
RF SUPERCONDUCTING CAVITY AND ZERO-TEMPERATURE  
PHYSICAL PHENOMENA  

H. Kim†, Institute for Basic Science, Daejeon, Republic of Korea 
 
Abstract 

What happens when the temperature reaches absolute 
zero? Physical phenomena at the zero-temperature limit are 
studied in accelerator physics. The background tempera-
ture of the universe goes down as long as expansion goes 
on. The BCS resistance of a superconducting cavity is 
shown as a function of temperature at different frequencies. 
The surface resistance of the Nb superconducting cavity is 
reduced to residual resistance and flux-trapped resistance 
at 0 K. Blackbody radiation is stopped by heat radiation at 
0 K. Thermal expansion and thermal diffusion become zero 
at 0 K. Black holes evaporate at 0 K. 

INTRODUCTION 
 Superconducting cavities are operated at low tempera-

tures with various RF frequencies. The superconducting 
cavities were studied with field emission effect [1, 2] and 
magnetic heating effect [3]. The size effect of thermal ra-
diation and generalized thermal radiation were investigated 
[4-6]. Physical phenomena depend on temperature. In this 
research, we show zero-temperature phenomena. Photon 
pressures from Planck temperature and background tem-
perature, BCS resistance from Nb superconducting cavi-
ties, energy density from thermal radiation, thermal expan-
sion, thermal diffusion, and black hole evaporation are in-
vestigated.  

ZERO-TEMPERATURE PHENOMENA 
As far as we understand the beginning of the universe, 

the temperature of the initial universe, the Planck tempera-
ture, or the highest temperature, can be expressed as 

𝑇𝑇𝑃𝑃 = �ℏ𝑐𝑐5

𝐺𝐺𝑘𝑘𝐵𝐵
2                                          (1) 

where  ℏ  is the reduced Planck constant,  𝐺𝐺 is the gravita-
tional constant, and c is the speed of light. The Planck tem-
perature is TP= 1.417×1032 K. The Planck length is 
𝑙𝑙𝑃𝑃 = �ℏG

𝑐𝑐3
= 1.616 × 10−35 𝑚𝑚 and the Planck time is 𝑡𝑡𝑃𝑃 = �ℏG

𝑐𝑐5
=

5.39 × 10−44 𝑠𝑠. 
Photon pressure for the Planck temperature and the 

Planck length in the beginning of the universe can be ex-
pressed as 

𝑃𝑃𝑃𝑃 = 8𝜋𝜋5𝑘𝑘𝐵𝐵
4

15ℎ3𝑐𝑐3
�𝑇𝑇𝑃𝑃

4

𝑉𝑉𝑃𝑃
�                           (2) 

The photon pressure of Eq. (2) is PP= 7.2×1011 Pa. 
Photon pressure for the background temperature and ex-

panded universe volume at the current time can be ex-
pressed as 

𝑃𝑃𝑢𝑢𝑢𝑢𝑢𝑢 = 8𝜋𝜋5𝑘𝑘𝐵𝐵
4
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The photon pressure of Eq. (3) is Puni= 1×10-92 Pa. The su-
perconducting cavity has a very high-quality factor, and it 
is operated at 2 K, which is lower than the Nb critical tem-
perature. The generalized surface resistance of the super-
conducting cavity can be expressed as 

𝑅𝑅Sur = 𝑅𝑅BCS + 𝑅𝑅Res + 𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 𝑅𝑅𝐹𝐹𝐹𝐹   (4) 

where   𝑅𝑅BCS is the BCS resistance, the  𝑅𝑅Res  is the residual 
resistance, 𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹  is the resistance coming from the mag-
netic flux trap, and 𝑅𝑅𝐹𝐹𝐹𝐹   is the field emission resistance 
coming from the field emission effect. When the tempera-
ture is less than half of niobium’s critical temperature, the 
BCS surface resistance is approximated to     

𝑅𝑅BCS = 𝐶𝐶𝑓𝑓2

𝑇𝑇
exp(− 𝛥𝛥

𝑘𝑘𝐵𝐵𝑇𝑇
)               (5) 

where T is the temperature in Kelvin, C is the constant 
depending on the superconducting material, 𝛥𝛥  is the 
band gap of the superconducting material, which repre-
sents half the energy required to break a Cooper pair, and 
f is the resonance frequency of the superconducting cav-
ity. Figure 1 shows the BCS resistance as a function of 
temperature for different cavity frequencies.      

 
Figure 1: BCS resistance of Nb superconductor for differ-
ent RF frequencies.  
 

Blackbody radiation depends on temperature and dimen-
sion. For one-dimensional blackbody radiation, the energy 
density is [5] 

𝑢𝑢1𝐵𝐵(𝑇𝑇) = (2𝜋𝜋
2

3
) �(𝑘𝑘𝐵𝐵𝑇𝑇)2

(ℎ𝑐𝑐)
�                   (6) 

The energy density for two-dimensional blackbody radia-
tion becomes [6] 

 ___________________________________________  
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𝑢𝑢2𝐵𝐵(𝑇𝑇) = 8𝜋𝜋𝜋𝜋[3] �(𝑘𝑘𝐵𝐵𝑇𝑇)3

(ℎ𝑐𝑐)2
�                (7) 

where  𝜁𝜁 is the Riemann zeta function.  
The energy density for three-dimensional blackbody radi-
ation is 

𝑢𝑢3𝐵𝐵(𝑇𝑇) = (8𝜋𝜋
5

15
) �(𝑘𝑘𝐵𝐵𝑇𝑇)4
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�                   (8) 

 
Figure 2 shows the energy density of thermal radiation as 
a function of temperature for different dimensions. Energy 
density decreases as the temperature decreases. Energy 
density increases as the space dimension increases. 

 

 
Figure 2: The energy density of thermal radiation is shown 
as a function of temperature for different dimensions.  
 

Asymmetric potential makes thermal contraction as the 
temperature decreases. Figure 3 shows the potential energy 
as a function of atomic separation. The increased atom en-
ergy leads to increased average atomic spacing.  

 

 
Figure 3: Potential energy vs. atomic separation. 

Volume thermal expansion is 

𝛼𝛼𝑉𝑉 = 1
𝑉𝑉
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

                                    (9) 

where V is the volume and  𝛼𝛼𝑉𝑉 is the coefficient of volume 
thermal expansion. For isotropic solids, the relations of 
thermal expansion coefficients are 𝛼𝛼𝐴𝐴 = 2𝛼𝛼𝐿𝐿  and 𝛼𝛼𝑉𝑉 =
3𝛼𝛼𝐿𝐿, in which  𝛼𝛼𝐴𝐴 is the coefficient of surface thermal ex-
pansion and 𝛼𝛼𝐿𝐿 is the coefficient of linear thermal expan-
sion. The linear thermal expansion coefficient decreases as 
the temperature decreases. As the temperature decreases 
from 300 K to 2 K, about 95% of the thermal contraction 
occurs between 300 K and 77 K, and about 5% of the ther-
mal contraction occurs between 77 K and 2 K. The stain-
less steel of 1 m length is contracted by 3 mm, or 0.3 % 

from 300 K to 2 K. The Nb of 1 m length is contracted by 
1.5 mm, or 0.15 % from 300 K to 2 K. 

Fick's first law for steady state diffusion in one dimen-
sion is 

𝐽𝐽 = −𝐷𝐷 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

                                  (10) 

where J is the current density, D is the diffusion coefficient, 
and C is the concentration. 

The diffusion equation for a non-steady state in one dimen-
sion can be expressed as 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐷𝐷 𝑑𝑑2𝐶𝐶
𝑑𝑑𝑥𝑥2

                                   (11) 

Generalized concentration can be expressed as 

𝐶𝐶(𝑟𝑟, 𝑡𝑡) = 𝐶𝐶𝑜𝑜
(4𝜋𝜋𝜋𝜋𝜋𝜋)𝑛𝑛 2⁄ exp(− 𝑟𝑟2

4𝐷𝐷𝐷𝐷
)                  (12) 

where  𝑟𝑟2 = � 𝑥𝑥𝑖𝑖2
𝑛𝑛
𝑖𝑖=1  and n is the space dimension. Diffu-

sivity depends on the activation energy and temperature as 

𝐷𝐷 = 𝐷𝐷𝑜𝑜𝑒𝑒−𝐸𝐸𝑎𝑎/𝑘𝑘𝐵𝐵𝑇𝑇                             (13) 
where 𝐸𝐸𝑎𝑎 is the activation energy. Thermal diffusion de-
creases as its temperature decreases. 

Let us show the drift diffusion. The Stokes’ force of the 
water drop and solid body is 

𝐹𝐹 = −6𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋                                  (14) 
where 𝜂𝜂 is the viscosity, R is the radius of the drop, and 𝑣𝑣 
is the velocity. 
The drift diffusion coefficient for the Stokes’ force of the 
water drop is 

𝐷𝐷 = 𝑘𝑘𝐵𝐵𝑇𝑇
6𝜋𝜋𝜋𝜋𝜋𝜋

                                            (15) 

Mean displacement distance, depending on dimension, dif-
fusion coefficient, and correlation time, can be expressed 
as 

< 𝛥𝛥𝑟𝑟2 >= 2𝑛𝑛𝑛𝑛𝑛𝑛                                 (16) 
where n is the space dimension, D is the diffusion coeffi-
cient, r is the distance, and t is the correlation time. The 
diffusion coefficient becomes zero at absolute zero temper-
atures. So, the thermal diffusion becomes zero at zero tem-
perature. However, there is still zero-point motion. 

The thermodynamics of black holes were studied [7, 8]. 
When the temperature around the black hole is lower than 
that of the black hole, the black hole should radiate. There 
are so many black holes in the universe. But most of them 
do not radiate because their temperature is lower than the 
background temperature of the universe, 2.72 K. The ra-
dius of the black hole is 

𝑟𝑟𝐵𝐵𝐵𝐵 = 2𝐺𝐺𝐺𝐺
𝑐𝑐2

                                          (17) 

The back hole temperature is 

𝑇𝑇𝐻𝐻 = ℎ𝑐𝑐3

16𝜋𝜋2𝑘𝑘𝐵𝐵𝐺𝐺𝐺𝐺
                                   (18) 

Blackbody radiation comes from the black hole with 
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐴𝐴𝐴𝐴𝑇𝑇𝐻𝐻4                                         (19) 

where A is the surface area and 𝜎𝜎 = 2𝜋𝜋5

15
𝑘𝑘𝐵𝐵
4

𝑐𝑐2ℎ3
. 

The black hole mass decreases with blackbody radiation as 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 4𝜋𝜋𝑅𝑅2𝜎𝜎𝑇𝑇𝐻𝐻
4

𝑐𝑐2
                                       (20) 

From Eq. (20), the mass of the black hole decreases with 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 1
15360𝜋𝜋

� ℏ𝑐𝑐4

𝐺𝐺2𝑀𝑀2�                             (21) 
From Eq. (21), the decay time of the black hole is 

𝑡𝑡 = 5120𝜋𝜋 �𝐺𝐺
2𝑀𝑀3

ℏ𝑐𝑐4
�                            (22) 

The decay time is proportional to the third power of the 
mass. The masses for the Sun, Earth, Mars, and Moon are 
1.989×1030, 5.972×1024, 6.39×1023, and 7.348×1022 kg, re-
spectively. The black hole temperatures for the masses of 
the Sun, Earth, Mars, and Moon are 6.17×10-8, 0.02, 0.19, 
and 1.67 K, respectively. Figure 4 shows the black hole 
evaporation time as a function of mass. The temperature of 
the black hole is inversely proportional to its mass. The 
temperature of the light mass is high, so the lifetime of the 
black hole is short. The light mass of a black hole, whose 
lifetime is very short, can be produced in very high-energy 
accelerator. All black holes in the universe radiate at zero 
temperatures. 

 

 
Figure 4: Black hole evaporation time vs. mass. 

 

CONCLUSION 
We have shown the physical phenomena of the absolute 

zero temperature limit in accelerator physics. The photon 
pressures for Planck temperature and background temper-
ature are calculated. The surface resistance of the super-
conducting cavity is reduced to the residual resistance and 
the flux-trapped resistance at 0 K because the BCS re-
sistance goes down to zero as the temperature goes to 0 K. 
The energy density of blackbody radiation is shown as a 
function of temperature for different dimensions. Thermal 
expansion and diffusion are shown in terms of temperature. 
The evaporation time of black holes is calculated as a func-
tion of mass.  
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