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RF and Cyclotron Systems

SSC

$ ¥y science
& & technology

71l Department:
/' Science and Technology

REPUBLIC OF SOUTH AFRICA

vli ”*m’

" - J‘

2 injector Cyclotrons

K=8 SPC1 with an
internal ion source

K=8 SPC2 with an
external ion source

K=200 SSC
Various buncher systems
In total 13 RF systems

Fixed and variable
frequency systems

Wide frequency range
from 8 to 81 MHz

Wide power range from
50 W to 150 KW
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Previous Control System Block Diagram

RF Reference Signal —¢
Phase  |g | Variable * Primarily analogue control system
Shifter Delay Line Resonator o
PA * Dated, utilizes 30 year old technology
Analog Analog H
) Phase Control Amplitude CD"‘r["_DAutotune * PROF180 processor with bubble
'3 f 3
P RF memory
ol Ph Amplitud P/U . . .
" Detector Detactor * Terminal display interface
[y A . .
* Software interface upgrade but it
Variable |
Delay Line| runs on OS2
_ . Variable |l * All the terminals have failed and have
Autotune Trimmer [ Delay Line .
Capactior Motor | _ been replaced with software
Controller «
emulators
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Elements of the Prewous Control System

Prof180 Terminal Interface

LRI, Motion Control

a3 st i\ ! 8. 7 Variable delay lines

GEERNL_* | Phase Shifter

=j— Phase Controller
——— Amplitude Controller

"+ 17— Autotune Controller

“““““ i \ 0S/2 PC
ji— CAMAC Controller

—— Software Terminal Emulator
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Methodology of Design

« Goal: to replace 30 year old analog control system with a generic
digital low-level RF control system over frequency range 5 to
100MHz

« Performed an extensive market analysis

« Several advances in technology demonstrated that it is possible
to design a DLLRF

« FPGA based system is an excellent platform for design as we
can implement state-of-the-art techniques such as Direct Digital
Synthesis and I/Q Demodulation

« Set out to achieve 0.01% Amplitude and 0.01° Phase stability

 Along the way it became clear there were several important
design decisions to make

§3¥«P science

x. 2 technolosy
([N, \ (e QA SRIRLe) ;5, RF
Depa rtm nt:

o\ Scie and Technology Nation: lnese h
A4 REPUBLIC OF SOUTH AFRICA

Labo l ry@rAcceI



Methodology of Design

 When evaluating DACs and ADCs must consider: Max sample rate,
SNR, ENOB and SFDR

* 16 bit high-speed DACs exist

« True 16 bit high-speed ADCs over full frequency range don'’t exist:
limited by max sample rate, SNR and ENOB.

« Final Solution: Use an FPGA to perform DDS and generate RF and
LO signals

* Use heterodyning approach, mix RF pickup signal to IF

« Sample IF with ADC that meets SNR, ENOB, and SFDR and
minimizes delay

« Perform 1/Q demodulation in FPGA and use information to close the
loop
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New Digital Low-Level RF Control System

* Modular Design

« All RF signals are
easily accessible
from the front

« Digitally
programmable

* 16 bit Amplitude
resolution

* Operates between
5 and 100 MHz

* Programmable in
steps of 1 yHz

 Phase resolution
in steps of 0.0001°

« EPICS based
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DeS|gned for Maintainability

* All system modules
are easily removed

 N-Type connectors to
RF systems

« All RF signals are
easily accessible
from the front

« Power supplies are
easily accessible
from the rear
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System Modules

RF Controller

| Interlock Interface| 10 MHz REF RF Synth65|5

RF Controller Fy RF Synthegis RF Amplifcation and MIXIng Resonator IF S I‘
|- - = ======="="17 - = -l _______ l --------
1 EPICS 10C y ! ' PA ampling
1
(ARML I FPGA - RF Amplification and Mixing
. CPU . 1 1 !
«—%—..|| RFDDS v 1o Interlock Interface
Ethernet , LODDS ! ' : :
A ' RF Phase o
EPICS || Amplitude ||* | oo i
CUENT| | | [ controller | | ' IR
v ! 1 1
Ericsioc 1| L/QDEMOD »D AC - LO > ®
EtherCAT [|'"" % % % % % , | 1 !
Motion Control | |- J |- L |-+ 1 ! : 'D ®
_IFsampling | | || |o_______

]
]
]
: IF1] 1IF2| IF3| IF4| IF5
]
]
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RF Controller

| Interlock Interfacel 10 MHz REF

Backplane
Interface

RF Controller - RF Synthesis RF Amplifcation and Mixing Resonator
1T TS s s s s s s Il e 1= == ====-= 1
1 EPICS 10C y ' PA
1
i |ARM o FPGA ! X '
1 l = ]
'|CPU Lo o RF P/U
e v RF DDS P o '
Ethernet , LO DDS ! ' : : !

) i| [ RF Phase o , ths '
EPICS || Amplitude ||* | .o !
CLENT| | | |_controler | | | N '

v ! Y ;! , Phase
Ericsioc 1| L/QDEMOD » DAC - LO > ® ?u REF
EtherCAT [|'"" % % % % % , | 1 ! 'A 1
Motion Control{"_ | | |- } |- . o : H> X ,?’&": Lix
_IF ‘_Sa_m_pli_ng_ I O R O ' };' Aux2
: [ 1 : 1 T ,
+ [ancs J[Aoc4][anca][Aoc2][Aoct] : '
: : : IF1| IF2| IF3| IF4| IF5 '
]
! ] [T 2 [ ! i .
! F Y F 3 F 3 F Y ! 1
1 1 - - - - - e o = b - - ] o= ]
] T
, :

Ethernet 800 MHz ARM CPU
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RF Synthesis __ " .

| Interlock Interfacel 10 MHz REF

RF Controller - RF Synthesis RF Amplifcation and Mlxmg

Resonator

ARM|__ | FPGA
CPU

- A- - - - RF DDS
Ethernet LO DDS

1

1
A 4 1 RF Phase
EPICS 1 Amplitude
L}
)
[}

v

CLIENT Controller
v

RSO0 I/Q DEMOD »D AC - LO >
1

EtherCAT |'"" % % % #% % ., ]
Motion Control "= |- J |- L |- - 1 1

IF Sampling

I [ 1
[Aocs J[apca][apca][Apcz][Aoct]

]
]
]
: IF1] 1IF2| IF3| IF4| IF5
]
]

' Al [ D (] [
[y F Y F 3 F 3

LO Output 2.4 GHz VCO
and PLL
10 MHz Ref
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RF Amplification and Mixing __

RFinput  RF Output amplifier Attenuators
[Interlock Interface] 10 MHz REF

RF COI’III’Oller jh Resonator s
e e Ll
1 EPICS 10C M g L —— .
1 ,
|ARM|__|  FPGA . i
. CPU '
B vl RF DDS 1
Ethernet , LO DDS :
A I RF Phase b
EPICS || Amplitude '
CLIENT i| | Controller : >
v ! 1
Ericsioc 1| L/QDEMOD »D AC - LO >
EtherCAT |'" % % # & % , | 1 !
Motion Control | |- J |- L |-+ 1 ! ! 'D ®
---------- ]
_IFsampling L VL L. '
: — =m— -
+ [ancs J[Aoc4][anca][Aoc2][Aoct] :
' ! : IF1[ 1F2| IF3| IF4[ IF5
: —\ —\ —\ —\ : 1
' [ 3 » F 3 - . |_--_ N e I
I .

LO input Buffer Amplifier

5 Ch. Splitter
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I F Sa m pl i n g Low-pass filter

CH1 Input 10 MHz SAR ADC

| Interlock Interfacel 10 MHz REF

RF Controller 1‘ RF Synthesis RF Amplifcation and Mlxmg Resonator
- - -==-======= = ="
1 EPICS I0C Y
1
i |ARM| FPGA )
, «—>
. |CPU P RF P/U
e RF DDS o '
Ethernet , LO DDS : : !

A ' RF Phase L b !
EPICS (| Amplitude | !
cuent| | o | Controller N '

v \ | ' 1 Phase
Ericsioc 1| L/QDEMOD » DAC - LO: S>> ® g; REF
EtherCAT [|'"" % % % % % , | 1 'A 1

Motion Control{"_ | | |- } |- . o : H> X ,%": Lix
_IF ‘_Sa_mgli_ng_ O I O O ' };' Aux2
] i 1
[Aocs J[apca][apca][Apcz][Aoct] : '
: IF1| 1F2| IF3| IF4| IF5 1
' :
! ]
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Interlock Interface

| Interlock Interface| 10 MHz REF

RF Controller - RF Synthesis RF Amplifcation and Mlxmg
oo S ] - y Resonator
1 EPICS I0C Y
1
 |ARM — FPGA '
. |CPU Lo RF PIU
e vl RF DDS : : .
Ethernet , LO DDS | . !
A ' RF Phase L > !
EPICS (| Amplitude | !
cuent| | o | Controller N S ! hase
v ! 1 1 !
Ericsioc 1| L/QDEMOD »D AC - LO > ® ?u REF
EtherCAT [|'"" % % % % % , | 1 ! 'A 1
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.. ! !rt+rt+:+tr!:y =-""-"======= 1 415
_IFsampling L VL L. ' Lo Aux2 o
SR =1 - i 8 Inputs
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' ! : IF1[ 1F2) IF3| IF4| IF5| ¢
1
N Y B EmY : : !
F Y » Fy Fy \
1 1 - - - - - e o = b - - ] o= ]
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RF Motion Control

[interiock Interface] 10MHzREF | i « Needed a solution for

o _RF_C_on_tro_He_r o j* o RF Synthesis RF Amplifcation and Mixing Resonator .
| EPICS IoC R e e control of the physical
1 ! le e lw .
[ARML_| FPoa > DACHA D] >y motion of the tuneable
=L RF DS : J E E I'A‘Tp‘fi;,_‘ 5% e elements

e I P < '« We could have done it
CLIENT | Controller | | ! ! R N ® ' phase in house

=ricsoc 1| Ly bEmoD # ! DAC -'LO: S>> ® 1r, REF o _

veion ool | f T F- 0 R N— ma *  However this is time
g SR sesoos . : et cons.uming an_d |
: IADi:5IIAD|04"AD|CS|IADIC2IIADC1I : : IF1| IF2| IF3| IF4| IF5 : reqU”'eS SpeCIallsed

) ) i ' : | manpower

: L ——-["1"1"" .+ Could we do it with off-
"""""""""""" the-shelf systems?
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Solution

« Beckhoff EtherCAT Terminals
» Real-time industrial solution, available for 25 years
* 1,000 distributed 1/0Os in 30 us

« Built on EPICS EtherCAT interface developed by Diamond Light
Source

» Fully integrated stepper motor controller, DC motor controller, analog
input and output, and digital input and output terminals

EtherCAT.

Technology Group
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Complete Solution

iThemba LABS Bekhff

SPC1 EAST j MoTIoN CONTROLLER

Power amplifier, anode,

RF Control grid, trimmer, coupling capacitor
and short circuit plate control
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Operator User interface

A _sped_south
— _— * Allows operator to set RF
m o REVoltge Reforence Tﬁ RIS amplitude and phase setpoints
” 14170 2255 ' 3 E  Real-time display of 10ms and
L up to 100s of RF amplitude and

aﬁ|-| |h 1k =] a2 IJTJ_lﬂJ- | = 4k| = 3 . .
WMWM phase information
et e * Al RF system interlocks are

displayed

3| || e I||"'\III |23

k JJIEI

T
F i
F i
4 ERROR 4
y EXT1 _J AmpiRuds Monfor Sespoint
4 EXT3 _J 14170000000 nrange
" i " Ammpliude Max Day
v Bl #
4 SC Pl F] / RF Good meriosk
v Al s Cnf Pnase Monhor Sspolnt
) sex ) o hooon () mrenge
Vecwm ] W spmesizer Cat Prase Mt Dev
e oo
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Engineering Control Parameters

Overvizw | Load | Save settings | Amplituds And Fhass ssttings | Monitor || System Frequency and phase offset Settings || Autotune controller || Find resenance || Trimmer s=ttings H Sequencer H Ethersat Motion ”es2 contral system ”ou Diagnostios

rf_spc2_south DAC Output 04 Dutps
RF operator DAC Output leve Pouer [dBm] value RF F Ff'[‘:l";]'d RF e F?’“D:]’d
RF clozed loop op level |§ @ @ 704 [w] kick profile
. . . RF open loop op level |-7.2s| ﬁum |3452 #w:.sm
Engineering Settings 1 41 70 pen oo o
RF kick leve |-6.U(I3|n "IMZﬁ |36.80 }-ﬂ&ﬁ..’&(}ll
RF kick hold level P.&m rmg?e |32.3o ‘1&93.244
frin @ RF Operator Phase [Deg] RF on level min |-23.5 d8m "IOSB ||2.3o ‘IG.SBE
RF resonance level |-m.5 4Bm Fﬁ |-zo.?o FJODBE“
o 0.000
Coid Start =
Perform initial tuning
— . TR RF op level max Iu W }u 20 ‘15115 812
-0 10 e RF kick time ms F.mm.m
Perform POR init
RF trip detect enable
RF trip detect Lavel ﬁ RF trip counter cycles E
Manus! Find Resonance \nerase Deo
Operating Amplitude Output rate of
NA closed loon cower
change RF Amplifier o (65 o (65 onfgs DM REPA Resonstor
A 100 Gain [4E] 1e5 [4E] W8] Guing@B]  Gain [4B] RF Forward
NA ) Power [W]
Oparsting ] I\\
Amplitude Qutput 16 Bit
rate of change zecond DAC l/ -
SCAN .
Error interlock
. Amplituds Avg Cutput 10MHz ||4099 |z|.50 4B |—s.50 4B |-4 00 d8 }17 00 48 F.sn a8 Inm s ”
31548 31548 31 548
Interiocks Phase Aug Output 10MHz 11 584 ooas ooae ooos )
Instantanscus Latched RF Fick up
¢ # o+ Demosdulation
@ Manual Oveside D
()  RF tripped F ] Ampilitude Avg 10MHz - Lo Attenuation [48]
@ ERRCR @ H 14171.2 |5004
@  ovenive D Amplitude Avg Phasz Avg Chi Fhase Oifset lggn |
p 14170.0 |5000 Zerol [144.025721
F EXT3 F] H »)
p p ) |.|o £048
o EXT2 . adoi_smp_scale 10MHz
@ o ™ 31 548
WP Fsm (" KF }-a.!m (" to 0 4B
@ scram @ Amp PID ONJ) Phase PID ON |;|4s47.094 RESCALED
p ) ITT'U Kl me F !
] Air F ] M adc1_smp_scale SKHz LS
p- @ o sttenuation calibration value
- ] Switch KD Pmnmm 5mnnm F.m R
P - ESCALEE>
‘ Vacuum ‘
O water P
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Multi-tabbed
user interface
Adjust kick and
ramp profiles
Signal chains are
modelled
schematically
Set values of
attenuators
transmit and
receive chain
Adjust the PID
parameters
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Auto-tune Contro

* Auto-tune control of
the trimmer capacitor is
Demodulation
Enable Autouns Controler C o performed through
Amplitude Avg SKHz BW Phase lods Trimmer Direction EPICS- EtherCAT
Attenuation [dB] H
RF Fickup Phase Offset 4188824550 interface
we | W— Phase Avg SKHz BW
o— A\ e - e i Auotune Phase Eror Char * Need Auto-tune to
W Auto tune Phase Offset . . phase Errer [D=g] o minimize the RF
- . [1]
°— 35000Deg - Eemetsten ] )—foxt e reflected power
Amplitude Avg SKHz BW Autotuns
At Fewe wa | o ‘ RD ’m p"u:e yindaw [Ceg] -1.030E0 JE4 4E4 BE4 BE4 1ES  1.4ES 2.0952E5 " Setu P the P hase O.ffset
o— SN RS e e R seen o0 between the RF pickup
Frese Onee pezsis uture and auto-tune pickup.
phass Resample Rate .
g;:ﬂﬂ 28,00 * If the phase drifts
outside the phase
Trimmer Capacitor window the system jogs
5 Power On Reset i i
rON Closed Loop f‘ 19555.000 - -.- : -T- -I-.-I- O Upper Limit the trlmm_er_ Ct‘:lpaC.ItOIt
:i 7 Y @ Lowrum motor until it is with in
Drive Enable Drive State isC: p Readback Jog ran g e
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Automatic Sequence Control

Running Trlpped '0 Sheort
*  An SNL Sequencer program was used to

® "8 Time/max
RF Onor ‘ N $ e ;{iﬁ Y ‘ Auto Clear Interocks automate the system
". el CoSEM N\ Wam Start Eror *  Can operate in manual/automatic
et soqunce @ o« o ? | Rl configuration mode
| huometsComolVeie ' i ' * In manual config, the user can adjust
Ml i Auto find resonancs O [ parameters, find resonance and switch
Auto Kick RF (7] @l = rennng st ort on the system manually
Auto Zero Phass Offssts ' ® In automatic config, the system can
Auto Ensble Autotune controler (7] perform a power on reset, find
Auto Set Scal for max dynamic ramge. 7 resonance, and resume from cold or
Auto Ensble Fhase FID [ warm start state.
Auto Enable Ampiitude PID Contrel [+ =]
17.39
s
5510
(=1
Es
007 V————— |

3000 3500 4000 4500 5000 5500 6000 6500
Encoder Position

RF pickup amplitude vs encoder position during a search for resonance
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Operational History

Date Frequency [MHz]|Power [KW] Particle |Energy [MeV] Date Frequency [MHz]|Power [KW]|Particle|Energy [MeV]

1 2015/02/06 13.312675 4.4 40 Ar 7+ 175 35 2016/02/19 24.024688 9.6 4 He 2+ 58

2 2015/02/13 26.000000 21.3 H* 200 36 2016/02/26 24.819700 10.7 4 He 2+ 62

3 2015/02/20 26.000000 21.3 H* 200 37 2016/03/04 24.819700 10.7 4He 2+ 62

4 2015/02/27 26.000000 21.3 H* 200 38 2016/03/18 11.701959 2.9 40 Ar 6+ 135

5 2015/03/05 12.083549 2.8 40 Ar 6+ 144 39 2016/03/24 12.285665 2.1 36 Ar 7+ 134

6 2015/03/06 12.083549 2.8 40 Ar 6+ 144 40 2016/03/31 12.285665 2.1 36 Ar 7+ 134

7 2015/03/13 14.468056 3.7 4He 2+ 200 41 2016/04/14 12.285665 2.1 36 Ar 7+ 134

8 2015/03/20 14.468056 3.7 4He 2+ 200 42 2016/04/21 12.285665 2.1 36 Ar 7+ 134

9 2015/03/21 14.468056 3.7 4He 2+ 200 43 2016/04/28 12.228267 3.0 3255+ 118

10 2015/03/27 14.468056 3.7 4He 2+ 200 44 2016/05/05 12.228267 3.0 3255+ 118

11 2015/04/03 14.468056 3.7 4He 2+ 200 45 2016/05/13 25.962180 16.6 4 He 2+ 68

12 2015/04/10 14.468056 3.7 4He 2+ 200 46 2016/05/20 25.999920 17.9 H* 200

13 2015/04/17 14.468056 3.7 4 He 2+ 200 47 2016/05/27 19.664119 4.4 H* 100

14 2015/04/24 11.896349 3.5 86 Kr 12+ 300 48 2016/06/01 19.664119 4.4 H* 100

15 2015/05/01 11.896349 3.5 86 Kr 12+ 300 49 2016/06/08 19.664119 4.5 H* 100

16 2015/05/08 11.896349 3.5 86 Kr 12+ 300 50 2016/06/17 25.655769 8.8 3 He 2+ 50

17 2015/05/15 14.468056 3.7 4 He 2+ 200 51 2016/06/30 25.655769 9.0 3 He 2+ 50

18 2015/05/22 15.376543 5 14N 3+ 82 52 2016/07/08 25.655769 9.3 3 He 2+ 50

19 2015/05/29 15.322345 6.3 16 3+ 93

20 2015/06/05 14.568634 5 16 Q 3+ 84

21 2015/06/12 14.221051 3.1 22 Ne 5+ 110

22 2015/06/26 26.000000 21.3 H* 200 °

23 2015/07/03 14.468056 3.7 4 He 2+ 200 3 p rOtOtypeS

24 2015/07/10 25.962188 16.2 4 He 2+ 68 . .

25 ao1s/07/17] 25308046 | 145 | e 65 e Commissioned on SPC2 November 2014
26 2015/09/04 11.379999 4.2 4 He 2+ 120

27 2015/09/11 11.379999 4.2 4 He 2+ 120 ° 1 /

28 2015/09/25 13.740135 3.1 18 Q 4+ 84 52 energy Changes In 2015 2016

29 2015/11/06 12.080335 2.3 20 Ne 4+ 72

30 |2015/11/13]  25.655769 9 3He 2+ 50 d No callouts

31 2015/11/20 26.000645 8.8 3He 1+ 51.4

32 2015/11/27 26.000000 21.3 H* 200 °

33 2016/02/05 13.821065 3 18 4+ 85 N 0 b re a kd OW n S

34 2016/02/12 13.821065 3 184+ 85

B
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Comparison of Old and New system

Normalized Magnitude Spectrum Comparison fc= 12.228267MHz

0 : : : : :
10 New Control System | |
o Old Control System f. | 12228267 MHz | 12.228267 MHz
-30 Power | 2.6 kW 2.6 kW
40
-50 lnm MM

pat

Amplitude [dB]
8
N\

U \
o it N
79 7 VW‘ il | .
) T T L
o0 ML T
1'83 iy “W W | Amplitude and Phase Read Back of New System, Fs=2.5kHz
’ Wﬁv‘ b @WWM 14406.8
-110 M\P | Amplitude Reference

w' | W" T 'Ur

14406

Setpoint: 14406

120 -500 -400 -300 -200 -100 0 100 200 300 400 500 184052 1 T e
f- fc [Hz] OE0 2E4  4E4  GE4  8E4  1.0445E5
0.0128
Phase
0 Setpoint: 0 °

L L B e e e e |
OEOD 2E4 AE4 GE4 B8E4 1.0445E5
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Best Performance

Normalized Magnitude Spectrum Comparison fc=26 MHz

-10

T T

T

Closed Loop
Open Loop

-20
-30

-40

-44

-50

-58
-63

-70
-80

Amplitude [dB]

-90
-100

-110 ‘

—_—

-120

-250

-200 -150 -100 -50 0

- fc [Hz]

50 100 150
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250

f. 26 MHz
Power 12 kW
Open-loop SFDR 58 dB
Closed-loop SFDR >80 dB

Closed-loop Amplitude Stability | Better than 0.01%

Closed-loop Phase Stability Better than 0.01 °

Amplitude and Phase Read Back of New System, Fs=2.5kHz
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Final Production

 Manufactured 35
systems

« Completely
assembled 10
systems

« Enough spare
parts

« Enough systems
to meet existing
collaboration
commitments
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Conclusion

« Successfully designed a generic DLLRF control system

« Can achieve RF amplitude and phase stability of better than 0.01%
and 0.01° respectively

« Operational reliability has been demonstrated
« Manufacturability and reproducibility has also been demonstrated

* Incorporation of EPICS EtherCAT-based motion control enables the
system to be easily deployed at other facilities
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