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Abstract 
Superconducting radiofrequency (SRF) cavities used in 

particle accelerators operate in the Meissner state. To 
achieve high accelerating gradients, the cavity material 
should stay in the Meissner state under high RF magnetic 
field without penetration of vortices through the cavity 
wall. The field onset of flux penetration into a supercon-
ductor is an important parameter of merit of alternative su-
perconducting materials other than Nb which can enhance 
the performance of SRF cavities. There is a need for a sim-
ple and efficient technique to measure the onset of field 
penetration into a superconductor directly. We have devel-
oped a Hall probe experimental setup for the measurement 
of the flux penetration field through a superconducting 
sample placed under a small superconducting solenoid 
magnet which can generate magnetic fields up to 500 mT. 
The system has been calibrated and used to measure differ-
ent bulk and thin film superconducting materials. This sys-
tem can also be used to study SIS multilayer coatings that 
have been proposed to enhance the vortex penetration field 
in Nb cavities. 

INTRODUCTION 
Bulk niobium SRF cavities for particle accelerators can 

provide accelerating gradients Eacc  40-50 MV/m [1, 2]. 
Further significant increase of accelerating gradient in Nb 
cavities is hardly possible as they already operate at the 
surface magnetic fields close to the superheating field Hsh. 
A lot of R&D research of alternative to Nb materials has 
been done to enhance the performance of SRF cavities [3].  
However, the high field SRF performance is often limited 
by surface morphological defects which reduce Hsh and 
cause premature local flux penetration into the supercon-
ductor [4].  Multilayer structure containing alternative lay-
ers of insulators and superconductors, which can delay flux 
penetration, is a promising way to mitigate the effect of 
surface defects [5-7]. 

Measurement of the onset of magnetic field penetration 
is pivotal to study the behavior of bulk, thin film and multi-
layered superconductors for SRF accelerating cavities. 
This paper describes the design and calibration of a simple 
and efficient technique to measure the onset of magnetic 
field penetration into a superconducting sample. Using this 
system, we measured penetration of dc magnetic field in 
bulk Nb and Nb3Sn thin film samples. 

MESUREMENT SYSTEM  
The technique was designed for the direct measurement 

of magnetic field penetration into flat superconducting 
samples 50 mm in diameter. Figure 1 (a) shows the main 
features of the experimental setup. Superconducting mag-
net fabricated using NbTi wire as a multi turn coil plays a 
major role in this setup to produce a magnetic field up to 
500 mT on the sample surface. Here the field lines are par-
allel the sample surface, which mimics the magnetic field 
configuration of SRF cavity in the Meissner state as shown 
in Fig. 2. Since the size of sample is few times larger than 
the magnet bore, the surface magnetic field rapidly de-
creases along the sample surface with no significant edge 
and demagnetizing effect [8].  

 

 
 

 
Figure 1: (a) Cross sectional view of the basic experimental 
setup (b) Configuration of three Hall probes mounted un-
der the sample. 

A separator plate between the sample and the magnet 
maintains a fixed distance to avoid the damage of the sam-
ple by direct contact with the magnet.   

High linearity Hall probes from Arepoc s. r. o. calibrated 
at cryogenic temperatures were mounted under the sample 
to capture penetrated magnetic field through the sample. 
Three Hall probes are placed at the different locations at 
the bottom surface of the sample: at the center, at 4 mm 

(a) 

(b) 

 ___________________________________________  
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and 10 mm from the center as shown in Fig. 1 (b) to deter-
mine the effect of probe location to our measurements.  As 
the magnetic field is gradually increased above the onset of 
flux penetration, superconducting vortices start to pene-
trate the sample and the Hall probes detect the magnetic 
field at the full flux penetration through the superconduct-
ing sample.  

 

 

Figure 2: Magnetic field lines from the multiturn coil 
placed on the superconducting sample in Meissner state. 

 
Nonmagnetic container was used to assemble the sam-

ple, the solenoid magnet, and the Hall probes symmetri-
cally as shown in Fig. 3. The experiments were performed 
at 2 K and 4 K in a liquid He dewar at Jefferson Lab.  

 

 
Figure 3: Setup assembly of the magnetic field penetration 
measurement system in a nonmagnetic container and the 
solenoid magnet coated epoxy layer (top left corner). 

CALIBRATION 
Setup calibration was performed in few steps to find the 

maximum surface magnetic field generated by the magnet 
at the sample surface. First, three Hall probes were placed 

just under the magnet with no sample between them. The 
separation between the magnet and the Hall probe sensor 
was 1.368 mm. Hall probe reading was recorded with re-
spect to the gradually increasing current. The probe at the 
center showed the strongest magnetic field as expected 
(Fig. 4). The magnetic field of 445.3 mT at the center was 
measured at 100 A of magnet current. 

 

 
Figure 4: Hall probe responses against increasing magnet 
current with no sample. 

 
The field distribution calculated by the Poisson com-

puter code [9] gave 517.0 mT. The 13.9% difference be-
tween the experimental and simulation values of the centre 
magnetic field occurs because the separation between the 
magnet and the sensor is not known accurately.  Then the 
simulation was run again to find the separation which 
matches the measured magnetic field in the centre. As a 
result, we obtained the corrected separation 1.815 mm, 
about 0.447 mm larger than it was assumed. 

Finally, the maximum surface magnetic field on the sam-
ple surface was simulated with the sample being between 
the magnet and the sensor. The separation between the 
magnet and the sample 1.018 mm was corrected by adding 
0.447 mm, as explained above. The maximum surface field 
produced by the magnet on the sample surface increases 
linearly with the current with the slope of 5.5 mT/A 
(Fig. 5). 

 

 
Figure 5: The radial magnetic field generated from magnet 
on the sample surface with the magnet current 100 A and 
the corrected separation between the magnet and the sam-
ple 1.465 mm. 
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MEASUREMENTS 
The calibrated system was used to measure bulk and thin 

film superconducting samples.  
 

Bulk Superconductors 
Bulk Nb sample of thickness 88.9 μm was measured at 

4.35 K. The centre Hall probe detected the full flux pene-
tration at the applied magnetic field 134.7 ± 2.8 mT 
(Fig. 6). The penetrated field declined along the sample ra-
dius and the opposite polarity at the 10 mm was observed. 
Figure 7 illustrates the field penetration data at 4.35 K and 
1.97 K. 

However, the measured field of full flux penetration de-
pends on the sample thickness as well, because the Hall 
sensors are mounted at the opposite side of the sample.     

 

 
Figure 6: Magnetic field penetration measurements on bulk 
Nb with thickness 88.9 μm at 4.35 K. 

 

 
Figure 7: The centre Hall Probe response against bulk Nb 
at 4.35 K and 1.97 K. 

 
Thin Film Superconductors 

We measured a 1.5 µm thick Nb3Sn thin film grown on 
sapphire (Al2O3) wafer by multilayer sequential sputtering 
at room temperature and annealed at 950 °C. Figure 8 
shows the results of flux penetration measurement on this 

film. Unlike bulk superconductors, the Nb3Sn films ex-
hibit clear flux jumps due to vortex avalanches associated 
with thermo-magnetic instabilities (blue curve). The first 
full penetration was detected at 137.5 ± 2.8 mT. It turned 
out that the flux jumps can be mitigated by improving heat 
transport across the sample. To show this, we replaced the 
sapphire separator plate by a copper plate in order to in-
crease the thermal conductivity and suppress flux jumps. 
As shown by the red curve in Fig. 8, the flux jumps disap-
peared, but the first full penetration field remained the 
same. Then, we reduced the current ramp rate from 0.5 A/s 
to 0.1 A/s and found that the field of full flux penetration 
doubles, as indicated by the green curve. 

 

 
Figure 8: The centre Hall probe responses against forward 
current observed for Nb3Sn thin film fabricated on sapphire 
substrate having 1.5 μm thickness. 

CONCLUSION AND FUTURE WORK 
The new experimental technique for magnetic field pen-

etration measurement of superconducting samples was de-
signed, built and calibrated at Jefferson Lab. This tech-
nique is appropriate for both bulk and thin films. Thin 
Nb3Sn films show flux jumps due to thermo-magnetic in-
stability, which is mitigated by increasing thermal conduc-
tivity across the sample. The penetration field limit is in-
creased by slowing down the current ramp rate. This sys-
tem is ready for the future measurements of SIS multilayer 
superconductors. 
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