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A rapid change of the chromaticities and tunes during the start of the ramp from injection to collision could be a partial cause of beam loss during the ramp in the Tevatron collider, currently in its run-II stage. Recently a dedicated effort was launched to investigate if the transient tune and chromaticity effects can be understood in terms of incomplete compensation of the dynamic effects in Tevatron magnets. As part of this effort, the possibility of using a reference magnet system for the Tevatron is being discussed. This note aims at providing an approximate cost-estimate for the design and construction of a reference magnet system for the Tevatron. It is hoped that this cost estimate will be a useful contribution to the discussion about the possibility of a reference magnet system for the Tevatron.  
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1 Introduction

Serious beam loss issues in the Tevatron have raised concerns that the dynamic properties of the magnetic fields in the Tevatron magnets are not well controlled during the ramp to collision. Recently a DOE appointed Tevatron review explicitly recommended a reference magnet system, as a possible diagnostics tool to aide the Tevatron to higher luminosity [1]. Other superconducting machines, such as HERA and the planned LHC have or will have such systems. A reference magnet system is a series of (representative) dipole and/or quadrupole magnets in series with the ring bus and equipped with magnetic measurement devices to determine the momentary magnetic field profile in the ring. These online measurements are then fed back into the accelerator control system to prepare the machine in the right state of chromaticity and tune at any time. Past experience in HERA has shown that, together with some beam based fine-tuning, such a system can be successfully used in the accelerator operation. The following note aims at cost estimating a reference magnet system for the Tevatron. First, the reference magnet systems for HERA and LHC will be reviewed. A tentative design of a reference magnet system for the Tevatron is presented in chapter 3. Chapter 4 discusses an approximate cost estimate for the presented design. Finally chapter 5 discusses possible alternatives to a reference magnet system as well as reviews the recent discussion of the pros and cons of such a system.

2 Reference Magnet Systems in Practice

2.1 The HERA Reference Magnet System

The HERA proton-electron collider was commissioned in 1991. The 920 GeV proton ring uses superconducting magnets with a design that is very similar to the Tevatron magnets. Some of the noteworthy design differences are that: -1- HERA magnets use a cold yoke design, -2- HERA coils include wedges and –3- in HERA the superconducting corrector magnets are nested within the main dipole cold-mass. HERA was the first large superconducting storage ring built after the Tevatron and therefore included provisions to compensate for the dynamic effects in magnets, which were discovered in the Tevatron. Depending on the powering history of the magnet, the drift in the multipoles in the fields in the main magnets during injection, vary from case to case. It is believed today that the multipole drifts are caused by slowly decaying eddy currents, such as BICCs, [2], that generate local field changes at the superconducting filaments inducing time dependent changes of the filament magnetization, [3], [4]. In the course of the HERA magnet development important discoveries were made, allowing for significant progress in the understanding of dynamic effects in superconducting magnets [5]. The HERA design team decided early on in the project to install a reference magnet system as a diagnostics tool for machine operation. The magnetic fields are measured on-line in a set of reference magnets (Figure 1) that are powered in series with the ring magnets [6]. There are two
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Figure 1:HERA reference magnet system in hall B.
reference magnets to represent the two classes of magnets, wound from superconducting cable produced by two different manufacturers. The two magnet types clearly show different characteristics in their dynamic effects. The reference magnets are equipped with NMR and rotating coil probes to measure the dipole and sextupole field components. A change of injection field, for example due to the decay of the persistent current magnetization, is detected by the NMR system and corrected by a corresponding increase in the horizontal orbit correction coils in the ring. The chromaticity of the machine is indirectly measured by the rotating coil probe in the reference magnets. Changes of the sextupole contribution due to persistent-current decay, hysteresis or re-induction are thus detected. The on line sextupole field measurements is obtained with rotating Morgan coils (3, 20 cm long, tangential coils connected in series to eliminate the dipole component, rotating at 5 Hz). The sextupole signal is extracted from the coil voltage with the lock-in technique and two (averaged) readings per second are sent via GPIB to the accelerator control system. The lock-in technique was preferred rather than fast-Fourier-transform (FFT) of “bucked” data because it is independent of errors in dipole field measurement and FFT was considered too slow in the mid-80s. Today FFT would be the technique of choice. The dipole field is measured with 3 NMR probe systems, one for 3 separate field ranges. The NMR probes are 5 mm diameter, 2 cm long, rubber cylinders. Each probe system consists of two probes placed at half a cable twist pitch to eliminate the longitudinal field variation within the magnet. It has to be noted that the HERA machine has a large dynamic range of 23, injecting at a very low energy of 40 GeV (The Tevatron injection energy is 150 GeV). Furthermore the HERA magnets use superconducting NbTi filaments with ~14 µm diameter, almost twice as large as the filaments in the Tevatron strands. For these two reasons the hysteretic injection sextupole (and the other, higher, allowed multipoles) are much larger than in the Tevatron. Typically the overall HERA (hysteretic) sextupole at injection is –32.5 units (which corresponds to ~275 units of chromaticity) [7]. Also the dynamic effects are typically twice larger (i.e. the drift amplitudes) than in the Tevatron magnets. The HERA operations cycle, which involves feed-back from the reference magnet system, consists of: -1- a ~45 min pre-cycle without beam to flattop to homogenize magnetization in magnets, e.g. after quenches (further issue: magnetic effect of corrector package), -2- injection of “pilot bunches” to measure tunes, chromaticities and momentum-error, -3- if required, manual setting of tunes (Qx,y~30), chromaticity (3(1 units) and dipole correction (B0<0.1 G), –4- injection of 3 proton batches a 60 bunches at 40 GeV, taking approximately ~30 min, -5- during injection continuous feedback compensation of b0 (using NMR data from reference magnet) and b2 (using rotating coil measurement from reference magnet). –6- start of ramp, slow snapback (~2 minutes) with continuous correction of fast changing b0 (NMR) and b2 (coils) as measured in reference magnets, –7- slow ramp to 920 GeV ~ 30 min, incl. stop points at 70, 150, 300 and 680 GeV to switch accelerator control cards for lattice changes and allow for manual regulation of tunes and chromaticities (drift and snapback are also compensated at the stop-points);

The entire cycle from the start of the pre-cycle to collision takes approximately 2 hrs (see Figure 2). The slow ramp is an essential requirement to allow for online feed-back on the chromaticity and beam energy from the reference magnet measurements. Also note that the HERA machine, despite of its reference magnet system, applies a “dry” pre-cycle before injecting beam. Figure 3 shows an example of the reference magnet system signals during the injection porch.

In general the HERA reference magnet system is considered to be a useful tool in the accelerator operations. There are, however, some issues: First the magnetic measurement systems had to be perfected over several years in order to achieve reliable performance. The rotating coils measurement system for example used data transmission through sliding contacts, which were strongly affected by tear and wear and had to be replaced regularly, causing long down times of the reference magnet system. The system was ultimately replaced by a wireless data transmission system used in the automobile industry. Nowadays the routine maintenance interval for the rotating coil system is one year. Today it is the NMR system that causes most of the problems, because of its sensitivity to warm bore vibration and field non-uniformities resulting in signal to noise ratio issues. Also, according to [9], the machine is known well enough nowadays, that it could be, given that it is operated in standard mode, operated without reference magnets and on the basis of tabulated corrector profiles such as the Tevatron.
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Figure 2: HERA cycling profile.
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Figure 3: Plot of online magnetic measurement (in 2 reference magnets) and sextupole corrector current during injection and ramp to collision (courtesy of B. Holzer, DESY).

2.2 The LHC Reference Magnet System

A reference magnet system is also planned for the support of the operation of the LHC, projected to come online in 2007. The current plan for LHC operations foresees the use of a pre-cycle, using a standard ramp profile (20 min ramp at 10 A/sec), a short flat-top 
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Figure 4: LHC magnet test benches, which will be used later for the reference magnet system.

(5-30 min flat-top) and a magnetization reset at flat-bottom (at a field-level ~Binj/2). The reference magnet system will consist of 4-6 reference magnets, equipped with 3 Hz rotating coils and Hall probe arrays to measure main fields as well as sextupole and decapole components. The signal processing will use digital FFT. The ramp from injection will be very slow, stretching the snapback to ~2 min (~100 mA/sec ramp with controller accuracy of 1 mA). The snapback in the LHC occurs within ~15-30 A (10-20 mT). The LHC team hopes that a combination of the scaling derived from the series test sample and the online b2 measurement in the reference magnet will give a good knowledge of the multipoles during drift and snapback, [10]. The projected target accuracy is ~80%. Furthermore it is hoped that the need for the reference magnet system can be eliminated with time and operating experience.

3 Design for a Tevatron Reference Magnet System

The tentative design of a reference magnet system presented here is inspired mostly by the system used in HERA. Some of the latest developments in magnetic measurement technology, such as Hall-probe arrays developed by CERN or 10 Hz rotating coil systems in development at Fermilab, have been taken into account. The cost estimate presented in chapter 4 is based on a system using this particular reference magnet system layout. The design chosen here is conservative and it will lead to the sought results. Alternative schemes, which might cost less (but which cannot guarantee success at this point) are briefly mentioned in chapter 5.

The basic philosophy of the reference magnet system presented here is that it measures the main field and the other field harmonics in magnets, which are conveniently placed outside the ring to allow easy access and which are powered in synchronicity with the ring magnets. The modular test-benches are modeled after the existing Tevatron magnet test-bench at Fermilab’s Tech-division. The magnetic measurements use state of the art devices which are also used in the HERA reference magnet system. The cost tables for the reference magnet system as described here is given in chapter 4. Possible issues and problems related to the system described in the following are discussed in chapter 5. 

3.1 The Reference Magnet Principle

Fig.4 shows a sketch of the reference magnet principle. A variety of magnetic measurement systems is introduced into a warm bore that is mounted into the aperture of a “typical” Tevatron magnet. The magnets would most likely be chosen from the Tevatron magnet spare pool. The magnetic measurement systems are typically based on rotating coils, NMR- and/or Hall-probe arrays. The aperture of the Tevatron magnet is ~76 mm. The warm bore aperture is ~50 mm at best. The reference radius at which magnetic fields are quoted for the Tevatron is 25.4 mm. Given the warm bore restrictions no probe system can measure the fields at the Tevatron reference radius (the radius at which magnetic fields are quoted). Therefore the measurement systems typically explore
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the fields at a radius of ~ 20 mm and the results are extrapolated to the reference radius. It is proposed to equip the reference magnet system with 2 dipole and 1 quadrupole magnets. The second dipole magnet allows smooth transfer from one measurement system to the other in the case of problems and/or allows to place NMR and rotating coil systems in different magnets to reduce mechanical interference (e.g via vibration). As a first approximation the assumption is made that one of the dipoles carries a full-length rotating coil system for the measurement of all harmonics. The second dipole carries the NMR system for the precision measurement of b0 as well as optionally a Hall-plate system for a second, independent and faster sextupole measurement. The quadrupole magnet also carries a full length rotating coil system. The reference magnets are powered in synchronicity with the ring magnets (via a link signal between the Tevatron and the reference magnet power supplies), such as to have the same powering history. A possible alternative to this solution, in which the reference magnets are powered in series with the Tevatron ring was not considered in the context of this cost estimate, because it is feared that the work associated with routing the leads out and back to the ring would interfere excessively with Tevatron operations. The cost of both solutions (separate PS and no lead, no PS but leads) is believed to be comparable. The cryogenic supply of the reference magnet string is modeled after the Tevatron cryo-system, with one part of the liquid helium provided by the main liquefier plant (CHL), and the remainder being supplied by a local satellite refrigerator.

3.2 Reference Magnet Lab

The reference magnet lab is a surface building containing the array of reference magnets together with the equipment and facilities required to run the magnets and the online magnetic measurements. Fig. 6 shows a possible layout for the reference magnet lab. The building should have space for three magnet stands, maneuvering space, the power supply, a control-room, offices, restrooms, work-benches, storage space, electronic 
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crates, an external pumping and compressor station, cryo-lines and a cryo annex containing a refrigerator and a sub-cooler (including a LN tank). The estimated foot-print is ~16(18.5 m (~300 m2 = ~3000 sqf), not including external additions (such as parking space). The building should also be ~ 6 m (20’) high in order to accommodate a 15 ton crane. It is not clear whether one should use an (or a part of an) existing building (and which building). There is a brief discussion of possible building locations in the context of the cryo system (chapter 3.3). It is, however, not necessarily the cheapest option to refurbish and adapt an existing building. Often refurbishing is as costly as building a new structure.

3.3 Magnet Test Stand – Cryo-System

Figure 7 shows a layout of the Tevatron cryo test stand in the Tech-division magnet test facility. The cryo-circuit is an exact copy, but in miniaturized form, of the cryo-system in the Tevatron. Single-phase, pressurized liquid helium at ~3.5-4.5 K is supplied at a rate of ~20 g/sec to the magnet coils. The helium is supplied partly (2-3 g/sec) by the Central Helium Liquefier (CHL) and by a satellite refrigerator. In the case of the Tevatron, CHL provides ~ 5 g/s of 5 K pressurized, single phase LHe to each of the 48 magnet strings. Separate satellite liquefiers (~1kW @ 5 K), one per house (of which there are 24), supply the additional ~10 g/s helium required. 

The 5 K, single-phase helium is at ~2.2 bar. It is sub-cooled prior to entering the magnet in a sub-cooler to achieve lower temperature. The sub-cool temperature determines the efficiency of the JT valve expansion in a later stage of the process and is therefore of prime importance. The subcooler is essentially a tank that contains the colder, two-phase liquid emerging from the magnet and a heat exchanger containing the incoming 5 K liquid. A cold pump reduces the pressure in the subcooler, therefore allowing to reduce further the temperature (e.g. to 3.5 K at 0.5 bar). The pump also drives the flow of two-phase helium out of the expansion valve.

The sub-cooled liquid enters the magnet via a feed-box. At the other end of the magnet is the return-box. The return box re-circulates the single phase helium, expanding it in a JT expansion valve and cooling it to ~4 K or less. Since all magnets in the reference magnet system are part of the same cryo-circuit, there is only one feed-box with JT valve in the circuit. This feed-box is referred to as “type-1” in the following. Within the circuits the feed-boxes are essentially connecting the magnets, which, to allow access to the warm-bore, have to be placed side-by-side. The simpler return box is referred to as “type-2” in the following. 

The boiling, two-phase liquid is re-injected into the magnet cold mass after expansion in the JT valve in the final return box. The cold 2-phase mixture is routed back through the magnets to the sub-cooler. In the magnets it runs through an annular gap between two steel pipes outside of the inner, single-phase circuit. The inner pipe of the 2-phase flow shield is in good thermal contact with the single-phase circuit. This technique allows to obtain more uniform temperatures along the magnet string, since the cooling provided by the counter-flow two-phase is strongest toward the end of the string, where the single phase flow has accumulated all the heat load in the string. The two-phase flow it is then 
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Figure 7: Typical Tevatron magnet test stand, including warm bore for magnetic measurements.

routed out through the feed-box to the sub-cooler. A cold-pump reduces the pressure in the sub-cooler allowing reaching a temperature of e.g. 3.5 K (0.5 bar). The sub-cooler/cold-pump systems (as well as the flow supplied by CHL) have to be designed such as to have the capacity to cool the additional heat-load introduced by the warm-bore (~ 1W/m). The cold liquid-vapor mixture that leaves the pump is used to pre-cool helium gas in the satellite refrigerator and sent back to sent back to CHL as room temperature gas.

There are 2+2 temperature sensors (incl. redundancy) at the single-phase and 2-phase in/outlets in each stand. A similar amount of pressure sensors is distributed over mostly the entry and exit from the 3 magnet string. Furthermore lead-flows and magnet current are continuously monitored. The magnet quench protection circuit (dump-resistor, thyristor-high-current-switch, strip- and -spot quench heaters, voltage taps, quench detection electronics) is another diagnostic intensive sub-system. 

The cost associated with this system will be described in chapter 4.3. The option of using a new satellite refrigerator has not been considered, given that there might be available refrigerators on site. The need to use an existing satellite refrigerator effectively sets a restriction regarding the location of the reference magnet lab. Available refrigerators have been located at ER (F0) and the switchyard (but this has not been discussed in detail with the BD cryo-department). These options are also close to the CHL-Tevatron helium pipeline, another site-related constraint for the reference magnet lab. There has been no further discussion with the cryo-department regarding the availability of these refrigerators. Note that maintenance and operation of the refrigerator are very costly tasks. The cryo-system diagnostics and control is also a massive piece of equipment that includes temperature-, pressure-, level- and flow- diagnostics in magnets, feed- and return-boxes, cryo lines, pumping lines and the sub-cooler. 

Also the gas return lines to CHL require flow, pressure and temperature measurements. Some of the cryo-system diagnostics have been included in the stand control system (discussed in further detail in chapter 3.7). No helium gas buffers were taken into account in the cost-estimate presented here.

3.4 Magnet Test Stand – Magnetic Measurement Systems

The main components of the magnetic measurement system are the warm bore, the measurement probes and the data acquisition system (hardware and software). The following discusses the components proposed for a Tevatron reference magnet measurement system. The magnetic measurement systems discussed are: rotating coil systems (most common, well known at Fermilab’s MTF), NMR systems (very accurate, to measure main field decay, no experience available at Fermilab’s MTF) and Hall probe systems (proposed for LHC, in development at CERN, no experience available at Fermilab’s MTF).

3.4.1 The Warm Bore System

The warm bore system is essentially a vacuum jacketed steel tube that is introduced into the magnet bore to create a room temperature access volume within the magnet bore. The warm bore system is at cryogenic temperatures on the magnet side and at room temperature on the inside. It consists of two concentric tubes spaced by G10 spiders located at the ends, vacuum pumped in the thin annular gap between the tubes. The warm bore tube slides into the (rectangular) magnet cold-bore, its outer wall therefore being at the temperature of the magnet. In addition, to prevent icing, warm Nitrogen gas is pumped through the warm bore. Also note that the warm bore tube has to run through the feed- and end-cans. The thermalization between magnet and room temperature of the outer warm bore tube is essentially done via bellows (located within the feed-cans).
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Figure 8: Two views of the rotating coil system currently used for Tevatron magnets at MTF. The motor, gear-box, encoder and the slipper can be seen together with the drive shaft entering the warm-bore aperture at the feed-box magnet end.

3.4.2 The Rotating Coil Magnetic Measurement System

The baseline option for the magnetic measurement system should be the rotating coil system, such as the systems used currently for the testing of Tevatron magnets (see Figure 8) or LHC magnets (Figure 9). A possible rotating coil system for the dipole magnets consists of a tangential coil system (covering ~5() for the measurement of all multipoles and 2 radial dipole coils at a relative angle to each other of ~80(. Another possibility is the use of a sextupole coil system (consisting of 3 tangential coils at 120(). In case of a quadrupole system the dipole coils should be replaced by quadrupole coils (2 radial coils crossing at 90(). The multipole probes have to be calibrated, ideally in magnets with a known multipole content (e.g. sextupole and decapole correctors). The voltages generated in the coils when rotating in the external field are bucked such as to remove the main field signal from the tangential coil reading, then integrated over time and amplified. With ideal coil geometries the dipole bucking is obtained automatically in the case of the sextupole coil. In the case of non-ideal coil geometries weighted combinations of the three coil signals have to be used. After bucking, integration and amplification the voltages are fast Fourier transformed (FFT) in order to determine the field multipole content. The data processing also includes the correction of coil centering or positioning errors. In Tevatron magnets this is usually done by introducing a Cartesian coordinate transformation that produces a zero non-allowed 16 pole. This is possible because the Tevatron magnets have a negligible 16-pole and whatever 16-pole is found can be interpreted as a feed-down effect from the known, strong 18-pole. This procedure is therefore made possible by the unusual feature of the Tevatron magnet, which is the large, built-in 18-pole (~-12.3 units). The probes should cover the entire length of the magnet, that is ~6.2 m (the HERA probes are 2.4 m long). The measurement coils are wound into grooves machined into cylindrical G10 or ceramic formers (( ~1”), which have to be machined to a high level of precision. The coils are spliced to a shaft that connects them to the drive system outside of the magnet. Spring-loaded ball bearings (so-called “rollers”) are distributed along the probe at a distance of ~ 3 m, such that it is mechanically stabilized by the warm bore tube. The drive system consists of a motor, a gear–box and an encoder to measure the speed of rotation (and/or the instantaneous angular position). State of the art systems allow for continuous measurement at ~5 Hz. It is hoped, however, that for the Tevatron reference magnet system a 10 Hz system can be developed. The data acquisition hardware consists of fast amplifiers, analog-to-digital converters (ADCs), digital signal processors (DSPs) for integration and FFT, VME crates, software interfaces, and a DAQ computer. A DAQ software that allows live display of the measurement results is not yet state of the art. It would have to be developed (see further discussion in 3.6.5). Probe assembly (~ 1 month) and calibration is time-consuming, requires skilled labor and is therefore expensive. Spares for all components are absolutely necessary, especially for continuously operating systems such as those proposed here. Although slippers are being used currently in MTF to transfer the signals from the rotating wire bundle, a wire-less system (such as that used by DESY) is being suggested as a more reliable solution (slippers wear out quickly).
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Figure 9: Rotating coil system developed for the LHC.

3.4.3 The NMR Magnetic Measurement System

HERA uses an NMR probe system to measure the main field decay in the reference dipole magnets. The measured main field decay is then compensated with the dipole correctors. The HERA NMR system uses rubber probes with typically 5 mm ( and 2 cm length. A 2-point averaging over ½ a inner cable twist pitch is required to eliminate the effect of the longitudinal field variations. The averaging requires a stable distance control mechanism. Since the probes are range limited at least 3 sets of probes are required for a full range field measurement. The Metrolab probes (which are used in HERA) come with a “Teslameter”, a device, that automatically scans the frequency range to find the resonance and report the measured field. The NMR probes are very sensitive to field inhomogeneities (transverse and longitudinal) and vibration. The smaller the probe the easier the measurement (but the smaller also the signal). In order to reduce the effect of longitudinal field variation the probe should lie in region of highest possible uniformity (i.e. at /2 in the sinusoidal field pattern). We assume that the Tevatron reference magnet system uses an NMR probe array for the on-line measurement of the dipole field. It has to be noted that the Fermilab magnet test group currently does not have the expertise in the use of such systems.

3.4.4 The Hall Probe Magnetic Measurement System

Magnetic Measurement sensors based on Hall probes promise faster measurements (> 10 Hz) and higher reliability (no moving parts). CERN is proposing to use a Hall probe array sensor for the measurement of the sextupole components in the LHC “multipole factory”, entirely renouncing the use of rotating coil systems [11]. The LHC Hall probe sextupole sensor consists of three Hall probes mounted on a ring at 120( to each other (Figure 10). In an ideal case this geometry compensates for the main dipole field and produces a signal proportional to the sextupole. Unfortunately the sextupole probe is also sensitive to the 18-pole, which is strong in Tevatron magnets, which is an issue that has to be addressed. Mechanical tolerances and differences in the sensitivity of the Hall plates need to be compensated by instrumentation amplifiers and an in-situ fine-adjustment of the 
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Figure 10: Hall-probe sextupole sensor developed for the LHC magnetic measurement program. Left: sample-holder, right: sensor distribution in each ring (also showing the field arrows).

probe orientation. Also, the fact that the local amplitude of the sextupole can be affected by a periodic pattern with a period equal to the cable twist pitch length, requires unison operation of two sensor-sets placed at a distance of one half cable pitch (resulting as well in additional necessity for fine-tuning of the relative longitudinal position of the probes. Also temperature variations between the probes have to be controlled, requiring the use of high thermal (but low electrical) conductivity material such as Ti6Al4V-grade 5 for the sensor holder). The absolute accuracy achieved with Hall probes to date is ~0.5 %.

3.4.5 Data Acquisition System and Interface with AccNet

The data acquisition system needs to display data in real-time and provide the data to the Tevatron Accnet system in order to allow regulation of the (dipole and sextupole) correctors. Such a data acquisition system does not yet exist and needs to be developed. Fast electronics components are the key elements of such a system. The software essentially performs the gathering of the processed data from the DSPs, the coil centering calculation (coordinate system transformation) and the data storage/display. The display should consist of the instantaneous dipole and sextupole loops.

3.5 Magnet Test Stand - Control and Power Systems

The magnet test stand control system consists mainly of the diagnostics and controls of the cryo-system. Temperature and pressure sensors as well as flow meters control the single and two phase helium flow through the magnet string. Regulation and safety valves are manipulated to achieve the required operational parameters. The data acquisition is mostly effectuated through so-called process control modules (PCMs), consisting of I/O cards and an ethernet connection. The system regulation software exists and was not included in this cost estimate. 

The test stand power system consists of the magnet power supply, leads to and between the magnets, the quench protection circuit and the associated safety systems. All leads in the building are assumed to be of the conventional, water cooled type. Also the lead portion in the feed-can is assumed to be conventional, counter gas-flow cooled. HTS leads (such as those used now in the Tevatron), although cheaper in operation, cost ten times more and would require considerable investment in engineering for the implementation in the magnet test-benches. The leads between the magnets are superconducting cables contained in a cryo-duct. 

The safety system consists of a quench detection hard- and software, a dump system and switch (to extract the magnetic energy from the quenching magnets). The fact that the reference magnet string consists of only three magnets makes it difficult to match the current profile exactly to the Tevatron with its 1000 magnets. To prevent current “over-shoot” due to the small inductive load of the reference magnet string, a feed-back system is required for the reference magnet system. This feedback system needs to be developed.

4 Cost Estimate for a Tevatron Reference Magnet System

The following discusses the cost associated to the above discussed technology items. As mentioned above the cost estimate is not site specific. It assumes that the three reference magnets are powered separately but in synchronicity with the Tevatron ring magnets and that the required helium is supplied in part by CHL and in part by an existing satellite refrigerator. It also assumes the construction of a new building to house the lab facilities. No operations cost or escalation (such as laboratory overhead, contingency and profit) are included.

4.1 Cost Drivers

The major cost drivers, which were identified as part of this study, are –1- the lab facility building, -2- the magnetic measurement systems, -3- the test-stand cryo-system, and -4- the test-stand power and control systems. Although not included in this cost estimate, operations will, however, be another major cost driver. Figure 11 shows the relative distribution of  cost. The cost was taken from Table 10.
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Figure 11: Cost drivers of the Tevatron reference magnet system.

4.2 Reference Magnet Lab

The reference magnet lab is a surface building containing the array of reference magnets together with the equipment and facilities required to run the magnets and the online magnetic measurements. This building is estimated to have a minimum surface area of 300 m2, which corresponds approximately to 3000 sqf (52’x60’ foot-print). It is not clear if this building should be built or an existing building should be readapted. Also the cost-estimate presented here is not “site-specific”, except that in the configuration proposed here the building should be within ~ 50 m of the Tevatron liquid helium supply-line and ~150 m from existing utilities. Also the availability of a refrigerator will determine the site (although an estimate for the cost of moving a Tevatron satellite refrigerator is ~300-500 k$ - B. Norris FNAL/BD/cryodpt – personal communication). A preliminary cost estimate for a new industrial building (incl. site-work) provided by FESS, [12], indicates a cost of ~235 $ per sqf, excluding any escalation, [12], resulting in a building cost of ~705 k$ without escalation. Also, this estimate does not include provisions for a (15 ton) crane, a (passive) low conductivity water (LCW) circuit, a 480 V station (min 800 service) to supply power to the power supply, refrigerator, compressor and pumping stations, office space (and equipment) and the workshop as well as miscellaneous lab equipment (such as tools, measurement instruments, vacuum equipment). These items were therefore estimated separately (Table 1). Such a building is also operations cost intensive. The operations and maintenance cost (cleaning personnel, security, administration), however, was not included.

Table 1: Cost details of Reference Magnet Lab Facilities. Building estimate provided by FESS [12]. Price of office modules as found at www.implantoffices.com.

	Item
	Comment
	Total

	Building
	incl. site-work (external parking, 500” utility piping,..) sanitary, heat, AC, ventilation (ODH), crane- footings, columns, sizing, 110 V, fire protection
	705

	Crane
	15 ton, installed
	105

	480V station
	1500KVA substation, 15KV switch, 1.8KA breaker 
	146

	LCW
	piping only
	48

	Offices
	15’x60’ mezzanine
	68

	PS platform
	15’x15’ elevated platform
	8

	Storage 
	15’x30’ elevated platform
	11

	Miscel. 
	miscellaneous lab equipment
	100

	sum (k$)
	1190


Note that an escalation factor of ~2.35 must be applied to the above cost to include for profit (20%), EDI (22%), contingency (35%), G&A (6% of total after 500 k$ cap). 
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Figure 12: Elevation plan for reference magnet lab as provided by FESS, [12].

4.3 Magnet Test Stand – Cryo System

The reference magnet cryo-system is a smaller version (consisting of one quadrupole and two dipoles) of a Tevatron magnet string (consisting of 4 half-cells containing each 4 dipoles and one quad). Liquid helium is supplied at a rate of ~3 g/s from CHL with cryo-lines (and returned as ambient temperature gas) and 15 g/sec from  a satellite refrigerator located in the reference magnet lab. As explained in chapter 3.3, the cost estimate presented here was made assuming that an existing satellite refrigerator can be used (a new satellite refrigerator costs ~2-3 M$ - according M. Geynisman FNAL/BD/cryodpt). This also includes the refrigerator control system. Besides the refrigerator, the major components of the test stand cryo system are the feed- and end-cans, the sub-cooler and cold pump, the cryo-transfer lines feed-and-return boxes, the cryo-system diagnostics and the cryo safety system. Also note that some of the cryo-diagnostics components were cost estimated in the context of the test stand control system (see discussion in chapter 4.7). The cost estimate presented here was developed in the context of the BTeV project [13]. 

Table 2: Cost details of Magnet Test Cryo System excluding the cost of the refrigerator (for 3 magnet test benches, labor for design, procurement and assembly excluding laboratory overhead). Data are from a recent cost estimate for a possible magnet test facility up-grade in view of  the BTeV project [13].

	Item
	k$/unit
	units
	Comment

	Stand Support
	10
	3
	beam, adjustable magnet supports

	Feed-Can
	120
	1
	materials and parts (leads,..?)

	
	4/month
	16
	8 (designer)+4 (engineer)+4 (technician)

	Return Box – type 1
	70
	1
	return box with JT valve

	
	4/month
	12
	6 (designer)+4 (engineer)+2 (technician)

	Return Box – type 2
	30
	4
	return box without JT valve

	
	4/month
	12
	6 (designer)+4 (engineer)+2 (technician)

	Vacuums pumps
	10
	3
	magnet and cryo-lines vacuum

	Leads (warm-to-cold)  Leads (cold)
	5/pair
	1
	conventional, purchased in industry

	
	2
	3
	NbTi sc cable and fixtures

	
	4/month
	3
	assembly

	Miscel. cryo-components
	20
	3
	Relief valves, 

	Instrumentation
	15
	3
	14 cryo-sensors, 12 voltage taps, 2 spot heaters per magnet - electric techs

	
	4/month
	9
	

	sum (k$)
	480 / 208
	M&S / L


The cryogenic transfer lines from CHL are estimated separately based on data provided by W. Soyars for a recent cryo-line for MTF [14]. Trenches to accommodate cryo-lines were included in the building cost estimate presented in chapter 4.2.

Table 3: Cost estimate for reference magnet LHe transfer lines from CH, assuming a 50 m long line.  (for 3 magnet test benches, labor for design, procurement and assembly excluding laboratory overhead), Data are from [14]. 

	Item
	k$/unit
	units
	Comment
	Total

	4” vacuum-jacketed pipe for LHe
	1.3/m
	100
	materials, purchased parts 
	130

	
	0.3/m
	100
	assembly (welding,..)
	30

	sum (k$)
	130 / 30
	M&S / L


Summarizing the above tables is can be said that the reference magnet cryo-system is a major cost-driver, costing close to 1 M$. Also note that an additional 2-3 M$ would be the cost of a new satellite refrigerator.

4.4 Magnet Test Stand – Magnetic Measurement Systems

The following cost estimate for a rotating coil system is based on the experience of Fermilab, where probes of lengths varying between 1 m and 3 m and including dipole, quadrupole, sextupole and tangential windings have been routinely built. A generic cost estimate for a 1 m length probe, provided by C. Sylvester, was extrapolated to a ~6 m probe, assuming, that the total probe will be made from two ~3 m long probes, with a bearing station in between. Therefore the coil assembly labor from the original estimate was multiplied by two and the procurement cost was multiplied by 2.5 (machining cost as well as materials procurement costs do not scale linearly with length). The cost estimate is not specifically targeted at a coil system for a dipole or a quadrupole magnet. In the final cost estimate summary four such sets are assumed (two for the dipole magnet (including one spare) and two for the quadrupole magnet (including one spare)). Given the high reliability requirement in this case, at least one spare for each element of the measurement system is needed. Also the probe speed was assumed to be 10 Hz, which is ~double the state of the art. Development cost (for  prototyping,..etc) has not been factored into the cost estimate. The replacement of parts is another operations cost factor not accounted for here.

Table 4: Cost details of rotating coil magnetic measurement system [data provided by C. Sylvester].

	Item
	k$/ unit
	units
	comment
	total 

	Coil former
	14.9/m
	2.5
	G10, precision machined, inspected
	37

	
	5/month
	0.5
	design & engineering
	2.5

	
	5/month
	2.3
	assembly
	11.5

	Support
	5
	1
	drive support & probe position regulation
	5

	Motor+control
	4.4
	1
	servo motor, DC amplifier, controler
	4.4

	Gear-box
	0.4
	1
	1-to-20
	0.4

	Encoder
	0.5
	3
	one encoder at each end, one at motor
	1.5

	Ball-bearings
	1.2
	4
	
	4.8

	Slipper
	2.5
	1
	wire-less system would be preferred
	2.5

	Amplifier
	1/channel
	10
	
	10

	10 channel ADC
	1/channel
	10
	
	10

	10 channel DSP
	2.7/chann
	10
	ADC drift correction, integration and FFT
	27

	VME crate interface
	1
	1
	
	1

	Crate
	1
	1
	
	1

	PC
	3
	1
	
	3

	Misc. hardware
	2
	1
	e.g. scope for trouble shooting
	2

	Assembly
	5/month
	4
	
	20

	Testing/calibration
	5/month
	1
	
	5

	sum (k$)
	M&S / L
	110 / 39 


An approximate cost-estimate for an NMR based system for the measurement of the main field decay in the dipole and quadrupoles is presented in the following. The cost of the probes corresponds to that of the HERA system (the information was kindly provided by H.D. Brueck, DESY and I. Walker, METROLAB). More up-to-date probe designs (i.e. Metrolab’s PT2026 system) were not taken into account. A major cost factor, which could not easily be estimated in this context, is related to the development of the probe-supports. Also the Fermilab group currently has no experience with these systems. The lack of experience could be the cause for additional cost not included here. A second NMR system is assumed in the final cost table to provide reliability.

Table 5: Cost details of NMR magnetic measurement system [data provided by H.D. Brueck, DESY].

	Item
	k$/ unit
	units
	Comment
	Total 

	NMR probes
	10.5
	6
	2 1062-4 & 2 1062-7 probes
	10.5

	Teslameter
	15.6
	1
	PT 2025, incl. cable
	15.6

	Multiplexer
	4.76
	1
	8 channel probe multiplexer
	4.76

	Mechanical support
	10
	1
	shaft, vibration-free, ½ twist pitch spacing
	10

	Design&engineering
	5/month
	2
	
	10

	Assembly
	5/month
	4
	
	20

	sum (k$)
	M&S / L
	
	41 / 30 


The Hall probe system is being proposed as an additional solution, which could allow to –1- cross-check the sextupole measurement obtained with rotating coils and –2- allow faster sextupole measurement (which is especially during the snapback). The faster speed of a Hall probe system is the reason why CERN has decided to use a Hall probe system for the LHC reference magnet system. The cost estimate for the Hall probe system given here was provided by L. Bottura, CERN, [15]. As in the case of NMR systems no development cost was factored into the estimate. The fact that Fermilab currently has no expertise with Hall probes is, however, expected to cause significant development cost.

Table 6: Cost details of Hall probe magnetic measurement system according to [15].

	Item
	k$/ unit
	units
	Comment
	Total 

	Hall plates
	0.24
	36
	b2, b4 and 8 rings
	8.7

	Support material and fabrication
	15
	4
	Ti-holder incl. proto & spares
	60

	Support design 
	4/month
	4
	Holder, bearings, shaft
	16

	read-out electronics
	6
	2
	
	12

	DAQ (b2 and b4 simultaneously)
	24
	1
	8 DVMs
	24

	Crate, interface, PC
	6
	1
	
	6

	Assembly
	4/month
	2
	
	8

	Calibration
	4/month
	1
	
	4

	sum (k$)
	M&S / L
	111 / 28 


Table 7: Cost details of warm fingers (3 systems assumed) for magnetic measurement systems.

	Item
	k$/ unit
	units
	Comment
	Total 

	Warm finger design
	4/month
	2
	designer & engineer
	8

	Warm finger materials
	8
	3
	tubes, bellows, flanges, spiders
	60

	Vacuum diagnostics
	1.4
	3
	2 vacuum gages + controller
	4.2

	Assembly & testing
	4/month
	3
	techs & engineers
	12

	sum (k$)
	M&S / L
	60 / 20 


Finally an approximate estimate of the development cost for a “real-time” data acquisition and display system for the magnetic measurement data has been obtained on the basis of the following assumptions:

Let us assume that the Tevatron on-line magnetic measurement system will be a standardized service accessible via a standardized protocol, such as CORBA, with a remote user interface and data logging capability. In addition, let's assume that we will use the EMS (EMS is a DAQ platform developed at Fermilab) framework and use familiar deployment platforms such as VxWorks and Java. In such a case, most of the development efforts will have to do with the DAQ and communication. The development of libraries or components for the rotating coil DSP, NMR, and Hall probe array hardware are estimated to require software development efforts at 1.5 to 2 FTEs for a year. Excluding laboratory overhead, the net labor-cost for the software development would therefore represent ~150 k$.

Summarizing the estimates in Table 4 - Table 7 the magnetic measurement system would cost 950 k$ for 4 rotating coil systems, 3 warm-bores and two NMR and one Hall plate system. If including the live-display software development cost the measurement system will exceed the 1 M$ mark. 

4.5 Magnet Test Stand – Control & Electrical Systems

The test stand electrical system cost estimate is based on the following assumptions: The reference magnets are powered with a separate, new power supply. A special feedback system allows to reproduce the exact instantaneous Tevatron current profile despite of the smaller inductance of the reference magnet circuit. The development cost for the feedback system has been included in this cost estimate. The bus-work within the building was assumed to be LCW cooled copper. The (passive) LCW cooling system (which should be part of the larger Tevatron LCW system) cost estimate is included in 4.2 (Table 1). The leads into the feed-box of the reference magnet system are included in the cost estimate of the feed-cans (Table 2). In case of quench of one of the reference magnets, the magnetic energy contained in the reference magnet string will be directed to a dump resistor (switched online with a high current switch). 

Table 8: Cost details of magnet instrumentation and control for the Reference Magnet System. The data are adapted from an estimate provided for the BTeV project [16].

	Item
	k$/unit
	units
	Comment
	Total

	Diagn. magnet/cryo
	9.9
	3
	4 PTs and 14 RTDs per stand 
	29.7

	Diagnostics vacuum
	1.4
	1
	2 vacuum gages + control per stand
	1.4

	Valve control
	4.54
	1
	3 valve actuators, relays
	4.54

	Quench system
	14
	1
	VME modules, 3 HFU
	14

	Current leads
	12
	1
	HV, LV leads, DCCT
	12

	PCMs
	13.5
	1
	PLCs (“545”), Ethernet, I/O cards, PS, rack
	13.5

	Misc. equipment
	10
	1
	DVMs, PS, scope
	10

	Control program
	5/month
	3
	development of feed-back system for PS
	15

	PCs 
	3
	2
	
	6

	Connectors/wires
	7.1
	1
	Hypertronics, Wires,..
	7.1

	Assembly/wiring
	5/month
	10
	
	50

	sum (k$)
	M&S / L
	
	99 / 65 


Table 9: Cost details of Reference Magnet electrical power system. Data are from [14], [17].

	Item
	k$/unit
	units
	Comment

	Power supply (30 V – 5kA)
	100
	1
	Procured from PI and installed

	LCW cooled leads
	4/m/pair
	20
	design, materials and production

	Inter-magnet bus
	15
	1
	vacuum jacketed mag-to-mag connection

	Diagnostics leads
	3.3
	1
	2 level and 2 flow-transm. per stand  

	Dump
	5
	1
	dump switch and resistor

	Assembly
	5/month
	5
	dump switch and resistor

	sum (k$)
	M&S / L
	
	203.3 / 25


4.6 Operations

A separate operations cost estimate was not attempted. The largest contributor to the operations budget, however, is certainly the man-power required to run the reference system 7/7 - 24 hrs. The LHC “multipole” factory projects the need for 3-4 technicians and 5 engineers over 3-4 years. Operations would most likely be accomplished in 2-3 shifts and require continuous engineering, computing and physicist support. Also to be included in the operations cost is building and measurement equipment maintenance and the power bill.

4.7 Summary

The following summary table contains the cost estimates given above in 4.1 to 4.5. Operational cost and escalation are not included. The reference system, as cost-estimated here, consists of 2 dipole and 1 quadrupole assembled in cryogenic test stands in a new building. The helium is supplied from CHL and an existing satellite refrigerator. The reference magnets are powered separately from the Tevatron string with a new power supply. The magnetic measurement system consists of rotating coil, NMR and Hall probe systems.

Table 10: Summary table for the Tevatron Reference Magnet System cost estimate (does not include operations and escalation).

	Item
	Tot (k$)
	M&S (k$)
	L (k$)
	comment

	Lab facility
	1190
	1190
	-
	new building, offices, crane, 480V

	Test stand-cryo
	658
	450
	208
	3 magnet stands, no refrigerator included

	Magnetic Measurement
	1107
	693
	414
	4 RCs, 2 NMRs, 1 HP, DAQ software

	Test stand-power&controls
	392
	302
	90
	PS, leads, diagn. and quench protection

	Transfer-line
	160
	130
	30
	LHe line from CHL

	Sum (k$)
	3507
	2765
	742
	excl. any escalation


5 Issues and Alternatives

A rapid change of the chromaticities and tunes during the start of the ramp from injection to collision is believed to be a partial cause of serious beam loss during the ramp in the Tevatron collider, currently in its run-II stage. Recently a dedicated effort was launched to investigate if the transient tune and chromaticity effects can be understood in terms of incomplete compensation of the dynamic effects in Tevatron magnets. The most important dynamic effects are the drift of the multipolar field components during the injection porch and the ensuing snap back during the start of the ramp. As part of this effort, the possibility of using a reference magnet system for the Tevatron is being discussed. The major requirements for any reference magnet system is that its magnets are  representative of the magnets in the accelerator, or alternatively, that the correlation between the reference magnets and the “average” ring magnet is well established.  Furthermore the reference magnet has to be able to work reliably. Given the fact that the population of magnets in the Tevatron has never been characterized in terms of the drift and snapback behavior and given that the reference magnet will be chosen from the pool of spares, the above conditions are most likely not going to be met. 

The cost estimate presented here reveals that such a system would cost ~ 3-4 M$ initially (not including any escalation, which can be as large as a factor 2) and a non specified (but certainly large) amount for operation. Two issues are driving the cost. First, the fact that the system needs to be accessible anytime, which requires a separate magnet string and the related cryo-and power-systems in a separate building. Second, the high reliability required for continuous operation of the magnetic measurement hardware. 

The argument was brought forward that the reference magnet system would be a tool that allows to shorten the pre-injection preparation of the accelerator, e.g. in the form of removing the beam-less “pre-cycle(s)”. A 5% increase of integrated luminosity could be delivered by such a move. Such a change, however, is excluded in for example the case when the previous store was terminated due to a quench of one or some magnets. Also, the issue of whether a pre-cycle is required or not is not necessarily tied to the existence of a reference magnet system. The current system of off-line magnetic measurements at the Technical Division would also allow to experiment with this idea and would allow to define the chromaticity compensation algorithms required to successfully drive the machine without pre-cycle. Also, we would like to point out, that HERA and LHC, which make or will make use of a reference system, have not taken the step to remove the pre-cycle(s). We believe, that on the contrary, a reference magnet system is most likely going to result in a loss of integrated luminosity, given that the magnetic measurement systems require a slower ramp (especially during the snapback) than currently used for the Tevatron, to allow for an effective feed-forward scheme.

The strongest argument in favor of the reference magnet system is that it would be a useful diagnostics tool. It is not clear, however, whether, given the price-tag of such a facility, we should proceed with it at this (late) stage of the Tevatron lifetime. Other accelerators, such as HERA, once in a mature stage, with well defined procedures and reproducible machine characteristics do not need their reference magnet system anymore, [9]. Therefore the LHC plans to dismantle the reference magnet system after 2-3 years of operation, [10].

Some alternatives that could result in a lower cost of the system have been discussed. Among them is the idea of using stationary coils built into some selected Tevatron magnet in the ring, [18]. There are many issues, however, that would have to be resolved, among them radiation hardness and low drift electronics. The other alternative is to continue with the procedures which are currently in place, that is to perform select, off-line magnetic measurements at MTF whenever magnet related issues arise in the Tevatron.
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Figure � SEQ Figure \* ARABIC �6�: Schematic of reference magnet system lab – tentative layout (lower and upper floor).
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Figure � SEQ Figure \* ARABIC �5�: Schematic of the reference magnet principle.
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