3 Beam Line Measurements (WBS 1.3.3)

Introduction

This chapter defines the LBNE strategy for measurements of secondary beam particles in the decay tunnel, the decay tunnel shielding, the beam absorber, and behind the absorber. The measurements described here are designed to provide information useful for constraining the knowledge of the flux at the near and far detector, and to provide information on the pulse-to-pulse variation of the beam for beam diagnostic purposes. There are also elements described elsewhere in the Beam Chapter of this CDR describing equipment of monitoring the proton beam’s interaction with the proton target. Those elements are not included in the present section.

The measurements and apparatuses described here fall into two broad categories: equipment designed specifically for LBNE to detect muons exiting the decay tunnel, and external measurements of hadron production in support of the LBNE project.  The latter measurements are assumed to use hardware not part of the LBNE project, although there could be significant use of normal DOE/HEP operational funds in support of the effort.
3.1 Requirements and Specifications

3.1.1 Requirements and Specifications for Muon Measurements
The pion and kaon decays that produce neutrinos usually result in the creation of a muon. Monitoring the muons that exit the decay volume can provide information about the direction, size, shape, and flux of the neutrino beam.  

It is essential to monitor the stability of the beam direction over time.  The figure below shows the effect on the muon neutrino flux in the far detector, when the beam is misaligned by 0.4 mrad.  To keep the change in the neutrino less than 1% in all energy bins, the beam must be direction must be known to a precision of approximately 0.2 mrad.   As the muon monitors will be located approximately 275 m from the beam target, this requires a measurement of the muon to an accuracy of approximately 5 cm.  

Need a layout figure!!!
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Figure 1 Ratio of the flux on axis to the flux 0.4 mrad off-axis at the far detector position.

Since the muons and neutrinos come from the same parent pions decays, a measurement of the absolute muon flux and energy spectrum seen in the muon monitors can confirm the absolute neutrino flux.  The goal for the LBNE muon monitors is to determine the absolute muon flux to an accuracy of 5% above muon energy of 5 GeV  (which corresponds to a neutrino energy of 3.75 GeV).   

The rate of muons crossing the monitors will be quite high, with preliminary LBNE beam simulations suggesting approximately 50 million muons per cm2 for a pulse of 1E14 protons on target. The muon monitors must also be capable of operating in a high radiation environment.  For example, the expected dose in the area downstream of the NuMI absorber is ~ 80 Mrad /yr [1, Kopp].  

[image: image2.png]Muon Alcove Concepts

lonization System

Raised floor



Where is the target and beam??
Figure 2 conceptual layouts of muon alcove and associated detectors.

Figure 2 shows a conceptual layout for the muon alcove. The floor of the alcove must be built up from the excavated absorber hall floor level in order to put the muon detectors at the same elevation as the beam. The region in the figure labeled as “Muon Decay System” is mostly material to range out the muon and additional material to shield the small Michel decay counters against neutron backgrounds. This ionization system is thought to be very lightweight, as is the Cherenkov system.

3.1.2 Requirements and Specifications for External Hadron Measurements
Neutrinos for LBNE are produced by the decay of mesons (K, pi, and mu) in the LBNE decay tunnel. A complete knowledge of the distribution of meson momentum distributions, as a function of their point of decay in the tunnel, is sufficient to completely describe the un-oscillated flux of neutrinos at the near and far locations. There are several steps needed to simulate those meson distributions:

· The phase space distribution of the primary proton beam

· A complete description of all material present in the target, horn, and decay tunnel areas

· A good knowledge of the electromagnetic focusing characteristics of the magnetic horn

· A complete knowledge of the development of the hadron cascade that starts with the initial primary proton and develops throughout the target/horn/decay tunnel

· A complete knowledge of the meson decay rates to neutrinos

With careful design and control of the environmental parameters in the target area, all but hadronic cascade in the target, horn, and decay tunnel can be controlled and simulated accurately. The simulation of the hadronic cascade requires accurate knowledge of the hadron production cross sections for which there are no first-principle calculations, and thus must rely on models, which in turn require hadro-production measurements that span particle type, particle energy, and the various materials found in the target, horn, and decay tunnel. 

At the conclusion of LBNE operation, the experiment will have collected sufficient data so that the statistical uncertainty on the background to the electron-neutrino appearance measurement will be at the level of 3-4%.  In order that the uncertainty in the near/far event-rate ratio is not limited by systematic uncertainties in the flux, the simulation of the LBNE flux must be accurate at a level of 4-5%. At the present time we do not believe there is sufficient hadro-production data to achieve that accuracy. However, it may turn out that the situation will improve in the future, through better modeling and better hadro-production measurements. The goal of this effort is to understand the impact of uncertainties in hadro-production in the beam line on LBNE sensitivities and determine what further measurements would be needed by LBNE and to estimate their potential cost to the program.
3.2 Muon Ionization Measurements (WBS 1.3.3.3)

3.2.1 Overview
Post-absorber muon measurements in most recent neutrino beam experiments have typically employed a planar array of ionization counters to measure the muon profile and intensity.  The NuMI [1, Kopp], K2K [2, Ahn][3, Maruyama], and T2K [4, Matsuoka][5, Kubo] experiments have all utilized parallel plate ionization chambers. These counters have been shown to work in the high radiation environment.  K2K and T2K have also deployed solid-state silicon detectors [3, Maruyama][5, Kubo].  The advantage of silicon is that it is less sensitive to changes in the air temperature and pressure.  However the solid-state sensors are not as radiation tolerant at the parallel plate ionization chambers, and will only be used in T2K for the initial beam operation. One disadvantage to ionization counters is that they measure the total ionization deposited from all particle species (including the delta ray electrons produced by the muons), making it challenging to convert the ionization signal seen into an absolute muon flux.
3.2.2 Reference Design

The conceptual design for the LBNE muon ionization chambers is similar to that uses in NuMI, K2K , and T2K.   Unlike the NuMI muon monitors, the current design for LBNE only includes a single plane of ionization counters instead of a multiple layers located at different depths within the rock.  The array will be spread across a 2mx2m area.  The NuMI monitor planes consists of a 9x9 array of plates, and the T2K monitors are using a 7x7 array of counters.  Simulations are being performed to determine the arrangement and spacing required for LBNE.

Due to their high radiation tolerance, parallel plate gas counters are the default technology.  It might also be desirable to investigate solid-state devices, such a diamond detectors (which are approximately an order of magnitude more radiation tolerant than silicon counters [6, Meier] [7, Adam]) as a crosscheck of the gas counters.
3.2.3 R&D

For the gas ionization detectors, material irradiation tests may be done to determine how long the materials (such as the alumina ceramic in the counters) can survive in the intense radiation environment.  Once suitable materials are identified, small prototype counters can be built and potentially operated in the existing NuMI alcoves in 2013 or 2014 to determine the optimal design and operating conditions for the LBNE monitors. 

3.2.4 Installation

The system installation will be in 2018, following the completion the absorber hall, and the installation of the Michel system (which will be described in the next section). The system will need to be designed to fit inside the access shaft near the absorber.  
1.2.5 Operation

The muon monitor system data will be displayed on a spill by spill in the control room to monitor the beam stability.  As the system will be located in a radiation-controlled environment that will not be accessible during the beam operation, it is essential that the electronics and gas handling system be designed for remote operation. 
3.3 Michel Electron Detector (WBS 1.3.3.2)

3.3.1 Overview
We are developing the concept of stopped muon decay ("Michel") electron detectors, which in principle can measure the muon flux without suffering from some of the disadvantages intrinsic to systems that detect through-going muons.  Michel electron detectors will only operate in the lower-rate environment that is present many microseconds after the beam pulse is over.  They sample muons with a defined range and therefore a narrow energy band, rather than the integrated muon flux above a threshold measured by through-going muon detectors.  The ability to record individual decays rather than an analog current measurement may allow a more precise absolute normalization of the flux.  Finally, the ability to fit the muon lifetime in the Michel electron detector  would provide a robust cross-check on the muon signal, compared to ionization detectors that are sensitive to delta rays, photon conversions, and other charged particles.

While this technique has never been tried on a large scale, a small demonstration project in K2K was able to see Michel decays with a 10^3 signal/background ratio and measure the absolute rate with 30% precision [Hiraide03].

3.3.2 Reference Design

We envision a modular detector based on a Cherenkov radiator of minimum size to contain a 53 MeV electron and distinguish it cleanly from lower-energy radioactivity. The radiator would be coupled to a PMT or other photon counter.  The entire module should be encased in a material that provides both a uniform-density stopping target for muons and some shielding from incoming neutrons.  One or two signal channels will be associated with each module, and the full waveform from each channel over approximately 25 microseconds will be recorded on each beam pulse.  

Grids of these modules will be placed at multiple depths in the shielding or rock behind the absorber, in order to sample the muon flux from different energies.  Approximately 70 modules would be placed in this region.  It may also be feasible and/or desirable to place some additional modules within the downstream part of the absorber itself, or in the outermost radii of the decay pipe shielding, in order to probe the muon flux at lower energies: the ability to do this may be limited by the presence of muons from stopped positively charged pion decays due to nearby hadron showers.

3.3.3 R&D

R&D activity for the Michel electron detectors will be divided into studies of the rate and radiation environment where the detectors will be located and development of the counters themselves.  

The radiation environment will be studied both with Monte Carlo and by measurements with initial prototype detectors in the NuMI muon alcoves.  Studies will be performed to determine if the photon sensor can survive the radiation environment at the location of the Michel detector and thus can be attached directly to the Cherenkov medium; if not, optical guides will have to bring the light to a lower-radiation area to the side of the beam.  Potential radiation damage to the Cherenkov radiator itself will also be studied.

The detector design will focus on selecting radiator and shielding material, photon detection technology, and control/readout hardware.  Possible radiators include solids (which may be designed to be replaced periodically) and flowing liquids.  Because long-timescale saturation effects from the very high-rate environment of the beam spill may affect the photon counting devices [Semertzidis97], it will likely be necessary to design fast-switching high voltage circuits that turn on the photon counters in the first few microseconds after the spill is over.  A similar system was developed in the 1990s for the Brookhaven g-2 experiment [Ouyang94].
3.3.4 Installation

The detectors will be installed after completion of the absorber area excavation and installation of the absorber.
3.3.5 Operation

3.4 Muon Cherenkov Detectors (WBS 1.3.3.4)

3.4.1 Overview
As was mentioned earlier, one disadvantage of an ionization system for the muon monitors is that they measure the ionization due to all particles, including delta ray electrons and neutrons, making it difficult to determine the muon flux.  Furthermore, the ionization system is unable to measure the momentum distribution of the muons. One idea under consideration for T2K is to deploy a Cherenkov counter downstream of the absorber.  This Cherenkov counter would not image individual Cherenkov rings, but rather would see the integrated signal from many muons.  Ideally, the system would also have a variable index of refraction, to map out the muon momentum distribution by varying the Cherenkov threshold.

Figure 2 shows the expected β (v/c) distribution for muons and electrons after the absorber.  While both electrons and muons have similar speeds (and therefore are visible above the same Cherenkov threshold), as can be seen in figure 3, the muons are much more likely to be directly along the beam direction than the electrons.  So, a detector that takes advantage of the directional nature of Cherenkov light will have less background contributions from neutrons and electrons than an ionization system.
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Figure 2: The beta of the electrons and muons that exit the absorber, based on a gnumi??? simulation of the LBNE beam line.

[image: image4.jpg]Arbitrary

ik

Angle

"t 0 ol o o
20 40 60 80
0 from beam direction




Figure 3: The angle with respect to the beam for the electrons and muons that exit the absorber, based on a gnumi????? simulation of the beam line.
3.4.2 Reference Design

A figure would help
There are a number of possible designs for Cherenkov counters. We are currently entertaining two possibilities. One is based upon a traditional beam line Cherenkov counter where a gas radiator is contained in a pressurized tube. The Cherenkov light in a narrow cone is collected at the end of the tube by a mirror, that reflects the light 90 degrees towards a photo sensor located outside the high radiation field of the alcove. The gas pressure, varied from vacuum to several atmospheres, would determine the index of refraction, and hence the muon momentum threshold. Several of those tubes could be constructed in an array transverse to the beam direction. The resulting pressure scan would give the momentum distribution of the muons at an array of points across the end of the absorber.

Another possible design for the muon Cherenkov system is something similar to the PIMON for the K2K experiment [3, Maruyama], which was used to measure the spectrum of pions exiting the target.  The system would look for Cherenkov radiation produced in a volume of gas or a solid.  If a spherical mirror is used, then the ring images for all particles with the same v heading along the beam axis will focus on to the same ring on the focal plane, regardless of their position. Particles with a larger v will produce a larger ring.  Particles with a momentum that is not exactly along the beam axis will produce a ring with the center of the ring displaced.

The mirror will need to be oriented at an angle with respect to the beam so that the photo sensors can be located to the side of the beam, in a lower radiation environment.  As the large muon flux will likely generate a large light signal, an array of low gain phototubes or photodiodes might need to be used.  

The preferred option is to use a gas Cherenkov system with a gas with a high index of refraction, where the density of the gas can be varied to change the Cherenkov threshold.  This will provide more information about the momentum spectrum of the muons.  If a suitable gas system cannot be found, it is also possible to use a solid material, such as aerogel, as the Cherenkov radiator, though this will not allow for a variable Cherenkov threshold.

If the system proves to be inexpensive and compact enough, it might be desirable to have multiple Cherenkov detectors at various locations with respect to the beam axis to give information about the beam profile as well.

3.4.3 R&D

As this type of system has not previously been deployed for a muon monitor, significant R&D will be required.  It will be important to understand the noise and background light from non-Cherenkov sources, such as fluorescence and scintillation in the gas and transition radiation.  A small prototype system could be tested in the exiting NuMI beam alcoves in 2011.  Following the NuMI year-long shut down for the NOvA upgrade, a larger prototype would be tested in the NuMI alcoves in 2013-2014.
3.4.4 Installation

The system installation will be in late 2018, following the installation of the ionization and Michel systems.  The system will need to be designed to fit inside the access shaft near the absorber.  
3.4.5 Operation

As the system will be located in a radiation-controlled environment that will not be accessible during the beam operation, it is essential that the electronics and gas handling system be both robust and designed for remote operation. 
3.5 External Hadron Measurements (WBS 1.3.3.6)

3.5.1 Overview
As discussed above, external hadron measurements are expected to play a critical role when sufficient statistics are accumulated by the far detector towards the conclusion of its running. The types of measurements that can be foreseen begin with the primary hadro-production cross sections in the proton target material, followed by similar studies in thick targets, and finally hadron yields after the complete target and focusing horn system. In addition, hadron-interaction cross sections on materials in the decay tunnel and absorber can also be important in flux calculations. 
3.5.2 Project Commitments

The LBNE project is committed to producing the best physics within its cost parameters. It is important that the LBNE project understand to what extent the measurement of hadro-production can constrain the neutrino flux simulation, and whether or not it is a cost effective way of doing so. Historically, a number of hadro-production experiments have contributed directly to the outcome of neutrino experiments, for example the HARP data [ref HARP] contributed directly to MiniBooNE, the SPY [ref SPY] experiment contributed directly to NOMAD, the MIPP experiment at Fermilab is planning to contribute its measurements to the NOvA experiment, and the SHINE experiment [ref SHINE] is contributing to the T2K experiment. From that perspective alone, it is expected that LBNE will require some dedicated hadro-production measurements.
3.5.3 Candidate Experimental Apparatus

The most suitable apparatus for LBNE purposes is the collection of equipment and detectors used by the MIPP collaboration. While they have not yet published their results, it is likely that they will at some point, and a clear decision about whether or not to move in that direction can be made. A full suite of LBNE measurements would requite the installation of the LBNE horn focusing elements and associated power supplies in front of a future incarnation of MIPP in the Meson Area at Fermilab. That kind of effort would be within the scope of the LBNE project, however could be postponed until after the LBNE construction, or even after LBNE operations have stopped.
3.5.4 Schedule Implications

As pointed out above, the impact of external hadro-production measurements on the LBNE schedule is likely to be minimal. Hadro-production measurements, since they are made with other apparatus, only become critical when the systematic error on the neutrino oscillation data analysis due to hadro-production uncertainties becomes the dominant contributor. At this point, which again may be toward the end of the far detector’s  life. There is one case in which there could be a conflict with the schedule, namely the case when an opportunity arises early on to make hadro-production measurements, and there is a desire to setup the horn and its associated poser supplies at the same time the neutrino beam is under construction and the same equipment is needed for installation into the beam line.
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