SLAC–95–6790 June 1995

Performance of the 1994/95 SLC Final Focus System^∗

F. Zimmermann, T. Barklow, S. Ecklund, P. Emma, D. McCormick, N. Phinney, P. Raimondi, M. Ross, T. Slaton, F. Tian, J. Turner, M. Woodley, Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 USA, M. Placidi, CERN, N. Toge, KEK, N. Walker, DESY

Abstract

A major upgrade to the SLC final focus was installed in 1994 to eliminate the dominan t third-order aberration of the system, and thereb y to reduce the vertical beam size at the IP by a factor of two. At low curren t, the optimal beam size of about 400 nm is now routinely established, and its sensitivit y to orbit variations, to changes of emittance and energy spread, and to other beam parameters has been studied. For intensities above 3 × 10^{10} particles per bunch, tuning is more difficult due to increased fluctuations of energy, orbit, and emittances. Nonetheless, the expected beam size of about 600 nm has been observed. New procedures and diagnostics allow easier tuning and optimization of the final focus, and also a first measurement of the emittance increase in the arcs.

I. INTRODUCTION

In the Stanford Linear Collider (SLC), electron and positron bunches are accelerated to 47 GeV by the SLAC linac, then transp orted through two 1200-m-long arc sections, and finally brought into collision at the interaction point (IP). The region between the arcs with the IP at its center comprises the two final foci. Their purp ose is to demagnify and collide the two beams. Each SLC final focus consists of two telescop es, called the upper and the final transformer (UT and FT), separated by a chromatic correction section (CCS), which comprises two interleaved − I sextup ole pairs [1]. In addition, a dispersion-suppression section is located at the entrance of each final focus. Three superconducting quadrup oles (the final triplet) on either side of the IP provide the last focusing before the beams collide.

II. THE 1994 UPGRADE

In 1993, the smallest vertical single-beam sizes at the IP were of the order of 900 nm. A detailed analysis based on Lie-algebra techniques [2] revealed that the dominan t contribution to the beam size (about 700 nm) was caused by a third-order chromatic term (U_{3466} in TRANSPOR T notation [3]), the origin of which could be traced back to a non-optimal betatron phase between sextup oles and the final triplet [2]. The aim of the 1994 upgrade has been to correct this phase error by adding a new quadrup ole close

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

to the pre-image of the IP at the end of the chromatic correction section.

Furthermore, in the 1994 final focus system, the role of horizontal and vertical sextup oles has been interchanged. A new quadrup ole and a new skew quadrup ole have been installed in the UT to facilitate an orthogonal tuning algorithm. New wire scanners have been added to measure the beam size throughout the UT.

For rms angular divergences of θ^∗_x = 300μrad, θ^∗_y =- 200μrad, emittances of ϵ_x = 600μmμrad, ϵ_y = 60μmμrad, and a relativ e momentum spread of δ = 0.2%, the vertical beam size calculated from the linear optics is 300 nm and the largest remaining aberration (U_{3246} in TRANSPOR T notation) contributes about 200 nm to be added in quadrature. A third significan t contribution of an additional 250 nm is due to synchrotron radiation in the last three bending magnets, which interacts with the uncomp ensated triplet chromaticit y. The expected optimum single-beam spot size in 1994/95 is then of the order of 430 nm, an improvement by about a factor of two compared with the peak value of the previous year.

III. ALIGNMENT AND TUNING

Quadrup ole alignment, for which the tolerance may be as tight as 100 μm [4], and the offsets of the beam-position monitors (BPMs) are controlled by a beam-based procedure [5]. The beam is steered through the center of the sextup oles with a precision better than 50 μm, using symmetric and asymmetric orbit bumps for each pair. The magnitude of these bumps is determined by the effect of differen t sextup ole strengths on the IP spot size [7]. UTand CCS-orbits are maintained by feedback loops. After each opening of the SLD detector and after each change of the detector solenoid field, the final triplet is realigned, again based on a beam-based measuremen t [6]. A sophisticated orbit-tuning scheme is adopted for the arcs, in order to generate the desired linear transfer matrix while minimizing the effect of synchrotron radiation [8].

In the new final focus, the beam matching is performed in the UT. The incoming mismatc hed dispersion is corrected by means of two quadrup oles and two skew quadrup oles at the entrance of the final focus. This dispersion-matc h is typically applied every few weeks. The betatron phase space is matched using six knobs (as suggested by Irwin), which offer orthogonal control over magnification and waist position in both planes, as well as over the coupling from the horizontal into the vertical plane

[9]. Each knob simultaneously changes the strength of six quadrup oles and two skew quadrup oles of the UT in a stepwise manner calculated so as to preserve orthogonality. The beam is matched to the design spot size on a wire scanner located at a pre-image of the IP in front of the CCS, which contains 4-μ and 7-μ-diameter carbon wires at differen t transv erse angles [10]. The design spot size at this wire scanner is about 5 times the IP size. The Irwin knobs proved to be sufficien tly orthogonal to make the UT-tuning very convenient.

Once the beam is matched in the UT, only fine tuning is necessary to minimize the IP spot size, which is estimated from scans of the beam-beam deflection angle, by maximizing luminosit y-related signals. The fine-tuning with colliding beams is performed continually by the operators. Small waist shifts are obtained by changing the strength of the triplet and one quadrup ole further upstream. Part of the linear coupling is corrected by means of a skew quadrup ole at the triplet betatron phase. The residual dispersion at the IP is corrected using two normal and two skew − I quadrup ole pairs excited equally with opposite sign in the CCS. Chromaticit y is compensated for by the two pairs of CCS sextup oles. Furthermore, several new sextup oles in the FT allow correction of second-order geometric aberrations.

Five new wire scanners in the UT, positioned at appropriate betatron phases, determine the emittances and the beta function mismatc h of the incoming beam, as well as its energy spread. The typical rms energy spread in 1994 was of the order of 0.15% for either beam. A wire scanner in front of the final triplet measures the beam divergence, and is used to infer necessary changes of the UT magnification knob.

In order to keep aberrations small, and to preserve the orthogonalit y of the tuning scheme, it is essential that the phase advance between sextup oles or dispersion-correctors is exactly π. The sum-signal of two horizontal and vertical BPMs, at sextup oles that are nominally separated by a − I matrix, is monitored; it reflects orbit perturbations internal to the CCS. A frequently observed diurnal variation of the sum-signal by up to 80 μm is correlated to changes of the tunnel temp erature, and is presumably due to thermal expansion of the magnet supports and the tunnel floor.

IV. BEAM SIZES AND LUMINOSITY

At low curren t (5 × 10^9 particles per bunch), the design vertical (horizontal) spot sizes of 420 nm (2.2 μm), are easily achieved, as illustrated by a typical beam-beam deflection scan in Figure 1.

The low-curren t beam sizes corresp ond to a normalized production rate of 11 Zs per hour per 10^{10} incident particles (the Z cross section is 30 nbarn). At this curren t, the transv erse pulse-to-pulse orbit fluctuation in the final focus is of the order of 0.1 σ_{x,y} , and the beam-beam deflection scans agree well with the Bassetti-Erskine formula [11], from which the convoluted sizes of the two beams are easily extracted. The small spot sizes at low curren t were achieved while the electron damping ring was operated at