Optimization of the Buncher and Phase Rotator for Neutrino Factory

Alexey A. Poklonskiy ∗, David Neuffer,

MS221, Fermi National Accelerator Laboratory, PO Box 500, Batavia, IL 60510-500, USA

Martin Berz,

Department of Physics and Astronomy Michigan State University, East Lansing, MI 48824, USA

Dmitriy A. Ovsyannikov, Alexandre D. Ovsyannikov

Universitestkiy Prospekt, 35, Petergof, Faculty of Applied Mathematics and Control Processes, Saint-Petersburg State University, St. Petersburg, Russia, 198504

Abstract

The demand for better neutrino beams is correlates with the considerable improvement in neutrino detectors, and to the recent exciting claims of observed neutrino oscillations. A high intensity source of a single flavor of neutrinos with reduced backgrounds, a known energy spectrum and intensity could prove decisive in the confirmation of oscillations and measurements of the lepton mixing parameters. Such intense source of neutrinos is supposed to be provided by the Neutrino Factory. A Neutrino Factory, as proposed, relies on formation and acceleration of ultra-large emittance muon beams with subsequent decay of the muons into a well-collimated, well-characterized neutrino beam. Creation of an intense muon beam originally relied on capture, bunching and phase rotation in an expensive extension of the induction linac concept. A recently-proposed different scheme bunches and reduces energy spread through an array of high-frequency rf cavities whose rf frequency varies along the length of the channel.The cost reduction and simplicity of the proposed approach is extensive and this work explores both the approach and develops an optimization scheme for rf parameters based on the underlying beam dynamics

Key words: Neutrino Factory, Buncher and Phase Rotator, Optimization, Muons

∗ Corresponding author.

Email addresses: poklonsk@fnal.gov (Alexey A. Poklonskiy),

1 Introduction

A Neutrino Factory [1,2] facility offers an exciting option for the long-term neutrino physics program. New accelerator technologies offer the possibility of building, in the not-too-distant future, an accelerator complex to produce and capture more than 1020 muons per year [2]. It has been proposed to build a Neutrino Factory by accelerating the muons from this intense source to energies of several tens of GeV, injecting them into a storage ring which has straight sections, and exploiting the intense neutrino beams that are produced by muons decaying in these straight sections. The decays

μ^− → e^−ν_μν̄_e , μ^+ → e^+ν̄_μν_e

offer exciting possibilities to pursue the study of neutrino oscillations and neutrino interactions with exquisite precision. In the U.S., the Neutrino Factory and Muon Collider Collaboration [3] is a collaboration of 130 scientists and engineers engaged in carrying out the accelerator R&D that is needed before a Neutrino Factory could be inserted into the global plan. Much technical progress has been made over the last few years, and the required key accelerator experiments are now in the process of being proposed and approved. In addition to the U.S. effort, there are active Neutrino Factory R&D groups in Europe and Japan, and much of the R&D is performed and organized as an international endeavor. Thus, because a Neutrino Factory is potentially the key facility for the long-term neutrino program, Neutrino Factory R&D is an important part of the present global neutrino program.

This facility is a secondary beam machine, that is, a production beam is used to create the secondary beam that eventually provides the neutrino flux for the detector. For a Neutrino Factory, the production beam is a high intensity proton beam of moderate energy (beams of 2.50 GeV have been considered by various groups) that impinges on a target, typically a high-Z material (e.g. Hg). The collisions between the proton beam and the target nuclei produce a secondary pion beam that quickly decays (26.0 ns) into a longer-lived (2.2 μs) muon beam. The remainder of the Neutrino Factory is used to condition the muon beam, accelerate it rapidly to the desired final energy of a few tens of GeV, and store it in a decay ring which a long straight section oriented such that decay neutrinos produced there will hit a detector located thousands of kilometers from the source.

The various components of a Neutrino Factory, based in part on the most recent Feasibility Study (Study 2) [4] that was carried out jointly by Brookheaven

neuffer@fnal.gov (David Neuffer), berz@msu.edu (Martin Berz),
dovs@apmath.spbu.ru (Dmitriy A. Ovsyannikov), ovs@apmath.spbu.ru

(Alexandre D. Ovsyannikov).

Fig. 1. Neutrino Factory Schematics (Study 2a)

Fig. 2. Distribution of particles energies 12m from the target calculated by MARS

National Laboratory (BNL) and the U.S. Neutrino Factory and Muon Collider Collaboration, are described briefly below. The main ingredients of a Neutrino Factory (Fig.1) include:

• Proton Driver. Provides 1.4 MW of protons on target. • Target and Capture. A high-power target immersed in a superconducting solenoidal field to capture pions produced in proton-nucleus interactions. The high magnetic field at the target is smoothly tapered down to a much lower value which is then maintained through the bunching and phase rotation sections of the Neutrino Factory.

• Bunching and Phase Rotation. First the bunching with rf cavities of modest gradient, whose frequencies change as we proceed down the beam line is performed. After bunching the beam, another set of rf cavities, with higher gradients and again having frequencies decreasing downward the beam line, is used to rotate the beam in longitudinal phase space to reduce its energy spread.

• Cooling. A solenoidal focusing channel, with high-gradient rf cavities and LiH absorbers, cools the transverse normalized rms emittance.

• Acceleration. A superconducting linac with solenoidal focusing followed by a Recirculating Linear Accelerator (RLA), arranged in a dogbone geometry. Thereafter, a pair of cascaded Fixed-Field, Alternating Gradient (FFAG) rings, having combined-function doublet magnets, is used.

• Storage Ring. A compact racetrack-shaped superconducting storage ring in which ≈ 35% of the stored muons decay toward a detector located some 3000 km from the ring. Muons survive for roughly 500 turns.

2 Buncher and Phase Rotator

Pions, and the muons into which they decay, are generated in the target over a very wide range of energies (see Fig.2), but in a short time pulse (≈ 3 ns rms). To prepare the muon beam for acceleration thus requires significant

Fig. 3. Beam dynamics in the buncher and phase rotator

conditioning including reducing energy spread and forming the beam into the string of bunches. First, the beam is drifted to develop an energy correlation, with higher energy particles at the head and lower energy particles at the tail of the beam. Next, the long beam is separated into a number of short bunches suitable for capture and acceleration in a 201-MHz rf system. This is done with a series of rf cavities having frequencies that decrease and gradients that increase along the beam line, separated by suitably chosen drift spaces. The resultant bunch train still has a substantial energy correlation, with the higher energy bunches first and progressively lower energy bunches coming behind. The large energy tilt is then phase rotated, using additional rf cavities of decreasing frequencies but constant gradient and drifts, into a bunch train with a longer time duration and a lower energy spread. Example 2D simulation of the dynamics of the particles in the structure is shown on the Fig.3. The beam at the end of the buncher and phase rotation section has an average momentum of about 220 MeV/c. The proposed [5] system is based on standard rf technology, and is expected to be much more cost effective than the induction-linac-based system considered in [4]. An additional benefit of the rf-based system is the ability to transport both signs of muon simultaneously.

To set up buncher parameters we choose some ideal particle to be the main central particle of the beam. We then set phases of rf cavities such that this particle passes every cavity in the same phase (ϕ_s = 0) of E field oscillations. By the virtue of the equations of motion in such a structure (see [6]), particles near the central one are then formed into a stable group called “bunch”, which oscillates around the central particle during its motion in the structure. There are other particles passing all cavities in the same ϕ_s = 0 phase and so bunches are formed around these particles as well. In following text we will call them “central particles” and the one chosen first “main central particle”.

Each cavity in the buncher has its frequency set to maintain the following condition: the time of arrival difference between two central particles in a place of rf field application remains equal to a fixed integer number of rf oscillations periods and this condition is maintained as the beam propagates through the buncher Δt = t_n − t_c = z ( 1 v_n − 1 v_c ) = nT_{rf} = n λ_{rf} c , n ∈ Z , (1)

where n is the number of the bunch counted from the main central particles’s one, t_c, t_n and v_c, v_n are time-of-arrival of main central and n-th central particle (main central particle has n = 0) and their velocities respectively, T_{rf} is the period of rf field oscillations, λ_{rf} is rf wavelength, c — speed of light. As we set E field phase in rfs to be zero for the main central particle, for other central particles it is also zero so they pass the rfs when the field has zero strength and therefore their energies stay constant through the buncher. We keep the final frequency of the buncher and rotator fixed because of matching into 201.25 MHz cooling and/or accelerating sections, so setting in (1) n = 1, λ_{rf} = λ̄, z = L̄, where z is the longitudinal coordinate with z = 0 at the beginning of the drift, λ̄ is the final rf wavelength in buncher (defined by matching to the following cooler), L̄ is the longitudinal coordinate of the last rf in buncher, we can define δ ( 1 β ) = ( 1 β_1 − 1 β_c ) = λ̄ L̄ , (2)

where β_c, β_n are normalized main central particle and n-th central particle’s velocities, and then rewriting (1) we get 1 β_n = 1 β_c

+ nδ ( 1 β ) . (3)

Therefore for kinetic energies of central particles in the buncher we have following relation

T_n ( β_c, δ ( 1 β_c )) = W_0 1 − β_c 1 + nβ_cδ

(_1

β_c ) 2 −1/2 − 1 , (4)

where W_0 is the rest energy of the particle, T_n is the kinetic energy of the n-th central particle. From (2),(3) it follows that in order to keep the time of arrival difference between two central particles constant, the frequencies of rfs in a buncher should depend on the longitudinal coordinate through

λ_{rf} (z) = z · δ ( 1 β ) ⇒ ν_{rf} (z) = c z · δ

(_1 β ) , (5)

In the buncher the rf gradient is adiabatically increased over the length of the buncher. The goal here is to perform an adiabatic capture, in which the beam within each bunch is compressed in phase so as to be concentrated near the central particle’s phase. We arbitrarily choose gradient to be increasing quadratically

V_{rf} (z) = B

(z − z_D) L + C (z − z_D)^2 L , (6) where V_{rf} is rf voltage, z_D is the longitudinal coordinate of the beginning of the buncher (equal to the drift length), B and C — positive constants, defined by chosen initial and final rf gradients in a buncher, L is a length of the buncher. Note that, since each of the bunches is centered at different energy, they all have different longitudinal oscillation frequencies, and a simultaneously matched compression for all bunches is not possible. Instead a quasi-adiabatic capture resulting in an approximate bunch length minimization in each bunch is attempted. Following the buncher is the so-called (ϕ − δE) vernier rotation system in which the rf frequency is almost fixed to the matched value at the end of the buncher and the rf voltage is constant. In this system the energies of the central particles of the low-energy bunches increase, while those of the high-energy bunches decrease. So the whole energy spread reduces to the point where beam is a string of similar-energy bunches, a could be captured into the ∼200 MHz ionization cooling system matched to the central energy of the beam. At the end of the buncher we choose two reference particles (n_1 and n_2) kept (n_2 − n_1) rf periods from each other along the buncher and the vernier offset δ. We then keep the second central particle at ((n_2 − n_1) + δ)λ_{rf} wavelengths from the first one through the rotator. So now it passes all rf cavities in a constant accelerating phase ϕ_{n2} having constant energy change ΔT_{n2} and after |T_{n1} − T_{n2} | /ΔT_{n2} cavities, energies of the first particle (usually we choose main central particle as first central particle) and the chosen second central one will be nearly equal. From this consideration we can derive the relation between the energy change of the n-th central particle in each cavity of the rotator and the rotator parameters:

ΔT_n(E_{rf} , δ, n_1, n_2) = E_{rf} sin ( 2πδ n − n_1 n_2 − n_1 ) , (7)

where ΔT_n is the energy change of the n-th central particle, δ is the vernier parameter, n_1 and n_2 are the numbers of chosen central particles, E_{rf} is the rf gradient of the cavities in rotator. This process also aligns the energies of other central particles and their bunches, hence at the end of the rotator we have the beam rotated in (ϕ − δE) space with significantly reduced energy spread. Simulation of the process in (ϕ − δE) phase space is shown on Fig.3. Combining equations (4) and (7) we get the relation for the central energy of the n-th bunch after buncher and phase rotator:

T^{fin}_n ( β_c, δ ( 1 β_c ) , E_{rf} , δ, n_1, n_2 ) = (8)

W_0 1 − β_c

1 + nβ_cδ

(_1

β_c ) 2 −1/2 − 1 + mE_{rf} sin ( 2πδ n − n_1 n_2 − n_1 )

where m is the number of rf cavities in rotator

3 Problem Description

The concept of the buncher and phase rotator is defined in the previous section, and it could be easily seen that there are many variations in the structure parameters leading to different operational characteristics and the total cost. The Neutrino Factory is now in R&D stage so there may be many different scenarios of the lattice usage and so many different optimization constraints defined: minimal cost, different possible final rf frequencies, reduced number of rf frequencies and gradients in the structure, shorter/longer bunch trains, optimal number of muons captured, optimal desired central energy, fitting into allowed final energy spread etc. Matching into the accelerating/cooling structures following the buncher-rotator system and the transverse beam dynamics should also be considered. That is to say the problem of developing optimization scheme for the buncher and phase rotator with different imposed constraints has practical meaning and importance. As parameters subjected for optimization we can take any subset of structure parameters from relations above.

4 Optimization Approach and Realization

In this paper we propose an approach to optimization of final energies spread and desired central beam energy at the end. This approach is based on the fact that motion of the particles in the buncher and phase rotator is well described by the equations of motion of the central particle of the bunch in laboratory coordinate system and equations of motion in coordinates relative to those of the central particle for other particles of the beam. This means that in reducing energy spread of the particles and bringing their energies close to desired one we should align energies of the central particles around this energy and then energies of all other particles of respective bunches will be automatically aligned around it. To measure how good buncher and phase rotator with chosen set of controls perform in aligning central particles energies around desired energy we can use exact formula (9). To do so we introduce the merit (or penalty) function which has the form of the sum of the squared distances from the final energy of the i-th central particle of the bunch T^{fin}_i calculated by (9) to desired final central energy of the beam T̄ : I = b_2∑

i=b_1

c_i(T^{fin}_i − T̄ )^2 , (9)

Fig. 4. Optimization of the central energies shape, penalty functions 1 (left) and 2 (right) (example)

where b_1 and b_2 are is the first and last bunches of interest, c_i are the weight coefficients which allow us to put more emphasize on some bunches (for example with more particles in them). In our optimization runs we use two penalty functions of the form (9). In the first function we set

c_i = 1 , i = b_1, b_2

i.e. we assume all bunches to be equally important to us and we impose equal penalties if two central particles of different bunches are on the same distance (in energy) from the T̄ :

I_1 =

b_2∑

i=b_1

(T^{fin}_i − T̄ )^2 . (10)

In the second penalty function we use the beam of 5000 particles coming from the target (generated by MARS code [7]) to calculate weight coefficients

p_i = n_i N , i = b_1, b_2

where n_i is the number of particles in i-th bunch, N is the total number of particles in the beam, i.e. if two central particles of different bunches are on the same distance from the T̄ then the penalty is larger for the bunch with more particles in it:

I_2 =

b_2∑

i=b_1

p_i(T^{fin}_i − T̄ )^2 . (11)

Both these functions depend on the buncher and phase rotator design parameters (T̄ , L̄, λ̄, n_1, n_2, δ, E_{rf} , m), so by changing these parameters (or part of them) to minimize penalty functions we obtain lattice doing better in aligning particles around desired central energy and so better reduce the overall energy spread.

Optimization routine was implemented and tested in COSY Infinity [8]. Builtin simplex and simulated annealing optimizers were used (usually second was used to get good initial guess for the first one). Example of the optimization run with penalty functions (10), (11) is shown on the Fig.4. Initial parameters are taken from the demonstration of the principles of the buncher and phase

Fig. 5. Optimization of the central energies shape, penalty function 2 (Study 2a parameters)

rotator article [5]. More interesting is the optimization of the last Feasibility Study – Study 2a parameters of the lattice. The curves before optimization and after optimization with penalty function (11) are shown on the Fig.5. Clearly structure with optimized set of parameters is performing better in aligning the central particles energies (the penalty function value is reduced from 485808.12 to 316581.03 i.e. more than for 30%). More rigorous methods of optimization (see [9]) could be considered later in this research.

5 Summary and Future Plans

In this article an approach for optimization bunch central energies shapes (ans so the overall energy spread) in the buncher and phase rotator is proposed and described. The described approach is implemented in COSY Infinity code. The code is tested on different examples and subsets of optimization parameters, optimization of the last Study2a parameters is presented.

After the natural decomposition of the problem of optimizing particles dynamics in buncher and phase rotator and solving first simplified problem we need to check if optimized parameters do better for the whole beam. For this purpose we need to perform complete 6D simulations of the beam dynamics in some simulation code (COSY Infinity) and in de-facto standard simulation code for the the Neutrino Factory and Muon Collider Collaboration ICOOL [10]. We also want to build more sophisticated merit functions to include particles capture in buckets, cost of the structure, etc. to perform optimization on different structure parameters. And in the end we want to have a tool which would allow us to easily obtain optimal sets of parameters of buncher and phase rotator for different designs of target, cooling and accelerating channel sections, because the project is still in the active development stage, new ideas are coming up and there is no completely stable design available.

References

[1] S. Geer, Phys. Rev. D57 (1998) 6989, ibid. 59, 039903E (1999).

[2] M. M. Alsharo´a et al., Recent progress in neutrino factory and muon collider research within the muon collaboration, Phys. Rev. ST Accel. Beams 6 (2003) 081001.

[3] The neutrino factory and muon collider collaboration web page, http://www.cap.bnl.gov/mumu/.

[4] S. Ozaki, R. Palmer, M. Zisman, J. Gallardo, (eds.), Feasibility study-II of a muon-based neutrino source, Tech. Rep. BNL-52623, Muon Collider Collaboration, see http://www.cap.bnl.gov/mumu/studyii/FS2-report.html (Jun. 2001).

[5] D. Neuffer, Exploration of the “high-frequency” buncher concept, Neutrino Factory/Muon Collider Notes MUC- NOTE-DECAY CHANNEL-0269, Fermi National Accelerator Laboratory, see http://www-mucool.fnal.gov/notes/notes.html (2003).

[6] J. Stanley Humphries, Principles of Charged Particle Acceleration, John Wiley and Sons, 1999.

[7] N. V. Mokhov, A. van Ginneken, Pion production and targetry at μ^+μ^− colliders, Tech. Rep. Fermilab-Conf-98/041, Fermi National Accelerator Laboratory, published Proceedings of the 4th International Conference on Physics Potential and Development of Muon Colliders, San Francisco, California, December 10-12, 1997 (Jan. 1998).

[8] M. Berz, K. Makino, COSY INFINITY Version 8.1 - user’s guide and reference manual, Tech. Rep. MSUHEP-20704, Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, see also http://cosy.pa.msu.edu (2001).

[9] D. A. Ovsyannikov, N. V. Egorov, Mathematical Modelling of Electron and Ion Beams Forming Systems, St.-Petersburg University Press, 1998.

[10] ICOOL web page, http://pubweb.bnl.gov/people/fernow/icool/.