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PROBLEM:
Until 1990s, solar neutrons are registered by traditional neutron monitors (NM) located at various parts in the world. Although the NMs have a high efficiency as a detector of solar neutrons but is unable to determine direction and charge of the incoming particles and to measure their energies.

In order to overcome these disadvantages at beginning of 90-th the group of scientists from Nagoya University (leadership - Prof.Y. Muraki) has been proposed to create world net of new type scintillator-based high altitude detectors located on mountain altitudes [1],[2]. At this time same detectors are working on seven stations. Since 1997 the same type of the solar neutron telescope (SNT-l) has been started to work on Aragats station of Yerevan Physics Institute (Armenia) [3]. 

These detectors are designed to distinguish between incoming neutrons and charged particles and to get information on neutron energy by measuring the energy deposit of the recoil protons in the scintillator.
The detectors consist of an array of 30÷50cm thick plastic scintillators and underlying Proportional Counters (PRC).  The incoming neutron direction is determined by measuring the track of recoiled protons in the underlying Proportional Counters (Figure 1). 
In the duration of the solar cycle 23, 10 cases being identified as solar neutron events have been registered by this kind of detectors [4].

However, despite the certain contribution of these telescopes in getting more detailed information on neutron events, for 20 years experience of operating such detectors demonstrates:

1. Most of the cases, the statistical significance of the signal no more than 4σ [4], even when the telescope function has been used to identify neutron signals, removing the background from the other directions [5].
2. Compared to NM, these telescopes have 2 times less efficiency especially at the low energy range [6].
3. As Figure 1 illustrates, the detectors have significant uncertainty in energy measurement of solar neutrons because of the absence of the information about kinematics of the neutron interactions and uncertainty in the recoil protons energy measurements. Therefore, estimation of primary neutron energy spectrum is still carried out via the arrival time delay, as in the case of the traditional neutron monitors assuming the impulsive generation of neutrons. Meanwhile, just the question- whether the emission of neutrons happens impulsively or continuously- is the most important to understand the mechanisms of proton and ion acceleration during solar energetic events.  
To obtain much more qualitative information on solar neutrons it is obvious that future observation will require detectors with more improved features.

OBJECTIVES:
On purpose to substantially increase the signal to noise ratio (s/n) magnitude, decrease the minimum detectable intensity (m.d.i.), to reduce uncertainty and improve the precision of energy measurement of solar neutrons as well as to increase the neutron detection efficiency, a new type of the telescope with position-sensitive scintillator imaging detector installed deep underwater – SUBMARIN telescope- is proposed [7, 8].
The main objectives of this project are:

· Development of a new-type high performance solar neutron telescope- SUBMARINE telescope;
· Creation , testing and performance study of the laboratory prototype of position-sensitive scintillator imaging detector.
The idea of the new approach is the solar neutron scintillator detector is mounted inside an empty tube and installed under a thick absorber, particularly, deep underwater (~20m). The tube is oriented to the sun and operates in tracking mode [Figure 3]. 
Obviously, in this case the background particles are essentially absorbed in water, except for particles incoming along the empty tube. As a result:
1. The total background including the background of neutral particles (neutron and γ-photons) are sharply reducing (12 and 35 times respectively) [Table 1];
2. The direction of incoming solar neutrons becomes determined a priori according to the tube aperture and the error makes <±5° (at 4 sq m detector surface and 20 m.v.e. depth).  
The calculations show, under the rest equal conditions the minimum detectable intensity (m.d.i.), in other words, the sensitivity threshold is decreasing more than 6 times [Tabl 2].
As a scintillator detector of neutrons, it is assumed to develop and install inside the tube a 3-dimenstional position-sensitive scintillator imaging detector based on the fiber-optic-avalanche photodiods readout systems that will allow to determine the kinematics of interactions (n-p; n-12C; γ→e+e-) and to measure the energy deposition in the scintillator and the direction of recoil protons. Thus, having the direction of neutrons and recoil protons as well as the proton energy we can determine the neutron energy with high precision both in charge-exchange processes and at elastic interactions (Figure 2).
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IMPACT:
The value of expected results of this project is the possibility to apply them for the design and creation of the new generation of high performance solar neutron telescopes. Besides, these results of design, creation and testing of laboratory prototype can be useful for the other cosmic ray experiments that requires the creation of an imaging detector of calorimetric type as well as in nuclear physics experiments on the ion accelerator in the future at ANL.
The novelty of the project:

1. The solar neutron detector is installed deep underwater  (~20m) that allows:
a) To reject essentially the background (especially, of neutral particles) from all sides except from solar direction, due to which m.d.i. of solar neutrons decreases in more than 6 times. It means, if the existing telescopes register the neutron events with the statistical significance of about 4σ [4], the suggested telescope will provide at least 25σ [Table2].
b) To ensure that the direction of incoming solar neutrons becomes determined a priori according to the tube aperture and the error makes <±5° (at 4 sq m detector surface and 20 m.v.e. depth).  

c) To provide the possibility of increasing  the detector efficiency (through increasing the thickness of scintillator up to 1÷1.5m with no fear to increase the background from side surfaces). Thus, the energy range extends up to ~1000MeV.
d) To provide the possibility of telescope operation in tracking mode in an easy way.
2. A 3-dimenstional position-sensitive scintillator imaging detector based on the fiber-optic-avalanche photodiode readout systems will be installed in the telescope that will allow to determine the direction of recoil protons with high precision in the wide energy range (100-1000Mev). 
 Thus, having a complete picture of the kinematics of neutron interactions in the scintillator (both in elastic and charge-exchange processes) for first time it becomes possible to determine the energy spectrum of neutrons independently of whether the generation of neutrons at the Sun is impulsive or gradual. Besides, it possible to answer what kind of acceleration is working at the Sun - shock acceleration or stochastic acceleration.
As it is known most of all neutron events associate with solar Flares (of X class), while no events associated with more energetic processes such as Coronal Mass Ejections (CMEs) have been observed.  Having an extra-low level m.d.i. the SUBMARIN telescope will allow to solve this puzzle. 
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):
A network of solar neutron scintillator telescope has been developed since the middle of solar cycle 22 (1990s) by the Nagoya University Group (leadership- professor Y.Muraki) [1, 2]. At the time, seven solar neutron telescopes are placed at high altitudes and at different longitudes to cover 24 hour observation. These seven stations are: Norikura (Japan), Yanbajing (Tibet), SNT-1 Aragats (Armenia), SONTEL Gornergrat (Switzerland), Chacaltaya (Bolivia), Sierra Negra (Mexico) and Mauna Kea (USA).
 All these telescopes consist of 4-9 sq.m and 30÷50 cm thick plastic scintillators (PS). Some of them are surrounded by proportional counters  to anti-coincidence. 
The concept of these telescopes’ work is as follow. The incoming neutrons are converted into charged particles in a plastic scintillator and the track of the recoiled particle is determined by the underlying PRCs (Figure 1).

In the duration of the solar cycle 23, 10 cases being identified as solar neutron events have been registered by this kind of detectors [4]. 
For the estimation of the expected characteristics of new telescope we have used results obtained by M. Moser in simulation on SONTEL (Gornergrat) telescope [9, 10] for the Solar Neutron Event of June 3,1982. We have used only data for fixed energy E = 1068MeV and threshold > 40MeV. For the comparison we take the dimensions of the SUBMARINE detectors as those of SONTEL. The results are presented in Table 1and Table 2. Table 2  also represents the expected values of parameters for SUBMARINE prototype (1 m2) as well. 
 Table 1 Simulated galactic counting rates (count/1Osec) for SONTEL detector > 40MeV (Moser) and adopted for SUBMARINE
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Table 2 Parameters of the Gornergrat and two types of the hypothetic telescopes.

Parameters are estimated for Solar Neutron Event of June 3, 1982 and for 2 values of "veto" efficiency 
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where,  A[m2] -  detector’s area; D[m] -  depth in water; 
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- standard deviation of background rate
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; S[m2] -  sensitivity; Jnmin - minimum detectable intensity  (m.d.i.)
As we can see from Table 1 and Table 2 the novel approach for achieving much more qualitative information on solar neutrons allow:

-to decrease of the minimum detectable intensity and increase 
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 more than 5 times at 
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-for obtaining these results at usual conditions the increasing of the detection area ~ 25 times is necessary;

-even  SUBMARIN prototype telescope with detector  area 1m2 , has 2 times more
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, and  2.5 times smaller Jm , than the telescope with 4m2 detector area at usual conditions.

-high directional sensitivity allows to reduce uncertainty in the neutron energy determination, especially at using of multilayer position-sensitivity detector.
We propose to locate same telescopes on the following lakes: Titicaca (Bolivia, Peru; 3218 m a.s.l; depth - 304m; 16°S;69°W); Cucunor (China, 3205 m a.s.l; depth -38 m; 37° N; 100.5° E) as well as in the artificial pools as near the equator as possible, for instance, on the mountain Sierra-Negra not far from Mexico City.
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Geant4 simulation of SUBMARINE telescope
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Design and creation of the data acquisition system for the prototype detector and other electronics

Nelsik Grigoryan
Design, creation and testing of the optical readout system

Vladimir Puziryov
Elaborating and assembling of the prototype detector
Master Students (2 persons)
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Average age: 50.5
Number of participants under 35: 2 
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	Equipment description
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	· MPPC (Hamamatsu, 150 pc) 
· Digital Oscilloscope (Tetronix, 200MHz, 2 channel)

· PC Card (NIM)
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	Total                                                                                                                                           6000 


Materials
	Materials description
	Cost (US $)

	
	                 1500


Other Direct Costs
	Direct cost description
	Cost (US $)

	
	                  700


Travel costs (US $)
	CIS travel
	International travel
	Total

	                 2000
	                     2500
	            4500


Technical Approach and Methodology
1. A method of development, creation and testing of Laboratory Prototype 3D P-S imaging scintillator detector of 50x50x35 cm3 size with 70 channels. Different types of optical fibers and different types of modern photocounters MPPC & MAPMT will be tested during the creation of the Laboratory Prototype. The study of Laboratory Prototype performance will be held by cosmic rays, radioactive isotopes as well as if possible on the beam of monoenergetic neutrons. 
2. Gean4 Simulation method will be applied for:
· Optimization of geometrical parameter values of 3D P-S imaging scintillator detector;
· Determination of technical requirements toward the anticoincidence detectors and of γ-photon  converters;
· Same simulations to be performed for the Laboratory Prototype.

Additional Information:

On the sensitivity and m.d.i. of the solar neutron telescopes.

The solar neutron telescope sensitivity function 
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where x is the atmospheric depth; E0 and 
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 are energy and zenith angle of the primary neutrons; Nn - the response; Jn - the intensity of the primary neutron flux. For fixed neutron energy the S can be expressed via the absolute counting rate increase:
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This definition of the sensitivity does not express the influence of  background fluctuations on the capability of detectors to measure the weak signals.

In case when we take into account the fluctuations of background the absolute counting rate  increaseing given by
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One can define the minimum detectable intensity 
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Figure 1 Schematic illustration of the concept of observation with existing telescopes:

case a:  the energy deposition of protons can be defined adequately; the direction is indefinite; 
cases b, c: the energy deposition is uncertain; the direction is determined;

case d:  both the energy deposition and the direction are uncertain.
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Figure 2
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Figure 3
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