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Abstract
In the framework of the Future Circular Collider Study, the development of thin-film coated
superconducting radio-frequency copper cavities capable of providing higher accelerating fields
(10–20MVm−1 against 5MVm−1 for the Large Hadron Collider) represents a major
challenge. The method investigated here for the production of seamless niobium-coated copper
cavities is based on the electroforming of the copper structure around a sacrificial aluminium
mandrel that is pre-coated with a niobium thin film. The first feasibility study, applied to a flat
aluminium disk mandrel, is presented. Protective precautions are taken towards the functional
niobium film during the production process and it is shown that this technique can deliver well
performing niobium films on a seamless copper substrate. This way, the non-trivial chemical
treatments foreseen by the standard procedures (e.g. SUBU, EP) for the preparation of the
copper surface to achieve the proper adhesion of the niobium layer are also avoided. The only
major chemical treatment involved in the reverse-coating method is represented by the chemical
dissolution of the aluminium mandrel, which has the advantage of not affecting the copper
substrate and therefore the copper-niobium interface.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The performance of niobium-coated copper superconducting
radio-frequency (SRF) cavities is known to be closely related
to the quality of the substrate [1]. While parameters, such as
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surface roughness can be optimised to a certain degree, the
presence of seams and welds cannot be completely avoided
with standard cavity fabrication methods [2–6]. A possible
way to avoid their presence is offered by the production of cop-
per cavities via electroforming around a sacrificial aluminium
mandrel, whose shape and size emulate the ones desired for
the final cavity. The idea stems from the original study for the
production of non-evaporable getter (NEG) coated, small dia-
meter beam vacuum chambers [7, 8]. The process, addressed
as the ‘reverse coating technique’ [7], consists of forming an
aluminium pipe mold (generically addressed as mandrel) to
which the NEG layer is first coated on the outer wall, and
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subsequently of coating a copper layer on top of the NEG
film for good adherence of the final copper pipe-structure,
which is electroplated (more precisely: electroformed) on it.
The aluminiummandrel which is left inside is then chemically
etched to obtain the final copper pipe having the NEG coat-
ing integrated onto the inner walls. The electroforming tech-
nique has already been shown to deliver cavities whose cop-
per final properties are comparable to oxygen-free electronic
(OFE) grade bulk copper [9, 10], and whose inner surface mir-
rors the mandrel finish. Once the quality of the electroformed
copper cavity structure has reached a satisfying level, the next
step is to study the possibility of reproducing the process by
also integrating the functional superconducting (SC) layer. In
addition to the production of seamless niobium-coated copper
cavities, a successful outcome of this process would lead to
better adherence, with respect to their counterparts produced
according to the standard methods, of the SC film to the cop-
per substrate and make the chemical treatment of the substrate
in preparation to the coating no longer needed, as the substrate
is directly formed on the film itself.

In this paper, a conceptual study of the applicability of
the reverse coating technique to the production of niobium-
coated copper SRF cavities is presented. The same produc-
tion chain developed for NEG-coated vacuum chambers [8]
is reproduced for a simple mandrel, such as a flat aluminium
disk. The main process is repeated twice: in the first case, the
niobium layer is coated directly on the aluminium disk, while
in the second case a copper layer is coated on the aluminium,
prior to the deposition of the niobium film, for later protec-
tion of the niobium from possible damage caused by the final
chemical removal of the mandrel. The process for the produc-
tion of the disks from which the control and test samples are
extracted is described in section 2. The characterisation tech-
niques employed to assess the morphology and superconduct-
ing quality of the niobium layer at every production step are
presented in section 3. The results of the characterisation are
presented in section 4. Finally, the next steps are discussed in
section 5, including the future challenges.

2. Sample preparation

Two sets of samples where produced for this study: the control
set and the reverse-coated set. The control samples, consisting
of niobium-coated aluminium substrates, served as a check for
the reverse-coated samples. The reverse-coated samples are
produced by electroforming copper on a sacrificial aluminium
mandrel, which has been pre-coated with a niobium thin film.
The process consists of the following essential steps:

(a) manufacturing of the aluminium mandrel;
(b) niobium coating of the aluminium mandrel;
(c) copper coating on top of the niobium layer, to improve the

adhesion of the electroplated copper layer;
(d) electroforming of the final copper structure on the coated

copper layer;

Figure 1. Readapted [8] schematics of the sputtering system used
for the coating of the mandrels. The aluminium mandrel is mounted
on a translation ultra-high vacuum (UHV) manipulator which
allows its position to be adjusted without venting the system. The
targets, niobium (left) and copper (right), are depicted with their
magnet arrays providing the magnetron field. The shutters cover the
targets when not in use.

(e) chemical etching of the aluminium mandrel to obtain the
final copper structure with internal niobium coating.

The next subsections provide the details about each step.

2.1. Mandrel manufacturing

In this study, the sacrificial mandrel is represented by a
150mm diameter and 1.5mm thick flat aluminium disk. The
disks were machined in order to obtain a constant surface
roughness (Ra) of 0.3µm and degreased with a commercial
detergent solution (60 ◦C, 30min). The study was repeated
identically with commercially pure aluminium (AW-1050,
99.5% pure) and with an alloy (AW-6082) as base material
with the aim of evaluating the potential impact of impurit-
ies originating from the mandrel on the final niobium layer.
Two disks were prepared for each aluminium type: one for the
control samples and one for the reverse-coated samples. For
the control samples, a total amount of six substrates of size
11× 35× 1.5mm3 were cut from the aluminium disks (three
per aluminium type) prior to the niobium coating.

2.2. Coating of niobium and copper

The coating chamber is equipped with both the niobium and
copper cathodes. The substrate/disk holder is placed at the
extremity of a translation ultra-high vacuum manipulator, as
shown in figure 1, so that the disk can be moved from the
position on top of the niobium cathode to the one on top of
the copper cathode (and vice versa) without the need to open
the chamber. Thanks to this system, the niobium and copper
films can be coated consecutively without venting the sys-
tem in between, hence avoiding the risk of contamination due
to contact with air. Before the coatings, the bakeout of the
system was performed at 120 ◦C for 24 h. During the coat-
ings, the equilibrium temperature reached by the system is
150 ◦C. All the coatings in this study were performed via the
physical vapour deposition (PVD) method known as Bipolar
High Power ImpulseMagnetron Sputtering (Bipolar-HiPIMS)
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Figure 2. Schematics of the reverse coating technique steps for the
case without a copper protective layer (Run I) and with copper
protective layer (Run II). The etched layers are indicated in dashed
contours and labelled in square brackets.

[11–13]. This technique has been shown to provide denser
niobium films on copper substrate than the consolidated Direct
Current Magnetron Sputtering technique, and is particularly
suitable for coating surfaces at grazing incidence angles with
respect to the direction of motion of the sputtered impinging
ions [11, 14, 15]. Such properties need to be taken into account
for the future application to the production of SRF resonant
cavities [13], for which they represent an advantage due to the
complex geometries involved.

The control samples were coated first. A 1µm thick
niobium film was deposited on the aluminium substrates and
analysed in order to establish a custom coating recipe and
a reference to the structural and superconducting proper-
ties expected for niobium films deposited on aluminium via
Bipolar-HiPIMS.

To produce the reverse-coated samples two different
approaches were applied, which are schematically represented
in figure 2. In the first case (Run I), a 1µm niobium film was
deposited directly on the aluminium mandrel. In the second
case (Run II), a 1µm thick copper layer (addressed later on
as protective layer (P)) is deposited on the aluminium mandrel

Table 1. Coating parameters for the deposition of the niobium film
and copper adhesion film (A) in Run I and Run II, and for the
deposition of the copper protective film (P) in Run II. All the
coatings were performed in krypton atmosphere. MP and PP stand
for main pulse and positive pulse respectively.

Material

Coating parameter Nb Cu (A) Cu (P)

PKr (mbar) 1.4× 10−3 1.4× 10−3 1.2× 10−3

MP amplitude (V) −500 −760 −760
MP duration (µs) 50 50 50
Peak current (A) 33 22 20
Peak power (kW) 15 15 14
Average power (W) 280 350 310
PP amplitude (V) 130 130 130
PP duration (µs) 200 200 200
Delay (µs) 1 1 1
Frequency (kHz) 1 1 1
tcoat (min) 240 120 90

prior to the niobium (i.e. between the aluminium and the 1µm
niobium layer deposited later on). In both cases, a 3µm thick
copper layer was then deposited on top of the niobium film, to
serve as adhesion layer (A) for the electroforming of the final
copper structure. The parameters of the sputtering process are
summarised in table 1.

2.3. Electroforming of copper

After the coating, in order to electroform the final copper struc-
ture, the mandrels were assembled on a special support which
provides an electrical contact and, at the same time, protects
the mandrel from the undesired deposition of copper on the
rear side. The electroplating of a 0.5mm thick copper layer
was performed in a copper sulphate (CuSO4 5H2O) sulfuric
acid (H2SO4) bath with the presence of a brightener, with
an applied current of 200Am−2 for a duration of 20 h. The
mandrel before and after the coating phase, and after the cop-
per electroforming (with and without support) can be seen in
figure 3.

2.4. Etching of mandrel

Finally, the mandrels were dismounted from the support for
the electroplating and samples of size 10× 35× 1.5mm3 were
cut from them to proceed with the characterisation, which was
done both with the aluminiummandrel still present (i.e. before
etching) and after the aluminiummandrel removal. The chem-
ical etching of the aluminium mandrel was performed in a
sodium hydroxide bath (NaOH 5× 103molm−3, room tem-
perature). For the samples having the protective copper layer
on top of the niobium, ammonium persulfate ((NH4)2S2O8

150 g l−1, room temperature) was also used to chemically
etch the protective copper layer after the aluminium removal.
The etched layers are indicated enclosed in square brackets
(e.g. [Al], [Cu]) in figure 2 and in the text to follow.
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Figure 3. AW-1050 aluminium mandrel mounted inside the coating
chamber before the coating of the niobium and copper adhesion
films (a), after the coating (b) and after the electroplating of the final
copper structure, still mounted on the special support for the
electroplating (c) and without the support (d).

3. Sample characterization

After the production of every sample batch (control samples,
reverse-coated samples without and with copper protective
layer), the morphology and superconducting performance of
the niobium films were evaluated. At this stage of the study,
it was important to assess the potential of the reverse coat-
ing technique to deliver suitable niobium films for an SRF
end-use, exhibiting satisfying purity levels and regular mor-
phology, free of porosities. Hence the characterisation phase
focused on the measurement of the critical temperature (Tc)
and on the imaging of the sample cross section. In the case
of the reverse-coated samples, the inductive test was per-
formed before and after the mandrel removal and the results
are presented together for comparison. Based on the outcome,
the characterisation was carried further on with the meas-
urement of the critical current density (Jc) for a selection of
samples that showed the best properties. This physical quant-
ity depends on the concentration of pinning centres [16, 17]
and therefore provides insight into the amount of structural
defects [18] which can be present in the material.

The critical temperature was measured via a contactless,
coil-induction setup [11, 19] available at the Central Cryo-
genic Laboratory at CERN and optimised for the measure-
ment of the critical temperature of superconducting thin films
deposited on copper substrate. The measurement system con-
sists of two coaxial coils placed in front of each other. The
sample, of standard size 11× 35× 1mm3 is placed between
the coils, exposed to a constant helium vapour flow and cooled

down below its critical temperature (in case of niobium, the
expected critical temperature for the pure bulk material is
9.29K [20]). Once the sample temperature is stable at 8K, a
low-frequency (21Hz) sinusoidal magnetic field of constant
amplitude is turned on in front of, and perpendicular to the
film surface, by exciting the drive (d) coil placed in front of
the sample side with the functional layer on it (the niobium
film in this case). The magnetic flux density generated at the
coil has a value of about 3mT and decreases to 0.2mT at the
sample surface. By running a temperature ramp up to 10K it
is possible to measure the change in mutual inductance, hence
in induced electromotive force, in the pickup (pu) coil placed
at the opposite side of the sample. This is due to the change
of state, from superconducting (magnetic field is expelled) to
normal conducting (magnetic field can cross the film), that
the sample undergoes when its critical temperature is crossed,
which results in an increased magnetic flux density across the
pickup coil. Tc is extracted as the temperature corresponding
to the half-height of the step-like amplitude of this voltage
drop, which is later on referred to as Apu. The width of the
transition curve, defined here as ∆Tc = T90% −T10%, is also
indicative of the sample purity. The cross section of the films
was prepared via focused ion beam and analysed via scan-
ning electron microscopy (FIB-SEM). The used equipment is
located at the Materials and Metrology laboratory at CERN
and consists of a Zeiss Crossbeam 540 SEM equipped with
FIB. The imaging is performed by InLens and Secondary Elec-
tron Secondary Ion detectors. In order to perform the milling
needed for inspection of the sample cross section, a protect-
ive platinum layer (20× 2× 1µm3) is deposited with an ion
beam current of 300 pA and accelerating voltage of 30 kV. A
20× 10× 4µm3 sample volumewas then coarselymilledwith
an ion beam current of 3 nA and accelerating voltage of 30 kV.
Prior to imaging, the cross-sectional surface was smoothened
with an ion beam current of 300 pA and an accelerating voltage
of 30 kV. The SEM imaging of the sample cross sections
was performed at an accelerating voltage of 3 kV. Thanks to
this technique it was also possible to infer the average film
thickness.

The critical current density of the films was measured at
the University of Geneva by means of a Superconducting
Quantum InterferenceDevice (SQUID) vibrating samplemag-
netometer (VSM) byQuantumDesign. The device is equipped
with a superconducting coil able to generate magnetic fields
up to 7 T and to cover the temperature range 1.8K–400K. For
these measurements, the standard sample size is 3× 3mm2

with variable thickness: 1.5mm for the aluminium substrate
and 0.5mm for the copper substrate for this study case. By
measuring isothermal loops of the magnetic moment m(B)
in the field range −7T–7T it is possible to calculate Jc in
the frame of the Bean critical state model using the equation
Jc(T,B) =

2∆m(T,B)
Vt , which is valid for a slab geometry in par-

allel magnetic field, where∆m(T,B) is given by the separation
of the branches of the magnetic moment loop m(B) measured
with opposite field sweep directions at a given temperature T,
and Vt is the product of the volume V of the superconducting
sample and its thickness t. The temperature values at which the
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Table 2. Summary of the results of the characterisation measurements of the control and reverse-coated (Run I, Run II) samples. The
material removed by chemical etching is indicated inside square brackets in the sample label. The measurements which were not performed
are indicated by ‘—’ while the measurements which were not conclusive are indicated by ‘x’.

Characterisation results

Tc (K) ∆Tc (K) d (µm) Jc(4K, 0.2T) (MAmm−2) Bc2(4K) (T)

Control samples
AW-1050 9.32 0.07 1 2.5 1.25
AW-6082 9.33 0.07 1 0.29 0.95
Run I
Cu–Nb–Al 9.35 0.11 — — —
Cu–Nb–[Al] x x 1 — —
Run II
Cu–Nb–Cu–Al 9.34 0.04 — — —
Cu–Nb–Cu–[Al] 9.34 0.06 — — —
Cu–Nb–[Cu]–[Al] 9.33 0.05 1 0.16 0.95

loops m(B) are measured range from 2.5K to 9K. This invest-
igation also allows the estimation of the upper critical fieldBc2,
defined here as the intersection point of Jc(B) with the Jc = 0
line.

4. Results and discussion

In the following sections the outcome of the characterisa-
tion of the Nb–Al control samples, the Cu–Nb–[Al] samples
from Run I and the Cu–Nb–[Cu]–[Al] samples from Run II is
presented and discussed in detail for each case. The results of
the characterisation measurements are summarised in table 2
for all the samples.

4.1. Nb–Al control samples

The niobium control samples deposited on the aluminium sub-
strates were analysed first, in order to assess the quality of the
coating recipe and the features presented by the film on the alu-
minium substrate. In figure 4 the substrates are shownmounted
on the disk holder before (a) and after (b) the niobium coating.
Aluminium AW-1050 was used for samples 1, 2 and 3, while
AW-6082 was used for samples A, B and C. The shape of the
superconducting transition curves obtained with the inductive
measurement is shown in figure 5 and does not present any
unusual feature, suggesting the absence of anomalies in the
control films that could affect the superconducting state and
the passage to the normal state. A higher value of Tc is nor-
mally observed for niobium films with respect to their bulk
counterparts due to residual compressive stress induced dur-
ing the sputtering process, and is expected to decrease with
increasing sample thickness [21]. The measured values are
nevertheless comparable to Tc of the pure bulk material [20],
indicating a good level of purity of the control films. In addi-
tion to this, it is possible to observe that films deposited on
aluminium alloys of different purity show the same Tc, sug-
gesting that the purity of the mandrel employed in the reverse
coating process is not expected to be relevant for the purity
of the functional niobium layer. The transition width ∆Tc is

comparable to what is observed from typical inductive meas-
urements of bulk niobium [19] (∆Tc ≃ 0.05K), also an indic-
ation of a low concentration level of impurities in the samples.
The signal produced by the leak field when the samples are
in the superconducting phase (T< Tc) is the same, as shown
by the overlapping signal before the phase transition takes
place, and differs towards lower temperatures due to effects
of the coating on the sample edges. These effects are object
of a later study on Nb3Sn films deposited via Bipolar-HiPIMS
on copper. The shape of the superconducting transition, the
presence of additional transition steps at a temperature differ-
ent from the Tc of the coating on the main face of the sample
and irregular (i.e. non-flat) shapes of the superconducting side
of the curve are observed when the coating is present on the
edges of the sample and disappear when the edge coating is
removed. The interpretation of these features is still ongo-
ing and the study [22] yet to be published. The 0.2µV dif-
ference between the signals on the normal conducting side of
the curve (for T> Tc) does not depend on the films but rather
on the different composition of the aluminium alloys used as
substrate. For temperatures lower than 10K, an electrical res-
istivity of ρ > 0.1µΩcm has to be expected for the AW-6082
and AW-1050 alloys [23], which results into a minimum skin
depth of 3.5mm for the aluminium substrates at the applied
frequency of 21Hz. Although this is more than a factor 2 lar-
ger than the substrate thickness, making it nearly transparent to
the magnetic field, the difference in resistivity between the two
alloys is such that the eddy currents induced in the aluminium
by the magnetic field have higher intensity for the alloy with
smaller resistivity (AW-1050). This finally leads to a stronger
screening by the eddy currents induced into the AW-1050 sub-
strate than the ones in the AW-6082: the latter are indeed not
strong enough to separate the normal conducting signal from
the signal induced into the pickup coil without a sample in
between the coils (shown in light grey in figure 5), while in
the lower resistivity alloy the currents are intense enough to
partly screen the magnetic field and separate the signal from
the bare-coils one.

The SEM images of the niobium film FIB-milled cross
section are shown in figure 6, with the film coated on the
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Figure 4. Aluminium substrates mounted on the disk holder before
(a) and after (b) the coating of the niobium control film. The
AW-1050 substrates are labelled as 1, 2, and 3; the AW-6082
substrates are labelled as A, B, and C.

Figure 5. Inductive measurement of the superconducting to normal
conducting state transition of the niobium control samples deposited
on the AW-6082 (circles) and AW-1050 (triangles) aluminium
substrates (black). The bare coil signal is also shown for comparison
(triangles, grey). The sample Tc is extracted as the temperature
corresponding to the half-height of the transition curve.

AW-6082 substrate shown in figure 6(a) and the one on the
AW-1050 substrate in figure 6(b). In both images, the pro-
tective platinum layer (Pt) is visible as first layer on top, fol-
lowed by the niobium film (Nb) below and the aluminium
substrate last (Al). Both niobium films appear dense, free of
voids and show good adhesion to the substrate. The columnar
growth pattern typical of PVD thin films is also visible, with a
coarser structure at the substrate interface, this being the first
one to be deposited and therefore containing the initially nuc-
leated film grains [24]. The SEM imaging of the film cross
section made also possible to infer the average thickness of
the niobium layer to be 1µm along the milled length for both
samples.

The critical current density Jc extracted from the m(T,B)
loops is shown in figure 7(a) for the film deposited on the AW-
6082 substrate and in figure 7(b) for the one deposited on the
AW-1050 substrate. The resulting Jc values at B= 0.2T and
T= 4K are 0.29MAmm−2 for the sample on the AW-6082
substrate and 2.5MAmm−2 for the sample on the AW-1050
substrate. It is preferable that niobium films produced for SRF
application exhibit critical current values which are as low as
possible, and these values can be considered satisfying [18] for
a niobiumfilm of 1µm thickness within the scope of this study.
However, they still suggest the presence of high density of dis-
locations in the material [13]. One can also consider further
reducing this Jc value especially when compared to currently
used state-of-the-art bulk Nb that exhibits critical current dens-
ity values in the order of 10 kAmm−2[25]. Overall, the control
niobium films exhibited good superconducting properties and
classic structural features, reason why the same coating recipe
was also adopted for the next two coating runs for the pro-
duction of the reverse-coated samples. In light of the results
obtained with the characterisation measurements of the con-
trol samples, to avoid redundancy only the results obtained for
the samples produced with the AW-1050 aluminium mandrel
will be presented and discussed in the next subsections.

4.2. Run I: reverse Cu–Nb samples without Cu protective
layer

The inductive measurement of the Run I samples, shown
in figure 8, lead to a regular transition curve only for the
Cu–Nb–Al (pre-etching) sample, while for the Cu–Nb–[Al]
(post-etching) it revealed a poor-to-absent superconducting
phase. The fact that the Cu–Nb–Al sample showed a higher
value for Tc than the control samples is likely an indication of a
higher compressive residual stress level. This can be explained
considering that in this case, not only the niobium film suf-
fers from the residual stress caused by the growth process
on the aluminium, but it is also constrained by the additional
copper layer grown onto it which in turn adds up to the ori-
ginal stress introduced by the first coating. The increased trans-
ition width suggests the possibility of larger concentration of
impurities with respect to the control samples. The signal for
T> Tc is about 1µV smaller for this sample with respect to the
control samples due to the presence of the copper layer. The
copper electroformed according to the procedure described in
section 2 has been shown to have properties comparable to the
OFE-grade copper [10] employed at CERN for the produc-
tion of SRF cavities. One can assume RRR⩾ 50 and hence
an electrical resistivity ρ⩽ 0.03µΩcm for low temperatures
(<10K). This results in eddy currents which are a factor 3–4
higher in intensity than in the aluminium mandrel and whose
effect results into a normal conducting signal, which is about
a factor 4 more damped for the reverse coated Cu–Nb–[Al]
sample than for the Nb–Al (AW-1050) control sample. The
normal conducting signal for the Cu–Nb–Al sample is even
lower as the screening effect of the eddy currents generated
into the aluminium adds up to the ones in the copper. The
Nb–Cu–Al sample also shows, for T< Tc, a superconducting
screening signal in full agreement with the screening levels
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Figure 6. SEM micrographs of the FIB-milled cross section of the niobium control samples. The sample deposited on the AW-6082
substrate is shown in figure (a) and the one deposited on the AW-1050 substrate is shown in figure (b). In both images, the platinum (Pt)
protective layer is visible on top, followed by the niobium film (Nb) in the middle and the aluminium substrate (Al) at the bottom. The
indicated film thickness of 1µm also provides the image scaling.

Figure 7. Critical current Jc of the niobium control samples calculated, in the framework of the Bean critical state model, from the
VSM-SQUID measured sample magnetic moment loops m(B) at different fixed temperatures. The upper critical field Bc2 is taken as the field
value at which Jc(4K) = 0. The curves measured for the sample deposited on the AW-6082 and the AW-1050 substrates are shown in plot
(a) and (b) respectively.

observed in the control samples. The fact that after the man-
drel removal the niobium sample no longer shows the signs of
a superconducting phase (the screening is reduced by a factor
∼4, absence of a step-like signal corresponding to the phase
transition across Tc) suggested that the chemical etching pro-
cess applied to remove the aluminium was detrimental to the
functional film.

The SEM images of the FIB-milled cross section of two
Cu–Nb–[Al] samples are shown in figure 9 and support the
interpretation that the observed degraded superconducting

performance of the sample is due to the aluminium etch-
ing. Figure 9(a) shows the sample also discussed above in
the inductive measurements, which was left in the etching
solution for as long as the etching process took place (27 h)
and removed as soon as it was finished. The main difference
observable here with respect to the control film in figure 6 is
that the first deposited niobium layer corresponds now to the
upper part of the film, i.e. the former interface with the alu-
miniummandrel. The 3µm thick coated copper adhesion layer
(A) is also visible as the large, columnar band structure below
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Figure 8. Inductive measurement of the superconducting to normal
conducting state transition of the reverse coated Cu–Nb–Al sample
(Run I) before (triangles) and after (circles) the etching of the
aluminium mandrel. The phase transition in the Cu–Nb–[Al] sample
appears degraded by the mandrel removal process.

the niobium layer. Apart from these aspects, the sample does
not appear appreciably different from the control samples.
Figure 9(b) instead was taken of a sample that was left in the
etching solution for 1 h longer after the etching process was
finished (28 h). Here the sample appears damaged, with the
part exposed to the etching solution being porous and at inter-
vals, detached from the material below. Naturally, niobium
is protected by an air-formed oxide layer (Nb2O5) which
is enough to prevent corrosion by the sodium hydroxide in
short exposure times. However, open-circuit potential (OCP)
measurements versus exposure time of niobium in NaOH
solution (at different concentrations and temperatures) have
shown that the OCP decreases with time, indicating the dis-
solution of the oxide layer and the activation of the under-
lying niobium surface [26]. In the case of the Cu–Nb–[Al]
sample, the niobium film was deposited on aluminium and
never exposed to air, which prevented the formation of the
protective oxide layer on its surface. As soon as the alu-
minium layer was completely removed, two main processes
are likely to have taken place resulting in the degradation of the
niobium film: for the sample that was removed from the solu-
tion right at the end of the aluminium etching, the hydrogen
produced in the reaction (2Al(s) + 2NaOH(aq) + 2H2O(aq) →
2NaAlO2(aq) + 3H2(g)) started diffusing into the niobium; in
addition to this, for the sample that was left in the solution for
1 h longer than the end of the etching of the aluminium, the
hydrogen diffused into the niobium creating enough defects to
promote the propagation of the reaction from the surface into
the film. It must be made clear that the presence of the NaOH
in the solution is secondary to the initiation of the corrosion of
niobium. In fact, the cathodic reaction dominating on metallic

niobium under the conditions described by Robin [26] is:
2H2O+ 2e− → H2 + 2OH− due to which niobium, at OCP,
starts dissolving under the effect of the hydroxyl ions. The sol-
uble niobates which form as a result of this process will in turn
precipitate as sodium niobium oxide hydrates when their sol-
ubility limit is reached, thanks to the presence of the NaOH.
Considering these results, it was decided not to proceed with
the measurement of the sample critical current, as it would
have not provided additional insight on the interpretation of
the effects of the mandrel etching on the niobium film, with
respect to what was already obtained from the inductive and
SEM measurements. Instead the choice was made to modify
the manufacturing process in order to add a protective layer as
presented in the section 2.

4.3. Run II: reverse Cu–Nb samples with Cu protective layer

The results of the inductive measurements performed for the
samples from Run II are presented in figure 10. For these
samples a copper protective layer (indicated as (P) in figure 2)
was deposited on the aluminium mandrel prior to the depos-
ition of the niobium film, differently from Run I in which
the niobium film was deposited directly on the mandrel. At
every production step (i.e. for Cu–Nb–Cu–Al, the sample as-
deposited; Cu–Nb–Cu–[Al], after the etching of the mandrel;
Cu–Nb–[Cu]–[Al], after the etching of the copper protective
layer (P)) the niobium film shows a regular superconducting
transition curve, which suggests the production process to be
free from steps that can negatively affect the superconducting
properties. All the measurements show values of the critical
temperature Tc in accordance with the values measured for
the control samples. The superconducting transition appears
sharp for all the samples, with transition width ∆Tc values in
the range 0.04–0.06K which are smaller than what observed
for the control samples, ∆Tc = 0.07K. The normal conduct-
ing signal (for T> Tc) for the Cu–Nb–Cu–Al sample is 0.5µV
smaller than the signal observed for the Cu–Nb–Cu–[Al] and
Cu–Nb–[Cu]–[Al] samples, due to the screening effect intro-
duced by the eddy currents in the aluminium layer, as previ-
ously explained in the discussion of the results fromRun I. The
signal for the Cu–Nb–Cu–[Al] and Cu–Nb–[Cu]–[Al] samples
overlaps as the copper protective (P) layer is not thick enough
(1µm) for the eddy currents to result in a detectable screening
effect. The superconducting screening signal (for T< Tc) for
all three samples is consistent with what observed for the con-
trol samples and for the samples from Run I. The fact that the
signal for T< Tc remains flat for the Cu–Nb–Cu–Al sample
while it presents a positive slope for the etched samples sug-
gests that the sides of the niobium film (which are exposed to
the etching solution along the cut sample edges) were dam-
aged, facilitating early penetration of magnetic flux lines into
the sample as the temperature increased towards Tc. The slope
remains unchanged from the Cu–Nb–Cu–[Al] sample to the
Cu–Nb–[Cu]–[Al] sample, also suggesting that the mandrel
etching process affected the exposed parts of the niobium film
(introducing the slope), rather than the etching of the copper
protective layer, after which the shape of the transition curve
remains the same.
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Figure 9. SEM micrographs of the FIB-milled cross section of the reverse coated Cu–Nb–[Al] samples. In figure (a) is the sample etched
for 27 h, time needed for the complete removal of the aluminium mandrel. In figure (b), the sample etched for 28 h, one hour longer than the
needed time, showing the signs of damage from exposure to the etching solution. In both images, the platinum (Pt) protective layer is visible
on top, followed by the niobium film (Nb) in the middle and the copper (Cu) at the bottom.

Figure 10. Inductive measurement of the superconducting to
normal conducting state transition of the reverse coated
Cu–Nb–Cu–Al sample (Run II) before any etching (up triangles),
after the etching of the aluminium mandrel (circles) and after the
etching of the copper protective layer (down triangles). The etching
stages do not affect the phase transition, except for causing early
field penetration from the film edge which was exposed to the
mandrel etching solution. This is visible from the positive slope
shown by the etched samples for T< Tc.

The effectiveness of the copper protective layer (P) is con-
firmed by the SEM images of the FIB-milled cross section of
the Cu–Nb–[Cu]–[Al] sample shown in figure 11, where the
niobium film (Nb) is visible between the platinum (Pt) and the

Figure 11. SEM micrographs of the FIB-milled cross section of the
reverse coated Cu–Nb–[Cu]–[Al] sample. The platinum (Pt)
protective layer is visible on top, followed by the niobium film (Nb)
in the middle and the copper (Cu) at the bottom.

copper (Cu) layers. Other than the uppermost part of the film
(the first one to be deposited), which might present a different
nucleation pattern with respect to the niobium films deposited
in Run I, which were deposited on aluminium and not on cop-
per, there are no structural differences that can be observed
between these samples and the ones coated previously. The
film is dense, in good adhesion with the copper layer and over-
all appears healthy.

The VSM-SQUID measurement of the critical current
density Jc of the Cu–Nb–[Cu]–[Al] sample, from which the
upper critical field Bc2 is also extracted, is shown in figure 12.
At a temperature of 4K the low field value of Jc is about a
factor 8.7, and the value for Bc2 a factor 1.2, smaller than
the average of what was measured for the control samples.

9
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Figure 12. Critical current Jc of the niobium control samples
calculated, in the framework of the Bean critical state model, from
the VSM-SQUID measured sample magnetic moment loops m(B) at
different fixed temperatures. The upper critical field Bc2 is taken as
the field value at which Jc(4K) = 0.

As Jc and Bc2 are both expected to increase with the sample
disorder [18], these measurements prove that the procedure
established in Run II for the production of the reverse-coated
samples can provide niobium films whose performance is
comparable (if not improved) to the control niobium samples
deposited on the mandrel.

5. Conclusion

The process conceived for the production of NEG-coated
vacuum chambers was applied for the first time to the case of
niobium-coated copper cavities. Here a conceptual study of the
process is presented, for which the steps were reproduced for
a simpler structure than a resonant cavity, i.e. a flat aluminium
disk.While the quality of the copper substrate produced in this
way was previously assessed [10], this study shows that the
niobium film can withstand the formation process and that the
final quality is satisfying in the context of the performed char-
acterization. In Run I the niobium film was deposited directly
on the aluminium mandrel and the final etching for the man-
drel removal turned out to be detrimental to the niobium layer.
In Run II a copper layer was coated on the aluminiummandrel
prior to the deposition of the niobium film, which successfully
protected the niobium from the etching of the aluminiumman-
drel and could be etched itself with no consequences on the
niobium. The final niobium layer showed a regular appear-
ance from the SEM scans and the capability to form a good
superconducting phase via inductive measurement of Tc and
VSM-SQUID measurements of Jc. The fact that the niobium
film was deposited on the copper protective layer (P) instead

of on aluminium might have even improved the film quality
with respect to the control samples. Two advantages are to be
underlined about the reverse coating technique with respect
to standard fabrication methods: it does not only allow for
the production of seamless cavities, but also removes the sur-
face chemistry (needed to prepare the substrate for the coat-
ing of the functional film) from the list of mandatory produc-
tion stages, from which the quality of the film can depend
strongly. The next natural step in the feasibility study would
be the assessment of the radio-frequency (RF) performance of
the samples, but the way to proceed still has to be defined.
The manufacturing of a sample suitable for quadrupole reson-
ator [13] testing is not feasible. Loading a flat sample inside
a high-frequency test resonator, or directly manufacturing a
higher frequency, elliptical cavity (e.g. 1.3GHz) will be con-
sidered as options. With regard to this, the treatment of the
mandrel surface, which in principle could simply be machined
with mirror-like surface finish, and the related consequences
on the RF behaviour of the film are yet to be studied. Whether
and how this will have an impact on the RF performance is
currently an open question.
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