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Abstract 

The performance test is shown for half-wave resonator (HWR) cavities. The fast cool-

down process is shown as a function of time. The cavity RF conditioning and 

measurement process are shown as a function of time for the input power, reflected 

power, and transmitted power. Quality factor, resonance frequency, Lorentz force 

detuning (LFD), pressure sensitivity, and surface resistance are measured for the HWR 

cavities. The Q slopes for the HWR cavities are measured at 4.2 K and 2 K. The BCS 

resistance is also measured at 4.2 K and 2 K. 
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1. Introduction 

Superconducting cavities are widely used for a heavy-ion accelerator. A vertical test 

facility that included a solid-state power amplifier (SSPA), a hanging booth, pits, 

control racks, and a control room was designed and constructed [1,2]. The field 

emission [3] and the thermionic emission were investigated [4]. The field emission was 

studied in terms of dimensions, and the generalized theory for the field emission and 

thermionic emission was also studied [5-7]. The field emission of the superconducting 

cavity was investigated [8-10], and reductions in the outgassing and the RF processing 

of the pulsed high peak power for the superconducting cavity were used to reduce the 

field emission and achieve a high-quality cavity [11, 12]. Both the electric and magnetic 

field-dependent surface resistances were studied using a superconducting niobium 

accelerating cavity [13-15]. Medium-temperature furnace baking was performed to 

improve the quality factor of superconducting cavities [16], and electro-polishing (EP) 

was conducted to achieve a high gradient [17].  

In this research, we test the superconducting HWR cavities. Quality factor, LFD, 

pressure sensitivity, and BCS resistance are measured.  

 

2.  Superconducting cavity 

2. 1. Properties of liquid helium 

Normal liquid helium has the worst thermal conductivity and has lots of bubbles at 4.2 

K and 1 bar. Phase transition occurs at lambda point of 2.172 K. The density is highest, 

specific heat is highest, and viscosity becomes extremely low, and thermal conductivity 

is exceptionally high compared with normal fluid at the lambda point. The bubble in 

superfluid helium does not exist due to the uniform temperature and extremely high 

thermal conductivity. 



There are many types of sound waves in liquid helium. The first sound wave 

and the second sound wave play an important role in superconducting cavity research. 

The first sound wave is just a pressure wave, the same as in a normal fluid such as water. 

The second sound showing temperature wave consists of normal liquid helium and 

superfluid helium, according to the two-fluid model. The normal liquid helium moves 

from high temperature to low temperature, while the superfluid moves from low 

temperature to high temperature. 

 

2. 2. Properties of niobium 

Niobium is a type II superconductor. It becomes a superconductor below 9.25 K. 

Magnetic flux is trapped while the temperature goes down to the phase transition 

temperature of 9.25 K. The earth’s magnetic field and the external magnetic field need 

to be reduced. Temperature has a discontinuity around the boundary. Kapitsa resistance 

represents a temperature discontinuity around the boundary between liquid helium and 

stainless steel material. 

 

2. 3. Magnetic heating 

The BCS resistance depends on the band gap. The band gap is reduced by magnetic 

heating. The surface resistance coming from the BCS resistance increases with 

magnetic heating. 

The quality factor of a superconducting cavity which is inversely proportional 

to the surface resistance is expressed as 

 

𝑄𝑄𝑜𝑜 = 𝐺𝐺
𝑅𝑅Sur

,                                                               (1) 

 



where oQ is the quality factor of the cavity, G is the geometry factor of the cavity, and 

SurR  is the surface resistance of the cavity. The geometry factor is 36.8 Ω for the half-

wave resonator (HWR) cavity. 

The surface resistance of the superconducting cavity can be expressed as 

 

𝑅𝑅Sur = 𝑅𝑅Res + 𝑅𝑅BCS,                                                (2) 

 

where SurR  is the surface resistance of the superconducting cavity, ResR  is the residual 

resistance of the superconducting cavity, and BCSR  is the BCS resistance of the 

superconducting cavity. The residual resistance coming from defects is left at zero 

temperature.  

The dissipated power in the superconducting cavity walls is the product of the 

local surface resistance and the magnetic field squared over the superconducting cavity. 

The dissipated power is expressed as 

 

𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷 = 1
2
∫ 𝑅𝑅S|𝐻𝐻(𝑟𝑟)|2𝑑𝑑𝑑𝑑,                                                 (3) 

 

where DisP  is the dissipated power in the superconducting cavity, SR is the local surface 

resistance of the superconducting cavity, and SH is the local magnetic field over the 

superconducting cavity surface, and S  is the surface area of the superconducting cavity. 

According to Eq. (3), the dissipated power increases as the trapped magnetic field is 

increased.  



The superconducting Cooper pairs have zero resistance for DC current, while they 

have a small resistance for AC current due to finite momentum. The BCS surface 

resistance can be expressed as [18] 

 

𝑅𝑅BCS = 𝐶𝐶𝑓𝑓2

𝑇𝑇
exp(− 𝛥𝛥

𝑘𝑘𝐵𝐵𝑇𝑇
),                                            (4) 

 

where T is the temperature of Kelvin, C is the constant depending on the 

superconducting material, ∆  is the band gap of the superconducting material, and f is 

the resonance frequency of  the superconducting cavity. 

The BCS resistance is changed by the presence of magnetic defects in the 

superconducting cavity, which makes the band gap energy changed with 𝛥𝛥 = 𝛥𝛥0 −

𝑀𝑀𝐵𝐵𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  [19]. From Eq. (4) the BCS resistance is expressed as  

 

𝑅𝑅BCS = 𝐶𝐶𝑓𝑓2

𝑇𝑇
exp(− 𝛥𝛥0

𝑘𝑘𝐵𝐵𝑇𝑇
+ 𝑀𝑀𝐵𝐵𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑘𝑘𝐵𝐵𝑇𝑇
),                                      (5) 

 

where 0∆ is the band gap, C is the constant depending on the superconducting material, 

and f is the frequency of microwave, M is the magnetic moment of  the superconducting 

cavity, and peakB  is the applied peak magnetic field. The surface resistance of Eq. (2) 

can also be expressed as 

 

𝑅𝑅Sur = 𝐶𝐶𝑓𝑓2

𝑇𝑇
exp(− 𝛥𝛥0

𝑘𝑘𝐵𝐵𝑇𝑇
+ 𝑀𝑀𝐵𝐵𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑘𝑘𝐵𝐵𝑇𝑇
) + 𝑅𝑅Res,                               (6) 

 



where SurR is the surface resistance, M is the magnetic moment, and B is the magnetic 

field, and ResR   is the residual resistance coming from non-magnetic properties. 

Magnetic defects causes magnetic heating, which makes the pair-breaking of the 

supercurrent density and makes increased density of normal electron. 

 

2. 4. Field emission 

Field emission appears due to conducting particles and surface curvature while the 

accelerating electric field is applied. The current density of the field emission can be 

expressed as [3] 

 

𝐽𝐽 = 𝑒𝑒�𝐸𝐸𝐹𝐹𝐹𝐹2

2𝜋𝜋ℎ(𝛷𝛷𝑊𝑊+𝐸𝐸𝐹𝐹)�𝛷𝛷𝑊𝑊
𝑒𝑒−4𝑘𝑘𝛷𝛷 𝑊𝑊

1.5 /3𝐹𝐹 ,                                     (7) 

 

where 𝑘𝑘 = �8𝜋𝜋2𝑚𝑚
ℎ2

  is the electron wave number, FE   is the Fermi energy, F  is the 

electric field,  and WΦ is the work function. Equation (7) represents the current density 

for the field emission and shows the number of electrons divided by unit area and unit 

time. The current density for the field emission increases as the accelerating electric 

field is increased and as the work function is decreased.  

The electron current of the field emission makes the local temperature increase, 

the surface resistance increase, and then the quality factor decrease. The field emission 

is generated from the surface of the cavity, which causes ohmic heating. Because of the 

ohmic heating, the local temperature of the cavity is increased. 

From Eq. (7) the surface resistance can be expressed as 

 



𝑅𝑅𝑆𝑆 = 𝑅𝑅0 + 𝛼𝛼𝑅𝑅𝑒𝑒�𝐸𝐸𝐹𝐹𝐹𝐹2.5𝛽𝛽𝑅𝑅
2.5

ℎ√𝑘𝑘(𝛷𝛷𝑊𝑊+𝐸𝐸𝐹𝐹)𝛷𝛷𝑊𝑊
0.75 𝑒𝑒

−4𝑘𝑘𝛷𝛷
𝑊𝑊

1.5 /3𝐹𝐹𝛽𝛽𝑅𝑅 ,                           (8)  

 

where SR  is the surface resistance of the cavity, 0R  is the initial surface resistance of 

the cavity, F is the applied electric field to the cavity, Rα  is the proportional factor for 

the increased resistance due to field emission, and Rβ  is the field enhancement factor 

for the increased resistance due to field emission. Epeak/Eacc=5.2 for the HWR cavity. 

The superconducting cavity is made of Nb. The Fermi energy and work function of Nb 

are 5.32 eV and 4.3 eV, respectively. 0R  is the initial surface resistance of the cavity 

which includes the BCS resistance and magnetic heating. The surface resistance of the 

cavity increases as the field emission is increased. 

The field emission generates electrons from the surface of the superconducting 

cavity. The generated electrons and ionized ions are accelerated and eventually generate 

x-ray in the cavity. It is expected that the generated x-ray is proportional to the current 

coming from the field emission. The x-ray data can be fitted with the field emission 

theory as follow 

 

𝐼𝐼𝑋𝑋−𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐼𝐼0 + 𝛼𝛼𝑋𝑋𝑆𝑆�𝐸𝐸𝐹𝐹𝐹𝐹2.5𝛽𝛽𝑋𝑋
2.5

(𝛷𝛷𝑊𝑊+𝐸𝐸𝐹𝐹)𝛷𝛷𝑊𝑊
0.75 𝑒𝑒

−4𝑘𝑘𝛷𝛷
𝑊𝑊

1.5 /3𝐹𝐹𝛽𝛽𝑋𝑋 ,                             (9) 

 

where X rayI −  is the counting rate of the x-ray generated from the cavity, 0I   is the 

counting rate of the background x-ray, Xα is the x-ray proportional factor, and Xβ  is 

the x-ray field enhancement factor. The x-ray field enhancement factor of Xβ  can be 

found by fitting the x-ray data of the HWR cavities with Eq. (9).  



 

2. 5. X-ray radiation 

Multipacting appears in the range of field emission acceleration fields. Multipacting 

does not generate x-rays, but it absorbs RF energy. X-rays is generated from field 

emission. Field emission makes local heating on the surface of superconducting cavity. 

Electrons and ions in the cavity vacuum volume absorbs RF energy. 

The field emission generates electrons from the surface of the superconducting 

cavity. The electrons are accelerated and eventually generate x-ray in the cavity. It is 

expected that the generated x-ray is proportional to the current coming from the field 

emission.  

The x-ray field enhancement factor of Xβ  can be found by fitting the x-ray 

data of the HWR cavities with Eq. (8). The generalized surface resistance including 

field emission effect can be expressed as 

 

𝑅𝑅Sur = 𝐶𝐶𝑓𝑓2

𝑇𝑇
exp(− 𝛥𝛥0

𝑘𝑘𝐵𝐵𝑇𝑇
+ 𝑀𝑀𝑀𝑀

𝑘𝑘𝐵𝐵𝑇𝑇
) + 𝑅𝑅Res + 𝑅𝑅FE,                                (10) 

 

Surface resistance is expressed in terms of accelerating field 

 

𝑅𝑅Sur = 𝐶𝐶𝑓𝑓2

𝑇𝑇
exp(− 𝛥𝛥0

𝑘𝑘𝐵𝐵𝑇𝑇
+ 9𝑀𝑀𝑀𝑀

𝑘𝑘𝐵𝐵𝑇𝑇
) + 𝛼𝛼𝑅𝑅𝑒𝑒�𝐸𝐸𝐹𝐹𝐹𝐹2.5𝛽𝛽𝑅𝑅

2.5

ℎ√𝑘𝑘(𝛷𝛷𝑊𝑊+𝐸𝐸𝐹𝐹)𝛷𝛷𝑊𝑊
0.75 𝑒𝑒

−4𝑘𝑘𝛷𝛷
𝑊𝑊

1.5 /3𝐹𝐹𝛽𝛽𝑅𝑅 + 𝑅𝑅Res,             (11) 

 

where 𝐵𝐵𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎� = 9.0 for HWR. 

The Q slopes for the HWR cavities are measured at 4.2 K and 2 K. The quality 

factors for the half-wave resonator (HWR) cavities decrease as the magnetic field and 



field emission are increased. The surface resistance for the HWR cavities can be 

explained with magnetic heating and field emission. 

 

3. Discussion 

A vertical test is performed for HWR cavities. Figure 1 shows the cavity temperature 

as a function of time. It takes about 30 minutes from 150 K to 50 K during the fast 

cooling process. Calibrated Cernox sensors are used to measure the cavity temperature. 

It prevents Q disease, which causes hydride formation on the surface of niobium cavity 

surface.  

Figure 2 shows the resonance frequency measurement of a HWR 

superconducting cavity as a function of time during the cool-down process. 

Figure 3 shows the quality factor measurement. The quality factor is shown as 

a function of pressure, and the surface resistance is shown as a function of one over 

temperature. 

Figure 4 shows the vertical test process. The pressure and transmitted RF power 

are shown as a function of time. Input power, reflected power, and transmitted power 

are shown as a function of time. RF transmitted power and beta are shown as a function 

of time. The cavity vacuum and helium vapour pressure are shown as a function of time. 

Figure 5 shows the quality factors of superconducting cavities as a function of 

the accelerating field at 4.2 K and 2 K. The quality factor is shown as a function of 

accelerating field at 4.2 K and is shown as a function of accelerating field at 2 K. The 

quality factors increase from 4.2 K to 2 K with BCS resistance.  

Figure 6 shows the measurement of Lorentz force detuning (LFD) for HWR 

cavities.  



Figure 7 shows the measurement of pressure sensitivity /df dp  for HWR 

cavities.  

Figure 8 shows the surface resistance values for HWR cavities at 1 MV/m. The 

average surface resistance of HWR at 4.2 K is 0.104 nΩ, the average surface resistance 

of HWR at 2 K is 3.73 nΩ, and the average BCS resistance is 6.66 nΩ. The band gap is 

1.7 kBT from the average BCS resistance. 

 

4. Conclusion 

We have performed the vertical test for the half-wave resonators (HWRs). The surface 

resistance of the HWR superconducting cavity is expressed by field emission and the 

magnetic heating effect. The fast cool-down process is performed to test the 

superconducting cavities. The RF conditioning and measurement process are shown as 

a function of time for the input power, reflected power, and transmitted power. The Q 

slopes for the HWR cavities are measured at 4.2 K and 2 K. The LFD and pressure 

sensitivity are measured. The surface resistance is also measured at 4.2 K and 2 K. 
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Figures captions 

Fig. 1. Cavity temperature as a function of time. It takes about 30 minutes from 150 K 

to 50 K during fast cool down process. Calibrated Cernox sensors are used to measure 

the cavity temperature. It prevents Q disease which causes hydride formation on the 

surface of niobium cavity surface.  

 

Fig. 2. The resonance frequency measurement of a HWR superconducting cavity as a 

function of time during cool down process. 

 

Fig. 3. Quality factor measurement. (a) quality factor is shown as a function of pressure, 

and (b) surface resistance is shown as a function of one over temperature. 

 

Fig. 4. Vertical test process. (a) Pressure and transmitted RF power are shown as a 

function of time, (b) Input power, reflected power and transmitted power are shown as 

a function of time, (c) RF transmitted power and Beta are shown as a function of time, 

and (d) cavity vacuum and helium vapour pressure are shown as a function of time. 

 

Fig. 5. Quality factors of superconducting cavities as a function of accelerating field at 

4.2 K and 2 K. (a) quality factor is shown as a function of accelerating field at 4.2 K, 

and (b) quality factor is shown as a function of accelerating field at 2 K. The quality 

factors increase from 4.2 K to 2 K with almost BCS resistance.  

 

Fig. 6. Measurement of Lorentz force detuning (LFD) for HWR cavities.  

 

Fig. 7. Measurement of pressure sensitivity /df dp  for HWR cavities.  



𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑓𝑓1−𝑓𝑓0
𝑝𝑝

,    

where 1 0,f f  are the resonant frequency, respectively, after and before the application 

of the pressure fluctuation that deform the volume of the cavity and p  is the pressure 

load applied to simulate the fluctuation of the helium bath. 

 

Fig. 8. Surface resistance values for HWR cavities at 1 MV/m. (a) the surface resistance 

of HWR is shown at 4.2 K, (b) the surface resistance of HWR is shown at 2 K, and (c) 

the BCS resistance is shown. 
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