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1 European XFEL Injector commissioning

European

XFEL | Comparison of TDR and achieved parameters

Quantity TDR Achieved
Macro pulse repetition rate 10 Hz 10 Hz

RF pulse length (flat top) 650 us 670 us

Bunch repetition frequency within pulse 4.5 MHz 4.5 MHz
Bunch charge 20pC-1nC 20pC-1nC
Slice emittance (about 50 MV/m gradient, 500 pC) 0.6 mm mrad 0.6 mm mrad*
Achieved proj. emittance for 500 pC bunches and ~53 MV/m gun gradient 1.2 mm mrad

TDR parameters could be reached

*This value was measured using the four-screen-method. The best results
achieved, 0.4 mm mrad for the same bunch charge and gun gradient, was
measured with a multi knop quadrupole scan (to be presented later).
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XFEL injector cooldown
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European XFEL Injector commissioning

European

XFEL | Electron beam in the injector dump

[HC] Charge data from Charge ML
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European XFEL Injector commissioning

European

XFEL | Injector laser

Initial difficulties with the alignment of the injector laser could be fixed mid February 2016.

SCRN.24.11
OTRC.55.11

Far field camera Near field camera

O
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European XFEL Injector commissioning

European

XFEL | Injector laser stacker

It is possible to stack the injector laser pulse. * * ’ _ '
The longitudinal laser profile is changed :
from Gaussian to flat top. SN |r )/\—\ =

\/ to am'pzllifier:
Reduced space charge effects should mm YVO4 10mm Vo4 drvie
lead to smaller projected emittances. i
. J V \"u... 1 fl‘.wi.
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European XFEL Injector commissioning

European

Maximum pulse length and maximum gradient

The gun pulse length reached 650 us March 13
B Maximum gradient

GUN Cndioing reached first time July 18
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European XFEL Injector commissioning

European

XFEL | Restarting the electron gun by hand

XFEL_gun_temperatures_curves.xml XFEL.UTIL/WATER/GUN/SASE

Gun Temperatures
Gifi.

Restarting the gun by hand takes

typically 1 hour. "“‘fi?)‘\
Typically the gun gradient is 1 AN

— \\1 =
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N
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54.
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H foutTin 191331'5 19.‘;‘1:.3316 19.?1:.8316 193:.%816 19.54:.5316 19.451:.3316 19.?1:.3316
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temperature in order to stay on
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reflected power low.
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European XFEL Injector commissioning

European

XFEL | Fast RF-GUN restart/startup

Problem description for an RF-gun M. Grecki (DESY-MSK)
restart after break-down

RF power is missing (>50 kW average
power)

-> Power induced heating is missing j

RF gun gets colder and “shrinks”

= Investigations since ~2012 (even earlier)

= Successful tests performed at PITZ

A~

SiNAR

o Rapid recovery after RF break
- Frequency mismatch (detuning) during Q[ down of high average power RF Gun
start-up (result: high reflected power) S| voriusz orecki (oS T S £t s 1 e e
| e s e s oo e =
Overcome detuning effect by adjusting Q| ST e B -
the drive frequency O| ey
- Phase slope in baseband &
(dw =dg/dt ) -
Goal: Keep the reflected power as small e T MAREe EEEEE
as possible during start-up b e - . e
> Adjust RF gun temperature or drive . =
signal by proper phase slope e
Zeuthen, October 11, 2016 (29 ueLmmoirz
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European XFEL Injector commissioning

FastRF-GUN restart/startup

XFEL

Methods to minimize the detuning O. Hensler (DESY-MCS)

1. Keep the amplitude of the reflected signal minimal = FSM Implementation with direct detuning
Solve an optimization problem computation
= Increase Amplitude with fixed pulse length
D{EV] TTF2.RF/LLRF. CONTROLLER/PREF . GUN/AMPL. TD Increase pulse Iength
Slope determines
0.8t detuning of the cavity
Detuning controller 60
0.6 keeps the reflected
power horizontal.
0.4
o 50
0, s . I . L "
Ras:D-llnuF: ‘ 500. 1000. 1500. 2000, ZE;DSC:II. _ 40 | I—
Plot (spectrum) £
2 . . .
2. Get detuning from virtual probe and reflected 1 = 30| - [rm— et |l Reflected signal limit |- .
. ' o] : : :
signal 3 1 : . 5 |
o 3 | | | | |
Already done in pulse width modulation 2 ;
concept : : : . . :
Use this for direct detuning compensation o--f L R A R 1
See panel Pulse Width Modulation 0 ? ? i i '
400 500 600 700 800 900 1000
" GUN_LLRF temperature_Zxml FLASHRF/LLRF GUNTEMP/GUN/ {on ﬁash\xus:rl)- Time [us]
i Freq. detuning: 1977 [Hz]
Feedback | Overview | Expert |
PWM Feedback
0.096 SP Detuning Temp. [K] 1977 [Ha)
I;’rn;‘):;:d SP: 0.092 (must>0)
INIT Flattop 440 [us]
INIT SetP IRIS 59.76 [°C]
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1 European XFEL Injector commissioning

Comparison between theoretical and measured

European

XFEL | trajectory responses

Measurement Information Measurement Results
The beam is deflected by with a o) Theoreticalopics: | Madelat tme of measurement ¢
steerer and the trajectory response [ECEEt-— AT SR ——— ‘ ‘ | Sewpomts:
is measured on the following s :°§§§§£ng
BPMs. Comment T e
The trajectory response tool does e eommen R e e ] ~
the measurements for all steerers o vemaTmesoy
(quads, RF amplitudes, ...) | | | 3 | 3 | | |
automatically.
The magnets model used for the | 3 ‘ | ‘ | | ‘
calculations of the theoretical 5w % iﬁrizoma. B:s Responses‘o s @ o«
response matrices leads to the 75/ L A R N S
same results as the measurement. £ o o e emesaired
i% 0

This results lead to the conclusion 8 ‘ ‘ ‘ ‘ i i i i

25 30 35 40 45 50 55] 60 65

Status

that also the transfer matrices, Measurement complete: o vecameMRegense

. K 2016-03-23T195906.1xt 5 051 o
which are used e.g. for emittance g g | | ]
= O==x ‘ — == = =
measurements, are also correct. 5 | | 1
8 -05- R
s % 3 20 P 50 5 80 65
Beamline
: l:ll:ll:ll:ll:ll:ll:ll:ll lD:DDDDDDD o oll ;IIc () c LI ] o | ..;
2 %0 % 40 25 50 55 %0 65
z (m)
Trajectory Response 0.95beta Start Measurement... Open File... Print/Export... Quit
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European XFEL Injector commissioning

european | XFEL injector emittance measurements, the four
XFEL ] screen method

Best results from projected emittance measure-
ments for different bunch charges. These numbers

asurement New Measurement Match Optics 9 40+

Emeance | frror e oo fror | IMAG | BeaiDsC Alpha iDSCH)
7 Oplics Server
12877 0030 20148 0DGs 10637 00STe 12522 23718 10T o mw T0S cengn opcs 110, Uncutor 424, suto [ Rasel
Energy stored in beam profile server file: 132.3859MeV
Summary plot Data plot 1 @ Auto zoom eamparam.| Reslore quads = X | Current energy in optics server @OTRC.55.11: 130.018

2016-07-24T051108-0TR.55-59.11
OTR

were measured with a gun gradient of 53 MV/m.

Charge | Horizontal ___| Vertical ____

50 pC 0.56 uym rad 0.64 ym rad
7 ; 100 pC 0.77 uym rad 0.83 ym rad
_ | 500 pC 1.28 pm rad 1.23 um rad
e | 1000 pC 2.95 um rad 2.81 um rad

hor. normalised Phase Space +*IN=28.751
012

e

(o x + B, 2 )/pel?
beam size in x [mm]

o

-]
]

o o o
= & o e o
B o= o o= =
B = &n = &

beam size Iny[mm]

SR Most of the time was spend to optimize emittances
-1 -D.f;‘jﬂ:[g?:‘.zuﬁ 1

of the 500 pC case. Thus it is possible that the
other results can be improved further in the future.

a-Lobook
xfeloper

Summary 2016-07-20T211125-0TR.55-59.11
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European XFEL Injector commissioning

european | XFEL injector emittance measurements with

XFEL | quadrupole scans

There are two possibilities for quad scans with one quadrupole in the injector.

Applying a special beam optics that is suitable to scan both planes with one quad
and one screen at the same time.

Using two different quads and screens for horizontal and vertical plane with the
default injector beam optics.

Horlzontal plane: Q1.57.11 -> OTRC 59.11

geo (e75m35)n m rad a"ce\

VI oo vera
S | A\ Quad scan 2.30 um rad 1.41 pym rad

: 4 screens 2.51 ymrad 1.63 ym rad

0.004

07 08 09 1 11 12 1
kL (m/rad
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European XFEL Injector commissioning

European

XFEL | Four screen method with off-axis screens

The XFEL can deliver up to 2700 bunches with a bunch to
bunch repetition rate of 4.5 MHz .

tion 10 Hz:
Fast kickers allow to kick single bunches out of the trains et
to the screens while those are in off-set position. bunch train 1 I I I
That allows us to measure the emittances and beam optics Option 5 Hz: ! !
parameters on-line while all other bunches are delivered to bunch train 1 [] [ 1 ﬂ N[
the undulators. bunchtrain2 N T I | [| E]
In addition, it is not necessary to move the screens in and Option 2.5 Hz"
out. Thus, these measurements take only ~20 seconds. bunch train 1

oooooBDOoaO
There are Matlab tools available, which were used bunchrain2 (O @00000
frequently by the operators during the last injector run. bunchtrain 3 [T A00B 0D

ooeoonoo

bunch train 4

< 3 . Scheme of the XFEL
First time beam on all four off-axis screens: March 3, 2016 Q screen station . . )
> > |njeqtor diagnostic
~ . . section
. . | dipole
I’ I’
Ba B . .
i B > main beamline
(= I — N — T — N
kicker magnet . l I
T N [0
@ @ local dump
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European XFEL Injector commissioning

European

XFEL | Multi bunch operation

Multi bunch operation (> 30 bunches) started March 16, 2016

X| Bunch Currents TOROID/TORA.46.11/ Device

SA1: 0.504 nC saz2: 0.000 nC config

[nc] TOROID TORA.46.11 CHARGE.TD
0.7

= Charge 46.11; Bu=1011890957 [nC]
0.6+ J5vn/XFEL/diag/toroid /X FELToroidInjectorDisplay.xm| XFEL.DIAG /CHARGE.ML//
XFEL INJECTOR TRANSMISSION
Inc]_ Charge data from Charge ML
0.5+ S T oereemron e saT rei ]
JCHARGE ML/BPM'/CHARGE SA1 [nC] [
0.28
0.26
0.4 o]
0.224
u 3 | 024
0.184
0. T T T T T T T T T
2| 25 30 35 40 45 50 55 60 65 70
0.2 m)
Select Beamline Selected: SA1 BPMs | Hide | Show
o
014 :I v [I k}{i |] ) ° @ o o
o o
o5
Cb‘
=
Details for: BPMA.55.11 2700 #bunches 0.262 nC. o#bunches  0.000 nC O#bunches  0.000nC
Transmission [%]: 0.00 (000 ) Transmission [%]: 0.00 (000 ) Transmission [%]: 0.00 (000 )
'0.1 T T T T T T T T T T T
]
780.  8do. 820. 8do. 860. 880.  900. 930. 9do. 960. 980. 1000 © _—
0ze]
=
o=
ol
sae]
a0 s 00 4. 1350 o0
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European XFEL Injector commissioning

European

XFEL | After the first run with 2700 bunches

/svn/XFEL/diag/Pandora/XFEL_InjectorLosses.xml XFEL/RadMonlP/ |

Messprotokoll zum A von Stellen mit erh” hter Radioaktivit%t bei XFEL-Inj. 1 |

European
XFEL

HistEXFEL.DIAG/ CHARGE.CALC/I1.PAIR/CHARGE _SUM.TORA.25.J1.HIST =100=]

[n;iscansvmy] Pandora X-040 in injector 1 tunnel [([:IL |‘1.PAIRICHARGE_SUM,TORA_25_|1 — o
Zeit: 08:20
0.3 Beschleuniger: XFEL - Inj. 1
gemessen von: P. Hartz / Gerdt
M Yok 6150AD2
Bemerkung:
Dosisleistung Dosislei
in 30cm [nSv/h] | Oberfl%he [pSv/h] Bemerkung
0,2| 0,
0,2] 0,2'
0,2] 0)3' 45m
0,2] 0,2'
0,2 0,3' rechts
0,2] 1)0' Bello
1952015 1952016 1932016 1952016 2016 0.2 0’4I Lochts
0,2] 1,(I rechts
59m [Quadropol QI.59.11 0,2 3)2' rechts
60m [Quadropol QI.60.11 0,2] 4,2' rechts
_GOm Torcw1 % 1 d rechts
62m Dipol BP.62.11 5,0 240,0] rechts
63m GP IP-HV-1060 2,0 100,0; rechts
san_tauzorpo gieet | 250 rechts
65m Dump Flansch 0,4 13,0}
Wand Dump Bohrung - 1540,0 rechts unten
1952016 155 kvt 1% 19 52016 1952016 1952016 3018

Pandora readings did not change dramatically . 7 T t
eam line activation measuremen

March 22, 2016

after switching to 2700 bunches

Zeuthen, October 11, 2016 \ ﬁ HELMHOLTZ
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European XFEL Injector commissioning

European

XFEL

| Messprotokoll zum A von Stellen mit erh” hter Radioaktivit% bei XFEL-Inij. 1 |

After the most intense run

Datum: 25.07.2016
Zeit: 08:50 [c] NN.PAIR/ICHARGE_SUM.TORA.25.11
Beschleuniger: XFEL - Inj. 1 3.2
gemessen von: Hartz
Messgerdik: 6150AD2
Bemerkung:
Dosisleistung Dosi
Messort Bezeichnung in 30cm [uSv/h] ]Oberfl%he [pSv/h]
25m Toroid 25.1 1 0,2 0,2
26-38m Modul A1.11 0,2 O,ZI
38-45m Modul Att1.11 0,2 0,2'
46m Toroid 46.11 0,2] 0,2'
48m Dipol BL48.I1 0,2 6,5}
48m [Target-OTRL.48.11 0,3 0,5}
.
56m Target-OTRC.56.11 0,2 0,5}
59m Quadropol QI.59.11 0,3] 2,0}
60m Quadropol QI.60.11 0,3 2,7}
60m [Toroid 60.11 0,5 4,0 rechts
62m Dipol BP.62.11 2,0] 23,0} rechts
63m GP IP-HV-1060 4,0] 26,0} rechts
64m Quadropol QI.64.11 0,5 9,0} rechts
65m Dump Flansch 4,0 10,0)
Wand Dump Bohrung - 526,00 rechts unten ca. 1,60m Tief . . .
We improved the beam transport to the injector
dump and reduced the activation of the beamline.
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European XFEL Injector commissioning

European

XFEL | Long bunch train operation and photo cathode QE

MASTER/NUMBER_BUNCHES.1
i}

2700 ‘k }\II
0 111, 2211 13120 3.1 241 4.2 6.3, 27.3. 1h 1h 1h 1h 1h 1h 6.11.
2015 2015 2015 2016 2016 2016 2016 2016 17.4.2016 22.5.2016 26.6.2016 31.7.2016 4.9.2016 2.10.2016 2016
January March May Jul
February April June y August

Color code: Sensor 1

Comparison of the first and last QE map

ol codo:Sensor Extracted charge at different
—tl | positions of the gun cathode
taken February 22 and July 18.
3 3 The impact of the injector laser
3 on the cathode is visible.
. This is known from FLASH.
o There the QE of a new cathode
drops by ~20% at the used
N et || position but stays constant after
Actuator that.
Zeuthen, October 11, 2016 400 660 800 1000 1200 ’-5); ﬁ HELMHOLTZ
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European XFEL Injector commissioning

European

XFEL | Emittance measurements along bunch trains

Each of the bunches within a bunch train can be kicked to the off-axis screens.

This allows us to study the beam emittances and matching parameters along the
bunch train and to match any of these bunches.

First emittances measurement along the bunch train: April 12.

An example for projected emittance
measurements along the bunch train.
Both emittances as well as the

mismatch are almost constant over the
train.

o 100 200 300 400 a0 GO0
biurich no,

Repetition rate 1.125 MHz

BMAG

bunch no.
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European

] n
XFEL | Emittance measurements along bunch trains
OTRC.55 11 OTRC.E61 bunch o, 1
— ! T T ! T ? T T
G- JR LY "R USSP SN ORI SRS OV S i hor. [
T~ L : : . wert.
50 E SO SOV OUUUTURE SOVSUUUOR SO A P GRS e =
g’ ; i |
00 E r1afi- Y o T AN S
@ L EET 5 5
e T T T e L.
@ : ;
§ rep TR T ArrrgaEdeL
@ i i i i i i i i
20 40 60 80 100 120 &0 100 150 0 200 400 s00 ann 1000 1200 1400 1600 1800
brurich nio,
OTRC.58.11 OTRC.59.1
T T T T T T T T
13, TP R - SOt S SOt MU R har.
. S L e P L L S vt |7
D R T
R T =i
150 B e e A Y SR
1L =SSR SN PSS SO SN M S - -
1 1 | 1 1 | 1 1 1
L1 100 150 20 40 &0 B0 100 120 0 200 400 s00 ann 1000 1200 1400 1600 1800
bunch fo.

Evolution of the projected emittance, the mismatch and the beam shape over the bunch
train. The bunch charge was 500 pC.

This measurement was taken while the injector laser stacker was in use. The unstable
emittances and mismatches are eventually due to alignment issues with the stacker.
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Possible effects from emittance variations along the

European

XFEL | bunch train

[svn/FLASH fdiag/SASE [FLASH_DOOCS_SASE_Viewer.xml TTF2.FEL///

FLASH.  FLASH 1- SASE viewer  670.7 MeV GMD-Tunnel 1.00 mm / 5.00 mm 10.23 pJ +- 13.86 nm
24.55 mW GMD e-signals photon-diag E-server Print

[uJ] Long Term SASE Intensity [uJ] Short Term SASE Intensity
14, 12.5

- | —SASE single pulse energy [aJ] : Mean=8.233, SD=1.585

(L
I

8.5
17 h 19h 21h 23 h 20:55.35 20:55.55 20:56.15 20:56.35 20:56.55 20:57.25
28.7.2016 28.7.2016 28.7.2016 28.7.2016 28.7.2016  28.7.2016  28.7.2016  28.7.2016  28.7.2016 28.7.2016

[uJ] Pulse energy intra train
20.

17.57
15,7
12.57
10.]
7.5
5.1
2.5

0 T
-20. -10. 0. 10. 20. 30. 40. 50. 60. 70. 80. 90. 100. 110. 120. 130. 140. 150. 160. 170. 180. 190. 200. 210. 220. 230. [2:0 I‘2150-]
unch no

SASE panel from FLASH.
Machine operation with 240 bunches, 670 MeV, ~13.9 nm photon wavelength.

The SASE pulse energy is much lower for the first bunches. There are also strong
fluctuations visible.
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XFEL] TDS

beamsize (pum)

Transversely Deflecting Structure (TDS) + screen =
V sin(wt + @) screen S
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European

XFEL

New beam optics for slice emittance measurements

B Different beam optics in the diagnostic section are required for projected emittances and slice emittance.

har. normalised Phase Space

hor. narmalised Phase Space
T T T

A 1/2 112
[ux ¥ ﬁx x }.l'ﬁx F
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European

XFEL] TDS

TDS operation started May 24. The first pictures of streaked bunches in the

XFEL injector using the two zero crossings. The
pictures were taken in the diagnostic section.

Linearization of the longitudinal
phase space using the third

harmonic acceleration module
AH1. Picture were taken in the
dump beamline (dispersion).

Energy
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European

XFEL | Bunch length measurements

There is a tool available for investigations of the longitudinal bunch profile.

It takes several camera pictures of a streaked bunch with slightly different TDS
phases. That allows to recalculate the calibration curve for each measurement.

longitudinal calibration 25pxbs 2500 rav data
1300 T T T T T
q H 1200 3 f-l f h . I
Calibration curve [ > Profiles of the single
1

| measurements
,-é 4 _ ts00
g 900 1 ;i
3 " r g 1000 -
-‘E- 700 //
- /.

o /' S0

500 x

g E 10 15 20 5 ! EI 400 500 500 w'uu T0 TR00 18007800

time offset/ ps longitudireal [p2]

%107 processedmesn curves combined longitudinal profile
? ' " " " ' ms = 7.08 ps ; FYWHM = 23.63 ps . .
] ] . T = Final evaluation
Combined profiles ! AN T s

161 4 4
— = “nus
— — FiHM
141 1 08 !
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European

XFEL | Slice emittance measurements with four screens

Slice emittances can be measured and
evaluated within 20 seconds using fast
kickers and off-axis screens.
We are able to match single slices of
the bunch. One matching iteration takes
about 2 minutes including the magnet
cycling.

| - | ] ] [ emitiance |

! P S i cu.rrent ‘

500 -500 500 -500 500 -500
xmm xmm me xmm

2

o

The smallest slice emittances achieved so far
using the four screen method (and 500 pC
bunches) were:

normalised slice emittance [mm mrad]

B 0.6 ym rad with 53 MV/m gun gradient
B 0.5 ym rad with 60 MV/m gun gradient
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European | O1IC€ €mittance measurements with 60 MV/m gun

XFEL ] gradient

The smallest slice emittance of about 0.4 mm mrad for a 400 pC bunch was achieved with 60
MV/m gun gradient on July 25 (The night shift before the shutdown).

optical Furictions OTRC 5511 OTRC 561 OTRC 5811 OTRC 5311 s beam optics along bunch in hyperbolic plane .
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European XFEL Injector commissioning

european | O1iC€ €mittance studies with different gun phases
XFEL ] and solenoid currents

It is possible to run the injector with different gun phases and solenoid currents while the beam is always
matched perfectly.

The following pictures show two different working points and their impact on the slice emittances
respectively on the shape of the bunches.

B We are looking forward to investigate these different setups in the
diagnostics section downstream BC2 (fully compressed bunches).

B And, of course, the impact on the SASE power level will be interesting.
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European

XFEL | Slice emittance measurements along bunch trains

With the TDS, the fast kickers and the off-axis Slice emittances along the bunch train
screens, it is also possible to measure slice were measured for the first time July 9
emittances along the bunch trains.

. Horizontal slice emittances along the bunch train 7
As expected, the core slice , : , , ng , , E

emittances are smaller and even
more stable along the train
compared to the projected
emittances.

Horizontal mismatch amplitude along the bunch train

a

35 I I l lI I
3

B

[43]

Zeuthen, October 11, 2016 /ol

DI ﬁ HELMHOLTZ
Matthias Scholz N

./ ‘ ASSOCIATION



European XFEL Injector commissioning

European

XFEL | Multi knob quadrupole scan data

Phase advance in both planes
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European XFEL Injector commissioning

european | EMittance calculations and tomography using multi
knob quadrupole scan data

B Results of the quadrupole scan with 5 magnets

Quad strengths during the scan slice emittance

1.2

normalised horizontal phase space R o /l‘ﬁ} %
j: £ L ‘I.‘ / N . \I fl’/ “\ -_%
E | RN
o 05 § \i E_
:* 8 — emittance \ \
-—.-: ol % cu.rrent [a.u] I\
; o -~ gain[au,] S \I
3 k! /- 1 Camera picture of a
e - [7) / \
05 e [ \.\I | streaked bunch. The
2 . IJ/I -\ green lines show the
ol £ Fee= R single slices.
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Normalized horizontal phase space slice index
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European XFEL Injector commissioning

Tomography using multi knob quadrupole scan data

B Reconstructed phase space and normalized slice emittance

horizontal phase space
:

Tomographic reconstruction slide No. 2
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XFEL | Tomography using multi knob quadrupole scan data

B Reconstructed phase space and normalized slice emittance
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95+ : |li
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85 |

First proper measurement showing the
growing beam size in the dispersive

section due to laser heating (increasing 8
energy spread). June 21

First operation of the laser heater in the XFEL injector in Jun€

The horizontal beam size was measured in the dispersive section (dump beamline) while scanning the arrival time of
the laser respectively the laser heater undulator gap.

An increase of the horizontal beam width could be measured for the expected undulator gap.

The laser amplifier was not yet installed during these tests. Thus, we expect a stronger effect during following
measurements.
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European

XFEL

Thank you for your attention!

All of those shown successes and measurements could not have been
achieved without the work of many colleagues. Thanks a lot to all
members of the commissioning and of the project team!
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