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Abstract 
SRF cavity thermal breakdown can be analyzed 

analytically using thermodynamics equation. This 
technique is suitable for simple geometries when surface 
magnetic field variation can be omitted. Thermal 
radiation effect which is crucial for SRF gun calculations 
is also hard to implement properly because of 
complicated geometry. All of these can be overcome by 
using multiphysics FEA-software. This paper shows the 
procedure of cavity thermal breakdown calculation in 
coupled multiphysics analysis with dependable 
parameters. 

INTRODUCTION 
The goal of this work was implementation of thermal 

multiphysics analysis of SRF cavities in FEA software 
with temperature dependant parameters such as surface 
resistance and thermal conductivity. Kapitza resistance 
was assumed to be constant with constant bath 
temperature. ANSYS APDL scripts were developed to 
perform the analysis. 

3.9 GHz elliptical cavity QvsB curves which were 
obtained at Fermilab for DESY FLASH module were 
used to check ANSYS results. Thermal conduction 
coefficient, Kapitza conductance and surface resistance 
was obtained for better matching with measured QvsB 
curves. The first attempts to fit the curves were done in 
the reference [1]. Simple model with constant thermal 
conduction coefficient was implemented in Mathcad. The 
results did not show an agreement for each case. In this 
paper 9 cell 3.9 GHz elliptical cavity data was used to fit 
ANSYS results and show a good agreement for almost the 
same quench fields. This proves the accuracy of 
developed ANSYS macros and opens the way to use it for 
different geometries as a “plug and play” solution. 

The developed algorithm also was tested on 1.4 cell 
HZB SRF gun [2]. It represents L-band 1.4-cell SRF gun 
with warm cathode which has a very tiny gap between the 
cathode and niobium walls in superconducting state. 
Although, global thermal breakdown is not possible in L-
band cavities, superheating field is greater than critical 
magnetic field of niobium, accurate thermal analysis is 
required to determine cathode temperature and its 
longitudinal thermal expansion. The thermal radiation 
was not included in our simulations yet but will be 
implemented in later works. 

3.9 GHZ CAVITY MULTIPHYSICS 
ANALYSIS 

Global thermal breakdown of SRF cavities is 
determined by temperature dependence of surface 
resistance which in terms depends on RF magnetic field 
heating. Heat flux from RF heating depends on the 
temperature: 

                         𝑞 = !!
!
∙ 𝐻!!                                                (1),               

  
  𝑅! = 𝑅!"! 𝑇 + 𝑅!"#                                    (2),
    
where q - thermal heat flux, RBCS - temperature dependant 
BCS surface resistance, RRes - residual constant surface 
resistance and 𝐻! – surface magnetic field.  

Heat flux from RF heating changes temperature 
distribution which in its term should change the applied 
heat flux at constant fields. Special APDL macro was 
developed to take into account this heat flux dependence 
on temperature by iterative thermal calculations. Surface 
resistance, thermal conductivity and Kapitza resistance 
has been set as functions of temperature, i.e. their values 
are calculated by ANSYS according to temperature 
distribution. Kapitza resistance depends on bath 
temperature which is constant but could be evaluated for 
different regimes which eliminate the need of correction 
for different bath temperatures. There are only two input 
parameters - magnetic field and bath temperature, the 
others were set through functions. 

Fermilab 3.9 GHz 9 cell cavity experimental data 
(QvsB curves) were used to compare with simulation 
results. The corresponding thermal conductivity, Kapitza 
and surface resistance were required to match 
experimental curves with simulation results. A 1D 
simplified model was developed to find proper material 
properties and save time on simulation. The length of the 
model equals to the cavity wall thickness. Heat flux was 
applied to one side and convection coefficient that equals 
to Kapitza conductance for the other side. Temperature 
dependent thermal conductivity was also applied. Several 
Kapitza resistance models (Amrit1, Amrit3, Mittag), 
residual resistance and thermal conductivity coefficients 
(see Fig. 1) were used to obtain global thermal breakdown 
at fields as close as possible to quench fields from the 
experimental data. The calculated results can be found in 
Table 1. 
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Figure 1: Thermal conductivity coefficients of Nb 
RRR300 for different crystal structures from Wah Chang 
measured at Fermilab [3]: red curve - large grain, blue 
curve – fine grain.  

Table 1: 1D Model Simulation Result Data 
Thermal 
Conductivity Large Grain Fine Grain 

Wall 
thickness, 
mm 

2.8 2.6 2.6 2.8 2.6 2.6 

hkap, Amrit3 * *  * *  

hkap, Mitag   *   * 

Bquench, mT 120 122 103 108 110 96 

 
It was detected (Table 1) that quench field does not 

have a strong dependence on wall thickness. The same is 
true for residual resistance which was about 10 nOhm for 
these simulations. But the quench field strongly depends 
on thermal conductivity, BCS resistance and Kapitza 
conductance which is 9500 [W/m^2/K] for Amrit3 [4] 
and 5000 [W/m^2/K] for Mittag [5] at Tbath=2 K. A 
thermal conductivity data is shown on Figure 1. The 3.9 
GHz cavities were built from fine grain Niobium, with 2.6 
mm cavity wall thickness, annealed and BCPed and had a 
quench around 120 mT. According to cavity history, the 
suitable Kapitza model is Amrit3 but 1D model shows a 
good agreement for large grain material in this case. It is 
important to emphasise that this model does not include 
magnetic field variation along the cavity which was found 
to be important in 2D and 3D simulations. The typical 
thermal breakdown temperature rise can be seen on 
Fig. 2. 

 
Figure 2: 1D model temperature rise during quench. 

The next step was implementation of magnetic field 
distribution along the cavity. A classical ANSYS version 
was used to find electro-magnetic field distribution in the 
cavity. 3D ANSYS model was used for RF field 
simulations. A special macro was developed to make a 
thermal breakdown analysis in 3D but taking into account 
axial symmetry of the cavity the macro was upgraded to 
2D thermal calculations with 3D RF part. It still does 
calculate the Q factor even in 2D case.  Different cases 
were compared such as 90/30 degree 3D/2D model of 
9/single cell cavity (see Fig. 3 for 90 degree 9 cell 3D 
model simulation). It was found that the difference of 
simulation results in terms of quench field is within few 
mT. These results allow using 2D thermal model with 3D 
RF part to save the simulation time. The simulated QvsB 
curves are shown on Fig. 4. 

 

Figure 3: 3.9 GHz 9 cell cavity temperature distribution 
just before the quench (Fine grain, Amrit3, 
Rres=10nOhm). 

 

Figure 4: 3.9 GHz 9 cell QvsB curves. 

As it was mentioned before, the residual resistance does 
not have a significant influence on quench field. Typical 
numbers of residual resistance are around 10 nOhm while 
the BCS resistance is several hundred nOhms at 3.9 GHz 
and T=2.3 K, which is the temperature just before the 
quench (see Fig. 3). That also can be seen from Figure 4 
where Rres=10 nOhm for 2 K case and Rres=15 nOhm 
for 1.8 K. The quench fields for different bath 
temperatures and corresponding thermal conductivity are 
almost the same. 2D results show that magnetic field 
variation implementation increased the quench field for 
large grain and fine grain cases by 10 mT. The large grain 
case, which showed a good agreement in 1D simulation 
model has 130 mT quench field in 2D. Fine grain has 
around 120 mT quench field in 2D simulation which is 
close to experimental data  

The simulated curves have a mid-field slope while the 
experimental data does not. The same discrepancy was 
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found in previous work [1]. Material properties were 
taken according to the cavity processing history. Quench 
field was obtained close to experimental that proves the 
applied algorithm. 

1.4 CELL HZB SRF GUN MULTIPHYSICS 
ANALYSIS 

The developed algorithm was used for 1.4 cell HZB 
gun [2] multiphysics simulations. It represents an L-band 
1.4-cell SRF gun with warm cathode which has a very 
tiny gap between the cathode and niobium walls in 
superconducting state. A 10 W laser shines on the cathode 
for electrons extraction.  

A known problem of that gun is RF field leakage to the 
cathode normal conducting part (see Fig. 5). An 
additional choke filter might be implemented to prevent 
that. Surface resistance for all parts was set as niobium in 
our simulations. Corresponding temperature distribution 
is shown on Figs. 6 and 7. Thermal conductivity of Nb 
RRR 300 was used for niobium parts and conductivity of 
high RRR copper was used for everything else. A surface 
magnetic field (Bpk=100 mT) heating caused only several 
hundredths degrees of temperature rise. Maximal 
temperature is on the cathode tip and equal to 93 K. This 
temperature distribution gives a 160 micron elongation of 
the cathode assembly (see Fig. 8).  

 

Figure 5: Magnetic field distribution. 

 

 

Figure 6: Temperature distribution, K. 

 

Figure 7: Temperature distribution, K. 

 
 

 
Figure 8: Temperature deformations, m. 

 
Figure 9: Copper thermal expansion coefficient. 

A copper thermal expansion coefficient αCu(T) has been 
set as a function of temperature in ANSYS and is shown 
on Fig. 9. The simple 1D calculation of cathode tip 
elongation with a uniform 80 K temperature rise for all 
cathode part, expansion coefficient at 80 K (αCu = 8E-6 
1/K) and for cathode stack length (0.23 m) results in 160 
µm cathode tip elongation. This is the same result of 
numerical simulations which detects that expansion 
coefficient temperature dependence was not included by 
ANSYS and only a single value was taken at a certain 
temperature point. A similar 1D calculation with 
integrated expansion coefficient at 80 K 
(αint=integral(αCu(T)* dT)=1.56E-4) results in a 40 µm 
elongation instead of 160 µm. 
 

CONCLUSION 
Special APDL macro was developed to take into 

account heat flux dependence on temperature by iterative 
thermal calculations. Wall thickness and residual 
resistance do not affect much on quench field. Thermal 
conductivity, Kapitza conductance and residual resistance 
were chosen according to FNAL 3.9 GHz elliptical cavity 
processing history. The simulations showed a good 
agreement with experimental data which proves the 
applied algorithm. 

The developed macro was used for 1.4 cell HZB gun 
calculations. Magnetic field heating caused very small 
temperature rise on the cavity cell walls – around 0.03 K, 
which was expected as soon as global thermal breakdown 
is not an issue for L-band cavities. RF field leakage was 
detected in the cathode part with the temperature rise at 
back wall of the choke-cell. Simulated model showed a 
160 µm thermal expansion of the cathode instead of 40 
µm by 1D calculation. That detects that expansion 
coefficient value in ANSYS was taken at certain point 
and was not integrated. 
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