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Abstract

The use of bulk Niobium in superconducting cavities is at present the easiest way to realize
those devices, especially for the applications in particle dccelerators such as our LIS-A machine.
However for the future applications requiring higher performances of these active devices the
actual bulk Niobium technology suffers some limitations, which may be only in part overcome.
Thus, following the CERN experience, we began to study, in the framework of the ARES
program, the applications of thin film technology to the superconducting cavities. We fabricated
several Niobium thin films, by means of our dc magnetron sputtering deposition system, on a
planar glass substrate at ambient temperature. For each sample we measured the resistance versus
temperature dependence down to the transition temperature, and the transition temperature
behavior as a function of the applied magnetic field up to 5 Tesla. The results indicate that,
although the very first samples showed an higher residual resistance and a lower transition
temperature, we were able to get rather good quality Niobium thin films having transition
temperatures higher than 9.24 K,

1 - Introduction

Nowadays superconducting cavities are being used in many particle accelerators for their
higher efficiency as active devices compared to normal cavities. This feature in addition allows to
obtain a beam having better characteristics, such as low energy spread. Also at LNF there is in
progress the realization of the 1.IS-A linear accelerator using superconducting cavities operated at
500 MHz (1). The standard bulk Niobium technology was adopted as a first approach, whilst
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future developments are foreseen. The use of bulk Niobium is favored because of its relatively
high critical temperature T ~9.2 K, and its good mechanical properties compared to other
superconducting metals. Moreover the upper critical field H.,~1600 Gauss at 4.2 K of pure
Niobium and its surface resistance Ry calculated from BCS theory at 500 MHz and 4.2 K, lead to
a theoretical limit for the corresponding accelerating electrical field E;~40 MV/m and to a quality
factor Qg=4 x 109.

Unfortunately the accelerating fields routinely achieved in Niobium sheet cavities at 500
MHz and 4.2 K do not exceed 10 MV/m, with a Qg value of 1 x 109 (2).

In order to get higher Qg values in correspondence of higher E, fields, cavities could be
operated at temperatures lower and lower, because in agreement to the BCS theory of
superconductivity we should have, in the limits described in (3), Rg o0 @2 p,1/2 e-(1.76/t), where
t=T/T, is the reduced temperature, ® is the frequency, and p, is the normal state resistivity. R
for real superconductors follows this temperature behavior only up to a certain value, where a
saturation effect is always found. This final value is usually called residual resistance R, and it
is mainly accounted for both impurities (4) and temperature independént loss mechanisms (5)
occutring on the cavity surface in the presence of the electromagnetic field. At present there is not
an exhaustive theory which can predict the R value for a superconductor.

One of the limits of superconducting cavities made of bulk Niobium is the relatively poor
thermal conductivity, which reduces the heat exchange between the inner cavity surface (where
the loss mechanisms generate the heat) and the outer surface (where the heat is absorbed by the
helium bath). The dissipated power on the inner surface is (6):

- LR.%J. B2dS
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being Ry the real part of the surface impedance, B the induction field and 1, the magnetic
permeability of vacuum. This power has to be compared (7) to the heat flux density

Q= (knp / d) (T;-Tp)

where kyy, is the Niobium thermal conductivity, d the wall thickness of the cavity, T; and Tg
respectively the inner surface temperature and the outer bath temperature. This rule is true only
when the heat density flow is lower than the value which generates local film boiling effect. The
‘higher is the residual resistivity ratio RRR the higher is the kyg,. In practice it is usual to find
small non superconducting parts on' the inner cavity surface which exhibit enhanced surface
impedance. Consequently there is a larger heat generation, that may induce a thermal breakdown
of the whole cavity even at relatively low values of Ej. To identify the presence of "hot spots” a
particular technique is usually adopted (8) called temperature mapping. It has been reported (9)
that with E;~10 MV/m the critical diameter of 72 pim of a normal impuirity can induc€ a thermal
breakdown in a cavity made of RRR=40 Niobium (kyp=5 Wm-1K-1) while using the RRR=300



Niobium quality (kny=50 Wm-1K-1) the critical diameter increases up to 480 pwm. Thus the
cryogenic stabilization due to the high conductivity Niobitim may be a good key to get higher E,,
but with the corresponding higher losses. The effect of the RRR value on the field is E, o
(RRR)1/2, but it is to be considered that the mechanical properties of the Niobium, i.e. yield
strength, elongation, etc., decrease with the purity. This implies that for larger cavities, i.e. at
lower frequencies, very high value of RRR may lead to an increase of the wall thickness for
mechanical stability. Moreover computer simulations (10), theoretical calculations (11), and some
data (12) show that the BCS surface resistiance increases increasing the RRR. In practice this
means that the Qg value decreases increasing the Niobium purity, and this effect is more evident
at lower frequencies (13). Taking into account that the RF electromagnetic fields do not penetrate
within the bulk material, the use of a supetconducting thin film deposited within a copper cavity
should realize a superconducting cavity having the same good thermal conductivity of copper
(kcy=400 Wm-1K-1 for copper ETP @ 4.2 K). This idea has been pursued by C. Benvenuti and
co-workers (14, 15), and actually they have shown the feasibility of LEP superconducting
cavities at 350 MHz by using a sputtering technique within the four cell cavity. Furthermore it
has experimentally been observed that for these cavities the Qq value at low fields is independent
of the earth magnetic field ( 16). This feature allows to avoid the compensation system of the
magnetic field during the normal superconducting transition. Also it has to be noticed that for this
kind of cavities the Qg value at low field is always higher than the Qy measured in the same
cavities made of bulk Niobium. This is probably due both to the lower RRR of the Niobium thin
film (in the range 20 - 40), and to the weak efféct of the magnetic field on the Nb/Cu
superconducting cavities (15).

Here we report preliminary results we got in fabricating Niobium thin films and a summary
of their superconducting properties we measured. In sec. 2 the fabrication process is
summarized. In sec. 3 the experimental set up and the results on the T, measurements are
reported, both in the absence and in the presence of strong magnetic fields. The expetimental data
ate discussed in terms of sample impurity contents related to the fabrication process. Brief
conclusions are given in sec. 4. "

2 - Thin film fabrication

We have realized the Niobium films by using the Leybold L 560 thin film fabrication plant
which is equipped with a 3" Nb cathode. Though our system allows for both RF and DC
magnetron sputtering; we preferred the last one in view of the good metallic behavior of Nb. The
evacuation system consists of a fore vacuum group (two. stage rotary pump 75 m3/h plus a
mechanical roots 500 m3/h) and a turbo molecular pump having 1000 I/s pumping speed. This
pumping unit allows to reach a final vacuum of in the low range of 10-7 mBar in few hours. All
the samples have been deposited through a steel mask, to get a linear strip approximately 20 x.2.2
mm?2, on a Corning 7059 glass substrate, without any substrate heater. The substrates have



previously been cleaned by using the cotnmercial Balzers substrate cleaner products, and then
placed into the vacuum chamber. The filth growth has been monitored by using the quartz
thickness monitor Inficon XTC. A summaty sketch of the sputtering chamber is in Fig. 1. The
first group of samples has been processed as follows:

a.  vacuum into the chamber before the deposition 2+3 x 10-7 mBar;

b. introduction of At gas up to reach a ptessure of 5 x 10-3 mBar;

c. 5 minuteslong pre sptttering at 100 W while the substrate is kept far from the cathode;

d. sputtering on the glass substrate up to get a nominal thickness of 3'000 A, both at 400 W

and at 550 W.
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FIG. 1 - Sputtering chamber overview.

a) target

b) thickness monitor

¢) substrate holder seat

d) rotating plate

Step a has usually been reached by pumping within the chamber for 12 hours overnight.

No bake out has been performed during this time, though the plant is designed for circulation of
warm water in the vacuum chamber walls. Moreover we have niot used any cold trap on the tutbo
pump. The Ar gas N60 quality (99.9995 %) has been introduced through either a leak valve ora
mass flow controller; in the latter case the inlet gas comes in directly in the proximity of the
substrate. With the dc power off the mass flow rate to get 5 x 10-3 mBar is about 75 sccm. The
pre sputtering is intended to remove oxides from the cathode surface. The rate of growth on the
substrate side is about 2 A/s at 100 W, and respectively 7 and 9 A/s at 400 and 550 W.

" After the meastrements on samples of this group we decided to ificrease both the pre
sputtering time and rate. This was for a deeper etching of the cathode surface, and for a better
adherence of the film on the substrate. The dc power used was 600 W, for both the pre sputtering
and the deposition. The deposition rate was = 9.6 A/s and the film final thickness was increased
to 6000 A. The pre sputtering lasted more than 20 minutes. We also used a worse Ar quality
(99.9985%) in this second group of satnples.

Finally for the last depositions we changed the steel mask, whose geometry is reported in
Fig. 2, which should allow us to measure mote precisely the electric parateters of the film. The
deposition rate of this set was 6.5 A/s at beginning, and 9.5 A/s later on.
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FIG. 2 - Stainless steel mask geometry.

3 - Experimental results

All the measurements have been performed in a gas flow variable temperature cryostat
provided with a superconducting magnet able to generate a magnetic field up to 5 T. The samples
are fixed on a bulk copper sample holder with the film plane parallel to the generated magnetic
field. The resistances have always been measured by using a four leads configuration. A scheme
of the measurements instruments is reported in Fig. 3. We took care of the current density value,
low enough to neglect for each measurement the resistive self heating,the magnetic self field and
the critical current density. During the cool down the automatic data acquisition system enabled,
at fixed temperature intervals, the 1 mA constant bias current to flow into the sample and soon
after it took the voltage across the sample. We arranged, by software control, the double voltage
reading both with direct and inverse current flow in order to avoid the fluctuating thermal emf.
The temperature has been measured by means of a Lake Shote calibrated carbon glass resistor
(CGR), fed at constant curtent of 10 tA, and placed in close thermal contact with the sample.

The resistance value has been interpolated to get the temperature by using the standard
relation (17):

log(R)+K/log(R)=A+B/T
where R is the CGR resistance, T is the temperature, and K, A, and B are constants to be

determined from the calibration points. We applied this relation to fourteen ranges of temperature
to get a precision of £ 0.05 K in the range of our interest. Moreover in order to guarantee a good



thermal equilibrium between the sample and the thermometer the rate of temperature variation
near the superconducting transition has been kept as low as 0.1 K/min.
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FIG. 3 - Block scheme of the measuring instruments.

In Table I the main electric features of two representative samples for different sputtering
conditions are reported. Here B is the sample resistivity ratio between the room temperature and
the indicated one. In this table T, is defined as the temperature corresponding to the half value of
the resistive transition. The transition amplitude AT, is here intended as the temperature
difference between the transition onset and the zero resistance value. It is mainly due to the
minimum temperature increment we recorded, so that the real transition amplitude must be equal
or smaller. A measure of resistivity is made on the first sample of the last group whose geometry



was well defined and its thickness of 4000 A has been measured by a profilometer. For this film
we got 19.6 1€ cm at ambient temperature and 8.9 pQ cm atL Ny .

TABLE I

B77 B1o T (K) AT, (K)
group 1 2.4 3.5 9.05 0.15

24 3.5 9.05 0.14
group 2 2.7 4.7 9.24 0.10

2.6 4.6 9.18 0.10
group 3 2.2 - - -

2.5 4.53 9.15 0.10

However the resistivity values we roughly measured on the two best samples, belonging to
group 2, taking into account of the space between the voltage leads and the nominal thickness is
about 13 p cm (+ 20 %) at ambient temperature and 4 Q cm at 10 K. This value is comparable
with 2+4 pQ cm reported for Niobium films (18,19) and 3.6 uQ cm at 10 K for bulk Niobium
having B = 6 (20). In Fig. 4 the typical behavior of the resistance versus the temperature of our
superconducting films is reported in the whole range 300 + 4.2 K.
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FIG. 4 - Typical R - vs - T dependence of our Niobium films,

The resistance decreases with temperature in the range 300<T<40 K showing a decrease as T
with n<1, i.e. not perfectly linear; this effect observed in all our Niobium films at higher
temperatures may be related to the presence of the strong coupling factor A between electrons and
phonons (21). The lowering of the temperature below 40 K leads to a gradual saturation of the



resistance, which reaches a constant value called residual resistance. This resistance is evidenced
when T << Op, (8, = Debye temperature = 320 K for Niobium) where the electronic scattering
with lattice becomes negligible, while the scattering due to the impurities, temperature
independent, is the main contribution to the resistivity. As can be deduced from data in Table I
the highest temperature transitions correspornd to the highest B values, and also to the lowest
resistivities. Thus, according to ref.19, the measure of B at low temperature is an immediate test
of the film quality from the point of view of impurity contents.

In Fig. 5 the typical resistive transitions in the presence of magnetic field are reported.
These data have been recorded always decreasing the temperature with fixed static magnetic
fields. This is a measure of the Niobium upper critical field Hy, at different temperatures and it
can be related to the impurities present in the Niobium (22). From these records it is evident a
strong effect of the field on the transition amplitude. This can be due both to flux motion induced
dissipation, and to granular stuctures.
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FIG. 5 - Typical resistive superconducting transitions in the presence of parallel magnetic field: curve a) B = 0
Gauss; curve b) B = 440 Gauss; curve ¢) B = 1150 Gauss; curve d) B = 2300 Gauss; curve €) B = 5000 Gauss;
curve f) B = 10000 Gauss; curve g) B = 15000 Gauss.

In Fig. 6 the Hey - vs - T behavior of three different films, respectively belonging to the
first, second, and third series, are reported. The measured critical fields in some case are as high
as 4 Tesla at 3 K! The rate of decrease of Hey is about 3.3 kG/K near T,. Our results indicates the
critical field of Niobium films is much higher than the bulk critical field, as reported also from
other experiments (23). ‘

From a comparison between out measurements with data reported in ref.24 it results that
the initial slope shown in Fig. 6 of the He, with the temperature is close to the indicated dH.o/dT
for Nb films having the same thickness. Moreover the reported values of H) at low temperatures



are in the same range we found for our films, i.e. several tens of kG. In ordet to look for a
suitable relation of the temperature dependence of Hy, the Abrikosov relation for type II
superconductors may be used:

Hep = 2k Hey,

where K is the Ginzburg-Landau parameter and Hy, is the "bulk" thermodynamic critical field.
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FIG. 6 - Experimental behavior of the upper critical field as a function of the temperatute
for films belonging to different groups. Dotted lines are only to connect homogeneous data.

The temperature dependence is both in the H, and in the parametér k = A(T) / £(T), where X(T)
15 the magnetic penetration depth and &(T) the coheretice length. There are several fortmulations
for the theoretical Hoo(T) curve (25, 26, 27) taking into account of the bulk material different
conditions. v

The Gor'kov analysis indicates two contributions to k = K, + K1, being K, the contribution
of the electronic structure, and K related to the mean free path. If we consider we are in the thick
film limit, that is when the sample thickness is larger than the effective coherence length, we can
write (28) K, as k; = 7.53x103 vy p,, , where vy is the Sommerfeld constant, and:

Hey = V2 Hyy, (g + 7.53x103 Yy py )

Being for thermodynamic considerations Hy, = 27 ¥)1/2 T, (1- t 2), it is possible to get the
H¢»(T) curve with the parameter Ky(T). Measurement (25).of the temperature dependetice of
Ko(T) gives a linear fit Ky = 1.59 - 0.72 t . In Fig. 7 is shown a plot of the theoretical Hgy(T)
togheter with some experimental data measured on a sample of group 1. The values of p,= 6 n2



10

cm and T,= 9.24 K have been used to compute the theoretical points. Though the data are well
fitted by theory in the Ginzburg-Landau limit, i.e.when T approaches T, lowering the
temperature there is a completely different behavior. This may be accounted for because in a thin
film other effects play an impottant role in determining both Hcp and its behavior with
tempetature. In fact a strong dependence on the film grain size of the value of Hy, is reported
(24).
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FIG. 7 -Comparison between expression (1) calculated with To=9.24 K, pp =6
€2 cm, and experimental data.

4 - Conclusion ,

The fabrication of superconducting cavities by means of a superconducting thin film in a
copper cavity seems to have good perspectives for the requirements of accelerating cavities with
higher performances. In this framework we are pursuing studies on the fabrications of thin films
looking to their superconducting propetties. The first approach concerns Niobium thin films,
which for their known properties allow a better comparison with reported data. Moreover we
analyzed the behavior of the upper critical field as a function of temperature, which is also related
to the sample impurity content. The data are fitted with the Abrikosov relation in the Ginzburg
Landau limit, but far from the critical temperature the agreement with the theory for bulk samples
is lost. However our results are similar to measurements reported into literature, which suggest
that other effects are dominant in the H.y(T) curve for Niobium films. To have a deeper
understanding on the Hgy(T) behavior further experiments have to be carried out to relate in
addition the effect either of the film thickness or of the film grain size on the Hep(T) curve. To
check for these parameters on the He3(T) for a Niobitim thin film 4 new fabrication set-up is
being realized, which includes a better vacuum in the chamber, the use of a fixed mask, and a
substrate heater.
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