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Drift calibration for the European XFEL
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1 Motivation — Robust machine operation - Options

XFEL desired long-term requirements [forever]:
Amplitude stability <0.01%, Phase stability <0.01deg @1.3GHz

Beam-based Feedback

Learning Feedforward

Reference Injection

— e e,
- ~

~ Reference Tracking ~

- Field detector with thermal stabilization
- Field detector passivation against humidity
- RF-cables with proper mechanical fixing

A W Simplify machine restart
- Minimize LLRF system recalibrations for vector sum
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2 Concepts —long-term stable Cavity Field Detection

= No stabilization : m Reference injection :
+/-  Fully rely on beam-based feedbacks (only for pulsed machines) &= ) - ®

m Passive stabilization :

+ Simple method
- Requires rack stabilization <0.2deg_pp

cavity

FATATATATATATATAVAN

- Requires metal rf-package with sealing TVWWIWIVT | Switch (3 pleld Deeoer. iing
_ L /0 , el
= Reference tracking : [—f
Reference @
cavity
TaYaTalatatataraval : - LO, lp =
]
Loqﬁsf—» anc (=
A
ooty
NYVYYVYYWN .
TSNS i Field Detector,
Reference > —<ADC [VIIUITL] | swen @ e.lg.non?lafsoémpnng
£ ADC H—=
-—d"\'/.l
> LO, CLK Gen Reference _l f @

- LO, CLK Gen 4.
“Apwe

- Suppress only correlated noise, not mixer 1/f-noise
+/-  Efficient only for symmetric receivers

(Demonstrated, e.g. with direct sampling) m Reference injection (2nd-t0ne) .
+/- Depends on packaging and rf-cable properties ) )
= Reflection at the cavity :
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1 Motivation — Examples of long-term Instabilities

m Distributed down converters using the non-1Q-sampling scheme

1.3GHz

cavity

FATATATATATATATAVAY
AVAVIVIVIVIVIViVAVE

A dgp

Master-
Oscillator

Single Channel Field Detector

1
1
1| 8,=0.2%/"C,8,=0.27C !
RF-Input . ! A A
! 0 A 4
: /KX » AYTIAO= Aoc "
5fs/K/im... i !
1
! :
. 1
! :
| LO and CLK Generation —E)jt()—— \
. 1
\ cables,
dividers,
amplifiers,
filters...

by s .
| W=ma]

I e | ¥ i - ¢

L ﬁiﬂ? g W

e Long-term stability depends on temperature and humidity
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2 Overview — XFEL LLRF System

m XFEL 48-channel LLRF station: ® Sub-components and signal-flow:

(standard non-ig sampling scheme)
Cavity patch panel

Drift Compensation DCM 2U 19” Module
LO-Generation LOGM 1U 19” Module
Down-Converter DWC RTM MicroTCA.4
Low-noise Digitizer ADC AMC MicroTCA.4

RF CM1 CM1 CM1
from PREF  PFWD PRB
Mo cm2 | com2 cM2
l PREF | PFWD PRB
‘f
CPIM =E 8¢
DCM
PZ16M | LOGM |« SETTAT
F 3
' I A S P S < 4%
PSM 8 18 "1s “1s s
Lol Py Yy vy vy
o E’ H Il k ujjuifuifuilulu
\‘f, Slolt D|D|D|D|D]|D R
=7 WIW([W|W]|W|[W T
Mieleg,M|Mic|clc|c|cl|c M
! IR | |
' {1 *X:F;\ _‘E[_\:_E_E_E_E—Eﬁ?i
Milcl 2 v Julflufu ulu|lu
Bllclell T |y S lAallAlAlAlAlAL B oW
M||HIU[¥]|lc co (R RiR IR IR vic
IR oo [CejiC € jC jIC !
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Front view

() e “ff’j 9 Y,

DCM 1300 > G g
_a“ §!

Drift Compansation Module 1300MHz, 16-channels I

300MHz, Operation Level <+30dBm (CW) RF, 0V DC, Avoid Static Discharge ,Damage Level +33dBm (CW)

L T! T
@" 16 CHANNEL INPUTS, PORT A (1-8), PORT B (1-8)
M z - E 1300MHz, CW

+21dBm RF, 0
Avoid Static Dlscharga

\ ¥ - SYSTE .
\ REFERENCE
% < INPUT R Damage level +24dBm

.

7
O Q .
O .

Versiegelti

Se @1

@
CONSOLE  TRIG

SERVICE PORT

EACH FAN
12v oc 2
AUTHORIZED >7800RPI
PERSONNEL L onrpoiog
ONLY <284BA

FI-o16VD [ F2:+15VA | FE-915VH | F4:oTVA | FS1SVD | F&-1SVA | FT-TVA | Fik +15V1) P MGW:



3 DCM — Hardware — Service Plate

Power-Management:

- Control 8 voltages. max 10A
- Voltage/current tracking

- 3xfan support

- Fuse support

TMCB-Diagnostic/Control:
- 3x peltier temperature control
via FMC-board
- rf-switch control
. - rf-attenuator control
- rf-amplitude readout (24-bit)
- - 2xSFP connection

———— ST-. a _
. . Unsealed section:
egeleleeeteleleladalodeledeoelele e e e tutetesu e seuiesegeneesesortaty - Transport of heat dissipation
o |
g/

U“U“U“Uou
' &g‘_u A
h Sealed section:

- Houses rf-components
\ - Sensors
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3 DCM - RF-Compensation

m 16-channel rf-switches: m Thermal stabilization / Sealing

Course attenuation:
- 10dB integrated

Reference injection:
- rf-amplitude detection

Reference distribution:
- passive

Switch-cell:
- Triplett rf-switches
- Cavity front-attenuation

Sealing with silicone

Thermal bridge to rack temperature
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3 DCM = Software

1ol
= Man control panel in DOOCS.: DCM Sensor overview
RI=TEY
[ LLRF_DCM_ctrl_detail_inclxml XFELRF/LLRF.DCM/CTRLM1A22 13/106 . Box Tc4 PCB
Attenuator settings Temp  26.68 degC
119598475 CTRLM1.A221L3 TEEIEETE
172247 Reference amplitude | Hum  40.03%RH 28.24 % RH
Cavity Value
1024 Ref t (deb
eference average count {debug) 79075053 : T 7530 deac N
[LLRF Trigger [~ DAQ Trigger Grasooes 1 0.0 30degC 374
2 0.0
: Backplane Trigger (if extra BP line) 3 0.0~ TEC1 TEC2 TEC3
In ms 4 00— 24.99 degC 24.97 degC 24,99 degC
1625000 2000 LLRF (fused as forward o | 2490degC  2480degC  24.84degC  25.44degC
= 0.0— oo . =] = eg eg
g 312505 1.00  Referenceon > 5
s 6 0.0 1oix)
5 12190505 1500  Reference off =
2 7 0.0 TC4 - 4 Channel Temperature Controller
= 4055005 500  Amplitude detection on DCM =
5 8 0.0 Board Status . =
5587505 7.00  Amplitude detection on ADC board Average 2*n (I sampling ... E e .
£
& Temperature Setpoint E § {2
~ i= = Current
. Fi (deqc] E E &
= il £ - x
SwPos Ena =5 LLRF_DCM_mainscml XFELRF/LLRF.DCMfA2Z213/10 0] x| B ST ,E l:l l:l AT
R Print Chan 2 24.96 degC 25001 1] 0.06A
XFEL Chan 3 24.99 degC 25,00 1 O] 0044
f Chan 4 disabled
Box Status Ambient sealed unsealed ratio i
Box Temperature 26.3 deaC 26.7 degC 'On Board Temperature 33.53 degC 13V ected
Reset Enabled | MISC | On Board Humidity 28.24 % RH ) cont
Box Humidity 37.1 % RH 40.0 % RH 1.08 sV initalised
o R | FRED | TC4 TMCB settings Sensor Overview e
Module 1 Module 2
DCM active DCM active
Attenuator| CTRL |  Disablean | Attenuator| CTRL |  Disablean |
_ 15:46 15:56 1620 16:16 16:26 16:36 16:46
_ 14002017 14402017 14102017 14102017 14102017 14.10.2017
1 c2| c3f c4) cs| cef c7 ca| _overview | 1] c2| c3f c4] cs| cef 7 ca| _overview |
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3 DCM = Functional Tests

a

(R

A
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12.50 -16.85845
39156
Conv. loss 197¢
target (dBm] | 3
Reforence > =
P50 £
: -32.64902
[20.00 | [-48.021137]
Power [dBm]
Input Output
. Reference
[12.50
_Cavity 3
[2.50 £
Conv, loss
target (dBml ~ -
! B En
20, -48.81131
Power [dBm]
Input. Output
; | PReference | .6.20549
112.50 | [37.134384)
‘25?*' -17.628002
= -18.103016
Conv. los= [.19,091476|
target [dBm]
Reference |~21:070295)
¥ g 25 0214

PCB Inspection

(d6)
onvers.
Toss
995 [13.33005
-19.35845 -16.832375| -19.332375)
3 — Cavity 3303
[2.50
Conv. loss |
e e
-10.267773 X
-19.149021 aviy |-32.553043
-10.021137, y -a7.651a7
Power [dBm]

Final Module Test B

= npu
Reference
L . 799263
g Conv. lo 5
20.265356| S L .787281
-20.198805) -25.698805!
-20.099987 = -33.599987
-19.81131 g -49,235096
[d8] ¢ [dBm]
Convers...
Loss
12.70451 -6.6075344
-19.634384 12.50 _|1[.37.576792)
-19.628002 -18.09699
-19.603016, -18.567282
-19.591476| Conv. los= _|.19.563349)
target [dBm]
|-19.570295, Raburanca 14038|
[ Sasma e

set to run mode ?
Amplitude detection on ?

DWC setup and ADC calibration
1. Settings for the DWC att. and the signal...

Channel _DWC Attanuator [-d8m]

@NOV A WN -

.
0.
o.
o.
0.

0.0

Tl

2

Step 2: Check all DWC att and calib setting are ok

Module 1
@NO s wWN

Calbeation factor

Module 2
BNOWaEWN N

Step 4: Check Temperature and humidity readout

[

Indoop Temperature
1 20.99degC

2 2a.88degc [l 32767

Reference Ampl.
Module 1
Module 2

Humidity sensor

vumidity 21.0% i [

out data for spedific settings

el DCM Att. [-dBm]

3l 315 0.819
0.888
o0.8a0
0.792
o.811
0.772
0.849
0.811

0.849
0.830
0.811
o0.811
0.830
0.753
0.830
aLs 0.772

tozero | Sw Mode = grey => Switch is in manual mode.

20.287281
2|

-20.198805|
-20.099987
-20.235096,

12.392466
-20.076792]
-20.09699
-20.067282|
-20.063349|
-20.014038

Ampl [mV] Power [dBm]

-ag.407
-a8.021
-48.407
-49.021
-a8.811

L test

{12.5
‘CZV
{2.50

Conv. loss |
et

Sw Mode

-49.235
-48.407
-48.811

-48.407
-48.607
-a8.811
-ag.811
-as.811

L test

-49.455
-48.607
-49.455

anual

RN Ty

tomax

A
11904
1.1904

3 24.90 degc [

327671

Tempera.,.52.2 degCi B8]

3 minimum |

Out of Humidity Humidity (sealed)
1 24.86 degC 32.6 % RH 42.9 % RH

2 24.93 degc 26.5 degC 25.0 degc

3 24.84 degC Humidity Ratio
External Temp. sensor  24.79 deqC 0.76121

Start detailed Matlab test analysi ]

=

[Reference (.6.7027283)

98805,
standard ctrl panel | 15062

5w Pos

150 o o

|-17.777662|
-18.304241.
-18.747173

L

LU

]
il
i

PR

12.297272 “s“""" |-6.4186516| 12.581348
-20.277662| < |-17.882807| -20.382807
=20.304241 ] -18.397272| -20.397272|
-20.247173| -18.864817| -20.364817
-20.25077 -19.860765| -20.360765|
-20.221823| e -21.795277| |-20.295277
=20.198805| |-25.698805( -20.198805
-20.099987| -33.56417 | -20.06417

= Power [dBm] colam
oss e e Loss Test finished!

12.489801 -6.976296 | |12.023705
-19.96966 |-18.378588| |-20.878588
-19.983292 _Cavitv_. |.18.897781| |-20.897781
-19.953573 e |-19.352003| |-20.852003
-19.921883| Conv. los= | .20.33859 | | -20.83859
-19.889952 Ieneat Lo -20.768997,
-19.830944 -20.703634)
-19.748283 -20.6176
-19.606926

24

242|

2.70-+

st |

Precision:

ferance.
Timing| __ Cavity

Documentation & Teststand:

Production Instruction

Assembly Instruction
Test Procedure Definition
Teststand Software

Failure Reports
Bug fixing
... alot of work ...
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4 Long-term performance (Laboratory) — Constant Temperature

the reference

= FLASH injector hutch :  Fania s & i i [Courtesy of J. Piekarski]
(stability <0.2degC_pp) \ ][] [foe reterenee
5 ~ FEEEaAas ot

Drift-Calibration Mi{e (DCM)
N\

\ -
tne pC = U
s é DCM1 300 _
£ s v

2Pa”a%a%e% %" N o » olol-eystob:h* “

FLASH injector hutch ACC1’ operation

2

humidity [%]
85 R OB

R S S S S S S s e S S S S O S S S e S o e e O B
12/11 00:00 12/11 12:00 1311 00:00 13/11 12:00 14/11 00:00 14/11 12:00 15111 00:00
time

-
=
=
=
-
B
g

phase errors [deg]

11/11 12:00 12/11 00:00 12/11 12:00 13/11 00:00 13111 12:00 14/11 00:00 14/11 12:00 15/11 00:00
time

1IN o A n Iﬂll.ll.lullh h JUR ! .HIJ\_“LH_ ,HMH_
WP | UL ""“T”‘ |f"w 1”! NTRALI ' "

T

=

<40fspp over 3 days (1.3GHz)
<50mK internal temp stability

-
=

_. Phase error [mdeg]

111 12:00 12/11 00:00 12/11 12:00 13/11 00:00 13/11 12:00 14/11 00:00 14/11 12:00 1511 00:00

time
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4 Long-term performance (Laboratory, 22h) — rough environment

®» Humidity step response :

DUT DCM

KDS03.0127 0.46

Amplitude [rel. to 1]

3.3deg_pp->0.02deg_pp
1/160 reduction (1.3GHz)

0475 . -

e

1.3 GHz Source

)

Passive DCM
Stabilisation
1 1
s \KS
N2 a9

Phase coefficients
Amplitude coefficients

Effect on splitter caused by a
0.5deg temperature change due to
water vapor from the evaporator. \

 dA/1%RH=00006/42=14e5/%RH

LLRF

0.0005deg/%RH  0.080deg/%RH

(<0.0014% /%RH)

dA f1%RH = d.ODSMQ = 129—5;;’ %oRH

0.012% /%RH

Phase [deg]

dPhi / 1%RH = 0.02/42 =" 0 5¢-3 deg / %RH

2.5 3

100

I
15 2

35 4

—Splitter

LT AT AT A T T A S A T A
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4 Long-term performance (Laboratory, 22h) —rough environment

m Temperature step response :

Y DCM

Passive
1.3 GHz Source|  Stabilisation

GG o

attlll

5deg_pp->0.02deg_pp
1/250 reduction (1.3GHz)

Phase coefficients 0.004deg/degC  1.4deg/degC

Amplitude coefficients (<0.1% /degC) 0.3% /degC
DUT DCM
KDS03.0127

Effect on splitter, rf-cables or
generator are only passively

_ ey Are.onh .
e ? \ dA / degC = 0.005 / 5degC = 1e-3 / degC
m
2 046 :
2 dA / degC = 0.015 / 5degC = 3e-3 / degC :
0 05 1 15 2 25
8 “|—Non-Corrected | -~
. ; - |—Corrected

. dPhi / degC = 5deg/ 3.5 degC = 1430e-3 deg / degC :

876_. . = I A,

=

]

il

274

dPhi f degC = 0_02deg /5 degC = 4e-3 deg .f degC : :
i | i I ]
72D 05 1 1.5 2 25

Splitter is only passively
stabilized, to be improved

I
0 05 1 15 2 25
Timefh]
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4 Long-term performance (FLASH) — DCM in Action

45 Comparison of Phase correction and humdity change 5
T T T T T T
) System re-init =>ignore
[Courtesy of C.Schmidt] /\ 115
40 11
= .ﬁ P 105
o I ' —
= : A Al B
=35 | | i W MmN g -o =
2 W Ay z
: L\ A ) | J =
= y e H‘i v Y 4-0.5
30 —1-1
+4-1.5
25 1 1 1 1 1 1 1 _2
0 5 10 15 20 25 30 35 40

Time [days]

4 - Humidity induced phase drifts dominates and compensated using the DCM
- Rule of thumb => 1% Humidity change ~ 0,1deg Phase change

ﬁ HELMHOLTZ
| GEMEINSCHAFT Dr. Frank Ludwig | LLRF Workshop 2017, Barcelona | 16.10.2017 | Page 17



4 Long-term performance (FLASH) — Arrival time

m Arrival time at 4DBC3 with ACC23 DCM on/off :

[Courtesy of C.Schmidt]
Arrival time 4DBC3 as function of temperature drift
-8600 _ ! T ! T T T !
Induced temperature jump in Rack (+2degC) |
A
m : :
= Z o100k R S
) = |
o
00
!
v -9500 : o DCMon
3 o : : : : : o DCM off
~9600 I I I | I I I |
0 200 400 600 800 1000 1200 1400 1600 1800
t [s]
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5 Summary and Outlook

® The Drift-Calibration Module stabilizes LLRF-systems down
to 0.02deg_pp and 0.02% pp at 1.3GHz for pulsed machines.

= A module for CW-operation is under construction.

Thanks for your attention!
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