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Abstract
The India-based Neutrino Observatory (INO) collaboration is planning to build a massive 50kton magnetised Iron Calorimeter (ICAL) detector, to study atmospheric neutrinos and to make precision measurements of the parameters related to neutrino oscillations.
Glass Resistive Plate Chambers (RPCs) of about 2m ( 2m in size are going to be used as active elements for the ICAL detector. We have fabricated a large number of glass RPC prototypes of 1m ( 1m in size and have studied their performance and long term stability. In the process, we have developed and produced a number of materials and components required for fabrication of RPCs. We have also designed and optimised a number of fabrication and quality control procedures for assembling the gas gaps.
In this paper we will review our various activities towards development of glass RPCs for the INO ICAL detector. We will present results of the characterisation studies of the RPCs and discuss our plans to prototype 2m (  2m sized RPCs.
1. Introduction
India-based Neutrino Observatory (INO) collaboration is proposing to build a massive magnetised iron calorimetric (ICAL) detector in an underground laboratory to be located in South India, to study atmospheric neutrinos and to make precision measurements of the parameters related to neutrino oscillations. Since ICAL will be able to distinguish neutrino events from anti-neutrino events by detecting the sign of the produced muon, it will be possible to study the earth matter effect and thereby the neutrino mass hierarchy problem. This detector is also being planned to be used as a very long base line detector during the neutrino factory era in future. 
The detector choice for the experiment was to use magnetised iron as target mass and glass Resistive Plate Chambers (RPCs) as active detector medium.  The detector should have large target mass of 50-100kton and should be modular for ease of construction. Good tracking and energy resolutions, good directionality (translating to a time resolution of better than a nano second) and charge identification of the detecting particles are the other essential capabilities of this detector, which is proposed to compliment the potentials of other existing and proposed detectors.

ICAL is a 50kton magnetised iron tracking calorimeter, comprising of about 140 layers of low carbon 60 mm thick iron plates [1]. The iron absorber will be magnetised to a strong field of about 1.5Tesla. Sandwiched between these layers are glass RPCs, which are used as the active detector elements. Lateral dimensions of this cubical geometry detector are 48m ( 16m ( 12m. The geometry and structure of INO magnet is largely fixed by the principle of ICAL detector [2]. Its purpose is two fold; providing target nucleons for neutrino interactions and also a medium in which secondary charged particles can be separated on the basis of their magnetic rigidity. About 27,000 RPCs of dimensions 2m ( 2m will be deployed in this detector and inserted into the 25mm slots provided between iron layers. While the ICAL detector concept is shown in Fig. 1, its main features are summarised in the Table 1.
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Fig 1: Concept of ICAL detector
Table 1: Salient features of ICAL detector

	No  of modules
	 3

	 Module dimension
	 16 m ( 16 m ( 12 m

	 Detector dimension
	 48 m ( 16 m ( 12 m

	 No of layers
	 140

	 Iron plate thickness
	 60 mm

	 Gap for RPC trays
	 25 mm

	 Magnetic field
	 1.5 Tesla

	 RPC unit dimension
	 2 m ( 2 m

	 Readout strip width
	 30 mm

	 No. of RPCs/Road/Layer
	 8

	 No. of Roads/Layer/Module
	 8

	 No. of RPC units/Layer
	 192

	 Total no of RPC units
	 27000

	 No. of electronic channels
	 3.6 ( 106 


2. Initial work on development of RPCs

An aggressive R&D program to develop and characterise large area glass RPCs was undertaken.

We have started our detector R&D work by fabricating several dozen glass RPCs of dimensions 30cm ( 30cm. A gas mixing unit capable of mixing four individual gas components and control the mixed gas flow through the detector chambers has been designed and developed [5]. All the prototype chambers have been tested for their performance using a scintillator paddle based cosmic ray muon telescope. A data acquisition system for RPC testing has been designed and developed using NIM and CAMAC electronics. The data collected by the on-line systems is analysed using standard physics analysis software packages such as PAW and ROOT. Apart from this, various slow monitor parameters such as ambient temperature, relative humidity, gas flow into the RPC, applied high voltage, chamber current etc. are also recorded.

We have started our studies by looking at some of the basic operating characteristics of the chambers, such as RPC pulse profiles, voltage-current relationship, individual counting rates of the RPC and so on. We have established a reliable way of monitoring the stability of the chamber based on its noise rates. We have obtained chamber plateau efficiencies of over 90% for various gas mixtures. We have made detailed measurements on the charge-time linearity, time response as well as the time resolution of the RPCs and obtained a typical timing resolution of about 1.2nSec while the RPC is operating on its plateau.
While the results we obtained were consistent with those reported in the literature, we have faced a serious problem when we operate the RPCs continuously. We have noticed that their efficiency drop suddenly, while their noise rates and chamber currents shot up. The chamber couldn’t be revived. We broke open a damaged chamber and scanned the inner surfaces of the electrodes under Atomic Force Microscope (AFM) and Scanning Electron Microscope (SEM). The structures shown in the AFM and SEM scans were found to be rich in Fluorine, confirming the reasoning that Freon (R134a) gas contaminated with moister, forms Hydro Fluoride (HF), which actually damages the RPC.        

3. Muon tracking using an RPC stack

We had fabricated ten RPCs using the same materials and fabrication procedures and parameters as those described earlier.  Float glass of thickness 2mm and size 30cm ( 30cm was used. The RPCs were mounted as a stack such that the signal pickup strips of all the chambers were well aligned geometrically. The chambers were operated in the streamer mode, using a mixture of Argon, Isobutane and Freon (30:8:62 by volume). The operating high voltage for the tests was kept at 8.6kV. Using the above stack, we could record some interesting cosmic ray muon induced tracks (Fig. 2). Muons arriving at different angles could be captured simply by relocating the telescope window. This has demonstrated that indeed these prototype chambers are capable of effectively tracking cosmic ray muons. The information recorded in these tests was also be used extract other parameters of interest, such as efficiency, noise rate and timing of individual RPCs and their long term stability.
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Fig 2: Interesting muon events tracked

4. Long term stability tests of INO RPC prototypes

While the problem of sudden aging in the glass RPC prototypes was being investigated, a few RPCs of dimension 40 cm × 30 cm were fabricated, using glass procured from Japan. The fabrication and test procedures were similar to those of the earlier prototypes. These new chambers were being operated in avalanche gas mode, in which a gas mixture of Freon (R134a) and Isobutene in the proportion 95.5:4.5 by volume. The chambers are being operated at a high voltage of 9.3KV. Since the pickup signal strength in avalanche mode is much smaller to that in streamer mode, external amplification has been provided by preamplifiers of gain 10. Rest of the electronics and data acquisition chain is again the same as that used earlier.

A comprehensive monitoring system for periodically recording the RPC high voltage currents as well as the ambient parameters such as temperature, pressure and relative humidity – both inside and outside the laboratory has been designed and implemented. Using this data with the RPC test data, several correlations between the ambient parameters and the RPC operating characteristics could be established.


[image: image3]
Fig. 3: Long-term stability test results of RPCs

As can be seen from the plots in Fig. 3, the performance of these chambers, characterised by their efficiency, leakage currents and noise rates, have not changed over a period of three and a half years. We have stopped these long-term stability runs end of last year. These tests have indicated that the aging problem associated with the previous RPCs is related to the quality of glass used to fabricate those RPCs as well as their operating mode. We have again this year fabricated a large area RPC using local glass and tried to operate the chamber in streamer mode using the streamer gas mixture. But the chamber's efficiency dropped suddenly after surviving barely for a few weeks. This has reconfirmed our earlier conclusion on the issue of detector aging.
5. Development RPC materials and assembly procedures
RPC fabrication involves deploying a large number of materials as well as many assembly procedures. So, production of high performance and reliable chambers involves choosing the right type and quality of materials as well as optimisation of various assembly and quality control procedures involved in the fabrication. Materials such as glass used for electrodes, individual gases used for mixing and flowing the gas mixtures for the operation of the chambers, spacers, buttons, gas nozzles (Fig. 4) etc. which are needed for the assembling the chamber, resistive coat on the electrodes, epoxies used for gluing together different types of materials, pickup panels used for external signal pickup from the chambers, polyester films used for insulating the pickup panels from the resistive coated electrodes, to name some. We have studied a number of different type and quality of these materials and optimised most of these items. We have continuously improved the quality of the RPCs by incorporating the results of these studies in fabrication and testing of the chambers.
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Fig. 4: Polycarbonate spacer, button and gas nozzle

We have also designed a developed a large number of assembly and quality control procedures and invented a number of useful jigs that are extremely useful in production of good quality detectors. Coating of semi-resistivity paint on the electrodes, assembling and gluing of chambers, leak testing of the finished chambers are some of the important assembly procedures. We have worked closely with various R&D institutions as well as many industrial houses in developing these materials and designing and developing the assembly procedures.
The RPCs are extremely disproportionate and heavy detector modules and hence pose serious problems in terms of mechanical rigidity and difficulties in the packing, transportation and installation of the modules in the detector. In addition, in spite of gluing the glass sheets together with a matrix of buttons throughout the area and using spacers on the four edges, the chamber tends to bulge outwards when the gas is flown through the chamber. These considerations call for a suitable and light weight casing for the chamber.
Plastic honeycomb panels of 5mm thick, laminated on one side by 100(m thick aluminum sheet and the other side by 50(m thick copper sheet were developed by us with help of an industry. Pickup strips of 30mm width are realised by employing the same machining technique on the copper sheet. Aluminum side acts as the signal reference layer. The honeycomb panels were found to be an excellent solution to the mechanical support to the RPC, since it offered better rigidity to the detector with much lesser weight than that of aluminum.
Resistive coating of the outer surfaces of the electrodes plays very crucial role in the operation of the RPC detector. We have collaborated with a local paint industry to develop a suitable paint as well as its application methods, which will be more adaptable for large scale production of the RPCs. This paint uses modified acrylic resin as binder, conductive black pigment and solvents which include aromatic hydrocarbons and alcohols. We have also started designing paint automation techniques and developed prototype robotic machines for the purpose with help of local industry [4].

Apart from the technique mentioned above, we are also exploring the alternate and cost effective technique of coating the glass surface using screen printing method. This method can also be used to coat the paint on a PET film which can be stuck on the glass electrode surfaces. 
6. Construction and study of INO prototype detector stack
Based on our detector R&D and development of various materials and fabrication procedures, we have started building RPCs of 100cm X 100cm in area. We have fabricated a suitable stand to house these chambers and present a detector stack structure with built in flexibility. Fig. 5 shows this arrangement along with the electronics and DAQ systems used for this detector arrangement. We are currently using this stack to study various chamber and data readout performance aspects.
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Fig. 5: ICAL prototype detector stack and DAQ system [3]
Cosmic ray muon trigger for the detector is generated using a scintillator paddle based telescope. Paddles of different areas are so adjusted to form a narrow telescope window on top of a single RPC readout strip. Veto paddles are used to make sure that we reject all the tracks which also intercept the adjacent strips. A number of important studies on the RPC pulse profiles, chamber efficiency plateau characteristics, time resolutions, effect of various input gas mixtures and validation of various front-end electronics designs were done already using this stack.

We have developed a sophisticated ROOT based software package to analyse the event, monitor and trigger data collected by the above mentioned detector. In case of event data, the software produces a consolidated run summary sheet in which all the extracted RPC characteristics as well as the operating parameters are given. Along with, all the hit, charge and TDC distributions as well as scatter plots of parameters of interest are also produced as ROOT histograms as well as plots. Shown in Fig. 6 are the charge and timing distributions of an RPC under test. It is interesting to note the Landau distribution in case of charge, while from the timing distribution, we obtain that typical time resolution of the RPCs is about 1.9nS. 
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Fig. 6: Charge and timing distributions of an RPC
While the data on trigger is acquired, the on-line data acquisition system also monitors and records individual strip rates. This information is invaluable as it indicates the stability of the chamber under operation. The analysis software also handles this data and provides time profiles of this data as well as the rate distributions over a period of time. Similarly, rates of various paddles forming the cosmic ray trigger as well as some of the pre-trigger rates are also monitored using a VME based data acquisition system. All these rates are handled by the analysis software and produces run summary sheets as well as time profile and distribution plots of this data for ready reference.
7. Conclusions and outlook

Large area RPCs of dimensions 1m ( 1m were successfully developed. They are being operated stably in avalanche mode for long period of time. However, we will continue our R&D on the streamer mode of operation of the RPCs. We plan to start fabrication and testing of full size RPCs (2m ( 2m in dimensions) soon. Development of gas purification and recirculation system in progress and is reported in this conference [6]. All the components and tools used for making RPCs have been developed using local industry. Development of ASIC based front-end electronics for the ICAL detector will also be taken up immediately.
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