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Abstract

A low-power SRF test facility is being upgraded at Dares-
bury Laboratory as part of the superconducting thin film
testing programme. The facility consists of a bulk niobium
test cavity operating at 7.8 GHz, surrounded by RF chokes,
and can be run with input RF powers up to 1 W. It is housed
within a liquid helium free cryostat and is able to test thin
film planar samples up to 100 mm in diameter with a thick-
ness between 1 and 20 mm. The RF chokes allow the cavity
to be physically and thermally isolated from the sample, thus
reducing the need for complicated sample mounting, whilst
minimising field leakage out of the cavity. This allows for a
fast turnaround time of two to three days per sample. Initial
tests using a newly designed sample holder have shown that
an RF-DC compensation method can be used successfully
to calculate the surface resistance of samples down to 4 K.
Potential upgrades include a pick-up antenna for direct mea-
surements of stored energy and the addition of a self-excited
loop to mitigate the effects of microphonics. Details of this
facility and preliminary results are described in this paper.

INTRODUCTION

The main aim for the thin film SRF programme at Dares-
bury Laboratory is to have a simple system able to measure
samples under RF conditions with a quick turnaround time
between tests. A vertical test facility able to achieve this is
in the final stages of commissioning.

After commissioning of the system has been completed,
it is expected that two to three samples can be fully charac-
terised under RF conditions per week. This is made possible
because of a simple sample mounting procedure that re-
quires little time and effort to perform as it does not require
welding.

The ultimate aim is to have the system running in tandem
with both a magnetic field penetration facility [1] and a RRR
facility [2] operating at Daresbury Laboratory. In doing
s0, a full picture can be built up of how well each sample
performs under both RF and DC conditions. This can then
be compared with deposition/preparation parameters used
as well as results from surface analysis techniques in order
to inform future full cavity depositions.

This paper reports on upgrades made to the test facility
as well as RF testing and preliminary measurements of the
surface resistance of a bulk niobium sample.
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THE FACILITY

The facility consists of a bulk-niobium choked cavity as
described in [3-5]. There are two versions of the cavity
design available to use. Both consist of an identical cylin-
drical half cell, with one surrounded by two chokes and the
other surrounded by three chokes. These are both able to
test planar samples up to 100 mm in diameter with variable
thicknesses between 1 and 20 mm. The resonant frequency
of the cavities is 7.8 GHz. This frequency was chosen due
to the requirement of chokes surrounding the half cell, thus
limiting its size. This, along with to the maximum size of
planar samples able to be manufactured, result in a higher
resonant frequency compared with most other test facilities.

Planar samples are used because they are easy to deposit
on and can be manufactured at low cost unlike full sized
cavities. Preparation and deposition of thin film samples of
niobium, as well as other superconducting compounds, by
members of ASTeC are detailed in [6-8].

The choke cavity is housed in a two-stage LHe-free cryo-
stat. This system is described fully in [S]. The system allows
for a simple, fast sample changeover, justifying the decision
to switch from using a previous LHe cryostat [4]. The facil-
ity contains a laminar air flow providing cleanliness to ISO
6 standard, though moving to a cleaner environment might
be required in the future.

There have since been some modifications to this dry sys-
tem. The main upgrade has been to the sample mounting
system. The previous design was deemed to provide poor
thermal control of the sample. In order to improve on this,
the sample holder that mounts the sample to the system
was redesigned. The new sample holder, made from OFHC
copper is brazed at 160 °C with indium foil to the sample
prior to installation in the cryostat. This is carried out in a
separate facility, either under vacuum or in the presence of
an inert gas, to ensure that there is minimal contamination
of the sample. The high thermal conductivity of indium
provides a strong thermal contact between the sample holder
and sample allowing for more accurate temperature measure-
ments and optimal thermal control. Since it is not possible
to attach thermometers directly to the sample, two silicon
diode thermometers are mounted to the sample holder. The
sample holder also has two 10 Q heaters attached as well as
copper heat links connected to the cold head for cooling.

Another upgrade was made to improve the thermal iso-
lation between the sample and cavity. To maintain a Imm
vacuum gap between the two, aluminium spacers were pre-
viously used. However, these spacers were later replaced
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by G-10 material in order to achieve better thermal isola-
tion. This is important when using an RF-DC compensation
method, detailed in [9, 10], for measuring power dissipated
on the sample. With the G-10 spacers, a temperature dif-
ference between the sample and cavity of 4 K was achieved
compared with just 0.1 K with the aluminium spacers with
no additional cooling on the sample.

The sample holder slides onto an aluminium sample plate
and is mounted using G-10 studdings to ensure that the sam-
ple is aligned with the cavity. A schematic of the upgraded
mounting system is shown in Fig. 1 with an image of this
shown in Fig. 2.
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Figure 1: A schematic showing the mounting of the cavity
and sample to the stage 2 plate of the cryostat.
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Figure 2: A view of the sample mounted under the cavity.

The third upgrade made had the aim of making more ac-
curate thermometry measurements. To do this, one has to
measure the power dissipated on the sample by the heaters.
In order to do this accurately, the facility has had the addi-
tion of Multicomp Pro multimeters connected between the
sample heaters and a Lakeshore temperature controller. An
equivalent set up is in place for the heaters to connected to
the cavity plate. These multimeters allow for a four wire
measurement of current and voltage across the heaters con-
nected to the sample holder, required for measurements
of DC power across the heaters. It is important that the
choke cavity temperature is kept constant using a separate
Lakeshore controller connected to the cavity heaters in order
to keep the Q factor of the cavity-sample system constant
during the measurement.
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The main advantage of the facility is the simplicity of
changing samples. Assembling the cryostat, from opening
up to replacing a sample and closing, takes only around
1 hour. It then takes around 2 hours to pump down to
10~3 mbar before the compressor is switched on to start
cooling. The sample and cavity take around 12 hours to
cool to a base temperature of approximately 4 K. Allowing
one day for taking measurements means that completing a
sample test can take just two days.

RF-DC COMPENSATION METHOD

The RF surface resistance of samples, Rs, is measured
using a simple RF-DC compensation method, based on that
used by the quadrupole resonator described in [9, 10]. This
utilises the heaters connected to both the cavity and the
sample which performs measurements at a fixed temperature
with the RF on and off, hence removing calibration errors.
The procedure is as follows:

1. Starting at an initial sample temperature, the tempera-
ture of interest of the sample, T, is set with the RF off.
This is done using the temperature controller connected
to the sample heaters, which supplies a current to them.
Once T; and heater power, Ppc, have both stabilised,
a first measurement of heater power, Ppc,1, is made
by measuring the current through the heaters and the
voltage across them.

2. The RF power is switched on, which causes a momen-
tary rise in sample temperature due to RF heating on
the sample surface. The temperature controller then
brings the temperature back down to the value previ-
ously set and the new value of DC power through the
heaters is measured to be Ppc 2.

3. The RF power dissipated on the sample, Prp, is equal
to the difference in heater powers. L.e.
Prr = Ppc,1 - Ppc2.

4. Steps 2 and 3 can be repeated at a range of RF powers
and hence a range of magnetic field strengths on the
sample. Each time, a new value of Ppc 2 is measured.

An example of how T and Ppc vary over time is shown
in Fig. 3 for a change of T; from 4.0 to 4.2 K. T reaches
equilibrium after just a few minutes, however it usually takes
around 30 minutes for the heater power to stabilise. This is
likely due to the low thermal conductivity of the niobium
sample. Ppc and 7§ take just a few minutes to stabilise when
RF power, Py, is input into the cavity due to the fact that
T, remains constant, allowing for measurements to be taken
at a range of RF powers. The small drop in Ppc as Pcay i
increased from O indicates that only a small percentage of
RF power is dissipated on the sample. The rest of the power
is both dissipated on the sample and radiated through the
sample-cavity gap.

Pgp is defined as
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Figure 3: An example of how T and Ppc vary with time
before and after RF power is switched on. Both Ppc and
P,y are plotted on the secondary axis. Two values of Ppc 2
are shown for two values of P.,y.
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where ,u(z) is the vacuum permeability, B is the magnetic field
strength and it is assumed that Rg is constant over the sample
surface.

Following steps 1 to 3 allows for direct measurements of
Rgs from a rearrangement of Eq. (1):
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The surface integral in Eq. (2) cannot be determined
experimentally, therefore a constant has to be defined in
order to calculate Rs. This constant, c, is defined as:
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where B p is the peak magnetic field on the sample surface
given by

Cc

3)

Bs pk = B pk,csT X VU, 4

and U is the stored energy in the cavity.

In Eq. (3), By pk,csTs Ps,cst and Rg cst are values of
the magnetic field, power dissipated on the sample and sur-
face resistance calculated using CST Studio Suite [11] nor-
malised for a stored energy of 1 J. For the choke cavity
system, ¢ = 2.63 x 10> m™2.

Substituting the constant into Eq. (2) gives an equation
that can be used to calculate Rs:

2
cpgPre
Ry=—>—. )
Bs,pk

Therefore, Rs measurements simply require being able to
measure heater power and stored energy.
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RF TESTS

Tests with this system continue to be made with reflection
measurements via a single input coupler connected to a
vector network analyser (VNA).

Prior to making the first Rs measurements of a bulk nio-
bium sample using RF-DC compensation, it was important
to quantify the level of microphonics in the system. It had
previously been noted that moving from a LHe system to a
Gifford-McMahon cryocooler increased the level of micro-
phonics due to its mechanical motion causing vibrations of
the input coupler [5]. This leads to excitations of mechanical
modes within the system, which can couple with the resonant
frequency of the cavity and create unwanted noise. The main
downside of this is when measuring narrower bandwidths
at the lower end of the temperature range leading to higher
uncertainties in measurements of Q and P,y .

To quantify the level of microphonics, the VNA was firstly
set to a zero span frequency at the resonant frequency, fp, and
fluctuations in the S phase were measured over a period of
time. The phase of the reflected signal, 6, is given by [12]:

28Qoé
ﬁ) : ©)
B> —1-1(Qo9)
where £ is the coupling factor and Qy is the intrinsic quality
factor. The normalised frequency shift, ¢, is given by

6 = —arctan (

—_— - =~

@)

where f is a frequency point and Af is the frequency shift
of the microphonics.

The phase shifts measured by the VNA were converted to
a normalised frequency shift using Eq. (6). The maximum
normalised frequency shift was approximately 1.5 x 107>
which corresponds to Af =~ 60 kHz with a period of 1 s as
shown in Fig. 4. This is around five times the expected
bandwidth at low temperatures, indicating that the periodic
motion of the cryocooler causes significant vibrations in the
long input coupler.
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Figure 4: Measurements of Af over a sweep time of 10
seconds.

Despite previous attempts to damp the microphonics [5],
the level is still too high to make accurate measurements
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with the single coupler in the matched state. Instead, all
measurements have been taken with with the coupler over-
coupled to widen the bandwidth above 60 kHz to keep the
cavity on resonance. However, in doing so, more power
leaks out of the coupler and less goes into the cavity. This
therefore limits the strength of Bg p.

With the VNA limited to a maximum output power of
2.5 mW at 7.8 GHz, the addition of an amplifier was re-
quired to compensate for an overcoupled input coupler. The
amplifier was connected in conjunction with attenuators al-
lowing for a maximum input power into the cavity of 1 W
(due to lab radiation limits). A directional coupler was used
to direct the reflected signal from the cavity into the second
port of the VNA due to the amplifier being unidirectional.
This system can be adjusted to provide more input power if
needed.

The amplifier system can also accommodate a second
coupler acting as a pickup. The pickup can be used to make
measurements of the transmitted power in the system, lead-
ing to direct measurements of U. This leads to more accurate
measurements of By p calculated using Eq. (4) due to the
removal of errors made when measuring cable losses from
reflection measurements with a single coupler. A second
coupler can also be used with a self-excited loop allowing
the cavity to be fixed on resonance with measurements run
in matched conditions whilst mitigating the effects of vi-
brations in the system. Doing this would also allow for
measurements to be made at higher By pk.

PRELIMINARY RESULTS AND
DISCUSSION

The main aim of the preliminary tests was to ensure that
the RF-DC compensation method could be successfully used
with this system to measure Rg of planar sample discs. To
demonstrate this, measurements of Rg of a bulk niobium
sample were made both as a function of 7 at constant By pk,
and as a function of B px at constant 7.

So far, the minimum sample and cavity temperatures
measured was 3.9 K. The lowest sample temperature mea-
sured was 4.1 K to ensure that there was sufficient cooling
power available to reduce the sample back to its equilibrium
temperature after RF power is turned on. The measure-
ments of Rg against 1/T are shown in Fig. 5 for a constant
B; px = 0.55 mT.

At lower temperatures it is clear that Rg is higher than
Rpcs. The residual resistance of the sample is approxi-
mately 17 pQ, although it should be noted that the bulk
Nb sample used for testing did not have any surface treat-
ment or HPR. The results also shows a steep increase in Rg
at8 < T, < 9K, below the expected Tc = 9.2 K for nio-
bium. Also plotted is the theoretical BCS resistance, Rgcs,
over the same temperature range at a resonant frequency of
7.8 GHz. This was calculated by the widely used SRIMP
programme based on the original code by Halbritter [13].

Measurements of Rs against B; ¢ for constant Ty were
also made. These results show a slight dependence of Rg
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Figure 5: Rs and Rpcs vs 1/T5 with By px = 0.55 mT.

on B px. Examples of this dependence are shown shown in
Fig. 6 at T, = 4.1 K and Fig. 7 at T, = 4.4 K. The plots also
show the measurements of Ppc,; and Ppc 2. The difference
between the two shows that the maximum Prg = 1.8 mW
at 4.1 K and Prr =2.2 mW at 4.4 K. Since Ppc > does not
reach O mW in both cases, this indicates that the limitation
with B px = 0.55 mT is due to reaching the limit of Pe,y.
Mitigating the microphonics with a self-excited loop will
allow the coupler to be in the matched state, allowing for
more RF power input into the cavity resulting in higher B p.
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Figure 6: Rs vs B px at Ty = 4.1 K.

The preliminary results for a bulk niobium sample show
that this system can be used successfully to calculate Rg of
samples via the RF-DC compensation method. Currently,
one of the main contributors to the uncertainty in each mea-
surement is how U is calculated. Just using a single antenna
creates uncertainty in the value of P.,,, mainly due to cable
losses. A second antenna acting as a pickup would enable
direct measurements of U from the transmitted power, thus
eliminating errors created from measuring cable loss factors.
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Figure 7: Rs vs B px at Ty = 4.4 K.
CONCLUSIONS AND FUTURE

UPGRADES

Measurements of Rg of a bulk niobium sample have
been made for the first time using the RF-DC compensation
method. These results successfully show that this method
can be used for this system to test additional samples. Re-
sults show that measurements can currently be made down
to Ty = 4.1 K and B px < 0.55 mT. The main advantage
of this system is the ease of replacing and mounting a new
sample. This means that two to three samples can be tested
per week.

The main future upgrade will be the addition of a second
coupler as a pickup that would allow for measurements of
the transmitted power through the cavity, providing direct
measurements of the stored energy in the cavity. This would
remove any of the current uncertainties from measuring
the stored energy from the reflected signal with a single
input coupler. A second antenna would also allow for the
possibility of adding a self-excited loop which would also
allow for higher magnetic fields to be reached and a removal
of the effects of microphonics.

With this system operational, it is ready to use for mea-
suring thin film samples at a rate of two to three samples per
week.
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