5.15. MAIN INJECTOR PERFORMANCE GOALS*5.1 Project OverviewThis chapter contains a description of the design and construction schedule of the FermilabMain Injector (FMI) Project. The technical, cost, and schedule baselines for the FMI Project havebeen established and may be found in the Fermilab Main Injector Title I Design Report, Revision0, issued in August 1992. The FMI Technical Design Handbook (TDH) updates and expands uponthe design and schedule for construction of all subsystem components and associated civilconstruction described in the Title I Design Report. The facilities described in the TDH have beendesigned in conformance with DOE 6430.1A, "United States Department of Energy GeneralDesign Criteria."The purpose of the Fermilab Main Injector Project is to construct a new 150 GeVaccelerator, and all required interconnections and interfaces to the existing accelerator complex, onthe Fermilab site in support of the Fermilab High Energy Physics (HEP) research program. Theconstruction of this accelerator will result simultaneously in significant enhancements to both theFermilab collider and fixed target programs. The FMI is located south of the Antiproton Sourceand tangent to the Tevatron ring at the F0 straight section. The FMI will assume all duties formerlyrequired of the Main Ring. Using the FMI reduces the background rates seen in the colliding beamdetectors. The performance of the FMI, as measured in terms of protons per second delivered tothe antiproton production target or total protons delivered to the Tevatron, is expected tosubstantially exceed that of the Main Ring. In addition the FMI will provide high duty factor 120GeV beam to the experimental areas during collider operation, a capability which did not exist inthe Main Ring.The location, operating energy, and mode of construction of the FMI were chosen tominimize operational impacts on Fermilab’s ongoing High Energy Physics program. The area inwhich the FMI was situated was devoid of any underground utilities which might be disturbedduring construction, while the separation between the FMI and Tevatron was sufficient to allowconstruction concurrent with Tevatron operations. The energy capability of the FMI was chosen tomatch the antiproton production and Tevatron injection energies presently used in the Fermilabcomplex. The FMI is being built from newly constructed dipole magnets, thereby allowing a largeportion of the installation process to proceed independently of Tevatron operations. The use ofnewly designed dipoles was also desirable from the standpoint of enhanced performance andreliability, and will result in a reduction of the operating costs by 33% relative to what would beobtained by recycling existing Main Ring magnets.The Total Project Cost (TPC) of the FMI is estimated to be $259,300,000, including aTotal Estimated Construction Cost (TECC) of $229,600,000 and $29,700,000 in associated R&D,pre-operating, capital equipment, conceptual design, and spares costs. Included within the scope ofthe project are all technical and civil construction components associated with the ring itself, withbeam lines needed to tie the ring into the existing accelerator complex, and with modifications tothe Tevatron and switchyard required to accommodate the relocated injections. The project involvesthe construction of 15,000 ft of tunnel enclosures, 11 service buildings, and a new 345 kVsubstation. Construction on the FMI project was initiated in June, 1992. Construction will belargely completed late in 1998. Design of civil construction has been done by an outside

* Last revised on March 20, 1998.

5.2Architectural Engineering firm, Fluor Daniel, with support from the Beams Division and fromFermilab Engineering Support Section. Design of technical components has been done by Beamsand Technical Division personnel.5.1.1 Role In The Fermilab III ProgramThe Fermilab Main Injector is the centerpiece of Fermilab’s initiative for the 1990s, knownas Fermilab III. Some of the more important goals of Fermilab III are to illuminate the properties ofthe top quark, the most recently discovered fundamental building block of matter, to provide afactor of two increase in the mass scales characterizing possible extensions to the Standard Model,and to support new initiatives in neutral kaon physics and neutrino oscillation investigations. Inorder to reach these goals Fermilab is planning to attain by the end of the year 2000 a luminosity inexcess of 5·1031 cm-2sec-1 in the Tevatron proton-antiproton collider.Several projects have been completed over the past four years that have resulted in a factorof 25 improvement over the initial 1.0x1030 cm-2sec-1 design luminosity of the Tevatron collider.These include upgrades to the Antiproton Source, development of new low-b systems which haveallowed the implementation of a second high luminosity interaction region, development ofseparators to allow multi-bunch operation, an upgrade of the linac energy from 200 MeV to 400MeV, and the installation of cold compressors to lower the temperature of the Tevatron. As aresult of these enhancements, the Tevatron operated during Run Ib with initial luminosities in therange of 1.5—2.5·1031 cm-2sec-1.Further improvements to performance require the construction of the FMI. The presentbottleneck in the production of antiprotons and in the delivery of intense beams to the Tevatron isthe Main Ring. The Main Ring is not capable of accelerating the quantity of protons which can beprovided at injection by the 8 GeV Booster. This is for the simple reason that the aperture of theMain Ring (12p mm-mr) is about half the size of the Booster aperture (20p mm-mr). (Theseemittances are 95% normalized values.) As a result the Booster is typically run well below its fullcapability during normal operations. The restricted aperture in the Main Ring is due toperturbations to the ring which have been required for the integration of overpasses and newinjection and extraction systems related to operations with antiprotons. With the 400 MeVLinacupgrade the Booster aperture at injection has increased to 30p mm-mr due to increased adiabaticdamping within the new linac, and the ability to produce larger antiproton stacks has beenincreased. However, the mismatches between Booster/Antiproton Source and Main Ringcapabilities have become even more acute. Only with the construction of the FMI will thesemismatches be removed, and the full benefit to the collider and fixed target programs of therecently completed upgrade projects be realized.The construction of the FMI will also provide beams of up to 3·1013 protons at 120 GeV tothe experimental areas during collider runs. Such beams are envisioned as being used for detectordevelopment and for supporting fixed target experiments such as rare K decay and neutrinoexperiments which can benefit from the high average intensity deliverable from the FMI. The MainRing as presently configured does not support a slow spill, nor is it felt that implementation of ahigh intensity slow spill in the existing ring would be feasible in light of the small machine apertureand the need to minimize backgrounds in the collider experiments.Specifically, benefits expected from the construction of the FMI include:1. An increase in the number of protons targeted for antiproton production from thecurrent 4.8·1015/hour to 1.2·1016/hour.

5.32. An increase in the total number of protons which can be delivered to the Tevatron forfixed target to 6·1013.3. The ability to accelerate efficiently antiprotons originating in stacks containing morethan 2·1012 antiprotons for injection into the Tevatron collider.4. The ability to produce proton bunches containing as many as 3·1011 protons forinjection into the Tevatron collider.5. The reduction of backgrounds and dead time at the CDF and D0 detectors throughremoval of the Main Ring from the Tevatron enclosure.6. Provision for slow extracted beams at 120 GeV year-round and potential developmentof very high intensity, high duty factor (>1·1013 protons/sec at 120 GeV with 34%duty factor) beams for use in high sensitivity K decay and neutrino experiments.It is expected that with the construction of the FMI and the completion of plannedimprovements to the Antiproton Source the antiproton production rate will be 2·1011antiprotons/hour, and that a luminosity in the range 8—20·1031cm-2sec-1 will be supportable in theTevatron collider during Run II.5.1.2 PerformanceThe FMI parameter list is given in Table 5.1. It is anticipated that the FMI will perform at asignificantly higher level than the existing Main Ring as measured either in terms of protonsdelivered per cycle, protons delivered per second, and transmission efficiency. For the most partexpected improvements in performance are directly related to the optics of the ring. The FMI ringlies in a plane with stronger focusing per unit length than the Main Ring. This means that themaximum b-functions are half as large and the maximum (horizontal) dispersion only a third of theMain Ring, while vertical dispersion is nonexistent. As a result physical beam sizes associatedwith given transverse and longitudinal emittances are significantly reduced compared to the MainRing. The elimination of dispersion in the rf regions, raising the level of the injection field,elimination of sagitta, and improved field quality in the dipoles all have a beneficial impact on beamdynamics. The construction of new, mechanically simpler magnets is expected to yield a highlyreliable machine.The FMI is seven times the circumference of the Booster and slightly more than half thecircumference of the existing Main Ring and Tevatron. Six Booster cycles will be required to fillthe FMI and two FMI cycles to fill the Tevatron. The FMI is designed to have a transverseadmittance of 40p mm-mr (both planes, normalized at 8.9 GeV/c). This is a factor of three largerthan that of the existing Main Ring. It is expected that the Booster will be capable of delivering abeam intensity in the range 5-7·1012 protons per batch with 20-30p mm-mr transverse and ~0.2eV-sec longitudinal emittance in Run II. A single Booster batch needs to be accelerated forantiproton production while six such batches are required to fill the FMI. The FMI should becapable of accepting and accelerating these protons without significant beam loss or degradation ofbeam quality. Yields out of the FMI for a full ring are expected to lie in the range 3-4x1013 protons(6-8·1013 delivered to the Tevatron for fixed target). By way of contrast, the existing Main Ring iscapable of accelerating fewer than 3·1013 protons in 12 batches for delivery to the Tevatron.

5.4Table 5.1. Main Injector Parameter ListCircumference3319.419mInjection Momentum8.9GeV/cPeak Momentum150GeV/cMinimum Cycle Time (@120 GeV)< 1.5sMinimum Cycle Time (@150 GeV)2.4sNumber of Protons3 x 1013Number of Bunches498Protons/Bunch6 x 1010Max. Courant-Snyder Beta Function (§max )57mMaximum Dispersion Function1.9mPhase Advance per Cell90degreesNominal Horizontal Tune26.425Nominal Vertical Tune25.415Natural Chromaticity (H)-33.6Natural Chromaticity (V)-33.9Transverse Admittance (@ 8.9 GeV)> 40pmm-mrLongitudinal Admittance> 0.5eVsTransverse Emittance (Normalized)12pmm-mrLongitudinal Emittance0.2eVsHarmonic Number (@53 MHz)588RF Frequency (Injection)52.8MHzRF Frequency (Extraction)53.1MHzRF Voltage4MVTransition Gamma21.8Superperiodicity2Number of Straight Sections8Length of Standard Cell34.5772mLength of Dispersion-Suppressor Cell25.9330mNumber of Dipoles216/128Dipole Lengths6.1/4.1mDipole Field (@150 GeV)17.2kGDipole Field (@8.9 GeV)1.0kGNumber of Quadrupoles128/32/48Quadrupole Lengths2.13/2.54/2.95mQuadrupole Gradient at 150 GeV200kG/mNumber of Quadrupole Busses2The power supply and magnet system is designed to allow a significant increase in thenumber of 120 GeV acceleration cycles that can be run each hour for antiproton production, as wellas to allow a 120 GeV slow spill with a 35% duty factor. The cycle time at 120 GeV can be as lowas 1.5 seconds. This is believed to represent the maximum rate at which the Antiproton Sourcecould stack antiprotons, and is to be compared to the current Main Ring capability of 2.4 seconds.The FMI dipole magnets are designed with twice the total cross section of copper and half as manyturns as existing Main Ring dipoles. This keeps the total power dissipated in the dipoles during

5.5antiproton production at roughly the same level as in present operations while keeping the numberof power supplies and service buildings low. The 344 dipole magnets are excited by 12 powersupplies located in six service buildings.With the major exception of the dipoles, existing components from the Main Ring are, forthe most part, recycled. Such components specifically include quadrupoles and the radio frequency(rf) systems. The use of all 18 existing rf cavities in a ring roughly half the size of the Main Ringwill support an acceleration rate of 240 GeV/sec compared to 120 GeV/sec in the present MainRing.5.1.3 Operational ModesAt least four distinct roles for the FMI have been identified along with four correspondingacceleration cycles for the configuration of the FMI in the absence of the Recycler. Operation ofthe Recycler for storing antiprotons or for cooling protons for the Collider does not require anyadditional cycles, but it does change some of the details of how the Collider filling operation isdone. The one operation that is new with the Recycler is decelerating antiprotons which have beenrecovered from the Collider. The operating modes are listed in Table 5.2. More detaileddescriptions of the acceleration cycles and power supply requirements are given below.1) Antiproton Production. In the antiproton production mode a single Booster batchcontaining 5·1012 protons is injected into the FMI at 8.9 GeV. These protons areaccelerated to 120 GeV and extracted in a single turn for delivery to the antiprotonproduction target. As mentioned earlier, it is anticipated that with this flux of protons ontothe target and expected improvements in the Antiproton Source the antiproton productionrate will exceed 1.7·1011/hour.2) Main Injector Fixed Target. A much higher intensity, high duty factor (34%) beamcan be delivered at 120 GeV with a 2.9 second cycle time. The average proton currentdelivered is about 2 mA (3·1013 protons/2.9 seconds). Running in this mode does not putany peak power demands on the power supply system beyond those imposed by theantiproton production cycle, but it does expend 67% more average power. This cycle canalso be used to provide test beams to the experimental areas during collider running. In thisinstance it is likely that a much lower cycle rate, accompanied by a much lower averagepower, would satisfy experimenters’ needs. Additionally, a high intensity, low duty factorbeam can be delivered at 120 GeV with a 1.9 second cycle time for the production of highflux neutrino beams.3) Tevatron Fixed Target. For Tevatron fixed target injection, the FMI is filled with sixBooster batches, each containing 5·1012 protons at 8.9 GeV. Since the Booster cycles at15 Hz, 0.4 seconds are required to fill the FMI. The beam is accelerated to 150 GeV,cogged, and extracted in a single turn for delivery to the Tevatron. The FMI is capable ofcycling to 150 GeV every 2.4 seconds for short periods of time. Two FMI cycles arerequired to fill the Tevatron at 150 GeV at one minute intervals.4) Collider Operation. The FMI operates on a 4 second, 150 GeV cycle for delivery ofcoalesced proton beams to the Tevatron for collider operations. A 1.45 second flattop isprovided for bunch coalescing at flattop. Phase-locking to the Tevatron andsynchronization of the transfer requires a few tens of milliseconds. Depending on themulti-bunch coalescing efficiency, 1, 2, 3, or 4 bunches will be accelerated per cycle. Atotal of 36, 18, 12, or 9 Main Injector cycles would be required, respectively, dependingon the number of bunches per cycle.

5.6The antiproton cycles are slower because of the unique rf manipulations described insection 5.5.2 and section 5.5.3. The ramps for acceleration and deceleration will be similar, andfour bunches of antiprotons will be accelerated (or decelerated) per cycle.Combinations of the above operational modes are also possible. One such example issimultaneous operation for antiproton production and high intensity slow spill. One could load theFMI with six Booster batches containing 3x1013 protons, accelerate to 120 GeV, extract one batchfast to the antiproton production target, and extract the remainder of the beam slowly over asecond. This would produce slightly more than half the antiproton flux into the Source and 83%of the average MI fixed-target intensity of the dedicated scenarios listed in Table 5.2.Table 5.2 Main Injector Cycle Parameters. �Booster Cycles� is the number of cycles required perMain Injector cycle. �MI Cycles� is the number of Main Injector cycles required to fill theTevatron (blank if beam does not go to the Tevatron).PurposeCycleTimeFlattopTimeEnergyExtractionTypeBoosterCyclesMICyclesMIBunchesMIIntensity1)Pbar Production1.467.048fi1201 Turn1845·10122)MI Fixed Target.¥Fast (1 ms spill)1.867.048fi120Resonant65043·1013¥Slow (1 s spill)2.86718fi120Resonant65043·10133)Tev FixedTarget2.40.258fi1501 Turn6*25043·10134)Tev Collider¥Protons41.48fi1501 Turn1—436—91-42.7·1011—10.8·1011¥Antiprotons121.08fi1501 Turn94varies¥Pbar Recovery121.0150fi81 Turn94varies*The rise time of the existing Tevatron proton injection kicker is too slow to inject two groups of 6 batches intothe Tevatron. The new short batch kicker will have a fast enough rise time provided that an appropriate pulseforming network is built.The momentum program and the resulting total dipole bus voltage for each accelerationcycle have been calculated, using conservative extrapolations from Main Ring practice and notrequiring the rf or power supplies to run close to design limits. The bus resistance is assumed tobe 0.30 W, and the inductance is 0.67 H. The lower resistance (relative to the value of 0.32 Wused in Title 1) allows increasing the ramp rate to 270 GeV/c/s while limiting the power supplyvoltage to ~11,500 V. The 2.8667 sec, 120 GeV cycle has been assumed to be run in rapidsuccession for calculations of rms power when designing the cooling systems and pond sizes, andfor determining feeder currents and capacities. (The cycle times are required to be a multiple of theBooster 15-Hz repetition period, 0.0667 sec.)A useful variant on the 120 GeV fixed target cycles is to fast extract one Booster batch forantiproton production before resonantly extracting to the switchyard. This approach, referred to as"mixed mode", is extremely attractive for fulfilling the demand for protons per hour. The sixthBooster batch is injected into the center of the 3.2 msec gap that exists after the first five batches areinjected. The beam is accelerated to 120 GeV, the sixth batch is extracted in a single turn to theantiproton production target, and then the remaining beam is extracted by resonant extraction to

5.7Switchyard. For a loss of 17% in fixed target intensity the two types of operation are efficientlycombined. The loss in stacking rate is about 50% when the long spill is needed but only about 20%when the short spill is used. The interleaving of single-purpose cycles is less efficient. Forexample, when a slow spill cycle is interleaved with an antiproton production cycle, the slow spillflux is reduced by a third, and the antiproton production is reduced by two thirds. The expectednumbers of protons per hour that can be delivered in the various modes are given in Table 5.3.The Tevatron is filled for fixed target physics by two FMI injection cycles. Average feederpower sets a limit on the frequency of the injection cycles; they can not be repeated more than a fewtimes per Tevatron cycle. The operating limits for the magnet power supply and the rf systems arediscussed in the TDH.Table 5.3. Protons Per Hour Under Various Modes of OperationModeCycle TimeProtons/Hour(sec)AP TargetFast SpillSlow SpillAntiproton Production1.4661.2·1016——Fast Spill1.866—5.8·1016—Slow Spill2.866— —3.8·1016Mixed - AP + Fast Spill2.0000.9·10164.5·1016—Mixed - AP + Slow Spill3.0000.6·1016—3.0·1016This table assumes 6·1010 protons per bunch and additional time required for bunch manipulations and turning offmagnetic switch at F17 in mixed modes.There are two accelerator physics concerns which could lead to changes in the details of themagnet ramps, especially the initial parabola. The first relates to the Main Ring experience thatbunches are seriously disturbed if the synchrotron frequency approaches 720 Hz for even a fewmilliseconds. Although the FMI has improvements on the Main Ring magnet power supply, thereis some possibility that the initial parabola might need to be slowed down to provide adequatebucket area without approaching this critical value for the synchrotron frequency. It is notanticipated that this will be a dominant concern because it will be possible to pass through the 720Hz region quite fast from a higher value. On the other hand, it may be highly advantageous tospeed up the initial parabola as much as the rf and power supplies will allow to pass the transitionenergy quickly. There is further discussion of transition crossing later in this section, and in theTDH.5.2 Lattice and Performance SimulationsThe Fermilab Main Injector is situated in the southwest corner of the Fermilab site. Thedetails of its location are determined by requirements for transfers of both protons and antiprotonsinto the Tevatron. The MI-60 straight section is parallel to the Tevatron F0 straight section,separated from it by 11.823 m (38’ 9.5") horizontally and 2.3253 m (7’ 7.5") vertically. Thereference point defining the plane containing the Main Injector design orbit lies at the intersection ofa line from the center of the Tevatron ring and passing near F0 normal to the F0 straight section,and a line parallel to the MI-60 straight section and equidistant from the MI-60 and MI-30 straightsections. Gravity at this point defines the normal to the plane. The plane containing the MainInjector orbit dips at an angle of 0.231 milliradians (47.65") toward the southwest corner (projectcoordinates) of the site.

5.8The nominal elevation of the FMI was specified in earlier design reports to be 2.332 mbelow the Tevatron beam. To account for the relative tilt of the Tevatron and the FMI, it is nowspecified that MI-52 and MI-62 are placed at this elevation. The line from MI-52 to MI-62 is offset28.789277 m from the MI-60 straight section and parallel to it. The tilt of the FMI then places theMI-60 straight section 2.3253 m below the Tevatron beam line.The FMI contains eight straight sections; their numbering and their functions are asfollows:MI-10 - 8 GeV proton injectionMI-22 - (unused)MI-30 - (unused)MI-32 - (unused)MI-40 - proton abortMI-52 - 150/120 GeV proton extraction; 8 GeV antiproton injectionMI-60 - FMI rf sectionMI-62 - 150 GeV antiproton extractionThe straight sections are capable of beam extraction at 150 GeV. Due to the fact the ring lies 11meters from the Tevatron, two of these (MI-52, MI-62) are required to provide injection into theTevatron, one each for protons and antiprotons. On the opposite side of the ring two straightsections (MI-22, MI-32) are added for symmetry. MI-10 is necessary for injection of protonsfrom the Booster, and MI-40 is placed symmetrically for the proton abort.The FMI is designed to accelerate beams of energy 8 GeV to 150 GeV from the Booster,the Recycler, and the antiproton source. The FMI lattice has two different types of cells, the normal17.2886-meter FODO cells and the 12.9665-meter FODO dispersion-suppressor cells. The latticehas two different length dipoles: 6 m and 4 m. Also there are three different lengths ofquadrupoles: 2.13 m for normal cells, 2.95 m for dispersion suppressor cells, and 2.54 m at theboundary between the two types of cells. The dispersion suppressor cells have shorter dipoles (4m), and match the horizontal dispersion to zero in the straight sections. The FMI lattice has fewermagnets than the Main Ring. This requires higher field dipoles and larger bending angles. Theresulting sagitta in a 6 m dipole is 16 mm. The new dipoles are being built with a curvature whicheliminates loss of aperture due to sagitta. A90o phase advance per cell is chosen, resulting in amaximum b in the cell of 58 m and a maximum h in the cell of 1.9 m. The vertical dispersion inFMI is very small. The Main Ring has maximum b and h of 110 m and 6.6 m respectively. In thelattice design, the beta function b and the dispersion h are kept small to have minimal effect on thebeam size. The beam size due to transverse emittance is only 70% of what it is in Main Ring andthe maximum beam size due to momentum spread is down by a factor of 3. The ring is designed tohave twofold rotational symmetry. Figure 5.1 shows the lattice functions for one half the ring. Thelattice function is generated by the program TEAPOT.

5.9

0.0 500.0 1000.0 1500.0

Path Length (m)

-2.0 0.0 2.0 4.0 6.0 8.0 10.0

12.0

Lattice Function (m) β^X β^y ξ^X ξ^Y

Figure 5.1. Main Injector lattice functions for one-half of the ring. The pattern shown repeatstwice over the complete circumference. bx,by label the square root of the horizontal/vertical betafunctions and xx, xy (=0) the dispersion functions.5.2.1 Sources of errorsSimulations have been made to investigate the performance of the Main Injector by usingthe code TEAPOT. Closed orbit errors and their corrections were analyzed. The extent to whichfield errors perturb beta functions and dispersion functions was explored. The variation of thebetatron tunes, Qx and Qy, with respect to betatron amplitudes was recorded, and the expecteddynamic aperture was predicted. All the results quoted here refer to simulations of the MainInjector at its most critical time, injection, when the beam is stored for approximately 35,000 turnsat an energy of 8.9 GeV. All simulations were performed with the alignment errors of Table 5.4and the magnetic field errors of Table 5.5.Table 5.4. Random misalignment errors used in the Main Injector tracking simulations.Magnet typesh (mm)sv (mm)sroll (mrad)Dipole0.250.250.5Quadrupole0.250.25—Sextupole0.250.25—Beam Position Monitor(Relative to reference orbit)0.250.25—Although a complete explanation of all the errors listed in Table 5.4 and Table 5.5 is toolengthy to be included here, some comments are in order. Multipole field errors for dipoles are

5.10quoted in units of 10-4 at a displacement of one inch. "Short" dipoles will be constructed to have2/3 the magnetic length of the "long" dipoles, 6.096 meters, at the slow extraction energy of 120GeV. Long dipoles nominally bend the beam through an angle of 6p/904 radians. At 8.9 GeVinjection, the magnetic lengths of long and short dipoles are 0.3 mm longer than their nominalvalues, 6.096 and 4.064 meters respectively, at 120 GeV. This is reflected in the non-zero dipolemultipole in the dipole ends. The average effect of this magnetic lengthening is compensated bydecreasing the dipole excitation, as reflected in the non-zero dipole component of the dipole body.The remaining relative error between long and short dipoles has a significant but easily correctableeffect on uncorrected closed orbit errors. Figure 5.2 shows the field profile of the Main Injectordipole field at various energies.Table 5.5. Magnetic errors used in the 8.9 GeV simulation.MultipoleNormalSkewOrder

bnsbnansan

Dipolesdipole1.1015.30——quadrupole0.060.80——sextupole-0.400.600.000.20 80.040.150.030.40100.330.300.000.1512-0.010.10-0.030.5014-0.030.200.000.25Recycled Main Ring Quads (New Style)quadrupole—24.00——sextupole0.502.730.121.8585.851.02-1.162.3810-0.101.120.420.4712-1.820.630.400.70140.210.64-0.550.44161.410.64——18-0.030.120.140.1620-0.800.060.020.07Newly Built MI Quadrupolequadrupole—24.00——sextupole-0.512.731.081.8583.411.02-2.052.38100.031.12-0.750.4712-1.490.630.430.70140.210.64—0.44161.410.64——18-0.190.12-0.070.1620-0.770.06-0.120.07Field errors for quadrupoles are quoted as the multipole field divided by the design quadrupolefield, again quoted in units of 10-4,atadisplacementofoneinch.Allskewquadrupolefielderrorsareturnedoff,fortheconvenienceofthesimulation,underthereasonableassumptionthatthelinearcouplingeffectsthattheycausearereadilyremovedinpractice,usingacouplingcompensationscheme.RandomerrordistributionsaretruncatedatthreestandarddeviationsinsidetheTEAPOTcode.

5.11

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

X (Inch)

-1.5e-03

-1.0e-03

-5.0e-04

0.0e+00

B-B0/B0

500 Amps

1500 Amps

7000 Amps

9500 Amps

Figure 5.2. Field uniformity, DB/B, measured in the Main Injector dipole. The four curvescorrespond to 8.9, 27, 120 and 150 GeV/c excitations.5.2.2 Closed orbit and betatron function errorsFigure 5.3 shows two superimposed histograms, representing the distribution ofuncorrected horizontal and vertical closed orbit errors that are found when 19 different seeds areused to construct independent sets of random errors. The average values over all the seeds of theroot mean square orbit deviation for each particular seed is 5.0 mm in the horizontal, and 3.9 mmin the vertical. In order to correct these orbits for a typical seed, the maximum required correctorstrength is less than 100 mr in both the horizontal and vertical planes. A typical uncorrected closedorbit is shown in Figure 5.4, where the two traces represent horizontal and vertical displacements.After three iterations of the orbit correction scheme, the average root mean square closed orbitdeviation is reduced to 4.8·10-4 mm in the horizontal, and 1.0·10-8 mm in the vertical.

5.12

0 1 2 3 4 5 6 7 8

Root mean square orbit deviation (mm) 0

2

4

6

8

Number of Seeds horizontal vertical

Number of seeds

Figure 5.3. Distribution of uncorrected horizontal and vertical closed orbit errors for 19 differentseeds.

0.0 1.0 2.0 3.0

Path Length in Km

-0.020

-0.010

0.000

0.010

0.020

Closed Orbit Displacement (m) x y

Figure 5.4. Typical uncorrected closed orbits resulting from misalignment and strength variations.

5.13Figure 5.5 shows a plot of the typical variation of the horizontal and vertical beta functionsin the Main Injector due to all sources of errors. These include dipole and quadrupole strength andmisalignment errors. The main source of betatron function errors is the random quadrupole errorof 2.4·10- 3 measuredintheMainRingquadrupoles thataretoberecycled,andthatisconservativelyassumedtobepresentinthenewlybuiltMainInjectorquadrupoles.

0.0 1.0 2.0 3.0

Path Length in Km

-20.0

-15.0

-10.0

-5.0 0.0 5.0 10.0

15.0

20.0

Δβ/β(%)

Beta x

Beta y

Figure 5.5. Typical beta function variation resulting from expected gradient strength andmisalignment errors.5.2.3 Tune versus amplitude and dynamic aperture resultsThe long-time behavior of the Main Injector at injection was tested by launching an array ofparticles at different amplitudes. In what follows, a test particle is labeled with an amplitude of Amillimeters when, in the absence of nonlinear phase space distortions, it achieves a maximumhorizontal displacement of A at a location where the horizontal beta function is 70 m. This value ischosen as a conservative maximum beta value�see Figure 5.1. The maximum verticaldisplacement of the same particle is 0.4 A, also at a beta of 70 m. Synchrotron oscillations wereincluded in the simulation by launching all test particles with an amplitude of dmax = (Dp/p)max =0.002, corresponding to twice the root mean square momentum width of the beam. Netchromaticities in both planes were set to dQ/dd = -5, a conservatively large value with the correctsign to combat the head-tail instability.Base tunes of (Qx,Qy)= ( 2 6 . 4 2 5 , 2 5 . 4 1 5 ) wereused inallthesimulations, withunoptimizedfractionaltunes thatwerederivedas follows. Slow extractionrequiresthathehorizontaltunebemovedontothehalfintegerwithoutcrossing amajorresonance. Itisconventionalpracticetooperatenearthetunediagonal,butwiththetunes separatedby, say, 0 . 0 1 , withthehorizontaltunelargertoavoidcrossing thecouplingresonanceduring slow extraction.Finally,alltestparticleshadatunemodulationamplitudeinbothplanesof 0 . 0 1 , duetonon-zero

5.14net chromaticity and finite amplitude synchrotron oscillations. It is necessary to be at least this farfrom major resonances. Assuming that the 2/5 resonance is the resonance closest to the halfinteger that must be avoided, all of the above conditions are satisfied if Qy > 25.41, Qx = Qy + 1 + 0.01The base tunes were moved an extra 0.005 away fromthe2/5resonance, withoutgettingundulyclosetothehalfinteger.Figure 5.6 shows thevariationof horizontalandverticaltunes intheMainInjectoras theamplitudeof motionwas increased, for atypicalseed. Thenumbers on thetuneplaneplotcorrespondtotheamplitudeofatestparticle,inmillimeters.Pointsontheplotlieonastraightlineuptoanamplitudeofabout20mm,withthespacingbetweenpoints increasinglinearly. Thati s , bothhorizontalandverticaltunes dependquadraticallyon amplitude,for moderateamplitudes.Thisoctupolardetuningis dominatedby acombinationof thesystematicoctupoleerror intherecycledMainRingquadrupoles,andsecond order sextupolareffects. Points withanamplitudeabove 28 mm did not survive for the full 35,000 turns of the simulation, for this particular seed.

0.42 0.43 0.44 0.45

Horizontal tune, Q^x

0.40

0.41

0.42

Vertical tune, Q^y

14 710 13 16

19 22 25 28

Figure 5.6. Tunes vs. amplitude in the Main Injector at 8.9 GeV/c, based on tracking for a typicalseed. The numbers on the plot refer to the launch amplitude of a test particle in millimeters, and theposition of the numbers indicates the tune. The lines represent resonances.Figure 5.7 is a survival plot, displaying how many turns a particle survives in the MainInjector, as a function of its initial amplitude. Different symbols in the plot correspond to the 5different seeds that were used. Particles that survived to the end of the simulation are plotted on aplateau at the 35,000 turn limit. If the dynamic aperture for a particular seed is defined as theamplitude of the smallest amplitude particle that does not survive for 35,000 turns, then thedynamic aperture for the Main Injector at the injection energy is predicted to be 30.6 – 0.5 mm,corresponding to a normalized emittance of 127 p – 4 p mm-mr.

5.15

20.0 25.0 30.0 35.0

Betatron Amplitude in mm at beta = 70 m 0.0 5000.0

10000.0

15000.0

20000.0

25000.0

30000.0

35000.0

40000.0

Time before loss, in turns

Seed 333

Seed 1205

Seed 756

Seed 1234

Seed 7051

Figure 5.7. Survival plot for the Main Injector at 8.9 GeV/c. The number of turns survived, up to35,000, is shown as a function of the launch amplitude.5.3 ApertureThe Main Injector, as discussed above, has a dynamic aperture at injection of over 120 p mm-mr, corresponding to –30.6 mm amplitude in the horizontal plane. The injection andextraction regions, as discussed in more detail in the TDH, unfortunately require physicalrestrictions near the center of the aperture. While these devices limit the available physicalaperture, it is still substantially greater than 40p mm-mr. To preserve the large physical aperture,good closed orbit control is required, especially at injection. To ease demands on the dipolecorrection elements, it is intended to induce closed orbit distortions at the extraction-devicelocations by intentionally misaligning quadrupoles in a controlled manner.In the vertical plane, the dipole beam tube has an inner dimension of ~–24 mm,corresponding to an admittance of over 80p mm-mr at injection and at a b of 60 m. The injectiondevices will likely limit the emittance of the injected beam (but not the circulating beam) tosomewhat less than this, but still provide an aperture much larger than what is required.5.4 Transverse EmittanceThe Main Injector and associated transfer lines were designed originally to accept 40p mm-mr 8 GeV proton and antiproton beams. Continuing improvements in Booster operation, however,have since reduced transverse proton emittances below 20p mm-mr. In addition, pbar emittance isalso anticipated to be less than 20p mm-mr. Emittance dilution will result primarily from positionand optical mismatches in transferring the beams between machines.1An injection error in position and/or angle produces an oscillation which eventuallydecoheres and manifests itself as emittance growth in the beam. Simulations of beam transport in

5.16the 8 GeV proton line including random field and alignment errors indicate that this effect willneither be excessive nor completely negligible. For 20 error sets the injection position mismatcheswere found to be Dx(rms) = 0.39 mm and Dy(rms) = 0.14 mm�comparable to the assumedrandom alignment errors.2 At mid Q101 (bx =10m& by = 60m) this translates into < 0 . 5 p growth horizontally andessentially zero growth vertically for a 20p mm-mr beam. A dispersion mismatch corresponds to aposition error for off-momentum particles. However, since the transfer lines are matched to thezero dispersion of the Main Injector straight sections, emittance growth from this source is notexpected to be a problem. At Q101, with a momentum spread Dp/p = 10-3,dispersion would needtobemismatchedbyatleastDh = 1.0 m for emittance to grow by 0.5 p. An optical mismatch inthe amplitude b will also lead to emittance dilution, but the penalty is less severe in this case thanfor position errors. The transfer lines are capable of matching into –20% variations of theamplitudes from their design values. Even for a beam line-machine b mismatch as large as Db/b =0.25, however, transverse emittance grows by only 0.5 p for a 20p mm-mr beam.5.5 Longitudinal Considerations and Emittance Projections5.5.1 Proton Acceleration and CoalescingProton acceleration and coalescing will be similar to the process in the Main Ring inprevious collider runs. Five to seven bunches containing 6·1010 protons ina0.2 eV-secemittancewillbeacceleratedtoflatop. Aflatopthebunches willbecoalescedintoasinglebunch of 27·1010 protons in a 1.5 to 2.0 eV-sec emittance.5.5.2 Antiproton AccelerationThe cooled antiproton bunches will be synchronously transferred from the Recycler toMain Injector in 2.5 MHz buckets, four bunches at a time for a total of nine transfers. The cooledantiprotons bunches will have a longitudinal emittance of 1.5 eV-sec and a typical intensity of60·109 particles per bunch.FollowingtransferfromtheRecycler,the2.5MHzvoltagewillbeadiabaticallyraisedfrom2kV(matchingvoltageforthetransfersfromtheRecycler)to60kV.Thentheantiprotonbuncheswillbeacceleratedthroughtransitiontoafront porch atabout25 GeV. Therethebunches willbetransferredtothe53MHzrfsystemasfollows: a) The 2.5 MHz voltage will drop from 60-6 kV in 0. 2 msec. b) Thebunches willberotatedat6 kVof 2.5 MHzfor 1/4of sync. period( about100msec).c)The2.5MHzvoltagewillberaisedagainto60kVin0.2msec. d) The bunches will be left to rotate for 1/4 of sync. period ( about 30 msec).e)The2.5voltagewillbeturnedoffandthebunches willbecapturedwith800 kVof 53MHz.Thewhole process of accelerationthrough transitionandtransfertothe53 MHzrf system hasbeensimulatedwithESME.Alongitudinalemittanceblowup of 25% is predictedwithno particlel o s s . 5.5.3 Antiproton DecelerationThe antiproton bunches that have been decelerated from 1 TeV to 150 GeV in the Tevatronwill be synchronously transferred to the Main Injector, four bunches at a time for a total of ninetransfers. The antiproton bunches in the Tevatron will have a typical intensity of 50·109 andalongitudinalemittancelessthan4eV-sec.

5.17 The pbar bunches will be decelerated to an energy close but above transition ( 23-25 GeV),using the 53 MHz rf system. At this point the antiproton bunches will be transferred from the 53MHz buckets to 2.5 MHz buckets. This transfer is necessary to reduce the momentum spread ofthe large longitudinal emittance antiproton bunches so that they don’t exceed the momentumaperture of the machine during transition crossing.The transfer from the 53 MHz to the 2.5 MHz buckets will be take place in four steps: a) Reduce first the 53 MHz voltage till the beam fills the bucket. b) Turn the 53 MHz voltage off and perform a 90 degree rotation with 60 kV of 2.5 MHzand 12 kV of 5.0 MHz. c) Go to a capture voltage of around 300 Volts of 2.5 MHz. d) Adiabatically raise the 2.5 MHz voltage to 60 kV. After the transfer to the 2.5 MHz rf, the antiproton bunches will be decelerated through transitionwith a dp/dt of 4 GeV/sec. The transition crossing of the antiproton bunches with 2.5 MHz hasbeen simulated with ESME. The simulations predict a 25% emittance growth but no particle loss.After transition the rate of deceleration will be reduced to about 1.7 GeV/sec so that the existing 2.5MHz system can continue to provide the required bucket area. At 8.9 GeV the Main Injector will transfer cog to the Recycler, and the 2.5 MHz voltagewill be adiabatically reduced until the bucket area equals the beam emittance. At this point theantiproton bunches will be synchronously transferred to the Recycler. The deceleration cycle willbe about 12 sec long.5.5.4 Transition CrossingA set of theoretical calculations has been performed to examine the transition crossing in theMain Injector with a proton bunch of longitudinal emittance of 0.5 eV-sec and intensity of2.7·1011particles-parametersapplicabletopreparationofcolliderprotonswithelectroncoolingintheRecyclerring. Electroncoolingwillnotbeavailablefor theearlypartof Run II, butitisinterestingtoconsiderthedemandsofthepotentiallysmallemittancebeamsthatcouldbeproducedby electroncooling. In theinitialstages of Run II, theTevatroncolliderproton bunches willbeformedby coalescing5 to7 bunches eachwith6 ·1010 protons ina0.2 eV-secemittance. Fourdifferenttransitioncrossingeffectswereexamined:Negativemassinstability,spacechargeeffects,microwaveinstabilityandnon-lineareffects.5.5.4.1 Negative Mass InstabilityThe critical coefficient c defined by W. Hardt (W. Hardt, "Gamma-transition scheme of theCPS", Proc. 9th Int. Conf. on High Energy Accelerators, Stanford 1974; also: " TransitionCrossing in the Fermilab Main Ring, Past and Present" I. Kourbanis, K.Y. Ng, Proc. of the 1993Particle Accelerator Conference, Washington , D.C., May 17-20, 1993) to give the negative massstability limit (unstable if c‡1) was calculated for the intensity above with different longitudinalemittances. The critical coefficient c is plotted as a function of longitudinal emittance in Figure 5.8.For emittances greater than 0.35 eV-sec it can be seen that c˚<˚1 (c~0.3 for 0.5 eV-sec) so thebeam is expected to be stable.

5.180123456781011 ppb and with different longitudinal emittances. The results of thecalculationares h o w n inFigure 5 . 9 , where thespacechargeparameteris plottedas afunctionof thelongitudinalemittance.Figure5.9showsthatforlongitudinalemittancesgreaterthan0.2eV-sec, ηo

<0.5, sospace charge is not expected to be important during the transition crossing.

5.1900.511.520.10.20.30.40.50.6Longitudinal Emittance (eV-sec)N=2.7E11ppb

Space Charge ParameterFigure 5.9. Space charge parameter

η0

versus longitudinal emittance.5.5.4.3 Microwave InstabilityThe threshold for microwave instability to occur at transition for a parabolic bunch distributionis given by (J. Wei):

ZnVhIs£ 3 8 0cos f q

[5.1]where V is the rf voltage at transition,

ϕ s

the synchronous angle, h the harmonic number,

θ0

thebunch length at transition (in radians) and I is the peak bunch current. Based on the formula above,the threshold Z/n for 2.7 x 1011 protons as afunctionof thebunch emittanceis plottedinFigure5 . 1 0 . For emittancesgreaterthan0.3 eV-secthethresholdZ/nfor themicrowaveinstabilityisgreaterthantheestimatedZ/nfortheMainInjector(lessthan3 W), so no microwave instability isexpected at transition.

5.20012345678eV-sec)Figure 5.10. Threshold impedance Z/n versus longitudinal emittance for 2.7·1011 ppb.5.5.4.4 Nonlinear EffectsNonlinear effects are expected to dominate the transition crossing in the Main Injector underthe conditions above. First the maximum Dp/p at transition for a bunch without space charge isplotted as a function of longitudinal emittance in Figure 5.11. In these calculations a transitioncrossing rate dg/dt of 255˚s-1 and a voltage at transition of 3.0 MV were assumed.

0.40.50.60.70.80.91

5.21As can be seen from Figure 5.11, for longitudinal emittances above 0.5 eV-sec, the peakexcursion in Dp/p at transition is approaching the momentum aperture and beam scraping mightoccur. Secondly the nonlinear time (the time

ΔΤ

that it takes the particle with the largestmomentum spread Dp/p to cross transition before the synchronous particle) was calculatedaccording to the formula:

TdppNL t» + · ·(/).a gg1 3 2

[5.2]where

α 1

is the Johnsen nonlinear coefficient in the momentum compaction factor, taken to beequal to 0.65 in this case, and

γt

is the transition gamma. The results of the calculation are plottedin Figure 5.12.

5.22most likely, the emittance growth will fall somewhere in between the two curves. Simulations areneeded to better understand the question of emittance growth in this case.

00.511.520.10.20.30.40.50.6Longitudinal Emittance (eV-sec)

Tnl > Tc

Tnl << Tc

Fractional Emittance Growth�Figure 5.13. Fractional emittance growth due to nonlinear effects at transition.A

γt

-jump of about 1.5 unit in 1 msec will decrease the nonlinear time by a factor of 6while the characteristic time will be reduced only by a factor of 1.8, so for a given longitudinalemittance the ratio Tnl/T c willbecomeafactorof threesmaller, minimizingtheemittancegrowthandtheparticleloss. Thegamma-tjumpis apossible upgradetotheMainInjectorprojectfollowinginitialoperationforRunII.5.5.4.5 ConclusionsThe following conclusions are reached concerning transition crossing of bunchescontaining 2.7 x 1011 protons in a bunch of area Sb = 0.5 eV-s.1. Stability against negative mass breakup requires Sb > 0.32 eV-s.2. Space charge focusing mismatch at transition is not serious for Sb > 0.2 and is a veryweak function of Sb for Sb > 0.4 eV-s.3. ThenominalmomentumacceptanceshouldsupportSb=0.6eV-s,butpotentiallossattransition becomes a consideration for Sb > 0.4.4. If Sb > 0.32 eV-s and Z||/n < 3 Ohm there should be no microwave instability.5. EmittancegrowthfromthenonlinearbunchtiltbecomesaseriousconsiderationforlargerHowever,thecoalescingprocessproposedfortheinitialportionof Run II should notsuffer fromthese effects in a serious way.

5.235.6 Impedance and instabilities5.6.1 Impedance budget and the microwave instabilityThe Main Injector is a high intensity proton synchrotron. In order to control beaminstabilities, it needs to be a low impedance machine. Components in the vacuum, rf, diagnosticand injection/extraction systems have been carefully analyzed, and computer models have beenbuilt. The following guidelines have been adopted in the machine design:• The bellows are to be shielded.• The flange gaps are to be shielded.• The gate valves are to be shielded.• The pump ports are to be screened.• The transitions are to be tapered.• The weldment gaps are to be minimized.• The dangerous higher order modes (HOM) of rf cavities are to be damped.• The kicker beam tubes will be coated• The Lambertson joints are being designed with care.There are two characteristic frequencies associated with the beam instabilities. One is thecutoff frequency of the TM01 mode of the elliptic beam tube (2"·5"), which is analyticallycalculable and is about 3.6 GHz. This gives an n (which is the ratio of the cutoff frequency to therevolution frequency) of 4·104 . Anotheris therms frequencyof thebunch spectrum(assumedGaussian), which is below 300 MHzandis morethananorder of magnitudesmallerthanthecutoff.Thisimpliesthatthebroad-bandimpedancemodelisapplicableintheanalysis.Thepreliminaryimpedancebudgetis listedinTable5 . 6 , where Z||/n is the longitudinalimpedance and Z^ the transverse one. The instability thresholds at injection and extraction are alsolisted. The ratio of the threshold to the budget, which is sometimes called the safety margin, mustbe greater than unity in order to avoid microwave instabilities.

5.24Table 5.6. Impedance BudgetComponentNumber ImpedanceZ||/nZ^RF cavities (HMO)0.090.023 Main cavities (53 MHz)18 Coalescing (2.5 MHz)5 Coalescing (5 MHz)1 2nd harmonic (106 MHz)1Transitions (tapered)0.0120.01 RF section10 Injection section2Bellows (shielded)5520.370.67Flange gaps (shielded)552--Weldments22080.0010.005Gate valves (shielded)340.040.05Pump ports (screened)5770.10.07Beam position monitors2080.180.3Kickers0.30.6 proton injection (2.27 m)3 pbar injection (2.24 m)2 pbar extraction (2.2 m)2 Abort (2.2 m)2Lambertson laminations0.10.3Lambertson joints0.30.1 Lambertson-quad12 Lambertson-Lambertson6 Lambertson-dipole tube10Resistive wall0.110.092Total1.62.2Instability threshold: At 8.9 GeV/c397.9 At 120 GeV/c8.016Specific attention is needed during the bunch coalescing at 150 GeV/c. In the process ofadiabatic debunching, the minimum bunch height is constrained by the machine impedance. For abunch full height of 12 MeV, the corresponding microwave instability threshold is Z||/n= 1.0 W,which is already smaller than the budget.Another critical stage during the cycle is the transition crossing at about 20 GeV/c, whenthe slip factor h tends to zero. Both analytical study and computer simulations have limited powerin predicting the instability threshold. From the experiences at other high intensity proton machines(e.g., AGS at Brookhaven and PS at CERN), particle losses and emittance dilution have strongdependence on the beam intensity. However, based partly on our Main Ring experience, we do notexpect the microwave instability at transition to seriously limit Main Injector performance in RunII.5.6.2 Chromaticity and slow head-tail instabilityThe chromaticity in the Main Injector comes from four different sources: quadrupoles,sextupoles, eddy current in the beam tube and dipole saturation. The chromaticity model can bedescribed as a summation of four terms:

5.25

x x x H V F D saturation S S dp dt GeV c s � Ł� � ł�= - - � Ł� � ł�+- - � Ł� � ł� � Ł� � ł�+- � Ł� � ł�^{( )} +

3365 3287

828901 182 443

00916 00859 . . . . . / /

[5.4]It is seen that the eddy current term has a ramp rate dependence. In order to have enoughroom for manipulating the chromaticities in both positive and negative directions, it is necessary tohave bipolar power supplies for the focusing sextupoles. (The defocusing sextupoles do not needto be bipolar.)The head-tail growth time is inversely proportional to Re Z^ ( wx ), therealpartof thetransverseimpedanceatthechromaticityfrequency, which is equaltoxwo/h . Table5.7 lists thegrowth time of the m=–1 mode at injection for different chromaticities.Table 5.7. Head-Tail Instability Growth Timex-33-20-10-5t (ms)26272217It will be possible to adjust the crhomaticity to be negative at injection and to avoid the instability.In addition, a damper will provide stabilization even if the chromaticity has the �wrong� sign.5.6.3 Resistive wall instabilityThe beam tube is made of 316L stainless steel. Its resistivity r is 7.4x10-7 W-m and itsthickness D is 1.5 mm. At low frequencies near woDn , where Dn is the fractional tune, the skindepth d is larger than the wall thickness. Therefore, the wall impedance is determined by thethickness.Assuming Dn = 0.4, the wall impedance would then be Z^ = ( 1 ˚ + ˚ j ) ˚ 1 9 ˚ M W/m. Itwould give a transverse coupled-bunch mode growth time t = 1.2 ms, which is about 100 turns.The actual growth time could be longer due to other factors (chromaticity, octupoles, etc.) asobserved in the Main Ring. The Main Injector damper system will suppress this instability.5.6.4 Coupled bunch instabilitiesBased on the preliminary higher-order mode (HOM) tables of the Main Injector rf cavities,the coupled bunch instability growth time is calculated and listed in Table 5.8.Table 5.8. Coupled Bunch Instability Growth TimeDirectionBunch Shape ModeGrowth Time (ms)8.9 GeV/c120 GeV/cLongitudinalm = 18.569m = 23386Transversem = 01900Lm = 1LL Note: The entry "L" means Landau-damped.The damper system should also be capable of damping these modes.5.6.5 Transient beam loadingThere are two transient beam loading effects that are of concern. One is the phasemodulation due to the gap in a bunch train. For 18 cavities, each having R/Q = 80 W and Q =

5.264500, the phase modulation of several cases is listed in Table 5.9. While these phase errors are nottoo serious, the Main Injector will have a beam loading compensation system to reduce theseeffects.Another effect is the instability driven by the fundamental mode (i.e., TM01) of rf cavitiesdue to detuning. Feedback will be used to stabilize this potentially unstable mode.Table 5.9. Phase Modulation from Transient Beam LoadingCaseVrf(MV)Io(mA)Gap( m s)PhaseModulationA. 8.9 GeV/c 6 batches0.384301.75.3ßB. 120 GeV/c 6 batches14301.74.9ßC. 8.9 GeV/c 1 batch0.38729.520ßD. 8.9 GeV/c 5 batches0.383583.39.9ß5.7 Damper requirements5.7.1 Transverse dampersThe damping process can be described as follows. Let us define a vector that representsthe amplitude and phase of the collective beam oscillation:

hbab= + +�Ł� �ł�x j x x '

[5.5]where a and b are the lattice functions. When a feedback system with gain g is applied, theamplitude |h| will be decreased. After N turns, we will have

hpnfpn( ) exp sin sinsinN g N No o= - + +( )( ) -�Ł� �ł�Ł� �ł�2 2 2 1 24 2

[5.6]in which |h| and fo aretheinitialamplitudeandphase, respectively,andn the betatron tune.Thus, the collective amplitude damps as an exponential with a characteristic period of 2/g turns, butthe exponential also has some minor wiggles. The transverse feedback systems in the MainInjector serve three different purposes that are described below.5.7.1.1 Correction of injection errors.If there is a position error xc atinjection,thedecoherenceduetochromaticityis describedby

Axc c= -( )

, where xc is thecentroidof theparticledistributioninabunch. Thedecoherencefactorcanbecalculatedby

5.27

AN p N p s s ( ) exp sin

= - - �Ł� �ł� ( ) Ø º Œ Œ ø ß œ œ � � � � � � 1 2^2 x sn pn

[5.7]in which x is the chromaticity, sp/p therms relativemomentumspread, ns thesynchrotron tune,andN the number of turns after injection. Table 5.10 lists the maximum value of A as a functionof x, which occurs when N = 1/2ns . Itis seenthat, for alargechromaticity,thedampingtimeoftheinjectiondampermustbeshorter thanhalfof thesynchrotron periodinorder toavoidanysignificantemittancedilutionduetodecoherence.Table 5.10. The Decoherence Factorx3320105Amax10.990.720.275.7.1.2 2. Damping of the resistive wall instability:Because this is a fast beam blowup, a feedback system with a large gain is needed. Themaximum bandwidth is determined by the batch separation. 5.7.1.3 3. Damping of the coupled-bunch instability:In order to be able to damp the coherent oscillation of each individual bunch, this feedbacksystem needs a wide bandwidth. It is planned to build two feedback systems in each transverseplane. System A has high power and medium bandwidth for correcting injection errors, whileSystem B has low power and wide bandwidth for damping the resistive wall and coupled-bunchinstabilities. The specifications are listed in Table 5.11.Table 5.11. Specifications of Transverse Feedback SystemsFeedback systemABPurpose(s)Injection errorsResistive wall instabilityCoupled bunch instabilityFeaturesHigh powerLow powerMedium gainLarge gainMedium bandwidthWide bandwidthGain0.040.1Damping time (turns)5020Correction (mm)– 3 – 0.3Kick angle (mrad)61.5Kicker length (m)1.41.4Kicker voltage (V/mm)160400Total voltage (V)– 480 – 120Kicker power (kW)50.3Bandwidth (MHz)453

5.28The simplest implementation of a feedback system consists of a pickup and a kicker, whichare (n+1/2)p apart in phase advance. But this simple scheme is sensitive to tune variations, closedorbit errors, and the initial phase of the bunch at the pickup/kicker.An improved version is as follows:1. Two pickups taken together determine both x and x’, thereby eliminating the sensitivityto initial phase and tune variations.2. Two-turn (or multiple-turn) measurement will reject the closed orbit signal.3. Two kickers, which can get rid of the initial phase dependence, will (in principle)provide almost exact orbit correction within one turn.A new transverse feedback system, which has both high power (6 kW) and wide bandwidth (53MHz), has been built for the Main Ring and will be used in the Main Injector.Another important consideration for dampers is the noise level of the system. This may notbe a problem for the Main Injector because of its short cycle time, but it is critical for any protonstorage ring. The consequence of noise in the feedback system is the possible emittance dilution.The emittance growth due to the feedback noise can be described by

dtfxo o Nxe e s n= �Ł� �ł� �064 2 2. D

[5.8]in which eo is the initial emittance, fotherevolutionfrequency,xNtheequivalentnoise levelatthepickup, sx the rms beam size, and Dn the total tune spread. It is interesting to notethathegrowthrateis independentof thegainandis proportionaltothesquare of thetunespread (which issomewhatcontrarytoone’sintuition).Thetheoreticallimitofthepickupresolutionduetothermaland electronic noise, Dx, is also calculable. In designing a feedback system, Dx must be smallerthan xN,whichisdeterminedbyaspecifiedallowablegrowthratede/dt.5.7.2 Longitudinal dampersPassive mode dampers will be used on the Main Injector cavities (which are being reusedfrom the Main Ring). In addition, phase feedback will be used as necessary to damp dipoleoscillations. Quadrupole feedback will be used for the m=0 mode.5.8 RF Systems and Beam Loading CompensationThe 18 existing 53 MHz Main Ring rf cavities will be installed in straight section MI-60and operated at harmonic number 588. The operating levels below transition are determined by aninterplay between cycle time, bucket area, and synchrotron frequency. Since the FMI mustaccelerate antiprotons as well as protons, a degree of simplicity and system flexibility will beachieved by placing the cavities at spacings that are multiples of one-half the rf wavelength. The180ß spacing of accelerating cavities will simplify the rf signal distribution (fan-out/fan-back)system as well as providing simpler choices for coalescing stations.A bucket area of at least 0.2˚eV˚sec is required to accept beam out of the Booster.Historically, it has been necessary to keep the synchrotron frequency in the Main Ring below 720Hz to avoid resonance with power supply ripple at the twelfth harmonic of the line frequency. Therf system has the capability of generating enough voltage at injection to produce a 1.0˚eV˚secbucket area at injection, where the limit of 150 kV per cavity is set by the tendency of the tuners tospark because they are close to parallel resonance. In this mode the synchrotron frequency lies wellabove 720 Hz at injection and descends rapidly, crossing 720 Hz when the beam energy is about

5.2915 GeV. At the frequency for transition energy the cavities are capable of producing 240 kV each,so that 4.0 MV are available even with one cavity inoperative. If the rf system has more than a 50%duty factor, it is not possible to maintain the 4 MV level all the way to top energy because of cavityheating. Operational experience will dictate the exact ramp scenario that is used.One limitation of the existing Main Ring rf system is the power that it can deliver. Thepresent requirements are 70 kW per cavity with the increased beam intensity provided by the Linacupgrade. The FMI will require 112 kW for accelerating the full intensity at 240 GeV/sec, which isexcessive for rf amplifier reliability using the present Main Ring rf system. Provision in theoriginal cavity design allowed for a second amplifier to be installed on the cavity. This choice,while possible, places additional amplifier components in the enclosure, thus increasingmaintenance. To overcome this limitation, a new 200 kW power amplifier is placed in the tunnelwith a 4 kW rf driver and 30 kV series tube modulator in the equipment gallery. R&Ddevelopment of a 200 kW rf power amplifier and a 4 kW driver has been completed. Tevatronstyle 500 volt programmable grid and screen supplies are used for dc biasing. Rf drive is beprovided by a solid-state 4 kW rf driver coupled to the final tube cathode.More than 200 kW of output power has been achieved with the new amplifiers. Reliabilitytesting is being done in a test station and in an active accelerating station in the Main Ring rfSystem. Operation in a Main Ring Station since May 15, 1994 without failure, has given usencouragement that the design is sound.The transient beam loading from 6x1010 protons perbunch willrequireabout1.25 ampdeliveredtothecavities,suppliedby15A(12:1cavitystep-upratio)ofrf currentgeneratedby thepoweramplifier.A200kWrfpoweramplifieroperatedatadcplatevoltageof20kVwillproduceapeakrf currentof approximately21 A. The40% surplus initialcurrentcapabilitywillinsureadequateoperatinglifetimeasthepowertubeages.In thepresentMainAcceleratorf systems, two 30 kVanodepower supplies providedcpower to 18 rf stations. Nine stations are powered by each anode supply. With 200 kW amplifiers,onlysix stationscanbepowered by aMRanodesupply. Oneadditionalanodesupply willbeprovided.ThetwoexistingMRanodesupplieswillberebuiltattheMI-60locationwhen theMainRingis decommissioned. Designimprovementsproven toincreasereliabilityinasimilarsupplyused intheTevatronrf systems willbeimplemented.ThiswillmaketheMainInjectoranodesuppliessimilartotheTevatronsupply.Uniformityofthesystemswillbotheasemaintenanceandprovideconsistentsafetyrequirementsinthetwosystems.TheFMIwillusethe2.5 and5.0 MHzcoalescingcavitiesfromtheMainRingtoprepareintensebunchesforcolliderloading;nosignificantmodificationsarerequired.Thesystem consistsof five2.5 MHzferriteloadedcavitiesproducing12 kVpercavityandone5.0 MHzcavityproducing15kV.Thesecavitiesaredrivenwithsolidstateamplifierswhich willbelocatedintheMI-60ServiceBuilding.Becausetheharmonicnumberfor2.5MHzis28intheFMIcomparedtoitsMainRingvalueof53,thesystemwillprovide1.4timesthebucketheightavailableintheMainRing.Forlongitudinalemittanceof0.15eVs, about30 kVof 2.5 MHzrf is required, so thereissubstantialreserveinthissystem.TheFMIwillalsousea15 kV, 106 MHzcavityfromtheMainRing.Itisusedtolinearizethe53MHzbunchrotationintheprocedurecalledsnapcoalescing.ThefouroperatingmodesoftheMainInjectorarelistedbelow.

5.30Table 5.12. Operating Modes of the Main Injector.EnergyModeBeamExtraction120 GeVAntiproton Production1 batch1 turn120 GeVSlow Spill6 batch1 sec150 GeVTevatron Fixed Target6 batch1 turn150 GeVCollider, 36 on 3611 bunch1 turnFor antiproton production and fixed target operation, the compensation is designed for anintensity of 6x1010 per bunch with a ramp rate of 240 GeV/sec. The maximumintensitythatcouldbeacceleratedatthisrampratewithoutrunning intoinstabilitiesis notmuchlarger, perhaps7 x 1 0 10 . Themostcriticalbeamloadingcompensationis necessaryfor snap coalescingtwelvebatches of protons at 150 GeV.5.9 Intensity and Transmission EfficiencyThe Fermilab Main Injector is designed to have a much larger aperture, greater than 40pmm-mr normalized at 8 GeV, compared to the Main Ring aperture of 12p mm-mr. The Main Ringaperture, both transverse and longitudinal, limits the performance of the Fermilab Tevatroncomplex. The Main Ring is not capable of efficiently accelerating the full intensity that will beavailable from the Booster, namely 6·1010 protons/bunch. TheMainRingis used inthreedifferentmodes:1) proton accelerationfrom8 GeVto120 GeVfor antiprotonproduction;2)protonaccelerationfrom8GeVto150GeV,coalescingandcoggingforTevatroninjection;and3)antiprotonaccelerationfrom8GeVto150GeV,coalescingandcoggingforTevatroninjection. InthefirsttwomodestheMainRingacceptsbeamfromtheBooster, andinthethirdmodefromtheAntiprotonSource. In allof thesemodes thebeamintensityis limitedby theadmittanceof theMainRing,andfurthermore,theMainRinghasnotransverseapertureleftforanymotioninorbit.In theantiprotonproductionmodetheBooster runs with84 bunches of about4 . 5 x 1 0 10protons each. Main Ring delivers only about 3.5x1010 protons/bunch to the antiproton productiontarget, with an efficiency of less than 80%. Figure 5.14 shows the efficiency of proton transferthrough the Main Ring for different Main Ring cycles. In the Main Ring about 10% of particles getlost in the first few thousand turns. This loss is mainly caused by the small aperture of the MainRing at injection. The small aperture is caused by a combination of poor magnetic field quality atlow excitation and perturbations to the ring that have been required for the integration ofoverpasses and new injection and extraction systems. The second considerable loss of particles inthe Main Ring, about 10%, is at transition energy. At transition the growing beam size alsoscrapes on the limited aperture of the Main Ring. Figure 5.14 also shows the transfer efficienciesfor the other two cycles of the Main Ring operation, which are used to fill the Tevatron for collideroperations. As in the antiproton production cycle, these two cycles have losses of particles frominjection to transition energy. The total loss is about 20%. A few percent (<3%) of particles getlost between 20 GeV and 150 GeV. Due to the limited momentum aperture of the Main Ring, theproton loss during cogging and coalescing is about 25%. The average transmission through theMain Ring during antiproton production cycles is at best 80%, whereas the average transmissionsof coalesced proton and antiproton bunches are 50% and 70% respectively. The antiprotontransmission is larger due to the smaller emittance of the antiproton beam from the Accumulator.

5.31

0.0 50.0 100.0 150.0 Main Ring Energy (GeV)

40.0

60.0

80.0

100.0

Efficiency (%)

Pbar Production cycle Proton Transfer to TeV Pbar Transfer to TeV

Figure 5.14. Main Ring transmission efficiencies for different particle transfer cycles.In the Main Injector era, the Booster proton emittance is expected to be about 18p mm-mrfor 6x1010 protons/bunch. TheMainInjector, withanaperturemorethanthreetimeslargerthantheMainRing, willeliminatemostof thelosses currentlycausedby theaperturerestrictionsatinjection.Anylossduetosmallinjectionoscillationswillalsobereduced. Figure 5.15 shows theexpectedparticletransmission for differentMainInjectorcycles. Duetomuchlargertransverseadmittanceof theMainInjector, theexpectedloss frominjectiontotransitionenergyis less than5%. TheMainInjectoris designedtohavelargermomentumaperture;henceloss of particlesatcoggingandcoalescingis expectedtobemuchsmallerthanintheMainRing. Aconservativeestimateof theselosses is less than5%. Theaveragetransmission through MainInjectorduringantiprotonproductioncyclesis expectedtobe95%. Theaveragetransmission efficienciesofcoalescedprotonandantiprotonbunchesareexpectedtobe85%and90% respectively. TheMainInjectoris designedtoexceedtheRun II requirementsof 2 . 7 x 1 0 11 protons/bunch and5 . 5 x 1 0 10antiproton/bunch delivered to the Tevatron.

5.32

0.0 50.0 100.0 150.0 Main Injector Energy (GeV)

40.0

60.0

80.0

100.0

Efficiency (%)

Pbar Production cycle Proton Transfer to TeV Pbar Transfer to TeV

Figure 5.15. Expected Main Injector transmission efficiencies for different particle transfer cycles.5.10 Resonant ExtractionThe Main Injector slow extraction system is designed to be capable of providing year-round, uniform spills of 120 GeV beams, either with a 2.9 s cycle time and 1 s flattop, or with a1.9 s cycle time and ~1 ms spill for neutrino experiments. The following sections outline theprinciple of slow spill through excitation of the half-integer resonance, and description of thehardware required. More detail is provided in the TDH on results from numerical simulation of theextraction process, and on spill modulation and duty factor considerations.5.10.1 Half-Integer Resonant ExtractionThe half-integer resonance is a linear resonance that can be induced solely by a quadrupolefield. In that case, the beam is either entirely stable or entirely unstable, if tune spread resultingfrom chromaticity and momentum spread is ignored. With the addition of an octupole field,however, an amplitude-dependent tune spread is introduced into the beam (Dn ~ x2).Particleswithlargebetatronamplitudeshavetunes closertothehalf-integerthanthose of smallamplitude.Consequently, the phase spacesplits intostableandunstableregions, therebyprovidingameansfor manipulatingtheextractionratethrough controlof thestableareainphase space. RecycledMainRingoctupolesdistributedaround theringon the0th-harmonicprovidethenon-lineartuneshift, whiletwo orthogonalfamiliesof MainRingtrimquads distributedon the53rd-harmonicprovidethehalf-integerdrivingterm. Onequadrupolefamilyaloneproduces thedesireddriving

5.33term for extraction, while both families are available for correcting the intrinsic half-integer stop-band of the machine.Slow extraction from the Main Injector proceeds basically as follows. The horizontal tuneis raised towards the half-integer from nx = 26.425 to26.485 using themainquadrupolecircuits.Thedesiredorientationof thephase-spaceattheextractionseptais obtainedby energizingtheappropriate53rd-harmonicquadrupolecircuitplus the0th-harmonicoctupoles. Thestrengths oftheharmonicelementsarechosensuchthatthestablephase-spaceareaequalstheemittanceof thecirculatingbeam.Thebeamisjustmarginallystable,therefore,attheendoftheinitialramp.Extractionbeginsbyfurtherrampingtheharmonicquadrupolestoincreasethewidthof thehalf-integerstop-bandandstartthestop-bandmovingthroughthebeam. Smallamplitudeparticles(lowertune)remainstable,withtheirmotioninphase-spaceoscillatingbetweenthe’ f i x e d ’ pointson successive turns. Asthestablephase-spaceregionshrinks, largeamplitudeparticlesenterthestop-bandandbecomeunstable,withtheiramplitudethengrowingexponentiallyfromturntot u r n . Theunstableparticlesstreamoutalongtheseparatrices untiltheyultimatelyjumpacross (or hit)thewires of theelectrostaticseptaandentertheextractionchannel. Thekicksuppliedby theelectrostaticseptaprovides sufficientseparationbetweenextractedandcirculatingbeamsthatmagneticseptaareusedforthefinalextractionfromthemachine.5.10.2 Extraction ElementsThere are five major components of the resonant extraction system:1. magnetic and electrostatic extraction septa;2. one family of 0th-harmonic octupoles;3. two families (cosine and sine) of 53rd-harmonic quadrupoles;4. low frequency extraction regulation quadrupoles (QXR), and;5. high frequency spill modulation regulation quadrupoles (Buckers).The extraction septa are located in straight section MI-52 for extraction to Switchyard and thepresent experimental areas beyond. This region must accommodate extraction of 120 GeV/c slow-spill protons and single-turn extraction of 120 and 150 GeV/c protons. The Lambertson magneticsepta and C-magnets are common to all beam transfers. There is sufficient phase advance in thestraight section that both the extraction kicker magnets and electrostatic septa can be placed at theupstream end of the straight section. Separation between extracted and circulating beams isprovided by three electrostatic septum modules located immediately downstream of the kickers,and 70.1ß in betatron phase upstream of the entrance to the first Lambertson. Each septum has awire plane length of 3.048˚m. The high voltage gap is 10 mm, with the anode consisting of 0.1mm tungsten-rhenium wires. The septa are designed to produce 200 mr of kick each at an appliedvoltage gradient of 79 kV/cm. Additional septa and Lambertsons are required in MI-60 forextracting to NUMI. Due to the presence of the rf cavities in the MI-60 straight section, theelectrostatic septa will be located ~3p/2 in phase advance ahead of the first Lambertson magnet.The 0th-harmonic octupole circuit is required to serve two functions. During resonantextraction it augments the (large) octupole component of the main quadrupoles to produce theappropriate stable and unstable phase-space regions. At injection, however, the octupole fieldgenerated by the main quads has a degrading effect on dynamic aperture. The harmonic octupolesin this case are used to cancel this detuning effect. The Main Injector has a single family of 54octupoles - one at each focusing sextupole location. All octupoles are the same polarity, producinga 0th-harmonic contribution. The two-fold symmetry of the Injector ensures that half-integerdriving terms cancel, and quarter-integer harmonics are found to be small.

5.34The number of harmonic quadrupoles is determined by the strength required to raise thefractional horizontal tune from 0.485 to 0.500 at 120 GeV/c. With bx ~50 matthequadrupolelocations,thetotalstrengthrequiredis~15kG-m/m.ForMainRingtrimquads thistranslatesinto8 quadrupoles operatingat~7A. In theMainInjector16 quadrupoles areutilized.Thesearedistributedaroundthering,separatedintotwoorthogonalfamilies(cosineandsine)of eightquadseach.Withineachfamily0th-harmoniccontributionscancelbecausethereareequalnumbers of FandDquads. The53rd-harmonicis retainedby separatingoppositepolarityquads by oddmultiplesof90ßinbetatronphase.Theorthogonalityofthefamiliesprovidesthecapabilitybothtocanceltheintrinsichalf-integerstop-band of themachineandtomanipulatetheorientationof thephase-spaceattheseptaifnecessaryforextractioneitheratMI-52oratMI-60.Quadrupoleerrors intheringpropagateattwicethetuneandcontributeanadditional(unwanted)half-integerdrivingterm.Theintrinsichalf-integerstop-bandis measuredby rampingthetwo orthogonalfamiliesindependentlythrough positiveandnegativecurrentvaluestoattainresonance. In theabsenceof dynamicnon-linearitiesthefour resonantcurrentvalueslieon thecircumferenceofacircle.Thecirclecenterdefinesthestop-band widthandphase and, therefore,theharmonicquadcurrentsnecessarytocancelit. Thestop-band compensationis requiredtoreducethelargevariationsintheMainInjectorlatticefunctions. ThemaximumDb/b is reducedfrom 76% to 6%, and the rms deviation from 41% to just 3%. To a good approximation the designlattice is obtained.5.10.3 Spill Regulation ElementsThe spill regulation for extraction system can be divided functionally into two bandwidths.1. A low bandwidth (dc to ~10 Hz) system, commonly called QXR, or quadrupoleextraction regulation system, consists of two air-core quadrupoles, which may be configured eitheras a 0th-harmonic or as a 53rd-harmonic. Further analysis is being done to determine which modeis preferred. QXR is used to control the rate at which the beam is extracted. The system isregulated with feed-forward by monitoring the circulating beam intensity during slow extraction.On each machine cycle, the spill rate is sampled at 720 Hz, and compared to the desired spill rate.The error is saved, smoothed and time-shifted, and the current wave form for the next cycle ismodified based on an average over many previous cycles.2. A higher bandwidth (0.1 Hz to 3 kHz) system consists of two air-core, 0th-harmonicquadrupoles powered in series, mounted on ceramic beam pipe. These are commonly referred toas �buckers.� By sampling the extracted beam intensity at 5760 Hz and through feed-forward tothe buckers, higher-frequency repetitive spill modulation is removed. Real-time feedback is alsoapplied, limited in bandwidth to a few hundred Hz due to the time delay between a change inquadrupole current and the beam response. Simulations have demonstrated that this system cancompensate for 100 ppm ripple at 360 Hz in the main quadrupole bus, corresponding to tunemodulation of Dn ~ – 0.003. Ripple in the main quadrupole bus could also be compensated byfeeding back directly into the bucker system.The 12-year-old Tevatron extraction regulation systems was recently redesigned usingmodern technology. Much of the Tevatron extraction system, especially in the area of softwareand controls, will be carried over directly to the Main Injector QXR system.

1 M.J. Syphers, "Injection Mismatch and Phase Space Dilution", FN-458, 1987.2 The Fermilab Main Injector Technical Design Handbook, Section: 2.4, 1994.