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Figure 1. Screenshot {Trak in the orbit plotting mode.

1 Introduction

1.1 Program functions

Trak is a versatile program for charged-particle optics. Appli¢eons include electron and ion
guns, particle accelerators, ion sources, microwave sa@scacceleration columns, electrostatic
and magnetostatic lenses, vacuum tubes, and electro-ogtialevices. Trak operates in con-
junction with eld solution programs of the TriComp series. The program required/esh
(the TriComp universal mesh generator) along wittEStat and/or PerMag to create eld
input les. You should be familiar with mesh generation and eld solution procedures be-
fore usingTrak . The package includesGenDist , a utility for creating and analyzing particle
distributions.

This manual concentrates on procedures to rufrak and does not give detailed explanations
of the physics of charged-particle beams. Two texts writteby the program author are supplied
with the package. They provide a comprehensive overview dfarged-particle optics:

S. Humphries, Jr.,Principles of Charged Particle Acceleration (Wiley, New York,
1986).



S. Humphries, Jr.,Charged Particle Beams (Wiley, New York, 1990).

The second work discusses beam distributions, emittancegdm-generated elds, propagation
of high-current beams, the design of electron and ion gunsdother topics. Techniques for
electric and magnetic eld solutions on a conformal triangar mesh are discussed in

S. Humphries, Jr.,Field Solutions on Computers  (CRC Press, Boca Raton, 1997).

1.2 Learning Trak

Trak is one of the most powerful tools available for the designircharged-particle guns and
transport devices. Capabilities include mixed source angace-charge-limited emission, self-
consistent eld emission, advanced techniques for magnetield created by relativistic beams,
and determination of an ideal plasma meniscus shape for iomigsion. The extensive features
call for a rich command language and a thick instruction maral. To be realistic, it is unlikely
that you can use the program e ectively without reading somef the manual. On the other
hand, we have included many features to make the learning pess as painless as possible:

This manual is available from within the program. There is arindex and advanced topics
are clearly delineated.

You can use interactive dialogs to set up program inputs for ost calculations. It is easy
to add re nements and changes later.

We included input les for a variety of prepared examples. Tay cover the full spectrum
of charged-particle applications and may serve as a tempéator your application.

To learn the program quickly, we suggest the follow sequenogactivities:

Read the next section carefully to understand the basic orgaation of aTrak simulation
and the associated data les.

Follow the walkthrough example of Chap2. The exercise introduces the fundamental
tools you will need for you own simulations.

Browse Chaps.3 and 4. Chapter 3 describes how to use interactive dialogs to prepare
runs, while Chap.4 covers commands in the main Trak menu to control a calculato

Scan Chapter5, which describeslrak features for plots of orbit and eld information.

Run some of the supplied examples. Try making small small ahges to the geometries,
material properties and particle distributions.

As you gain experience, you will want to employ advanced capéties. For example,
you can include multiple emission surfaces in a calculatimr set some materials to act as
secondary-electron emitters. Advanced features are invakby adding commands directly
to the input script.



1.3
Trak

Chapters on advanced features are organized by topic. Chapt 6 and 7 cover script
commands to load and to control electric and magnetic eld fiormation. For example,
you can add speci ed temporal modulations to elds.

Chapters 8 through 14 describe advanced techniques for the calculation modesToék .
Chapter 8 covers single-particle tracking in speci ed elds. Chapte9 documents com-
mands for precision tracing of electric eld lines for apptiations such as ion mobility
spectrometry.

Chapter 10 summarizes commands for an advanced program mode where thacg-charge
of high-current beams contributes to the total electric edl solution. In this mode, Trak
accurately models self-consistent Child-law emission fnrocathodes. Chapterll applies
to high-current relativistic beams where contributions fom particles and current on elec-
trodes are combined to nd both self-consistent electric ahmagnetic elds.

Chapter 12 covers self-consistent eld emission of electrons for apgtions to vacuum
microelectronics.

Chapter 13 describes the uniquéelrak capability to directly calculate the ideal beam
current and emission surface shape for ion extraction fromfeee plasma boundary.

Chapter 14 describes commands to control electron secondary emissfoom metal sur-
faces. The capability is useful to model electron collectrand multipactor e ects in
high-power microwave sources.

Finally, Chapter 15 summarizes advanced diagnostic capabilities of the codacluding
statistical analysis of beam distributions.

The Trak package includesGenDist , a utility for preparing particle input les for Trak
and other Field Precision programs.GenDist also has extensive routines for statistical
analysis and plots of distributions created byTrak . The features of the program are
described in a separate manual.

Program organization

calculations generally involve the following steps:

De ne the system geometry for an electric and/or magneticeld solution. The easiest
approach is to use the drawing editor oMesh . You can also use a text editor for direct
input of boundary vectors. This activity createsMesh input les with names of the form

FPrefix.MIN for the electric and/or magnetic eld solution.

UseMesh to process the vector information to generate one or two cammal triangular
meshes recorded in les with names of the forfAPrefix.MOU. Trak can handle indepen-
dent meshes for electric and magnetic elds that overlap a sonon region of space.

De ne the properties of materials in the solution using th script-generation dialogs of
EStat and/or PerMag . The resulting les have names of the fornPrefix.EIN and/or
FPrefix.PIN for the solution programs.



Table 1: Trak les

| Name | Function |

MName.MIN Mesh input script for the electric and/or magnetic eld
solution

MName.MOU | Mesh output (node locations and element identi es)

EName.EIN EStat input script (run control and material proper-
ties)

EName.EOU EStat output le (node locations and electrostatic po-
tential)

BName.PIN PerMag input script (run control and material prop-
erties)

BName.POU PerMag output le (node locations and vector poten-
tial)

TName.TIN Trak script (program control, eld sources, patrticle in-
put parameters)

Name.PRT Optional Trak input le of initial particle parameters

TName.TLS Trak listing (assorted quantitative information on the
run sequence and particle properties)

TName.TOU Trak orbit le (particle positions to create plots)

Name.PRT Optional Trak output le listing particle parameters
at a stopping or diagnostic plane

4. Run EStat and/or PerMag to create input eld solutions. The solution les FPrefix. EOU
and FPrefix.POU contain complete mesh information as well as values of elexdtatic or
vector potential. Trak uses the information to computeE or B along particle trajecto-
ries. The program can also use the mesh information to deteime if a particle strikes a
material object (i.e., stopping conditions).

5. Decide on a calculation mode and use the interactive digl®in Trak to prepare an input
script FPrefix.TIN to control the run.

6. Run Trak to determine patrticle trajectories and (optionally) eleatic eld modi cations
to include contributions of space-charge.

7. UseTrak to create orbit/ eld plots or GenDist to analyze output particle distributions.

The procedure involves many steps and many les { it may appeaverly complex for simple
benchmark calculations. The step-by-step approach withcerds of intermediate results rewards
your e ort in real-world applications. In the end, you have acomplete record of all components
of the solution, making it easy to reconstruct or to modify snulations. For orientation, Table 1
lists the le types that may appear in the Trak calculation. Note that the su xes indicate the
le function.



1.4 Some calculation basics

Trak calculates the orbits of point charged particles moving tlmugh electric and magnetic
elds. These elds may result from external charges and cuents (such as the charge induced
on biased metal electrodes), surface charges in nearby eattics, or current in magnet coils.
Such elds are calledapplied eldsindexapplied elds. For low-intensity beams, it is su cient
to determine the applied elds and then to track any number oparticle orbits in space. We use
the term single-particle orbitandexsingle-particle orbits when the elds created by thelarge
and e ective current of the particles are negligible. In ths case, particle orbits are independent
of each another and it is unnecessary to modify the appliedleto re ect the presence of the
beam.

Field evaluations and orbit calculations inTrak are entirely numerical. Field calculations
employ the nite-element method. Here, a bounded spatial réan is divided into small segments
- the TriComp programs use elements with triangular cross sections. Thizes and shapes
of the triangles are adjusted to t the boundaries of physidaobjects like electrodes. The
spatial distribution of the set of triangle nodes (verticesis called the computational mesh In
electrostatic calculations withEStat , the potential is determined at the nodes and the material
characteristics (such dielectric constant, space charg®,constant potential) are assigned to the
triangle volumes. ATrak run may also include an independent applied magnetic eld Bdion
created with PerMag . The solution may have a di erent computational mesh tted to the
boundaries of magnetic objects (such as coils or ferrites].he magnetic solution consists of
values of vector potential at the nodes. A single-particlerbit calculation is conceptually
simple. The orbit advances in small time steps. At any time,he program must identify
the element that contains the particle. With this knowledgeit is possible to collect potential
values at neighboring nodes and take a spatial derivative #stimate electric elds. Similarly,
a knowledge of the occupied triangle in the magnetic mesh tksato the magnetic elds at the
particle position. Given the elds and the initial particle momentum, we can advance the orbit.
We can also check whether the particle is outside the mesh ara non-vacuum element in order
to stop the calculation. ATrak calculation always follows arEStat and/or PerMag solution.
Even if there is no applied eld, we need to create a computatnal mesh for the calculation of
beam-generated elds.

TriComp solution programs handle elds that vary in two dimensionsn either cylindrical
structures (variation in r and z, uniform in ) or planar structures (variation in x andy, in nite
length along z). Trak computes particle orbits in three-dimensional Cartesianoordinates
(x;y; z) using the two-dimensional eld components available fronthe solution programs. For
rectangular problems, the non-zero eld components aie, and E, or By and By. Cylindrical
solutions yield the component€, and E, or B, and B,. The radial components are used to
derive the Cartesian eld components according to:

Ex(x;y;z) = E((r;2)(x=r); 1)
Ey(X;y;2) = E(r;2)(y=r); (2)
Bx(X;y;2) = B (r; z)(x=r); (3
By(X;y;z) = B (r;z)(y=r): (4)

Orbit calculations are more di cult for high-current beams. In this case, the space-charge
of the beam can contribute to electric elds in the propagatn region and a ect the distribution

8



of image charge on surrounding electrodes. For this reasdnak has the capability to update
the electrostatic eld using information on the space-chae density associated with the particle
ow. This procedure is called aself-consistentorbit calculation. A beam is represented by a
collection of model particles, each carrying a fraction ohe beam current, | . At each time
step t, the space-charge of the element occupied by a ray is augneghby an amount |t .
Trak then recalculates the electric eld with the extra space-@drge. The problem with this
approach is that the nal orbits of the particles need not belhie same as those used to calculate
the space-charge. The resolution is to iterate for severayates using suitable space-charge
averaging. This procedure usually converges to the corresatlution, even for intense beams.

High-current charged-particle beams have little e ect on denoid-type magnetic elds B,
and B, in cylindrical problems, By and By in planar geometry). Therefore, Trak does not
modify the applied magnetic eld solution. On the other hand relativistic beams generate
magnetic eld componentsB (cylindrical) or B, (rectangular) that may strongly in uence
particle dynamics. To address this problemJrak has the capability to nd spatial variations
of beam current and beam-generated magnetic elds that arecorded on the electric- eld mesh
(RelBeamtracking mode).

1.5 Tracking mode

A Trak calculation is performed in one of the following six calculi@n modes:

TRACK . Single-particle tracking in applied electric and magneti elds with no beam-
generated components. Particles may be generated from a mspeci ed list or auto-
matically along an emission surface on a region boundary. Apgation to low-current or
neutralized beams.

FLINE. Tracing eld lines in an electrostatic solution fromEStat . A common application
is computation of charged-particle ow lines in a resistivanedium.

SCHARGE Non-relativistic high-current electron and/or ion beams with self-consistent
space-charge e ects. Particle generation from a user-sped list and/or Child-law emis-
sion surfaces.

RELBEAM Relativistic high-current electron and/or ion beams with slf-consistent e ects
of beam-generated electric and magnetic elds. Particle geration from a user-speci ed
list and/or Child-law emission surfaces.

FEMIT Electron eld emission with self-consistent beam-generadl elds. Particle gen-
eration from a user-specied list and/or an emission surfacthat follows the Fowler-
Nordheim equation. Applications to vacuum microelectronics

PLASMA High-current ion beam generation from free plasma surfacdarticle gener-
ation from a user-speci ed list and/or Child-law emission @rfaces. The shape of the
emission surface is automatically corrected to ensure umrii ion ux.



Figure 2: Region de nitions for theKLYSTRONG&Xdmple. Dimensions in inches.

2 Application example

2.1 Setup

In this chapter we shall step through aTrak application. The calculation determines the
performance of a high-intensity, relativistic klystron gm. The gun is designed for strong beam
convergence and therefore represents a challenge to theusacy of a numerical code. Figur@
shows the geometry, a gure of revolution about the axis along the bottom. An electron beam
of current 460 A is extracted from a spherical-section catde across a 660 kV acceleration
gap. The simulations involve only an applied electric eld {we could add a magnetic eld to
investigate beam matching into a solenoid.

We shall use the following programstc.exe , mesh.exe estat.exe and trak.exe . Make
sure that you have created a data directory such agricomp nbuffer and the tc.exe has the
correct settings for the program and data directory. Move tb le KLYSTRONGUN.MINhe
data directory.

2.2 De ning the geometry

We shall work from an existing Mesh input script. Run Mesh, click on the command
File/Load.Script (MIN) and choose the |eKLYSTRONGUN.Nrisk the commandEdit script/Graphics
to enter the drawing editor. Here, you can view the geometry @ncon rm the region assign-
ments. Click the Foundation displaycommand. Note the ne mesh resolution near the axis for

a good representation of electric elds within the convergebeam. Figure3 shows a detail of
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Figure 3: Detail of the mesh on the axis near the cathode foretiKLY STRONGExEmMple showing
node identities.

the mesh at the axis near the cathode. The main di erence frora standard input mesh for
EStat is the presence of Region 6, an open region that covers thefaoe of the cathode (nodes
marked in red in Fig. 3). The associated nodes have the same potential as those o ttathode
(Region 3); therefore, they do not a ect the electrostatic slution. The marked nodes are used
in Trak to identify surface facets that will act as emission sites rfelectrons.

Abandon the drawing to return to the main menu. Click theProcesscommand to create
the mesh. You can use the plot functions oMesh to inspect the completed conformal mesh.
Be sure to click theSave mesh (MOU)command to create the leKLYSTRONGUN.MOU

2.3 Generating the applied eld

The rst task to create an input electrostatic solution is dene control parameters and material
properties. RunEStat and choose theSetup command. Choose the IeKLYSTRONGUN.MOU
The program displays the dialog of Fig4. Fill in the values as shown. In theControl parameter
group, we accept most of the defaults. The geometry is set@ylindrical and the unit conversion
parameter is set toDUnit = 39:37 inches/meter. The material properties in the grid are sipie.
Region 1 (vacuum) is a dielectric with , = 1:0. Regions 2 (anode) and 5 (vacuum chamber)
are at ground potential, while the electrode regions of theathode assembly (Region 3, 4 and
6) are at -660.0 kV. ClickOK and accept the default name to create the I&KLYSTRONGUN.EIN

Choose theSolve command. EStat takes a few seconds to nd the electrostatic solution
and saves the |leKLYSTRONGUN.B®U can use the plot functions oEStat to investigate the
solution. Later, Trak will create another electrostatic solution le, KLYSTRONGUNP, By
includes the e ects of the beam space charge.

2.4 Creating the Trak control script

We can now turn to the main task of generating a beam solutionRun Trak and pick the
Setup command. The dialog gives a choice of run mode. Electrons wi660.0 keV kinetic
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Figure 4. Setting parameters for theEStat solution { KLYSTRONG&Xddmple.

energy have a relativistic energy factor = 2:29, signi cantly larger than unity. Therefore,
beam-generated magnetic elds play a signi cant role and weiust choose theRelBeam option

in the initial dialog. After you click OK, the program displays the setup dialog of Fig.5. Fill

in the values as shown. In therields section we specify that the program should load mesh
and initial electric eld information from KLYSTRONGUN.EDO¢ parametersMaxCycle and
ResTarget control recalculation of the electric eld with the addition of beam space charge.
Spatial quantities appearing the script should be scaled kg factor (3937) ! to convert them

to meters. In the Particles section we specify two parameters to control the self-coatnt
solution. There are 20 cycles of orbit tracking and eld redaulation with a charge-averaging
factor Avg = 0:20. Electrons will be generated along an emission surfacefatets connecting
the nodes of Region 6. The parameters in thEémission section have the following meanings:
1) Mass = 0:0 (insert the electron mass in AMU), 2)Charge= 1:0 (use the electron charge)
and DEmit = 0:07 (position the Child-law calculation surface about 2.8 einent widths from
the physical cathode surface). Sectiod0.3 describes emission surface parameters in detail.
Finally, entries in the Diagnostics specify that the code should create a IKLYSTRONGUNP.PRT
containing particle parameters at the system exit and a |&KLYSTRONGUNP.&#@tidescribes
the modi ed electric eld. Click Write script and save the le in the working directory with
the nameKLYSTRONGUN.TIN

2.5 Running Trak and plotting orbits

Pick the commandSolvein the Trak main menu and choose the input IeKLYSTRONGUN.TIN
The blue color of the screen indicates that the program is irhé solution mode. The status bar
at the bottom reports progress. For each of 20 main cyclégak computes orbits of 216 model
particles, corrects the space charge and then performs aerdtive matrix solution to nd the
modi ed electrostatic potential. On the nal cycle, the program creates thePRTand EOUles
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Figure 5: Setting parameters for thelrak solution { KLYSTRONG&XsEmple.

requested as well as a record of orbit vectors in the plot IELYSTRONGUN.TOU

Pick the Plot command to enter the plot menu and click orFile/Load electric eld. In
the dialog chooseKLYSTRONGUN.EDIE program reads the le and creates a default plot of
equipotential contours. In comparison to the applied- eldsolution, note that the electric eld
amplitude over the cathode surface has been reduced to apgmately zero by the Child-law
emission process. Next, pickoad/Orbits and chooseKLYSTRONGUN.TO1¢ program super-
imposes the orbits on the boundary and eld information. At his point, you can experiment
with options in the plot menu. Section5.2 gives a detailed description of available functions.
The plot of Fig. 1 was created by choosing th&lement eld plot type and jEj as the plotted
guantity. To di erentiate orbits, the parameter NSkip in the Orbit Iters dialog was set to 3.

The Trak listing le contains a wealth of information for understandng a run or debugging
problems. Return to the main menu, pick the commandFile/Edit listing (TLS) and choose
KLYSTRONGUN.TM8ve to the end of the le. Following an extended table of na& particle
parameters, there is a listing of total emitted current as auinction of cycle number (Table2).
This information is useful to check if the choices of the nund of cycles and the charge-averaging
parameter were correct to ensure solution convergence. Wiproper averaging,Trak converges
to a solution where the particle orbits and consequent spacbarge density are consistent with
the total electric eld.

2.6 Modifying the script for advanced dialognostics

Trak has an extensive set of special features. It would be unwigld not impossible, to include
all of them in the script generation dialogs (Fig5). In this section, we shall add commands
to the script we have prepared to invoke two special functien 1) calculation of beam current
density as a function of radius at several axial positions dn2) generation of a le contain
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Table 2: Current convergence history KLYSTRONG&EmMple.

NCycle Total emitted
current (A)

1 5.1091E+02
2 5.1802E+02
3 7.3695E+02
4 8.6296E+02
5 8.3152E+02
6 5.9833E+02
14 4.7854E+02
15 4.7855E+02
16 4.7860E+02
17 4.7867E+02
18 4.7873E+02
19 4.7876E+02
20 4.7887E+02

information on the spatial distribution of beam-generatednagnetic eld.

In the main Trak menu, pick the command-ile/Edit script (TIN) and chooseKLYSTRONGUN.TIN
The le is loaded in a full-featured Windows editor. Modify the Diagnostics section of the script
so that it looks like Table 3. The CDens commands instruct the program to calculate the beam
current density through planes normal to thez axis at several distances from the cathode. The
BBDump command saves information on the toroidal magnetic eld.

In response to theCDens command, Trak uses information stored on the beam-magnetic-
eld mesh to add tables to the listing le. Figure 6 shows a plot of the radial current distribution
of the converging beam. Note how nonlinear focusing elds ohé beam envelope have produced
a local enhancement of current density. The IKLYSTRONGUNP.B&Dbe loaded intoTrak
with the Load beam magnetic eldcommand of the plot menu. Boundaries and values (8 |
can be included in orbit plots.

14



Table 3: Modi ed diagnostic section -KLYSTRONG&XEmple.

DIAGNOSTICS
PARTFILE: klystrongunp
EDUMP: klystrongunp
PARTLIST

* Add these lines
CDens 1.0 1.2 30
CDens 2.0 0.8 20
CDens 3.0 0.6 16
CDens 4.0 0.4 12
CDens 5.0 0.3 10
BBDump KLYSTRONGUNP

END

Figure 6: Radial distribution of beam current density at sesral distances from the cathode {
KLYSTRONG&XsEmple.
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3 Interactive run setup

3.1 Structure of the Trak script

A control script FPREFIX.TINis required for eachTrak run. This chapter discusses how to
create scripts using the interactive dialogs that appear iresponse to theSetUp command in
the main Trak menu. Following chapters give detailed information on buding scripts and
adding features with a text editor.

Whichever method is used, it is useful to understand the sptiformat. A script has three
sections:Fields, Particles and Diagnostics The le has the following structure:

Fields
(Field commands)
End

Particles RunMode
(Particle commands)
End

Diagnostics
(Diagnostic commands)
End

EndFile

The sections must appear in the order shown and must termiratvith an End command. Each
section has a set of allowed commands. Within a section, vhicommands may appear in any
order. Trak begins processing a section when all commands have been redtie EndFile
command closes all les and stops the program.

The commands in theFields section control input of eld solution les from EStat and/or
PerMag . Advanced commands are available to adjust eld values, inbduce time variations,
add constant magnetic eld components and adjust the poterdl of individual electrodes.

The Particles section controls orbit computations. A string parameter irthe section heading
speci es the tracking mode (Sectl.5): Field, Track, SCharge RelBeam FEmit or Plasma The
valid commands of theParticles section depend on the tracking mode - the program stops with
an error message if it nds an invalid command. The commandd the Particles section serve
three functions:

Controlling orbit calculations (global boundaries, meshesarch options, time step, listing
options, ...)

Initiating particle orbits (particle parameters, marked enission surfaces, ...)

De ning stopping criteria

16



Figure 7: Run setup dialog {Track mode.

Trak reads all commands in thé articles section, processes the information, and then computes
the orbits. Depending on the tracking mode, the program maylso update the potential and
recalculate orbits over a number of cycles.

The commands of theDiagnostics section control special output listings of information on
elds and calculated orbits. Trak can record scans of applied magnetic elds, self-consisten
electric elds and beam-generated magnetic elds. The progm makes formatted listings and
output les of initial and nal particle parameters. The program can perform automatic anal-
yses of nal beam distributions. You can also us&enDist for distribution calculations if the
Trak run generates an output particle le.

3.2 Track mode

Trak features interactive dialogs to help you create basic run wiwol scripts. To start, click

the SetUp menu command or tool. In the initial dialog, pick the appropiate tracking mode. If
you choose the defaulfrack mode, the program calls up the dialog of Figi. Note that dialog

entries are divided into the same three categories as tAeak script: Fields, Particles and

Diagnostics Entries in the di erent dialog groups create commands in th corresponding script
section. This chapter gives a brief description of the actig of the dialog entries. Detailed
descriptions and commands to control advanced functionseadescribed in Chaps6 through

15.

EFILEPREFIX
The pre x of an EStat solution to provide electric eld information for particle tracking.

BFILEPREFIX
The pre x of a PerMag solution to provide magnetic eld informations for particle tracking.
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DUNIT
A conversion factor for lengths that appear infrak script commands, equal to the number of
distance units per meter. For example, to supply dimensioms microns, setDUnit =1:0 1C°.

PPREFIX IN
Supply the pre x of a le PPREFIX.PR1hat contains a list of start parameters for particles.
The format of the le is described in Sect8.2

DT

Supply a time step (in units of seconds) for orbit integratins. If the box is blank or contains 0.0,
Trak will try to pick an appropriate value based on the propertiesf the mesh, the electric- eld
solution and the particle parameters.

The next four commands appear in theEmission surfacegroup. An emission surface is
an alternate way to initiate particle orbits. Trak identi es element facets of a xed-potential
region (electrode) and starts one or more particles per faagdose to the surface in an adjacent
dielectric element.

REGNO
Supply the number of an emission line region on the surface af xed-potential region. Sec-
tion 8.3 covers techniques to create emission surfacesMiesh .

MASS
Supply the mass of particles created on the emission surfacdMU (atomic mass units). Trak
inserts the mass of the electron if 0.0 appears in the box.

CHARGE
Supply the charge of particles created on the emission swréain fundamental charge units.
Here, protons haveCharge = +1 :0 and electrons have&Charge= 1.0.

NPERSEG
Enter the number of orbits to start per emission surface fate

PPREFIX OUT

Supply a name if you wantTrak to write a le PPREFIX.PR®f nal orbit parameters. The
le may be used as input in a subsequenitrak run or ported to the Field Precision programs
GenDist , OmniTrak and GamBet .
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Figure 8: Run setup dialog {FLine mode.

3.3 Field line mode

If you choose theFLine mode, Trak displays the dialog of Fig.8. Field line tracking applies
only to electric elds because magnetic eld-line plots caeasily be created irPerMag . Hence,
there is noBFileName entry in the Fields section.

FFILE PREFIX
Supply the pre x of a le PREFIX.FLDhat contains a list of start parameters for eld lines.
The format of the le is described in Sect9.1

DS
Field line integrals proceed in small spatial steps rathehtin time steps. Enter a value in units
speci ed by DUnit. Trak will pick a default if the eld is blank or equals 0.0.

Entries in the Emission surfacegroup are similar to those of theTrack mode dialog. The
main di erence is the absence of particle parameters and tipgesence of the following entry.

POLARITY
For Positive polarity, the spatial integral proceeds along the directio of positive electric eld.

3.4 Space-charge and relativistic beam modes

The dialog of Fig. 9 is displayed when you pick either theSCharge or RelBeam modes. In
comparison to the dialog of theTrack mode, there are two additional entries in theFields

group.

MAXCYCLE

Particle orbits are computed and the electric eld is recaldated over NCycle eld/particle
cycles to include the e ect of beam space charge. The pararmeMaxCycle is the maximum
number of iterations in the matrix solution for the electrotatic potential. Higher values give
more accuracy at the expense of longer run times. The value MfaxCycle should be high
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Figure 9: Run setup dialog {SChargeand RelBeam modes.

enough to ensure convergence at the end of the run. A solutiaconvergent if the following
conditions are satis ed:

The current from emission surfaces changes little betweeeld/particle cycles.

The initial relative residual (average error in the electrstatic potential) has a low value
( 1.0 10 ) entering the nal particle/ eld cycle.

RESTARGET

Set a value for the targetrelative residualin the matrix solution for the electrostatic potential.
The guantity is a measure of the accuracy of the solution andhguld be small compared to unity.
Trak exits the eld recalculation routine it the number of interactions exceedsviaxCycle or
if the residual is less than the target value. Choices dflaxCycle and ResT argeta ect the

solution accuracy versus the run time.

The Emission surface group in theParticles section has the following additional parameter.

DEMIT

The quantity DEmit is the distance between the physical source surfaeed, cathode surface)
and a virtual emission surface required to model Child-lann@ssion. EnterDEmit in units set
by the current value ofDUnit . The virtual surface be close to the source source and follaw
general contours. On the other handDEmit must be 1.5 times the local element width to
ensure accurate calculations of the electric eld.
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Figure 10: Run setup dialog {FEmit mode.

EPREFIX OUT

Record the nal electrostatic eld solution with the e ects of space-charge in a le with the
nameEPREFIX.EQUhe le may be inspected withEStat or loaded intoTrak for a subsequent
solution.

3.5 Field-emission mode

Figure 10 show the dialog to generate a script for th&Emit mode. The entries are identical
to those of the SCharge RelBeam dialog with the exception of those in theEmission surface
group. Because the mode handles only electron eld emissidhe options Mass and Charge
are not included.

WORKFUNC
Enter the emission surface work function in units of eV.

BETA

The quantity is a parameter to represent eld enhancement by submicrogmo structure of
the emission surface (e.g., a patch covered with carbon namoes). Trak calculates the local
eld amplitude jEj and uses the quantity jEj in the Fowler-Nordheim equation to nd the
local electron current density.

3.6 Plasma mode

The optimizing calculation in the plasma mode is complex andhay require adjustment of
parameters to achieve good results. It is essential to reach&p. 13 to understand the actions
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Figure 11: Run setup dialog {Plasma mode.

of entries. Many entries have identical function to those ithe SChargeand RelBeam modes.
This section gives a brief summary of quantities unique to thPlasma mode. The Plasma
group contains the following entries:

NSURFACE
The number of cycles of surface adjustment. The default Surface = 3.

NCORRECT
The number of orbit- eld recalculations to determine a stake solution for space-charge-limited
ow per surface adjustment (default,N Correct = 5).

NINIT
The number of initial orbit- eld calculations before the r st surface adjustment (defaultNInit =
12).

The Emission surface group contain one additional parameter:

DGAP
The approximate total width of the acceleration gap in unitsset by the current value ofDUnit .
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4 Running the Trak program

4.1 Interactive mode commands

Trak runs interactively in a window if you launchtrak.exe from TC or run the program
without a command-line parameter. In this mode, you can cayrout a variety of activities and
perform several solutions in a session. In the interactiveade, the program serves three main
functions, corresponding to the tools "1", "2" and "3":

1. Setup, preparation of control scripts.
2. Run, generation of orbit solutions.
3. Plot , creation of orbit/ eld plots.

Note that Trak can perform only one function at a time. If you want to carry otiextended
orbit solutions while you are writing scripts or making plos, then launch a second instance of
trak.exe . There is no speed penalty if you have a dual-processor mawhi

The main menu has ve entries: File, Setup Solve Plot, Tools and Help. We discussed
Setup options in Chap3, while the next chapter covers plotting capabilities. The dllowing
commands appear in the=ile, Solveand Help popup menus:

EDIT SCRIPT (TIN)

EDIT LISTING (TLS)

EDIT FILE

The commands invoke the internal editor to inspect or to modly text input and output les.
With the Edit script command you can work on les with names of the fornFPREFIX.TIN
while the Edit listing command displays le of type FPREFIX.TLSChoosing a le from an
alternate directory does not change the working directoryfahe program.

RUN

Pick an input le with a name of the form FPREFIX.TINto start a solution. The working

directory changes if you pick a le from an alternate directny. The run begins if all required
les are available in the working directory. The screen cotas blue during extended calculations
and the program reports run progress in the status bar.

STOP
This command terminates the run immediately. The program m@rds information currently
available and closes all les.

TRAK MANUAL
Displays this document in your default PDF viewer. Note thatirak.pdf must be in the same
directory astrak.exe .
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Figure 12: Utilities in the Tool menu. a) Circular-beam generator.b) Time-step calculator.

4.2 Tool menu

This menu contains helpful utilities for run preparation.

CIRCBEAM GENERATOR

This command brings up the dialog of Figl2a to create aPRTIle describing a laminar, circular
beam with uniform current density. The routine generates ae$ of NPart orbits uniformly
spaced inr. The assigned current is proportional ta to give a uniform current density. The
average beam motion is directed along. A non-zero value for the envelope angle gives a
diverging or converging beam with additional momentum congments in thex direction. If the
Mass equals zero, the program inserts the mass of the electron.

TIME-STEP CALCULATOR

In response to this commandJrak displays the dialog of Figl2b for estimating values to use
in the Dt command. Enter a value for the minimum element size and chaothe appropriate
length unit. Enter the particle parameters including maxinum kinetic energy. The Atomic
number value is used only for the particle typdons. When you click the Calculate button, the
program displays an appropriate value fobt in seconds.

4.3 Command-line operation

You can invoke the orbit solution function of Trak directly from the command prompt. This
feature is useful for batch le operation where a sequence @dlculations runs automatically in
the background. To make a singl@rak simulation in the background, go to the Command
Prompt in Windows and log to the data directory that containsthe required input les. For
example, suppose the input lesSWITCH.TG&hd SWITCH.TINwre stored innTRICOMIBUFFER
and that the program trak.exe is in the directorynTRICOMArom nTRICOMBUFFER/pe

.\Trak SWITCH <Enter>
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The program runs silently, writing detailed information inthe listing le SWITCH.TL&nd the
plot le SWITCH.TOU

The command mode is useful for autonomous operation underttla le control. As
an example, suppose you have prepared the input I6SINJECTOR.MJNKINJECTOR.EINNd
KINJECTOR.TINThe following batch le will initiate a complete calculation:

ECHO OFF

ECHO Running KINJECTOR example
START .\MESH.EXE KINJECTOR
START .\ESTAT.EXE KINJECTOR
START .\TRAK.EXE KINJECTOR
ECHO KINJECTOR runs complete
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Figure 13: Working environment for creating orbit/ eld plots.

5 Creating orbit plots

In response to thePlot command in the main menu,Trak enters a mode to create displays
of orbits and eld quantities. The program loads the commandnenu, toolbar and status bar
shown in Fig.13. There are three popup menusFile, Plot control and Export plot. The Return
command restores the main menu. The display area is dividedto three sections: 1) main
plot, 2) particle information area (upper right) and 3) eld information area (lower right).

5.1 File menu commands

LOAD ORBITS

To begin a plotting session, you must load data from either aorbit or eld le. Use this
command to load orbits. The dialog shows a list of les with naes of the formFNAME.TOU
Changing directories in the dialog changes the working dotry. In the absence of a eld le,
Trak picks boundaries for the initial plot based on extreme valgeof the orbit vectors.

LOAD ELECTRIC FIELD
Load a le of boundary and electric eld information with a name of the formFNAME.EOUhe
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le could be output from EStat or one created byTrak using the EDump command. There
are three points to note:

When a eld plot is loaded, the boundaries of the solution ragn are used for the default
plot boundaries.

The program cannot check whether the eld corresponds to therbits { you must ensure
that the data les match.

If you have applied a spatial shift to the electric eld in theTrak run, the orbits will be
inconsistent if load the input applied eld. You must createa le of the modi ed electric
eld using the EDump command and load it for a valid superimposed plot.

LOAD MAGNETIC FIELD
Load information from a le with a name of the form FNAME.PQjénerated byPerMag .

LOAD BEAM MAGNETIC FIELD
Load a le with a name of the form FNAME.BB@enerated byTrak in a RelBeam calculation
in response to theBBDump command.

CLOSE ORBIT FILE
Close the current orbit le in preparation for loading anotter one, keeping the current eld plot
active.

CLOSE FIELD FILE
Close the current eld le in preparation for loading anothe one, keeping the current orbit plot
active.

CLOSE ORBIT AND FIELD FILES
Close all currently-loaded orbit and/or eld les in preparation for loading new data.

ORBIT FILE INFORMATION Display information about the current orbit le (Fig. 14). The
data on the spatial limits and the range of particle paramets (mass, charge and current) may
be useful for setting plot Iters. Note that information on the mass and charge of individual
particles is present in allTOUles created by Version 7.0, but is not included in data les ceated
by earlier versions ofTrak .

FIELD FILE INFORMATION Show information on the current electric, magnetic or beam-
generated magnetic eld le.
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Figure 14: Information on the currently-loaded orbit le displayed in a message box.

5.2 Plot control menu commands

ORBIT PLOT TYPE

Using the (x;y;z) coordinates recorded in the plot le, Trak can create the following two-
dimensional plots:y versusx, X versusz, y versusz and r versusz. Depending on the eld
symmetry, di erent plot types may or may not contain useful nformation. Trak suppresses the
eld plot if it is inconsistent with the current orbit plot ty pe. The default types arex versusy
for planar calculations andr versusz for cylindrical.

ORBIT FILTERS

This command calls up the dialog of Figl5to set lIters for plotting particle orbits. You can
use lters to set a plot color or to suppress plotting for clases of particles. For example, if the
Trak calculation involved a counter ow of electrons and ions, yocould plot electrons in red
and ions in blue by setting Iters based on particle mass. As slwn in Fig. 15, there are three
Iters with associated screen colors blue, red and green. \&th a new orbit le is loaded, the
default settings are that Filter 1 is active and encompassed particles, while Filter 2 and 3 are
inactive. The lter status is displayed in the information window. Within a Iter, the active
status of the selection criteria depend on the informationecorded in theTOUle. To activate

a lter, check the Active box and supply information in the active criterion boxes. Tk input-
guantity units are amperes or amperes/m for current, AMU for rass and the fundamental
electron charge (e = 160210 10 '°). The boxes on the right-hand side of the dialog de ne
additional selection criteria. The paramete\ Skip can be adjusted to reduce the density of
orbits in a plot for clarity. For example, whenNSkip =5 Trak plots orbits N =1;6;11;:::.
The number N gives the order in which the orbit appears in th& OUle and output PRTIles.
Use the parameterdNPlotMin and NP IlotMax to limit the range of N.
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Figure 15: Dialog to set lter criteria for the display of paticle orbits.
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FIELD PLOT TYPE
The program supports the following plot types:

Mesh . Element facets of the computational mesh.
Region . Computational mesh with elements color-coded by region mber.

Contour . Lines that follow constant values of a computed quantity: lectrostatic poten-
tial, vector potential or stream function or B . When a magnetic eld has been loaded,
the contours show lines of magnetic ux densityB.

Element . Elements of the solution space color-coded according to @angputed quantity
(such as the electric eld magnitude)

FIELD QUANTITY

This command a ects only element plots. Available quantitis are or jEj for electric eld
les, eld lines or jBj for magnetic eld les and and B or enclosed current for beam-generated
magnetic eld les.

PLOT LIMITS
Use this command to set limits for the eld quantity or to restae automatically scaling in eld
plots.

NUMBER OF CONTOURS
Change the number of lines in contour plots.

GRID CONTROL

Open a dialog to control the display of grid lines. Here, you oaactivate or suppress grid
display. Alternatively, you can use theToggle gridtool. You can also set speci ¢ horizontal or
vertical intervals or restore automatic intervals. In the atter case,Trak chooses grid spacing to
correspond to easily recognized numbers (i.e., 0.01, 0.04)5, ...). The intervals are displayed
in the information area the grid is active.

ELEMENT OUTLINES

Use this command if you want to add the boundaries of elements tnesh, region and element
plots. The feature may be useful to check whether the grid r@sition is adequate in aTrak
simulation. If you deactivate element outlines in a mesh-pe plot, the program includes only
outlines of region boundaries.

XY MAGNIFICATIONS

By default, Trak generates plots at approximately true scale. (The exact doagy depends on the
properties of your monitor and the proportions of the progma window.) The program has an
alternate plot mode that is useful for charged-particle bem simulations where the solution size
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in the transverse direction may be much smaller than the axisize. In the XY magni cation
mode, you can manually specify the coordinates of the plot bodaries. Trak adjusts scales so
that the plot lIs the full plot area. Note that the zoom and pan commands are inactive in the
XY magni cation mode.

RESET PLOTS ON LOAD

In the default mode, Trak automatically resets plot parameters (current view, plotype, mag-
ni cation mode,..) when you load new data with the commandsfoSect.5.1. Sometimes, you
may want to compare a series of similar runs maintaining a sgpiec view or magni cation lim-
its. In this case, use this command to deactivate autoscajn The current setting (Autoset plot
parametersor Fixed plot parameter$ is shown on the right-hand side of the status bar. Note
that Trak automatically rescales the plot when you switch fronfrixed to Autoset mode.

SAVE CURRENT PLOT

This command (which appears in theExport plot menu) is useful if you want to superimpose
electric eld, magnetic eld and orbit information in the same plot or if you want to make a
plot that shows small di erences between orbit solutions. \Wen you click on the command,
Trak creates a bitmap image of the current plot. In the dialog, sypy a le pre x. The plot
will be stored in standard Portable Network Graphics format wth the name FPREFIX.PNGou
can then superimpose this image on subsequent plots.

COMBINE PLOTS
Combine the current plot with a stored bitmap image (or anyPNGmage) using the bitwiseAND
operation. The dialog displays a list of les with sux PNG

UNDO COMBINATION
Reverse the image combination and restore the plot.

As an example, you might load a large volume magnetic eld sdlan, set the plot limits
to correspond to an electric eld solution and then save theitmap. You could then load orbit
trajectories and the electric eld solution to create a new lpt. Finally, use the Combine plots
command to include magnetic eld lines. Figurel6 shows an example. Here are some rules for
using bitmap superposition:

For an accurate superposition, you must ensure that the cwent plot and the bitmap plot
have the same spatial limits.

The superposition looks best if one of the plots contains digte line data .9, contour
lines or particle orbits). Combining two element plots wouwl give unpredictable results.

For the best appearance, do not resize the program window lketen recording and com-
bining operations. If the window has been resizedyak will make its best e ort to stretch
the bitmap to t.
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Figure 16: Plot combining particle orbits, electrostatic guipotential lines, magnetic eld lines
and region boundaries in both eld solutions.

The Plot le commands in theExport menu use vector operations to reconstruct the
current plot and will not include the combined information. To save the combined plot,
use theSave current plotcommand.

CONTOUR PLOT STYLE

Choose the method for displaying electrostatic contours onagnetic eld lines. There are four
choices: monochrome, monochrome with labels, colored amdoced with labels. In the colored
mode, the lines are color-coded according to the value of tipdotted quantity. A legend is
included in the information window to the right of the plot. In the labeled modes, contour lines
are numbered according to their values. Overlapping labets closely-spaced lines may look
better in a zoomed view.

SETTINGS/MOUSE/KEYBOARD
SETTINGS/SNAP MODE
SNAP DISTANCE
ZOOM WINDOW

ZOOM IN

EXPAND VIEW

GLOBAL VIEW

PAN VIEW

DEFAULT PRINTER
SAVE PLOT FILE

COPY TO CLIPBOARD

These commands adjust the plot view and send plots to printerand graphics les. Their
functions are described in the&eStat and PerMag manuals.
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Figure 17: Distribution plot menu showing a phase space pléor an annular beam.

5.3 Distribution plot menu

In the Distribution menu, you can investigate the evolution of beam distributits as a function
of position along thex (planar) or z (cylindrical) axis. There are two requirements to plot
distributions:

An orbit le ( FNAME.TQlhust be loaded.

Particle motion should beparaxial about x or z.

The second item implies that the particles constitute a regmizable beam ie., orbits make
small angles with respect to the axis).

When you enter theDistribution menu, Trak creates a default phase-space plot at a po-
sition along the axis approximately midway between the orbistarting and ending positions
(Fig. 17). The plot shows the transverse displacements of particléom the axis (y or r) and
the corresponding angle with respect the axig/{or r9. The displacements are in the units set
by the value of DUnit in the TOUle and the angles are in degrees. You can move mor z
with the following commands:

Jump forward (double up-arrow tool): Move a large step in the % or +z direction.
Step forward (single up-arrow tool): Move a small step in the % or +z direction.
Step backwardsingle down-arrow tool): Move a small step in the x or z direction.

Jump backward(double down-arrow tool): Move a large step in the x or z direction.
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Alternatively, you can use theSet planecommand to bring up a dialog. Here, you can move a
slider to set an approximate position or type an exact valuaithe box.

In the default mode, Trak rescales graphs to t the full plot area as you move. If you wdn
to compare distributions, use thePlot limits command to set xed values for the minimum and
maximum values or displacement and/or angle. In the dialogjncheck theAutoscale box and
supply limits. The values computed for the plot may be expoed to a text le. To activate the
feature, click the commandToggle plot recordingin the Export plot menu. Supply a pre x for
a le with a name of the form FPREFIX.DPIDistribution PL ot). The values for subsequent
graphs are recorded in the le. Click the command again to cée the le and end recording.
The following is a portion of the listing for the graph of Fig.17

Phase-space distribution, Z:  7.50750E+00
r rp(deg)

5.28484E+00 1.14543E+00
5.28728E+00 1.16563E+00
5.28968E+00 1.19258E+00

Click on the Plot quantity command or tool to switch to a plot of current density as a
function of y or r. Depending on the number of available particleslrak picks an optimum
number of bins alongy or r and assigns current using the cloud-in-cell method. Each piale
has a transverse width 2 r, where r is the average spacing between particles. If a particle
overlaps a bin, a portion of the particle current is assignedqual to the fraction of overlap.
The procedure gives satisfactory results, even with a rela¢ly small number of particles. The
limitation is that variations of current over length scaledess than r cannot be resolved. Use
more particles to improve the resolution. The Plot limits coamand is not active for current-
density plots. To make comparisons, you can transfer infomtion in the recording le to your
own plot program. An example is shown below. The recorded qudres are the minimum,
maximum and average transverse positions of the bin and cant density in A/cm?.

Current density calculation, Z:  8.10690E+00
RiIn ROut RAvg jz(Alcm2)

5.28979E+00 5.30097E+00 5.29538E+00 3.63497E+00
5.30097E+00 5.31214E+00 5.30655E+00 4.25687E+00
5.31214E+00 5.32332E+00 5.31773E+00 4.26024E+00
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6 Electric eld input and control

6.1 General commands

The rst step processing aTrak script is to de ne electric and/or magnetic elds by reading
solution les from EStat and/or PerMag . Commands that appear in theFields section control
this function. This chapter covers commands to load and to nalify electric eld solutions from
EStat . Commands are displayed with symbolic parameters and also the form they would
appear in the script le.

DUNIT DUnit

DUNIT = 39.37

This command controls the interpretation of spatial coordiate input from script commands.
The quantity DUnit (real) is the number of distance units per meter. For exampléo enter
positions in cm, setDUnit = 100:0. The command can appear anywhere in the script and
a ects all following commands. Note that the values of DUnit dened in the EStat or PerMag
input scripts set coordinates for the input meshes but haveone ect on position quantities
entered in the Trak script. The quantity DUnit is recorded in theTOUplot le and used to
scale plot dimensions.

BOUNDARY X1 Y1 X2 Y2

BOUNDARY Z1 R1 Z2 R2

BOUNDARY = (0.0, 0.0, 20.0, 5.0)

Orbit calculations are performed inside a two-dimensionaolution box with opposite corners
de ned by (x1; y1)-(X2; y2) for planar solutions or ;; r1)-(z,; r») for cylindrical geometry. Enter
coordinates in units set byDUnit. Particle orbits terminate if they move outside the box. Tr&
interpolates the nal orbit step so that the stopping point lies exactly on the box surface. If
the Boundary command does not appearJrak sets the solution volume as the largest box
that overlaps the electrical and/or magnetic solutions. Th ballistic ag is set if the Boundary
command is present. In this case, orbits continue even if thdeave the boundaries of the
electric and/or magnetic solution volume. The program takeE = 0:0 and B = 0:0 in regions
that are inside the orbit calculation box but outside the el solution volumes. As an example,
the ballistic mode is useful if you want to trace orbits to a foal point at a distance from a lens
with localized eld.

6.2 Loading and modifying EStat solutions

EFILE FileName [EMult]

EFILE = KlyGun.EOU

This command loads an electric eld solution fromEStat . The quantity FileName is the full
name of the le (i.e,, EFTEST.EQUThe optional real-number parameterEMult is a global
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scaling factor. All values of electrostatic potential at nods are multiplied by EMult when
they are loaded into the program. This factor is useful if yowant to investigate scaling with
applied voltage without regenerating theEStat solution. The EStat le must be available in
the working directory. The z axis in the eld solution corresponds to thez axis for particle
tracking in Trak. A solution with cylindrical symmetry has eld componentsE, and E,. The
program determinesEy and E, for tracking from E, from the particle position. A planar
solution has eld componentsE, and Ey with E, = 0:0.

Note : In runs with both electric and magnetic elds, the eld soluions must have the same
symmetry - planar or cylindrical. In cylindrical simulations, both the electric and magnetic
solutions must share the same axis.

SHIFT E ZEShift

SHIFT(E) = -5.67

This command with the string parameterE moves nodes in the electric eld mesh along the
direction (planar) or z direction (cylindrical) according to

Znew = Zold T Zeshift - (5)

Enter the real-number parameterZEShift in the current units set by the DUnit command. As
an example, you could use this command to make small changegshe position of the electric
solution relative to a magnetic solution to optimize beam ntahing to a magnetic focusing
system. The command is also useful in simulations of partcimotion through a periodic
focusing system. Here, you can split the particle simulatiomto several stages with shifted
eld solutions.

MODFUNC E TABLE FileName [To Tmult Fo Fmult]

MODFUNC(E, TABLE) = StepFunc.WAV

You can use the form of theModFunc command to add an arbitrary temporal modulation of
electric elds. This capability may be applied only in theTrack tracking mode. The keyword
Table designates that a tabular function will be imported from a k. The quantity FileName
is the full name of the le (available in the current directory). The le consists of data lines
that de ne the time variation of a function.

Temporal tables have the format:
t1 fe(tl)
2 fe(t2)
t3  fe(t3)

tn  fe(tn)
ENDFILE

Values oft should be in units of seconds and values bf(t) may be in any relative units. The

number of data lines should be less than or equal to 256. If thetional real-number parameters
To , Tmult, Fo and Fmult appear, values in the table are modi ed according to
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tcode = Tmuit tian + Tors ; (6)
fcode = Fmuit fran + Forr (7)

The modulation le follows the standard rules forTriComp tabular functions. You can
use any of the standard delimiters to separate quantities dhe line including Spaceand Tab.
Comment lines (beginning with an asterisk) may be included\ote that all particle orbits start
from their initial position at t = 0:0. Using the elapsed time of an orbit, the program applies
a cubic spline interpolation to nd f¢(t). The table values should de ne a smooth function with
continuous rst derivatives. All electric eld components ae then multiplied by f¢(t).

By default, Trak interprets the table as a periodic function. If the elapsedrme of an orbit
exceeds the maximum time on the tableJrak returns to the beginning. To illustrate, if the
orbit time is t = 5:0 ns and if the maximum time value in the table idx = 4:0 ns, thenf is
evaluated at 1.0 ns. If you want to apply a single electric-ld pulse with zero elds thereafter,
be sure that the nal entry in the table is of the form

tmax 0.0

wheretmax IS larger than the longest particle transit time.

MODFUNC E > Function

MODFUNC(E) > 10.0 + cos(3.1416*$t/25.6)

De ne a modulation function for electric eld values from a nmathematical expression. The
symbol > designates that a function string occupies the remainder diie line. The function

may be up to 230 characters in length and follows the format deribed below. The function
de nes a variation in time, f (t). The parser uses the Perl standard for the time variable:t$
stands fort.

Trak incorporates a exible and robust algebraic function intgoreter. A function is a string
(up to 230 characters) that may include the following entits:

The time variable $t.

Real and/or integer numbers in any valid format é.g, 3.1415, 476, 1.367E23 6.25E-02,
8.92E+04... ). Integers are converted to real numbers for evaluatio

Binary operations: + (addition), - (subtraction), * (multiplication), / (division) and *
(exponentiation).

Functions: abs (absolute value), sin (sine), cos (cosine), tan (tangent), In (normal
logarithm), log (base 10 logorithm),exp (normal exponent) andsqgt (square root).

Up to 20 sets of parentheses to any depth.

Any number of space delimiters.
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The parser conforms to the standard algebraic rules and fesés comprehensive error checking.
Errors may include unbalanced parentheses, unrecognizedaacters and sequential binary
operations. To illustrate a valid example, the expression

1 - exp(-1.0%(($t"2)/24))

corresponds to

1 exp — 8)

CHANGEPOT RegNo PotNew

CHANGEPOT(6) = 25000.0

This command can be used to change the potential of a individuelectrode. The quantity
RegNo (integer) corresponds to the region number de ned iMesh . The region must have the
xed-potential property. The quantity PotNew (real) is the new value of potential (in volts).
You can include multipleChangePotcommands in the le. After all electrode values are set, the
program performs a relaxation operation to correct valuesf potential at intervening variable
points.

Note : If you modify the electric eld solution with the EMult parameter, Shift command or
ChangePotcommand, be careful when creating plots. If you load the orital applied eld, the
eld display will not correspond to elds used to compute theparticle orbits. Use theEDump
command in theDiagnostics section to make a record of the modi ed electric eld.

6.3 Controlling electric eld recalculation

The following commands control the iterative procedure ugeto update the electric eld so-
lution. Updates are required if theChangePotcommand appears or if e ects of beam space
charge must be included $Charge RelBeam FEmit and Plasma tracking modes).

MAXCYCLE MaxCy

MAXCYCLE = 2500

The integer quantity MaxCycleis the maximum number of iteration cycles in the matrix solubn
for the eld. Larger values usually give higher accuracy. Té default values aredMaxCycle =
2500 for initial adjustments in response to th&€hangePotcommand andMaxCycle = 250 for
eld relaxations on each tracking cycle in theSCharge RelBeam FEmit and Plasma tracking
modes

OMEGA Omega

OMEGA = 1.95

The guantity Omegais the successive over-relaxation factor for the electrield solution. Assign
a value in the range 0.0 to 2.0. Values close to 2.0 usually gifaster convergence. Lower the
parameter if the solution fails to converge. If th@Odmegacommand does not appeaffrak uses
default values determined by the Chebyshev prescription.
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RESTARGET = ResTarget

RESTARGET = 1.0E-8
The residual is the relative error in the electric eld soluion and should approach a small

value compared to unity. The electric eld relaxation termnates if the residual falls below the
guantity ResTarget (real) or if the number of relaxation cycles exceeddlaxCy. The default

value isResTarget=1:0 10 ’.
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7 Magnetic eld input and control

7.1 Loading PerMag solutions

The commands to load and to modify magnetic eld solutions eated by PerMag are similar
to those used for electric eld les.

BFILE: FileName [BMult]

BFILE = MLENS.POU (1.4)

This command loads a magnetic eld solution created with Pédag. The quantity FileName
is the full name of the le (i.e., SOLENOID.PPDOhe optional real-number parameteBMult is
a global eld scaling factor. Values of vector potential at bh nodes are multiplied by BMult

when they are loaded into the program. This factor is useful you want to investigate scaling
with applied magnetic eld without regenerating thePerMag solution. The solution le must
be available in the working directory. Thez axis in the eld solution corresponds to thez axis
for particle tracking. A solution with cylindrical symmetry has non-zero eld component®,

and B, while the components from a planar solution ar&, and By.

SHIFT B ZBShift

SHIFT(B) = 0.05

The Shift command with the key symbol B moves nodes in the magnetic elshesh along the
x direction (planar) or z direction. Enter the real-number parameterZBShift in the units set
by the DUnit command.

MODFUNC B TABLE FileName

MODFUNC(B,TABLE) = SlowRise.PLS

MODFUNC B > Function

MODFUNC(B) > 0.566 + sin(($t + 5.0E-8)/1.2E-7)

The ModFunc command with the key symbolB adds time variations to magnetic elds. Mod-
ulation functions were described in Sec6.2 The capability may be applied only in theTrack
tracking mode.

You should note the following facts about time variations omagnetic elds:

The modulation function is applied to the total magnetic el calculated from all sources.

Trak simply multiplies static eld values by the modulation fundion and makes no checks
that the resulting time-dependent elds approximate a soltion to Maxwell's equations.
You must ensure that the eld values are physically valid.
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Table 4: Example of a tabular listing ofB,(0; z)

* Table from SOL_LENS.BOU

SYMMETRY: Cylin
-0.000E+00  4.421E-06
-8.852E+00  5.926E-05
-8.703E+00 1.173E-04
-8.555E+00 1.780E-04

9.258E+00 1.014E-04

9.406E+00  7.838E-05

9.555E+00  5.670E-05

9.703E+00  3.685E-05

9.852E+00 1.767E-05

1.000E+01 7.111E-11
ENDFILE

7.2 Alternate magnetic eld sources

In contrast to electric elds, Trak can combine several sources of magnetic elds. The eld
components are additive when multiple sources are de ned.

BTABLE = FileName Zo Zmult Bo Bmult

BTABLE = Bucking.DAT (2.0, 1.0, 0.0, 300.0)

Trak can derive elds from expansions based on a table of valuegtod on-axis magnetic eld in
both planar and cylindrical geometries. The string paramet FileName is the full name of a le
with the formal described below. Optionally, you may supplyour real numbers as parameters

in the command: Zo , ZMult, Bo and Bmult. The parameters modify table values entered in
the program according to

Zprog = Ziutt Ztab + Zoft ; 9)
szrog = Bmut Bztab + Bort : (10)

Table 4 shows an example of a magnetic table . The table may containnsment lines,
data lines, anEndFile command and aSymmetry command. The Symmetry command must
be the rst non-comment line in the le and has the parameter<Cylin or Rect In the Cylin
option, the data lines contain values ot and B,(0; z). In the Rect option enter x and B4 (0; x).
The adjusted values oz should be in the current spatial units de ned byDUnit and B,(0; z)

should be in tesla. The le may contain up to 256 data and musterminate with the EndFile
command.

Note : Trak uses cubic spline interpolation to analyze the on-axis magtic eld. The method
supplies only rst and second derivatives. Therefore, theugntities B, (r; z) and By (y; x) vary
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linearly in r ory. You must use a nite-element magnetic eld solution to invetigate e ects of
non-linear eld variations.

BUNI = Bx0 ByO Bz0

BUNI = (0.25E-4 0.0 0.0)

This command de nes spatially-uniform magnetic eld compoents. The feature could be used,
for example, to simulate the e ects of the earth's magneticeld on an electro-optical device.
Enter magnetic eld values in tesla. Note that uniform eld canponents may be used only in
the Track tracking mode.

BTHETA AxisCurr RWire

BTHETA = 1200.0 (0.001)

This command adds a toroidal magnetic eld generated by an eaxis wire. One application of
the feature is modeling wire transport of an intense electnobeam. The eld is uniform in z.
The quantity AxisCurr is the wire current in amperes. Use a negative value for a cunten
the -z direction. The quantity RWire is the wire radius in units de ned by DUnit. The wire
radius does not a ect the eld calculation. It is used to estinate particle losses on the wire.
An orbit stops if it reaches a radius less thaiRWire .
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8 Single-particle tracking

8.1 Command functions in the Track mode

In this chapter we proceed to commands that may appear in thearticles section of the input
script under the Track mode:

PARTICLES TRACK
(Commands)
END

In this mode Trak calculates orbits in thesingle-particle limit. The term implies that the
elds created by the particles are negligible compared to thapplied elds (.e., low-current
beams). In this case, each particle can be treated indepentg and the calculation of orbits is a
straightforward process. Allowed commands in thBarticles Track section serve ve functions:

Set starting points for particle orbits.

Control orbit integrations.

De ne region material properties relevant to orbit tracking.
Set conditions for orbit stopping.

Control diagnostic listings that can be generated during bit integrations.

Many of the commands in the last four categories appear in garticle and eld-line tracking
modes.

8.2 Starting particles from a list

The simplest way to start particles in theTrack mode is through list input. Here you specify the
species, kinetic energy, start position and direction ofdm 1 to 20000 particles. Two commands
are used for list input:

PLIST
This command signals that a list of particle starting paramiers follows in the control script.

The following example illustrates a standard patrticle list
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PLIST

* Mass Chrg Eng X y z (04 py pz
0.0 -1.0 0.7399E6 0.1 0.0 -8.0 0.00 0.00 1.00
0.0 -1.0 0.7399E6 0.2 0.0 -9.0 0.00 0.00 1.00
00 -1.0 0.7399E6 0.3 0.0 -9.0 0.00 0.00 1.00
0.0 -1.0 0.7399E6 0.4 0.0 -9.0 0.00 0.00 1.00
00 -1.0 0.7399E6 0.5 0.0 -9.0 0.00 0.00 1.00
0.0 -1.0 0.7399E6 0.6 0.0 -9.0 0.00 0.00 1.00
00 -1.0 0.7399E6 0.7 0.0 -9.0 0.00 0.00 1.00
0.0 -1.0 0.7399E6 0.8 0.0 -9.0 0.00 0.00 1.00
00 -1.0 0.7399e6 0.9 0.0 -9.0 0.00 0.00 1.00
0.0 -1.0 0.7399E6 1.0 0.0 -9.0 0.00 0.00 1.00
00 -1.0 0.7399e6 1.1 0.0 -9.0 0.00 0.00 1.00
00 -1.0 0.7399E6 1.2 0.0 -9.0 0.00 0.00 1.00
0.0 -1.0 0.7399E6 1.3 0.0 -9.0 0.00 0.00 1.00
00 -1.0 0.7399E6 1.4 0.0 -9.0 0.00 0.00 1.00
0.0 -1.0 0.7399E6 15 0.0 -9.0 0.00 0.00 1.00

END

The maximum number of lines is 20000. Comment lines (startinwith an asterisk) may be
included. Each data line contains nine real numbers to rement the following quantities:

Mass. The particle mass in AMU (one atomic mass unit corresponds th660538782
10 27 kg). An entry of 1.0073 designates a proton. If 0.0 appears ihé column, the
program inserts the value for an electron. A run in th@rack mode may contain particles
with di erent values of Mass and Charge

Charge . The particle charge in units of e (360210 10 *° coulomb). An ion has charge
+1.0 and an electron has charge -1.0.

Energy . The initial particle energy in eV (1 electron volt = 1:60210 10 *° joules).
Position . The particle position (X,y,z) in units set by the current value ofDUnit.

Direction . Normalized momentum fractions (i, uy,u;) that give the direction of particle
motion. Here,uy = px=pota - Trak will normalize the numbers; therefore, the sum of the
squares of the components need not equal to unity. To represan initially-stationary
particle, setEnergy = 0.0 and uy = uy, = u, = 1:0.

The list must terminate with an End command.

PFILE = FPre x

PFILE = RunO1

Trak can read particle starting point information from a text le rather than from the control
script. The parameter FPre x is the pre x of a le with a name of the form FPREFIX.PRT
in the current directory. The le contains from 1 to 20000 paticle data lines in the format
described above terminated by aficnd command. Lines may incorporate any of the standard
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TriComp delimiters including spaces and tabs. The le may iolude comment lines (beginning
with an asterisk) and text in any formal after theEnd command.

You can prepare standard particle les EPrefix.PRT ) with text editors, spreadsheets or
your own programs. OutputPRTles from Trak may be used as input to a subsequent run.
Files of high-energy electrons may be transferred to theamBet Monte Carlo code. It is
also possible to generate les automatically to represent aariety of distributions using the
GenDist utility program. GenDist can also readPRT les created by Trak to generate
statistical analysis and distribution plots. Finally, youcan useGenDist to Iter distributions
to remove unwanted patrticles.

8.3 Starting particles from an emission surface

Emission surfaces are critical to the operation ofrak in the SCharge RelBeam FEmit and
Plasma tracking modes. Emission surfaces are useful in ti@gack mode for a speci c appli-
cation: generation of a distribution of particles with zerokinetic energy from electrodes or
surfaces of arbitrary shape. Emission surfaces can be enyplb only in calculations that in-
clude an electric eld. In a pure magnetic eld, particles wih zero kinetic energy would simply
remain at the same position.

This section addresses the following questions:

What is an emission surface?
How do you create an emission surface in Mesh?
How doesTrak identify an emission surface and generate particles?

How can you control emission surfaces througirak commands?

An emission surface is simply a contiguous line region in théeetric eld mesh. To review,
in the Mesh program a line region is one that does not have thieill keyword in the Region
command. In this caseMesh assigns the region number to nodes along the lines and arcatth
constitute the boundary, but the program does not change thelentity of bordering elements
(Fig. 18). A line region need not outline a closed volume. In th8Charge RelBeamand FEmit
modes, the line region must be on the surface of a xed-poteak lled region so that Trak
can apply the correct emission physics. We can envision thtte line region paints a portion
of the electrode surface to de ne the area of emission. Ema@s surfaces are more exible in
the Track mode - the line region may be on the surface of an electrode athan the volumes
of dielectric and vacuum regions. If the line region is on theurface of an electrode, set it to
the xed-potential condition in EStat and assign the same potential as the electrode. With
these settings the presence of the emission surface will parturb the electric eld solution.
Similarly, a line region in a dielectric volume should be agmed the same value of relative
dielectric constant ,.

If region numberNReg is de ned as an emission regiornirak searches the mesh and collects
all nodes with that number. The program then creates a list ofmission facets: element sides
that connect two emission nodes (Figl8). Trak attempts to place the facets in a logical
connected order starting from the node nearest the axis anten checks that the facets form a
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Figure 18: De nition of an emission surface on a conformaliamgular mesh.

contiguous set. If we specify that one particle should be @ted per segment, the code nds the
midpoint of each facet. If the facet has dielectric elements both sides {.e., the electric eld at
the midpoint is non-zero), the location is used as the startg point for the particle orbit. If one
element has the xed-potential condition, the code moves themission point slightly into the
dielectric element for a valid eld interpolation. Trak issues an error message if both elements
adjacent to an emission facet are part of a xed-potential igion. To create multiple particles
per facet, the code rst divides each facet into a number of gments and then starts particles
from the midpoints of the segments. Emission surfaces canvieaarbitrary shape; therefore,
emission points may not be uniformly spaced.

The following commands control emission surfaces in tAeack mode.

EMIT NReg Mass Charge NPerSeg

EMIT(5) = (0.0, -1.0, 3)

This command states that nodes with region numbexXReg constitute an emission surface. The
real number parameterdMlass and Chargegive the mass and charge of the particles that will be
created. Enter the mass in AMU. If 0.0 appears in the column, thprogram inserts the value

for an electron. The quantity Chargeis the particle charge in units of fundamental charge. An
ion has charge +1.0 and an electron has charge -1.0. Note thatly one particle species can be
created on an emission surface. You can de ne several engassurfaces in a run, each with a
di erent particle species. The nal integer parameter,NPerSegq is the number of segments per
facet. For example, the choic®& P erSeg= 3 instructs the code to create three particle orbits

per facet.
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START NReg XStart YStart

START NReg ZStart RStart

START(5) = (0.0, 5.0)

In processing an emission surfackak must start with a node at the end of the line region to
arrange the facets properly. Sometimes the end point may nbe the point closest to the axis,
or there may be an ambiguity (such as a horizontal line). Theotle issues an error message if
facet ordering fails. You can correct the problem by activeglsetting the endpoint of the line
region. The integer parameteNReg is the region number of surface. Enter the coordinates of
a point close to the end in units set by the current value dDUnit. To x problems, note that
Trak records information on the selection of facets and the ordeg procedure in the listing le
FPrefix. TLS .

8.4 Controlling orbit integrations

The following commands control the numerical solution of p#cle orbits.

DT Dt

DT = 1.0E-12

This command sets the integration time step (in seconds). @erally, the quantity Dt should
be less than the minimum time it takes for a particle to crossraelement. Lower values give
higher accuracy but extend the run time. If the command doesohappear, Trak makes a guess
based on estimates of the minimum element size and maximumrpele velocity. The velocity
is determined by checking the initial kinetic energies anat the maximum change in potential
energy in the solution space. In solutions with a magnetic ld, it is essential that the time
step is much smaller than the gyration period:

2 2m
t == % (11)
Iy gB
In Eq. 11, B is the maximum value of magnetic ux density. The particle ha relativistic energy
factor , chargeqand rest masang. In solutions with strong magnetic elds, you should always

set Dt manually, ensuring that it satis es Eq. 11

DT DTRef MASS

DT = 2.3E-8 (MASS)

This form of the Dt command includes the keywordMass The form must be used whenever
a simulation contains particles with di erent masses. The gantity DtRef is a reference time
step for particles with a mass of 1.0 AMU (atomic mass unit). Té actual time step used for a
particle orbit is given by

t= poet; (12)
Mo
wheremy is the particle rest mass in AMU. Therefore in a mixed simulatio with protons and
electrons the time step for electron orbits will be about 1/3 of the time step used for the
protons. As an example, consider the calculation of electr@xtraction and ion back- ow in a
gun with 250 kV applied voltage. Suppose the minimum elemesize is 1.0 mm. The maximum
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velocity of a proton would be 692 1P m/s. Therefore, we set t, = 0:001=(6:92 10° =
1:44 10 19 seconds.

TMAX TMax

TMAX = 3.0E-9

This command sets the maximum duration (elapsed time) of oiis. Enter TMax in seconds.
A common use of the command is to prevent in nite calculatiom in a system with closed
orbits. In the event an orbit exceeds the maximum durationJrak determines its nal position

and momentum by an accurate interpolation toTMax. This feature is useful for analyzing
isochronous systems. The default value B = 1 .

DMAX DMax

DMAX = 15.0

This command sets a maximum total length for orbits. Enter tle distance in units set byDUnit.
When the distance exceedB ., the code determines the stopping point by interpolation so
that all orbits have almost exactly the same length. This comand gives an alternate way to
prevent in nite orbits. The default value iSDpax = 1 .

NTRACKMAX = NTrackMax

NTRACKMAX = 400

This command sets the maximum number of integration steps.tsl main use is to prevent
in nite orbits. The default value is NTrackMax = 20; 000.

The following two commands set specialized controls { it isnlikely that you will need to
use them.

INTERP E [LIN,LSQ]

INTERP B [LIN,LSQ]

INTERP BB [LIN, LSQ]

INTERP(B) = LIN

By default Trak uses a second-order least-squares t procedure to calce&iectric and applied

magnetic eld during an integration (LSQ option). This setting should be suitable for almost all
runs. TheLIN option activates a simple linear routine that returns a unibrm value of electric

eld, applied magnetic eld or beam-generated magnetic e in each element. Although it

yields reduced accuracy, th&IN option may be useful if the solution volume includes small
enclosed regions. In &ul de sa¢ the program may have di culty locating enough points to

make theLSQ t.

NSEARCH E NSearchE

NSEARCH B NSearchB

NSEARCH(E) = 3

Trak must identify elements in the electric and/or magnetic eldmeshes occupied by parti-
cles during orbit integrations. The procedure is challengg on the conformal meshes used in
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TriComp because there is no unique relationship between a node'sewdand its position.
Therefore it is necessary to check individual elements. Rhermore, separate searches must
be performed for the calculations of electric and magneticelds because they are de ned on
independent meshes. To speed the proceBsk uses a fast search procedure. The elements
occupied by the orbit starting point are located by full seathes on each mesh. In subsequent
steps, local searches are made in the vicinity of the last agted element. The parameter
N SearchE governs the width of the local search region in the electriceld mesh. For a good
choice ofDt, the code defaults ofNSearchE = NSearchB = 6 are su cient. You can speed
up integrations by choosing a smaller value. Larger valuesaynbe necessary if a mesh contains
regions with very small elements.

8.5 Stopping conditions

The implementation of precise stopping conditions is a ciital component of a charged-patrticle
simulation. For example, you may want to determine whether particle strikes a detector and
then to nd the exact particle parameters at the impact point Similarly, in characterizing a
lens we want a precise prediction of beam properties in a panormal to the axis. This section
describes the wide variety of available methods to stop pactes in Trak .

We shall rst address orbit termination at region surfacesn the nite-element meshes.
Regions in the electric and/or magnetic eld meshes can be sagned one of three properties
that a ect particle transport.

Vacuum . Particles move unimpeded through/acuum elements.
Material . Particles stop when they enter dMaterial element.

Secondary . This feature applies only to electron tracking. Electronare re-emitted when
they enter aSecondaryelement. The process of secondary emission is describedetad
in Chap. 14.

When a patrticle enters aMaterial or Secondaryelement, Trak employs a sophisticated proce-
dure to project the orbit back to the entry surface to nd the nal or re-emission position.

Trak makes default assignments of region material propertiesn the electric mesh, all
elements with , = 1:0 are set asVacuum, and all elements with xed potential or , 6 1:0
are set asMaterial. In the magnetic mesh elements with , = 1:0 are initialized asVacuum,
and elements with xed vector potential or . 6 1:0 are Material. You can use the following
commands to change the assignments.

VACUUM E RegNo

VACUUM(E) = 2

VACUUM B RegNo

VACUUM(B) =5

These commands set all elements with region numbBegNoin the electric or magnetic mesh
to the Vacuum condition.
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MATERIAL E RegNo

MATERIAL(E) = 4

MATERIAL B RegNo

MATERIAL(B) = 1

This command sets all elements with region numbd&tegNoin the electric or magnetic mesh to
the Material condition.

SECONDARY E RegNo DeltaMax0 EngMax0

SECONDARY(E) = 8 2.35 300.0

SECONDARY B RegNo DeltaMax0 EngMax0

SECONDARY(B) = 3 1.2 250.0

This command sets all elements with region numbd&tegNoin the electric or magnetic mesh to
the Secondarycondition. Chapter 14 discusses the properties of secondary emission materials
and the interpretations of the additional parameters.

The next set of commands controls the de nition of special phes in the solution space to
stop, to diagnose or to re ect particles. Normally the locatn of the plane should be inside
the common volume de ned by the electric and/or magnetic ed meshes. If the script contains
the Boundary command in theFields section, the planes may be located anywhere inside the
speci ed boundary area.

STOP [UP,DOWN] [X,Y,Z,R] StopPosition

STOP(UP, X) = 5.50

Particle orbits terminate when they cross a stopping planeTrak projects the orbit back to
the plane to nd precise values of nal position, momentum, otal distance and elapsed time.

The Stop command has three parameters with the following options:

UP, DOWN. The string parameter sets the direction of particle motioralong the axis
normal to the stopping plane.

X, Y, Z, R. The string parameter speci es the axis normal to the stoppg plane. Note
that the R option can function in simulations with both cylindrical and planar symmetry.

In the latter case, the program records parameters when theapicle crosses a circular
boundary in the x-y plane.

StopPosition The real-number parameter is the position of the stoppinglane along the
normal axis. Enter the value in units set by the current valueof DUnit.

As an example, suppose a source at= 0:0 creates electrons trapped in an axial magnetic eld.
We want to stop electrons if they reach an axial displacemef 5:0 cm from the source. In
this case, we include the commands

STOP (UP, 2) = 5.0
STOP (DOWN, Z) = -5.0
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DIAG [UP,DOWN] [X,Y,Z,R] DiagPosition

DIAG (Up, X) = 4.54

Trak records a set of nal particle parameters that are used in th®iagnostic commands
discussed in Chapl5. The values may also be recorded in a standard particle le ung the
PartFile command. Sometimes it is useful to record these parametensdathen to continue
the particle orbits. For example, suppose you want to nd thedistribution at the waist point
of a high-current beam. If the particles stopped at the waistthe electrostatic elds would
be incorrect because there was no downstream space-chargsigmment. In this case you
can de ne aDiag plane. When a particle crosses such a plan&ak records interpolated
particle parameters in the plane and continues the orbit uiita stop condition occurs. Allowed
parameters are the same as those for ttf&top command. You can de ne multipleDiag planes
- note that parameters are recorded at the last plane encowred.

RECORD [UP,DOWN] [X,Y,Z,R] RP1 RP2 ... RPN

RECORD (Up, Z) = 19.0 20.0 21.0

With this command you can record precise particle parameteiat a number of positions normal
to an axis. There are three di erences from thdiag command: 1) you can de ne up to 10
record planes, 2) the information is transferred to multigd PRTles during the orbit integrations
and is not available for operations with commands of the Diagstics section and 3) only a single
Record command may appear in the script. The second and third stringarameters specify the
direction of particle motion and the axis for normal planesin cylindrical simulations the most
common choice would b&P Z. Up to 10 real-number parameters may follow giving the posiths
along the axis for diagnostics. If there are three entrieSrak opens three les with names of
the form RunName0Ol.PRRunName02.PRAnd RunName03.PRand records values of energy,
position and momentum as each particle crosses the corresgimg planes. In simulations of
the type SCcharge RelBeam FEmit and Plasmag data are recorded only on the nal cycle.

The following rules apply to theRecord command:

The le may contain only one Record command. Therefore, all planes are normal to a
single axis.

The positionsRP 1, RP2, ..RPN must appear in order of increasing value for th&P
option or decreasing value for th&©OWN option.

The command must contain between 1 and 10 position values.

For the UP option, particles with starting positions less thanRP 1 will not be recorded
in any of the les. For the DOWN option, a particle must start at a position aboveRP 1
to be recorded.

The recording process may not function correctly if the spaty between planes is less
than the particle integration step size.
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REFLECT [UP,DOWN] [X,Y,Z,R] Re ectPosition

REFLECT (Down, Y) = 0.0

Re ection planes are useful to simulate periodic systems thisymmetry in both the elds and
particle motions. When a patrticle crosses a re ection plandrak projects its position back to
the plane and reverses its momentum normal to the plane. All@d parameters are the same
as those for theStop and Diag commands. Multiple Re ect, Diag and Stop commands may
appear in a control script.

8.6 Orhbit listings

The nal three commands control information that can be recaled during orbit tracking.

LISTON NStep [P,E,B]

LISTON (2, B)

This command initiates records of orbits in the listing le RUNNAME.TLShis information is
more detailed than the simple coordinate data recorded in ¢hplot le (RUNNAME.T)OThe list
option is normally deactivated because complex runs coulémgerate huge listings. The optional
parameterNStepis the number of integration steps between records. The ophal key symbol
P, E or B determines the type of information recorded. Under th® option (the default) the
data lines contain the following quantities: step number, lapsed time, coordinates (in units
set by the current value of DUnit), total distance, and normaked momentum components
(Prorm = p=mqc). In the eld modes (E and B) Trak records coordinates of the integration
points and the calculated eld components. An extract from a le is shown in Table5. The
ListOn command is valuable for debugging runs and checking eld ietpolations along particle
trajectories.

ORBINFO

Use the OrbInfo command on those occasions when particles mysteriously stor refuse to
move. When the command is issue@irak writes a record in the listing le of the orbit termi-
nation status. Table 6 shows an example.

PLOTOFF

This command suppresses generation of the plot IIRUNNAME.TOliis feature saves disk
space and time if you are making a run with a large number of picles and you are interested
only in the starting and ending parameters.
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Table 5: Extract of orbit list under the E option

Tracking particle number 2
NTrack t X y z

0 0.0000E+00 5.0000E-02 0.0000E+00 -2.4990E+00
5 4.0997E-11 5.0012E-02 0.0000E+00 -2.2599E+00
10 8.1993E-11 5.0105E-02 0.0000E+00 -2.0223E+00
15 1.2299E-10 5.0400E-02 0.0000E+00 -1.7873E+00
20 1.6399E-10 5.1073E-02 0.0000E+00 -1.5574E+00
25 2.0498E-10 5.2292E-02 0.0000E+00 -1.3364E+00
30 2.4598E-10 5.3994E-02 0.0000E+00 -1.1286E+00

0.0000E+00 -9.0412E+00 0.0000E+00 3.8246E+04
2.3908E-01 -2.7417E+03 0.0000E+00 5.0646E+04
4.7669E-01 -6.7280E+03 0.0000E+00 9.1283E+04
7.1166E-01 -1.2867E+04 0.0000E+00 1.7572E+05
9.4158E-01 -1.9363E+04 0.0000E+00 3.1533E+05
1.1626E+00 -1.7718E+04 0.0000E+00 4.7408E+05
1.3704E+00 -2.4400E+03 0.0000E+00 5.5682E+05

Table 6: Example of a termination statement

Termination status of particle number 2

Orbit outside the boundary of the electric field solution
Final position: [ 5.4806E-03, 0.0000E+00, 3.9995E+00]
Final momentum: [ -2.0874E-03, 0.0000E+00, 1.9884E-01]
Final kinetic energy:  1.0006E+04
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8.7 Particle starting times

In Track mode runs that include modulations, the default conditiond that all particles start
att =0:0 s. You can specify individual particle start times relatie to the modulation function
by adding a column to particle lists or les. In this case, thedata lines have the form:

PLIST
* Mass Chrg Eng X y z (04 py pz ts

0.0 -1.0 0.7399E6 0.1 0.0 -8.0 0.00 0.00 1.00 O0.0E-6
0.0 -1.0 0.7399E6 0.2 0.0 -9.0 0.00 0.00 1.00 O.1E-6
0.0 -1.0 0.7399E6 0.3 0.0 -9.0 0.00 0.00 1.00 0.2E-6
0.0 -1.0 0.7399E6 0.4 0.0 -9.0 0.00 0.00 1.00 O0.3E-6
0.0 -1.0 0.7399E6 0.5 0.0 -9.0 0.00 0.00 1.00 0.4E-6

END

Specify the start time in units of seconds. If an entry is migsg, Trak takes the defaultts = 0:0
s. When a start time is given, the modulation function is evalated during an orbit trace as:
fe(t+ ts); fp(t+ to); (13)

wheret is the elapsed time from the initiation of the particle traceand ts is the start time.
The adjusted time is recorded in particle lists in theTLS le and in the TOUle, Note that any
particles that start from an emission surface have, =0:0 s.
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Figure 19: Field lines generated from an emission surface the left electrode.

9 Tracking electric- eld lines

9.1 Script commands

This chapter reviews tracing of electric eld lines inEStat solutions. Trak employs advanced

interpolation techniques to nd precise intersection poits of eld lines with the solution bound-

ary or electrode surfaces. This section discusses controhmenands for the mode, while the

second section describes special features for applicattorion mobility mass spectrometry.
Allowed commands in theParticles Fline section serve three functions:

Set starting points for traces.
Control the trace integration.
Specify listing- le diagnostics.

We begin with commands to initiate eld line traces.

FLIST

This command signals that a list of starting positions folles in the control script. Table 7
shows an example of a completeList structure. The maximum number of lines is 20000. Each
data line contains four real numbers. The rst three Kstart , Y start, Zstart) give the initial
position in units set by the current value ofDUnit. To ensure a valid initial eld interpolation,
the point must not be inside a xed-potential element. To ava errors, make sure that the
starting positions are displaced a small distance into theielectric region from the electrode
surface. The quantity P olarity determines the direction of integration. It may assume the
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Table 7: Field line list structure

FLIST
*  Xstart Ystart Zstart Polarity

values 1:.0. For Polarity = +1:0, the integration proceeds along the direction of positive
electric eld (i.e., from positive to negative potential). TheEnd command signals the end of
the list.

FFILE FPre x

FFILE = PReactor

Trak can read eld-line starting points from a le rather than the control script. This feature

is useful if there are a large number of starting points or ifou want to use the same starting
points in several di erent solutions. The paramete~Pre x is the pre x of a le with a name

of the form FPREFIX.FLDn the current directory. Data lines in the le have the same drmat

as those of theFList structure. The le list must terminate with a line containing the End

command.

You can also start eld lines from emission surfaces usinggfemit command. This feature
is particularly useful for eld lines because we often wantat nd the destinations of lines that
start from di erent positions on an electrode. The line regins that de ne emission surfaces
can be placed on an electrode or they may follow arbitrary plas in a dielectric region. If an
emission segment is on an electrod@&rak picks a starting point slightly displaced into the
adjoining dielectric element. The mechanics of identifygnan emission surface was described in
Sect.8.3

EMIT NReg NPerSeg [Polarity]

EMIT(5) 3 -1.0

This command states that facets connecting nodes with regicmumber NReg constitute an
emission surface. The integer parametéd P erSegis the number of segments per facet. The
quantity Polarity (equal to 1:0 determines the direction of integration. The default is +10.

56



START NReg XStart YStart

START(5) = (0.0, 5.0) Trak orders emission facets in a continuous line starting from ¢h
end. By default, the program starts from the node closest tdhe axis {/min Or r'min ). If there is
any ambiguity, use this command to set the endpoint of the emssion surface associated with
region NReg.

The following command controls the line integral:

DS Ds

DS = 0.015

Set the spatial step size for eld line integrations. Enter lie distanceDs in units set by the
current value of DUnit. Smaller values ofDs give higher accuracy. If the command does not
appear, Trak picks a default equal to the diagonal length of the electraatic solution space
divided by 500.0.

Several commands introduced in Chag® for integration control in the Track mode may also
be applied:

DMAX = DMax
NTRACKMAX = NTrackMax
NSEARCH E NSearch
INTERP E [LIN,LSQ]

Field lines terminate if they leave the volume of the electri eld solution or enter a xed-
potential region. You can de ne additional stopping condibns with the following commands:

STOP [UP,DOWN] [X,Y,Z,R] StopPosition
DIAG [UP,DOWN] [X,Y,Z,R] DiagPosition
REFLECT [UP,DOWN] [X,Y,Z,R] Re ectPosition

Finally, the following commands can be used to write diagntis information to the listing le.

LISTON NStep

LISTON (2)

In contrast to the Track mode, the listing le data lines in the FLine mode always contain the
point coordinates and components of the calculated eledatrield. The key symbolsP, E and
B are ignored.

ORBINFO

This command gives a record if the termination status of theeld line. To gage the accuracy of
the integration, Trak also records the di erence in e&ectrostatic potential beteen the starting
and stopping points compared to the line integral E dl. Table 8 shows an example of a
termination listing.
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Table 8: Termination listing for an electric eld line

Termination status of field line number 3

Point inside fixed potential region
Final position: [ 1.0000E+00, 0.0000E+00, 1.0001E+00]
Accuracy check

Phi(Initial): -5.0000E+03

Phi(Final):  5.0000E+03

Phi(Final)-Phi(Initial): ~ 1.0000E+04

Integral -Edl:  9.9991E+03

Figure 20: Principle of the ion-mobility time-of- ight spectrometer.
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9.2 lon-mobility spectrometry

Trak includes a useful feature to aid in the design of time-of- if ion-mobility spectrometers.
Figure 20 shows the basic principle. The material to be analyzed is i@med in a gas background
(typically air at atmospheric pressure). A electric eld isapplied and the ions drift with velocity
vectorv = E, whereE is the electric eld vector (in V/m) and is the mobility (in m?/V-s).
Species with di erent mobilities separate in transit. With a known electric eld distribution,
the time-of- ight to a detector can be used to infer .

For reference, the absolute value of mobility is related to the reduced mobility  (de ned
at standard temperature and pressure) by:

3 760 T +273:15
- %P 27315
In Eq. 14, P is the pressure in mm of mercury and is the temperature in°C.
Because the drifting ions follow lines ok, the tracking capabilities of the FLine mode are
ideal for the application. In addition to calculation of iontrajectories, Trak computes the ion
time-of- ight for a given mobility. The time increment t for an ion to move a distance s is:

(14)

S S

t= —= —: 15
V) JE) (15)
The time-of- ight from point A to point B is therefore:
ZB ds
t = —. 16
=, e (16)

While tracing a eld line Trak computes the following integral to yield thenormalized
transit time:

Ze ds

= 17
A JE] (17)

aB = lag =
The quantity (in m?/V) depends only on the nature of the electric eld solution. The
properties of the background gas and ions are contained in Therefore, a knowledge of the
normalized transit time distribution completely characteizes the performance of a detector for
any |l gas or ion species.

Figure 21 shows an example of an ion-mobility spectrometer. An entraeqyrid, a set of
biased rings and a detector plane create a eld that increasén the z direction. The goal is to
capture ions and to compress the distribution to a small-draeter detector. The gure shows
equipotential lines and ion drift orbits (corresponding tcelectric eld lines) with entrance radii
inthe range Q0 r  1:2 cm. An orbit with an initial radius of 1.2 cm has radius 0.393r
at the detector, a 9.3:1 area compression. If tHeartList command appears in théiagnostics
section for a calculation in theFLine mode, Trak includes the statistical analysis of Table€
in the listing le. For the example, the average normalizedransit time is 4,4 = 2:68 10 6
m?/V. If the ion mobility is = 1:36 10 * m?/V-s, the predicted average transit time is
19.7 ms. The dispersion in normalized transit time is = 6:03 10 8 m?/V. Therefore, we
expect that the eld-magnitude and trajectory variations limit the detector resolution to about
R = avg = 2:25%.
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Figure 21: lon-mobility spectrometer { electrode geometrgand ion orbits.

Table 9: Example { statistical analysis for ion-mobility cdculations

Mobility statistics
Number of values: 12
Normalized transit time (Tau = Int(ds/|E]|)
Tau (average): 2.67762E-06 (m2/V)
Tau (stddev):  6.02967E-08 (m2/V)
Tau (minimum):  2.61802E-06 (m2/V)
Tau (maximum): 2.80662E-06 (m2/V)
Field line length
D (average): 1.00287E-01 (m)
D (stddev): 3.18367E-04 (m)
D (minimum):  9.99953E-02 (m)
D (maximum): 1.01023E-01 (m)
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10 Space-charge e ects and Child-law emission

10.1 List input for high-current beams

The SChargemode is used to model high-current non-relativistic elean and ion beams. In
this mode Trak calculates beam space-charge density while tracing patéicorbits. Electric
elds are then recalculated with the charge contributions bthe beam. Several iteration cycles
are necessary to nd a self-consistent combination of orlsitand elds. You can start particles
from a list or request that Trak create particles on emission surfaces and assign current to
satisfy the Child law (space-charge-limited emission) Thdata lines of the PList and PFile
commands (discussed in Sec8.2) have an extra entry to de ne the current (or current per
length in planar simulations) of the model particles.

PLIST

The PList command signals that a list of starting points follows in theontrol script. Each data
line contains ten real numbers representing the followingugntities: mass, charge, energy, start
coordinates §;y; z), direction vector (uy; uy;u,) and current. Except for the nal parameter,
the quantities have the same meanings as those discussedtfi@ Track option. In cylindrical
simulations the current of a model particle is distributed wer an annular region (extending from
Oto 2 in ) centered at the particle positionr. Enter the particle current in amperes. For an
injected beam of particles uniformly-spaced in radius withiniform current-density, the particle
current should be proportional tor; (the initial particle radius). In planar simulations, enter
the current per length (alongz) in units of A/m. Note that the current is always a positive
number. The direction of the current is given by the sign of ta quantity charge and the axial
velocity of the particle (v, or vy). Again, the End command terminates the list.

PFILE FPre x

PFILE = Rellnject This command has the same form as thBFile command in the Track
mode. The only di erence is the addition of the nal quantity current in each data line of the
le.

Note : In planar simulations in the SChargemode, thex axis must be the direction of average
beam motion. Furthermore, the solution must be symmetric atut y = 0:0. In a typical
simulation, you would model only the spacg > 0:0 and apply symmetry conditions aty = 0:0
(i.e., the Neumann condition for the electrostatic potential and ae ection condition for the
particles).

10.2 Self-consistent electric eld calculations

Self-consistent gun and transport calculations with beamenerated electric elds present a
challenge: particle orbits depend on the electric elds wia the elds depend upon the orbits
through the space chargeTrak employs an iterative approach, theay-tracing technique to
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solve the boundary-value problem. The program computes gte orbits in the applied electric
elds. The space charge associated with the orbits is then e to nd a modi ed solution of
the Poisson equation. Next, the orbits are recalculated in ¢hnew elds. The process continues
over several cycles until the solution converges. The folllmg commands control the cyclic
process.

NCYCLE NCycle

NCYCLE = 15

This command sets the number of orbit-tracking/ eld-recatulation cycles. The number re-
quired for convergence depends on the nature of the probler.simulation where the beam-
generated electric eld makes a small contribution to the ttal eld may converge in a few cycles.
On the other hand, a simulation where beam elds predominat@.e., a beam expanding in a
eld-free transport region) may require 10-30 cycles. In a ufti-cycle run, Trak writes listing

information in response to theListOn command and entries in the plot le only on the nal

cycle. One sign that a solution has converged is that the etac eld recalculation requires

fewer than the maximum number of cyclesMaxCycle command).

AVG Avg

AVG = 0.20

When beam-generated elds are strong it is necessary to adjuhe beam space-charge gradually
to achieve a convergent solution. Thévg parameter controls the degree of charge deposition.
It has a value between 0.0 and 1.0. On any cycle, the space1g®in an element is given by

Ghew = (1:0 Avg) Qug+ AVQ  Cheam: (18)

where gy, q is the previous value antean IS the value calculated from a sum over orbit traces
on the present cycle. For a small value oAvg you should use larger values diCycle. For
example, ifAvg = 0:15, then about 30 cycles would be required to ensure that thpace-charge
density was within 1% of its equilibrium value. The defaults Avg = 0:15.

Note : The same averaging factor controls current deposition ome electric eld mesh in the
RelBeamtracking mode.

AVG Avglnit NChange AvgFinal

AVG 0.20 10 0.05

This form for the Avg command is useful to aid convergence in solutions with coneglelectron
orbits that are sensitive to emission conditions (such asmihed-beam diodes). In this case,
high values ofAvg give large variations of emitted current between cycles. Ghe other hand,
large values ofNCycle are necessary to ensure convergence with low valuesAofy. A good
strategy is to use a relatively high initial value to set up arapproximate equilibrium, and then
to reduceAvg for good convergence. In this form of the command, the paratee Avglnit is the
initial value while AvgFinal is the nal value that is applied for cyclesNCycle NChange

For review, the following commands of thd-ields section (introduced in Sect.6.3) control
electric eld recalculations during each cycle:
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MAXCYCLE = 2500
RESTARGET = 2.0E-8
OMEGA = 1.95

10.3 Child law emission

In the SCharge mode, emission surfaces represent sources of electronsoas ithat operate
at the space-charge limit. As an example, an emission surfaceuld represent a thermionic
cathode when the extracted current density is below the saee limit. Trak automatically
creates model particles on the emission surface and assigmsent to satisfy the the Child law.
The condition is that the electric eld on the surface approehes zero. The numerical method
employed is described in S. Humphrie®\umerical modeling of space-charge-limited emission
on a conformal triangular mesh J. Comp. Phys. 125, 488 (1996) included with theTrak
package. Here we shall give a brief description of the proceduso you can understand the
functions of parameters in the related commands:

As in the Track and FLine modes,Trak creates a set of emission facets and determines
particle initiation points based on the value oNPerSeg

A numerical orbit calculation would not be possible if parttles were created on the emis-
sion surface. The Child condition of zero electric eld impés that zero-energy particles
would not move, and the calculation would stall.

To resolve the impasse,Trak creates a generation surface by projecting the particle
initiation points a distance DEmit from the emission surface. Analytic formulas for space-
charge limited ow in a planar gap of width DEmit are employed to nd the appropriate
current and kinetic energy to assign to model particles at #h generation surface. The
problem of stalled orbits does not occur because the kinetnergy and electric eld are
non-zero at the generation surface.

Trak employs a novel backtracking technique to ensure correctsignment of space charge
in the volume between the emission and generation surfaceShe combination of this
capability with correction factors for curved electrodesresures high-accuracy solutions
for space-charge-limited ow.

A program iteration cycle consists of the following operatins: 1) create model particles at
the generation surface, 2) assign current and kinetic engrbased on the present values of
local electric eld, 3) reverse-track the orbits at xed enegy until they strike the emission
surface to set space charge in the gap between the generataomd emission surfaces,
4) forward-track the orbits and 5) solve the Poisson equatiousing the space-charge
associated with the orbits. The code makes extensive recsriah the le FPrefix.TLS so
you can check the validity of the process.

The following commands control Child-law emission surfase
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EMIT(NReg) Mass Charge DEmit [NPerSeg JLimit kTs Ns]

EMIT(4) = (0.0, -1.0, 0.05, 3)

This command identi es the line regionNReg as an emission surface. The region must be on
the surface of an electrode ( xed-potential region). The pameters Mass and Charge have
the same meanings as those in thEmit command of theTrack mode. Enter the mass in
AMU (atomic mass unit). Trak inserts the value of the electron mass Mass = 0:0. Enter
the charge of the emitted particles in units of e (i.e., -1.0of electrons and +1.0 for protons).
The quantity DEmit is the distance from the emission surface to the generatioarface. Enter
the value in units set by the current value ofDUnit. The integer parameterNPerSegis the
number of model particles created per facet of the emissioarface (default, NPerSeg= 1).
The real-number parameterJLimit (in A/m 2) is a source limit for current emission ankTs
(in eV) gives the temperature of the source. The integaxs is the splitting parameter with
default value Ns = 1. Larger values are useful wherm's > 0:0. A particle is split into Ns
subparticles. Each subparticle carries a fraction=Ns of the assigned current and is emitted at
a random angle with a distribution width determined by the sarce temperature. The purpose
of the splitting parameter is to improve statistics of downseam particle distributions.

Notes on theEmit command

The parametersNPerSeg JLimit , kTs and Ns are optional. If they do not appear,
Trak uses default values. If they do appear, they must occupy thercect position in the
list. For example, kT s must be the seventh entry after theEmit command. To setkTs,
you must include values forNPerSegand JLimit . For space-charge limited emission,
use a large dummy value fodLimit .

The quantity DEmit should be small enough so that the generation surface clgslllows
the contours of the emission surface. On the other hand, theld interpolations necessary
to calculate the Child-law current density will be inaccurge if DEmit is less than the local
element width. As a rule, pickDEmit equal to about 1.5 times the local element width.
It may be necessary to create small elements withlesh near the emission surface to
achieve a good t.

If you set a value for the parameterJLimit, Trak can model mixed space-charge and
source-limited emission. The program calculates the Chilchlue at the generation surface
and projects it back to the emission surface. The program thechooses the smaller of
this value or JLimit. The default value for all emission regions idLimit = 1 .

If you set a value for the source temperatur&Ts, Trak assigns an angular spread to
particles leaving the emission surface. The particles aressuamed to have a Maxwell
distribution in transverse velocity. The direction of paricle emission is determined from
a unit vector normal to the emission surface and an angularspilacement calculated from
the transverse kinetic energy and the longitudinal kinetienergy at the surface. The
default value for all emission regions ikTs=0:0 eV.

Use the following equation to convert a value of source temg@ure in °C to electron volts:

Ts(°C) + 273

KTs(eV) = — 17502

(19)
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The probability distribution of transverse velocity v, of particles emitted from a source at
temperature T approximates the Maxwell distribution:
|

m mv3
f(v» > = V» — . . 2

(v>)dv, = v, T P T (20)

We can rewrite EQ.20in terms of the normalized variable

® m
= KT, Vo, (21)
as
f()d =2 exp 2 d: (22)
The integral of Eq. 22 gives the cumulative probability, a variable in the range fsm 0.0 to 1.0:
z

f()d = =1 exp( ?): (23)

The procedure inTrak is to generate a random value of and then to nd a weighted value of
from the inverse of Eq.23:

In1 )
= —= 24
5 (24)
The angle of the particle relative to the surface normal is gen by
\d
= = > 2
v T (25)

where T, is the kinetic energy (in eV) of the particle at the emission stace. Particles are
emitted with a random-uniform distribution of azimuth abou the surface normal vector. Note
that the derivation is valid in the limit that v,  vp. Trak generates an error messagekfs

is too high relative to T,. The criterion is that the ratio kTs=T, 0:40. If you receive the error
messagesource temperature too high for the choice of DEmigither increaseDEmit or reduce
Ts. Figure 22 illustrates the e ect of source temperature.

It is important to recognize that the e ective source tempeature T may be less than the
temperature of the cathodeT.. Figure 23 illustrates the e ect. Consider an isotropic Maxwell
electron distribution on the cathode surface with temperaire T.. If the Child-law ux exactly
equals the source ux, then every electron that reaches the$ace is extracted (Fig.23a). In
this case, Ts = T.. When the source ux exceeds the Child-law value, a portionfdhe incident
electrons must be re ected back to the cathode. The potenti@xhibits the variation shown in
Fig. 23b. The depth of the potential barrier ensures that only a fragon of the electron ux
equal to the Child-law value passes. This fraction has thedhest longitudinal energy and (on
the average) reduced transverse energy.
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Figure 22: Particles generated at an emission surface witbusce temperature. Outward radial
ow of electrons across a 5000 V gap withTs = 0:25 eV. Top: equipotential lines and particle
orbits. Bd)ttom: axial phase space plot at the outer boundaryThe predicted angular divergence
is = KkTs=5000 = 0007.
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Figure 23: Variation of electrostatic potential near the sdace of a thermionic emitter. a)
Source ux equals the Child-law ux. b) Source ux exceeds the Child-law ux, resulting in
selection of electrons with higher longitudinal energy ankbwer transverse energy.

SUPPRESS SVall Sval2 Sval3 ...

SUPPRESS 0.20 0.30 0.40 0.60 0.80 1.00

The current density assigned at the generation surface musé suppressed below the Child-law
value on the rst few iteration cycles. Otherwise the initid current based on the applied eld
values would be too high and the code could oscillate betwelgigh and low current solutions on
subsequent cycles. To aid convergen@eak applies suppression factors on the rst few cycles.
The code uses the following default values for space-chatgeited emission:

NCycle Supression value
1 0.250
0.300
0.500
0.750
1.000
1.000
1.000
1.000
9 1.000
10 1.000

0O ~NO Ok WN

For unusual solutions you can set you own values. Enter fromt@ 10 real numbers in the range
0.0 to 1.0. Any unde ned values default to 1.0.

10.4 Relativistic mode

In the SChargemode, Trak does not perform a detailed calculation of beam-generatedag:
netic elds. The mode is therefore not appropriate for simaltions of relativistic electron guns.
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On the other hand, Trak can nd accurate results for certain types of relativistidteeam trans-

port problems using therelativistic approximation. This approach is faster than the complete

calculation under the RelBeam tracking option and may give better accuracy for beams with
1.0.

To begin, we shall review some relativistic beam physics. @mder a circular paraxial
electron beam traveling along thez axis in free space. The ternparaxial implies that: 1)
electrons have about the same axial velocityw{ = c¢) and 2) orbits make small angles with
respect to the axis:

r= dr=dz 10: (26)

Equation 26 implies that changes in the beam radiug, take place over axial distances much
greater thanry. Therefore local beam-generated elds are approximatelyeal to those of an
in nite-length beam.

Suppose the beam carries currehtand that the space-charge density is a function of radius,
n(r). The electric and magnetic elds created by the beam can bestermined from Poisson's
equation and Ampere's law:

z E, = 0.0; (27)

E.= E (= —° 21 %rh(): (28)
2 of o

, B, = 0.0 (29)

B, = B (r)= ezcr 0 Or 21 Arh(r9: (30)

The equations imply that the transverse magnetic force actg on individual electrons is
related to the transverse electric force by

FB? = 2 I:E?: (31)

The quantity is small compared to unity for non-relativistic beams; thesfore, the magnetic
force can usually be neglected. In contrast, the repulsivéeetric force and attractive magnetic
force are almost balanced for highly relativistic beams (= 1:0).

The transverse forces of a planar beam also satisfy E2L. In fact, the relationship holds
for paraxial beams of any shape and with any nonuniform disbution of space-charge. The
equation also holds if we include eld contributions of peectly-conducting boundaries whose
dimensions change gradually in the axial direction. We canr@ve the result by 1) making a
Lorentz transformation by velocity - ¢ to the average rest frame of the beam, 2) calculating
the electrostatic elds resulting from the stationary distibution of charge, and 3) calculating
transformed electric and magnetic eld values in the labotary frame. This derivation also
shows that because of Lorentz contraction the criteria undging paraxial beam motion and
the de nition of gradual changes in boundary conditions iselss stringent for relativistic beams.
If D is the transverse scale size of the system ahds the axial distance for a signi cant change
in the beam or boundary dimensions, then ER6 holds if

R
—_— 1:0: 32
i (32)
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where is the relativistic energy factor

1
The quantity is related to the rest massng and kinetic energyT of the particle by:
T
= + .
1 " (34)

The theoretical development suggests a strategy to avoid @icit calculations of magnetic
elds for relativistic beams. The total transverse force orparticles is related to the electric
force by:

I:E? .

Fro = Fes Fer =(1 %) Fer = —-

(35)

We simply calculate the electrostatic force and then dividby 2 to include the e ect of the
magnetic eld. The relativistic mode holds under the followng conditions:

Transverse electric elds arise almost entirely from the msence of the beam space and
surrounding conducting boundaries. This condition does hdold in acceleration gaps
where there is a strong applied electric eld.

Beam particles move predominantly in one direction and havapproximately the same
axial velocity v, = c.

The axial scale length for changes in the transverse dimemss of the beam and surround-
ing boundaries satis es Eq32

To apply the relativistic approximation in the SCharge modgsimply include the RelMode
command in the Particles section.

RELMODE
When the command is active, Trak divides the transverse ekeic force (F, in cylindrical solu-
tions, Fy in planar) by 2 during orbit calculations.

10.5 Restarting a run

Trak has the capability to restore solutions with space-chargend Child-law emission and
to proceed over additional iteration cycles. To restart a m, load the electric eld le from
an initial run. The values of electrostatic potential in ths le re ect the presence of space
charge. For convergence, the present run should have appmately the same initial conditions
as the rst run (i.e., electrode potentials, particle lists, emission surfaces). In addition to
reloading the eld solution, you must include theReStart command in the Particles section.
This command initiates two actions that a ect runs with emission surfaces:

Trak automatically sets all suppression factorsSVvall, Sval2, ...) equal to 1.00 because
the initial eld values are already almost consistent with Gild-law conditions.
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Space-charge averaging is not applied on the rst cycle berss the initial charge density
is close to the nal converged distribution.

RESTART
This command signals that an electric eld le has been loadkwith potential values that are
approximately consistent with the presence of beam spaceache.

10.6 Other commands

The remaining valid commands for theSChargetracking mode have identical functions to those
of the Track mode:

DT Dt

DT DtRef MASS

TMAX TMax

START(NReg) XStart YStart

NTRACKMAX NTrackMax

DMAX DMax

NSEARCH [E,B] NSearch

INTERP [LIN,LSQ]

MATERIAL [E,B] RegNo

VACUUM [E,B] RegNo

SECONDARY [E,B] RegNo DeltaMax0 EngMax0
STOP [UP,DOWN] [X,Y,Z,R] = Position
DIAG [UP,DOWN] [X,Y,Z,R] = Position
REFLECT [UP,DOWN] [X,Y,Z,R] = Position
LISTON [NStep] [P,E,B]

PLOTOFF
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11 Tracking relativistic beams

11.1 Methods for beam-generated magnetic elds

The simulation of high-current relativistic electron bears is a major challenge for gun-design
codes. The drawbacks of approaches to the calculation of begenerated magnetic elds in
previous versions offrak and other codes are described in the reference S. Humphries an
J. Petillo, Laser and Particle Beamsl8, (2000), 601 (supplied with theTrak package). The
article gives a detailed description of numerical methodgpaplied in the present version offrak .
This section summarizes critical concepts of the method tcelp you set up e ective solutions.
The following discussions are oriented to cylindrical beam note that the method also applies
to planar beams with some restrictions.

The approach has several advantages:

It is largely automatic and requires little input from the user.

It gives improved accuracy for eld calculations, largely leminating the problem of la-
mentation in simulations of highly-relativistic beams.

The method correctly accounts for boundary currents on condtors. As a result, Trak
can handle emission from convex or concave cathodes of adniy shape as well as beam
collection on internal targets.

It is exible enough to handle non-laminar beams, counterowing particle species and
re ex orbits.

It provides useful diagnostic information on the distributon of beam current striking
target surfaces.

The foundation of the method is the calculation of beam-gersted magnetic elds on the
electric eld mesh. There are two motivations for this apprach:

Calculations of electric and magnetic elds are closely cpled, reducing systematic dif-
ferences.

Fixed-potential regions in the electric mesh usually corspond to surfaces that carry
current and exclude magnetic elds generated by pulsed beam

The goal of the magnetic eld calculationisto ndB (r;z) in the propagation volume consistent
with the particle orbits. Trak determines values oB at nodes in the electric eld mesh and
then calculates the eld at arbitrary positions by interpolation. The azimuthal magnetic eld
is related to the enclosed current by:

B (r;z) = —Oenclli2) ez”cr(“ 2). (36)
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Figure 24: De nition of terms for the calculation of beam-geerated magnetic eld on a con-
formal mesh. Red lines show the path from a node to the axis alpfacets. Green lines show
facets intersected by an orbit segment.

The quantity l¢nc(z;r) is the axial current passing through a plane of radius at position z.
The key to the method is therefore nding the total axial curent of model particles that pass
through circles de ned by the mesh nodes.

Figure 24 shows a segment of the orbit of a particle carrying current moving through
the electric eld mesh. The segment corresponds to a time gte t. The space charge is a
volumetric quantity that is conveniently assigned to the edments traversed by the particle.
The convention inTrak is to augment the space charge of the element at the segmentpwint
by an amount| t. In contrast, the current carried by the particle is a ux that is most
conveniently accumulated on the surfaces between eleme(fecets). Here the convention is to
assign the current to all facets traversed by the particle in the 4z direction and a current of |
if the particle moves in z. The reference listed above discusses details of currensigament
on conformal triangular meshes to ensure that the condition

r B=0: (37)

is always satis ed. The particle tracking process during aiteration cycle gives a set of facet
currents that re ect the uxes of the model particles. To nd the current enclosed within a
node, we simply trace a path to the axis (red line in Fig24) and add the associated facet
currents. If the currents satisfy Eq.37, the result is independent of the choice of path.
Implementation of the method inTrak is complicated by the presence of conductive ma-
terials (Fig. 24). There are no particle orbits through these regions; inshel, they carry a
surface current that depends on the distribution of emittegarticles. Trak uses the following
procedure to represent surface ows consistent with the cdition of continuity of current:
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Facets are divided into three categoriesvacuum facets have vacuum elements on each
side, collector facets have one vacuum and one material element on each satej excluded
facets are surrounded by material elements.

Currents are assigned to vacuum facets by the procedure shoim Fig. 24. Currents are
assigned to collector facets only when an orbit terminates €., passes from a vacuum to
a material element).

After calculating all orbits, Trak proceeds to the enclosed current calculation. The rst
step is to set the quantity along the nodes that constitute dtector surfaces. The program
assumes that a collector surface is a contiguous set of ottite facets that connect to the

z (or x) axis. Trak searches along the axis to nd a collector node and then asssy
zero enclosed current. The program then searches for the hewde connected through
a collector facet and assigns the current of the previous n@glus the facet current. The

program continues in this manner until it reaches the end ohe collector surface.

After processing all collector surfaces connected to the axiirak calculates the enclosed
current on the remaining nodes connected to vacuum facets.té&f assigning zero enclosed
current to all nodes on the axis, the program works radially wward in layers. When
all the nodes in the layer with radial indexL are processed, the program moves to layer
L + 1. For each node, the program seeks the shortest connectitina node attached to a
vacuum or collector facet in layeiL. Enclosed current for the node in layet + 1 equals
the current of the connected node in layel plus the contribution of the facet. Trak stops

if it reaches the boundary of solution volume or if there arearemaining unprocessed
nodes.

The nal step is to nd values of B at the nodes, inserting the enclosed current and node
radius in Eq. 36.

Figure 25shows sample results of the calculation. The example illuates a limitation of the
method. The calculated elds are valid in the beam propagatn region but exhibit dead areas
with zero eld at large radius. The problem occurs in the regn on the right-hand side because
the collector surface of the anode does not contact the axi$herefore, Trak can not assign
enclosed current values along the surface. Points in the deapace that lie in the shadow of
the anode follow facet paths toward the axis that terminate o anode nodes with zero enclosed
current. A similar e ect occurs on the cathode side becausé the break between the cathode
and focusing electrode.

The dead spaces do not a ect the simulation because they ocautside the region of beam
propagation. On the other hand, there may be cases where a megentation of the beam-
generated eld is required over the full solution volume. Hoexample, suppose you want to
trace electrons emitted from the outer radius of the focusgnelectrode. In that case, you must
construct the mesh so that all nodes of interest are connedtéo the axis through a chain of
collector facets. The example in the next section illustras such a setup.

The simulation of space-charge-limited electron emissidrom a convex cathode (Fig.26)
raises an interesting issue. The collector facets on the site of the cathode are shadowed
from the axis. Furthermore, electrons in the plot start froma generation surface and never pass
through the cathode surface. In this case, we might ask holvak assigned facet currents on
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Figure 25: Contour lines ofB showing missing values in areas shaded by re-entrant coltec
surfaces that do not connect to the axis.

the cathode to give the valid eld solution shown. The answeis that facet current assignment
occurred during back-tracking. Recall from Sectl0.3that in a calculation with space-charge-
limited emission, Trak projects orbits back toward the generation surface at a xedelocity to
ensure correct assignment of space charge in the gap. Facetent assignment is also performed
during backtracking. When the particle strikes the cathodethe forward current | is assigned
to the intersected facet. Note that the backtracked orbits a not recorded in theTOUle.

The method of current assignment can also be applied to thelcalations of beam-generated
elds in planar simulations. In this caseTrak determines values oB, at node points with
average beam motion in thex direction. The calculation is performed in the regiory  0:0
with the assumption that the enclosed current irx equals zero along the ling = 0:0. Therefore,
the line y = 0:0 should represent a beam symmetry axis. The line must haveettNeumann
condition in the EStat calculation and must be de ned as a re ection boundary iffrak .

11.2 Commands and controls

When Trak enters the RelBeam mode, the program automatically sets up the mechanisms
and allots memory to perform the calculation oB on the electric eld mesh. Magnetic eld
contributions are included in the particle equations of mavn. With a good electric eld mesh
and valid choice of emission surface properties, the calatibn proceeds automatically with
good reliability. There is only one command unique to th&elBeam mode:

BACKTRACK

Particles generated from emission surfaces automaticalbacktrack and make current contri-
butions to collector facets on the source surface. This maynbe the case when particles are
created with the PList and PFile commands. In this case, the particles from an electrode must
be generated within a vacuum element near the xed-potentisurface for a valid electric eld
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Figure 26: Variations ofB for electron emission from a convex cathode.

interpolation. As a result, the nodes on the electrode surfaenay have zero values for enclosed
current and B . The invalid eld values would give inaccurate eld interpdations near the
surface. When theBackTrack command appearsJrak performs an initial backtrack operation
on list-input particles. The program reverses the momenturand sign of the current for each
particle and follows the orbits until they terminate. Current is assigned to the collector facet
intercepted by the particle orbit. Note that backtracking mg also improve the distribution of
space-charge and the calculation of electric elds near tlsurface.

The following commands have special interpretations in thRelBeam mode:

PLIST [Pos, Neg]

PFILE [Pos, Neg]

EMIT(NReg) Mass Charge DEmit [NPerSeg JLimit Ts Ns] [Pos,Ne (¢]

Trak determines whether current ows in the 4z or z directions when particles pass through
vacuum facets by comparing the directions of the orbit and &t vectors. On the other hand,
when a particle strikes a collector facet the program may ndie able to determine whether
current exits through the right or left-hand boundaries. Tk axial direction of current along
conducting surfaces must be speci ed for valid orbit solutns in the case of internal collectors
or sources. You can add additional string parameters at thend of the PList, PFile and Emit
commands to signal whether the associated particle ow on wa@es and collectors is in the
direction from left to right [Pos] or from right to left [Neg]. The default is Pos
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RELMODE [Zrmin Zrmax]

RELMODE [XRelMin XRelMax]

RELMODE = (20.00 40.00)

The relativistic mode calculations discussed in Set0.4 may seem unnecessary in thRel-
Beam tracking mode where the program explicitly calculates foes from beam-generated elds.
Nonetheless, there is an important reason to include it. Forighly relativistic beams ( 1.0)
passing through transport regions where there is no appliedectric eld, it is more accurate
to determine the transverse force from E§5 than to make separate calculations of the electric
and magnetic components. Suppose we wanted to investigateetativistic electron gun where
the beam is matched to a long transport solenoid. The best apgach would be to calculate
magnetic and electric forces explicitly in the injector reign and then to switch to the relativistic
mode in the transport region. This form of theRelMode command enables such a calculation.
The two real-number parameters de ne limits alongz (cylindrical) or x (planar). The code
applies the relativistic mode only in the regionZ min Z Zmax . Enter values in units set
by DUnit. The defaults areZ,nin, = 1 andZymax =+ 1 .

11.3 Application example - simulation of a pinched electron be am
diode

The example described in this section illustrates sever@étak techniques. The application, a
self-pinched high-intensity electron beam with ion ow e ets, is a challenge for a ray-tracing
codes. Figure27 shows the geometry. The anode is a tungsten rod of diamete® Inm located
on the axis. The goal is to produce a compressed electron spotthe anode tip with an axial
extent less than 1.0 mm. A pulsed voltage of +1.2 MV is applietb the anode. The cathode is
a thin coaxial cylinder with an inner radius of 5.0 mm. The gue shows a magni ed portion
of the simulation volume. The assembly is inside a groundedauum chamber with a radius of
35.0 mm. The simulation covers an axial region from -25.0 mno £5.0 mm.

The le PINCHBEAM.MlMcluded in the example library) de nes the variable resaition
mesh. A line region is de ned for electron emission on the ¢daide surface (red line in Fig27).
The intense electron ow at the anode immediately creates audace plasma. Therefore, we
include the possibility of space-charge-limited ion emiss from the anode tip (green line in
Fig. 27).

Table 10 shows the le PINCHBEAM.TINWith added line numbers. Note the use of the
multiplication factor in the EFile command of Line 2. The solutionPINCHDIODE.EQtAs
generated with an applied potential of 1.0 V. We can then use ¢hnormalized solution with a
multiplication factor to investigate the e ects of changesn applied voltage. The solution must
be performed gradually because of the complex electron dsbin the strong beam-generated
magnetic elds. Note the large value oNCycle and small value ofAvg in Lines 8 and 9. Despite
the complexity of particle motion, the solution exhibits god convergence. The emitted current
of 16.65 kA in Cycle 33 diers by only about 1 percent from the wrent in Cycle 32. Lines
10 and 11 de ned emission surfaces for the electrons and mes. The stringPos in Line 10
indicates that the electrons move from left to right whileNeg in Line 11 signals that ions move
from right to left.

The simulation includes a large number of particles (5 per ¢at) for good statistics. Note
that the Mass form of the Dt command has been employed because there are two particle
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Figure 27: Geometry of thePINCHBEA®ample - magni ed view of the acceleration gap. Red
line: electron emission region on the cathode. Green lin@niemission region on the anode.

Table 10: Contents of the le PINCHBEAM.TIN

01: FIELDS

02: EFile = PINCHDIODE.EOU 1.2E6
03: MaxCycle = 200

04: ResTarget = 1.0E-7

05: DuUnit = 1000.0

06: END

07: PARTICLES RELBEAM

08: NCycle = 33

09: Avg = 0.20 (20, 0.05)

10: Emit(5) 0.0 -1.0 0.15 5 POS
11: Emit(6) 1.0 1.0 0.15 5 NEG
12: Dt: 1.2E-11 Mass

13: END

14: DIAGNOSTICS

15: BBDump: PINCHDIODE
16: BBBoundary (6)

17: EDump: PINCHDIODEP
18: END

19: ENDFILE
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Figure 28: Electron (top) and ion orbits (bottom) for the PINCHBEAdample with N Skip = 5.
Color-coding follows the electrostatic potential.

species. With regard to the reference time step, the minimuglement width in the gap region
is 0.1 mm. The velocity of a proton (1.0 AMU) is about 52 10 7 m/s, giving a minimum
element transit time of 66 10 12 s. The valueDtRef =1:8 10 ! s was su cient to give a
good resolution of the orbits.

The equilibrium current values were 15.20 kA for electronsnd 1.12 kA for protons. The
e ect of ions in neutralizing space-charge was critical tochieve high-current operation and a
well-formed pinch. The current dropped by about a factor of & the ions were omitted. The
BBBoundary command in Line 16 of the script initiates a listing of accunlated facet currents
on the anode rod. The results show that about 78% of the electr current impinged on the
rst 1 mm length of the anode. An inspection of the electron orits in Fig. 28 shows that
conditions are marginal for a well-contained pinch. Eleotns emitted from the inner edge of
the cathode tip strike the anode about 2.5 mm from the tip. A sm@ll reduction in the cathode
inner radius to 4.5 mm gives enhanced current that signi cdly improves the quality of the
focus.
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11.4 Restarting a RelBeam calculation

The following activities are necessary to restart a calcuian in the RelBeammode: 1) load the
electric eld le created by the EDump command in a previous run using thé&File command,
2) load values to calculate the beam-generated magnetic cefrom the same run using the
BBFile command, and 3) include theReStart command in the particles section.

BBFILE FileName

BBFILE PINCHBEAM.BBD

Load quantities to calculate beam-generated magnetic eddgenerated in a previous solution
with the BBDump command. Trak issues an error message if an electric eld has not been
loaded or if the mesh of the BBD le does not match the electriceld mesh.

You can also use théBBFile command in a run to track single particle orbits in the self-
consistent elds of a relativistic beam. In aTrack mode calculation, load eld information
using the EFile, BFile and BBFile commands and start particles of any species using lists or
emission surfaces.Trak includes contributions to the magnetic eld from all sourcs. Note
that eld values will not be changed by the presence of parties in the Track mode.

11.5 Space-charge and current neutralization of relativistic electron
beams

Although Trak does not include detailed models of plasmas, you can investie e ects of global
space-charge and current neutralization. Partial spacdxarge neutralization of a relativistic
electron beam may occur if low-energy plasma electrons argelled, leaving behind an excess
ion density. The space-charge neutralization factdr, is often de ned as the ratio of the excess
ion density to the beam density. The presence of the ion detysreduces the electric eld by a
factor (1 f¢). For example, iff¢ = 0:9, then the loss of plasma electrons reduces the average
elds in the beam volume by a factor of 10.0.

To apply local space-charge neutralization, de ne a dielg@ region in the electric eld mesh
and assign a relative dielectric constant, = 1=1 f¢) in the EStat solution. The dielectric
region must be well separated from acceleration gaps so tliatloes not a ect the applied elds.
In the subsequentTrak solution, contributions to electric elds from the beam spae charge
will be reduced by (1 f¢). Be sure to include a command of the form

VACUUM(E) = NReg

in the Particles section of theTrak le. Here NReg is the region number of the dielectric.
This command over-rides the default assignment of thdaterial attribute to all regions in the
electric eld mesh that have , 6 1:0.

Partial current neutralization may occur if a ow of plasma éectrons is driven by the
inductive elds of a pulsed beam. The current neutralizatio factor f,, is the ratio of the
average plasma current in the propagation volume to the beaaurrent. The e ect is to reduce
the beam-generated magnetic elds by a factor (1 f,).
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CNEUT Fm

CNEUT = 0.90

In response to this command]Jrak multiplies all values ofB or B, calculated from the beam
current by the factor (1 f,,). For relativistic beam propagation in a plasma, the factotlies in
therange 0 f, 1.0.

Although space-charge neutralization may be applied to seted regions through the choice
of region dielectric constant, the current neutralizatiorfactor applies globally to all active nodes
in the electric eld mesh. Suppose your goal is to model e esbf neutralization on a relativistic
electron beam injected through a conducting foil into a gasell. A possible approach would be
to divide the solution into two parts. The rst part addresses the vacuum injector with particle
orbits terminated at the foil. The PRT le created by the rst solution is used as input to
the gas cell solution which could include both space-chargeutralization and a global current
neutralization factor.
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12 Field emission of electrons with space-charge e ects

In the FEmit particle-tracking mode, Trak can model eld emission of non-relativistic electrons.
As in the SChargemode, the program can automatically generate particles avenarked source

surfaces. The calculations include self-consistent e excdbf space charge. You can add additional
electrons or ions using thePList or PFile commands. There are three di erences from the

SChargemode:

Only electrons may be created on emission surfaces.

Because the electric eld always has a non-zero value on theusce surface, it is not
necessary to create a generation surface. Electrons areatee directly at the source

facets.

Electron current is assigned according to the Fowler-Nordhe equation rather than the
Child-law algorithm.

Trak uses Fowler-Nordheim functions tabulated in A. ModinosEmission Spectroscopy
(Plenum Press, New York, 1984), p. 12. If the quantitE is the local electric eld amplitude
(including space-charge contributions) at a source facetitw work function , then the current
density in (A/m 2) is given by

. e E?
jre = 1:537 10° T )2; (38)
where
3=2
= 683 10 EV(); (39)
and
PE
=3:79 10° —: (40)

In the equationsE is expressed in V/m and in eV. Table 12 lists values for the functionsv( )
and t( ). Trak uses a cubic spline interpolation to nd intermediate valus.

The set of allowed commands is similar to that for th&&Chargemode. The one di erence
is that the Emit command has di erent parameters:
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Table 11: Fowler-Nordheim functions

| | v() L t()

0.0000 1.0000 1.0000
0.0500 0.9948 1.0011
0.1000 0.9817 1.0036
0.1500 0.9622 1.0070
0.2000 0.9370 1.0111
0.2500 0.9068 1.0157
0.3000 0.8718 1.0207
0.3500 0.8323 1.0262
0.4000 0.7888 1.0319
0.4500 0.7413 1.0378
0.5000 0.6900 1.0439
0.5500 0.6351 1.0502
0.6000 0.5768 1.0565
0.6500 0.5132 1.0631
0.7000 0.4504 1.0697
0.7500 0.3825 1.0765
0.8000 0.3117 1.0832
0.8500 0.2379 1.0900
0.9000 0.1613 1.0969
0.9500 0.0820 1.1037
1.0000 0.0000 1.1107
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EMIT WorkFunc [NPerSeg Beta]

EMIT(4) ( 3.56, 2, 1000.0)

This command identi es region numberRegNo(integer) as a source surface and sets associated
emission properties.Trak issues an error message if the region does not de ne a validise
surface (.e., sets of nodes on the edges of facets betwedaterial and Vacuum elements).
At least one Emit command is required under thé=Emit tracking mode. Up to twenty Emit
commands may appear in thd?articles section. Because only electrons are allowed, it is not
necessary to specify mass and charge of emitted particleshelreal-number parameteiork-
Func is the work function in eV. The integer parameterNPerSeggoverns how many model
electrons are created per surface facet. The optional parataer is a eld enhancement factor
that may be useful to simulate emission from carbon nanotubessemblies. IE . is the local
electric eld at the facet, then the program uses the quantit E = E |, in Egs. 38 through 40.

SUPPRESS SVall Sval2 Sval3 ...

SUPPRESS 0.20 0.30 0.40 0.60 0.80 1.00

Space-charge e ects are usually small in eld emission prigms so the role of the suppression
factors discussed in Sectl0.3is not as critical. The default values in theFEmit mode are

NCycle Supression value

Note that the number of iteration cycles should be in the rangdlCycle 3 for the default
values of suppression factors.

The remaining commands allowed in théarticles FEmit section are identical to those in
the Particles Track mode:

DT Dt

DT DtRef MASS

TMAX TMax

START(NReg) XStart YStart

NTRACKMAX NTrackMax

DMAX DMax

NSEARCH [E,B] NSearch

INTERP [LIN,LSQ]

MATERIAL [E,B] RegNo

VACUUM [E,B] RegNo

SECONDARY [E,B] RegNo DeltaMax0 EngMax0
STOP [UP,DOWN] [X,Y,Z,R] = Position
DIAG [UP,DOWN] [X,Y,Z,R] = Position
REFLECT [UP,DOWN] [X,Y,Z,R] = Position
LISTON [NStep] [P,E,B]

PLOTOFF
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13 Extraction of high-current ion beams from a plasma

When modeling electron extraction from a thermionic or eldemission cathode, we can assume
that the pro le of the source surface is speci ed a priori. Etaction of ions from a plasma is a
more di cult challenge because the surface shape that sates all physical constraints is not
known in advance. In thePlasma mode, Trak performs the Child-law emission calculations
of the SChargemode described in Sect0.3 In addition, the program automatically exes the
plasma surface to ensure a uniform distribution of currerdensity. The calculation is complex,
so it is important that you understand the physical basis ofdn extraction from a plasma and the
goals of the calculation. Sectior13.1 discusses this topic and summarizes numerical methods
applied in Trak . Section13.2reviews new commands that appear in thBlasma mode, while
Section13.3discusses benchmark examples.

13.1 lon extraction from a free plasma surface

This section brie y reviews the physical basis of thé’lasma mode in Trak . For a complete
discussion of Child-law emission, the Bohm current densitgnd the formation of a plasma
meniscus, see S. Humphrie§€harged-particle Beams  (Wiley, New York, 1990), Chap. 7.
This book is included in the Trak package.

To begin, we must de ne the termfree plasma extraction surfaceAssume that plasma ions
generated by a source expand in a eld-free region through aperture into an acceleration
region with an applied electric eld (Fig. 30). The position of the extraction surface (the
transition between the plasma environment and the vacuum w region) is determined by a
balance between the plasma ion ux (which we shall denote byna ective ion current density
jp) and the extraction current density governed by the Child lev, jc. In the one-dimensional
geometry of Fig.29, the current density limit for ions with charge-stateZ; and massm; in a
gap of width d and applied voltageV, is given by the expression:

S _
4y 2ZieVy?

Ie = 9 m; dz -
If the ion ux exceeds the vacuum current limit (, > j ¢), then the plasma expands to
decrease the gap width d until ux balance is achievedi, = jc. In this case, the surface in
Fig. 29 moves to the right. Conversely, ifj, < j ¢, the surface recedes to the left. In most
plasma sources for ion generation, the ion temperatur&;§ is much smaller than the electron
temperature (Te). In this case, the available e ective ion current densitys given by the Bohm
expression:

(41)

q
jp=06ezn; kTe=m: (42)
The Trak model treats a homogeneous plasmas., j, has a uniform value over the extrac-
tion surface). Therefore, aPlasma mode simulation has the following primary goal: for given
applied voltages and electrode geometry, nd a shape of th&teaction surface that guarantees
a uniform value ofjc. A critical issue is the nature of the extraction surface atfte triple
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Figure 29: Terminology for ion extraction from a free plasmaurface.

Figure 30: One-dimensional extraction from a free plasmarsace.
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Figure 31: Balancing plasma uxj, with space-charge-limited uxjc to achieve a smooth
connection at the triple point. a) ldeal balance.b) Insu cient plasma ux. c) Excess plasma
ux.

point: the intersection of the plasma, the aperture electrode antie vacuum acceleration re-
gion (Fig. 29). Figure 31a shows the ideal situation where the values ¢f and jc at the triple
point allow a smooth connection between the extraction swate and the focusing electrodes. A
reduction in j, from the optimum value causes the plasma to recede into the equre. In this
case the focusing electrode acts as an electrostatic shjgd/iing a large reduction in the eld
amplitude at the plasma edge. The implication is that the plama edge is e ectively tied to the
aperture at the triple point. A low value of j, gives a distorted extraction surface (Fig31b)
with attendant poor beam optics. Conversely, a value gf, above the optimal value causes the
plasma to bulge into the extraction gap resulting in a divergnt beam (Fig.31c). In summary,
there are two constraints on an acceptable plasma extracticurface:

The value ofjc must be uniform.

The plasma surface must make a smooth connection at the trgpoint.

The combination of the two conditions with speci ed electrdes and applied voltages de nes a
unique plasma surface shape and Bohm current density.

Trak follows a multi-step procedure to determine self-consistieplasma surfaces. Although
the operations are complex, most of them are performed autatrcally so that the user need
not be concerned with details. The benchmark examples of et3.3show that it is relatively
easy to set up a Plasma mode calculation.

1. The user creates an electric- eld model of the gun geomgtin Mesh. The mesh must
include a lled (volumetric) region to represent the plasmgFig. 29). The plasma region
must have enough depthi(e., number of elements parallel to the displacement directijpn
to accommodate exing of the surface. The user makes an iratiguess of the extraction
surface shape (such as a at plane). The initial surface shlouconnect smoothly to
the aperture at the triple point. The plasma region must appa& in the Mesh script
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Figure 32: De nition of plasma facets (red line) and plasma ades (yellow dots). Plasma
elements are colored violet and vacuum elements are colofglde. Top: Disk plasma with
symmetry axis on the lower edge. Bottom: Annular plasma.

before the surrounding aperture region. This ordering ensas that nodes on the shared
plasma-aperture surface are associated with the aperture.

2. The user generates an initial electrostatic solution witEStat . The plasma and aperture
regions should be assigned the xed-potential condition ti the same value of applied
voltage.

3. In Trak , the plasma region is identi ed by anEmit statement. The program initially
sweeps through the mesh to identify facets and nodes of theuste surface. Source facets
lie between an element with the region number of the plasma @ra Vacuum element.
Plasma surface nodes lie along the source surface. Fig@&shows the two possible
options for assignment of surface nodes) a cylindrical or planar gun where the surface
has an axis of symmetry and) an annular gun.

4. Trak orders the facets to form a connected set with respect to disice from the axis or
a speci ed start point. The program determines a set of unitectors normal to the facets
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that point out of the plasma region. The vectors are used to ostruct an emission surface
at a distanceDEmit from the source surface to carry out the Child-law calculadn.

5. Trak performs a calculation of space-charge-limited ow from #initial surface by cre-
ating one or more model ions on each facet of the emission agd. The program runs
NInit cycles to achieve a stable, converged solution using the saprocedure as in the
SChargemode.

6. Trak calculates the current density on source facets by averagimnd back-projecting
the model particle currents at the emission surface. The vation of current density is
smoothed to prevent the unstable growth of ripples in the stace during the adjustment
procedure.

7. The value of emitted current density at each surface nodeg,j is computed by averaging
the values on adjacent facets. In addition, a node unit veatgpointing out of the plasma)
is computed by averaging the vectors of adjacent facets. Thmosition of each node is
moved along this vector a distance , = ( d=2)(1 jn=jout) The relationship follows
from the scaling of Eq.41 The quantity d is the width of the acceleration gap, is a
safety factor to ensure stability of the calculation, and; is the current density on the
facet adjacent to the triple point. Normalizing the displaceent to j,, ensures that the
plasma surface intersects the triple point at a small angleThe direction of the shift is
away from the acceleration gap (into the plasma) whejy, > j o4t In this case the shift
gives a local reduction in the space-charge-limited curredensity.

8. The positions of plasma and vacuum nodes near the plasmafaae are relaxed to preserve
element integrity.

9. New normal vectors are computed for the displaced facetscathe emission surface is
reconstructed.

10. Trak performsNCorrect cycles of orbit and electric eld recalculation to determie cur-
rent densities for space-charge-limited ow from the new pabma surface. The program
then returns to Step 6 to recalculate the plasma surface baken updated values of current
density. The cycle of surface regeneration and solution cection is carried outNSurface
times to achieve a convergent solution.

It is important to recognize cases where th&ak model is invalid. The program cannot be
applied to systems where there is a strong transverse magoetld at the extraction surface
(i.e., magnetically-insulated ion diodes, transverse extract from a Penning source,...). In this
case, the conditionj, = jc may not hold. Nonetheless]Trak can give useful information on
plasma extraction from sources with applied magnetic eldge.g, duoplasmatron,...) as long as
the source has su cient shielding to isolate the magnetic & from the high-voltage extraction
gap. The model also does not apply to sources that produce axtoire of ion species or charge
states. In this case the behavior of the extraction sheath imore complex than the simple
Child-law model. For example, ions with high-charge state ay be preferentially extracted.
Finally, we should note that the Plasmamode may also be useful in the design of electron guns
with thermionic cathodes. Through the iterative procedurgyou can determine cathode shapes
that will guarantee uniform current density of the extractel beam.
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13.2 Plasma mode commands

The following commands perform the same function as those steibed in ChaplO for the
SChargemode:

AVG = 0.20
MAXCYCLE = 2500
RESTARGET = 2.0E-8

OMEGA = 1.95
START(5) = 0.25, 0.00
RESTART

Note the NCycle command is not valid in the Plasma mode. Trak automatically determines
NCycle from the parameters supplied to control the plasma surfacalculation. Note that you
can add list particles with the commands:

PLIST
PFILE

The Emit command has a di erent format in thePlasma mode.

EMIT(NReg) Mass Charge DEmit NPerSeg DGap [Ts]

EMIT(4) = (4.0, 1.0, 0.05, 3, 2.50)

This command identi es the lled region NReg in the electric- eld mesh as a plasma. The
plasma surface is de ned as the boundary of the region adjateo a Vacuum region. The
plasma must be a xed-potential region. Speci cations for e following ve parameters are
required. The parameterdvass and Charge have the same meaning as in thEmit command
of the Track and SChargemodes. Enter the mass in AMU (atomic mass unit).Trak inserts
the value for an electron ifMass = 0:0. Enter the charge of the emitted particles in units
of e (.e., -1.0 for electrons and +1.0 for protons). The quantityDEmit is the distance from
the source surface to the emission surface. Enter the valueunits set by the present value
of DUnit. As a rule of thumb, setDEmit equal to about 1.5-2.0 times the width of elements
adjacent to the plasma surface. Large values BEEmit may prevent convergence of the plasma
surface search. The integer parametdd P erSegis the number of model particles created per
facet of the plasma surface. The real-number parametBxGap is the approximate width of the
acceleration gap. Enter the value in units set bypUnit. Larger values ofDGap may speed
the calculation. ReduceDGap if the calculation does not converge. The signs of convergen
failure are: 1) a wavy of irregular plasma surface, 2) coderteination because of distorted
elements. The optional parametet s (in eV) equals the tempreature of the plasma to calculate
the angular divergence of particles at the emission surfacdrak can handle only a single
plasma region in thePlasmamode. Therefore, theParticles section may contain only oné&emit
command.

The following command controls the plasma surface calcuiab.
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PLASMAPARAM NSurface NCorrect NInit [NRadius]

PLASMAPARAM 4 5 12

The PlasmaParamcommand has four integer parameters, one of them optional h& quantity

NSurface is the number of cycles of plasma surface adjustment. The quéy NCorrect is

the number of orbit- eld recalculations to determine a stake solution for space-charge-limited
ow per surface adjustment. NInit is the number of initial orbit- eld calculations before the

rst surface adjustment. The optional parameterNRadius controls the width of the region
near the surface over which mesh smoothing is applied to ptaa and vacuum nodes. (Default
values: NSurface =3, NCorrect =5, NInit =12, NRadius = 4).

In the remainder of this section, we shall discuss how to chemvalues for the quantities in
the PlasmaParam command and how to ensure solution convergence. To begingthumber
of required surface adjustments (controlled byN Surface) depends on how much the initial
surface must be exed to achieve uniform current density. Térsolution will converge faster if
you make an improved initial guess of the surface shape baseda previous run.Trak records
extensive information on the surface adjustment proceduri@ the listing le RUNNAME.TLS
The table labeledAdjustment of plasma surface nodeksts the smoothed values of,, used to
calculate the displacements , as well as the initial and nal values of the plasma surface wie
coordinates. Trak also records the root-mean-squared node displacement. Flguantity will
be small for a convergent solution. Other indications of cerrgence are: 1) values gf, are
almost equal and 2) the total emitted current approaches a &d value.

Valid position adjustments |, require accurate values for the smoothed, space-charge-
limited current density. Therefore, Trak must perform several orbit- eld recalculations to
update the emitted current density for the new source/emigsn surface positions. The param-
eter NCorrect controls the number of orbit- eld recalculations per surfae adjustment. The
value should be large enough to ensure that total emitted ctant approaches a stable value be-
tween surface adjustments. The parametétInit equals the number of orbit- eld recalculations
before the rst surface adjustment. The number must be su cent to achieve a converged solu-
tion for the initial surface geometry. You can reduc@&Init by loading a previously-computed
solution for space-charge-limited ow from the initial suface and by using theRestart com-
mand.

Finally, the parameter NRadius controls the half-width of the region near the plasma
surface over which mesh smoothing occurs. If a plasma nodes lradices K ; Lo), then graded
smoothing is applied to nodes in the rang&, NRadius K Ko + NRadius, Lg
NRadius L Lo+ NRadius. The value of NRadius must be larger than the number of
elements over which the surface is displaced from the initiguess. Increas& Radius if Trak
reports an element distortion in response to a surface shiftrou can reduce the chances for
element distortion by making a better guess of the initial stiace.

13.3 Application examples

This section describes some simple examples that illusteathe physics of ion extraction from
a plasma as well agrak modeling techniques. Figure83 shows the geometry of a benchmark
calculation for a cylindrical proton gun de ned by the les PLASMAO1.MIRLASMAOQL.ElEnd
PLASMAOL.TINThe aperture has a radius of 2.0 cm, the extraction gap hasdtih d = 4:0
cm and the applied voltage sV, = 50:0 kV. The focusing electrode is inclined at an angle
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Figure 33: Geometry of the example PLASMAOL1 with focusing eleode angle = 22:5°. Fig-
ure shows the self-consistent plasma surface, equipotahttontours and model particle orbits.
Dimensions in cm.

= 22:5° and the cathode is a plane on the right-hand side of the soloti volume. With these
parameters we expect that the solution will approximate ardeal Pierce gun. Therefore the ion
current density j ¢ should be almost uniform over a at plasma surface that intexects the triple
point. The current-density magnitude is given approximatly by Eq. 41 jc = 380:5 A/m?2.
For comparison, theTrak calculation in the Plasma mode gives a surface with a convexity of
0.009 cm on axis and average current densify = 402:6 A/m?. In the nal state, the current
density is uniform over the surface to within 0:06%. The calculation illustrates the stability
and convergence of th&®lasma mode procedure.

Next, suppose we increase the focus-electrode angle to 3dg&xample PLASMAD2 The
extra metal reduces the electric eld on the outer edge of thaperture, suppressing the space-
charge-limited current density. Therefore, emission is neuniform over a at surface that
intersects the triple point (Fig. 34). In this case,Trak must ex the plasma to create a concave
surface, thereby reducing the current density near the axisTable 12 shows theTrak input
script. The Emit command speci es proton generation using an emission sw#aa distance
DEmit = 0:075 cm from the source surface. For comparison, the localrent width along z
is 0.050 cm. Two model particles are created per facet and thgap width is DGap = 4:0 cm
(Fig. 33). The PlasmaParam command speci es 4 cycles of surface adjustment with 5 orbit
eld recalculations for each cycle. There are 12 initial oiib eld recalculations to achieve an
accurate starting solution.

The left-hand-side of Fig.35 shows the nal concave shape of the plasma surface along with
computed equipotential lines and model particle orbits intte converging beam. The right-
hand side shows the solution for a shallow focusing-eledsangle ( = 15:0°). In this case,
the electric eld magnitude is higher at the outer radius so lat the plasma must assume a
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Figure 34: Radial variation of current density for exampld®LASMAORith = 30:0°. Green
curve shows the initial state while the blue curve shows theuaent density after the iterative
plasma surface adjustment.

Table 12: Trak input le PLASMAO2.TIN

* FILE: Plasma02.TIN
FIELDS
EFILE: Plasma02.EOQU
DUNIT: 100.0
END
PARTICLES Plasma
EMIT(2) 1.0 1.0 0.075 2 4.0
PLASMAPARAM 4 5 12
AVG 0.30
END
DIAGNOSTICS
JSOURCE
PARTLIST
EDUMP Plasma02P
END
ENDFILE
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Figure 35: Self-consistent plasma surface shape, equiptie lines and model particle orbits.
Left: example PLASMAORith = 30:0°. Right: example PLASMAOBith = 15:0°.

convex shape for uniform current density.
The examples suggest the following logical sequence for tlesign of a practical cylindrical

ion gun:

1. Starting from the Pierce solution ( = 22:5°) with at emission surface, we add an exit
aperture in the cathode. The e ect of the aperture is to reduethe electric- eld magnitude
on the plasma surface near the axis.

2. To compensate for the reduction in on-axis current dengjtwe increase the angle of the
focusing electrode to suppress emission near the outer &lof the plasma surface.

3. A further increase in the focusing electrode angle wouldvg a converging beam. In this
case, it is possible to reduce the radius of the exit apertuf€ig. 29).
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14 Modeling secondary emission of electrons

14.1 Models for secondary electron emission

Trak can represent electron secondary-emission processes tal@helectro-optical devices and
collectors for high-power vacuum tubes. These capabiliieapply only to electrons and can
be used in theTrack, SCharge RelBeam and FEmit modes. In the latter modes the space-
charge of emitted electrons is added to the electric eld ratculation. A single model electron
orbit can represent a multi-generational set of electrongkegions with elements corresponding
to secondary emitters are de ned with theSecondarycommand. When an electron enters a
secondary element, the secondary-emission coe cientis calculated from the incident energy
and particle angle relative to the surface at the entrance jpa. The current of the electron is
multiplied by and it is restarted at a point in the vacuum space near the swa€e entrance
point. The kinetic energy of the emitted electron follows a fixwell distribution with T¢ = 2:0
eV. The direction of emission is normal to the electrode sude.

Trak determines the secondary emission coe cient from a paramet model based on work
by Jonker [J.L.H. Jonker, Phillips Research Report§, 372 (1951), Phillips Research Reports
7, 1 (1952), Phillips Research Reportd?2, 249 (1957)] and Vaughn [R.M. Vaughn, IEEE
Trans. Electron DeviceseED-36, 1963 (1989) and IEEE. Trans. Electron Device&D-40 ,
830 (1993The model involves the angle between the direction of the incident electron and a
vector normal to the surface. The de ning function for the agular dependence of is

1
F()= ¢a—: (43)
coy )
The maximum value of secondary coe cient and the correspomag incident electron energy
are given by

m= mo F(); (44)
Em=Emo F(); (45)

where ., and E,, are the values at normal incidence. These quantities are tallated for a
variety of materials in Tables13 and 14. The secondary emission coe cient as a function of
the angle and kinetic energyE of the incident electron is given approximately as

GE)= ml )hf exp't f)ia; (46)

wheref = E=E.,( ). The parameter a has the value 0.62 fof < 1 and 0.25 forf 1.
To prevent in nite values of , the code takes = 80:0°for orbits with incident angles that
exceed 80.Q The reference S. Humphries, N. Dione and J. Petill@econdary-electron emission
modeling on a conformal meshProc. WorkShop on RF Superconductivity, Santa Fe, 1999
(included with the Trak package) gives a detailed description of numerical methodsed to
treat secondary emission in thd@rak code.
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Table 13: Secondary emission coe cients for elements, aded from D.R. Lide, ed., Hand-
book of Chemistry and Physics , 74th Edition (CRC Press, Boca Raton, 1993), 12-107

Element mo Emo Element mo Emo
(eV) (eV)
Ag 15 800 Li 0.5 85
Al 1.0 300 Mg 0.95 300
Au 14 800 Mo 1.25 375
B 1.2 150 Na 0.82 300
Ba 0.8 400 Nb 1.2 375
Bi 1.2 550 Ni 1.3 550
Be 0.5 200 Pb 1.1 500
C (diamond) | 2.8 750 Pd > 1.3 | > 250
C (graphite) | 1.0 300 Pt 1.8 700
C (soot) 0.45 500 Rb 0.9 350
Cd 1.1 450 Sb 1.3 600
Co 1.2 600 Si 1.1 250
Cs 0.7 400 Sn 1.35 500
Cu 1.3 600 Ta 1.3 600
Fe 1.3 400 Th 1.1 800
Ga 1.55 500 Ti 0.9 280
Ge 1.15 500 T 1.7 650
Hg 13 600 w 1.4 650
K 0.7 200 Zr 1.1 350
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Table 14: Secondary emission coe cients for compounds, gutad from D.R. Lide, ed.,Hand-

book of Chemistry and Physics , 74th Edition (CRC Press, Boca Raton, 1993), 12-107

| Material | mo | Emo (eV) | Material | mo | Emo (eV) |
Alkali halides Oxides
CsCl 6.5 Ag20 1.0
KBr (crystal) 14 1800 A1203 (layer) 2-9
KCI (crystal) 12 1600 BaO (layer) 2.3-4.8 | 400
KCI (layer) 7.5 1200 BeO 3.4 2000
Kl (crystal) 10 1600 Ca0 2.2 500
Kl (layer) 5.6 Cu20 1.2 400
LiF (crystal) 8.5 MgO (crystal) 20-25 | 1500
LiF (layer) 5.6 700 MgO (layer) 3-15 400-1500
NaBr (crystal) | 24 1800 MoO2 1.2
NaBr (layer) 6.3 Si02 (quartz) 2.1-4 | 400
NaCl (crystal) 14 1200 SnO2 3.2 640
NaCl (layer) 6.8 600 Others
NaF (crystal) 14 1200 BaF2 (layer) 4.5
NaF (layer) 5.7 CaF2 (layer) 3.2
Nal (crystal) 19 1300 BiCs3 6 1000
Nal (layer) 5.5 BiCs 1.9 1000
RbCI (layer) 5.8 GeCs 7 700
Sul des Rb3Sb 7.1 450
MoS2 1.1 SbCs3 6 700
PbS 1.2 500 Mica 2.4 350
WS2 1.0 Glasses 2-3 300-450
ZnS 1.8 350
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14.2 Control commands

The following commands may appear in thdrack, SCharge RelBeam and FEmit sections.

SECONDARY [E,B] NReg DeltaMax0 EngMax0

SECONDARY (E,5): 2.45 320.0

This command designates that regiomMN Reg in the electric or magnetic eld mesh is aSec-
ondary type and assigns emission parameters. In contrast to the e Vacuum and Material

speci cations, the command requires two parameters. Theaknumber quantity DeltaMax O is

the maximum value of the secondary emission coe cient for mmal incidence. The real quan-
tity EngMaxO0 is the kinetic energy of the incident electron (in eV) at whit the maximum

occurs.

SECONDPARAM KECutO MinFact

SECONDPARAM 1.0 2.0E-3

This command sets global parameters that control the termation of multi-generation electron
orbits to prevent in nite calculations. The quantity KECutOff is a cuto value (in eV)
for kinetic energy. An orbit terminates if the energy of the igident electron falls below this
value. The default isKECutOff = 2:5 eV. During a multi-generation orbit calculationTrak
maintains a quantity MultFact equal to the e ective number of electrons in a generation per
incident electron. This quantity equals the product of sesalary emission coe cients for all
collisions with secondary materialsMultFact(N) = > 2 n. An orbit is terminated if
the multiplication factor drops below the valueMinFact. The defaultisMinFact =1:0 10 4.

SECONDLIST In response to this commandlrak writes a detailed record of secondary
emission events during an orbit integral to the listing le.In runs with NCycle > 1, a record
is made only on the nal cycle.

Finally, additional information on particle multiplicati on is contained in data written in
response to theRegList command in the Diagnostics section.
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15 Particle and eld diagnostics

Trak records information on the calculation in the listing le FPrefix.TLS . After computing
particle orbits, the program can perform several diagnostioperations in response to commands
in the input le. These are contained in the Diagnostics section that follows the Particles
section. After the Diagnostics section (or if there is no section),Trak looks for the EndFile
command, closes all les, and terminates operation.

15.1 General control commands

Diagnostic commands divide into ve classes: 1) general donl, 2) electric elds, 3) applied
magnetic elds, 4) beam-generated magnetic elds and 5) dkline or particle orbit quantities.
There are three general control commands:

NSCAN NScan

NSCAN = 100

Set the number of intervals for line scans initiated by th&Scan BScanor BBScan commands.
The default value isN Scan = 50.

INTERP [E,B,BB] [LIN,LSQ]

INTERP(BB) = LIN

The electric and magnetic eld calculations in theEPoint, EScan BPoint, BScan BBPoint or

BBScan commands may employ either the linear or least-squares- tethod. The string param-
eter may assume the valuesIN or LSQ. The command a ects subsequent eld calculations.
Multiple Interp commands may appear in thdiagnostics section.

DUNIT DUnit
DUNIT = 39.37
Change the unit conversion factor for the input of spatial gantities in the diagnostic commands.

15.2 Electric eld diagnostics

These commands may be used to record the nal state of the eflec eld. These calculations
function only if an electric eld mesh has been loaded. Note #t calculations are performed on
the nal eld solution which may include the e ects of scaling, spatial shifts and beam space
charge.

EDUMP FPre x

EDUMP = KlyMod

Record a le of electric eld values with the nameFPrefix.EOU in the current directory. The
le may be loaded into EStat or Trak for plotting and analysis. It may also be used as input
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to a subsequenflrak run. For instance, you may want to generate detailed edge atb in the
self-consistent elds of an ion gun.

EPOINT = (X, Y, 2)

EPOINT = (0.0, 0.0, 12.0)

Record a computation of the electric eld at the point ;Y;Z) in the listing le using the
current interpolation method. Enter the coordinates in unis set by the current value ofDUnit.

ESCAN (X1, Y1, Z1) (X2, Y2, Z2)

ESCAN (0.0, 0.0, 12.0) (5.0, 0.0, 12.0)

List electric eld values along the scan line fromX; Y1;Z1) to (X3; Ys; Z5). Enter the coordi-
nates in units set byDUnit.

15.3 Magnetic eld diagnostics

The following commands record values of applied magneticlceif a magnetic solution has been
loaded with the BFile command. The values re ect the actions of scaling and shifiperations.

BDUMP = FPre x

BDUMP = SolShift

Record a le of the magnetic eld values used in the simulatio with the name FPrefix.BOU
in the current directory. The le may be loaded intoBStat or Trak for plotting and analysis.
The command functions only if a solution has been loaded withe BFile command.

BPOINT = (X, Y, 2)

BPOINT = (3.0, 3.0, 0.0)

List the value magnetic eld calculated from all sources attte point (X;Y;Z). Enter coordinates
in units set by the current value ofDUnit. Depending on the commands of th€&ields section,
the calculation may include contributions from a nite-elenent mesh, a table of on-axis values,
uniform eld components, or an azimuthal eld created by a wie.

BSCAN (X1, Y1, Z1) (X2, Y2, Z2)

BSCAN (2.0, 0.0, -3.0) (2.0, 0.0, 15.0)

List magnetic eld values calculated from all sources alonthe scan line from K;Y:;Z,) to
(X2;Y2; Z,). Enter the coordinates in units set byDUnit.

15.4 Diagnostics of beam-generated magnetic elds

The following commands write values of the beam-generatedagnetic eld. They function
only in RelMode calculations.
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BBDUMP = FPre x

BBDUMP = HTest

Write node values used for the calculation of a beam-geneeat magnetic eld to the le
FPrefix.BBD in the current directory. The le has a format similar to the output les of
EStat and PerMag . For a cylindrical simulation the recorded quantities areB (in tesla)
and the enclosed current at the node (in A). The quantities in glanar simulation are B,
and the enclosed linear current in A/m. You can load the le inTrak to create plots of the
beam-generated magnetic eld.

BBPOINT = (X, Y, 2)

BBPOINT: 5.5 6.2 12.3

List the beam-generated magnetic eld at the point X;Y;Z). Enter coordinates in units set
by DUnit.

BBSCAN = (X1, Y1, Z1) (X2, Y2, Z2)

BBSCAN = (2.0, 0.0, -5.0) (2.0, 0.0, 13.0)

Lists values of the beam-generated magnetic eld along thecan line from (Xq;Yy;Z4) to
(X2;Y2;Z,). Enter the coordinates in units set byDUnit.

BBBOUNDARY NReg

BBBOUNDARY (5)

Write a list of facet currents along a collector surface congged of nodes with region number
NReg. Trak locates the intersection of the collector surface with thexé& and then moves
radially outward calculating the total enclosed current ad current density from the associated
facet currents and areas. The routine can provide useful calations of current density vari-

ations on target surfaces. You may want to de ne special celttor surfaces and/or apply the
RelBeam mode in non-relativistic calculations to utilize the capallities of this command.

CDENS ZPos Rmax NR

CDENS XPos Ymax NY

CDENS 5.0 1.5 20

Employ information on the beam-generated magnetic eld sted on the electric eld mesh to
generate a transverse scan of the beam current density. Soimes, it may be useful to simulate
a non-relativistic beam in theRelBeamin order to use this diagnostic. In cylindrical geometries,
the parameters areZ . (the z position for the scan),Rmax (the outer radius for the scan) and
Nr (the number of radial intervals). The inner scan radius is alays taken as the minimum
radius of the solution volume (where B= 0:0). In planar geometries, the parameters ar¥ o
(the x position for the calculation), Ynax (the outer displacement for the calculation) andNy
(the number of intervals iny). Trak issues an error message Yiin 0:0. The calculated
values may be subject to large numerical errors if the numbef model particles is small or if
there are accumulated errors in the orbit calculations. Tdb 15 shows an example of the listing
for a cylindrical simulation:
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Table 15: Listing created by theCDens command

Current density derived from the beam-generated magnetic f ield

Axial position, X: 5.00000E+00

1.5000E-02
4.5000E-02
7.5000E-02
1.0500E-01
1.3500E-01
1.6500E-01
1.9500E-01
2.2500E-01
2.5500E-01
2.8500E-01

4.2624E+06
3.2274E+06
2.9988E+06
2.8971E+06
2.8448E+06
2.9201E+06
3.1195E+06
3.6695E+06
3.3201E+06
3.0915E+05

15.5 Orbit diagnostics

The nal set of commands writes information about particle doits (or eld lines) to the listing
le. The nal positions used for the calculation may depend o the presence oDiag or Stop
commands in theParticles section.

PARTLIST [SymType]

PARTLIST Rect

Make a formatted listing of initial and nal positions and mamenta for a particle simulation.
The list contains only coordinate values in a eld line simdtion. The parameter SymType
may have the valuesRECT or CY LIN . In the default mode RECT) components are given
in Cartesian coordinates. IfSymType= CY LIN, then values are converted to cylindrical
components relative to thez axis.

PARTFILE FPre x

PARTFILE = Part02

Write a le FPrefix.PRT of nal orbit parameters to the current directory in the standard
particle le format. This le can be used as input to a subsegent Trak run or for distribution
analyses inGenDist . This command does not function in theFLine mode.

REGLIST

This command initiates a list of particle collisions with mé&erial volumes organized by region.
Information includes the total number of hits, the weightednumber of particle collisions in
secondary simulations, and the total deposited current. Netthat region O includes all other
particle termination events (.g, left the solution volume, exceededax , --.)-
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PARTDIST

Write a list of beam distribution properties using the nal orbit parameters. Calculations
are performed relative to thez axis, independent of the symmetries of the eld solutions.
Quantities include the root-mean-squared widths, angulativergences and emittances in the
andy directions. Trak makes a special emittance listing for cylindrical beams, Icalating the
value corresponding to a uniform azimuthal distribution ofmodel particles. If the simulation
involves space charge, the distributions are weighted byeéhmodel particle currents. You can
perform similar calculations interactively in GenDist by creating a particle output le with
the PartFile command.

DISPLIST

Make a simple listing of initial and nal orbit displacements from the axis. In cylindrical
simulations the tabulated quantities arer; and r;, while y; and y; are recorded for planar
simulations. This information can be useful to assess thetamal quality of a charged-particle
gun. If the gun produces a laminar beam, a plot af  r¢ follows a straight line.

JSOURCE

Record a list of smoothed current density on emission facedsdered by region. Tablel6 shows
an example. The smoothing routine uses a least-squares-ad & fourth-order polynomial. The
independent variable is distance from the start point of theegion. Only even terms inr (or

y) are used if the emission surfaces contacts an axis of symmgetin the case of cylindrical
solutions, a weighting function proportional tor is applied so that errors in the calculated
current density for low-current particles near the axis do ot skew the results. Figure36

illustrates the tted function for a cylindrical beam.
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Table 16: JSource command listing

--- Smoothed emission-facet current density ---

NReg

NDNDNDNDNDNDNDNDPNODNONNDNNDNDNDNNNNDNDNDNDDNDN

ZAvg

1.009E+00
1.009E+00
1.009E+00
1.008E+00
1.008E+00
1.007E+00
1.007E+00
1.006E+00
1.005E+00
1.005E+00
1.004E+00
1.004E+00
1.004E+00
1.003E+00
1.003E+00
1.003E+00
1.003E+00
1.002E+00
1.001E+00
1.000E+00

RAvg

5.000E-02
1.500E-01
2.500E-01
3.500E-01
4.500E-01
5.500E-01
6.500E-01
7.500E-01
8.500E-01
9.500E-01
1.050E+00
1.150E+00
1.250E+00
1.350E+00
1.450E+00
1.550E+00
1.650E+00
1.750E+00
1.850E+00
1.950E+00

JAvg

4.020E+02
4.020E+02
4.020E+02
4.020E+02
4.021E+02
4.021E+02
4.021E+02
4.022E+02
4.023E+02
4.023E+02
4.024E+02
4.024E+02
4.024E+02
4.024E+02
4.025E+02
4.024E+02
4.024E+02
4.023E+02
4.023E+02
4.021E+02
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Figure 36: Weighted current-density smoothing for a cylingcal beam. Blue squares represent
values for individual model particles, the red line is a fotin-order t. Note the e ects of small
interpolation errors at element boundaries and near the axi
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Index

advanced capabilitiesp
angular spread,64
applications, 4

atomic mass unit,44

ballistic mode, 35

beam physics referenced,
beam-generated elds9, 68, 71
bitmap superposition,31
boundaries, plot,27, 35

Charged-particle Beamsp
Chebyshev,38
Child law, 9, 13 20, 63, 84
circular beam tool, 24
cloud-in-cell method,34
command

Combine plots, 31

Save current plot,31
command-line operation 24
commands

Avg, 62

BackTrack, 74

BBBoundary, 100

BBDump, 27, 100

BBFile, 79

BBPoint, 100

BBScan, 100

BDump, 99

Beta, 21

BFile, 40

BFilePre x, 17

Boundary, 35

BPoint, 99

BScan,99

BTable, 41

BTheta, 42

BUni, 42

CDens, 14, 100

ChangePot, 38

Charge, 18

Close eld le, 27

Close orbit and eld les, 27
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Close orbit le, 27
CNeut, 80

DEmit, 20

DGap, 22

Diag, 51

DispList, 102

DMax, 48

Ds, 19, 57

Dt, 18 24, 47

DUnit, 18, 35, 98
Edit, 23

EDump, 27, 38, 98
EFile, 35

EFilePre x, 17
Element outlines, 30
Emit, 46, 56, 64, 75, 83, 89
EPoint, 99
EScan,99

FFile, 56

Field le information, 27
Field plot type, 30
Field quantity, 30
FList, 55

Grid control, 30
Interp, 48, 98
JSource,102

ListOn, 52

Load beam magnetic eld,27
Load electric eld, 26
Load magnetic eld, 27
Load orbits, 26
Mass, 18

Material, 50
MaxCycle, 12, 19, 38
ModFunc, 36, 40
NCorrect, 22, 90
NCycle, 19, 62

NInit, 22 90
NPerSeg,18
NScan,98
NSearch,48

NSkKip, 13, 28
NSurface,22, 90



NTrackMax, 48

Number of contours,30

Omega,38

Orbinfo, 52

Orbit le information, 27

Orbit Iters, 28

Orbit plot type, 28

PartDist, 102

PartFile, 101

PartList, 101

PFile, 44, 61, 75

PlasmaParam,90

PList, 43 61, 75

Plot, 23

Plot limits, 30

PlotO, 52

Polarity, 19

Record,51

Re ect, 52

ReglList, 97, 101

RelBeam, 12

RelMode, 69, 76

Reset plots on load31

ResTarget,12 20, 39

ReStart, 70

Run, 23

Secondary,50, 97

SecondList,97

SecondParam97

Set plane,34

SetUp, 11, 23

Shift, 36, 40

Solve,12

Start, 47, 57

Stop, 23, 50

Suppress7, 83

TMax, 48

Toggle plot recording,34

Vacuum, 49

WorkFunc, 21

XY magni cations, 30
computational mesh,8
conformal mesh,11, 49
convergence conditions20, 62, 67, 89
conversion, centigrade to eV64
cubic spline,41

current density
Bohm limit, 84
calculation, 10Q 102
smoothing, 88, 102
space-charge limit84
current density calculation, 13, 34
current neutralization, 79

diagnostic plane,51
distribution plots, 33

editor, internal, 23
electric eld solution, 8, 20, 38
electron charge44
electron volt, 44
emission surfacel8, 45, 63
de ning, 45
procedure,45
enclosed current,71, 100
EStat, 11

facet current, 72, 100
facets, elements46
FEmit mode, 21, 81
eld emission, 81
eld interpolation, 48
eld line

polarity, 19

tracking, 19, 55
eld modulation, 36, 40, 54
eld scaling, 36, 40
eld symmetry, 8, 36, 40, 61
le functions, 7
lters, 28
nite-element method, 8
FLine mode, 19
Fline mode, 55
Fowler-Nordheim equations81

GamBet, 45

GenDist, 4, 6, 45, 101
grid intervals, setting, 30
gyroperiod, 47

instruction manual, 23
interactive mode, 23
ion gun design,93
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ion mobility
de nition, 59
integrals, 59
reduced,59
spectrometry, 59
isochronous system48

learning the code5

line region, 45

list input, particle, 43, 61
list input, eld, 56

listing le, 13

magnetic eld solution, 8
magnetic eld table, 41

magnetic elds, adding to plot, 31
material defaults, 49

material region, 49

mathematical functions, 37
Maxwell distribution, 65

Mesh, 10, 45

model particle, 9

neutralization, 79
orbit plot le, 26

package components}
paraxial motion, 68
particle list quantities, 44, 61
particle starting time, 54
phase space plot34
Pierce gun,91
pinched-beam diodey6
plasma, 84

free surface84
plasma e ects, 79
plasma meniscus86
Plasma mode 21, 84
plasma model limitations,88
plot le, 13
plot types

current density, 34

eld, 30

orbit, 28

phase space34
Poisson equation62

Principles of Charged Particle Acceleration4
PRT le format, 44, 101

ray tracing, 61

record planes, rulesb1

re ection plane, 52

relative residual, 20, 39
relativistic energy factor, 69
relativistic mode, 67
RelBeam mode 19, 71
restart run, 69

restart tun, 79

SCharge model9, 61
script

Diagnostics,17

Fields, 16

Particles, 16

structure, 16
secondary electron emissior@4
secondary emission coe cient94
secondary region49, 94
self-consistent calculation9, 61
solution procedure,6
source limit, 64
source temperaturep4
space charge9, 61
space-charge averagin@2
space-charge neutralization79
space-charge-limited emissiorg3
stop plane,50
stopping condition, 8, 49
surface current, calculation,72

tabular function, 41
tabular functions, 37
temperature, source versus cathodéb
temporal tables, 36
time step, choosing47
time-of- ight, 59
time-step calculator,24
toroidal eld, wire, 42
Track mode, 17, 43
tracking modes,9, 16
triple point, 86
true-scale mode 30
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unit conversion, spatial,35

vacuum region,49
virtual emission surface 20, 63

work function, 21, 83

XY magni cation mode, 30
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