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ABSTRACT
Superconducting radio frequency (SRF) cavities are fundamental building blocks of modern particle accelerators. They operate at liquid
helium temperatures (2–4 K) to achieve very high quality factors (1010–1011). Trapping of magnetic flux within the superconductor is a
significant contribution to the residual RF losses, which limit the achievable quality factor. Suitable diagnostic tools are in high demand to
understand the mechanisms of flux trapping in technical superconductors, and the fundamental components of such diagnostic tools are
magnetic field sensors. We have studied the performance of commercially available Hall probes, anisotropic magnetoresistive sensors, and
flux-gate magnetometers with respect to their sensitivity and capability to detect localized, low magnetic flux amplitudes, of the order of a few
tens of magnetic flux quantum at liquid helium temperatures. Although Hall probes have the lowest magnetic field sensitivity (∼96 nV/μT at
2 K), their physical dimensions are such that they have the ability to detect the lowest number of trapped vortices among the three types of
sensors. Hall probes and anisotropic magnetoresistive sensors have been selected to be used in a setup to map regions of trapped flux on the
surface of a single-cell SRF cavity.

Published by AIP Publishing. https://doi.org/10.1063/5.0063177

I. INTRODUCTION

Superconducting radio frequency (SRF) cavities are funda-
mental components of modern particle accelerators, providing effi-
cient acceleration of charged particle beams. Ideally, SRF cavities
should operate in the vortex-free Meissner state when cooled below
their critical temperature, Tc. However, the unavoidable presence
of defects in large-size (volume greater than ∼300 cm3) technical
superconductors results in a state in which bundles of vortices, each
carrying the magnetic flux quantum ϕ0, get trapped in a supercon-
ductor upon its cooling through Tc. Oscillation of pinned vortex
segments under the RF field at the inner surface of SRF cavities
results in residual losses limiting their quality factor and therefore
their efficiency at liquid helium temperatures. This issue is well-
known, and it is mitigated by enclosing SRF cavities inside one
or more magnetic shields to screen the ambient field, such as the
Earth’s magnetic field, down to a practical limit of a few milligauss.1
However, even such a low residual magnetic field can result in vor-
tices spaced by a few tens of micrometers, producing losses of the
order of a few nano-Ohm at gigahertz frequencies. Such losses are
of the same order as the quasiparticle RF losses described by the

Bardeen–Cooper–Schrieffer (BCS) theory of superconductivity2,3 or
even dominate the RF losses in lower frequency cavities. As more
efficient, lower cost particle accelerators are being sought after and
developed, significant research and development efforts, both theo-
retical4–9 and experimental,10–16 have been devoted in recent years to
understanding the mechanisms of flux trapping, their contribution
to the RF losses, and methods to reduce the amount of trapped flux.

Scanning imaging techniques have been successfully developed
to investigate vortices in superconductors; however, they are applied
to small, cm2-sized, flat, smooth samples.17 On the other hand,
the investigation of trapped flux in SRF cavities is best done on a
“subunit” of a real SRF accelerating structure, such as a single-cell
cavity, which has been subjected to the same complex metallurgi-
cal and surface processing steps as the cavities installed in particle
accelerators.1 Each of the cavity processing steps can affect the size,
density, and distribution of pinning centers. The typical single-cell
cavity used for SRF research has a surface area of ∼1000 cm2, and it
has a curved profile and a root mean square surface roughness of the
order of 500 nm.

In order to identify and study trapped flux in SRF cavities, it
would be valuable to develop a diagnostic tool, capable of detecting
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magnetic vortices trapped in the cavity wall upon cooldown across
Tc, as a function of different relevant parameters, such as the cavity
material and treatments, temperature gradients during cooldown,
and amplitude and direction of the residual magnetic field. A mag-
netic field scanning system (MFSS) for 1.3 GHz single-cell SRF cav-
ities is being developed at Old Dominion University and Jefferson
Lab for this purpose.18 The setup is designed to hold two types of
magnetic field sensors, which could be complementary in terms of
magnetic field sensitivity and spatial resolution. Three types of sen-
sors have been considered: cryogenic Hall probe (HP), anisotropic
magnetoresistive (AMR) sensor, and cryogenic flux-gate magne-
tometer (FGM). This article presents results for each type of sensor
related to their magnetic field sensitivity, the resolution of the data
acquisition system used for the sensors’ readout, and the potential
ability to detect trapped magnetic flux on the cavity surface.

II. MAGNETIC FIELD SENSORS
A. Cryogenic Hall probe

A single-axis, high-linearity cryogenic Hall probe, model HHP-
VFS from AREPOC, Slovakia, was considered for the MFSS. The
sensor has an active area of 50 × 50 μm, and it measures the field
component perpendicular to the sample surface at 120 μm distance.
The sensor is designed to operate in a magnetic field of up to 5 T
between 1.5 and 350 K, and it is packaged in a cylindrical hous-
ing, 7 mm in diameter, 8 mm long. Additional sensor specifications
are: an offset voltage of less than 200 μV, with a temperature coef-
ficient of less than 0.3 μV/K, a sensitivity, S, greater than 50 mV/T
at the nominal current of 10 mA, with a temperature coefficient of
5 ×10−5 K−1 between 4.2 and 77 K, and a linearity error of less than
1.5% at 4.2 K, between 0 and 5 T.19 Figure 1 shows an image of the
sensor’s active area.

B. Anisotropic magnetoresistive sensor
AMR sensors are used in many applications, such as navigation,

non-destructive evaluation, and vehicle detection.20–23 Two single-
axis AMR sensors, model HMC1001 from Honeywell International,

FIG. 1. Optical microscopy image of the active area of the Hall probe sensor HHP-
VFS.

USA, and model AFF755B from Sensitec, Germany, have been stud-
ied for measuring the residual magnetic field on superconducting
samples at liquid helium temperatures.24 The sensor from Sensitec
has been recently extensively characterized25,26 and used to detect
the residual magnetic field near the surface of SRF cavities,27–30 so
we selected this sensor to be evaluated for use in the MFSS. Some
of the sensor specifications at room temperature are: a power sup-
ply voltage Vdc between 1.2 and 9 V, a typical sensitivity S/Vdc of
12 mV/mT/V, an offset voltage of ±0.5 mV/V, and a linearity error
of 0.15% of full-scale in the range ±100 μT.31 The sensor has an
active area of 0.7 × 0.8 mm2, and it is packaged into an integrated
circuit with overall dimensions of 4.9 mm length, 3.8 mm width, and
1.75 mm height. A flip coil, used to align the ferromagnetic sensing
elements to an easy magnetization axis, and a test coil to check the
sensor’s response are also part of the integrated circuit.

C. Cryogenic fluxgate magnetometer
A single-axis cryogenic fluxgate magnetometer, model Mag-F

from Bartington Instruments, UK, was also considered for use in
the MFSS. This sensor is routinely used to measure the residual
magnetic field near the surface of SRF cavities, and a 1 mm diam-
eter and 28 mm long active area is enclosed in a 6 mm diameter
and 32 mm long cylindrical body. The sensor’s range is ±200 μT. A
nanotesla-meter (Mag-01H, Bartington Instruments, UK) is used in
conjunction with the FGM and has a resolution of 0.1 nT between
0 and 2 μT and 1 nT in the range 2–100 μT. The offset in zero field
is specified to be ±5 nT at 20 ○C with a temperature coefficient of
0.01 nT/○C.32 The nanotesla-meter also has an analog output with a
100 mV/μT scaling.

III. EXPERIMENTAL RESULTS
A. Sensor calibration

Figure 2 shows a picture of the three types of sensors being
evaluated. The sensors to be calibrated are placed inside a set of
Helmholtz coils (model 1000906, 3B Scientific, USA, 300 mm mean
coil diameter, 150 mm mean coil spacing, 740 μT/A) aligned to the
direction of the uniform field inside the coils, along with one FGM,
used as a reference sensor. The experimental setup is mounted on
a vertical test stand inserted in a Dewar filled with liquid helium.
A power supply (model 2400, Keithley Instruments, USA) is con-
nected to the Helmholtz coils. A 24-bit voltage input data acquisition
module (NI-9239, National Instruments, USA) is used to measure
the analog voltage output of the Mag-01H, connected to the FGM.
For the calibration of the HP, an 8-channel, 24-bit data acquisition
module (USB2AD, AREPOC, Slovakia) was used to supply the nom-
inal current and read the sensors’ voltage, whereas a 16-channel data
acquisition unit (model 2701 digital multimeter with a model 7701
low-voltage multiplexer, Keithley Instruments, USA) was used to
measure the voltage from the AMR sensors. A pulsed DC source
(model 2611, Keithley Instruments, USA) is used to drive the flip coil
of the AMR sensors, and a power supply voltage of 5 V was applied
to the sensors using a standard AC–DC power adapter. The instru-
ment control and data acquisition were performed using programs
written in LabVIEW.33

16 HP and 32 AMR sensors were calibrated. The sensor cal-
ibration procedure consists of measuring the sensors’ voltage, V,
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FIG. 2. Picture of a HP (top), AMR sensor (middle), and FGM (bottom).

as a function of the applied magnetic field, Ba, in the range ±200
mG, starting from ∼2 mG: the slope of the V(Ba) plot is the sen-
sor sensitivity, S, and the intercept is the offset voltage, V0. For the
HP calibration, the nominal current of 10 mA was applied to
the sensors, and the USB2AD data acquisition module allows for
the chopping technique to be applied on either analog inputs or
analog outputs.34 The chopping technique consists of switching the
direction of the bias current and measuring the average sensor volt-
age, allowing eliminating spurious offset voltages in the circuit of
the sensor connection. Measurements were performed with chop-
ping for 20 cycles on the analog output, and each data point was
the average of four samples. In the case of the AMR sensors, each
V(Ba) data point was the average of four measurements and the
calibration was performed in two ways: In the first case, a 100 ms
long pulse of 150 mA was applied to the flip coil before each data
point, and in the second case, the pulse was only applied at the
beginning of the entire calibration. In both cases, the flip coil pulse
was applied at the calibration temperature, below 40 K. The aver-
age sensitivity measured in the first case was 34.4 ± 0.5 μV/μT/V,
whereas it was 35.6 ± 0.6 μV/μT/V in the second case. The HP sen-
sor calibration was performed at three temperatures: 2, 4.3, and
∼9.5 K, and the calibration of the AMR sensors was performed at
2, 4.3, 14, and 35 K. Figure 3 shows a plot of V(Ba) for one of the
AMR and HP sensors. Table I shows a summary of the sensitivity,
offset voltage, linearity error, and temperature coefficients for the
AMR and HP sensors. The average sensitivity of the AMR sensors
at 2 K with a single flip coil pulse is consistent with that reported
in Ref. 25.

FIG. 3. Sensor voltage as a function of the applied magnetic field for one HP and
one AMR sensor. Solid lines are a linear least-square fit to each set of data.

The stability of the sensitivity of the AMR sensors with respect
to thermal cycling was evaluated by subjecting a set of 16 sensors to
35 thermal cycles between 77 and 300 K and five additional thermal
cycles between 4.3 and 300 K, prior to repeating the sensor calibra-
tion. The results showed that the average change in sensitivity was
0.5%–2% between 2 and 10 K.

A calibration of the fluxgate magnetometers was not required;
however, an experiment was performed to verify the ability of the
sensor to measure a non-uniform field, over its length. To perform
the experiment, a NdFeB cylindrical permanent magnet 25.4 mm
long, 1.25 mm diameter (D1X0, K & J Magnetics, USA) was placed
on a wooden block and a flux-gate magnetometer was placed on
another wooden block, with its axis aligned to the axis of the per-
manent magnet. The magnetic field was measured with the Mag-
01H nanotesla-meter as a function of the distance between the
tip of the magnet and the tip of the sensor’s core. The measure-
ments were taken in a shielded room with a background mag-
netic field of ∼1 μT, which was subtracted from the data. Figure 4
shows the magnitude of the magnet axial magnetic field as a func-
tion of the distance from the magnet tip, provided by the vendor,
the magnetic field measured by the FGM, and the magnet field
averaged over the 28 mm length of the FGM’s core, at the mea-
sured position. The data show that the magnetic field measured
by the FGM is consistent with the average field over the core’s
length.

TABLE I. Average values of HP and AMR sensor parameters obtained from the calibration of 16 HP and 32 AMR sensors, in the range 2–9 K and 0–195 mG for HP, and in the
range 2–35 K and 0–1800 mG for AMR sensors. For the AMR sensors, the range of offset voltage values and their temperature coefficients are reported because of the large
spread.

Sensor type Sensitivity at 2 K
Sensitivity linearity

error (%)
Sensitivity temperature

coefficient (1/K) Offset voltage at 2 K
Offset voltage temperature

coefficient (μV/K)

HP 96 ± 2 nV/μT 0.6 (−4.6 ± 2.5) × 10−3 −22 ± 176 μV 0.05 ± 0.24
AMR 35.3 ± 0.8 μV/μT/V 0.3 (−1.0 ± 0.4) × 10−3 (−3.5, 3.6) mV (−44, 15)
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FIG. 4. Magnetic field along the axis of a small cylindrical permanent magnet pro-
vided by the vendor as a function of the distance from one of the poles (solid line),
in comparison to the data measured with the FGM and the vendor’s data averaged
over the 28 mm length of the FGM core.

B. Sensors performance in the MFSS
The prototype version of the MFSS was assembled on a TESLA-

shaped,35 1.3 GHz single-cell SRF cavity made of bulk Nb. Four
sensors can be mounted on two brackets, 180○ apart, which can
rotate one full turn around the cavity. The sensors are held in contact
with the cavity surface by small springs. Figure 5 shows a schematic
of the sensors’ location and their angle with respect to the cavity axis.
The cavity with the MFSS is attached to a vertical test stand, inserted
in a vertical cryostat, 71 cm in diameter, 275 cm deep. The Earth’s
field is shielded inside the cryostat by a combination of a μ-metal
shield and a compensation coil wound around the shield. The cur-
rent from a DC power supply connected to the compensation coil
can be adjusted to vary the residual magnetic field in the cryostat.
In the first experiment, four calibrated HP and AMR sensors were
used. In a second experiment, four FGMs replaced the AMR sen-
sors. The sensors’ instrumentation and data acquisition parameters
used for the MFSS were the same as those used for the sensors’ cal-
ibration. A program written in LabVIEW was used for instruments’
control and data acquisition such that the magnetic field was mea-
sured sequentially from each sensor. It takes ∼1.6 s to acquire four
data points from one HP and ∼1.2 s to acquire the same number
of samples from one AMR sample, with the chosen data acquisi-
tion settings, and therefore, the time interval between two subse-
quent measurements from each sensor is ∼11.2 s. A time interval
of ∼19 s between two consecutive measurements with the same sen-
sor occurred for the setup with AMR sensors and FGMs because a
settling time of ∼3 s was necessary after switching from one FGM
to the next, even though the acquisition time for four samples from
one FGM was only ∼0.5 s. Figures 6 and 7 show the magnetic field
as a function of time measured at a fixed location and fixed residual
ambient magnetic field with each type of sensor, in order to evalu-
ate the overall resolution. The magnitude measured by each sensor
is different because of the different orientation, as shown in Fig. 5,
with respect to the applied magnetic field. For each type of sensor,

FIG. 5. Schematic diagram of the trapped flux measurement setup. FGMs replaced
the HPs in one set of measurements.

we consider the average value of the standard deviation obtained
from the measurement of Ba(t) with four sensors to be the reso-
lution of that sensor in our setup. Such a resolution was measured
to be 65 nT for the HP, 75 nT for AMR sensors, and 18 nT for
the FGM.

FIG. 6. Ambient magnetic field at 14 K measured over time with HP3 and AMR2
sensors kept at a fixed location in the MFSS. The solid lines are the average
values, and the shaded areas between dashed lines are ±1σ. The different mag-
nitude of the magnetic field measured by the sensors is due to their different
orientation with respect to the ∼5 μT applied field.
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FIG. 7. Ambient magnetic field at 75 K measured over time by two FGM sensors
kept at a fixed location in the MFSS. The solid lines are the average values, and
the shaded areas between dashed lines are ±1σ. The different magnitude of the
magnetic field measured by the sensors is due to their different orientation with
respect to the ∼16 μT applied field.

IV. ESTIMATED SENSITIVITY TO TRAPPED FLUX
A pinned vortex in a superconductor generates the induction

of a monopole field outside a superconductor,17

Ð→
B = Φ0

2πr2 r̂, (1)

where r⃗ is a radial vector connecting the tip of the vortex and the
observation point, and Φ0 = h/2e is the magnetic flux quantum.

Considering the surface of a superconductor occupying the xy
plane, with a vortex at the origin, the geometry of the three types of
sensors is shown schematically in Fig. 8. For the HP, the magnetic
flux Φz through a square area of side d = 50 μm, oriented parallel to
the xy plane and centered at r⃗ = zẑ above the origin, is given by

Φz =
2Φ0

π
tan−1( d2

2z
√

2d2 + 4z2
). (2)

The minimum number of trapped vortices NHP that could be
measured with the HP as a function of the distance from the
superconductor’s surface can be estimated as

NHP = BHPd2/Φz , (3)

where BHP = 65 nT is the resolution of the HP. For the AMR sensor,
the average magnetic field over a square plane of size a = 0.75 mm
perpendicular to the superconductor’s surface and centered at r⃗ = zẑ
above a vortex at the origin is given by

Bavg =
1
a2∫

a+z

z
∫

a/2

−a/2
B(r) dx dz = Φ0

2πa2 ln[(α + 1)(β − 1)
(β + 1)(α − 1)], (4)

where α =
√

1 + 4(z/a)2 and β =
√

1 + 4(1 + z/a)2. The minimum
number of trapped vortices NAMR that could be measured with the

FIG. 8. Schematic representation of a HP (a), AMR sensor (b), and FGM (c) posi-
tioned at a distance z above a trapped vortex at the origin, inside a superconductor
with the surface on the xy-plane.

AMR sensor can be estimated as

NAMR = BAMR/Bavg , (5)

where BAMR = 75 nT is the AMR sensor’s resolution.
Finally, for the case of the FGM, the magnetic flux over a cir-

cular area of radius R = 0.5 mm parallel to the superconductor’s
surface, centered at r⃗ = zẑ above a vortex at the origin, is given by

Φz = Φ0(1 − z√
d2 + z2

). (6)

The average flux over the length of the sensor’s core,
L = 28 mm, can be calculated as

⟨Φz⟩ =
1
L∫

z+L

z
Φ(z) dz

= Φ0

⎧⎪⎪⎨⎪⎪⎩
1 − R

L

⎡⎢⎢⎢⎢⎣

√
1 + ( z + L

R
)

2
−
√

1 + ( z
R
)

2⎤⎥⎥⎥⎥⎦

⎫⎪⎪⎬⎪⎪⎭
, (7)

where R = 0.5 mm is the core radius. The minimum number of
trapped vortices NFGM that could be measured with the FGM as a
function of the distance from the superconductor’s surface can be
estimated as

NFGM = BFGMπR2/⟨Φz⟩, (8)

where BFGM = 18 nT is the FGM’s resolution. Figure 9 shows the
minimum number of trapped vortices that could be measured
with each type of sensor as a function of the distance from the
superconductor’s surface, starting at the minimum distance from the
surface allowed for each sensor.

Initial measurements with the prototype MFSS were made after
the cavity was cooled in an ∼10 μT residual field. The temperature
gradient between the cavity irises, measured with calibrated Cernox
resistance temperature devices (RTDs), was ∼20 K when the bottom
RTD reached 9.2 K. Figure 10 shows the results from a full scan
around the cavity for sensor HP4 at 4.4 K, showing two peaks, at 80○

and at 130○. The data were reproduced several times, after multiple
thermal cycling to 300 K. Such peaks were not detected when scan-
ning with AMR or FGM probes. The total scan time with four HPs
and four FGMs was ∼13 min. The amplitude of the peak at 130○ was
Bv ∼7 μT above the uniform ∼9 μT residual field. The number of
trapped vortices can be estimated as N = Bvd2/Φz , where Φz is cal-
culated using Eq. (2), resulting in ∼320 vortices with mean spacing
lv = d/

√
N = 2.8 μm.
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FIG. 9. Minimum number of trapped vortices calculated for each type of sensor as
a function of the distance between the cavity surface and the sensor, starting at
the minimum physical distance for each sensor.

V. DISCUSSION
All three types of magnetic field sensors have pros and cons: the

HP and the FGMs are significantly more expensive than the AMR
sensors, the AMR sensor requires two more wires per sensor than
the HP and FGM, the FGM has the highest magnetic field resolution,
and it does not require an independent calibration, but it has a large
size. The feature of a magnetic field sensor that is most useful in a
setup to detect trapped flux in an SRF cavity is the ability to detect
the smallest number of a bundle of trapped vortices. Figure 9 shows
that the HP is the best sensor in that respect and the FGM the worst.
The surface resistance due to N sparse vortices per unit area, nv ,
under an RF field at GHz frequencies is given by4

Ri = nv(2π)3/2 λξ
√

μ0 f ρn

ln ( λ
ξ +

1
2)

1/2 , (9)

FIG. 10. Residual magnetic field at 4.4 K as a function of the azimuthal angle
around the cavity measured with HP4.

where λ is the RF penetration depth, ξ is the coherence length, f is
the RF frequency, and ρn is the normal-state resistivity. The number
of trapped vortices, N, that might be relevant for SRF cavities could
be estimated using Eq. (9) considering, as an example, a local surface
resistance Ri = 1 μΩ, about a factor of 100 greater than the BCS sur-
face resistance at the same frequency at 2 K, over a 100 × 100 μm2

area. Considering λ = ξ = 40 nm for clean Nb, ρn = 1.5 × 10−9 Ωm,
and f = 1.3 GHz, the total number of trapped vortices is ∼180.

The results shown in Fig. 10 indicate that the cryogenic HP has
the capability to detect such amounts of trapped vortices. The main
issues with using the HP sensors are their fragility and comparatively
low sensitivity, which require careful measurements of the sensors’
offset voltage. We did not pursue yet the development of a suitable
magnetic field concentrator to place between the cavity surface and
the sensor to enhance the sensitivity as the data acquisition module
seems adequate for an accurate measurement of voltages of the order
of tens of nanovolts. AMR sensors are selected as the second type of
sensors to be installed in the MFSS and are planned to be used for
the initial scan of the surface at a lower spatial resolution to identify
possible regions with trapped flux, which can then be scanned with
greater resolution using the HPs.

VI. CONCLUSION
Three types of magnetic field sensors have been evaluated to

detect trapped vortices at the surface of SRF cavities. HPs have the
smallest sensing area and can be placed the closest to the cavity sur-
face, resulting in the lowest minimum number of detectable vortices.
The initial results obtained with the prototype MFSS mounted on
a single-cell Nb cavity showed the ability of the HP to measure a
bundle of a few hundred trapped vortices, which can produce appre-
ciable RF losses in an SRF cavity. The fabrication of the full-scale
version of the MFSS is in progress. The full-scale system will have
8 HPs and 16 AMR sensors along the profile of a single-cell cavity,
with improved wiring and reduced scan time.
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