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Superconducting Radio Frequency (SRF) cavities used in particle accelerators are typically formed from or coated
with superconducting materials. Currently high purity niobium is the material of choice for SRF cavities which have
been optimized to operate near their theoretical field limits. This brings about the need for significant R&D efforts to
develop next generation superconducting materials which could outperform Nb and keep up with the demands of new
accelerator facilities. To achieve high quality factors and accelerating gradients, the cavity material should be able to
remain in the superconducting Meissner state under high RF magnetic field without penetration of quantized magnetic
vortices through the cavity wall. Therefore, the magnetic field at which vortices penetrate in a superconductor is one
of the key parameters of merit of SRF cavities. Techniques to measure the onset of magnetic field penetration on thin
film samples need to be developed to mitigate the issues with the conventional magnetometry measurements which are
strongly influenced by the film orientation and shape and edge effects. In this work we report the development of an
experimental setup to measure the field of full flux penetration through films and multi-layered superconductors. Our
system combines a small superconducting solenoid which can generate the magnetic field up to 500 mT at the sample
surface and three Hall probes to detect the full flux penetration through the superconductor. This setup can be used to
study alternative materials which could potentially outperform niobium, as well as SIS multilayer coatings on niobium.

I. INTRODUCTION

Strong radio-frequency electromagnetic fields generated in
superconducting linear particle accelerator propel a beam of
charged particles such as protons or electrons to very high en-
ergies. The maximum accelerating field which superconduct-
ing radio-frequency (SRF) resonator cavities can withstand is
one of the key parameters of merit of particle accelerators.
Currently, the material of choice for the best SRF cavities is
niobium (Nb), because it has a relatively high critical tem-
perature T, and the highest lower critical magnetic field B
among all superconductors. In addition, niobium is chemi-
cally inert, widely available and very suitable for machining
and deep drawing'. However, the large number of Nb cavities
in a big accelerator operating at the superfluid helium tem-
perature below 2K require costly cryogenic equipment and a
significant RF input power. Performance of Nb cavities can
be limited by multipacting, trapped magnetic flux, field emis-
sion and thermal breakdown which mostly result from topo-
graphic surface imperfections and nonsuperconducting mate-
rials precipitates'. Recent technological advances have sig-
nificantly mitigated these issues and increased the accelerat-
ing gradients from a few MV/m to 45 — 50 MV/m>®. As a
result, the best Nb cavities can now operate at RF field am-
plitudes close to a theoretical limit at which the surface RF
magnetic field approaches the superheatihg field By,”~. Fur-
ther progress in the SRF accelerator technology demands even
higher accelerating gradients and lower RF losses, while in-
creasing the operating temperature to 4.2 K or higher. This
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challenging task can only be accomplished using supercon-
ductors which have higher critical temperatures than 7, = 9.2
K of Nb.

Besides a higher 7, another important parameter of merit
of the SRF cavity material is the field onset of penetration
of quantized magnetic vortices which cause strong dissipation
under RF field. In a type -II superconductors vortices become
energetically favorable at dc fields exceeding the lower critical
field B.1. However, because of the Bean-Livingston magnetic
surface barrier for penetration of vortices, the low-dissipative
Meissner state can remain metastable at higher fields B, <
B < Byj,. Here By, is a superheating field at which the Bean-
Livingston barrier disappears and the Meissner state becomes
unstable. The superheating magnetic field thus defines a the-
oretical field limit of SRF breakdown at which explosive flux
penetration accompanied by high RF losses occurs'®!!. Cur-
rently the best Nb cavities can operate at the peak magnetic
field around 200-220 mT, which is close to By, for Nb!.

Properties of some alternative SRF materials in compari-
son to Nb are shown in Table 1. Even though these super-
conductors have higher 7, and By, all of them have B, lower
than that of Nb. Smaller B.; make alternative superconduc-
tors prone to premature flux penetration and high RF losses at
fields well below Byj,. This is because materials or topographic
defects on the cavity surface reduce the Bean-Livingston bar-
rier, causing local flux penetration at B,y < B, < Bg, or even
at B, < B, for polycrystalline superconductors with weakly-
coupled grain boundaries'?, which is particularly relevant for
Nb3Sn or superconducting pnictides'®. To address the prob-
lem of premature flux penetration in low-B.; superconduc-
tors, a SIS multilayer coating has been proposed!*!>. In this
case the inner surface of the Nb cavity is coated with thin su-



TABLE I. Superconducting properties of some alternative supercon-
ductors for SRF applications.

Material T. (K) B, (mT) B.1 (mT) A (nm)
Nb 9.2 200 170 40
NbN 16.2 230 20 200
Nb3Sn 18 540 40 85
MgB, 40 320 20-60 140
B.6Ko.4BiO3 31 440 30 160

perconducting (S) layers having higher 7, and By, separated
by thin insulating (I) layers, as depicted in Fig. 1. Here S
layers should be thinner than the London penetration depth
Az of the superconductor. The increase of the parallel B,
in thin films and SIS structures has been tested on Nb3Sn!®,
MgB;!7, NbN!819 and NbTiN?°. For I interlayers which sup-
press Josephson coupling?! SiO,'®, MgO!® and AIN?® have
been used.
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FIG. 1. Multilayer system comprised of alternative S layers with
thickness < Az and thin I layers deposited on the inner surface of the
Nb cavity (right). Distribution of the magnetic field in a multilayer
of thickness d. Dashed lines show boundaries between dielectric and
superconducting layers (left).

The onset of magnetic field penetration B, in thin film
of SIS multilayer structures is an important characteristic of
high-field performance of alternative materials for SRF cav-
ities>! but the measurements of B, on thin film test samples
under the conditions emulating those of SRF cavities are chal-
lenging. The problem is that the RF magnetic field in the ac-
celerating TM mode in the cavity is parallel to the surface
of the superconductor so the screening Meissner RF currents
only flow in a thin layer ~ A at the inner surface of the cav-
ity. However, in typical dc magnetometry measurements, B,
is extracted from the field dependence of the magnetic mo-
ment, M(B) of a sample placed in a nearly uniform magnetic
field. In this case the magnetic field is applied to both sides
of the sample, and M(B) depends strongly on the geometry
of a flat sample and its orientation with respect to B*2. The
so-obtained values of B), are strongly influenced by pinning
of vortices and surface and magnetic geometrical barriers>3-24
and thus are hardly representative of B, for the SRF cavity
geometry.

Several methods have been developed to measure the field-
dependent quality factors Q(B) and the breakdown fields on
test thin film samples of alternative SRF materials. In a
quadrupole resonator technique a thin film sample deposited
onto a 3" substrate is welded to the niobium resonator?>2°,
However, this technique can only probe a low-field part of
QO(B) (currently up to 60 mT well below By, = 240 mT of
Nb) and cannot measure the breakdown fields ~ By, of the
promising SRF materials as all of them have By, higher than
By, of Nb. A way around this problem is to measure the flux
penetration field for a thin film sample placed in a parallel dc
magnetic fields of superconducting solenoids which can pro-
duce fields well above Bg,. This was implemented in Ref. 27
in which the Hall probes were used to detect the penetration
field of thin films deposited onto a stainless steel hollow tube.
This technique allows one to apply a strong dc magnetic field
parallel to the outer surface of the superconducting film but
requires uniform film coating of a long cylindrical tube and
cannot be used to measure test thin film of multilayer small
flat samples of different SRF materials.

The problems outlined above bring about the need to de-
velop a simple technique to measure the flux penetration field
through thin film or SIS multilayer sample typically deposited
onto 1-2" substrates. This technique should provide a parallel
magnetic field applied to only one side of the sample to em-
ulate the field configuration of SRF cavities. In this work we
report the development of such a technique which includes
a Hall probe experimental setup for the measurement of the
field of full flux penetration B), through a flat superconducting
sample placed under a small superconducting solenoid which
can generate magnetic field higher than 500 mT. To illustrate
the capabilities of this setup, we also present preliminary re-
sults of measurements of B, on bulk Pb and Nb, Nb3Sn thin
film and Nb3Sn/Al,O3 multilayer samples.

II. MEASUREMENT TECHNIQUE

We developed a setup to measure the field of full flux pen-
etration using the approach similar to a two-coil technique
which has been widely used for the measurements of the mag-
netic penetration depths and coherence lengths in supercon-
ducting films?®-33, The schematics of our setup is shown in
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FIG. 2. Main features of experimental setup. A superconducting
solenoid is placed above the sample top surface to apply a magnetic
filed. Hall probes are mounted at the bottom of the sample to de-

tect magnetic filed penetrated through the sample. A separator plate
provides a fixed gap between the magnet and the sample.

A group from Daresbury Laboratory used a ferrite C-



shaped dipole magnet along with a superconducting solenoid
to generate a parallel magnetic field at the surface of a flat
sample. In their setup one Hall probe was used to read the
applied field and the other one to detect the field penetrating
through the sample*. Our experimental setup depicted in Fig.
2 uses a similar approach but is able to generate high surface
magnetic field without the use of ferrite. Here a superconduct-
ing solenoid is placed above the sample to apply dc magnetic
field to one surface of the film. Instead of using a Hall probe to
read the applied magnetic field on the sample surface, we cal-
ibrated the applied magnetic field generated at different mag-
net currents, which helps to minimize the separation between
magnet and the sample and hence to achieve magnetic field
high enough to test various superconducting samples having
higher superheating field, Hy,. Three magnetic Hall sensors
are mounted under the sample to detect penetrated magnetic
field through the sample. A 0.5 mm thick separator plate made
of sapphire (Al,O3) is inserted between the sample and the
magnet to maintain a fixed separation between them and pro-
tect the sample during the experiment. This setup can house
flat samples up to 50 mm in diameter and thicknesses up to a
few millimeters. The assembled setup is submerged in liquid
helium bath which allows us to investigate the magnetic flux
penetration at the temperatures such as 4.35 K and 2 K.

In the course of the measurements a sample is cooled down
to either 4.35 K or 2 K at zero magnetic field and then the mag-
net current is increased gradually to apply a magnetic field. If
a superconductor thicker than a few Ay is in the Meissner state,
it screens the external magnetic field so no magnetic field is
detected by the Hall probes mounted on the other side of the
sample. Once the external field exceeds B, vortices enter the
superconductor and the magnetic flux breaking through the
sample is detected by the magnetic sensors.

A. Magnet Design

The superconducting magnet was fabricated by winding a
NbTi thin wire on a dielectric spool using a lathe machine.
This magnet has 4 layers of homogeneous wingdings with 78
turns per each layer. An epoxy was used to insulate the lay-
ers and provide a monolithic structure which does not allow
movement of the wire inside the coil. This NbTi wire of di-
ameter 0.325 mm can carry a maximum current up to 100 A.
The assembled magnet has a bore diameter of 8.93 mm and
length 25.35 mm and can generate the magnetic field greater
than 500 mT.

The expected field distribution around our magnet placed
above the superconducting sample was simulated using the
Poisson computer code. The results shown in FIG.3 were ob-
tained for the parameters of our coil, a fixed 1 mm gap be-
tween the magnet and the sample and 100 A of magnet cur-
rent. The diameter of our magnet was chosen to be five times
smaller than the sample diameter of 50 mm to avoid penetra-
tion of magnetic field at the film edges.

FIG 3 shows that a thick superconducting sample in the
Meissner state acts as a magnetic mirror, which can be mod-
eled by adding an image magnet placed on the other side of the
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FIG. 3. The calculated magnetic field around the multi turn coil is ex-
pelled from the interior of the superconductor in the Meissner state,
which makes the filed lines parallel to the sample surface and mimic
the field configuration at the inner cavity surface.

sample. As a result, the vertical component of the magnetic
field (B;) cancels out and the radial field component parallel
to the film surface is twice the radial magnetic field (B,) pro-
duced by the solenoid in free space. This field configuration
caused by screening current flowing at the top surface of the
sample mimics the field distribution in SRF cavities. If a sam-
ple is thinner than a few A, the applied magnetic field is par-
tially screened, and the z-component of this field is detected
by the Hall probes attached at the bottom of the sample. Once
the applied parallel field exceeds a critical value at which vor-
tex semiloops start penetrating the film and reaching its oppo-
site side, the Hall probe detects a jump-wise increase in B;.
In the case of thick films with d > A; studied in this work,
the Hall probes detect no signal as long as the magnetic flux
does not break through the sample. However, once the mag-
netic field breaks through the sample, the Hall probe detects
the vertical component B, produced by penetrating vortices,
which allows us to measure the field of full flux penetration
and the critical magnetic fields of the superconductor, as de-
scribed below.

B. Magnetic Sensors

The onset of the magnetic field penetration through the
sample is measured by three Hall sensors mounted underneath
the sample. The Hall probes were calibrated by passing a few
tens of mAs through the probe and by measuring the Hall volt-
age Uy proportional to the applied magnetic filed, as shown
in FIG. 4(a). In our setup we used HHP-NP Hall probes from
Arepoc to measure the magnetic field normal to the sensor.
These HHP-NP probes have sensitivity of 70 mV/T and can
operate at temperatures between 1.5 K and 350 K in a mag-
netic fieldsup to 5 T.

The active area center is marked by a cross located on
the top surface of the sensor package with accuracy bet-
ter than 0.1 mm. The dimensions of the active area are
500 x 100 gm, and the overall dimensions are 7 X 5 x 1 mm.
The model HHP-NP is a probe covered by a synthetic resin



(b) Magnetic Sens

\

\\
\

FIG. 4. (a) HHP-NP Hall probes used in the experimental setup
which can detect the component of the magnetic field perpendicu-
lar to probe (b) the Hall sensor located inside the probe covered with
the resin (c) configuration of the Hall probes mounted at the bottom
of the sample.

in transverse modification and the electrical system is parallel
to the bottom surface with high accuracy (FIG. 4(b)). In our
setup, three Hall probes are mounted under the sample, one is
at the center other two are at 4.40 mm and 10.00 mm from the
center as shown in FIG. 4(c) in order to study the penetrated
field profile along the sample radius.

All components of the setup were assembled in a nonmag-
netic container, as shown in FIG.5. The superconducting
wires in the magnet were connected to copper current leads
which can carry up to 80-90 A. Other features of the setup are:
finger springs which push the magnet down to avoid vertical
movement of the assembly, G10 plate to permanently mount
the Hall probes, and a separator plate between the magnet and
the sample to maintain a fixed gap between them and pro-
tect the sample surface. According to our simulations, if the
gap between the magnet and the sample varies by 0.1 mm,
the maximum surface magnetic field changes nearly by 7%.
Furthermore, measurements of flux penetration on thin films
are sensitive to surface or edge defects which can cause pre-
mature local penetration of vortices. In turn, the heat gener-
ated by penetrating vortices causes more vortices to enter the
sample which produces more heat and eventually a thermo-
magnetic avalanche®-°. Such partial local flux jumps are
particularly pronounced at low temperatures as the specific
heat C(T) o T> decreases with T'. To mitigate the flux jumps,
the sapphire separator plate was replaced by a copper plate to
improve heat transfer from the sample to He bath®’.

lll. CALIBRATION

Setup calibration was performed in several steps to find the
maximum magnetic field from the magnet at the sample sur-
face. First, two separate measurements were done without the
sample. As shown in FIG. 6, these two tests were done un-
der the same conditions but with different vertical spacings
between the magnet and the magnetic sensor. In test 01, top
surface and in test 02 bottom surface of the Hall probe is closer
to the magnet.

In both tests, the vertical components of the magnetic field
(B;) at the positions of all three Hall probes were recorded
as functions of the magnet current. Measurements were per-
formed both in increasing and decreasing fields to test the lin-
earity of the characteristic curves shown in FIG.7. With the
dipole-like magnetic field distribution of the solenoid, the ver-
tical magnetic field component decreases rapidly within the
lateral distance from the magnet axis.

The characteristic Hall probe curves inferred from both
tests were used to calculate the vertical magnetic component
at three different probe locations which would be observed at
100 A of the magnet current. At the same time, the vertical
magnetic field along the sample radius was simulated for 100
A of magnet current. FIG.8 compares the observed magnetic
filed detected by the Hall probes with the simulated magnetic
field for 100 A. A difference between the measured (black
dots) and simulated fields (dashed curves) is mainly due to
an uncertainty in the spacing between the Hall probes and the
magnet. When we corrected the spacing by 0.19 mm (less
than the thickness of NbTi wire), the experimental magnetic
fields coinside with the simulations.

Finally, simulation was ran to find the maximum magnetic
field at the sample surface with the magnet current of 100 A
taking into account the spacing correction of 0.19 mm men-
tioned above. The so-obtained radial field distribution By (r)
shown in FIG.9 is similar to the field between two antiparal-
lel magnetic dipoles spaced by 2d with the peak in the radial
field By (r) at the distance r ~ 4d from the magnet axis. The
calculated maximum surface magnetic field 6.26 mT/A was
used to calculate maximum B (r) at different magnet current.
This applied surface magnetic field is independent of the sam-
ple thickness if the sample is thicker than the London pene-
tration depth. From Bj(r) we readily infer the radial distri-
bution of the screening supercurrent density in a thick film:
Jj(rz) = (BH(r)//.Lo)e’ZML, where z = 0 corresponds to the
surface of the superconductor. Once the maximum screen-
ing current density along the ring of radius ~ 4mm where
B|(r,0) is maximum exceeds the depairing current density
Jy = Hg,/ A1, the Meissner state becomes unstable with respect
to penetration of vortices. This measurement setup was tested
on bulk Nb and Pb superconductors, as described below.

IV. MEASUREMENTS OF B, IN LEAD AND NIOBIUM

Our setup was tested on lead (type I superconductor) and
niobium (marginal type II superconductor). FIG.10 shows
the observed magnetic field signal at three Hall probes as a
function of the maximum surface magnetic field for lead (a)
and niobium (b) 250 um thick samples at 4.35 K. Concurrent
first flux penetration through the sample was detected by all
three Hall probes, the center probe detected the strongest pen-
etrated magnetic field. Side Hall probes from the center de-
tected weaker field and the field of opposite polarity at 10.00
mm in niobium sample. These measurements show at B > B),
a central circular region of the sample is in a field transparent
mixed state while the peripheral parts of the sample remain
in the Meissner state. The opposite field polarity detected by
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FIG. 5. The nonmagnetic container supports magnetic coil, sample and magnetic sensors symmetrically (a) cross sectional (b) outer (c) inner
view of the non magnetic container. Two copper leads are connected to the magnet to pass high current. This setup is assembled in a cryogenic
insert at Jefferson Lab to perform the experiment at cryogenic temperatures.
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FIG. 6. Setup arrangement with the orientation of Hall probes for the
calibration (a) Test 01: Hall probes are upside and (b) Test 02: Hall
probes are downside.

the Hall probe at 10 mm in Nb is consistent with the dipolar
return field of the magnet focused in a circular region of the
mixed superconducting state.

It turns out that the measured field onset of full flux penetra-
tion in thick samples with d > A; depends on the film thick-
ness d. The results for lead samples of four different thick-
nesses at 4.35 K are shown in FIG. 11(a). Here all three Hall
probes detected the first penetrated flux simultaneously. The
experiments showed that the maximum surface magnetic field
B),(d) at which the magnetic flux breaks through the sample

is a linear function of the sample thickness d. Extrapolation
of B,(d) to thickness ~ A;, gives B,(0) = 51.73 mT, close to
the thermodynamic critical field of clean lead, B, = 52.64 mT
at4.35 K.

We performed the same measurements on niobium samples
of different thicknesses at 4.35 K and 2.00 K in which case
all three Hall probes also detected a nearly simultaneous flux
penetration. The resulting full flux penetration field B,(d)
also exhibits a linear dependence on the sample thickness,
as shown in FIG. 11(b). Extrapolations of B,(d) to d 2 A,
give B,(0) = 132.54 mT at 4.35 K and B, (0) = 163.30 mT at
2.00 K. It turned out that these values of B, agreed well with
the temperature-dependent lower critical field B, (T') of clean
niobium which can be described by a conventional formula,

B (T) = Bcl(())[l - (T/TC>2L (1

where T, = 9.25 K and B, (0) ~ 173.5 mT>°. From Eq. (1)
we get B,y = 135.1 mT at 4.35 K and B,; = 165.4 mT at 2.00
K. The slightly lower observed values of B, < B, may be at-
tributed to the reduction of B, by nonmagnetic impurities'%!!
in our samples.

The thickness dependence of B, (d) at d > A, results from
penetration of vortex semi-loops from the side of the sam-
ple exposed to the field of the magnet. As the surface field
increases, the size and the number of vortex semi-loops grad-
ually increase until they reach the opposite side of the sam-
ple where they produce perpendicular field components de-
tected by the Hall sensors, once the applied surface field
reaches the field of full flux penetration B,. This field at
which the vortex semi-loops reach the opposite side of the
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FIG. 7. Vertical component of the magnetic field against magnet
current at three Hall probe (hp) positions in (a) Test 01 (b) Test 02.

sample increases with the thickness of the sample. In this
quasi-macroscopic limit, the observed linear thickness depen-
dence of B, (d) is qualitatively consistent with the Bean crit-
ical state model in which the flux density profile in the su-
perconductor changes linearly with the distance z from the
surface B(z) = B| — B,(0) — uoJez. Here By is the applied
field which varies along the surface over radial distances much
larger than d, B, (0) = B, is a jump in B(z) in the surface layer
of thickness ~ A due to the Meissner current and equilibrium
magnetization of vortices *°, and the depinning critical current
density J, is assumed independent of B at B < B!, Hence,
the surface field B,(d) at which the flux reaches the opposite
side of the sample takes the form:

Bp(d) = B,(0) + HoJed. (2)

From Eq. (2) and the slope of B,(d) for Nb at 4 K shown in
FIG 11b, we get the critical current density J. = [B,(dn) —
B, (0)]/tody ~ 1.4 x 103 A m~2 consistent with J, values for
the cavity-grade Nb with weak flux pinning*!. Here B,(0) =
132.5 mT and B,(d,,) = 310 mT at d,, = 1 mm were taken
from FIG 11b. Although pinning of vortices by the material
defects affects the measured B, (d), the extrapolation of B,,(d)
tod ~ Ay <0.1 um much smaller than thicknesses 0.1 — 1 mm
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FIG. 8. The simulated vertical component of the magnetic field pro-
file along the sample radius at measured distance (dashed line) and
corrected distance (solid line) from magnet to the sensor for 100 A.
Extrapolated magnetic field from experimental curves in FIG.7 at
three Hall probe positions for 100 A are marked by black dots. (a)
test 01 (b) test 02.

of our samples may give either a bulk critical magnetic field
B, for a type-I superconductor (Pb) or the lower critical field
B, in a type-II superconductor (Nb). As shown above, this
procedure yields the extrapolated values of B, close to the
known values of B.; and B, for Nb and Pb. The nearly linear
dependence of B,(d) also indicates that pinning of vortices
and J, in our samples are not significantly affected by the film
thickness.

In SIS multilayers the dielectric I-layers are very effective
planar pinning centers which block the expansion of vortex
semi-loops to the bulk 1. In the case of an ideal surface and
S-I interfaces, the vortex semi-loops can break through the
I-layers if the surface field becomes close to the superheating
field By, > B.1. In a more realistic situation By, can be locally
reduced by surface materials defects, yet the measurements
of B, allows us to directly observe the enhancement of the
magnetic breakdown field by a multilayer as compared to a
bare film coating of the same thickness. Here the full flux
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of lead at 4.35 K 3® and B, of niobium at 4.35 K and 2.00 K *°.

penetration field quantifies the field magnitude by which the
bulk of the Nb cavity is screened by a multilayer.

Our setup was used to measure B, in Nb3Sn films and mul-
tilayers. The Nb3Sn thin film was grown on Al,O3 wafer by
multilayer sequential sputtering at room temperature and an-
nealed at 950 °C by Nizam Sayeed at Jefferson Lab*?* and
Nb3Sn/Al, O3 multilayer was grown on Al,O3 wafer by high-
temperature confocal sputtering by Chris Sundahl at Univer-
sity of Wisconsin-Madison. This multilayer contained four
125 nm Nb3Sn layers separated by 6 nm Al,O3 interlayers,
and a 200 nm thick Nb film was deposited on the back side of
the Al,O3 wafer to prevent leakage of RF field during cavity
measurements'®. We found that the measured flux penetra-
tion field can depend on the magnetic field ramp rate and the
efficiency of heat transfer from the samples. For instance, at
the magnetic field ramp rate 3.13 mT/s (current ramp rate of
0.5 A/s) we observed a sequence of jumpwise penetrations
of magnetic flux shown by the blue curves in FIG.12. This
behavior is indicative of partial thermomagnetic flux jumps
caused by the positive feedback of the heat generated by mov-
ing vortices and the number of penetrating vortices >33¢. Here
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FIG. 12. Full flux penetration measured at 4.35 K from the

center Hall probe on (a) 1.5 um thick NbsSn thin film grown
on Al,O3 wafer by multilayer sequential sputtering at room tem-
perature and annealed at 950 °C by Nizam Sayeed at Jefferson
Lab*2. (b) Nb3Sn/Al,O3 multilayer grown on Al,O3 wafer by high-
temperature confocal sputtering by Chris Sundahl at University of
Wisconsin-Madison. This multilayer sample consists of four 125
nm Nb3Sn layers separated by 6 nm Al,Os interlayers. A 200 nm
thick Nb film was deposited on the back side of the wafers to pre-
vent leakage of RF field during cavity measurements'®. Flux jumps
were observed at a magnet ramp rate of 3.13 mT/s (blue curve). They
disappeared when the sapphire separator plate is replaced by a cop-
per plate (red curve). The field onset of flux penetration increased at
slower ramp rate 0.626 mT/s (green curve).

each step on FIG 12. comes from a flux micro-avalanche
originating at a surface defect. Similar local avalanches were
observed in computer simulations of dendtritic flux penetra-
tion in superconducting films*>#4. Such partial flux jumps are
more pronounced in Nb3Sn as compared to Nb and Pb be-
cause of much lower electrical and thermal conductivities of
Nb3Sn.

In superconducting thin films thermo-magnetic instabilities
result in propagation of fast dendritic flux avalanches**~43,
the field onset of these partial flux jumps decreasing as the

magnetic ramp rate increases >>. These thermomagnetic

avalanches can be mitigated by reducing vortex dissipation
and improving heat transfer from the sample, particularly by
covering a superconducting film with a normal metallic film
with high thermal and electric conductivities ¥*. The flux
jump mitigating measures in our setup were implemented by
replacing the sapphire separator plate with a copper plate to
improve the efficiency of heat transfer from the sample 3. As
a result, the field jumps detected by the Hall probes disappear
at a lower magnet ramp rate, as shown by the red curve in
FIG.12. Moreover, the field of full flux penetration increases
as the ramp rate decreases as shown by the green curve, the
observed B, being well above B in Nb3Sn. The reduction
of B, by flux jumps can be particularly pronounced in such
promising SRF materials as Nb3Sn and superconducting pnic-
tides which have 2-3 order of magnitude lower thermal and
electrical conductivities than Nb.

Investigation of the effect of ramp rate on the flux penetra-
tion field is important because it can reveal the relevance of
partial flux jumps to the SRF breakdown in accelerator cav-
ities, where the ramp rates of the rf field reaches ~ 10° T/s.
In this case even a few vortex semi-loops penetrating at the
surface defect can generate enough heat to ignite propagation
of dendritic flux avalanche into the cavity wall. These effects
are most pronounced in low conductive SRF materials like
Nb3Sn, which may contribute to the reduced breakdown field
observed on Nb cavities coated with Nb3Sn films as compared
to the best Nb cavities 0. Vortex avalanches can be mitigated
by SIS multilayers blocking the propagation of vortex loops
in the cavity wall. In that regard, the system described in this
work can be useful to investigate the effect of the ramp rate on
the penetration field and the ways B), can be increased by op-
timizing the film or multilayer geometry and improving heat
transfer from local vortex hotspots. For Nb3Sn thin films and
Nb3Sn/Al,O3 multilayers grown on sapphire substrates, we
observed an increase of the field onset of flux penetration as
the ramp rate decreases. We are planning to coat bulk Nb with
SIS multilayers to achieve higher breakdown field using our
measurement system at a slower ramp rate to probe the super-
heating field of the material.

V. CONCLUSION

A Hall probe measurement technique has been developed
to detect the field onset of magnetic flux penetration thorough
flat samples of SRF materials. Testing the setup on Pb and Nb
bulk samples has reproduced the well-known values of criti-
cal magnetic fields of these materials. Low conductive thin
film materials such as Nb3Sn films and multilayers exhibit
flux jumps due to thermomagnetic flux avalanches. These flux
jumps were mitigated by improving heat transfer across the
sample and slowing down the magnet ramp rate. This mea-
surement system is now being used to study flux penetration
of alternative materials for SRF cavities other than Nb.
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