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1. PROBLEM:

The investigation of the energy spectra and elemental composition of primary cosmic rays in the “knee” region (1 -100 PeV) and above remains one of the intriguing problems of the modern Very-High Energy (VHE) cosmic-ray physics. In spite of the fact that these investigations have been carried out for more than half a century, the data on the elemental primary energy spectra at energies E > 1 PeV still need improvement. However, a bend of the all-particle energy spectra at around 3 PeV (called the “knee”) from an exponential slope of about -2.7 below the “knee” to a slope of about -3.1 above the knee may be considered as an experimentally established fact. At the same time there are not still common arguments on its origin.

It is necessary to pay special attention to the energy region of 10 - 100 PeV, where experimental results have been very limited up to now. Irregularities of the energy spectrum in this region were observed a long time ago. Recently the visible ‘bump’ (~ 4 standard deviations) was first time observed in the GAMMA experiment at energies 70-80 PeV with high accuracy of energy evaluation and small statistical errors. On the other hand results of many experiments on the study of EAS charge particle spectra, and the behavior of the age parameter and muon component characteristics point out that the primary mass composition above the knee becomes significantly heavier. Based on these indications, additional investigations into the fine structure of the primary energy spectrum at 10 - 100 PeV have an obvious interest.

One of the main topics at the “knee” energy region is the search for and investigation of primary (-rays, including a study of the diffuse flux and a search for local sources (gamma-astronomy). Almost a century after the discovery of cosmic rays, which must be of Galactic origin at least up to the energy of the "knee" at a few times PeV, the nature of their sources remains uncertain.

Taking into account last results from the GAMMA on observed ‘bump’ at 70-80 PeV of the all-particle energy spectrum we need sufficient data to analyze a completely independent data set for evidence of such irregularity in the spectrum. We have also to note that we have not still detected any positive evidence for PeV gamma ray signals hence we seriously require more data and better statistics in order to set significant limits or to detect these very-high energy γ-rays.
An understanding of the “knee” at about 1 PeV and irregularities in the primary cosmic ray energy spectrum at 10-100 PeV as well as search of very-high energy sources of cosmic rays are of fundamental importance in astrophysics.
2. OBJECTIVES:
The scientific objectives of this proposal include two main parts:

1. Precision measurement of the energy spectrum and nuclear composition of primary cosmic rays around the `knee' at 3 PeV with a special emphasis on the extension of this measurement down to 0.1 PeV to obtain results very close to the direct measurements made with space-borne probes. This information is essential for understanding the astrophysical origin of these particles, the nature of any subsequent acceleration and the properties of the interstellar medium in which they propagate prior to detection on Earth. The expanded GAMMA experiment would have the capability to measure the energy spectrum of the primary cosmic rays with high precision over energy range from 0.1 PeV to 100 PeV. The observation of the muon (>5 GeV) component in the cosmic ray shower with large area muon detectors would provide critical information on the relative abundance of nuclei of various mass groups as a function of energy over the entire range of scientific interests.

2. Study of diffuse flux of the primary γ - rays. The large area muon detectors of GAMMA would allow us to detect muons produced in the atmosphere by primary γ - rays. High sensitivity of the GAMMA experiment would also allow us to place stringent upper limit on the diffused flux of 100-300 TeV γ – rays and would permit detection of episodic and steady emission of γ - ray radiation from compact sources such as X-ray binaries and pulsars.

In order to be able for solving the problems mentioned above, in frame of the project we are going to modernize the GAMMA array, installing an additional muon detectors to expand the area of the muon hodoscope from 150 m2 (at present) to about 230 m3 using scintillation detectors and Geiger counters. It will permit us to increase the primary energy estimation as well as the reliability for selection of extensive air showers generated by the primary γ - rays.
3. MAIN TASKS
TASK 1: Modernization of the GAMMA installation
	Task description and main milestones
	Participating Institutions

	Task  1.1 Modification of the electronic units. 
Task 1.2 Mounting, checkout and launching of 50 additional scintillation detectors at the underground part of the GAMMA installation.
Task 1.3 Mounting, checkout and launching of 30 sq.m Geiger counters at the underground part of the GAMMA installation.

Task 1.4 Testing of all scintillation detectors and Geiger counters together with electronic system and start up GAMMA installation into operation.
Duration: I-IV quarters
	Artem Alikhanyan National Laboratory (AANL)



	Description of deliverables

	1. Launching of additional 50 sq. m of scintillation detectors and 30 sq. m of Geiger counters.
2.  Reports and presentation on Cosmic Ray International Conference.


Task 2: Creation of the experimental data bases

	Task description and main milestones
	Participating Institutions

	Task  2.1 All-the-year-round operation of the GAMMA installation during the project execution.

Task 2.2 Collection of the experimental data base and preliminary analysis of the experimental material.
Duration: I-XII quarters
	Artem Alikhanyan National Laboratory (AANL)

	Description of deliverables

	1. Experimental data bank with improved statistics. Preliminary data analysis.
2. Reports and journal publications.


Task 3: Obtaining of final results on the base of simulated and experimental data bases

	Task description and main milestones
	Participating Institutions

	Task 3.1 Experimental estimation of the all-particle energy spectrum at energies 0.1 - 100 PeV using event-by-event method.

Task 3.2 Study of the EAS characteristic correlations in order to estimate mass composition of primary cosmic radiation at 10-100 PeV energy range.
Task 3.3 Experimental estimation of diffuse flux of the primary (-rays at energies 0.1 – 10 PeV.

Task 3.4 Search for the extended sources of (-rays at TeV energies.

Duration: VII-XII quarters
	Artem Alikhanyan National Laboratory (AANL)



	Description of deliverables

	1. All-particle energy spectrum, mass composition at energies 10-100 PeV, upper limit of diffuse flux, results of search of the extended sources of (-rays at TeV energies.
2. Reports and journal publications.


4. IMPACT
a. Modernization of the GAMMA installation, mainly connected with extension of the underground muon hodoscope up 230 sq. m. of effective area, will make the GAMMA experiment unique among the EAS arrays;

b. The large additional experimental material collected during 3 years of the project execution will allow to derive reliable results on the major topics of the very-high energy cosmic rays like energy spectrum and nuclear composition at energies 0.1 - 100 PeV;

c. The most important reliable results will be obtained for the all-particle energy spectrum at energies 10-100 PeV where recently the change of slope of the spectrum and visible ‘bump’ at 70-80 PeV were observed with the GAMMA experiment. It will allow in turn for interpretation of these unusual phenomena in the primary cosmic radiation from point of view of the very-high energy cosmic ray origin;
d. Extension of the muon hodoscope will also allow for selection of the EAS generated by primary gamma rays and for study its characteristics.

New knowledge in the field of the very-high energy cosmic rays and gamma-astronomy as well as developments within the scope of this project of new methodology for the investigation of EAS will noticeably influence the evolution in these fields of science, especially the creation of new experiments. This program also provides the opportunity for the professional interaction and collaboration with physicists involved in related experiments in other countries. 

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):
The investigation of the energy spectra and elemental composition of primary cosmic rays in energy range 1-100 PeV remains one of the intriguing problems of the modern high energy cosmic-ray physics. At present there are two not still explained phenomena in this energy region: the bend of the all-particle energy spectrum at around 3 PeV (called the “knee”) and irregularities in 10-100 PeV energy range which are the main tasks of our project.

The bend of the spectrum may be considered as an experimentally established fact. At the same time there are not still common arguments on its origin. There are different astrophysical scenarios like the change of acceleration mechanisms [1-4] at the sources of cosmic rays (supernova remnants, pulsars, etc.), the single source assumption [5], or effects due to the propagation [6,7] inside the Galaxy (diffusion, drift, escape from the Galaxy). There are also the particle-physics models like the interaction with relic neutrinos [8] during transport or new processes in the atmosphere [9] during air-shower development. In spite of many models all of them predict a change of the chemical composition over the “knee” region. At present the energy spectrum and chemical composition of primary cosmic rays around the “knee” has to be studied with extensive air showers (EAS) experiments using surface and underground scintillation detectors and/or detectors for Cerenkov light.

Many reports have so far been made on the energy spectrum as well as the chemical composition of primary cosmic rays. The high statistical accuracies of the recent extensive air shower (EAS) experiments located at different levels of the atmospheric depth like CASA-MIA (1435m a.s.l.) [10], KASCADE (110m a.s.l.) [11], EAS-TOP (2005m a.s.l.) [12], KASCADE-Grande (110m a.s.l.) [13], GRAPES (2200m a.s.l.) [14], TIBET (4300m a.s.l.) [15] and GAMMA (3200m a.s.l.) [16,17] have already allowed to infer that a rigidity-dependent steepening energy spectra of primary nuclei can approximately describe the observed EAS size spectra in the “knee” region within the framework of conventional interaction models. Although the global features of the all-particle spectrum agree well when we take into account the systematic errors of about 20-30% involved in the energy scale, there are still serious disagreements in the chemical composition depending on experimental methods. Sources of these uncertainties may lie in the big shower fluctuations deeper in the atmosphere, in different assumption concerning the primary interaction and cascade development models used in data analysis, and in energy normalization uncertainty. Therefore the accurate measurement of the all-particle energy spectrum around the “knee” is essential to establish the chemical composition at this energy range.

It is necessary to pay special attention to the energy region of 10 - 100 PeV, where experimental results have been very limited up to now. Irregularities of the energy spectrum in this region were observed a long time ago. They can be seen from the energy spectrum obtained more than 20 years ago in the AKENO experiment [18] as well as in later experiment TUNKA [19] but nobody payed attention on this phenomenon. Recently we discovered with the GAMMA experiment [17] for the first time in the world an explicit (~ 4σ) ‘bump’ in the all-particle energy spectrum of cosmic rays at 60-80 PeV with high accuracy of energy evaluation and small statistical errors.

An irregularities in the all-particle energy spectrum in 10 - 100 PeV energy range were noted and underlined by us in 2002 [23], but using smaller statistical sample. Presence of the ‘bump’ in the primary energy spectrum can indicate the existence of nearby source of cosmic rays which is extremely important from the point of view of high energy astrophysics [29, 39]. This interesting result was actively discussed during the last International Cosmic Ray Conferences (31st ISRC, Lodz, 2009; 16th ISVHECRI, Fermilab, 2010; 22nd ECRS, Turku, 2010). Based on these indications, additional investigations into the fine structure of the primary energy spectrum at 10 - 100 PeV have an obvious interest.

One of the main topics at the “knee” energy region is the search for and investigation of primary (-rays, including a study of the diffuse flux and a search for local sources (gamma-astronomy). Almost a century after the discovery of cosmic rays, which must be of Galactic origin at least up to the energy of the "knee" at a few times PeV, the nature of their sources remains uncertain. The charged Galactic cosmic rays (GCRs) themselves can provide only very indirect clues to their origin, due to their confinement and diffusion in the Galactic magnetic field. On the other hand, gamma-rays travel undeflected by this magnetic field, and can be produced by hadronic processes in the sources of the GCRs if a sufficiently dense target medium is present. Gamma-rays may thus hold the key to the identification of the GCR sources. The most frequently proposed scenario for the origin of GCRs is acceleration at the blast wave of supernova remnants (SNRs). The H.E.S.S. experiment has recently unambiguously confirmed the detection of γ-rays in the TeV energy domain from the shells of the SNRs G347.3–0.5 [20] and G266.2–1.2 [21]. These sources are significantly extended, with diameters of about 1° and 2°, respectively, and exhibit relatively hard power-law spectra, dN=dE / E-γ, with spectral indices γ around 2.2 and 2.1. Most of the new sources discovered in the H.E.S.S. Galactic plane survey are also extended, and several seem to be associated with SNRs [22]. 

The observed hard spectra are consistent with theoretical expectations for particle acceleration in SNRs, and also with the predicted source spectrum of cosmic rays, taking into account their energy-dependent propagation in the Galaxy (e.g. [23]). If the observed TeV γ-rays are the long-sought hadronic signatures of sources of the GCR, and if cosmic rays are accelerated up to the "knee" energy in these objects, then the γ-ray spectra should extend smoothly up to the PeV energy region. The ratio of the γ-ray to charged cosmic-ray fluxes would then increase with energy, due to the latter's steeper spectral index of about γ=2.65, making the detection of the γ-ray sources correspondingly easier at PeV energies. 
The GAMMA installation [16,17], located on Mt. Aragats in Armenia (3200m a.s.l., 700 g/cm2) has an obvious advantage in comparison with other installations studying primary cosmic radiation at the knee region. Consisting of surface and underground scintillation detectors, the GAMMA installation is able to measure the electromagnetic and muon components of cosmic ray air showers. At the same time it is located not far from the maximum of the shower development for energies above 0.1 PeV. The investigation of the characteristics of these two components, expressed by a number of EAS observables, provides a basis for multi-parameter analysis and allows to obtain reliable experimental data on main characteristics of the primary cosmic rays and (-rays at very-high energy range.
The full start-up of the GAMMA installation was in 1999 and it is currently operating. During this time interesting experimental results were obtained on the electromagnetic and muon EAS characteristics at 0.1 – 100 PeV, EAS size spectra and a series of correlated dependences, as well as measurement of the all-particle primary energy spectrum and energy spectra of primary H, He, O-like and Fe-like nuclei. Over the last two years the first results of the investigation of the VHE primary gamma-rays were obtained and presented at the different International meetings, as well as published in the scientific journals. All results obtained with the GAMMA experiment are absolutely competitive with others EAS experiments like KASCADE-GRANDE, GRAPES, TIBET-III, TUNKA-133 and others.
Scientific leader of the project Dr. Romen Martirosov, has been responsible for the GAMMA installation from the day of the GAMMA creation. The main part of the project team has acquired wide experience in the following areas of expertise:

· investigation of the characteristics of the cosmic ray flux incident on the earth’s atmosphere at the knee and in the region of expected end of galactic cosmic rays,

· design and construction of a sophisticated installations for EAS studies combining different experimental techniques and electronics;

· large-scale long-term experiments at mountain altitudes;

· simulations of the response of high energy physics installations with advanced simulation programs;
· an analysis and interpretation of the experimental data with the multivariate statistical methods and applied program packages developed  for these purposes.
Detailed information about the GAMMA experiment and GAMMA team activity are available on www.gamma-armenia.org. 
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The number of team members:                                             10

The number of team members with age under 35:                 5

The number of team members above retirement age:            2

Project manager – R. Martirosov, PhD
Data analysis and interpretation

1. A. Garyaka, PhD

2. S. Sokhoyan, PhD
3. H. Babayan, PhD

Electronics

1. H. Vardanyan, PhD

2. A. Shekikyan, Master
Shifts at GAMMA in Aragats
1. A. Sailyan

2. G. Asatryan

3. V. Vardanyan

4. Z. Arsenyan

It is necessary to underline that there is not strong sharing of activities of the groups. All of the GAMMA team members (including scientific leader) in case of need can be involved for carrying out of any works connected with modernization and exploitation of the GAMMA installation.

The GAMMA experiment is a large-scale experiment requiring significant number of the employees in its operation, realization of necessary calculations, and also for the processing and analysis of the received experimental data. The installation is located at high-mountainous station ARAGATS (3200м above sea level) of the Artem Alikhanyan National Laboratory (AANL) at distance of more than 60 km from the main basis of Laboratory, and in the difficult meteorological conditions. Taking into account the above said all-the-year-round work in 3 time work (minimum 2 employees in each) is stipulated. The employees free from the operation of installation will be involved in the realization of calculations, processing and analysis of the experimental data. It determines quantity of the employees (10 persons) in the offered project.
Equipment

	Equipment description
	Cost (US $)

	Intel i7-930 (2.8GHz) / 4GB /1TB /GF GTS250, 1GB / DVD-RW;

Fujitsu Monitor Fujitsu P22W-5 ECO (IPS)
www.fine.am
This computer will be used as a general server of the GAMMA experiment in order to collect the experimental material and to organize analysis of data by GAMMA users.

	1900


Materials

	Materials description     
	Cost (US $)

	In the frame of the project during the 1st year of operation we are planning to extend the effective area of the muon hodoscope with additional 50 with 1 sq. m scintillation detectors and 30 sq. m. Geiger counters. In order to realize it we need:

- coaxial cables to provide detectors with high and low voltage power and to connect output of detectors with the registration point;

- spare electronic components to provide regular repairing of electronic equipment;

- creation an electronics for additional detectors of the muon hodoscope.
	10000


Other Direct Costs

	Direct costs description Cost (US $)
	Cost (US $)

	
	


Travel costs (US $)

	Travel to Aragats for shifts
	International travel
	CIS travel
	Total Cost (US $)

	20000

Description:

Permanent participation of 2 members in the shifts for exploitation of the GAMMA during the project execution.

	5000
Description:

Participation on International Cosmic Ray forums.
	2000

Description:

Travels to Moscow for direct discussions with collaborators from Lebedev Physical Institute.
	27000


Technical Approach and Methodology

Present status of the GAMMA experiment

The project will be carried out with the GAMMA installation [16,17] (Fig. 1) which is a ground based array consisting of 33 surface particle detection stations and 150 underground muon detectors, located on the south side of the Mt. Aragats in Armenia (Latitude = 40.470 N, Longitude = 44.180 E). The elevation of the GAMMA is 3200 m above see level, which corresponds to 700 g/cm2 of atmospheric depth.

The GAMMA was realized in an attempt to continue the experimental study of the hadronic interactions, the energy spectrum and mass composition of the primary cosmic radiation in the energy range of 0.1 - 100 PeV, as well to search for and study primary very-high energy (-rays.

The surface stations of the EAS array intended for a detection of the EAS electro-magnetic component are located on 5 concentric circles with radii of 17, 28, 50, 70 and 100 m. Each station contains 3 square plastic scintillation detectors with the following dimensions: 1 x 1 x 0.05 m3. At the same time each of the central 9 stations contains an additional (4th) smaller scintillator with dimensions 0.3 x 0.3 x 0.05 m3 for high particle density (>> 102 particles/m2) measurements. A photomultiplier tube is positioned on the top of the aluminum casing covering each scintillator.

One of the three detectors of each station is examined by two photomultipliers, one of which designed for the fast timing measurements. This enables the measurement the arrival direction (zenith angle) and angular characteristics of detected EAS.


[image: image1]
Figure 1. Diagrammatic layout of the GAMMA facility

150 underground muon detectors, each of a square meter, (muon carpet) are compactly arranged in the underground hall under 2.3 Kg/cm2 of concrete and rock and intended for the registration of the EAS muon component. The scintillator dimensions, casings as well as the photomultipliers are the same as in the EAS surface detectors. The muon energy threshold is about 5 GeV.

Detector system and triggering 
The output voltage of each photomultiplier is converted into a pulse  burst by a logarithmic ADC and transmitted to a CAMAC array, where the corresponding electronic counters produce a digital number (‘‘code’’) of pulses in the burst. Four inner (‘‘trigger’’) stations at a radius of 17 m are monitored by a coincidence circuit. If at least two scintillators of each trigger station each detect more than three particles, the information from all detectors are then recorded along with the time between the master trigger pulse and the pulses from all fast-timing detectors. The given trigger condition provides EAS detections with an EAS size threshold Nch > 0.5–1.0 x105 for a location of the EAS core within the R < 50 m circle. The shower size thresholds for 100% shower detection efficiency are equal to Nch = 3x105 and Nch = 5x105 for EAS core locations within R < 25 m and R < 50 m respectively. Recently 8 additional 1 sq. m scintillation detectors were mounted in the central part of the GAMMA array to reduce the shower size threshold up to 105.

Reconstruction of EAS parameters
The EAS zenith angle (θ) is estimated on the basis of measurement shower front arrival times by 33 fast-timing surface detectors, applying a maximum likelihood method and flat-front approach [33,34]. The reconstruction of the EAS size (Nch), shower age (s), and core coordinates (X0, Y0) is performed using the Nishimura-Kamata-Greisen (NKG) approximation for measured charge particle densities, using a 
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2 minimization to estimate X0, Y0 and a maximum likelihood method to estimate Nch, taking into account the measurements errors. 

The reconstruction of the total number of EAS muons (Nµ) from the detected muon densities in the underground muon hall is carried out by restricting the distance Rµ < 50 m from the shower core (the so-called EAS muon “truncated” size [29]) and using the Greisen approximation of the muon lateral distribution function. The EAS muon truncated size Nµ(Rµ < 50 m) is estimated, knowing (from the EAS surface array) the shower core coordinates in the underground muon hall. Unbiased estimations for muon size are obtained at Nµ > 103 using a maximum likelihood method and assuming Poisson fluctuations in the detected muon numbers.

Primary energy estimation

There are two ways of obtaining the primary energy spectra using detected EAS. The first way is a statistical method which unfolds the primary energy spectra from the corresponding integral equation set based on a detected EAS data set and the model of the EAS development in the atmosphere [11,16]. On the basis of this method and using SYBILL and QGSJET01 interaction models the energy spectra for different primary nuclei groups were obtained (Fig. 2).
[image: image3.emf]
Figure 2. Energy spectra and abundances of the primary nuclei groups (lines and shaded areas). All-particle spectra from GAMMA and KASCADE experiments are shown as symbols
The second method is based on an event-by-event evaluation [17] of the primary energy of the detected EAS with parameters q ≡ q(Ne,Nμ,Nh, s, θ) using parametric E = f (q) [17]. In the present project we will use the both methods on the base of a simulated EAS data bases obtained using different interaction models. The all-particle energy spectrum obtained using this method is shown on Fig. 3.

[image: image4.emf]
Figure 3. All-particle energy spectrum in comparison with the results of EAS inverse approach and results from other experiments
Selection of the gamma-initiated EAS and role of the experimental arrangement

The development of modern gamma-astronomy and particularly the study of the characteristics of the diffuse (-ray flux at energies greater than 0.1 PeV are connected, practically without any alternative, with the registration and the selection of EAS with an abnormally small relative content of muons and hadrons. The method, proposed by Maze and Zawadzki [35], was essentially developed for a mountain altitude, experimentally studied in the Tien Shan experiment [36] and also analyzed in detail using three dimensional model calculations [37,38] in the energy interval 0.3 – 5 PeV. 

The experimental reception conditions play an essential and, in some cases, definitive role in the real selection of showers initiated by the very high energy primary photons (( 0.1 PeV). The reception value [((X)/<X>]rec, where X is one observed shower parameter (X ( ((, N(, (h, Nh, etc.), is important at registration of the (-EAS muon and hadron components. This value depends directly on the value of the effective area of the applied detectors. A simulation made for the atmospheric depth of 700 g/cm2 shows that, using the muon detectors with an energy threshold 5 GeV and with a total effective area of muon detectors of 150 m2, it is possible to select about 50% of the showers generated by the primary gamma-quanta. In addition, the lateral spread (e.g., the “age”) of air showers from gammas is much narrower than those from hadrons, so the lateral size of a muon-poor shower would reinforce its identification.
Using this method an upper limit of galactic diffuse gamma-ray flux, measured with the GAMMA experiment at energy about 175 TeV [40] (Fig. 4).

[image: image5.emf]
Figure 4. Upper limit of gamma ray flux from detected no-muon showers obtained with GAMMA array in comparison with other experiments. The lines are expected Galactic diffuse background flux from [41]
In the frame of the project we are going to modernize the GAMMA array, installing additional muon detectors to expand the area of the muon hodoscope from 150 m2 (at present) to about 200 m3. It will permit us to increase the primary energy estimation as well as the reliability for selection of extensive air showers generated by the primary γ - rays. 
It is necessary to underline that recently 8 additional scintillation detectors recently mounted in the central part of the GAMMA array allow for reducing the energy threshold of the registered EAS to 0.1 PeV.
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