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Abstract

The paper evaluates the thermal regime of a cryogenically cooled copper photocathode integrated

into a continuous-wave superconducting radio-frequency injector cavity with direct thermal contact.

Such a photoinjector layout is being developed at DESY and has recently demonstrated a record-

high 50 MV/m axial electric field in radio-frequency tests, marking an important milestone. To

address the thermal effect of the picosecond excitation laser, we first develop a two-temperature

model to describe the temperature of the emitting surface at cryogenic temperatures and solve it

numerically. Subsequently, we present a one-temperature model of the bulk photocathode coupled

with an electromagnetic model of the injector cavity. For the current injector design, we predict

a negligible impact of the laser on the intrinsic quality factor of the cavity, identifying instead the

cryogenic stability of the copper cathode as the primary operational limit. To overcome cooling

challenges, we propose an improved configuration of the cathode plug. For the proposed geometry,

the multiphysics analysis confirms stable performance at a nominal 2 W laser power, sufficient for

100 pC beams at 1 MHz under optimistic quantum efficiency assumptions. Operation at higher

laser loads will benefit from further dedicated cryogenic analysis.
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I. INTRODUCTION

A superconducting radio-frequency (SRF) photoinjector is being developed at DESY aim-

ing to enable high-duty-cycle / continuous wave (CW) operation in a future upgrade of the

European X-ray Free-Electron Laser [1, 2]. The core feature of the DESY CW SRF injec-

tor design is a photocathode insertion method [3]. The cathode is thread-mounted to the

backside of the SRF injector cavity made of superconducting niobium. This design has ex-

perimentally demonstrated an axial electric field up to 50 MV/m in radio-frequency vertical

tests (VT). The result supports the fundamental feasibility of generating 100 pC electron

bunch charge with a transverse slice emittance below 0.2 µm [4]. Such photocathode inser-

tion method omits complexities related to load-lock systems and overall such an injector type

serves as a promising candidate to fulfill many demanding scientific cases beyond electron

sources for CW linacs driving FELs such as CW ultrafast electron diffraction (UED) [5] and

CW THz radiation [6] sources. A unique feature of this photoinjector is the direct 2 Kelvin

cooling interface of the photocathode via superfluid helium.

A limited number of studies address the characteristics of copper photocathodes at cryo-

genic temperatures. Most available data concern photoemissive properties of copper such as

quantum efficiency (QE) and mean transverse energy (MTE). One study showed that the

QE of polycrystalline Cu decreases by a factor of four when the substrate temperature is

lowered from 400 K to 85 K [7]. Tests at the bERLinPro injector demonstrated a QE of
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10−5 at 257 nm with an Cu insert at 80 K [8]. The record low-emittance benchmark for

Cu(100) with 5 meV MTE at 35 K was reported in [9].

In the context of photoinjector systems operating in the cryogenic range, thermal stabil-

ity of the SRF cryogenic assembly of the injector cavity and the photocathode is a necessary

prerequisite for stable operation. Previous research on the SRF injector thermal manage-

ment has mostly focused on systems, incorporating load-lock mechanisms for photocathode

insertion. For such systems, thermal simulations and measurements have been performed

to study the heat generated on a retractable cathode stalk, which acts as the primary heat

leak and requires intermediate cooling stages (e.g., 77K intercepts or active gas cooling) as

reported in [10]. For the same injector type with a load-lock system, the finite element

method (FEM) has been implemented to carry out thermal studies [11]. Closer to our di-

rect cathode mount configuration, Schultheiss et al. [12] studied the thermal behavior of

an SRF injector cavity operated at 4.2 K, made of residual-resistance ratio (RRR) 300 nio-

bium, where the photocathode is part of the cavity’s backside. The injector cavity under

RF load and 1 W laser heating was analyzed, and it was shown that the injector cavity

temperatures remained below the superconducting critical temperature. The application of

FEMs for thermal modeling at cryogenic temperatures is robust with results often matching

experimentally obtained data [13, 14].

The CW SRF photoinjector with backside thread-mounting of the cathode (see Fig. 1)

assumes that most of the heat transfer from the Cu cathode to the superconducting Nb cav-

ity occurs indirectly via an indium sealing. The dissipated RF power in the SRF cavity Pd is

directly proportional to the surface resistance of the conducting material. The surface resis-

tance Rs(T ) of superconducting niobium is a combination of the residual resistance and the

temperature-dependent (Bardeen–Cooper–Schrieffer) BCS resistance [15]. The dissipated

power is related to the total surface resistance and the quality factor as follows [16]

Pd(T ) =
1

2

∫
S

Rs(T )|Ht|2dS, Q0 =
ωU

Pd

. (1)

where |Ht| is the magnitude of the tangential magnetic field at the surface S, ω is the angular

resonant frequency, and U is the energy stored in the cavity.

For FEL applications, a Cu photocathode requires up to 5 W of laser power to generate

100 pC electron bunches with a repetition rate up to 1 MHz under the optimistic assumption

of a QE range for Cu of (1 − 2.5) × 10−4 at 257 nm as shown in the right plot of Fig. 1.
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FIG. 1. The image on the left shows the three-dimensional layout of the CW SRF injector cavity

with an integrated copper photocathode. The plot on the right presents the average laser power

required for a Cu photocathode as a function of QE, assuming a 1MHz repetition rate and 100pC

bunch charge (257 nm excitation laser).

For comparison, the RF generated power loss distributed over the backside of the SRF

injector cavity is around 1 W for 50 MV/m axial field. Therefore, a substantial laser power

deposited into the cryogenic system must be addressed to confirm the thermal stability as

well as the absence of a quality factor degradation due to potentially increased RF losses.

The problem of the thermal stability of a CW SRF injector cavity with a Cu cathode

integrated via a thread-mounted connection is unique and therefore has not been previously

addressed in the literature. To our knowledge, no prior work has solved a two-temperature

model for copper initialized in the cryogenic regime under UV excitation. To address these

questions, we have developed the required models and used Comsol Multiphysics® v6.3

[17] to analyze the complex thermal problem of the cold cathode integrated into the SRF

injector cavity.

The analysis reveals a potential cryogenic instability in the baseline cathode plug

geometry[18], leading us to propose and evaluate a modified design for enhanced thermal

stability at a nominal incident laser power of 2 W.

We start in Sec. II by developing a two-temperature model, to describe the temperature

of the emitting surface at cryogenic temperatures and solve it numerically, to characterize

the surface temperature evolution of the cryogenically cooled Cu photocathode during pi-
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cosecond ultraviolet (UV) laser irradiation and to obtain the time-dependent heat flux for

the macroscopic model. In Sec. III we analyze the two-dimensional transient thermal be-

havior of the bulk cathode and assess the validity of steady-state thermal analysis in regions

distant from the effective emission surface (the Cu-Nb contact interface). Finally, in Sec. IV

we evaluate a coupled three-dimensional thermal-electromagnetic model where the influence

of heat induced by the photocathode laser on the dissipated RF power is studied.

II. ONE-DIMENSIONAL TRANSIENT THERMAL ANALYSIS

OF A PHOTOEMISSIVE SURFACE

In order to capture the ultrafast thermal dynamics in a copper photocathode at cryogenic

temperatures during and after laser irradiation, we employ a one-dimensional two-temperature

model (TTM). It resolves the electron temperature Te and lattice temperature Tl as a func-

tion of depth x from the irradiated surface [19] and reads

Ce(Te)
∂Te

∂t
=

∂

∂x

[
Ke(Te, Tl)

∂Te

∂x

]
−G(Te, Tl)(Te − Tl) + Slaser(x, t) (2)

Cl(Tl)
∂Tl

∂t
=

∂

∂x

[
Kl(Tl)

∂Tl

∂x

]
+G(Te, Tl)(Te − Tl) (3)

where Ce and Cl are the volumetric heat capacities of the electron and lattice subsystems,

respectively; Ke and Kl are the corresponding thermal conductivities; G is the electron-

phonon coupling factor that quantifies the volumetric rate of energy exchange between the

two subsystems; and Slaser is the volumetric laser heat source term.

The domain spans x ∈ [0, Lx] with Lx = 50µm. The relatively large simulation domain

(compared to typical conditions for TTM models at room temperatures) is motivated by the

exceptionally low heat capacity and high thermal conductivity of cryogenic copper, which

leads to a rapid heat transport. Thus, we ensure that the ultrafast near-surface electron and

lattice temperature dynamics, which govern the net electron-phonon energy exchange, are

not prematurely influenced by the thermal conditions imposed at the rear boundary. The

initial conditions are given by Te(x, 0) = Tl(x, 0) = T0 (T0 = 2K). A zero-flux boundary

condition is applied at x = 0, while Dirichlet boundary condition Te = Tl = T0 is imposed

at x = Lx.

A two-temperature model for a copper photocathode under ultrashort laser pulse exci-

tation has previously been considered for room-temperature copper in [20]. To validate our
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numerical model, we successfully reproduced selected results.

In the following subsections, we extend this model to our case of interest at cryogenic

temperatures. We have conducted a review of the available literature to combine theoretical

and experimental results in order to obtain the required coefficients at cryogenic tempera-

tures for the 1D-TTM. The obtained equations are solved numerically for a representative

laser-source configuration defined by the use-case scenario. The results are then applied in

Sec. III in the one-temperature modeling of the injector.

A. Properties of copper at cryogenic temperatures

In the following subsections, we provide analytical definitions of the material properties

of copper required to solve the 1D-TTM in the cryogenic temperature range. The lattice

thermal conductivity Kl(Tl) is omitted due to its negligible contribution for high-purity

copper across the entire temperature range and the fact that Ke ≫ Kl [21].

a. Electron–Phonon Coupling Factor G. The electron-phonon coupling factor G(Te, Tl)

quantifies the volumetric rate of energy exchange between the electron and lattice subsys-

tems. While G is often treated as a constant in room-temperature TTM, its strong tem-

perature dependence requires an accurate description of the thermal dynamics which starts

from the cryogenic regime. At very low temperatures (significantly lower than the Debye

temperature, T ≪ ΘD), the energy transfer rate per unit volume, Pep/V , between electrons

at Te and a lattice at Tl in clean, three-dimensional metals is theoretically predicted to follow

a power law [22–24]. Specifically, for energy transfer limited by electron interactions with

3D acoustic phonons, this rate is given by:

Pep/V = Σ0(T
5
e − T 5

l ), (4)

where Σ0 is a material-specific coupling coefficient. The T 5 dependence arises from the

temperature dependence of both the available phonon states and the electron phase space for

scattering [25]. The electron-phonon coupling factor G(Te, Tl) is defined such that Pep/V =

G(Te, Tl)(Te − Tl). Thus, from Eq. (4), the low-temperature form of G is:

Glow(Te, Tl) = Σ0

4∑
k=0

T 4−k
e T k

l . (5)

For copper, the material coefficient Σ0 = 2.1 × 109Wm−3K−5 is adopted. This value is

supported by direct experimental measurements on copper thin films that exhibit 3D phonon
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behavior at sub-Kelvin temperatures [26], and is also consistent with earlier work on similar

metallic systems [24]. For instance, if Te = Tl = T , then Glow(T, T ) = 5Σ0T
4. At T = 2K,

this yields Glow ≈ 1.68× 1011Wm−3K−1, and at T = 27K, Glow ≈ 5.58× 1015Wm−3K−1.

For temperatures approaching the Debye temperature (343 K for Cu), G(Te, Tl) tends

towards a less sharply temperature-dependent reference value, GRT. For copper near 300K,

a value of GRT = 9.0×1016Wm−3K−1 is adopted, consistent with pump-probe experimental

results [27, 28] and the baseline G0 derived from Density Functional Theory (DFT) calcula-

tions before strong electron temperature effects dominate [29]. While some models predict a

decrease in G for electron temperatures far exceeding the Debye temperature [29], treating

GRT as a constant saturation value is a valid approximation for the temperature regimes

relevant to this work.

To provide a smooth transition across the entire temperature range from the low-

temperature power-law behavior to the higher-temperature reference value, two limiting

forms are combined using a generalized mean:

G(Te, Tl) =
[
(Glow(Te, Tl))

−nb + (GRT)
−nb

]−1/nb
, (6)

with a bridging exponent nb = 4 chosen to provide a smooth and monotonic transition

between the two asymptotic regimes as illustrated in Fig. 2. The formulation dictates that

Glow dominates at temperatures below the natural crossover point (approximately 54K for

Te = Tl), and GRT primarily governs the coupling at higher temperatures.

b. Electron heat capacity Ce. The volumetric heat capacity of the electron gas, Ce(Te),

is commonly approximated at low temperatures by its linear term:

Ce(Te) = γeTe, (7)

where γe is the electronic specific heat coefficient. For copper, γe ≈ 96.6 Jm−3K−2. The

linear approximation, provides good accuracy for relatively low electron temperatures which

are relevant to this work. Worth noting, when electron temperatures Te become more

elevated and approach values in the order of several thousand Kelvin it becomes advisable

to introduce higher-order terms from the Sommerfeld expansion to Eq. 7 for improved

accuracy[30, 31].
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FIG. 2. The electron-phonon coupling factor, G, as a function of electron temperature. It illustrates

the behavior of the full bridged model under two limiting conditions: thermal equilibrium (Te = Tl)

and strong non-equilibrium (Tl = 2K, varying Te). The asymptotic low-temperature power-law

(Glow) and high-temperature saturation (GRT) models are shown for reference.

c. Lattice heat capacity Cl. The volumetric heat capacity of the lattice is determined

using the Debye model [31]:

Cl(Tl) = 9NakB

(
Tl

ΘD

)3

×
∫ ΘD/Tl

0

ξ4eξ

(eξ − 1)2
dξ, (8)

whereNa = 8.4912×1028m−3 is the number density of atoms for copper, kB is the Boltzmann

constant, and ΘD = 343K is the Debye temperature for copper.

d. Electrical Resistivity ρel. The total electrical resistivity ρel(Tl) is determined by the

Matthiessen’s rule, summing the temperature-independent residual resistivity ρ0 (due to

impurities and defects) and the temperature-dependent phonon contribution ρph(Tl) [32]:

ρel(Tl) = ρ0 + ρph(Tl). (9)

The residual resistivity ρ0 = 5.667× 10−11Ωm is set corresponding to a RRR of 300, using

the reference resistivity of copper at room temperature ρel(300K) = 1.7× 10−8Ωm.

The phonon contribution is described by the Bloch-Grüneisen formula:

ρph(Tl) = ABG

(
Tl

ΘD

)5

×
∫ ΘD/Tl

0

ξ5eξ

(eξ − 1)2
dξ. (10)

Prefactor ABG is determined to ensure that ρ0 + ρph(300K) yields the room temperature

value.
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e. Electron thermal conductivity Ke. The electron thermal conductivity Ke(Te, Tl) is

derived from the Wiedemann-Franz law [30], relating it to the electrical resistivity:

Ke(Te, Tl) =
L0Te

ρel(Tl)
, (11)

where L0 = 2.44×10−8WΩK−2 is the Lorenz number. The lattice temperature dependence

enters through the electrical resistivity ρel(Tl).

B. Laser source term

The volumetric power density Slaser(x, t) deposited by the laser into the electron system

is described by a Gaussian temporal profile with an exponential decay in depth according

to the Beer-Lambert law:

Slaser(x, t) =
Fabs

dp

1

σt

√
2π

exp

[
−(t− tc)

2

2σ2
t

]
exp

(
− x

dp

)
, (12)

where Fabs is the absorbed laser fluence, dp is the effective penetration depth, σt is the rms

pulse duration, and tc is the time corresponding to the pulse peak. The variables x and t

represent the depth into the material and the time, respectively.

C. Numerical solution of 1D-TTM

The simulation models the interaction of a single laser pulse with a copper surface in 1D.

Equations (2) and (3) were defined as custom partial differential equations and solved in

Comsol Multiphysics® v6.3 using the adaptive backward differentiation formula (BDF)

solver. A non-uniform mesh resolves the optical penetration depth near x = 0 and coarsens

toward x = Lx = 50µm.

First, let us consider the laser source term (Eq. (12)) with parameters providing a phys-

ically representative laser fluence for the 1D-TTM model. We define it based on the op-

erational use case at the future CW European XFEL [4]. For a design specification QE

of 2.5 × 10−4, generating 100 pC electron bunches at a 1MHz repetition rate corresponds

to an average laser power of 2W (see the right plot in Fig. 1). This implies an incident

laser pulse energy of Epulse = 2 µJ (since Pavg = Epulse × frep). The laser spot is treated as
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having a top-hat intensity profile with a radius of rspot = 430 µm, which corresponds to a

spot area Aspot = πr2spot. With a material reflectivity of R = 0.36 for copper at an excitation

wavelength of 257 nm [33], the absorbed fluence is Fabs = (1 − R)Epulse/Aspot. The pulse

has an rms duration of σt = 8ps and its peak is centered at tc = 4σt = 32 ps. The effective

penetration depth dp, which accounts for both optical absorption and non-thermal electron

transport, is taken to be 83 nm. This value is calculated as the sum of the optical penetra-

tion depth (≈ 13 nm) and the ballistic transport range (≈ 70 nm), an approach proposed for

UV excitation of copper in [20]. Figure 3 shows time dependent temperatures of electrons

and lattice at x = 0. For the relatively long 8 ps RMS laser pulse, combined with a low

absorbed fluence of 2.2 J/m2, the 1D-TTM model predicts a modest 6K difference between

the peak electron temperature (Te ≈ 36.5K) and lattice temperature (Tl ≈ 30.5K).

FIG. 3. Temporal evolution of electron (Te) and lattice (Tl) temperatures at the surface of a copper

photocathode, initially at T0 = 2K. The depicted thermal response is calculated for an absorbed

laser fluence of Fabs = 2.2 J/m2 and an RMS laser pulse duration σt = 8ps.

For the considered design parameter set of the CW photoinjector for the European XFEL,

the 1D-TTM does not predict a significant temperature growth and the observed thermal

non-equilibrium is modest. It should be noted that the assumed QE is an optimistic as-

sumption. Factors such as a larger pulse energy, a smaller laser spot size, and a shorter

pulse duration can have a significant impact on the electron lattice thermal behavior.
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D. Discussion of the results obtained using the 1D-TTM

The TTM is predicated on the assumption that following photon absorption, the elec-

tron subsystem thermalizes internally via electron-electron scattering on a timescale τe−e,

that is much shorter than the timescale for electron-phonon energy transfer τe−ph. This

condition (τe−e ≪ τe−ph) ensures the existence of a well-defined, quasi-equilibrium electron

temperature Te. This assumption is known to be challenged under conditions of very low

excitation intensity or with ultrashort (femtosecond) laser pulses. In such cases, the elec-

tron distribution may remain non-thermal (i.e., non-Fermi-Dirac) for a period comparable

to τe−ph, making the concept of an electronic temperature technically ill-defined and re-

quiring more fundamental models, such as the Boltzmann Transport (BTE), for a rigorous

description [34]. Furthermore, at cryogenic range of Tl, the applicability of TTM becomes

more fragile: under low fluence and femtosecond excitation, experiments on noble metals

showed thermal behavior incompatible with TTM because the electron distribution can re-

main non-thermal on times scales comparable or longer than excitation source [35]. For

such operational conditions, the TTM model can be extended by introducing an additional

non-thermal electron reservoir Unt to account for finite thermalization effects [36–38].

However, the laser pulse relevant to this work are on the picosecond scale (σt = 8 ps;

FWHM ≈ 19 ps). This pulse duration is significantly longer than the sub-picoseconds

timescales typically associated with electron thermalization in noble metals. The laser does

not act as an instantaneous impulse, but rather as a continuous heating source over a period

comparable to, or longer than, the internal relaxation times. This allows a quasi-equilibrium

state to be established and maintained, where the electron subsystem is simultaneously

heated by the laser, thermalized by electron-electron scattering and cooled by the lattice.

In this regime, the TTM serves as a valid and physically appropriate model for describing

the average energy balance and the coupled thermal dynamics of the electron and lattice

subsystems on the relevant picosecond timescale.

The purpose of 1D-TTM in this work is twofold. First, it demonstrates that for the

operational parameters of the CW photoinjector, the peak surface temperatures remain

modest in the cryogenic range and the non-equilibrium is minimal at the nominal laser

fluence. Second, we define an interface at a depth xint within the 1D TTM domain and

calculate the net conductive heat flux crossing the plane. The flux represents the total
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energy per unit area and time that propagates from the highly non-equilibrium surface layer

into the more equilibrated bulk. The resulting time-dependent heat flux serves as a heat

source for the macroscopic model. The net flux is the sum of the electronic and lattice

contributions:

qnet(t) =

[
−Ke(Te, Tl)

∂Te

∂x
−Kl(Tl)

∂Tl

∂x

]∣∣∣∣
x=xint

(13)

where xint = 2µm which is sufficiently deep to be beyond the direct laser absorption and

initial ballistic electron transport zones ensuring the flux represents a cohesive, diffusive

thermal wave. A sufficiently long simulation time is required to ensure global energy con-

servation.

Comparing the temporal distribution of qnet(t) derived from the 1D-TTM to the incident

laser’s Gaussian profile (Fig. 4) reveals that the TTM-based heat source represents a more

physically realistic heat deposition, with a more gradual temporal distribution that accounts

for the intrinsic energy transfer time within the material.

FIG. 4. Qualitative comparison of temporal distribution of the heat flux derived from the TTM

and a standard 8 ps rms Gaussian laser pulse. Both correspond to a total absorbed pulse energy

2 µJ× (1− 0.36) = 1.28 µJ.
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III. TWO-DIMENSIONAL TRANSIENT AND STATIONARY THERMAL ANAL-

YSIS OF A BULK COPPER PHOTOCATHODE

We characterize the temperature of the bulk cathode with the aim to validate a steady-

state approach for subsequent 3D analysis. For timescales significantly longer than the

electron-phonon relaxation time, the thermal behavior within the bulk copper is described

by the classical heat conduction equation:

ρ(T )Cp(T )
∂T

∂t
= ∇ · (k(T )∇T ) +Qvol(r, z, t), (14)

where T (r, z, t) is the temperature field as a function of the radial coordinate r, the axial

coordinate z, and the time t; ρ is the material density; Cp(T ) is the temperature-dependent

specific heat capacity; k(T ) is the temperature-dependent thermal conductivity; and Qvol

is the volumetric heat source. For the bulk model, the temperature-dependent thermal

conductivity k(T ) and specific heat capacity Cp(T ) are implemented using polynomial fits

to cryogenic reference data for copper (RRR = 300) from [39]. The left plot in Fig. 5

shows the corresponding thermal conductivity of Cu for various RRR values, with the solid

line representing the data used for the bulk cathode modeling. For comparison, we show Ke

obtained in Sec. IIA assuming Te = Tl. The discrepancy arises because our theoretical model

calculates the conductivity from idealized physical laws, while the NIST data are based on a

polynomial fit that relies on experimental measurements. The right plot in Fig. 5 illustrates

the specific heat capacity as a function of temperature for Cu. While the density ρ also

exhibits a temperature dependence, its variation for solid-state copper is minimal, and a

constant room-temperature value of ρ = 8960 kgm−3 is assumed.

Solving the time-domain heat transfer model for a 1MHz repetition rate with picosecond

laser pulse duration is computationally expensive. In such cases, a stationary model offers

a significantly simplified analysis. The steady-state solution assumes neglecting the time-

derivative in Eq. (14) and replacing the pulsed heat source with its time-averaged equivalent

boundary condition. The primary goal of the subsequent analysis is to validate the steady-

state simulation approach, by directly comparing its results to those from a full transient

simulation.
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FIG. 5. The left plot shows the thermal conductivity of copper as a function of temperature for

various values of RRR. The solid line (RRR=300) represents the NIST fit used in the bulk model.

The dashed line shows the conductivity derived from the TTM components for comparison. The

right plot presents the specific heat capacity of copper as a function of temperature.

A. Validation of the steady-state approach

We validate the steady-state approach by using a simplified two-dimensional, axially

symmetric model with the boundary conditions as shown in Fig. 6.

We begin by solving the transient heat conduction problem described by Eq. (14). The

heat source from the laser is modeled as a periodic boundary heat flux applied at the cathode

emission surface (z = 0, r ≤ rspot = 430 µm)

−n · (k∇T ) = qnet(t), (15)

where qnet(t) is the time-dependent heat flux profile obtained from the 1D-TTM analysis,

as defined in Eq. (13). A primary challenge in the achieving a numerical convergence of the

solution in time-domain is resolving steep thermal gradients near the boundary, where the

heat flux is applied. To address this, a locally refined mesh is used within the boundary

layer region, where the solution varies significantly, as illustrated in Fig. 7.

Next, we solve the corresponding steady-state problem using a time-averaged inward heat

flux boundary condition:

−n · (k∇T ) = qavg, qavg = Pavg(1−R)/Aspot, (16)
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where Pavg denotes the incident laser power, and R = 0.36 is the material reflectivity.

Fig. 8 shows the transient solution where the temperature evolution is evaluated at the

point of interest (2; -3.55) (see Fig. 6). After a ramp-up period of approximately 6 µs,

the temperature stabilizes into an oscillation with a mean value of 2.0014K. The steady-

state solution at the same point is 2.0014K, thus, matching precisely the transient result.

The comparison indicates that the thermal time constant of the bulk cathode is significantly

longer than the pulse period, causing the material to respond primarily to the average power

input.

FIG. 6. The left image shows the simplified axially symmetric representation of the Cu cathode

plug with partially indicated boundary conditions: blue cooling boundary, red corresponds to the

laser heat flux and the remaining boundary conditions are set to a Neumann boundary condition.

The right image presents the steady-state temperature distribution in the model with ideal cooling,

for an average incident laser power of 2W.

This validation confirms that the computationally efficient steady-state model is sufficient

for determining the mean operational temperatures of the bulk cathode. For the initial

comparative study, an ideal cooling condition (T = 2K) was imposed to ensure numerically

fast thermal equilibration in the transient solution. In the subsequent analysis, we use

the steady-state approach to study a physically realistic thermal model that incorporates

the dominant thermal impedance of the Kapitza boundary resistance at the helium-cooled

surfaces [40].
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FIG. 7. Mesh refinement at the boundary layer near the laser heat flux boundary condition.

FIG. 8. Temperature versus time from the transient model, probed at the foreseen initial Cu-In-Nb

contact point (r = 2, z = −3.55) under ideal cooling (T0 = 2K) and periodic 1MHz laser heating

with 2µJ incident energy per pulse.

IV. THREE-DIMENSIONAL COUPLED THERMAL-ELECTROMAGNETIC

ANALYSIS

A central concern for the integrated cathode design is whether the laser-induced heat

load negatively affects the injector cavity’s thermal and electromagnetic stability. A three-

dimensional (3D) steady-state model is developed to evaluate two primary operational limits

of the integrated cathode design under laser heat load. The first is a cryogenic stability at
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Cu-He interface. The second risk factor arises from a positive thermal feedback loop, where

heat conducted from the cathode increases the niobium’s temperature-dependent surface re-

sistance Rs(T ), thus amplifying the local RF power dissipation, which directly impacts the

cavity’s quality factor. On the other hand, the structure of the TM010 accelerating electro-

magnetic mode features a minimal magnetic field responsible for RF losses in the region of

niobium which is affected by laser heat deposited from the cathode. To determine which ef-

fect dominates, we developed and solved a 3D steady-state coupled thermal-electromagnetic

model.

A. Thermal-Electromagnetic Model Definition

The computational model, shown in Fig. 9, consists of the copper photocathode plug,

the niobium cavity back wall, and the RF vacuum volume. A 1/8th section of the geometry

is simulated due to the partial axial symmetry of the back wall’s mechanical design. A

schematic illustrating computational domains and boundary conditions is shown in the left

image of Fig. 10.

FIG. 9. 1.6-cell SRF injector’s 3D model for coupled RF-thermal analysis. The axially symmetric

section (1/8) shows the Cu plug (yellow), the Nb back wall (grey), and the RF vacuum volume

(blue).

The thermal analysis is governed by the steady-state heat version of equation Eq. (14).

The laser heat is introduced as an inward heat flux boundary condition as defined in Eq. (16),

evaluated for an average incident laser power Pavg. The temperature-dependent thermal

conductivities for copper (RRR=300, Sec. III) and niobium (RRR=300, shown in the left

plot of Fig. 11) are used. A primary heat transfer path from the cathode to the niobium is
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FIG. 10. The image on the left shows the schematic of the domains and principal boundary

conditions in the 3D model at the Cu–Nb interface. The image on the right presents the improved

copper cathode plug geometry (yellow).

the Cu-In-Nb contact, which is characterized by a thermal contact resistance Rtc. Specific

experimental data for the thermal contact resistance of a Cu-In-Nb connection are not readily

available. We describe this interface using a value derived from experimental measurements

of a similar pressed Nb-In-Al joint for which Dhuley et al. measured a contact resistance of

Rtc ≈ 1.0 × 10−4Km2W−1 at a temperature of 4.5K [41]. The thermal resistance of such

solid-solid contacts, when limited by phonon transport at cryogenic temperatures, typically

follows an inverse cubic scaling Rtc ∝ T−3. Extrapolating the measured 4.5K value down

to the operational temperature of the injector yields a resistance an order of magnitude

higher. Therefore, for this analysis, we adopt a conservative estimate for the area-specific

contact resistance of the Cu-In-Nb joint Rtc,Cu-In-Nb(2K) ≈ 1.0 × 10−3Km2W−1. This

thermal resistance is applied at the indium-sealed interfaces as a thermal contact resistance

boundary condition without directly introducing indium into the computational domain.

This imposes a temperature discontinuity ∆T = Tu − Td that is proportional to the normal

heat flux qn flowing across the interface:

qn = n · (−k∇T ), Tu − Td = qn ·Rtc (17)

where Tu and Td are the temperatures on the upstream and downstream sides of the bound-

ary, respectively. Rtc is the area-specific thermal contact resistance and the heat flux qn is

continuous across the boundary.

The cooling regime at the Cu-He II and the Nb-He II is governed by the Kapitza con-
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ductance hK = aT 3, a phenomenon of phonon transport across a boundary. The standard

physical model for this process across a temperature difference is provided by the modified

acoustic mismatch theory [40]. Table I summarizes typical experimental values for the pre-

factor a [Wm−2K−4]. For the copper photocathode in our model, we assume a clean surface

while for the niobium cavity, we use a value representative of a standard buffered chemical

polish (BCP) finish. It is often convenient to describe this boundary impedance in terms of

the Kapitza thermal resistance RK(T ) = [hK(T )]
−1. The temperature-dependent Kapitza

resistance is implemented as the cooling boundary condition for the steady-state thermal

analysis:

q = −n · (k∇T ) =
T − Tbath

RK

, (18)

where n is the normal vector, T is the local surface temperature, and Tbath = 2K is the

helium bath temperature.

TABLE I. Kapitza conductance coefficient, a, for Cu–He II and Nb–He II where the heat conduc-

tance is hK = aT 3 at T ≈ 2K. Values are representative mid-points compiled from the literature.

Material Surface Condition a (Wm−2 K−4)

Copper Clean 1.0× 103
a

Technical 5.0× 102
b

Rough 2.0× 102
a

Niobium Electropolished 1.0× 103
c

BCP cavity-grade 4.0× 102
d

Rough 2.0× 102
d

aLebrun and Tavian [42]; bSwartz and Pohl [40]; cAmrit et al. [43]; dAizaz et al. [44] and Dhakal et al.

[45];

The computed steady-state temperature distribution provides the input for the elec-

tromagnetic eigenmode analysis. The coupling to the electromagnetic computation do-

main is implemented through a surface impedance boundary condition with impedance

Zs(T ) = Rs(T ) + iXs(T ) applied at the backwall of the cavity. The remaining boundaries

for the EM problem are treated as perfect electric conductors (PEC). The surface reactance
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FIG. 11. The left plot shows the thermal conductivity of niobium (RRR=300) versus temperature

[46]. The right plot presents the surface resistance of niobium at 1.3GHz. Points are experimental

data for the DESY 16G09 cavity; the red line is the model fit from Eq. (19).

Xs is calculated for niobium at a frequency f = 1.3GHz using the London penetration

depth approximation Xs ≈ ωµ0λL ≈ 0.40mΩ, where the angular frequency is ω = 2πf , µ0

is the permeability of free space, and the London penetration depth is taken as λL ≈ 39 nm.

While temperature dependent, Xs is approximated as a constant value due to the localized

domain affected by cathode laser heating. The resistive component Rs(T ) is the sum of a

residual component Rres and the BCS resistance, given by:

RBCS(T ) =
C

T
f 2 exp

(
−∆(T )

kBT

)
. (19)

The superconducting energy gap, ∆(T ), is computed using the Muhlschlegel approximation

with Tc = 9.25K and ∆(0)/kBTc = 1.9. The free parameters, C and Rres, were determined

via a direct fit to measurements of the CW SRF injector cavity at DESY (16G09) (the right

plot of Fig. 11), yielding Rres = 8.3 nΩ and C = 31182 nΩ ·K/GHz2.

B. Thermal Stability at the Copper-Helium Interface

The analysis of the 3D model with the baseline cathode geometry shown in the left

image of Fig. 10 reveals a potential cooling issue. For a nominal incident laser power of

2 W, the steady-state solution predicts that the temperature on the helium-wetted copper
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surface exceeds the helium saturation temperature (Tsat ≈ 2.0 K at ∼ 31 mbar) by ∆T =

Tpeak − Tsat ≈ 0.4 K. The left image in Fig. 12 illustrates this for an incident laser power of

2W, indicating a localized hot spot on a conical protrusion reaching approximately 2.4K.

Here Tpeak ≈ 2.4 K denotes the copper temperature, while the helium side is numerically

fixed at Tbath = Tsat = 2 K by the Kapitza-to-bath boundary in Eq. 18. This boundary

condition is only valid for single-phase He-II. However, helium boiling can arise when the

helium-side peak heat flux limit is approached or exceeded, with the threshold depending on

geometry and immersion depth [47, 48]. Within this modeling framework, the magnitude

of ∆T is used as a conservative indicator of a thermally loaded interface where two-phase

effects could potentially develop at the indicated hot spot. The present model indicates risk

but does not predict onset or the critical heat flux (CHF).

The potential onset of two-phase effects fundamentally alters the heat transfer mechanism

from efficient solid-to-superfluid conduction to less predictable two-phase regime. The pri-

mary concern in this regime is the onset of film boiling, which insulates the hot spot with a

layer of helium vapor. If the insulating vapor film propagates, heat transport into the helium

bath can be strongly reduced and a larger fraction of the load conducts into the SRF injec-

tor’s niobium structure. Furthermore, sustained boiling dynamics near a high-Q SRF cavity

introduces a secondary parasitic effect, i.e. it leads to thermomechanical vibrations [49].

The thermal performance of the baseline plug geometry is constrained by a conductive

bottleneck within the plug geometry. While cooling at the boundary is initially governed by

Kapitza resistance, the narrow cross-section of the protrusion creates a significant internal

thermal impedance. This impedance concentrates the heat flux, leading to the localized

temperature rise before heat can be effectively distributed across the wetted interface. An

alternative cathode plug geometry, shown conceptually in the right image of Fig. 10, was

evaluated to address this conductive limitation. The modification increases the local cross-

section in the vicinity of the hot spot, providing a lower impedance path for lateral heat

conduction that more effectively distributes the thermal load.

The 3D steady-state model was solved for the improved geometry. The right image in

Fig. 12 shows the resulting temperature distribution at the cooling surfaces for a nominal

incident laser power of Pavg = 2W. For this case, the peak temperature of the copper cathode

at the helium interface is Tpeak ≈ 2.07K, and the corresponding heat flux is approximately

550W/m2 (single-phase Kapitza boundary flux). The 70mK temperature rise is modest
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FIG. 12. The image on the left shows the steady-state temperature distribution on the helium-

wetted surfaces of the copper plug and adjacent niobium back wall, for an incident laser power

of 2W. The inset highlights the localized hot spot on the geometric protrusion. The image on

the right presents the steady-state temperature distribution on the helium-wetted surfaces of the

improved version of the copper plug and adjacent niobium back wall, for an incident laser power

of 2W.

and the wetted-copper surface temperature remains near saturation temperature. We then

evaluated a higher heat-load case with an average incident laser power of Pavg = 5W. The

simulation predicts a peak helium-wetted surface temperature of Tpeak ≈ 2.14K. For the

subsequent RF analysis, we treat the 5 W temperature field as single-phase cooling and

assume that the Kapitza boundary condition remains valid.

C. Laser heating and RF performance

We now evaluate the impact of the laser induced temperature gradients on the RF per-

formance of the injector cavity with improved geometry of the Cu cathode plug (see Fig.

10, right). The analysis solves the stationary, coupled thermal-electromagnetic model to de-

termine, if the localized heating of the niobium back wall leads to an increase in dissipated

RF power.

First, the thermal model is solved for incident laser powers of 2W and 5W. The tem-

perature field is then used to compute the local surface resistance, shown on the left in

Fig. 13, where a modest increase is observed near the central axis. Despite the moderate

laser induced thermal load of the injector cavity, given the exponential dependence of the
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BCS resistance on temperature, a multi-step iterative analysis was performed to ensure that

the initial temperature rise does not trigger a thermal feedback runaway. The calculated RF

losses were added back into the thermal model as a heat source, and the loop was repeated

4 times. The results, shown in Fig. 14, demonstrate immediate convergence after the second

iteration, confirming the thermal feedback is negligible and the system is electromagnetically

stable. The image on the right in Fig. 14 presents the steady-state temperature distribution

in the copper photocathode plug, based on the solution of the 4th iteration of the coupled

RF-thermal model for an incident laser power of Pavg = 5W.

FIG. 13. The left plot shows the local surface resistance along the radius of the niobium back

wall, based on the temperature profiles from the thermal model. The image on the right presents

the steady-state temperature distribution on the interior surface of the niobium back wall of the

injector cavity, based on the solution of the 4th iteration of the coupled RF-thermal model for an

incident laser power of Pavg = 5W.

The temperature distribution in the system is dictated by the copper cathode plug,

resulting in a modest temperature rise in the vicinity of the cathode opening of the injector

cavity. Moreover, the magnetic field of the TM010 π mode on the interior of the injector’s

backwall field is zero on the central axis (r = 0) and increases with radius. A comparison

with the temperature map (the image on the right in Fig. 13), indicates that the area of

the maximum temperature increase coincides with the region of low magnetic field. As a

result, the integral for total dissipated RF power (Eq. (1)) is dominated by the vast surface

areas operating at nominal resistance, rendering the effect of localized heating negligible.
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FIG. 14. The left plot shows the surface resistance profiles along the niobium back wall for four

consecutive iterations of the coupled thermal-electromagnetic model, calculated for an incident

laser power of 5W. The image on the right presents the steady-state temperature distribution in

the copper photocathode plug, based on solution of the 4th iteration of coupled RF-thermal model

for an incident laser power of Pavg = 5W.

Calculating the dissipated power assuming first T = 2 K = const. yields 1.109 W at the

backwall of the cavity (0th iteration). Following the 4th iteration of thermal-electromagnetic

coupled simulation yields a 2.8 % higher dissipated power of 1.14 W, which is mainly driven

by the RF load (50 MV/m axial peak electric field) following the temperature rise after

the first iteration. Therefore, we conclude that the primary thermal consideration for the

injector cavity design is the management of the cryogenic cooling at the Cu-He interface,

rather than the RF-thermal feedback.

V. CONCLUSION

In this work, we developed and applied a comprehensive numerical framework to analyze

the thermal characteristics of a cryogenically cooled copper photocathode directly integrated

into an SRF injector cavity. The ultrafast surface thermal dynamics were characterized

using a one-dimensional two-temperature model developed for the cryogenic regime. For the

analysis of bulk heat transfer, a steady-state, time-averaged thermal model was validated

against full transient simulations, confirming its computational efficiency. Using this steady-
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state model, a coupled three-dimensional thermal-electromagnetic analysis was performed,

incorporating experimentally fitted data for the niobium surface resistance and literature-

based estimates for Kapitza conductance at Nb–He II and Cu–He II interfaces.

The analysis identified a potential cryogenic instability in the baseline cathode geometry,

where even at the nominal laser power (2W) it is predicted to heat the helium-wetted

Cu interface above the helium saturation temperature by about 0.4K at the operating bath

pressure (∼ 31 mbar). The improved design was shown to maintain the interface temperature

near saturation (Tpeak ≈ 2.07 K ∆T ≈ 0.07 K) for the nominal laser power. Operation

beyond the nominal load requires dedicated cryogenic analysis (helium-side peak heat flux)

and further optimization of the plug geometry to preserve margin against two-phase effects.

The precise onset of boiling in He-II depends on the helium-side peak heat flux, which is

not predicted by the present model. We have demonstrated that the present design of the

cathode plug can benefit from further systematic cryogenic design optimization in order to

mitigate potential instabilities related to localized overheating of the helium-wetted copper

surface.

Assuming the cryogenic stability of the Cu photocathode is established, we confirm that

the SRF injector remains electromagnetically stable. A multi-iteration analysis of the ther-

mal–RF feedback loop at 5W shows rapid convergence. This stability is a direct consequence

of the TM010 mode’s magnetic-field zero on the central axis, which minimizes the impact

of localized heating on RF power dissipation in the vicinity of the cathode opening. This

finding provides an important design validation and indicates that the primary thermal con-

sideration is the management of the direct cryogenic cooling at the cathode rather than

RF–thermal feedback effects. While the modified geometry resolves the cryogenic concern

at 2W, stable operation at 5W is dependent on single-phase cooling at the Cu–He interface.

Any practical implementation targeting more than 2W should prioritize geometry that re-

duces spreading resistance and increases the effective wetted perimeter, together with surface

conditions that maximize the effective Kapitza conductance, in order to retain an adequate

thermal margin.
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