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Abstract

Thermal feedback is a known limitation for SRF cavi-

ties made of low-purity niobium, as the increased losses

at higher temperature described by BCS theory create a

feedback mechanism that can eventually result in a runaway

effect and associated cavity quench. In a similar manner,

niobium cavities coated with Nb3Sn may also be subject to

increased losses from thermal feedback, as Nb3Sn is pos-

sessed of a much lower thermal conductivity than niobium,

although this effect will be mitigated by the thin film nature

of the coating. In order to better understand the degree to

which thermal feedback plays a role in the performance of

Nb3Sn cavities, it is necessary to understand how the various

components of the problem play a role in the outcome. In

this paper, we present the first results from simulations per-

formed at Cornell University that model RF induced thermal

feedback in both conventional niobium cavities and niobium

cavities coated with a thin film of Nb3Sn. The impacts of

layer thickness, niobium substrate thermal conductivity, and

trapped flux on the performance of the cavity are discussed.

INTRODUCTION

The effect of RF heating on niobium cavity perfor-

mance has been studied via the thermal feedback model

(TFBM) [1–5] . Heat produced by RF fields at cavity inner

surfaces must be transported across a typically 3mm thick

layer of niobium and a niobium-Helium interface into liquid

Helium. Both niobium and the Nb-He interface have finite

thermal conductance, so RF heat production increases the

inner surface temperature of a cavity, which in turn increases

BCS resistance and heat dissipation, creating a positive feed-

back loop. At low to moderate fields, the feedback effect is

small enough that the temperature inside the cavity reaches

a stationary state. The stationary inner surface temperature

(and hence surface resistance) can be written as a function

of accelerating field strength, which may contribute to the so

called “mid-field Q-slope” [5,6]. Under certain conditions,

the feedback mechanism is strong enough that there exists

a “thermal breakdown field” Hb , above which no stationary

temperature can be sustained [1, 3]. This can manifest as

“high field Q-drop” [3] followed by a cavity quench, and is

considered the thermal stability limit of a SRF cavity. No

work has yet been done to probe the thermal stability limit

of niobium cavities coated with Nb3Sn. To this end, ther-
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mal simulations were developed at Cornell University to

extend the well established TFBM to apply to Nb3Sn coated

cavities.

SIMULATION METHOD

Bulk Niobium

Our niobium simulations build upon and improve existing

HEATsimulations, previously also developed at Cornell [5,7].

We model the cavity wall locally as an infinite slab of

niobium and define x as distance from cavity inner surface.

The temperature profile in niobium induced by RF heating

is shown schematically in Fig. 1. A temperature gradient

forms in the cavity bulk, and a temperature jump forms at

the Nb-He interface.

Figure 1: Sketch of steady state temperature profile in nio-

bium.

Using Matlab’s Partial Differential Equation Toolbox [8],

we look for a stationary solution T(x) of the one dimensional

heat equation

d

dx

(

κ(T)
dT

dx

)

= 0

with mixed boundary conditions

q = κ(Tin)
∂T

∂x
at x = 0 (1)

q = (Tout − Tbath)Hk(Tout,Tbath) at x = D (2)

In the above equations, Eq. 1 defines a Neumann boundary

condition and Eq. 2 defines a Dirichlet boundary condition
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implicitly. q is heat flux [W/m2] produced by RF heating,

q =
1

2
(RBCS(Tin, f ) + Rres) H2

pk,

with the BCS surface resistance RBCS(Tin, f ) computed by

SRIMP [9]. κ(T) is the thermal conductivity function of

niobium, paramterized by RRR and phonon mean free path

(pmfp) [10]. Hk(T,Tbath) is the Nb-He interface thermal

conductivity function, which takes different forms depending

on whether Tbath is above or below the Helium superfluid

transition temperature [2, 11]. Rres is residual resistance,

f is applied field frequency, Hpk is peak applied magnetic

field strength, and D is the thickness of the material.

For a given set of physical parameters and an array of

applied fields, the simulation finds the stationary temper-

ature solution for each applied field, and produces a Q vs.

Eacc curve. If it seems from direct calculations that thermal

runaway is occurring, we switch to an inverse method, fixing

heat flux or temperature at the inner surface, and inferring

the applied field via

Hpk =
2q

RBCS(Tin, f ) + Rres

.

This method allows us to go beyond the low-heat flux so-

lution branch and find the true thermal breakdown field,

as described in Refs. [1, 3]. This is not always necessary,

as other factors, such as niobium’s superheating field and

peak nucleate boiling flux (for He I contact), may impose a

hard limit on maximum accelerating gradient before thermal

breakdown occurs.

It’s worth noting that the thermal feedback model is only

as good as the parameters and functions we put in. Kapitza

conductance for Nb-He II heat transport is still not well un-

derstood and a range of reported values exist [11–13]. There

is no measurement of Nb-He I heat transport (we make do

with Platinum-He I data from Ref. [2]). The SRIMP pro-

gram calculates linear BCS resistance and does not include

any RF field dependency, as it was recently found especially

in doped niobium cavities [14–16]. We also currently do

not include contributions from the finite electron-phonon en-

ergy transfer rate, which results in an additional temperature

increase of quasiparticles [15,16]. In the case of bulk nio-

bium, we do not include any possible weak field dependence

of residual resistance. Further development of simulations

should allow us to incorporate more refined models of vari-

ous physical effects.

Nb3Sn Thin Film Coated Niobium

We apply the same type of analysis to Nb3Sn coated nio-

bium. In this case, heat generated at the Nb3Sn inner surface

is transported across three layers of material: Nb3Sn, nio-

bium, and again Nb3Sn. A typical temperature profile is

shown schematically in Fig. 2. Temperature gradients form

in each material layer and a temperature jump forms at the

Nb3Sn-He interface. There are two layers of Nb3Sn, because

in the current Cornell vapor diffusion coating procedure,

Nb3Sn always forms on both the inner and outer surface of

the cavity.

Figure 2: Sketch of steady state temperature profile in Nb3Sn

coated niobium. Thickness of Nb3Sn layers are greatly ex-

aggerated to make temperature gradients visible.

It is more difficult to model thin film coated niobium

numerically, because Nb3Sn coating layers are usually mi-

crons thick, while the niobium substrate is 2 to 3 mm thick.

Choosing an appropriate mesh density is difficult if we try

to solve the heat equation in three layers of material at once.

To get around this problem, we assumed that there is no

thermal impedance at Nb-Nb3Sn interfaces, or equivalently,

temperature and heat flux are continuous across metallic

boundaries. These assumptions give us sufficient boundary

conditions to solve the heat equation in each material layer

separately, with appropriate mesh densities and thermal con-

ductivity functions [10, 17], and then connect them together.

Since there is no Nb3Sn-He heat transport data available,

we also assumed that Nb3Sn has the same Kapitza/nucleate

boiling behavior as Nb at the helium interface [2, 11]. The

Nb3Sn simulations incorporate the trapped flux sensitivity

of Nb3Sn, Rres(Bpk) [18], instead of using constant Rres as

in niobium.

RESULTS

Bulk Niobium

We first checked that the simulation gives reasonable

agreement with existing niobium performance data, at sev-

eral different frequencies and temperatures. We compare

simulation generated Q vs. Eacc curves to four sets of data,

two from literature and two from cavity tests performed at

Cornell. The comparison is plotted in Fig. 3. For literature

data [19, 20] we matched simulation settings to (partially)

reported material and cavity geometry parameters [21,22]

as best we could. Default parameter settings were applied to

comparison with Cornell ERL data. These settings, as well

as common SRIMP settings used by all niobium simulations,

are listed in Tables 1 and 2.
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Figure 3: Comparison of simulation generated Q vs. E

curves and experimental data from literature [19, 20] and

cavity tests at Cornell.

Table 1: List of Material and Geometry Settings

Parameter Default Value Ref. [19] Ref. [20]

Rres 10 nΩ 60 nΩ 10 nΩ

RRR 300 300 250

pmfp 50 µm 1 mm 100 µm

D 3 mm 2.5 mm 2.6 mm

Bpk/Eacc 4.08 4.5 4.86

Γ 272 287 275

Table 2: List of Fixed Niobium Parameters for SRIMP

Parameter Value

Tc 9.2 K

Energy gap 1.92 ∆/(kBT)

London penetration depth 39 nm

Coherence length 38 nm

Electron mean free path 5 nm

Figure 3 shows that our simulations, even with a few sim-

plifying assumptions, agree with experimental data quite

well. In particular, our simulation of 3.9 GHz, 1.8 K cav-

ity performance agrees with similar thermal simulations

performed by FNAL, indicating that their cavities are per-

forming near the thermal breakdown limit [23].

Nb3Sn Thin Film Coated Niobium

The simulation is then used to predict Nb3Sn cavity perfor-

mance and evaluate how much RF-field frequency, niobium

substrate purity, trapped magnetic flux, and Nb3Sn coating

thickness affect cavity performance. All Nb3Sn simulations

use niobium pmfp = 500 µm, D = 3 µm, Bpk/Eacc = 4.28,

and cavity geometry factor Γ = 278. SRIMP settings used

to calculate the BCS resistance of Nb Sn are listed in3

Table    3.

As can be seen in Fig. 4, Nb Sn cavities at 4.2 K should3

achieve quality factors comparable to niobium’s at 2.0 K.

Table 3: List of Fixed Nb Sn Parameters for SRIMP3

Parameter Value

Tc 18 K

Energy gap 2.25 ∆/(kBT)

London penetration depth 89 nm

Coherence length 7 nm

Electron mean free path 4 nm

At 4.2 K, 1.3 GHz, thermal feedback effects are small, and

Q-slope is instead dominated by Nb3Sn’s linearly field depen-

dent residual resistance. In addition, the impact of increased

thermal feedback from low substrate niobium RRR is neg-

ligible, even at very high fields. This result indicates that

pre-anodisation, a technique that improves the uniformity

of Nb3Sn coatings of large cavities while lowering the RRR

(and thus thermal conductivity) of the bulk niobium sub-

strate, is not expected to result in significant decreases in

performance for 1.3 GHz cavities operating at 4.2 K.

Figure 4: Simulated Q vs. Eacc at 4.2 K, for 4 different

niobium substrate RRR and frequency settings, compared to

cavity test data. Assuming 8 mG of trapped magnetic flux

and a coating thickness of 3 µm.

At 4.2 K, 6 GHz, Q-slope due to thermal feedback is more

significant, and and high field Q-drop associated with global

thermal runaway is visible. Niobium substrate RRR also

significantly contributes to thermal feedback at high fields

(>25MV/m). However, the lower intrinsic quality factor

(∼ 3 × 109) of high frequency operation means that 6 GHz

Nb3Sn cavities might have to be run at lower temperatures,

e.g. 2.0 K, at which point we recover high Q (> 1×1010), and

thermal effects become suppressed due to the exponential

temperature dependence of BCS resistance.

Figure. 5 plots impact of Nb3Sn coating thickness and

trapped flux on cavity performance for 4.2 K, 1.3 GHz opera-

tion. Due to Nb3Sn’s fairly low BCS resistance at this temper-

ature and frequency setting, residual resistance changes due

to flux trapping impacts cavity performance more severely
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Figure 5: Simulated Q vs. Eacc curves at 4.2 K, 1.3 GHz,

for 6 different coating thickness and trapped magnetic flux

settings. Niobium substrate RRR = 300.

than increased thermal feedback from thicker Nb3Sn coating

at current achievable fields (<18MV/m [24]). The impact

from Nb3Sn coating thickness becomes significant above 40

MV/m only if the Nb3Sn layers are thick enough (>25 µm)

to significantly increase inner surface temperature.

CONCLUSION

New thermal simulations developed at Cornell confirm

what we know of conventional niobium cavities and can be

used to predict thermal stability behavior of Nb3Sn cavi-

ties. At 4.2 K, 1.3 GHz operation, Nb3Sn thin film coated

niobium is not expected to suffer from global thermal feed-

back at achievable fields, even for reactor grade substrate

niobium and thick (∼ 30 µm) Nb3Sn coating layers. These

results strongly suggest that other mechanisms are at play

in the quenches currently observed at accelerating fields of

15 to 18 MV/m, such as defect induced flux entry or local

thermal instability. Residual losses from flux trapping does

significantly impact quality factor, placing operational re-

quirements on running Nb3Sn cavities. Thermal feedback

can be a limitation to 6 GHz cavity performance at 4.2 K,

suggesting that 6 GHz Nb3Sn cavities might have to be run

at lower temperatures to obtain high enough quality factors,

if operation at high fields (e.g. above 20 MV/m) is required.
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