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Layout, optics, technical constraints

L1 Lz L3
34 harmonic dogleg 4 accelerator 12 accelerator main  collimator
booster \ modules modules linac '2
Y # ﬂ A
M I BC4 A:lek' k%'i g
e w
laser / \ 1‘ / SASE1 SASE3

bunch compressors
heater

the injector contains a high harmonic module to linearize the longitudinal phase
space

there are three bunch compressors to compress the bunch to several kA's and to
mitigate collective effects

the design optics has a special phase advance between the bunch compressors to
reduce effects due to coherent synchrotron radiation (CSR) kicks at them

I European XFEL



Beam Dynamics in SASE2 Arc Igor Zagorodnov, 08.05.2019 4

Layout, optics, technical constraints

Ly L, Ls
34 harmonic dogleg 4 accelerator 12 accelerator main  collimator
booster \ modules modules linac £
SASE2 ]
M.ﬁ P
| BC, W ) &
SASE1
laser / bunch compressors SASE3
heater
 Sectionname | BC1 | BC2 | BC3_
Maximal voltage, MV 180 680 2470 [r56|, mm 30-90 20-80 10-60
. 1
&% high beam energy E A ~ —
& high peak current I )4
B small emittance ¢ 5/6
& 2
B low energy spread o L, ~ f(l +0(o, ))
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Numerical approach

L, L3 main linac @
361 — u%
SASE1 SASE3
6.5 MeV, | ~ A's
— 14 GeV, | ~ 3-7 kA’s
Krack3 Ocelot*
B cathode physics | W external RF fields analytically  *s Tomin, 1. Agapov,
W external fields by field maps B self-fields with 3D Poisson M.Dohlus, |.Zagorodnov,
N self-fields with 2D/3D Poisson equation Ocelot as framework for
equation B CSR fields with 1D projected ~ beam dynamics
I particle motion with finite- model simulations of x-ray
difference method B particle motion with transport  Soo co> 1 Proceedings of
. ) IPAC 2017, WEPABO0O31
I cathode through mirror charge matrices of second order
&8 no chamber (no wakes) B Chamber with wakes

IS BN % European XFEL B ISR effects



Beam Dynamics in SASE2 Arc Igor Zagorodnov, 08.05.2019 6
Numerical approach “ o | Q=1nC, leak = 5 kA
. warm” pipe collimators

about 2000 components:
824 cavities

;o /
,-/.‘ .\,_7 ,-/‘

500 flanges
THT Y’Y‘ 220 BPMs (5 types)
AN A KA [0 purPs

whod

20 OTR screens

Source particle creates fields, test partlcle gets the OcoL OCAV __ OTDS 7 collimators
integrated kick. Wakes are calculated analytically E%’,‘;ﬂfo ;,?,Tc?(A Egﬁgg 5 BAMs
and with electromagnetic code ECHO™. @MPUMCL B FLANG 3 kickers

update of transverse wakes: length << betatron wavelength warm pipes, ...

update of longitudinal wakes: length << wavelength of longitudinal oscillations
in accelerator effects due to transverse wakes are minor; effects due to longitudinal wakes are
essential — long. phase space and compression

*|. Zagorodnov, T. Weiland, TE/TM field solver for particle beam simulations without numerical
Cherenkov radiation, Phys. Rev. STAB 8, 042001 (2005)
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RF tolerances, collective effects and the choice of the working point

M-

Working point (11 parameters of longitudinal beam dynamics)

Cé C” B the first and the second
derivatives of the global
compression

BCl BC3
B energy in BC: £, =130 MeV E, = 700 MeV [, = 2400 MeV
B deflecting radius: Fep, =7 Fep oy =7 Fep s =7
B compression factor: ¢ =7 Cy = (5 = Ifinal/Igun

What is the optimal choice?

|. Zagorodnov, M. Dohlus, S.Tomin, Accelerator Beam Dynamics at the European XFEL,
Phys. Rev. STAB, 2019.
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RF tolerances, collective effects and the choice of the working point
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We always show the
tolerances for

®=0.1
which means that the
total compression
deviation is restricted
by 10 %.

The RF tolerance of the booster 6,,10° for two different compaction factors in BC1 for 500 pC, 5 kKA.
The red point shows the working point. The dashed black lines show the limits of available RF voltage.
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RF tolerances, collective effects and the choice of the working point

Igor Zagorodnov, 08.05.2019
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the space charge parameters relate
the space charge forces to the
averaged focusing in the magnetic
lattice

at the chosen working point the de-
focussing due to the space charge
forces is less than the focusing of the

quadrupoles
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RF tolerances, collective effects and the choice of the working point
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Longitudinal dynamics parameters

250 pC, 3kA | 250 pC, 5 kA | 250 pC, 7 kA | real setup (29.04.2019)

E;, MeV
se,1, MM
C1

E,, MeV
56,2, MM
C2

E;, MeV
56,3, MM
C3

Z3, 1/m

Z3, 1/m/m
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RF tolerances, collective effects and the choice of the working point

£y M
E, @1 |. Zagorodnov, M. Dohlus,
X = Ao_l(fo) E, Vi3 Sfel\n/;/-l,?ntalytlcg/ M%dell/ng
g S LE of Multistage Bunc
fo = c, A Compression with
C ?> Collective Effects,
nonlinear operator C’ £ Phys. Rev. STAB, 2011.
(numerical tracking with self-fields) C” P3
A(x) =1 numerical tracking f, 1 =AX, 1)
@ — residual in parameters Af, , =f, —f__,
oAl analytical correction g, =8,-1 TAf,
X, = Ag' (Ao(X,_) + o — A(X,))) y n = EBn "
& 0 0(Xy—1) +1o (X1 of RF parameters

Xn — ‘AO_1 (gn)
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RF tolerances, collective effects and the choice of the working point

The RF tolerances for 10% change of the global compression

_

deg deg MV deg MV deg
250 pC, 5 kA 006 002 014 0.04 08 0.03 38 0.2

In the simulations we use the laser heater in the injector to provide 2.2
MeV slice energy spread after the full compression (after BC2). This
corresponds to the minimal energy spread as found in microbunching
studies done by M. Dohlus (next slide).
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RF tolerances, collective effects and the choice of the working point
Microbunching. Minimal slice energy spread at the working point of 5 kA
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The results are obtained by M.
Dohlus numerically by tracking of
real number of electrons (periodic
model).

Quantum fluctuations. Spread
due to ISR only negligible.

Position ____| Spread, keV

Before SASE1 40
Before SASE?2 90

10
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
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Beam dynamics for § kA (Gun — Collimator)

L, Ly main linac I slice emittance growth

SASE2 by 20%
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Beam dynamics for 5 kA (SASE1 vs. SASE2)
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Beam dynamics for 3 kA (SASE1 vs. SASE2)

B projected x-emittance growth in SASE2
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Beam dynamics for 7 kA (SASE1 vs. SASE2)

B slice y-emittance growth in BC3

I projected x-emittance growth in
SASEZ2 arc by 180 %
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Beam dynamics for 250 pC compressed to 3-7 kA
Beam parameters at SASE2 vs SASE1

SASE1 SASE2 SASE1 SASE2 SASE1 SASE2

Projected x-emittance, um  0.63 0.78 0.63 1.18 0.64 1.78
Projected y-emittance, um  0.80 0.74 1.12 0.97 1.59 1.33

Slice x-emittance, um 0.48 0.50 0.50
Slice y-emittance, um 0.45 0.55 0.70
Slice energy spread, MeV 1.4 2.2 3

The main effect of SASEZ2 arc is an increase of the projected horizonal emittance
due to CSR.
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Beam Dynamics in SASE2 Arc

Igor Zagorodnov, 08.05.2019 1 9

SASE simulations for 250 pC compressed to 3-7 kA

& code ALICE*

I cross-checks with Genesis 1.3
& longitudinal wake included

B ISR and quantum fluctuations

Included

B optimal linear taper used
B non-linear taper is not considered

European XFEL

*|. Zagorodnov, Numerical modeling of collective
effects in free electron laser, Proceedings of
ICAP2012, Rostock-Warnemunde, Germany,
TUACI1, pp. 81-85, 2012.

Table 1: Numerical Methods 1n Different Codes

FAST Genesis 1.3 ALICE
Equations Runge-Kutta Leap-frog
of motion
EM field Integral Finite- Finite-
solver representation  difference, difference,
ADI Neumann
Boundary Free space Dirichlet Free space
condition with PML
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SASE simulations for 250 pC compressed to 3-7 kA

Parameter Value

P[GW] 60

40

20

60

40

P max [GW]

20

02 03 04 05 06 07 08 0.9 11 12 13 14 1.5

European XFEL

20

Beam energy, GeV 14
Energy spread, MeV 2.2
Slice emittance, um 0.5
Peak current, kA 5
Wake loss, keV/m 200
Averaged beta function, m 32
z[m] Photon energy, eV 9300
K _g.10- [1/m]
—_— . m
dz
dK
— 7 [1/m]
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SASE simulations for 3 kA

Averaged photon energy Averaged power at z=215 m

(E)[m]] along the undulator lines (P)[GW]
4 T T T T T T T T T T 90
3.5F 80 r
3 701
60 [
2.5
50
2 -
40 -
1.5¢
30
I 20 -
0.5 B 10 -
00 210 410 60 810 1(l)0 12I0 1/;,0 1(150 18IO 2(]JO 010 1I5 2I0 215 3I0 315 4IO 4IS 50 h 55
z|m] S[pm]

No degradation at SASE level for 3 kA case.
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SASE simulations for 5 kA

Averaged photon energy

(E)[m]] along the undulator lines

4 T .
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Averaged power at z=215m
(P)[GW] 9P

150

100

50

10% degradation at SASE energy level for 5 kA case.
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SASE simulations for 7 kA

Averaged photon energy Averaged power at z=215 m

(E)[m]] along the undulator lines (P)[GW]
4 : : : , : : | , | , 250
3.5
200 [
3 »
2.5 150 F
2 -
151 100
|
50
0.5r
00 2]0 4IO 610 8IO 1(IJO 12IO 14;,0 1(I50 18IO 2(I)0 010 35
z[m] S[um]

15% degradation at SASE energy level for 3 kA case.
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SASE simulations for 250 pC compressed to 3-7 kA
SASE radiation parameters at SASE2 vs SASE1.

_____ Parameter | 3kA | 5kA | 7KA___

SASE1 SASE2 SASE1 SASE2 SASE1 SASE2

Saturation length, m 100 85 90 85 90
Saturation energy, mJ 1.4
Final energy at 215 m, mJ 3.5 3.4 3.7 3.3 3.5 3.0
Final power, GW 95 100 150
Pulse width FWHM, fs 63 62 37 34 24 22

The effect of SASEZ2 arc on SASE energy level for 250 pC compressed to 3-7 kA is
below 15 %.
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Accuracy of the results
Beam dynamics without collective effects
the second-order optics cross-checked with MAD
the chromatic effects in dispersive sections are cross-checked with CSRtrack
ISR effects are cross-checked with analytics

Beam dynamics with collective effects
the space charge is cross-checked with ASTRA and with analytical estimations
CSR in dispersive sections is cross-checked with CSRtrack
the results are checked by increasing of macroparticle number 200k -> 2M
the results are checked by varying of sampling/mesh parameters in wakes, CSR, space-charge

The results are optimized
with gun and laser parameters,
with optics re-matching at several points along the accelerator

What is missing?
the transverse wakes are taken into account only in RF modules
only 1D CSR model is used; the vacuum chambers in BC’s are not present

I European XFEL
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Accuracy of the results. Increase of number of macroparticles (500 pC)
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0 1 . Xsiice: 200k ——
=== Yslice: 2M
_50 N - -—- ysf]ce: 200k
| Ver. Emittances '
- 2 - — & =1.16 mm-mrad: 2M
m
£ — £&,=1.17 mm-mrad: 200k
£ \/\
&
| Enérgy Distribution
0.0 A
— AE/E: 2M
—0.1 1 —— AFJE: 200k

increase of the
macroparticle number
by factor 10: from
200k to 2M

the slice and the
projected parameters
do not change
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main collimator

Accuracy of the results. linac |
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Summary

The main effect of SASE2 arc is increase of the projected horizonal
emittance due to CSR.

SASEZ2 arc has a negligible impact on the slice emittance and the slice
energy spread.

The effect of SASEZ2 arc on SASE energy level for 250 pC compressed to
3-7KkAis below 15%.
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