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FEL Performance

FEL performance is determined by the peak current and the
emittance — the charge density in 6D.

Low emittance and high peak current beams are required in the
undulators, but not available at feasible electron sources.

Typically long beams are produced with low emittance and the
compressed later.
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Basic Principle
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“Non-linear” Compression

Linear Compression: Non-Linear Compression:
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Phase Space Linearisation
™ Higher harmonic RF system is used to remove non-linear chirp

W 39 harmonic (3.9GHz) at XFEL and FLASH

Al
AH1
sum voltage

T T T

80 \

voltage [MV]

60 [

60 -40 -20 ] 20 40
phase [deg]
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Sum Voltage

Setup of RF phase and voltages to get a certain energy chirp is
cumbersome

RF parameters can be directly calculated from the Taylor
coefficients (energy, chirp, curvature) at the beam position

voltage [MV]
(=23 =2 =] B

phase [deg]

Tuning one of the Taylor coefficients do not change the others,
especially the beam energy is not changed (provided that the on-
crest phases are correct)

XEEL
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Sum Voltage Effects

Chirp (mostly A1 phase):

)

Current profiles

Curvature (mostly AH1 voltage):

N A=

Third Order “Skewness” (AH1 voltage and phase):

European

XFEL

A %]



Bunch Compression Operation

Bolko Beutner, DESY, 02.2018

Multi-Stage Compression

Too much compression at low energies will lead to space-charge
dilution of the beam

Too little compression in the early stage lead to problems with
transport of long beams

Too strong chicanes distort the beam due to synchrotron radiation

emission

=> Multi-stage compression

3rd harmonic
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XFEL BC Overview
I 2
~ ~ <IN _t d1
NN M e
L L
dmax
R56 Bending do d Bend Bend L L
range | Angle [11;:11111] [1‘1‘3’1‘1] offset d; | offset d, [1111111] [1121111]
[mm] | [deg] [mm] [mm]
BCO 0 oY |20 |30 100 200 |1 |15
BC1 20-80 igé B 250 | 650 100 450 8.5 1.5
BC2 10-60 i:g_ 175 | 575 100 375 8.5 1.5
European %
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Chamber Overview
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15
BC Collimator Control

/svn/global/MotorPanel_Expert.xml XFEL.DIAG/COLL.MOVER/COLU.192.B1/*

Motor Expert Panel None /svn/global/MotorPanel_Expert.xml XFEL.DIAG/COLL.MOVER/COLO.192.B1/*
Holp Motor Expert Panel None
Help
facility device location
=i | XFEL —BC1 /L2 [XFEL.DIAG B coLL.MovER | v|coLu.192 81 facility device location .
XFEL.DIAG J coLLmovER | v |coLo.192.81 v | W/ oN/oFF
4 SUBTRAIN - ALL ok
I Solllist-Wert oK
AAAA | AAAA , AA oll/ist-We!
Beam ON/OFF /.3 [ 0 !, @ Bunches POS | FPOS | Limits | Sollist-Wert
== 9 POS | FPOS | Limits
22707.1 MeV 101 % ST 60000000 ! \
=) 268 254 [ [ NN IST: 93110000
g so: +,,60000000 [ Stoep RN ARANAR
M 11 Reset so: +,,93110000 . S
0 . -0.4 . Wegmessung: 18836 Auf 0 setzen Reset
i " Wegmessung: 12739 Auf 0 setzen
Status | Konfiguration Register | Encoder Modbus Pl
| Status | Konfiguration | Register | Encoder | Modbus | Plots | Expert
Motor fahrt/Haltestrom coil curr A1/A2: 0 ]
Motor freigegeben coil curr B1/B2: 0 Motor fahrt/Haltestrom coil curr A1/A2: 0.00 0.00
Bereit fiir neue Verfahrbewegung Motor freigegeben coil curr B1/B2: 0.00 0.00
Fehler: 0 Bereit fiir neue Verfahrbewegung
Positiven Endschalter erreicht Fehler: 0
Negativen Endschalter erreicht Positiven Endschalter erreicht
Virtuelles Limit erreicht Negativen Endschalter erreicht
Virtuelles Limit erreicht

Set “Sollwert” and the press “start”

Move collimators to in direction O to remove them
COLU is down “unten”, COLO is up “oben”

Rl 175m
XFEL Overview
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Dipole Setup

LH

Energy 130.00
Angle $.5.70
Design: 5.7000
Rse -.4.34
hgc +.29.9
dt 7.19
Gen. field +0.1741
Power supply circuit

Class Dipole

PS Circuit BL.1.11

W ps onjort

D Circuit write protection

©® Switched on

/svn/global/Magnet/Chicane /ChicaneControlMain.xml XFEL.MAGNETS/CHICANE//
—

icane Serve

vev B
deg [

mmn

BCO

Energy 130.00

Angle

Design: -6.8509

Rse

vev B
deg [

Bolko Beutner, DESY, 02.2018

Energy
Angle

Design: -2.8628

vev B
deg [

Energy
Angle

Design: -2.3857

mm_[J Rso -36.67

vev B
deg [

mmn

mm I "sc c215.5

s
T O

dt 90.16 ps w

Gen. field

VNV W W

Power supply circuit

Class
PS Circuit

Dipole
BB.1.I1

W ps onjoft
D Circuit write protection

@ Switched on

mm IiI Rr;ﬁ Zﬁiii

mmm

somiiin: T [

hgc

mmn

AA

Gen. field ~"0.2255

Power supply circuit

Class
PS Circuit

Dipole
BB.1.B1

W ps onjoft
D Circuit write protection

©® Switched on

T

hgc

=T

T o o 61.06

An

Gen. field

Power supply circuit
Class
PS Circuit

Dipole
BB.1.B2

7 ps onjort
D Circuit write protection

@ Switched on

s [
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@ No fault ® Idle @ No fault ® Idle @ No fault ® Idle @ No fault ® Idle
Magnet 1: BL.48I.11 Magnet 1: BB.96.11 Magnet 1: BB.182.B1 Magnet 1: BB.393.B2
Magnet 2: BL.48IL.In Magnet 2: BB.98.11 Magnet 2: BB.191.B1 Magnet 2: BB.402.B2
Magnet 3: BL.50L.11 Magnet 3: BB.100.11 Magnet 3: BB.193.B1 Magnet 3: BB.404.B2
Magnet 4: BL.50ILIN Magnet 4: BB.101.11 Magnet 4: BB.202.B1 Magnet 4: BB.413.B2

Static values
BO B1 B2
hgcaccording to longlist -180 mm hﬁaccordmg to longlist m hgcaccording to longlist 375 mm
( hgOTR mid position T hgOTR mid position D R hgOTR mid position A

16
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RF Setup and Tuning

-
-® XFEL_SumVoltageControl.xml XFELRF/LLRF.SUMVOLTAGE_CTRL/I1/
E—

Sum Voltage Control
XFEL

I

| FT1 FT12 FT3

RF sum 11 V] Sum Voltage I1

[-Tﬂ XFEL_SumVoltageControl.xml XFELRF/LLRF.SUMVOLTAGE_CTRL/I1/

oo | Sum Voltage Control
XFEL

Sum Voltage ié@ és

F11 [ F12 | F13 |

RF sum L1 Sum Voltage L1 (1/m] _ Chirp L1
B AAA AA e
Chirp tvggg AAA AA
AAAA Sum Voltage 299 -29
Curvature t,,0-0
) ) ~ AA R AAA AA
Third Derivatives Chirp $,0-00
A1.11 AH1.11
=Tulu]
AAA AA AA A 1400
139.05 W 35.4 -
139.04 MV ; W A2.11 ) 2 ~ Phase A2
600 s =
500 AAA AA
ABAS BA ARAA A 400 Amplitude 09%-29 .
t""g'g . t%gggg. protocol or ad...
0.00 deg 180.00 deg

AAAA AA.

Phase F,,0-00

0.00 deg

European . E@
XFEL L °
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“Online” Simulations

———
I jddd 1.9.49/18.7.53 T46.2 beutner@MPY7LBEUTNER XFELMainTaskbar.xml
S —

File View Help
|1 | *

Status Operations - Procedures Feedbacks Automation

European

XFEL % R
MPS Injector RF Orbit Photons

Emittance Longitudinal Trajectory
Emittance & Matching TDS 1~= o' Prafila Trajectory Response
' Emittance Monitor RF Tweak 5 ‘ ¢ celot Orbit Correction

Emittance Monitor Backup

Beam Dynamics
Single Quad Scan

Multi Quad Scan GUI Trajectory Response(mod)

Slice Emittance (temp.)

Emittance Monitor(4 Quad)

European

XFEL

Diagnostics

Optic measurement

18

Vacuum Cryo = Controls

Miscellaneous
TINE Optics Server Watch...
Image Analaysis Configura...

Design Kick Control
Optics calculation

Design Kick Server
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XFEL - 250pC 6.65ps gauss
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active plot

an L Dogieg aco u Bct ac2 L3 Colimator O saht
R F I We a k 5 G U I B R
amival time [ps] amival time [fs]
2.0 183 6671 o s671 1334 4003 w6 269 2001 B4 e o 6671
- 15 E 5
S P, R
. I t 1 D I l I . t d . I l 5 S
£ )
] i
H
= . . 5 10 £ =
m n ) 3
2 g
= =
& 25
3 k]
%o b
& & 2
H H
. &1 5 &
11 ) 2 2 15
H H
1
0s
“ v
hal
o o
“ .y s “ 2 o 2 4 20 100 ) ) B 2 [) 20
longitudinal position s [mm] longitudinal position s [m]
| -eX
> A1 < [ > 8C2
rolf after ACC39
150 SonDEL (RESEtPN BC Setup energy profile options
e E— ——
‘ [deg] A1/AH] energy (0th) 1300432 1300003 130.0432
o 146.7938 -3.1680 A1/AH1 chirp (1st) -8.8400 -8.6525 -8.8400 146.5694
ZECL e A1/AH1 curvature (2nd) 310.0000 317.3327 310.0000 AHL | -22.3104
s Lo b 20.3267 A1/AH1 skewness (3rd) 6.01550:04  3.33870:04  6.91556:04 L1 570.0400
= 181000003 201493 A ) 5700400 NN 670.0400) L2 | 1700103 623.8077
§ = 15100 _o L1 chirp (150 -8.2400 NN -8.2400 | 15100 °
longitudinal phase space after AH1 longitudinal phase space fter BC2 c L2 energy gain (Oth) 1.7001e+03 NaN 170010403
h L2 chirp (1st) -7.1000 NaN -7.1000
arval tme (ps] anival ime [f] L3 energy gain (0th) 15100 Na 15100
2001 1334 sent o 5671 1334 2035 G002 G060 Q1% 322 3260 9% G4 346 35% 36
15 .
f finished...
41 : | 8
4 45
z Sas 4
£ 3
5 10 §3s -
2
L )
3 g i
z =38
25
5 :
3s
8 & -
§ 8
H s Saa
] H -
3 §oa
1
a2
31 \ e
o i
o i — o
- 4 2 o 4 80 90 @0 %0 %0 %0 1000 1020 1040 0@ 1080
longitudinal position s [mm] longitudinal position s [;«m]
>l AHI | BC2
(RESERURN BC Setup energy profile  options
o T — e o
ldea) | A1/AH energy (Oth) 1293932 1300003 120.3032 M) part [MV]
Al 14.0423) A1/AH1 chirp (1st) -8.9356 -8.7036 -8.9356 Al 142.5619 35.6564
AHL 173.2038 A1/AHI curvature (2nd) 161.1831 167.1569 161.1831 AH1 -18.9619 2.2508
L 217182 A1/AH]1 skewness (3rd) 151110:04  -2.11820:04  1.51110:04 L1 5725200 227.9857
L g L1 energy gain (Oth) 5725200 NN 5725200 L2 | 1.7800e:03 )
L3 9 L1 chirp (1st) -8.8731 NaN -8.8731 3 15100 0
1.78000:03 NeN 178008403
— — ! L2 energy gain Oth)
L2 chirp (1st) 0 NaN L]
=1 L3 energy gain (Oth) 15100 NaN 15100
European E o o &
phase ¢ of 1.3GHz
track ead from machine ix eference energy fx energy AF undo

XFEL
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==| XFEL SASE1 Tuning Panel
XFEL

Beam allowed / Shutter
Bunch frequency

Beam OFF

Num of bunches

AAAA

v

AAA
.500 nC  Running?
VY

0

vvvy

Longitudinal FB Loops

v

Toroid TORA 25.11 —
aw averaged

0.4983 0.4977

Laser Atteg

9-500

Laser Heater

20
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=L IS B L R

SASE Gain @ XGM.2643.T9 Wavelength Controls

XGM ok?

=)

Wavelength:
1 bunches avelengime

1212.5 pJ @ 9.20keV 1.35A

Status:

SASE Viewer XGMD Overview Undulator Controls

BC2BCM.1
aw averaged

0.4327 0.4330

= BC1BCM.1
aw averaged

0.3756 0.3781

BC0 BCM.2 Charge/BCMs History
aw averaged

0.1525 0.1534

Chirp I

11 BAM
raw

-1.819

d Gun Phase
averaged

-1.896

AAAA

o |

Vvve

Longitudinal Expert

Orbit FB Loops INJ Orbit = ¢ L1 Orbit

ror ox 3 rol
LK

Details

Final Energies 11/LH
124.3 MeV

126.3 MeV

LLRF Energy Gain

Beam Energy Meas.

RF Control
RF sum I1

Sum Voltage

Chirp
Curvature

~
Third Derivative

Sum Voltage Control

European
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BCO0 BAM = Sumvoltage L2 BAMs History
raw averaged raw raw averaged AAAA AR
-1.635 -1.664 0.0000 50.215 2171 2221 o 2.78 ]
=
B8°Ms  Car i B8PMs  Car. i B8Ms  Car. it 8°Ms  Car. it 8Ms Car.
1 § L2 Orbit § § ] L3 Orbit e § 4 . SA1 Orbit £ § SA3 Orbit §x § 4 .
Details Details Details Details Details 75
IBFB Details IBFB Xis—on e[ on IBRBRY e ~on| '
L1/B1 L2/B2 L3/CL T4D
660.8 MeV 2415.6 MeV 11924.6 MeV
703.4 MeV 2403.0 MeV 13848.4 MeV 14105.3 MeV 14030.6 MeV
SASE1 Undulator Launch
RF sum L1 Final Energy L3
Sum Voltage 333 .
vy CHIRP.SP.1

Chirp
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Compression Setup Procedure

BC dipoles are set and cycled to h_ BC OTR mid position = (-216,
-486, -411)mm in BCO, BC1, and BC2 respectively.

D XFEL x Y @ PSIF X

https:

il Arce X € W New X

phase scan to set on-(anti-

& C | @& Sicher

ttfinfo.desy.de/X

Status: Facility Development
News: XTL startup

Program: Compression studies

Set design RF parameters
-

) 27.06.2017 07:50 beutner compression setup procedure for sase
bunch compression setup procedure:
1) make sure BC dipoles are set and cycled to h_BC OTR mid position = (-216, -486, -411)mm in BCO,
8C1, and BC2 respectively. These values result in RS6 = (-54.84, -52.86, -37.21)mm.

use magnet energizer to sd

2) phase scan to set on-(anti-)crest to Al,AH1,L1,L2 to ©(180)deg

(I XFEL Wartungs
O e CO rreC e ne rgy 2 SubSystems 3) Set the design configuration by using the Sum Voltage Knobs to:
(3 Special Diagnot I1 sum voltage[I1 chirp|I1 curvature|I1 third derivative| \Lléltage L1 chirp|L2 voltage[L2 chirp)
[ Projects
CILINAC 130.04 -8.8400 [310 69155 570.04 [-8.24 |[170.1  |-7.1
@ Infrastr which should correspond to:
. . (1 Beamline Drawi A1 voltage|al phase|aH1 voltage|aH1 phase|L1 amplitude| ) . [L2 amplitude|L2 phase
WS-wire-scann
( :OI Ifl rl I I t| lat bea' I l el lergy I guvndulawrs 1 146.7938 |-3.1680 [27.9166 _ [143.@829 [607.8954 _ |20.3267 [1810.9 20.1493
QSthed]u\e compare '25@pC_6_65pC.mat' in RFTweak 5 (should be the default for 258pC 6.65ps). Please
223?‘:\” - check the agreement between RF settings and sum voltage knobs.
aliahilif

a n d B 2 4) use magnet energizer to scale the cold magnets between Al and AHL to the correct energy

View Current 5) confirm that beam energy is set to 130, 780, 24@e@MeV at I1, Bl, and B2
" beam is centred on the BC screens if energy is correct
Lol the I1T energy server should read 13@ which typically corresponds to about 128MeV in the LH
All Errors
All ToDo's 6) scan BC2 BCM vs L1 chirp (to negative numbers e.g. from -5 to -18), scan until you see full compres:
and values in the over-compression regime -- chirp should be set to have some value
I lOW Sl II I I VO a e l IO S Ca at about 3/4 to 2/3 of peak value (an example is in http://ttfinfo.desy.de/elog/XML1ist?F.
Safety )
Schedule
Access Requests

L1 chirp first, then 11 chirp, &%

Logbook Search

7) now sum voltage knobs con be used to twesk the compression (try L1 chirp first, then I1 chirp,
and I1 curvature if nothing else helps)

If compression is too low a tweak on curvature might increase SASE output but will lead to a mediocre
local SASE maximum. Be careful here and revert to older settings if SASE can not be increased.

[] [] n Logbook Help Additional Remarks:
I I l IS IS WO rk I l l ro ) These RF setup parameters can be loaded with RFTweak 5 from e.g. "File" -> “"Load
| F @ oprrafonel g Configuration..."” -> "XFEL_138_695_2408_fix_gun.mat".
*.FEL Bau elog

Plesse confirm that the energy settings in the tab "energy profile” match the correct

European

engrgies at I1, Ba B1, and B2 (downstream of BC2 is not really important for compression
XFEL .eu

(]
segu|
(FZLaey
AF -2 Wik cvelfyline e 2 S Voltage server for the injector was updated (the gun energy gain

is taken into account proMga#y) now RF Tweak 5 and the Sum Voltage server results should
agree. But older values from the sum voltage server obtained during SASE tuning are obsolete
Printer: xfellog -- use corresponding I1 voltage and phase settings.
As @ new feature the Gun energy can be set here. This can be estimated using the formula
E [MeV] = 2.75*sqrt(P [MN])

Ly

XFEL| /doc/Beam Dyna

elog.xs1&pic

(compare htt; info.desy.de/elog/XML1ist>File=/XFELelog/data/2016/26/2016-07-04T12:01:46-02.xml

N\ The Ae
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Questions?

Literature:

Igor Zagorodnov and Martin Dohlus, “Semianalytical modeling of multistage bunch compression with collective effects”
Phys. Rev. ST Accel. Beams 14, 014403 — Published 13 January 2011

ICFA Beam Dynamics Newsletter No. 38, ( http://icfa-usa.jlab.org/archive/newsletter/icfa bd nl 38.pdf)

Various PhD theses:
Frank Stulle ( http://www-library.desy.de/cqgi-bin/showprep.pl?desy-thesis-04-041 ),
BB (http://www-library.desy.de/cgi-bin/showprep.pl?desy-thesis-07-040 ), ...

In-house Experts: Martin Dohlus, Igor Zagorodnov, Torsten Limberg, BB

European
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Bunch Compression — with Formulas

Dipole
Magnets

Beam
Direction

— — E - EO

As = Rss- 0+ Toee - 6> + Usges - 6>+ -+ With 6 =
European

XFEL
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Energy Chirp Generation

VA
A
ﬁ% Bunch
-+ ;
| A
v Curvature
Crest
2T
E(s) = eV cos (ap - TS) + Eo
2 272
= Eg+ eV (cos(gp) — Tﬂ sin(p)s — % cos(yp)s” + -
. E(s) - E(0)
- E(0)
2reV | 272 5 A —
_____ =5 sin(p)s — E—/\zcos(gp)s + .-
European ~ As + 852
XFEL

)

_27T€V
E)\

25

sin(¢)
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Linear Compression

European

XFEL

5(Sinitia|) = ASinitial
Sfinal = Sinitial + 560
Stinal = (1 + AR56)Sinitial

O Sfinal — \/(1 + AR56)2O_§initial

— ’1 T AR56’ T Sinitial

Sy, [\ 6[,_,-\

Sinitial

C

26
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Linear Compression with Uncorrelated Energy Spread
h particle /i h . ;

incividual random energy 0 (Sinitial, 1) = ASinitial + 0"

offset

Stinal = Sinitial T+ R565

Stinal = (1 4 ARs6)Sinitial + Rs60'
O Sfinal — \/(1 + AR56) sm.t.a| + Re 605/

6E.i 5(-..1‘ o
~N e
S » S¢
X; X¢
|'“'"= \ - Typically the “full”
S, S compression is avoided...

If (]. -+ AR56) =0

- min _
European O-Sfinal ~ |R56| T %
XFEL
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Simple Compression Setup

— Egkq0deg— Epkgphi——— —> total energy E

Eik
A= ——"Lsin(yp)

European

XFEL

=

E

Tfinal = |1 + ARs6| Tinitial
E = Eq + E; cos(y)

¢ = arctan
E, — E— E
cos( )

e (

Ofinal 1
Oinitial

E—E

k1 Rs6

Is this Ok?

28
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Non-linear Compression

W total energy E
Stinal = Sinitial + Rs60 + Ts660° + -
0 = ASinitial + Bsiiitial + -

k2
> Sinitial

— E; sin() ki Sinitial — E1 cos(¢)
Eo + E; cos(y)

O (Sinitial) =

k
E1 COS(@) 2 5|n|t|a|>

1 11—

S S .
w 0 .
| w
| <
-1 : : :
-500 0 500 -100 — :
S‘ [mm] [mm]

Can we tune the Tgge-term to compensate 5 7
the E, quadratic-term? He gos
3 3 3

—_— No since Tsg6 ~ ——Rxg st -

XFEL

2 This is NOT @@
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Linarised Compression

—Egkq,0deg Eqkyphi— [ Ezkx180deg | —> total energy E

Sinal = Sinitial + K560 + Ts660° + - - -
0 = ASinitial + Bsiznitia| + o

5(Sat) = —Ex sin(i0) kunivial — 1 cos(i0) % s t.a|®
initial ) — EO‘I‘El COS( )@

k2 ks
El COS(QO) 21 |%1|t|a @)

E, = | E; cos(y )—|—3E25|n2() K
XFEL
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Energy Compensation

—Egkq,0deg Eqkyphi— [ Ezkx180deg | —> total energy E

2
£ = (Evcosle) + 3 sn(0))

Eisin(p) = E{sin(y')
E; cos(p) + E» = E; cos(¢)

European

XFEL

150 T T

100---4

50 }---}

energy gain [MeV]

0 ——A -

50 A

100 L i i i i i i i
-80 -60 -40 -20 0 20 40 60 80
phase offset [deg]

Compensation of energy loss is
required while the slope must be

maintained.
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Energy Compensation

—Egkq,0deg Eqkyphi— [ Ezkx180deg | —> total energy E

2 e T
E, = (El cos(yp) + 3f1 sinz(gp)> k_12 i
2 g -
Eysin(ip) = E{sin(¢) L
Fucos(7) + B2 = Eleos(¢) I{ERNANIES

phase offset [deg]

:> ¢’ — arctan Ex Sln(gp) Compensation of energy loss is
Ey cos(p) + E; required while the slope must be

Sin(go) maintained.

sin(¢’)

E = E

XEEL
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(Almost) General Solution for Single Stage BC

144
read : :’:I\fake
1438 o
. /A§ Uflnal 1
3 14356 r &8 % N\ E
= |/ \\\ Ulnltlal
2143.4 o
1432

s "\ ¢ = arctan | —

\ £ — Eo k1 R56
............ E_F
E = °
cos( )
E: k?
E; cos(p) + 3—L sin (gp)) 1
( E k2
arctan E1sin(p) < If x-band is not operated
Eq Cos(gp) + E ) “anti-on-crest” an additional
- linear compression term plays
E Sln(gp) a role.
17— ;
sin(¢’)

XEEL
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The End

34



