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RF Photoinjector: LASER promoted electron source
• First cell is short for electrons to “catch up” to wave

• Emission stops when image charge field equals applied 

gradient

– 1-D Limit for pulsed Photocathodes:

• Typical Cathode Field is ~120 MV/m at ~3GHz for in 

use rf photoinjectors

Kuriki Masao, 
ILC school
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P. R. Bolton et al. 

Photoinjector design 

for the LCLS, 2001. 

LCLS 1.6 cell S-Band Photoinjector Parameters:
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Emittance 0.4-0.6 mm-mrad 

Bunch Charge 20-250 pC 

Bunch Length 0.25-0.65 mm 

Laser Spot Size 0.3-0.9 mm 

Repetition Rate 120 Hz 

Peak Field 120 MV/m 

Launch Field 60 MV/m 

 



Brightness

• Brightness at cathode: 

• In 1D limit, peak current from a pulsed 
photocathode is 

• Brightness is

– Quadratic dependence on launch field

– Inverse dependence with effective cathode temperature Tc
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Dramatically higher gradients in cryogenic materials

• Cryogenic structures give give higher 

gradients for low breakdown rates, and 

lower dissipation
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AC et al. Ultra High Gradient Breakdown Rates 

in X-Band Cryogenic Normal Conducting Rf

Accelerating Cavities. IPAC 17

See my other talk in the 
next session before lunch



Cryogenic High Gradient Opens New Possibilities

Accelerating gradients in X-Band increased from 
120->250 MV/m:
• Compact accelerators

– Linear colliders
– Constrained sites/university labs

• Ultra-high brightness Photoinjectors (250 MV/m peak 
field in S-Band)
– Ultra-high brightness beams for FEL

• Increased brightness decreases gain length and thus undulator length
• Small emittance allows for increase in photon energy

– Femtosecond ultra-relativistic diffraction and microscopy
– Small emittance flat beams for Linear collider, dielectric laser 

accelerator
• Eliminate electron damping ring
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CRYO RF EXPERIMENTS AT S-BAND
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Cryogenic S-band Q-enhancement

• Anomalous skin effect; higher Q shown
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Test cell geometry Heavily frequency 

shifted at cryo T

Frequency dependence 

of ASE



S-band test cell measurements

• E- and B-field profiles for TM01 mode

• Two cells (UCLA and SLAC fab)
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Enhanced internal Q by 4.78

RF surface resistance vs. Temp

Experimental Data 

from both cavities

Theoretical 
Calculation: 
RRR=400, 
IACS=100%

A. C. et al. Measurements of 
Copper RF Surface Resistance at 
Cryogenic Temperatures for 
Applications to X-Band and S-
Band Accelerators, IPAC 2016 



Next step: high gradient  S-band Cryo Cavity

• Testing of high gradient performance

• Precision measurement of rf losses

• Extension from X-band experiments

10

SUPERFISH simulation of single cell accelerating cavity

G. Bowden



DESIGN OF PHOTOINJECTOR
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Design Considerations for ultra-high field cryogenic rf
photoinjector: TOPGUN
• Frequency: 2.856 GHz

– Originally as option for LCLS-II hard X-ray line

• Peak Cathode Field: 250 MV/m
– Assume cryo will lead to doubling of possible field.

• Temperature of Operation: 27 K (liquid Ne) 
– Q0 saturates near this temperature

• Coupling: >1
– Reduce fill time <1 μs

• Cavities shape optimized to reduce heat load
– Minimized peak H field

• Mode Launcher
• Cathode cell length 0.45λ for near 90° launch rf phase

We increased launch field relative to current LCLS gun from 
60 MV/m to 240 MV/m
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Choose coupling to reach 
250 MV/m in minimial time



S-Band TOPGUN RF Photogun Cavity Parameters
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Internal quality factor Q0 300 K 13, 483 

Internal quality factor Q0 27 K 62,425 

Input power  50 MW 

Normalized shunt impedance R/Q 136  

Peak field at end of RF fill 250 MV/m 

RF Pulse Length (=9) 0.9 sec 

Energy dissipated/pulse (=0.9 s)  4.25 J (510 W at 120 Hz) 

 

=2 at room T



Conceptual Layout of Cryo Photoinjector
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S-band cryogenic gun with cryostat, focusing magnets; 

drop-in replacement for NC injector at LCLS II 

Cryocooler

RF Cavity

Solenoid

RF Feed



Power handling and cryo-cooler

• Asymptotic power in cavity: 18 MW

• Integrate power with time dependence

• Will remove field quickly by 

flipping phase on pulse.

• Pulse Heating: ~12 K

• Total power at 27 deg K, 120 Hz: 510 W

• Wall power of cryo-cooler: 35 kW

• Cost estimate for cryo-cooler: $650k (2 quotes)
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Quadrupole-Free Mode Launcher
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Fields normalized to 50MW input power
AC et al. Measurements of Copper RF Surface Resistance at Cryogenic 

Temperatures for Applications to X-Band and S-Band Accelerators. IPAC 16

• Quadrupole Field Component reduced by 7 orders of magnitude for electron beams 

propagating left to right in bottom right image (when rf power is input into the 

rectangular waveguide on top).

• Physical Size is 400 mm x 175mm x 225mm 



Cooling the Photocathode Improves Emittance

• Significant e- population above the Fermi surface at room 

temperature

• Tune laser wavelength to diminish Tc, preserve non-zero QE in 

metals

17

Photoemission temperature kBTc and QE vs. photon energy, for atomically clean Cu. P Musumeci (UCLA)

QE=Ne-/Nγ∝(hν-ϕeff)
2. 

kBTc≈ (hν-ϕeff)/3

Decreased kBTc at cold Temperatures has 
been measured at Cornell.  
H. Lee et al., A Cryogenically Cooled High 
Voltage DC Photogun. IPAC 17



BEAM DYNAMIC STUDIES
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Beam dynamics studies

• General Particle Tracer (GPT) simulations with:

• Standard solenoid focusing

• Emittance compensation

• Excellent emittance and brightness results:

– Start-to-end for FEL performed

– Asymmetric emittances for advanced apps – LC and DLA
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FEL case, 100 pC
• Long beam, cigar regime

• Full emittance n=51 nm-rad

• Still space-charge dominant

– Thermal n=28 nm-rad

– Lower n with solenoid changes

• Halo collimation helps

20

20% of n is
in 5%halo   Final n=40 nm w/collimation!

Be = 5.2´1017
 A/m-rad2

25x that of original LCLS design! 



Can we transport and compress ultra-high 
brightness? CSR -Bunching is challenging

Measurements

Simulations
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D. Ratner et al, Phys. Rev. ST Accel. Beams 18, 030704 (2015).

• FEL-like instability is result of very bright electron beam

Simulations by J. Qiang, LBNL

Measurements

Simulations
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Short lu ideal companion to ESASE

• Low average current, wakes

• Avoids full beam compression
– CSR ruins attained high brightness

• Simulation of 100 pC case with 
cryo-undulator:
K=1.8, period 9mm, gap 3mm

• Existing LCLS infrastructure 
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ESASE presented in A. A. 
Zholents, Phys. Rev. ST Accel. 
Beams 8, 040701 (2005).



ESASE results encouraging

• Short period cryo-undulator

• Operation at K=1.8 gives 80 keV X-rays

• Saturation in only 20 m, with 70 GW peak
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Current profile (10 kA) Energy evolution



Asymmetric Beam Generation

• Need very small vertical emittance to give flat 
beams at IP 

– Beamstrahlung mitigation

• Eliminate electron damping ring?

• Use magnetized high brightness beam
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Angular momentum

Idea original presented in: R. 
Brinkmann, Y. Derbenev, and K. 
Floettman. A Low Emittance, Flat 
Beam Electron Source for Linear 
CollidersEPAC 2000



Initial Flat Beam Studies at Low Bunch Charge 

• Flat bunch for dielectric laser accelerator

• Q=1.67 pC; eased emittance compensation

• B0=0.75T at cathode; emittance increased

• Remove angular momentum with skew quads 

– -> split ’s  

Splitting ratio:

25



250 pC Flat Beam for CLIC Linear Collider

• If we assume we can get same splitting ratio at 250 pC

• Beams out of the injector have emittances less than twice 

requirements for CLIC after extraction from the damping ring

– With more optimization may be able to remove damping ring

– This study was done for a single bunch. Multi-bunch operation requires 

more work

26

𝜀𝑦 = 7.8 × 10−9 m− rad

CLIC CDR 2012



Conclusion

• Cryogenic copper photoinjector gives ~25 increase in brightness 

compared to LCLS design

– S-band for compatibility with present infrastructure

• Big step forward in FEL applications

– 80 keV photons and 20 m saturation length

• Possible use as LC injector with magnetized beam

– Remove electron damping ring

• Research Ongoing: Following physics issues being addressed 

– Material cryo-response, emittance compensation, cold cathode physics, etc.

• Engineering and experimental work underway

– Cryo-cooler systems, thermal design

27
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New US-Japan (HEP) initiative

• Asymmetric cryogenic photoinjector in C-band

• Collab: UCLA-SLAC-Nihon-KEK-Akita

• Why C-band?

– Straightforward beam dynamics

– Faster RF response, low cryocooler load

– New data point for high field cryo-structure research

31

Standing wave C-band 

cryogenic structure under 

test at Univ. Nihon



Simple exercise: natural scaling with frequency

• LCLS photoinjector runs at ~120 MV/m

• Scale “naturally” to C-band @240 MV/m 

• SC mode hydrid of blow-out+cigar regime

– Recent S-band study: 0.11 mm-mrad, at 200 pC
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S-band 
120 MV/m

C-band 
240 MV/m



Scaled C-band example

• In gun E0=240 MV/m, B0=6 kG

• Distance to 35 MV/m C-band linac: 0.75 m

• Charge scaled by l ratio, to 100 pC
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Emittance is 55 nm! (v. 0.5 m)
(@ 20 A) as expected…

Example of highly optimized

emittance compensation

Exploit in HEP context



An attractive role for THz? 
• Use THz buncher instead of laser

– Much work in sector…

• T-SASE for applying strong chirp

• Compress full beam with weak chicane

• Remove  chirp with THz DWA section

34

Dielectric mm-wave-to-THz 

“dechirper” S. Antipov, et al. 

Phys. Rev. Lett. 112, 114801 (2014)

E. Nanni, et al., Nature Comm. 6, 8486 (2015)



Low charge UED/UEM case
• Beam launched as “cigar”1; parabolic longitudinal current 

distribution 1.67pC

• Laser pulse length 1 ps, radius -> 20.2 um

Nearly uniform beam (plasma echo of 

cathode) sign of emittance compensation

30x brightness of UEM state-of-art

R.K. Li P. Musumeci, 

Phys. Rev. Appl. 2, 024003 (2014)
Pathway to flat-beam design for DLA

35



Ongoing/planned research
• @UCLA: magnetized beam dynamics, or…

asymmetric photocathode blade structure

• Optimized structure design (Japan, UCLA, SLAC) and 
fabrication/tests (Japan)

– C-Band?

• High power testing at SLAC
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Blade structures for 

UCLA experiment


