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Abstract

This note describes the possibility of extracting low energy pions/muons from the AP0 target without (or with very limited) degradation of the pion flux used by the Muon g-2 Experiment. The extracted beam will produce muons with momentum up to ~ 300 MeV/c. This beam can be used for muon cooling experiments and/or material science experiments.
Introduction 
The new Muon g-2 Experiment at Fermilab will use the old antiproton production target station at AP0.  There will be 18 proton pulses per second on the target. Each proton pulse will be ~100 ns long, and there will be ~1012 protons per pulse. The energy of the proton beam is 8 GeV. The new Muon g-2 Experiment will be collecting 3.1 GeV/c pions/muons. We envision positioning a vertically bending 90 degree magnet right after the Lithium Lens to collect 300 MeV/c pions as shown in Figure 1.
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Figure 1. AP0 Target Station with proposed low energy pion extraction line. The figure on the right shows the Target, Li Lens, vertical C dipole and Pulsed magnet
The proposed vertical beam transport line contains four quads to keep a large number of 300MeV/c pion/muons. All magnets are conventional magnets with beam pipe radius of 10 cm. The extraction dipole is a C magnet, so the 3.1 GeV/c beam to the g-2 experiment is minimally disturbed. This beam line will bring muon beam to the ground level of the AP0 target station building for experiments. The building can accommodate small size experiments (10 m x 15 m), but if needed there is room for enlargement of the experimental space; see the photos.
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Photos of ground floor of AP0 Target Station.
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AP0 building and surrounding area
Muon Transfer Line 
Figure 2 shows a G4Beamline simulation of the Target, Li Lens, C dipole, four quadrupoles, and a second 90 degree bend. The blue trace represents protons passing through the target, the (red) Li Lens and C-dipole (red). The green trace represents negative particles produced on the target.
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Figure2. Positions of three detectors are indicated. 
The quadrupole settings in G4Beamline simulations are based on an envelope calculation using Trace3D.

Figure 3 shows the Trace 3D result. Table 1 lists parameters of the input beam that was used. The pion transport beam line starts at the end of the target. The Li lens is modeled as a set of thin lenses and short drifts.
	Parameter
	X
	Y
	Z( RFdegree-keV)

	Emittance Un(95%, mm-mrad)
	100
	100
	900.0 (normalized)

	alpha
	0.0
	0.0
	0.0

	Beta(mm/mrad)
	0.001
	0.001
	1.0 (deg/keV)


Table 1. Input beam parameters.
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Trace3D simulation. The four quads are used to keep envelopes of pion beam inside of 20 cm diameter pipe. There was no attempt to minimize the beam size after the second bend.
This transport line was simulated using G4Beamline program. An initial beam of 106 protons was sent on target. The target is a Be rod, 40 cm long and 1 cm in diameter. Right after the target is the Li lens. The lens is 15 cm long and 2 cm in diameter. The result of the simulation is best described by looking at the number of pions and muons at three different locations. 
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This is result on virtual Detector 1, just after collection C dipole, a 90 degree bend.  There are 101mu+ and 927 pi+ for 106 protons on Be target (target is rod, 40cm long with 5mm radius). The tune of Li lens is assumed to be optimized for collection of 3.1 GeV/c pions/muons for the g-2 experiment. The Li lens is the existing lens, 15 cm long and with radius of 1 cm.
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This is muon/pion distribution on Detector 2 (in the middle of upright portion of the transfer line. There are 71 mu+ and 639 pi+.
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Detector 3, one meter after the second 90 degree bend, with the beam at the ground floor.  There are 11 mu+ and 94 pi+ for a million protons on target.

Open Issues

One of the open issues is how to minimize the effect of the extraction magnet on the 3.1 GeV/c pion/muon beam for the g-2 experiment and on the primary proton beam that is supposed to be dumped.
We have presented the collection of 300 MeV/c pions/muons with C magnet right after the Li lens and with the C magnet collecting 1 cm radius beam. In this configuration, the beam destined for the g-2 experiment will be defocused vertically, with the lower edge of the beam not affected and the upper edge of the beam maximally bent through ~ 2 degree. Future G4beamline studies will show whether this configuration will produce acceptable flux loss for the g-2 experiment.
The other option is to remove edge focusing with extension of iron at exit side of forward beam and adding opposite bend right after the extraction C magnet, as shown in Figure 5.
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Figure 5.  Dimensions of extended region and additional bend magnets are indicated in the drawing. The Muon g-2 beam is moved upward by about 4mm. The 8 GeV proton beam is also moved up by about 1.5 mm.

The effect of moving the beam up can be minimized by lowering the proton beam, target, Li lens and C magnet by about 3mm and/or enlarging the P-magnet aperture by about 0.5 cm and/or bringing up and/or pushing downstream and rotating the C magnet. All these options should be studied. These studies will help to find “sweet configuration” minimizing the g-2 flux reduction and maximizing the flux of 300MeV/c beam.  

The best solution will be a local three bump, but for the present positions of the target, Li lens and size of existing pulsed magnet there is no room even if we run bump magnets with a field of 2 T.

Moving target and Li lens upstream by ~20 cm will create the room for a third bump magnet. 
Another solution can be to replace the pulsed magnet with a shorter magnet. The existing magnet is ~1 meter long and for g-2 experiment will run with current of 3.1/8.9 smaller than it was run for p-bar production. This means that new magnet can be 0.6 meter long. With new pulsed magnet there will be room to put a third magnet and create a local three-bump.
Probably the simplest solution will be to remove edge focusing with extension of iron at exit side of forward beam and vertically rotate the pulsed magnet to remove theupward beam angle; see Figure 6.
To fully take out the effect of the extraction bend on the g-2 beam, we can lower the proton beam, target and Li lens by about 3 mm. All this will work for both signs of pions. The proton beam that did not interact with the target will be disposed to the dump at the same way as in the case of the baseline g-2 configuration. In the presence of the extraction C magnet, this beam will be moved up or down by about 1 mm vertically from the center of the dump. 
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Figure 6.

Figure 7 shows the effect of the extraction C magnet on the 3.1 GeV/c pion beam. The white line shows the trajectory of the reference particle; it is bent upward and hits the quads.
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Figure 7. G4beamline display of simulated beam.
In Figure 8 the Pulsed magnet is rotated vertically and the upward beam bend is removed. As can be seen, the beam reference particle (3.1 GeV/c pion, white line) goes through the center of the quads ( ~3 mm upward offset is hard to see since these are large bore quads) and hits the center of the virtual detector on the end of the simulated line. 
This configuration appears to make the presence of the extraction C magnet fully transparent to the g-2 beam and gives us the opportunity to extract a low energy pion/muon beam fully parasitic to the g-2 experiment. The hope is that a full G4beamline simulation will confirm this assertion.
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Figure 8. The Pulsed magnet (second red object in the figure) is rotated counter-clockwise to remove the vertical bend of the reference particle, represented by the white trace.

Conclusions

Initial simulations show that the proposed scheme allows collection of ~10-5 muons and ~10-4 pions per proton running (semi)parasitically to the g-2 experiment. The g-2 beam will have ~1013 protons per second on target, so a Muon Laboratory in the AP0 Hall would have ~108 muons per second with momentum centered at 300 MeV/c. This beam can be used for Muon Cooling experiments. As comparison to the existing and planned facility we present a table from Sam Cook’s presentation to the IoP HEPP & Astroparticle Conference, April 2012.


As can be seen, this muon beam delivery concept can be realized with very limited funds and short time, opening the opportunity for various muon-based experiments. The initial estimate of ~108 muons per second makes this facility competitive with other muon labs around the world.
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