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Outline

e System overview
— LLRF
— Reference line
— 4 cavity Station
— Controller cards
— Piezo amp for resonance control

 RFQ commissioning results

* Requirements and design approach
— 0.01°, 0.01% rms beam stability
— 0.1°, 0.1% rms field stability per cavity
— Large non deterministic detuning errors

» Collaborations
— India
— Colorado State University

« Current system development
— Master Oscillator and Reference line

— Controller module
» System on module
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Team

AD LLRF - E. Cullerton, P. Varghese,
J. Edelen, J. Einstein, D. Klepec

IIFC - G. Joshi, S. Khole, D. Sharma,
& many others

CSU — A. Edelen
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PXIE Low Level RF Group Involvement

= Now — 2015 2016 2017 —> 2018
30 keV 2.1 MeV 10 MeV 25 MeV
pg¥ RFQ ¥ MEBT _ HWR ¥ sSR1 ¥ HEBT .
500 - 001D R T T A1 8
f@\/
< 40 m, ~25 MeV >

PXIE will address the address/measure the following:
— LEBT pre-chopping
— Vacuum management in the LEBT/RFQ region
— Validation of chopper performance
— Bunch extinction
— MEBT beam absorber
— MEBT vacuum management
— Operation of HWR in close proximity to 10 kW absorber

— Operation of SSR with beam, including resonance control and LFD compensation
in pulsed operations

— Emittance preservation and beam halo formation through the front end
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LLRF Systems needed to meet R&D Goals

« 325 MHz Horizontal test stand

— Support for CW and pulsed mode operation
— Operational

« 650 MHz Horizontal test stand

— Support for CW and pulsed mode operation
— Supplied by India Q3FY16

« PXIE

— Master Oscillator and Phase Reference distribution line
« 162.5 MHz & 325 MHz (Operational with synthesizer)

— RFQ - 162.5 MHz (Q4FY15)
« 2 RF amplifier system (In system test/ resonance testing)

— Buncher - 3 cavities - 162.5 MHz (FY15) (Ready for 15t buncher)
— Half Wave Resonators - 8 cavities @162.5 MHz (FY17)
— SSR1 - 8 cavities @ 325 MHz (FY17)

— Kicker waveform generator
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PIXIE RF Stations D
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Phase Reference Lines (162.5, 325, 650 ,1300 MH2)

PIP-Il RF Phase Reference System

Phase Averaging

1300 MHz Distribution

162.5 MHz Temperature
Controlled Master Oscillator
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Multi-frequency Phase References and Local Oscillators
We are building up the first sections for PXIE
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Details of First 162.5 MHz RF Section

1300 MHz Reference from 1300MHz Temperature Controlled Rack
162.5 MHz
Temperature Controlled 325 MHz
Master Oscillator Temperature Controlled
Rack Rack

1300 MHz

Phase stability
across
harmonics (400 fs)

1320 MHz

FPGA Clock 1300 MHz = 1320 MHz

FPGA Clock

L1l

345 MHz LO
182.5 MHz LO

“|TiminG

,,,,,,,,,,,,

162.5 MHz
Source 325 MHz Phase Reference t

650 MHz Rack and Tunnel

Temperature
controlled racks and

11l

162.5 MHz

4-Cavity LLRF Station 325 MHz Phase Reference

from tunnel

component plates g

4-Channel Up-Converter *°

High Level RF
6-Channel Receiver

We have this

- Hg R —
experience and see a o H s i
path forward . =

TUNNEL
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PIP-Il LLRF 4 Cavity LLRF Rack Layout

Down converters for

PXIE are done

Controller, PZT amp,
stepper motor controller,

Up converter
in design stage
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Basic LLRF Station Diagram for 4 cavities
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10

PXIE LLRF rack layout - front and rear view

RFQ HWR SSR

HALF-WAVE RESONATORS LLRF SSR1 CRYOMODULE LLRF

RFQ LLRF

S [a32520530 ]
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System on Chip Multi-channel Field Controller
po-._(16) 14 bit ADCs (8)14 bit DACs _ System on Module

A fe=ig
‘ Dual core Arm

processor
with FPGA
may eliminate
the need for a
backplane and
CPU card

e
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Piezo Resonance Control Requirements

12

Minimize microphonics to <10 Hz

1 Hz or better resolution

+- 1kHz tuning range

2 drive amplifiers for 2 piezo stack groups per cavity (1

4 drive modules per chassis

module per cavity)

Brian Chase | P2MAC_2016
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Piezo Amplifier — PDu150

Voltage Range

Each amp drives 2.2uF piezo loads

50V 100V 150V
0.01 64000 32000 21000
0.03 21000 11000 7100
40 e T T T T T T T T T T
0.1 6400 3200 2100 P I EHY | iiliiiir R |
0.3 2100 1100 710 = ' /30001000 _ 30n| 10n | | |
1 640 320 210 Load signal v RO
. . 3 RN
210 110 71 Capacitance Bandwidth E’ \x
No Load 180 kH ™ | I\ |
10 64 32 21 orod g = NN
10 nF 105 kHz N N )
e =L 11 7 30 nF 40 kHz 0 - yRREE——a
Table 1. Power bandwidth (in Hz) with a capacitive load 100 nF 11 kHz 10 10 10 10
el S e 4411 B R A1 AR AT i( E00RE 3.8 kHz ‘
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Y- W | 3 uF 320 Hz 0 ki gt -
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%120“"“ \ 10 uF 62 Hz g N ;
S 100 A 30 uF 24 Hz 3 =0 1 ..... N ,“
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Resonance Control Loop

Setpoint
(Hz)
FF
Stepper
tl(-)l-z\-/ Controller + Control
' Range
+ ; Check Feed Forward
(F|ags) Error Piezo
. (Volts) le)ntrol
High- oop
(ENABLE)  Level (H2) Flags
Piezo
Control
(Hz)
Cavity Resonance
Frequency Error (Hz) LLRF (RF
Controller Vectrs)

14 Brian Chase | P2MAC_2016

Disturbances

Cavity
Tuner
System
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Piezo Amplifier single tone and noise performance

Low distortion with 86 Hz
sine wave

-109 dBV/VHz @ 292 Hz

2= Fermilab
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IIFC LLRF Status

Cards with schematics
- ADC/DAC, FPGA, Up-converter | .
- Down-converter, Piezo amplifier | ..

YP P T 4T |

Layouts are coming soon

e =
A B [ D E F G H 1 J K L M N O P QR S T UV W X Y 7 AAABAC AD AE AF AG AH Al AJ AK AL AM AN AO AP AQ AR AS AT AU AV AW AX AY AZ BA BB
1 — Fermilab- Cvl6 o7 Y18 ovla
2 Major Milestones institutiof  sem | oag-sec|22] o] 2] s o] [ ] A e o ol waf aa] o of 5[ o] sl el A el of o walaa] o] of [ o] S| €] ] el of aof aa] xa] af o S o] S| e A &l of ao] 1a] 22
e . B S S S S S S S S ————————————
94 LLRF System BARC _ |chase Joshi L L
o5 |Initial Design Specification of LLRF System Delay due to access to engineering|
Prototype of the LLRF System for Horizontal Test Stand being 1 Délay inlinitial désign spek, plus mprd realistid s 0
96 | developed by DAE laboratories for Fermilab
Development of Prototype LLRF System for the Horizontal Test -
Stand being developed by DAE laborataries for DAE 2
7 ||aboratories and Fermilab
Development of a new LLRF System for the S8R1 Cryomodule . i -
9 | peing developed by Fermilab 1 Minimize delay by procuring all hardware simultaneously
Development of a new LLRF System for the CMTF being 1
99 |developed by DAE Iaborataries for Fermilab
100
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RFQ disturbance response

Waveform | Chart | FFT | FPGADiagram1 | FPGADiagram2 | Cavity Calculations | Expert | Timing | SavedData | MATLABscript | Bl data Alignment
Node Name ;PRBOPR  PXIE_RFQ BUILD: 1/22/2016
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Feedback gain studies

10 Percentage error in cavity field amplitude

. » Percentage error in the
. cavity field amplitude at
o 20 microseconds after
a disturbance
« The disturbance was
N 10% of full scale
* For cases with large
iIntegral gain and low

, proportional gain, the

00 05 10 15 20 25 30 35

Integral gain [million] feed baCk |OOp iS
unstable

Proportional gain
(=] oo

~

N

2= Fermilab
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RFQ resonance control
vane system step response

initial transient | steady state
Time 0 7.2 min 115.4 min 50 ,
Afres 0 46.13 kHz | 21.15 kHz f
TTho | 22.280 °C | 25.796 °C 25.649 °C
TTipy | 31.489 °C | 28.126 °C | 26.141 °C 0
TTip3 | 30.941 °C | 27.639 °C 26.284 °C
30t 28
flow path | time delay [s] B S)
TT101 — TT103 1.0 g g
TT103 — TT102 17.0 E 201 126 g
4 £
* Transient response of the RFQ 10k 124 :
resonant frequency due to change : : : 1
in the vane flow control valve. ok‘ | 1o
Prior to changing the flow valve, '
the intermediate skid was cooled :
-10 : : :

to approximately 25C. The 0 20 40 60 80 _ 00 10 140 1600
control valve was stepped from Time [min]
0% open to 50% open.

& Fermilab
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RFQ Water system overview

ECv He‘IlcaI
mixer

Vane

Wall

< thermal connection through Cu

Helical
mixer

cold supply
warm return

FCV

cave wall

VE
g

3¢ Fermilab

Intermediate Skid
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Feedback modeling

*  Expecting large disturbances from LFD, * Assume a low noise oscillator
want fast response from beam loading — Wenzel VHF ULN 100 MHz 13.7 dBm
transient — % http://www.wenzel.com/model/vhf-uln/
— get 15 dB from feedforward beamloading . System loop delay of 2.1 usec

compensation

* Approach - find highest stable loop gain
and determine system noise
requirements

* Determine best gain settings from
operational experience and needs of
beam-based feedback

— It is easy to turn down the gain on a well

designed system, impossible to turn up
gain on a poorly designed one

«  Cavity bandwidth 30 Hz

> Vbeam

<
)
Y
5
+
=
Y

&
Y
+

Tcav(s) —> Veaw

—sto <

—e

aF Fermiiap
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Simulation of open loop transfer function of cavity and controller

10" —
Control
——— Cawty 0
Open b
\~
105 T
— _
@ ~ g
= = .80
= &
3 2
(O]
o o & ol
oL
10 120}
-140 |
-160 [
10-5 PRSI | PRI | a2 aaasal s s sl a2 aaaal aaal
10° 10’ 102 10° 104 10% 10°
frequency (Hz)

Closed-loop bandwidth: ~50 kHz
Control system zero: 15 kHz
Proportional gain: 1500

Integral gain: 1.44e+08
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Phase
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\\
\
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Code developed for LCLS-II
Larry Doolittle LBNL and FNAL
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Total phase noise to SSA from controller and oscillator sources

Closed loop response Cumulative SSA phase noise voltage

' 0.02

N 0018 |- ]
N 3

N
AN 3 _oo6f /

o
o
-
T T
——

o

o

N
—

Cumulative SSA phase noise sqrt powe
[=]
=
—

al 1 1 1
10° 10¢ 10° 10% 107
frequency (Hz)

10° 10’ 102

« Cavity: 0.00078° rms
« SSA:1.04°
« SSAfrom ADC: 0.96°

Careful attention to noise
terms will allow high
controller gains

2= Fermilab
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Conclusions

 The LLRF Group is commissioning and developing systems
for PXIE

— Development of a next generation system controller card
— Development of the multi-frequency reference

— RFQ resonance control

— MEBT/kicker waveform generator

— Simulation tools

« Collaboration with India to deliver next generation systems for
test stands and LLRF control for the 120 cavities of PIP-II

2= Fermilab
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Thank you for your attention!
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Primary Technical Risks

Resonance Control for 5 new cavity designs

— Lorentz Force Detuning compensation for narrow bandwidth cavities operated
in pulsed mode

— New cavity designs with new mechanical properties

— ~20 Hz half BW with expected 420 Hz Lorentz Force Detuning in SSR1

Development of the LEBT/MEBT Chopper Program Module

— Wideband beam-based learning algorithm

10-3 regulation of amplitude and phase in pulsed mode with
high Q cavities

104 regulation with beam based feedback

2= Fermilab
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Parameters of RF Cavities

27

Frequency
(MHz)
162.5
162.5
162.5
162.5
162.5
162.5
162.5
162.5
162.5
162.5
162.5
325
325
325
325
325
325
325
325
243.75

O 00 N O U b WN PP =

N R R R R R R R R R R
O W NOO”UL B WN RO

Section
MEBT
MEBT
MEBT
HWR
HWR
HWR
HWR
HWR
HWR
HWR
HWR
SSR1
SSR1
SSR1
SSR1
SSR1
SSR1
SSR1
SSR1
HEBT

Brian Chase | P2MAC_2016

Amplitude Synchronous

(MV)
0.088
0.065
0.079
0.44
0.7
0.85
1

15
15
16
17

1

1

11
1.25
15
15
15
2.2
1.07*

Phase (deg)
-90
-90
-90
-48.06
-35
-33.95
-26
-24.03
-20.02
-22
-23.98
-32.96
-29.99
-28.01
-27.03
-26.03
-27.01
-25
-23.98
n/a

Pg(kw)
2.67
1.45
2.13
0.325
0.789
1.155
1.618
3.312
3.351
3.724
4.105
0.904
0.946
1.127
1.399
1.89
1.915
1.956
3.622
2.9

* Amplitude of transverse kick

3/16/2016
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Major Milestones

Activity Name Finish 2013 Fy2014 FY2015 FY2016 FY2017 FY2018 FY2019 f
b [Fas |Fad [Far [Faz [Fas|Fad [Fat [Faz [Fas [Fad [Far [Faz [Fas [Fad [Far [Faz [Fas [Fod [Far [Faz [Fas|Fad [Far [Faz [Fas [Fad [Far |F
LEBT Controls Proaramming Complete 17-0ct-13 4 LEBT Controls Programming Complete
LEBT Initial Configuration Installation Compl... 23-Dec-13 @ LEBT Initial Configuration Installation Complete
RFQ Delivery to FNAL* 22-Sep-14 # RFQ Delivery to FNAL*
RFQ RF Interlocks Prototype Complete 31-0ct-14 # RFQ RF Interlocks Prototype Complete
LLRF Interim System Ready for RFQ Commi... 19-Nov-14 4 LLRF Interim System Ready for RFQ Commissioning
RFQ RF Final Interlocks Complete 22-Jan-15 4 RFO RF Final Interlocks Complete
SSR1 & HWR Yacuum Controls Configurati...  24-4pr-15 # S5R1 & HWR Vacuum Controls Configuration Complete
LLRF Digital Controller Pratotype Complete 08-Jun-15 4 LLRF Digital Controller Prototype Complete
SSR1 & HWR Quench Pratection System C...  27-0ct-15 4 SSR1 & HWR Quench Pratection System Configuration Complete
LLRF Digital Controller Production Assembly...  05-Jan-16 4 LLRF Digital Controller Production Assembly Complete
LLRF System Ready for SSR1 Commissioning  03-May-16 / & LLRF System Ready for SSR1 Commissioning
MEBT Installation Phase 1 Complete 17-May-16 4 MEBT Installation Phase 1 Complete
SSR1 Installation Complete 29-5ep-16 & S5R1 Installation Complete
FXIE Stage 1 Complete® 30-Nov-16 4 PXIE Stage 1 Complete®
HwWR Cryomodule Delivery Tao FNAL* 3-Mar-17* 4 HwWR Cryomodule Delivery To FNAL®
LLRF System Ready for HWR Commissioning  03-May-17 LLRF System Ready for HWR Commissioning
LLRF System/Firmware/S oftware Commissi...  03Jul17 / LLRF System/Firmware/Software Commissioning Comp
FXIE Stage 2 Complete® 30-Aug-17* / 4 FXIE Stage 2 Complete®
FerwETE

28
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RF Power budget and QI

Table 2.10: Requireg

power

CM Power tra Microphoniclyl Cavity half- [Power transfer] Power Peak RF
type ferred to b amplitude '\ bandwidth, | efficiency margin power per
per cav. (] (Hz) /20;, (Hz) cavity (kW)

HWR 20 33 90% 80% 6.5 . .

’ ’ Total cavity detuning
SSR1 4.1 20 43 90% 80% 6.1 bud includi
LB 650 23.8 29 94% 80% 38
HB 650 39.8 29 9 9 64 : .

% 80% Measured LFD is 22 times

* Microphonics amplitude

Table 2.11: Functional requirement specifications to cavity detuning due to helium

pressure variations and Lorentz force detuning

A target value for maximum cavity detuning due to microphonics.

larger than the entire
resonance error budget

May need real-time

CM type HWR | SSR1 [SSR2 | LB650| HB650
Sensitivity to He pressure (FRS), dfidP , Hz/Torr | <25 | <25 | <25 | <25 | <25 feedback during pulse
... (measurements), dfldP , Hz/Torr 13 4.0 - - -
Estimated LFD sensitivity, dfidE", Hz/(MV/m)° - -5.0 - -0.8 -0.5
... (measurements), dfidE’, HZ(MV/m)* | -1.5" | -4.4 - - = Ongoing cavity design efforts
Estimated LFD at nominal voltage (FRS), Hz -500 - -192 -136> | these numbers
... (measurements ) at nominal voltage, Hz -122.4 | -440 = = - to lower

Discussions are in progress about optimizing amplifiers

and QL for pulsed operation
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