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DESY CW SRF photoinjector

Thread-mounted Cu photocathode in the 2 K Nb back wall; direct cooling by Hell.

Beam parameters ______

1.6-cell TESLA SRF injector cavity

bunch repetition rate [kHz] 100 - 1000
2 Kelvin He vessel Magnetic field shielding bunch charge [pC] 20 to 100

Superconducting focusing solenoid transverse emittance [um] 0.2t0 0.4
beam energy [MeV] >4
resonant frequency [GHz] 1.3
axial peak E-field [MV/m] > 40
Cathode specification _
material copper

Photocathode Blade frequency tuner Steering magnet
el thread-mounted
Y to backwall
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RF qualification with Cu cathode plugs

RF qualification with low-RRR Cu plugs at 2 K.

Thermal calculations below assume Cu RRR = 300 and 50 MV /m axial peak field.

Cavity assembly
prior ‘Q vs E’ test
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QE requirements and absorbed UV power

Thermal-study QE assumptions for the plug after
preparation and cooldown.

100 pC @ 257 nm, 1 MHz

average laser power [W]

1 2 3 4 5
quantum efficiency x10™

100 pC at 1 MHz, 257 nm

P — Qbfrcp E
inc eQE \

Reference beam current: 100 pA.
Laser-power cases: 2 and 5W incident.

Incident UV 2W 5w
Required QE  2.4x107* 9.6x107°
Absorbed heat 1.28W 3.20w

Pabs = (1 — R)Pinc; assumed R = 0.36.

QE = 5 x 10~° would require 9.65 W incident UV at the reference beam current. J
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Cathode—cavity thermal coupling

Cu—Hell cooling path

Conduction through the plug and Kapitza resistance
at the wetted surface.

Cu-In—Nb thermal contact

Heat transfer into the RF-active Nb back wall
through the indium-sealed joint.

Quantities evaluated

Vacuum 2 K He bath

Q Surface T.(t) and T;(t) during UV excitation.
‘ Maximum temperature at the Cu—He interface.

Nb temperature distribution and integrated RF loss.
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A three-step COMSOL modelling workflow

1D Two- 2D Bulk 3D Coupled
Temperature Model Guet (£) Thermal Model Gavg valid Thermal-EM
Ultrafast electron & lattice dy- Transient vs. steady-state Cathode cooling, cavity
namics during the laser pulse validation of the bulk cathode stability, surface resistance, Qo
custom PDEs, BDF solver time-averaged flux RF eigenmode + heat transfer

® All implemented in a single COMSOL Multiphysics v6.3 environment.
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Cryogenic two-temperature model

Coupling interpolated between the low-T
Ceat Te - ax(Keax Te) - G(TE7 TI)(Te - T/) + Slasen limit and GRT =9x 1016Wm—3 K_l'

Cio:Ti = G(Te, T))(Te — T).

10'8 .,
L ____ /7
Low-temperature electron—phonon limit =
2100
Giow(Te, T)(Te = T)) = So(T2 = T7). o
To = 2K, L, = 50 um, Cu RRR = 300. e
For a higher-fidelity microscopic description of electron—phonon gmlz — ‘gg;gedm -1
energy transfer at cryogenic temperatures, see Bridged G (T} = 2K)
F. Banfi, F. Pressacco et al. 10.1103/PhysRevB.81.155426 10° 10" 102 10*

electron temperature, 7, [K]
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Surface-temperature response and fluence dependence

Einc =2 ud, 0 = 8ps rms, A = 257 nm, Ty = 2K; top-hat illumination.

Fopot = 430 um; Faps = 2.2 J/m?.

Fepot = 215 pm; Faps = 8.8J/m?.
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Nominal peaks: 7. ~36.5K and T, ~ 30.5K.
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TTM-derived heat flux for the bulk model

Qualitative temporal-profile comparison. Interface to the diffusive bulk

" 6.5t I I I — qlm(t) Effective deposition depth: d, = 83 nm.

52 —— Gaussian | | Flux evaluation plane: xint = 2 um.
S5k 4
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Bulk-model excitation: periodic repetition of gnet(t) at 1 MHz.
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Validation of the time-averaged bulk model

2D axisymmetric Cu model; ideal cooling at 2K; Pinc = 2W, fiep = 1 MHz.

Cu probe adjacent to the indium-seal position. Blue: pulse train; red: stationary solution.
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time-domain

steady-state

<Ttransient> = Tstationary = 2.0014 K after approximately 6ILLS
The comparison supports stationary treatment of the mean temperature near the contact.
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Coupled 3D thermal-RF model

One-eighth of the 1.6-cell cavity. Stationary laser source

Cu plug Nb back wall RF vacuum B (1 — R)Pinc
avg

Aspot

Kapitza boundary at 7T, = 2K

q" = he(T)(To = Tp),  hx=aT?

Clean Cu: a = 1000Wm—2 K™,
-300 K -100 0 BCP Nb: a=400Wm~2K™*.

mm

Cu—-In—-Nb contact
Temperature-dependent Cu and Nb conductivity; RRR = 300. u

Teu — Tnb = 4" Rec

Estimated nominal R, = 1073 K mz/W; 1.3GHz, Epcax = 50 MV/m.
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Cu—He interface temperature: geometry comparison

Pinc = 2W, Paps = 1.28W, T, = 2K.

Baseline 2.40 K Modified 2.07 K

T [K] T [K]

w \ 2.06

2.35
23 2.05
225 2.04

22

2.03

2.15
2.1 2.02
hot spot 205 o

Modified plug at 5 W incident: peak wetted-Cu temperature ~ 2.14 K.

Solid-side temperatures; different colour scales.
Single-phase cooling; boiling onset and critical heat flux are outside the model.
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Niobium surface resistance fitted to measured cavity data

Niobium surface resistance

R, = Rpcs + Ries

— — — Rgcs(T) Rs( T) = Rres + RBCS( T)

®  measured data
f2 A(T
Recs o< — exp [— k:(a T)]

T
Black points: measured low-temperature
resistance of cavity 16G09.

N

surface resistance, R, [n)]

The fitted residual resistance is Rr.os = 8.3 nf).

1
10" g

DS e Local Rs(T) provides the RF dissipation term
temperature [K] in the coupled thermal calculation.

The temperature-dependent RF boundary is applied to the Nb back wall in the 3D model.
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Local Nb heating and integrated RF dissipation

Laser-heated Rs: 2 and 5W incident.

13.1p
13.05F — 2W
13F — 5W
1295
129+
12.85F
128
1275
127+
12.65
12.6
12.55F
125+
1245+
124

1235k L
0 20 40 60 80

distance from cathode opening [mm]

surface resistance [nOhm]

1
Pd = 5/ RS(T)‘Ht|2 dS, Ht(O) =0 (TM0107 ™ mode)
S
The heated Nb region is localized near the cathode opening, where the magnetic weighting is small.
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RF—thermal feedback at 5W and 50 MV /m

Modified plug, single-phase cooling: T — Rs(T) — Prr — T.

Convergence by iteration 2. Mean Cu maximum =~ 3.6 K at the emitting side.
13.15
13.1f — T[K]
B 13.05F — z: 16
E B #4 34
% 1295+ 32
g 19t 5
% st 28
:_g st \V/ 26
7 st 24
12.7F 22
12.65
0 2‘0 4‘0 6‘0 8‘0
distance from cathode opening [mm]
Back-wall RF loss: 1.109 W at uniform 2K — 1.140 W coupled (+2.8%).
The increment is predominantly RF self-heating. J
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Conclusions

Key conclusions

We can use steady-state (time average) laser power for thermal design studies. Why important: time-domain
simulations with 8 ps rms laser pulses with repetition rate of 1 MHz are computationally expensive.
Steady-state approach allows fast way for engineering design invistigations.

Thermal constraint (i.e. QE and incedent laser power) is Cu-He interface. Laser induced heating has no
impact on the SRF gun. Why important: Cu plug design must aim for efficient cryogenic cooling. Cu-Nb
interface is less relevant for overall thermal stability.

TTM for Cu temperatures starting in deep cryogenic range can be useful for some applications
(see Maxson 10.1016/j.nima.2016.08.032)

dmitry.bazyl@desy.de
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Cryogenic electron—phonon coupling

Glow(Te, TI)(Te — T)) = Zo(T2 — T7).

— — —=Grr
Bridged G (T. =T))
Bridged G (T; = 2K)

4 The bridge interpolates between low-temperature theory
Giow = Yo E T:*k T,k and the room-temperature reference value.
k=0
—n —np\ —1/np 10'8F I 77
G = (Gou? + Ggp®) . K

Yo=21x10°Wm3K™> < A

Grr = 9.0 x 10" Wm3K™! = 10

nb = 4 2
O

At equilibrium: Giow = 550 T*. S 101
g

10° 10! 10 10°
electron temperature, T, [K]
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Copper transport properties in the bulk model

Equilibrium Cu conductivity and specific heat for the bulk model.

Reference purity: RRR = 300. The dashed curve compares the 1D-TTM conductivity in the equilibrium limit.
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Sensitivity to Cu—In—Nb contact resistance

Pinc = 5W; Rie = 0, 0.001 and 0.002 K m?/W (ideal, nominal and twice nominal).
Nb peak: 2.03-2.15 K.

Variation is localized near the cathode opening.

Integrated back-wall loss: < 1% variation.

Peak wetted-Cu temperature varies by about 6 mK.

temperature [K]
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# Sources and figure provenance

## Primary thermal study

D. Bazyl, K. Floettmann, E. Vogel and I. Zagorodnov, **Multiphysics analysis of cryogenically cooled photocathode in a continuous wave SRF injector cavity**, *Physical Review Accelerators and Beams* **29**, 013402 (2026).

[Published article](https://journals.aps.org/prab/abstract/10.1103/9jyv-hfxy) · [DOI: 10.1103/9jyv-hfxy](https://doi.org/10.1103/9jyv-hfxy)

Published 20 January 2026 by the American Physical Society under [CC BY 4.0](https://creativecommons.org/licenses/by/4.0/). The scientific figures retain their original data. Some panels are cropped and resized for the presentation. No curve has been redrawn or altered.

## Additional sources

- E. Vogel et al., **High gradients at SRF photoinjector cavities with low RRR copper cathode plug screwed to the cavity back wall** (2023). [arXiv:2310.02974](https://arxiv.org/abs/2310.02974). RF qualification of the copper-plug concept. These tests use low-RRR Cu; the thermal model assumes RRR = 300.
- D. Bazyl, **DESY CW SRF photoinjector project slides**. The two injector slides retain the original geometry, parameter table, cavity photographs, cryostat photograph and RF-test plot. The presentation replaces the historical titles and footer with its Beamer framing.
- T. Noakes et al., **Copper photocathodes for the modified 10 Hz gun on the CLARA accelerator**, IPAC2023, TUPA032. [DOI: 10.18429/JACoW-IPAC2023-TUPA032](https://doi.org/10.18429/JACoW-IPAC2023-TUPA032). Background for copper surface preparation and the feasibility of demanding QE targets.
- J. R. Harris et al., **Temperature Dependence of Photoemission from Copper and Niobium**, PAC2013, THPAC19. [Conference paper](https://proceedings.jacow.org/PAC2013/papers/thpac19.pdf). The reported 85–400 K range does not establish the QE of the assembled 2 K plug.
- J. Maxson et al., **Ultrafast laser pulse heating of metallic photocathodes and its contribution to intrinsic emittance**, *Nuclear Instruments and Methods A* **865**, 99 (2017). [DOI: 10.1016/j.nima.2016.08.032](https://doi.org/10.1016/j.nima.2016.08.032). The thermal study reproduces selected room-temperature TTM results before extending the constitutive model to cryogenic conditions.

The thermal article provides the detailed references for electron–phonon coupling, heat capacities, conductivity, optical absorption, Kapitza conductance and the estimated contact resistance.

## Figure mapping

| Slide | Original source | Content |
|---|---|---|
| 2–3 | DESY injector project slides | Injector geometry, specifications and RF qualification |
| 4 | Thermal article Fig. 1, right | Incident laser power versus QE |
| 5 | Fig. 10, left | Cu–He and Cu–In–Nb thermal interfaces |
| 6 | Original COMSOL Days talk | Three-step 1D, 2D and 3D modelling workflow |
| 7 | Fig. 2 | Cryogenic electron–phonon coupling |
| 8 | Fig. 3 | Surface electron/lattice temperature and fluence dependence |
| 9 | Fig. 4 | Qualitative comparison of temporal heat-flux profiles |
| 10 | Fig. 6, left, and Fig. 8 | Numerical probe location and transient/stationary comparison |
| 11 | Fig. 9 | Three-dimensional computational domains |
| 12 | Fig. 10 | Baseline and modified Cu geometries |
| 13 | Fig. 12 | Helium-wetted surface temperature distributions |
| 14 | Fig. 11, right | Nb resistance fit to cavity measurements |
| 15 | Fig. 13 | Local surface resistance and Nb temperature |
| 16 | Fig. 14 | Coupled iterations and mean Cu temperature |
| 17 | Fig. 15 | Contact-resistance sensitivity |
| Backup 1 | Fig. 2 | Full coupling parameterization |
| Backup 2 | Fig. 5 | Equilibrium copper transport properties |

## Interpretation of the reported results

- The laser-power cases are **incident** UV power. The assumed fixed reflectivity of 0.36 gives absorbed loads of 1.28 and 3.20 W.
- The TTM result describes one pulse starting at 2 K. It is distinct from the mean bulk temperature and does not provide a self-consistent periodic surface solution or an MTE prediction.
- The 2D probe lies in Cu adjacent to the indium-seal position. Its 2.0014 K mean belongs to an ideal-cooling validation case, not the full assembly temperature prediction.
- The 3D model assumes finite Kapitza conductance representative of clean Cu and BCP Nb, plus an estimated contact resistance. It assumes single-phase helium cooling and does not determine boiling onset or critical heat flux.
- The Nb resistance curve is a constitutive fit constrained by low-temperature cavity measurements. The entire displayed curve is not measured data.
- The 1.109 to 1.140 W comparison is the modeled **back-wall RF loss**, with other RF walls treated as perfect conductors. Its 2.8% increase is predominantly RF self-heating, not a laser-only measured change in full-cavity Q0.
- The approximate 2.14 K thermal-only wetted-Cu result and the 2.1494–2.1557 K coupled contact sweep belong to different calculation stages.

The presentation reports the thermal study's results. It does not constitute an independent rerun of the COMSOL calculations. Publisher and RF-source records checked on 11 September 2026.


