Pis’ma v ZhETF, vol. 106, iss. 4, pp. 199 – 200 © 2017 August 25

Non-exponential decoherence of radiofrequency resonance rotation of spin in storage rings

A. Saleev^{a,b}, N. N. Nikolaev^{c,d1)}, F. Rathmann^a, F. Hinder^{a,e}, J. Pretz^{a,e,f} , M. Rosenthal^{e,g}

aInstitut für Kernphysik, Forschungszentrum Jülich, 52425 Jülich, Germany

bSamara National Research University, 443086 Samara, Russia

cL.D. Landau Institute for Theoretical Physics RAS, 117940 Moscow, Russia

dMoscow Institute for Physics and Technology, 141700 Dolgoprudny, Russia

eIII. Physikalisches Institut B, RWTH Aachen University, 52056 Aachen, Germany,

f JARA-FAME (Forces and Matter Experiments). Forschungszentrum Jülich and RWTH Aachen University, 52056 Aachen, Germany

g CERN, Route de Meyrin, 1217 Meyrin, Switezerland

Submitted 20 July 2017

DOI: 10.7868/S0370274X17160020

Radiofrequency (RF) spin rotator driven resonance up-down oscillations of polarization of charged particles in storage rings are of interest in a broad class of spin experiments incuding the search for electric dipole moments of charged particles [1–3]. Inherent to particles in storage rings is a modulation of the spin-tune by synchrotron oscillations (SO) which drives the spin precession and RF frequencies apart [4] and decoheres evolution of the polarization of particles in an ensemle. It becomes still more important at large spin rotation times imperative in searches for extremely small EDM’s [5–7]. Here we report a fully analytic theory of SO driven spin decoherence. These analytic results are new and do substantially extend the early considerations by Benati et al. [4].

Synchrotron oscillations driven decoherence depends on the spread of SO amplitudes a_z in an ensemble, which we relate by Abel transform [8] to longitudinal density N(z) in the bunch. Spin phase after n revolutions will be θ_s(n) = 2πν_sn + ψ_sξ[cos(2πν_zn + λ) − cos λ], where λ is a random SO phase and ξ = a_z/B is a normalized SO amplitude. Typically the spin phase slip parameter

ψ_s =

2Gβ^2γ √ 3ν_z · ⟨ Δp2

p^2

⟩_{1/2}

≪ 1, (1)

especially for deuterons with small magnetic anomaly G = (g − 2)/2. Simultaneously, SO’s change the revolution time and generate a slip of the RF phase Δθ_{rf}(n) = (C_{rf} +1)Δθ_s(n), for a connection of C_{rf} to the RF phase slip factor see Ref. [9, 10].

1)e-mail: nikolaev@itp.ac.ru

In the solution of the spin evolution equations, we follow a formalism of Appendix A in Ref. [11] and resort to the Bogolyubov–Krylov–Mitropolsky averaging method [12]. Remarkably, evolution of the vertical polarization does not depend on the SO phase λ. Upon averaging of the up-down oscillations of one-particle polarizations over an ensemble, we obtain our main result for evolution of the average vertical polarization:

A(n) = ℜ⟨exp {−inϵ(ξ)}⟩_ξ ≃ ≃ ℜ ⟨ exp { −inϵ_0J_0(2 √ ρξ) }⟩ ξ = = (1 − iρn)^{−1/2} exp { −iϵ_0n + iρn 1 − iρn } = = exp { − sin^2 φ(n) } (1 + ρ^2n^2)^{1/4} cos {ϵ_0n − κ(n)} , (2)

where ϵ_0 is a spin resonance strength for a central particle on a reference orbit, ρ = ϵ_0C^2_{rf} ψ^2_s /4, φ(n) = = arctan(ρn) and κ(n) = [φ(n) + sin 2φ(n)] /2.

Typical decoherence pattern is shown by solid line in Fig. 1. Here we evaluated A(n) for deuterons of momentum p = 970 MeV/c, η = −0.61 [4], the momentum spread ⟨Δp^2/p^2⟩^{1/2} = 3 · 10^{−4} and the RF driven updown spin oscillations with the period τ_s = 2.4 s. This corresponds to RF solenoid with ∫ Bdl = 0.0264 T mm.

Then in this example we have ρ = 1.37 · 10^{−7}.

The overall attenuation of the envelope of the updown spin oscillations comes from two non-exponential factors. The first one, exp { − sin^2 φ(n) } tends to a constant 1/e as soon as φ(n) > 1. A significance of this attenuation factor can be judged from a comparison of the solid line with dashed line – 2 in Fig. 1 – in the latter case we took out the factor exp { − sin^2 φ(n) } . Письма в ЖЭТФ том 106 вып. 3 – 4 2017 199

200 A. Saleev, N. N. Nikolaev, F. Rathmann, F. Hinder, J. Pretz, M. Rosenthal

Fig. 1. (Color online) Non-exponential attenuation of vertical polarization oscillations: the solid curve is given by Eq. (2), the dashed (red, 1) curve is Eq. (2) where we put spin phase walk κ(n) = 0 and the dashed line (blue, 2) curve is for suppressed attenuation factor exp { − sin^2 φ(n) }

As such, dashed line – 2 in Fig. 1 shows the effect of the second attenuation factor, (1 + ρ^2n^2)^{−1/4}, which decreases continuously ∝ 1/ √ n. The customary attempts to describe this decoherence by conventional exponential attenuation will be entirely misleading. Besides the non-exponential damping of spin oscillations, we predict a nontrivial walk of the spin phase κ(n).

This study was a part of the JEDI Collaboration efforts in spin dynamics aimed at future searches for EDMs of charged particles at storage rings [1], supported by an ERC Advanced Grant (srEDM # 694390). We are grateful to JEDI members for useful discussions and suggestions. The work of N.N. Nikolaev and A. Saleev was supported by a Grant from the Russian Science Foundation (grant number RNF-16-12-10151). A. Saleev gratefully acknowledges a support of his stay at FZJ by an FFE grant of Forschungszentrum Jülich [grant number 42028695 (COSY-125)].

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364017160044

1. JEDI Collaboration, proposals available from http://collaborations.fz-juelich.de/ikp/jedi/.

2. V. Anastassopoulos, S. Andrianov, R. Baartman et al. (Collaboration), Rev. Sci. Instrum. 87(11), 115116 (2016); arXiv:1502.04317 [physics.acc-ph].

3. Y. F. Orlov, W. M. Morse, and Y. K. Semertzidis, Phys.

Rev. Lett. 96, 214802 (2006); hep-ex/0605022. 4. P. Benati D. Chiladze, J. Dietrich et al. (Collaboration), Phys. Rev. ST Accel. Beams 15, 124202 (2012).

5. F. Rathmann, A. Saleev, and N. Nikolaev, J. Phys. Conf.

Ser. 447, 012011 (2013).

6. G. Guidoboni, E. J. Stephenson, Yu. F. Orlov et al.

[JEDI Collaboration], Phys. Rev. Lett. 117(5), 054801 (2016).

7. N. Hempelmann, V. Hejny, J. Pretz et al. [JEDI Collaboration], Phys. Rev. Lett. 119(1), 014801 (2017); arXiv:1703.07561 [physics.acc-ph].

8. F. G. Tricomi, Integral Equations, Pure and applied mathematics, v. 5, Dover Publications (1985).

9. M. S. Rosenthal, PhD Thesis, Experimental Benchmarking of Spin Tracking Algorithms for Electric Dipole Moment Searches at the Cooler Synchrotron COSY, RWTH Aachen U. (2016).

10. A. Lehrach, B. Lorentz, W. Morse, N. Nikolaev, and F. Rathmann, arXiv:1201.5773 [hep-ex].

11. A. Saleev, N. N. Nikolaev, F. Rathmann et al. [JEDI Collaboration], Phys. Rev. Accel. Beams 20(7), 072801 (2017); arXiv:1703.01295 [physics.acc-ph].

12. N. N. Bogoliubov and Y. A. Mitropolsky, Asymptotic Methods in the Theory of Non-linear Oscillation, Gordon and Breach, N.Y. (1961).

Письма в ЖЭТФ том 106 вып. 3 – 4 2017