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The resonant bolometer refers to measurement tools intended for detecting infrared electromagnetic radiation, mainly the weak electromagnetic signals. The operation of the resonant bolometer is based on the transform of the radiation energy into thermal energy by a heat-sensitive element integrated into the high-quality resonant RLC-circuit. Self-excited oscillations of the resonant circuit are supported due to a low-noise generator, pumping periodically at the given frequency and amplitude. This generator operates based on the physical properties of Josephson junctions. This paper proposes a mathematical model of the resonant bolometer, which corresponds to conventional physical parameters already reached in nanotechnologies. The noise evaluation, setting up the sensitivity threshold is of order 
[image: image1.wmf]-12

10

Watt by the incoming power. The resonant bolometer can be of interest both for scientific researchers and designers on the area of high-precision equipments.
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Introduction

We study a model of the resonant bolometer, whose functioning is based on the conversion of the electromagnetic radiation energy into thermal energy by the heat-sensitive element integrated into a high-quality resonant circuit. Self-excited oscillations of the resonant circuit are supported due to a low-noise periodic pumping at the given amplitude and frequency. The generator of the bolometer operates based on the physical properties of Josephson junctions. The heat-sensitive element implemented into the resonant circuit can enter from the superconducting state to resistive one. The measurement procedure should identify changes in the amplitude and phase modulation at the time when the heat-sensitive element absorbs the incoming infrared radiation. The operating temperature of all the sensitive parts of the bolometer is set slightly below the superconducting edge. Then the self-excited electric oscillations send a certain portion of the heat to set the temperature of the bolometer at the operating regime. The sensitivity of this method is estimated about 
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, relatively the power input. 
The high sensitivity detectors based on the superconducting transition (TES – transition edge sensors) are proved by the results of numerous experiments, papers, and patent works, referred in part below. In particular, the patent US8063369 uses several interconnected sensors providing a very sharp response of the bolometer. The main difference of this prototype is that a constant bias voltage is used to power the cell of detectors. Each bolometer element comprises a first bolometer having a first heating resistance for sensing radiation power acting on the element, and a second bolometer having a second heating resistance, and in each bolometer element the first and second sensors are electrically connected to each other in such a way that the heating resistance of the first bolometer can be biased with the aid of a voltage through the heating resistance of the second bolometer in order to amplify the radiation power detected with the aid of the connection. Note that the constant parameter over the bias, either the current or voltage, limits substantially the effectiveness of the feedback that promotes a rapid cooling of the detector to the operating point. In this paper we try to overcome this restriction: the biasing of the resonant bolometer is periodic by the current and voltage. This supports some useful conditions on the feedback properties. 
The effectiveness of resonant circuits associated with exact thermal measurements is proved by a number of research papers. In particular, in the patent US6534767 the sensitive element of resonant circuits plays the role as a capacitor or inductor. It is well known that the capacitance or inductance both depend on the temperature, which affects changes in the impedance. This causes the variations of the resonant frequency of the circuit. The resonant frequency of the circuit may be tracked by means of a phase locked loop. The main difference is that such a prototype is designed with ferroelectric materials which exhibit desirable qualities at relatively high temperatures only and cannot provide accurate measurements, cause of thermal noise. 
The low-noise high-frequency generator of oscillations may be represented by a terahertz Josephson junction. The generator is loaded by the resonant RLC-circuit in parallel. The inductive element of the circuit allows for an accurate readout from the sensor with a quantum interferometer. The junction, at the critical biasing, generates a localized electromagnetic radiation. The frequency of electric oscillations in the circuit occurs at the same frequency as the frequency of the emitted electromagnetic waves. Then the resonant circuit is tuned into the resonance with the frequency of the Josephson generator to provide its maximal loading. The resonance creates the stationary self-excited oscillatory regime, stable at terahertz frequencies. When the sensor is out of balance, due to absorption of the external pulse, the negative feedback reacts extremely quickly to return the sensor to its original unperturbed state. In particular, the patent US8026487 describes a superconducting tunable coherent terahertz generator based on the resonant coupling between the Josephson oscillations and the fundamental mode of the resonator cavity, which leads to a powerful terahertz radiation. 
Josephson-type generator

This is a Josephson junction denoted by the symbol 
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 in Fig. 1, across which a constant current, 
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, passes. 
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Fig. 1 Josephson generator.
If we neglect the heat effects, equations of the Josephson generation read as follows: 
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Here 
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 is the voltage across the contact; 
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 is the Josephson phase; 
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 denotes the critical current, 
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 stands for the absolute value of the electron charge; 
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 is the Planck's constant, 
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 and 
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 are the capacitance and junction resistance, respectively. It is known [1, 2] that if the current through the Josephson junction is less than the critical value, i.e. 
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. The generation of oscillations occurs when the current through the Josephson junction exceeds the critical value, i.e. 
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. 
Josephson-type generator loaded in parallel to the resonant RLC-circuit

This is a high-quality RLC-circuit connected in parallel to the Josephson junction, 
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. The system operates by applying a DC bias (Fig. 2). 
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Fig. 2 Josephson generator in parallel connected to the RLC-circuit.
The equations of Josephson oscillations appear in the following form:
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Here 
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 is the volume of the absorber associated with the heat-sensitive element; 
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 is the specific heat function of the absorber; 
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 stands for the coefficient of thermal conductivity; 
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 denotes the constant temperature of the coolant tank; 
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 is the temperature of the absorber heat until the operating point. The parameters of the superconducting junction are the following: 
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 is the coefficient of thermal conductivity; 
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 is the junction temperature, while 
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, respectively, are the charge and current in the resonant circuit with the typical parameters of the inductance 
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, capacitance 
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 and resistance 
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. All the remaining symbols are the same as previously. The value of the critical current of the junction in the vicinity of the critical temperature is defined by the formulae [3–5]: 
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where 
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 is the energy gap of the superconductor as a function of temperature 
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 is the value of the critical temperature; 
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 denotes the Boltzmann constant. To obtain the dependence of the critical current 
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 upon the temperature 
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 one should solve a somewhat difficult integral equation [3]. However, the behavior of this dependence is very simple. We know that if 
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 at the ambient temperatures. Typical temperature patterns of the resistor, 
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Fig. 3 Typical temperature dependences (a – resistive element; b – heat capacity). 
The temperature dependence of the specific heat function may be approximately given by the formula [4]: 
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The value
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 is determined by the following condition 
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Here 
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 is the heat coefficient in the vicinity of the superconducting edge, while 
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 denotes the heat coefficient at ambient temperatures; 
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 denotes the critical temperature. The formula describing the function 
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Suppose that the bolometer runs in the idle regime and neglect the temperature effects. An approximate analytical solution to eqs. (2) has the form: 
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Here 
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 is the frequency generated by the Josephson junction. The phases and amplitudes are defined by the following set of equations: 
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The solutions tend to be more accurate, if the critical current is less than that of the bias. It is assumed that the generation frequency 
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, then the solutions to the set (6) demonstrate a typical behavior of dynamical systems near the resonance (Fig. 4). The parameters of the numerical estimation are shown in the Table 1. 
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Table 1 The generator parameters. 
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Fig. 4 The phase and amplitude response (a – the parameters 
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 in the vicinity of the resonance at the frequency 
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 Points correspond to the amplitude 
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; the dimensionless frequency is normalized to unity with respect to the resonant frequency; the dimensionless amplitude 
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As one can see, the resonant excitation alters significantly the phase and amplitude dependences at small variations near the resistance, so that this model leads us to an idea of a very sensitive sensor. First, consider the time history of the process governed by eqs. (2) with the initial conditions: 
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The calculation uses the dimensionless variables: 
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. The oscillatory patterns are shown in Fig. 5, confirming, in particular, the sufficient accuracy of the approximate analytical solutions to eqs. (5). 
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Fig. 5 Dynamical response (a – voltage in the contact; b – Josephson phase; c – charge in the RLC –circuit; d – current in the RLC–circuit). 
The concrete parameters are shown in the Table 2. These are taken as typical, selecting various references listed in the bibliography in an attempt to rely the already achieved level of technologies. 
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Table 2 The idle sensor parameters with the constant resistor 
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Sensor Model

It is obvious that the dynamical system representing the terahertz generator integrated with the resonant RLC–circuit is very sensitive to changes over the resistance, since the circuit is tuned in resonance with the generator. This property is used to identify small thermal changes. The following set is derived from eqs. (2), allowing for the resistance of TES–type: 
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Here 
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 is the external power; 
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 is the characteristic pulse duration over the time. The remaining notations are the same. In contrast to model (2), the set (7) cannot be subject to effective analytical study. In this case one may rely to numerical calculation only. In order to test the dynamics governed by the model (7), we evoke the parameters in Table 2. The additional parameters are shown in Table 3. The results are presented in Fig 6 in the same dimensionless variables, as well. 
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Table 3 The additional sensor parameters with the TES-element. 
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Fig. 6 The bolometer dynamics (a – Josephson phase; b – temperature of the resistive element over the time; c – temperature of the junction; d – voltage; e – charge; f – current). The pulse comes at the time of 200 dimensionless units. 
It is obvious that the effects of absorption of the external pulse can be clearly observed due to the dynamical changes of the amplitude and phase. In Fig. 7 shows a scheme of the sensor with TES–type resistor included in the oscillatory circuit parallel to the generator. 
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Fig. 7 Resonant bolometer. 

The magnetic flux near the inductive element may be measured with the help of a quantum interferometer.
Noise-equivalent power

If the temperature of the physical body is above absolute zero, then thermal fluctuations appear always. The main objective technique is that these fluctuations have to be small compared to the useful signal. Noise-equivalent power due to the electron scattering on phonons is estimated by the following formulae: 
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(8)
The estimations of noise generated during the electron scattering caused by the resistance reads: 
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While the evaluation of noise due to the dynamical recharge of capacitors holds true:
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Then the noise evaluation for the example present in the previous section would be roughly: 
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Let the dimensionless transient process in the bolometer, according to the time history shown in the previous section, be 100 units, i.e. the physical time interval is about 
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, then the width of the frequency band can be estimated as 
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 by the voltage. Since the external pulse has the same order as the power of the external pulse, related to the numerical example, we define the threshold sensitivity of the bolometer to the infrared signal power. 
Conclusions

The objective of this study is to provide an idea for the accurate identification of a weak infrared radiation. This leads to a technical result trying to improve the sensitivity, accuracy and stability by reducing errors up to the level limited by thermal fluctuations. The latter creates the conditions for more efficient identification of unknown parameters of the incoming electromagnetic radiation. The above-mentioned technical result is achieved by using the negative feedback of the resonant bolometer creating some optimal conditions for the sensor cooling. 
To read out effectively the information from the bolometer one can follow several strategies. Today we may observe a lot of promising superconducting amplifiers based on the SQUID-technologies, and low-voltage JFET-type amplifiers. The SQUID is used in low-impedance thermometers, while the high-resistance sets require the JFET-type amplifiers [6–11]. The idea of combined superconductive sensors with the kinetic inductance [12–15] is also of interest. 
Note that the resonant bolometer represents a mesoscopic device. The efficiency is limited by the geometrical dimensions of the system. The mathematical description is based on the semi-classical physical methods. With the decreasing dimensions and purity of the sensor material the bolometer turns into a typical object of the quantum mechanics. It is possible that as the sensor elements can be soon composed of monatomic metallic layers covered by graphene sheets. This would ensure the minimization of the heat capacity. A graphene sheet, accordingly to the state-of-the-art, possesses an extremely high thermal conductivity, which will ensure the maximization of the thermal conductivity. To implement such elements to the bolometer one may apply the technology of intercalation of metal atoms under the graphene structures [16]. Graphene-based devices playing as terahertz-range NEMS resonators [17] are also of higher interest. It is likely that the permanent evolution of nanotechnologies would provide the appearance of very fast and efficient devices as quanta counters. This assuredly will facilitate the further advancement in the science and technologies. However, such devices would manifest themselves as awfully quantum objects. So that, the manufacturing of such devices, not only the description, seems to be not so easy [18]. 

I would like to thank my dear colleges Dr. Niketenkova Svetlana and Prof. Gordeev Boris Alexandrovich for many fruitful discussions over the resonant bolometer during the 3-d LCN Workshop talks at the Nizhny Novgorod State Technical University (20.01.12-23.01.12). 

References

1. Cooper LN (1956) Bound electron pairs in a degenerate Fermi gas. Phys.Rev. Vol:104 1189–1190 
2. Bardeen J, Cooper LN, Schrieffer JR (1957) Microscopic theory of superconductivity. Phys.Rev. Vol:106 162–164 

3. Bardeen J, Cooper LN, Schrieffer JR (1957) Theory of superconductivity. Phys.Rev. Vol:108 (5) 1175–1204 
4. Buckingham MJ (1956) Schematic diagram of the apparatus for infrared measurements. Phys.Rev. Vol:101 1431–1432 

5. Tachiki M, Ivanovic K, Kadowaki K (2011) Emission of terahertz electromagnetic waves from intrinsic Josephson junction arrays embedded resonance in LCR circuits. Phys.Rev.B Vol:83, 014508–014515 

6. Yoon J, Clarke J, et al. (2001) Single superconducting quantum interference device multiplexer for arrays of low-temperature sensors. Appl.Phys.Lett. Vol:78 371–373 
7. Ariyoshi S, Otani C, et al. (2006) Superconducting Detector Array for Terahertz Imaging Applications. Jpn.J.Appl.Phys. Vol:45. L1004–L1006. DOI: 10.1143/JJAP.45.L1004 
8. Yamasaki NY, Masui K, et al. (2006) Design of frequency domain multiplexing of TES signals by multi-input SQUIDs. Nucl. Instruments and Methods in Physics Research. Vol:559 790–792 (2). DOI: 10.1016/j.nima.2005.12.141 
9. Smirnov AV, Baryshev AM, et al. (2012) The current stage of development of the receiving complex of the millimetron space observatory. Radiophysics and quantum electronics. Vol: 54 (8-9) 557-568. DOI: 10.1007/s11141-012-9314-z 
10. Karasik BS, Pereverzev SV, et al. (2009) Noise measurements in hot-electron titanium nanobolometers. IEEE Trans.Appl.Supercond. Vol:19 532–535
11. Shitov SV, Vystavkin AN (2006) Instr.Meth.Phys.Res. Vol:A559 503–505 
12. Mazin BA, Bumble B, et al. (2006) Position sensitive x-ray spectrophotometer using microwave kinetic inductance detectors. Appl.Phys.Lett. Vol:89 222507–222510 
13. Day P, LeDuc H, et al. (2003) A broadband superconducting detector suitable for use in large arrays. Nature. Vol:425 817–820 
14. Shitov SV (2011) Bolometer with high-frequency readout for array applications. Tech.Phys.Lett. Vol:37 (10) 932–934. DOI: 10.1134/S1063785011100117 
15. Segev E, Suchoi O, et al. (2009) Self-oscillations in a superconducting strip-line resonator integrated with a DC superconducting quantum interference device. Appl.Phys.Lett. Vol:95, 152509; doi: 10.1063/1.3250167 
16. Riedl C, Coletti C, et al. (2009) Quasi-free-standing epitaxial graphene on SiC obtained by hydrogen intercalation. Phys.Rev.Lett. Vol:103, 246804–246807 
17. Yuehang Xu, Changyao Chen, et al. (2010) Radio frequency electrical mechanical transduction of graphene resonators. Appl.Phys.Lett. Vol:97, 243111–243113. DOI: 10.1063/1.3528341 
18. Nakamura Y, et al. (1999) Control of coherent macroscopic quantum states in a single-Cooper-pair box. Nature. Vol:398 786–788 


















12

_1396356085.unknown

_1396539914.unknown

_1396540334.unknown

_1396540357.unknown

_1396548592.unknown

_1396548603.unknown

_1396548869.unknown

_1396549551.unknown

_1396548606.unknown

_1396548596.unknown

_1396543459.unknown

_1396547751.unknown

_1396547759.unknown

_1396548588.unknown

_1396547755.unknown

_1396547746.unknown

_1396543248.unknown

_1396543218.unknown

_1396540342.unknown

_1396540349.unknown

_1396540354.unknown

_1396540345.unknown

_1396540338.unknown

_1396540309.unknown

_1396540318.unknown

_1396540323.unknown

_1396540326.unknown

_1396540313.unknown

_1396539921.unknown

_1396539924.unknown

_1396539917.unknown

_1396441897.unknown

_1396524758.unknown

_1396537916.unknown

_1396537967.unknown

_1396539907.unknown

_1396539911.unknown

_1396539865.unknown

_1396537980.unknown

_1396537949.unknown

_1396537959.unknown

_1396537934.unknown

_1396537894.unknown

_1396537905.unknown

_1396525170.unknown

_1396449291.unknown

_1396475808.unknown

_1396449749.unknown

_1396443878.unknown

_1396443992.unknown

_1396441907.unknown

_1396389189.unknown

_1396431597.unknown

_1396439938.unknown

_1396440824.unknown

_1396441887.unknown

_1396440832.unknown

_1396440063.unknown

_1396439537.unknown

_1396439547.unknown

_1396432515.unknown

_1396430774.unknown

_1396431525.unknown

_1396389200.unknown

_1396389332.unknown

_1396389070.unknown

_1396389089.unknown

_1396388303.unknown

_1393322482.unknown

_1393337239.unknown

_1396100964.unknown

_1396123211.unknown

_1396131607.unknown

_1396133808.unknown

_1396134182.unknown

_1396134080.unknown

_1396133719.unknown

_1396131440.unknown

_1396101049.unknown

_1396104907.unknown

_1396101003.unknown

_1395941274.unknown

_1396100878.unknown

_1396100934.unknown

_1395948537.unknown

_1395948670.unknown

_1395939691.unknown

_1395939725.unknown

_1395939762.unknown

_1395941266.unknown

_1395939748.unknown

_1395939710.unknown

_1395685795.unknown

_1395685723.unknown

_1393322620.unknown

_1393329515.unknown

_1393333466.unknown

_1393333598.unknown

_1393329624.unknown

_1393329424.unknown

_1393322571.unknown

_1393322597.unknown

_1393322493.unknown

_1390308912.unknown

_1390312588.unknown

_1390312712.unknown

_1390312750.unknown

_1392125158.unknown

_1390312728.unknown

_1390312644.unknown

_1390309962.unknown

_1390310024.unknown

_1390309916.unknown

_1390308750.unknown

_1390308844.unknown

_1390308896.unknown

_1390308798.unknown

_1390308411.unknown

_1390308643.unknown

_1390308693.unknown

_1385149562.unknown

_1385150499.unknown

_1385149347.unknown

