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ABSTRACT 
 
Rock salt and lime stone are studied to determine their suitability for use as a radio wave transmission medium in an 
ultra high energy (UHE) cosmic neutrino detector. Sensible radio-wave would be emitted the Askar'yan effect (coherent 
Cherenkov radiation from negative excess charges in an electromagnetic shower) in the interaction of the UHE 
neutrinos with the high-density medium. If the attenuation length in the material is large, relatively small number of 
radio-wave detector could detect the interactions happened in the massive material. We have been measured the 
complex permittivity of the rock salts and lime stones by a free space method and a perturbational resonator method at 
9.4GHz. In this paper, we show the data for new lime stone samples from Mt. Jura in France at 9.4GHz and the results 
of preliminarily measurements of the frequency dependency at 7-12GHz. The measured value of the radio-wave 
attenuation lengths of the rock salt sample from the Hockley salt mine in USA is longer than 4.7m at 9.4 GHz and then 
under the assumption of constant tanδ with respect to frequency, we estimate it by extrapolation to be longer than 440 m 
at 100 MHz. The results show that there is a possibility to utilize natural massive deposits such as rock salt for a UHE 
neutrino detector. 
 
Keywords: Ultra-high energy neutrino, Attenuation length, Coherent-Cherenkov effect, Complex permittivity, Rock 
salt, Lime stone 
 

1. INTRODUCTION 
 
 

Several cosmologically distant astrophysical systems, 
e.g. active galactic nuclei, produce ultra-high-energy 
(UHE) cosmic neutrinos1 of energies over 1015 eV 
(PeV). Though the flux is very low, probably it 
exceeds that of atmospheric neutrinos2. Therefore, 
despite the low flux and the low cross section3, we 
can identify extraterrestrial neutrinos coming from 
distances over 50 Mpc (163 million light years) 
without the Greisen, Zatsepin and Kuz'min (GZK) 
cutoff4 and an atmospheric neutrino background. In 
spite of the GZK cutoff, mysteriously protons of 
energies over 1020eV arrive to the earth5. On the 
other hand, neutrinos do not effected by GZK cutoff, 
they could travel longer distance than protons. 
The aim of UHE-neutrino detection is to study (1) 
the UHE neutrino interaction, which is not afforded 
by artificial neutrino beams generated in an 
accelerator6, (2) the neutrino mass problem through 

the neutrino oscillation effect after a long flight distance7 and (3) the UHE accelerating mechanism of the protons 
existing in the universe.  
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Figure 1: Underground Salt Neutrino Detector. Excess electrons in 
the shower from the UHE neutrino interaction generate coherent 
Cherenkov radiation with an emission angle of 66°. 
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In order to detect UHE neutrinos, we need a detector with a huge mass (at least 109 tons) since neutrinos interact in the 
detector volume only via weak interactions and the flux of UHE neutrinos is very low. However, from a practical point�
of view, it is difficult to construct such a huge detector. We are therefore interested in the possibility of using a natural 
rock salt mine as a UHE neutrino detector, a Salt Neutrino Detector (SND)8. Rock salt deposits are distributed world 
wide so there are many candidates for suitable sites9. Rock salt deposit does not allow water penetration, which hinders 
radio wave transmission. Fig.1 shows a scheme for an SND using a large volume (1km×1km× 1km) of salt dome. 
In order to measure UHE neutrinos effectively, the mass of a detector should be considerably greater than that of the 
existing large neutrino detector, the Super Kamiokande (S-K), Kamioka, Gifu, Japan, which consists of 5×104 tons of 
pure water10. The S-K detects visible light generated by the Cherenkov Effect in pure water. The transparency 
(attenuation length) of pure water is 100 m at most. 
Rock salt, on the other hand, is one of the most transparent materials for radio waves8, 11-13 as well as ice14. Therefore a 
moderate number of radio wave sensors could detect neutrino interactions in the massive rock salt. G. A. Askar'yan has 
proposed detecting radio emissions with coherent amplification produced by excess negative charges of electron-photon 
showers in dense materials, the Askar'yan Effect15, which could be used to detect the interaction of UHE neutrinos with 
high-density media. While for the radio wave emission from the air shower, a thin material, the same effect was 
calculated independently by M. Fujii and J. Nishimura16. Recently the Askar'yan Effect was confirmed by a bunched 
electron beam in an accelerator17. The transparency to electromagnetic waves in the microwave region or longer 
wavelengths is expected to be large in rock salt. Therefore a moderate number of radio wave sensors could detect 
neutrino interactions in the massive rock salt12, 20. 
Unfortunately, no natural rock salt deposits are located in Japan. At the age of rock salt formation, Japan was under the 
sea, and hence there was no possibility for deposits to form. To find possible locations for constructing an SND we have 
visited five rock salt mines outside Japan and taken samples of the rock salt. We have also considered the possibility of 
using lime stone as a detector mass. In Japan lime stone mines are abundant and the proportion of CaCO3 in Japanese 
lime stone is over 95%, compared with around 80% in lime stone from overseas sources. We have taken samples of 
lime stone from a mine at Kamaishi, Japan and Mt. Jura, France to examine its viability as a detector. 
We have previously reported measurements of the complex permittivities of rock salt samples by a free space method18. 
In the present report we present results of measurements of rock salt and lime stone samples by a perturbation method 
using cavity resonator in which the precision of the imaginary part (the attenuation in a medium) of the permittivities is 
improved. 
 

2. CONSIDERATION ON THE MEDIUM FOR CHERENKOV EFFECT 
 
We compare density, radiation length, refractive index, Cherenkov angle and threshold kinetic energy of electrons for 
air, ice, rock salt and lime stone in Table 1. 
 

Media Density(g/cm3) X0
�

(cm) Refractive Index n θc (deg) Tth (keV) 
Air (STP) 0.0012 30420 1.000293 1.387 2060407 
Ice (H2O) 0.924 39 1.78 55.8 107 

Rock salt (NaCl) 2.22 10.1 2.43 65.7 50 
Lime stone (CaCO3) 2.7 9.0 2.9 69.8 33 

Table 1: Comparison among air, ice, rock salt and lime stone in density, radiation length X0,  
refractive index n, Cherenkov angle θc and threshold kinetic energy for electrons Tth. 

 
The density of air is 1/833 times less than rock salt and the radiation length is 3042 times larger than that even on the 
earth surface. Then the shower length and the diameter are much larger than ice, rock salt and lime stone. The detection 
is not easy for such a horizontal extended air shower produced by neutrinos. In addition Cherenkov or fluorescent light 
detection in air shower depend on weather condition severely as well as the Sunlight, the Moonlight, lightning and 
artificial light. Underground detectors neither depend on the weather nor the Sunlight and the Moonlight. In principle 
they could furnish the same detection ability for all the time and the directions of the neutrino incidence. 
In comparison with ice, rock salt has 2.4 times higher density, shorter radiation length (~1/4) and 1.4 times larger 
refractive index. Further lime stone has 20% larger density and 10% shorter radiation length than rock salt. Then the 
high-energy particle shower size is small. For electrons, the Cherenkov angle is large and the threshold energy is small 
due to the high refractive index. Consequently, rock salt is adequate medium to get larger Cherenkov radiation power. 
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The frequency at the maximum electric field strength at θc is ∼ 2 GHz without the absorption in ice14. Whereas it would 
increase up to ∼ 5.6 GHz taking into account the short radiation length and the wavelength contraction due to the higher 
refractive index. For lime stone 20% larger refractive index yields larger Cherenkov angle and the lower threshold 
electron energy as low as 33 keV.  
When a UHE proton hits the atmosphere, it could not put the large energy deposit underground in a narrow region.  
Radio-wave neutrino detector could sense only from many tracks of excess electrons inside the concentrated region 
with the help of strengthening by the coherence effect. For high sensitivity detector e.g. optical Cherenkov detectors, 
which could detect single muons, a great number of downward muons become large backgrounds. On the contrary the 
radio Cherenkov detector senses detect a UHE muon (>1015 eV) only when it deposits large energy (>1015 eV) in a 
small region, by a deep inelastic scattering. The muon could be generated at the proton-atmosphere interaction directly. 
At this moment, the probability is estimated to be lower than the neutrino interaction. Therefore, practically only UHE 
neutrinos could induce the electric field on the radio antennas underground. However it could be a shortcoming when 
we intend to detect abundant lower-energy neutrinos in high statistics. 
Normally, rock salt is covered by thick soil, which absorbs electromagnetic wave completely. Then SND is background 
free from natural or artificial radio wave coming from the surface on the earth. As a result background is only 
blackbody radiation corresponding to the temperature of the surrounding rocks. As the remaining potential background, 
radiation may come from a seismic movement of the surrounding rocks, which may generate radio wave due to the 
piezoelectric effect by the stress in the rocks. If such a radiation could be detected, the observation contributes to the 
seismology. 
 

3. MEASUREMENT OF COMPLEX PERMITTIVITY USING METAL-BACKED SHEET 
SAMPLES BY THE FREE SPACE MEASUREMENT METHOD. 

 
We restate briefly our results of the free space measurement method on rock salt8. Three rock salt samples were used for 
the measurement of the complex permittivity by the free space measurement method. Two were taken from the 
Hallstadt salt mine in Austria and the third from the Asse salt mine in Germany. Each of the samples was prepared into 
flat sheets 200mm×200mm square. The reflection coefficients of the metal-backed sheet samples were measured 
without the influence of extraneous scattering waves. 
A free space measurement method was employed and is illustrated in Fig. 2. This method has been used in a 
non-destructive manner for the assessment of microwave absorbers18. An important feature of this method is the ability 
to get rid of the various extraneous waves from the signal of the received antenna. Components of the extraneous waves 
are direct wave between the transmitting antenna and the receiving antenna, scattering from the walls, ceiling, floor, 
support, parts of the sample outside the measuring area and so on. The scattering of interest is that of the area where the 
metal-plate reflector is placed, namely the measuring area. The method involves measuring the amplitude and phase of 
scattered radiation with and without a metal-plate reflector on the sample. We use a vector network analyzer HP85107A 
System to make the vector measurements. By making measurements of the scattered radiation first with and then 
without the metal-plate reflector, the incident radiation and the radiation scattered off the measuring area can be 
separated from the extraneous waves. The behavior of the metal-plate reflector is similar to that of an optical shutter in 
optics.  
In Fig. 2, the illustration shows three metal plates piled up on the sample to keep the reflector surface elevated. The 
receiving antenna may be set up for either measuring reflected or transmitted radiation. In practical samples, only the 
reflection coefficient is measured. We consider here the reflective case. Em and Es refer to reflected signals from the 
metal plate and the sample at the measuring area, respectively. Ed refers to total extraneous waves mentioned above. 
The received signals Erm and Ers are the reflected signals from the metal-plate reflector Em with the background signal 
Ed, and from the measuring area of the sample Es with the background signal Ed, respectively. The height of the 
metal-plate reflector is raised to give a small difference in the path length between the antennas and the metal-plate 
reflector, which alters the phase of the reflected wave from the metal-plate reflector only. In the vector diagram, the 
horizontal and the vertical axes express the real and the imaginary coordinates. The large and small circles show the 
cases with and without the metal-plate reflector. Different heights of the metal-plate result reflector in different path 
lengths, expressed as h = 0, h1, h2 and h3 on the large circle and the Em vectors are shown (note that the receive signal 
Erm is illustrated only for the case of h = 0). On the small circle, Es is shown only at h = 0, without the metal-plate 
reflector. The center of each of the circles defines Ed, and hence it can be deducted vectorically and the background 
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extraneous waves eliminated. The complex permittivity can be deduced from the reflection coefficients, the ratio of the 
complex reflection coefficients, Rp,s = Es /Em, where p and s refer to parallel and perpendicular polarizations with 
respect to the scattering plane. 
 

 
Figure 2: The principle of the measurement of the free space method showing the various wave components. The signals both 
with and without the metal-plate reflector on the sample are also shown in a vector diagram18.  

 
The calculated real part of the complex permittivities of the three samples derived from Rp and Rs are tabulated in 
Table 2. The estimated uncertainty in each of the real values is ± 0.2. The values of the real part are consistent each 
other and with the value of 5.9 in the reference material11.  
 

Sample thickness Calculated from Rp Calculated from Rs 
(a) Hallstadt 11.1mm 5.9 ± 0.2 6.0 ± 0.2 
(b) Hallstadt 30.1mm 5.9 ± 0.2 6.0 ± 0.2 
(c) Asse Mine 99.0mm 5.9 ± 0.2 5.9 ± 0.2 

Table2: Real part of complex permittivities in rock salts at 9.4GHz. 
 
We can calculate the attenuation coefficient α for the case of a low loss material from the equation 
      

(1) 
   
where the complex permittivity ε is 
 

(2) 
 
and the loss angle in the permittivity tanδ is 
 

(3) 
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From ε and tanδ we can calculate the complex refractive index n, 
 

(4) 
 
After traveling a distance z through a material, the complex electric field of the electromagnetic wave E0 becomes E, 
 

(5) 
 
where the propagation constant γ = α + j β can be expressed as 
 

(6) 
  
The scalar electric field decreases as 
 

(7) 
 
Therefore the electric field attenuation length Lα where the field strength decreases by a factor of 1/e is 
 

(8) 
 
The measurement accuracy was insufficient to allow the imaginary part of the permittivity to be calculated. We found 
that the imaginary permittivity had different values for samples (a) and (b), even though both were cut from the same 
block. We were able to estimate that the imaginary part of the permittivity is less than 0.1, or tanδ is less than 0.017 at 
9.4 GHz. Using our estimate for the upper limit of tanδ of 0.017, we calculate a lower limit on α of 4.1 m-1 at 9.4 GHz. 
Hence the attenuation length Lα is greater than 0.24 m at 9.4 GHz. Assuming that tanδ is constant with respect to 
frequency; the attenuation length is larger than 24 m at 94 MHz. 
Unfortunately, the accuracy of this method as used in this experiment is too poor for these low tanδ samples. A more 
accurate value for tanδ could be achieved if we used a sample with a larger area and thickness and used the transmission 
configuration. This method also has the advantage in that it can be modified to make in situ measurements. However, in 
order to improve our results we have chosen to measure the permittivities of rock salt and lime stone using the cavity 
perturbation method. 
 

4. MEASUREMENT OF COMPLEX PERMITTIVITY USING A SMALL STICK SAMPLE BY 
THE CAVITY PERTURBATION METHOD. 

 
We have measured natural rock salt samples by the perturbed cavity resonator method19 at 9.4GHz. The measuring 
system is shown in Fig. 3. A drawing and photograph of the rectangular cavity are shown in Fig. 4. Note that there are 
no sample insertion holes in the cavity with sample insertion device. For this perturbation method, small samples, such 
as 1mm×1mm×10.2mm, should be used in order to avoid changing the resonance behavior significantly, e.g. inducing 
only a small shift in the resonance frequency and resonance width. In addition, the electric field strength should be 
uniform over a cross section of the sample. It is difficult to cut fragile samples to this size. Mechanical cutting using a 
milling machine was unsatisfactory for our natural rock salt samples. Synthesized rock salt in single crystals could be 
cleaved to the size, but it was difficult to cleave natural rock salt and slightly thicker samples of natural rock salt had to 
be used. Lime stone is strong enough and we could cut it with a milling machine. 
Magnetic field couplings were used for the input and output couplings. The cavity width (in the x-direction) and height 
(in the y-direction) were set to a = 22.9 mm and b = 10.2 mm (the size of waveguide for X-band), respectively. The 
cavity length L (in the z-direction), however, was adjustable so that filling factor F of the sample could be varied. The 
resonance mode is defined by the parameter TE10n, where the three numbers of the subscript refer to the number of 
nodes in the x, y and z directions respectively, i.e. there is 1 node in the x direction, 0 in the y direction and n for the z 
direction can be varied by varying the length of the cavity. With the sample in the center of the cavity, n can be set to 1, 
3, 5, 7 or 9, and refers to the number of half guided-wavelengths λg/2 in the wave-guide. Hence n is set by varying the 
length of the cavity with each half wavelength equal to λg/2 = 22.2 mm. 
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For these measurements, we take n = 7 to give a sharp resonance in the cavity at 9.4GHz. This gives a cavity resonator 
length of L = 155.4 mm. The resonance wavelength λ0 is calculated by 
 

(9) 
 
For the values of n, L and a defined above the free space wavelength λ0 becomes 31.9 mm with a frequency of c/λ0 = 9.4 
GHz. 

 

 
Figure 3: Drawing of the cavity resonator system. Figure 4: Illustration and photograph of the perturbed cavity 

resonator without insertion holes19. 
 

Using this apparatus the complex permittivity εεεε could be measured. The principle of the measurement is to derive the 
real and imaginary parts of the complex permittivity, ε′ and ε″, from the changes in the center frequency and the width 
of the resonance, respectively. Measurements were made both with and without the insertion of the sample in the cavity. 
The real ε′ is found from the change in resonance frequency when the sample is placed in the cavity, 
 

(10) 
 
where f and f0 are the resonance frequencies with and without the sample in the cavity, dV and V are the volumes of the 
sample and the cavity resonator, and αε is a constant determined by the mode of the cavity and the sample position 
relative to the electric field maximum; equal to 2 in this case of TE107. Note that the appearance of dV/V indicates that 
the size of the sample impacts on the perturbation of the resonance behavior and hence a small stick-shaped sample 
should be used. 
The imaginary ε″ depends on the change in the Q factor, 
 

(11) 
 
where Q and Q0 are f/df and f0/df0, respectively, and df (~2.7MHz) and df0 (~2.5MHz) are the resonance widths 
measured at a height of -3dB below the peak height. The inverse Q difference (1/Q – 1/Q0) is defined as 1/Qs. Equations 
(10) and (11) is called perturbation formula. The measured Q0 was found to be around 4000. A radio frequency signal 
was supplied to the cavity resonator by a synthesized CW generator (Anritsu 68047C) and Q was measured by a 
HP8755B swept amplitude analyzer. Recently, the measurements are conducted by HP 85107A Network Analyzer 
system. The absolute uncertainty of the frequency measurements was well under 1×10-5. 
The measurement uncertainty in ε′ comes from an uncertainty of ~10 kHz from measuring the resonance peak 
frequencies and an uncertainty of ~0.001 mm3 from measuring the volumes of the cavity and the sample. The largest 
contribution to the uncertainty in determining ε′ was from the measurement of dV. The sample volume was measured 
by a microscope furnished with movable x-y micrometers. We estimate an uncertainty in ε′ of 3%. 
The uncertainty in ε″ is mainly due to the uncertainty in measuring the resonance width, ~100 kHz, with and without the 
sample. After the calculation, the estimated uncertainty in ε″ is 2.5×10-4. The variation in the measured values is greater 
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than this uncertainty, even though those samples were cut from the same block. This variation may be due to differences 
in impurity through the block and hence the ε″ of a sample depends on where the sample is cut from the block. 
Differences in the smoothness of the surface, the stain and the moisture content may also lead to variations in ε″. In 
addition, the apparatus itself may lead to variations. Multiple reflections of the radio wave in the input and output wave 
guides between the cavity and the RF generator and between the cavity and the detector might lead to changes in the 
output amplitude. We decreased these errors by inserting the isolators in front of the cavity and the backward of the 
cavity. 

 
Figure 5: Samples measured with the perturbative cavity resonator. 

 

Sample ε′ ε″ ×10-3 tanδ×10-4 
α at 9.4GHz 

(m-1) 
Lα=1/α at 9.4GHz 

(m) 
Single crystal (NaCl) 5.8 ± 0.2 3.2 ± 0.3 5.5 ± 0.5 0.13 ± .01 7.7±0.7 

Rock Salt, Asse, Germany 5.8 ± 0.2 <7.8 <13 <0.31 >3.3 
Rock Salt, Hallstadt, Austria 5.8 ± 0.2 <44 <76 <1.8 >0.56 

Rock Salt, Hockley, USA 5.9 ± 0.2 5.5 9.0 0.21 4.7 
Lime stone (CaCO3) 

Kamaishi, Japan 
9.0 ± 0.2 20 22 0.54 1.9 

Lime stone (CaCO3) 
Mt. Jura, France 

8.7 ± 0.2 60 69 1.7 0.59 

Table 3: Comparison among single crystal NaCl, Asse rock salt, Hallstadt rock salt, Hockley rock salt,  
Kamaishi lime stone and Jura lime stone in ε′, ε″ , tanδ =ε″/ε′ , α at 9.4GHz, 1/α at 9.4GHz. 

 

Sample Cross section 
(mm) 

dV/V Linearity of 
–(f- f0)/ f0 in dV/V 

Linearity of  
1/Qs in dV/V 

Single crystal (NaCl) 1.0×1.1 – 1.0×1.6 3.2×10-4–4.6×10-4 - - 
Rock Salt, Asse 1.7×1.8 – 3.0×3.1 8.5×10-4–2.7×10-3 1.7×10-3 ? 

Rock Salt, Hallstadt 2.1×1.8 – 3.0×3.0 1.0×10-3–2.5×10-3 2.5×10-3 ? 
Rock Salt, Hockley 1.2×1.2 – 1.5×1.6 3.5×10-4–6.7×10-4 0.7×10-3 0.5×10-3 
Lime stone (CaCO3) 

Kamaishi, Japan 1.0×1.0 – 3.0×2.9 2.7×10-4–2.4×10-3 1.1×10-3 1.1×10-3 

Lime stone (CaCO3) 
Jura, France 0.5×0.4 – 3.0×3.1 5.7×10-5–2.6×10-3 1.1×10-3 1.1×10-3 

Table 4: Comparison among single crystal NaCl, Asse rock salt, Hallstadt rock salt, Hockley rock salt,  
Kamaishi lime stone and Jura lime stone in sample cross section, dV/V, linearity of –(f- f0)/ f0  and 1/Qs = 1/Q-1/ Q0 in dV/V 
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We were able to cleave four synthetic rock salt samples into single crystals of cross sections ranging from 
1.0mm×1.1mm to 1.0×1.6mm with filling factors dV/V of 3.2 × 10-4 to 4.6 × 10-4. For filling factors this small ε′ and ε″ 
are not affected by perturbations to the resonance due to the presence of the sample. For synthetic rock salt, we found an 
average ε = (5.8 ± 0.2) - j (3.2 ± 0.3)×10-3 or tanδ  = (5.5 ± 0.5)×10-4, which is consistent with the values given in Ref. 
11. We have succeeded in cleaving samples of natural rock salt from the Asse salt mine in Germany, the Hallstadt salt 
mine in Austria and the Hockley salt mine in USA, and also milled samples of lime stone from the Kamaishi lime stone 
mine in Japan and Mt. Jura in France. The samples were formed into small sticks of length 10.2 mm, equal to the height 
of the cavity resonator. Fig. 5 shows a photograph of these small stick samples and their cross sections are listed in 
Table 3. 
 

  
(a) (b) 

 
Figure 6:  Linearity of the perturbation measurements. (a) is the resonance frequency difference vs. filling factor for rock salt and 
lime stone samples. (b) is the inverse Q difference vs. filling factor for the rock salt and lime stone samples. If the perturbation 
formula holds, then a straight line should pass through all the data point cross the origin. 

 

  
(a) (b) 

 
Figure 7: Linearity of the perturbation measurements. (a) is the real part of the permittivity vs. filling factor for the rock salt and 
lime stone samples. (b) is the imaginary part of the permittivity vs. filling factor for the rock salt and lime stone samples. If the 
perturbation formula holds, then all the data points should be constant with respect to the filling factor. 

 
The results of the measurements of ε′ and ε″ are listed in Table 3. We find that for the real part of the permittivityε′, the 
size of the sample is sufficiently thin and the values for the Asse and Hallstadt samples at 5.8 ± 0.2 are consistent with 
the values for the synthetic rock salt. These values are also consistent with those obtained from the free space 
measurement, tabulated in Table 2. 
For the imaginary part of the permittivity ε″, it seems that the samples were not sufficiently thin, in contrast to the 
synthetic rock salt samples. The results show that the thinner samples have smaller ε″ values. Therefore we are only 
able to estimate an upper limit for ε″, even for the smallest samples. We have calculated the attenuation coefficient α by 
Eq. (1). If there is no frequency dependence in tanδ, then since there is no orientational polarization in a material, i.e. ε″ 
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is that same for all orientations, the attenuation lengths Lα calculated at 9.4 GHz, 7.7 m for the synthetic salt, can be 
extrapolated to other frequencies, e.g. at 94 MHz the attenuation length in a pure rock salt crystal is 770 m. Our results 
show that at lower frequencies, the attenuation length may be sufficiently long for use in a salt neutrino detector. 
Although there was a large uncertainty in ε″, we were able to obtain lower limits of the attenuation length. 
In order to improve the accuracy of the measurements of ε″ we need thinner samples. Alternatively we could use a 
super conducting cavity resonator, which would have larger values of Q0, e.g. 20000. In this case 1/Q0 in Eq. (11) 
becomes smaller and the uncertainty decreases. 
If the perturbation formula holds, -(f-f0)/f0 and 1/Qs are proportional to dV/V. As shown in Fig. 6(a), the linearity of 
-(f-f0)/f0 vs. dV/V holds up to a filling factor of about 1.7 × 10-3 for the Asse samples, 2.5 × 10-3 for the Hallstadt samples 
and 1.1× 10-3 for the lime stone samples. For the Lime stone samples, the linearities are good below 1.1× 10-3. In 
addition, small stick samples below 1mm× 1mm are obtained for Jura lime stone. On the other hand, as shown in Fig. 
6(b), the linearity of 1/Qs do not hold for any of the rock salt samples, but do for the new Jura lime stone samples. These 
lime stone samples are rigid, so that we could cut them precisely by milling machine. Table 4 summarizes the findings 
of the analysis of the linearity. 
Fig. 7 shows the dependence of ε′ and ε″ on dV/V. If the linearity of the perturbation formula holds, the each component 
of the complex permittivity is constant. 
The imaginary part of ε for the Jura lime stone was very large, 3 times larger than the Kamaishi lime stone. On the other 
hand, the Kamaishi lime stone had small loss, almost 2 times larger than the Asse rock salt.  
 

  
Figure 8(a): Frequency dependence of real part of the 
permittivity. 

Figure 8(b): Frequency dependence of real part of the 
permittivity.  

 
In order to get the data below 9.4GHz, we used another mode number of the cavity resonator. Fig. 8 is the frequency 
dependency of the complex permittivity of the three small stick samples, Jura lime stone, Kamaishi lime stone, Asse 
rock salt and Hockley rock salt The measurements were made at the frequency from 7GHz to 12GHz using TE10, 3-9 

mode cavity. The size of the samples are 1mm×1mm×10.2mm for Kamaishi lime stone and Jura lime stone, 
1.4mm×1.3mm×10.2mm for Asse rock salt and 1.2mm×1.2 mm×10.2mm for Hockley rock salt. We selected the 
samples so that the linearity of the perturbation holds, but we could not obtain a small sample for Asse rock salt. As 
indicated in Fig. 8(a), the real part of ε is almost constant for all samples, but slightly increased at high frequencies. The 
linearity of the perturbation formula would not hold at higher frequencies. The measurement error at 7 GHz (n=3) is 
very large because the detected signals are very small and noisy. As shown in Fig. 8(b), the imaginary part of ε is 
constant for Jura lime stone sample, but increased at lower frequencies for Kamaishi lime stone, Asse rock salt and 
Hockley rock salt samples. At the present stage, the data are not fixed because the measurements were preliminary. 
Although the any measurement would difficult for low loss materials, further experiments below 7GHz are required. 
 

5. DISCUSSION 
 
Minimum sized SND is envisaged as shown in Fig. 1. Radio wave sensors of 216 are arrayed regularly in 200m 
repetitions inside a 1km×1km ×1km rock salt. The attenuation length becomes longer when we use the lower frequency 
to be detected. However the detection threshold energy of UHE neutrinos increases at the lower frequency.  The 
optimization should be done to select the frequency. If the attenuation length is 400m, the sensor separation distance 
less than 200m is needed to detect the Cherenkov ring shape as well as the energy. Six radio sensors are hung on a 
string. The string is lowered in a well with the depth over 1km. At the total 36 wells should be bored.  
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There is a possibility to detect radio wave from the neutrino reaction as low as 1TeV if we could set the antennas nearby 
the shower14. According to the proposal for neutrino physics at LHC constructing at CERN20, it could supply neutrinos 
over 1TeV from the collision points. The neutrinos are coming from charm and anti-charm quark decays since there is 
no π’s and K’s decay region. Then the beam would contain an equal number of νe’s and νµ’s unlike conventional beams. 
The beam would also contain an appreciable number of ντ’s resulting from Ds decay. If we could use a space near the 
LHC tunnel e.g. the transfer line where it is located 500 m from the collision point 1, ATLAS experiment, it is enough 
to install smaller media e.g. rock salt or lime stone. It will become a good calibration test for the neutrino detection as 
well as the highest energy neutrino detection generated artificially. Due to their estimation, with the luminosity of 
4x1034cm-2s-1, running time of 107s and the angular coverage of ±2.5mrad, a 15m long detector with a density of 7.86 
gcm-3 and a total weight of 24 tons, 58,000 interactions are expected over 500GeV. 
Lime stone is more common in the world than rock salt. Especially Japan has abundant in high purity lime stone.  
Unfortunately, lime stone tends to crack to be penetrated by water. Weak acid water melts lime stone and makes a lime 
stone cave. Therefore we could not expect a large amount of lime stone without including water. However we could 
expect a relatively small amount of the lime stone without water. Such a smaller size could be used to detect stronger 
neutrino beam emitted by LHC collision points. Mt. Jura is known to be made up of lime stone, which is situated within 
~10km west from LHC collision point. The LHC ring located 100m underground. The north and the south collision 
points are used for CMS (point 5) and ATLAS (point 1) experiments, respectively.  
 

6. CONCLUSION 
 
Rock salt has been studied as a radio wave transmission medium in a UHE cosmic neutrino detector. The radio waves to 
be detected are those generated by the Askar'yan effect (coherent Cherenkov radiation from negative excess charges in 
an electromagnetic shower) for the interaction of UHE neutrinos in the rock salt. Samples from two rock salt mines 
were investigated to determine whether they are viable sites for an SND. They were the Asse mine in Germany, the 
Hallstadt mine in Austria and the Hockley salt mine. Furthermore, we took lime stone samples from a mine in Kamaishi, 
Japan and Mt. Jura, France.  
The attenuation lengths of the samples were determined by the free space and the cavity perturbation methods. The 
attenuation lengths of radio wave at 9.4 GHz were found to be 7.7m, 4.7m, >3.3m, >0.56m, 1.9m and 0.5m for 
synthetic single crystals, the Hockley salt, the Asse rock salt, the Hallstadt rock salt, the Kamaishi lime stone and the 
Jura lime stone, respectively. A more definite estimate of the attenuation length will require thinner samples.  
For rock salt, the radiation produced by the Askar'yan effect is strongest at about 6 GHz, at the Cherenkov angle of 66°, 
estimated by the density and the radiation length. At a frequency of 94 MHz the attenuation length is long enough to 
make a neutrino detector, although the radiation power is compromised and the threshold energy for the detection of 
neutrinos becomes higher. Recently, P. Gorham et al.17 have measured attenuation length at the Waste Isolation Pilot 
Plant (WIPP), located in an evaporite salt bed in Carlsbad, New Mexico and found short attenuation lengths of 3-7m for 
frequencies of 150-300 MHz. On the contrary, measurements at United Salt's Hockley mine, located in a salt dome near 
Houston, Texas yielded attenuation lengths in excess of 250 m at similar frequencies. The measured value of the our 
attenuation lengths of the Hockley rock salt sample is 4.7m at 9.4 GHz and then under the assumption of constant tanδ 
with respect to frequency, we estimate it by extrapolation to be longer than 290 m at 150 MHz. Their results are 
consistent with our estimated result for the Hockley sample. 
The results of radio wave attenuation length in rock salt show that it is a possible medium for a UHE neutrino detector 
in a rock salt mine with a high transparency. We presented preliminary results of the complex permittivity with respect 
to frequency from 7 to 12 GHz, but the data were not fixed at the present stage. So we need to make perturbed cavity 
resonator measurements at lower frequencies and with more samples in order to make a concrete conclusion. Before the 
SND site is decided it is important to measure the attenuation length in situ as there may be defects and impurities in the 
salt at the site, as well as intrusions by minerals other than rock salt. For such a study the free space measurement 
method with transmission configuration as well as a ground-penetrating radar would be useful.  
We have also made a study of a radiometer modified from a television broadcast satellite receiver, which showed a 
noise level of 150 K, a level low enough for use in an SND. It is a great advantage if we could use low cost receivers 
such as this because large numbers of antennas are required, spaced at less than 200m in a 1km×1km×1km mass of rock 
salt. The attenuation in the rock salt and the radiation pattern of coherent Cherenkov radiation require that the antennas 
are repeated in such a way. The frequency to be detected should be decided upon after taking into account the detection 
energy threshold of the UHE neutrinos and the attenuation length at that frequency. In addition, in order to calibrate the 
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energy of the initial electromagnetic shower produced in the interaction of the neutrinos with the rock salt and the 
distribution of radiation power, which depends on the degree of coherency, an important study is that of the basic 
processes of coherent Cherenkov radiation due to a pulsed electron and a neutrino beam by supplied in an accelerator32. 
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