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PIP2-LINAC Accelerator Components

LLRF System — SEL Architecture
Calibrations and SEL Operational Modes
Physics Requirements — LLRF Specifications
Analysis of Feedback Loops and Stability
Beam Loading in PIP-Il cavities

Steps towards improving performance
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Fermilab Accelerator Complex

5 flavors of SRF cryomodules (HWR, SSR1, SSR2, LB650, HB650)

: == Elliptical
3 harmonics of 162.5 MHz RFQ frequency (1,2,2,4,4) == HB650x 4
23 cryomodules (1+2+7+9+4) = Eiiptical Sy 650 MHz
119 SRF cavities (8+16+35+36+24) I_I LB650 x 9
. 650 MHz .
E=Single Spoke 2 o - hE

== SSR2x7

= Single Spoke 1

ﬁ BE= Half Wave
— HWRXx1
1625 MHz

Cryoplant
2.5kW @ 2K

H- lon %
source

Warm Front End Superconducting Linac

) R | ) ci ) coom | s |

. 30keV 30keV 2.1MeV 2.1MeV 10.1 MeV 30 MeV 170 MeV 508 MeV 800 MeV
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PIP2 4-Cavity RF Station

Cavityl1,2 Detuning (Fiber)
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PIP2 LLRF Systems

B (50)

5.03

0.5

9.6 (2.75)

2.32

8
SSR1 8 4x(csc) 5.53 0.6 14 (10%) 3.02
SSR2 5 SCCSCCSC 6.3 0.8 144 5.05
LB650 4 ccec 5.52* 2.15 9.0 10.36
HB650 6 cceecc 9.92* 3 8.7 9.92
Station | Station | Station | Station | Station | Station | Station | Station | Station | Station | Station Total
1 2 3 4 5 6 7 8 9 10 11
RFQ, HWR SSR1- SSR2- SSR2- SSR2- LB650- | LB650- | LB650- | HB650- | HB650-
B1-4 1,2 1,2,3 4,5 6,7 1,2,3 4,5,6 7,8,9 1,2 3,4
Number of 6 8 16 15 10 10 12 12 12 12 12 125
cavities
RF Freq 162.5 162.5 325 325 325 325 650 650 650 650 650
(MHz)

S3 - SSR1-1,SSR1-2
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S4-S11 - SSR2 (7),
LB650 (9), HB650 (4)

RF INTERLOCKS

RF INTERLOCKS

SPARE
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SEL Principle
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Key Features

e Positive feedback configuration requires limiters

* Loop phase offset is 2nmt of oscillation frequency

e Cavity stored energy and field magnitude depends on the real or inphase(l) component of forward power
* Detuning due to microphonics and other disturbances are compensated by the quadrature(Q) component
 In GDR mode (SELAP) both positive(low gain) and negative(high gain) feedback loops are active

2= Fermilab
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SEL System Architecture

amp set
CORDIC phase set CORDIC
— | R I | —
cavity measurement ﬂi Q cavity drive
—Q () @ (4] QF—
phase offset
Ke

LTI transformations

)
Ej:@ﬂj

set point

K, configurable saturation

198 0w LEvEL
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SEL System Calibrations

Cables Mixer

j[e:)§—®—|>—<]'ﬁl—
Probe Atten

Plant Gain = B/A

B A
! I
|CORDIC ~ CORDIC - SSA f
DUC

|
| i - Mixer Waveguide
| ~|='[>—®—[>—|>—@—<:>——”\
| |
! [: ::l Notch+| RF AMP FPC
|

IF AMP LP Filter Circulator
I | || |
Down Digital Processing in LLRF Controller Up
Converter Converter
ca://STC:RFCAV:H100:RFS1A: 20250311_105057
Forward power (kW)
T | 12
oo < Vo = [P; % Qo x @} Transmitted Power
% —2.19 1 . 1/2 f
%:Z: Vi = |:H % @ % Eﬂ_f[]j| Stored Energy rom Reverse
LI Power during cavity decay
o0 0.65 F?J;Jigmeasur:(;i(?\DC num?;:llzliozed) 0.‘25 0.30
SSA Calibration Gradient Calibration
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Computing SEL Mode Limits

Real Power

Imag Power
Viese = Epes x 1 MV

Vi }-:rj - D.-Uuu': * D.f'r.lzu_q
V.-‘E; _ Lres Vﬁ

172

-1

- . X.'Ucu? — D.’qux * DJ‘i‘!:-u{
|:f_=} b4 j‘ﬂ'f[]i|

.
VP =V x| I i

‘v JQL Mode Xm- -th.f fin Y'h.i

SEL Raw - - - -

SEL Xiat Xt 0 [0

VP SELA | X, x085 [ X,,, x1I5]| O 0

ADCruwa = Crsfwd SELAP | X,, x085 [ X, x 115 | =Y, | Y,

Xigt = S55ASlope x ADCyya
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Gain Tuning Procedure LCLS-II

10°

Magnitude
2

—Controllerg
OLTF &
—CLTF i

~—Cavity H

1o°é
1072 ‘ - ' B ' ‘ ' ‘
10° 10’ 10? 10° 10* 10°
Frequency(Hz)
ADC Sampling Clock | 94.286 | MHz
System Latency 1.2 [ Increase system gain and check if SEL limits are exceeded
Cavity Half BW 16 Hz in the amplitude or phase feedback loops.
Plant Gain 0.73
E‘eld Set Point 4.6 | MV If one of the limits is crossed reduce closed loop bandwidth (system gain)
Field Full Scale 406 | MV Till the outputs are within the SEL limits
Low Pass Filter BW 150 kHz
Controller Zero Place 0.25
Target Close Loop BW | 16000 Hz
2& Fermilab
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Stability Analysis with Bode Plot

-

Y| .
GeconT(s) = —~ + Kp

1

Goav(s) = 17
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LLRF System Analysis

BB Cavity Model

System: sys3d
Frequency (Hz): 5.09e+04
Magnitude (dB): -10.5

System: sys3d

10

Phase Margin (deg): 63

Delay Margin (samples): 1.01e+03
At frequency (Hz): 1.64e+04
Closed loop stable? Yes

10° 10
Frequency (Hz)

PIP-II

System: sys3d
Gain Margin (dB): 19.2
At frequency (Hz): 1.16e+05

Closed loop stable? Yes

System: sys3d
Frequency (Hz): 5.09e+04
Phase (deg): -135

10 10
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PIP-Il Loop Delay Components

Delay RFQ Buncher HWR SSR1 |SSR2 [LB650 |HB650
Total 985 1200 920 2720 2720 2770 2720
LLRF Controller Delay 500 500 500 2100 2100 2100 2100
LLRF-Amplifier Drive (cable) 50 150 20 70 70 70 70
Amplifier 200 100 100 200 200 200 200
HPREF Distribution 150 200 200 200 200 250 200
RF Fanback to LLRF (cable) 85 250 100 150 150 150 150
Cavity half bandwidth (Hz) 5542 8125 35 53.8 32.2 314 32.76
Gain (Max with 45 deg phase margin) 23 16 3846 881 1462 1479 1430
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
Buncher Cavity 10000 162.5 8.125x 10° 16
HWR Cavity 2.32 % 10° 162.5 35 3548
SSR1 Cavity 3.02 x 10° 325 53.8 2317
SSR2 Cavity 5.05 x 10° 325 32.2 3846
LB650 Cavity  10.36 x 109 650 31.4 3935
HB650 Cavity 9.92 x 10° 650 32.76 3801
LCLSII Cavity 4% 107 1300 16.25 7600
Assumed loop delay = 1 us
Fa'a'a’a’al :-_,: r.’{ LOW LEVEL e
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Disturbance Rejection and Regulation Requirements

L_@e Gc (+) Gp SN

D PIP-II Specifications
| | *  Energy Stability(Linac) <0.01%
| € | — * Amplitude Regulation(individual cavity) < 0.06 rms %
1 + G{: * Phase Regulation < 0.06 rms deg
*  Maximum detuning <20Hz

2= Fermilab
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Disturbance Rejection and Regulation — Amplitude Loop

A=Kc\/Pn, A+0A=KcvV Py +0P

PN'—'—(SP:]_.IESX Pln,'r

5A 5A
1 _ V115, 22— 0.0724
T2 A

When above limits are used

_ 0.0724 D
Crtin = — 120,

< 0.0724
A~

Stability analysis gives a max gain for SSR1 cavities of 880
Provided the box limits are increased

Dy, ax
G\ fas = 880, "’i < 0.528 = 880 x 0.0006

< — 2 Fermilab
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Disturbance Rejection and Regulation — Phase Loop

2
DREQI — \/]— — Dfmﬂg
Yp = -D;'Lj"a:r X Dhnag

X;'Lfax — DM'ax X DRECLE
Forexample,if ~ Dypeg = 0.6, Yp =237 degrees

37

06~ 615, D¢ < 37 degrees

GMin =

Stability analysis gives a max gain for SSR1 cavities of 880
Provided the box limits are increased

Grrar = 880, Dg <52.8 =880 x 0.06 degrees

2= Fermilab
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PIP-II Cavity/Amplifier Parameters

205

581

SSR1 30 242 84
S5R2 40 438 645 297 115
LB&&0 £8 70.3 746 341 193
HB&RD 118 106.1 731 610 260
RFQ 162.5 1 2 65 75
MEBT bunch cavities 162.5 4 1 1.2 3
First HWR cavity 162.5 1 1 04 3
Other HWR cavities 162.5 T 1 6.2 T
S5R1 325 16 1 & T
S5R2 325 35 1 17.2 20
LB650 650 36 1 382 40
HEBG&ED 650 24 1 58 70
LLRF System Analysis Lot
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Beam Loading in PIP-Il Cavities

PIP-Il Beam Current = 2000 pA

JLAB Beam Current =400 YA

LCLS-Il Beam Current = 100 pA /300 pA

Cavity Cavity Voltage | Forward Power — | Forward Power — | VPower Ratio| Amplifier Max
Description (MV) No beam (kW) | With Beam (kW) Power(kW)
HWR_6 2.008 2.64 4.45 1.3 7
SSR1_8 2.050 1.98 413 1.44 7
SSR2_5 4 4.993 6.40 11.92 1.36 20
LB650_5_3 11.88 15.93 28.97 1.35 40
HB650_4_2 19.953 24.28 40.71 1.29 70

10/14/2025 P.Varghese
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Feedback limits currently allow for 1.15 increase in power ratio
Feedforward beam loading compensation is needed
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Adding Gated Feedforward for Beam Loading

1= L [
[
: : : cavity measurement
I |
. L —
.
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I Xngm | | Real Power
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|
o ___
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Adding Gated Feedforward for Beam Loading

A
Register - =210~ B

CW Mode

DAQis NOT _ W FFLQ
Synchronised Register
To Beam Pulse

Beam Comp IS

synchronised T T T T T T
DAQ Beam
Start Pulse

\J

DAQ Beam
Start Pulse

Pulse Delay Pulse Width

_PM FFLQ____ _
PMFFLQBC | ______ | ___
Precomputed
ble is
Pulse Mode @ PM_FFI,Q*Ratio
DAQ and Beam playedout | "= 790 )
Comp ares
Synchronised A SP
To Beam Pulse ‘Delay
by design N >
Beam DAQ Beam
Pulse pulse Delay Pulse Width End Pulse
e e DAQ
DAQ Fill Time Flat Top Start
start [0
. :
a¢ Fermilab
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Beam

oading in SSR1 Cavity
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Cavity Selector +Tne LabVIEW console must restarted between every
s cavity switch to see effects.
D stations at at Cavity 9 and 10,

Wavelorm / Scalar / FFT Display ‘ ruusﬂ«dmm»mmuu{,}; | SystemTiming | Q0 Analysis | Cavity Calculations | Example MATLAB scripts | SSRT LA BUALD: 11,
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SCALAR PARAMETER AVERAGING WINDOWS BEAM COMPENSATION (PULSED MODE) PLLSETTINGS
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CAVITY SIMULATOR

£% Fermilab PIP2IT SSR1

SCALAR READBACKS
window eror, -2 = cavity low)

CW CONTROL PARAMETERS

Feedback Prop Gain Feedback Integral Gain

Prop Gate Start (us) Integral Gate Start (us)

PULSED CONTROL PARAMETERS
A Py
O N
SetPointPhase  Cav Tau (us)
-
Y
-
FillTime
e v 0
Flat Top Time

{Puoiodosg
e 30y
PRy OV

dwei 0 D

WO B

Half Bandwidth

.

Set Point Amp Prmary CavFieid Mog (RN Mvim  _ REEneble ]
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Beam Loading in SSR1 Cavity

1
Constant
Cauvity Set Point
nn N
Pulse 3s+1
Generator > L]
Beam Pulse Transfer Fen T

Favily Scope

T | T T T T
1T 1.001 - -
s @
Integrator .
Limited Gaint 1.0005 - .
T ! < 1
Pulse Transport Gain
Generatar Delay
Feed Fwd 0.9995 |
0.999 — =1
| | | | |
4.8 5 52 54 5.6 58 6
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Steps Towards Performance Improvement

« Add feedforward(FF) beam loading compensation(BLC)

« Gating of FF BLC with beam arrival trigger is required — PIP-Il beam
Duty cycle is only 1%

« DAC drive limits need to be adjusted for each cavity type due to
differing beam/no beam power ratios

» Loop delays of ~ 3 ys can be improved with firmware changes

« Amplifier non-linearity should be handled correctly as a variety of
amplifier sizes and vendors are being used

« LCLS-II and PIP-II linacs are using the same codebase — both

projects will benefit from the improvements

2= Fermilab
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Summary

* The SEL Implementation for PIP-Il was described

« Stabilty Analysis was used to determine theoretical feedback gain
limits

« The beam loading for PIP-II cavities was compared with the output
saturation limits currently being used

« The need for gated feed forward beam loading compensation was
demonstrated

« Steps for improving performance were discussed

a2 Fermilab
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Thank You!
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Backup Slides
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Beam Loading Power Calculation

V2 +pB)? _ fReT(%) Qo 2 +( Qo 26f)2

Pr = 1+
f r
460, (5) V(1 + ) 1+ f
Va Cavity Voltage
I Beam Current

Cavity Frequency

0 f | Microphonics Detuning
T Transit Time Factor
3 | Cavity Coupling Factor

2= Fermilab

1980w LEvEL

28 10/14/2025 P.Varghese LLRF System Analysis pﬂrp‘rﬁ\ s | RADIO FREQUENCY



HWR Control Performance

HWR Amplitude and Phase Regulation D_etunlng
Cavity4 Cavity5 Cavity6 Cavity7 Cavity8 Hlstograms
Cavity Field Setpoint (MV/m) 2.89 6.04 8.94 8.5 8 L0t - _ 10t
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 18| Y
Feedback Proportional Gain 1000 1000 1000 1000 1000 § ] gl'
Feedback Integral Gain (rad/sec) 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000 ° Cz
Cavity 4 Cavity 5
PIP-II Specifications 1 i ‘
° Energy Sta b|l|ty(L|naC) <0.01% a0 2 a0 "_l')‘ 0 20 @ 0 20 -0 -:Z 1 20 3 a0 2 0 .:Z 0 2 2
«  Amplitude Regulation(individual cavity) < 0.06 rms % Cavity 6 Cavity 7 Cavity 8
* Phase Regulation < 0.06 rms deg
*  Maximum detuning <20 Hz
2= Fermilab
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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
Microphonics Detuning Piezo Transfer Function — C1
6 ’ 6 61 - - - g~ 10* — PIP2IT cavity 1 Piezo transfer function 2021-04-19
£ 4 Eadl PRIl 15000
8 27 é 2t é 21
L 0 20 0 ' o (‘
o 0200 w0 20 20 40 0 10 20 5000 W
. . - Hz " -
Cavityl Cavity2 Cavity3 Cavity4 s, b ——— I
: : ]
x10 g x10° g 210" 4 10° W N
2 -0 0 10 20 20 10 0 10 20 20 10 0 10 20 20 40 0 10 20 — imag 1sgme
!—'Z l'|2 !’|Z Hz o000 50 100 f1(5:27 200 250
Cavity5 Cavity6 Cavity7 Cavity8
2& Fermilab
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