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Abstract the University of New Mexico has supported this effort
ough the development of particle and radiation

We have developed an |.nte_grated software S-‘/Stem' Trak_ iagnostics to warn of impending breakdowns and computer
to model electromagnetic fields and charged particle orbi Sdes to help understand the role of stray electrons in

in high-power RF devices. Our primary application i?/vindow failure

simulation of electron multipactoring near RF vacuum '

windows for the APT (Accelera‘For Production of Tritium) CONFORMAL MESHES AND STATIC FIELD
Program. In this paper we describe features of the codes an COMPUTATIONS

initial multipactor calculations for superconducting cavity ) o ) )

arrays. The finite-element frequency-domain solver capll static and dynamic field calculations in TrakRF are
determine resonant modes in cavities and waveguid§§.”ied out on conformal triangular meshes modeled on
TrakRF directly determines power dissipation and phad@ose used in SuperFish [4]. As an example, Fig. 1 shows a
shifts in lossy materials. In addition, the program handldgesh of triangular elements for the calculation of resonant
scattered waves in open structures with free-spafeedes in the five cep = 0.64 superconducting cavities
boundaries based on matched termination layers. Traki@gsigned for the APT accelerator. The advantage is apparent
has advanced particle tracking capabilities to investigate dhe edges of elements conform closely to curved and
variety of innovative window designs. The program caf@hgled material boundaries. As a result, each element is
simultaneously apply three independent solutions faiquely associated with a material. This is an important
electrostatic, magnetostatic and RF fields. The finitd€ature in a particle tracking code because it allows an
element methods allow an accurate representation @fcurate identification of surface collisions. Section 3

electron collisions with surfaces. reviews some advantages of the finite element formulation
in RF calculations. In static field solutions, there are three
1 INTRODUCTION major advantages over finite-difference calculations: 1) the

finite element method gives accurate field values near metal
(brfaces, 2) the technique correctly represents field

rr;odtel tctr_larged r:arttlctl_e trdajelct(:nes n i c?nrdbln?r iscontinuities at the boundaries of dielectrics and
electrostalic, magnetostalic and elecromagnetic Neies. erromagnetic materials, and 3) it is easy to implement

program IS an extension of f[he Trak 3.0 [1] gun OIeSIgl(]eumann conditions on angled and curved boundaries.
code. New capabilities include frequency-domain

calculations of electromagnetic fields in both resonat
cavities and open spaces and particle tracking in tim
dependent fields. A unique feature is the ability to combirn
up to three independent numerical solutions for stat
electric and magnetic fields and RF modes. The presé
version handles two-dimensional fields in planar g
cylindrical geometries.

The software was developed to investigat
contributions of multipactoring to breakdowns on R
windows in high-power accelerators. A cooperativ
program on Accelerator Production of Tritium to maintais
the US nuclear weapons stockpile has recently beet
initiated at Los A.Iamos. National Laboratpry (LAN'L) andsuperconducting cavity
the Savannah River Site [2]. The goal is a continuously
operating proton linac that produces a 1.3 GeV beam wiiliakRF uses the standard mesh generator and static field
an average current of 100 mA (130 MW beam power). THa®lvers of the TriComp system [5]. This suite of finite-
accelerator demands powerful RF systems with higtlement programs runs on IBM-standard personal
reliability. A critical area of concern is the possibility ofcomputers. Boundary information is entered through an
breakdowns on RF vacuum windows that must transnifiteractive drafting program or from drafting like
MW power levels. To address the issue, an experimen#toCAD. The basic electrostatic and magnetostatic solvers
and theoretical program of window testing and developmensge the linear finite-element formulation described in Refs.
has been initiated at LANL [3]. Starting in October 1996[6] and [7] with solutions by successive over-relaxation.

TrakRF is an integrated finite-element software system
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They analyze files of boundary and material information tthen mode of the LANL five-cell superconducting cavity
produce output files of vertex coordinates andrray for proton beams with = 0.64. The outer radius is
corresponding values of electrostatic or vector potential.19.4 cm and there is a 20 cm beam pipe on the left that is
not shown. A small capacitive probe (bottom-right) drives

3 RF FIELD COMPUTATIONS the mode. The program searches for the zero crossing of the
The derivation of finite-element equations for two/Mmaginary part of the response of a sensor near the outer
dimensional frequency-domain RF fields is reviewed in Refdius. The predicted frequency of 701.6 MHZ is in good
[7]. As an example, consider the equations for a plangfreement with SuperFish and MAFIA results.
structure with no variation in z with electric field

polarization E The associated differential equation is
—VX(EW7XEJZ-EQZE+ijm (1)
U

where o is the angular frequency of the radiation. Thg
quantitiesp ande may have may have complex values t(
represent losses from resistivity or non-ideal materials. T
current source, tontains information on the amplitude ang
phase of drive regions. The finite-element equations f
wave propagation at the test vertices are derived from a =
integrals of Eq. 1 over surrounding elements and verticdsigure 2. Electric field lines ® mode of the LANL( =

0l
o

The result is 0.64 5-cell superconducting cavity array. f=701.6 MHz.
Ezo[ -Zwi + wzz%al j+ z E,i= 4 CHARGED-PARTICLE ORBIT CALCULATIONS
i i i Charged-particle orbit calculations in TrakRF are

(2)  straightforward. They involve Runge-Kutta integrations
) Jia using numerically-calculated field components. The main
Jo ZT challenge is organization of the broad range of possibilities.
" The program can handle three numerical field solutions on
In general, the quantities,Eare complex numbers 10 jngependent conformal meshes: electrostatic, magnetostatic,
represent amplitude and phase. The indeafers to the 4nq electromagnetic. The motivation for this versatility is to
vertices and elements surrounding a test vertex markedy,qdel stray electron control near RF windows using
The quantities;, u, and Jare the material properties ands\yeeping fields. Field geometries can be mixed in any
current density of the elements. Expressions for thgmpination. The static solutions may have either
geometric coefficient§V are given in Ref. [7]. Equation 2 yectangular geometry (variations in x and y with infinite
represents a large set of coupled linear equations, one kent in Z) or cylindrical (variations in r and z with
each. m_esh vgrtex. The set is solved in TrakRF using spagsémuthal symmetry). There are four possibilities for
matrix inversion methods. The complex values pfilve  gjectromagnetic fields: rectangular geometries with primary
the_physical _electric field ata given RF phase. Numericgb|g components Eor H, or cylindrical systems with
derivatives give the magnetic field components®d B.  sojutions for § or H, TrakRF uses a reference three-

A significant advantage of the finite-element method igimensional Cartesian coordinate system and organizes
the ability to define ideal absorbing layers of arbitrary shapgierpolations of the numerical field solutions to derive total
to represent free-space boundary conditions. The procedykges ofe andB at the position and elapsed time of the
is to set up a thin layer of widi on the outside of the particle. The three field solutions can be assigned
solution volume. The imaginary part of the dielectriGrangjations and rotations within the three-dimensional
constant in the layer is assigned the valire -c/o, where  (eference system.
the conductivity is matched to the impedance of the The pasic method to initiate particle orbits is through a
adjacent medium, parameter listing file generated by spreadsheets or user-

\/Z: 1 3) written programs. The file specifies charge, mass, initial
e oS kinetic energy, position and direction cosines. When
The performance of absorbing layers equals or exceeds i
of look-back techniques [8]. The advantages are th

gpsidn a | .
termination layers can have any shape or orientation and? ltiplication factor of unity. TrakRF can handle up to

not place restrictions on the time step in time-domai QO orbits in a run._The brogram can also generate a
solutions. variety of particle distributions. Working from user-

Figure 2 shows an example of a resonant calculatiogu.uppIIeOI numerical tables, TrakRF creates arbitrary

istributions in energy, position, and direction. The program

[ﬁctromagnetic fields are present there is the option to
sign a reference phase. Each particle initially has a
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has several options to stop orbits, including maximurmombination of electric field amplitude and transit distance
distance and elapsed time. It is also possible to set gave resonant electrons that struck the walls with kinetic
stopping planes along the Cartesian axes for high-accuragmyergy in the range 200-1000 eV. The increasing electron
interpolations of crossing particle parameters. density resulted mainly from first order multipactoring,
An important feature for the multipactor application isvhere critical electrons struck the cavity about once each
orbit modification when a particle enters a material elemertalf RF cycle. Global multiplication factors as high a§ 10
Element characteristics are identified by the status of theere observed for the 150 ns runs. PBhe 0.64 cavity had
corresponding mesh region. Regions can be individually setower critical field of about 3.6 MV/m.
to one of three condition¥acuum Material or Secondary 10%
A particle stops if it entersaterial element on any of the
three field meshes. F@econdaryelements, the orbit is
returned to its position before entering the surface ai
assigned a low momentum in the opposite direction. TF
particle multiplication factor is multiplied by the secondary -
emission coefficient of the material. This quantity is eithe .8
a constant value or derived from a user-generated numeri § ;0
function of the incident kinetic energy. Orbits that reach tt =

end of their lifetime with multiplication factors much larger 3
than unity are susceptible to multipactoring. ?:WJ
1 ——

5 BENCHMARK CALCULATIONS 1 2 3 4 -1 6
E,(0,0) (MV/m)

Beta = 0.64 Beta = 0.82

on factor
—
oh-d

plicatt

We carried out an extensive set of runs to investiga
multipactoring in thed = 0.64 andd = 0.82 single-cell test Figure 3.  Global multiplication factor — electron
cavities at LANL. We used the energy-dependent secondgmultipactoring in the LANL single cell tests cavities as a
emission coefficients for clean niobium tabulated in Refunction of peak on-axis field. The values at the top range
[9]. Electrons were emitted during the acceleration halfcom 10" to 10"
cycle from twelve equally-spaced positions on the upstream
wall. Nineteen electrons were generated at each position in REFERENCES
the phase range from -180° to 0° in 10° intervals. Each ryi) s. Humphries, Jr., J. Comp. Phy&5, 488 (1996).
tracked a total of 228 electrons for 150 ns (105 RF period§)l G. Lawrence,et.al, Conventional and Superconducting RF Linac
The multiplication factor for individual electrons increased Dg:ri]%r\‘/éflorlghg‘zAE’OTbF;fOJ:&‘i‘SE’;’f 1996 Int'l. Linear Acc. Cont
.Or decr.eased from unity 'dependlng on the history ?:E] I(D Rees,’P.J. 'I)"allericopand M. Lynch, IEEE Trans. Plasma2Sci.
interactions  with  the niobium walls. The global" " ;433 (1996)
multiplication factor is the sum of individual values divideds] K. Halbach and R.F. Holsinger, Particle AZc213 (1976).
by the number of initial electrons. When the value was lef§ TriComp software source code courtesy of Field Precision,
than unity most individual factors were small and there was AlPuquergue, NM. N
no orbit that stayed in resonance for a large number P.E. .AIIalre, Basics of the Finite Element Method(W.C. Brown
. . . Publishers, Dubuque, 1985).

cycles. Although particles started at discrete Iocatlonﬁ,] S. Humphries, JrField Solutions on ComputersCRC Press, Boca
resonant electrons migrated large distances; therefore, theraton, 1998), Chap. 14.
runs gave a good indication of average cavity properties[8] See, for instance, K.S. Kunz and R.J. Luebtkhs, Finite Difference

Figure 3 shows global multiplication factors as a E;T;Digng?g; g"he;ho‘iSfOf Electromagnetics (CRC Press, Boca
functlor! of the RF electric field amplitude at the center ctg] D.R. L’ide (ed.’.)Harf)dbook of Chemistry and Physics, 74th Edition
the cavity over the range 1.0 to 6.0 MV/m. The 0.82 (CRC Press, Boca Raton, 1993), 12-107.
cavity was safe below about 4.2 MV/m, but exhibited strong
electron multiplication at higher gradient. Dangerous orbits

generally started near the outer wall of the cavity. Here, the
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