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Abstract. The multicathode counter is designed to search for cold dark matter, presumably 
consisting of hidden photons, by detecting single electrons emitted from the surface of the 
counter's metal cathode as a result of the conversion of hidden photons on its surface. The design 
of the counter allows for efficient separation of the background from ambient radioactivity and 
from thermal emission.electrons from the surface of the cathode filaments by subtracting the count 
rate measured in the gate configurationpotential. A detailed description of the design of a multi-
cathode counter is given. 

1. INTRODUCTION

The nature of dark matter is an intriguing mystery of our time. The intrigue is that by mass it 

is the main component of matter filling the Universe, its mass is approximately five times greater than 

the mass of visible matter, but despite this, it is still not clear what dark matter consists of. Significant 

experimental efforts have been made to reveal the nature of dark matter, installations with a mass of 

several tons have been created, but the answer to this question has not yet been received. In this regard, 

it is proposed to expand the geography of the search, including by including in the program the search 

for new particles, for example, hidden photons, proposed back in the 80s of the last century [1-3]. To 

search for dark photons, we proposed to use the method of registering single electrons emitted from 

the surface of the metal cathode of a proportional counter during the conversion of a hidden photon 

with an energy (mass) greater than the work function of electrons from the metal, which for most 

metals is approximately 4 eV. In this case, dark photons themselves are considered in a number of 

works [4, 5] as tubular structures with an electric and magnetic field of complex configuration. To 
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register single electrons emitted from the metal surface during the conversion of dark photons, we 

have developed a special design of a gas proportional counter with three cathodes. The method we 

propose has high sensitivity for the mass of hidden photons from 10 to 40 eV. Here we provide a 

detailed description of this design of a multi-cathode counter and summarize the experience we have 

gained over the past 8 years of research conducted using this counter. 

According to [6], if dark matter consists of hidden photons, the power absorbed by the cathode 

during the conversion of hidden photons is described by the expression  

𝑃𝑃 = 2α2χ2ρ𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐ℎ .                                                             (1)  

Here   α 2 = cos 2 θ, where θ   is the angle between the electric field vector E of the hidden photon and 

the normal to the surface;   α 2 = 2/3, if the propagation direction is isotropic; χ is the kinetic mixing 

constant, the square of this value determines the amount of ordinary photon admixture in the hidden 

photon amplitude; ρCDM is the energy density of cold dark matter, which was taken here as 0.4 GeV/cm 
3 ; A cath is the cathode area. If the energy (mass) of a hidden photon exceeds the work function of 

electrons from the cathode metal, the conversion of the hidden photon will cause the emission of a 

single electron with a certain quantum efficiency η . In this case, the power absorbed by the cathode 

can be found from the count rate of single electrons emitted by the cathode:  

                                                             𝑃𝑃 = 𝑚𝑚γ′ 𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀/η .                                                          (2)  

Here m γ ' – mass (energy) of the hidden photon; R MCC – single electron count rate, here it is assumed 

that this rate is determined exclusively by the conversion of hidden photons into a regular photon with 

subsequent electron emission; η – quantum efficiency for the single electron emission process, which 

is assumed here to be equal to the quantum efficiency for a real photon with energy m γ' . Combining 

expressions (1) and (2), we get  
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It follows from this expression that the main limitation of the method is the background count rate of 

single electrons, which for standard photon detectors such as PMT, VEU, photon counters based on 

gas electron multipliers constitutes a rather significant value, about 10 –1 Hz/cm 2 and higher. In the 

method we developed for measurements using a special detector – a multicathode counter – the 

background count rate of single electrons according to the results of our measurements [7–9] was less 

than 10 –4 Hz/cm 2 for a counter with a copper cathode and less than 10 -5 Hz/cm 2 for a counter with 

an aluminum cathode. Since the quantum efficiency of the metals we use for the solid cathode of the 

counter is maximal in the range from 10 to 40 eV, our proposed method for searching for dark photons 



has the highest sensitivity for hidden photon masses in this range. The calculated density of dark 

photon particles is from 10 to 40 million particles per cubic centimeter, based on our accepted value 

of ρCDM = 0.4 GeV/cm 3 . For comparison, the density of relic neutrinos and the density of relic photons 

are approximately 150 n and 500 particles per cubic centimeter, respectively.  

  

2. CONSTRUCTION OF THE MULTI-CATHODE COUNTER  
  
Figure 1 shows a multi-cathode counter. The design was based on a gas-filled proportional 

counter. Mixtures of Ar + 10% CH 4 and Ne + 10% CH 4 were used as the working gas. Unlike a 

conventional proportional counter, it has not one but three cathodes. The schematic diagram of the 

multi-cathode counter was presented by us in paper [7]. Upper limits on the kinetic mixing constant 

for dark photon masses from 10 to 40 eV were obtained [8]. Here we provide a more detailed 

description of the device, based on our operational experience and the results of our research. The 

outer cathode 4 in the form of a solid metal cylinder is a source of single electrons, which are 

presumably emitted from the cathode surface during the conversion of hidden photons. As follows 

from expression (3), the larger the surface of this cathode, the higher the sensitivity of the detector. In 

different counters, we used a metal cathode with a diameter ranging from 140 to 200 mm and a length 

of approximately 500 mm, with the cathode area ranging from 0.2 m 2 to 0.3 m2.  

Fig. 1.  Image of the multi-cathode counter.  

Electrons emitted from the outer cathode drift toward the central counter, where they form 

electron avalanches near the anode surface 5. The anode is made of a gold-plated tungsten-rhenium 

alloy wire with a diameter of 25 μm. To register single electrons, a large gas amplification coefficient 

(more than 10 5) is required, and consequently, a large field gradient near the anode. To provide the 

required field gradient, the first cathode 6 of the central counter has a relatively small diameter (about 

40 mm). This cathode is made of nichrome wires with a diameter of 50 μm, stretched at a distance of 

approximately 6.5 mm from each other in a circle around the anode. At a distance of about 5 mm from 

the outer cathode is the second cathode 7, also made of nichrome wires with a diameter of 50 μm, 

stretched at a distance of about 4.8 mm from each other in a circle near the outer cathode. The distance 

between the wires was chosen mainly for technological reasons. The counter calibration results 

showed that the field inhomogeneity did not significantly affect the detector characteristics. A view 

of the internal elements of the counter from the end is shown in Fig. 2.  

Fig. 2.  View of the internal elements of the counter from the end.  



The assembly of the counter was a non-trivial task, mainly due to the complexity of the multi-

cathode design. To tension the coaxial system of wire electrodes (threads), special equipment with 

three guide rods was used, as shown in Fig. 3. After tensioning the wires, the entire system was placed 

inside the outer metal cathode, the end insulating discs made of acrylic glass were fixed to the ends of 

the metal cathode, and the guide rods were removed. To reduce the edge effect, ring-shaped focusing 

electrodes were placed on the inner side of the acrylic discs, to which the potential of the second 

cathode was applied.  

Fig. 3.  Multi-cathode system with equipment.  

The counter operates in two configurations that differ in the potential difference between the 

second and outer cathodes, as shown in Fig. 4.  

Fig. 4.  Potentials in configurations 1 and 2.  

In configuration 1, the potential on the outer cathode is lower than the potential on the second 

cathode by approximately 20 V, so that electrons emitted from the surface of the outer cathode can 

freely drift towards the central counter. In this configuration, the effect plus background is measured. 

The effect is determined by the rate of single electron emission from the surface of the outer metal 

cathode. The background is determined by two processes: emission from the surface of the wires and 

events from ionizing particles crossing the counter along short tracks at both of its ends.  

 In configuration 2, the potential on the second cathode is lower than the potential on the outer 

cathode by approximately 40 V. In this configuration, electrons emitted from the surface of the outer 

cathode cannot drift to the central counter, since the second cathode serves as a barrier here, on which 

electrons are scattered back toward the outer cathode. In this configuration, the counter measures only 

the background due to the latter two channels.  

To determine the optimal potential difference between the second and outer cathodes in 

configurations 1 and 2, measurements of the counting rate were performed when the counter was 

irradiated with UV radiation from a mercury lamp, the results of which are presented in Fig. 5, taken 

from work [9]. As follows from this figure, the optimal potential difference is +20 V for configuration 

1 and –40 V for configuration 2. With a potential difference of more than +20 V, part of the electrons 

emitted from the outer cathode is captured by the second cathode, which leads to the loss of some 

events. The potential difference of –40 V for configuration 2 was chosen as a value that reliably 

ensures complete suppression of events from electrons from the outer cathode in this configuration. It 

should be noted that this potential difference is much less than the values of the potentials themselves, 

which are approximately 2300 V, and therefore it can be expected that a small change in the potential 



on the outer cathode when switching from one configuration to another does not affect the counting 

characteristic of the counter. This was confirmed by the results obtained during the calibration of the 

counter.  

Fig. 5.  Counting rate during counter calibration as a function of the potential 
difference between the first and second cathodes Δ U = U 2 – U 1.  

The effect is calculated as the difference in counting rate between two configurations R 1 – R2. 

We do not know the proportion of each of these two channels in background generation. This 

uncertainty is the main source of systematic measurement error. Indeed, when subtracting the 

background due to electrons emitted from the surface of the second cathode wires, it should be taken 

into account that electrons emitted toward the outer cathode will not reach the central counter, as they 

will be trapped in the space between the outer and second cathodes. The background magnitude 

depends on the material from which the cathode wires are made. If we consider both background 

channels: from electrons emitted from the wire surface (a) and from the edge effect (b), we get a 

system of two equations for two different configurations of the multi-cathode counter:  

        a + b = R1                                                              (4)  

for the first configuration and  

  

a + kb = R2                                                                          (5)  

for the second configuration. Here k = ( n 1 + n 2 / 2 )/( n 1 + n 2 ) , where n 1 and n 2 are the number of 

wires in the first and second cathodes respectively. Solving this system of equations, we find  

b = (R1 - R2)/(1 - k)                                                  (6)  

and, accordingly,  

a = R 1 - b.                                                                          (7)  

To achieve high measurement sensitivity, it is necessary that the wire contribution to the 

background is negligibly small. When this condition is met, the background in the first and second 

configurations will be approximately equal, and the procedure for subtracting the background 

measured in the second configuration from the total counting rate measured in the first configuration 

will be correct. Thus, it is necessary to select such a material for the counter wires that would give a 

negligibly small background from the wires.   For this purpose, we conducted measurements of the 

counting rate with counters of identical design but with wires made of different materials. In the first 



case, we used nichrome wires, and in the second case, gold-plated tungsten-rhenium alloy wires. In 

both cases, the wire thickness was 50 microns.  

Figure 6 shows the results of measurements over 100 days on a counter with nichrome wires. 

This figure shows that the average counting rates in the first and second configurations were 

approximately equal and, consequently, the contribution of the wires to the background was negligibly 

small. Figure 7 shows the results of measurements over 40 days on a counter with tungsten-rhenium 

alloy wires. The average counting rates in the two configurations differed significantly in this case. In 

this counter design    the number of wires was: n 1 = 20, n 2 = 100 and k = 0.58. Hence, following 

expressions (6) and (7), we find b = 0.17 Hz and a = 0.10 Hz.  

Fig. 6.    Counting rates measured on a counter with nichrome wires – bottom figure, 
counter temperature – top figure.  

  
Fig. 7.  Counting rates measured on a counter with gold-plated tungsten-rhenium alloy 

wires.  
The total length of wires of the first and second cathodes in both cases was 60 meters. Thus, 

the electron emission rate from the surface of the gold-plated tungsten-rhenium alloy wire was 2.8 · 

10 -3 Hz per meter of wire. The relatively high emission rate can be explained by the presence of long-

lived (T ½ = 4.1 · 10 10 years) radioactive isotope 187 Re in rhenium, the content of which in natural 

rhenium is 62.6%. As a possible mechanism, we can assume the saturation of metastable levels of 

metallic tungsten by beta particles from the decay of 187 Re, the de-excitation of which leads to the 

emission of electrons from the surface of the wires. Based on the results of these measurements, we 

see that nichrome is a more suitable material for cathodes of a multi-cathode counter.  

During exposure, the counter was placed in a special steel box with a wall thickness of 

approximately 300 mm to suppress external gamma radiation. The 300 mm steel shielding provides 

attenuation of the 1460.7 keV line from 40 K by approximately 5 · 10 3 times, the 1764.5 keV line from 
214 Bi by approximately 3 · 10 3 times, and the 2614.5 keV line from 208 Tl by approximately 10 3 times. 

However, the effective attenuation coefficient of the background from external gamma radiation is 

much lower. The background is determined mainly by the intensity near the maximum of the gamma 

radiation spectrum at energies from approximately 100 to 200 keV. We measured the gamma radiation 

spectrum outside and inside the passive shielding using a low-background NaI(Tl) detector, and based 

on the measurement results, we found that in this energy range, the gamma radiation intensity was 

attenuated by the shielding by approximately 100 times. For the counter with a copper cathode, the 

measured count rate of single electrons outside the passive shielding was about 20% higher than the 



rate inside the shielding. This shows that the contribution of external gamma radiation to the single 

electron count rate for this counter was negligibly small, less than 0.2%. Further improvement of the 

detector using purer materials, as we hope, will allow achieving a lower background count rate. In this 

case, the background contribution from external gamma radiation can no longer be neglected. 

Additional passive shielding made of material with lower uranium, radium, and thorium content may 

also be required. These issues are subject to further research.  

3. CONCLUSION  
  
The design of a multicathode counter is described. The counter is used to search for dark 

photons by registering single electrons emitted from the surface of a solid metal cathode during the 

conversion of dark photons on its surface [10]. The counter has the highest sensitivity for a dark 

photon mass of 10 to 40 eV. The calculated density of hidden photons with such masses is from 10 to 

40 million particles per cubic centimeter, if we take the density of dark matter in the vicinity of the 

Sun to be approximately 0.4 GeV per cubic centimeter. For comparison, the density of relic neutrinos 

is approximately 150 particles per cubic centimeter, and the density of relic photons is approximately 

500 particles per cubic centimeter. The background count rate of the multicathode counter depends 

on the material of the cathode filaments. The emission rate of single electrons from the surface of 

nichrome filaments and from a gold-plated tungsten-rhenium alloy was measured. It is shown that the 

use of nichrome provides a lower background of the multi-cathode counter. This result can be used in 

the design of multi-wire gas detectors of ionizing radiation. 
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FIGURE CAPTIONS  
  

Fig. 1.  Image of the multi-cathode counter: 1 – quartz glass, 2 – windows for calibration, 3 – 

housing, 4 – external cathode, 5 – anode, 6 – first cathode, 7 – second cathode, 8 – 

preamplifier.  

Fig. 2.  View of the internal elements of the counter from the end. Wires at small diameter – first 

cathode, at large diameter – second cathode.  

Fig. 3.  Multi-cathode system with equipment: 1 – end disks made of plexiglass (polymethyl 

methacrylate), 2 – focusing ring electrodes,  

3 – guide rods, 4 – second cathode wires, 5 – first cathode wires, 6 – anode wire, 7 – contact 

pads for wires.  

Fig. 4.  Potentials in configurations 1 and 2.  

Fig. 5.  Count rate during counter calibration as a function of the potential difference between the 

first and second cathodes Δ U = U 2 – U 1 . Arrows indicate the optimal potential difference 

for configurations 1 and 2.  

Fig. 6.  Count rates measured on the counter with nichrome wires – bottom figure, counter 

temperature – top figure.  

Fig. 7.  Count rates measured on the counter with gold-plated tungsten-rhenium alloy wires. Dark 

points – configuration 1, light points – configuration 2.  
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