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H. Ma, et al., LLRFO7

SNS Linac RF Control

Abstract

The Spallation Neutron Source uses a digital low-level RF control
system (LLRF) on all of the 92 klystrons and 4 triode RF power
amplifiers throughout 1ts linac. The installation and commissioning of
the LLRF began in 2004. 1t successfully supported beam commissioning
during 2005-2006, and has continued to support subsequent neutron
production and the beam power ramp-up to the current record of 180

kW. To date, the LLRF system has proved very reliable and easy to
operate. Furthermore, the design of the digital hardware and software
has demonstrated the required flexibility, allowing for the continual
addition of new functionalities to meet the needs rising from
operation. A sufficient quantity of spare hardware has been produced
for long-term operation support. The planned power upgrade project
will require production of an additional quantity of hardware, and this
production is underway. This preparation has raised the issue of parts
sourcing. By i1ts nature, SNS RF control is a continuously-evolving
project. It is anticipated that the current effort of beam power ramp-
up to 1.4 MW will pose more challenges to RF controls during the next
few years.
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H. Ma, et al., LLRFO7

SNS Linac RF Control / overview / basic configuration for each system

Each LLRF system consists of
- Field Control Module (FCM)

- High-power Protection Module (HPM),

- Support cards: Timing,
-Utility card, and (I/0O control) card.

» Klystron

The functionalities include:

Cavity field regulation, rf/cavity
protections, support of various linac
operation modes

cavity

Cauvity field

RF

Phase Reference

(]
=
a)
L
o
Low-Level -
RF Control
FWD
HPM FCM |
< o RFL
g N O | .E E‘ RF Drive | [€
5@’ OlEI|E FLD
c - |: D RFOff_>RFOff :
Beam off |«@——— Beam off REF
MPS <
/ JICIC & 1 >

RF Permit (hard)

UT-BATTELLE

V beam inhibit to MPS

OAK RIDGE NATIONAL LABORATORY

3

AT

I"IF'l I.!.IIIIh ‘HIIII'!I 4 SOURLE



H. Ma, et al., LLRFO7

Overview / 96 systems total deployed throughout Linac

Installation team
Mark Crofford
Jeff Ball,

Taylor Davidson
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Overview / hardware design

HDL design is in

Verilog

« 30 handwritten modules

+ 16 machine generated
modules Machine, including
top-level net-list.

— ‘
—3) RF[.
FPGA
Xilinx Vertex 2
— | XC2V1500
— ‘

D/A
TV
/| SDRAM

/L)
NV

Hou:

keeping
VXI )

[V

(I

UT-BATTELLE

IF
—
RF
[
e
I~
o
T network

Soul

L3

B

=8

=8

=8

SoLrces

Sources for:l Swnthesis/implementation

[i_if )
route_form - route_fom (route_fomas)

v config_rom - config_rom (../junk/config_rom.s
rarm - config_rormx (config_romx_fom
ds1822_driver-ds1822_driver (ds1822_drive

byte_fifo - srll Bx8e {funkfsrl BxGe s

-] sporty - sporty (sportyas)

dds - dds (dds)

- [+] & - cordic (cordica

axl - addsub (cordica
ayll - addsub (cordicy)
ax] - addsub (cordica
a1 - addsub (cordicy)
azl - addsub (cordics)
#-[¥] cs1 - cstage (cordics)
M- [v] £52 - cetage (cordicad
- [v] 253 - cstage (cordicsd
£3! csd - cstage (cordics)
F-[+] £55 - cetage (cordicad
- [v] £56 - cstage (cordics)
E3! cs7 - cstage (cordics)
[
[
[
[
[
[

- [] cs8 - cstage (cordica)

=9 - cstage (cordicw)

H o510 - cstage (cordica)

=11 - cstage {cordica)

H-[+] £512 - cstage (cordicy)

H o513 - cstage (cordica)

- [+] 514 - cstage (cordicad

sync_free - sync_free [ funkisync_frees)

shadow_ram - shadow_ram (shadow_ram.s

v totalizer - totalizer (totalizers)

51 - s Bx22e [ fjunkfslT1Bx22e 0

E s2 - st BxlBe (L fjunkisdlBx] Bes)

feedforward - feedforward (feedforward )

- [] feedfarward_table - ramdp1024=8 (. funk/
ff2_tﬁh|e -ramdp1024x8 (fjunkframdp10z

- [v] setpoint_table - ramdp256x1 6 (. junkiram

r_timer - ri_timer (f_timer.s)

history?e - historyZe (histore2Zesw)

traced - hist2 {fjunkihist2

[#]tracel - ramdp1024x16 . funkframdpl

[+ fifa - srl1Bx21e [ funkisr1Bx2 e

= [V trace - hist2 {fjunkihist2)

[#]tracel - ramdp1024x16 . funkframdpl

[+ fifa - srl1Bx21e [ funkisiTBx2 e

e

e
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Sources for: I Synthesisfimplementation

- [V trace - hist2 (Aunkfhistz )

0 - st16x27 e (Aunkfsil1Bx21es)
trace - hist2 [ junkfhistZ.u)

ifo - sH16x27e (AunkfsilBx2lesw)
- [¥] trace3 - hist2 (. Aunk/hist? )

flfo -sl16x21e (Aunk/si1Bx21em)
=+ [v]traced - hist2 {fjunkfhistZ )

[¥]fif - sH1Ex21 & [ funkistl Bx2Tes)
= [¥] traceb - hist2 (. Aunk/hist?.g)

[¥]fifo - sH1Bx21 & [ fjunk/st1Bx2Tew)
uhrn - histmode (histrmode »/)

dhrn - histrode (histrmode s

-] fhm - histmode (histmode )

- [¥]fdbk_loop - fdbk_loop ffdak_loops)
- [¥] MULT - dkem_maoving (dkem_moving )

- |4] MULE - dkem_mowing (dkom_mowving.w)

- [¥] MUL3 - dkem_bussed (dkem_bussed )
biankl - srlTBx16e (fjunk/stl 61620
biankl - srlBx16e (fjunk/sill 61620
bank? - srl1bx16e (. fjunk/sill 6162
=[] trip - trip firip)
sq1 - sguare (squarew)

=-|¥] afterburner - afterburner (afterbumers)
=] scale - dkerm_bussed (dkom_bussedy)
bankl - srl1Bx16e (. fjunk/sill 6162
ankl - srll6x1Be {.fjunk/siBx1Bes)
hiank? - srl1Ex16e [ fjunk/sil1 6B
[ ¥] status - status (status s
- [vflasher - flasher ¢ funkilashers)
= | v] stopwatch - stopwatch (stopwatch s

-] counter - srl1Bxde (. fjunk/siBxdes)

- [v] mernony - srlTbxde [ fjunkisiTbBxden)
[ spart (sports)

[¥]trace - ramdp1 02416 [ funkiramdpl024x16.4)

[¥]tracel - ramdp1 02416 [ fjunkframdpl 0240 6.

tracel - ramdpl024x16 { fjunkframdp1024x1 6.9

trace1 -ramdpl024x16 [ funkframdpl024x1 649

[¥tracel - ramdp1 02416 [ fjunkframdp1024x1 6.

- [w] dkem_contraller - dkerm_controller {(dkem_contrallers)

=t dkeom - dkem_bussed (dkem_bussed v
bankl - srl16x16e [ fjunk/sl1Bx16e s
bankl - srl16x16e (. fjunk/sl1Bx16es)
| bank? - srlex16e [ fjunkfsr1bx16e )

dkeom - dkem_bussed (dkem_bussed v
v hankl - srl16x16e (. fjunk/stl 61 Be )
v hankl - srl16x16e (. fjunk/srl Gx16e )
bank? - srlTEx16e . fjunkfsr1bx16e )

Dl

- [¥] trace - hist2 (. /junkdhist2v)

&g Sources |w5napshots I Dlerar\es I
||

= Sources | = Shapshots I [ Likraties I
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Overview / hardware development/CVS under Eclipse

H. Ma, et al., LLRFO7

-

= C/C++ - Compare fdbk_loop.v 1.12 and 1.11 - Eclipse SDK 066
Eile Edit Refactor Navigate Search Project CVS Window Help
It~ &l | g-ardr-er |- |® 9 |¢ |8 8 ¢ = [Eeen
J%v v S (v
g c/C+ Pr... B2 Na\rlgator| = B || &7 compare fdbk_loop.v 1.12 and 1.11 £ =0
o G [ 3 & T ||| 2 Text compare dL4p
|5 RAMB4_S8_sS8.v 1.5 (2|||Repository file: fdbk_loop.v 1.12 Repository file: fdbk_loop.v 1.11
|5} SRL16E.v 1.5 (ASCII -l {e4[12:0], 3'b000} : {e4[15 // ff_pipe <= feedforward_data; -
E) afterbumer.v 1.5 (ASCI wire [15:0] e4_1s5 = ((e4[15:10]==6"bo0O0O0O0O) | (¢ ff_pipe <= ff_data_sat; J// hma: =
{e4[10:0], 5'b00000} : {e4[] integrate_input <= {ff_pipe,5'b0} + (corrupte
Ep afterdemux.v 1.5 (ASC // wire [15:0] e4_int = int_scale_sc ? e4_shii end
'ﬁbram.pl 1.4 (ASCI -kky wire [15:0] e4_shift = int_scale_sc[1] ? e4_1s5 // Combine low-latency linear feedback with the j
e bram2.pl 1.4 (ASCIl kb wire [15:0] e4_int = int_scale_sc[0] 7 e4_shii // Saturation and sign extension are claimed valj
£ config_cruncher 1.4 (A¢ wire [13:0] fdbk_err_wide = {integrate_out[20], ir // wire [13:0] fdbk_err_wide = {integrate_out[20] =
|5 config_rom.v 1.5 (ASCI // arithmetic saturation from 14 bits down to 13 L wire [15:0] e4_1s3 = ((e4[15:12]==4'b0000) | (ed | =
|5} config_rom_fcm.make 1 wire [11:0] fdbk_err = ((fdbk_err_wide[13:12]==2"L {e4[12:0], 3'b0O00} : {e4[1"
[ config_rom_interim.make fdbk_err_wide[12:1] : {fdbk_err_wide[13],{11{- wire [15:0] e4_1s5 = ((e4[15:10]==6"b000000) | =)

|53 config_rom_mebt.make
|5 cordic.v 1.5 (ASCII -kk
5 dds.v 1.5 (ASCII -kkv)
|5 dkem_bussed.v 1.5 (AS
|5 dkem_controller.y 1.5 (0
|5 dkem_moving.v 1.5 (AS
|5 ds1822_driver.v 1.5 (AS
|5 ds2401_driver.v 1.5 (AS
|5 feedforward.v 1.9 (ASC
|5 flasher.v 1.5 (ASCII -kk
|5 hist2.v 1.5 (ASCI -kkv,
|5 histmode.v 1.5 (ASCII -
|5 history2e.v 1.8 (ASCII -
e intercon.pl 1.4 (ASCII -
|5 lIrf.rules.make 1.4 (ASC
5 lIf_config.v 1.5 (ASCII
5 Irf_fem.ucf 1.4 (ASCII
|5 Irf_interim.ucf 1.4 (ASC
|5 If_mebt.ucf 1.4 (ASCI
5 loc.sh 1.4 (ASCI -kkv)
|5 mult_bussed.v 1.5 (AS
|5 mult_controller.v 1.5 (A

|5 mult_moving.v 1.5 (AS

K |

always @(posedge clk40) fdbk_err_out <= fdbk_err;

wire [11:0] peak_err_narrow;
trip trip(
.clk(clk40), .inval(e2[10:2]), .trip_thresh(tz
.gate(trip_gate), .reset( trip_reset ),
| .tripped(err_tripped), .peak_val(peak_err_nari
b

assign peak_err = {peak_err_narrow, 4'b0};

// gauging for output magnitude
wire [11:0] peak_out_narrow;
trip clip(

[peak_out_narrow, 4'b0};

{e4[10:0], 5'bo0O0CO} : {e4
J// wire [15:0] e4_int = int_scale_sc 7 e4_shi
wire [15:0] e4_shift = int_scale_sc[1l] 7 e4_ls§
wire [15:0] e4_int = int_scale_sc[0] 7 e4_shi
wire [13:0] fdbk_err_wide = {integrate_out[20], i

// arithmetic saturation from 14 bits down to 13
wire [11:0] fdbk_err = ((fdbk_err_wide[13:12]==

fdbk_err_wide[12:1] : {fdbk_err_wide[13],{11{
always @(posedge clk40) fdbk_err_out <= fdbk_err

wire [11:0] peak_err_narrow;
trip trip(
.clk(eclk40), .inval(e2[10:2]), .trip_thresh(t
.gate(trip_gate), .reset( trip_reset ),
.tripped(err_tripped), .peak_val(peak_err_nax

15

assign peak_err = {peak_err_narrow, 4'bO};

endmodule endmodule I]
[« | 0| [ | |
Prohlems History X & = [Iﬂp [Iié_l H O0lm & <=0
fdbk_loop.v

Revision |Tags | Revision Time |Comment |

< & Previous

th output clipping
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. o e s H. Ma, et al., LLRFO7
Overview / software multiplicity

96 SNS LLRF Systems, handled by ~50 front-ends

- As different as warm vs. super-conducting cavities
One source base for all of them

- Differences handled by configuration settings

- If possible, startup files and overview displays script-generated from
central system info.

MC Linac Medium beta SCL High beta SCL
RFMPS{LoopfAFF RFAPS/LoopfAFF RF/MPS/LoopiAFF RFMPS/Loop/ AFF REMPS/LoopfAFF RFMPS/LoopfAFF

era 1 | I ] (o) 07 [ [0 [ (ol oc (N [ [ (e 2@ (] (0 I (ol 1o [ 0 (0 o 2 ] [ ) (ool
veeT 1 | [ I (et 01 (O O [ (ol 07 (N (O O (e (2 O 0 (] (el o (N O [ ey 24 O [ ] (sl
e I O O 210 O O 0 O O O O 5 O O
veers [ [ [ (Coml C22 cisaviedlll (Sont] 07 [0 [ I [Com] 20 avieoll] (ol 7+ [ I [ (ol 210 [ I ) (o
- e e e T =R | FE kT LT
o e o I e o (e (e I e e 24 [ I

PACE I e il et ety ) e e e
oris [ [ () (Eonmo] o5 (] IO IO (enio] oce () (O (N [Momo] /3o ] O ] (om0 O O [Esmer] 220 (] ] (e
oria [ [ [ [Eon] osc I O [ [Cenmo 0eb disabled|il] [Fon o] 4o [ (] (] (om0 [ I (Canr] 22c (] (] [ (o]
oris [ [ () [Eonmo] 0ce [ I IO [emio] e () [ (O (Mmoo (] ] ] (em] e [ I [ (Eemer] 22 ] ] [ [eni]
crie [ ([ [Eeamed oo (O ) (Eonmic 'oe (B (O (N (Eonci] 4o disabled B (Tonoi] 1oc () [ O (Mmool 23 (] (] (M [Cene]
ORI e e T el e ) T e ey
CcLz

R [ [ e T e ) ) Iy [ e e e S ) |
coLs [ [ I (e ose ) 0 ) (o e I O I () ) O O e o ) ) ) e 2 [ I )
coLe [ [ I (o o [ [ [ (6] (3 iseoteofl (5] 5 0 I I (5 3¢ I I I )

AT [ [ e o ] S T T [ e ey [ e
Legen: oeo [ [ I (e 150 [ [ I (e 220 ) ) ) (G

Al RF Ampl. off Auto—-Run goal
P! RF Phase is shifted

AT
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. . H. Ma, et al., LLRFO7
Overview / Software / Automated operations

Operators screen displays all the control and administrative information%portant
to the operation, and hosts some of the automated operation sequences

J--fopi/FCM-SCL-oper.ed|

card Fafwd Digg Digg (/@ ResCid Time Fohad flen Haraw. Fault Log *

Such as

11 Control 04/16/07 10:08:31 | Settings o Au-l-o_r.un
o Armplituces AR o  ampGoal | | die | | [kinge | |
3 P — IEB-DUD M ]
8] N Tl ¥ naoual.. K .maialoron erors . LOOP
o3 Cav, [Myim] Fwd. [KW]  Refl. [k'/] BESIN EohE
E 2.8 0.0 0.0 close/open
47 . .
] FChi Field  HOR B W] Ampl. Errar Ramp cavity [ .
E . amplitude to  |100.0 % ofgoalie. g 000
2] 7.998 0.0 0.00 ‘Warm-u
- - while power [3 . B p
0 | Cavity Field Phase g IgDD.D ki , stepping I;D.SDDDD
LI L L L L L L I I I L L L L L B I R I R 200 a BT — . r"\ode
0 =0 100 150 200 250 — W :\élégg?:ti Vac, Im |:|
Phases Loop Adaptive Feed Fwd. )
200 Check cav, rise

‘ Closzed IED 00 kHz after stepping |Edl IS ¢ r‘f pLI ISC
100 m IML ' * +...wﬁen dire... *...m&nuaforwﬁen * *...&‘ufp— Wid"'h
|

0 amplitude rediiced.. maticaly..
| * . S 1 | ||| SETtiN
100 ” 5'} s || JANRITE Vacuum g9
Ovenides Problems Wait for 2 Wait for vacuum
Res.Err. -1.41 kHz l:‘ e - IgZ.EIEI kHz l:‘
-200 | L L L R B L L L B I R FCM D to stay below... D=0 .ETC.

100 150 200 250 Ll 50.00 kHz MG [ | foratiest. Igw sec to get below:
) Power 0.00 kw [] I I_i
Kill R , ‘ Forwarg Cavity MPS . Curation: 10 el i3.9e-10

..Limit
RF Pulse " —— - l:‘ v when diore
Width Rati HFRF
i ate o oo e [ HPRF OK ]
150.0us m - e RF load  0.000 kW Closing... | o | Closed Loo 0.0 min
N [ (e [ || Slosing. |} [Closed Loop ]
Phase Shift Beam RF Regulation Err. Limit
-100 us Cryo 3.48 % 0.00 %
Llauid - (ca) s 1v1> TripRF?  HOM Check
04/16/07 09:43:02  Laop opened - [ ne | [Cignore |
04/16/07 094341 Closed Loap Pipe  :BmPipem>
D4/16/07 09:43:43  Output at limit
D4/16/07 03:43:48  Loop opened Coupl.  1:0uterT
04/16/07 09:44:03  Closed Loap N
/ T— \
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Overview / software / automation

H. Ma, et al., LLRFO7

Lo

Idle |

| | kinrF |

* ATIRETUEL ‘. TR OF O ETOFS

Famp cavity
amplitude to

IESD.D % ofgoalie. 13.905
|§1?0.0 kW , stepping IED.DsDDu
— W WWith good vac., l:l

while power
is below

3.0 time

An example of automation sequencer:

RF turn-on ("Auto-Run“) - The automated
procedure comprises checking conditions,
bringing up rf level, measuring the loop
phase, closes the loop, and making final
adjustments.

A lot is involved behind a simple button click . /1 ..5

1

Wal bor connockons

Il.'\lﬂﬂ.l.hl.-lh.lﬁ‘\.k\.l l"_

accelerate
Check cav. rise

after stepping Ii4 e
LAraniial or When

LW diore. *
aimpilitvde rediced..

Tune

W ait for
Feson. Error
to stay below...

* e —
maticaliv..

Vacuum

W ait for vacuum
1.0=-10

Iﬁz.ou kHz |:|

- -\.pl..\lnlrh'"'"I ._-I‘h.l-'l"".'ll
. IV
.. Sedlch Sieppon 1L-.|ulll.-J
e & \ *
Ty Thne h, Ame ™ oo I
sckeeiad © acectod “mctociod e
Y 5

for at least... |g1 sec to get below: "“:’:":‘I':‘:“"‘ read O mer
Duration: 1 sec |§1.De—08 s "
CpenLoop Feresdwally “on o o
e . Swopped Sni'ich
* When done.., ?Tﬁill:h‘.l HHI'?._-\.;IIM-_.n_: anglael
[ Closing... | H | o ottt (N NN i
Closing... Closed Loop =95 mir [ e rabold recowery canty ampdinke || T dpd | sy s Prefrur ppiog Wik s,
Regulation Err. Limit '] ’ ]
] — !
4.51 % 12 .50 % Vaouum Escursion r 1 1 L
sebecl slow ramg, dhach e, peionmics AR | onopen Gwitch | | on ol
e ko b ! L
Check et . -
Lowg crmgh i
| B a el wnay
' P \ o AR \ Y «10t Cavity field
F . 2
3 Stoppod Sadich Closo o loop | | Soppod Swstict 18
- . &
e e ipped e e 16
l—‘. - T 1 %
Malch dosined \ [ 14
mq-:lnrlh ':“"'I‘ ‘h._ur:n.'- st | e Sl ]

-| cackad i .\l_'-

aeoind | soppad -.I.l.u-:r looge 2ovox
o ] ¥ -
wArcEmela: ]
Lo ieat il Canppad Saodich 1 o
i -..k.b‘.ni!q_"'-rhnu J KR
KA s Y i
soppod emabld s ripped e .W-\.T\H: o
L Lt 1
Lroppaed | I Snoppad | | Swabch (o]

o —
W = ha

mplitude of cavity field (ADC counts)

06§
System ID: SCLLLRF FCMOTa
04 1
< g9 — 10MVim [
=== 14 M¥im
0
0 500 1000 1500
Time (usec)

AFF for cavity filling

1000
900

800
700
600

500
400
300

200
100

Feed Forward Amp;litude. (DAC counts)

0 500 1000
Time (psec)

1500



. . H. Ma, et al., LLRFO7
Overview / software / automation

Another example of automation sequence:
High-Power RF check l
The software check sequence needs go through a big logic Wait for connections
tree for giving a "HPRF OK" status onnected
L
Xmitr Down
Status
_0_05 xiiz |l F O ﬁtnmﬂ}\ﬂfmmmed
LLimit 0.80 kHz _— = — —_— = —
B 54 &g Ew o M-= | HVCM ann Walt for connections | |
LLimit

HPRF

e [

RF Load 0.449 kW

Cryo
Liguid 87.03 %
Level
Beam
Pipe 8.91 K
Coupl.  IEEE Wait for -
Voltage to settle _HECE"‘_DEWE !
\'} atab%\ﬁcm dmm\(ane low 50kV
HPRF OK | | HVCM Down | | Xmir Down | | Low Voltage |
below 30kV
UT-BATTELLE _H‘L_F'C_h"l Daw;n ]l :_}-{_mE I:?m:m_l | an vnl_taae_




H. Ma, et al., LLRFO7

Overview / software / GUT support

Interlock
oo . g g
| |
Expert control screens facilitate study and troubleshooting configuration
«f..fOpIfFCM-SCL-oper.ed| (duphca.red Info
N w "
Maziir ’ FaFivd Digg /@ ResCirl Tirne Sohed oo Haralw, Fault Log fr‘om Har‘dwar‘e
Wh Test _V : Dop Feed Forward Info SCF‘eel"I)
GT _ f End of Fill'  End of Pulee v ciien
s00-4 o
. 3 leld Ampl. 010 Mydn  7.998 Myim 347 %
Ampl,
Gbou-l- Thls 0 0.445 1 Error 0010 MYIn 0002 MY L
: | | ‘
|OOp galn D ohase Field Phase 0.02 deg 0.04 deg -
T Error 0.024 deg 0.035 deg e
®) — L %
3 Mode  Gain Droop | -7.14 degéms Outp, @ 32k |:|
D = LA | T | LR | T | b
; 0 500 1000 1500 2000 puto |00
Setpoint
Amplitude ’—l— .
" e ;
N Proportional Feedback 2l z
] 2047 2047 of
Phase L Closed G p—
Madn Cirf FdFivd Diag Diag {6 200 on s0g | - Auto-Fun 16384 Output Clipping
[ Amplitude
Integral
1] £0.00098.9685 i
Current Frequency Agile /V-_ |;32?E|E| -_Off |
Resonanceﬂ.?ﬂﬁkHZ 8000 055 hMode . D|I\\I|IIII|IIII|IIII‘\III|
Enoy 500D Auro-Run Ei0Rloe Clioped Peak SRR 0 50 100 150 P00 2ED
Status Ok 4000 i Phases
Averaged 0.73 kHz ZDDS Gain Rotation 20a
Res. Err. L -
) es | T, — 2000 T e sog | Au Auto-Set Offset — o
~OVEriy samples |3 = | mw | I
_gggg e e coimsil 432 deq 800 dey  (TRE.EE0)
et ’ |
andwidth 18.178 kHz & Timing Gain Ramp -100
averaged 16.282 kHz 200 ‘Fill' time [usec] Duration Initial Droop
: 0.1 15.0 1300 7 : . . -z00
rine cors SR o AR bow [p o Routine T T T
= Y00 /(2 pf b .
PRI - 0
. . adJ USTmen.r Forward Caviy
MaTCh InTegr‘al ga|n To 1S needed (horizontal axes in microsecs)
cavity bandwidth for a Cavity filling time
w = n .
dipole tune is set here
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Overview / RF control scheme

H. Ma, et al., LLRFO7

SNS Linac rf control employs a combined control of an Adaptive Feed
Forward (AFF) for cavity filling, a real-time feedback for field
regulation, and another AFF for beam loading compensation

AFF waveform data

for cavity filling is

played out from
AFF data buffer #1

—>

N

Adaptive Feed Forward control

for cavity filling

Control
SP + ERR | output
P-1 feedback control |

X

O

@®

o

5 —

e —>

UT-BATTELLE

Adaptive Feed Forward control
for beam loading compensation

AFF waveform data

\for' beam loading

compensation is
played out from
AFF data buffer #2 /SNS
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H. Ma, et al., LLRFO7
Commissioning results/ SCL cavity field control

The combined control scheme has produced a stable and nearly an identical field
waveform in every cavity across SCL.

A snapshot of gradient and RF power level of all 3 runnin g cavities in SHNS SCL - 4/06/07

300 oo T S L

. ) 400 , T ‘ : : T : , 22
The current running gradient and =5 o | —

250 |-

power across SNS Linac

8
o
o

a
=]

Cavity gradient (MV/m)

=}
o

RF power (KiW) with beam loading

The crest line is the transient of *.
beam loading (peak error ~1%)

1 1
12b 15b
SMS SCL cavity index

A snapshot of SMNS SCL - 4/06/07
An stack-view of the actual cavity
rf waveform (amplitude NN
normalized) of all SC cavities in
operation (with 400us, 12mA avg.
beam current running). A
consistent field profile in all
cavities across SCL has been

= =
oo = ha
| (I

Mormalized gradient amplitude
P
]

achieved. 0 1500

02

0

014 - 500

12b
15b Pulse
69 rumning SCL cavities 7 0d 7 0 eeime i)
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T l.l:-:‘ull-"‘l‘liu HL'_:{:M”
13



H. Ma, et al., LLRFO7
Commissioning result / loop delay limited control performance

Measured loop delay of running cavities in the Linac, and the
calculated limits set by the delay on the maximum usable
real-time feedback control gain and the achievable control
bandwidth. (typically 6,,,,~50, and BW,,,,~40 kHz for SCL)

A snapshot of loop delay of all 71 running cavities in SMS linac - 40607

=
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H. Ma, et al., LLRFO7
Operation performance / cavity field control errors

LLRF has steadily supported the operation of neutron production
and beam power ramp-up to today's record of 183 kW
- Up to today's beam current level of ~30 mA (chopped), 30 Hz.
-  Field regulation typically under 1%, 1 degree.

SNS Linac Cavity Field Regulatlon Errors (3-22-07 snapshot}

1 : T T
= : . beam [slty) Iength;r rate: 65L<WI GO0LLs! 15Hz
= o5} : ' |
9 I
ai]
P O.}DQEEHEEEEE ﬂEI_Ena-isiaiﬁ-!E__ni:EEE!!_!E: E_._Q_EE_H EH Ei_ﬁﬁnun =.=.iE|ﬂ _____ EEEQ!EEEEE_ H (=K
=
=1 05 ﬂ : [ Peak
g-05 | O Std
= i i Bl Avg

1 | - | | | E | | |

10 20 30 40 a0 G0 ¥0 a0 a0
Linac Cavity Index

1 T : T —
_ : : 1 Peak
o _ Hl -td
e 05 H : B Avg
5 0% ﬂu””““ﬂ n=='===!==='=“”“=!ﬂ“='°!a'““ rﬂ By ==siEany Bfmeaeg-eIE === i ey ﬂ!!’
: P [
£.05- ,

MCL | | | SCL - medlum B | : | | SCL- hlgh B | |
1 ' '
10 20 30 40 50 (510 70 30 90

Linac Cavity Index

A snapshot of rf error across Linac (April, 2007)
beam condition: 65kW (12mA avg./600us/15Hz

AT
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e e e . . e . H. Ma, et al., LLRFO7
Commissioning and operation / reliabilities

Hardware reliability from 2004 to present

LLRF hardware generally has been very reliable. The hardware failure rate was
between 10~14% at beginning, and has largely come down since.

Most of the operation difficulties have been in false tripping, possibly as result
of the EMI emission from other failing equipment in the Linac gallery.

Hardware Failure rate Note
Field Control Module | 14% Most of the failure occurred in the
(FCM) 13 out of total 96 units | initial operation.

failed
High-Power 10% 7 of the 10 damaged units have been
Protection Module 10 out of the total 96 repaired.
(HPM) units were removed

Software ?

Bugs are resulted from less than 100% simulation (firmware), but mostly from
conflicting, confusing and changing requirements (such as interlock schemes).

IOC uptime issue: VxWorks network kernel often hangs up in response to
network glitches. A good news is that the LLRF hardware is basically fault-safe

when that happens.. /
A\

/\<—\
UT-BATTELLE OAK RIDGE NATIONAL LABORATORY SPALATION NEUTRD) I.!.IIIIh \||||-a| 4 LOURCE
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. H. Ma, et al., LLRFO7
Continual development

Further development continues since the commissioning.

The development for new functionalities has been mainly
driven by the needs from operation.

some instances;

o Software upgrade for better performance, support
for new features

Beam pulse blanking
Pulse-to-pulse real-time rf phase reverse
5/6 pi mode instability suppression.

AT
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K. Kasemir

Continual development / examples

e Latest
software
upgrade

e Improve
performance
of tested
algorithms by
converting
Seqguencer
(State
Machine) code
and Database

Records to
C++

Before Now

B C++ LOC [ Database Recs [ Sequencer LOC

OAK RIDGE NATIONAL LABORATORY /SNS

U. S. DEPARTMENT OF ENERGY HFI.[IAIIIIN NIIJIEI:IH SOURCE
Title_date 18
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K. Kasemir

New Features

e Better control over scheduling

e Processed at up to 20Hz (was: less than 2Hz):
— Amplitude+phase during 'fill' time
— Phase tracking of reference line
— Adaptive Feed-Forward

e History of processed waveforms
— Last 60 pulses, up to fault or manual stop
— Saved in Matlab file

e Detect output saturation

OAK RIDGE NATIONAL LABORATORY /SNS

UT-BATTELLE U.S. DEPARTMENT OF ENERGY SPALLATION NEDT I.!.IIIIh ||||-a H URCE
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H. Ma, et al., LLRFO7
Continual development / new features for special operation needs

Eg.(1) : Beam Blanking

Turns off RF for the test beam pulse (1 Hz beam pulse rate).
Without having to turn off rf entirely (29 Hz rf pulse rate),
without changing heat loading too much.

Speeds up Lianc rf tuning process significantly . The time is
reduced from shifts to hours for all 96 cavities), provides a
possibility of implementing an automated Linac tuning.

O O O O

RF is blanked off for

i @ ‘res‘r beam pulse

Beam / rf pulse train

- RF pulse

B Beampuise /SNS

UT-BATTELLE OAK RIDGE NATIONAL LABORATORY ST LA ION NTTTR0: I.!.IIIIh wu'z HJum
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H. Ma, et al., LLRFO7
Continual development / new features for special operation needs

Eg. (2): rf phase flipping for blocking ion source leakage

o Real-time reverse rf phase on all rf pulse with no beam, and
restore the correct phase on the beam rf pulses.
This function is turned on only on DTL-1
Prevents the heating of downstream SCL beam pipe due to the
leakage of the ion source.

o Provides additional machine safety. Beam pipe heats up when rf

Phase Reverse is turned off
Correct phase restored on
(3]

. rr=7]
intended beam pulses sn=OPHS St ool L
(8.66, 10.9) VAL=8.91
‘/\‘ |- | | Mod 13 Cav d Beam Pipe Temp

|
|
I |
—> > || < >
N | 1l
pulse | | Beam Stop out,|| Phase Reverse
. | .
train i : and Phase | :\ turned on again
R Reverse is i
M RF pulse . ﬁh '\ I\ furned on i
RF phase is reversed on | & i it
l Beampulse all non-beam pulses | ' !
1 ——l—l—l_ I
[] Beam leakage (raimertas) - o 1, 207

||;|l#xlum~!|!ﬂlgﬂ LLLLLLLLL : /
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Continual development / currently under test

Suppressing 5/6 pi mode instability (1)

0

The exist of cavity = and 5/61 mode frequency
pass-band and loop delay t creates a necessary
condition for loop instability to occur at either or
both frequencies, depending on the given delay
and the loop gain used.

Use a compromised loop phase compensation and
lower gain can make both modes stable, resulting
o reduced stability phase margin.
o reduced control performance (what we have now)

Swept (open loop) cavity frequency response excited 5/6n frequency
(5/61 mode at ~-825 kHz offset) (~-900 kHz fi*equency offset)

Cavity amplitude response [dBc)

5/6 = mode n mode ; 56 x 1
1

component at 650 psec.

0.9

=
Eng
5

=
£ 05
=

Cawity amplitude response [dBc)

a \ \ s _=0 \ o
-S540 -830 -820 -510 -800 -5 ] =1 \l
Freguency - FD Freguency - FD

H. Ma, et al., LLRFO7

n Mode instability coupled with
20 kHz klystron HV noise

Cavity

Amplitudes
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Continual development / currently under test

H. Ma, et al., LLRFO7

Suppressing 5/6 pi mode instability (2)

o Insert a term [1+(-1)"z-2"] in the forward transfer function to place a
zero at ~900 kHz and to cancel the 5/6 n mode cavity pole,

o An initial test has shown this zero-pole cancellation scheme works well,

improved stability and performance.

o More study is needed for a full implementation.

900kHz reject filter on, allowing use of
a much higher gain without causing instability.

for comparison, 900kHz reject filter off
_instability starts at a moderate gain
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H. Ma, et al., LLRFO7

Current activities / follow-up production of LLRF hardware

Hardware productions
Previous production yields have been good,
2nd follow-up production for additional 50 sets of hardware is underway,
Experience in preparation is a key factor for the successful productions

(Davidson, Crofford, DeBaca)
- parts selection and sourcing

- Kitting

- coordination/communication with vendors
Production run Qty Yield (FCM)
Initial production 125 VXTI motherboard : ~90%,
(04, for installation) Digital Front End dautherboard: > 99%

RF Output daughterboard: ~ 80%

1s* Follow-up 25 VXI MB and DFE : 100%
(0B, spares) RFO: ~90%
2nd follow-up 50 TBD

Have found obsolete parts from "grey market”, n

chip migration is necessary at this time.

UT-BATTELLE

OAK RIDGE NATIONAL LABORATORY
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H. Ma, et al., LLRFO7

Future plans

In summery, top priority is the support for achieving the goal
of 1.4MW beam power, and ultimately 2 MW (PUP)

0

Improving control algorithms to maintain the performance and
stability with increasing nonlinearity (klystron gain compression)

Study the need for implementing klystron linearizing loop for
improving the control and klystron power utilization.

(Experience and ideas are welcomed)

Complete the 2 follow-up hardware production (Davidson,
Crofford, , Jones, Ball)

Development of the new ring LLRF (currently under test)
(Hardek, Crofford, Ma, Piller).

Improvement of reference system (Piller)

AT

UT-BATTELLE OAK RIDGE NATIONAL LABORATORY SPALLATION NEDT I.!.IIIIh -.||||1 H URCE

25



H. Ma, et al., LLRFO7

Progressing in RF control at SNS
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. H. Ma, et al., LLRFO7
Backup slide / reference system

Reference monitoring

o Concern:
o LO level amplitude-modulates the cavity field signal,
o LO level change is outside of the feedback loop, and therefore caused
error in the cavity signal amplitude cannot be corrected by the loop,
o Improvement: monitoring of LO level at both the source (MO) and
service ends (each LLRF). The measured change is then used in SP
compensations.

FCM

Cav Input

Ref Input

Drive

AT
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H. Ma, et al., LLRFO7
Backup slide / dynamic loop phase error and klystron gain compression

Phase margin of feedback control stability is reduced due to
+  HPRF phase droop and Lorentz force detuning takes away phase margin.
» Klystron saturation pushes LLRF into nonlinear operation
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