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“The Simulation of Photon Fields
(SPF) Group devises and assesses
novel advanced FEL schemes for
improving the characteristics of the
photon beams at the European XFEL.”

Gianluca Geloni Svitozar Serkez Takanori Tanikawa Sergey Tomin

This Workshop: three talks from my group [with substantial contribution and support from
Sara Casalbuoni (KIT), Michael Gensch (HZDR), Suren Karabekyan (EuXFEL), Vitali Kocharyan (DESY),
Shan Liu (DESY), Evgeni Saldin (DESY), Nikola Stojanovic (DESY), Patrik Vagovic (EuXFEL), and many others...]

13:00 - 13:30 Svitozar Serkez, Gianluca Geloni (European XFEL)

“Super-X: Simulations for the Super-Hard X-ray Generation with Now
Short Period Undulators for the European XFEL”
09:30 —10:00 Takanori Tanikawa (European XFEL) T
“‘External Seeding Possibilities at the European XFEL (EEHG and omorrow
HGHG) and THz Addition”
13:30 — 14:00 Gianluca Geloni (European XFEL) Tomorrow

“Self-seeding: Energy-Range Limits and Possibilities”

There is a guiding idea linking these talks...
L J | European XFEL
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Fresh bunch needed...
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Many of the additions proposed require high-field and/or short period undulators

One possibility: Superconducting Undulator Technology

Verbundprojekt FUE fur
Erforschung der Materie an GroRgeraten 2019-2022:
Supraleitende Undulatoren fiir die European XFEL

Vorhabenbeschreibung
Antragsteller:
Prof. Dr. Anke-Susanne IVIUIIerl,
Prof. Dr.-Ing. Herbert De Gersem’

“Aim of this project is to explore the benefits of applying
superconducting undulators to the European XFEL”

Proposed by KIT and TUD

L J | European XFEL
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Svitozar Serkez, Takanori Tanikawa, Sara Casalbuoni
Sergey Tomin, Suren Karabekyan, Gianluca Geloni
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Outline
Necessary assumptions Spread of SASE spectrum
Electron beam
Space available Radiation spatial coherence

Undulator technology E-beam quality revisited

Analytical estimations 100keV numerical case study

Quantum fluctuations (incl. all detrimental effects)

Comparison with harmonic lasing
Period doubling Conclusions
CW operation

Magnetic field tolerances

*Analytical estimation and post-processing
of numerical simulations done with OCELOT

I I W European XFEL https://github.com/ocelot-collab/ocelot



Super-X: Simulations for super-hard X-ray generation with short period undulators for the EuXFEL Svitozar Serkez et al, EUXFEL, SPF, 06.12.2018 9

E-beam assumptions
Ipeak=5kA

E=17.5GeV
dE = 1MeV (dy = 1.9)
Emittance=0.4 mm mrad

Slice Emittance Measurements

We are able to match single slices of
Summary Slice emittance in xly plane, pm : the bunch. One matchinggiteration
[ Posiion | 500pC, 5kA | 500 pC, 10 kA | 250 pC, 5 kA | 100 pC, 5 kA takes about 2 minutes including the
after injector booster 0.50 0.50 0.36 0.18 _ magnet cycling.
after collimator 0.57 0.57/0.75 0.40 ) 24 L0 3() ) I —————————
after T1 arc (before SASE2) 0.57 0.57/0.75 0.40 ’ o /H\ N
] — ; : - e gain
Projected emittance in x/y plane, um Ew ____________ gl poih AR L]
m 500 pC, 10 kA | 250 pC, 5 kA | 100 pC, 5 kA ek
after injector booster 0.84 0.67 0.30 T e B ;%j - I v
after collimator 1.15/1.21 1.10/2.93 0.80/1.37 0.30/0.82 The smallest slice emittances achieved so far é ‘
after T1 arc (before SASEZ2) 1.35/1.16 2.64/252 1.34/1.26 0.83/0.73 (four_screen method): % vabd Sli emnce measurent Ol' |
0.6 um rad with 53 MV/m gun gradient (500 pC) [ 2.} Ebir et Rl Ve e =T T

In the simulations we have used the laser heater in the injector to provide 1 MeV slice ) m rad with 60 MV/m gun gradient ) RGO S SN S S S S S |
energy spread after BC2 C 0.4 ym 2d with 60 MV/m gun gradief€(400 pC) D slice index

Talk by Igor Zagorodnov B. Beutner European XFEL Injector Commissioning Results,
talk at International FEL Conference, Santa Fe (2017), slide of M.Scholz

L J | European XFEL
l.Zagorodnov, http.//www.desy.de/fel-beam/s2e/xfel.html
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Tunnel location and length (XTD3/SASE4)
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Photos from
M o European XFEL http.//xfelmd.desy.de/vtour/
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Undulator technologies

Technology available at 5Smm vacuum gap, 17.5GeV

Svitozar Serkez et al, EUXFEL, SPF, 06.12.2018
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2.0 1

1.0 -

0.5 1

Ay [mm]
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[1] M. Turenne, C. Boffo, S. Casalbuoni, private communication

[2] J. Bahrdt and E. Gluskin, “Cryogenic permanent magnet and superconducting
undulators,” Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers,
Detect. Assoc. Equip., vol. 907, no. March, pp. 149-168, Nov. 2018.

[3] S. Casalbuoni, et. al., “Magnetic Field Measurements of Full-Scale Conduction-
Cooled Superconducting-Undulator-Coils,” IEEE Trans. Appl. Supercond., vol. 28,
no. 3, pp. 3-6, 2018.

[4] S. Casalbuoni, et.al., “Characterization and long term operation of a novel
superconducting undulator with 15 mm period length in a synchrotron light source,”
Phys. Rev. Accel. Beams, vol. 19, no. 11, p. 110702, Nov. 2016.

[5] S. Casalbuoni, et.al., “Superconducting Undulators: From Development towards
a Commercial Product,” Synchrotron Radiat. News, vol. 31, no. 3, pp. 24-28, May
2018.

[6] R. Dejus, M. Jaski, and S. H. Kim, “On-axis brilliance and power of in-vacuum
undulators for the Advanced Photon Source.,” Argonne, IL (United States), Nov.
2009.
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Methods to estimate FEL performance (3D gain length) L} =L}"(1+6)
W Saldin, Schneydmiller, Yurkov e Xie
Lg (3D) [m] Lg (3D) [m]

10

T T T
15.0 17.5 26.0 22|.5 25|.D . . 10,0 12,5 15.0 175 200 225 250 275 300

Ay [mm] Ay [mm]

E. L. Saldin, E. A. Schneidmiller, and M. V. Yurkov, “Design formulas for short-
wavelength FELs,” Opt. Commun., vol. 235, no. 46, pp. 415-420, May 2004.

M. Xie, “Exact and variational solutions of 3D eigenmodes in high gain FELs,” Nucl.
I B Y European XFEL Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc.
Equip., vol. 445, no. 1-3, pp. 59—-66, 2000.
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Saturation length and Accuracy

Z saturation (physical) [m]
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Saturation length and number of photons/femtosecond at saturation

Z saturation (physical) [m]
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N_phot / fs at saturation
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Results of numerical simulation (Genesis v2)
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Estimated number of photons at the end of undulator

N_phot / fs at 150m

loll]
I Rough estimation, assuming
no growth after- and exponential growth before saturation
10
108

Ay [mm]
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Estimated number of photons at the end of undulator

N_phot / fs at 150m

I Rough estimation, assuming
no growth after- and exponential growth before saturation

I Range of accessible photon energies

Ay [mm]

I B Y European XFEL
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Effect of Quantum fluctuations at 17.5 GeV

do> 14
N phot /fs at 150m
P 10 —L = — X)) K°F(K)
dz 15
Lo I FEL Gain at photon energies beyond 75keV is affected
3/2 2 + K2)9/4 S+ 8
5 =55%10% I_A Rcrcfn (1 K ) F(K) o= ~‘-?,
q I )111/4)(5/4 KA3. B33 e 1 — &8
108 r W JTh g

[1] J. Rossbach, E. L. Saldin, E. A. Schneidmiller, and M. V.
Yurkov, “Fundamental limitations of an X-ray FEL operation due to
quantum fluctuations of undulator radiation,” Nucl. Instruments
Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc.
Equip., vol. 393, no. 1-3, pp. 162—-156, 1997.

Ay [mm]

[2] E. L. Saldin, E. A. Schneidmiller, and M. V. Yurkov, “Design
formulas for short-wavelength FELs,” Opt. Commun., vol. 235, no.
4-6, pp. 415420, May 2004.

I B Y European XFEL
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Effect of Quantum fluctuations at 17.5 GeV, 100keV
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Undulator period doubling

MODE 2 (period doubled)

Figure 1: Sketch of period length doubling for supercon-
ducting undulators by changing the current direction in

one subset of windings.

I B Y European XFEL

Svitozar Serkez et al, EuXFEL, SPF, 06.12.2018

|

Ay [m] + (93Bs[T]? A5, [m]
2y%?

Ay =

I Increasing undulator period allows to
significantly reduce resonant photon energy

T. Holubek, S. Casalbuoni, S. Gerstl, N. Glamann, A. Grau, C.
Meuter, and D. S. de Jaurequi, “Design and Tests of Switchable
Period Length Superconducting Undulator Coils,” in IPAC, 2018,

pp. 4226-4228.
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Undulator period doubling (17.5GeV)
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CW operation (7.8 GeV)

Au[m] + (93Brms [T 23 [m]

Ay =

2y %
TABLE VI. Beam energy and DF estimated for the upgraded T
XFEL accelerator.
Operation Epeam E,. in ML Beam-on DF
mode [GeV] [MV/m] [%]
sp (nominal) 19.8 23.4 0.6
CW 7.8 7.3 100
Ip 10 10 53
Ip 14 15 23 [1]  J. Sekutowicz, V. Ayvazyan, M. Barlak, J. Branlard, W. Cichalewski, W.

Grabowski, D. Kostin, J. Lorkiewicz, W. Merz, R. Nietubyc, R. Onken, A.
Piotrowski, K. Przygoda, E. Schneidmiller, and M. Yurkov, “Research and
development towards duty factor upgrade of the European X-Ray Free Electron
Laser linac,” Phys. Rev. Spec. Top. - Accel. Beams, vol. 18, no. 5, pp. 1-9,
2015.

[2]  R. Brinkmann, E. A. Schneidmiller, J. Sekutowicz, and M. V. Yurkovy,
“Prospects for CW and LP operation of the European XFEL in hard X-ray
regime,” Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers,
Detect. Assoc. Equip., vol. 768, pp. 20-25, Mar. 2014.

L J | European XFEL
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CW operation (7.8 GeV)

M 17.5 GeV L
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Comparison with harmonic lasing

IAwn(L + K2) = Aysc(1 + K2c)

LgOSC = 1.67 (IA)U2 (GnAwSC)SIG (1 + Kgc)lfs
7 2/3
I At, KApjsc
Leon =1 67(Ii)1/2 (€xran)®/6 (1 + K2)1°
' 2/3 576

L J | European XFEL

Svitozar Serkez et al, EUXFEL, SPF, 06.12.2018

E. A. Schneidmiller and M. V. Yurkov, “Harmonic
lasing in x-ray free electron lasers,” Phys. Rev.
Spec. Top. - Accel. Beams, vol. 15, no. 8, p.
080702, Aug. 2012.

25
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Comparison with harmonic lasing

Epn [keV]

gain length 1d [m] (harm=1) gain length 1d [m] (harm=3)
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1.5 1.5
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20 20 2.5
0.0 0.0
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W@ Harmonic lasing is superior for the same combination of A, and E photon

I B Y European XFEL
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Comparison with harmonic lasing

Lgh 1d /Lg 1d 5 00 gain length 1d [m] (harm=3)
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W@ Harmonic lasing is superior for the same combination of A, and E photon

I B Y European XFEL
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Comparison with harmonic lasing

gain length 1d [m] (harm=1)
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I B Y European XFEL
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Svitozar Serkez et al, EuXFEL, SPF, 06.12.2018
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Comparison with harmonic lasing

Lgh_1d /Lg_ld @15mm period
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Comparison with harmonic lasing
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Effect of
undulator
field errors

Pole height ’_
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S. Casalbuoni, N. Glamann, A. Grau, T. Holubek, D. S. de Jauregui, C. Boffo, T. Gerhard,
M. Turenne, and W. Walter, “Magnetic Field Measurements of Full-Scale Conduction-
Cooled Superconducting-Undulator-Coils,” IEEE Trans. Appl. Supercond., vol. 28, no. 3,
pp. 1-4, Apr. 2018.

Y. Li, B. Faatz, and J. Pflueger, “Study of undulator tolerances for the European XFEL,”
29th Int. Free Electron Laser Conf. FEL 2007, pp. 330-333, 2007.
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Effect of
undulator
field errors
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I 0k /K=0.3% period-wise field error (rms)
I Corrected field integrals
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M. Turenne, and W. Walter, “Magnetic Field Measurements of Full-Scale Conduction-
Cooled Superconducting-Undulator-Coils,” IEEE Trans. Appl. Supercond., vol. 28, no. 3,
pp. 1-4, Apr. 2018.

Y. Li, B. Faatz, and J. Pflueger, “Study of undulator tolerances for the European XFEL,”
29th Int. Free Electron Laser Conf. FEL 2007, pp. 330-333, 2007.
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K (rms)

Effect of undulator field errors 100keV = 0.12 Angstom
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Effect of undulator field errors

100keV, 15mm period

Phase-shake effect

Added path was calculated

and compensated with phase shifter

With 50% error magnitude effect negligible
Note: .15% errors > .01% rho
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Spread of SASE spectrum (beam energy chirps & resistive wakefields)
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E-beam quality effect, 100keV, 15mm period

Z saturation
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N_phot/fs at saturation
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100keV S2E simulation:
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Summary 1: Undulator
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Summary 2

Our findings are based on two analytical approaches (SSY, Mxie) and two codes (Genesis, Simplex [T.Tanikawa] )

Potential detrimental effects on lasing:
E-beam quality is crucial (in particular: emittance < 0.4urad); it affects choice of the period
Quantum fluctuations important beyond 75keV at 17.5GeV
Undulator errors >> p can be compensated
Resistive wakefields and energy chirps in e-beam increase radiation bandwidth
Radiation coherence rapidly drops with photon energy and beam emittance

At CW operation 18mm SCU complements SASE1/2 undulator photon energy range
Period doubling is possible and allows one to significantly increase photon energy range at given e-beam energy
SCU radiation damage (probably) smaller compared to IVU/CPMU

Harmonic lasing becomes beneficial with 20mm SCU

But the most important...

L J | European XFEL
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Reaching 100keV in EuXFEL is possible!

/10keV used to be Sci-fi/

L J | European XFEL
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Thank you
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E-beam

Beam Dynamics at the European XFEL up to SASE4/S Igor Zagorodnov, 06.12.2018
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Methods to estimate FEL performance (3D gain length)

Saldin, Schneydmiller, Yurkov M.Xie

L 1
L, =Ly(1+9), L

L, 1+4
Lig = 1/2{/3kyp

P = v (I/IA)(lwawa/2ﬁo-x)2(1/2y0)3
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E. L. Saldin, E. A. Schneidmiller, and M. V. Yurkov, “Design formulas for short-
wavelength FELs,” Opt. Commun., vol. 235, no. 4-6, pp. 415-420, May 2004.

M. Xie, “Exact and variational solutions of 3D eigenmodes in high gain FELs,” Nucl.
E. A. Schneidmiller and M. V. Yurkov, “Harmonic lasing in x-ray free electron Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc.
lasers,” Phys. Rev. Spec. Top. - Accel. Beams, vol. 15, no. 8, p. 080702, Aug. 2012. Equip., vol. 445, no. 1-3, pp. 59—66, 2000.
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Methods to estimate FEL performance (3D gain length) L} =L}"(1+6)
W Saldin, Schneydmiller, Yurkov e M. Xie
Lg (3D) [m] Lg (3D) [m]
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E. L. Saldin, E. A. Schneidmiller, and M. V. Yurkov, “Design formulas for short-
wavelength FELs,” Opt. Commun., vol. 235, no. 46, pp. 415-420, May 2004.

M. Xie, “Exact and variational solutions of 3D eigenmodes in high gain FELs,” Nucl.
I B Y European XFEL Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc.
Equip., vol. 445, no. 1-3, pp. 59—-66, 2000.
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Methods to estimate FEL performance (~3D efficiency)

W Saldin, Schneydmiller, Yurkov
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M. Xie
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wavelength FELs,” Opt. Commun., vol. 235, no. 46, pp. 415-420, May 2004.

M. Xie, “Exact and variational solutions of 3D eigenmodes in high gain FELs,” Nucl.
Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc.
Equip., vol. 445, no. 1-3, pp. 59—-66, 2000.
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Accuracy

Accuracy

The formulas (3)—(5) provide an accuracy better than 5%
in the range of parameters

1 <€ <5, (6)

h

6 < 2.5{1 — exp[—%(%)z]]. (7)

In fact, the formulas (3)—(5) can also be used well beyond
this range, but the above-mentioned accuracy is not
guaranteed.

Bpeak [T]

100 125 150 17.5 20.0 22.5 250 27.5 30.0
Ay [mm]

E. A. Schneidmiller and M. V. Yurkov, “Harmonic lasing in x-ray free

electron lasers,” Phys. Rev. Spec. Top. - Accel. Beams, vol. 15, no.

8, p. 080702, Aug. 2012.
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Effect of beam energy chirps & resistive wakefields

Wakefield calculated with OCELOT assuming:

tube radius=2.5e-3,
tube len=1,
conductivity=3.66e+7,
tau=7.1e-15,
roughness=600e-9,
d_oxid=5e-9

self.eloss = pipe_wake(self.s, self.l, tube_radius, tube len,
conductivity, tau, roughness, d_oxid)[1][1][::-1]

L J | European XFEL
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Optimal Beta Functions

I B Y European XFEL
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E-beam quality effect, 100keV, 15mm period

Z saturation N_phot/fs at saturation 1e9
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E-beam quality effect, 75keV, 17mm period

Z saturation N _phot/fs at saturation 19
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E-beam quality effect, 50keV, 18mm period

Z saturation
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Beam after SASEA4:
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Optimistic scenario (SP mode, 19.8 GeV, 0.2mm*mrad beam)

I 19.8 GeV

N_phot / fs at 150m

o ” < 100 TABLE VI. Beam energy and DF estimated for the upgraded
oe 1, XFEL accelerator.

3.0

Operation Epeam E,.. in ML Beam-on DF
109 mode [GeV] [MV/m] [%]
| sp (nominal) 19.8 | 23.4 0.6
cW 7.8 7.3 100
Ip 10 10 53
108 Ip 14 15 23

I At optimistic electron energy and emittance parameters one can
expert to reach beyond 100keV

10 15 20 25 30 35 40
Ay [mm]
O 10 20 30 40 S50 (S18) 70 80 90 100
SASE1/2 40mm

SCU 15mm + 30mm | | |
BEESE] BREaEs REAED BEE0H BE-AS0 ERAE BEESA SRR BEER SR RS 50T Bl SRl [REEE RS E AN EEEES EREEN B aR Rl

SCU 16mm + 32mm
SCU 17mm + 34mm
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Planar vs Helical undulator

™ Planar i Helical
N phot /fs at 150m N phot /fs at 150m
— 1010 3.0 = 1010
—- SCU KIT¥Noell
planar tech)
2.5 - -
+ Iy
10 &% 10
2.0
E
10° 15 108
&
1.0
107
0.5
108
10 15 20 25 30 35 40
Ay [mm] Ay [mm]
O 10 20 30 40 50 S10 0O 80 90 100
Planar SCU 15mm ‘ | EYTTE FYTYTI FYETE FETTE ETTTE keV
IS SN EEEE NN EEENENEEEENEEEEEEENEEEEEE IEEEENEEEEEEEEN

Helical SCU 15mm
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Optimistic scenario (SP mode, 19.8 GeV, 0.2mm*mrad beam)

I 19.8 GeV

N_phot / fs at 150m

— ” - 1010 TABLE VI. Beam energy and DF estimated for the upgraded
oe £, XFEL accelerator.

3.0

Operation Epeam E,.. in ML Beam-on DF
109 mode [GeV] [MV/m] [%]
| sp (nominal) 19.8 | 23.4 0.6
cW 7.8 7.3 100
Ip 10 10 53
108 Ip 14 15 23

I At optimistic electron energy and emittance parameters one can
expert to reach beyond 100keV

10 15 20 25 30 35 40
Ay [mm]
O 10 20 30 40 S50 (S18) 70 80 90 100
SASE1/2 40mm

SCU 15mm + 30mm | | IEEEEENEEEEEEEEEEEENENEEEEEEEEEEEENEEEENENEEEENEEEEEEENEEEENENEEEENEEE ERERERN

SCU 17mm + 34mm
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Saturation length and number of photons/femtosecond at saturation

Z saturation (physical) [m]

200

175

150

125

100

0
T T T T
10,0 12,5 15.0 175 200 225 250 275 300

Ay [mm]

I B Y European XFEL

N_phot / fs at saturation

10 10

10%

108

10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0
Ay [mm]
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Simplex vs Genesis

" Good agreement

Ming Xie (SS) vs GENESIS Ming Xie (TT) vs SIMPLEX

@: simulation point

Sat power [GW] Peak saturation power simulated by GENESIS Color map shows saturation power [GW] Peak saturation power simulated by SIMPLEX
P ( () indicates quantum effect considered) (Eolid lines show lasing photon energy [keV] & no show more than 101keV) ( () indicates averaged power)
200 50keV 75keV 50 MYET:S 75keV 100keV
20 Period
175 \ Ph.
Energy
18 40
150 13mm 28 GW 17 GW 16 GW 13mm 26 GW 17 GW 12 GW
(8) (7) (7) i (11) (8) (4)
125 15mm 27 GW 18 GW 13 GW E 15mm 28 GW 19 GW 12 GW
(15) (11) (10) By » (11) (®) (s)
100 17mm 27 GW 18 GW Before % 17mm 28 GW 26 GW 14 GW
(18) (12) satu. g 12 (11) ) (a)
5 19mm 28GW  Before Before E 2 19mm 28GW  24GW  11GW
(21) satu.? satu. 10 (10) (7) (3)
50
0.8 10
25
0.6
0.005 0.010 0.015 0.020 0.025 0.030 15 16
Au[m] period length [mm]

W By Takanori Tanikawa

I B Y European XFEL
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Planar vs Helical undulator: 100keV, 17.5 GeV, 15mm period, QF included

Planar Helical

K. _.=0.97

E + 17499[MeV]
o o o ¢
-~ [#s] w o

0.6
hel |
Zsat / Zsatp

~ (AP Ahel )23 B
~0.9 3

0.02
0.00
4 - -5 - 10
— 3 1 i 4 '8
2 -3 -6
2 ]
=% _2 = 4
1 =444 +00W | 4 Zog=104e+10W | 5
_____ Ecng= 5.55e-06 | Eeng= 1.12e-05 |
0 : : : ; ; 0 0.0 ; ; - - - 0
0 25 50 75 100 125 0 25 50 75 100 125

L J | European XFEL

ae [Mev]

E [yl
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Comparison with harmonic lasing

N_phot / fs at 150m

10 15 20 25 30 35 40
Ay [mm]
m33*3=100

I B W European XFEL

101”'

10%

108
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Lgh_3d /Lg_3d @18mm period (+qf£ 0

100 *

175

1.50

1.25

1.00

Epn [keV]

0.75

0.50

0.25

0.00

Ay [mm]
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Comparison with harmonic lasing

Lgh_1d /Lg_ld @15mm period 5 00

1.75
100
1.50
80 1.25
o
=, 60 1.00
£
u
0.75
40
0.50
0.25
20
. . 0.00
10 15 20 25 30 35 40 45
Ap [mm]
I European XFEL

Svitozar Serkez et al, EUXFEL, SPF, 06.12.2018

Epn [keV]

100

80

60

40

20

Lgh_3d /Lg_3d @15mm period (+qf; 0

175
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1.25

1.00

0.75

0.50

0.25

20

0.00
25 30 35 40 45
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Comparison with harmonic lasing

Epn [keV]

100

Accuracy

80

- 0.6

60

- 0.4

40

20

Ay [mm]

L J | European XFEL

Svitozar Serkez et al, EUXFEL, SPF, 06.12.2018

Phys. Rev. ST Accel. Beams 15, 080702 (2012)

The formulas (3)—(5) provide an accuracy better than 5%
in the range of parameters

2
| < —:E <5, (6)

h

1 (2me\2
h

In fact, the formulas (3)—(5) can also be used well beyond
this range, but the above-mentioned accuracy is not
guaranteed.



Super-X: Simulations for super-hard X-ray generation with short period undulators for the EuXFEL

SASE1/2 damage

slides by Frederik Wolff-Fabris

European XFEL

Svitozar Serkez et al, EUXFEL, SPF, 06.12.2018

The 2018 Lessons of Radiation Doses on Undulators

Cell#27, 9.3keV

Using recent User
Operation weeks

Frederik Wolff-Fabris, Nov. 20th, 2018

27
Using 1nC

/w A and not 0.25nC

500
1000
230
500
1000
230
500
1000
230
500
1000

14.375
31.21
62.42
14.375
31.21
62.42
14.375
31.21
62.42
14.375
31.21
62.42

European XFEL

120
120
500
500
500
1200
1200
1200
2700
2700
2700

176
352
19.4
42.2
84.4
8.1
17.6
35.2
3.6
7.8
15.6

162-324
352-704
704-1408
38.8-77.6
84.4-168.8
168.8-337.6
16.2-32.4
35.2-70.4
70.4-140.8
7.2-14.4
15.6-30.2
31.2-62.4

40.5-81
88-176
176-352
9.7-19.4
21.1-42.2
42.2-84.4
4.05-8.1
8.8-17.6
17.6-35.2
1.8-3.6
3.9-7.8
7.8-15.6
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SR heating handled with apertures

e-beam
ey

Svitozar Serkez et al, EUXFEL, SPF, 06.12.2018

1 1
0 ~-= ~30urad
rad 35000 H

X — y

rad — Kerad

L J | European XFEL

Lmodule~6m
xy __ 250um
Oup = - 40urad

l 0.25mm
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o
SPECTRA — Wiggler model
—ﬂ- SPECTRA 10.1 - DAproj\Mid-term XFEL upgrades\Super-X\Heat_issues_SR\Super-X_wig.prm ; -~ -

Svitozar Serkez et al, EUXFEL, SPF, 06.12.2018 69

File Select Calculation Run Utility Configuration Help

Accelerator Specification

Linac

O el

Bunch Profile: [Gaussian

Electron Energy (GeV) 17.5
Average Current (mA) 2.5e-07
Pulses/sec 1

cz (mm) 6
Bunch Charge (nC) 0.25
Peak Current (A) 4.98333
Natural Emittance (m.rad) 9e-12
Coupling Constant 1

ex (m.rad) 4.5e-12

gy (m.rad) 4.5e-12

v] Injection Condition: |Default

Energy Spread 0.0000584

Bx (m) 30

By (M) 30

nx (M) 0

ny (m) 0

1/~ (mrad) 0.0291999

ox (mm) 0.01162
oy (mm) 0.01162
yox 0.01326

o 0
oy 0
nx o
ny' 0

ox (mrad) 3.873e-04
oy (mrad) 3.873e-04
voy' 0.01326

Light Source Description

I B W European XFEL

Wiggler

[/ Link Gap & Field o (mm)  0.01021 orx (mrad) 0.01772

Gap Value 20 ory (mm) 0.01003 ory (mrad) 0.01742

B(T) 0.898905 > x (mm) 0.01547 >x (mrad) 0.01773

Periodic Length (cm) 1.5 ):_yz me) 0.01535 >y (mrad) 0.01743
Critical Energy (eV) 183074

Total Length (m) 2.0 Critical Wavelength (nm) 0.00677234

Number of Periods 133 Total Power (kW) 7.80869e-08

K Value 1.259
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SPECTRA — Wiggler model — far zone calculation

# | Spatial Dependence (Along Axis) - Power Density l = | =l w
Observation |
Observation Point in Angle Numerical Conditions
Distance from the Source (m) 30 [[] Zero Emittance ~
T px' (mrad) 0.0276495 Accuracy Level 3 =
Zpy (mrad) 0.0206547 Output File Settings
Minimum gx (mrad) -0.07 [] Print Header
Maximum @x (mrad) 0.07 Print Unit
Mesh x 101 Suffix (X Axis) dtx
Minimum @y (mrad) -0.07 Suffix (Y Axis) dty
Maximum gy (mrad) 0.07
Mesh y 101 Target Item Unit
. . Power Density kW/mrad"2
[ Filtering |Generic Filter
® 1 PLOT: DAproj\Mid-term XFEL upgrades\Super-X\Heat_issues_SR\Wig_spat_axis_30m_far l = | =] Iﬁ
T T T T R
3e-05— — Wig_sp4g
— Wig_sp3d
. 2.4e-05— =
R=Theta_x*Distance from source
Source is in the MIDDLE of the ID 21 8e-05- _
Z
A
o 1.2e-05— —
6e-06— -
O— _
| 1 1 1 1 1
i -0.06 -0.03 0 0.03 0.06
theta_x
1 | European XFEL
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SPECTRA — Wiggler model — near zone calculation (2.2 m from source)

B | Near Field: Spatial Dependence (Along Axis) - Power Density { = ‘ =] \ﬁj
Observation |
Observation Point in Angle Numerical Conditions
Distance from the Source (m) 2.2 ["]Zero Emittance
Tpx' (mrad) 0.0281467 Accuracy Level 3 =
Zpy (mrad) 0.0213157 Output File Settings
Minimum 6x (mrad) ~0.06 [] Print Header
Maximum @x (mrad) 0.06 Print Unit
Mesh x 51 Suffix (X Axis) dix
Minimum @y (mrad) -0.06 Suffix (Y Axis) dty
Maximum ©y (mrad) 0.086|
Mesh y 51 Target ltem Unit
Power Density kW/mm*2

B ' PLOT: DAprop\Mid-term XFEL upgrades\Super-X\Heat_issues_SR\Wig_spat_axis_2p2m_near| GE ﬂ

7e-06— ' ' ' ' ' — Wig_
— Wig_

6e-06—

R=Theta_x*Distance from source

In KW/mmA2-> (2.2)2=4.84 wrt previous Se-06r- |

=
= 4e-06 .
[ -
D
0 3e-06 .
(N
2e-061 .
1e-06— .

O_ —

S W e European XFEL 20.06 -0.04 002 0 002 004 006
theta_x
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SPECTRA — Wiggler model — near zone calculation (4 m from source)

® ' Near Field: Spatial Dependence (Along Axis) - Power Density l == | =1 w
Observation |

Observation Point in Angle Numerical Conditions

Distance from the Source (m) 1.2 []Zero Emittance ~
Tpx' (mrad) 0.0292932 Accuracy Level 3 =
py (mrad) 0.0228083 Output File Settings

Minimum 8x (mrad) -0.06 ] Print Header

Maximum @x (mrad) 0.06 Print Unit

Mesh x 51 Suffix (X Axis) dix

Minimum gy (mrad) -0.06 Suffix (Y Axis) dty

Maximum gy (mrad) 0.06

Mesh y 51| Target Item Unit

Power Density kW/mm"2

T PLOT: D:A\proj\Mid-term XFEL upgrades\Super-X\Heat_issues SR\Wig_spat axis 4m_near

2e_06— T T T T T

1.6e-06/-

R=Theta_x*Distance from source

In KW/mmA*2-> (4)*2=16 wrt previous 1.2e-06-

8e-07

P.Density

4e-07F

0_

— Wig
— Wig

theta_x
L J | European XFEL

"0.06 -0.04 -0.02 0 002 004
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Receipt

® ' PLOT: D:Aproj\Mid-term XFEL upgrades\Super-X\Heat issues SR\Wig_spat_axis 4m_near L B | PLOT: D:\proj\Mid-term XFEL upgrades\Super-X\Heat_issues_SR\Wig_spat_axis_30m_far l = | =1 m
2e-06F ' | ' ' ! 3e-05- | | | ' —— Wig_spa
— Wig_sp4g
1.6e-06— 2 4e-05— -
>=1.2e-06— =1.8e-05— —
2 z
- A
O g8e-07- ~ 1.2e-05— |
(ol
de-07+— 6e-06— _
o- o- |
0.06 -0.04 -002 0 002 004 -0.08 003 0O 0.03 0.06
eta_x
theta_x —

Since not too much difference after a couple of meters use the following model:

Undulator of variable length Lw

SN Wmm T European XFEL Observation position fixed at 5 m from the exit
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SPECTRA - Undulator model
ﬂ— SPECTRA 10.1 - DAproj\Mid-term XFEL upgrades\Surper—z(\He?t_is;sues_SR\Super—)(_undu.prm _

o e ——

File Select Calculation Run Utility Configuration Help
Accelerator Specification

Linac

Bunch Profile: [Gaussian v] Injection Condition: |Default
Electron Energy (GeV) 17.5 Energy Spread 0.0000584
Average Current (mA) 2.5e-07 Bx (M) 30

Pulses/sec 1 By (M) 30

oz (mm) 6 nx (M) 0]

Bunch Charge (nC) 0.25 My (M) 0

Peak Current (A) 4.98333 1/ (mrad) 0.0291999
Natural Emittance (m.rad) 9e-12 ox (mm) 0.01162
Coupling Constant 1 oy (mm) 0.01162

sx (m.rad) 4.5e-12 sy (m.rad) 4.5e-12 vox 0.01326

CLx
oy
nx
ny'

[=lN=INelNe

ox (mrad) 3.873e-04
oy (mrad) 3.873e-04
voy 0.01326

Light Source Description

Linear Undulator

[ Link Gap & Field or (mm) 5.597e-04

[ | Segmented Undulator Sx (mm) 0.01163

[ | Special Magnet Setup Sy (mm) 0.01163

Gap Value 20 A 1st(nm) 0.012396

B(T) 0.978157 s1st(peak:eV) 100005

Periodic Length (cm) 1.5 s3rd(peak:eV) 300008

Total Length (m) 2.0 Fllfl)(.13t 1.72445e+06

Number of Periods 133 Brilliance1st 9.91211e+13
Peak Brilliance 1.97581e+24

K Value 1.37 Bose Degeneracy 0.00156919

e1st(eV) 100020 Total Power (kW) 9.2463e-08

or (mrad) 1.763e-03
>x (mrad) 1.805e-03
Ty (mrad) 1.805e-03
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SPECTRA - Undulator model — far-zone calculation

B 'l Spatial Dependence (Along Axis) - Power Density

Observation |

Observation Point in Angle

Distance from the Source (m) 30

Spx (mrad) 0.0287523
Spy' (mrad) 0.0206547
Minimum @x (mrad) -0.06
Maximum 9x (mrad) 0.06
Mesh x 51
Minimum gy (mrad) -0.06
Maximum Qy (mrad) 0.06
Mesh y 51

[C] Filtering |Generic Filter

L J | European XFEL

MNumerical Conditions

[1Zero Emittance
Accuracy Level 3

i

Qutput File Settings

[ Print Header
Print Unit

Suffix (X Axis) dix
Si [® ] PLOT: DAproj\Mid-term XFEL upgrades\Super-X\Heat_issues SR\Undu_spat_axis 30m_far [ = | =Y m

Ta
Pc T T T T T T Undu_
Undu_
2.8e-05—
32- 1e-05— —
2
@
0 1. 4e-05— —
a il
Te-06— —
0_ —
-0.06 -0.04 -0.02 0] 0.02 0.04 0.06
theta_x
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Therefore:

No big difference between undulator and wiggler model

Far zone starts to be ok for a distance a few time the ID length
Use wiggler model, far zone

Assume e.g. 5m from the exit of a wiggler of variable length
Study as a function of the wiggler length

Undulator of variable length Lw

Observation position fixed at 5 m from the exit

L J | European XFEL
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Selecting 1 period just divides the full flux by #periods

B ' PLOT: DMproj\Mid-term XFEL upgrades\Super-XAHeat_issues_SR\Undu_spat_axis_1period = =] >X

— Undu_
2e-07 — Undu_

1.6e-07— —

ity

1.2e-07— —

P.Dens

8e-08— —

4e-08— —

20.06 -0.04 -0.02 0 002 004 006
theta_x

L J | European XFEL



ﬂ- SPECTRA 10.1 - DAproj\Mid-term XFEL upgrades\Super-X\Heat_issues_SR\Super-X_wig.prm . e — - -

File Select Calculation Run Utility Configuration Help
Accelerator Specification

Linac

Bunch Profile: ’Gaussian

v] Injection Condition: |Default

Electron Energy (GeV) 17.5 Energy Spread 0.0000584

Average Current (mA) 2.5e-07 Bx (m) 30 ox 0
Pulses/sec 1 By (M) 30 oy 0

oz (mm) 6 nx (M) 0 X 0

Bunch Charge (nC) 0.25 ny (m) 0 ny' 0

Peak Current (A) 4.98333 1/y (mrad) 0.0291999

Natural Emittance (m.rad) 9e-12 ox (mm) 0.01162 ox (mrad) 3.873e-04
Coupling Constant 1 oy (mm) 0.01162 oy (mrad) 3.873e-04

ex (m.rad) 4.5e-12 sy (m.rad) 4.5e-12 yox 0.01326 Yoy 0.01326

Light Source Description

Wiggler

I]Link Gap & Field

orx (mm) 1.415e-04 orx' (mrad) 0.01772

B - SRS S

Gap Value 20 ory (mm)  8.153e-05 ory' (mrad) 0.01742

B(M 0.898905 ® | Spatial Dependence (Mesh: x-y) - Power Density — =™
Periodic Length (cm) 1.5

Total Length (m) 0.0115 Observation ‘

Number of Periods 1 . - . . -

K Value 1 259 Observation Point in Angle Numerical Conditions

Distance from the Source (m) 5 [ Zero Emittance

A[ b

I B Y European XF

> px' (mrad) 0.0277442 Accuracy Level 3

Zpy' (mrad) 0.0207814 Output File Settings
Minimum gx (mrad) -0.06 ] Print Header

Maximum 6x (mrad) 0.06 Print Unit

Mesh x 101 Suffix dta

Minimum gy (mrad) -0.06 _
Maximum @y (mrad) 0.06 Target Item Unit

Mesh y 101 Power Density kW/mrad"2

[C] Filtering |Generic Filter
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ps
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Example after about 907 periods (see Analysis.nb)

w o {]

o07 | [=x)l+] &)l =)

—10 l -E l . . . - l . l . 5

European )
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Harmonic Lasing Basic Fitting Formulas

L J | European XFEL

81



Super-X: Simulations for super-hard X-ray generation with short period undulators for the EuXFEL Svitozar Serkez et al, EUXFEL, SPF, 06.12.2018

Harmonic Lasing Basic Fitting Formulas

PHY SICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 15, 080702 (2012)

Harmonic lasing in x-ray free electron lasers

E. A. Schneidmiller®™ and M. V. Yurkov

— 27

. . \
L, =L, (1+ &) Fieldgainlength
J.\1/2 )56 (1 4+ K2)1/3
Lgo = 1.67(_A) (€, 2‘;3 ( 5 )
Ay P KA,
_ _ IA 62/4 /19/80'%,
o = 131 - _ _
I XA (KA ) (1 + K2V
A (K) — J ( hK? ) _ ( hK? )
JJh (h—1)/2 2(1 + K2) (h+1)/2 2(1 + K2)
IN\1/2  e/?AY?
opt = 11-2(—) 1 +858)~ /3
Pop 1 SWALT IV :
(B — Bop)?(1 + 85)71/6
L,(B) = Lg(Bopt)[l + 252, ] for B = Bopt- -

L J | European XFEL

—>1
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Harmonic Lasing vs. SCU

Target Wavelength A = Ay

Ay = A fixed
v fixed

A, Vvariable

K (rms) wariable

Therefore

Awn(1 + K2) = Awsc(1 + K30)

Index “h” - Harmonic lasing
Index “SC” - Superconducting Undulator

L J | European XFEL

Svitozar Serkez et al, EUXFEL, SPF, 06.12.2018

Aw(l + K?) = constant

Note the difference with the “retuning” case,
where the period is fixed too (see PRSTAB 15,
080702 Appendix A)
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Super-X: Simulations for super-hard X-ray generation with short period undulators for the EuXFEL

Harmonic Lasing vs. SCU

Awn(1 + K7y =Rmse@ + K30)

I )1/2 (€nAwsc)®® (1 + K )

LgOSC = 1.67 (T

142 (entp)™S (1 + KM

Svitozar Serkez et al, EUXFEL, SPF, 06.12.2018

L 12 A
_ MHSC

Lgosc

Loon = 1.67(—)
80 T Af/s k5/6Kf1]]h
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Harmonic Lasing vs. SCU

2 v Atarget — Ansc 2 h v Atarget — Anh
Get the K for SC and HL case Fsc - V2 g . I o= V2ny g

W Anso Anh r

Lgon AP?KscAjgsc

Use the above expressions with =
P Lgosc  H5/6K), A II;,)L;/SZC

Falls 14 £v [R5 Anh'? Ksc (Besseld [0, Ksc? /(2 +2 Ksc?) ] - Besseld[1, Rsc? /(2 + 2 Rsc?) ])
impel i j,r[ - ]
Ansc'’? Eh (Besseld[(h-1) 1 2, hR:L-Ef{2+217ﬂ-ﬁ}]_BesselJ[{h+1},.-'2,hR:Lff{E+ER:h‘}]}

A

| - 3 - -
. [ - - i — 1 — 1 Aan e
Auh & 2 y* Atarget — Ausc Begsgseld 0, - — —/———— -BesgelJ | 1, - — —/——m
| L = g7 dtarget | L = g7 Atarget: [ )
. 5 ' o - z . { -1, . R Juk ] - 1:n R Juh
¥ 4 2 hy*® Atarget - Juh Ausc Bess=selJ - (-1 :h), T - ———— —BesselJ =&, I - ———r——
i = = 4 7< Atarget - - = = 4 7 Jtanget [ J

Set the gain length ratio

LOHAiwvLOSC[h , 4Atarget , Auhk , Ausc ] =

Anh "-..I'rE 'r: Atarget — Ansoc {BESSE]_J [D .

1l "_I'.us-r_ ] —BESSE]_J[]_, 1 ﬂ_I'us-r_ ]}
2 4y ArtaTget 2 4y Artamget
hE/E ’H.JIrE h +? Atarget — Anh Ansc {BesselJ[ l (_13+h), & - —dar ] - BesselJ[ 1k B Jmk ”
2 2 4y~ Artanget 2 2 4y~ Artanget

L J | European XFEL



Super-X: Simulations for super-hard X-ray generation with short period undulators for the EuXFEL

Harmonic Lasing vs. SCU

Svitozar Serkez et al, EUXFEL, SPF, 06.12.2018

r Amthh , Ausc ] the ratio

So we indicated with LOHAivLOSC[h , .Atarget
Now set
Atarget = 0.0155 %1077 ¥ = 17500 /0.511 h=23
Ansc = 0.015 15mm period SCU!
[ Harmonic Lasing has longer gain-length
[ for undulator periods > 30mm
[ Energy-spread modifications
-[ make the situation worse for HL
- B _'_'__'_'_,_4-
F
LR L= I EL - L L e LE P Auh

L J | European XFEL
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Harmonic Lasing vs. SCU

Energy-spread modifications make the situation much worse for HL

1, &/ s

I 2)/BAY® (KA ;)%(1 + K2)/8

L, =L, (1+ &) s = 131

In[1)= & [&_, Au_, b , oy _ , Eu_ , AJJTh ] =

131+ IA/Ipsen™ (574} f {(Atarget~ (1L/8) *Auh* (9/8)) h* (9/8) oy~ 2/ ((EFn AJJh)} 2 (L+EKa~ 2} ~ {1/ 8)})

131 h*'? A en®? oy®
Out[1])= — — o
ATTh? Tp Eu? (1 +: Kuf}'? acargec?® auns*t
¥ = 17500 /0.511 Atarget = 0.0155%x10° en=0.3210* {(—6)

"-.'IIrEhT‘“ Atarget — Anh
IA =17000; Ip=5000; h=3; oy =2.; FKu-= :

W Anh

AJTh = BesselJ[(h-1) /2, hEn® / (2:2Fao’)] -Besseld[(h+1) /2, hEa® / (2:2Fa")]:

[ European XrkeL
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Harmonic Lasing vs. SCU

Energy-spread modifications make the situation much worse for HL

Iin[10):= hh = 3

Out[10}= 32

1
I

Plot[&[en, Anh, h, oy, Fa, AJJh], {Aoh, D.015, 0.068}]

0.8

L J | European XFEL
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Harmonic Lasing vs. SCU

Energy-spread modifications make the situation much worse for HL

In[12):= h = 3
o

L)

I

I
i

1
[E%]
I

Plot[&[en, Anh, h, oy, Fa, AJJh], {Aoh, D.015, 0.068}]

1.0 |-

Churt] 1:3] .8 -

= 1]
T

[
[
T T | T
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Harmonic Lasing vs. SCU

Energy-spread modifications make the situation much worse for HL

In[1&]):= h =1
1

(]
I
n
1

In[158]:= Plot[&[en, Auh, h, oy, Fa, AJJh], {Anh, 0.015, 0.02}]

Ot 16]

No large influence for the case of SCU!
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Harmonic Lasing Seeding vs. SCU

HLSS - Use part (A) of the undulator tuned directly at A, part (B) tuned at a sub-harmonic
Conceptually the same as pSASE

Two different undulator periods are used for the two undulator parts

Then assume part (A) is the same as in the SCU case

And

Part (B) is like in the harmonic lasing case

Assume a fraction 0<f<1 of the total length is (A) tuned directly at A,as SCU

The total gain length can be then written (assuming perfect suppression of the sub-harmonic fundamental in (B) as

Lg = ngsc -+ (1 — f)Lgh > LgSC for Lgh > LgSC
Usually part (A) is shorter than (B), so f < 0.5 tipically

L J | European XFEL
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Conclusions

Harmonic Lasing

Unless a short-period undulator is used, gain length is longer than for an optimized SCU
Example:

Case 40mm vs. SCU with 15mm: Lgon = 1.55Lgosc

Energy spread (1MeV rms) Lgsc = Lgosc

h=3": Lgh o~ 1.18Lg()h —> Lgh = 1-83LgSC

h=5: Lgh = 1'32L80h —_—> Lg =~ ZLgSC
HLSS
Is also longer as Le = fLgsc + (1 — f)Lgn > Lgsc for Lgn > Lggsca small part

Important notes:
-> All this assuming perfect suppression of the fundamental in HL (or HLSS), worse in reality
- The extra “budget” due to SCU can be used e.g. for tapering
- Moreover: HL or HLSS are better with short periods. And SCUs produce large magnetic field
So they are best for tuning at sub-harmonic of the fundamental. One could install SCUs as baseline and still employ
HL and HLSS to increase the spectral brightness, this time with a better gain length (energy spread effect still there,
but short period)
L J | European XFEL



