 Hz/Torr LFD Coefficient = 1.6 Piezo Transfer Function

£& Fermilab
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Prototype HB650 Cryomodule Testing at CMTF

W 4

pHB650 Cryomodule 40 kW SSA

ca://PIP2IT:PHB650:H100:RFS1B: 20230331_151314 PIP2IT:PHB650:H100:RFS1B 20230331_162653
Forward power (kW) Forward power (kW)
0.1 0.2 03 00205 1.0152.0 30 5.0
510 - —~ 10
o e—e Measufed, X 0.49°kKW E —— Measured, max 23.39 kw
T 0.8 . — = 8 gg] — ssaslope=10.942
g a_s e/-/3.5? 3 s i
S -~ E —
£06 ) § o] xlo _
E —< /x_‘[o | e e it
204 Ejécted 14 hi 15 lo points | 294
T a H
0 0.2p g 0.2 g —
2 3 g
S o0 0.0
= L -1.000
g 2.20 s | /S Y e e
& 8 1025 s
a 8 : i
2215 £ 710507 b U
T =
:gn g -1.075
i 2.10 & -1100 7 .
g &
% 5 -1.125 P ) | S Tl
~ 505 | 1150 ‘ ‘ . ‘ ‘ ‘ ‘ BT T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.00 0.05 o.10 0.15 020 025 0.30 0.35
FWD measured (ADC normalized) FWD measured (ADC normalized)

SSA Non-linearity SSA Calibration SELAP Mode at 7 MV/m

£& Fermilab
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Prototype HB650 Cryomodule Testing at CMTF

RF Waveforms - Cryomatlule PIP2 1100 - Cavit

[ cq Control
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Piezo Waveforms
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Summary

* PIP-Il LLRF System is in the Final Design Review Stage

« The design is closely aligned with the LCLS-Il LLRF system

» Various hardware/software components have been tested at PIP2-IT
and STC

 The LLRF systems at PIP2-IT met the project requirements

 All the different cavity types(7) have been tested with the LLRF
system

« Final design prototypes will continue to be tested at both facilities

* The EPICS user interface has been used in the test stands

« The Final Design Review is expected in early 2024

== 3= Fermilab
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