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PIP2-IT Accelerator Components
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PIP2-IT LLRF Systems
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LLRF System Architecture
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RFQ and Bl LLRF System
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HWR LLRF System with Pneumatic Tuner Control
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HWR Resonance Control Design
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HWR Resonance Control Performance
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RF Cavity Parameters and Feedback Gains

Cavity Type Qr fo fu Kp
(MHz) (Hz)
Warm Cavity 3000 53 8.83 x 103 15
RFQ 15000 162.5 5.542 x 10° 23 Maximum Feedback
Buncher Cavity 10000 162.5 8.125x 10> 16 Gains computed
HWR Cavity 2.32 % 10° 162.5 35 3548 for Stability with
SSR1 Cavity  3.02x 10° 325 53.8 2317 45 degree phase
SSR2 Cavity  5.05 x 106 325 32.2 3846 Margin with 1 us
LB650 Cavity  10.36 x 106 650 31.4 3935 Loop delay
HB650 Cavity 9.92 x 10° 650 32.76 3301
LCLSII Cavity 4 % 107 1300 16.25 7600
efzs
Loop Delay
C(s) Kpwr(s+ K1 /Kp)
— d " - I’ err I
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HWR Cavity Field Regulation

HWR Amplitude and Phase Regulation
Cavity4 Cavity5 Cavity6 Cavity7 Cavity8
Cavity Field Setpoint (MV/m) 2.89 6.04 8.94 8.5 8
Amplitude Regulation (rms) % | 0.0135 0.0106 0.0101  0.0081  0.0103
Phase Regulation (rms) deg 0.0228  0.0065 0.0056  0.0055  0.0062
Feedback Proportional Gain 1000 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-1l Specifications

*  Amplitude Regulation (individual cavity) < 0.06%

*  Energy Stability (Linac) < 0.01%

*  Phase Regulation < 0.06 deg

SC
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SSR1 LLRF System with Piezo Tuner Control
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SSR1 Piezo Tuner Control — EPICS Interface
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SSR1 Cavity Detuning Histograms
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SSR1 Piezo Transfer Functions
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SSR1 Amplitude and Phase Regulation

SSR1 Amplitude and Phase Regulation

Cavityl Cavity2 Cavity3 Cavityd  Cavity5 Cavity6 Cavity?7 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

PIP-1l Specifications

*  Amplitude Regulation (individual cavity) < 0.06%

*  Energy Stability (Linac) < 0.01%

*  Phase Regulation < 0.06 deg
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RF Power Calibration

Power
eter
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1. Perform the calibration with the LLRF system in CW mode

2. Apply RF power using FF to desired forward power (Meter 1) for calibration (Start with 10

dB attenuator in the RF Drive for safety)

3. Allow for attenuation in cable to the cavity and for coupler 1 attenuation to get cavity forward

power PF

4. Calculate cavity gradient from forward power and other parameters shown in equation

5. Adjust gradient and forward power calibration constants to match measured readings.

6. Adjust reflected power calibration constant to make the reflected power waveform the same
as the forward power. (With no beam, at steady state, forward power = reflected power)

7. Monitor front panel reflected power (Meter 2) allowing for cable and internal coupler atten-

uation for checking calibration

8. Repeat calibration at different power levels
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RF Detune Calibration
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* 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
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Cavity Quench Detection/ Overdrive Protection

— - dl7
2 2
Pdi.SS — |K| - |R| - dt Can;raa“\\:;llil:‘lpul L?w?_\ "‘d.m‘l:.l“imﬁ‘u‘jw]‘I.mm(m
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U= ——
wo(R/Q)
d LT i) m '1)_.}’- dv- 1 SAT_; E?T»':\TECL; tlD
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. . - dMv T
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= 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
Low Level RF Workshop 2022 # Fermilab
21 10/13/2022  P.Varghese | PIP2-IT LLRF System Design and Performance iets 3 TR i



. | .

HWR Cavity 5, Q; = 2.07¢e6

| Symtom Teming | @y | Coviny Clcuations | Exsmpie MATLAR scpes

BEE I E S E I D E E T T T TES

Time s}

B 2ersy I

Q; Measurement

Decay measurement
VCE'V

»

+ Over Coupled

- Under Coupled

7]
W LLRF PIPIT LABVEEW BLALD: 10122020 0
HEn

oy
pe— |

i

Pk

OB MEASUREMENT SETUP

Stop 0 Mewmemens. * [N [~
CIMEASSTORCPTION (i MEAS FREGUENCY
PERCETAGE 1625 e
™™ FIT

o | Cateaion | e Stings | Sev Woveom Dot | Fllfpad Do Captre | O Mesrsnent | T Contoe | Sam Dgeecic

€% Fermilab LLRF PIP2IT HWR

ACTVE QL MERSURENETT L VRSN ST
Sarl esaremers | @ Mg O B L ——
1ot s (IR Vv L
~ -
Cunen sy IR o i Fetd .
A Menrerent (SR
@ visioize Decoy
@ O Measurment Finched

22 10/13/2022 P.Varghese | PIP2-IT LLRF System Design and Performance

i Opesie ook Wdom Hep

LR ]
W et T it | ol S W 77t | St Tin | <3800 | oty oo | Scmple WATLAS s

O s HE

o}

B ) e & i o i D i ! B

ime (31 FYr L] prepyees d g I

[
R ]

Contio | Calleation | Misc Setiogs | Sove Wovefor D | Ful S Dot Caps | Gl Massusmmant | TursConirs | Syt Disgoctic.

oL MEASUREENT SETUP.

S Cttemsvmrs o S [ ot
sopytaasmact | T [ e 74

AT 6 MEASUREMENT

St i inmaem ) @ Mezsurma 1
o s TR 0 o I e

= -
[ v —— [ === p—— =
2 bessoerars R
M @ vinssoe Decay.
3 @ O Mssument Fihes

Gl MEASURIMENT RESULTS

BRI ot aesurment v o ACHET sutomaticaty

# Fermilab PIP2IT SSR1

Low Level

1

RF Workshop 2022

3 Fermilab



User Interfaces —

>
Slevetorm | Scaar/ FFT Dsley | 5 Speed Wavebeom 7FT Diplay | System Tevng | G5 Anayss | Covey Coiculatons | Example MATLAS scrgts

Doy A - Wandorm Pt p e TR e femecs Bl
10000 CAY Phose Deg 2000 cavrnmeve
o powe ae) [ ]

WO Prose WO Phae Do)

sevpomn e [ RV Power et
v Phase e [ ]

Oiaplay A Wavefom Pt Contel Onploy B Wareferm Piot Contrl

i Cromon 0 Eomon
s s —
§ s T
H CAY Phase (Dog) { CAY P Do) {
0 Clomon a3 Clomom

D Do Gt | WO Poner e {

14 Dlomon ca Clommon !
PO Phase Dvg) { FWO Phase Deg) { 5
ors Clomon a3 Clorrion 5
FiY Power (e, | P Bower e { 3 5
ot Clorson s Clormon - 5
REY Phase (Deg) | o o M0 M0 A0 5000 R Phase (Degd | - -
Tnetd g ]
= Deper Ay st T g T Oeper ¥ st 5 5
oo ontorm P
Wavetomm Pt = | Woret { s s
WodormdTn) Wt Ot ) Scl Oy g ] Ol o g el e i
1 o g o
Bevdopar oo Coty md 10 |
; 5
e | oo | WacSangs | eve Wotoos0vte | ol Spasd D Copnes ] Qlbiomesmnt | T Cormd | Systom Diognest £¥ Fermilab PIP2IT SSR1 s
5
i Soved Wavetcrms [543
- ]
SRADEN (Cavty Mag (M) Covay | (iom) I 5
GetOa  Number of Samples Getting Dats ~ Sample Counter Pumbes <t woctom parts (Cavty Prase Degh (Cavey Q aw) 5 5
oK 00 J 4 = Sorweed | Baw) = =
. Wandoum st o = sl TRl
B e o A et e e oyt i Citebommrwim  Obevese ey ala
i o dopre e i oo | oo iy SR e e e e 0
TS S M e edosa B 3 ceroen s fions B 5
amcry ftes  Smaed by the etting b the nght. The sumber of Fev to sqrtuwoty) calbratien 5
o tharmpr g el rapJebioi o e coton o s

“Use " 4 extensce forconsstency
s 1 8t in theFe e v,

m
m

m
m

@ m
mm

m
@

Labview

o
@

m
@

- Dutern
= uoe 130307 EEEN T
5 ¢ R s e
5 T M s
- M mo b
ETE T e e Mushan | 0013
s o A BT i DESABLED et o 01 8 0t 3 DISADLED
Ao of @16 081 ¥ 8 015ABLED st O 5 O 1 DISASHED
Ot Votage ona e an —
[ s [ 1o
omms aowes seven b0 s
e serm T 1o
e s [T 188
Ao of O A g Coma s DISABLED Fcrtsion o 01 5 s Cavet s 1SAELED
Aot of 1 Hog e 3 ERSALED it o £ 1 . et DESAILED
e s anr s e i o
uber 0T [ o e oo
< Suses OB o Sowen BMas amms
. M 10 am ] wn
[ sus1 A ]

a2& Fermilab
23 10/13/2022 P.Varghese | PIP2-IT LLRF System Design and Performance




24

10/13/2022 P.Varghese | PIP2-IT LLRF System Design and Performance

Summary

The LLRF systems at PIP2-IT met the project requirements

A Resonance Control System for the HWR cryomodule was developed and integrated into the

LLRF controller

All LLRF systems had ACNET interfaces and the SSR1 LLRF system used an EPICS interface
for the resonance control system

Automated ACL sequencers were used to turn on the various LLRF systems and transition them
into GDR mode at their operating gradients

Operation at 2 mA beam with a 550 us pulse was limited to a short period due to some issues
with the MPS system — 10 us pulses were used toward the end of the run

Beam loading compensation was demonstrated in the warm front end. The SRF cryomodules
were able to compensate for beam loading with their high feedback gains.

A LBNL built LLRF controller based on the LCLS-II LLRF system was tested with the SSR1

cavities 7 and 8 and its various test features were exercised.
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Thank You!
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