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PROBLEM:

1. Precise and best possible nondestructive measurement of large aperture charged particle beam profiles, as well as measurements of peripheral beam area (halo) of high-current beams is an actual task for all accelerators. 

2. Precise measurement of photon beams profiles on Synchrotron Light Source and Free Electron Laser beam-lines, including the possibility of measurements of low flux and very hard photon beam profiles (outside of the maximum of Synchrotron Radiation or Insertion Device radiation spectra) is an actual task for the temporary sources of electromagnetic radiation.

3. Neutron beam measurement with detectors with good spatial resolution, high sensitivity and resistance to radiation damage, as well as long operating time is an actual task for accelerator based neutron beam sources that currently exist, are being built or are in the stage of planning or projecting. 

4. Fast measurement of beam transversal profiles and beam position is an actual task for those linear and circular accelerators, which need this information for fast dynamic correction of the beam.

5. Development of reliable beam loss monitors based on materials with high resistance to radiation damage is an actual task for all high-current accelerators.

OBJECTIVES:

During the last 11 years intensive work was done on the development of new means for vibrating wire diagnostics in accelerators. Developed methods were tested on accelerators of NLA (former YerPhI), DESY (PETRA accelerator proton beam) and photon beams of ANL APS. The interest to such investigations lies in a suggestion of a new physical principle to be implemented for measurements of unprecedented low quantities of charged particles/photons. Head of sub-division #802 of NLA S.G. Arutunian has been selected as the winner of the 2008 Faraday Cup Award for encouraged innovative achievements in the field of particle accelerator beam instrumentation.

The following objectives are proposed for the years 2011-2015:

1. Development of sensors with separate but mechanically coupled wires – vibrating made from metal and sensitive to beam and used for beam detecting made from other material. Possible usage of dielectric wires as sensitives will allow e.g. to significantly increase the temperature range of the sensitive wire. 
2. Development of sensors for hard photon measurements including the photons from the Synchrotron Radiation tail and radiation from wigglers and other Insertion Devices in Synchrotron Radiation Light sources. A primary advantage of these sensors is the possibility of measuring the beam parameters by placing the sensors outside the accelerator vacuum chamber.  This will considerably decrease the complexity of the measurement system. 
3. Development of vibrating wire based sensors for neutron beam parameter measurements. For the sensitive wire the choice of materials with large heat generation capacity relative to the corresponding energy range of neutrons is suggested. 
4. To decrease the response time of the wire-based sensors considerably it is suggested to use especially made optical waveguides with physical its parameters depending on the flux of beam particles crossing the waveguide. Electron doped materials seem to be good candidates for them. It is suggested to develop sensors combined with optical waveguides and vibrating wires. 
5. The theory of electromagnetic radiation emitted at passage of charged particles through or near a randomly inhomogeneous medium is developed by a member of NLA Zh.Gevorgian. We suggest a development of diagnosing concepts based on this radiation. 
6. The sub-division stuff can be involved in the new accelerator project preparation and assessment. 
7. The sub-division also has a big experience in creation of data acquisition and control systems, fine mechanics based engineering developments, thermophysical computations and simulations, design and production of electronic units including based on microcontroller technologies. The sub-division has kept alive the technology of manufacture of mechanical precise units in experimental devices and is able to take orders of latter from other NLA sub-divisions as well as any external enterprises. 
TASK 1. Development of Vibrating Wire Large Aperture sensors for proton and ion beam halo measurements. 
Task 1.1. Development of mechanical design of the sensor to give optimal mechanical transfer to vibrating wire tension. Right choice of materials to ensure minimal dependence of sensors to ambient temperature. Finding a correct sensor geometry to maintain stable differential signal   as well as  minimization of secondary thermal transfer to vibrating wire from the sensor parts heated by the beam scattering off it. Development of a thermally symmetric design for the sensors aimed to compensate for the impact of ambient temperature and scattered heat fluxes. 
Task 1.1. Development of theoretical and simulation models that take into account the dynamic characteristics of thermal fluxes spread from different parts of sensor. 
Task 1.2. Manufacturing of the designed vibrating wire sensors, determination of their sensitivity and accuracy by laboratory tests, definition of the dependence of the frequency of outcoming signal  on vacuum conditions and temperature including the temperature of separate parts of the sensor. Modeling of heating of the sensitive wire by DC current. Additional long term experiments to determine the stability of the sensor characteristics. 
Task 1.3. Search of potential users for designed sensors. Execution of possible experiments on accelerators with proton, ion and electron beams. 
Task 2. Development of hard photon vibrating wire sensors. 
Task 2.1. Design of the sensors that are based on fences of vibrating wires. Development of the fixation ways for fine wire ends (wires with diameters down to 10 μm). 
Task 2.2. Design of electronic units for generation of natural oscillations in the wire, including methods of hit generation for nonoptimal magnetic fields. The latter task is very actual for sensor aperture enlargement. Usage of contemporary methods of data acquisition and transfer including Universal Serial Ports (USB). 
Task 2.3. Development of multiwire electromechanical resonator benches used for the assembly and tuning of the resonators to desirable initial frequency values. 
Task 2.4. Conduction of test experiments to compare sensor behavior in vacuum, air and other atmospheres. 
Task 2.5. Search of possible users for the designed sensors. Execution of possible experiments on accelerators and other electromagnetic radiation sources. 
Task 3. Development of vibrating wire sensors for measurements of neutron beams parameters. 
Task 3.1. Development of sensors with separated wires where the vibrating wire can be separated from the sensitive wire. This type of sensors can provide considerable freedom in the choice of material for the sensitive wire. Optimization the mechanical coupling of sensitive and vibrating wires aimed to minimize the dependence on ambient temperature. 
Task 3.2. Search for the most optimal materials for thermal release in neutron beam experiments with the given fixed energy spectrum. 
Task 3.3. Development of special collimating screens limiting the impact of scattered neutrons on the sensor parts, but the vibrating and the sensitive wires. Comparison of the designed sensor characteristic with other methods used for neutron flux measurements. 
Task 3.4. Search of possible users for the designed sensors. Collaboration with the Armenian Atomic Plant in conduction of test experiments. Development of proposals on collaboration with other world centers in neutron beam production and usage. 
Task 4. Development of a conceptual physical project on the use of optical waveguides with their parameters sensitive to flux of charged particles. 
Task 4.1. Review of physical mechanisms and conditions present, when the passage of the particles through the waveguide impacts the optical radiation transfer conditions, in particular the method based on electron doping the waveguide material. 
Task 4.2. Estimation of physical and design models that are possible to realize in particular  accelerators. 

Task 4.3. Execution of preliminary experiments in collaboration with other sub-divisions. 
Task 5. Development of the concepts of beam diagnostics on the base of Diffusive Radiation that is originated by the passage of charged particles through or near a randomly inhomogeneous medium. 
Task 5.1. Estimation of spectral-angular distribution of the radiation arising at passage of charged particle beam near rough metallic surfaces. Modeling of surfaces with different levels of roughness. 

Task 5.2. Development of the physical model of the experiment based on emission of Diffusive Radiation originated by the passage of charged particles near rough surfaces considering the electromagnetic background in the vacuum chamber (variation of the roughness parameter with help of piezoceramics, application of vibrating or moving surfaces including vibrating wires). 
IMPACT:

The main results of previous developments of electromechanical resonators in the sub-division were their high accuracy and reliability, especially in conditions of high level radiation and electromagnetic disturbances. Below we give some comparison with methods used and suggested for use before. 
Task 1. Traditionally wire scanners with heat resistant wires are used. The method is generally used for profiling of beam core area and has limited possibility for measurements of halo area of the beam. The application of vibrating wire scanners will allow us to reach unprecedented resolution and accuracy in the examination of the beam halo area.
Task 2. The currently used methods mostly are destructive and based on the scintillator or semi-conducting screens. The new vibrating wire sensors are based one a new physical principle that allows the usage of mechanically stable and radiation resistant materials. Sensors also can be used in air. 
Task 3. Neutron detection means strongly depend on their energy range and include semiconducting materials and/or cryogenic technologies. Available methods have limited spatial resolution. Usage of ultrasensitive vibrating wire thermometers with adequate material choice for wire-targets allows to develop neutron beam detectors for wide range of energy spectra and with excellent spatial resolution. Utilization of stable and high radiation resistive materials has great advantages compared with traditional technologies. 
Task 4. Fast profile measurements usually are made with destructive methods. Laser-wire method is sufficiently fast and nondestructive however it is very complicated and expensive. Usage of optical waveguides with different material choices and with inclusion of vibrating wire based sensors is suggested. 
Task 5. Usually the beam losses in vacuum chamber walls are measured by radiation directed forward. However this makes it harder to register. It is suggested to use Diffusive Radiation emitted at passage of charged particles near rough surfaces at large angles of radiation. In order to distinguish this radiation from vacuum chamber electromagnetic background it is suggested to use differential resonant highlighting, which can also be done using vibrating wire sensors. 
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	1

	2
	Vasiniuk I.E., kandidate tech.s.
	Development of electronic units, programming, in particular for microcontrollers, development of data acquisition systems
	0.5

	3
	Davtyan M.M.
	Engineering developments, numerical calculation and analysis simulations, conduction of experiments
	1

	4
	Shaginyan L.A.
	Engineering developments including material technologies, experiment conduction
	1

	5
	Dobrovolsky N.M., kandidate ph.-m.s.
	Development of physical concepts, experiment conduction 
	0.5

	6
	Egiazaryan S.L.
	Manufacturing of  models/prototypes 
	1

	7
	Gevorgyan Zh.S., doctor ph.-m.s.
	developments of new physical concepts for beam diagnostic methods based on the radiation from passage of charged particles near to rough surfaces 
	0.5

	8
	Harutyunyan G.S., currently student YSU
	Conduction of experiments, numerical simulations, programming


	1

	9
	specialist
	electronics development, programming of microcontrollers
	1


Equipment

1. SR760 Single-channel FFT spectrum analyzer, $6000, http://www.thinksrs.com/downloads/PDFs/pricesus.pdf
2. Multi-Range Vacuum Gauge MRV 100, $1700, http://www.ilmvac.com/content/products/Vacuum-Measurement-and-Control-Multi-Range-and-High-Vacuum-Gauges-with-Sensors-to-the-selection-g1304005.htmlVacuumeter
3. High vacuum gauge PEN 100, $1500, http://www.ilmvac.com/service/downloads/eng/Messger%C3%A4te_engl.pdf
4. USB-SA44B 1 Hz to 4.4 GHz Spectrum Analyzer and Measuring Receiver, $1000, http://www.signalhound.com
5. USB-TG44A 10 Hz to 4.4 GHz Tracking Generator, $600, http://www.signalhound.com
Total: $10800
Materials

Materials description Cost (US $)

Vacuum components (fittings, clips, flexible pipes, gaskets, valves, lubrication etc)
Electronic components (microcontrollers, chips, high current components, PID controllers) 
Total: $5000
Other Direct Costs

Direct costs description Cost (US $)

Equipment and material transportations and custom expenses

Total: $2000
Travel costs (US $)

CIS travel International travel 
Total: $4000
Technical Approach and Methodology

During the last 11 years an intensive work has been done by sub-division 802 on development of new diagnostics methods for accelerator beam profiling based on vibrating wire technology. The physical principles of the new methods are based on the dependence of the natural frequency of the wire on its tension. In its turn this tension strongly depends on the wire temperature. This is determined by the thermal release from passage of charged particles/photons through the wire. Practically the thermal principle of sensor operation allows one to use this technique for any type of beams, which generate heat in wire material.

A big number of investigations of natural oscillation generation in the wire have been done. These were based on the interaction of current flowing through the wire with permanent external magnetic field. Special fixation methods for wire ends have been developed and special thermo treatments done to the wire material. Methods have been developed for measurement of the oscillation frequency and stabilization of the oscillation amplitude. After all these procedures there have been developed and manufactured a few models of vibrating wire electromechanical resonators with excellent resolution, accuracy and stability parameters. 

Interest in this work is stipulated in presenting a new physical principle that allows the measurement of unprecedented low number of charged particles/photons and considerably simple technical solutions were suggested to implement the method in practice. As a result some types of vibrating wire sensors/monitors were developed and manufactured and successfully tested on photon, electron, ion and proton beams. Method arouse great interest in area of accelerator beam diagnostics. Besides of experimental tests on YerPhI accelerators (2002-2003, 2009-2010) successful experiments were fulfilled on the some world center accelerators: DESY (PETRA proton beam, 2003-2004), APS ANL (APS beamline photons, photons of synchrotron radiation of storage ring, 2008-2009). 

Our work was presented on accelerator conferences and special diagnostics workshops (Workshop on Beam Diagnostics and Instrumentation for Particle Accelerators, Beam Instrumentation Workshop, European Particle Accelerator Conference, Particle Accelerator Conference, International Particle Accelerator Conference etc.). The community of physics in accelerator diagnostics area has expressed their interest about those investigations by awarding S.G.Atutunian the International Faraday Cup Award 2008 for the development, publication and successful testing of “Vibrating Wire Scanner” diagnostic system recognized and encouraged as an innovative achievement in the field of particle accelerator beam instrumentation. Today the mentioned developments remain actual and pioneer and need further efforts to improve sensor characteristics and widen the range of applications. Other achievements of sub-division include dedicated and intensive work on practical implementation of the developed methods and devices on different accelerators. 

More than 30 publications were made, 5 in refereed journals, 15 presentations on International conferences on this subject.

Some of the tasks listed below are intended to be solved with lower mentioned groundwork:

1. Development of large aperture vibrating wire sensors for measurements of proton and ion beam halo area. The task is becoming more and more actual due to intensive development of high current and large size transversal beam(up to few tens of mm) proton accelerators for scientific and applied purposes (investigations in nuclear physics, medical isotope production, medical therapy with proton beams, subcritical reactor development, accelerators for neutron beam production etc). There are no reliable methods of measuring small quantities of proton beam fluxes and hereby suggested vibrating wire technique is recognized today as the most perspective in this field by the diagnostics physicist community.

Development of sensors with separated mechanically coupled wires i.e. metallic vibrating and sensitive to the beam, which is used for the detection of the beam. The latter can be made from metal or dielectric material. Sensor modification in this way allows the extraction of magnetic fields from the sensor aperture area, hence increasing it and making the measurement process more reliable. Beside this usage of dielectric wires allows to avoid heating the wire by bunched RF beams. This task is actual one because of the number of new accelerators that are being built and commissioned and need to increase the beam life time, which is mainly limited by energy losses particles in the halo of the beam. Distinguished among these are a large category of high current proton accelerators that are being developed for many scientific fundamental and applied purposes.

2. Development of detectors for hard photons including the ones from the tail of the spectrum from synchrotron, wiggler and undulator and other insertion device radiation in temporary Synchrotron Radiation Sources. One of the advantages of these sensors can be the possibility of usage outside of vacuum chamber, what considerably simplifies the projected devices. As another advantage can be mentioned the possibility of using thick filters to filter out the low energy photons that are generated by dipol magnet fringing fields and beam focusing and correction elements(quadrupole and sextupole lenses). We would like to note here the complicated solution of this problem, which was the minimization of steering angles suggested by G.Decker (APS ANL). Our suggestion is more simple and effective i.e. to extract only the hard photons from wiggler magnets using Beryllium thick screens with their further scan by vibrating wire scanner of vibrating wire fence. The task is actual one for existing third and projected fourth generations of Synchrotron Light Sources. Development of simple and robust electron beam position monitors in storage rings by synchrotron radiation signal outside of vacuum chamber is also very promising and is an actual task.

3. Development of vibrating wire sensors for neutron beam parameter measurements. The task is particularly actual one for large aperture neutron beam profiling in material structure investigations. The aim is to develop large aperture and good spatial resolution sensors for a wide range of energies of neutrons. It is supposed to search for materials that have large coefficients of transformation of neutron flux to thermal energy with stable characteristics. Here sensors with separated wires can be used successfully. Particularly strips covered with suitable material can be used as sensitive elements. The task is very actual because a number of accelerator based neutron sources are being built and commissioned: 1.0 ГэВ, 1.4 мА SNS in Oak Ridge (ORNL); Swiss Spallation Neutron Source SINQ with flux of about 1014 n/cm2/s, proton beam of 590 MeV in energy at a current up to 2.3 mA ; European Spallation Source will be open in 2019; China Spallation Neutron Source (CSNS) Project (proton energy 1.6 GeV, 62.5 mkA, The Japan Spallation Neutron Source (JSNS) in Japan proton accelerator research complex J-PARC. Traditional technologies based on electromagnetic processes are not implementable here. Technologies based on semiconductors have considerable disadvantage in parameter unstabily.

Proposed tasks 1-3 are connected on the transversal profiling/position measurements with vibrating wire sensors. These tasks have considerable workground as developed, manufactured and tested vibrating wire electromechanical resonators. The project is intended to improve the already obtained solutions, search for new design for sensors and new material utilization. The thermal principle of operation allows to use this methodology for beams of any types with thermal traces in wire. 

The reached Q-factor of developed electromechanical resonators, methodology of stabilization of oscillation amplitude and frequency measurement method allow to measure with accuracy on the level 0.01 Hz at range of 4-8 kHz that correspond better than 1E+5 dynamic range. This corresponds to thermal shifts of less than 1 mK. We store a rich experience of investigations of mechanical and thermophysical characteristics of such resonators in air, vacuum and different atmospheres, in presence of large electromagnetic disturbances in real operation conditions of accelerators operating at great radiation sources.

A mathematical model for estimation of characteristic times of thermal processes in the sensors and procedures of sensitive temperature measurement and hence beam recovering parameters  is developed/

For natural oscillations of the wire and electronic unit parameter stabilization modern precise electronic components are used. Electronic units are based on Microchip produced temporary microcontrollers. Convenient and simple algorithms are implemented for applications software, as well as data acquisition and transfer to control panel. A special attention is paid to providing operational reliability and functionality in hard radiation conditions in accelerators.

4. Because of thermal principle of operation the developed vibrating wire sensors are relatively slow (response time lies in seconds and fraction of seconds range). Fast beam profiling traditionally are made by flighting wires technique. As signal for measurement here it is serves the quantity of secondary particles/radiation arising at interaction of particles with wire-target material. For this purpose an additional detecting stations are set downstream which made whole system complicated and expensive. We will note also note the method of laser-wires when instead of the wire material it uses Compton scattering of the subject beam from photons of a laser beam. Method is being developed on a few accelerator centers simultaneously but is leading to complication of the systems. We suggest to use specially treated optical waveguides as targets. Such that their physical parameters relative to optical radiation transfer depend on intersecting particle flux. Electron doped optical waveguides here are considered as a good candidate for such type of targets. The whole task is considered as research work and is directed on the decreasing of response time compared to vibrating wire sensors. A combined sensor development with optical waveguides and vibrating wires are suggested where both types of response will be detected (thermal via vibrating wire frequency and optical via laser radiation that passes through the waveguide).

Task 4 is connected with usage of optical waveguide technology us targets and will require adaptation of new methods for sub-division. We intend to establish links with corresponding specialists in Armenia and outboard. In the first stage the physical mechanisms of influence of particles intersecting the waveguide on their optical parameters will be considered with a convincing proposal preparation. Preliminary estimations of such mechanisms exist and are based on use of electron doped waveguides.

5. Dr. Gevorgyan Zh. has developed the theory of Diffusive Radiation originated by the passage of charged particles through or near a randomly inhomogeneous medium, in particular metallic surface. In Proposal it is suggested to develop a beam diagnostics concept based on the mentioned theory. Preliminary estimations show that this radiation generates at large angles relative to beam direction which allows working out compact and effective diagnostics tools for beam halo area measurements and development of detectors for particle and vacuum chamber touching. The modulation method of separation of necessary type of radiation from vacuum chamber electromagnetic background using special radiators with variable characteristics here seems perspective. As such radiators we propose to use stack of piezoceramic plates and vibrating wires. The task is actual one because of considerable increase of currents in high energy accelerators where considerable beam losses might lead to catastrophic consequences. The lower is resolvable number of loosed particles the more reliable will be the preventive control over beam orbit correction or beam shutdown.

As a result of Proposal execution a physical justification of method with testing experiments will be supposed. Collaboration with specialists on transition radiation also is supposed.

6. Employees of sub-division can be involved in creation of reports on new accelerator project design.

7. A large experience has been gathered in sub-division during the years work in the area of development of control systems and data acquisition, mechanical design fulfillment, electronic unit creation including microcontroller usage. Sub-division has preserved equipment and specialists for fine mechanics and experimental unit creation and can manufacture details by orders from other sub-division or external enterprises.

Below are presented some alternative methods proposed as solution of the tasks with description of their advantages and disadvantages.

Task1

Upgrade of traditional wire scanners aimed to improve mechanical parameters of feed system, usage of high-temperature resistance materials for the wires and enhancement of secondary particles/radiation detecting stations. Method normally is used for profiling of beam core area and has restricted possibility to measure halo area. As competitive one here a method of laser-wire scanner is considered. Works on such projects started at 2003-2005 but till now devices on this principle have experimental status. Advantage of wire scanner is possibility of wire fast movement (more than 10 m/s). A disadvantage is the separation of the wire intersected with beam and secondary radiation/particles detection unit placed far downstream to incoming beam, the non-universality of devices relative to type of charged particles and low resolution. Proposed vibrating wire scanners are much more compact, simple and sensitive. Another disadvantage of vibrating wire scanners is a relatively slow time response (additional comments see below).

Task 2

Practically all used hard photon beam profiling methods are destructive and based on scintillator or semiconducting screens. Photon beam position monitors are based on the measurement of scattered radiation arising at the gaps from Tungsten or Cooper. Detectors with wide photon energy bandwidth (up to few hundreds keV) here remain requiered. In the base of proposed vibrating wire sensors a new thermal resolution principle is set that allows to use mechanically stable and radiation resistant materials. Sensors can be set in air that is an important advantage for their application in accelerators.

Task 3

Neutron beam detection with spatial resolution is quite a complicated task and strongly depends on neutron energy range. For registrations of neutrons of ultra-high energies (more than 1 GeV) ionization calorimeters with shower shape analysis normally are used. There are complicated and expensive devices. For neutrons with tens and few hundreds MeV energy range usually large sizes scintillate enriched with Hydrogen are implemented. In energy range of 0.01-20 MeV elastic scattering of neutrons on light nuclei with detection of them by proportional counters with efficiency 10-2-10-4. Detectors based on nuclear reactions with escape of charged particles and their registration by gas discharge detectors and Hydrogen enriched scintillates are developed. The conversion of neutrons to protons on cryogenic targets 3He and further measurement of protons and Tritium with InSb semiconducting detectors is used. All the methods mentioned above are complicated and not suitable for measurement of neutron beam spatial resolution. Proposed usage of ultrasensitive vibrating wire thermometers at adequate choice of wire-target materials found that as a result rather simple detectors for neutron beams in wide range of energy and spatial resolution will be developed. Usage of stable and radiation robust materials also gives additional advantage relative to usually used techniques. 

Task 4

Fast transversal profiling is usually made with optical transient radiation. This method is destructive for the beam. For nondestructive measurements high speed wire scanners are used. For beam positioning RF pickup beam position monitors are implemented. Laser-wire method delivers necessary information but is complicated and expensive. The method proposed by us gives opportunity to develop simple and fast diagnostic tool for beam transversal profiling. 

Task 5

Usually for detection of particles rested on vacuum chamber the radiation arisen at particle passage through the chamber wall is used. This radiation is normally directed at low angle relative to beam direction, which makes it difficult to separate and measure it. Proposed usage of large angle radiation of particle near the rough surfaces allows to develop more simple and particles loss monitors.

