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CARIE: Cathodes And Radiofrequency Interactions in Extremes
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CARIE: Cathodes And Radiofrequency Interactions in Extremes

Applied Cathode Enhancement and Robustness Technologies (ACERT) facility
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CARIE photo

L

jector | — concept validation

Ready for high-power test

Los Alamos R.Robles, et al.,, “Versatile, high brightness, cryogenic photoinjector electron source,” Phys. Rev. Accel. Beams, 24, 063401 (2021).
NATIONAL LABORATORY H. Xu, et al., “C-band photoinjector radiofrequency cavity design for enhanced beam generation,” in Proc. IPAC2023.
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CARIE photoinjector | — RF simulation

(kA/m)
2345

« RF operating specifications

Parameter (room temperature)

117

Operating frequency fo 5.7120 GHz

Cathode center electric field magnitude E 4 100 — 240 MV/m 0.
RF power required (without beam) 1.4-8.0 MW

RF pulse length Upto1lus

RF pulse repetition rate Up to 100 Hz

« CST High Frequency Solver results

Resonant frequency fy 5.7121 GHz

Coupling factor 8 0.965

Unloaded quality factor Qg 11934

External quality factor Q. 12370

Loaded quality factor Q, — Cathode-center field 100 MV/m
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CARIE photoinjector | — low-power test
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E. I. Simakov, et al., “Status of the CARIE high gradient photocathode test facility at LANL,” in Proc. IPAC2024.

Low-power test: frequency,
field balance, phase advance.

|S11] (dB)

~35| o1 simutaton, atm.
5.700 5.702 5.704 5.706 5.708 5.710 5.712 5.714
f (GHz)
natm. | csT
£, (MHz) 5710.40 5710.39
Qo 11936 12657
Q 6081 6722
coupl. facB 0.963 0.883
norm. E ;s 0.989 0.957
A (deg) 180.0 171.3
9/2/2025



CARIE photoinjector Il — with photocathode plug insert

copper body,
brazed in 4 quads

| water pipes &
end seals

AAAAAAAAAAAAAAAAAA



CARIE photoinjector Il — with photocathode plug insert
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CARIE photoinjector Il — plug insert geometry

—— Knife edge
RF seal, up to 50 N force
o— Tip fillet radius
m mitigating E-field enhancement
o— Flat emitting face
!‘ | E-field needs to be uniform
1

*— Enlarged gap

. _ . ® =2
|Snlre]§c|§ F:g(;gtnfonta(:t J’ mitigating multipactor
9 ~0.5inch
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Tapered guide

No risk of scratching cathode face




CARIE photoinjector Il — plug insert geometry
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CARIE photoinjector Il — field symmetrization
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Photoinjector I:

race-track geometry
(SLAC & UCLA)

Photoinjector II:
3X symmetry stubs
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Three-symmetry-stub geometry is predicted to provide

distinctly lower emittance and higher brightness.

Los Alamos P. M. Anisimov, et al., “Multi-objective genetic optimization of high charge TopGun photoinjector,” in Proc. IPAC2024.
natronaL Lasoratory M, Kaemingk, et al., “Multi-objective optimizations of high gradient C-band photoinjector for high bunch charge applications,” unpublished manuscript, 2025.
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CARIE photoinjector Il — RF simulation

« 5.712 GHz (C-band), critical
coupling
- Qy=11510
— coupling factor 8 = 1.042
— 180-degree phase difference

 RF power vs. cathode-center
E-field mag.
- 1.83 MW: 100 MV/m
- 10.52 MW: 240 MV/m

%@ Los Alamos
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CARIE photoinjector Il - RF simulation

» E-field magnitudes normalized by E,, (beam-axis peak field), designated as E, ..
— When cathode-center E-field magnitude is 240 MV/m, E,, = 259.0 MV/m.

Enorm
(arb. units)
1.22

cathode plane fillet: 1.06 0.63

0.00

photocathode plug center: 0.93 global peak: 1.22

photocathode plug fillet: 1.15 (equal in two cells)

) Los Alamos 9/2/2025 13
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CARIE photoinjector Il — RF simulation

» H-field magnitudes normalized by ( E,, / Z, ), designated as H,,.
— Vacuum impedance Z, = 1201 ohm

Full cell coupling slot: 0.67

global peak: 0.70

cathode cell coupling slot
50

—— Hmax(t)
—— ATmax(t) |40

Hmax (KA/m)

Hnorm
(arb. units)
0.70

100

0.0 0.5 1.0 1.5 2.0 2.5 3.0
t (microsecond)

cathode plane: 0.57 0.35

47-K max pulsed temperature rise at cathode cell coupling slot

%) Los Alamos 0.00
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CARIE photoinjector Il — low-power test
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|S11| (dB)

CARIE photoinjector Il — low-power test
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i
—— injector horizontal, as received
—— CST simulation, atm.
—> Simieron, & | | Resonant freq. (MHz)  5710.40 5710.46 5710.42
5.706 5.708 5.710 5712 5714
f (GHz) Qo 11510 10292* 10576*
Q 5715 5062* 5399*
Coupl. fac 8 1.014 1.033 0.959
Los Alamos As-received cavity already showed very good agreement with theory.




CARIE photocathode development

Sequential deposition: CsSb

CsSb quantum efficiency during deposition Spectral response of CsSb after deposition

I Growth stop point

T T T T

0 5 0 15 20 25 2.0 2.2 2.4 26 28 3.0 3.2
Time (hr) Photon energy (eV)

Co-deposition: CsTe

CsTe quantum efficiency during deposition Spectral response of CsTe after deposition

16 4

0 25 50 75 100 125 150 175 3.4 3.6 3.8 4.0 4.2 4.4
Time (min) Photon energy (eV)
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qu Los Alamos ). Zhang, et al., “Fabrication of semiconductor photocathodes at ACERT,” in Proc. IPAC2024.
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C-band for UED/UEM: balanced beam dynamics vs. RF frequency

 Sufficiently high gradients expected

- 240 MV/m cathode field
» Faster acceleration allows better preservation of normalized emittance.

- 7.2 MeV at gun exit
» Covering the optimal energy range for thick samples®.

« Reasonable dimensions and tolerances
— Machining
— Photocathode plug insert geometry
— Cryo-RF operation

% Los Alam *X.Yang, et al., “High-Precision Characterization of MeV Electron Interactions for Advanced Nano-Imaging of
@ LOS AAAMOS 1« Biological Samples and Microchips,” NAPAC’25, Sacramento, USA, 08/10-08/15, 2025.



C-band for UD/UEM: using CARIE photoinjector

Results by Dr. Michael Kaemingk
: : 0
)0
hode plug : D! H—.. [ - g
n—. o
0
mm
solenoid aperture

MTE = 500 meV, 16 fC final charge Transverse profile at aperture

Optimization parameter range ] 030
Bunch charge 16 - 80 fC £ 1: :: = °'2°N§
Laser spot rms x-/y-size  0.1-100 um B :5_- //i MS%
Laser rms pulse length 0.025-5 ps z v el ::
Gun phase -40-90 deg of = 0 o 200 0.00

=
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UED/UEM potentials at LANL*

» Greatest potential: in situ STEM

* ps-to-ms, variable time scale

» Stroboscopic mode

» Extreme conditions, miscellaneous pumping modalities™*
High strain rate, high stress loading

%@ Los Alamos
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Extreme temperature
High pressure

Melting & solidification
Intense radiation

0.00
%0
Th2-2 - hv
N XPS
012 \\ ‘ ’ / = Core
—

Ice layer

Th2:3 O:::_O An (IV) An (Il
d’ b SiSubstrate SiSubstrate
0.16

Actinide chemical gas, liquid, and surface samples (P. Yang, et al.)

*J. Upadhyay, et al., “Summary of the Workshop on ‘UED opportunities for dynamical imaging of materials’,” IPAC 2024.
**E, Cerreta, “Ultrafast electron diffraction: enabling NNSA mission,” Los Alamos National Laboratory, November 2023.

Void nucleating in magnesium due
to spall damage (S. Fensin, etal.)

\ \
£ 0001 2110
-

Metallic phase change due to shocks
and extreme temperature
(R. Pokharel, etal.)



Conclusions

» Cathodes And Radiofrequency Interactions in Extremes (CARIE) facility high-power RF
system is towards the end of commissioning.

» The photoinjector with planar copper cathode low-power test results agreed with theory.
The 1.6-cell high-gradient photoinjector geometry was validated.

» Photoinjector using photocathode plug insert has been designed and fabricated. Initial
low-power test has been performed and the results agreed with theory.

« After high-power test validation, the photoinjector using photocathode plug insert will be
ready for photocathode research and exploring applications such as UED/UEM.
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