ICANS-XVIII 

18th Meeting of the International Collaboration on Advanced Neutron Sources 

26–29 April 2007 

Dongguan, Guangdong, P R China
Running the accelerators on a mature pulsed spallation neutron source — ISIS
D J S Findlay

Accelerator Division, ISIS Department, Rutherford Appleton Laboratory, OX11 0QX, UK
Abstract
Some of the issues involved in operating the accelerators for the ISIS neutron spallation source for more than twenty years are described.  Issues included are:  the time taken from first beam to reach the desired routine operational régime, typical availabilities, staffing considerations, working in radiation areas, and a summary of operational lessons learned over the years on ISIS.
1. Introduction
In terms of science output, at present ISIS [1] is still the world’s leading spallation neutron facility.  And next to PSI, ISIS is still the world’s second most powerful spallation neutron source.  However, SNS and J-PARC are both becoming operational and in terms of power are likely to overtake ISIS within the next year or two.  At ISIS, 180–200 µA of protons at 50 pps are accelerated to an energy of 800 MeV, and hitherto the protons have been used to drive one tungsten target.  But at present a second target station (TS-2) is being constructed [2], also with a tungsten target, and when TS-2 becomes operational it will run at 10 pps while the original target station (TS-1) will run at 40 pps.  Upgrades are being carried out to ensure that when TS-2 becomes fully operational the mean beam current to TS-1 will not be less than it has been hitherto.  Currently each year on average ~750 experiments are carried out involving ~1500 visitors who make a total of ~4500 visits
.  ISIS is also the world’s leading muon source, contributing ~100 experiments and ~300 visits to the totals each year.
The ISIS accelerator system consists of the following:  a caesiated surface Penning H– ion source sitting on a –35 kV platform, a three-solenoid magnetic LEBT, a 665 keV 202.5 MHz 4-rod RFQ, a 70 MeV 202.5 MHz H– Alvarez drift tube linac
, a debuncher cavity in the beam transport line between the linac and the synchrotron, and a ten-superperiod 163 m circumference rapidly cycling proton synchrotron (RCS) now incorporating a dual harmonic RF system
.  At the end of the 10 ms acceleration cycle the beam is extracted by six fast kicker magnets and a septum magnet as two proton pulses each ~100 ns long and with centres separated by ~320 ns.  Hitherto all the protons from the synchrotron have then been transported along a 155 m long extracted proton beam line (EPB-1) to TS-1, but a second proton beam line (EPB-2, 143 m long) is now being constructed into which one pair out of every fifth pair of pulses is deflected from EPB-1 by two new pulsed magnets and a new septum magnet and transported to TS-2.  Typically the beam pulses in the linac are 20–25 mA in amplitude 200–250 µs in length.  The stripping foil in the synchrotron is 0.25 µm aluminium oxide.  The synchrotron dipole magnets, fundamental frequency RF (1RF) and second harmonic RF (2RF) sweep over the ranges 0.18–0.70 tesla, 1.3–3.1 MHz and 2.6–6.2 MHz respectively.  Hitherto, when running at full power to TS-1, the ISIS facility has consumed 10 MW of electrical power;  when TS-2 is running at full capacity the total will rise to 12–13 MW.

2. Accelerator operations
First beam on ISIS was on 16 December 1984.  Thereafter, as seen in Figure 1, it took some 7–8 years for ISIS to reach the level at which it has hitherto operated routinely.  In the early days the ISIS synchrotron did not operate with its full complement of six (fundamental frequency) RF cavities but with only four, and the output energy was limited to ~550 MeV instead of the full 800 MeV.  Since 1992, when ISIS output stabilised, output has increased by a factor ~20, not in terms of proton beam power on target, but in terms of science, at least as science measured in terms of volume of data produced and published due to enhancements made to the suite of neutron instruments.

It is often assumed that increased output from an accelerator is ipso facto a good thing, but it is not always clear that a good thing is necessarily the best thing.  As regards accelerator facilities such as spallation neutron sources supported by a large user community, many things other than raw beam power determine the success or failure of facilities, such as reliability, quality of instrumentation, commitment to innovation, willingness to invest, provision of support facilities, quality and friendliness of support staff, cost effectiveness, and extent of engagement of the user community with the facility.
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Figure 1:
ISIS output between 1985 and 2005.  The upper plot shows the mean beam current during each ~30–50-day user cycle.  Note that the numbers plotted are the mean beam currents averaged over the total duration of the cycle — average beam currents when the beam was on would be typically 10–15% higher.
The ISIS running pattern is roughly as follows.  Typically each year there are five sequences each made up as follows:  maintenance and/or shutdown period;  ~1 week for machine physics and run-up;  ~40-day user cycle (operating twenty-four hours a day, seven days a week);  ~3-day machine physics period.  Because of problems encountered during shutdown/maintenance periods or as equipment is brought back on again, or because of problems encountered during user cycles, roughly one in every three machine physics periods is lost.  Typically ISIS has run for 180 user-days a year;  it is reckoned that 220 days is the maximum that could be tolerated without putting ISIS on a fundamentally different basis.

Operationally, ISIS is run by a Crew made up of five teams of three people, and except during extended shutdowns when the evening and night shifts may be reduced from three to two people, the Crew is on shift 24 hours a day, 365 days a year.  Each shift team is made up of a Duty Officer, an Assistant Duty Officer, and a Shift Technician.  Outside normal office hours the Duty Officer is responsible for all operations on his shift, including user operations, and in addition he acts as the Radiation Protection Supervisor
.  To back up operations there is a team of five health physicists, one of whom is on call outside normal office hours.  In addition, there are ~30 people on call for the accelerator and target and ~15 for the neutron instruments and sample and environment issues who can be called in at any hour of the day or night to help resolve problems.
Figure 2 shows the availabilities achieved by ISIS over the past ten years
.  The average availability is 89%, and the numbers are distributed with a standard deviation of ±5%.  It may be noted that for individual cycles availabilities greater than ~95% have never been achieved.  Figure 3 shows the availabilities as a frequency distribution.  The distribution is smooth, consistent with the view that accelerator downtimes are due essentially to random selection amongst a large number and wide variety of different causes.  Very roughly, averaged over time, ~80% of the downtime is due to the accelerator systems, and ~20% to the target systems.
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Figure 2:
ISIS cycle availabilities between 1988 and 2006 inclusive.  The apparent slight downward slope with time is essentially an artefact caused by a minor change in cycle scheduling conventions.
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Figure 3:
ISIS cycle availabilities between 1988 and 2006 inclusive plotted as a frequency distribution.
Radiation protection regulations have a strong influence on the way that ISIS is operated.  Relevant annual dose limits are as follows:  UK legal limit, 20 mSv/year;  RAL investigation level, 6 mSv/year;  ISIS practice, 3 mSv/year
.  In the context of the forthcoming megawatt proton accelerators for spallation neutron sources, it is worthwhile bearing in mind that the ISIS beam power of ~0.2 MW is relatively modest, but if the beam losses around ISIS were twice as great as they actually are, there would be significant difficulty in complying with annual dose limits.

On ISIS, as on any high power accelerator facility, it is important to keep beam losses as low as possible.  Most beam losses on ISIS occur in the synchrotron at injection.  ISIS does not operate a beam chopper, and so inevitably there is beam spill during bunching by the synchrotron RF.  Some ~7% beam is lost at injection, but the losses are concentrated on the collectors in superperiod #1, and correspond to roughly ~1 kW of beam power.  It may be useful to note that upon dividing the lost beam power by the circumference of the synchrotron a figure of ~6 W/m is found which, when the relatively low energy (~70–100 MeV) is taken into account, is comparable with the figure of 1 W/m often quoted.  Of course, finally, it is the doses to personnel that matter, not the dose rates per se near activated components.  This is why it is important that issues of active handling be considered from the very beginning of engineering designs — as described below.
The muons on ISIS are produced through the decay of pions generated by a 1 cm thick graphite target oriented at 45° to the beam and located ~20 m upstream from the main neutron-producing target.  Although a copper collimator and steel shielding attenuate the scattered beam from the graphite target, nevertheless the area between the graphite target and the main target has become activated to an extent that makes working in the area
 difficult.  However, a failed quadrupole magnet in the area is having to be replaced, involving very careful planning and the production of many specially designed shields to protect personnel working in the area, and at the same time the collimator and shielding is being improved.
To facilitate working on the ISIS accelerators, considerable efforts are made to follow the elementary rules of radiation protection:  time, distance, shielding.  As regards time:  lifting lugs are incorporated in all beam line components so that time does not have to be spent in arranging slings if a beam line component has to be removed, and where it is relevant use is made of V-band vacuum seals which can be made and released quickly.  As regards distance:  relevant beam line components are specifically engineered to facilitate the use of long tools, and long drive shafts are used to separate drive motors from the mechanisms they drive
.  As regards shielding:  configurable local shielding assemblies based on stands with pull-out lead arms can be craned into position and then fitted tightly around activated components.  It may be worthwhile specifically mentioning at this point the undeniable advantages that a generous sufficiency of radio-controlled overhead cranes and spacious working environments confer.
Shutdowns are key elements of successful operation of a high power accelerator facility.  On ISIS major shutdowns are regarded as projects, and project-managed accordingly — breakdown into detailed work packages, establishment of links between work packages, weekly reviews, etc.
3. Obsolescence mitigation
After it has been operating for several years, the equipment in any large accelerator facility gradually becomes obsolete.  Most of the equipment in ISIS has been running for ~25 years, and some of the equipment was already second hand when ISIS was built.  Accordingly ISIS is currently running an obsolescence mitigation programme running at the annual rate of ~5–10% of the current net book value.

Work carried out under the programme includes the following.  The AC current for the main synchrotron magnets is currently generated by a 1 MVA motor-alternator set, and a single large multi-winding ~100-tonne choke
 is used to couple current into the ten superperiods, but a new system involving three
 300 kVA uninterruptible power supplies (UPSs) and ten
 separate chokes is being installed;  the new system has not yet been completed, but the three UPSs have already been used successfully to power the synchrotron magnets at full current.  A new set of drivers for the fast extraction kickers is being built, as with the increased beam current expected from the second harmonic RF upgrade greater kicks from the kicker magnets will be required;  the present kickers can produce pulses up to 42 kV along a 7‑ohm transmission line to the kicker magnets, but the new kickers will run at up to 52 kV.  The anode power supplies for the 202.5 MHz linac RF are being replaced and upgraded;  the four 200 kW intermediate amplifiers already have new anode power supplies, and a prototype new anode power supply system has already run successfully on one of the 2 MW final amplifiers.  Partly because of issues connected with the second target station described below, and partly to bring it up to modern standards, the entire ISIS accelerator interlock system is being replaced and upgraded;  the new system will comply with the IEC 61508 generic standard for functional safety.
4. Some conclusions from accelerator operating experience at ISIS
In the ~25 years for which the ISIS accelerator hardware has been running, a few practical truths have become evident — sometimes after some pain.  These include the following.

Reliable operation is more important than advanced design.  The accelerators in neutron spallation sources are not for accelerator R&D — they are the machinery at the heart of the neutron factory.  And, like factory machinery, a wide range and a generous number of spares must be held if the factory is to meet its output targets.
One of the key operational imperatives is to minimise beam losses.  ISIS incorporates beam loss monitors (BLMs) everywhere from the end of the first linac tank to the neutron targets, and during running these become the most valuable beam diagnostics.  It is important to set stringent trip limits on the BLM signals at the outset of operations and to resist increasing the limits as temporary operational expedients.

All equipment which could become radioactive should have built-in features to make handling as easy as possible to minimise radiation doses to those who have to work on the equipment.  These features can often be quite simple, but should never be omitted.

One of the most important properties of an accelerator environment is space.  ISIS is lucky in that the synchrotron was built in a hall
 formerly occupied by a significantly bulkier machine
, and this simplifies operations involving large pieces of equipment.  In addition, overhead cranes of generous capacity should be installed in all operational areas.
In general, untested equipment should never be installed.  Even if substantial off-line test stands have to be built, they should be built and operated so that everything to be incorporated in the accelerator system is known to work reliably before it is incorporated.  For significant installation exercises, rehearsals or trial builds should be carried out.
It is surprisingly difficult to install and commission new equipment once a facility is running routinely for users.  On ISIS, opportunities for commissioning the dual harmonic RF system for the synchrotron with beam have not been easy to find because of the overriding need to produce neutrons for users.
It is important always to leave room in the running schedule for machine physics.  The accelerator operators should always been encouraged to participate fully in the machine physics sessions.
If possible, RF tubes should be under-run, as significant gains in lifetimes can result.  The main RF amplifiers on the ISIS synchrotron run Burle type 4648 ~300 kW tetrodes at only ~100 kW, and several tubes have achieved lifetimes of 100,000 hours and more.
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� On average, very roughly, each visitor visits ISIS three times a year.


� Four tanks:  665 keV – 10 MeV, 10 MeV – 30 MeV, 30 MeV – 50 MeV, and 50 MeV – 70MeV.  The drift tubes incorporate electromagnetic quadrupoles everywhere, and the ability to make small changes to the focusing strengths has been very useful in practice.


� The synchrotron was built with six “fundamental” RF cavities for h = 2 operation, but recently four second harmonic cavities have been installed thereby adding an h = 4 component.


� A post established under UK secondary legislation.  Briefly, and perhaps not too inaccurately, the radiation protection supervisor provides suitable supervision when work has to be carried out in radiation areas.


� One number has been excluded, as it arose in wholly exceptional and unrepresentative circumstances.


� In the interests of prudence, half the RAL investigation level.


� Ambient dose rates are typically ~1 mSv/hour.


� For example, the beam collectors in superperiod #1 are driven by ~3-metre long drive shafts so that any repair work required on motor systems does not have to be carried out in high dose rate areas.


� Actually a transformer, but in this context usually called a choke.


� In fact four UPSs are installed, but the fourth serves as a hot spare.


� In fact twelve chokes are being bought — two to act as spares.


� The dimensions of the ISIS synchrotron tunnel are roughly 13 m across and 7–8 m high.


� Nimrod, the 7 GeV proton synchrotron for high energy physics, first beam 1964, closed down 1978.
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