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CERN SRF cavities:  Nb film (a few µm) on Cu
HIE-ISOLDE

DC-bias 
sputtering Several advantages compare with bulk Nb

i) No global quench (kCu = 400 W/mK)
ii) Mechanically stiff
iii) Cheaper raw material
iv) Insensitive to the external magnetic field
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How about the 
superconducting 
properties?

LHC
DC-magnetron 

sputtering

Mechanically, 
thermodynamically, 
and economically 
better than bulk Nb!

Use HIE-ISOLDE project data 
for systematic analysis



FIB-SEM cross section imaging
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FIB-SEM cross section imaging
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Fine grain structure (<< 1µm)
à Parameter determination without literature of clean bulk Nb

Material parameters
1. BCS coherence length 𝜉"
2. London penetration depth	𝜆%
3. Mean free path 𝑙
4. Coupling ∆" 𝑘)𝑇+⁄
à Based only on experimental results and BCS theory



Non-equilibrium BCS theory for 𝑍. calculation
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BCS model ℋ)01

Gorʼkov equation
Not solvable!

Fundamental   equation of QFT

Approximation 1

1st order perturbation = Linear response
Established non-equilibrium theory

Halbritter

Valid at low RF field

Approxi. 2 Quasi-classical 
theory (∆≪ 𝜖5)

Eilenberger equation

Approxi. 3 Dirty limit (𝑙 ≪ 𝜉")

Usadel equation
Approxi. 4

Meissner state
𝛻𝐺 = 0

Gurevich theory 
PRL 2014

Dirty limit

Low field limit

Mattis Bardeenʼs 
last formula



RF data fitting by BCS impedance

Surface resistance 𝑅)01(𝑇; 𝜉", 𝜆%, 𝑙, ∆" 𝑘)𝑇+⁄ )

Theoretical calculation

Effective penetration depth λ)01(𝑇; 𝜉", 𝜆%, 𝑙, ∆" 𝑘)𝑇+⁄ )

Experimental data
Surface resistance 𝑅?@A@ = 𝑅. 𝑇 − 𝑅CD.
Shift in resonance frequency ∆𝑓 𝑇 ∝ ∆𝜆(𝑇)

𝜒H to be minimized

𝜒IJ
H =K

𝑅)01 𝑇L − 𝑅?@A@(𝑗)
𝜎IJ 𝑗

HOPJ

LQR

𝜒SH =K
∆𝜆)01 𝑇L − ∆𝜆(𝑗)

𝜎S 𝑗

HOT

LQR
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RF data fitting by BCS impedance

Surface resistance 𝑅)01(𝑇; 𝜉", 𝜆%, 𝑙, ∆" 𝑘)𝑇+⁄ )

Theoretical calculation

Effective penetration depth λ)01(𝑇; 𝜉", 𝜆%, 𝑙, ∆" 𝑘)𝑇+⁄ )

Experimental data
Surface resistance 𝑅?@A@ = 𝑅. 𝑇 − 𝑅CD.
Shift in resonance frequency ∆𝑓 𝑇 ∝ ∆𝜆(𝑇)
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Correlation among parameters à Simultaneous fit required
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Example: 4D hyper-surface à 2D cross-section in 𝜉"-𝜆% plane (𝑙 = 99 nm, ∆" 𝑘)𝑇+⁄ = 1.7)
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𝝌𝑹𝒔
𝟐 (𝝃𝟎, 𝝀𝑳) 𝝌𝝀𝟐(𝝃𝟎, 𝝀𝑳)

Surface resistance and penetration depth cannot determine (𝜉", 𝜆%) individually
à Intersection by merging 𝜒H may give the true solution (See Sam Posenʼs PhD thesis)8



Aid by Merged 𝜒H
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4parameters à 6 correlations

5/6 correlations disappeared

BUT
1 correlation remains

(𝜉", 𝑙) 9



(𝜉", 𝑙) is still strongly correlated
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Surface resistance and penetration depth depend similarly on (𝜉", 𝑙)
à Merged 𝜒H does not help to confine the fitting parameter
à RF surface impedance measurement cannot determine parameters
à An independent observable is necessary 10
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BCS-Gor’kov

)cGL (T~T

𝐵+H(𝑇)à 𝜉d% 𝑇 à (𝜉", 𝑙) by BCS-Gorʼkov

×~0.7

Ginzburg-Landau theory gives
𝐵+H 𝑇 =

Φ"
2𝜋𝜉d% 𝑇 H

𝜉d%(𝑇) ∝
1

1 − (𝑇 𝑇+⁄ )�

à 𝐵+H 𝑇 → 𝑇+ ∝ 1 − (𝑇 𝑇+⁄ )
The tangential linear fit @ 𝑇+ was done

BCS-Gorʼkov theory expanded near 𝑇+ gives

lim
o→op

−
𝑑𝐵+H
𝑑𝑇 =

Φ"
2𝜋

𝑇+
0.739H

1
𝝃𝟎𝟐
+ 0.882

1
𝝃𝟎𝒍

1
𝑅 𝑙 ,

where 1 = 𝑅 0 < 𝑅 𝑙 < 𝑅 ∞ = 1.17

à From the fitted slope another constraint on 
(𝜉", 𝑙) was obtained for arbitrary impurity 11

L. P. Gor’kov, JTEP, 9, 1364 (1959).
T. P. Orlando, et al., Phy. Rev. B 19, 4545 (1979).
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Combination of RF measurement and magnetometry

True 
solution

BCS fitting of RF impedance and 𝐵+H by BCS-Gorʼkov are complementary 12



Result
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The data was well fitted

Best 
cavity

Worst 
cavity

Preliminary

[13] C. Benvenuti, et al., Physica C 316, 153 (1999).
[15] J. P. Turneaure, et at., J. Supercond. 4, 341 (1991).
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cavity 1 cavity 2 PCT µSR DC 4-contact [13] [15]

ξ0 nm 29(7) 28(7) 36(4) 39

λL nm 26(7) 28(7) 29(3) 32

l nm 99(25) 139(30) 95(27) 6-1300

∆0/kBTc 1.7(1) 1.5(1) 1.6(6) 1.87 1.75-1.93

Rres nΩ 11.8 9.0

Tc K 9.6 9.6 9.54 8.95-9.2

T0 K 6.3 7.1

λeff nm 31 32 29(5)

TABLE I. Material parameters determined by this study compared with references.

of the BCS-MB fitting presented in this study. As shown
in Fig. 9, a positive correlation between Q-slope and the
BCS term was discovered. Higher Q-slope appears in
the cavity of worse BCS resistance. For example, the Q-
slope of cavity 2 was twice as high as that of cavity 1,
and the BCS resistance was almost proportional to the
Q-slope. This indicates that cause and effect or common
cause exist under these two phenomena. Lack of statis-
tics prevents a systematic study of this phenomenon espe-
cially because all the cavities were operated in the Linac.
Therefore, a dedicated study using a small cavities is de-
sirable.
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FIG. 9. Correlation between Q-slope and BCS resistance at
4.5 K. The Q-slope dRs/dEacc was evaluated at low field below
3 MV/m where the slope was dominated by Rres and almost
linear to the field.

The cavities and analysis presented in Ref. [13] were to-
tally different and not easy to compare with this study.
As this study showed, magnetometry provides a comple-
mentary information to the RF measurement. There was
a study by a different team about Bc2 [22] cited by a cou-
ple of different literatures [23][24]. They measured Bc2

sometimes higher than 3 T. If their result was correct,

and BCS theory is still applicable, this might mean very
short ξ0 and l without affecting Tc. In this sense also, a
dedicated and more systematic study comparing differ-
ent coating methods is of interest. The method shown
in this paper is general and can be a standard procedure
for the performance analysis of superconducting cavities.

VI. CONCLUSION

The BCS parameters of the niobium sputtered cavity
were determined only by the experiment and BCS the-
ory without any literature values. Strong correlations
among the parameters were pointed out, and were elim-
inated by using surface resistance, penetration depth,
and magnetometry. The fitting result showed interest-
ing displacement from the literature of bulk niobium in
the clean limit. More dedicated study based on the pro-
cedure shown by this study will be of great importance
in near future.
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Appendix A: RF measurement

The cavity performance was fully evaluated by RF
measurement without using any calorimetric methods.
First, the quality factor of the pick-up port Qpick was
calibrated as follows. Time constant τ was evaluated at
low field (typically Eacc < 1.0 MV/m) where the non-
linear phenomenon distorting exponential decay can be
neglected (uncertainty was less than 5%). The loaded
quality factor QL was directly obtained by this τ

QL = ωτ, (A1)

where ω is the angular resonant frequency ω = 2πf .
With the same configuration as the field-decay measure-
ment, the steady state powers (Pf , Pr, Pt) were measured,

T. Junginger, et al., accepted by Supercond. Sci. 
Technol. (https://doi.org/10.1088/1361-6668/aa8926
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Discussion: weak ∆"

6

FIG. 6. Summary of the PCTS measurement performed on 3 niobium samples deposited on Cu substrate with 3 di↵erent
deposition methods; (a) HIPIMS, (b) standard DC magnetron sputtering or dcMS and (c) diode sputtering. For each sample,
80 to 100 junctions were measured. A set of about 10 representative normalized tunneling conductance curves are represented
on the left (shifted by 0.25 for more clarity). The statistics of the superconducting gap � and inelastic parameter �/� as
extracted from the fits are displayed in the middle. The temperature dependence of a characteristic tunnel junction is shown
on the right with the corresponding temperature dependence of �. (d) Example of conductance spectrum shifted by 0.25
that show no hint of superconductivity and considered as normal metal junctions � = 0 meV. (e) Example of tunnel junction
showing very peculiar background for V� �, the curves have been shifted by 1 for more clarity.

a �/� value of 4.6%. These results a↵ect the RS in op-
posite way: lower average � should increase RS whereas
lower �/� tends to decrease it. In the absence of RF
tests done on cavities with the same frequency and tem-
perature it is hard to correlate the PCT data obtained
on the diode sputtered sample to the RF performances.
All the samples show a majority of the tunneling spec-
tra, between ⇠ 70 % to ⇠ 90 % depending on the sam-
ples, with high quality superconducting DOS character-
istic of bulk Nb. However, the data also systematically
reveals very low gap values  1.3 meV and sometimes
even non-superconducting junctions (�=0 meV) such as
the one displayed in Fig. 6(d). Investigating these tun-
neling spectrum in more detail, we found that for all the
samples the low � junctions have large �/� values of �

7 % up to 35 % indicative of some weak superconduct-
ing and potentially highly dissipative spots present on
the surface. These spectra account for 4 to 8% of the
junctions measured.

Similar results have only been obtained previously on
hot spots bulk niobium samples cut out from cavities
with a strong medium field Q-slope [12]. Such correlation
between strong Q-slope and very weak superconducting
properties is not surprising; as the external magnetic field
intensity is increased in the cavity, regions of the surface
with lower gap values than bulk Nb (caused by proximity
e↵ect, magnetic or some non-magnetic impurities, dele-
terious phases such as hydrides or carbides) will serve as
easy flux entry points and decrease the depairing criti-
cal current value. These e↵ects combined suggest a run-
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PCT result • RF + magnetometry fitting showed weak Δ"
averaged over the cavity surface

• Direct but local measurement of Δ" by Point 
Contact Tunneling (PCT) showed broad 
histogram of Δ" and even zero gap states

• The worst performed cavity showed even lower ∆"
• A rather huge (2mm) feature found on the inner 

antenna after the chemistry (degreasing, SUBU)
• Contamination to the film?

à The HIE-ISOLDE film may have some issues 
• DC-bias sputtering
• Coating parameter
• Geometry
• Contamination
• …
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Toward understanding of the Q-slope problem

 [MV/m]accE
0 2 4 6 8 10 12 14 16

0
Q

1010

1110
Elliptical 1.3 GHz cavity @ 2K

Bulk Nb

Nb/Cu film
(HiPIMS)

HIE-ISOLDE cavities @ 4.5K

+85% correlation 
Q-slope
BCS resistance

Q-slope & BCS correlation à Q-slope & parameter correlation à common cause? 15

Common issues in Nb/Cu 
cavities à Q-slope problem



Summary
• The surface impedance of the HIE-ISOLDE cavities were fitted by 

BCS theory
• Strong correlations among the material parameters were pointed 

out and partially eliminated by simultaneous fitting of surface 
resistance and penetration depth
• The upper critical field measured provided another constraints 

with BCS-Gorʼkov theory
• The material parameters were determined and well fitted the data
• Physics interpretation is important especially because systematic 

study for Q-slope is desired
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Surface impedance 𝑍. : non-equilibrium statistical physics

Material = 
superconductor

Input = RF Output = 
current

Reaction coefficient = impedance
A definition of surface impedance

𝑍. 𝜔, 𝑇, 𝐸 ≡
𝐸{ 𝑧 = 0

∫ 𝐽{ 𝑧′ 𝑑z′
�
�Q"

z

x
surface

From Ampereʼs law

𝐻� 𝑧 = � 𝐽{ 𝑧′ 𝑑z′
�

�

𝐸{(0)

𝐽{(𝑧)=
𝐸{ 0
𝐻� 0 boundary	condition

lim
�→�

𝐽(𝑧) = 0

y

The huge 𝐸�(𝑧 = 0�) does not appear

≡ 𝑅. + 𝑖𝑋. Definition of surface resistance and reactance

Averaged 𝑅. can be obtained by cavity quality factor 𝑄" and geometrical factor 𝐺
	𝑅. = 𝐺 𝑄"⁄

Non-stationary 
phenomenon



Magnetization 𝑀(𝐵) measurement by SQUID

Experimental Setup 
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It can be assumed that the actual factor is even greater, based on the shape and size of 
the samples. However, the value is decreasing strongly if the sample is not orientated 
perpendicular to the magnetic field. 

2.2 SQUID magnetometer 

To analyze the superconducting properties, e.g. the critical temperature or magnetic field, 
we conducted DC and AC magnetic measurements on a 1T SQUID magnetometer 
(Quantum Design Inc.). For measurements with the SQUID magnetometer, the sample is 
placed in a sample holder so that the Niobium film is perpendicular to the external 
magnetic field. Prior to the measurements, a new inserted sample has to be centered 
inside the second derivative gradiometer pick-up coil system of the magnetometer 
(see figure 1). 

 

Figure 1: Pick-up coil system of the SQUID magnetometer (source: magnetometer 
manual). With this assembly inhomogeneities in the magnetic field as well as the 
background noise have less influence on the signal. 

 

During a DC measurement scan the sample is continuously moved through all coils and it 
is necessary for the software to determine its exact position. After a centering scan the 
sample holder can be adjusted in a way that the signal minimum (for a negative 
magnetization) of the scan is exactly in the middle of the desired scan length. The 
magnetic moment of the sample can be calculated by a fit of the DC scan signal. A typical 
scan is shown in figure 2. 

Meissner state 
𝑴 𝑩 ∝ −𝑩

Mixed state
Pinning effect

~
𝐵+H

2

~𝐵+R

𝐵+H

4.5 K

The upper critical field 𝑩𝒄𝟐(𝑻) is a precise observable by 𝑴(𝑩) measurement
(thermodynamical critical field 𝐵+(T) and lower critical field 𝐵+R(𝑇) are less precise) 19

Sample 
measurement


