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Abstract

We assess the thermal behavior of a cryogenically cooled
copper photocathode integrated into a continuous-wave su-
perconducting radio-frequency injector cavity through di-
rect thermal contact. A coupled three-dimensional thermal-
electromagnetic model incorporating both the bulk photo-
cathode and the injector cavity is presented. For the current
injector design, the laser heat load is predicted to have a
negligible effect on the intrinsic quality factor of the cavity.
The cryogenic stability of the copper cathode is identified
as the primary operational constraint. To address the asso-
ciated cooling challenges, we propose a modified cathode
plug geometry.

INTRODUCTION

A superconducting radio-frequency (SRF) photoinjector
is under development at DESY for continuous wave (CW)
operation in a future upgrade of the European X-ray Free-
Electron Laser [1,2]. The cathode is threaded onto the rear
wall of the superconducting niobium cavity [3] (Fig. 1, left),
an injector design that has reached 50 MV/m in vertical
tests [4]. For 100 pC bunches at 1 MHz with a target QE
of (1-2.5) x 10™* at 257 nm, the required average UV laser
power is 2-5 W (Fig. 1, right), comparable to the ~1 W
RF dissipation on the cavity rear wall at 50 MV/m. This
laser heat load must be assessed for both thermal stability
and potential quality factor degradation. We invistigate the
thermal problem using ComsoL MuLripaysics® v6.3 [5].
A more detailed description including a two-temperature
model for the emitting surface is given in [6].
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Figure 1: Left: 3D layout of the CW SRF injector cavity
with integrated copper photocathode. Right: average laser
power required for a Cu photocathode as a function of QE,
assuming 1 MHz repetition rate and 100 pC bunch charge
(257 nm excitation).

* Work performed in the framework of R&D for future accelerator opera-
tion modes at the European XFEL and financed by the European XFEL
GmbH.

 dmitry.bazyl @desy.de

THERMAL-ELECTROMAGNETIC MODEL

The laser heat load is applied as a time-averaged inward
heat flux boundary condition on the cathode emission sur-
face:

-n- (kVT) = Qavgs  YGavg = Pavg(l - R)/Aspot’ ey

where P, is the incident laser power, R = 0.36 is the copper
reflectivity at 257 nm, and Ag, = Jrrs?pot is the laser spot
area with rgpo = 430 um. This steady-state approach was
validated against a full transient simulation with periodic
1 MHz pulsed heating. At the Cu—In—-Nb contact point, the
transient solution stabilizes to a mean temperature match-
ing the steady-state result, confirming that the bulk cathode
responds to the average power input [6].

The computational model (Fig. 2, left) consists of the
copper photocathode plug, the niobium cavity back wall,
and the RF vacuum volume. A 1/8th section is simulated
due to partial axial symmetry of the back wall. Temperature-
dependent thermal conductivities for copper (RRR =300) [7]
and niobium (RRR =300) [8] are used.

The primary heat transfer path from the cathode to the
niobium is the Cu—In—-Nb contact, characterized by a thermal
contact resistance R,.. Since specific data for this joint are
not available, we adopt a conservative estimate R;. = 1.0 x
10-3 K m? /W at 2 K, extrapolated from measurements on
similar Nb—In—Al joints [9] using the 7~3 scaling consistent
with phonon-dominated interfacial transport. This resistance
is applied as a boundary condition imposing a temperature
discontinuity proportional to the normal heat flux across the
interface.

The cooling at the Cu—He II and Nb—He II interfaces is
governed by the Kapitza conductance hg = aT3 [10], with
a clean copper surface (a = 1.0x 103 W m~>K~*) and BCP
cavity-grade niobium (@ = 4.0 x 102Wm 2K ). The
helium bath temperature is Ty, = 2 K.

The electromagnetic coupling is implemented through a
surface impedance boundary condition on the cavity back
wall with Z,(T') = R (T) +iX,. The BCS surface resistance
at 1.3 GHz is given by:

C A(T)
Ry(T) = Rys + sz exp (—kB—T) ) @
where the free parameters R, = 83nQ and C =

31182 nQ-K/GHz? were fitted to measurements of the
DESY 16G09 cavity.

RESULTS

The analysis of the baseline cathode geometry reveals a
potential cooling limitation. For a nominal incident laser
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Figure 2: Left: schematic of the computational domains
and principal boundary conditions at the Cu—NDb interface.
Right: improved copper cathode plug geometry.

power of 2 W, the steady-state solution predicts that the tem-
perature on the helium-wetted copper surface exceeds the
helium saturation temperature (7, = 2.0 Kat ~ 31 mbar) by
AT = 0.4 K, indicating a localized hot spot on a conical pro-
trusion (Fig. 3, left). The thermal performance is constrained
by a conductive bottleneck: the narrow cross-section of the
protrusion creates a significant internal thermal impedance
that concentrates the heat flux before it can be distributed
across the wetted interface. An improved cathode plug ge-
ometry (Fig. 2, right) increases the local cross-section in the
vicinity of the hot spot, providing a lower impedance path
for lateral heat conduction. For this geometry at Py, = 2W,
the peak temperature is Tpeq = 2.07K (AT =~ 0.07K), as
shown in Fig. 3 (right). At P,, = 5W, the peak reaches
Tpeax = 2.14 K. To check for thermal-RF feedback runaway,
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Figure 3: Steady-state temperature on the helium-wetted
surfaces of the copper plug and adjacent niobium back wall
for P,y = 2W. Left: baseline geometry. Right: improved
geometry.

the coupled thermal-electromagnetic model was solved iter-
atively. The calculated RF losses were added back into the
thermal model as a heat source and the loop was repeated. At
Py = 5W, the iterative scheme converges after the second
iteration (Fig. 4, left). The total RF power dissipated at the
back wall increases by only 2.8% relative to the isothermal
(T = 2K) case. The area of maximum temperature increase
is small and coincides with the region of low magnetic field
of the TM,y; o mode, rendering the effect of localized heating
on the integrated RF power dissipation negligible. A sensi-
tivity study varying R;. from zero to a factor of two confirms
that uncertainties in the Cu—In—Nb contact resistance have
only a minor impact on both the copper temperature (spread
< 6 mK) and the total dissipated RF power (variation well
below 1%).

CONCLUSION

The analysis identified a potential cryogenic instability
in the baseline cathode geometry, where even at the nom-
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Figure 4: Left: surface resistance profiles along the Nb back
wall for four iterations of the coupled model at P, = 5W.
Right: steady-state temperature distribution in the Cu plug
(4th iteration, Pye = SW).

inal laser power (2 W) the helium-wetted Cu interface is
predicted to exceed the helium saturation temperature by
about 0.4 K. The improved plug geometry maintains the
interface temperature near saturation (A7 = 0.07 K) at2 W.
Assuming cryogenic stability is established, we confirm that
the SRF injector remains electromagnetically stable: the
thermal-RF feedback loop converges rapidly. The primary
thermal consideration for the injector design is therefore the
management of the direct cryogenic cooling at the cathode
rather than RF-thermal feedback effects. Operation at higher
laser loads will benefit from further dedicated cryogenic
analysis and geometry optimization.
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