SOME NEW APPROACHES TO SOLVING CONSTRAINEDTRANSFER LINE MATCHING PROBLEMSG. H. Gillespiea, B. W. Hilla, J. M. Moorea and M. D. WoodleybaG. H. Gillespie Associates, Inc., P. O. Box 2961, Del Mar, CA 92014, USAbStanford Linear Accelerator Center, P. O. Box 4349, Stanford, CA 94309, USAAbstractA common type of matching problem involves findingthe strengths for four (4) quadrupoles in a transfer line,that will transport a particular beam at the entrance, toproduce a beam at the exit of the line with a specified setof horizontal and vertical Twiss parameters. A number ofoptics programs may be used to find a solution to thistype of problem, but the quadrupole strengths obtained arenot always satisfactory or optimal with regard to otherrequirements. The non-uniqueness of the solutions(different solutions have different phase advances) offersthe possibility that some of these other requirements couldbe used to differentiate between solutions. Theconstrained, nonlinear, optimization program NPSOL hasbeen integrated into a software package that can use theoutputs of various optics codes to formulate nonlinearconstraints and objective (merit) functions. The packagehas been used to look for different solutions for the SLACtransfer lines between linac sectors 1 and 2 for threeconfigurations involving (a) the electron damping ring, (b)the damping ring by-pass, and (c) the positron dampingring. The software is briefly described and a summary ofselected results obtained to date is presented.1˚˚INTRODUCTIONThe Particle Beam Optics Laboratory (PBO Lab) is aset of accelerator related software applications designed toprovide advanced tools for beamline design [1], personneltraining [2], and accelerator operations [3]. The PBO Labprovides an easy-to-use intuitive interface for graphicallyconstructing, manipulating and editing computer modelsof accelerators and beamlines. Interactive tutorials,training aids and expert system features provide anenhanced environment that significantly improves thescientific productivity of both novice and advanced users.Several Application Modules incorporating TRANSPORT[4], TURTLE [5], DECAY-TURTLE [5], MARYLIE [6]or TRACE 3-D [7] are available that allow users to carryout extensive particle optics studies without knowledge ofthe I/O format or syntax for the individual codes — thePBO Lab automatically handles the setup of all inputs,the execution of the codes, and the visualization of results.A new Optimization Module [8] has been developed toextend the capabilities of PBO Lab to address beamlineoptimization problems that are more complex than can beaddressed by the individual Application Module opticscodes [4-7]. The Optimization Module includes both theNPSOL [9] and MINOS [10] nonlinear, constrained,optimization programs. The integrated package has beenused to look for different solutions for the SLAC transferlines between linac sectors 1 and 2 for the threeconfigurations described in the abstract. This papersummarizes selected results for an example problem andfor the SLAC transfer line problems. 2˚˚OPTIMIZATION MODULEA summary of key features of the Optimization Modulehas been presented elsewhere [8]. The developmentfollowed the basic guidelines used in the development ofall applications for the PBO Lab software [1-3].Optimization problems are set up and executedgraphically, using intuitive graphic user interface (GUI)components. No user-written FORTRAN subroutines arerequired for either NPSOL or MINOS: the nonlinearconstraints and objective (merit) functions are constructedusing the simple GUI tools of the Optimization Module.Any input parameter to an optics code can be declared asan Optimization Module variable. Output parametersfrom the optics codes can be defined as store parameters,and the store parameters can then be used (in addition tothe variables) to formulate nonlinear constraints and meritfunctions. Multiple optics codes may be included in aproblem, and hierarchical optimization/fitting problemscan also be formulated. 3˚OPTIMIZATION˚PROBLEMS3.1˚˚An Example Transfer Line ProblemAn example transfer line problem has been used tostudy different choices for nonlinear constraints and meritfunctions [8]. The problem is a variation of the linacintertank matching section named "Example B" inreference [7] with the radiofrequency elements removed sothat the line has only magnetic elements and drifts. Thistransfer line is referred to as "Example B — Modified".Figure 2 of reference [8] shows a PBO Lab iconicrepresentation of the transfer line, and Table 1 of thatreference gives data (the four quadrupole strengths) forpreviously known solutions to the matching requirements.The goal of this type of matching problem is to findvalues for the four (4) quadrupole strengths that willtransport a beam with a given set of initial horizontal andvertical Twiss parameters (bxi, axi, byi, ayi) through thetransfer line and produce a beam with a specified set offinal output Twiss parameters (bxf, axf, byf, ayf). Whilethere are 4 constraints to satisfy (the final Twiss parameters) and 4 unknowns to find (the quad strengths),the solutions are not unique. The transverse phaseadvances (yx and yy) are different for each solution. It isdifficult using traditional optics codes alone to determineif a solution exists that also meets other criteria such as aminimum quadrupole power requirement.The output Twiss parameter requirements impose fournonlinear constraints on the Example B — Modifiedoptimization problem. Four different objective functions(labeled A,B,C,D) were studied previously [8], both with(+) and without (-) an additional (fifth) nonlinearconstraint on the sum of the magnitudes of the quadrupolegradients (S|Gradient i|). Comparison of the solutionsfound using the PBO Lab NPSOL Optimization Module,TRANSPORT alone, and TRACE 3-D alone, for severaldifferent initial conditions indicated that only the NPSOLoptimization formulations using the additional (S|Gradienti|) constraint (labeled A+,B+,C+,D) always found thelowest excitation solutions (labeled ID #1).Table 1 gives additional solutions to the Example B —Modified problem that were found starting from initialquadrupole gradients that are �far� from the desiredsolution, including one set of initial gradients withopposite polarity to that of the desired solution. Similarto the previous results [8] only the NPSOL formulationswith the additional nonlinear constraint on the fieldgradients consistently found the solution labeled ID #1. Table˚1: Additional solutions found by NPSOL, TRANSPORT (TRN) and TRACE 3-D (T3D) for the "Example B —Modified� problem with different initial quadrupole gradients (G). Results for eight different NPSOL problemformulations (see Reference [8]) are given. T3D and TRN results give the percentage of times each solution was found.Initial G:–6.5T/m-/+26.5T/m–46.5T/mIDNPSOLTRNT3DNPSOLTRNT3DNPSOLTRNT3D1A+,B+,C+,D+ 0%- %A–,B–,C+,D– 0%- %A–,B+,C+,D– 0%26%2B-, C- 0%- % 0%- %C- 100% 12%3A-, D-100%- % 0%- %B- 0% 34%4 0%- %C- 0%- % 0% 38%3.2 SLAC Transfer Line Matching ProblemThis problem involves finding simultaneous opticssolutions for matching the electron (e-) and positron (e+)beams exiting the North Damping Ring (NDR) and SouthDamping Ring (SDR) respectively into sector 2 of theSLAC linac, together with the additional requirement thatthe electron beam must also remain matched when theNDR is by-passed.Figure 1. Layout of the SLAC linac sectors, the north(electron) damping ring, and the associated transfer lines.The layout of the SLAC linac, north damping ring, andassociated transfer lines are illustrated in Figures 1 and 2.The SLAC problem can be divided into three problems,each of which is similar to the Example B — Modifiedtransfer line problem described in Section 3.1. Threeeffective transfer lines, between SLAC linac sectors 1 and2, correspond to the three configurations involving (a) theelectron damping ring, (b) the damping ring by-pass, and(c) the positron damping ring. Figures 1 and 2 show thelocations A and B of the four matching quadrupoles forconfigurations (a) and (b). Region C (not shown) for thesouth ring to linac (SRTL) transfer line contains fourmatching quadrupoles for configuration (c).Twiss parameter constraints were defined for both (e-and e+) beams at the center of the solenoid that is shownin zoom region B of Figure 2. The requirements are for around beam, with waists in both transverse phase planes:axf = ayf = 0.0,and bxf = byf = 3.172 meter/radian. (1)Table 2 summarizes one solution found for the SLACtransfer lines. The constraints (1) on Twiss parameterswere utilized, but no additional constraint on thequadrupole gradients analogous to S|Gradient i|<4Gmax wasused. The merit function was the sum of the mismatchfactors [7] for the two transverse phase planes, so theoptimization problem formulation corresponded to thatlabeled C- for Example B — Modified [8]. The solutiongiven in Table 2 had not been found previously usingonly the TRANSPORT (or MAD) fitting capabilities.

ABNorth Damping Ring (NDR)

North Linac to Ring (NLTR) Transfer Line

North Ring to Linac(NRTL) Transfer Line

Linac Sectors 2-4 (LI02-LI04)

Linac Sector1 (LI01)

Further application of the approach described in Reference[8] should identify additional solutions, including thedetermination of the lowest excitation solution.Figure˚2: Zooms of Figure 1 showing the matching quadrupole regions of (A) the north ring-to-linac (NRTL) transferline and (B) the entrance to linac sector two (LI02).Table˚2: Quadrupole strengths for one solution to thesimultaneous transfer line matching problem obtained bythe PBO Lab Optimization Module using NPSOL.SLACSectorRegion(Figs. 1,2)Quad Name(TRN)Gradient(kG/cm)NRTLAQ420094T- 4.75848NRTLAQ420104T 4.20456NRTLAQ420114T 1.80926NRTLAQ420124T- 6.28709LI02BQ020114T- 4.75848LI02BQ020121T 1.82822LI02BQ020127T 1.62334LI02BQ020134T 0.51871SRTLCQ340095T- 4.52881SRTLCQ340105T 2.77519SRTLCQ340115T 4.18409SRTLCQ340125T- 8.03107˚ ˚ S U M M A R Y A C-language version of the nonlinear, constrained,optimization code NPSOL has been integrated into anOptimization Module for the PBO Lab software. Initialapplication of the PBO˚Lab Optimization Module totransfer line problems at SLAC have shown the ability ofthe package to find (new) solutions not previously foundby standard optics codes.REFERENCES[1]G. H. Gillespie and B. W. Hill, Nucl. Instr. Meth. B

139 , 476-480 (1998).[2]N. A. Brown, G. H. Gillespie B. W. Hill, M. C.Lampel, H. Martono and J. M. Moore, Proc. 1998Euro. Particle Accel. Conf., 1183-1185 (1998).[3]G. H. Gillespie, B. W. Hill, H. Martono and J. M.Moore, Nucl. Instr. Meth. B

161 -163 , 1168-1173(2000).[4]D. C. Carey, K. L. Brown and F. Rothacker, �Third-Order TRANSPORT with MAD Input - A ComputerProgram for Designing Charged Particle BeamTransport Systems,� SLAC-R-530, 316 pp (1998).[5]D. C. Carey, �TURTLE with MAD Input (TraceUnlimited Rays Through Lumped Elements), aComputer Program for Simulating Charged ParticleBeam Transport Systems, and DECAY-TURTLEIncluding Decay Calculations,� Fermilab-Pub-99/232,196 pp (1999).[6]A. J. Dragt, et al, "MARYLIE 3.0 User�s Manual, AProgram for Charged Particle Beam Transport Basedon Lie Algebraic Methods (draft)," 721 pp (1999).[7]K. Crandall and D. Rusthoi, �TRACE 3-DDocumentation,� LA-UR-97-886, 106 pp (1997).[8]G. H. Gillespie, B. W. Hill and J. M. Moore,"Solving Complex Beamline Fitting andOptimization Problems with the Particle BeamOptics˚Laboratory (PBO Lab“)," to be published inthe Proceedings of the 2000 European Particle Accel.Conf., 3 pages (2000).[9]P. E. Gill, W. Murray, M. A. Saunders, M. H.Wright, �User�s Guide for NPSOL 5.0: A FortranPackage for Nonlinear Programming,� Stanford Univ.Dept. Op. Research, Rpt. SOL 86-2R, 44 pp (1998).[10]B. A. Murtagh and M. A. Saunders, �MINOS 5.5User�s Guide,� Stanford Univ. Dept. Op. Research,Rpt. SOL 83-20R, 145 pp (1998).BA

Four Quads near Exit of NDR are Available for Matching

Beta Matching Constraints are Specified for this Location

Four Quads at Entrance to LI02 are Available for Matching