MOPB030

Proceedings of SRF2015, Whistler, BC, Canada

MEASUREMENTS OF THERMAL IMPEDANCE ON
SUPERCONDUCTING RADIOFREQUENCY CAVITIES*

Pashupati Dhakal’, Gianluigi Ciovati and Ganapati Rao Myneni
Jefferson Lab, Newport News, VA 23606, USA

Abstract

The thermal impedance of niobium plays an important
role in the thermal stability of the superconducting radio
frequency (SRF) cavities used in particle accelerators. Dur-
ing the operation of SRF cavities, the RF power dissipates
on the inner surface of the cavities and the heat transport
to the helium bath depends on the thermal conductivity of
niobium and Kapitza conductance at the interface between
the niobium and superfluid helium. Thermal impedance was
measured on three 1.3 GHz single cell cavities made from
ingot niobium with different purity. The results show the
influence of surface preparation on thermal impedance and
the results are qualitatively in agreement to the power law
dependence with temperature as reported in the literature.

INTRODUCTION

Superconducting radio frequency cavities are the building
blocks of particle accelerators for basic physics research.
It is based on niobium superconducting hollow structures
("cavities") to accelerate the beam of charged particles to the
velocity of light. The superiority of superconducting mate-
rial is its ability to efficiently store large amount of energy
with no or very little dissipation. The performance of SRF
cavities is measured in terms of the quality factor expressed
as Qo=wU/P, where U is stored energy and (P/w) is the
power dissipation on inner cavity wall per rf cycle. Ideally,
the quality factor of SRF cavities is independent of the ac-
celerating field (or peak magnetic field) as the breakdown
occurs at superheating field. However, due to the finite re-
sistance of the superconductor in rf field, power dissipates
on the cavity walls due to the interaction of the rf field with
normal conducting electrons. At high peak magnetic field
the dissipation is believed to be of magnetic origin, where
the surface resistance increases due to pair-breaking by the
increasing rf field gives rise to the non-linear BCS surface
resistance [1]. The cavity then goes to the magneto-thermal
instability and finally "quench". The dissipated power is
given by Pyiss = (1/2u0)Rs(T) B2, where g is magnetic
permeability, R, (T) is surface resistance, and B, is peak rf
magnetic field on the inner surface of the cavity.

The power dissipated (heat) on the inner surface of SRF
cavities during the operation is conducted through the cavity
wall into the helium bath. The efficient transport of heat
from the inner cavity wall to the helium bath depends on
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the thermal conductivity of niobium and the Kapitza con-
ductance between the outer cavity surface and the superfluid
helium. The thermal conductivity of niobium is material
dependent, for example the impurities contents (related to
the residual resistivity ratio-RRR), crystal grain sizes, me-
chanical deformation, defects and dislocations in niobium.
The Kapitza resistance is an intrinsic thermal resistance due
to the phonon mismatch at the boundary between Nb and
the superfluid He and depends on the nature of solid surface.
In this contribution, we present some preliminary results in
an attempt to understand the effect of surface preparations
on the thermal resistance on SRF cavities.

EXPERIMENTAL SETUP

Previously, thermal impedance measurements on SRF
niobium samples were carried out in an experimental cell
which allows us to measure the thermal conductivity and
Kapitza resistance [2—4] by measuring the temperature jump
across the niobium samples. Palmieri etal., [5] measured
the thermal boundary resistance via the rf surface resistance
measurement in SRF cavities and showed the change in
thermal boundary resistance as the outer surface of cavity
was modified. In our present study, we have estimated the
thermal impedance of SRF cavity using the method used in
refs. [2,3]. The schematic representation of the experimental
set up is shown in Fig. 1.
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Figure 1: Schematic of experimental set up.

Niobium SRF cavity of thickness ~ 2.9 mm is immersed
in superfluid helium bath and filled with superfluid He via a
capillary tube of diameter ~1.5mm. Two capillary tubes are
used, one for filling and other for exhaust to He gas during
filling , welded to a ~ 9.5mm thick stainless steel flange
sealed to one cavity flange with indium wire. A cryogenic
heater of resistance ~8.5 Q is inserted along the axis of the
cavity using a G10 rod. Two calibrated thermometers are
attached at the both ends of the G10 rod, measuring the
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temperature at the middle of cavity and on the beam tube.
The outside temperature is regulated via He pumping and
the temperature is held to within + 1 mK. In the absence
of any heat the superfluid He inside the cavity is in thermal
equilibrium with the bath temperature. The temperature rise
inside the cavity is measured as a function of the applied
power as shown in Fig. 2(a). Due to the high thermal con-
ductivity of the superfluid helium, thermal equilibrium is
achieved and the power density on the inner cavity surface
is assumed to be uniform. The surface area of the single
cell cavity is ~1486 cm? including the beam tubes and ~153
cm? consists of stainless steel. With the thermal conduc-
tivity of stainless steel at 2K of ~ 0.1 W/m K [6], the total
heat loss through the flanges is estimated to be less than 2
%. The critical heat flux through the capillary tube varies
with temperature from 1.5K to the lambda point, between
~ 80-180 mW/cm?, with a maximum ~ 1.7 K [7]. In our
experimental setup, the maximum heat loss via superfluid
helium is estimated to be less than 2%. The heat loss via the
electrical feedthrough is negligible. Thus ~ 96 % of heat
was carried away across the cavity including the beam tubes.
Beam tubes were made from the low purity reactor grade
niobium and thermal conductivity at 2K is ~ 1 W/m K [8].
The results presented in this contribution are the combined
effect for both beamtubes and cavity.

Under the steady state condition, the temperature jump
AT =T;,, — Ty, is established. The temperature difference
can be written as

AT =Tin = Tour = RBQ ey
Here, the slope of the curve ATvsQ given by Rp = %+RK is
the thermal impedance, where d is the thickness of the wall,
k is the thermal conductivity, Rx represents the thermal
resistance between the wall and the superfluid He (Kapitza
resistance). The measured thermal impedance is the sum of
the contribution from the stainless steel and niobium cavity.
Since ~ 96% of heat is carried away across the cavity, the
contribution to the thermal impedance due to stainless steel
can be neglected. Itis to be noted that there are two interfaces
(inner and outer surface) between niobium and superfluid
He, thus Rk = Rk.in + Rk our- The unit of the thermal
impedence will be cm?K/W in the paper.

Table 1: List of the Cavities and Surface Preparations

CavityID RRR Process

TCINI1 60 as available, EP, BCP
CBMM-A4 280 N2 doping, EP, BCP
TD5 350 N2 doping and EP, BCP

The thermal impedance (% + R ) can be estimated from
the fit of AT vs Q as shown in Fig. 2(b). Three 1.3 GHz sin-
gle cell cavities with different residual resistivity ratio (RRR)
were used in this study to estimate the thermal impedance.
The cavity surface is modified with chemical polishing as
well as nitrogen doping to understand the effect of surface
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preparation on the thermal impedance. Table 1 summarizes
the list of the cavities and the surface preparations done
before the thermal impedance measurements.
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Figure 2: Typical experimental data measured. (a) The
increase in temperature of superfluid He inside the cavity as
a function of applied power at 2.05 K and (b) the plot of AT
vs Q for cavity TDS. The slope of the fit gives the thermal
impedance at 2.05 K.

EXPERIMENTAL RESULTS
TCINI

TCINI1 is Tesla shape single cell cavity made from low
purity ingot niobium. After the fabrication with electron
beam welding the cavity’s inner surface was barrel polished
~60um followed by electropolishing ~30 um, heat treatment
at 800 °C/3hrs and additional electropolishing of ~15um.
Before the heat treatment the outside surface of cavity was
buffer chemical polished (BCP) ~20um to remove impu-
rities from the outer surface. The thermal impedance was
measured after an additional EP of ~30um removal from
inner surface and ~13um additional outside BCP before the
final test. In this particular cavity, The thermal conductivity
was measured by Fourier method [9] in a sample cut from
the original ingot [9]. The sample was BCP and heat treated
at 800 °C/3hrs. A high phonon peak ~ 1.8K is observed
with very high thermal conductivity as shown in Fig. 3(a).
Even though the mechanically deformed SRF cavity may
have different thermal conductivity, we have used this mea-
sured thermal conductivity to estimate the Kapitza resistance
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for cavity TCIN1 as shown in Fig. 3(b). The data are fit-
ted with a power law and found to be Ry = 65.5T7 3% for
cavity initially fabricated (O0). After an additional 30 um
EP (o), the temperature dependence is R = 74.573-%* and
after an outside BCP () the dependence is Ry = 94.473-7°,
The Kapitza resistance is higher than that measured in sam-
ples [2, 3], possibly due to the over estimation of thermal
conductivity in mechanically deformed cavity. However, the
temperature dependence of Kapitza resistance is in agree-
ment with earlier measurements [2, 3] and theoretical pre-
dictions of Rx ~ T~", where n ~ 2.0-4.5 [10].
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Figure 3: (a) The thermal conductivity of the sample cut
out from the same ingot that was used to fabricate the cavity
TCINI. Also shown is a polynomial fit of the experimen-
tal data. The sample was subjected to the BCP to remove
the damage layer and followed by the heat treatment at 800
°C for 3 hours. (b) The estimated Kapitza resistance mea-
sured in cavity TCIN1 after the initial fabrication (O0),30
um, additional inside EP (o) and 13 um outside BCP (A).

CBMM-A4

CBMM-A4 is single cell cavity made from ingot niobium
from CBMM. After the fabrication, the cavity went to sev-
eral steps of heat treatments and BCP. Before the thermal
impedance measurements the cavity was subjected to heat
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Figure 4: (a)Results of the thermal impedance measurement
on cavity CBMM-A4 after the surface preparation as de-
scribed in text. (b) The change in Kapitza resistance on
SREF cavity after different surface modification assuming the
thermal conductivity remains unchanged during the surface
preparation.

treatment at 800 °C/3hrs followed by 2 minutes pure nitro-
gen injection with pressure ~ 25 mtorr. After 2 minutes, the
nitrogen was evacuated from the furnace and the cavity was
further annealed for 10 mins. This process is recently devel-
oped [11] and applied to ingot niobium cavities to achieve
higher quality factor [12,13]. The details of the rf test done in
this cavity will be presented in future contributions. Figure
4(a) shows the results of the measurements after the cavity
was subjected to the several surface treatments. The surface
preparation with nitrogen doped cavity and inside EP and
outside BCP surfaces have very close thermal impedance.
The experimental results were fitted with the power law
and found Rz = 98.973-3° for nitrogen doped surface,
Rp = 72.3T7732* for 7um inside EP, Rg = 59.4T73-24 for
additional 7um inside EP, Rz = 100.97 37 for 10 um
outside BCP and Rz = 69.27 337 for 30 um inside BCP
surface.
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As the thermal conductivity data for this host material
isn’t available, we are unable to separate the Kapitza term
from the total thermal impedance. During the surface prepa-
rations, we can assume that the thermal conductivity of the
niobium cavity remains unchanged, which allows us to cal-
culate the change in Kapitza resistance as the surface modifi-
cations were made. Figure 4(b) shows the change in Kapitza
resistance as a result of the surface preparations with initial
condition being the nitrogen doping. The Kapitza resistance
decreases after the nitrogen doped cavity is subjected to 7
um EP of inner surface and it further reduces with additional
Sum EP. The Kapitza resistance increase after the cavity was
subjected to light outside BCP and again decreases with an
additional 30 ym inside BCP.

D5

Cavity TDS5 is a single cell cavity made from high purity
ingot niobium from Tokyo Denkai. The cavity was also
doped with nitrogen and rf measurements were carried out
and are presented in ref. [14]. The cavity was heat treated at
800 °C for 3 hours followed by 20 minutes of exposure to
nitrogen at pressure of ~25 mtorr at this temperature. The
cavity’s inner surface was electropolished to remove the in-
ner surface layer and outer surface is removed by BCP. The
results of measurement are shown in Fig. 5. Surprisingly
the thermal impedance wasn’t affected by EP or BCP. Once
again, Kapitza resistance cannot be separated due to the
unavailability of thermal conductivity data for the host ma-
terial. The temperature dependence of thermal impedance
shows a kink ~ 1.75K, where the phonon peak is expected to
occur in thermal conductivity. The detail study on the effect
of surface preparations on thermal impedance and the SRF
cavity performance will be reported in future publications.
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Figure 5: Results of the thermal impedance measurement
on cavity TDS5.
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DISCUSSION

The experimental results show the effect of surface prepa-
rations on the thermal impedance, however its influence
on the actual SRF cavities isn’t fully understood. Bauer et
al., [15] analyzed the cavities measurement data in terms of
the thermal feedback model to analyze the medium and high
field Q-slope as a result of non-linear BCS surface resistance.
Low temperature baking on SRF cavities reduces the high
field Q-slope significantly suggesting that the surface mod-
ification plays a role in lowering power dissipation (inner
surface) due to the reduction in BCS related losses. More
studies are needed to understand the effect of baking on
Kapitza conductance. As mentioned, the temperature depen-
dence of Kapitza resistance for cavity TC1N1 is consistent
with the theoretical predictions and showed that, because of
the high phonon peak in thermal conductivity the dominant
term in heat transfer is Kapitza conductance. The cavity
subjected to 15um EP has the same temperature dependence
of Rk as that of with an additional 30um EP, and increase
in Rx was observed after 13um outside BCP. This shows
that the increase in effective surface area doesn’t necessarily
reduce the Rk, but the surface impurity and crystal structure
plays the significant role on Rk, consistent with previous
experimental results on single crystal Nb [3].

As shown in Fig. 4(a), the thermal impedance has the
highest values for the cavity doped with nitrogen. The dop-
ing of nitrogen caused some unwanted normal conducting
precipitates on the surface of the cavity that may result in
higher thermal impedance. After 7um EP of inner surface
the thermal impedance decreases and reduces further by an
additional 5um EP. It is evident that the surface doping re-
sults in the increase of thermal impedance consistent with
the literature results [2,3]. However, the thermal impedance
increases as outside surface of cavity is subjected to 10um
BCP. The studies on effect of outside BCP on rf performance
are in progress. On further BCP of inside surface the thermal
impedance reduces. The increase in thermal impedance after
10um BCP may be due to the increase in surface roughness
as shown on single crystal Nb samples [3]. The reduction
in thermal impedance observed with an additional 30um
inside BCP may be due to the removal of remaining nitrogen
present after the 12um EP. More experiments are planned
to further understand the effect of surface impurities and
surface roughness on thermal impedance.

The measurements on TD5 cavity showed little effect of
outside BCP and inside EP on the thermal impedance, even
though the cavity’s rf performances are significantly different
[14]. The thermal impedance has lower magnitude compared
to the cavities TCIN1 and CBMM-A4, possibly due to the
higher thermal conductivity (high RRR) of the bulk Nb.
Further experiments are planned to modify the surface and
measure the thermal impedance and rf performance.

The thermal conductance and Kapitza conductance have
combied effect for the efficient heat transport in SRF cavities.
The increasing thermal conductivity (higher RRR) of the
material makes the Kapitza conductance the dominating
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factor for efficient heat transfer. In other words, cavities
made from higher RRR material not necessarily make the
SRF cavity thermally stable against thermal quench. The
current measurements give the average effect of the heat
transfer across the cavity wall, however most of the time
the cavity has localized quench sites due to the presence of
defects and imperfections.

The thermal conductivity of SRF material in superfluid
He temperature is largely influenced by the process typically
applied during the cavity fabrication process. The mechani-
cal deformations, impurities inclusion, material doping and
crystal structure significantly reduce the thermal conduc-
tivity as well as the reduction of the phonon peak. On the
other hand, high temperature heat treatment and bigger crys-
tal grain increases the thermal conductivity as well as the
phonon peak.

The Kapitza resistance is much more complicated to un-
derstand as it is related to the interface between the solid Nb
and superfluid helium. Simple temperature dependence of
Kapitza resistance is proportional to 773 corresponds to the
phonon heat capacity, however the experimental results vary
widely. There exist two theoretical models to understand the
Kapitza resistance at the boundary of Nb and superfluid he-
lium, namely the acoustic mismatch model (smooth surface)
and diffuse mismatch model (rough surface), based on the
phonon transport at the boundary [10]. The SRF cavities
have neither the perfectly smooth nor the rough surfaces, the
measured Kaptiza resistance can be qualitatively explained
within these two theoretical models.

SUMMARY AND FUTURE WORKS

We have measured the thermal impedance of SRF nio-
bium cavities subjected to several surface preparations. The
results show the influence of surface preparations on the
thermal impedance. The effective heat transfer across the
cavity wall during the cavity operation is influenced by both
the material properties (thermal conductivity) as well as
the surface perperations (Kapitza conductance). For SRF
cavities made from high thermal conductivity niobium, the
Kapitza conductance plays the significant role as breakdown
field is assumed to be proportional to Rl_{l/ 2. Palmieri et
al., [5] showed that the modification of outer surface via
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anodization resulted in the increase in quality factor as well
as the breakdown field. Further experiments are planned
to better understand the effect of surface perperations on
thermal impedance on both fine grain and large grain SRF
cavities and their rf performances.
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