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Abstract 
Measurements of magnetic sensitivity to trapped flux on 

several type of cavity geometries have been performed at 
IPNO showing a clear geometrical effect. Magnetic sensi-
tivity depends not only on material quality but also on the 
cavity geometry and on the residual magnetic field orien-
tation. A presentation of experimental data will be done. 
These will be as well compared to the theoretical magnetic 
sensitivities calculated thanks to a simple Labview routine-
paper.  

INTRODUCTION 
Performances of a superconducting accelerating cavity 

made of bulk Niobium are strongly affected by the pres-
ence of a residual magnetic field while transiting into its 
superconducting state. Trapped vortices interact strongly 
with the radiofrequency (RF) electromagnetic fields induc-
ing additional dissipations in the helium bath [1]. These ad-
ditional losses can be modelled by a resistance Rmag de-
pendent on temperature and, as it will be shown, on the RF 
field amplitude and orientation.  

The total surface resistance of a superconductor is the 
sum of a temperature dependent contribution called the 
BCS resistance (derived from BCS theory of superconduc-
tivity, See Eq (1)) and a contribution defined as the residual 
resistance (remaining resistance at 0K, See Eq. (2)). This 
contribution is mainly due to material imperfections (pol-
lution, defects, grain boundaries…) and obviously mag-
netic flux trapping. 

),(),( TfRTfRR resBCSS     (1) 
 

),(0 TfRRR magres      (2) 
To prevent Niobium from trapping magnetic flux com-

ing from earth or magnetic parts at the vicinity of the cav-
ity, magnetic shields are installed around the superconduct-
ing cavity. High permeability material as permalloy (µ-
metal), Cryophi® or A4K are used to funnel the magnetic 
field and thus attenuating strongly the residual magnetic 
field inside it. Specifications on the attenuation factor re-
quired to ensure good performances of the cavity are given 
by the total resistance tolerable and thus by the budget al-
located to the magnetic contribution.  

Once the project has specified the maximum Rmag allow-
able, the total attenuation Hres/Hearth required for the mag-
netic shield is given by Eq. (3): 

resmagmagmag HTfSR  ),(    (3) 

Where mag is the flux trapping efficiency coefficient, 
Smag the magnetic sensitivity of the cavity expressed in 
nΩ/mG and Hres the mean residual magnetic field present 

at transition. A simple empirical model [1] gives a good ap-
proximation of Smag as formulated in Eq. (4): 

)(2
),(

2 TH
TfRS

c

n
mag 

    (4) 

With Rn the normal resistance and Hc2 the second critical 
field of the material. 

As it will be discussed in this paper, the real magnetic 
sensitivity is extremely difficult to predict as this one can 
depend on many parameters: 
 Frequency of the cavity. Sensitivity scales with the 

square root of frequency given by the frequency de-
pendence of a resistive material subject to a RF field. 

 Geometry of the cavity. The residual trapped flux is 
not the same depending on the orientation of the mag-
netic field versus the cavity walls [2]. 

 Quality of surface and material. The more pinning 
centers are present in the material, the more vortices 
can be trapped while transiting and reduce flux expul-
sion efficiency [3].  

 Cooling-down conditions (thermal gradient, cooling 
speed, …). Thermal gradients promote field expulsion 
when material quality is good enough [4]. 

This paper will give details on magnetic sensitivity 
measurements of three types of cavities.  

The first is a Quarter-Wave Resonator (QWR) made of 
bulk Niobium operating at a frequency of 88 MHz built for 
Spiral2 project [5]. The second is a Double-Spoke Resona-
tor (DSR) made of bulk Niobium operating at 352 MHz for 
ESS project [6]. And the third is Simple-Spoke Resonator 
(SSR) made of the same material and operating at the same 
frequency for MYRRHA project [7]. 

EXPERIMENTAL SET-UP 
The Vertical Cryostat 

In an effort to fully qualify any new cavity design or a 
new surface treatment process or procedure, cavities are 
first tested in what is commonly called a “vertical cryo-
stat”. Contrary to accelerating module used on an acceler-
ator and optimized in that sense, vertical cryostats are op-
timized to provide optimal testing conditions to address 
cavity performances. The intrinsic quality factor (noted Q0) 
is evaluated at different accelerating gradient (noted Eacc) 
by measuring the power dissipated in the cavity walls Pc. 
The cryostat available at IPNO (Institut de Physique Nu-
cléaire d’Orsay) in operation since 1998 and upgraded in 
2018 is capable of hosting two jacketed cavities (equipped 
with their helium jacket) in a volume constrained in a cyl-
inder of 2 m high and 1.15 m in diameter.  

The cryostat is externally shielded on the side by 1mm-
thick permalloy sheets rolled around the vacuum vessel. 
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The horizontal component of the magnetic field is signifi-
cantly attenuated. Because of design constraints, the verti-
cal component is not shielded by permalloy sheets installed 
on the top and bottom of the cryostat but by three compen-
sating coils inserted in between the magnetic shield and the 
vacuum vessel as depicted in Figure 1. This configuration 
allows either to reduce the magnetic field to a minimum 
value to optimize the cavity performances or to apply a uni-
form vertical field to evaluate the magnetic sensitivity to 
vertical field of any cavity. Figure 2 shows two examples 
of magnetic configurations of residual field. 

 
Figure 1: Vertical cryostat in operation at IPNO with its 
passive and active magnetic shields. The insert is loaded 
with two ESS Double Spoke Resonators. 

Magnetic Sensors 
Regarding magnetic measurement, the very low mag-

netic field to be measured makes the fluxgate magnetome-
ter the best technology in our test conditions (vacuum, low 
temperatures). As fluxgate sensors adapted to cryogenic 
environment are only available as single axis sensors, three 
of them are assembled on a support to measure the three 
axis. A home-made multiplexer has been built to read up to 
twelve type G sensors with only one controller 
(MAG01-H) from Bartington [8]. The magnetic field reso-
lution is of 0.02 mG over a range of 20 G. Integration time 
imposes a minimum multiplexing rate rather slow of about 
six seconds. To avoid any crosstalk between sensors, both 
current and voltage leads are multiplexed. Only one sensor 
is energized at a time. 

 
Figure 2: Example of residual magnetic field configuration 
applied in IPNO vertical cryostat. The vertical and horizon-
tal components are measured along the central axis of the 
cryostat  

Measurement Capabilities 
Several types of measurements are possible with the cur-

rent set-up: 
 Evaluation of the magnetic sensitivity to residual ver-

tical magnetic field of different type of superconduct-
ing cavities (Smag).  

 Evaluation of the flux trapping efficiency (mag). Usu-
ally complicated to achieve on cavities as they are 
equipped with a helium tank limiting significantly the 
cavity accessibility for instrumentation. 

 Monitor magnetic field behaviour during cooling 
down generated by thermos-currents because of the 
existence of bi-metallic junctions.  

 Evaluate magnetic shield efficiency. 
This paper will only focus on sensitivity measurements 

of three different cavities as depicted in Figure 3. Vertical 
sensitivity has been measured on Spiral2 QWR and 
MYRRHA SSR whereas the longitudinal sensitivity of 
ESS DSR has been measured as this cavity has been in-
stalled vertically in the cryostat.  

Cooling speed through transition has also been investi-
gated on Spiral2 QWR and MYRRHA SSR without any 
measurable effect on the residual resistance even-though 
some differences have been observed on the flux expulsion 
[7,9].  

The surface exposed to the intense radiofrequency elec-
tromagnetic field of these three cavities have been prepared 
following the standard procedure with SUPRATECH facil-
ities at IPNO: 
 Degreasing in an ultrasonic bath with detergent. 
 Surface abrasion by Buffered Chemical Polishing of 

at least 200 µm (BCP) 
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 Optional hydrogen degassing at 650°C during 10 h. 
 High Pressure Rinsing with ultra-pure water 
 Drying and assembly in ISO4 clean room 
Based on experiments done on polycrystalline Niobium 

and at the sight of the surface preparation performed, we 
can consider mag as a constant and equal to 1. Indeed, 
without any recrystallization process, close to 100% of the 
residual magnetic field is trapped [10]. 

 
Figure 3: From left to right, RF magnetic field distribution 
of: Spiral2 QWR, MYRRHA Single Spoke Resonator 
(SSR) and ESS Double Spoke Resonator (DSR).  

EXPERIMENTAL RESULTS 
The magnetic sensitivity is estimated thanks to the fol-

lowing procedure: 
 The cavity is cooled down in an ambient residual mag-

netic field as low as possible as depicted previously in 
Figure 2. The vertical component stays below 10 mG 
as well as the horizontal component  

 The surface resistance at low field is estimated from 
the Q0 measurement and with Eq. (5) 

0Q
GRS        (5) 

 The cavity is warmed up slowly above transition dur-
ing the night (>50 K) and then cooled down in a ho-
mogeneous vertical magnetic field up to 110 mG (See 
Figure 2). The horizontal component stays below 
15 mG. 

 The magnetic sensitivity is then derived from Eq. (3) 
by considering that the flux is fully trapped. We obtain 
the following formula Eq. (6): 

res

s
mag H

RS



      (6) 

The sensitivities measured on the three types of cavities 
are summarized in Table 1. 

Table 1: Measured Sensitivities (n/mG) 
Type of 
cavity 

Measured 
component 

Theoretical 
sensitivity* 

Measured sensi-
tivity (error) 

QWR  Vertical 0.08  0.006 (-93%) 
QWR Horizontal 0.08 0.050 (-38%) 
SSR  Vertical 0.12 0.043 (-64%) 
DSR Beam axis 0.12 0.060 (-50%) 

*Estimated from Eq. (4). 

Geometrical Dependence 
One can appreciate from experimental data in Table 1 

that the measured sensitivities are systematically and sig-
nificantly lower than the theoretical sensitivities. Moreo-
ver, the difference of sensitivity of the QWR to a vertical 
or horizontal field (See Figure 4) is suggesting very 
strongly a geometrical dependence.  

The fact that RF magnetic field are mainly distributed 
around the inner conductor, meaning around an almost ver-
tical surface could explain these observations. Indeed, as 
the surface resistance is estimated from Q0, or in other 
word from power dissipations, a change in surface re-
sistance could be measured only if this occurs in RF mag-
netic field regions. Trapping flux on the bottom of the 
QWR, for example, wouldn’t make the Q0 drop as only RF 
magnetic fields (and not electric fields) are dissipating.  

However, this fact only is not sufficient to cause this ge-
ometrical dependence. The flux trapping mechanism has to 
be as well dependent on the angle between the cavity sur-
face and the residual magnetic field. In the literature, mag-
netization studies (reversible and irreversible) on type-II 
thin films have been performed and would confirm the an-
gular dependence. For low magnetic fields (<< Hc2), the 
irreversible magnetization Mirr, meaning the remaining 
trapped vortices, tends to be equal to the normal component 
to the surface of the applied field H and not to the norm 
of Hres [2]. These results would be in good agreement with 
our observations and hypothesis. 

Field Dependence 
During all flux trapping experiments and systematically 

for all three types of cavities, the same behaviour of the 
surface resistance versus the amplitude of the RF field has 
been observed. The field dependence of the surface re-
sistance, and more specifically the linear dependence is 
strengthened with the amount of trapped flux as shown in 
Figure 4 and Figure 5. 

 
Figure 4: Surface resistance plotted versus accelerating 
gradient of a Spiral2 QWR for different ambient magnetic 
field applied: optimal (diamonds), vertical (square) and 
horizontal (triangle). 
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The surface resistance Rs can be interpolated linearly at 
fields below 4 MV/m with the following Eq.(7): 

accs ERRR  10     (7) 
With R0 the zero-field surface resistance and R1 the lin-

ear coefficient and Eacc the accelerating gradient.  

 
Figure 5: Surface resistance plotted versus accelerating 
gradient of a ESS DSR for two different ambient magnetic 
field applied: low (circle) and high (triangle) and at three 
different temperatures: 3.5K, 3K and 2K. 

The last plot is highlighting a very interesting behaviour 
of the surface resistance versus accelerating field. The lin-
ear coefficient R1 is increased not only by residual mag-
netic field but also by temperature. This tends to show that 
the linear dependence is not only caused by trapped flux 
but more generally by any contributions to the surface re-
sistance (BCS, material defects, …). Figure 6 is summariz-
ing the correlation between R0 and R1 for all three cavities 
at different trapped magnetic field level (encircled), tem-
peratures and heat treatments. 

 
Figure 6: Linear coefficient (R1) correlation with zero-field 
coefficient (R0) for Spiral2 QWR (triangle), ESS DSR (cir-
cle) and MYRRHA SSR (square) between 4.2K and 2K 
and for different heat treatments (10h - 650°C hydrogen 
degassing and 48h - 120°C baking). 

The strong impact of heat treatments on both coefficients 
suggests that the linear dependence  

Any material property modification makes the correla-
tion change significantly depending on the heat treatment 

done. Indeed, the hydrogen degassing treatment shifts the 
curves down without changing significantly the slope. Hy-
drogen degassing is known to prevent any precipitation of 
Niobium hydrides behaving like weak links. These weak 
links, as explained in [11], induce a linear increase of the 
surface resistance versus RF field. It makes then sense that 
hydrogen degassing shifts down R1 as the contribution 
coming from Niobium hydride becomes zero. On the other 
hand, the 120°C baking seems to mitigate the dependence 
of R1 versus R0. Additional investigations are being per-
formed to understand these strong correlations.  

MODEL TO EXPLAIN GEOMETRICAL 
EFFECT 

As stressed previously, the measured magnetic sensitiv-
ities are systematically lower than the theoretical model. 
Moreover, the relative error between the measured and the-
oretical sensitivities is changing with the type of cavity and 
the magnetic residual field orientation. This suggests that 
material properties of Niobium are not the only driving pa-
rameters but geometry as well.  

Model Description 
The model proposed here is based on one strong assump-

tion as described earlier: only the normal component to the 
cavity surface of the ambient magnetic field can be trapped 
in the material. This hypothesis, observed experimentally 
in 1999 [2], as it will be shown, will lead to a very good 
agreement between measured and predicted sensitivities.  

Moreover, as surface resistance is measured in SRF cav-
ities indirectly and globally through power dissipations, the 
model has to: 
 Evaluate the real trapped flux and calculate the addi-

tional resistance Rmag thanks to Eq. (8): 

22
),(

c
nmag H

H
TfRR


      (8) 

With f the frequency of the cavity, n, RRR and Hc2 
respectively the normal conductance, Resistance Re-
sidual Ratio and the second critical field of Niobium 
and H the normal to surface component of the resid-
ual ambient magnetic field. 

 Evaluate the additional local power dissipation. 
Trapped flux induces additional losses only in RF 
magnetic regions. 

 Integrate the overall sensitivity Smag all over the ge-
ometry with Eq. (9):  









S
RFext

RF
S

mag

mag dSHH

dSHR
S

2

2

   (9) 

With HRF the local RF magnetic field and Hext the re-
sidual ambient magnetic field. 
 

This model has been computed thanks to NI Labview 
software and requires exported files generated by CST Mi-
crowave Studio like surface magnetic field distribution and 
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surface mesh [12]. Figure 7 depicts the three kind of graph-
ical output generated by the code. 

 
Figure 7: Outputs from Labview routine showing from left 
to right: the trapped magnetic field (H), the RF magnetic 
field distribution (HRF), the normalized power dissipations 
caused by trapped flux from vertical (Pmag_v) and beam axis 
(Pmag_b) magnetic field for the Spiral2 QWR. 

Table 2 summarizes and compares, for the three types of 
cavities, the measured sensitivities to the calculated sensi-
tivities taking into account the geometrical effect. One can 
appreciate how the relative error between calculated and 
measured sensitivities is greatly reduced. 

Table 2: Corrected Sensitivities (n/mG) 
Type of 
cavity 

Measured 
component 

Calculated-
sensitivity 

Measured sen-
sitivity (error) 

QWR  Vertical 0.011 0.006 (-45%) 
QWR Beam axis 0.048 0.05 (+4%) 
SSR  Vertical 0.047 0.043 (-8.5%) 
DSR Beam axis 0.055 0.06 (+9%) 

CONCLUSION 
Flux trapping measurements done at IPNO on several 

type of resonators (QWR, Spoke) are revealing very clearly 
a strong geometrical dependence of the sensitivity to mag-
netic flux trapping. The real sensitivity, evaluated indi-
rectly and globally by RF power measurements, is consist-
ently lower than the theoretical sensitivity regardless the 
quality and history of the Niobium material. Assuming that 
only the normal component of the residual magnetic field 
is trapped during the superconducting transition appears to 
be a reasonable hypothesis. A very good agreement be-
tween calculated and measured sensitivities is obtained 
when geometrical corrections are applied thanks to the 
model presented here. Moreover, a clear linear correlation 
is measured between the “zero field” surface resistance 
(R0) and the field dependent resistance (R1) and is signifi-
cantly affected by surface and heat treatments. Even 
though R1 is increasing with the amount of trapped flux, 
this linear dependence doesn’t seem to be caused directly 
by trapped flux as even temperature make it rise. 
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