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Abstract

Bulk and thin films of niobium are the materials of choice
in fabricating superconducting radio frequency (SRF) cavi-
ties for modern particle accelerators and quantum computing
applications. The thermodynamic properties of Nb are of
° particular interest in heat management in cryogenic environ-
ments. Here, we report the results of measurements of the
thermodynamic properties of niobium used in the fabrica-
tion of SRF cavities. The temperature and magnetic field
dependence of thermal conductivity, Seebeck coefficient,
and specific heat capacity was measured on bulk niobium
samples.

INTRODUCTION

Modern particle accelerators rely on superconducting
radio-frequency (SRF) cavities to accelerate the charged
particles as these SRF cavities can store energy with little
dissipation [1]. Primarily made of bulk niobium (Nb), the
state-of-the art processing techniques pushed the ultimate
performance of these SRF cavities towards the theoretical
limit on accelerating gradient set by the superconducting
super-heating critical field. In addition, recent advances
in the cavity processing technique of surface engineering
with material doping led to exceptionally high quality fac-
tor resulting in very low RF power dissipation on cavity
walls [2-6]. Ideally, the quality factor of SRF cavities is
independent of the accelerating gradient until breakdown oc-
curs when the cavity quenches. The quench of SRF cavities
refers to the loss of the superconducting state by warming up
apart of cavity above the critical temperature or by exceeding
the superconducting critical field.

Quench event occurs at weak superconducting regions
or at normal conducting defects on the cavity surface. The
efficient transfer of the dissipated power to the helium bath
is critical in restoring the cavity to the superconducting state
and reliable operation of SRF-based accelerators. The ther-
modynamic properties such as resistivity, thermal conduc-
tivity, and thermal diffusivity are material dependent and
the characterization of these properties is necessary to un-
derstand the performance limitation [7]. In this contribution,
we have measured resistivity, thermal conductivity, specific
heat cavity, and Seebeck coefficient of SRF Nb. The temper-
ature and magnetic field dependence of thermal conductivity
and heat capacity is also measured.
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SAMPLE PREPARATIONS AND
EXPERIMENTAL SETUP

Rectangular bar sample of 8 x 1 x 1 mm?3 for resistivity,
thermal conductivity, and Seebeck coefficient and a sample
of ~ 3x3x1 mm?3 weighing 82.4 mg are cut by a wire electro-
discharge machining from a large grain niobium ingot sheet.
The samples were treated with buffer chemical polishing
(BCP) to remove ~ 50 pm from the surface. The measure-
ments were carried out at the Quantum Design facility using
the physical properties measurement system [8].

EXPERIMENTAL RESULTS
Resistivity
The dc resistivity of the sample was measured using the 4-
probe method with a constant current of 1.5 mA. Figure 1(a)
shows the temperature dependence resistivity with transition
temperature ~ 9.3 K. The room temperature resistivity is

measured to be 153 nQ-m with a residual resistivity ratio
(RRR) of 154.
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Figure 1: Temperature dependence of (a) resistivity, (b)
Seebeck coeflicient, and (c) thermal conductivity.
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Seebeck Coefficient

Figure 1 (b) shows the temperature dependence of the
Seebeck coeflicient of Nb which is the measure of induced
thermometric voltage as a result of the temperature gradient
across the metal. The Seebeck coefficient increases with the
increase in temperature with peak values ~ 75 K. The mea-
sured values are in agreement with previously reported SRF
grade niobium [9]. The minimization of thermal current
induced during the SRF cavity is needed to minimize the
trapping of flux generated by the thermal current, mostly in
bimetallic cavities such as Nb/Cu [10, 11], Nb3Sn/Nb [12],
Nb;Sn/Nb/Cu [13] and also in the helium tank and Nb cre-
ating a bimetallic junction [14]. The thermometric voltage
is proportional to the difference in the Seebeck coefficient
of bimetallic structure.

Thermal Conductivity

The thermal conductivity of SRF niobium has been ex-
tensively studied in the past to understand the effect of mate-
rial and processing steps on the performance of SRF cavi-
ties [15,16]. Figure 1 (c) shows the temperature dependence
of thermal conductivity measured in our current study. The
thermal conductivity of niobium depends on the grain size,
grain boundaries, deformations, dislocations, and impurities.
As shown in Fig. 1(c) inset, the thermal conductivity in-
creases with the increase in temperature due to the increase
in quasi-particles. The thermal conductivity below 4.0 K
strongly depends on the metallurgical state of the sample.
Generally, the sample with large grain and single crystal
with low dislocations density shows a peak around 2.0 K be-
fore it decreases [17-19]. No phonon peak was observed in
this measurement although the sample was machined from
a large grain ingot without any high temperature anneal-
ing. The absence of a phonon peak is likely due to the large
dislocation density present in the ingot sheet and hydrogen
loading during the machining [18].

Figure 2 shows the thermal conductivity as a function of
the applied dc magnetic field parallel to the length of the Nb
sample at two different temperatures 2.0 and 5.0 K. The ther-
mal conductivity remains constant at a low magnetic field
up to the field of first flux penetration (Hy,,) and it increases
to the normal state value as the magnetic field approaches
to upper the critical field (H,). At2.0 K, the Hyy, and H,»
was measured to be 185 and 390 mT, respectively which is in
agreement with the values reported earlier in magnetization
measurements [17]. In literature, « (H) showed a dip when
the H > Hy,,, as a result of additional scattering of fluxoids
with the quasi-particles [20]. However, no noticeable dip
near Hgr,, was observed in this study.

Heat Capacity

Figure 3 shows the heat capacity as a function of tem-
perature at different external applied magnetic field. The
magnetic field was applied perpendicular the sample surface.
The heat capacity increase with temperature and the drop in
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Figure 2: Thermal conductivity as a function of dc magnetic
field at temperatures 2.0 K and 5.0 K.

heat capacity corresponds to the temperature at which the
sample transitions to a normal state.
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Figure 3: Heat capacity as a function of temperature at
different dc magnetic fields.

Figure 4 shows the heat capacity as a function of the
external applied magnetic field at 2.05 K. The heat capacity
in the Meissner state remains constant and increases when
the field starts to penetrate and remains constant when the
samples transition to normal conducting state above H., ~
390 mT. In a type-II superconductor, the magnetic field
penetrates in the form of vortices, and the contribution to the
heat capacity comes from the finite density of states within
the the vortex cores and the outside core of the vortices in
the regions of 1 > r > &, where r is the radius of vortex
core.

DISCUSSION

The resistivity, thermal conductivity, Seebeck coeflicient,
and heat capacity were measured on Nb samples used in
SRF cavity fabrications. The results are in consistent with

the previously measured thermodynamics properties of Nb.
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Figure 4: Heat capacity as a function of external dc magnetic
field at 2.05 K.

The present study is extended to magnetic field dependence
of thermal conductivity and heat capacity, which has a par-
ticular interest in SRF cavities when the performance of the
SRF cavities is limited by quench due to magneto-thermal
instability.

For a long time, researchers have been using high purity
Nb in order to fabricate SRF cavities, which is measured
by the RRR of the material. One of the reasons for using
high RRR Nb is to achieve high thermal conductivity at
operating temperature. The study showed that the thermal
conductivity of Nb at low temperature (< 4 K) is dominated
by phonons which are mainly scattered by grain boundaries
and dislocation networks. Thus, using larger grain Nb (large
phonon mean free path) over fine grain Nb is being explored
in fabrication of SRF cavities [21,22]. In recent years, the
magnetic field dependence of thermal conductivity is being
considered as a switching technique in low temperature elec-
tronic superconducting circuits and quantum sensors [23].

Thermal diffusivity of the material is an important param-
eter in heat transfer when rf power is dissipated on the cavity
surface operating in the GHz frequency range. Thermal dif-
fusivity measures the rate of heat transfer from hot to cold,
whereas thermal conductivity is the measure of materials
ability to transfer heat from hot to cold. Figure 5 shows
the thermal diffusivity of niobium in the current study and
compared with previous work. Also plotted the thermal dif-
fusivity of the superconducting Nb3Sn and some common
metals, copper and tungsten [25]. The thermal diffusivity
of Nb in superconducting state is lower than most common
metals but higher than superconducting Nb3Sn.

As mentioned, the Seebeck coefficient allows us to char-
acterize the effect of thermal current-induced magnetic field
when bi-metallic structures are involved in SRF cavity fabri-
cations. On some occasions, the thermal current is generated
in Nb cavities during cavity quench [26]. The thermo-current
induced magnetic field is trapped in the form of vortices re-
sulting in a higher rf loss.
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Figure 5: Temperature dependence of thermal diffusivity of
Nb along with Nb3Sn (taken from Ref. [24] and reference
therein), high purity copper, and tungsten [25].

SUMMARY

We presented the thermodynamic properties of SRF Nb
subjected to chemical polishing. The thermodynamic prop-
erties influence the RF performance of SRF cavities at cryo-
genic temperature. Future studies will be focused on inves-
tigation of such properties with respect to other processing
techniques applied to SRF cavities.
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