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1979 LINEAR ACCELERATOR CONFERENCE THE NEW CERN 50 MeV LINACE. Boltezar, H. Haseroth, W. Pirkl, G. Plass, T. Sherwood, U. Tallgren, P. Têtu, D. Warner, Μ. Weiss CERN, Geneva, SwitzerlandSummaryIn this invited paper the new CERN 50 MeV linac will be described from several aspects, including the general project background, a comparative treatment of services, components and phenomena along the beam, and some details of systems and techniques with emphasis on new approaches. A comprehensive list of references is included and a review of present status and performance.IntroductionTo introduce this general paper on the CERN 50 MeV linac we briefly enumerate the main sources of detailed information on the machine design.Starting with the general technical solutions proposed in the Project Study1 (1973), several as

3 Alvarez tanks (202.56 MHz) with post couplersFocusing (FD) 131 quadrupoles (in drift-tubes)Synchronous Phase -350 to -250 (Tank 1) then -25o50 MeV (High energy) Beam Transport (HEBT)Junction with existing line after 54m (two bends)Transverse matching 14 quadrupolesDebunchers 2 at 202.56 MHz, 1 at 405.12 MHzBeam Measurements in 3 phase planesThe net final result was that the linac wasbuilt and achieved its specified beam within itsbudget (23 MSF). The amount of mechanical engineering effort available, in particular at thestart of the project was, however, not enough tokeep within the original four year schedule. From

pects of the machine design and parameters were updated and a status report2 made at the 1976Linac Conference, with full accounts of the RF structure design , the beam optics4, the control system3 * 5 and of measurement topics concerning the double drift harmonic buncher (DDHB)6 and emittance7. At the 1979 US National Accelerator Conference (San Francisco), a summary of the linac design was presented with emphasis on experimental results at 0.75 MeV and 10 MeV, and on the first experience with 50 MeV operation for machine studies and then as the injector to the CERN accelerator complex8.In this conference many of the gaps can be filled, for example, by papers on the mechanical design9, on the preinjector fast HT level control (bouncer)10, the RF system11 , and the 50 MeV beam measurement system12 with other papers on calibration13, beam optics14, HT formation15 and a new ion source16. Many topics have also been treated in internal reports, often in more detail and appealing to a more specialised public.Linacs used as injectors to large accelerator complexes must be conservatively designed and basically reliable, and these aspects do not normally lead to entirely novel solutions. In particular at CERN, the new linac was designed to replace the injector linac which had passed through several improvement programmes since 1959, until its electrical and mechanical design and building limitations had been reached17. Nevertheless, if lacking in stability and peak current, this ageing machine achieved less than IZ downtime in recent years; so the first aims for the new linac were to displace the intensity limitation to one of the subsequent synchrotrons18 and yet keep comparable long term reliability if possible in the changeover period as well. However there are features in the design of all systems which represent distinct advances in linac technology as will be detailed in the following sections .The Project: History, Resources and MilestonesIn May 1973 a study group was set up to make a project proposal concerning the upgrading or 

replacement of the 50 MeV linac injector to the CERN accelerator complex (Booster Synchrotron, the CERN 28 GeV PS and the Intersection Storage Rings) which was in the process of being extended to 300 GeV by the SPS. The required improvement in intensity and quality (Table 1) was such that with experience gained on the 3 MeV experimental accelerator19,20 on cavity calculations, low energy beam dynamics with space charge, measurements of high brilliance beams and on a thoroughly tested mechanical engineering approach, one already had the basis for an improved design. Accelerator design programmes using linearised space charge forces for computing low energy beam transport (including bunching) and for defining focusing and matching in the linac proper were also available21 and a double buncher scheme had been proposed22. In addition it had already been decided to develop a computer system based on PDP 11/45 computers for the Linac, PS Booster, and CERN PS combined control system. Thus the project proposal, presented and approved in October 19731, was in several important technical aspects more final and confident than one would expect after four months study (Table 2). By comparison, it was more difficult to arrive at the resources and time scale predictions.Beam Specification (Debunched)Table 1.Energy Current Pulse duration Repetition rate Normalised emittance Energy spread
50.0 MeV50 mA to 150 mA200us to 70ps2 pps<8∏mm mrad (90Z of beam) ±150 keV (90Z of beam)Table 2. Linac Parameters (as constructed)Pre-acceleratorDuoplasmatron ion source I=300 mAHigh gradient, two gap column W=75O keV750 keV (low energy) beam transport (LEBT)Transverse matching 18 quadrupoles (4 triplets) Matching with bunchers 2 at 202.56 MHz1 at 405.12 MHzLinear accelerator



another point of view, it is evident that the extra year for tests and the installation of ancillary apparatus contributed considerable to the very short delay between first acceleration to 50 MeV and reliable operation as an injector.In Table 3 the final material costs are quoted by accelerator system while the in house effort was 165 my. In Table 4, some key dates of the project realisation are listed.Table 3. MSFr.Preaccelerator 2.0LEBT 0.9S trueture 3.7RF 2.6Controls 3.7HEBT 2.1Bldg and Installations 5.0Total material 20.0Hired labour (about 65 my) 3.0Total expenditure 23.0This corresponds within a small margin to the original estimate of 21.3 MSFr. in 1973 prices, up-dated by the yearly index.
Table 4Project approved Oct. 73Excavation started Dec . 73Preinj. * Controls area ready Mar. 75Building complete Dec. 751st 750 keV beam Dec . 75LEBT Dec. 76Tank 1 ready Apr. 771st 10 MeV beam May 77150 mA at 10 MeV Sep. 77Tank 3 ready Mar. 78Tank 2 ready Aug. 781st 50 MeV beamDesign current (150 mA) at- 6 Sept 78tained 5 Oct. 781st test with Booster 7 Oct. 78Routine Operation Dec. 78An Overview of the LinacBuilding and Machine Layout (Fig. 1)The new linac was sited as closely as possible to the original linac within the limitations of existing buildings and the site topology. These limitations and the decision to separate the ancillary electronics, radio-frequency power sources and focusing power supplies from the accelerator led to a building section (Fig. 1) where accelerator tunnel, equipment room, and the air- conditioning plant are sited one on top of the other. To reduce tunnel costs the minimum acceptable cross-section was chosen; for an operating machine it is comfortably large but was very restricting vertically during installation. Other implications of the building position and design concerned the shape of the Faraday Cage and length of beam transfer lines (39m longer than for old linac). The control room and its associated data room (housing the computers) were built in the corner of the existing South Hall.

Alignment Using External Reference AxesThe CERN PS orbit level, 433.66m (above sea level) determines the linac beam axis height. A reference axis for preinjector, LEBT and accelerating cavities is parallel to but offset 0.6m vertically and 0.3m horizontally relative to the beam axis and is defined by four massive steel "monuments" situated near the two ends of the accelerating structure and the intertanks (Fig. 1).Consider the low energy beam transport (LEBT Fig. 2) where each section is provided with a pair of targets and a (spirit) level reference face prealigned in the workshop to the physical or magnetic axis. With a microalignment telescope supported by a monument (on the offset axis) one can align elements to 0.15 mm (relatively) and O.25mm (absolutely) by adjustable tables to which the sections are bolted. Note that the last LEBT section is aligned to and supported from the first linac tank by a large diameter buncher (energy corrector, B3); similarly the first LEBT section and the preinjector column make one mechanical unit.For the preinjector and linac tank alignment the same concept (as for the LEBT) is followed, i.e. easy adjustment and quick positional check. The relative alignments of tanks, girders and drift tubes are dealt with in other papers at this conference9.To be compatible with the PS injection and ejection lines the high energy beam transport (HEBT) elements use an alignment reference line 0.5m vertically above the beam axis.The Vacuum SystemThroughout the linac, the vacuum system is based on turbomoIecuIar pumping stations for initial pumping (or heavy gas load) with ion pumps for permanent high vacuum operation. Metal joints are used throughout with aluminium wire joints preferred in the LEBT and structure, diamond section aluminium joints in the HEBT. Clean assembly conditions consistent with the ion pumps and all metal system were adopted with strict avoidance of organic matter in the preinjector and LEBT regions to minimise contamination of the high gradient HT column.The particular pumping requirements of each region (defined by sector valves) are satisfied as follows:a) for the preinjector two 1500 1s ɪ turbomole- cular pumps cope with the continuous hydrogen load and achieve a pressure (one pump) of 5∙10-5 Torr. The accelerating column and LEBT are connected only by the low conductance beam tube (20 ls-D through the "gun" assembly (Fig. 2). Further pumping at the entrance to the LEBT is provided by two 400 ls-l diode ion pumps.b) The LEBT has a turbomolecular pumping station (450 ls-l turbopump and 10 ls-1 backing pump) and a 400 ls-1 triode ion pump for the DDHB region, supplemented recently by the 200 ls-1 ion pump (Fig. 2). With ion pumps alone the operating pressure is <l.10"$ Torr.
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c) For the accelerating structure, Fig. 3, there are two 450 ls-l turbomoIecular pumping stations per tank and one 1000 ls-1 triode ion pump per structure section (total 10). This allows RF conditioning with turbopumps alone and pump-down to 2.1O-6 Torr in <2 hours after being at atmospheric pressure. Ultimate pressure is 2∙10-^Torr.FocusingThroughout the linac, quadrupoles of the BNL physical design23 are used with some modifications in manufacturing techniques and different dimensions for LEBT singlets and triplet I.Magnetic field tests were made on individual quadrupole magnets using a long coil field integration technique24 to find the harmonic content of the field, the magnetic centre, the angular position of field symmetry planes relative to a keyway in the magnet yoke and the important calibration for operation, ∫(Field gradient) dz as function of exciting current. To obtain precise results when iron proximity effects are important, measurements were made on realistic assemblies of two or three triplet elements. Each of the 125 drift tube quadrupoles was calibrated just before installation of the support girders in the cavities13 to obtain absolute and comparative results including effects of the copper drift tube shell and stainless steel bore tube. At normal operating fields the departure from linearity is >0.5% only for Types I, II and III (i.e. up to 5 MeV) while throughout the drift tube linac and within a quadrupole type, a constant relation gives sufficient accuracy to set the quadrupole field by the supply current.The power supplies operate on the principle of a resonance circuit (LC) producing a half sine wave (2 ms long) which is clipped by a parallel transistor bank working in a feed back circuit to give a precisely controlled flat top of >200μs with stability ±2.1O-3 during the pulse and pulse to pulse25. As the switching elements (thyristors) are rated at 1.0 kV, any increase in pulser current near this limit is made by increasing the capacitor bank (stored energy) and adjusting the triggering delay time.With 160 quadrupole elements to power, the pulsers represent a considerable investment and control problem, so one connects magnets in series where possible within beam optics and pulser load limitations. Thus, in the LEBT one has two pulsers per quadrupole triplet, in Tank I the first sixteen quadrupoles are powered individually and where possible the others are in series pairs, while in the other tanks most quadrupoles are connected three to a pulser. The HEBT system (14 Type VII quadrupoles up to BH3) is not periodic so only one pairing was practical and finally a total of 90 power supplies was required.Bunching, Acceleration and Debunching.Here we compare design, operation and associated hardware of the elements which affect the longitudinal motion. One has drift tube structures throughout and for the purposes of comparison the simple (non-relativistic) formula applies to the longitudinal action of any gap :

ΔW = eV , T cosφ pk with V the peak voltage on a gap, W rhe kinetic energyp φ the RF phase of proton arrival (relative to positive maximum) and T the transit time factor which is a function of gap geometry and proton energy.For acceleration one generally has cosφ=0.80 to 0.90 whereas bunchers and debunchers normally give no net energy gain to the mean proton of a bunch i.e. cosφ=0. Radial defocusing is also important both at low energies and for bunchers, but its reduction with grids was not considered justifiable.Structure Design. For each RF structure one aims to minimise the power for the required ∆W ff=eV T, but with heavy beam loading, transient lel and phase problems, severe aperture requirements, need to house focusing elements and need to maintain mechanical simplicity, the final solutions are inevitably compromises. The cavity dimensions, losses and dynamics coefficients (e.g. T) were computed using the program CLASL26 for the three bunchers and the linac (128 unit cells). Generally to ease fabrication and surface finish problems we could accept 25Z more RF power losses than for perfect copper (representing <10% of total power including beam loading).The bunchers have moderate requirements in ΔWeff(<35 keV) so the mechanical and dynamics ConEraints strongly influence the design. For the 202.56 MHz bunchers the chosen asymmetric design (half a unit cell) has a gap of 13mm, aperture diameters 20mm and 25rπm (for Bl and B3 respectively) giving acceptable values of T (0.71, 0.60). The half drift tube can house a quadrupole or beam transformer (d=180mm) and the cavity diameter (700 mm) leads to an efficient RF design within mechanical constraints of incorporation in the Tank I input cover (B3). For the 405.12 MHz case (B2) the symmetric design gives the specified separation between the double drift harmonic buncher (DDHB) gaps. The beam dictated an aperture diameter of 18mm (gap=10mm) which gives T=0.36; the variation in T with radius across a well adjusted proton beam could help longitudinal matching“7. To first order, the energy modulation of an unbunched beam (in DDHB) causes no real or reactive beam loading. All bunchers were made from mild steel, copper placed to 15u, with aluminium wire joints for vacuum and RF contact.The 202.56 MHz accelerating cavity geometries are dictated by the size of drift tubes (containing quadrupoles), need to maintain O.2<g/L<O.35 (high value of T), acceptable shunt impedance and the computed dynamics, which determines individual cell lengths3. The tank (cavity) lengths are mainly determined by the RF amplifier arrangement (one amplifier and feed loop for 10 MeV acceleration). The cavity diameters 0.94m, 0.90m, and O.86m respectively, keep T high and RF losses near their minimum. Further design details are given elsewhere9 (also under Accelerating Structure).For the debunchers, the peak energy changes of 00 keV at 202.56 MHz make a high shunt impedance desirable. The large beam apertures cause
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problems due to reduction of T and penetration of the electric field into the beam tube especially at 405.12 MHz (DB14).Field Calibration. Several methods are available: a) Effective field as a function of input power comes from cavity calculations (normalised by measured Q). b) Field on the axis (hence T and tilt) by perturbation methodsl3. c) Observations on longitudinal dynamics at nominal RF level and comparison with computed predictions 13.With methods a) and c) the cavity field is measured by the monitoring loops which couple to H. at the cavity wall.
Φ For adjustment of buncher RF levels method a) is sufficient but b) has been used to confirm symmetry of field in the asymetrie bunchers while c) has been applied to the DDHB using a fast probe6and also by reference to the 10 MeV beam characteristics. For debunchers c) is applicable in the longitudinal measurement line (DB12) by beam energy change versus phase shift.Multipactoring. This problem in the initial powering of all RF cavities is discussed here by reference to the linac cavities. Ideally one needs a clean vacuum (<10-5 Torr), temperature control of cavities, correct input match, variable feeder line length and control of the RF pulse rise time. Even so ionisation pumps and ionisation gauges directly on the tanks had to be switched off to obtain the initial erratic acceptance of power with a glow discharge (observed near the feed loops) and much evolution of gas from copper surfaces. After some hours (<12 hours) of steady improvement power was eventually accepted up to 20% above nominal level on all pulses with ion pumps on, quadrupoles pulsing and RF amplifiers on slowest rise time. This process only takes a significant time when first powering a cavity,In the single gap cavities, the conditioning was sometimes lengthy with more apparent dependence on surface cleanliness and on relative timing of adjacent cavities (supposedly producing ions or electrons). However, during scheduled operation the number of bad pulses one ascribes to multipactoring is negligible.Evolution of the Beam along the LinacTo complement the two comprehensive approaches to beam optics4, 14 this section describes the beam qualitatively as it passes from preinjector to Booster input. In Fig. 5 we give in one transverse plane and in the longitudinal plane, beam envelopes (2xrms size in mm and in deg.) assuming computed results (modified by measurements where possible) with time (ns) as abscissa. The virtual longitudinal aperture is half the estimated bucket width. Note that the rms envelope representation is relevant for beam transport with space-charge but it can seriously underestimate the beam limits if there are long tails on the density distributions .Generally, this plot brings out the similarities between LEBT and HEBT both transversely

(envelopes and lens separations) and longitudinally, (transition from continuous to bunched beam and vice-versa). The preinjector which represents only 20 ns of acceleration at 6 MeV m-1 is designed to take the dense beam rapidly through a difficult space-charge region. In the first part of the LEBT an essentially round unbunched beam is contained by 4 quadrupole triplets, limited proportionally in diameter and angle (apertures AP1 and AP2) and steered (ST1 to ST4) to the DDHB. The bunching system performs a six dimensional matching to the linac input with 6 quadrupoles and 3 bunchers compressing 8OZ of the beam into an ellipsoid of mean diameter 7mm and length 10mm. In the linac the +- focusing system starting with μ=30o maintains a very small beam size, even with transverse emittance growth of 2.3 due to the compensatory reduction in the space-charge effect and resulting increase of u, an effect enhanced also by the growth in longitudinal emittance (x5 measured). In the HEBT the beam grows quickly transversely to match the longer period of the focusing, while longitudinally both energy spread and space-charge act to increase the bunch length. Other features of the HEBT are an achromatic section between BH2 and BH3, and the use of debunchers to shape the energy spectrum.Users Facilities on the Control SystemUsers have access over two maxiconsoles, two midiconsoles and two analog consoles in the control room, plus one mobile midiconsole in the equipment gallery. The midiconsoles each have four "knobs”, one "access” card reader, a numeric keyboard, a touch panel for parameter and task selections and a colour TV monitor. The latter displays any four beam transformers plus any four parameters (Fig. 6), where, given access, the operator can act, either by a "knob” or by the numeric keyboard. Synoptic displays are used for groups of parameters, e.g. the LEBT (Fig. 7) or the vacuum system (Fig. 8) where a valve or pump can be selected via the touch panel and acted on, registering as a visible status change on the display. The maxiconsole has additional facilities: a 611 storage scope, a video terminal and a touch panel for measurement tasks. The analog Consoleallowsone to select and "hook" a parameter to any of four traces on two scopes or to a waveform digitizer which can "freeze” or, if necessary, store the display.A powerful feature is the List Processor which takes any parameter name list and sends a matching list of values from a disk file, e.g. for setting tank quadrupoles. Value files can be prepared for different conditions, and later be activated by a touch panel or by a surveyor task.One can, using only parameter names, write application programs in Basic-11, Fortran 4+ or Pascal, e.g. CORLIN (in Basic), corrects the offset between desired and actual currents from the quadrupole pulsers, whereas TRACE, (in Fortran) predicts, from user input values, LEBT beam envelopes and emittances on the 611 storage scope. Basic has also been convenient for log programs and ad-hoc programs where on-line debugging is essential28.



Particular Design FeaturesPreinj ectorHT Equipment. The high voltage generator (Cock- roft-Walton) and associated electronics, electronics platform and the original beam loading compensation were bought from Haefely, 3asle. For maintenance reasons an open Cockroft-Walton was chosen. It operates at 5 kHz with maximum output 850 kV and 4 mA DC and is connected to the electronic platform by a 5 MΩ damping resistor. A three stage isolation transformer rated at 7 kVA (14 kVA at reduced voltage) supplies power to the electronics platform. The insulation is rated at 300 kV per stage with 2500 MΩ resistors incorporated to ensure equal potential distribution. The original beam loading compensation (bouncer), a compact two tube arrangement housed in an oil filled tank, has been replaced for maintenance and reliability reasons by an open (air insulated) structure. This new bouncer uses only one tube, has a wider band width and shows better reliability than the previous system10.Ion Source. The original duo-plasmatron ion source of the old linac29 was already modified some years ago17. For the reduced diameter of the accelerating column anode in the new linac this source had to be made smaller, mainly by cutting away superfluous parts and redesigning the magnet coil, with most of the inner parts inter-changeable with the old source. Armco iron parts are nickel plated, to provide corrosion protection. Another improvement was the replacement of the old oil cooling system by a circuit using distilled water with 30% ethanol as corrosion inhibitor with a fluid to air heat exchanger on the electronics platform. The oil was a potentially serious hydrocarbon contamination risk for the column and the oxide cathode during source changes, compared to the relatively volatile water-ethanol mixture. In addition, one has less flow and circuit pressure for equivalent cooling.The arc pulser consists of a delay line(defin- ing the maximum pulse length) with a large series resistance to supply constant current to the source. Pulse length reduction is achieved by thyristors short-circuiting the arc when triggered.Accelerating Column. The 750 kV accelerating column (built by HVEC) is a modified version of the CERN 500 kV design30 with 19 sections (instead of 14), of the same diameter, which necessitated a reduction in anode and source diameters and larger radii on the central inner shielding rings. Both gap and gradient have increased from 43 kV cm-1across 11.7 cm to 58 kV cm-1 across 12.9 cm and there is an intermediate electrode (as in the old linac) to improve voltage holding and focusing. The total capacity associated with the column is 2.6 nF of which 1.5 nF is connected via a 2k Ω damping resistor to the bouncer. The dissipation of the stored energy (during column break-down) has not caused observable damage. The cathode requires - 4 kV bias to avoid frequent break-down and high radiation levels, although this potential only forms a barrier against back-streaming electrons at the edge of the cathode hole.The column is a structure made of ceramic 

rings glued together with epoxy resin and supported like a cantilever at the cathode end. With the column fully loaded and not under vacuum, the epoxy resin bond has a safety factor of 20 proved both by tests and by calculations (epoxy resin tensile strength ∿∿ 10N/mm2). Nevertheless, for safety reasons, at the anode end a force is added (rope and counterweight) minimising the bending moment along the column. Inside the cathode is the "gun", a tubular vacuum-tight structure containing the first magnetic triplet (Tl), beam transformer (IM2), steering magnets ST1) and an electron trap. This assembly is bolted onto the column making one mechanical unit for support, alignment and vacuum (see Fig. 2).Performance. The source geometry was optimised experimentally by adjusting its longitudinal position and the expansion cup shape, but the required small Gaussian type emittances seemed unavoidably associated with rather noisy pulse shapes at normal operating beam currents > 250 mA (and vice versa). One initially adjusts the operating parameters such as hydrogen flow, arc current and cathode current by reference to output current, pulse shape and emittance (measured at EM2). Measurements made over several months show that beam characteristics are stable and can be set to values stored in the control computer. Source lifetime, determined by cathode emission and anode erosion, is > 1 year in normal operation.After a source change the conditioning of the evacuated column to 750 kV takes 1 hour when done automatically15. In typical operation the HT break-down rate is ∿ l/day. As this sometimes disturbs the source-computer interface, the source parameters are reset automatically.LEBTThe LEBT has been designed to transport the preinjector beam, to shape it and to match it in both transverse and longitudinal planes (6 dimensions) to the linac input. Functionally it consists of a long unbunched beam section which provides an essentially round beam about 10 mm diameter at DDHB, and a bunching section which performs the matching to the linac via six quadrupoles and three bunchers.Mechanical Engineering and Components. The main objectives in the mechanical concept of the LEBT were an easy and rapid alignment without disturbing the vacuum, a clean vacuum and the possibility to put diagnostic equipment in any of several foreseen places.The part of the LEBT installed in the column cathode has been described above. Between the column output and DDHB, the LEBT is a classical beam line with five independent units mounted on individual supports and connected by flexible vacuum chambers. The bunching section, the last and most important part of the LEBT, is extremely crowded and forms one mechanical unit for alignment and support via its main element, a large diameter buncher (B3) which is bolted on and aligned to the first linac tank (see Fig. 2).The diagnostic equipment, defining apertures (AP1, AP2) and beam stoppers use tantalum plates 
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which have a good resistance to beam damage. Nevertheless under certain focusing conditions the proton beam could eventually burn a hole through the stopper which forms part of the radiation safety interlock chain. Thus the stoppers have a safety device, an additional plate, which, if pierced by the beam develops an air leak and switches off the linac. More details of vacuum and alignment are given under corresponding headings.Beam Optics27. The figure of merit for the LEBT/Linac beam optics is the measured (as previously computed) trapping efficiency of 302 which allows the design beam current at 50 MeV, 150 mA, Co be obtained with < 200 mA injected into Che linac 250 mA from the source). The posicion ofbunchers was studied for beam currents between 50 and 250 mA and the optimum distances for trapping efficiency, bunching voltages and acceptable geometry determined. The distances from Bl(202.56MHz), B2 (405.12MHz) and 33 (202.56MHz) co che firsc linac gap are 101 cm, 36 cm and 16 cm, respeccively (see Fig. 2). Note chat for che highest currents the computed trapping remains > 80% in spite of severe linac input conditions (e.g., mean beam diameter ≡ 7 mm), which would allow us to provide more oucput current if necessary. In the bunching region one has sufficient quadrupoles co keep the beam well inside the 45 mm diameter aperture and to match ic to the linac input.Practical Aspects of Beam Matching. One needs * a round axial beam at che inpuc of che DDHB, < 10 mm diameter, Iimiced proportionally in angle and diameter so as to have equal vertical and horizontal emittances. Thus one has co adjusc che four Criplets, the steering magnets (ST1 to ST4) and the apertures (AP1 and AP2) with reference to beam currents (IM3, IM4 and LM5) and emittance measurements at EM2 and EM3 (Fig. 2). On-line computer programs are available to derive quadrupole settings using che measured rms values as inpuc data and SCeering seccings, using mean beam positions. This procedure is even more necessary for adjustment of Che bunching region quadrupoles co match to che linac accepcance. As noted above (bunching, field calibration) buncher amplitudes are sec co CompuCed values. Solutions for several beam conditions can be stored on che linac computer and parameters set by pressing one or more couch buttons.Operacion and Performance. An important aspect of the LEBT operation is the reproducibility and no further fine adjustment of parameters is required after setting-up. There is good transmission through the LEBT as an unlimited beam has decreased by only 15% (probably heavier particles) at the DDHB and there are no further losses to the linac input. The performance of the LEBT has fulfilled its design predictions in handling all beam conditions without reaching limitations in element posicion or screngch. No down-cime has yet been ascribed to LEBT malfunction.Accelerating StructureMany of the construction techniques first tried at CERN on the 3 MeV accelerator19,20 were suitable for che 50 MeV accelerator structure9 e.g., copper clad steel fabrication, aluminium wire 

joints for RF and vacuum, and demountable drift cube support girders. The RF and beam duty cycle are < 10-3 and as the proton beam takes 707. of the RF power there is less reason for fanatical attention to cavity losses. All components except bulk Cuner are demountable from outside the cavicy while the intertanks are combined with end half cells into a demountable unie and Che Chree tanks form a single vacuum syscem (Fig. 3). Before inscalling che girders in che cavicy one has com- plece accessibilicy for mouncing che drifc tubes and for adjusting their relative alignment.Cavities. The accelerating structure (Fig. 3) is divided into three tanks accelerating from 0.75 to 10.4 MeV chen Co 30.5 MeV and 50.0 MeV respeccively. The tanks are subdivided into a cocal of 10 sections with lengths varying between 3.16 m and 3.54 m (average 3.29 m) and dictated by positions of RF feed loops (at L/4 and 3L/4 in Che long canks) and gaps. Copper clad steel (15 mm steel + 2 mm copper) was used for the fabrication, with welded inserts co excend che copper co che circular joincs between tank sections and to che rectangular girder slot. The departure from circular section introduced by this slot produces a resonant frequency decrease (300 kHz) which is less than Che support stem frequency perturbation (in Tanks II and III), and, normally the bulk Cuners introduce as much frequency perturbation. For fabrication simplicity che smaller holes were left unlined chus slightly increasing the RF losses. To assess the copper surface quality and the circular aluminium joints, RF measurements were made on Tank I withouc drifc cubes, giving 80% of theoretical Q.Drift Tubes. The cylindrical part of the drift tube body is an alignment reference surface, so one ensures accurate concentricity of the quadrupole magnetic axis by a close fit of the quadrupole yoke in the drifc Cube. Ic is closed by eleccron beam welding of che end cap(s) co the body and to the stainless steel bore cube. Water cooling is made via the stainless steel inner support stem which fits closely in the drift tube body. In addition to the standard dimensional checks on assembly, the flatness of the Tank I drifc tube front faces and the shape of the Tanks II and III radiused profiles were checked by precise and quick capacitive methods.RF Feed Loops (Fig. 9). Two important criteria in the design were (a) large and predictable coupling variation with minimum movement and (b) minimum field perturbacion. This leads co an eccentric line (outer diameter = 127 mm) near che cavicy (which reduces coupling due co cavicy field penecracion), Chen a seep up co che 230 mm coaxial line in which che PTFE ("Teflon") RF to vacuum window is mounted ac about λ∕2 from the short circuit ac the cavity. The five loops installed perform reliably and give the specified coupling variation B = 1 to 8 = 4, for a movement of 30 mm.Bulk Tuner (Fig. 3). This fixed tuner corrects the gross errors in frequency and field distribution so that in particular the final cavicy resonant frequency falls in the piston tuner range. It is made in "T" sections 1 m long with the top of the "T" demountable so one can selectively6


