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Abstract The capability of TRACE 3-D to model
A set of optical models f ety efectrostati longitudinal changes in parameteksithin an element
Set of opuical models for a variety eleclrostalic 5,y one to include effects that are not possible with a
lenses and accelerator columns has been developed for ﬂ%?rictly firstorder code; e.g., space chargeforces
computer code TRACE 3-D.  TRACE 3-D is (applying impulses atachstep)andpermanent magnet

;envelo dp? E)matrri]x)b:: ode in_cluding s;ie_rdtmrgeoftetn usetd quadrupole fringe field effects are includedtire standard
0 model bunche@eéams in magneuc transport Systems o i, of TRACE 3-D [1].  This "longitudinal"

znd radlofreql:sncﬂzF)_accelttara'iorsrvshen thleeﬁects Oft_ capability has beemsed in this work to incorporate
ea(ljml Cl;rren bayd € 'Impc(’jrt;nt' I ev?r:a r:jewt mg X changes in the beamnergy as dunction of position in
mocels have beeoevelopedinal allow thecode 10 be o glactrostatic elements, as well asctdculate fringe

used for ”.‘Ode"”g beam linesand accel_eratorswnh fields and retain the space charge model for all elements.
electrostatic components. The new modettude (1)

three einzel lenses, (2) two accelerator columnsth(gge Three different electrodgeometries for einzel (or
electrostatiadeflectors(prisms), and (4) an electrostatic unipotential [2]) lenses have been aueled and are
guadrupole. Aprescription for setting up the initial illustrated in Figure 1. All of the lensésve cylindrical
beam appropriate to modeling 2-D (continuous) beamsymmetry about the axis, indicated bythe dashedline
has alsobeendeveloped. The new models for (1) are in Figure 1. In addition, the einzel lensae synmetric
described inthis paper,selectedcomparisons withother  about their mid-points, corresponding to the paiatO.
calculationsare presentedand abeamline application is

summarized. 2. OPTICS MODELING

The optics of particles near the axisagfindrically
symmetric electrostatic elements determined by the
TRACE 3-D uses the first-orderansfermatrix (R- axial potential distribution/(z). Thefirst-order electric
matrix) formalism to computechanges tothe beam  fields are given by
matrix (@-matrix) [1]. However, rather than using the R-
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— VA 2.
matrix for an entire optical element, TRACE 3dides E(xy.3 = +[(1/2) 0V(2)/0)]x @)
each element into a series of small (longitudinal) : , )
segmentsand the calculation then steps through the E,(xy.3 = +[(1/2) 0V(2)/0)ly . @)
beamline one segment at time. Thfective transfer E (xy.3 = - OV(2/02) . 3)

matrix may be modified in each segment.
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Figure 1. Electrode geometries for the three einzel lens models. Different potential functions are used to
describe (a) a three-aperture lens, (b) a three-tube lens and (c) a two-aperture, center-tube lens.
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The fields given above satisfy Maxwell'squation
4 E =0 for anyV(2).
first-order optics may becomputed directifrom these
fields. Our method follows that given in reference [3].

2.1 R-Matrix Elements

The region over which thdields (1)-(3) act is
divided into small steps of lengftr and twoR-matrices

A = [cosh(2vz/R)+cosh[wa/R)+(w'g/R)]] ,(13)

The R-matrices describing the and

B = [cosh(2vz/R)+cosh[wa/R)-(w'g/R)] . (14)

The constantsv=1.31835and w'=1.67. This form of

the potential is based upon a parameterization of a single
two-cylinder (accelerationens [4]. The potential was
obtainedfrom the superimposition of potentials for 2
back-to-back, two-cylinder lenses, with the estectrodes

are computed for each step. The first R-matrix, togethef€t 10V, and the adjacent electrodes sev4g5]. When
with an increase inthe beam energy, computes the ®@=w=1.318, the potential given by12)-(14) is the
effects of a uniform electric field acting over a distance ofS@me as thatsed byLu, Ben-Zvi and Cramer [3] and

Az. The non-trivial elements of this R-matrix are

other authors. The use ab'=1.67 provides better
agreement with numerical solutions to Laplace's equation

Ris = Ry = 202/ [1+(f]»)i//:] ’ “) for certain cases [4].
d Re2 = Riu=Ree = ()™ ®) For thetwo-aperture center-tubens illustrated in
an R. =Az/ 5 Figure 1(c), we use a potential given by El-Kareh and El-
where s =021V ©) Kareh; see Equation (6.5) of reference [2]. Specifically,
n.=V(@NV(z-02) @) 2= (2m(9){A-B} , (15)
. R where

andy is the relativistic energy factor of the beanz.at A = (z+gral2)tant{(z+g+a/2)R ]

The secondR-matrix computes theffective thin + -g -a/2)tan’[(z-g -a/2)/R,] + 2R (16)

1 L]

lens for the focusingffect of the field applied as an and
impulse. The non-trivial elements of this R-matrix are

21= Riz=-[Nn. - 2. +1)/(4ndz) , ®

n.=V(z+ANV (@) . ©) given by Equation (11) above.

The formulas given by Equations (4)-@n beused The fields are modeled to alistanced ; before and
to model any electrostatic element whose potential iafter eachlens, so that the full length of a lens is
given atdiscretepositions on the axis. In this work, 2(g+d)+a. In the calculationslescribechere, thevalue
analytic forms for the on-axis potential functicm®used ofd; = fR (or fR,), where f isthe TRACE 3-Dfringe
for computing the R-matrix elements. field extension factor, PQEXT [1].

B = (z+al2)tart{(z+a/2)/R)]
+ z-a2)ta'{(z-a/2)/R;] + 2R, . (17)

where WhenR; =R, = Randa = 0, these resultgeduce tothat

2.2 Potential Functions 3. COMPARISONS WITH OTHER WORK

The potential as a function effor the einzel lenses Several calculations have beearriedout using the
illustrated in Figure 1 may be written in terms of the einzel modelsdescribedabove for comparison to other
electrode potentialg; andV, as results available in the literature. Table 1 givesfiuwal

V(@) =V, + [V, V2] 92 (10) lengthf obtained from TRACE 3-D for the 3-tube lens,

approachegw. The functiong(z) dependonly on the ~ Adams and Read [5], all expressed as the fa{#R).

geometry (electrode spacings and dimensions) of the lenst4p1e 1. Focal length to aperture ratio for 3-tefrezel

For the three-aperture lens illustrated in Figha), lenses. Results for two fringe field factors f are given.
we use a potential that is a spediate ofthe potential

for the two-aperture center-tulbens, Figure 1(c).(That

o ! v V, NV, fI(2R)=-1/[2R R,] [this work] f/(2R) [5]
potential is described further below.) When the tadii =25 =10.0
areequal, and the centertube has thezero length, the
formula forg(2) is given by 05 0.632 0.629 0.628
®2= 2m{A} | (11) 0.0 2.832 2.842 2.843
where 0.8 131.524 141.267 141.752
A=(z+g)tan’{(z+g)/R]+(z-g)tan{(z-g)/R]-(2z)tan*[(2)/R]. 2.0 11.462 11.169 11.261
9.0 1.288 1.301 1.312

For the three-tube lens illustrated in Figure 1(b), we
use the following formula fog(2)

®2)= R (wg)"I{A/B} , 12)

where
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4. BEAMLINE DIAGNOSTIC APPLICATION

The three—tube einzel lens moadtEscribed above
hasbeenused indeveloping a diagnostic model of the
low—energy injection system for the Center for
Accelerator Mass Spectrometry (CAMS) at ttevrence
Livermore National Laboratory (LLNL). Figure 2
illustrates a TRACE 3-D simulation of the injection
beamline. In the first step of thmodel development,
iterative adjustment of the TRACE 34$durce emittance
andvoltage on thesecondeinzel lens of the zoom-lens
section (element 6 in Figure Bsulted in asimulation
of the beamline that was consistent witieasured beam
profiles at theequivalent ofpositions 4/5and 7/8 in
Figure 2 (the first einzel lens was turned off for this test).
|

The second einzel lens voltage required in the model
to produce @eam waist at position 7/8 was 27.4 kV.
This value is within 1.5% of theneasured27.8 kV
required in the laboratory. Given the uncertainties in the
DAC/ADC conversion factors, the difference between the
two values is not significant. Since the superposition
derivation of Equation (12) is valid fgr/a<1/3 anda /2R
>1/2, andthe physical dimensions of theecond einzel
lens are such that/2R = 1.1 andy/a = 0.1, this level of
agreement was expected.

In the second step of this development, a full model
of the injection system has been constructed. This model
has been used in understandirapd optimizing the
transport of various ions through thlew-energy
injection system and into the CAMS accelerator.

EN CAMS Injectio
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Figure 2. TRACE 3-D output for the zoom—lens
This figure shows the resultsbtained afteadjustme

section of rtiweleledlow—energy injectionline.
nt of the source emittarar@ secondeinzel lens

voltage to match the measured beam profiles at the equivalent of positions 4/5 and 7/8.

5. SUMMARY

Several optical elements for electrostaticelerator
deviceshave beerdeveloped. The elements havbeen
integratedinto a version of the TRACE 3-[Bodethat
works within the Shell for Particléccelerator Related
Codes (S.P.A.R.C.) software environment [6]. A
detailedsummary of the einzel modelsedfor the code
has been presented. Focal length calculations shood
agreementwith other results from the literature. The
utility and accuracy ofhe einzel lens models hégen

demonstrated in the development of a diagnostic model of

the low—energy injection line at the LLNL Center for
Accelerator Mass Spectrometry.  Details foother
elements will be published in future papers.
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