3.11.6 Investigation of Acceleration and Cooling of Carbon-Based Crystal Structures for Muon Accelerators (Prof. Y.-M. Shin, Northern Illinois University )

1. Objective

For the past decade, the HEP community has been greatly interested in muon accelerators since their low radiative losses enable particles to rapidly reach high energies. Complete development of a high gradient accelerator for an operational HEP (+(- collider [1], however, still faces various challenges [2]. On account of the small nucleus collision, the idea of using atomic structures for muon acceleration has thus been widely investigated for many years.  Recent work on radiative damping of channeled particle emittance has opened up the possibility of achieving both high luminosity and high energy in a crystal collider [3-6]. 
High gradient channeling of crystals offers a variety of opportunities for future accelerator R&D to accomplish high luminosity and high energy. Extending the scheme, we propose to develop an effective method for cooling and accelerating muons by using carbon-based nanostructures. The development of ultra-short pulse lasers, nanofabrication technology and a better experimental and theoretical understanding of high energy density effects in solids motivate us to examine the topic of a nano-channel accelerator. Large channels, wide acceptance angles, robust structural and thermal strengths, superconducting properties, exceptional capillarity, and high photon absorption make crystallographic nanostructures a unique alternative for muon accelerator application. Leading schemes for a future high energy (+(- collider rely on fast cooling and high gradient acceleration of short-lived muons. This project aims to prove that both processes can be integrated and achieved in the strong focusing environment of a nanostructure system. Practical demonstration of transverse cooling in a continuous focusing channel and verification of theoretically predicted cooling efficiencies are the first steps towards meeting the challenges of (+(- colliders. Furthermore, experimental demonstration of high-acceleration gradients around GeV/m promised by the high fields in a nanotube would make a muon accelerator a real possibility. We expect that successfully accomplishing the proposed missions will leverage current US muon collider R&D such as the Muon Accelerator Program (MAP) and Neutrino Factories.
2. Technical Approach

   The key idea of this project is to take advantage of the strong channeling and field confinement of carbon nanostructures for high gradient muon acceleration with fast cooling processes. Creating efficient channeling structures – from single crystals to nanotubes - might have a significant effect on the accelerator world. Nanotubes can be manufactured in different diameters from a fraction of a nm up to microns, of different lengths, from tens of microns up to millimeters, and of different materials, usually carbon but also other materials. We will investigate various muon acceleration schemes and cooling techniques using these nanostructures.  

(a) Fast Cooling

Recent results on the radiation reaction of charged particles in a continuous focusing channel indicate an efficient method to damp the transverse emittance of a muon beam. This could be done without diluting the longitudinal phase-space significantly. There is an excitation-free transverse ground state to which a channeling particle will always decay, by emission of an X-ray photon. In addition, the continuous focusing environment in a crystal channel eliminates any quantum excitations from random photon emission, by constraining the photon recoil selection rules. The combination of both the transverse and the longitudinal phase-space features makes a radiation damping mechanism a very interesting candidate for transverse muon cooling in an ultra strong focusing environment inside a crystal. If the acoustic wavelength matches the Doppler shifted betatron oscillations of the beam, a stimulated enhancement of the channeling radiation will occur In fact, if one could generate a standing acoustic wave of sizable amplitude in a crystal, then the relaxation time would shorten the damping time by more than three orders of magnitude. Tapering of channeling width (“funneling”) or density profile of nanotube bundles will strongly focus a muon beam through static potential cooling processes.  

(b) High Gradient Acceleration

In principle, crystallographic nanostructures can hold high field gradient of 0.1 ~ 10 V/Å level in the channeling lattice planes from driving sources in megawatt to gigawatt level. We will explore a feasible acceleration method using laser drivers. High energy photon illumination over a nano-crystal induces photon channeling or plasma wave (plasmon) excitation of high field gradient to accelerate charged particles. The key to collective acceleration via inverse radiation mechanism is a spontaneous bunching of initially uniform beam channeling through a periodic crystal structure and interacting with the electromagnetic wave. The recent advances in high power laser technology based upon FELs and solid state lasers promise a power of a few MWatts to GWatts, optically focused to provide sufficient energy densities of the electric field amplitude of the standing cavity mode. We will explore optically driven acceleration techniques, in particular using X-ray channeling (Bormann anomalous transmission) and inverse Smith-Purcell radiation (SPR) plasmon excitation. 
3. Project Plan

The project will have three phases across five years. In the first two years, we will perform a feasibility study of proposed concepts for cooling and acceleration with analytic modeling and simulation analysis. The overall system design, including muon/X-ray sources and test beamline construction, is scheduled in Phase-II with preparation of nano-crystal samples. The muon cooling and acceleration tests are planned in the fifth year of third phase with construction of test beamline. The envisioned timeline resonates well with the construction schedule of the Advanced Superconducting Test Accelerator (ASTA) facility at Fermilab, which is potentially available to be commissioned for X-ray and muon productions.   

(a) Phase-I (24 months: Sept. FY13 – Aug. FY15): ASTA- 50 MeV (FY14), 310 MeV (FY15) 

 The first priority in Phase I is to develop a full modeling tool to include implementation of photon/plasmon accelerating modes and cooling processes, ionization and bremstrahlung radiation losses, of channeling particles according to the electronic energy structures of nanostructures. Currently, multi-physics simulation codes such as VORPAL and CST are accessible for beam dynamics and electrodynamics of channeling particles analysis. Through a collaborative effort, we will develop a fully integrated hyper-simulation platform capable of solving complex photon-muon interaction dynamics in nanostructure channels. Durability analysis of carbon structures under acceleration conditions will be another significant task in Phase I. Acceleration charge damage tests will be done with a 50 MeV beamline at ASTA. Nanostructure samples will be procured by the NIU Microelectronic Research and Development Laboratory (MRDL).
(b) Phase-II (24 months: Sept. FY15 – Aug. FY17): ASTA – 810 MeV (FY16), > 1 GeV (FY17)
 In this phase, we will mainly focus on the system design, including the beamlines for muon and X-ray sources. Currently X-ray FEL experiment is also proposed with the ASTA and the prospective X-ray source may possibly be combined with the muon acceleration test, which will thereby give synergetic benefit to the two different projects. It is expected that 0.01 – 0.1 % energy conversion efficiency will create 10 keV level X-ray photons with 0.1 – 1 GW power range from electron beam bunches of 5 Hz/1 ms electron beam pulses with 1.3 kA peak current. A micro-undulator using high-Tc superconductor tape is known to produce > 2.5 Tesla magnetic field at 77 K, which thus has potential to support sufficient amount of radiation efficiency. According to our calculations, a 750 MeV ILCTA electron beam produces 3.0 ( 10-9 (/e that will enable us to create a ~ 2.34 ( 105 (/pulse with < 1 GeV beam at ASTA, which is sufficient for proof-of-concept experiment. At our energies, an exact description of the nuclear form factor will be needed for background modeling and subtraction.  This is especially important due to small muon signal near desired energies. Main removal of secondary particles may be done using carbon target and sweeping magnets. Surface muons from pion decay will need to be removed to preserve muon beam coherency. Procurement of a muon source is pricey, which will thus be pursued through cost share with other relevant projects. Cooling and acceleration test modules will be designed depending upon available X-ray and muon sources and high energy durability and channeling tests on carbon nano-crystal samples will be performed with 810 MeV beamline at ASTA.     
   (c) Phase III (12 months: Sept. FY17 – Aug. FY18)

In this phase, muon cooling tests will be obtained from the measurement of initial and final emittances of channeled muons before and after a sample. Unchanneled and dechanneled muons will be separately counted from the primary beam in order to not contaminate the measured emittance. An available terawatt ~ petawatt femto-second laser will deliver enough acceleration energy to nanostructures. In this phase, X-ray photon channeling and inverse SPR will be tested to demonstrate the muon acceleration. The optical setup is analogous to the Inverse Cerenkov Accelerator Experiment at Brookhaven. It provides a pulse of radially polarized light, which couples energy to the muon beam channeling through a sample via the inverse coherent radiation mechanism. Optical energy will be transferred to the muon beam with an efficiency of GeV per meter. Using a bending magnet in between drift chambers, we will measure the final energy of muons channeling through the crystal. 
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