Letter of Interest in a Muon to Electron Conversion Experiment at Fermilab

There has long been an interest in the search for lepton number violation in general, and muon to electron decay in particular.  In the Standard Model, such decay takes place through virtual neutrino mixing at a rate far below the threshold of any currently conceivable experiment.  However, enhanced rate for this decay is an almost universal feature of models beyond the Standard Model, and the fact that such decay has not been observed has constrained or eliminated some of these models.
An ambitious experiment to study this physics was proposed for the AGS at Brookhaven.  Called the Muon to Electron COnversion (MECO) experiment, this experiment was designed to search for captured muons converting to electrons through the exchange of a virtual photon with the nucleus. The experimental layout is shown in Figure 1. The main features are proton target and sophisticated solenoidal channel, which tranports muons to an Aluminum stopping target. This target is surrounded by a detector which is optimized to detect the monoenergetic electrons which would be produced it the conversion were to occur.  The key to the experiment is the bunch structure.  Protons are delivered to the target in short (~100 ns) bunches with a separation on the order of the muon lifetime (~1 sec for a muon captured by Aluminum).  The conversion electron is then searched for between bunches.  In order to reduce background, the suppression of out of bunch protons, or “extinction factor” is of paramount importance.  The MECO experiment was designed with an extinction factor of 109.  Assuming a total of 4x1020 protons delivered, this would have given a single event sensitivity corresponding to a branching ratio of 2x10-17, representing an improvement of more than four orders of magnitude over the next most sensitive experiment.  Although the MECO experiment was cancelled from the Brookhaven experimental program, we feel the physics remains extremely compelling.

We have been investigating the practicality of mounting a similar experiment here at Fermilab in the era following the termination of the collider program, which we will simply call the “mu2e” experiment.  Although there may have been developments in the last few years which would enable us to improve the sensitivity of such an experiment, we will assume for the moment that such and experiment would be more or less identical to the MECO experiment and focus instead on the feasibility of delivering a suitable beam.  We consider it axiomatic that this experiment would have to coexist with the NOvA experiment.

In terms of total protons, the existing Proton Source should have enough excess capacity to provide for the mu2e experiment even with the increased intensity planned for the NOvA beam.  The challenge will be the desired beam structure, which cannot be produced in any straightforward way by the Fermilab Booster.  
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This problem can be solved by re-tasking the 8 GeV storage rings that  presently comprise the antiproton Debuncher and Accumulator, shown in Figure 2.  In current operation, antiprotons are transported from the production target into the outer Debuncher ring, where they are phase rotated and stochastically cooled.  They are then transferred into the inner Accumulator ring, where they are “momentum stacked” onto the core and further cooled.  
Our proposed scheme would reverse the order.  Booster proton batches would be injected directly into the Accumulator, where several would be momentum stacked.  These would then be transferred into the Debuncher ring and rebunched into a single, short bunch.  Finally, the beam would be resonantly extracted, such that this single bunch would become a bunch train.  The 1.7 sec period of the Debuncher would produce a structure almost ideally suited to the mu2e experiment.

Initially, we believed that the need to inject protons into the Accumulator during NOvA running would require a new transport line to be built from the Booster to the Debuncher/Accumulator enclosure.  However, and ingenious scheme has been proposed which would allow Booster beam to be transported to the Accumulator with no civil construction and indeed minimal beam line modifications of any kind.

This scheme is illustrated in Figure 3.
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A key part of  the NOvA accelerator upgrades will be a modification to the MI-8 line to allow beam to be directly injected into the Recycler.  Booster batches will be slip stacked in the Recycler prior to being loaded into the Main Injector.  This will eliminate the time currently spent loading the Main Injector and increase the total proton rate to the NuMI line.  In the NOvA plan, 12 Booster batches will be stacked into the Recycler period every 1.333 second Main Injector cycle.  Because this period corresponds to 20 15 Hz Booster cycles, there are potentially up to eight extra batches available.  
In order to take advantage of this unused part of the time line, we would have to add a simple extraction region to the Recycler to direct beam into the existing P150 line.  Protons from the Booster would then make only a partial circuit of the Recycler, after with would be transported to the Accumulator in the same way we currently transport small numbers of “reverse protons” from the Main Injector.  Because the protons don’t go all the way around the Recycler, extraction could be done with a simple switched magnet, rather than a kicker.  This has the potential to deliver up to 8 Booster batches every 1.33 seconds.  If we conservatively assume Booster batches of 4x1012 protons, this could provide as many as 4x1020 protons per year to this effort – assuming of course that Booster losses could be reduced enough to allow this.  In practice, the limitation on longitudinal emittance in the Accumulator/Debuncher will probably limit is to 4 to 6 batches at a time, or 2 to 3x1020 per year.
Momentum stacking in the Accumulator is a straightforward modification of what is done now with antiprotons. We are investigating several schemes to arrive at a single short bunch in the Debuncher.  One promising example is a hybrid scheme, in which the stacked beam is bunched by an h=1 4kV RF system in the Accumulator, then transferred to Debuncher, where it undergoes a 90 degree phase rotation by a 40 kV h=1 RF system, followed by an h=4 capture by a 200 kV RF system, as shown in Figure 4.
The existing tune working point of the Debuncher is x/y=9.764/9.785, making the x=29/3 a logical resonance to exploit for slow extraction.  Given the low chromaticity of the Debuncher, we can get the beam quite close to the resonance even with the rather large (~1.5%) momentum spread resulting from the stacking and rebunching. This means that the resonance could be driven with fairly modest sextupoles.  An extraction scheme would be implemented with an electrostatic septum similar to one of the 3 m electrostatic septa (80 kV@ 1cm gap) currently used in the Main Injector, place between the ‘Q2 and ‘Q3 quadrupoles of the extraction leg.  The extraction Lambertson would then be placed after the downstream ‘Q0 quadrupole.  Because a sharp bend is needed to clear the downstream quadrupole, the logical configuration would be a short Lambertson followed by a C magnet.  A modest .8T bend field would comfortably clear the downstream quadrupole.
Radiation safety is a critical issue for this project.  The Accumulator/Debuncher enclosure was designed for an extremely low flux of antiprotons and so is not heavily shielded. The earth shielding is roughly 13’ in most outside areas and is 10’ or less in the service buildings.  Tunnel roof loading limits preclude increasing this overburden, which is more than 10’ short of the passive shielding requirements (“Cosairt Criteria”) for the proposed intensity.  Unlike the Booster, it is practical to fence in the entire area and declare it “Limited Occupancy”, which will ameliorate the situation somewhat, but it is still certain we will need some sort of safety system involving interlocked detectors (“chipmunks”) of the sort that protects the Booster.  It is probably that the services building will be locked out entirely while the beam is running at low intensity.  Because the documentation needed for the shielding assessment of such a configuration is immense, it is important to begin working on this aspect as soon as possible.
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