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Abstract. The current status of the India-based Neutrino Observatory (INO) is summarized. The
main physics goals are described followed by the motivation for building a magnetized iron calorimetric (ICAL) detector. The charge identification capability of ICAL would make it complementary
to large water Cerenkov and other detectors worldwide. The status of the design of the 50 kt magnet,
the construction of a prototype ICAL detector, the experience with resistive plate chambers which
will be the active elements in ICAL and the status of the associated electronics and data acquisition
system are discussed.
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1. Introduction
The deep underground laboratory at Kolar Gold Fields (KGF) in India started in 1951.
During the next few decades a series of experiments were conducted at KGF to measure the flux of muons as a function of depths up to a depth of 2.7 km. The first ever
atmospheric neutrino interaction was observed at KGF in 1965 [1] (see figure 1). This
laboratory also looked for nucleon decay and placed limits on the proton lifetime. The
KGF underground laboratory ceased its operation in 1992 due to the closure of the mine.
The India-based Neutrino Observatory (INO) is a multi-institutional collaborative effort
aimed at building a new world-class underground laboratory with a vertical rock cover in
excess of 1200 m for non-accelerator-based high-energy physics, astrophysics and nuclear
physics experiments in India. The primary physics goal of this basic sciences project is
the study of neutrinos from various natural and laboratory sources. Such an underground
facility should develop into a full-fledged underground science laboratory for studies in
physics, biology, geology and hydrology over time. Development of detector technology
and its varied applications is an important aspect of the project.
The main goals of the INO project include:
(a) Construction of an underground laboratory and associated surface facilities at
Pottipuram village in Bodi West hills of Theni District in the state of Tamil Nadu in
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Figure 1. KGF atmospheric neutrino detector.

South India. The underground laboratory, consisting of a large cavern and several smaller
caverns, will be accessed by a 1900 m long and 7.5 m wide tunnel. Engineering designs
and cost estimates of the tunnels, labs and its associated surface facilities have already
been prepared.
(b) The primary physics goal of INO underground laboratory is the study of neutrino
properties. Recent experiments have indicated that these neutral particles, which occur
in three flavours, have a small but finite mass which is yet to be determined. They also
exhibit the property of oscillation between different flavours as they propagate due to
mixing. Precision determination of the parameters that cause this phenomena is one of the
most important goals in neutrino physics today. To measure some of these parameters, it
has been proposed to set up a 50 kt magnetized iron calorimeter (ICAL) tracking detector
at the proposed INO underground laboratory. Furthermore, discussions regarding two
additional proposals for setting up experiments to study double beta decay and to detect
dark matter are at advanced stages. In addition, preliminary discussions for setting up
a low-energy neutrino detector sensitive to neutrino energies below 1 MeV have also
started.
(c) In order to coordinate the activities of the INO underground laboratory, a National
Centre for High Energy Physics (NCHEP) is proposed to be set up in the city of Madurai
which is 115 km east of the underground site. NCHEP will act as the nodal centre for the
operation and maintenance of the underground laboratory, human resource development
and detector R&D. It will be set up with the induction of human resources in a phased
1004
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manner, achieving full strength by the end of the project. On a smaller scale, the development of human resource has already been started in the form of the INO Graduate Training
Programme (GTP) under the umbrella of Homi Bhabha National Institute (HBNI), a
deemed-to-be University within the Department of Atomic Energy, Government of India.
Nearly 20 students are undergoing training under this program.

2. INO underground laboratory
As mentioned earlier, underground science in India has a long history. The underground
laboratory at Kolar Gold Fields (KGF) was one of the earliest such laboratories in the
world where cosmic rays and neutrinos were studied deep underground for nearly four
decades. The KGF laboratory was closed down in the early 1990s as gold mining at this
site became economically unviable. It was s great loss for Indian science. After many
discussions, high-energy physics community in India decided to explore the possibility
of setting up a new large world-class underground laboratory [2] at a suitable location
in India. It was also decided that the facility will be accessed by a horizontal tunnel, to
facilitate the logistics of building large detectors, instead of a mine.
The primary requirement of a suitable site for constructing an underground laboratory apart from the physics requirements, are the safety and long-term stability of the
lab. Hence the search for a suitable site for INO was mainly guided by the rock quality,
availability of water and power for the project, low rainfall, ease of access and minimal environmental impact and its management. Since the laboratory cavern needs to be
located more than 1000 m underground, the choice of the site is primarily dictated by the
rock quality, in order to obtain a stable safe environment for such a long term activity. It
should be noted that peninsular India, south of 13◦ N latitude, offers the best possible rock
medium for safe and stable cavern construction.
Considering various parameters like rock mechanics and stability, availability of land,
accessibility, seismic stability, forest and environmental issues etc., a site close to Pottipuram village in Theni District of Tamil Nadu has now been selected as the site for

Figure 2. Proposed location of the INO site.

Pramana – J. Phys., Vol. 79, No. 5, November 2012

1005

Naba K Mondal
the INO project. The site is located on the eastern fringe of the linear western Ghat hills
and is close to the Kerala–Tamil Nadu interstate boundary (see figure 2). The laboratory
coordinates are 9◦ 57 47.65 (N) and 77◦ 16 22.55 (E). Figure 3 gives the expected muon
background at the proposed INO laboratory and at other underground laboratories around
the world.
The site is 115 km west of Madurai, the second largest city in the state of Tamil Nadu.
The road between Madurai and the proposed INO site is very good except for the last
few kilometres, which will soon be widened to take care of the INO construction traffic.
Madurai is well connected to the rest of India by air as well as by rail. The underground laboratory complex will consist of four caverns accessed by a nearly horizontal
tunnel of 1900 m length. The main cavern, i.e. cavern-1 will have the dimensions of
132 m × 26 m × 32.5 m. This cavern is designated to house two units of ICAL, each
of 50 kt, although at present only one 50 kt module will be installed. The floor level of
this cavern is 280 m above the mean sea level (MSL) and is exactly under a mountain
peak of 1560 MSL providing a vertical rock cover of 1280 m. Cavern-2 will be of size
55 m × 12.5 m × 8.6 m dimension. Part of cavern-2 will be used for the proposed neutrinoless double beta decay (NDBD) experiment and the rest as the control room for the

Figure 3. Atmospheric muon background as a function of depth.
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Figure 4. Conceptual design of the INO underground complex.

ICAL detector and also to install air conditioning and ventilation system. Cavern-3 will
be of 40 m × 20 m × 10 m dimension. Part of this cavern will be used for setting up a
dark matter search experiment. In addition, a fourth cavern will be located at a distance
of 1000 m from the portal location along the access tunnel. This will be mainly used
for the preparation of material for the NDBD as well as for dark matter experiments. A
sketch showing footprints of various caverns is shown in figure 4. The design of caverns,
adits and tunnels are done keeping in view of possible extensions into deeper reaches at a
future date as also space for new proposals.
All the surface facilities associated with the underground laboratory will be just outside
the tunnel entrance on a 26 hectare site. The facilities on the surface will be: (i) administrative cum workshop building, (ii) detector assembly building, (iii) guest house cum
hostel for visitors and students, (iv) residential quarters for maintenance and office staff
posted at the site.

3. ICAL experiment at INO
The primary focus of INO, to begin with, is physics with atmospheric muon neutrinos.
For this purpose it has been proposed to construct a magnetized iron calorimeter detector
(ICAL) similar in concept to the Monolith detector [3].
The proposed detector will have a modular structure of 48 m × 16 m lateral size and
will consist of a stack of 150 horizontal layers of 5.6 cm thick magnetized iron plates
Pramana – J. Phys., Vol. 79, No. 5, November 2012
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Figure 5. Schematic view of the 50 kt iron calorimeter (ICAL).

interleaved with 4 cm gap to house the active detector layers making it 14.4 m high. The
active detector elements are resistive plate chambers (RPCs), made up of a pair of 3 mm
thick glass plates of 2 m × 2 m area, separated by 2 mm spacers. The detector will be
subdivided into three modules of 16 m × 16 m area. The iron structure for this detector
will be self-supporting with the layer above resting on the layer immediately below using
iron spacers located every 2 m along the X-direction. This will create 2 m wide roads
along the Y-direction for the insertion of RPCs. The iron plates will be magnetized with
a field strength of 1.5 T to determine the charge of the muon produced by neutrino interactions inside the detector, so that the νμ - and ν̄μ -induced events can be identified and
studied separately. The magnetic field will also help to measure the momentum of the
final-state particles, especially the muons produced through neutrino interactions inside
the ICAL detector.
The RPCs will be operated at a high voltage of about 9.9 kV in avalanche mode. A
high-energy charged particle, passing through RPCs, leaves a signal with an efficiency of
around 90–95%. The read-out of the RPCs will be performed by external orthogonal X
and Y pickup strips of 3 cm wide allowing the determination of the X and Y coordinates of
the track of the charged particles passing through the RPC. The RPC location will provide
the Z coordinate. The RPC time resolution of 1 ns will enable one to distinguish upwardgoing particles from downward-going particles. Hence from the hit pattern observed in
the RPCs, the energies as well as directions of the charged particles produced during the
neutrino interactions will be reconstructed. Figure 5 shows the overall lay-out of the ICAL
detector.

4. Physics with ICAL
The main physics goals of INO-ICAL are:
(1) Reconfirmation with greater statistical significance of the first oscillation dip in L/E
of the atmospheric neutrinos, and measurement of m 213 and sin2 θ23 precisely.
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(2) Determination of the sign of m 213 and hence the neutrino mass hierarchy using the
matter effect.
(3) Measurement of the deviation of θ23 from maximality, and resolve the octant
ambiguity.
(4) Distinguish νμ ⇐⇒ ντ from νμ ⇐⇒ νs oscillation.
(5) Search for CPT violation.
The first measurement on atmospheric neutrinos in ICAL will be to observe directly the
oscillations through the fall and rise of the νμ and ν̄μ survival probabilities. Figure 6 shows
the ratio of the simulated upward- and downward-going muons produced in charged current interactions. Figure 7 shows the exclusion plot of m 223 and sin2 2θ23 comparing the
regions excluded by the Super Kamiokande (SK) experiment and the expected result from
a 300 kt year exposure of ICAL.
It is now established that θ13 is non-zero and its mean value is around 9◦ . Because of
this large value of θ13 it will now be possible to fix the neutrino mass hierarchy using

Figure 6. Up/down ratio of fully contained muon events as a function of L/E
obtained from GEANT-simulated data for 6 yr exposure at INO.

Figure 7. Exclusion plot of m 223 and sin2 2θ23 from ICAL with 300 kt year exposure
and its comparison with the SK results.
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the matter effect in ICAL detector due to its ability to distinguish νμ - and ν̄μ -induced
μ− and μ+ events [2]. Figure 8 shows the survival probabilities of νμ as a function of its
energy at different values of baseline lengths for the normal and inverted mass hierarchies.
Figure 9 shows the L/E plots of simulated muons of either charge for a normal hierarchy
and an exposure of 1000 kt year. While the matter effect depletes μ− , the μ+ spectrum
is essentially unaffected. For the inverted mass hierarchy, the situation reverses. A more
comprehensive discussion of the physics possibilities at INO may be found in ref. [2].
If the Neutrino Factory becomes a reality, a detector such as the one envisaged for
INO, could be one of the far detectors during its second phase of operations. The INO
site also happens to be at the ‘magic baseline’ of ≈7200 km from two potential sites for
a future Neutrino Factory, viz. ≈6500 km from JPARC in Tokai, Japan and ≈7200 km

Figure 8. The muon neutrino survival probability in vacuum and in matter for both
signs of m 223 plotted against the neutrino energy for different values of baseline
lengths [4].

Figure 9. μ± event rates for the normal mass hierarchy and an exposure of 1000 kt
year for a restricted choice of L and E range (6000 ≤ L ≤ 9700 km, 5 ≤ E ≤
10 GeV).
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from CERN at Geneva, Switzerland. Together with a detector at a shorter baseline, say at
3000 km, the CP-violating phase can be determined.

5. Current status
For ICAL detector at INO, extensive R&D activities are being carried out at various participating institutions on detectors, electronics, magnet design, physics simulation as well
as on the engineering aspect of the project.

5.1 Development of glass RPCs
The glass RPC R&D work was begun by first developing small chambers of about
30 cm × 30 cm in area and characterizing them. Along with gradually acquiring the technical expertise required to build larger area chambers, various sophisticated materials,
processes and infrastructure needed for this R&D programme have also been developed.
We have fabricated a large number of glass RPCs of areas 1 m × 1 m and 2 m × 2 m and
have characterized them successfully. The chambers show typical charge particle detection efficiencies of over 98% and timing resolutions of about 1 ns. Currently a dedicated
programme for design and development of large area glass RPC detectors, leading to the
large-scale, low-cost, industrial production is in progress.
In order to study the long-term stability of RPCs, we have built a stack of 12 RPCs of
1 m × 1 m area, along with indigenously developed electronics, trigger and data acquisition systems. The stack is now operating for about three years without much interuption.
Some of the parameters that are tracked on a day-to-day basis are the RPC efficiencies for
cosmic ray muons, absolute and relative timing resolutions as well as the stability of RPCs
based on the monitoring data of the individual strip rates. Apart from studying various
characteristics and long-term stability of the RPCs under test, the stack is also being used
to study and optimize a number of parameters concerning the RPC gap, chamber design,
gas mixture, read-out electronics etc.

Figure 10. 1 m × 1 m prototype RPC set-up at TIFR, India.
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In figure 10, we show this RPC stack and in figure 11 two views of a cosmic ray muon
tracked by the stack. More than 500,000 such events are recorded per day. These tracks
are used to construct a tomography of the RPC (figure 12). Pitch (30 mm) of the pickup
strips used for the RPC read-out and the dead space due to the button-shaped spacers
(11 mm in diameter) are clearly visible. The individual strip counting rate (or noise rate)
provides an excellent measure for monitoring the long-term stability of the RPC detectors.
Chambers of 2 m × 2 m area have also been fabricated and their performance evaluated
in detail. Figure 13 shows a 2 m × 2 m RPC stack in a test stand at TIFR. These detectors

Figure 11. An interesting cosmic ray muon event tracked by the TIFR RPC set-up.

Figure 12. Tomography of the RPC detector using cosmic ray muons.
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Figure 13. 2 m × 2 m RPC stack under test at TIFR, India.

are operating flawlessly till now, essentially concluding a major part of the detector R&D
phase of the ICAL detector construction.

5.2 Development of Bakelite RPCs
The development of Bakelite-based RPC, as an alternative to the glass RPC, has been
pursued by the SINP-VECC team. The advantage of Bakelite RPC is its ease of handling
compared to the fragile nature of glass RPCs. Single-gap RPC detectors, consisting of
2 mm thick gas gap, bounded by 2 mm or 3.2 mm thick pair of plates, made of a particular
grade of phenolic resin (bakelite) bonded paper laminates commercially available in India
for insulation under humid condition, have been designed, fabricated and tested at SINP.
A thin coating of a particular grade of polydimethylsiloxane (PDMS), popularly known
as silicone, has been found to improve the efficiency and reduce noise degradation of the
RPCs when operated at higher voltage necessary for sustained streamer mode operation.
Figure 14 shows the efficiency scan without and with silicone coating.
Several detectors of 10 cm × 10 cm, 30 cm × 30 cm and 1 m × 1 m area were characterized for operation under both streamer and avalanche modes of operation. In the streamer
mode of operation, a gas mixture of Ar/isoC4 H10 /R-134a in the 34/7/59 mass ratio was
delivered to the detector using an indigenously built gas mixing system. Average pulse
amplitude of ≥60 mV and 4–6 ns optimum rise time were routinely obtained. Long-term
streamer mode of operation of the RPCs yielded a stable efficiency of ≈90–95% for more
than 140 days in a cosmic muon test bench set up at SINP.
It is known that the RPC detectors may suffer irreversible damage when operated in streamer mode, but the long-term test and subsequent operation on demand
at the test bench did not show any sign of degradation for such low rate radiation
exposure. The detectors were also operated in avalanche mode using gas mixture of R134a/isoC4 H10 /SF6 in the 95/4.5/0.5 mass ratio. Average pulse amplitude of ≈10 mV
and comparable rise time were obtained. Stable avalanche mode operation of RPC was
obtained with ≈92–95% efficiency for the cosmic muons. A front-end fast amplifier
with nominal 20 dB gain was found to be sufficient for the above measurements in the
Pramana – J. Phys., Vol. 79, No. 5, November 2012
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Figure 14. RPC efficiency scans with (solid symbols) and without (hollow symbols)
silicone coating, showing improvement caused by the silicone coating.

avalanche mode of operation. A 10 cm × 10 cm bakelite RPC detector was sent to the
Gamma Irradiation Facility (GIF) at CERN for characterizing long-term operation at high
radiation exposure under avalanche condition. No degradation of performance was found
after 2–3 months of continuous operation at GIF.
Time resolutions of the bakelite RPCs of different sizes were also measured and found
to be ≈2–4 ns (FWHM) for both the modes of operation. The charge spectra of the RPCs
in the two modes were also systematically studied. The average charge content of the
signals caused by cosmic muons was found to be ≈5 times larger for streamer mode than
that for avalanche mode. Four bakelite RPC detectors of 1 m × 1 m size are placed in
the prototype ICAL magnet at VECC for cosmic muon tracking studies, in addition to the
1 m × 1m glass RPCs. Fabrication of large area (2 m × 2 m or 2 m × 1 m) RPC detector
suitable for use in ICAL is being planned.

5.3 Gas recirculation system
The gas volume of the ICAL detector is going to be more than 200 m3 . The conventional
free-flow gas systems are not suitable for ICAL, mainly due to high recurring cost of the
input gases and potential environmental hazard and safety. Therefore, appropriate techniques are currently being developed to recycle the exhaust gas mixture from the RPCs. In
the open-loop recycling system, the used gas mixture is first purified and individual gases
are extracted using fractional condensation method. In the closed-loop system, the gas
mixture is purified and topped up with fresh gases as required before reusing the same.
Prototype units based on both these designs have been developed and their performances
are being studied using a residual gas analyser (RGA) system.
To determine optimized flow rate of gas mixture through an RPC, the chamber has
been sealed with its gas mixture and its long-term performance in terms of its chamber
current, counting rate, efficiency and other operating characteristics studied using cosmic
ray muons. The sealed gas is analysed using RGA at the end of these studies to look
1014
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for possible gas radical production. These studies, which are in progress, have already
yielded very important results.
5.4 VME-based data acquisition system for the prototype stack
The 12-layer ICAL’s prototype detector stack built using 1 m × 1 m RPCs is in continuous
operation for more than three years at TIFR. The DAQ system now being used is based
on the VME bus. The VME bus is an industry standard and offers attractive features
for building a high-end DAQ system. It is the de facto standard in most of the modern
particle-physics experiments.
The DAQ software has been written in C++ and has an intuitive graphical user interface (GUI) and other plotting and analysis features. Qt, a free cross-platform application
and UI framework, from Nokia, have been used to develop our DAQ software. QtROOT,
a plug-in to CERN’s data analysis and plotting package ROOT, has been used to integrate
plotting and analysis feature in our DAQ framework. The software runs on a machine with
2.80 GHz Intel Xeon CPU with 1 GB RAM with an open-source 32 bit Linux operating
system.
The main features of the DAQ system are: (i) Interrupt-based system, (ii) multithreaded architecture, (iii) graphical user interface, (iv) integrated plotting and analysis.
The DAQ currently tracks cosmic muons that pass through the 12-layer stack. Using
these data, various RPC parameters like efficiency, timing resolution, cluster size etc., are
estimated. The development of VME-based DAQ system also has provided invaluable
experience for the design of the final DAQ for ICAL.
5.5 Off-line analysis tool
Data collected from the DAQ is further analysed using the off-line analysis tool. The GUI
for this tool was also designed using the same tools used for the development of the DAQ
software. The off-line analysis tool offers all the functionalities of ROOT with the only
exception being that the canvases are embedded into the framework and all plotting and
analysis are done within this framework. Apart from this, the tool also has customized
widgets that display relevant information like layer-wise multiplicity, strip noise rates,
efficiency etc., as soon as a file is opened.
5.6 Studies on cosmic muons
Apart from the characterization of the detector and the related electronics using the 12layer prototype RPC stack and the new DAQ system at TIFR, various studies on cosmic
muons were also made.
Figure 15 shows the zenith angle distribution of the particles that have passed through
the detector. The zenith angle is calculated from the slope and intercept of the tracks in
the detector, obtained by a straight line fit. Knowledge of this distribution will be useful
in estimating the detector’s acceptance.
To estimate the distances traversed by the atmospheric neutrinos, it is necessary to
establish the flight directions (up vs. down) of the muons produced by the neutrinos inside
Pramana – J. Phys., Vol. 79, No. 5, November 2012
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Figure 15. Muon zenith angle distribution during RPC prototype data.

the INO-ICAL detector with high efficiencies. This can be achieved by using the timeof-flight information from successive RPC layers. Cosmic muon data from the prototype
RPC stack at TIFR has been used to estimate the directions of the recorded muons. The
measurement of the time of arrival of the muons at each layer is a crucial part of this
study. Although the electronics are similar for each layer in the stack, the timing signals
take different paths and therefore need to be calibrated. Most of the recorded tracks give
positive β indicating that they are due to downward-going atmospheric muons. However,
the number of tracks giving negative β seems to be higher than expected. Studies are
being made to refine the timing measurement and calibration processes.
5.7 Electronics for the ICAL
ICAL produces data on its 3.6 million electronic channels. In view of the need to instrument large number of channels with minimum power budget requirements, it is imperative
that the ICAL electronics will be implemented using ASIC and FPGA solutions. The
event reconstruction is done using the hit patterns of RPC strip hits and their timing
information, the latter being designed to be measured at a resolution of about 200 ps.

Figure 16. Functional block diagram of the front-end amplifier and comparator ASIC
for ICAL.
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Functional block diagram of the amplifier–comparator ASIC is shown in figure 16.
While the overall data acquisition scheme is being finalized, one of its most crucial
elements – the amplifier–comparator front-end ASIC is under development.

5.8 Detector simulation
Neutrino interaction with the ICAL material (predominantly iron) produces particles,
which give signals in the RPCs placed inside the iron stacks. We need to find the energy
and the direction of the incident neutrino from these signals. To test how efficiently we
can do that in the real detector, one needs to simulate these events on the computer. This
results in an efficient and cost-effective design of the detector.
The simulation program for ICAL consists of the following four steps:
GEN: Generation of neutrino events in the ICAL detector. We are using NUANCE
event generator, which was developed for Kamiokande experiment and has been suitably
modified.
SIM: All particles produced in a given neutrino event pass through the ICAL detector
material, interact and lose energy through matter–particle interactions. We use GEANT4
toolkit, which requires inclusion of detailed detector geometry – electronics, magnetic
coils, support structures etc.
DIGI: Extract digitized signals for the aforesaid interactions, which can mimic the real
detector signals. Proper detector noise, their inefficiencies and RPC strip multiplicities
have been included in the software. All these information were extracted from the study
of the RPC detectors, which are continuously in operation at TIFR.
RECO: Reconstruct neutrino energy momentum from those digitized signals. Using
digitized RPC strip information, the three-dimensional coordinate (HIT) information for
all points where particle interacts inside RPC gas volume was first reconstructed. Then
all charged particle tracks in a given event are reconstructed.
A track finder algorithm is used to identify possible HITs which can be part of a
trajectory of single charged particle. This algorithm has two components: one for the
near-straight section of the tracks and the other for the tail region of the tracks where the
momentum is low and bending is large. A charged particle track reconstruction algorithm,
based on Kalman filter technique, uses the information regarding HITs obtained from the
track finder program, reconstructs the trajectory and helps find its momentum. We need
to provide the magnetic field distribution inside the detector for this. In the past, studies
were performed assuming a uniform magnetic field distribution. Now the actual magnetic
field map is being implemented in the software, and consequently for studying the effect
of uncertainties in magnetic field measurement. Other uncertainties like the ones arising
from misalignment of the RPCs etc. are also of interest.
Momentum resolution of fully confined charged track in ICAL is ≈10%, which is based
on the measurement of path length. Thus in physics simulation, the path length for fully
confined charge tracks are relied upon. Otherwise Kalman filter technique will be used.
However, in both cases, direction will be determined from this fitting program.
Preliminary study shows that using reconstruction algorithm, one can identify the up–
down ambiguity of a charge track. More detailed studies are required to validate this
Pramana – J. Phys., Vol. 79, No. 5, November 2012
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and to suggest whether the electronics can be simplified by not using precise timing
information.
In addition, a framework is being developed such that in the complete simulation chain,
GEN–SIM–DIGI–RECO, one can store output after any step and take those information
to go to the next step. This helps in developing individual algorithms, e.g., to develop
track finder algorithm, one need not run the same simulation job again and again, store
simulation output once and work on that for different finder algorithms.

5.9 ICAL magnet
The ICAL magnet consists of three modules each weighing about 16 kt and will perhaps
be the largest electromagnet in the world. The configuration of each module is very different from the commonly used magnets in accelerators or large detectors at accelerator
labs which have gaps or spaces with high magnetic fields. The ICAL magnet consists of
about 150 iron layers, each of 16 m × 16 m × 56 mm thickness, tiled with 4 m × 2 m
plates which have an internal magnetic field of 1.5 T. There will be very little field
strength outside the plates. The magnetic field is generated with the help of very large
current-carrying coils of typical dimensions 15 m (vertical), 8 m (horizontal) with a total
of about 50,000 Amp.turns. These features make the design and fabrication challenging.
The mechanical design of the 16 kt ICAL module was done by an engineering consulting firm while the magnetic simulations were performed in-house using a commercial
finite element software. The simulations show that a double slot design (to house the copper coils) shows a better piecewise uniformity than the 4 + 4 slot design. Figure 17 shows
the magnetic field lines in a layer obtained from simulation. The impact of various tiling
configurations, gaps between the plates, alignment mismatch and variations in thickness
of plates within the specified tolerances are being investigated.

Figure 17. Magnetic field lines in one layer for a certain excitation current in the
copper coil.
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Figure 18. VECC prototype magnet and RPC stack.

To understand some of these issues, a small 35 t prototype ICAL was set up at VECC,
Kolkata, India. This prototype has 13 layers of 5 cm thick iron plates to house 12 layers of
1 m × 1 m RPCs. This is being used to record data using cosmic muons. Figure 18 shows
the prototype magnet with RPCs inserted and in operation. A ten times bigger prototype
magnet is being planned to be fabricated in the next year to study various mechanical
issues including those related to the insertion of 2 m × 2 m RPCs within the gaps.
The magnetic properties of the various samples of low carbon steel are also being measured to look for high permeability and quick saturation to as high a field as possible.
Various plate cutting methods, such as waterjet cutting which minimizes the damage to
the grain structure in the iron which in turn adversely affects magnetic properties, are also
being looked into. A SAIL–BARC team is also looking into the practical aspects of making the required magnet-grade steel. Work has also begun on copper coil design which
involves both high current, water cooling and large dimensions. The latter characteristic
feature will not allow the coil to be assembled elsewhere and will need some out-of-thebox thinking. Finally, there is the issue of measurement of the internal magnetic field.
While simulations using hysteresis loop measurements on the samples of the steel used
give an estimate, finding a method to measure the magnetic field is presently an open
problem.
5.10 Industrial interaction and collaborations
ICAL is an engineering intensive experiment. The underground cavern along with all
the required utilities, the 50 kt magnetized iron calorimeter detector, the gas systems,
the RPC detector elements – all of them require state-of-the-art engineering inputs and
expertise to design, fabricate and assemble. INO group has already tied up with a number
of Indian industrial houses and designed and produced a number of materials, procedures
and systems needed for the RPC detector R&D program.
Polycarbonate-based spacers, buttons and gas nozzles needed for the RPC gas gaps
were developed by local industry in collaboration with us. Tata Consulting Engineers
(TCE) was entrusted with the job of preparing the Detailed Project Report (DPR) for the
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ICAL detector structure. Tamil Nadu Electricity Board (TNEB) is preparing the DPR
for the underground cavern and surface facilities for the new site at Bodi West Hills.
Alpha Pneumatics, a specialized small company with good R&D profile, is involved in
the fabrication of prototype gas recirculation system. We have produced a special paint
needed for applying on the glass electrodes in collaboration with Kansai-Nerolac. We
are currently developing an industrial technique to screen print this paint on the glass
sheets with help from Asahi Float Glass. Several local industries are also involved in
developing low-cost polypropylene-based pickup panels needed for RPC detector fabrication. Walchandnagar Technology Centre, Pune has recently completed a design report
on industrial fabrication of large-area RPCs. Other areas where we are currently consulting local industries are machining of ICAL’s iron plates, large-scale production of RPCs,
magnet design, large volume gas recycling systems, fabrication of high density VLSI
circuit-based modules, etc.
5.11 INO Graduate training programme
A large number of well-trained physicists and engineers will be needed to lead the experimental activities in high-energy physics to be carried out at the India-based Neutrino
Observatory (INO) and also in other experimental activities where India is participating.
In order to achieve this goal, a graduate training programme with a strong emphasis in
experimental high-energy physics has already been started in August 2008. The selected
candidates are currently being trained for one year at TIFR, Mumbai, India in both experimental techniques and theory. The focus is on detector building, physics issues as well as
other developmental activities of INO. Successful candidates after the training are being
attached to PhD guides associated with INO collaboration.
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