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Ion Accelerator activities at vecc (particularly, operating at low temperature)
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Kolkata, West Bengal, 700064, India
VECC has developed excellent infrastructure for advanced research and development in the field of accelerator technology particularly in the superconducting magnet technology. The main activities are focused on development and operation of the K130 cyclotron, K500 superconducting cyclotron and the ECR ion sources. We have recently commissioned the superconducting cyclotron with internal ion beam and subsequently beam extraction program has been taken up. This large superconducting magnet (1.42 m pole diameter) operates at 4.8T average magnetic field. This cyclotron will be used to accelerate a variety of heavy ion beams for basic nuclear physics and allied experiments. In this paper, details of the design, construction and operation experience of various systems of this superconducting cyclotron will be presented.
1.1.    Introduction
VECC has one of the premier accelerator facilities of India, the Variable Energy Cyclotron (VEC) facility, which was developed in nineteen seventies based on Berkeley 88” cyclotron design (K=130). Initially it delivered light ion (proton, deuteron and alpha) beams using an internal hot cathode PIG type ion source. Since 1998, it started delivering heavy ion beams using an indigenously developed 6.4 GHz ECR ion source. Later, another 14.5 GHz source was coupled to it for heavier mass gaseous as well as metallic ions. This cyclotron has served a large number of research institutions and universities all over the country for research in basic nuclear physics, condensed matter physics, radiation damage, radio chemistry, biophysics and many other related fields. At present, this cyclotron is being refurbished to improve the overall performance and to use it as the primary source for the upcoming Radioactive Ion Beam (RIB) facility.
 In late nineties, a superconducting cyclotron project was conceived based on the design of Texas K500 superconducting cyclotron [1]. This cyclotron will deliver light ion beams with maximum energy of 80 MeV/nucleon and heavy ion beams with typical energy of 5-10 MeV/nucleon. The low energy beam extracted from ECR ion source is transported about 25 meters and axially injected into the cyclotron. It is then accelerated with the help of three accelerating electrodes (called dees), which can develop peak voltage of 100 kV in frequency range 9-27 MHz. On 25th August 2009, it has successfully accelerated internal ion beams (Ne+3) up to extraction radius. The beam extraction process is in progress and very soon beam will be available in experimental caves.
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Figure 1.a:  The K=130 room temperature cyclotron, b: The K=520 superconducting cyclotron.

VECC is setting up a 30 MeV, high intensity (500 µA) proton cyclotron facility in a new campus, about 15 km away from the main campus. It will be able to produce two simultaneous beams with different energies and intensities from two opposite ports, which will increases its utilization time and flexibility. There will be three beam lines dedicated for production of PET
 and SPECT
 radioisotope and fully automated radiochemistry system for the remote production of radiopharmaceuticals from the irradiated target. Besides, two beam lines will be available for material science research with high power (15 kW) proton beam. The other major research and developmental activities includes, design and development of high current proton ECR ion source, 10 MeV proton cyclotron for accelerator driven sub-critical system and development of Radioactive Ion Beam facility.
The superconducting cyclotron will provide opportunities to probe the frontier areas in nuclear physics around the Fermi energy domain. Several experimental facilities are being developed at VECC as a part of the utilization program. These include a general-purpose scattering chamber, 4π charged particle detector array, 4π neutron multiplicity detector, TOF neutron detector array and high-energy gamma detector array. The three segment cylindrical scattering chamber is one of the largest in the country, providing the unique opportunity to mount various kinds of detector systems in different geometry and to carry out TOF measurements involving large flight paths. It has already been installed in the beam hall-1 of the superconducting cyclotron. In this paper, we discuss about the development of Kolkata superconducting cyclotron.
1.2.    Construction and Commissioning of Superconducting Cyclotron

Construction:

The main magnet of the superconducting cyclotron is designed to operate at about 800A current in each of its two coils, named as ( and ( coil, producing a maximum of about 5.8 T magnetic field. The main magnet iron structure, weighing about 80 tonnes, was machined out from large forged blocks. The Nb-Ti superconducting coil was wound over the stainless steel bobbin and placed inside the main magnet cryostat. 
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Figure 2. a: Lower half of magnet iron, b: The superconducting coils wound on the SS bobbin.
The iron along with the coil and cryostat had been installed in 2004.  The liquid He plant, cryogenic delivery system, power supplies and the control systems were successfully commissioned.  The magnet was cooled down to liquid He temperature and energised first time in the early 2005. In the subsequent months, the magnet was operated satisfactorily for almost one year at 4.5 K temperature, while extensive magnetic field measurements were done for correction of the manufacturing defects and assembly errors in the iron structure, centering of the main coil, calculation of operational settings, calculation of extraction trajectory etc.  After completion of magnetic field measurement activity in April 2006, the coil was warmed up to facilitate assembly of the RF system and other major systems of the machine.
The main magnet consists of the specially contoured pole tips, iron pole caps, return path rings and the cryostat. The pole diameter of the magnet is 1.42 meters and the gap varies from 6.35 cm in hills to 91.4 cm in valleys.
The cryostat, a fully confined annular chamber, consists of 3 major subassemblies – the liquid helium chamber (bobbin), liquid nitrogen cooled radiation shield and vacuum chamber (coil tank). The bobbin is an annular housing made of stainless steel (SS316L). The small (α) and large (β) coils are wounded on its inner wall and the outer walls are welded to enclose the chamber. The liquid helium volume within the coil is about 300 litres and at above is about 40 litres. Seven level sensors read the helium level within and above the coils. The bobbin is surrounded by another annular chamber called coil tank. This chamber works as the vacuum enclosure for the bobbin. It is made of low carbon steel (AISI 1020). In between bobbin and coil tank, the copper (CDA 110) radiation shield is placed. The bobbin, weighing about 7 ton, is supported inside the coil tank by three horizontal and six vertical support links made of glass epoxy material (scotch ply). There are three ports at the top of the cryostat for connecting the current leads, helium lines and safety devices to the helium chamber. There are also three ports at the bottom for liquid nitrogen supply, vacuum pump connection and over-pressure safety flange connection. There are 20 numbers of radial penetrations in the median plane of cryostat to access the beam space from outside. Various beam extraction and diagnostic devices like magnetic channels, deflectors, beam probe etc. pass through these penetrations to guide the beam in to the desired path and finally extract from cyclotron through exit port (figure 3).
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Figure 3. a: The bobbin wrapped up by multiplayer insulation is being put in to the annular iron jacket called coil tank, b: Twenty radial penetrations in the median plane are brazed  to the cryostat to access the beam space from outside for installing various beam extraction and diagnostic devices.
The inner walls of bobbin and inner & outer walls of the coil tank were made of ring rolled forgings to avoid longitudinal joints. They were rough machined and welded with the end flanges by TIG process. Overall welding length is about 200 m. Each assembly was finally machined to achieve dimensions within specified tolerances. The bobbin assembly was cryo-shocked and subsequently vacuum-leak tested before it was taken for coil winding. After the winding was over, the outer walls were welded to make it a closed chamber for the liquid helium. The chamber was helium-leak checked and afterwards insulated with multi-layer insulations. It was then covered with the copper radiation shield, insulated again with more multi-layer insulation and placed inside the vacuum chamber supported with the vertical links. Finally, all the links, ports, connections and median- plane-penetrations were welded to complete the assembly work. The whole assembly was vacuum-leak tested successfully. Then the cryostat was assembled with the magnet iron in the cyclotron building. The alignment of the cryostat with the magnet iron was ensured for correct positioning of the cryostat.

Commissioning:
The moisture level in the liquid helium chamber was reduced below 10 ppm, before starting the cool down process, by repetitive evacuation and purging with pure helium gas and heating the coil with 5A current.  Then the temperature was brought down by sending cold helium gas from the plant to the cryostat.  Initially, the liquid nitrogen flow to the radiation shield was not available.  Still the liquid helium plant was capable enough to cool the coil to 4.5K and to immerse it with liquid helium (fig 4a). Subsequently, the liquid nitrogen flow to the shield was provided.  Some leaks were detected on the current lead bellows during cooling down and those were fixed. 
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Figure 4. a:Coil temperature and liquid He level vs. time during the cool down, b: Radial support link force adjustment during cool down of cryostat.
During the cool down, the radial support link forces were adjusted to keep the forces within safe limits.  At 154.4 K temperature, the safety nut of the link #7 happened to share the entire load instead of the strain gauge stud due to a human error.  This is indicated as a sharp dip in fig. 4b.  Liquid He boil-off measurement was carried out to find out the cryostat liquid He evaporation rate (< 40 litres/hr).
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Figure 5. a. Slow-dump and fast-dump decay curves, b. radial support link force adjustment during cool down of cryostat.
After stabilizing the required liquid helium level in the cryostat for a couple of weeks, the magnet excitation was initiated.  All the safety interlock systems were tested by forcing the coil current decay through slow and fast dump resistors (fig. 5a).  Several iterations were required for coil the centering process before reaching high excitations. The coil experiences position and current dependent forces, which were observed as change in the radial support link force.  The coil needs to be moved to a position where the coil axis matches with the magnetic axis of symmetry.  At this position, the forces on the radial support links decrease monotonically with current due to expansion of the coil in response to the magnetic hoop stresses as shown in fig. 5b.
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Figure 6. a: Isogauss contour plot of measured field, b: Radial distribution of first harmonic field.

Detailed magnetic field mapping has been done at different main coil excitations.  The field has been measured with a search coil and NMR (for calibration) set up, with linear and angular positioning accuracy of 10 (m and 0.5 arc-seconds, respectively.  The required field uniformity to lock the NMR signal was found at the centre of the magnet and near the RF holes in the valley region. Fig. 6a shows the iso-gauss plot of the measured field. The radial distributions of 1st harmonic component at different stages of corrections are shown in fig. 6b as Map1, Map2 and Map3.  The 1st harmonic amplitude and phase distribution were carefully investigated to determine the size and position of the iron shims.  One of the observations was the movement of the pole-tips when magnet was excited.  Faulty bolts were detected and replaced. Finally, the 1st harmonic component was minimized to within 7 gauss near the extraction radius, which can be adequately handled during the beam extraction process with the help of the harmonic trim coils. 
1.3.    Other systems

There are 13 epoxy potted trim coils wound on each pole tip as shown in figure 7. There are 78 trim-coil feed-thrus and several vacuum fittings on the back of the pole caps, those were thoroughly leak tested, after installing RF liners on the pole tip sectors wound with trim coils. Figure 7 shows the median plane liners and dees installed in position over the pole tips and trim-coils.
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Figure 6. a. Trim coils are wound around the spiral poletips, b. copper liner covers the trim coils and three spiral shaped dees are placed in the valley region.

The radio-frequency system of superconducting cyclotron consists of three (/2 RF resonator cavities powered individually by 80 kW radio-frequency amplifiers via three hydraulically driven coupling capacitor through 3-1/8 inch rigid coaxial transmission line with 50Ω characteristic impedance. The fine frequency tuning (±0.3%) of the cavity is achieved by a hydraulically driven trimmer capacitor. 
Main beam chamber vacuum (~8 x 10-7mbar) is achieved by combination of scroll pump and turbo-molecular pump, which is further reduced to 2x10-7mbar pressure with the liquid nitrogen cooled cryo-panels.  

The low energy beam from a 14.5 GHz ECR ion source is injected axially in to the cyclotron and bent in the median plane with a spiral inflector. The beam extraction system of superconducting cyclotron consists of two electrostatic deflectors, eight passive magnetic channels and one active magnetic channel. At present 5 m external beam line has been installed for beam extraction. Figure 7b shows the experimental beam line layout.
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Figure 7. a: Upper resonator cavity installed on upper pole, b: Layout of experimental beam lines.
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Figure 8. a: ECR Ion source and the injection beam line, b: External beam line.
Conclusion

The VECC K500 superconducting cyclotron has been commissioned in August 2009 with internal beam accelerated up to extraction radius. The extracted beam is expected to be available for experiments in the middle of next year.
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