
June 21st,  2023  |  Physics and Applications of High Brightness Beams – San Sebastian   

Member of the Helmholtz Association

Beñat Alberdi Esuain, Thorsten Kamps

Novel Approaches and Innovative Modalities in Ultrafast 
Electron Scattering Applications with Accelerators



PAHBB San Sebastian 2023 – Benat Alberdi (HZB)

SEALAB AND THE SRF PHOTOINJECTOR 

Bessy II

MLS

SEALab/bERLinPro

Helmholtz-Zentrum Berlin, Adlershof campus

1



PAHBB San Sebastian 2023 – Benat Alberdi (HZB)

SEALab
Superconducting Electron Accelerator Lab.
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ENERGY RECOVERY LINAC AT SEALAB

Parameter Goal

Beam energy recirculator 50 MeV

Beam current ERL mode I/II 5 mA / 100 mA

Repetition rate 1.3 GHz

Normalized emittance 1 µm

Bunch length mode I/II 100 fs / 2ps

Beam losses << 10-5 @ 100 mA

[1] M. A. H. Schmeisser, J. Kühn, S. Mistry, PRAB 21, 113401 2018
[2] G. Klemz, I. Will, in preparation
[3] A. Neumann, SRF 2015

Photoemission source [1] with drive laser [2].
All acceleration (gun, booster, linac) with SRF, 
elliptical-shaped, TESLA-style at 1.3 GHz [3].

 

SRF injector

SRF linac

Recirculator

Beam dump
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WORKSHOP AT 2019: SCIENTIFIC OPORTUNITIES AT SEALAB 
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WORKSHOP AT 2019: SCIENTIFIC OPORTUNITIES AT SEALAB 
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MAIN CONCLUSION:
MEV ULTRAFAST ELECTRON SCATTERING AT 

THE INJECTOR
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SRF PHOTOINJECTOR – ENABLING SCATTERING EXPERIMENTS  
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SRF PHOTOINJECTOR – ENABLING SCATTERING EXPERIMENTS  

What do we need to enable MeV scattering experiments in the SRF Photoinjector?
● Emittance reduction from 1µm to below 100nm to make sure we have enough spatial resolution.
● Target station for samples and diagnostics.
● Focusing element to control transverse beam size at target.
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SRF PHOTOINJECTOR – ENABLING SCATTERING EXPERIMENTS 

● First scattering exepriments at the 
end of 2023 / beginning of 2024

● Beamtime rehearsal done in KAERI, 
Korea, at the end of 2022.
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BUNCH COMPRESSION – LINEARIZATION

B. Alberdi, J.-G. Hwang et al., Sci. Rep. 12, 13365 (2022).
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BUNCH COMPRESSION – LINEARIZATION

B. Alberdi, J.-G. Hwang et al., Sci. Rep. 12, 13365 (2022).

Linearization using the stretcher mode [1] 
provides the shortest bunch at target.

 

[1] B. Zeitler et al., Phys. Rev. ST Accel. Beams 18, 120102 (2015)
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BUNCH COMPRESSION – LINEARIZATION

● The use of the three cavities allows us to linearize the bunch at the target, from 1ps → 21fs.

● The minimum achievable bunch length with the buncher mode, on the other hand, is limited to 96fs.

 

B. Alberdi, J.-G. Hwang et al., Sci. Rep. 12, 13365 (2022).

Linearization using the stretcher mode [1] 
provides the shortest bunch at target.

 

[1] B. Zeitler et al., Phys. Rev. ST Accel. Beams 18, 120102 (2015)
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TIME OF FLIGHT JITTER STUDIES The jitter sources in the SRF Photoinjector are: 
● The laser pulse arrival jitter at the cathode.
● The phase jitter in the RF cavities.
● The amplitude jitter in the RF cavities.
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TIME OF FLIGHT JITTER STUDIES 

B. Alberdi, J.-G. Hwang et al., Sci. Rep. 12, 13365 (2022).
● The use of multiple cavities allows to compensate the effect in time of flight jitter of the timing mismatch  

between RF fields and laser arrival at the cathode. 

● Minimum ToF jitter achieved with 3 cavities is of 54fs for an initial timing mismatch of 320fs between RF fields at the gun 
and laser arrival time at the cathode. 
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MOGA OPTIMIZATION OF TIME RESOLUTION  

So we have achieved:
● Emittance reduction
● Bunch compression
● Laser to RF jitter effect minimization

However… the linearization requires to use certain 
working point of the additional cavities which are not 
benefitial for the ToF jitter. Hence:

● Find trade-off: compression ↔ ToF jitter 
● Find the compromise that reduces the overall 

time resolution.
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MOGA OPTIMIZATION OF TIME RESOLUTION  

So we have achieved:
● Emittance reduction
● Bunch compression
● Laser to RF jitter effect minimization

However… the linearization requires to use certain 
working point of the additional cavities which are not 
benefitial for the ToF jitter. Hence:

● Find trade-off: compression ↔ ToF jitter 
● Find the compromise that reduces the overall 

time resolution.
For this we use MOGA algorithms (with constrains 
for charge, emittance):

 

B. Alberdi, J.-G. Hwang et al., Sci. Rep. 12, 13365 (2022).
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UED AT SEALAB – WORKSHOP WITH EXPERTS AND USERS

After the simulation results showing that the SRF 
Photoinjector was capable of achieving appropriate time 
and spatial resolutions for UED, a workshop was 
organized with experts and potential local users.
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UED AT SEALAB – MAIN CONCLUSIONS
● There is a very strong science case in the Berlin area for 

functional material studies with MHz repetition rate electron 
scattering experiments.

 

● Complementary to synchrotron radiation and FEL facilities 
with multi modal capabilities (Bessy III).

 

D. Zahn, et al., arXiv:2008.04611 (2020) H. Seiler, et al., arXiv:2006.12873 (2020)
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UED AT SEALAB – MAIN CONCLUSIONS
● There is a very strong science case in the Berlin area for 

functional material studies with MHz repetition rate electron 
scattering experiments.

 

Machine Requirements
● The time needed for the sample exchange 

should be reduced from days to few hours or 
minutes.

● The capacity of working in diffraction and 
imaging modes together with very short 
pulses.

● High magnification eletron optics with low 
aberrations is required.

● A pump laser with suitable parameters and a 
synchronization system are needed.

 

● Complementary to synchrotron radiation and FEL facilities 
with multi modal capabilities (Bessy III).

 

D. Zahn, et al., arXiv:2008.04611 (2020) H. Seiler, et al., arXiv:2006.12873 (2020)
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SAMPLE SECTION Beam

 

Merger
section

● The sample section will be located 
downstream of the merger.

● It consists of two main components: 
– Differential pumping. 
– Sample chamber.

● The differential pumping system separates 
the 10-10 Torr section upstream of the 
merger and the 10-6 Torr section 
downstream.

 

Electron 
optics
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SAMPLE SECTION Beam

 

Merger
section

● The sample section will be located 
downstream of the merger.

● It consists of two main components: 
– Differential pumping. 
– Sample chamber.

● The differential pumping system separates 
the 10-10 Torr section upstream of the 
merger and the 10-6 Torr section 
downstream.

● The sample chamber enables quick 
exchange of the sample by using a lock 
system to keep relaxed vacuum conditions.

 

Electron 
optics
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AXISYMMETRIC ZOOMING LENS WITH QUADRUPOLES
● The axisymmetric zooming lens produces point a Fourier plane or an imaging plane at 2.5m from the object.
● The lens is axisymmetric, keeping the symmetry between X and Y outside the quadrupoles.
● The change between the two operational modes happens by changing only one power supply value.
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AXISYMMETRIC MAGNIFIER LENS WITH QUADRUPOLES
● Symmetry between X and Y is conserved: same magnification and same divergence at the end of the section.
● The axisymmetric magnifier lens produces an image of the object at 2.5m with a magnification of 20.
● An axisymmetric demagnifier lens with a demagnification of 20 has also been designed for beam focusing.
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DIAGNOSTICS LINE – SHORT OPTION 

● The beamline downstream of the merger is in total 7m long.
● It offers both modalities diffraction / imaging in both detectors: the near detector and the far detector.
● The magnification between both detectors is of 20.
● 12 quadrupoles needed for full implementation.  

 

Beam

 To merger
section
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DIAGNOSTICS LINE – LONG OPTION

Beam

 

To merger
section

● The beamline downstream of the merger is in total 12m long.
● It offers both modalities diffraction / imaging in both detectors: the near detector and the far detector.
● The magnification between both detectors is of 8000.
● 20 quadrupoles needed for full implementation.  
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CONCLUSIONS
● Simulations show that the changes implemented to the SRF Photoinjector can reduce the transverse emittances to 

suitable values for electron scattering experiments. The changes to allow this have already been implemented in the 
beamine.

● This will be tested in an upcoming beamtime by measuring the emittance directly and indirectly using the diffraction 
pattern produced by a known target. The diagnostics techniques have been already tested in the KAERI beamline in Korea.

● The time resolution achievable in the SRF Photoinjector for pump-probe experiments is at least comparable to existing 
UED facilities.

● There is a big user base in Berlin who would like to perform MHz repetition rate UED and UEI experiments with solid state 
functional materials as target → This is the direction in which the SRF Photoinjector modifications will happen.  

● Current status:

● The commissioning of the SRF Photoinjector is planned for this year. We will soon see the first beams.

● The design of the needed beamline modifications to allow pump-probe experiments is taking place right now, a final 
design will be ready soon. The changes will be implemented over the next years, with the goal of achieving first 
scientific results in 3 years time.
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THIS IS ALL, 
THANK YOU FOR YOUR ATTENTION
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BACK-UP SLIDE -  COMPRESSION W/O SPACE CHARGE

Linearization using the stretcher mode [1] provides 
the shortest bunch at target.

 

[1] B. Zeitler et al., Phys. Rev. ST Accel. Beams 18, 120102 (2015)

First, study a very simple case to achieve the shortest bunch possible at the target.

●  Initial condition is 1ps laser pulse at the cathode, no space-charge forces for the moment. 
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BACK-UP SLIDE – GUN JITTER The electron bunches sample different fields than 
the nominal in the gun. The reasons are: 

● The laser pulse arrival jitter at the cathode.
● The phase jitter in the gun.
● The amplitude jitter in the gun.

 

We develop an analytical model of the time of flight jitter:

● Astra simulations are used to calculate beam energy and time to exit the gun as a function of gun amplitude and phase 

 

Timing jitters in the gun can be combined: 
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● A lens with the same functionality can be built with 6 quadrupoles arranged in a Russian Sextuplet or 2 opposite 
on-axis field solenoids.

BACK-UP SLIDE – COMPARISON SOLENOID VS QUADRUPOLE

THE SEALAB QUADRUPOLES
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