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Abstract

®
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The ‘Q-slope’ problem has so far strongly limited the application of niobium thin film sputtered
copper cavities in high field accelerators. In the present paper, based on experimental evidence,
we consider the hypothesis that the Q-slope is related to enhanced thermal boundary resistance
Rnp/cu at the Nb /Cu interface, due to poor thermal contact between film and substrate. We have
developed a simple model that directly connects the Q versus E,.. curves to the distribution
function f{Rnp/cu) Of Rap/cu Values at the Nb/Cu interface over the cavity surface. Starting from
different Q versus E,.. experimental curves from different sources, using typical ‘inverse
problem’ methods, we deduce the corresponding distribution functions generating those curves.
The results show, for all the examined cases, very similar functional dependences of f{Rxy/cu)
and prove that, to describe the experimental Q versus E,.. curves, it is sufficient to assume that

only a small fraction of the film over the cavity surface is in poor thermal contact with the
substrate. The whole body of information and data reported seems to indicate that the main
origin of the Q-slope in thin film cavities is related to bad adhesion at the Nb/Cu interface.
Strategies to solve the Q-slope problem improving the film adhesion are finally delineated.

Keywords: niobium copper thin film cavities, sputtering, superconducting cavities, niobium—
copper interface, thermal boundary resistance, Kapitza resistance

(Some figures may appear in colour only in the online journal)

1. Introduction

From high energy physics to medical physics, as the number
of uses of accelerators grows, the challenge of building high
performance accelerators at low cost is becoming more and
more important. In order to meet that challenge, the scientific
community is exploring the application of a thin film of
niobium to other materials, such as copper, in order to make
less expensive and higher quality accelerator components.

Content from this work may be used under the terms of the

BY Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOL

0953-2048/16,/015004+12$33.00

High purity niobium costs around 40 times more than
copper. Besides cost, another potential advantage of the
niobium/copper solution concerns the higher thermal con-
ductivity of copper with respect to that of niobium. At high
radio frequency (RF) power, impurities embedded inside
niobium or even defects on the surface of the superconductor
can promote the formation of ‘hot spots’, i.e. a local heating
of the superconductor. Because of the poor thermal con-
ductivity of niobium, the heat is not as promptly transmitted
to the helium bath as in the case of copper, resulting in a
thermo-magnetic breakdown of the superconductor, that can
suddenly quench from the superconducting to the normal
state. This effect is strongly suppressed in thin film cavities.

With respect to bulk Nb cavities, thin film niobium
sputtered copper cavities also display a much lower

© 2016 IOP Publishing Ltd  Printed in the UK
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sensitivity of the RF residual surface resistance to external dc
magnetic fields. Nb/Cu cavities, for instance, do not seem to
be sensitive to the magnetic earth field trapped in the super-
conductor during cooling by incomplete Meissner—Ochsen-
field effect [1]. This property results in the possibility of
skipping the magnetic shielding requirements for the cryo-
modules that host Nb/Cu cavities. The simple explanation of
the insensitivity of Nb films to dc magnetic field penetration
lies in the reduced mean free path of the Nb film with respect
to the bulk, i.e. to a higher depinning frequency of the film
with respect to the bulk [2].

Last but not least, a further advantage consists in a higher
Q-factor at low RF power. Indeed at almost zero RF power,
the cavity Q-factor is inversely proportional to the super-
conducting surface resistance R, through a geometrical con-
stant I' (i.e. Q = I'/R,) and R (T) = Rpcs(T) + R,, where
Rpcs(7) is a contribution due to the quasi particle excitations,
well described in the framework of the BCS theory, and R, is
a temperature-insensitive contribution to losses due to lattice
defects, crystal dislocations, grain boundaries, trapped flux
and mainly everything that is not BCS.

For thin film cavities, the low mean free path (mfp) of the
niobium in film form determines a higher Q-value for Nb/Cu
cavities because of a minimum in the curve of BCS losses
versus the mfp corresponding to values of the residual resis-
tivity ratio, RRR = 30.

Niobium sputtered copper cavities were first introduced
by C Benvenuti in the early 1980s at CERN for the con-
struction of the superconducting cavities of the Large Elec-
tron Collider (LEP) [3]. Then the sputtering technology was
applied in early 1990s at Legnaro National Laboratories of the
INEFN by one of the authors for the quarter wave resonators
(QWRs) of the ALPI heavy ion accelerator [4]. The Nb/Cu
technology has more recently been chosen again at CERN for
the QWR fabrication at the ISOLDE ion beam facility [5].

Though the above-mentioned are three success stories,
the use of Nb sputtered copper cavities in particle accelerators
is not as common as desired, because thin film cavities pre-
sent a severe Q decay problem with the Q quasi-exponentially
decreasing as a function of the RF injected power.

In fact, in figure 1 we schematically plot the quality
factor, Q of a superconducting cavity versus the accelerating
electrical field E,..: for bulk niobium cavities the Q-factor is
almost constant versus field, whereas for niobium sputtered
film cavities, the Q-value is higher at low field, but it rapidly
decays versus the accelerating field.

In figure 2 real data on 1.5GHz thin film cavities,
obtained at 7 = 1.7 K at CERN, progressively optimizing the
deposition conditions are reported [6]. The best cavity shows
indeed a very high Q-factor, but still a significant Q-slope.

The future of superconducting particle accelerators, such
as light sources, colliders, linear accelerators (LINACS), free
electron lasers and energy recovery LINACs lies in the
development of superconducting radio frequency (SRF)
accelerating cavities. Therefore the O-slope affecting thin film
cavities prevents their use in any accelerator, among the
above-mentioned, where high fields are required.
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Figure 1. O-factor versus the accelerating field for bulk niobium
cavities compared to Nb film sputtered cavities. Typical behavior is
schematically reported for 1.3—1.5 GHz cavities at low temperatures
(1.7-1.8 K).
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Figure 2. CERN results for 1.5 GHz cavities, from [6]. Different
symbols refer to cavities of different quality.

As will be discussed in the following section, many
mechanisms and related models were considered to explain
this strong ‘Q-slope’ effect, however not one has been con-
sidered fully satisfactory in the literature, contradicting at
least in part the experimental evidence.

The scope of the present paper is to introduce a new,
effective model based on the presence of local high thermal
resistances between the Nb sputtered film and the Cu bulk
cavity, due to Nb/Cu adhesion problems, or other mechan-
isms generating an imperfect thermal contact at the interface.

2. Mechanisms considered for the Q-slope effect and
experimental attempts to overcome the problem

The reason underlying the strong decay of the Q-factor versus
the accelerating field in thin film cavities is still unknown and,
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as mentioned in the introduction, understanding the reasons
behind the Q-drop would be the first step in solving the
problem and in this way accessing high performance thin film
cavities at low cost. A Q decay effect is also present, to a
lesser extent, in bulk niobium cavities and many researchers
have proposed several models in order to explain the Q-slope
(or Q-drop) mechanism [7, 8], mostly trying to justify the
difference between the film and bulk cavities on the basis of
the lower film residual resistivity ratio (RRR).

Attanasio et al [9], following the model proposed by
Hylton et al on high critical temperature superconductors
(HTCSs) [10], consider a superconducting polycrystalline
niobium film as a network of Josephson junctions, leading to
a field amplitude dependence of the surface resistance.

Bonin and Safa also explained the RF field limitations
and residual surface resistance of superconductors in terms of
their polycrystalline nature: energy dissipation arises in their
model when the superconducting current exceeds the critical
current of the weak-link between grains [11].

Benvenuti et al attribute the field-dependent resistive
losses to the presence of trapped magnetic flux in niobium
superconducting films. Noble gas atoms trapped in the film
during film growth act as pinning centers, while the depinning
increases with the increase of the accelerating field inside the
resonator [12-14].

Kulik and Palmieri instead hypothesized that a possible
cause for the Q-drop was the dependence of the super-
conducting energy gap A on the superfluid velocity. The gap
will indeed ‘close’ more and more the higher the supercurrent
is, i.e. the higher the accelerating field is, and the rapidity of
the gap decrease depends on the niobium purity as measured
by the RRR [15].

Based on these ideas the experimental efforts were
mostly directed towards an improvement of the Nb film
superconducting properties and increasing the RRR.

An extensive work was performed for instance at CERN
[16], preparing high RRR niobium sputtered cavities by using
Ne, Ar, Kr, Xe and their mixtures as sputtering gases. The
result was that the best cavity performances were obtained by
sputtering with krypton gas instead than the standard argon as
process gas, however the overall cavity performance
improvement was not relevant.

It is known that in elliptical cavities the Q-slope is higher
the more the cavity shape is oblate [17] and that the super-
conducting properties of Nb, as well as the RRR, directly
depend on the angle between the niobium target and the
copper substrate [18]. So, attempts were made to sputter
niobium from a cathode shape that follows the cavity geo-
metry [19, 20]. However, though the sputtered samples
indeed showed better superconductivity and overall quality
parameters, the Q-factor versus field did not benefit much
from having deposited from the cavity-shaped target.

Likewise, the introduction of a bias in the magnetron-
sputtering configuration, and the consequent densification of
the niobium films [21], did not give any significant benefit to
the solution of the Q-drop problem.

We should also mention the cylindrical magnetron cavity
coating configuration adopted at CERN and then at INFN,

where the target is a hollow cylinder of the same length of the
cavity and an internal coil is moved inside [16]. In this way
the whole cavity surface is coated by a plasma ring that
efficiently spans the whole target. However, even this change
of the shape of the magnetron target did not improve the
situation. Similarly, at Saclay Laboratories, cavities were
coated by means of a movable short niobium cathode con-
taining a permanent magnet in its interior [22]. However,
the as-sputtered cavities still displayed the usual, relevant
Q-slope.

Again, Nb/Cu cavities produced by a totally different
sputtering technique, high-power impulse magnetron sput-
tering (HIPIMS), showed a very high Q-factor at high fields,
but again unsatisfactory results for the Q-slope [23].

Since all attempts to improve the film deposition tech-
niques did not give the expected results, some authors con-
sidered the possible hydrogen or oxygen diffusion in the film
from the copper substrate.

Hydrogen is a well known source of contamination [24],
and one could suppose that hydrogen is permeating across
copper and diffusing inside niobium while growing the film.
However, several attempts made at CERN to block hydrogen
depositing a titanium under-layer between copper and nio-
bium in order to getter hydrogen, gave no result on the Q-
slope. The niobium films behaved in all respects like standard
films coated on simple copper [25].

Oxygen could also diffuse from copper into the film.
However, there is experimental evidence that for Nb film
cavities, an oxidized copper surface works even better than a
pure copper surface [26]. The Q-drop was consistently larger
for Nb films grown on fully oxide-free copper substrate than
for standard ones, proving that the oxide layer is even bene-
ficial rather than poisonous.

Finally, it is important to also discuss here the Q-slope
effect related to the so-called ‘thermal feedback model’ [27].
In a few words, the power dissipated by the RF field to sustain
the accelerating field, P = %RS(T)HI%F (Hgrp is the peak
amplitude of the surface magnetic field) produces a tem-
perature difference AT between the inner superconducting
cavity surface and the helium bath, proportional to P4 and to
the overall thermal boundary resistance Rg. This induces a
thermal feedback, since, fixing the Hyg value, the power leads
to a temperature increase followed by a surface resistance
increase and by a further power increase. The overall effect is
a moderate Q-slope at low fields rapidly increasing
approaching the thermal runaway field, where the dissipated
power diverges and the cavity undergoes a global quench.
The magnitude of the Q-slope in this model depends on the
thermal boundary resistance Rp between the inner cavity
surface and the bath, that in turn depends on the cavity
material thermal conductance and the Kapitza thermal resis-
tance between the cavity external wall and the He bath. As
will be discussed in more detail in sections 4, 5, the Nb/Cu
interface thermal resistance should be, in principle, negligible.
The Kapitza resistance is essentially equivalent for the Nb/He
and the Cu/He interfaces, so that the higher Cu thermal
conductivity with respect to niobium should play in favor of
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Figure 3. The Cu/Nb phase diagram, from D J Chakrabarti and D E
Laughlin [28].

the thin film cavities, where thermal feedback effects should
be less relevant with respect to bulk cavities.

In summary, though the whole mechanism described in
this section to justify the Q-slope is possibly at work in real
cavities, there has been no strong experimental evidence that
really convinced the superconducting accelerating cavity
community in favor of a specific one as the main actor. At the
same time, all experimental attempts to reduce the Q-slope in
thin film cavities by improving the film quality essentially
failed.

3. The Nb/Cu interface

In the previous section, we have shown that, independently of
the Nb film quality, the Q-slope problem is always present.
This would suggest that the problem lies somewhere else.

Indeed, a sputtered Nb/Cu thin film cavity can be
described as a set of three subsystems: (i) the superconducting
niobium film; (ii) the copper substrate; (iii) the niobium-—
copper interface.

Excluding the first two, we will concentrate here on the
Nb/Cu interface.

The first consideration is that, at the usual film deposition
temperature (150 °C), there is no miscibility range between
copper and niobium in the equilibrium phase diagram (see
figure 3) [28].

The Nb/Cu system is indeed considered a classical
example for non-miscible systems.

The problem of Nb film adhesion on a Cu substrate has
been poorly investigated and is not well understood. In some
cases the Nb film can peel off immediately after the sputtering
and the fault is generally attributed to a non-perfect chemistry
treatment of the copper substrate. In some other cases, from
the author’s experience, the Nb film can partially peel off
even after many years, due to stress release inside the film.
Other evidence has been given of film peeling found in some
352 MHZ 4-cell elliptical cavities when dismounted from the
LEP at CERN [29], several years after their operation.

Moreover, the only niobium coated copper cavity
deposited by cathodic arc plasma by an Italo-Polish colla-
boration was not measured for the same reason [30], and a
thin film cavity realized by filtered cathodic arc by the Ala-
meda Corporation gave a rather low Q-value and maximum
accelerating field of 9 MV m_l, and was attributed to Nb film
peeling [31].

Further evidence for the relevance of film adhesion
problems are listed below:

e Niobium sputtered QWRs almost never peel off. Indeed
while standard magnetron sputtered cavities were
sputtered at CERN at a maximum temperature of
150°C, the QWRs were sputtered at a temperature
ranging from 500-700 °C. The adhesion is improved
both by the higher potential of the bias-diode technique,
and by the higher temperature.

e As already mentioned, the Nb film sputtered onto onsite
pre-sputtered oxide-free copper performed systematically
worse with respect to films sputtered onto an oxidized
copper surface. This is consistent with the hypothesis of a
monotectic reaction occurring in the Cu/Nb system
induced by oxygen impurities [33].

On the other side, cavities realized by an explosively
bonded Nb/Cu bilayer gave excellent results (Q factors over
10'* and maximum accelerating fields close to 40 MV m™")
[32], possibly due to the better film adhesion in this latter
case, related to higher deposition energy leading to full
penetration bonding.

Finally it is clear that any defect on the Cu substrate is
strongly amplified by the film growth and that the adhesion
between Nb and Cu, even in the absence of surface defects, is
certainly influenced by lattice parameter matching at the
crystalline level, so that the adhesion of Nb grown on a Cu
(100) plane will be different from that of Nb growing on a
(110) or (111) plane. We consider therefore that the problem
of poor thermal contact of the film to the substrate could be
far more important that commonly believed. A comprehen-
sive review of Nb growth on Cu has been given by Valente-
Feliciano [34].

4. Thermal model for the Nb/Cu interface in the
presence of adhesion problems

In our opinion, all the indications presented above give strong
support to the idea that in most cases the Nb film is not
strongly bonded over the full cavity surface at the interface
with the Cu substrate, being indeed only loosely coupled in
some portion of the surface itself.

The reason for poor thermal contact at the Nb/Cu
interface can be many-fold, but mainly determined by the
following factors:

— Bad adhesion between niobium and copper: pure
niobium and pure copper cannot have any interaction
and unless they are not intermixed, they will never
adhere.
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Figure 4. (a) Schematic representation of the elemental flow channel.
(b) Expected temperature profile (redrawn from [37]).

— Stress inside the film: niobium films made by sputtering
will always be stressed. With time, stress will relax and
detach the film, inducing poor thermal contact between
the two surfaces.

— Copper oxides, powder or other surface contamination:
here, even if the film is adherent to the substrate, a poor
thermal link exists between the niobium film and the
copper substrate.

— Micro-voids at the interface: due to the effect of self-
shadowing of the film growth, some micro-areas at the
nucleation level can be masked by the growing film.
Substrate roughness enhances this phenomenon.

In the presence of these physical situations, modeling the
heat flow between the Nb film and the Cu substrate is far from
being trivial. Just to give an example, in the following we will
briefly review a simple model developed in the 1960s [35-38]
to describe the situation of two solid sheet surfaces set in
contact under vacuum with heat flowing normally from one
body to the other.

The model assumes that the two solid surfaces touch only
in a limited number of spots (n contact points per unit area)
and analyzes the single contact point to determine its specific
heat conductance using the classical heat flow equations with
appropriate boundary conditions.

In [37] the single contact spot (elemental flow channel) is
modeled as described in figure 4(a): two cylindrical bodies are
separated by a short distance a. The radius of the cylinders is
b and they touch on a restricted flat circular surface area of
radius ¢ (¢ < b).

The resulting temperature distribution is quite compli-
cated and three-dimensional. The temperature profile along
the z-axis is sketched in figure 4(b) (the temperature profile is
assumed to be continuous along the interface). The contact
thermal boundary conductance . is defined through the
relation:

Q = h AT, ey

where Q is the heat flow per unit area and AT, is defined as
shown in figure 4(b). The calculation assumes a constant
temperature along the two cylinders’ separation plane (z = 0)
and a large contact area radius with respect to the cylinders’
separation a (a < c).

The resulting expression for the single contact con-
ductance is :
<1 @
b~ Y
With k = % (ky and k, are the two bodies’ thermal
conductance) and v is a quasi-linear decreasing function of
the ratio ¢/b, being 1 for ¢/b = 0 and extrapolating to 0 for
¢/b ~ 0.75.

Of course the individual contacts’ shape, dimensions and
distribution depend on the local surface characteristics
(roughness, waviness etc) and can vary along the surface area.

For a regular array of multiple contacts equation (2)
becomes:

h, = 2k

nep,

he = 262m 3)
(&

where n is the average number of elemental flow channels per
unit area and c,, is the average radius of the contact area.

In [35-38] the interface Kapitza thermal conductance /;
between the two bodies is not considered. This is fully jus-
tified at room temperature where, due to the large number of
phonons, the very limited phonon acoustic mismatch and the
electron contribution, the thermal boundary conductance is
very high. The value can be easily estimated within the
existing theoretical models [39] and is of the order of
10°W cm 2K, as confirmed by a number of experimental
measurements [40, 41]. If the contact occurs only over an
effective area A.p as assumed in the model, the Kapitza
effective contribution would be:

het = hk% = hnmc? (4)

- m

where n and c,, have the same meaning as above. This would
give in any case large conductance values at room
temperature. However at low temperatures the Kapitza
contribution changes dramatically, since the phonon con-
tribution to conductivity decreases as T° and the electron
contribution can be neglected for Nb in the superconducting
state.

More generally, within this model, considering both
contributions at low temperatures, the overall system thermal
boundary resistance R, , would be given by :

- 1
I P n
2knc,,

Rijs=hijh=(he) " + (B = (5

hynme,,

To give anumerical example, letus assume n = 10° cmfz,

¢, = 10nm (these values could be reasonable in the
hypothesis of micro-voids due to roughness) k; =2 W cmK ™'
appropriate for Cu, [42]), k, = 0.1 WemK ™', (appropriate
for Nb [43]) and &, ~ 3 W cm~2 K (assuming the ‘radiation
limit’” value, due to the substantial absence of phonon
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mismatch between Nb and Cu [39]). With these input data
equation (5) gives Ry > =~ 100 cm? K W', Different values of
the input parameters and a different choice of » and c,, would
lead, of course to different R, /, values.

As shown in the proposed example, due to roughness,
equation (5) can lead to a high thermal resistance value
between two surfaces in contact under vacuum. Though the
model discussed above was developed for two metal surfaces
in contact, a physical situation that is somewhat different from
that of a film deposited on a substrate, it nevertheless gives
clear indications that a loose interface physical contact of
different origins can lead to high values of the thermal contact
resistance, strongly varying along the contact surface area.

We will discuss, in the forthcoming sections, the possi-
bility that the occurrence of high values of the thermal
boundary resistance between Nb and Cu Ry, /¢, in some spots
of the cavity surface, due to the weak contact of the Nb film
to the Cu substrate, is the main factor determining the high
QO-slope observed in Nb thin film coated Cu cavities.

5. Effect of the Nb/Cu interface on the quality factor
in the presence of adhesion problems

In section 2, we discussed the thermal feedback model as a
possible origin of Q-slope problems. The effect is indeed
proportional to the overall thermal resistance R between the
inner superconducting cavity surface and the helium bath. In
Nb bulk cavities (sheet thickness d) the thermal resistance is
due to the Nb conductance (k) and the Nb/Hell Kapitza
resistance, i.e. Rg = d/k + Rk. The Kapitza resistance Ry
strongly depends on the cavity external surface morphology,
ranging approximately in the interval 1-10cm*KW ™' at
1.8 K, dominating the system thermal resistance for high RRR
cavities [42, 44].

Thermal effects in bulk Nb cavities have been exten-
sively discussed in the past [45, 46]. In a recent paper [47],
the role of the thermal boundary resistance at the Nb—He
interface on the superconducting accelerating cavity perfor-
mances has been reconsidered, and it was demonstrated that it
can play an important role in determining the cavity Q-slope
problem and the maximum accelerating field, especially for
high frequency cavities.

For thin film Nb/Cu cavities the overall thermal
boundary resistance should be Rp =d,/k; + dr/ks +
Rx + Rnp/cu (1: Cu, 2: Nb). The first two terms are certainly
negligible: the first for the high Cu thermal conductance, the
second for the small film thickness. The Kapitza resistance
to be considered here is that at the Cu/Hell interface. The
literature data at 1.8 K give Rx = 24 cm>KW! [48-50],
i.e. in the same range as the Nb/Hell Kapitza resistance
values. As discussed in the previous section, if adhesion
problems at the Nb/Cu interface are not considered, the
thermal contact resistance should be:

RNb/Cu = l/hk ~ 03 szKW_l

and would be negligible with respect to the Cu/He Kapitza
resistance.

Nb film rf input power

. N J

Liquid He

a) b)

Figure 5. Schematic view of the adopted one-dimensional thermal
model (a) and the related temperature profile (b).

Indeed, within this hypothesis, the possible role of ther-
mal effects in Nb sputtered cavities was deeply analyzed at
CERN, as discussed in [51], but the conclusion was negative.
The authors also tried to directly measure the temperature
difference AT between the inner Nb cavity surface and the
helium bath by adsorbing helium gas (less than one mono-
layer) on the film surface and measuring its equilibrium
pressure during RF operation, but no detectable temperature
increase was observed.

However if we consider that the Nb film is indeed weakly
bonded to the Cu substrate at least in limited cavity surface
portions (as discussed in sections 3, 4) then the Nb/Cu
boundary resistance can become high in those areas and fully
dominate the heat conduction there.

In this hypothesis, locally, the temperature distribution
along the direction normal to the cavity surface (in a ‘one-
dimensional’ approximation) is reported in figure 5.

As an example, considering the contact parameters
already used in section 4 for partially detached films, we
would have, at low temperature (1.8 K), in the given example:
Rupycu = 110cm® K WL

This value for the Nb/Cu interface thermal resistance is
far above the typical values for the Cu/Hell Kapitza resis-
tance at the same temperature. Therefore we would have
AT = AT, + AT,, with AT, > AT, (of course we can in
any case neglect here the effect of the thermal resistance of
bulk Cu and Nb film).

The local value of Rnp/cy Will not be constant over the
cavity surface: indeed, in the simple model presented in the
previous paragraph, it will depend on the number (n) and
dimension (c,,) of the effective thermal contact spots in the
partially detached film regions, that will have some statistical
distribution over the cavity surface.

We can therefore introduce a statistical distribution
function f{Rny/cy) of the Ryy/cu values over the whole cavity
surface, that will satisfy the following conditions:

wa(RNb/Cu)dRNb/Cu =1 (©6)
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Figure 6. O-factor versus accelerating field for a thin film Nb/Cu
6 GHz cavity at T = 1.8 K. The dots are the experimental points, the
dashed line represents the data fitting using the distribution function
SflRNb/cu) Teported in figure 7.

&8} P
j(; Rnvscuf (RNb/Cu)dRNb/Cu = Rnb/cu (7

where Rnp,c, 1S the average value of the Nb/Cu thermal
boundary resistance over the cavity surface.

In the presence of non-constant values of the surface
resistance over the cavity surface (keeping the assumption of
a constant RF field value), the quality factor of an accelerating
cavity can be expressed as:

Q= ®)

| =

where I' is a constant related to the cavity geometry
(temperature and field independent), with I' = 290 € for beta
1 electron cavities, and R; is the average surface resistance.

Now we can calculate the Q-slope within the ‘thermal
feedback model’ in the presence of a distribution of the
contact thermal resistance at the Nb/Cu interface due to bad
adhesion problems. We will use for the superconductor sur-
face resistance the dirty-local limit explicit expression, that, at
temperatures 7 < 1/2T, is given by:

2

Rs(T) = Ao )]+Ro ©)

Aw
Ty + AT l Ky(Ty + AT

with T, being the helium bath temperature, A, the low
temperature value of the energy gap, Ky the Boltzmann
constant and A a weakly frequency dependent constant,
whose value is determined by the material parameters. AT is
the temperature difference between the inner cavity wall and
the helium bath, due to the finite overall thermal conductance
of the cavity (including material conductivity and thermal
boundary conductance at media separation). For relatively
small values of AT it is AT = RgP; where Ry is the overall
thermal resistance (from the inner cavity surface to the He
bath) and P, is the RF power dissipated per unit area at the

f(Rnp/ca)

1.2:10°3 \

0.8:103}

0.4-1073

0

0 10 20 30 40 Ry (cm/W)

Figure 7. Distribution function f{Rny/c,) obtained by inverting
equation (11) using as input data the Q-E,.. data reported in
figure 6.

inner cavity surface, given by By = %RS(Y}))Hﬁp. Therefore:
1 kY
AT = RB—RS(T)(—) Eg. (10)
2 Ho
(Hgrp is proportional to the accelerating field E,.. through
the relation:  Hpp = (k/pty)Eacc:  With  k=4.5mT
MV m™ Y [52]).

Combining equations 9 and 10 we get a dependence of
the surface resistance on the accelerating field, that will
depend in turn on the thermal boundary resistance being more
and more relevant for increasing Rp values. As already dis-
cussed, increasing the RF field determines an increase in AT
that produces an increase in Ry(7) , that produces a further
increase in AT. The process continues up to an equilibrium
point, or, over a certain RF field value (quench field), can
diverge, determining a ‘thermal runaway’ effect. Over the
quench field the superconducting surface will become normal,
and the surface resistance will have its normal state value R,
(at GHz frequencies the RF field penetration in the Nb film
will be smaller than the film thickness).

The solution of the two coupled non-linear equations 9
and 10 can be found by iteration. For any assigned value of
E,.. one calculates AT from equation 10, inserting for Ry(7)
the AT = 0 value calculated from equation 9. The AT value
calculated from 10 is then inserted in 9 to compute a new
value of Ry(7) that is in turn reinserted in equation 10 to
compute a further value of AT. The process is iterated up to
convergence (or divergence over the quench field). Within
this calculation scheme in some sense the iteration cycles play
the role of time in the real experiment.

By this method the expected surface resistance depen-
dence on the accelerating field E,.., for each value of overall
thermal resistance Rg, i.e. Ry = R (1, E, Rg) can be easily
calculated. Above the quench field we assume Rs = Ry,
where Ry, is the normal state value of the surface resistance.

For Nb/Cu cavities we can write Ry = Rg + Rnb/cu
with Rg being the value of the Cu/He Kapitza resistance at
the temperature 7, and Ry /cy the value of the Nb/Cu contact
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Table 1. Input parameters used to invert the data for the 6 GHz cavity reported in figure 6.

T, Aw® Ao/Kg

RO Rsn RK

18K 610°QK™' 175K

080 001Q 3cm*KW!

Table 2. Input parameters used to invert the data for the 6 GHz cavity reported in figure 8.

T, Aw? Ao/Kg

RO Rsn RK

17K 5107°QK™!' 184K

0.6nQ 0005Q 3cm’KW!

resistance. Since Rnp/cu Changes over the cavity surface as
described by the statistical distribution function f{Rxb/cu), the
average value of R that will determine the Q-value will be
given by the integral equation:

- 00
RS(TOs Eacc) = L Rs(’ﬂ)’ Eoce, RB)f (RNb/Cu)dRNb/Cu

r
0= ———.
RS(]—;)? EHCC)

(1)

This indicates that the Q(E,..) curve in Nb/Cu cavities
will critically depend on the Ryp/c, distribution function
SfRnb/cu) that would depend, in the model discussed in
section 4, on the distribution over the cavity surface of the
density (n) and dimensions (c,) of the effective thermal
contact spots in the partially detached regions.

Unfortunately there is no way to independently estimate
or measure the function f(Rny/cy) Wwith non-destructive
methods, and even destructive methods would not be suffi-
ciently accurate.

However, given the experimental Q(E,..) curve we can
calculate Ry (7, E,.., Rg) and then invert equation 11 (which
belongs to the class of first type Fredholm integral equations)
and infer the statistical distribution function f{Rxp,cu)- This is
indeed a classical ‘inverse problem’, to obtain a numerical
solution, the integral 11 has been approximated by appro-
priate discretization (quadrature) procedures reducing the
problem to a well conditioned linear algebraic problem [53].
The data have been sampled at 15 discrete points. In this way
the function f is obtained by points and its approximate
analytical expression can then be reconstructed by
interpolation.

In figure 6 we report the Q versus E,.. experimental data
points for one of our Nb-coated Cu 6 GHz cavities measured
at T = 1.8 K. The cavity is seamless and was realized by
spinning from a copper circular blank. The measurement
apparatus and techniques are the same described in [47]. The
theoretical fit (dashed curve) has been obtained by
equation (11) , computing the function R, (T, E,., Rg) by
iteration as discussed above (equations 9, 10) up to E,.
values that lead to convergence and setting Ry = R, above
that value. The parameters used for the R; computation are

reported in table 1, and have been determined by fitting the
experimental low power R, temperature dependence.

The Ry value for the Cu/Hell interface has been set at
the center of the literature value range [48-50]. This value
would lead to a global thermal quench of the cavity over
12 MV mfl, well outside the measurement range.

The continuous curve reported in figure 7 interpolates
the data points obtained for f(Rnp/cy) solving the inverse

problem, and corresponds to a slightly modified power

law expression: f (RNb /CU) = 7.82R§,§j’é370’205 I Rycs) The

detailed dependence of f(Rnp/cu) depends slightly on the
specific parameters choice (table 1) and by the chosen
discretization procedure, but its general characteristics are
fully stable.

The function f{Rny/cu) could only be evaluated for
Rnpycu > 6cm*K W™, since lower Rnb/cu values would
give a significant effect only for fields outside the measure-
ment range (over 6 MV mfl).

The surprising result here is that the integral I under the
represented curve is:

i~
= j; f(Rxb/cu)dRxb/cu = 0.005.

This means that only 0.5% of the Nb film in poor thermal
contact with the Cu substrate determines the observed Q
versus E,.. curve. For Ryp/cu < 6 em® KW, in principle
we can assume that all the remaining weight of the fiRxb,/cu)
function (99.5%) is given by a delta function corresponding to
Rnpycu = 0 (perfect adherence on 99.5% of the cavity sur-
face). Of course any other assumption respecting the condi-
tion imposed by equation (6) would lead to the same data
fitting.

The strong Q-slope at low fields, within this model, is
linked to the high Rny,/cy values ‘tail’ of the statistical dis-
tribution function. High values of Ryy,/c, imply locally high
thermal resistance (Rg) values and therefore low local quench
fields. By increasing the field the Nb film areas in loose
contact with the Cu substrate will be gradually driven into the
normal state, characterized by a high surface resistance, so
that the typically high Q-slope of the Nb/Cu cavities is
simply due to this progressive ‘micro-quench’ process. Of
course this phenomena is typical of the Nb/Cu cavities and
cannot occur in bulk Nb cavity.
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Figure 8. O-factor versus accelerating field for a thin film Nb/Cu
1.5 GHz cavity at T = 1.7 K realized at CERN [6]. The triangles are
the experimental points (the data are the same as those reported as
triangles in figure 2 for E,.c > 2MV m™ 1 the dashed line represents
the data fitting using the distribution function f{iRxy,/cy) reported in
figure 9.
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Figure 9. Distribution function f{Rny,/cy) obtained by inverting
equation 13 using as input data the Q-F,.. data reported in figure 8.

It is important to remark here that the model assumes that
Nb adherence problems on the high thermal conductivity Cu
substrate produce local surface temperature increase, pro-
portional to the local value of the thermal boundary resis-
tance. This assumption is non-trivial and its validity can be
more or less justified depending on the specific defect
typology.

In figure 8 we present another example of a fitting pro-
cedure based on the same simple model. The data points refer
to a Nb/Cu 1.3 GHz cavity measured at 7 = 1.7 K at CERN
[6]. The dashed curve represents the calculation, the fitting
procedure being analogous to the one reported above, start-
ing, in this case, from the parameters reported in table 2.

In this case the precise value assumed for the Cu/He
Kapitza conductance is unessential, since the thermal effects

f R T T T T T T
( Nb/Cu) — — - from LNL data, Fig. 7
104 from CERN data, Fig. 9
l‘ ------------- log normal distribution
[
105V 1
Vs
\ %
106 [y XL
\
107 > N .
\ ~ ’.".”.
s S
108 D g i NP
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0 400 800 1200 1600 Ry, /c,( cm2K/W)

Figure 10. Comparison of the Nb/Cu thermal contact distributions
assumed to fit the data reported in figures 7-9 in semi-log scale. The
log-normal distribution matching the CERN data distribution is also
reported.

are much less efficient for low frequency cavities and the
Kapitza resistance alone in this case would determine no
observable Q-slope effect in the considered field range. The
global thermal quench with the assumed value for R, would
be over 200 MV m_l, and this is consistent with the absence
of macroscopic quench phenomena in these types of cavities
up to very high fields.

The  interpolating  function  is: f (RNb /Cu):
1.52 - 106R§£%3}70’225 I Rvo/cs) and s plotted in figure 9. The

function is only reported for Rnp/cy Values above
250 cm*K W1 again lower Ryy/cy values would affect the
QO-slope above the maximum measured field (E . =
22MVm™! ), so that the function f cannot be determined below
that value.

The integral I under the represented fiRny/cy) curve in
this case is extremely low (/ = 0.0003), and it is indeed
sufficient to assume that 0.03% of the Nb film in bad
thermal contact with the copper substrate (or o partially
detached from it) significantly contributes to the observed
QO-slope. The overall percentage of the significantly detached
film areas leading to values of Rnp/cy Well over Ry
(Rnb/cu > 2Rg > 6 cm? KWfl) cannot be estimated here.

Finally the distribution function for the two reported
cases, plotted in linear scale in figures 7, 9 are compared in
figure 10 in a semi-log scale, that better shows the distribution
function behavior for high Rxp/cyu values. A log-normal dis-
tribution function (dotted curve in the figure) is also reported
for comparison. The parameters have been adapted to match
at the best the CERN data Nb/Cu thermal resistance dis-
tribution function.

In the last case for any realistic distribution function
assumed for Ryxp/cu < 250 em®>KW™! (as an example the
log-normal distribution reported in the figure) the average
value of Rnp/cu (M) calculated through equation 9,
would give very small values (3—4 cm® K W), which would
imply a very small average temperature increase at the inner
cavity surface. The value, calculated through equation (10),
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would be AT < 0.1 K at the maximum operating field, fully
justifying the already discussed negative result reported
in [51].

Finally, the indication that f{Rxp/c.) (Which represents
the probability of finding a given value of the thermal resis-
tance Rnp/cu) is well described by a log-normal distribution,
is consistent with the hypothesis of micro-voids formed at the
interface related to substrate roughness, already discussed in
section 4. In fact, in the literature there is evidence that the
number of micro-voids of a given diameter L grown at the
film/substrate interface, can be log-normally distributed ver-
sus the ratio L/ag, where ap is the lattice parameter of the
film [54].

Micro-voids at the interface are mainly determined by
factors such as [18, 54-58]:

i. the un-miscibility of niobium and copper as reported

in [28];

a limited adatom diffusivity of the niobium onto copper;

an effect of self-shadowing of the growing atomic

clusters;

the oblique angle of deposition between cathode and

substrate due to the elliptical shape of the cavity;

. the presence of depressions or wells of the substrate that
are closed by the edge deposition of two obliquely
impinging fluxes, that continue to grow across the voids
by interaction with the depositing atoms until a
continuous bridge is formed that closes off the void.

ii.
iii.

iv.

These factors are indeed all active in Nb/Cu thin film
superconducting RF cavities.

6. Discussion and conclusions

As mentioned in the introduction, solving the Q-slope pro-
blem in thin film cavities is essential for extending their use in
high field accelerators. Most of the attention has been devoted
in the past to improving the film quality, driven by models
attributing, in different ways, the Q-slope phenomenon to the
reduced film crystallinity. Other attempts were based on the
idea of impurity diffusion in the film from the copper sub-
strate. Thermal effects were also considered, but the small Nb
film thickness, the high Cu thermal conductivity and theore-
tical estimation of the thermal boundary resistance at the
Nb/Cu interface were all pointing in the direction that in thin
film cavities thermal effects should be far less relevant with
respect to bulk Nb cavities, excluding these effects as a
possible cause of the strong Q degradation with field. This
was also confirmed by a specific experimental test [51].

In this paper we have reconsidered thermal effects at the
Nb/Cu interface as a possible source of the Q-slope problem.
The idea was triggered by:

a. The evidence that Nb film adhesion on Cu is generally
poor, due to their non-miscibility, often even causing
film peel-off from the substrate.

b. A literature analysis of the thermal boundary resistance
R, /> between two flat solid surfaces in contact [35-38],

10

showing that in most cases, due to the non-perfect
surfaces adherence R, can be indeed very high,
overcoming the materials’ thermal conductivity con-
tribution up to considerable sheet thicknesses.

We have then considered that, in our case, the Nb film,
due to its poor adhesion, can be partially detached from the
Cu substrate in different spots of the cavity surface, giving
rise to a substantially continuous distribution function
SRnv/cu) of Rap/cy values over the cavity surface. We have
then extended the ordinary thermal feedback models to
account for these non-constant Ry c, values over the sur-
face. In this new frame there is a direct correspondence of the
measured Q versus E,.. curves and f{Rxp/cy), SO that from
any measured curve, through the classical ‘inverse problem’
methods one can extract a corresponding distribution function
of Rnp/cy values that would justify the experimental data. The
procedure has been applied to different sets of experimental
data, two of which have been discussed in the previous
section. The results appear to be very interesting:

1. In the examined cases the fraction of the cavity surface
area that is relevant to determine the observed Q-slope
is very small, always far less that 1%. Though a
determination of the partially detached surface area
(areas where the Nb/Cu thermal boundary resistance
exceeds the Cu/Hell Kapitza resistance) is not possible,
it appears in any case that the cavity surface fraction
where the adhesion is not perfect is limited to a small
percent.

. In the examined cases the Nb/Cu thermal boundary
resistance distribution functions are well approximated
with a power law function, exhibiting very similar
functional dependences. In the CERN data case, the
distribution function can also be well approximated by a
log-normal distribution. Log-normal f{Rny/c,) distribu-
tions lead to Q-factor quasi-exponentially decreasing as
a function of the RF injected power.

Though, in our opinion, the whole body of information
and data reported in the previous sections point strongly
towards the thermal mismatch at the Nb/Cu interface due to
(minor) adhesion problems being the main origin of the Q-
slope in thin film cavities, unfortunately there are not really
any independent ways to determine the f{Rny/cy) distribution
independently, even using destructive methods. So we cannot
furnish a full proof of our arguments. More ‘tailored’ mea-
surements, including measurements at different temperatures
and on sets of cavities prepared changing individual deposi-
tion parameters, will be needed to further validate the model.

Indeed, if the Nb/Cu interface thermal boundary in
partially film detached areas is the source of the problem, the
strategy should be addressed towards an improvement of the
Nb film adhesion on the copper substrate. This can be
achieved, as an example, adopting the following strategies:

1. Increasing the substrate temperature will both decrease
the void volume and the mean surface roughness of the
nucleating film, by increasing the spacing between void
tracks.
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2. Promoting the deposition kinetic energy released from

the bombarding particles to the growing film could
increase the film adherence. This could be done both by
the application of a bias, and by an action of plasma
bombardment of the growing film.

. By growing between copper and niobium a buffer layer

of a metal that is miscible to both materials for example
aluminum, tin, silver or palladium.

. Finding the right sputtering regime where the film

stresses are released. Indeed by varying the noble gas
pressure used for the sputtering discharge, the stress
induced in the film can pass from tensile to compres-
sive. Obviously the adhesion between copper and
niobium is compromised by the film residual stress.

. A high temperature vacuum annealing of the film after

the sputtering could also play a role in the recovery of
the film morphology and microstructure, especially at
the interface, if the temperature is higher than 1073 K.

We are confident that experiments along these lines will

finally lead to the solution of the subtle Q-slope problem in
thin film accelerating cavities.
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