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PROBLEM:


Intensive photon beams generation is the result of coherent effects. Photon beams have a broad range of applications in the fields of modern technologies, including: experimental nuclear physics, laser spectroscopy, isotopes separation, thermonuclear synthesis, photochemistry, etc. The problem of polarized photon beams generation is a subject of special interest because of its applications particularly in quantum information technologies. 

Another topic of importance is the high rate of laser acceleration which can be reached due to photons coherent absorption.


One of the actual problems in high energy and cosmic physics is the creation of more sensitive detectors for particle identification.   

Intensive studies on quantum communication technologies are under way, and different approaches have been proposed over the years. In particular, quantum communication channels  based on coherent polarized photon beams are the subject of intense study. 

OBJECTIVES:


Our group has outstanding results in generation of intense photon beams and particle effective acceleration via laser beams. In both cases coherent processes play a pivotal role and, additionally, the synchronization condition is maintained. Up to date there are no mechanisms for generating powerful photon beams with arbitrary frequencies and our first objective is to create such a powerful beams by free electron laser(FEL) method. The second objective, which is related directly to the first one, is to obtain high acceleration rate via inverse FEL. 

Our next research direction is the resonant transition radiation. Our aim is to obtain a sensitive dependence of the emitted photon numbers from the radiating particle energy. In present detectors this dependence is logarithmic which does not provide sufficient sensitivity. We will suggest a new mechanism of the resonant transition radiation, where the dependence is linear and, therefore, corresponding detectors would be much more sensitive. 

Our last research direction is the generation of the completely polarized photon beams, which are useful in a number of problems of practical importance, including nuclear physics and quantum information technology. On the basis of such beams we will construct a long-distance quantum communication channel of high capacity.

TASK 1: Surface microundulator
	Task description and main milestones
	Participating Institutions

	Task 1.1  Theoretical studies of the radiation characteristics  

Task 1.2  Proposal for a compact FEL
	            

	                                                                    Description of deliverables



	The group aims to study the possibility of obtaining a flat microundulator on the surface of metal plate and to study the characteristics of parallel passing particle radiation.



TASK 2: Free electron laser (FEL) gain increase
	Task description and main milestones
	Participating Institutions

	Task 2.1  Studies of FEL gain increase at conditions of spontaneous spectrum narrowing effect 

Task 2.2  Studies of stimulated radiation in crystalline and nanotube undulators
Task 2.3  Studies of the new phenomenon: the synchronism auto conservation
	

	                                                                            Description of deliverables



	Possibilities of FEL gain significant increase



TASK 3: Laser acceleration by inverse FEL method
	Task description and main milestones
	Participating Institutions

	Task 3.1  Laser acceleration in surface undulator
Task 3.2  Laser acceleration in nanotube and crystalline undulators
	

	                                                             Description of deliverables



	An increase of laser acceleration rates conditioned by synchronism auto conservation



TASK 4: Coherent radiation of micro bunches   

	Task description and main milestones
	Participating Institutions

	Task 4.1  Investigations of asymmetric bunch coherent undulator radiation

	

	                                                             Description of deliverables



	Intensive photon beams within energy ranges necessary for applications



TASK 5: The hybrid radiation exact theory in modulated plasma   

	Task description and main milestones
	Participating Institutions

	Task 5.1  Radiation properties
Task 5.2  An explanation of unprecedented powerful X-ray radiation observed in experiments

	

	                                                             Description of deliverables



	An unprecedented powerful radiation of X-ray photons  



TASK 6: Electron bunch axial channeling radiation theory    

	Task description and main milestones
	Participating Institutions

	Task 6.1  The radiation theory of electron bunch axial channeling radiation in crystals considering the medium inhomogeneous polarization
Task 6.2  Interpretation of experimental results

	

	                                                             Description of deliverables



	Spectral characteristics of bunch radiation strictly different from characteristics of single particle radiation. 
Coincidence of theory with experimental results.    



TASK 7: X-ray transition and Coherent Vavilov-Cherenkov radiations     

	Task description and main milestones
	Participating Institutions

	Task 7.1  Vavliov-Cherenkov radiation in a stack of plates
Task 7.2 The complicated Doppler Effect in radiation processes. 

Task 7.3 An interpretation of known paradox.
	

	                                                             Description of deliverables



	Radiation of intensive optical photon beam     



TASK 8: Resonant transition radiation (RTR) exact theory    

	Task description and main milestones
	Participating Institutions

	Task 8.1 The characteristics of RTR by exact theory 
Task 8.2 The sensitive dependence of the number of soft photons on the particle energy

	

	                                                             Description of deliverables



	RTR increase by several orders.

Possibility for obtaining polarized beams.

Proposal for a new kind of RTR high energy particle detector     


TASK 9: Quantum communication channel based on coherent photon beam
	Task description and main milestones
	Participating Institutions

	Task 9.1 We plan to single out shared quantum states for general multipartite states and among them for coherent photon beams.
Task 9.2  Derivation of a protocol for perfect teleportation of unknown multipartite quantum states and on this basis to elaborate a long-distance quantum channel of high capacity

	

	                                                             Description of deliverables



	Possibility of channels which enables us to construct a quantum communication technology of practical importance.


IMPACT:
The expected results are valuable and significant. As a result of the projects we expect to reveal:

1. Efficient and experimentally accessible  sources of the coherent radiation.

2. New way of high-rate acceleration via laser beams.

3. Sensitive detectors for registration and identification of high energy particles.

4. Powerful  beam of highly entangled photons.
5. A long-distance quantum communication channel of high capacity.

Obviously the expected results are important for different realms of the science and techniques due to applications and will open a broad field for investigations.

The quality and reliability of the project performance is based on our previous achievements in this field.
Brief survey of the worldwide researches made on the project topic, the competitiveness of the project, and achievements of the group:
The advantage of the presented project compared to other projects is the original results that group has obtained. Worldwide research on project will be presented in the section “Technical  Approach and Methodology”  since it is related closely to our research methods. Below we list the main results of our group:
1. The coherent radiation phenomenon of the truncated bunch in the short wavelength region [22].

2. The submillimeter coherent radiation of the electron bunch with laser beat waves [31].

3. The possibility of electron bunch energy effective transformation into photon beam energy in plasma modulated by laser beat waves [29].

4. The undulator radiation monochromatization and significant increase of the radiation density in the dispersive medium [5]. 

5. The sharp increase of the gas loaded free electron laser (FEL) gain using electron bunch with energy below Cherenkov threshold [16]. 

6. The significant increase of FEL performance. The possibility of laser acceleration large rate conditioned by the synchronism self conservation phenomenon in gas loaded FEL [18].

7. The effective radiation of charged bunch channeling in complex crystals [42].

8. The laser acceleration unprecedented large rate in nanotube or crystalline undulators [19].

9. The phenomenon of equivalence of resonant transition radiation harmonics due to which the radiation intensity is several times higher than supposed [55]. 

10. The phenomenon of the harmonics coherence radiation in soft frequency region [56].  

11. The development of the X-ray transition radiation theory in detectors with porous medium [48] and its experimental confirmation [50].

12. The explanation of the anomalous transition radiation (observed in different experiments) by electron bunch with sliding angle of incidence on metallic plate [10].

13. Disproval of the optical undulator radiation detector possibility [9] as well as the possibility of intensive undulator radiation in domain structures [11].
14. The geometric entanglement measure of general W states is computed analytically [58] and analyzed for mesoscopic and nanoscale systems [57].
A brief survey of researches made on each topic of our project is included in the section “Technical Approach and Methodology”.
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Personnel Commitments (chart, total number of project participants, responsibilities of each). 
The team includes three researchers: 

1. Principal investigator: 
Lekdar Gevorgyan,
ANL [he is 67]
2. Researcher:   
      
Mery Aginyan , 
ANL [she is 59]
3. Researcher:               
Anahit Shamamyan, ANL [she is 46]

4. MS-course student:
Levon Tamaryan, 
Phys. Dep, YSU, [he is 22]
5. Student:                     
Valeri Vardanyan, 
Phys. Dep, YSU, [he is 18]          
The average age of the members is 42, two members are below 35 and one member is at pension age.
Lekdar Gevorgyan has the responsibility to organize the scientific work of the group. He will participate in the tasks 1-9.

Mary Aginyan will participate in the task 7.

Anahit Shamamyan should participate in the tasks 2.2, 3.2, 4, 5.

Levon Tamaryan will participat in the task 9.
Valeri Vardanyan will participat in the tasks 1, 7.2, 7.3.
Salary of the participants for each year
	 Participant
	   Salary (US $)
	Annual Salary (US $)   

	1. Lekdar Gevorgyan
	          900
	        10 800

	2. Mary Aginyan 
	          600
	        7 200

	3. Anahit  Shamamyan
	          600
	        7 200

	4. Levon Tamaryan
	          600
	        7 200

	5. Valeri Vardanyan
	          300
	        3 600

	                Total
	       3 000
	      36  000
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	Equipment description
	     Cost (US $)

	1. PC for the team, Intel (R) Core(TM) i5 CPU 750 - 2.67GHz 
2. PC for the team, Intel (R) Core(TM) i5 CPU 750 - 2.67GHz 

http://hardware.am

3. HP Deskjet F2410, A4 <CB742A> All-in-One Printer
http://agelectronics.am
4.Notebook for researchers, 1.86 GHz Intel Core 2 Duo processor
5.Notebook for student, AMD Athlon II X2 P320. (2.10GHz) 320 GB
6.Notebook for student, AMD Athlon II X2 P320. (2.10GHz) 320 GB
http://iphone.am
7.640Gb Seagate FreeAgent Go External Hard Drive USB2.0
http://agelectronics.am

	1 600
1 600
1 000

2 100

1 200

1 200
   200


	Total                                                                                                                                                                          8 900


Materials
	Materials description
	Cost (US $)

	Office supplies, 
filing cabinet, stationery
	     6 100     


Other Direct Costs
	Direct cost description
	  Cost (US $)

	Fee for reprints and colorful figures
	    4 000


Travel costs (US $)
	  CIS travel
	International travel
	Total

	None
	Every year two team members will participate in  a channeling and radiation conferences,

total six participations within the project duration
	        18 000


Technical Approach and Methodology
Coherent radiation sources. 
1. Undulator radiation. 

The idea of considering the undulator spontaneous radiation in millimeter and submillimeter region by relativistic electron bunch was proposed by Ginsburg [1]. It was developed by Motz [2] and realized in millimeter and optical ranges in Ref.[3]. The studies were interrupted because of the radiation low intensities and the creation of quantum generators. Later Korkhmazyan considered the X-ray undulator radiation [4]. The undulator radiation in dispersive medium was investigated in the articles [5, 6]. Due to the complicated Doppler Effect there are two photons (soft and hard) emitted at the same angle. In the soft region the Doppler Effect is anomalous. When the particle energy approaches to the threshold value the radiation spectrum narrows: the energies of hard and soft photons getting closer, the photons are being emitted at small angles and the radiation density significantly increases [5]. Based on the above mentioned phenomenon a new method for obtaining monochromatic directed radiation was proposed in Ref.[7]. The case of spiral undulators was investigated in Ref.[8], which is dedicated to the spectrum narrowing phenomenon studies. It is shown [6] that the optical undulator radiation is negligible compared to the Vavilov-Cherenkov radiation, henceforth it is impossible to realize the idea of detection of the relativistic particle energy by this method [9]. The explanation of the radiation with “anomalously big intensity” by incident electrons at a sliding angle was given in Ref.[10]. The comparison analysis of the radiation in the macro and micro undulators (particle channeling in crystals and domain structures) has been done, namely, in  Ref.[11] it was shown that the formula for the undulator radiation intensity in domain structures obtained by other authors contains error in orders. The radiation is negligibly small and the experimental studies are out of interest.


The group aims to study the possibility of obtaining a flat microundulator on the surface of metal plate and to study the characterizations of parallel passing particle radiation. 

2. Free Electron Laser (FEL) and inverse FEL
The effective transformation of electron energy into radiation energy in external magnetic field was considered by Kapica and Dirac [12], the possibility of the stimulated Compton radiation was revealed. The frequency redistribution of the electron bunch radiation emitted at the movement direction and the maximal radiation intensity became a base for stimulated radiation-FEL [13]. Unlike the ordinary laser with generation stipulated by the simultaneous radiation of atomic electrons when the radiation has a discreet spectrum, the medium of FEL is electrons of the bunch and the spectrum is continuous. The first experiments of FEL were performed in superconductor linear accelerators [14]. The possibility of obtaining X-ray stimulated amplification of spontaneous emission (SASE) was considered [15]. In the work [16] a new method for increasing the FEL effectiveness for the energies below Cherekov threshold was proposed. For certain radius of spiral undulator due to the gas injection at the given direction the synchronism condition should be satisfied in the whole range and, as a result, at the end of FEL an extraordinary high gain should be achieved [17]. Using the same method it is possible to obtain a very large value of the gain by reverse FEL. A new effect was discovered [18]: in the soft branch of FEL with a dispersive medium the synchronism condition is auto satisfied. It makes possible the acceleration higher rate in the high energy domain. The theoretical feature of extraordinary high rate acceleration in crystalline and nanotube undulators was revealed [19]. In above mentioned undulators the auto satisfaction of synchronism condition is fulfilled by the polarization, due to which it is possible to obtain a laser in soft X-ray region using SASE FEL method [20, 21].


The aim of the team is to obtain a compact FEL on the base of metal plate surface undulator.            

3. The coherent radiation of asymmetric bunch.

The bunch short wavelength coherent radiation phenomenon discovered in Ref.[22] was demonstrated in Japanese experiments [23]. This phenomenon (the radiation intensity is proportional to the second order of the bunch particles number) is universal and does not depend on the radiation type.  

Having coherent radiation spectrum one can determine the real distribution of the electrons in the bunch. The use of truncated bunch of electrons significantly increases the FEL productivity [24] and fulfills the coherence of diffractive [25] and Smith-Parcell [26] radiations.  


We expect to investigate the coherent radiation of microbunch in those frequency regions, that are  important in different applications. 

4. The radiation in the plasma with a density modulated by a laser beat waves.

It is known that the beating of two lasers injected into plasma induces a plasma wave if the frequency separation of two lasers and the difference of wave numbers  is equal to the plasma frequency and wave number, respectively [27].  In the work [28] the kinetic and hydrodynamic theory of this phenomenon is given. The electron bunch and beat density plasma interaction causes an intensive hybrid radiation, which  possesses both transition and undulator radiation properties [29]. Due to this phenomenon an effective transformation of bunch energy into the photon beam energy is possible in practice. This new physical phenomenon discovers yet unknown monochromatic X-ray radiation source with an extraordinary large intensity observed in plasma [30]. 

A new method (conditioned by coherent undulator radiation from an electron bunch with modulated density) for obtaining submillimeter intensive photon beams was proposed [31].   


In the project we expect to develop the theory for hybrid radiation in modulated plasma and to determine the possible applications of this radiation. 

5. Channeling charged bunch radiation in crystals. 

The charged and channeled in crystal particle radiation theory was given by Kumakhov [32]. In the experiments at SLAC the cases of planar and axial channeling were investigated [33]. In the work [34] the theory of planar channeled positron bunch radiation considering the medium inhomogeneous polarization was given. It was shown that only this theory makes it possible to explain fully the radiated photons spectral distribution in the hard frequency region, first observed in experiment [33]. It was revealed that the soft photons are also being radiated and their number is of the same order as the number of hard photons [35].    

 
The positrons channeling phenomenon in crystalline and nanotube undulators and their radiation spectral characteristics considering the medium polarization [36-39] and laser acceleration rate [40] were investigated.


The quantum theory of planar channeling electrons radiation was given [41]. It was shown that in the complex crystals channeled electrons radiate in hard rays regions, while the intensity of the quasi channeled ones significantly increases [42].


We plan to develop the theory of radiation of electron bunch channeled in crystalline axes considering the medium polarization and to compare the characteristics with experimental data. 

6. Transition and Vavilov-Cherenkov radiation 
The theory of transition radiation is given by Ginzburg and Frank [43]. The angular-frequency distribution of the radiation in layered medium is obtained by Fainberg and Khizhnyak [44]. The energy losses in the case of a single border are obtained by Garibian [45]. Barsukov has shown that these energy losses are due to X-ray transition radiation [46]. As a model of layered medium Ter-Michaelyan considered the problem of resonant transition radiation [47]. The application of quasi-classical approach brings to the undulator radiation problem where the involvement in radiation is conditioned by the first harmonic and the intensity is proportional to the number of layers.


The theory of X-ray transition radiation in random chaotic medium is constructed [48, 49], which is important for the creation of porous medium transition detectors. The explanation of radiation intensity double peak distribution was given [50]. The theory of optical radiation in layered medium was developed [51-54]. 

A model of a sensitive detector for registration and identification of high energy charged particles will be elaborated. 

7. Resonant transition radiation (RTR)
As a result of the RTR  exact solution the following physical phenomena have been observed [55, 56]:

1. All the radiation harmonics (in practice the number of harmonics is about 100-1000) have the equal involvement in RTR. Hence the RTR intensity has a significant factor 102 that was missed by quasi-classical approach [55].

2. The radiation in the soft X-ray region is coherent, i.e. the intensity is proportional to the square of the harmonic number. On this basis a new method for generating of intensive monochromatic photon beam was proposed [56].  

3. According to the energy-momentum conservation law two photons with different polarizations were simultaneously emitted at different angles.

We plan to study:
1. The total frequency-angular distributions from all RTR harmonics.

2. The strong dependence of the number of soft photons on the energy of particles enables us to design an effective transition radiation detector.

3. The possibility to generate polarized monochromatic photon beams, which are very important for their applications, particularly in experimental nuclear physics and quantum information technologies.
8. Quantum communication channel based on coherent photon beam
Quantum teleportation is an important process in quantum-information theories. This process enables us to transmit an unknown quantum state from a sender to a remote recipient via dual classical channels. Consequently, the teleportation process is a quantum channel. The apparatus for the process itself requires a quantum channel for the transmission of one particle of an entangled-state to the receiver. Although we do not have a general theory of the quantum entanglement, physicists believe that it is the main physical resource in quantum computation and communication theories. 

Experimentally, a simple implementation of a quantum channel is fiber optic (or free-space for that matter) transmission of single photons. Single photons can be transmitted up to 100 km in standard fiber optics before losses dominate. The photon's time-of-arrival (time-bin entanglement) or polarization are used as a basis to encode quantum information for purposes such as quantum cryptography. The channel is capable of transmitting not only basis states but also superpositions of them. The coherence of the state is maintained during transmission through the channel. Contrast this with the transmission of electrical pulses through wires (a classical channel), where only classical information  can be sent.

Entanglement is a key resource in quantum-information science. One of the main goals in these theories is to develop a comprehensive theory of multipartite entanglement. Various entanglement measures have been invented to quantify the multipartite entanglement but none of them were able to suggest a method for calculating a measure of multipartite systems. This mathematical difficulty is the main obstacle to elaborate a theory of multipartite entanglement.

In our recent articles we have computed analytically the geometric entanglement measure of general multi-qubit W [57-59] and arbitrary three-qubit [60, 61]  states. It turns out that the geometric measure for these states has three different expressions depending on the range of definition in parameter space [62]. Each expression of the measure has its own geometrically meaningful interpretation. Such an interpretation allows oneself to take one step toward a complete understanding for the general properties of the entanglement measure. The states that lie on joint surfaces separating different ranges of definition, designated as shared states, can be used as a quantum channel for perfect teleportation and dense coding [62]. 

Our task is to single out shared quantum states for general multipartite states and among them for coherent photon beams. We plan to derive a protocol for perfect teleportation of unknown multipartite quantum states and on this basis to elaborate a long-distance quantum channel of high capacity. Such channels enable us to construct a quantum communication technology of practical importance. 
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