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Evolution of bERLINPro
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srf-gun 4.5 MeV
.4 cell SRF cavities

merger '
dogleg
odified Cornell booster

3 x 2 cell SRF cavities

inac module
3 x 7 cell SRF cavities
44 MeV

* beam dump
6.5 MeV, 100 mA
= 650 kW

Parameter

bERLinPro

Beam energy recirculator
(MeV)

50

Important aspects:

Injector beam quality at high
current/bunch charge

Beam loss control and monitoring

— Radiation protection

Beam break-up in main Linac
Longitudinal control of beams for
recovery process (low power margin)

Beam current ERL mode
(mA)

100

Frequency RF and Laser
(GHz)

1.3

Normalized emittance (mm
mrad)

1 (< 0.6 in simulations)

Bunch length (ps)

< 2 (ERL mode), 100 fs @ 10
mA

Beam losses

<< 10> @ 100 mA
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OPERATIONS CONCEPT HZB Helmholtz

Zentrum Berlin

Presently installed facility

e Installed: 10-mA SRF gun + merger + recirculation + dump '_ CW photoin_jeptor studie.s <10 mA
e Installed: Proof-of-principle UED experiment ] Long-pulse injector studies <100 mA
e Funded: Booster module. Produced but assembly required — High-power beam studies (“long pulse”)

e Not funded: LINAC module ] High-power energy recovery
 Not funded: 100-mA class photoinjector - Energy-efficient RF operation




OPERATIONS CONCEPT

Presently installed facility
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Applications

* Installed: 10-mA SRF gun + merger + recirculation + dump
* Installed: Proof-of-principle UED experiment

e Planned: Waste water treatment demonstrator

e Funded: Booster module. Produced but assembly required
e Not funded: LINAC module

e Not funded: 100-mA class photoinjector

Short pulse, low emittance
Low charge

Make use of injector’s flexibility for beam parameter range
-> Cover in parallel ERL relevant beam studies

CW photoinjector studies < 10 mA
Long-pulse injector studies < 100 mA

— High-power beam studies (“long pulse”)

High-power energy recovery
Energy-efficient RF operation
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Presently funded facility
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Applications

* Installed: 10-mA SRF gun + merger + recirculation + dump
* Installed: Proof-of-principle UED experiment
* Planned: Waster water treatment demonstrator

: Booster module. Produced but assembly required
e Not funded: LINAC module
e Not funded: 100-mA class photoinjector

CW photoinjector studies < 10 mA
Long-pulse injector studies < 100 mA

High-power beam studies (“long pulse”)

High-power energy recovery
Energy-efficient RF operation
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Full program (partially funded)

I
-

* Installed: 10-mA SRF gun + merger + recirculation + dump ] CW photoinjector studies < 10 mA

* Installed: Proof-of-principle UED experiment ] Long-pulse injector studies < 100 mA

* Planned: Waste water treatment demonstrator — High-power beam studies (“long pulse”)
: Booster module. Produced but assembly required High-power energy recovery

* Not funded: LINAC module i Energy-efficient RF operation

* Not funded: 100-mA class photoinjector -
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Injector installation at present

T

SRF gun

“1t meter” diagnostics +
Laser window for laser-beam transport

e SRF photo-injector and diagnostics ready for commissioning

Six+ month delay due to
e Final preparation of cathode-laser beam transport severe HZB cyber attack

e 1.3 GHz laser demonstrated 23 W CW — sufficient for 100 mA @ 2.5% QE
e 15t Cool-down in Jan. 2024 — prerequisite for rad. permit application for RF operation
* REF test of photoinjector Q2 2024 — prerequisite for rad. permit application for beam operation
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Injector installation at present
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Cathode SRF gun /

transfer
system “1t meter” diagnostics +
Laser window for laser-beam transport

e SRF photo-injector and diagnostics ready for commissioning

Six+ month delay due to
e Final preparation of cathode-laser beam transport severe HZB cyber attack

e 1.3 GHz laser demonstrated 23 W CW — sufficient for 100 mA @ 2.5% QE

e Cool-down in Jan. 2023 — prerequisite for rad. permit application for RF operation

* RF test of photoinjector Q2 2024 — prerequisite for rad. permit application for beam operation
e (Cathode-transfer unit ready for installation following RF test

* Beam operating permit expected Q3 2024 -> First beam from SRF Gun around 10-11/2024
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Injector installation at present
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Cathode SRF gun SRF booster Merger section
transfer
system “1t meter” diagnostics +
Laser window for laser-beam transport
* SRF photo-injector and diagnostics ready for commissioning Six+ month delay due to
* Final preparation of cathode-laser beam transport severe HZB cyber attack

e 1.3 GHz laser demonstrated 23 W CW — sufficient for 100 mA @ 2.5% QE

e Cool-down in Jan. 2024 — prerequisite for rad. permit application for RF operation

* RF test of photoinjector Q2 2024 — prerequisite for rad. permit application for beam operation
e (Cathode-transfer unit ready for installation following RF test

* Beam operating permit expected Q3 2024 -> First beam from SRF Gun around 10-11/2024

e Start of Booster assembly H1/2024 (all parts in house)
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TOPICS TO STUDY HZB

Beam energy (MeV) 6.5—10 /2

Max. average current (mA) 10/0.0025 Explore full parameter space of SRF injector @ /, < 10 mA
Bunch charge (pC) 0.05 - 400 100 mA can be potentially studied in long-pulse* regime
RF Frequency (MHz) 1300 Bunch charge up to 0.5 nC with a high QE cathode

Proof of cathode exchange concept, test of more robust
cathode materials: Replace Cs by Na

Studies of beam loss scenarios by dark current or

beam halo formation by bunch tails

Propagation of beam and unwanted beam from injector to
dump

Beam loss monitoring and machine protection concepts
High dynamic range diagnostic concepts for low-current
start-up to high-power operation (< pA - mA — 100 mA¥*)
Beam arrival time and jitter studies

Digital twins, ML+Al assisted control methods

Norm. Emittance (mm mrad) 0.6 /0.03
RMS bunch length (ps) 0.02-2

Funded: SRF gun/booster ops & UED mode




TOPICSTO STUDY

Beam energy (MeV) 6.5-10 /2 50
Max. average current (mA) 10/ 0.0025 100
Bunch charge (pC) 0.05-400 77
RF Frequency (MHz) 1300 1300
Norm. Emittance (mm mrad) 0.6 /0.03 1 (0.6)
RMS bunch length (ps) 0.02-2 2(0.1)

Funded: SRF gun/booster ops & UED mode

Not funded: 100-mA CW gun cavity + couplers
+ LINAC module (existing design)

HZB

Explore full parameter space of SRF injector @ /, < 10 mA
100 mA can be potentially studied in long-pulse* regime
Bunch charge up to 0.5 nC with a high QE cathode

Proof of cathode exchange concept, test of more robust
cathode materials: Replace Cs by Na

Studies of beam loss scenarios by dark current or

beam halo formation by bunch tails

Propagation of beam and unwanted beam from injector to
dump

Beam loss monitoring and machine protection concepts
High dynamic range diagnostic concepts for low-current
start-up to high-power operation (< pA - mA — 100 mA¥*)
Beam arrival time and jitter studies

Digital twins, ML+Al assisted control methods




TOPICSTO STUDY

Beam energy (MeV) 6.5-10 /2 50
Max. average current (mA) 10/ 0.0025 100
Bunch charge (pC) 0.05-400 77
RF Frequency (MHz) 1300 1300
Norm. Emittance (mm mrad) 0.6 /0.03 1 (0.6)
RMS bunch length (ps) 0.02-2 2(0.1)

Funded: SRF gun/booster ops & UED mode
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+ LINAC module (existing design)

HZB

Explore full parameter space of SRF injector @ /, < 10 mA
100 mA can be potentially studied in long-pulse* regime
Bunch charge up to 0.5 nC with a high QE cathode

Proof of cathode exchange concept, test of more robust
cathode materials: Replace Cs by Na

Studies of beam loss scenarios by dark current or

beam halo formation by bunch tails

Propagation of beam and unwanted beam from injector to
dump

Beam loss monitoring and machine protection concepts
High dynamic range diagnostic concepts for low-current
start-up to high-power operation (< pA - mA — 100 mA¥*)
Beam arrival time and jitter studies

Digital twins, ML+Al assisted control methods




iISAS

ISAS

Funded: Demonstrate efficiency gains with cavity
in HoBiCaT test cryomodule

Funded: Integrate into bERLinPro LINAC module design
Funded: LLRF (Al/ML) tests at bERLinPro injector

Not funded: Demonstrate operation in bERLinPro
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From A. Neumann et al.,
Phys. Rev. ST Accel. Beams 13, 082001 (2010)

Compensation of disturbances in
the acoustic frequency regime

Accelerator
Reference
Signal

—

Controls
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_* Smart amplifier control

f ntegrated iSAS approach to save grid power for RF
* Digital Al/ML-assisted field and detuning control
* Reduced detuning by piezo and new FE-FRT tuners
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L
oc
Solid- g Ferroelectric
state Input RF 9 tuning
o ¢ (FE-FRT)
IR '>

Mechanical/Piezo
cavity tuning

Feedback signal proportional to cavity field and phase

Pickup
probe


http://link.aps.org/doi/10.1103/PhysRevSTAB.13.082001
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Power at coupler to cavity (kW)
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Required power for 25 MV/m of a CW driven XFEL cavity

educe power
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—_——-——
—_———

0 Hz Adjust loaded Q to optimum

10° Goal 10" J102
Cavity (half)-bandwidth (Hz) State of the art
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Funded: Demonstrate efficiency gains with cavity

in HoBiCaT test cryomodule

Funded: Integrate into bERLinPro LINAC module design
Funded: LLRF (Al/ML) tests at bERLinPro injector

Not funded: Demonstrate operation in bERLinPro
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From A. Neumann et al.,
Phys. Rev. ST Accel. Beams 13, 082001 (2010)

Compensation of disturbances in
the acoustic frequency regime

This project has received funding from the European Union’s Horizon Europe research and innovation program under grant agreement No 101131435 -
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f ntegrated iSAS approach to save grid power for RF
* Digital Al/ML-assisted field and detuning control
* Reduced detuning by piezo and new FE-FRT tuners
_* Smart amplifier control

Ferroelectric
tuning

‘L (FE-FRT)

state Input RF
Controls

I

Mechanical/Piezo
cavity tuning

Feedback signal proportional to cavity field and phase



http://link.aps.org/doi/10.1103/PhysRevSTAB.13.082001

2024 HZB

RF operation permit
—

Cooldown 2K RF test 2K Dry run injector
 LLRF ready Readiness cathode transfer
e High power RF ready system, cathode laser
e Cryo ready  Beamline magnets, steerer magnets
 Setup Laser * Module diagnostics * Diagnostics: FOMs, Faraday Cups > Ongoing
e Setup * PSl operational Camera tools, beam loss monitoring
transfer e Tcav ready e Control system fully implemented for
system Beam operation permit needed devices, MPS functional /
Check for s

Beam operation |njector

beam
condition:
FOMS,
magnets,...

e Commissioning program beam ready, first measurement applications
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If there is time left, questions are welcome or contact me at

Axel.Neumann at helmholtz-berlin.de

Thanks and acknowledgements to all partners, who contributed to this project
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