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Goal

Measurement of

Resonance frequency
Bandwidth

Loaded quality factor
Orthogonal coupling

Slope Voltage/Offset and
Voltage/Charge

Compare with expectation to

Improve next generation

D. Lipka, MDI, DESY Hamburg
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Vacuum simulation view

Reference and Dipole resonator
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The European

X-Ray Laser Project ray rre eicciron taser

Measurement setup with Network Analyzer

Port 1 — 4: Dipole resonator

Port 5: Reference resonator 5

T

Cavity BPM
2

Network analyzer J 3

2 channel network analyzer (NWA), measurement of scattering matrix (S-
parameter: S11, S22 [reflection] and S12, S21 [transmission])

Other ports terminated with 50 Ohm

D. Lipka, MDI, DESY Hamburg
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The European X F E L

X' Ray Laser P rOJ eCt X-Ray Free-Electron Laser

NWA: Rohde & Schwarz

Up to 8 GHz
N-Cal-Kit from PSI
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Transmission Data: Analysis

Time domain Frequency domain
L 1 .
Ut)=Uoe " cos(@t)O) |Fqyrier transformaﬂ> F (o) = Dou P
W, =27, N2rx (1 _ jz )
“tiw | +of

f, =resonance frequency T
- :&’ decay time A_dapting |F(w)| to transmission data

S gives resonance frequency and loaded
Q, =, loaded quality factor quality factor

f : 5 o0af
BW = —2, bandwidth UF
L O.Bi—
U, o beam offset osf-
0.4 z—
0.3 i—
0.2 i—

o1E Measurement|
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X-Ray Laser Project ray rre eicciron taser

Dipole resonator: Results

Parameter Expected BPM | BPM II BPM llI

fo / MHz 440017 4408.7 £ 0.6 |4419.0+£0.5 (4414.5+0.6

BW | MHz 74 70.1+22 66.7 + 0.7 7/29+15

Q. 60 63.0+ 2.0 66.3 £ 0.7 60.6 + 1.3

For resonance frequency the reflection data of
dipole resonator used too,

Systematic shift of frequency to higher values
because of roundings

D. Lipka, MDI, DESY Hamburg 7 # weLmnovz
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Orthogonal Coupling

expected: -28 dB

Ports [ BPM | /dB |BPM Il /dB | BPM Il / dB
1-2

3.4 |-30.9+0.1 [-30.7+0.3 [-20.0%0.2
1-4

5.3 |-27.0+0.1 |-288+0.3 |-27.5+0.5

BPM lll is installed
in beamline for
beam
measurement,
possible to measure
coupling with fast
oscilloscope
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Cavity BPM

. Translation one
- waveguide
__position in x by
- +0.15

— Reducing

- tolerance for

T next generation
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The European

X-Ray Laser Project ray rre eicciron taser

Reference Resonator: Analysis

Only Reflection S11 because one port on this resonator

S11, =S11e’**

Cavity BPM

L~ 5 27
NWA ‘ Reference v
s11 | si11, p
C

Connector with length L Yo = Je

Measured S11 -> recalculate to S11, -> o= llglnit Ve By

recalculate to impedance Z g, —dielectric
7. —5001+5th 1+S11
1-S11.

Adjust L until Re(Z,) constant, point of intersection between Re and |Im|
gives bandwidth for Q, with Z, + 50 Ohm

D. Lipka, MDI, DESY Hamburg
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The European

X-Ray Laser Project ray rre eicciron taser

Reference Resonator: Results

Parameter Expected BPM | BPM Il BPM Il
fo /MHz | 4400 +16 |4410.6+0.2 4412.0+ 0.1 44115+ 0.1

BW /| MHz 70 67.75+0.95 69.59 + 0.92 70.63 £ 0.36
Q. 62 65.11 + 0.91 63.41 + 0.85 62.46 + 0.32

Systematic shift of frequency to higher values

because rounding causes this shift

D. Lipka, MDI, DESY Hamburg
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Transmission Data broad frequency range

«10°
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o1 Measurement
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Adapting |F(w)| to broad
frequency range transmission
data gives resonance
frequency and loaded quality
factor for higher order modes

Global fit does not describe
background perfectly,
therefore range per mode
restricted
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Transmission Data broad frequency range: Results

Measured values

shown

Result: Agreement

with short range
TM,,, therefore

broad range can be

used too

Mode | Parameter Expected | BPM | BPM II

fo / MHz | 4400 + 17 | 4409.0 + 0.7 | 4419.2 + 0.4
My Q, 60 62.8 +1.9 65.4 + 0.4

fo /MHz | 5192 |5183.1+0.4 |5191.5+0.4
My Q, 30 29.2+0.2 [29.9+0.2

fo /MHz | 7612 |7623.6+3.2|7618.2+1.0
Mz Q, 54 61.6+0.3 |60.3+1.8

D. Lipka, MDI, DESY Hamburg

Reflection Data:

Too few data points
to get result of
guality factor
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The European

X-Ray Laser Project ray rre eicciron taser

Summary Network Analyzer Measurement

 Measured frequency, loaded quality factor of dipole and
reference resonator

 Measured orthogonal coupling of dipole resonator
* Frequency shifted to higher values due to rounding

* Orthogonal coupling of BPM Il higher because of
mechanical tolerances

D. Lipka, MDI, DESY Hamburg
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BPM Il in Beamline

Beam Measurement with Oscilloscope
(6 GHz, 20GS/s), 123 m cable between
BPM and Oscilloscope

Available: stepper motor in both
transverse directions (X, y)

Test of movement range, boundaries
determined by beam loss monitor:

Horizontal: between -1.57 and 2.05 mm

Vertical: between -2.82 and 0.97 mm

SASE not affected!

D. Lipka, MDI, DESY Hamburg
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The European
X-Ray Laser Project X)R(yFFEHELL

4==u- Tunnel @ Kryo-Anbau sasalp

Pickup ' Panel Tektronix TDS 6608B
Panel AN-16 Digital Storage Oscilloscope

#1 J\ #1 .L #1 Chl  Ch2 Cch3 Chd

hi b b ?
#3 #4 #3
MCL e -~
VLF-6000+ ~lele
2 B BS
10 dB VWS AWV

O {H—p—C—

#2 #3 #2 Q
#4 #6 v/ I #4
L
#5 #2 T #6
Patch cables 120 m 7/8" Patch cables
tunnel side Coaxial cables "Kryo-Anbau" side

Reference resonator signal always on channel 4
Free port terminated with 50 Ohm load

D. Lipka, MDI, DESY Hamburg A0 £ ueLmnoLtz
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Attenuation and Phase shift of cables and filters

The European
X'Ray La.ser PrOJeCt X-Ray Free-Electron Laser

Table: Summary of signal losses and phase differences in [dB] and [°].

XFEL

Signal Patch cable 120 m 7/8" Patch cable Low pass Total
{(pickup tunnel side Coaxial cable | "Kryo-Anbau" filter
portnr.) [dB] £ [°] from [2] side
1 Dy 1.50 £ 0 10520 1.70 £ 0 049 £0.0 142 £ 0.0
2 Dy 1.35 23 105 £-2.5 1.45 /£ =5 047 £-09 | 138 £-54
3 Dy 1.60 £ -5 105 £ 17 1.50 £ 8 045208 | 141 £20.8
4 Dy 1.55 £ 6.5 10.0 £ -14 1.50 £ 4 044 £3.5 13.5 200
5 Ref 1.52 £ 2.5 9.8 £ -7 1.65 210 054 £-09| 135246

In addition 10 dB attenuator for Dipole signals and 20 dB for Reference signal

D. Lipka, MDI, DESY Hamburg

@' HELMHOLTZ
I GEMEINSCHAFT



The European X F E L

X Ray Laser PrOJeCt X-Ray Free- Electron Laser

Fit function

To increase oscilloscope resolution for amplitude a fit is applied to the time

signal, in addition resonance frequency and loaded quality factor is observed:
t tg

T ndf 0.07559 249

U (t) =U_ e * COS(C() t+ ¢)®(t ) § 0.421= 0.005196
out R tri er S = out

% E - Thin line measurement :_!; 4.417e+009 ;: ;__.:253_“:: :::

Wy = ZﬂfR 04 Thick line fit ﬂ P ﬁ Eﬁasu 163.7 = 0.8049

8.001e-010 = 5.724e-012

fR resonance frequency 0.2 ﬂ N ' Ty 1.51e+009 = 1.158e+008

T =i, decay time 0
7f N

Q, loaded quality factor 2= H u y

¢ phase offset e
t. end of transient oscillation

U, oc beam offset 2.4

Ut)=U,,e"" cos(w.t + @)

For time between t
_ f, gradient frequency

and tg

trigger
()

D. Lipka, MDI, DESY Hamburg
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The European X F E L

X' Ray La.ser P rOJ eCt X-Ray Free-Electron Laser

Fit maximum range

¥ 1 ndf 0.02877 [ 260 2% I ndf 0.5767 [ 260

u,. 0.4016 = 0.003298 U, 1.874 = 0.01202
> c f, 4.416e+009 = 4.658e+005 > F f, 4.408e+009 = 3.492e+005
> 04/ Q, 55.36 = 0.6724 s 2 E_ Q, 65.93 = 0.6843

= phase -103.6 = 0.458 150 phase 60.64 = 0.395
0.3 t, 1.182e-010 = 1.251e-011 = t, 9.996e-011 = 1.450-012
02 = f, 2.434e+009 = 1.864e+008 1B f, 1.365e+009 = 8.361e+007
01 0.5

oF of-
0.4 0.5
02 1B
03fF- A5E-

= 2 reference
0.4 2F-

= A IR B B RS R 1 [ E. e e e1e®

0 10 20 30 40 0 10 20 30 40
tis tls

* t =14 ns shows an additional oscillation: reflection between patch cable in
tunnel (1.5 m long connected on BPM) and 7/8” coaxial cable
 therefore time of fit imited tot__, =13 ns

D. Lipka, MDI, DESY Hamburg . ) r‘ﬁHELMHuLTz
] IGEHEINECH#FT 19



The European X F E L

X' Ray La.ser P rOJ eCt X-Ray Free-Electron Laser

Fit at small offsets

Channel 1 w7 ndf 0.003543 / 249 Channel 2 =7 ndf 0.004704 / 249
U, 0.02419 = 4.312e-005 U, 0.01046 = 2.163a-005
> = i, 4.40+000 = 8.068e+004 > F i, 4.40+009 = 9.279a+004
5 003 — Q, 47.33 = 0.3554 =0.015 — h 40 = 0.4954
C phase -83.79 = 1.087 = phase <180 = 1.115
0.02— 1, 1.174e-008 = 2.491e-011 001 1, 3a-010 = 3.755a-011
c 1, 1.538e+009 = 2.353a+009 Tk 1, 4.031a+008 = 3.053a+009
0.01— 0.005 — ‘
— - | |
- — I
o— o | ||'|| |-.||.|||1|-||
[~ - . I . 1 [ 1L
E = ||-||||||'|'|||'|f|
0.01— 0005 ! |
0.02- o = beam at BPM center
= Thin line measurement 001
0.03 Thick line fit oo15E (file 17 y scan)
= ) 3 — <8
C. M B R IR R BN v\ e 110
] 5 10 15 20 a 5 10 15 20
tis tis
221 ndf 0.005654 | 243 ¥ 1 ndf 1.633 / 249
Channel 3 U, 0.01018 = 2.935e-005 Channel 4 Ut 2.029 = 0.02504
> - f. 4.40+009 = 1.432e+005 > 25 i, 4.409¢+009 = 5.203+005
P05 [~} 40 = 0.7366 = = Q, 68.18 = 1.181
- phase -73.38=1.114 2 phase -116.9 = 0.7068
001 . 3.041e-010 = 4.2818-011 E 1, 7.446e-010 = 4.605e-011
- f, 9.999e+011 = 4.528e+003 155 1, 9.317e+008 = 1.888a+008
0.005 |— | I i 1B
— ‘ | | | d l | | E
ﬂ_— | ||| | -||I||I|||.I.||L||] ﬂ.5:—
C el E
C | ) | | | | | | | [
- 1 =
-0.005 — 0.5
-0.01— A
C 1.5
-0.015 [— = =
c', é 1|u — 1|5 zlﬂ 10 Y Sl M MR MR M e dee®
tis 1] 5 10 15 20

tis

For small offsets the fit does not describe to the data perfectly, frequency and
loaded quality factor at boundary

D. Lipka, MDI, DESY Hamburg
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The European X F E L

X'Ray La.ser PrOJeCt X-Ray Free-Electron Laser

Frequency Domain

Channel 1
. ™y, . Channel 2
s S orE
B 06—
0.8— =
C 05—
0.6_— 0.4:—
n 03l
04— =
C 02
02— TM12 0.13—
a A i Jﬂwﬁ o e o_ A Y R — s 10°
o 2000 B000 500 0 2000 4000 5000 8000 10000
f1Hz 1 Hz
Channel 3 Channel 4
= F 2 :
B °~Tf— = 100—
o.sf— C
E 80—
0.5 C
o.af— 60—
03— a0 —
02 C
w M"N\'\M “r
01— —
% 2000 I E—T) B T gt 2000 — e w05 T wmcnl}ns
fiHz fI Hz

Because other frequencies contribute to the signal

But amplitudes from fit are useful at small offsets too; resonance frequency and
loaded quality factor are taken outside of the beam offset minimum

D. Lipka, MDI, DESY Hamburg A0 £ ueLmnoLtz
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Vertical Scan

Charge about 0.65 nC, Voltage corrected to attenuation

Reference resonator

| channell norm 4 I

Dipole resonator

=

—

16 corrected to charge fluctuation from channel 4

=U
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n
o
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Dipole resonator:
fo =4417.7 + 0.8 MHz
Q =56.7+1.8

-6.63 V/mm
6.71 V/mm

Left slope:
Right slope:

D. Lipka, MDI, DESY Hamburg
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Reference resonator:
f., = 4407.4 + 0.9 MHz
Q =688+1.1

U =99.1+13V

mean

Errors are standard deviation
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The European X F E L

X' Ray Laser P rOJ eCt X-Ray Free-Electron Laser

Scan Results in horizontal and vertical direction: Slope

Charge Toroid / | |Slope| / |Slope| / U s/ U et/

nC V/mm V/(mm nC) Vv VInC
X scan 0.653+0.010 | 6.62+0.19 | 10.13+0.33 | 100.2+1.2 | 153.4+£3.0
Y scan 0.662 £+ 0.009 | 6.67 £0.06 | 10.08 £ 0.15 99.1+1.3 | 149.8+238

Average 20

0.656 + 0.009 | 6.12+0.16 9.33+0.28 91.2+1.3 138.9+ 2.8
Pulses X scan

Average 20

0.649 £ 0.010 | 5.78 £0.29 8.91+0.47 84.7+1.2 130.5+ 2.8
Pulses Y scan

Simulation: 9.8 V/((mm nC) 92.6 VInC
Toroid charge almost constant but reference and dipole d;ta\
SEEEREle Measurement
has to be
repeated

D. Lipka, MDI, DESY Hamburg E?E?j # wewmnovrz
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The European

X-Ray Laser Project ray rre eicciron taser

Scan Results in horizontal and vertical direction: f, Q

Dipole resonator: NWA Measurement: Expected:
fo =4416.8 £ 0.6 MHz 4414.5 £ 0.6 MHz 4400 = 17
Q. =57.0+0.9 60.6 + 1.3 60

Reference resonator:
fo =4407.8 + 0.1 MHz 4411.5+£0.1 4400 + 16
Q =671+04 62.46 + 0.32 62

Frequency domain measurement with higher resolution; here only statistical uncertainty

D. Lipka, MDI, DESY Hamburg
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The European X F E L

X'Ray La.ser PrOJeCt X-Ray Free-Electron Laser

Crosstalk

| channelZ norm 4 I

°sE Orthogonal port Slope of orthogonal Ports shows

o iIncrease of signal (crosstalk)

0af- Result: -29 dB for all measured
orthogonal Ports

&

2.5 -2 1.5 1 0.5 0 0.5 1
y /! mm
FFT channel 2 out_MAG
4594

Entries

aE- i 1dueron Analysis of time data to frequency
25F- domain gives slope, results in a

£ Offset: 2.48 mm crosstalk of -23 dB

13 M L,\ NWA Measurement: -20 and -27.5 dB

1] 2000 4000 6000 BOOD f/ H‘Izﬂl'.ll]l]

@' HELMHOLTZ
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The European X F E L

X' Ray Laser P rOJ eCt X-Ray Free-Electron Laser

Crosstalk in time and frequency domain

Question: crosstalk in time domain smaller compared to frequency domain?

« 1 ndf 0.9364 / 251 « 1 ndf 0.007134 1 251
C h anne | 1 u,, 1.009 = 0.02281 C h anne I 2 u,, 0.03677 = 6.505e-005
> C f. 4.418e+009 = 1.391e+006 > 004 Err 1 f. 4.422e+009 = 1.129e+005
s 11— Q, 56.98 = 1.523 5 %4 EThin line measurement Q, 165 = 0.575
C phase -128.3 = 1.259 aozE_Thick line fit phase -111= 1.668
- L 6.835-010 = 1.461e-011 = L 2.699e-009 = 3.81e-011
o5 f, 5.038e+009 = 5.448e+008 0.02E- f, 8.689e+008 = 4.483e+008
C 0.01F
0— o
r 0.01F
05— 002
B -0.03
A— =
L A R R T S PR ¥ | o4 Oy bt
0 5 . 10 15 20 0 5 . 10 15 20
Voltage not normalized to attenuation tis Voltage not normalized to attenuation tis
File: YO1

Reason: larger loaded quality factor on orthogonal port gives larger signal in
frequency domain

Result: Crosstalk depend on analysis/electronics!

D. Lipka, MDI, DESY Hamburg . ) Fﬁnemuuuz
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Summary Beam Measurement and Outlook

 Measured time signals from cavity BPM: dipole and reference resonator
» Slope of Reference Cavity higher as expected
« Measurements has to be repeated with monitoring charge synchronously

e Crosstalk

* Next prototypes: 3.3 GHz (cooperation decision)

 Number: 3 for resolution measurement installed at FLASH each with stepper
motor in both transverse directions

« Status: Design

« Date of installation: Christmas 2008, measurement until April 2009

LE'?Eﬂ # wewmnoirz
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