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Abstract 
 The quadrupole resonator (QPR) is a sample 
characterization tool to measure the RF properties of 
superconducting materials using the calorimetry method at 
different temperatures, magnetic fields, and frequencies. 
Such resonators are currently operating at CERN and HZB 
but suffer from Lorentz force detuning and modes 
overlapping, resulting in higher uncertainties in surface 
resistance measurement. Using the two CERN's QPR 
model iterations, the geometry was optimized via 
electromagnetic and mechanical simulations to eliminate 
these issues. The new QPR version was modeled for an 
increasing range of magnetic fields. The magnetic field is 
concentrated at the center of the sample to reduce the 
uncertainty in surface resistance measurements 
significantly. This paper discusses the QPR geometry 
optimization for the new version of QPR, which is now 
progressing toward fabrication.  

INTRODUCTION 
So far, almost all the superconducting accelerator cavities 
are generally made of bulk Niobium. High-performing Nb 
cavities have reached high accelerating gradients of ~50 
MV/m on the beam axis, corresponding to a peak surface 
magnetic field of B௖ = 200 mT, which is close to the 
fundamental limit of Niobium [1]. New materials such as 
Nb3Sn, NbN, and MgB2 that have higher critical 
temperatures and critical magnetic fields must be 
investigated to improve the performances of the 
accelerating cavities further. The deposition of elliptical 
cavities with these materials is often difficult and requires 
yet extensive development. Therefore, performing RF 
tests, specifically for the surface resistance measurement 
on flat samples, is essential. These tests must be realized 
with high-resolution surface resistance measurements in a 
large range of magnetic fields and operating temperatures. 
A quadrupole resonator is made to realize these 
measurements. 

The schematic view of the resonator is shown in Fig. 1. 
It consists of four wire transmission lines related to a loop 
pair at the bottom end. All of these are fixed in the enclosed 
cylinder. The rod's top end is welded to the top of the cyl-
inder. The length of the rods defines the fundamental fre-
quency of the resonator. It is adjusted to λ/2 of the baseline 
operation frequency of 400 MHz. The sample is fixed at 
the bottom end of the cylinder, below the loops, where the 

magnetic field is maximum. The sample is welded to a ni-
obium cylinder from the measuring chamber of the quad-
rupolar resonator [2, 3]. 

Figure 1: 3D view of the second quadrupole resonator at 
CERN [4]. 

The surface resistance is measured with a calorimetric 
compensation technique. Behind the sample, the heating 
element and thermocouples are fixed; the magnetic field is 
higher when heating at the center, and the thermocouples 
measure the temperatures (see Fig. 2). The measurement 
principle is straightforward; the sample is heated to a 
temperature of interest, T୧୬୲ୣ୰ୣୱ୲. After the thermal 
equilibrium is established across the sample surface, RF 
power is applied, and the temperature of the sample 
increases. Decreasing the heating power to T୧୬୲ୣ୰ୣୱ୲ allows 
us to determine the RF dissipated power on the sample. 
Assuming Rௌ is constant over the sample surface, it can be 
calculated with the following equation [5,6]: 

 

Rௌ = ଶ∗(௉ವ಴భି௉ವ಴మ)׬ |ு|మೄೌ೘೛೗೐ ௗௌ   (1) 

 ___________________________________________  
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Figure 2: Schematic representation of the measurement 
principle of the QPR. 

RF PARAMETERS 
The main goal of the electromagnetic design of a 
quadrupole resonator is to get the highest possible 
magnetic field on the sample, which allows to get the best 
characterization of superconducting samples on a wide 
range of magnetic fields. The electromagnetic RF design is 
based on the evaluation of the following parameters as a 
function of the QPR geometry parameters [7]: 

 ∆𝑓 = 𝑓௤௨௔ௗ௥௨௣௢௟௘ − 𝑓ௗ௜௣௢௟௘ ;
where 𝑓ௗ௜௣௢௟௘  is the mode nearest to the fundamental 
mode of the QPR. This parameter should be  higher than 
5 MHz to avoid overlapping modes. 

 𝐵௦௔௠௣௟௘ 𝐵௣௘௔௞⁄ ;
where 𝐵௣௘௔௞ is the maximum surface magnetic field in 

the resonator, 𝐵௦௔௠௣௟௘; is the maximum surface magnetic 
field on the sample. The higher the value of this ratio 
higher would be the range of the magnetic field for meas-
urement.  

 𝐸௣௘௔௞ 𝐵௦௔௠௣௟௘⁄ ;
where 𝐸௣௘௔௞ is the maximum surface electric field in any 
surface quadrupole resonator. This ratio should be lowered 
to decrease the risk of field emission [8]. 

 𝑐 = 𝐵௣௘௔௞/׬ 𝐵ଶௌ௔௠௣௟௘ 𝑑𝑆; 
where the ׬ 𝐵ଶௌ௔௠௣௟௘ 𝑑𝑆 is the integral magnetic field over 
the sample surface. This ratio should be higher to increase 
the concentration of the field on the sample. 

 𝐵௘ௗ௚௘ 𝐵௦௔௠௣௟௘⁄ ;
where 𝐵௘ௗ௚௘ is the magnetic field on the sample's edge. 
This ratio should be lower to minimize the heat on the co-
axial gap. 

 ׬ 𝐵ଶௌ௔௠௣௟௘ 𝑑𝑆/𝑈 ;  

The integral of the magnetic field on the sample surface is 
divided by the stored energy: this ratio should be higher to 
maximize the magnetic field illuminating the sample for 
the same stored energy.  

 The performance requirements are listed in Table 1. 
They were derived from the experience with CERN QPR 
1 and 2. 

Table 1: Requirements of the JLab QPR 

Fields ratio requirement ∆𝑓  ≥ 6 MHz 𝐵௦௔௠௣௟௘ 𝐵௣௘௔௞⁄  0.86 𝐸௣௘௔௞ 𝐵௦௔௠௣௟௘⁄  < 0.21 M𝑉/m. mT 𝑐 > 1000 𝐵௘ௗ௚௘ 𝐵௦௔௠௣௟௘⁄  < 0.1 න 𝐵ଶௌ௔௠௣௟௘ 𝑑𝑆/𝑢 > 70 mTଶJିଵ 

Figure 3: The parametrized model of the QPR [9]. 

SIMULATION  
The optimization of the quadrupole resonator was 
performed in CST Microwave Studio using an adaptive 
tetrahedral mesh. Figure 3 shows a cross-sectional view of 
the QPR model and the main geometry parameters used for 
optimization. Each parameter was modified to study its 
effect on the distribution of electromagnetic field on the 
sample and the variation of RF figures of merit on some 
parameters is shown. 
The simulation shows that Epeak/Bsample decreases with the 
increase of the radius of the rods (see Fig. 4), which can be 
explained by the fact that the increasing rod's radius allows 
the charge to spread over a large surface area. The variation 
of the magnetic field ratio on the sample is small, with 
respect to the variation of the radius of the rods. The large 
radius of the rods also lowers the mechanical vibration 
frequency due to the environment. On the other hand, the 
width of the rods has a significant effect on the overlapping 
modes; as shown in Fig. 5, the variation of ∆𝑓 is 
estimated to be 1 MHz/mm.  
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The rod radius is fixed at 12 mm to maintain sufficient 
cooling when the multipacting phenomena occur and to 
avoid microphonic vibration. The source of these 
vibrations is helium bubbles forming in the rods when the 
power dissipated is important, particularly for modes 2 and 3 [7]. Also, the higher radius of the rods allows their better 
cooling during multipacting. It has been proven that 
multipacting occurs around the pole shoes and coaxial gap 
[10]. 

Figure 4: 𝐵௦௔௠௣௟௘ 𝐵௣௘௔௞⁄  and 𝐸௣௘௔௞ 𝐵௦௔௠௣௟௘ ⁄ vs. rods ra-
dius (rrods). 

Figure 5: Measurement range ∆𝑓 vs rods radius (rrods) for 
three modes. 

The focusing of the magnetic field on the sample depends 
strongly on the pole shoes size. The magnetic field profile 
at the sample follows the shape of the pole shoes, as shown 
in Fig. 6. To obtain accurate results in surface resistance 
with the calorimetric compensation method, the RF 
dissipation and the power loss from the heat should have 
the same profile on the sample and be more concentrated 
in the center. However, the concentration of RF power and 𝐸௣௘௔௞ 𝐵௦௔௠௣௟௘⁄  improves with values of lower values of 
rloop and wloop (see Figs. 7, 8). But increasing wloop and rloop 
improves the measuring range, field emission, and ∆𝑓 (see 
Fig. 8, Fig. 9). For the JLab QPR, the rloop was set to 5 mm. 

RESULT AND DISCUSSION 
After carrying out the individual parameter scans, a new 
model with several changes is implemented (see Table 2). 
The size of the pole shoes is similar to CERN's QPR 1. 
Table 3 lists the RF figure of the merits of the optimized 

Figure 6: Magnetic field on the sample from the center to 
edge passing between half-pole shoes (y axis). 

Figure 7: c factor and 𝐵௦௔௠௣௟௘ 𝐵௣௘௔௞⁄  vs. loop radius 
(rloop). 

Figure 8: 𝐵௦௔௠௣௟௘ 𝐵௣௘௔௞⁄  and 𝐸௣௘௔௞ 𝐵௦௔௠௣௟௘ ⁄ vs. Wloop. 

Figure 9: Measurement range ∆f vs Wloop (mm). 
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Table 2: Geometry of JLab QPR compared to CERN QPR 
1 and 2 

Parameter CERN QPR1 CERN QPR2 JLab QPR 

rrods 8 15 12 

hloop 10 10 8

rloop 5 8 5 

wloop 37.08 40.93 39

rcoil   20 23 20.89 

dloop 15   21 15 

Ltrans 1 15 16 15

Ltrans 2 12.5 10 8

Figure 10: Magnetic field on the sample X axis. 

design. We see that the result are similar to those of QPR 
1. There is a significant improvement in the peak field
ratio, particularly in increasing the surface magnetic field 
on the sample and decreasing the risk of field emission. 
The fields are more concentrated in the sample's center, 
allowing a higher resolution of the surface resistance 
measurement (see Fig.10). The quadrupole and dipole 
modes are separated ∆f = 8.5 MHz. The microphonic 
simulation was performed which shows the first frequency 
vibration was ~105 Hz, which is safe microphonics level 
for QPR operation. 

CONCLUSION 
 We have optimized the geometrical parameters for a new 
QPR via RF simulations for enhanced magnetic field 
distribution on the sample and removed potential 
overlapping modes. The QPR which will be used for Rs 
measurements of thin-film samples at JLab and it is being 
fabricated at CERN. 
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Table 3: Comparison of RF Figures of Merit 

Fields ratio requirement 
CERN 
QPR1 

 CERN 
QPR2 

JLab 
QPR ∆𝑓 (MHz)  ≥ 6 10.3  0.64 8.5 𝐵௦௔௠௣௟௘ 𝐵௣௘௔௞⁄  0.86 0.86  0.9 0.87 𝐸௣௘௔௞ 𝐵௦௔௠௣௟௘⁄  <0.25 0.25  0.2 0.19 𝐵௘ௗ௚௘ 𝐵௦௔௠௣௟௘⁄  < 0.1 0.07  0.12 0.06 𝑐 >1000 1461  999 1422 
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