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Abstract 
 Manufacturing of radiofrequency cavities by 

deposition of superconducting thin films has never 

emerged as an alternative method to the niobium bulk 

technology because of the poor performances of 

accelerating fields (Eacc) achieved. Nevertheless this 

established fact could be soon in balance again because 

of the necessity to use any superconductor else than Nb 

to overcome actual fundamental limitations. 

Historically R & D studies have been much more 

intensive on bulk Nb cavities and performances 

increased steadily by decisive findings in appropriate 

chemical, thermal and surface treatments. The purpose 

of this paper is to give a review of these experimental 

advances and theoretical explanations to attempt to 

understand limited performances of thin film cavities 

and cast a new light on this issue. 

 

INTRODUCTION 

 

Superconducting cavities manufactured by thin film 

coating of Nb or Nb compounds (Nb3Sn, NbN, 

NbTiN…) could be an attractive alternative to bulk 

niobium cavities in terms of lower cost and higher 

limits for both critical temperature and superheating 

magnetic field. But the damning disadvantage of thin 

film cavities is the continuous decrease of the quality 

factor Q0 versus accelerating field Eacc [1-4] (Fig.1). 

Due to this Q-drop, the highest value experimentally 

achieved for the accelerating field is 25 MV/m. 

 

 
Figure 1: Example of typical Q0 (Eacc) curves at 1.7 K 

for Nb coatings on copper cavities (1.5 GHz) [3]. 

   

 

In spite of limited performances, Nb coatings are 

particularly well adapted to large size copper cavities 

(f < 700 MHz) with thick wall (> 6 mm) whose 

accelerating field’s specification is lower than 

15 MV/m.  

Nb atoms coating on Cu cavity-substrate can be 

efficiently achieved by cathode sputtering in a DC 

magnetron discharge. This technique was first 

developed at CERN and it is now world-wide applied to 

build superconducting structures for accelerators such 

as LHC  (400MHz) [5], synchrotron light sources 

(ELETTRA and SLS at 1.5 GHz, SOLEIL at 352 MHz) 

[6,7], neutrino factory and muon collider projects at 

200 MHz [8]. 

Nevertheless, other techniques are under studies to 

improve the thin film structure: Nb ions sputtered by 

pulsed arc discharge [9, 10] or Nb atoms vaporized by 

electron gun and then ionized in an ECR (Electron 

Cyclotron Resonance) plasma [11]. 

 

THIN FILM CAVITY Q-DROP 

 

Superconducting energy gap dependence with the 

magnetic field ∆(H) could explain the thin film Q-drop, 

through the low value of the l/ξ0 key parameter (ratio 

between the electron mean free path and the coherent 

length of Cooper pair) [13]. According to the Granular 

Superconductor Theory, losses should be linked with 

the nature of the Nb coating itself, due to the 

penetration of Josephson fluxons in weak links: 

oxidized sputtered islands in this case.  The increase of 

the thermal resistance at the superconductor-substrate 

interface could also be put forward as an 

explanation [12]. 

On the contrary, other authors associate the limited 

performances of thin film cavities with less fundamental 

facts: lower surface resistances could be reached 

through significant progress in manufacturing process 

and in preparation cleanness of the copper cavity-

substrate [4]. 

One thing is for sure: more R & D on thin film 

cavities is needed to compare theories with experiments.  

 

BULK CAVITY Q-DROP 

 

Q-slopes also exist in the bulk case, but their origins 

are probably different. In Fig.2, Q0 (Eacc) curve of the 

Nb bulk cavity (green data) can be compared to blue 

data of the thin film cavity. We can notice a softer Q-

slope for the bulk cavity at medium accelerating fields 

and a steeper one above 25 MV/m. Performances of Eacc 

are in both cases limited by the RF power supply 

available. 

However, for the niobium bulk cavity, the high field 

Q-slope can be removed by baking (Fig.3) at 120 °C for 



 

 

 

 

2 days [14] and its performances are limited by quench 

(superconducting breakdown). The quench value can 

reach a maximum of 42 MV/m for a cavity with a 

TESLA-type elliptical shape and treated by 

electropolishing (EP) as shown in Fig.4. 

 

1E+09

1E+10

1E+11

0 10 20 30 40

Eacc (V/m)

Qo 

S110 - Nb/Cu @ 1,5 GHz       

( scaled to 1.3 GHz )

C110 - Bulk Nb  @ 1,3 GHz

Power

Limitation

Power

Limitation

 
 

Figure 2: Comparison of Q-drops between thin film 

(blue) and bulk cavities (green). 

 

Q-DROP MECHANISMS IN BULK CASE 

 

The physical reason of the high field Q-slope removal 

by baking is a challenging issue and many experiments 

have been carried out in that way to find an explanation. 

In parallel, a lot of theories have been pushed forward 

to explain Q-slope existence. 

To assess Q-slope understanding it is necessary to 

review the latest results with the secret hope to clear up 

by the way the thin film issue. 

In fact, for a bulk cavity, we have to consider three 

different Q-slopes in the Q0 (Eacc) curve: at low (LF), 

medium (MF) and high fields (HF) as shown in Fig.3. 

 

Low Field Q-Drop 

According to Halbritter [15], the Q-slope at low field 

is due to the presence of NbOx clusters in niobium, 

located at the oxide-metal interface, providing localized 

states inside the Nb energy gap, therefore increasing the 

surface resistance. 
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Figure 3: Low Field and High Field Q-slopes 

modifications after baking. 
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Figure 4: Low Field Q-slope modifications after 

hydrofluoric acid rinse. 

 

This theory could explain some experimental 

observations [16]: 

• After cavity baking, the LF Q-slope enhancement 

(Fig.3) could be caused by additional clusters due to the 

interstitial oxygen diffusion. 

• After hydrofluoric rinse of the baked cavity, LF Q-

slope is restored as before baking (Fig.4). Considering 

that hydrofluoric acid just removes the niobium oxide 

and that a new oxide layer is later rebuilt at the surface, 

the LF Q-slope origin is necessarily located in the oxide 

layer or at the oxide-metal interface as NbOx clusters. 

 

Medium Field Q-Drop 

With regard to the Q0 (Eacc) evolution in the medium 

field range, a linear and quadratic increases of the 

surface resistance RS (∝ 1/Q0) on the peak surface 

magnetic field BP (∝ Eacc) have theoretically been 

established [12, 15]. 

The linear dependence (Eq. 1) is linked to hysteresis 

losses due to Josephson fluxons in weak links 

(oxidation of grain boundaries). As regards quadratic 

dependence (see Eq. 2), it is caused by a surface heating 

due to the thermal impedances of Nb and Nb-He 

interface. 
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Linear and quadratic dependences have been 

experimentally found at TJNAF and DESY [17] but 

only a quadratic dependence at Saclay [16] (Fig.5). 
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Figure 5: Quadratic evolution of the surface resistance 

RS at medium field corresponding to the curves in Fig.3.  

 

High Field Q-Drop 

A refinement in the expression of the γ parameter of 

the precedent thermal model (equation 2) takes into 

account the non linear correction due the RF pair 

breaking [18]. This non-linear thermal model could 

explain both MF and HF Q-drops. But the predicted Q-

slopes can not fit experimental ones at high fields [19] 

(Fig.6).

 

 
 

Figure 6: Results of linear and non linear thermal 

model. Comparisons with experimental data achieved 

on 1-cell cavity at JLab and 9-cell cavity at DESY. 

 

No less than six other theories claim to explain the 

high field Q-slope. Descriptions of these theories and 

their experimental predictions have been compared to 

experimental observations through summary Table 1 

[20, 21]. None of these proposed theories give an 

acceptable explanation to understand the Q-slope origin. 

 

 
 

Table 1: Comparison between theories and experiments 

(Yes / No: agreement / contradiction between theory 

and experimental result; N symbolize an undisputable 

disagreement). 

Hot spots and large grain cavity 

For cavities with fine Nb grain structure, a global 

surface heating with a large scattering all around the 

equator was observed at high fields [22]. That point 

sustained some theories about magnetic field 

enhancement and segregation impurities at grain 

boundaries. 

But, since the large grain and single crystal cavities 

coming, the observation is quite different. Surface 

heating is only located in hot spots, far from the well 

identified grain boundaries [23] proving thereby those 

are not involved in HF Q-drop.  

Nevertheless, hot spots existence open the way 

towards a new interpretation for the Q-drop origin. 

Theoretically, these located sources of dissipation can 

be caused by defects like vortex penetration at grain 

boundaries, precipitates or non uniform surface oxide 

layer. Breakdown magnetic field reduction, non linear 

effect and high field Q-drop increasing are the 

consequences of hot spots [24]. 

 

OXYGEN DIFFUSION 

 

Apart from the Q-drop origin, other open issue exists: 

§ Why does baking remove high field Q-slope? 

and its correlated question: 

§ Is oxygen involved in the baking benefit? 

because baking consequence is the interstitial oxygen 

diffusion from the oxide-metal interface towards the 

niobium bulk 

Correlation between Oxygen and Q-slope 

Some experiments are in agreement with such a 

hypothesis because: 

§ HF Q-slope can be restored on a baked cavity by 

oxide layer thickening i.e. anodizing, at least 30 V, 

[25,26], 

 



 

 

 

 

 
Figure 7: High Field Q-slope restoration after 30 V 

anodizing (red and blue data) [25]. 

 

§ “Fast Baking” method is efficient in Q-drop removal. 

This technique is based on the equivalence in term of 

oxygen diffusion between the sets of parameters: 

110 °C / 60 hours and 145 °C / 3 hours [27]. 
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Figure 8: Improvement of High Field Q-slope after “fast 

baking” under vacuum at 145 °C for 3 hours (red data). 

 

Uncorrelation between Oxygen and Q-slope 

Nevertheless, a controversy point of view exists with 

the following experimental results arguing for the non 

involvement of oxygen in HF Q-drop. 

For example, the high field Q-slope is not restored 

after forming of a new oxide layer, consequential of 

hydrofluoric rinse (fig.4) [16]. Similar observation can 

be noticed after a light anodizing (fig.7) [25]. 

On the other hand, strong correlations exist between 

RF cavity results (Fig.8) and SIMS analyses on Nb 

samples (Fig.9). The efficient baking with Q-slope 

improvement (red data) is not correlated with any 

noticeable interstitial oxygen diffusion. On the contrary, 

fast baking at the air shows an important degradation of 

the cavity performances, associated to a strong oxygen 

penetration from Nb surface [28]. 

Oxygen diffusion appears like a physical process to 

be avoided. 
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Figure 9: Interstitial oxygen profiles by SIMS analyses 

on Nb samples before and after fast baking (under 

vacuum and air atmosphere). 

 

 

CONCLUSION 

 

Concerning niobium bulk cavities, theoretical 

explanations of the Low and Medium Field Q-slopes are 

not in contradiction with experimental observations. On 

the contrary, the High Field Q-slope is not yet 

understood, even if a cure by baking exists and in spite 

of a lot of advanced theories and experimental data 

performed worldwide. Nevertheless some theories have 

been rejected after confrontation with their predictions; 

the noose for a coherent explanation is consequently 

tightening. 

For thin film cavities, the understanding of the Q-

slope and its possible cure are more sticky issues. One 

of the reasons is the difficulty to make allowances 

between specific constraints of substrate preparation 

and coating itself. Both stages are not yet mastered and 

they should be studied separately.  

Niobium bulk cavity could be chosen as substrate 

because: 

§ Chemical etching is a very “simple” way to achieve a 

reproducible surface preparation. 

§ Characterisation of this superconducting substrate is 

easily carried out by RF tests. 

§ Annealing at high temperature is possible as post 

treatment to check, for example, the influence of the 

hydrogen contamination during deposition. 

In this way, coating parameters could be optimized 

efficiently. Several deposition techniques could even be 

compared between themselves.  

For all these reasons, Nb coating on Nb substrate 

seems to be the way to follow to clear up thin film 

issues. 
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