SLAC–95–6792 June 1995

A FAST BEAM-ION INST ABILITY^∗

F. Zimmermann, T. O. Raub enheimer, and G. Stupak ov, Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309

Abstract

Mutually driven transv erse oscillations of an electron beam and residual gas ions may result in a fast transv erse instabilit y. This effect arises either during a single pass of a train of electron bunches or it is caused by ionization electrons oscillating within a single positron bunch. In both cases, the beam oscillations grow exponentially with an exponent proportional to the square root of time. In this report, instabilit y rise times are calculated analytically and compared with computer simulations. The effect considered could be a significan t limitation in many future designs.

I. INTRODUCTION

The effect we describ e arises during the passage ofa single electron bunch train or a single positron bunch; ions (or ionized electrons) created by the head of the train (bunch), via ionization of the residual gas, perturb the tail. Under certain conditions a fast transv erse beam-ion instabilit y can develop. The instabilit y mechanism is the same in linacs and storage rings where we assume that the ions are not trapp ed from turn to turn. It differs from instabilities previously studied [4], where the ions, usually treated as being in equilibrium and trapp ed over many turns, interact with a circulating electron or antiproton beam. By contrast, the instabilit y discussed in this report occurs in a transport line, linac, or a storage ring with a clearing gap to prevent ion trapping. In this paper we outline the basic ideas. For more details we refer to Refs. [1] and [2].

In Section II, instabilit y rise times are calculated analytically. Section III compares the results of computer simulations with the analytical prediction. In Section IV rise times are evaluated for several operating or proposed storage rings and linear accelerators. Section V is devoted to a brief discussion of possible remedies. A summary is given in Section VI.

II. ANALYTICAL TREATMENT

The vertical motion of the beam and the ions or electrons that are generated during the beam passage via ionization may, in linear approximation, be describ ed by two equations of motion. The first equation reads: ( d^2 ds^2

+ ω^2_β ) y_b(s, z) = KΓ(z) (y_i(s, s+ z)− y_b(s, z)) . (1)

∗ Work supp orted by Departmen t of Energy contract DE–A C03– 76SF00515.

The coordinate s denotes the longitudinal position along the beam line or storage ring. Equation (1) represen ts the vertical motion of the beam centroid y_b(s, z) at a distance z from the bunch (or bunch train) center. In our convention positive values of z refer to trailing particles. The motion is a combination of: a betatron oscillation due to external focusing, represen ted by a harmonic oscillator of frequency ω_β ≈ 1/β_y; and a driving force that is proportional to the distance of beam and ion centroids, and also to the number of generated ions and thus to an integral over the beam density, Γ(z) ≡

∫_z −∞ ρ(z^′)dz^′, normalized such that Γ(∞ ) = 1. Here, and in the following, the term “ions” is understo od as “ions or electrons, respectively.” Finally, the coefficien t K is K ≡ 2λ_{ion} (p_{gas} )r_e γΣ_y(Σ_y + Σ_x ) ≈ 4λ_{ion} (p_{gas} )r_e γ3σ_y(σ_x + σ_y)

, (2)

where γ denotes the relativistic factor γ = E/(mc^2) for the beam, r_e is the classical electron radius, and Σ^2_{x,y} ≈^3_2 σ^2_{x,y} is the sum of the squares of rms ion-cloud size and beam size σ_{x,y} . Assuming a cross section for collisional ionization of about 2 Mbarns (corresp onding to carbon monoxide at 50 GeV) the density λ_{ion} of ions per meter at the end of the bunch (or bunch train) is λ_{ion} ≈ 6Np_{gas} [torr], where N is the total number of particles in the beam and p_{gas} the residual gas pressure in torr. The second equation,

d^2ỹ_t (s, t)

dt^2

+ ω^2_i (t − s)ỹ_t (s, t) = ω^2_i (z)y_b(s, t − s) , (3)

describ es the oscillation of a transv erse slice of ions inside the beam. It is here written as an equation in time t for a fixed position s. The variable ỹ_t (s, t) is the vertical centroid of the transv erse slice of ions.. For convenience, here and in the following, the time t is quoted in units of length obtained from the actual time by multiplication with the velocity of light c. At a certain time t, beam particles at a distance z = t − s from the bunch center reach the location s. Their centroid position is therefore y_b(s, t − s). The oscillation frequency ω_i(t − s) = ω_i(z) is proportional to the square root of the beam density ρ. In the case of electrons oscillating inside a single positron bunch, ω_i is given by (4Nρ(z)r_e/(3σ_y(σ_x + σ_y)))^{12} . For ions and an electron bunch train we have ω_i ≡ ((4N_br_p/(3L_{sep} σ_y(σ_x + σ_y)A))^{12} where A designates the atomic mass number of the ions, N_b the number of particles per bunch, L_{sep} the bunch spacing, and r_p the classical proton radius.

The solution to Eq. (3) for a slice of ions generated at time t^′ = s + z^′ is denoted as ỹ_t (s, t|s + z^′). The centroid of the ions y_i(s, t) (or electrons) used in Eq. (1) is obtained by averaging ỹ_t (s, s + z^′) over all possible creation times:

y_i(s, t) =

∫_z −∞ dz^′ρ(z^′)ỹ_t (s, t|s + z^′) ∫_z −∞ ρ(z^′)dz^′

. (4)

Several approximations have been made so far. For instance, the force between beam and ions is assumed to be linear. Any Landau damping caused by the lattice is ignored. It is supposed that inside a bunch train the ions are not overfocused, but that they are lost between different trains. Ions generated by synchrotron radiation are ignored. To further simplify the calculations, we will now approximate the longitudinal bunch density ρ(z) by a homogeneous rectangular distribution of length 2z_0. The oscillation frequency ω_i is then constan t inside the bunch (or along the bunch train). Equations (1), (3), and (4), can be combined into a single integral equation for the beam centroid y_b(s, z) alone. The latter can be solved either as a perturbation series in K/ω_β [1]or by an averaging metho d [2]. The asymptotic solution for large distances s is

y_b(s, z) ≈ ŷ 1 4 √ π 1 η^14 e^{2√ η} sin(ω_iz − ω_β s + θ) , (5)

where ŷ is the initial Fourier component at frequency ω_i in the longitudinal beam distribution, and η(s, z) denotes the dimensionless function η(s, z) ≡ ( Kω_i(z + z_0)^2s/(ω_β 16z_0) ) . Asymptotically , the oscillation amplitude grows roughly as exp( √ s/τ_{asy m} ), where τ_{asy m} is the time at which the exponent 2 √ η in Eq. (5) equals one. Note that τ_{asy m} is not an e-folding time because the exponent is proportional to the square root of time. In the multi-bunc h case, the asymptotic rise time τ_{asy m} for trailing bunches can be expressed in terms of more basic parameters as [1]

τ_{asy m,e −} [s] ≈ [ 6p[torr] N^{32}_b n^2_br_er^{12}p L^{12}sep c

γσ^{32}y (σ_x + σ_y)^32 A^12 ω_β

]− 1

, (6)

where N_b denotes the number of particles per bunch and n_b is the number of bunches. All quantities, except for the pressure, are given in SI units. A similar expression can be found for a single positron bunch. [1]In the asymptotic limit, ion and beam motion are of similar amplitude and in phase.

III. COMPUTER SIMULATIONS

To study this instabilit y, we have written a computer simulation. The simulation treats the beam, the ions, and the ionized electrons as collections of macroparticles whose distributions are allowed to evolve self-consistently. Each bunch in the beam is divided into slices in z. Each slice is then represen ted by macroparticles whose number is chosen to reflect a Gaussian distribution between ± 3σ_z . The initial macroparticle coordinates are random with Gaussian distributions. At four locations in each FODO cell, calculations are performed using a grid in x and y centered