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SNS Linac RF Control — implementation and understanding
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Spallation ce

Neutron source’s test drive paves tl

. OAK RIDGE NATIONAL LABORATORY
Lab scientists, engineers, instrument specialists and others gather moments before the first neutrons were produced Friday at the $1.4 billion Spallation
Neutron Source. The facility will allow cutting-edge studies of materials.

Neutron source’s test drive paves the way for research

I [BY B0S FOWLER
Fri 28 Apr 2006 02:20:13 PM E
‘ = owte@ioewscon “We're now officially a
ﬂlm—'ihey&eﬁm]lymahngnmmm neutron source.”
the nation’s premier research project.
Amnmnpﬂsehﬂthemetatﬂ)dpmﬁ'ldz} Thom Mason,
and released tri at project director
Neutron Source
'l‘tﬂevmaluudcheer,ardeverjmle
said Thom Mason, project director. “There was a
lot of relief and elation. “It made a nice, pretty " he said
“There are a lot of happy L2 That pulse is the lovel of in-
Mason described Friday’s event as a “key tech-  tensity needed for a host of scientific experiments
- nical milestone for completing the project” pIannedalﬂ]eSpaHmNeuuunSmuue,Mm
% 2-- “We're now officially a source;” he said
s — . —

neutron
Ninety minutes after the initial proton pulse hit Evmwhenrtlsnmnmgal 20 percent of
the

B ot et e et E—- Ei— ——— e —

One of several diagnostic sereens shows the suc- pulse’s intensity, Mason sai Scientists billion -

cessful delivery of protons to a mercury target, Abmwuhalotrﬂksgfpmmpzﬂseihenhﬁ mmﬁmﬁ%m
for scientific ofMa-  the target to release neutrons, he said. A phos-

terials. phorescent screen on the target showed the beam See NEUTRONS on AR
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Summary of Beam Parameters Achieved in Commissioning

Hengjie Ma, 1/18/2007, JLab

Parameter Baseline/ Achieved Units
Design
Linac Transverse Output | 0.4 0.3 (H), 0.3 (V) T mm-mrad
Emittance (rms,norm)
CCL1 bunch length 3 4 degrees rms
Linac Peak Current 38 > 38 mA
Linac Output Energy 1000 952 MeV
Linac Average Current 1.6 1.05 (DTL1 run) mA
0.003 (SCL run)
Linac H-/pulse 1.6x1014 1.3x10%* (DTL run) lons/pulse
1.0x10%3 (CCL run)
8.0x1013 (SCL run)
1.0x10%* (Ring run)
Linac Pulse length/Rep- 1.0/60/6.0 1.0/60/3.8 (DTL1 run) msec/Hz/%
rate/Duty Factor .050/1/.005 (CCL run)
0.85/0.2/0.017 (SCL)
Extracted protons/pulse 1.5x1014 5x1013

UT-BATTELLE
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SNS Site Layout (Start of RF Equipment in Gallery) SNS
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The SNS utilizes 100 RF systems Hengjie Ma, 1/18/2007, JLab

for acceleration and bunching

Type Application Frequency Peak Power Vendor Installed Spare
Klystron | RFQ, DTL 402.5 MHz 25MW | E2V & 7 5
Thales
Klystron | CCL 805 MHz 5MW | Thales 4 5
Klystron | SCL 805 MHz 550kW | CPl& 81 14
Thales
Triode MEBT 402.5 MHz 20 kW CPI 4 3
Rebunchers
Tetrode | Accumulator 1&2 MHz 100 kW | Thales 4 1
Ring

iﬂ"éSNS
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. . Hengjie Ma, 1/18/2007, JLab
SNS HPRF Configuration

SNS Linac Layout

. 550 kW Klystron [EEEEISCL Klystron HV Tank SNS

UT-BATTELLE OAK RIDGE NATIONAL LABORATORY T g
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Hengjie Ma, 1/18/2007, JLab

RFQ, DTL and CCL RF Systems

Seven 402.5 MHz, 2.5 MW

klystrons power the RFQ and DTL "

7

Four 805 MHz, 5 MW
klystrons power the CCL

JSNS
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SC Linac RF System Layout

High Beta 4-Cavity Cryomodules

Hengjie Ma, 1/18/2007, JLab

HOOO

@

Typical SC RF Layout by

_| LLRF Racks
Load
Transmitter
Racks
Cooling
Manifolds

000 000

3 Klystrons per HV Tank

UT-BATTELLE
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Klystron Gallery
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Transmitter
Racks

Load

Cooling
Manifolds
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Hengjie Ma, 1/18/2007, JLab
Eighty-One 805 MHz, 550 kW klystrons power the superconducting Linac

Transmitter racks & LLRF for
support of six klystrons.

-

2005/10/07

2005/10/07

Three klystrons mount to a single oil tank. q/SNS
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Each Rack in the Superconducting Linac Hengjie Ma, 1/18/2007, JLab
Contains LLRF Hardware for Two RF Systems

Typical LLRF control rack installation in the The VXI crate contains:
superconducting Linac. * Input/Output Controller: PowerPC running VxWorks
« Utility Module: Decodes events from Real Time Data Link

» Timing Module: Generates RF Gate timing signal

» Two FCM/HPM pairs
AV
UT-BATTELLE OAK RIDGE NATIONAL LABORATORY ‘"“Q’%""’W'“
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SNS Linac RF Control — system overview

Hengjie Ma, 1/18/2007, JLab

System configuration and phase reference scheme
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Hengjie Ma, 1/18/2007, JLab

SNS Linac RF Control — system overview

FCM Electrical Specs.

I-Q sampling interval: (1+1/4) *2pi 1Q Samping of RF Signa
(Fs=40MHZz)

IF inputs: 2, 50MHz

IF ADC resolution: 14-bit

RF inputs: 2, 805/402.5MHz
Channel analog bandwidth:1MHz

Quadrature Component

High-speed output DAC:1
DAC resolution: 14-bit
Output Frequency shift range:+/-645kHz

FPGA: XC2V1500, SDRAM: 128Mb

iﬂ"éSNS
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The Field Control Module (FCM) consists of a
motherboard and three daughterboards

Hengjie Ma, 1/18/2007, JLab

Analog Front End (AFE)
Down-converting channels:
Incident and Reflected RF
(402.5 or 805 MHz)
IF channels:
Cavity and Reference (50 MHz)

Digital Fr’(\)]( End (DFE)
Four 14 bit, 40 MHz ADC channels
One Virtex Il FPGA

(XC2V1500 — 1.5M gates)

OAK RIDGE NATIONAL LABORATORY

RF Output (RFO)
Clock & PLL circuitry
One 14 bit, 80 MHz DAC
Up-Conversion to 402.5/805 MHz
Filtering

14




. ) . Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — implementations

Field Control Module (FCM)

P-I feedback + AFF control

Intra-pulze
FF Contral delay
" o _3%( A Model of RF Controller in SNS Linac
Ll
Contraller latenchy Klystran Klyst
.. . Ton
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H — e RF Drive
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u} f
u H
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SF Phase Wi (st-order)
Integral LD
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. ) . Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — implementations

Digital implementation:

from continuous

Ki
G«(S)=H,(S) R K, .(1+ S ) 1)

to discrete time

GC(Z):(I—Z2)'(1_8)'(Cc'Z1+Cs'Z2)'{Kp(l+KiTs' 71 ]} ”

ﬁi’éSNS
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. ) . Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — implementations

Digital implementation: data flow

B80MHz output
to DAC

reg
+
SET I ;
CORDIC D
SETGQ Kp* Kp* _E
Cs Cs Histary data
buffer for output
. r
error :
40MHz Input Ki
from ADC del dal J e , reg
trunca- e .| de trunca-
FLO | o o 172 | ton [ | 90 90 ®9 ™ tion |” ed

Feed forward buffer

D for cavity filling ’

S . Pratection
FWD B D Timing VXl interface Feed forward buffer
gL logic ‘ logic LLCILTES ‘ for beam loading
e logic
ﬂy reg » D Beam on switch

=

History data
buffer for inputs

;aiéSNS

/\<—\
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. ) . Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — implementations

Digital implementation: Development system

Verilog Modeling:
Functionalities

Machine
Code gen.:
Netlists

Verification
Test Lab.

RTL
Compilation GUI{ControI PAR
. Automation software .
Iverilog / development Xilinx ISE
ModeSim P

RTL
ModeSim

Vioral
Gation 7
Machine
Code Gen. :
drivers

Synthesis Hardware
Synplify Test bench
End-to-End
System Behavioral

Simulation

Xilinx ISE
current llc system

Previous VHDL flow 7[SNS
UT-BATTELLE OAK RIDGE NATIONAL LABORATORY —_ 2
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Hengjie Ma, 1/18/2007, JLab

SNS Linac RF Control — implementations

Controller Performance:

Effect of loop delay

File Edit Yew Insert Tools Window Help

D& YA A/ @e

Root Loci of control system with no loop delay

Gain: 91.3

Imag Axis

Pale: 0.911 - 0.425i

Damping: -0.0132

L‘,\-‘{‘ Freguency (radfsec); 1.09e+007

o5

S;tstem:-HcH- i

Cwershoot (%) 104 8

Real Axis

Wi no loop delay
UT-BATTELLE

Stability

%) Figure No. 3 o =] F9
File Edit Yiew Insert Tools Window Help
locsda yA A/ @2pn
Raoot Loci of control system with 1us loop delay and 800Hz cavity bandwidth
1 T T
0s 1
0B 1
0.4 _
0.2 1
.o
Z
o D eemes R e e fcn
13
E
{7167t 3 Ten
; , * 398e7 T8 ,
-1 0.5 0 0s 1 1.5
Real Axis

With lus loop delay

OAK RIDGE NATIONAL LABORATORY
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SNS Linac RF Control — implementations

Controller performance:

Constraints between control gain,

steady-state error.

Example 1: 1us delay, cavity BW=10kHz (NC)

<) Field, RF drive, Beam
o2 d& K=,
Amplitudes: FLO=vellow, FwO-purple

Kp=4,
Ki=0
stable
Er=20%

UT-BATTELLE

<) Field, RF drive, Beam
o2 d& K=,
Amplitudes: FLO=vellow, FwO-purple

Ki=0
unstable

OAK RIDGE NATIONAL LABORATORY
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Hengjie Ma, 1/18/2007, JLab

Steady-state error
stability and

<} Field, RF drive, Beam
[opp hBEE
Armplitudes: FLO=vellow, P D-purple

—.—.—.—.—.—.—.—.—.—“_t-.—.-.—. ..........

p=
Ki/Ts=10kHz
stable

Error=0 . [
WJS{NUé



. . . Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — implementations

Controller performance: Steady-state error

Example 2: 1us delay, cavity BW=500Hz (SC)

<) Field, RF drive, Beam

<) Field, RF drive, Beam

|lopp dBE S |lcep hBEE &
.ﬂ._r"l"'lliil|iTl._lI221EeEiZ FLO-vellow, FwD-purple

o2 2| # =
Amplitudes: FLD-yellow, PwD-purple

Phase (deg)

e offset: O
Kp=100, Kp=400 Kp=100
Ki=0 Ki=0 Ki/Ts=150Hz
stable unstable stable
Er=1% Error=

0 .;LéSNS

UT-BATTELLE OAK RIDGE NATIONAL LABORATORY s"uwuj"mwnl
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. ) . Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — implementations

Controller performance: Transient response

Exam the response of a P-I controller to a step
disturbance (beam loading) at the input of the
plant (cavity).

AstB B

+ 7
™ _J ER Zroon 173 Drive —+Buw

SP

Constant
Contraller &c(3) Cavity GpS)

3

Py
field feedback

Rearrange so that
the disturbance

Becomes the input.

B D%{ . AustB

I Ll Ll

s+Buw (5 2405+ D
I

Beam laoding change1 T —
Contraller o501

Cavity Gp(Syl

¥(8)

JSNS
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. ) . Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — implementations

Controller performance: Transient response
Comparison: P-I control (dipole tune, delay=lus) vs.

performance benchmark : a 2"-order deadbeat tune,

(Ts=5us, Wn*Ts =4.82, alpha = 1.82, undershoot 0%,
overshoot<0.1%, TriselO00% =6.58*Wn )

_Iol x|

File Edt View Insert Tools Window Help File Edt View Insert Tools Window Help
lDzEa nA A 2en lDzEa nA A 2en
Step Response: Deadbeat vs. P-l Control Step Response: Deadbeat vs. P-l Control
12 T T T T T T T 1DD2 I T T T T T T T ]
“] _________________________________________
Systern: P_I_Q300k
Tirme (sec): 7.49e-006
0oos - Amplitude: 1 .
[eh) [eh)
s s
= E
2 20996 | .
< <
= =
o o
- ‘0994 - .
— Continuous, Deadbeat Respon: 0992 — Continuous, Deadbeat Response [
—— Discrete, Deadbeat Response —— Discrete, Deadbeat Response
— P-I BW=10kHz, kp=E.4 — P-I BW=10kHz, kp=5.4
—— P-I: BW=500Hz, kp=128 —— P-I: BW=500Hz, kp=128
_D2 L L L L L 1 1 1 1 Dgg L 1 L L 1 L L 1 L I_
a 02 04 0B 08 1 1.2 1.4 16 18 0 07 08 09 1 1.1 12 13 14 15 1B
Time (zec) J Time (zec) T S
~ — — —— 1 Y
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. ) . Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — implementations

Basic cavity model: {“hn __Aail{yg} {L}
' =0, Ry -
Ao  ©,,

1

Is it reasonable to use a simplistic P-I
controller of LTI design in a nonlinear
application ?

Yes, provided in a linearized operating condition.

ﬁi’éSNS
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. ) . Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — implementations

Operating feedback control with assistance of
cavity filling and adaptive feedforward.

Cavity Cavity )
A filling A filling Power increase
added by feed forward
for beam loading FLD
\\ \1 \\ FWD
g : _
= / = /
/ / Beam
-
Time
Open- Closed-loop Open- Closed-loop
loop control loop control _
(with no beam) (with beam)

JSNS
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SNS Linac RF Control — implementations

Hengjie Ma, 1/18/2007, JLab

The Issue of loop phase change i1n system
LFD and Klystron phase change

Availability of

+) Figure No. 1

fle Edit View [nsert Tools Window Help

=IOl x|

locezga/xars|@pn

u 35F : . - ST ]
60 degree phase margin e, K12, o, =10k P
0 8C, R=210, o, =0.55kHz |
. = — s8C, K=75, &:0.7
under LTI assumption O | o
= 25| —- sc, k=25, Ex1.0 R
o .
o 20 LA
- _.etdE,
L = i
File Edt View heed Toos Window Help + \
D=sEs [KarAs | BRD 2 :
Phass PLsh on SCL Kystron 150 a 10 ,:‘f“\ I
; : : . : . . i‘r‘-S-dB":
w s L oH
3 o i L
z . OO
ol S (.
= |iA - » =0 R Y S N 8
Sl il The phase push ranges from SO degrees at 55 kY to 46 degrees 22 71 K. a : L
IRV 8 5| Lo
En WOV L | - Lo
I v W L o
5wl ' 2-10 2R
= = Q, Lo
= < il
Fon = ST 1
“r ¥ - Stﬁpp frpqﬁency = ilSIKHZ . | a0 dE
. ) i[; -225 -180 -135 -90 -45 0]
= = e (e ngh = 127w = Open-Loop Transfer Function Phase (deg)
(I J
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Hengjie Ma, 1/18/2007, JLab

SNS Linac RF Control — Some test and operation results

Control Bandwidth measurement:

By the step response (set-point as the input)

1800

Juny
D
(@]
o

1400

1200

1000

IN ) ©
5] 8 8

g

Amplitude of cavity field and LLRF drive changes(ADC counts)

UT-BATTELLE

Transient Response of SNS LLRF to 12.5% Step Function Change in Set-Point Input

| | | | | | | | |
‘L—‘(— Dead time (delay from DAC to ADC) = 1.0728 usec.

Field overshoot peak level = 22.5589 %, measured
Field overshoot peak time = 3.295 (us), measured
Control bandwidth oy, = 167.9263 kHz @£=0.707
Total Loop Gain K = 10.0809 for£=0.707

Settling time Ts = 4.2705us, measured, 95% rise
Cavity pole Kc = 16.6579 kHz

Integral zero Ki = 12.6 kHz

N
\

P S U

AT S N AN e A AN NN G AR AR T AN AT AN AR

System ID: DTLLLRF:FCMI: —— Cauvity field, £=0.707
—— LLRF drive, £=0.707
FWD power: 500kW —— Cavity field, £<<0.707
LLRF drive base offset: 2523.1627 — LLRF drive, £<<0.707
Field base offset: 5185.4878 —— Cavity field, £>>1.0
LLRF drive, £>>1.0
[ [

10 15 20 25 30 35 40 45
Time (usec)

OAK RIDGE NATIONAL LABORATORY
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Hengjie Ma, 1/18/2007, JLab

SNS Linac RF Control — Some test and operation results

Amplitude (ADC counts)

Control Bandwidth Measurement:

By transient response to a step in FF waveform.

Transient Response of SNS LLRF to 20% Step Function Change in FF Input

12000 T

10000

8000 -
6000 \\ :
i | \

‘\ .
4000 N

| I
:K,\mq: M :&mm\m\, = bc-%
‘ | i
\ I
2000 \ | ‘ -
\ /) SystemID: SCL LRF:FCM12a: |
VA —— Cavity field
/ Field gradient: 9 MV/m —— Forward wave
~ —— Reflected wave
0 | | —
0 500 1000

Time (usec)

UT-BATTELLE
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Transient Response of SNS LLRF to 20% Step Function Change in FF Input

800

600 -

N
8

g

Change in Amplitude (ADC counts)
N
8 o
T

A
8

-600

T
4+« Dead tiTe

|

|
-
\/\‘ il
N‘U W
‘uﬂ‘ |

\

il
\y‘ } W

T T T T
(delay from DAC to ADC) = Jr.519 usec.
[

|
|
I

I
|
Field overshoot peak level l‘ Q4405 %, measured
Field overshoot peak time = 113.0633 (us), measured
Control bandwidth oy = 59,2564 kHz @£=0.707 -
Damping factor & = 0.7634| used for test
Total Loop Gain K = 104.%81\ for=0.707
Settiing time (95%) T, =37 = swﬂe (us), fo£=0.707
Cavity pole Kc = 0.56538 %Hz W
I
|

h—

System ID: SCLLLRF:FCMF :
|

— Cavity field
—— Forward wave
—— Reflected wave

Field gradient base offset: H420.5685

Reflected wave base offset} 3334.4912

Forward wave base offset: ‘349.7845
| |

-800

28

40 60 80 100 120

Time (usec)
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Hengjie Ma, 1/18/2007, JLab

SNS Linac RF Control — Some test and operation results

Transient Response to Beam Loading

Transient Response of SNS LLRF to Beam Loading

12000 T

T 1500

Transient Response of SNS LLRF to Beam Loading

10000

— 1000 -

[V
m\\ W \”‘ \

T T T
Rise time :11.0092 us
Settlling time :19.4495 us
Field dip-peak :0.29167 %
Field dip-residual :0.11954 %

eam Current 10 rpA B
2 M

AN W et Ww M«NMW N

Field trace magnification: x 10

Field gradient base offset: 11387.064

‘A WM

Vh
)

m
__ 8000 B § Forward wave base offset: 3410.0756 B
2 © Reflected wave base offset: 3251.8126
s 8 System ID: SCLLLRF:FCMIZa:
g <
8 \ 8
< 6000 | B 2 — e T T T T e T
. E o MR —
2 \ < W
c |
g \ N N\ 2
< \ e \, =)
4000 | - < il
‘\ ey
‘ﬁ:mnmmxcxchlﬁmmw:wzwg{‘ ©
| \ ‘ o) Il
\ o V“A“ ‘M‘ c‘w,ﬁ/ﬂ”\»ﬁ“ /WW"\W""\M\M\‘wv"\v‘"‘”\ﬂ/w\fV\ \) N
\ T i \‘v W el ‘
2000 - -1000 - U u"\ | B
System ID: SCL LRF:FCM12a: ‘ |
— Cavity field — Cavity field
Beam Current: 10 mA —— Forward wave —— Forward wave
—— Reflected wave —— Reflected wave
0 | | — -1500 | | | | T
0 500 1000 1500 0 20 40 60 80 100 120

Time (usec)
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SNS Linac RF Control — Some test and operation results

A demo of FCM’s stability and dynamic range

X jade/epics/iocTop/R3.14.7/linac/IIrf/R6-3/o pi/FCM-SCL-oper.ed| IE@E
0 0 . SCL 18b LLRF 04/27/06 10:18:17
® Operating point: Atorun
Amplitudes Amplitude Mismatch w/ Auto- Run goal AT
Q 3500 = i 2.000 20 :
2M V/m (136 Of the - P — S (=] ]
. I Cav. [MV/m] Fwd. [KW]  Refl. [kW]  HOM B [W]
nominal wvalue) 208 12.8 5.8 0.0
1500—; 1.999 (FCM)
e Relatively heavy L VO i Sy A Pl
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SNS Linac RF Control — Some test and operation results
A snapshot of RF errors throughout Linac
No beam, AFF turned off, field error 1s maintained under

1%, 1 deg.

Hengjie Ma, 1/18/2007, JLab
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SNS Linac RF Control — Some test and operation results
A snapshot of RF errors throughout Linac

With 25mA beam, AFF turned ON, the RF control

Hengjie Ma, 1/18/2007, JLab

able to keep the field error under 1%, 1 deg.

iIs still

Horizontal Axes: System (0)..[35)

Pt
150 200 250 300 350 400 450 500

Time (usecs)

FCM Control <2» [=]@/| X Fcm control [BIEE]
Ky
05/22/06 10:32:53 LLRF
25 Average Amplitude [SCL: MvAr] | FCM Status Adaptive Feed Forward J
202 NG  SC NC+5C MNC Linac 5C Linac
. RFPermt 15 80 a5 0 1 of
. Closed Loop 15 | 74 | 88 0 0 [Freez
53 150 [Con | 807 Mo
g T f 1 1
o 20 40 (=) 80 100 A
15 Average Error [3, rel. to setpt]
Extreme Error [, rel. to setpt] =
Sid. Deviation [3% of average] W|
Front End
ite Mapl
RCCS Summary |
100
Average Phase [deg] |
03
—mn—f
—200 3
o 96
E Average Error [3, rel. to setpf]
Extreme Error [%, rel. to setpt] 0.025
S, Deviation [% of average] 0.02
& 0.01551 =a===
0.015 EREERE
Analysis YWindow, £ 0.0055H
offset fram end of pulse: o 0= =
g
P 7-0.005
00 us 3]
0 20 40 B0 B0 100 -0. 015

UT-BATTELLE

32

OAK RIDGE NATIONAL LABORATORY

AT

Sflllwuﬁl 1 Iﬂwﬂ[l



. ] Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — Some observations

Interaction between rf and cavity vibrations
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SNS Linac RF Control — Some observations

Hengjie Ma, 1/18/2007, JLab

Interaction between rf and cavity vibrations
The magnitude of the resonance grows as the gradient

INnCcrease.

Amplitude of cavity field (ADC counts)
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. ] Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — Some observations

Interaction between rf and cavity vibrations
Measured Lorentz force detuning of all running cavities

The 2kHz oscillati ng Lorentz force detuning on 31 SNS medium- cavities
shows up on all MB QR o o v, 05703 W)
cavities, but not HB g S Average: 030782 (BW, )
ones. g

eThe peak of LFD is z

only one half of the o | Flatiop Start RFpuseend |
cavVv i ty BW - ] 200 400 SO?imemS)SOO 1000 1200 1400

Lorentz force detuning on 44 SMNS high-f cavities

(Ca I Cu I at I On US I ng S0 Calculated from phase variatian Lorentz Force Detune over Flattop:
Eutreme: 0.62037 (BWY, )
x+(o,, —j-A® )-xX=m,, - = — Average: 0.22501 (BW,
( 2 = ) 2"y = = Sig dev 015584 (BW, )
. . o s —
r@—r-Aa)za)l/z-p-Sln(Yf—CD) L ==
. - ik}
r—r-wl/zza)l/z-p-sm(ﬁl’—@) E
Jak]
- O
in closed-loop
_ _ Flattop Start FF pulse end
_500 | | | | 1 1 |
control condition.) 0 200 400 800 800 1000 1200 1400
time(LLs)

2z 1)
UT-BATTELLE OAK RIDGE NATIONAL LABORATORY gullwuj"mwlu

35




. ] Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — Some observations

Interaction between rf feedback control and
2kHz resonance. oscillation coupled from phase to amplitude.

' "2kHz" cavity resonance on amplitude vs. Loop Gain

s "2kHz" cavity resonance on amplitude vs. Loop Gain
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. ] Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — Some observations

Adaptive feed forward control not only
compensates the beam loading, but also
effectively damps the 2kHz resonance.
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. ] Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — Some observations

5/6n mode sideband excitation

Exists 1n both open-loop and closed-l1oop control
condition, but 1s contained. Normally, the peak
magnitude 1s under 3% of the field level.

5/6pi mode component over time during a RF pulse : Feedback Off

5i6pi mode component over time during a RF pulse : Feedback On
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. . Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — Issues and improvements

Issues & Improvements

O Control stability
O Cavity filling schemes

O Feed forward algorithms.

ﬁi’éSNS
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] Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — Summary

e System performed well and met the needs
during the commissioning and recent operation
runs.

e Hardware platform has flexibility and
capacity to allow further expansions.

* Strong software support has offered ease and
convenience of operations.

® Further development is necessary in the
aforementioned areas.

SNS LLRF project is a collaborative effort
among ORNL, LBNL, and LANL.
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Hengjie Ma, 1/18/2007, JLab

SNS Linac RF Control — Looking ahead

Power Upgrade Project

Power Upgrade Project requires increased RF power
— Beam energy increases from 1000 to 1300 MeV
— Average macropulse current increases from 26 to 42 mA
Total peak RF power requirement (structure + beam)
— 42.8 MW baseline
— 71.5 MW upgrade
Additional voltage requires
- more cryomodules
Additional beam loading requires
—> increased RF power everywhere
Design Goal
— maximize re-use of existing systems
— maintain compatibility with existing systems

ﬁi’éSNS
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. . Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — Looking ahead

Power Upgrade Project

« The RF Systems Upgrades include:
e |nstallation of 36 additional Linac RF stations
» Installation of 2 HEBT RF stations including cavities

 Upgrades to 4 existing Ring RF stations

ﬁi’éSNS
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. . Hengjie Ma, 1/18/2007, JLab
SNS Linac RF Control — Looking ahead

Power Upgrade Project

The 36 additional RF systems will essentially be duplicates of the 81 systems
already installed.

Layout:
— 36 klystrons
— 6 transmitters
— 3 high-voltage converter-modulators (HVCM)
— 36 low-level RF control systems
Klystrons: Baseline Parameters

— Baseline klystrons rated for 550 kW peak RF power with 9% duty factor at 75
kV cathode voltage

— Stations 1-48 limited to 69 kV (445 kW) due to 12 klystrons per HYCM
— Stations 49-81 may operate at full power due to 11 klystrons per HVCM
Klystrons: Upgrade Parameters
— Cathode voltages will increase to 83 kV for high-beta stations (37-117)
- Peak RF power increases to 708 kW
- Provides minimum margin of 37% (need 517 kW max without margin)

— Similar to baseline klystrons, which are very robust and have been factory
sted to 105 kV, 1.3 MW (one test) /SNS
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. . Hengjie Ma, 1/18/2007, JLab
Milestones for RF Systems, Power Upgrade Project

Milestone Early Dates
Begin design activities Oct 06
Award klystron contract Apr 08
Receive 15t klystron Oct 08
Complete klystron installation Oct 10
Award transmitter contract Aug 08
Receive 15t transmitter May 09
Complete transmitter installation Feb 10
Begin waveguide installation Apr 08
Complete waveguide installation Mar 09
Begin HEBT RF system installation Jun 08
Complete HEBT RF system installation Dec 09
Award HEBT cavities contract Feb 08
Begin HEBT cauvities installation Jun 09
Complete HEBT Cavities installation Dec 09
Decide extent of Ring RF upgrade Oct 08
Complete Ring RF upgrade Oct 10
Commissioning Mar 11

ﬁi’éSNS
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