Project submitted for the base funding of Artem Alikhanyan National Laboratory (ANL)

Principal investigator: Hovsepyan G.
TITLE: Development of the test facility for the muon screening in geophysical applied research 

Division, group: 

1. Cosmic Ray Division of the Alikeness National Laboratory (ANL), Armenia; 

DURATION: 24 months

Estimated Project Costs

	Estimated total cost of the project (US $)
	40,000

	Including:
	
	
	
	
	

	Payments to Individual Participants
	20,000

	Equipment
	10,000

	Materials
	6,000

	Other Direct Costs
	2,000

	Travel
	2,000


PROBLEM:  Highly penetrating muon flux of secondary cosmic rays can be used for the screening of the mountain rocks heavy machinery of atomic plants and other applications. For each application a different design is needed and lack of physical experience prevents wide usage of muon screening techniques. Also high variability of the muon energies make solving of the inverse problem (recovery of the structures medium crossed by muons) very difficult. Based on multiyear research on mt. Aragats by physicists of the cosmic ray division (CRD) we propose test facility to utilize experience of the cosmic ray division in scientific instrumentation for various applied problem solving and prepare “tagged” muons for screening.

 OBJECTIVES: The goal of the project is to perform various tests with partly finalized facility operated at Aragats (Aragats Solar Neutron Telescope) adding the muon calorimeter now under construction in Yerevan headquarters of CRD. Joint detector will be able to screen kilometer thick highland encompassed 4 peaks of mt. Aragts and test methodology of recovering embedded structures in rock. ASNT will select very narrow high muon beams and muon calorimeter will estimate high energy muon energy with high accuracy.

TASK 1: Tuning of scintillation calorimeter in Yerevan, its transport to Aragats, installing in the muon building at Aragats, aligning of the joint facility. 

	Task description and main milestones
	Participating Institutions

	Task 1.1 Dismantling of the muon calorimeter and its transport to Aragats. 

Task 1.2 Installing and aligning of joint facility, tuning of electronics, calibration and set of PM parameters, etc…

Task 1.3 24 hour 12 month operation of detector under different angles of views, storing of information in data base; permanent checking of stability of photomultipliers;

Monitoring of the detector parameters (slow control).
	1-YerPhI



	Description of deliverables

	
	

	
	Detector parameters, reports and journal publications.


TASK 2: Development of the mathematical methods of solving inverse problems in the muon “tomography”, recovering structures in mountain rock,  preparing proposals to solve different applied problems. 

	Task description and main milestones
	Participating Institutions

	Task 2.1 Simulation of the high energy muon flux traversal through rock, metal, nuclear fuel (direct problem).

Task 2.2 Preparing software for structure recovery based on the changing flux of detecting muons (inverse problem)

Task 3.3 Data analysis, defining structures

Task 3.4 Certification of methods, defining accuracies, preparing methodology for applied problem solving, marketing.

Task 3.5 Preparing detailed proposal for the Armenian atomic power plant screening
	1-YerPhI

	Description of deliverables

	1
	

	2
	Publications, reports, WEB portal


IMPACT: 

Brief survey of the worldwide researches made on the project topic, the competitiveness of the project, and achievements of the group (not more than 2 pages):

Geophysics: Volcano eruption prediction

By registering the high energy muon flux coming through a volcano rock, it will be possible to accurately predict volcanic eruptions and other geological events.  By using simple detection system, comprised of two plastic counters, each of which is segmented in both x and y directions, with Fe plates placed in-between. Nagamine et al, in 2005, successfully studied two active volcanoes, Mt. Asama and Mt. West Iwate in Japan. During the period January-May 2002, by detecting the near-horizontal muon through the summit region of Mt. Asama, the crater part was detected from outside and was found to be vacant, corresponding to the magma occupancy in the crater being less than 10%.

Geoengineering: Help in the design and construction of underground facilities

 
Use of muon detectors leads the way in developing safe and cost-effective methods of excavation and underground construction. Geoscientists are gaining an ever-more sophisticated understanding of rock structure and behavior under varying conditions (DUSEL, 2005).

Industrial: The monitoring of large scale machinery

Muon measuring facilities also provides an industrial application, namely, to probe the inner structure and its time-dependent change of large-scale machinery. For example, it permits monitoring of a time-dependent change in the interior of the blast furnace (Nagamine et al., 2005).

Industrial:  Steel quality control

Neutrons induced by nuclear absorption of negative muons can be used to distinguish between high-Z and low-Z materials via the Z4 dependence of the muon interaction rate in matter. The potential of such neutrons for monitoring the carbon liner thickness in steel industry blast furnaces using cosmic-ray muons is being explored. (Gilboy et al., 2005).

Archeology: Looking inside pyramids

Deploying muon detectors in a tunnel 26 feet below the base of the Pyramid of the Sun in Teotihuacan, about 30 miles northeast of Mexico City, researchers hope to find any hidden burial chambers or other interior features of the massive pyramid, which is about 740 feet on each side and 215 feet tall (Menchaca-Rocha, 2005).

Homeland Security: Monitoring the interior of large vehicles

Los Alamos National Laboratory scientists have developed a detector that can see through lead or other heavy shielding in truck trailers or cargo containers to detect uranium, plutonium or other dense materials. Their technique, muon radiography, is far more sensitive than x-rays, with none of the radiation hazards of x-ray or gamma-ray detectors now in use at U.S. borders. The muon detection method would involve passive monitoring of vehicles and cargo containers, with no artificial dose of radiation involved, according to the Los Alamos researchers. Truck drivers could remain in their vehicles while the scan is underway. "We measure the angle of a muon coming in and the angle going out," said Christopher Morris, a member of the Los Alamos team. "The change in angle tells us how much material was in the path."  Details in the site of Los Alamos muon radiography project (Los Alamos, 2005).


The present project concerns the possibility to apply muon radiography to study the edifice of  Mt. .Aragats.   Mt. Aragats is a cone, 4090 m (North Peak) high above sea level. Aragats is sleeping volcano  whose collapse started during last large eruptions occurring about 40,000 years ago. Feasibility of periodically repeated cosmic-ray muon radiographies opens also new perspectives on the near-real time investigation of volume deformation of a volcanic edifice structure, induced by inner processes of mass redistribution.  Before proposing a mountain tomography  experiment, we  performed small-scale test to measure muon intensities from both rock and open horizons (A. Reymers, 2007) . 
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Figure 1 Aragats Solar Neutron Telescope (ASNT) coupled with electromagnetic calorimeter.

The Aragats Solar Neutrino Telescope is formed from 4 separate identical modules, as shown in “Figure 1.” Each module consists of standard slabs of 50x50x5 cm3 plastic scintillators stacked vertically on a 100x100x60 cm3 horizontal plastic scintillator slab. Scintillator slabs are finely polished to provide good optical contact of the assembly.  The slab assembly is covered by white paper from the sides and bottom, firmly kept together with special belts. Total thickness of the assembly is 60 cm.  Four detectors of 100 x 100 x 5 cm3 size, each located above the thick scintillator assembly as is seen in “Figure 1,” are used to indicate charged particle traversal. This information is used for selecting neutral particles and “vetoing” charged particles. A Scintillator Light Capture Cone and Photo Multiplier Tube (PMT) are located on the bottom and top assembly (Chilingarian A. et al. 2007).


We have 4 independent detectors, detecting particles coming from all four main compass-points. Because the axes of the ASNT are near to common compass-points directions, we denote the detectors as West-East (WE), East-West (WE), North-South (NS) and South-North (SN). Three of the four directions (WE, EW, SN) are open for incoming particles; however, the NS direction is closed by the Aragats mountain. Analogous consideration is used for the 60 cm scintillators. 

The location of the ASNT allows free traversal of near-horizontal muons from the East West and South directions, but from the North, the massive mountain of Aragats’s close proximity is hindered by approximately 3 km of rock.  Total energy losses are equal near 4.5 TeV.  

By adding the MC (Figure 2)  to ASNT, as is shown in the Figure 1 by the time of flight techniques and electron-positron pairs count in calorimeter will be possible to determine the direction and energy of the penetrating high energy muons (Chilingarian A., Hovsepyan G., 2007).
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Figure 2. Photography of the electromagnetic calorimetr, disined in CRD YerPhI  

Personnel Commitments (total 5 participants), responsibilities.

Project manager – G.G.Hovsepyan

Exp. Physics group/ shifts at Aragats and Nor Amberd:

1. A.K. Hovhannisyan, PhD student,  data filtration, responsible for the operation of the alert service; 

2. L.A.Vanyan, Simulation of RREA process, shifts on Aragats

3. S.K. Tarverdyan, visualization codes, administration of CRD servers, ANI & ADEJ joining. 

4. D.S. Sargsyan, responsible for outdoor particle detectors, shi\fts on Aragats; 

Equipment

	Equipment description
	Cost (US $)

	NIM and CAMAC standart modules    http://www.wiener-d.com
	25 x400=10,000

	Total                                                                                                                                                                    10,000


Materials

	Materials description
	Cost (US $)

	Spare electronic components, FPGs, microcontrollers, printed boards, cartridges, toner, stationary, electrical equipment, wires, and aluminum profiles.
	6,000


Other Direct Costs

	Direct costs description
	Cost (US $)

	Technological Electricity, Diesel and gasoline for transportation to mountain stations, communications, publications, workshops.
	2,000


Travel costs (US $)

	CIS travel
	International travel
	Total

	2,000
	
	2,000


Technical Approach and Methodology

1. To set the energy scale of interest for muon radiography of volcanoes, let’s consider that the ionisation energy loss of relativistic particles in matter is approximately 2.5 MeV g−1 cm−2 (The review of particle physics — Particle Data Group, Amsler et al., 2008). With a density of 2.2 g cm−3 , it corresponds a loss of about 0.5 TeV km−1 . Accounting for high energy processes, the threshold for muons to traverse 1 km of rock is approximately 1.5 TeV.

2. In order to obtain a preliminary estimate of the product (detector area) × (exposure time) needed to optimize the muon detector.  By ( Buontempo et al. 2010 ) performed a simpliﬁed Monte Carlo calculation, were considered a simple geometrical model for the rock  and for the presence of an internal structure with diameter  Ф , as illustrated in Fig.․1.  By taking into account the muon energy loss in the rock and their survival probability ( Amsler et al., 2008) obtained  results shown in Table 1, which reports the flux of muons with energy larger than 0.5 TeV entering the detector and the (detector area) × (exposure time) required to reveal, at the 3σ significance level, an internal structure in two different cases: an empty cavity of 20 m diameter and a structure of 50 m diameter characterized by a 10% different density. The results of the model calculations indicate that detector areas of several square meters are required.
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 A full Monte Carlo simulation is needed for a better evaluation of the muon flux and of the multiple scattering in the rock. This full simulation is in progress. It is performed using the GEANT4 (Geometry ANd Tracking) toolkit for the simulation of the passage of particles through matter (http://www.geant4.org/geant4/package) and it features the 3D Digital Elevation Map (DEM) of Mt. Aragats  as geometrical input.

Table 1: The product of detector area times measurement time required to see substructures, according to the simplified model of Fig. 1.

	Ф of structure  [m]
	20  (ρ =0 )
	50 (Δρ/ρ0 =0.1)

	Rate N through structure [m-2 day-1]
	  1.0
	4.6

	ΔN/N by structure 
	0.09 
	0.02

	Events for 3 σ detection of structure
	1150 
	20000

	Detector area x time   [m2 month]
	38
	145


 The active area of the muon detectors employed so far was at most 1 m2. This relatively small area limits the application to small mountain  cone  or to the summit (a few hundreds of meters) of larger mountain  cone. As shown above, the extension of muon radiography to deeper structures requires an increase of the detector area by one order of magnitude. In addition, future detectors should aim at angular resolutions as small as 15 mrad, so far achieved only with nuclear emulsions. At 1 km distance this corresponds  to a 15 m spatial resolution in the determination of internal structures. The deterioration of the spatial resolution due to the multiple scattering in the rock will have to be carefully estimated and is expected to have a comparable value. The detector will consist of a sequence of (x -y ) detector planes, to form what in Particle Physics is called a “ telescope” . A telescope is capable of measuring position and angle of particles, of which for muon radiography only the angle matters, as the detector is essentially point like with respect to the mountain. 
Given the morphology of the Mt. Vesuvius– Mt. Somma  complex, the investigation of the internal structure of the edifice of Mt. Aragats  at depths larger than in previous volcano radiographies is a real challenge.  In order to cope with the strong reduction of the muon flux due to the traversal of the mountain’ s edifice, a muon-detector active area of tens of square metres is needed, much larger than in previous investigations. The detector design will take advantage of the experience gained from the construction of large area muon detectors for particle-physics experiments. A large detector active area will allow reducing the measurement time and eventually result in muon radiography to be used for almost real-time monitoring purposes. 
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�Figure � SEQ "Figure" \*Arabic �2�:  Simplified model for the mountain-detector system, with an internal structure.








