SLAC–PUB–6504 June 1994 (A)

Comparison of Calculated with Measured Dynamic Aperture^∗

F. Zimmermann Stanford Linear Accelerator Center, Stanford, CA 94309, USA

June 10, 1994

Invited talk presented at the Fourth Europ ean Particle Accelerator Conference (EPAC 94), London, June 27–July 1, 1994.

Abstract

The measured dynamic aperture of the HERA proton ring and the value expected from simulation studies agree within a factor of 2. A better agreement is achieved if a realistic tune modulation is included in the simulation. The approximate threshold of tune-mo dulation induced diffusion can be calculated analytically . Its value is in remarkable agreement with the dynamic aperture measured. The calculation is based on parameters of resonances through order 11 which are computed using differen tial-algebra metho ds and normal-form algorithms. Modulational diffusion in conjunction with drifting machine parameters appears to be the most importan t transv erse diffusion process.

∗Work supported by the Departmen t of Energy, contract DE-AC03-76SF00515

1 INTR ODUCTION

Dynamic aperture and transv erse particle diffusion rates are an importan t concern in the design and operation of large hadron storage rings. At injection energy, nonlinear persistent-curren t field errors in the superconducting magnets limit the dynamic aperture of the HERA proton ring, which is the second superconducting storage ring in operation. In this report, simulation studies and an analytical estimate of the dynamic aperture are compared with observations from the first two years of operation.

Section 2 describes the model of HERA used in the simulation and techniques of tracking data analysis. Section 3 is devoted to a comparison of the dynamic aperture measured with that expected from tracking. An analytical study of high-order resonances in the presence of tune modulation and an approach to calculate amplitude-dep endent diffusion rates are discussed in Section 4. The results are summarized and some conclusions are drawn in Section 5. This report focuses on the main ideas. For more details see [1, 2, 3].

2 TRA CKING SIMULA TIONS

2.1 Mo del of HERA

The main circuit of the HERA proton ring comprises about 400 superconducting dipole magnets and 200 s.c. quadrup oles. A single FODO cell contains four dipoles and has a length of 47 m. Quadrup ole and sextup ole corrections coils are wound upon the beam pipe along 2/3 of the length of each dipole to control tune and chromaticit y [4]. Every second dipole magnet is equipped with a decapole correction coil, and dodecapole correctors are installed inside the main quadrup oles to locally compensate the largest systematic multip ole components [5].

The normal and skew multip ole components through 32-poles have been measured for each of the s.c. HERA magnets. In the simulation, the individual multip ole components up to 20-poles of all s.c. dipoles and quadrup oles are taken into account by five thin, higher-order lenses in each FODO half cell. The strengths of the 6-, 10- and 12-pole correctors, independently powered in each quadran t, are added to the individual multip ole coefficien ts of a magnet. This model of HERA is a very good approximation to the real machine.

2.2 Early Indicators of Unstable Tra jectories

The minimum time needed to inject 210 bunches into the HERA proton ring is about 20 minutes, corresponding to 6 ·10^7 turns. A typical number of turns in the tracking studies is 10^4, which requires about 15 minutes CPU time on an IBM 9000-720, using the computer codes RACETRA CK and SIXTRACK [6]. Reliable criteria for early detection of unstable tra jectories are, therefore, indispensable. A promising method consists of determining the rate of divergence of two initially close tra jectories in phase space [7], which is characterized by the Lyapunov exponent and is a well established concept in the theory of nonlinear dynamics [8]. A tra jectory is either regular or chaotic. For regular motion the distance d in phase space between two tracks grows linearly with the number of turns N:

d(N) ∝ N, (1)

when averaged over long periods of time. Chaotic motion is characterized by an exponential growth of this distance:

d(N) ∝ e^{λN} , (2)

where λ is the Lyapunov exponent. Its formal definition is

λ ≡ lim_{N →∞} lim_{d(0)→ 0} 1 N ln d(N) d(0)

. (3)

The main reason for the calculation of Lyapunov exponents in tracking studies is that chaotic particles are potentially unstable and may experience an amplitude growth on a longer time scale. An amplitude increase for chaotic tra jectories, and only for those, has indeed been found over a 10–100 times larger number of turns [1].

3 PREDICTED AND MEASURED DYNAMIC APER TURE

The predicted and the measured dynamic aperture of the HERA proton ring are shown in Fig. 1, as a function of the amplitude of momentum oscillation 3

Δ p/p. The upper dotted line represents the border above which particles are lost within 2·10^4 turns in the simulation. The amplitude at which the onset of chaotic particle motion is detected by the Lyapunov exponent method using 10^4 turns is about 30 % smaller (18 mm at β = 76 m for Δ p/p ≈ 0). This amplitude was supposed to give a conservative estimate of the actual dynamic aperture.

In 1991/92, the physical aperture, determined by means of orthogonal orbit bumps, was about 14 mm (β = 76 mm). Beam profile measuremen ts with the residual gas monitors [9], performed after bad injection or excitation, show that the dynamic aperture is only 8.5–11 mm and, hence, is considerably smaller than both the physical aperture and the value expected from the simulation (see Fig. 1). It turned out to be sufficien t for stable beam operation.

While measuremen t and prediction agree within a factor of 2, their difference is too large to be explained by uncertain ties in the field errors, beam orbits, and the like. Rather, the difference indicates that some physical effect has been omitted in the simulation.

Two effects that have not been considered are tune modulation and slow drifts of parameters. Current ripple in the superconducting main circuit causes a tune modulation of frequency 50 Hz and of amplitude 5·10^{− 5}–10^{− 4} (quoted in units of the revolution frequency 47 kHz) [1]. Figure 1 indicates a strong impact of longitudinal oscillations on the dynamic aperture. The effect of synchrotron oscillations and nonzero chromaticit y can to first order be understo od by the accompanying tune modulation in the transv erse phase space. A typical modulation amplitude amounts to 2 ·10^{− 4}, and the synchrotron frequency is about 20 Hz.

When in addition to the nonlinear field errors a realistic tune modulation (of amplitude q ≈ 10^{− 4} at a frequency of 50 Hz as that due to magnet current ripple) is also included in the simulation model, the dynamic aperture for on-momentum particles is considerably reduced [1], and chaotic tra jectories are found close to the actual dynamic aperture. In this case, the chaotic tra jectories at amplitudes between 10 and 16 mm are intersp ersed among regular regions of phase space, so that tune modulation alone is not sufficien t to cause a loss of all particles in this amplitude range. To account for the latter, additional slow drifts of the machine parameters are required which alter the position of chaotic regions in phase space and thereby convert previously regular particles into chaotic ones and vice versa. A continuous drift of 4