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Introduction

1.3 GHz SWS, Pulsed mode @ 10 Hz,

Forward power = 5 MW (average power = 50 kW) (1) Regulation - LLRF:

Control the amplitude and

1)
Pulse length up to 800 us > 1% duty cycle 4 phase of virtual probe
. ] _ Controller signal
Since 01/2015 operated with MicroTCA.4  reference
RF GUN J -IPIN
OO OO |
Viept |, electron
\— w-m“ beam
cathode |l \A\/'\ — | B
ooooloooooo laser
v Koyt beam

(2) Regulation - Water:
\ Control the RF gun

o temperature > keep it on
Limiter for Output, FB, LFF etc. (slightly below) its resonance
Switch off the power to RF gun frequency

if necessary, e.g. spark
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LLRF Regulation

Main.GUN Panel
LLRF

> Ampl. SP [MV/m]
= (new: before power SP [MW])
Phase SP [deg]
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LLRF Regulation
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LLRF Regulation

System model Small signal system model
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LLRF Regulation

Goal: dA/A<0.01%

1200

1200

Feedback concepts d-  <0.01 deg (rms)
Amplitude and Phase durlng Flattop
1) Output-Vector Correction (OVC - Server) _ o1 8 [ e S ——
> Drift compensation E ] ( .................
S 40 ] —— 800 Pulses
= mean
2) Learning Feedforward (LFF - Server) g 204 ——=get-point
> Minimize repetitive errors from pulse to =
oulse 800 800 1000
200
3) MIMO feedback (FB - FPGA) = 100
- Intra-pulse feedback =
* Main limitation: Loop delay = 1.4 us % °
- limits control gain x -100
> max. FB gain 2-3; SRF = 20-40 (!) -20800 8E£)0 10i00
Sy Time [us]
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LLRF Regulation

Goal: dA/A<0.01%
d] <0.01 deg (rms)
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LLRF Regulation
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...................................................
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dA/A<0.01%
<0.01 deg (rms)

Standard Deviation of A/P for RF gun
0.02 ! ! g !
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900 800 900 1000
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— OMHz
9

—  100kHz .

900 800 900 1000 1100

Time {us)
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RF gun cooling system
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RF gun cooling system

RF GUN - Iris Temperature Controller
[eas. reference
60481 ‘ S = = = set—point —| MTCA 4
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560_46__..________ _ ‘ ‘ ‘ ‘ ‘ 1 RF GUN Py
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f f ! ! ! cathode |EEE} J 3 is
604 i ‘ ‘ | ‘ \l/ N K
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00 laser
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Long term error = 1 bit (about 14mK rms) T

acw
@Resolution (12 bit ADC) |_.[>L1_.(

of 0.02 K-0.03 K '

Required stability for d1 < 0.01 deg
without LLRF control:

_tany-f d¢-f
" 2Q.Krr  2QuKer

(f = 1.3GHz,Q, = 12000, K;; = —21kHz/K)
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RF gun cooling system

e O o0 GUN_temperature_SASE_OverView.xml

RF GUN - Iris Temperature [~ RF GUN WATER OVERVIEW
60481 - “ , ‘ , --‘-set—pOint / =
< 1
£ 6044 - T - - Pressure
20 THE TTTEED TEETATENGT] | +o.00bar
0d2f
" ; ; ; ; ;
0 10 20 30 40 50 60 7:59 18:29 18:59 19:19
Time [min] 6.3.5015 6.3.2015 6.3.2015 6.3.2015
Vc‘iﬂ.? =FSPNINT 1 #GUN 1R Sollwert Regle
Long term error = 1 bit (about 14mK rms) 60.68-|— /TN remperane GunTE T
60.66 +H———
v 60.64
@Resolution (12 bit ADC) Tiris s )
of 0.02 K- 0.03 K +100mK  pes

60.56
60.54

Required stability for d( | < 0.01 deg i ) 61501
without LLRF control:

tany-f do-f SASE
~ < 0.45mK,

(f = 1.3GHz,Q, = 12000, K;r = —21kHz/K)
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Pulse Width Modulation

Idea: Usage of LLRF Signals RF Drive | Filling
: Flatto Deca
- - P :'--—»y
RF GUN Pin Delay, , :
X .|l' : LA L g
Vien electron : =
\— -u,w':.I beam I |
cathode [ \A 1 = 1 :
_l ] I
LJ \ : BE
XXX Esel‘ \ - : -
¥ eai Field [ | 1
Tc u,:ﬂ. Tin Tﬁris To ut gradi ent : : :
I ﬂ’h - (p [MV/ m] (| Beam
ij‘l-‘? 55 1 :
[
if 1
] |
I
I
I
—i 4 B
650 700 1500 Time [15]

Use pulse width modulation to control
the dissipated power (heat balance) to
the RF gun body within pre-defined
limits

Needed is a high precision temperature
estimation with no time delay for pulse to
pulse feedback
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Pulse Width Modulation

Estimated GLUMN Temperature

Idea: Usage of LLRF Signals 0.05 5 ; 5 ;

RF GUN PIN 0ok : ............... ............... ......... AT .......... .
% = D0 I & ; Tt - : etk

electron
beam

ATIK

001l ¢ E AF e Tl

cathode [l \: : | |
\IJLD 003 s e R = T by LLRF
. 5 : —— T, shifted by 9.2 5
0000 O0O0OOGOES laser -0.05 i i i T chified by 4.6
y : beam

; Temperature Water M

50.4

Temp ['C]

503

Temperature RIS

g 51.2
o G115F
5
. . = 811
Delayed T g5 (9s) and T,y (5s) information . ; i : j ;
. . 0 100 200 300 400 500 500
= Transition from cavity body to sensor Time []

= Low pass behavior of temp. sensor FLASH RF GUN data

Temp. sensor (12 bit ADC)
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Pulse Width Modulation

Blue: single pulse, Red: mean 100 pulses (10s@10Hz)

RF GUN phase at 700 us and corresponding flattop length > RF GUN phase at 1st beam
1.9 T T | T

position (700us) for 50 minutes

- 1.8 Without and with modulation to
%1-? E: minimize disturbances from

g ! cooling water circuit

o Pulse to pulse compensation (10 Hz)

—
[y
i

pk2pk: 0.362 deg. pk2pk: 0.15 deé_ > Improvement for phase x3
T Bt S (dp = 53 mdeg. > 16 mdeg.)

/

480 RF GUN temperature stabilized

475 by x5 (from 14 mK > 3 mK)

tfl attop [us]
I
-]
o

465 Running @ FLASH, PITZ, (XFEL)

460

Time [min]
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Pulse Width Modulation

Goal:
Remember:
> Factor 3-5 improvement in phase
is necessary using only LLRF

control
Applying PWM:

> No improvement of RF amplitude
= Detuning affects mainly the RF phase

> Great improvement in standard

deviation of RF phase

> Achieved by using disturbance
minimization of detuning with

precision temperature control

dA/A<0.01%

dl <0.01 deg (rms)
Standard Deviation of A/P for RF gun

0.02 !
_A']DUI{HZ
@0015 ................... P ................... TéﬁéLﬂH o
a : : Pl
~ 0.01% _ _ _ _ 77 Avorum) |
o : - : ————
< -
b B ey T ....;..-.-.-f NP lerio StV

900 800 a00 1000 1100

0.06 ; ! , ;
5 g é 100kHz
s I g ; § =y
o 004F - h.ﬁ.; ..... s e s ___¢)'|UURHZ 4
Z ~ao | § wio PAM
g el
é’ 0.02 : | R SRR ]
B : | il T
0.01deg.

900 800 800 1000 1100
Time {us)
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Pulse Width Modulation — Panel

PWM Feedback check box

| Feedback | Overview | Expert |

Set-point (automatically computed)

[]PWM Feedback [ RF FB - GUN

{). i@g SP Detuning Temp. [K] | Freq. detuning: 2213 [Hz) SetP IRIS 60.62 °c . .

Proposed SP: 0.105 (must>0) : Status indicator
| Temp IRIS 60.60 "G

WTFatop 530 fs]  scust 530 vavovi  ausz % Initialization (settings before PWM)
|Valve V2 26.61 %

INITSetP RIS~ 6062 ['C]  Actual

vV V V VvV V

Manual (set-up, problem handling)

-
|RF/LLRF.CONTROLLER/GU o
6 H 7H 8k 9t 10K 11H 12 ¢
3.9.20‘15 3.9.2615 3.9.20115 3.9.2(:15 33,20‘15 3.9.20‘15 3.9.20‘15 Subsystems
o AAn Klystron Interlock | water | Temp. |
| | : -
FRLL RFGate [ en | = e
: 53.804 MVim Detally q SetP +.60.92
| 5.153 MW = et SO Iris 60.91 °C
08 W BN | s i cell1 5373 °C
| [ ————————  switchfokandtwd off - |
4h 5h 6h 7h 8h 9h 1()I h 11h 12h 1.98 deg Tumng SunTempHelp
3.9.2015 3.9.2015 3.9.2015 3.9.2015 3.9.2015 3.9.2015 3.9.2015 3.9.2015 3.9.2015 AAA
4eg) RF GUN Phase at sample position " 586 n Power Meter LLRF RBV Pulse Width Modulation
-'U,B%f - . i 7 Peak Measurement T |
A L anionl rem Pfor.  4.87 MW 37.29 MVim
0.8 Pulse Width Feedback
Prefl.  0.30 MW 4.69 MV/m O

3.92!‘0‘15 3.9.72:)!15 3.9.82:3115 3.9?2‘0‘15 3.?}.3(!!‘15 3.91.;&!15 Seep ~ > With Pu ISe Width Mod u Iation

RF GUN Flattop Length

- e — > Start-up of RF gun = next slide
' | — > Without Pulse Width Modulatio
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Additional Info

> Using pulse width modulation — panel for start-up of RF gun

FLASH

Feedback | Overview | Expert |

vIPWM Feedback
A AAN -
0.134 SP Detuning Temp. [K]

Proposed SP: 0.133 (must>0)
INIT Flattop 580 [us]  Actual 580
INITSetP RIS~ 60.87 [€]  Actual 5@@@

Freq. detuning:

[] RFFB-GUN
2799 [Hz] | SetP IRIS 60.88 °c
Temp IRIS 60.87 °Cc
Temp IN 50.78 °C
Valve V1 31.56
Valve V2 23.89

Relative temperature change based on LLRF signals in K

== GUN/DEL ] _TEMPERATURE (K] : Mean=0.2414, SD=0.2846

16:22 16:32 16:42 16:52 17:02
11.4.2016 11.4.2016 11.4.2016 11.4.2016 11.4.2016

°C] IRIS Temperature sensor measurement
61.5

61.
60.5 ‘

60.
59.5

59.

16:42 16:52 17:02
11.4.2016 11.4.2016 11.4.2016

16:22 16:32
11.4.2016 11.4.2016

RF GUN Flattop Length

us]
600

17:12
11.4.2016

17:12
11.4.2016

A Temperature

17:22 17:32 17:42 17:52 18:02
11.4.2016 11.4.2016 11.4.2016 11.4.2016 11.4.2016

T\ris @nd set-point

17:22 17:32 17:42 17:52 18:02
11.4.2016 11.4.2016 11.4.2016 11.4.2016 11.4.2016

Flattop length

Direct response
RF gun is in resonance, to
cold or to warm

- Relative detuning /
temperature information

- What is the current
optimal Iris set-point etc.
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> |ntroduction
> LLRF

= Feedback & Limitations

= Learning Feedforward
> Pulse Width Modulation

= RF gun cooling system
= Temperature estimation

= Precision temperature control
> Fast Protection

= The why and wherefore
> Current problems

= After start-up

(8B FLASH_GUN_irf_mainxml FLASH.RF/LLR

MAIN.GUN

Main Control

Ampl.SP  53.388
Ampitude RBV  53.804 MVim
Power SP 5.153 MW
ANAAN AN
Phase tvvz ®. gg H

Phase RBV 1.98 deg

Pulse Length 5’3‘6

@ rsmon  [VIRFOn/oft _FSM

[ Feed-Forward

[ ] Output vector correction
Feedback

Feed-Forward correction

Learning FF

Subsystems

Klystron

RFGate | ©n ¥ =
_ Details
RESET o & o

= 0 1 1
il pwr detail
Io 1R

HV

Power Meter

Peak
Pfor.
Prefl.

Interlock |

Iris 3 hr
before reset: short pulses Cell 1

switch fbk and fwd off
Tuning | GunTempHeip |

52.63°C

101.8kV 53.73°C

LLRF RBV Pulse Width Modulation

Measurement -
Owverview Panel I

4.87 MW 37.29 MVim
0.30 MW 4.69 MVim

[X Pulse width Feedback

Activate when gun is stable!

Activate fast protection —

= B

GUN Expert

urer (I DO Gunpower |

Protection

Amplitude
60.

140.~

I

60.-
20':
20
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100
~140.7

700 800 900 1000

[
1200

-180. T T
600 7&0 Bl&l 960 11|00 13|00 14({?
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Fast Protection

> Implementation in FPGA (L. Butkowski, C. Schmidt et al.)
> Threshold for reflected signal is defined (scaled by forward signal)

> Cut RF pulse if reflected signal is too high (sparks, detuning, etc.)

] = GUN Fonvard Amplitude; B . |
[T&r‘fm] Amplitude [ GUN Reflected Amplitude; ‘ | e 469 MVim
. [ Feed-Forward
35, [] Output vector correction Activate when gun is stable!
" [v] Feedback
] Feed-Forward correction Activate fast protection
3']. _: Leaming FF | Pldminni!
] Amplitude Phase
29.- 60. 180.
] o 140.-
20.- ’ [ 100.-
40.-] 60:
15. e L
] -20.-]
] 20.- -60.
1“'_: o] -100.:
] ’ l 140,
5'_- 3 T T T T T T T -180."_|‘
. 600 700 800 900 1000 1200 1[:2;1 600 700
=
0 200 400 GO0 SO0 1200 1600 1800
[us]
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Fast Protection

> 6 Events since 01/2016 = no known false alarms

12.04.2016 12:05 S. Schreiber Hist: FLASH.RF/LLRF.CONTROLL

rf qun fast protection: events where the fast protection triggered

event 1: 12-Jan-2016 16:03 h tests, rf was off

event 2: 2-Feb-2016 95:55% h unknown reason

event 3: 19-Feb-2016 10:52 h increase of cooling water pressure
http://ttfinfo.desy.de/elog/EML1ist?file=/TTFelog/data/2016/07/19.02 M/2016-02-19T710:53:12-03_=%

event 4: 2-Mar-201&6 11:50 h no DAQD data for this event, together with RF-6, could be timing issue
http://ttfinfo.desy.de/elog/¥ML1list?file=/TTFelog/data/2016/09/02.03 a/2016-03-02T17:12:06-07.=x

event 5: 18-Mar-2016 9:10 h coeling water pressure oscialltions
http://ttfinfo.desy.de/elog/¥ML1ist?file=/TTFelog/data/2016/11/18.03 a/2016-03-18T716:08:07-01.=

event 6: 11-Apr-2016 16:08 h sudden phase jump, also ACC1, 1lrf issue with reference RF
http://ttfinfo.desy.de/elog/XMLlist?file=/TTFelog/data/2016/15/11.04 a/2016-04-11T717:36:35-07.=x

) HistFLASH.RF/LLRF.CONTROLLER/CTRL.GUN/PROTECT.ACTIVEHIST [ESHEn =]
CTRL.GUN/PROTECT.ACTIVE

unknown

a| &
2|3,
5|3
Dl m
Olc
Xlia

20.1. 27.1. 3. 2.
2016 2016 2016
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> |ntroduction
> LLRF

= Feedback & Limitations

= Learning Feedforward
> Pulse Width Modulation

= RF gun cooling system
= Temperature estimation

= Precision temperature control
> Fast Protection

= The why and wherefore
> Current problems

= After start-up

85 FLASH_GUN_Iirf_main.xmi FLASH.RF/LLRF.CO

lMain Control

MAIN.GUN

A AL ASAS
Ampl. SP 53.888
Amplitude RBV ~ 53.804 MVim
Power SP 5.153 MW

AN AN
Phase tvvz L gg H
Phase RBV 1.98 deg

Pulse Length sﬁﬁ

@ rsmon  [VIRFOn/oft _FSM

[ Feed-Forward

[ ] Output vector correction
Feedback

Feed-Forward correction
Learning FF

Amplitude
60.

Subsystems

Klystron

RFGate | &N

__ Details
RESET . -
WG Air = Iris 60.91 °C

il pwr detail Iris 3 hr 52.63°C

Hv 1018kV

AAAA AA

SetP  +.60.9¢

betore reset: short pulses Cell 1 53.73°C

switch fbk and fwd off
Tuning | GunTempHeip |

Power Meter LLRF RBV Pulse Width Modulation

Peak Measurement
Overview Panel I

Pfor.  4.87T MW 37.29 MVim

Prefl.  0.30 MW 4.69 MVim

[2 pulse Width Feedback

Activate when gun is stable!

b @

= —— GUN Expert

- e (I (T |
Protection - GUN Power

Activate fast protection

140.~

I

60.-
20.:
20
604
100
~140.7

-180. T T
600 7&0 B&l 960 11|00 13|00 14({?
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Current Problems

> After RF gun start-up

MAIN.GUN |
H H Main Control Subsystems
= Phase at end is not on set-point Y
e Kiystron | mterlock | Water Temp. |
Ampl.SP - 53.830 W RFGate | EN v s o
SetP + o
Amplitude RBY  53.825 MVim ;:;‘_%;_il —m 9959
Power SP 5.160 MW wo Ar_| ol e HE Iris 60.86 °C
s aae (e EiE e — Iris 3 hr 52.90 °C
+ 2.70 Qo £ ,
Phase SR v 018KV befare resst: short pulses Cell 1 53.98°C
Phase RBV 2.71deg Swiehblsndfd of Tuning GunTempHelp |
R MBI
PulseLength 526 Ly Power Meter | LLRF RBV Pulse Width Modulation
WO
Pealk Mzazurameznt .
Owverview Panel !
cavion e BT Plor.  4.86 MW 22,64 MVim
Prefi. 0.30 MW 281 MVim . Pulse Width Feedback
FSMis off

. Febgl-Forward

Outpurt i
J - Wi Activate when gun is stabla!

> H OW to C h e Ck? Feedback Activate fast protection

GUN Expert
Feed-Forward correddion il S e

Li mit -
|| Learning FF Protection . R G oWer

Forwy
Refl
F

= Look in LFF panel
Amplitude \ Phase
H6. 5.5
FF | sp | FB 55.] \ 5]
ORC | Virtual Probel Out | \ 45
54—
Limiterl Timingl Ref I VM | \
53.—
Info I <em...| FLASHx! KLM | 3.5 ]
52. »
Klystron Timing 3. 7 \’
KLY3 RF Gate St... KLY3 RF Gate S... 51| 25 ; /
AAA AAAA AAA AAAN l £ I
3.3-0091 Ml 3.3.6372 " o . .
500 ﬁ[IIEI ?[IID B[Ill] QEIII] 11:]0 13|Ell] 1[4l]ll] 500 ﬁ[lll] ?l‘]l] BIZIII] 9[Ill] 1l]|l]l] 12|l]l] 13[[I=]
us|

= T
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Current Problems

Correction tables

> RF gun start-up without FB, LFF 1t=0

(1) Adjust OVC before FB and LFF is enabled 2000
(2) Enable FB, LFF 2000-

= FF correction are centered after a while

T T T T T T T
0. 200 600 1000 1400 2000

= FF CorreCtlon |ImItS 7000 bltS Correction tables
2>t=0

(3) FF correction tables 20 minutes later 2000
(4) After 40 minutes 1000

= FF tables (Q channel) hits limit e

T T T T T T T T T
0. 200 600 1000 1400 2000

t =20 min

Correction tables

why? i |
Slowly waveguide heating (guess) soo0- £ =40 min

- T L T T L e
Sven Pfeiffer | FLASH RF gun devel 0. 200 600 1000 1400 2000



Current Problems

> After RF gun start-up

= Phase at end is not on set-point

> Why?

= Slowly waveguide heating (guess)
> How to check?

= Look in LFF panel
> What can | do?

= Adjust OVC phase by ~ -4 deg

Correction tables Correction tables

L - - = S0 ¢ = 40+X min

B000——————————— T -7000 e — ;=
0. 200 600 1000 1400 2000 0. 200 600 1000 1400 EIJI}I]]
[
Output Vector Correction Output Vector Correction
On Ampl 0.4245 0“ Ampl -~ A.a..au.. 04243
Ea T et ata e e Tl AAAA Ly v,
8.80 4.79
Phase +..8.804 ( prass 34,793 0 )
1.999 0% 1.989 1000
Qutput Matrix correction switched off Output Matrix correction switched off
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Current Problems

Correction tables Correction tables
F000
> After RF gun start-up __ | s
) ) 3000
= Phase at end is not on set-point 1000.]
T —
-3000—
I w7t = 40+x min
BN {——————— T -7000 o - =
0. 200 600 1000 1400 2000 0. 200 600 1000 1400 ZUI}IIJ
[
> Why?
= Slowly waveguide heating (guess)
Output Vector Correction Output Vector Caorrection

M AAAA

> HOW tO CheCk? [Jon Ampl "_“’“‘5 0.4245 [Jon Ampl . 5 s
= Look in LFF panel Prase 48 804 pass 34,793 7

LS S A PR

> What can | do? R B Raio  1.089 0%

Qutput Matrix correction switched off Output Matrix correction switched off

= Adjust OVC phase by ~ -4 deg
> Why is it not done automatically?

Farws

o m
3

= Most of the time OVC is OFF... urser [ i

GUN Expert |

GUN Power I

= OVC ON does not mean that its active...

" Active limiter deactivate OVC Sven Pfeiffer | FLASH RF gun developments | 19.04.2016 | Page 29
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= RF gun cooling system
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|88 FLASH GUN_Iirf ;

MAIN.GUN |
lMain Control Subsystems
N _ Kystron | Interlock | Water Temp.
Ampl' SP ég -§99 RF Gate I EN bt b i Setp AAAA AA
) e +_60.
Amplitude RBV  53.804 MVim : —z‘;:':? $.68.9¢
Power SP 5.153 MW WO = =l Iris 60.91 °C
o x| e | . oo
Phase t..2-00 H W BN | e Cell 1 53.73°C
_— witch fbk and fwd off
Phase RBV 1.98 deg ° " Tuning | GunTempHeip |
AAN
Pulselength 586 |y Power Meter LLRF RBV Pulse Width Modulation
Peak Measurement I
@ Fsmon e I Pfor.  4.87 MW 37.29 MVim
Prefl.  0.30 MW 4.69 MVim
[ Feed-Forward
[ ] Output vector correction .
Feedback 5§ 5 @
Feed-Forward correction i

3
weer [ I Gun power |

[ =

Learning FF

Amplitude Phase
60. 180.
140.
50.
1l]l]j ‘
40.
l o
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