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Abstract space about the fiducial.  Deviations irtransverse
position and canonical momenta, arrival tinaed energy
all are tracked to 3rd orderlikewise, external fields are

We present recent work on the developmenttasting of included as scalar and vectootentials,represented as 4th

a 3-D simulationcodefor relativistic klystrontwo-beam order Taylor series expansions about their values along

accelerators(RK-TBAs).  This code builds on our the fiducial. Fringe fieldsand overlapping beamline

previous experiencewith 1-D and 2 1/2-D relativistic elements are included automatically. Effects arigiom

Klystron simulators. Wadopt a new approaditilizing  self-fields are calculated by aectrostatic PIC solver in

symplectic integrationtechniques to push particles, the beam's rest frame.

coupled to acircuit equation frameworkhat advances

fields in the cavities. Spaahargeandcurrent effects are 2.1 Particle Tracking

calculated using an electrostatic PIC algorithm. The total Hamiltonian is represented in the form

1 INTRODUCTION

Current development ofrelativistic klystrons for
two-beam acceleratorapplications [1] demand ahigh where Hi, is the kinetic portion describing single

degree ofsimulation detail. Thesalevices arelong ; L ' .
(extraction sections of tens thundreds of meters), particlemotion in theabsence ofll fields, Hey is the

employ both solenoidnd quadrupoléocusing elements, contribution to single particle motion fronexternal
and may use detuned RF output structures for longitudin@ectromagnetic fields, andgjs is the contributiorfrom
stability. In the LLNL/LBNL RK-TBA design, thdbeam self-fields. The transfemaps due to the kinetic and
receives periodic re-acceleraticinom induction cells, external field sectors are calculated togethesulting in a
followed by energy extraction in the output RF structuresotal map for single particlenotion. The mapdue to
The beam phase space cycles rapidtpugh asequence self-fields is then calculated separately.

of differentstates,andthere exist numerous instabilities Thesetwo separatemappingsare applied to the
that ultimately limit thedevice's RF power extraction particle phase space coordinates usimg split operator
efficiency. The breaking of azimuthal symmetry in thgechniques The prescription toadvancethe particles,

transport linesand RF cavities, andthe highdegree of \ynich is accurate through 2nd order over the step size (t),

longitudinal bunching, necessitate a fully 3-D simulations 5 anplv the two mappings in anterleaved manner
capability. For a shordevice, a3-D electromagnetic viz PRYY pping ’

particle-in-cell (PIC) code would be an appropriate
simulation tool. However, these newlevices are quite o )
long, so that full PIC studies becomeexceedingly Miotal®) = Msingl2) Mself(t) Msing|t/2)-
expensive and impractical for beamline design. . . _ .

We arebuilding a simulationcodethat incorporates Here Msingleis the resultant single particle maphile
well_establighed symplectic tracking_techniquessﬁogle Mgelfis the map from the self-field impulse. In terms of
particle motion [2] and anelectrostatic beanframe PIC computational expense, calculating the nua to self-

algorithm, with a circuitequationsolver for the cavity fqiqs is by far the most costly step in tiieocedure. To
modes. i beth | increase the efficiency in the computation, we usergs
In section 2 of this paper, waescribethe general step size as possible, while maintainisgfficient

framework and formalism used by the code.  In section Jecracy (as determined, for example, by verifying that the
we present results from the simulation thnsport

through a beamlineomprised ofmagneticquadrupoles,
induction accelerating cells, and an RF output cavity.

Hiot = Hkin + Hex * Hself

1Split  operator techniquesare based on splitting the

Hamiltonian into pieces that can be solved exactly (or
2 CODE FORMALISM through some desired order of accura@yjdthen combining
The codeuses a Hamiltoniaframework toadvance the separate maps to produce an approximate map fdulthe
the positionsand canonical momenta of the particles.Hamiltonian. Split operator symplecticintegration
The equations ofmotion for particles following a given algorithms (including the well known leap-frog algorithm of
design orbit (orfiducial) are solvedexactly. All other plasma physics simulations) are widelged inthe treatment
particles are advanced by tracking their deviatiorgh#ise  of Hamiltonian systems [3 4 5].
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results do nothangesignificantly when the step size isthe beam. In this way, theeam energy ikept steady,

further decreased.) period by period. Here, wattempt tomodelthe steady-
The self-fields are determined by numerically solvingstate behavior of the beam through the section.

Poisson’s equation on a 3-D Cartesgai in the beam’s

rest frame. Standard fast Fourier transform techniques drable 1 Parameters of RKTBA extraction section

used[6, 7]. For anaccuraterepresentation of the 3-D

fields from a bunched beam, we must gsd sizes of up Beam Parameters
to 64 x 64 x 512 nodes, as well as®1010P [ Average energy 3.88 MeV
macroparticles. Even with this many particles, noigeDC current 600 A
effects in the fields remain an issue. RF current, frequency 1200 A,
2.2 Circuit Equation for RF Cavities 111424 GHz
' FODO Lattice
The RF structureare modeled by aecomposition | Lattice period 0.20 m
of fieldsinto the vacuum modes.Associatedwith each Phase advance / periog)s 7z
mode is a characteristicircuit equation describing the Occupancy factor 05

evolution of amplitudeand phase. Thebeam-cavity
interaction is modeled by specifying a small set of
parameters: thenode frequency (y), theloaded Q (Q)

Induction Cell Parameters
Cell Voltage | 60 kV
RF Structure Parameters

of the mode, thér/Q] of the mode, the drivinfrequency
of the beam (w)andthe overlap of the bearourrent Frequency éc1)'424 GHz
density with the modef). The cavity voltage () then QU

Steady-state output power 180 MW

evolves according to

The choice of & m betatronperiod corresponds to
the spacing between RF output structures. Dleigtron
' node scheme significantly reduces the transverse

h h dots indicatine derivati instability growthrate associatewith the cavities. In
where the overdots indicatene derivatives. We assume riq,re 1 we show the evolution of theansverse phase

that both the current and the cavity voltage oscillate at t acethrough alm section of the beamline. The
same frequency (w), and that amplitude variationbath  yanqyerse phase space distribution is seerretoain
occur on amuch longer timescale than 1/w. Then, giionary, with only a small number of particles leaving

C on .
Vc+f0Vc+®02Vc:wo{L} ib
Q Q

solving for steady state voltage levels, we find that the core to form a halo.

Ve=1ip Q {L} cos) cos(+wt) 0.6

Q , Injection o
where y is the tuning angle, defined by 04 : tm
— Wo _ W €

v=Q (w ooo), £ 0

This formalism is used to study the bedgmamics £
in both the RF outputind the induction cell cavities. £
Besidesthe fundamental mode ithe in the RF output 8§ O
structures, attention igaid to longitudinalmodes in the S
induction cells, as well as transvetssam-breakugBBU) § 0.2 .
modes inboth cavities. TheBBU modes havebeen
identified asthe cause of transversmstabilities which 04
eventually limit the neetfficiency ofthe RK-TBA. The
longitudinalmode in the induction cell cavity habeen 06
studied[8] as a source of beam enerlfyss as it can -0.01 -0.005 0 0.005 0.01
couple to the fundamental harmonic thfe RF beam Transverse Position [m]

current.
Fig. 1 Transverse phase space evolution
3 SIMULATION RESULTS

We present results of simulation through a section _ 1he beam upon injection was strondiynched at
of a hypothetical RKTBA extraction section. Thethe 11.424 GHz frequency, but was not otherwise matched

beamline iscomprised of permanemagnetquadrupoles, in its longitudinal phase space. Longitudinal space charge

induction cell accelerationcavities, and standing wave ~fOrces act to debuncthe beam, while the RF output
output structures. The parameters are shown in Table 1Sructure can be phased to provide some focusing. = Figure
The RF output structure extrad80 MW from the 2 shows the evolution of the longitudinal phagace as
beam as it passes througtgrresponding to 800 kV the beam passes througim of beamline. Thencrease
drop in the beam voltage. There arefive induction N energyspread due tepace charge is readily apparent,

reacceleratiorcells per metergachproviding 60 kV to
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with nonlinearities due to the nonuniform (gaussian)

distribution.
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Fig. 2 Longitudinal phase space evolution

4 CONCLUSIONS

We have begun work on a nesimulation code for
relativistic klystron two-beamaccelerators. This code
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