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Introduction: 

Sensors are devices that respond to chemical, physical and biological stimuli, resulting in the production of a signal that provides a quantitative measurement of the stimuli. We need sensors for monitoring structural integrity of reactor containment buildings and nuclear waste repository, control of nuclear power plants, pollution monitoring and leakages of toxic gases/chemicals. Some of the key attributes of sensors are as follows: 

1. Selectivity is the most important characteristic of chemical and bio-sensors. Various techniques used to impart selectivity are ion-selective electrodes, enzymes and the use of neural networks for enhancing selectivity. 

2. A major requirement for sensors for use in the nuclear industry is their ability to withstand  ionizing radiations and high electromagnetic interference. 

3. Distributed monitoring of different parameters such as temperature, stress, neutron flux and vibration. 

4. Ruggedness, corrosion resistance, useful working lifetime are the essentialattributes particularly of embedded sensors.  

5. Response time, sensitivity, size, cost and power consumption, are the other features which require special consideration.
For various programs of DAE the list of type of sensors needed is very large. The important ones among them are (a) Sensors based on optical fiber technology that provide distributed sensing, immunity to electromagnetic interference and resistance to damage by nuclear radiations, (b) piezoelectric and surface acoustic wave (SAW) devices, (c) chemical sensors based on oxide semiconducting thin films, catalytic oxidation, electrochemistry, (d) nanocrystalline and nanowire based sensors, (e) micro-cantilever and  (f) single molecule sensors. Besides we need to develop neural networks to provide selectivity.


Nuclear particle detectors are being used for the detection/energy measurement of different radiations viz. neutrons, photons, charged particles, fission fragments in nuclear and particle physics based experiments, reactor based instruments, radiation monitoring and protection and medical applications. Detectors form the core of research in basic and applied nuclear physics. It may not be an exaggeration to state that what is 'discoverable' at frontier fields of science is often limited by the then available detector technologies. Experimental high energy physics (HEP) programmes of our country depend heavily on indigenous and sustained R & D efforts towards various detector technologies. Depending on the usage, detectors are designed to be able to measure position, energy and time of incident of the radiation precisely. Detectors, therefore should have the best possible resolution for these parameters. In addition it should be able to with stand radiation and should be able to resolve tracks adequately. The proposals for further development in the field of nuclear detectors include; detectors for better position and time resolution, radiation resistant detectors based on novel materials, use of new materials for the detection and measurement of in-core and out-of-core neutron flux, CCD based cameras for medical imaging and new phosphors for personal dosimetry etc.

Existing infrastructure/technologies: 

Currently, there are several activities on development of gas detectors, solid state detectors, polymer and inorganic scintillators, specialized detectors e.g. Calorimeters etc. Various gas detectors that have already been developed include; ionisation chambers, G. M. counters and high granularity proportional counters. Significant progress has been made in developing large area gas detectors for international high energy physics experiments. High granularity (105 cells each having 1 cm2 area) gas proportional chambers have been fabricated and are in use for STAR experiment and BNL, USA. Another one with higher granularity (2.5X105 cells) is being built for ALICE experiment. A large number (6000) of proportional chambers have been fabricated for underground experiment at KGF. Further, fission detectors using 93% or higher enriched U235 have been developed to use in the pulse mode for neutron flux monitoring in the reactor start-up range. These have a sensitivity of 1-2cps/nv. 


Detectors have been developed and used in a series of pioneering underground experiments at Kolar Gold Fields, the DZERO experiment at Fermilab and the CMS experiment at CERN. Infrastructure for glass Resistive Plate Chamber (RPC) detectors, for neutrino experiment (INO) in India has been set-up and many prototype chambers have been fabricated. 


Large area silicon strip detectors for use in high energy experiments at LHC, CERN have been successfully developed and are being fabricated in large numbers. This expertise can be utilized for production of p-i-n diodes.  
Facilities for the single crystal growth of oxide materials exhibiting pyroelectric/ piezo-electric and Surface acoustic wave (SAW) properties have been established and a large number of crystals of different materials have been prepared. Laser energy meters based on pyroelectric crystals have been developed.

Several sensors have been developed to directly generate the electronic response in digital domain and thereby avoiding intermediate signal processing. These sensors respond to shifts in one of the four properties namely, (i) resistivity, (ii) dielectric permeability, (iii) inductance, (iv) emf of the physical or physico-chemical system being probed. In these sensors given physico-chemical medium is probed by placing suitable electrodes in the timing circuit of an appropriate miniature logic gate oscillator. The medium thus directly governs the timing characteristic of the oscillator. Significant progress on the development of real time remote monitoring of electrochemical parameters, pH, temperature, differential or absolute pressure level, position, absorbed radiation dose, liquid leaks, flow characterization and surface profiling etc has been accomplished. 

A fiber optic draw tower for pulling silica based optical fibers of required diameter and strength has been developed. Optical fiber based sensors for distributed temperature monitoring with sub-meter spatial resolution for the monitoring of temperature over the range of 10 to 200oC are being developed. 

For fabrication of thin film semiconductor and catalytic gas sensors various facilities such as vacuum deposition systems, material characterization and sensor response measurement exist. H2S gas sensors have been developed and other sensors as NH3 and H2 are under development.   

For conducting polymer based chemical and bio-sensors, both the facilities and requisite experience for preparation of Langmuir-Blodgett (LB) films and electrochemical growth of polymers exists. Preliminary experiments on conducting polymer sensors using LB grown Polycarbozole films and uric acid bio-sensors employing electrochemically grown polyaniline (PANI) films have been carried out. 

International status: 

Some of the latest developments in the area of nuclear detectors are centered around High Energy accelerators. Few examples include, (i) Si-pixels detectors for ALICE (A Large Ion Collider Experiment) experiment (ii) Si-drift and Si-strip detectors with very high position resolution for HEP experiments. (iii) large area Time Projection Chamber (TPC) gas detectors having large gain and very good position resolution, (iv) Multiwire Proportional Chamber (MWPC), Microstrip Gas Detector (MSGC), Resistive Plate Chamber (RPC) and Gas Electron Multiplier (GEM) based detectors, (iv) Fast and radiation hard scintillators (as Pb-Scintillator crystal) with very good energy resolution and large light output. For neutron detection combination of various phosphors and use of neutron sensitive materials are the areas of current interest.
Oxide semiconductor thin films and electrochemical sensors have been developed for various gases and chemicals. These provide sensitivity from ppm to ppb levels. Operating life of various sensors is however limited to few years. This aspect needs further investigation/development work.

 Significant efforts have been made to develop pattern recognition techniques for imparting selectivity to gas sensors, but they are in their infancy state and quite a good amount of work is still to be done.  

Optical fibres based sensors to monitor structures and operation of plants have been developed which show high resistance to radiation and are suitable for high temperature operation. Optical fiber based sensors require significant further improvements and also for monitoring of many other physical parameters and chemicals that are not presently covered. 

Significant progress has been reported in micromachined silicon devices. Micro-machined sensors for many physical parameters as pressure, acceleration, vibration etc have been commercialized. Micro machined cantilever sensors have shown potential for detecting heavy explosive molecules like, trinitrotoluene (TNT), Dinitrotoluene (DNT), pentaerythritol tetranitrate (PETN), hexahydro-1,3,5-triazine (RDX) etc. However, integrated chemical sensors with selective response and elecronics on the same chip have not yet been available. 

Challenges for the future:

While several facilities and experience brought out above already exists in DAE laboratories, there is a need for setting up additional facilities and develop expertise in select areas. 

Dedicated efforts are needed for (i) fabrication of large area high resolution Si-detectors possibly with industry participation, (ii) large area gas detectors with high level of uniformity, efficiency and resolution, (iii) detectors for pulsed neutrons in accelerators (iv) deposition of films of amorphous Si, SiC and CVD diamond etc, (v) fission detectors for neutron monitoring with improved sensitivity and those using U233 and (vi) photo multiplier tubes

Additional facilities and development efforts are necessary for (a) micro-cantilever fabrication (b) nano-crystalline and nano wire based devices (c) singe molecule detection systems, (d) electrochemical gas sensors, (e) wireless and optical fiber based data communication from sensors to computerized data acquisition system, (e) Bragg and long period gratings for optical fiber sensors, (f) optical fibers with higher temperature capability, (g) neural networks.   

Vision:

Optical fiber sensors: 

Optical fiber based sensors for monitoring structural integrity of reactor containment buildings, nuclear waste repository monitoring, safety control of nuclear installations, monitoring of reactor primary cooling circuitry, in-core temperature measurement, remote radiation monitoring are crucial for safe operation of nuclear reactors and other installations. These sensors have high bandwidth, provide immunity to EMI and are able to operate in high radiation field environment. Optical fibers with capability for distributed sensing of structural and operational parameters will be developed for these critical requirements. 

Development of high temperature fiber coating for use of fibers at high temperatures for monitoring of sodium coolant leakage in Fast Breeder reactors and skin mapping of reactor vessels is envisaged to be taken up in immediate future. In additional developments of photosenstive fibers, Bragg gratings, Brillouin scattering unit, nuclear radiation resistant fibers will be taken up. Studies on embedding techniques of Bragg gratings in concrete and metal structures for real time monitoring of power plants and other facilities will be carried out. 
Gas sensors and pattern recognition techniques: 

Solid-state sensors will be developed for various toxic and hazardous gases. Nano-crystalline metal oxide thin films and conducting polymers will be investigated for their gas sensing properties. Since it is not always possible to develop sensors that are highly specific to a particular gas, we also propose to develop neural network systems with pattern recognition techniques to impart specificity to sensors. Here, a sensor array of many metal-oxide semiconductor thin films and/or conducting polymers will be used. The specificity of individual sensors is low, however, the combination of response of these elements has a characteristic pattern, which may be seen as a signature of the different constituents of a chemical mixture responsible for a given aroma. Thus, an electronic nose consists of a sensor array, a signal conditioning electronics to enhance array sensitivity and finally a classifier that performs a comparison with a reference database. The comparison is generally performed employing artificial neural network or fuzzy logic using computers. 

Bio-sensors: 

In situations like biological warfare, new disease syndromes, hidden explosives etc, it is required to find out the threatening species as early as possible. By using porous structures with graded pore size, which are immobilized with specific molecules, multianalyte sensing appears possible. By immobilizing specific biomolecules on oxidized nanocolumnar porous silicon structures, miniaturized immunosensors, which are highly sensitive and reasonably specific to a target gas, will be realized.
Telemetry: 

For many of the above discussed vision programs the use telemetry for wireless data communication from sensors placed in the field to computer based data acquisition systems located in the control room is envisaged to enhance the realiability of data collection. 

Sensors based on micromachining 

Miniaturization of the sensors using silicon micro-machining and on-chip data processing are attractive for fabrication of low cost, reliable, low power and fast response sensors and arrays. The distinguishing feature of micro machined cantilevers from other conventional sensors is their bending forces. Coatings applied to the cantilever can selectively adsorb chemical species and change the natural resonant frequency of the cantilever leading to their detection. Facilities for fabrication of micro-machined devices do not presently exist in DAE. Therefore work in this area is proposed to be undertaken. 

Nanowire FET and single molecule sensors: 

It has been recently shown that surface modified silicon based nanowires are capable of detecting chemical species in nanomoles range. For example, prostate specific antigen (PSA), a protein indicator for prostate cancer has been detected quantitatively to femtomolar levels by suitably modifying the silicon nanowire surface. This technique also offers the feasibility of single molecule detection. It is also envisioned that the FETs using nanowires can be incorporated in personal attire of soldiers and used for identification of anthrax and other biowarfares. This can also be used for determining of efficacy of a new drug administered against a disease.


Use of Scanning Probe Microscopy (SPM) technique for single molecule detection is another important field that need to be investigated. For this purpose silicon tips in SPM could be replaced by carbon nanotubes that may be functionalized for detection of specific molecule. 

Another exotic area is the utility of nanosprings in detecting single protein molecule. These springs are made of piezoelectric semiconductor oxides, which are natural resonators. They do not need all the support circuitry that normal semiconductors need to make them process and emit signals. When suitably modified, the nanospring surface attracts a single molecule specifically which is reflected in its natural frequency. Using individual nanosprings, it is foreseen that realization of nanosized bio-sensors etc., would be possible. We plan to undertake development of single molecule sensors that are realized by nano-springs. 

Pyroelectric sensors: 

Pyroelectrics can monitor IR radiation with uniform response over a wide wavelength range. A novel development pertaining to develop integrated sensors/detectors for smell, touch, vision and hearing based on single crystals of pyroelectrics is visualized. Here, the detection of gases is based on the selective IR absorption of different gases, sense of touch and vision by temperature measurement and hearing by monitoring acoustic emission. 

Neutron detectors:

The sensitivity of U233 Fission detectors used for out-of-core neutron flux monitoring in the start-up range is limited to 1-2 cps/nv due to alpha pile-up problems. In instances where the detectors is located away from the core it is desirable to have higher sensitivity that can be achieved by configuring the detector as a transmission line fission counter where the higher alpha background is offset by the increased bandwidth. Detectors with sensitivities up to 10 cps/nv will be developed. The same configuration would be used to develop fission detectors with U233 having neutron sensitivity up to 1cps/nv. 


For in-core neutron monitoring, self Powered Neutron detectors (SPND) based on inconel and Pt-Bi with improved characteristics compared to Co, V or Rh and Pt SPNDs will be developed. The advantages of inconel SPNDs include prompt response and low burn-up and hence longer life. Use of Pt-Bi detector pair detectors would help to eliminate the gamma signal that gives shift in dynamic response of Pt based SPNDs. 

In high energy accelerators, due to pulse nature of source beam with high instantaneous dose and mixed radiation field, commercial radiation measuring instruments are inadequate. Therefore, new generation of neutron detectors for accelerators are needed. It is proposed to fabricate high-pressure ion chambers with high sensitivity and consisting of tissue equivalent chamber wall and gas to provide cumulative radiation dose due to neutrons, protons and photons. In addition, high sensitivity silver baffle proportional counter is proposed for neutron flux monitoring. Counters with 26 baffles and thermal neutron sensitivity of 0.6 cps/nv are envisaged. 

Radiation resistant detectors:  

SiC Schottky diodes provide linear response to thermal neutrons with significantly improved radiation resistance. These operate in pulse mode over a wide dynamic range and therefore pulse height & shape analysis can be gainfully employed to measure axial, azimuthal and radial flux profiles. Online calibration and fault identification/diagnostics can be incorporated as part of the detector design with required logic on the same wafer. The development of SiC Shottkey diodes is thus proposed.

Polycrystalline diamond produced by chemical vapour deposition (CVD) technique with six to seven orders of magnitude lower intrinsic carrier density is an attractive material for the development of radiation resistant and low-noise solid-state detectors for neutrons and alpha particles without the need of p-n junction or cooling. The high electron and hole mobilities in conjunction with high breakdown fields lead to ultra-fast counters. Due to lower atomic weight, diamond based detectors have unique advantage of better neutron sensitivity compared to gamma rays that is useful for on-line plutonium monitoring, and hence this development is proposed. 

Silicon detectors using IC technology:

Several applications need silicon detectors with high energy resolution and large active area. We plan to undertake the development of detectors for nuclear physics experiments, spectroscopy of charged particles, counting of low activity as plutonium air monitors, and thin detectors for particle identification. For nuclear physics experiments with superconducting cyclotron at VECC, Si(SB) and Si(Li) detectors of different sizes and shapes will be fabricated for charge particle detector array. Ultrathin surface barrier detectors (5 to 20 m thick) will be developed for identification of complex fragments. Use of carbon nanotube based devices on Si-substrate is also proposed for further improvement in position resolution.
X and gamma-ray detectors:

Amorphous Si detectors have high radiation hardness, low leakage current, efficient charge collection and low fabrication cost. They are ideal for X-ray radiography applications. We need to develop position sensitive amorphous silicon detectors for radiography.
Two dimensional CCD-camera based position sensitive detectors will be developed for Small angle X-ray scattering (SAXS) and wide angle x-ray scattering (WAXS). Further, there is an increasing demand for small, dedicated gamma cameras that offer higher spatial resolution at reasonable cost. Such cameras would be very useful for gamma ray detection techniques in R&D laboratories and medical imaging applications. The proposal is to implement scintillator–coated CCDs as a small hand-held gamma camera for imaging hard X-ray/gamma ray sources that would have intrinsic sub-mm spatial resolution (~ 0.5mm), good efficiency and excellent energy resolution. 

Dosimetry

Polymer based bubble detectors for personnel dosimetery will be developed. Bubble detectors basically consist of a tube of finely dispersed droplets of a super heated liquid such as freon or isobutene suspended in a polymer gel under pressure. Neutron induced reactions in a droplet cause nucleation and bubble formation by evaporation. Since gamma rays cannot deposit sufficient energy within the critical distance required for nucleation the system is sensitive only to neutrons. This is a distinct advantage in mixed gamma/X-ray and neutron fields especially as obtaining in particle accelerators. The dose is estimated by counting the number of bubbles. 

Highly sensitive phosphor based on anion defective crystalline Al2O3:C will be developed. This material is usable in both thermally and optically stimulated modes and has a linear response over 1µGy -10Gy range. The sensitivity of the material is nearly 60 times that of conventional TLD material. 

Resistive plate chamber (RPC) detectors:

It is proposed to develop RPC detectors beyond the current state of the art technology. About 11000 RPCs (each of 1 m x 3 m) will be built for Indian Neutrino Observatory (INO). Even though prototypes have been made with >90% efficiency and ~4 nsec timing resolution, but further works are to be done on (a) proper gas mixture, (b) multi stage design for gain improvement and (c) spark characteristics for large area chamber. In addition, Positron Emission Tomography (PET) device  (a radiotracer imaging technique using positron-emitting radionuclides) will be developed using RPC. Applications of this technique include early detection of cancer, neuropsychological studies and quantification of brain functions. RPC is a natural choice for this device as it is intrinsically a layered detector and has Time-of-Flight capability. It is possible to achieve considerably lower radiation levels for whole-body PET using this detector.
Gas detectors developments:

The proposals on gas detector mainly aim to achieve (i) better position resolution (ii) faster and (iii) large area detector. The areas of use of the detectors are (a) neutron detection in SANS (small angle neutron scattering) based experiments (b) high energy physics experiments and (c) neutrino detection. Curvilinear position sensitive detectors (PSDs) that overcome parallax error of presently used linear PSDs will be developed with arc length of 2 meter at 2 meter radial distance. Delay line method will be used for position sensing. 

Multiwire proportional chambers (MWPC) consisting of a plane of anode wires with typical diameter of 10 m separated from two cathode planes will be developed for position sensitive x-ray detection. These detectors will find application in digital radiography and high energy physics experiments. MicroStrip Gas Chamber (MSGC) Cathode and anode strips will be deposited, so that good uniformity and better timing characteristic are achieved for position measurement.
Gas electron multiplier (GEM) based detectors use thin (~50 micron) polyimide foil metallised on both sides in which large number of holes (~50 micron dia) are  made. These foils are placed in a gas filled chamber where lower PCB has 2-dimensional readout. Electrons generated by incident radiation passing through the chamber gets multiplied in these holes. Advantage of these detectors is its wireless configuration and faster electron response. Gain can be improved by using multistage configuration. The fabrication of single GEM mesh with amplifications of two hundred in mesh of 50 m is proposed. These detectors will be used for various applications as X-ray astronomy, medical imaging, plasma monitoring, neutron detector and accelerator beam monitoring. 
Impact on DAE program: 

The development of various sensors and detectors envisaged and summarized above would help DAE to enhance capabilities in the areas of reactor control/opearation, radiation monitoringand protection, as well as applications of radio-isotopes and nuclear radiations in medical, industry, agriculture etc. Of course, the development of nuclear radiation detectors for R&D in nuclear research and technology would have its own rich dividends. It may be mentioned that the technologies and processes that will be developed would enable to undertake both basic and applied research in many areas like nano-materials/structures, MEMS, ceramics, fibers etc. 

While finalizing this vision document, it has been kept in mind that the recently created state of the art laboratories for single crystals growth, thin film deposition, ultra high purity materials synthesis (Ga, As etc.) and the upcoming detector grade silicon would be fully utilized. 

In-put needed for: 

1. International status on detectors.

2. Current infrastructure/status of multi-wire and position sensitive detectors. 

3. While giving additional input please also give full expansion of any acronyms used. 

4. Point out any technical errors that may exist as I do not no details of different fields and details in each case were not fully available in write ups. 
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