Chapter 4: Neutrino Measurements
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4 Neutrino Measurements (WBS 1.3.4)

4.1 Introduction
In order to achieve the desired neutrino oscillation sensitivity, the signal and background events in the LBNE far detectors (FD) must be precisely predicted as a function of   parameters & variables that affect oscillations, such as energy,  leading lepton which tags the neutrino-flavor, and
momenta and ID of particles induced by neutrino interactions. It is, therefore, crucial to measure the unoscillated neutrino fluxes and their interactions at the near site. At the FD, the first and the second oscillation maximum  signals occur at   about 2.5 GeV and 0.8 GeV respectively – an energy regime where neutrino cross sections and fluxes have large uncertainties. In addition to focusing on the oscillation signal, it is critical to identify and measure processes that can mimic oscillation signals at the FD. Thus, the principal focus of the ND will be on the neutrino oscillation energy range of E < 8 GeV 
and higher neutrino energies that produce background to the oscillation signal. Clearly the measurements must be relevant to both candidate materials for the LBNE FD – water and argon.

The proposed LBNE near detectors (ND) will constrain the systematic uncertainties in the LBNE oscillation measurements. Regardless of the process under study, the systematic error should be less than the corresponding statistical error. Once the precision needed in the ND is established, the focus will turn to determining the detector parameters that will ensure this precision.
Four alternate ND configurations are being considered, each including an upstream liquid argon detector (LAr) and a downstream fine-grained water tracker (see Figure 4‑1, Figure 4‑2, Figure 4‑3 and Figure 4‑4). There are two possibilities for the LAr: a 70-ton unmagnetized LAr or a 20-ton magnetized LAr. Likewise, there are two possibilities for the fine-grained water tracker: a scintillator tracker or a straw tube tracker. The four alternate configurations of these detectors are the following: (1) the 70-ton unmagnetized LAr followed by the scintillator tracker; (2) the 70-ton unmagnetized LAr followed by the straw tube tracker (STT); (3) the 20-ton magnetized LAr followed by the scintillator tracker; and (4) the 20-ton magnetized LAr followed by the STT. The Reference Design for the Near Detectors is configuration (2): the 70-ton unmagnetized LAr followed by the straw tube tracker (STT).
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Figure 4‑1: Layout of the 70-ton unmagnetized LAr detector and scintillator tracker option
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Figure 4‑2: Layout of the 70-ton unmagnetized LAr detector and STT option
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Figure 4‑3: Layout of the 20-ton magnetized LAr detector and scintillator tracker option
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Figure 4‑4: Layout of the 20-ton magnetized LAr detector and STT option

4.2 Water Target Fine-Grain Tracker (WBS 1.3.4.3)
4.2.1
Requirements and Specifications

The scintillator tracker and STT are designed to measure the neutrino event rates and cross sections on water targets for both e/[image: image5.wmf]v
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 charged current (CC) and neutral current (NC) scattering events. The STT is based on CERN’s Neutrino Oscillation Magnetic Detector (NOMAD). However, NOMAD lacks the full calorimetric coverage, offers no muon-ID below 2.5 GeV, and the tracker, composed of  drift chambers, has coarser resolution than the straw tube tracker, especially in proton- and 0-reconstruction. The STT has the advantage of better position and angular resolutions than the scintillator tracker due to its lower density (~0.1 g/cm2) and high-precision straw tube detectors. This high resolution is important for determining the neutrino vertex and determining whether a neutrino interaction occurred in the water target. The STT has a magnetic field for particle tracking, so it can differentiate between neutrino and anti-neutrino events. Importantly, STT can measure [image: image9.wmf]v
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 events with high efficiency and purity. The scintillator tracker is based on the design of Fermilab’s MINERvA detector and has the advantage of a relatively low cost due to the reuse of many MINERvA components. The scintillator tracker also has downstream muon trackers with magnetic fields for differentiating between [image: image11.wmf]v
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 events, although it will not be able to differentiate between [image: image13.wmf]v
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 events.

Specific requirements for the fine-grained tracker are listed below:

· The fine-grained tracker must include a water target for the measurement of neutrino cross sections and event rates.

· The tracker must reconstruct neutral-pions, produced in NC and CC scattering events, with high purity since 
· 0 events constitute the largest background to [image: image15.wmf]v
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 appearance. 
· The tracker must measure the + and - production in NC and CC scattering since these events constitute the largest background to [image: image17.wmf]v
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 disappearance.
· To detect and identify gammas from neutrino interactions occurring outside the detector, the fine-grained detector must be surrounded by an electromagnetic calorimeter (ECAL). This ECAL will also help with the identification of gammas produced from neutrino interactions inside the detector.

· To fully identify muons (and separate them from pions), the muons must either be fully contained or pass through a sufficient amount of material in a muon spectrometer or range detector.

· The fine-grained tracker must identify and reconstruct protons down to low momentum for the flux measurement and the reconstruction of CCQE interactions.
· The fine-grained detector must have sufficient vertex resolution (< 1 cm) to determine whether the neutrino interaction vertex occurs inside the water target and to determine whether a track comes from the vertex (in the case of an electron) or is displaced from the vertex (in the case of a gamma).

· The fine-grained detector needs to reconstruct the incident neutrino energy for CCQE events with good resolution in order to measure the neutrino fluxes as a function of energy.

· A magnetic field is needed to distinguish neutrino from antineutrino events. Such a magnetic field would also improve the identification of gammas through pair conversion, e+ e-,
and will be necessary to differentiate ( and ( 
4.2.2
Detector Descriptions
4.2.2.1
Scintillator Tracker

The overall plan for a fine-grained scintillator tracker for LBNE is to reuse large pieces of the MINERνA detector. The proposed design for the scintillator tracker is illustrated schematically in Figure 4‑5.  The heart of the proposed detector is a large tracking volume filled with fine-grained scintillator extrusions. Each scintillator has an embedded wavelength shifting (WLS) fiber to facilitate collection of scintillation light, and every scintillator/WLS fiber channel is individually instrumented with a dedicated photosensor. The redesigned detector largely conserves the existing MINERνA tracking volume and downstream electromagnetic calorimeter. The solid upstream nuclear targets will be removed and replaced with water targets. The most dramatic change is a new downstream hadronic calorimeter (HCAL) that is magnetized and features steel absorber of graduated thicknesses. Another change is the addition of a downstream muon ranger with magnetic fields, which will allow for differentiating between [image: image19.wmf]v
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 events. This detector technology provides full event reconstruction with high resolution tracking capabilities. It is also possible to build up regions of calorimetry by interspersing appropriate absorber material (steel or lead) between sheets of scintillator.
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The upstream region contains target material with interspersed sheets of tracking scintillator. The tracking region is a large volume of fine-grained scintillator. Along the detector’s length and in the downstream regions, the detector is encased in electromagnetic and hadronic calorimetry.



The following sections provide a few more details for each main detector subsystem.

(1) Targets

In this detector, most of the interactions will occur in the polystyrene scintillator. However, other target material can be inserted between modules, and final-state particles will be tracked in the surrounding scintillator. As the measurements from the fine-grained tracker are most pertinent to a water Cherenkov FD, water will be the dominant target material.

At this point, the design of the water target remains a work in progress. One option is a passive volume of water. The T2K 280-m near detector incorporates several thin layers of water contained in large plastic bladders. The bladders are distributed throughout the detector’s tracking volume, with sheets of tracking scintillator separating target material. The relatively thin targets minimally disrupt the tracking volume. The bladders can be filled and emptied in place, permitting studies of event production on the empty target material. A similar scheme could be implemented for the LBNE ND, perhaps using multi-cellular Lexan sheets.

The design of active water targets for use in the ND is also being considered. While the effort is just beginning, the basic idea would be to instrument the water itself, either as liquid or in the form of optical quality ice.

The exact design of the targets, the total volume of water and its distribution in the tracking volume of the detector remain important issues to be studied.

(2) Tracking Volume

The current plan is to use the existing tracking volume from MINERνA. In its current form, MINERνA dedicates 60 modules to an uninterrupted tracking volume absent of any passive material for targets or calorimetry. This modular construction makes the detector easily 
reconfigurable. A typical module consists of two sheets of fine-grained scintillator mounted into a hexagonally shaped steel frame. While the steel frame provides the mechanical structure of the module, it is also instrumented and provides hadronic calorimetry for particles exiting out the side of the detector. A typical module contains 302 individually instrumented pieces of scintillator, is 1.5 in thick and weighs just over 3,000 lbs. Modules are hung sequentially on a stand to make up the detector, much as slices make up a loaf of bread. Overall, the tracking volume encompasses 120 sheets of scintillator, for a total of 15,249 channels and a total fiducial volume of approximately 3 tons.
(3) Electromagnetic Calorimetry

The electromagnetic calorimeter will be kept intact from the current MINERνA detector. It consists of 10 modules, each containing two sheets of scintillator. The upstream face of each scintillator plane is covered with a 2-mm thick lead sheet, which serves as the calorimeter’s absorber material. Distributed over 20 scintillator planes, there is a total thickness of 4 cm of lead in the calorimeter, corresponding to 7.1 radiation lengths.
(4) Magnetized Muon Calorimeter

The downstream calorimeter is the first of two major upgrades to the baseline MINERνA detector. The existing calorimeter consists of 20 modules, each containing one scintillator plane and a 1-in thick steel plate. If the current calorimeter were magnetized, the absorber would be too thick to permit lower-energy muons to penetrate sufficiently deep into the calorimeter to determine a track curvature and the sign of the muon. Thus a longer, magnetized muon calorimeter with graduated steel absorber is being proposed. The graduated absorber facilitates charge discrimination of lower-energy muons by measuring the track curvature. The calorimeter will be based on the modular construction of MINERνA, and its modules will feature a steel frame encasing one sheet of scintillator and a steel absorber plate as MINERνA does. The baseline design calls for 15 modules with a 0.25-in thick steel absorber, 15 modules with a 0.5-in thick absorber and 15 modules with a 1-in thick absorber. A 30-MeV muon originating in the downstream portion of the fiducial volume will be able to cross the first calorimeter region, which should permit determination of the muon’s charge. The threshold for traversing the second region (0.5 in of steel) is approximately 600 MeV. The total energy deposit for a muon traversing the three regions is approximately 1.0 GeV. Muons not ranging out in the calorimeter will still have their charge measured in the hadronic calorimeter and will pass into the downstream muon catcher for further analysis.

This calorimeter requires steel and extruded scintillator sufficient to produce thirty additional MINERνA-type calorimeter modules. The plan is to reuse 15 of the existing calorimeter modules for the region with 1-in thick absorber.

(5) Downstream Muon Ranger

To further analyze muons passing through the upgraded hadronic calorimeter, a downstream muon ranger will be employed. The current plan is to employ a subset of the MINOS near detector for this purpose.

(6) Photosensors and Electronics

Because of the calorimeter’s magnetic field, MINERνA’s Hamamatsu M-64 photomultiplier tubes must be replaced.
 The photosensors will be upgraded to some kind of pixilated silicon photodiode, such as MPPCs 
or SiPMs
. Silicon photodiodes are not affected by an ambient magnetic field. They also have the advantage of having a higher quantum efficiency that helps to offset lower production of light from the scintillator as it ages. To simplify readout, the old MINOS electronics in the downstream muon ranger will be replaced. The final detector employs a single type of photosensor for all instrumented channels.

The upgraded photosensors 
also require new front-end electronics. The upgraded design is similar to the current MINERνA design and incorporates an on-board Cockroft-Walton High Voltage
 supply, eliminating the need for an HV distribution system. Fermilab is currently working on a custom ASIC 
specifically for silicon photodiodes, and this chip would be used in the front-end boards.

The front-end electronics will be read out by custom interface and timing cards housed in a VME 
crate. Readout and data acquisition will require a number of dedicated servers. MINERνA employs C++ based data acquisition software, which could be retooled to work with the upgraded detector. In particular, the readout libraries would have to be rewritten in order to communicate with the new electronics.
4.2.2.2
Straw Tube Tracker

The STT is based on the design of NOMAD and will consist of a straw tube tracker, water targets, and an electromagnetic calorimeter inside of a dipole magnet. In addition, a muon-range detector will be embedded in the steel of the magnet. The STT has excellent position and angular resolutions due to its lower density (~0.1 g/cm2) and high precision straw tube detectors. This high resolution is important for determining the neutrino vertex and determining whether the neutrino interaction occurs in the water target. In addition, the STT has a magnetic field for particle tracking. The proposed 4.5 × 4.5 × 8 m3 detector, inside a dipole magnetic field of B ≈ 0.4 T, will have the density of liquid hydrogen, ρ ≈ 0.1 gm/cm3. The nominal fiducial volume (FV), 350 × 350 × 600 cm3, corresponds to 7.4 tons of mass. A schematic of the straw tube concept is presented in Figure 4‑5, while Figure 4‑6 shows the layout with the external muon detector. Table 4-1 shows the specifications for the STT.
[image: image23.png]s

STRAW LAVER

¢ renvrorcEvENT

B=04T

NAGNET + MRD

MAGNET + MRD

awvsarams

Density = 0.1 g/cm3, 85% in the radiator foils.

NAOSIY AN

|

o




Figure 4‑6: Layout of the proposed Straw Tube Tracker detector
This sketch shows the inner straw tube tracker (STT), the electromagnetic calorimeter (EM CALO) and the magnet with the muon range detector (MRD). The internal magnetic volume is 8 m x 4.5 m x 4.5 m. Also shown is one module of the proposed straw tube tracker (STT). Two planes of straw tubes are glued together and held by an aluminum frame. In front of each module there will be either a water target or a plastic radiator made of many thin foils. The water targets and plastic radiators provide ~82% of the total mass of the detector and can be adjusted according to the required resolution and statistics. The module design is taken from the COMPASS experiment.

(1) Tracking Volume
The tracker will be composed of straw tubes with 9.7-mm outer diameter. Vertical (Y) and horizontal (X) planes of straws will be alternated and arranged in modules, with each module containing a double straw layer (either XX or YY), as shown in Figure 4.6. Readout will occur from both ends of the straws to resolve ambiguities in the hit assignment. At both sides of the two straw layers in each module, there will be water targets at the upstream end of the detector and a set of plastic foils called “radiators” at the downstream end of the detector. The water targets and radiators will constitute ~82% of the mass of the detector (Figure 4.6). The radiators, made mostly of carbon and located in the downstream part of the tracker, will allow a measurement of the transition radiation (TR), which will yield continuous identification of electrons through the tracking volume. It is proposed to use a mixture of xenon and carbon dioxide gas in the straw tubes (Xe & CO2) 
to maximize the TR capability. The straw tube material for both the inner (9.53 mm diameter) and outer (9.7 mm diameter) foils is Kapton 100HN (25m thick). The inner and outer foils are Al-laminated and coated with carbon during manufacturing to provide electrical conductivity. Each straw will have a 30 m diameter gold-plated tungsten wire positioned in the center of the straw by spacers and end plugs. There are a total of 112,640 straws, corresponding to 704 straws per double-layer module and 160 modules. The total mass of the tracking detector is approximately 7 tons, corresponding to an average density of 0.1.

(2) Radiator Targets

The modules located in the downstream half of the tracking detector will include the radiator, which are used both as a target for the neutrino interactions and for the TR production. Each radiator target is composed of two sections, with a total of 38+37 layers of 40 m polypropylene (C3H6)n  films alternating with 37+36 sheets of 250 m tulle fabric spacers. The mass of the radiator installed in each module is ~0.035 ton. One radiation length corresponds to about 5m in the straw tube tracker.
(3) Water & Nuclear Targets

The upstream region of the straw tube tracker will be used to install water targets or other nuclear targets. The water and nuclear targets will be positioned directly upstream of individual straw tube modules without radiators. The water targets will consist of 7 mm thick plastic planar modules filled with water and will be located in the upstream half of the tracking detector. The wall thickness of the modules is 1 mm and the water thickness is 5 mm, corresponding to 0.06 tons of water per modules. There will be a total of 40 water modules, half of which will be filled with H2O and the other half with D2O, so that the neutrino CCQE cross sections can be measured off both “free” and bound neutrons. Similarly, other thin nuclear targets can be installed in the upstream region using the same type of modules used for the water target. 

(4) Electromagnetic Calorimeter (ECAL)

The tracking volume will be surrounded by an electromagnetic calorimeter (ECAL) on the four sides and at the upstream and downstream ends. The ECAL will have transverse and longitudinal segmentation. The ECAL design is a lead-scintillator calorimeter with 1.75 mm Pb sheets for the forward ECAL and 7 mm Pb sheets for the barrel ECAL and backward ECAL and scintillator bars with dimensions of 400 cm by 2.5 cm by 0.5 cm for the forward ECAL and 400 cm by 2.5 cm by 1 cm for the barrel ECAL and backward ECAL. The forward ECAL will have 160 bars per layer and 58 layers, corresponding to 9280 bars total and a scintillator volume of 4.64 m3. The barrel ECAL will be divided into a downstream barrel ECAL and an upstream barrel ECAL. The downstream barrel ECAL will have a total of 5120 bars and a scintillator volume of 5.12 m3, while the upstream barrel ECAL will have a total of 2560 bars and a scintillator volume of 2.56 m3. The backward ECAL will have have a totall of 2560 bars and a scintillator volume of 1.28 m3. The scintillator bars will be extruded at Fermilab with Kuraray wavelength-shifting fibers fitted in a hole in the middle of the bars. The fibers will be read out at each end by photosensors, so that the number of readout channels is twice the number of scintillator bars. Overall, the forward ECAL will be 18 radiation lengths thick, the downstream barrel ECAL will be 10 radiation lengths thick, and the upstream barrel ECAL and backward ECAL will be 5 radiation lengths thick.
(5) Dipole Magnet
The tracking detector and ECAL modules will reside inside a 0.4 T dipole magnet with inner dimensions of 4.5 m wide by 4.5 m high by 8.0 m long. The coils of the magnet will be stacked horizontally, producing a vertical magnetic field. The thickness of the magnet steel will be 60 cm, consisting of 6 x 10 cm thick plates. The magnet power requirement is ~1 MW.
(6) Muon-Range Detector (MRD)

The sides of the dipole magnet will be instrumented with muon-range detector (MRD) (see Figure 4-7). The muon detectors will be inexpensive resistive plate chambers (RPCs)
 interspersed between the 10 cm thick steel plates of the dipole magnet. The muon-range detector is only meant to provide the identification of the muon – the muon momentum itself will be measured by the STT inside the B-field. 
(7) 
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Figure 4‑7: Layout of the Straw Tube Tracker with external muon detectors
	Item
	Specification

	Inner Magnetic Volume
	8 x 4.5 x 4.5 m3

	Tracking Detector
	3.5 x 3.5 x 7 m3 ; 160 modules; 112,640 straws

	ECAL
	50 cm thick; 19,520 scintillator bars

	Dipole Magnet 
	0.4 T; 1 MW; 60 cm thick steel

	Muon Range Detector 
	RPCs interspersed in magnet steel

	
	 


Table 4‑1: Specifications for the STT.

4.2.3
R&D Program

The detector descriptions in the previous section are conceptual and require further study, optimization, and R&D to produce a final design. Detailed GEANT based simulations of the proposed detectors and various options are needed. Efficiencies and purities for the detection of both signal and background reactions must be produced in order to understand the detector performance and allow for comparisons to other detector technologies. As the ND effort progresses past the conceptual phase, further use of simulations to refine the design and optimize various detector parameters will be required. 

Beyond the simulations, development of both the STT and Scintillator Tracker detectors will require an extensive laboratory R&D program. 
The most pressing need will be the selection of photosensors and early design work for the new front-end electronics. This work will be done at Fermilab in conjunction with the Particle Physics Division Electrical Engineering Department. There are several SiPM sensors on the market, and various models will be tested to select the most appropriate photosensor for the needs of the Fine-Frained Tracker. Once an SiPM has been chosen, early design work for the front-end electronics will be carried out, and a number of prototype boards will be produced. Work will also begin on techniques for mounting the SiPMs to maximize the light collection efficiency of the detector optics.

Another R&D priority is research on the production of scintillator with a co-extruded WLS fiber. The MINERνA construction technique was for the scintillator to be extruded with a hole running the length of the extrusion. The WLS fiber was inserted into this hole when the scintillator sheets were constructed. Optical epoxy was injected into the voids around the WLS fiber to increase optical contact between the fiber and surrounding scintillator, increasing overall light yields by approximately 30%. As the MINERνA detector was built, all scintillator was source-tested to characterize the detector optics for calibration purposes. This testing revealed a large weakness in the MINERνA construction technique. In some minority of the channels, the fiber was not completely wetted by the optical epoxy. This imperfect optical coupling produced non-standard attenuation curves for the affected channels. These curves had sudden changes in light levels, which were difficult to parameterize for the calibration effort. There are plans to develop a technique whereby the WLS fiber is inserted into the molten plastic while being forced through the extruder die. If successful, the resulting scintillator will provide an overall higher light output and a more uniform response.

Also, as the scintillator and electronics become available, they will be integrated into a small bench-top test setup. A few panels of the new scintillator could be instrumented with the prototype photosensors and electronics. Outfitted with a cosmic-ray trigger, this setup could be used for a number of integration and physics studies on topics such as tracking and calibration of the overall energy scale for the scintillator.

Finally, prototype detectors for the STT and Scintillator Tracker will be built to test the designs, refine construction techniques, train personnel, and outfit a production site. These prototype detectors would include full-scale straw tube, ECAL, RPC, and target modules for the STT and a full-scale muon spectrometer module for the Scintillator Tracker. Prototype detectors would be assembled and commissioned on-site at Fermilab and deployed at the Fermilab test beam facility. After that, the prototype detectors could be moved to the MINOS Near Detector Hall for some actual neutrino beam running. 

4.3 Liquid Argon TPC (WBS 1.3.4.4)
4.3.1 Requirements and Specifications

The 70-ton unmagnetized LAr and the 20-ton magnetized LAr are designed to measure the neutrino event rates and cross sections on argon for both [image: image26.wmf]v
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 CC and NC scattering events. The 70-ton unmagnetized LAr will reuse much of Fermilab’s future MicroBooNE detector and has the advantage of a larger fiducial mass than 20-ton magnetized LAr. The larger fiducial mass allows for better containment of muons and better rejection of external events originating outside the detector. The newly designed 20-ton magnetized LAr has the advantage of a magnetic field that uses high-temperature superconducting (HTS) wires. The magnetization is advantageous because it allows for measurement of the momentum of particles that remain in the detector as well as those that exit the detector. In addition, the 20-ton magnetized LAr can differentiate between [image: image30.wmf]v
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 events, while the 70-ton unmagnetized LAr cannot
.
Specific requirements for the LAr detectors are listed below:

· The LAr detector must measure the neutrino cross sections and event rates on argon.

· The LAr detector must have sufficient vertex resolution (< 1 cm) to determine whether a track comes from the vertex (in the case of an electron) or is displaced from the vertex (in the case of a gamma).

· The LAr detector must identify and reconstruct protons down to low momentum for the reconstruction of CCQE interactions.
· The LAr detector needs to reconstruct the incident neutrino energy for CCQE events with good resolution in order to measure the neutrino fluxes as a function of energy.

· •To fully identify muons (and separate them from pions), the muons must be fully contained.
· The LAr detector must have a size that allows good containment of electromagnetic showers and neutrino interactions that originate within its fiducial volume.
· The reconstruction of the neutrino events should not be limited by pile-up occurring within one neutrino spill (10 s).
· A magnetic field is desirable for the separation of neutrino and antineutrino events. Such a magnetic field would also improve the identification of gammas through pair conversion, e+ e-.

4.3.2 Detector Descriptions
4.3.2.1 70-ton Unmagnetized LAr Detector

One option for the LAr component of the LBNE ND is to reuse the ~70-ton MicroBooNE detector. The figure below shows a cross section of the proposed MicroBooNE detector [MBCDR].
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Figure 4‑8: Schematic drawing of the MicroBooNE detector.
Cathode plane is on the left (beam left).  Wire planes are on the right (beam right). 

The main components of the 70-ton unmagnetized LAr are the following:

(1) The Cryostat:

The cryostat will have an inner diameter of 3.86 m and an inner length of 12.22 m. The outer diameter and length, which includes 16” foam insulation, will be 4.67 m and 13 m, respectively. As the cryostat is too large to fit into the elevator shaft, the cryostat will need to be welded inside the ND Hall.

(2) The TPC
The TPC (Time Projection Chamber) will have an active volume of 2.3 m x 2.6 m x 10.4 m. The total mass of liquid Ar will be 87 tons, while the mass in the fiducial volume will be 70 tons. The Ar impurity is required to be < 30 ppb in order to ensure that electrons can travel the maximum drift length, cathode to anode, of 2.6 m. Purity monitoring systems will monitor the purity continually. Wire planes form a high voltage of 130 kV, which leads to a uniform field of 500 V/cm along the electron drift direction. The ion drift velocity is 1.6 mm/µs. The wire planes consist of 2 induction planes (U, V) with wires running at 30°, 150° with respect to the beam direction (z-axis), and 1 collecting plane (Y). The wire spacing is 3 mm. There are 3456 (Y) wires with length 2.5 m and 4800 (U, V) wires with length 5 m. The total number of TPC channels will be 8256.

(3) “Cold Electronics”
The pre-amplifiers will be located in the cryostat, as close as possible to the readout wires. The sampling rate of the electronics will be 2 MHz. Multiple samples per preamp lead to a sharper tome peak and better time resolution.

(4) PMTs

Photo-multiplier tubes (PMTs) provide start times for events without a beam trigger and also determine the times of individual events during the beam spill.

(5) Hermetic feed-throughs
Hermetic feed-throughs are very important for transporting the signals, calibration lines, pre-amplifiers, power, high voltage, and monitoring lines from inside the cryostat to outside the cryostat. These feed-throughs will be located at the top of the cryostat.

4.3.2.2 20-ton Magnetized LAr Detector

The magnetization of the LAr TPC adds charge separation capability, particularly for electrons and positrons and the identification of electron neutrinos and antineutrinos in the oscillation energy region <5 GeV Over the past decade, design work on LAr detectors has converged onto scalable structures that are built on cubic cells or hexagonal parallel-piped cells. As the magnetization was considered for the LAr vessel, it was realized that there is a cost challenge of magnetizing a large volume of several cubic meters, either in the form of electric power usage of ~1-2 MW or the cost of superconducting wires. A number of ways were investigated regarding how to wind high temperature superconducting (HTS) wires around the detector vessel.  The known challenge is how to find an economical way of thermally insulating the HTS wires in order to maintain them at the required low temperature either at or below the temperature of liquid nitrogen. For the LAr detector, the solution appears to be to keep the coil within the vacuum volume, outside of the LAr vessel.
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Figure 4‑9: Illustration of the small magnetized LAr
The LAr volume is 2.5 m ( 2.5 m ( 2.5 m dimensions with a rectangular coil of 3.0 m ( 3.0 m on the sides and 3.0 m high.  The LAr vessel and the coil sit inside the center of the 5.0 m ( 5.0 m ( 5.0 m volume.  The outer cubic volume is formed by the steel frames of 6.0 in ( 6.0 in square hollow beams and panels of 1.0 in thicknesses with supporting bars welded on.


Figure 4‑8 shows a cutaway view of a rectangular coil containing the cubic structure of a 2.5-m ( 2.5-m ( 2.5-m volume. The central volume can hold up to 22 tons of LAr. The coil and the LAr vessel sits on an insulation layer thermally isolated from and mechanically supported by the 4.0-m ( 4.0-m ( 4.0-m cubic structure, which is joined to the external 5.0-m ( 5.0-m (-5.0 m structure at the eight corners. This concept is the result of merging the scalable cubic vacuum concept and the simpler structural concept of a tank sitting within a tank of the non-evacuable FD version. By having the LAr vessel not connected mechanically, there is less concern of shrinkage of the inner vessel relative to the external vessel sitting at room temperature. The coil structure is also not connected mechanically to the inner LAr vessel or to the outer vessel, hence it has a lack of shrinkage when cooling down to 20 K. The scheme allows for sufficient space not only for the coil with the helium cryogenic tubing and the insulation to sit in but also for the field return soft iron yoke structure, not shown in Figure 4‑8. The windows of the outer structure can be padded with soft iron to function as the field-return yoke. However, the field uniformity within the coil volume can only be achieved with a large iron structure with symmetry and sufficient thickness.

The detector is to be installed in the Near Detector Hall, approximately 400 ft underground. The shaft for bringing material down is not large enough for the 5-m ( 5-m ( 5-m outer structure. However, to the extent possible, structures will be welded above ground. The heaviest component in the LAr ND is the iron yoke with mass 800 tons. However, as this component is only for directing the flux lines, it can be assembled into the yoke structure from smaller individual pieces. Among the remaining components, the large outer windows can be as heavy as 6 tons. 
The detector system is to have a secondary storage with a large volume. It is to be used for transferring the LAr in case of large thermal leakage into the detector vessel or with long down time of the cooling system, whether it is for a planned shutdown or failure of the vacuum or the cooling system.  It is best to locate the secondary storage away from emergency exits.  A hole below the hall level could be dug for the storage vessel.

The main components of the 20-ton magnetized LAr are the following:

(1) Cryostat

The cryostat will be a cubic structure of volume 2.5-m ( 2.5-m ( 2.5-m. The total mass of liquid argon will be about 22 tons.
(2) TPC

The design of the TPC will be similar to the MicroBooNE TPC but with a smaller fiducial volume of 20 tons instead of 70 tons. The Ar impurity is required to be < 30 ppb in order to ensure that electrons can travel the maximum drift length, cathode to anode, of 2.5 m. Purity monitoring systems will monitor the purity continually. Wire planes form a high voltage of 130 kV, which leads to a uniform field of 500 V/cm along the electron drift direction. The ion drift velocity is 1.6 mm/µs. The wire planes consist of 2 induction planes (U, V) with wires running at 30°, 150° with respect to the beam direction (z-axis), and 1 collecting plane (Y). The wire spacing is 3 mm. The total number of TPC channels will be ~10,000.

(3) Window Planes
The window planes are formed by steel sheets and steel bars crisscrossing horizontally and vertically. Deformation of the window under the pressure of 10 atm was studied using finite element calculation for both the 2.5-m ( 2.5-m and the 5.0-m ( 5.0-m windows (see Figure 4‑9 and Figure 4‑10). It was a surprise to find that steel bars of at least 6.0 in in width were necessary to keep the window plane from bulging out severely. For the 5.0-m ( 5.0-m window, 12.0-in wide bars were used and the maximum deformation is about 8 cm. These simple structures with rectangular steel bars of corresponding heights appear to be capable of holding the window under excessive pressure  of 10 atm.  In the future, when more information becomes available on the engineering safety requirement, the window material specification can be changed, and also the support structural design changed to more economical designs studied for the evacuable version of the FD.
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Figure 4‑10: 2.5-m x 2.5-m window

The 2.5 m ( 2.5 m window with 0.5 in thick steel sheet and 2.0 in ( 6.0 in steel solid bars as backing ridges.  Applied outward pressure is 10 atm.  The maximum deformation is 5 cm.
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Figure 4‑11: 5-m x 5-m window

A 5 m ( 5 m window with 1.0 thick steel sheet, two 4.0 in ( 12.0 in and eight 2.0 in ( 12.0 in steel solid bars as backing ridges.  Applied outward pressure is 10 atm.  The maximum deformation is 8 cm.

In the future, a cylindrical shaped vessel will be investigated. The advantage of the cubic shaped vessel is that it allows for prototyping work for a large-scale detector in the future. In addition, it is easily extensible in 1-D for a longer-length LAr vessel. For the large-scale vessel, the thermal contraction of 304 stainless steel material can be as much as 8 cm over the 40 m dimension. There is serious displacement of the inner vessel relative to the outer vessel for the 304 stainless steel material. However, there are other steel alloys, such as Pernifer36 by Thyssenkrupp-VDM
, which advertise to have supplied 70 metric tons to the ICARUS detector. The Pernifer36 has extremely low thermal contraction of only 10-6 for liquid nitrogen temperatures.
(4) Magnetic Field

High Temperature Superconducting (HTS) wire technology has matured to the point that 2nd generation wires consisting of tapes of 3.4-mm ( 0.4-mm cross section are readily available from commercial vendors. The current linear density carried by the wires is 7.35 kA/cm and is based on the nominal current throughput of 100 A at liquid nitrogen temperature.
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Figure 4‑12: Finite element 2-D calculatin for magnetic flux

Finite element 2-D calculation for magnetic flux of dipoles of 3.0 m width and 3.0 m height with 7.35 kA/cm current in the coil and with return iron yoke of 20.0 cm.  The B field of the dipole varies by nearly 12% from 0.57 T at the center to the sides.  The abscissa scale corresponds to (4.0 m to (4.0 m. The various field curves correspond to the cross section lines indicated in the pictorial graphs with no. 1 at the most bottom.

For the magnetization, a 0.5-T field is set as the goal of the coil investigation. The field uniformity requirement will not be well known until event simulation studies have been done with GEANT4. However, it is reasonable to assume that a known field map with known rolling variation is sufficient for precise event kinematics reconstruction. In Figure 4‑11 and 4-15, plots are shown for a finite element field calculation of a 2-D dipole with 3.0 m width ( 3.0 m height. Surrounding the top, bottom and the two sides are soft iron walls for field return yoke. A larger iron mass minimizes the field variation and also gives a nearly 40% higher field of 0.8 T versus 0.6 T. Future calculations will incorporate the corners in 3-D models. 
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Figure 4‑13: Finite element 2-D calculation for magnetic flux

Finite element 2-D calculation for magnetic flux of dipoles of 3.0 m width and 3.0 m height with 7.35 kA/cm current in the coil and with a return iron yoke of 50.0 cm.  The B field of the dipole, 0.78 T, varies from the center to the sides by only 3.5%.
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Figure 4‑14: Wire performance with magnetic field parallel to tape surface


Operating the HTS wires at ~20 K increases the critical current by 7.5 times at 1 Tesla parallel field.  Courtesy of American Supercondutctors.

The coil requires helium gas cooling to achieve a temperature of 30 K or lower, as shown in Figure 4-16. Also, the cooling should be isolated from the LAr inner vessel, which can only reach a little below the 87-K LAr boiling point. The coil can be constructed by winding around a rectangular structure of 3 m ( 3 m ( 3 m dimensions with round corners. It is critical to choose proper structural material to match the thermal shrinkage of the HTS tape, which has stainless steel or brass as the stabilizer. For beryllium-copper alloy, as shown in Figure 4-17, the integral thermal contraction is around 0.003 for a temperature decrease from 293 K to 20 K. The 3-m x 3-m coil structure would then shrink by 9 mm. The HTS tape with the brass stabilizer will better match the copper coils for the helium cooling. This issue will be further studied in the future. During operation, the coil will experience a large outward pressure of 106 psi or 75 tons/m2. The required stabilizer holding the coil back against the outward force needs to be investigated. The goal is to allow only the minimal amount of mass to reach 20 K. The field return iron yoke, which can be as massive as 800 tons, should be external to the thermal insulation of the coil. There will be questions over whether to allow a large amount of iron upstream and downstream of the LAr vessel and how best to design the iron yoke so as to not interfere with particle tracking measurement.  At the same time, it appears possible to use the field return yoke, which is strongly magnetized within part of the muon ranger.
[image: image43.emf]Integral Fractional Thermal Contraction

-500

-400

-300

-200

-100

0

0 100 200 300 400

T (K)

(L-L

293

)*10

-5

/L

293

6061-T6 Al

304 SS

718 Inconel

Be-Cu

Ti-6Al-4V

NbTi


Figure 4‑15: Cryogenic data for various materials
The magnet system still needs to be studied in detail in the future. As mentioned already, there will be a strong outward pressure due to field current interaction. In addition, there will be a strong force between the iron yoke top and the coil. Structural support for both the coil and the yoke need to be considered in detail, along with the insulation for the coil to attain a temperature of 30 K Further, there is no study done yet on quench protection. There is 11 MJ of energy stored within the coil volume. In case of a sudden temperature rise above the critical temperature, the stored energy can be dissipated via a copper coil wound together with the helium cooling coil at a rate of 36 kW over 5 minutes.  If a simple quench protection system is built, it will require about 10 tons of copper.

The detector system has been designed to have very low heat leakage. Hence, a crycooler of a few hundred watts is sufficient to balance the heat leakage into the system. The LAr pumping system is also minimal for this detector volume. There is only 125 m3 of volume in the vessel. If the pumping rate is 10 l/sec, then the entire volume can be recirculated in 3.5 hrs. The overall power requirement will be at most 10 kW to operate all of the power supplies for the detector system.



4.3.3 R&D Program

Cryostat R&D is needed for both 70-ton unmagnetized LAr and the 20-ton magnetized LAr. R&D for the MicroBooNE detector is presently taking place at Fermilab; however, the one new R&D element for using MicroBooNE in LBNE will be a new cryostat, as the original cryostat is too large to fit down the elevator shaft. A cryostat will also need to be designed for the Small Magnetized LAr Detector. In addition, R&D is needed for the HTS magnet with He gas cooling and the internal field return iron yoke. If this HTS magnet R&D proves successful, then the magnetization of MicroBooNE could be considered.
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