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Abstract

Particle accelerators form an important tool in a variety of
research fields. In an effort to reduce operation costs while
maintaining high energies, their accelerating structures are
steadily improved towards higher accelerating fields and
lower RF losses. Stable operation of such a cavity generally
requires Joule-heating, generated in its walls, to be con-
ducted to an outer helium bath. Therefore, it is of interest
to experimentally evaluate how present and future cavity
treatments affect thermal characteristics. We present an in-
strument for measuring the thermal performance of SRF
cavity materials at cryogenic temperatures. Pairs of niobium
disks are placed inside of a liquid helium bath and a tem-
perature gradient is generated across them to obtain total
thermal resistance for temperatures below 2 K. To get an
idea of the instruments sensitivity and how standard cavity
treatments influence thermal resistance, samples are tested
post fabrication, polishing and 800 °C baking. The first tests
show the commissioning of our newly set up system and if
it is feasible to observe relevant changes and evaluate new
and promising cavity treatments such as SIS structures.

INTRODUCTION

The thermal performance of accelerating structures not
only influences achievable accelerating fields, but also af-
fects operation costs, which for the most part are given by the
cryoplant. As the rf field interacts with normal conducting
electrons on the inner surface of the cavity walls, heat is
generated due to surface resistance. This undesirable power
dissipation in form of so-called Joule-heating increases sur-
face temperature and reduces quality factor. At sufficiently
large fields heat cannot be conducted to the outer helium
bath effectively anymore, leading to a sudden decrease of
cavity performance.

In order to push breakdown towards its theoretical maxi-
mum field it is mandatory to avoid thermal feedback, dete-
riorating the rf performance before its inherent limitations.
The thermal resistance of a cavity, which determines the
cavities response to surface heating, is comprised of two
components. First the resistance of the bulk material deter-
mines how freely heat flows from the inner surface, where it
is created, through the metal and to the outer surface. For a
homogeneous bulk this resistance linearly depends on thick-
ness. The second component is given by the resistance at
the interface between cavity wall and liquid helium bath. In
typical cavities at cryogenic temperatures these resistances
often are comparable to each other in magnitude and their
sum makes up the total thermal resistance.
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Here, we present the current development status of our
Niobum Thermal Conductance Instrument (NTCI), a ther-
mal conduction instrument for niobium at cryogenic temper-
atures. Its design is based on a similar device, which was
first introduced and utilized by J. Amrit, M.X. Francois and
C.Z. Antoine over two decades ago [1, 2]. In comparison
to standard thermal conduction instruments, which most of
the time are limited to thermal characteristics of the bulk,
this design additionally allows taking interface resistance
into account, which makes results better applicable to the
real world thermal behaviour of cavities. Therefore, NTCI
also allows to study the impact of 10 — 100 nm thin layers,
effectively representing only a fraction of the whole volume,
on total thermal resistance.

EXPERIMENTAL SETUP
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Figure 1: Crossectional view of NTCI.

The fundamental working principle of NTCI can be un-
derstood by looking at its cross-section shown in Fig. 1. A
pair of identically treated disc-shaped niobium samples with
a diameter of 45 mm is mounted to a ring-shaped steel en-
closure with a wall thickness of 20 mm, creating a 16 mm
deep cylindrical cavity with a diameter of 40 mm in-between
the samples. Inside of this cavity a heating element, con-
sisting of a 1 m long Manganin wire with 0.1 mm diameter
is symmetrically wound in a 3D-printed fixture, resulting
in an electrical resistance of about 50 Q. In its center this
fixture houses a Cernox CU-HT temperature sensor (see
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Figure 2: Images of NTCI. (a) Inner cavity containing heating element and temperature sensor. (b) Screwed connection
between inside and outside. (c) Fully assembled instrument mounted to insert.

Fig. 2 a). Through a small hole in the round surface of the
steel enclosure the inner cavity is connected to the outside.
A screwed connection followed by a 1 m long PTFE capil-
lary with an inner diameter of 1 mm serves as a filling line
for superfluid helium as well as the copper wires needed for
inner electronics (see Fig. 2 b). Outside and about 3 mm
from the outer surface of one of the samples a second Cer-
nox CU-HT temperature sensor is installed with another
3D-printed fixture. The fully assembled instrument, which
can be seen in Fig. 2 c, is mounted to a cryostat insert at
the accelerator module test facility at DESY. To control the
heating element and read out temperature sensors a Model
336 Cryogenic Temperature Controller from Lakeshore is
utilized. Accurate heating power is obtained by measuring
heater current and voltage with two 6 1/2 digit multimeters.

In an ideal setup heat flow only occurs through the nio-
bium samples and average thermal resistance can be obtained
by reducing Fourier’s Law to one dimension and assuming a
constant conductance throughout the whole sample as shown
in Equation 1. Here g = Pjc4rer/ (2A,4yiry) TEPTEsents heat
flux, which further breaks down into heating power, Pj,,4;0,
and cross-sectional area of the inner cavity, A, Thermal
resistance is given by R and AT describes the temperature dif-
ference between inner and outer helium bath. In real world,
however, heat can also take other paths from the inner helium
bath to the outer one. These additional paths are intrinsically
given by the construction and comprised of helium filling
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line capillary, stainless steel enclosure and copper wires of
inner electronics. The former path represents the largest heat
loss source due to the relatively large thermal conductivity
of superfluid helium. Losses through it are estimated to less
than 5%, based on peak heat flux calculations for turbulent
heat transport in superfluid helium channels [3]. Further
losses through stainless steel enclosure have been estimated
to less than 0.5% by inserting reasonable values for heating
power and temperature difference into Eq. (1). Similarly
losses through the copper wiring have been estimated to less
than 0.1%.

AT
4= % (1)

MEASUREMENT &
EVALUATION PROTOCOL

To evaluate the thermal characteristics of a given sample
pair two measurement procedures are utilized. In order to
find out how thermal resistance qualitatively changes as a
function of sample temperature a constant heating power is
applied, while varying cryostat temperature, 7,,. Example
results for this scenario are shown in Fig. 3 for a constant
heating power of 300 mW. Here, one can see temperature of
inner liquid helium bath, 7, cryostat temperature, T, and
thermal resistance, R, as functions of time. To obtain more
precise values for R at typical cavity operation temperatures
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a second measurement procedure is carried out at constant
T, and by varying P},.,;., as seen in Fig. 4. Here, one can
see a step-wise increase of heating power over time up to
about 500 mW at a cryostat temperature of roughly 2 K. Itis
visible that R increases with increasing Pj,,,;.,» suggesting
the existence of additional paths of heat flow in the form of
leaks with heat flux dependent activity, which need to be
considered.
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Figure 3: Exemplary data for measurements at variable cryo-
stat temperature and constant heating power. Temperature
of inner liquid helium bath, 7}, cryostat temperature, 7,,, and
thermal resistance, R, are shown as functions of time.

In a leak free setup, which only allows heat flow through
samples, steel enclosure and filling line capillary, thermal re-
sistance is expected to be independent of heating power,
if (T;-T,) « T,, since here the relative temperature-
dependent change in R can be neglected. The increase of
thermal resistance with regard to Pj,,,;.,» Observed in the
last row of Fig. 4, can be reasoned with heat loss through
microscopic leaks, when considering the Gorter-Mellink
heat transfer regime in superfluid liquid helium [3]. In this
regime the thermal conductivity of the helium decreases
with increasing heat flux by enhancing the mutual friction
between normal and superfluid components. To nonetheless
obtain thermal resistance of the sample pair it, therefore, is
necessary to expand R. Here, it is helpful to picture different
paths of heat flow as resistances, which are in parallel to
each other (see Fig. 5).

Similar to its electrical counterpart the inverse of total
thermal resistance can be obtained by adding up the inverse
resistances, R; of all available heat flow paths. To get rid of
inverses one can switch to the conductance picture, since
conductance, K, is equal to the inverse of R. Consequently
Eq. (1) is expanded into Eq. (2). Here the first term of the

right-hand side, K5, represents the average conduc-
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Figure 4: Exemplary data for measurements at constant cryo-
stat temperature and variable heating power. Temperature
of inner liquid helium bath, T}, cryostat temperature, 7,
heating power, P},..;.,» and thermal resistance, R, are shown

as functions of time.
W>T0

Figure 5: Resistance picture of heat flow paths.
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tance of the sample pair and the quantity of interest. The
second term describes an empirical fit for the total conduc-
tance of the leaks, which is readily used to approximate
the thermal conductivity of liquid helium in thin capillar-
ies. In this term a and n represent fitting parameters. The
conductance of filling line capillary and steel enclosure are
neglected, due to their comparably low influence.

q

AT 2)
When fitting the right-hand side of Equation 2 to data mea-
sured at constant 7, and variable P, ., (see Fig. 4), one
obtains conductance fit curves as seen in Fig. 6. Here, re-
sults for measurements at 1.52 K, 1.80 K and 2.00 K cryostat
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temperature with up to 500 mW of heating power are visi-
ble, which for all T, at large heat fluxes converge towards
Ksampies (T,). In Table 1 resulting values for a and n are
shown for cryostat temperatures of 2.00K and 1.80 K and

; for different cool downs. Values for measurements taken at

1.5 K cryostat temperature are omitted, because of instabili-
ties in 7,,. The value obtained for n generally lies in-between
1.2 and 1.8, which is noticeably less than values of up to 4.0,
found in literature [3]. The same applies to a, which results
in a value three orders of magnitude smaller. This devia-
tion most likely is a result of leaks in NTCI not resembling
cylindrical tunnels, but rather slits with arbitrary changes in
cross-sectional area along their paths. These slits are sus-
pected to predominantly lie in the screwed connection (see
Fig. 2 ¢), since it offers multiple surfaces of contact through
which superfluid helium can leak. To investigate this assump-
tion slight changes have been made to it in-between cool
downs. In-between cool down four and five, for example,
one of the contact areas has been wetted with liquid glue. As
aresult n stabilized around 1.7 at both cryostat temperatures.
In-between cool down five and six additionally the screwed
connection has been tightened by another half turn, leading
to a noticeable decrease of both a and n.
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Figure 6: Exemplary conductance fits (solid lines) for data
(dots) measured at different heating powers and cryostat
temperatures.

Table 1: Fit Parameter Values for Different Cool Downs and
Cryostat Temperatures

Cool 200K 1.80K
Down # a n a n
4 074 177 023 1.31
5 214 172 121 1.69
6 0.14 125 0.09 1.26
BASELINE STUDY

In order to evaluate the sensitivity of NTCI and find out,
if it can be used to measure how conventional cavity treat-
ments affect thermal resistance, a baseline is established. It
consists of measurements for samples as fabricated, post
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100 um buffered chemical polishing (BCP) and post 800 °C
outgassing for 3 h (baking). Sample conductances, Ky,p/es
obtained from fits and their 3-sigma deviations can be seen
in Table 2. The given deviations not only take instrumental
and statistical errors into consideration, but also account for
systematic ones, which mostly result from the existence of
leaks and are approximated to 3% of K,,, s The first line
shows a measured thermal conductance of 0.326 Wem 2K~
post fabrication, which consists of water-jet cutting all sam-
ples from one sheet of fine-grain niobium with 330 RRR
and a thickness of about 2.65 mm. In the second line re-
sults post BCP are given. Here, K ;10 decreases by about
14% down to 0.280 Wem2K~!. In the third line conduc-
tance post baking is shown, which decreases by another 28%
down to 0.199 Wem™2K~!. The sample pair used here is
the same as in the post fabrication measurement of the first
line. The number right next to treatment type refers to the
treatment run. The last line represents measurements for a
sample pair, which has been chemically polished separately
to the samples of the two lines above and additionally baked
in a different oven. Its conductance of 0.167 W/cm?/K is
relatively close to the value measured for the similarly but
independently treated pair of samples in line three.
Assuming that bulk thermal resistance makes up half
of total resistance, a bulk thermal conductivity of about
0.172 Wem™'K~! is approximated for as fabricated samples.
This agrees with the value of about 0.150 Wem™1K-L, which
has been found for niobium with a slightly lower RRR value
in the past [4]. Therefore, conductance values delivered by
NTCI seem to be comparable to what has been obtained with
other instruments. The decrease in K,,,,05 post BCP can be
explained by impurities in form of hydrogen atoms diffusing
into the metal. These impurities form additional scatter-
ing sites at the sample surface for heat carrying phonons
and electrons, lowering their mean free path and, therefore,
lowering total thermal conductance. The cause for further
decrease in conductance post baking is not identified yet.
Due to reproducing this effect for sample pairs baked simi-
larly in different ovens, it is assumed that this reduction is not
an artifact of possibly low instrument precision. The lower
Kampies> measured after the first treatment run, is suspected
to be a result of higher temperatures during BCP. In the first
BCP run the acid bath temperature exceeded 25 °C, while it
was kept below 14 °C during the second one, allowing less
interstitial hydrogen to be introduced into the metal.

Table 2: Baseline Measurements at 2 K Cryostat Tempera-
ture

Sample Ksamples 30
Pair Treatment (Wem—2K-1)
A fabrication 0.326 0.030
BCP2 0.280 0.026
A BCP 2 + baking 2 0.199 0.018
C BCP 1 + baking 1 0.167 0.016
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CONCLUSION & OUTLOOK

An instrument for measuring the thermal performance
of niobium in cryogenic environments, called NTCI, is suc-
cessfully commissioned. Baseline studies show, that it is
sensitive towards changes in total thermal resistance, in-
troduced by readily used cavity treatments such as coarse
buffered chemical polishing and 800 °C outgassing for 3 h.
While it is reasonable to say that coarse BCP reduces ther-
mal performance due to the diffusion of hydrogen, the cause
of conductance reduction post outgassing remains unclear.
Further investigations with regard to possible vacuum con-
tamination during baking can be of insight.

To enhance accuracy of NTCI leaks can be investigated
further by applying gradual changes in-between cool downs.
Here, for example, the screwed connection can be gradu-
ally tightened with larger torques and other liquid adhesives,
such as Stycast, can be used to improve the sealing at critical
contact surfaces. Additionally one can test, if tightening the
steel enclosure with different torques affects leak behaviour.
If no such changes are introduced in-between cool downs,
the instrument must be handled as cautious as possible in
order to avoid altering existing leaks or adding new ones
and to preserve precision. Moving on from the baseline
measurements presented in this work, other common treat-
ments, such as fine BCP, fine electro polishing and annealing
at temperatures above 850 °C, are interesting treatments to
investigate. The same applies for more advanced surface
alterations such as nitrogen doping and infusion. NTCI can
also be used to examine SIS-layered niobium, which is the
subject of very recent cavity research. Here, for example,
measurements can be done after each layer by introducing
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vacuum breaks in-between layers and also the influence of
the vacuum-break itself on thermal resistance can be studied.
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