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INVESTIGATIONSINTO NON-LINEAR BEAM DYNAMICSIN
ELECTROSTATIC STORAGE RINGS

D. Newton, C.P. Welsch, Cockcroft Institute and the Uniitgrsf Liverpool, UK
O.l. Papash, O. Gorda, Max Planck Institute for Nuclear Risy$ieidelberg, Germany

Abstract ELISA ring [1], for which some diagnostic measurements

Electrostatic (ES) storage rings provide a cost-effectiv%XISt’ was used throughout the paper.

solution to the problem of confining low energy (& 1)
charged particles and ions, whilst controlling the beam CODE BENCHMARKING

properties, for use n multl-pass_experlments. Howevqr, Charged particle dynamics in electro-static fields differ
compared to magnetic storage rings, the beam dynam

#8m those in magnetic fields in that the particle energy is
calculations for an ES ring show subtle differences, esp 9 b %y

cially in the coupling of the longitudinal and transverse Ve%'function of the particle position in the ES element. At
Y piing 9 relativistic energies the change in the particle velocity i

chmes_and n th_e focusing propertlgs of bendmg e.lememegligible but for for the energies under consideration at
fringe fields. Using the nominal design for an existing E

ring, realistic trajectories (including fringe fields andm he USR whergj << 1, the change in kinetic energy may

. . be large enough to invalidate the paraxial approximation of
linear field components) have been calculated and a com 9 g b bp

: . - ) . . onstant velocity that many lattice codes make. To inves-
parison is made with linear lattice simulations. The effecE y y

of the non-linear field components on the bear arametergate this situation a numerical tracking code was written
is discussed P P in” C++ which uses the ODE solver CVODE (part of the

SUNDIALS suite [2]) to numerically solve the equations of

motion. For absolute benchmarking, particle tracking was
INTRODUCTION carried out in a spherical ES deflector (ESD), with a poten-
tial, in spherical coordinates @f oc »—! [3]. This potential

h he Ultra.| | is the same as the gravitational potential and so Kepler or-
lon Research (FLAIR) at FAIR, the Ultra-low energy elecqyis .an he used to give an analytical solution to the particl

trostatic Storage Ring (USR) will provide cooled beams o otion. Anti-protons with kinetic energysx — 22 keV

anti-protons down to energies of 20 keV. The large variety . .o tracked through 360° spherical deflector (bend ra-
of envisaged experiments requires a very flexible ring laHiuszO 25 m), with CVODE and COSY [4], and compared
tice t(_) provide beams With variable cross sections, shapmh the analytical Kepler orbit. The displacement from
and time structures, ranging from ultra-short pulses 10 @ reference orbit is shown in Fig. 1. All three trajectsria
coa;tmg bea.m. Although a few ele_ctrostatlg sto.rage r_'ngfgree reasonabley well, though it can be seen in the ifiset
are in operation around th(_e world, little deta|l_ed investig plot that the assumption of constant velocity in COSY gives
t|0n_|nto the beal”r_\ dynamics of these mac_hlljes has beﬁ'%lightdeviation from the CVODE and Kepler trajectories.
carried out. In this paper we present preliminary resulty gimiiar difference was found between the trajectoriesin
of an investigation into the impact of non-llnear effects ORylindrical ESDs § o In(1/r)) and to a lesser extentin ES
anti-proton trajectories. A nominal lattice based on thﬁuadrupole elements. These small discrepancies may be
important in multi-turn simulations to calculate the beam

In the future Facility for Low-energy Anti-proton and

] lifetime.
0.004;
r —B, cosy
L _ —B, COSY
0.002— Lh o . o o —B, CVODH
¥ o r B, CVODE
r oo [ J b J
-0.002— L
N e
F |—CVODE S e 90 g o s b d o
.0.004— |-~ Kepler L
E L | L Ll Lol I 1 ac b 4 L
0 0.2 0.4 0.6 0.8 1 1.2 14 16 E
z/m 2’{
. . . . . R 0‘,””‘” P R BRI . RNRNE L - . JVi BRI i
Figure 1: Anti-proton trajectories in a spherical ESD. 0 Sim 8

COSY and CVODE results are compared with an analytic

Kepler trajectory. Inset: A close up highlighting the dis-Figure 2: ELISA beta functions calculated with COSY and
crepancy with the COSY trajectory. CVODE.
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Figure 3: Cylindrical ESD fringe fields, fitted with a six Figure 4: Numerical tracking through a cylindrical ESD
parameter Enge function. fringe field (canonical coordinates).

LATTICE COMPARISONS used to generate a multipole element in MADX with
linear matrices replacing the ES elements.

An ES lattice based on the ELISA lattice was chosen to

assess the different tracking codes. This lattice has rac?r-ajectory Changes in the Fringe Field
track design composed of two cells, with each cell having

the configuration: Using the fitted Enge function, a realistic fringe field
was incorporated into the CVODE model with a scalar po-
QF QD ESDcyr ESDeyr ESDeyi QD QF tential, o« Frneg(f)In(1/r). This potential gives a

Th d | i initially fitted in COSY t radial electric field which follows the Enge function, but
e quadrupo’e setlings were initially fitted in Calso leads to an azimuthal electric field, which accelerates
find a stable orbit, then the trajectories and lattice fumti

: .the particle from zero potential outside the ESD to its final
were calculated in both COSY and CVODE. In the hori, otential within the body of the ESD. Figure 4 shows the

zontal transverse d_|re_ct|0n, the phase space ellipses Coﬁf/'namical variables, P, andd (where is the kinetic en-
pare well, with a similar phase advanc€, = 2.8333

: ergy deviation from the reference particle). This plot skow
(2.83412:0.0001) inthe case of COSY (CVODE). Compar-g‘]at as the anti-proton enters the fringe field, it receives a

ing the phase space ellipse in the vertical direction, COS ick in its horizontal momentum, which causes a change

shows a larger momentum excursion than CVODE, Wlt| X (relative to a reference particle, and a corresponding

similar tunes:Q), = 1.83 (1.815 £ 0.001) in the case of : - :
) ’ . change in the kinetic energy (the ESD is modeled such that
COSY (CVODE). The linear beta functions are shown "Mhe zero potential lies on x=0). The kick in energy, momen-

Fig. 2. The resuits are similar for CVODE and COSY’tum and position are useful in calculating the physical ESD

though in the vertical direction, COSY_glves a Sllghtlyparameters needed to give the required effective bending
higher value of3, at the quadrupole locations. radius

ESD FRINGE FIELDS

The ELISA lattice discussed above has been modeled in
the finite element solver, OPERA [5], to give a realistic
model of the fringe fields and their affect on the particle
trajectories. Figure 3 shows the OPERA fringe fields on
the reference orbit for the cylindrical ESD, with a six pa-
rameter fitted Enge function.

Three methods were used to incorporate the fringe fields
into lattice codes:

3v,=1

02

e The OPERA fringe field was modeled with an Enge

function and implemented in CVODE as a numerical Foy
H Xy “.*‘4\,,=
extension to the ESD, s !
"‘\?.,\" V45, o
e The Enge function was used to calculate a fringe kick ! ot

matrix in COSY, i

04

e A multipole analysis was performed by taking a . . o
Fourier transform of the fringe field at a radius of 14Figure 5: The amplitude dependent tuneshift for cylindrica
mm. The multiple components, to tenth order, wer@nd spherical ESDs in the ELISA lattice.
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Figure 6: ELISA dynamic aperture with cylindrical and S U U
spherical ESDs. quad 1/Kkv
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Figure 7: A scan of the ELISA quadruple voltage parame-
ter space showing regions of stability in both the horizbnta
A multipole element, with parameters taken from and vertical transverse directions. Red: No Fringe Fields.
Fourier transform of the OPERA fringe field, was imple-Blue: With fringe fields.
mented in MADX toinvestigate the amplitude dependent
tuneshift and the dynamic aperture. In this section the afecusing in the horizontal (x) direction and acts as a drift
fects of both cylindrical and spherical ESDs were considspace in the vertical (y) direction. The presence of the ESD
ered. Because of the inherent non-linearity of sphericdl artherefore breaks the symmetry between the focusing and
cylindrical ESDs, the motion of particles with large ampli-defocusing quadrupoles, and means a region of stability in
tudes is of particular interest. one plane will not necessarily coincide with a region of sta-
To demonstrate how the tune spread can influence thdity in the other plane. To investigate the stable regions
nonlinear particle motion, the tune spread curves are plati the ELISA lattice, a scan of the parameter space over the
ted on a resonance diagram (Fig. 5). The tune spread fguadrupole strengths was made in COSY and the trace of
spherical ESDs is much larger than for cylindrical ESDshe linear matrix was plotted at each point. The presence
and crosses two resonances of fourth and fifth order. Fof fringe fields has a significant affect on the region of sta-
the given working point, both curves are relatively close tdility as can be seen in Fig. 7, where only regions that-are
third order resonances and so the stability of particle matable in both transverse directions are plotted.
tion could be influenced by the ESD sextupole component.
The dynamic aperture of the ELISA lattice was calcu- SUMMARY
lated for spherical and cylindrical ESDs to compare the o ) )
stability limit for these two cases. Particles with randgml _ Preliminary results have been presented into an inves-
assigned initial coordinates were tracked over 5000 turndgation of the dynamics of electro-static rings at ultra-
Surviving particles were assumed to lie within the dynamitoW energies. Work is ongoing to benchmark the different
aperture. The dynamic aperture of the lattice is shown ifi€thods of describing the fringe field components and:in-
Fig. 6. Particles with high amplitude vertical betatron osvestigate the inherent non-linear behavior of electrtiesta

cillations are more stable in the case when cylindrical dd€nding elements, with the aim of optimising the nominal
flectors are used. lattice design of the USR at FLAIR.

Tuneshift and Dynamic Aperture
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Stability plots for magnetic lattices have a familiar REFERENCES

‘neck-tie’ appearance, showing r_egions of_stability, V‘Eher[l] Sgren Papa Mgller, ‘ELISA, an Electro-static StoragedRi
the trace of the linear 2x2 matrix (in the horizontal and ver- * tor atomic physics’, NIM A 297 (1997).

tical directions) is less than twdTr(M| < 2. Ip these [2] SUNDIALS, https://computation.11nl.gov/casc/
plots the quadrupoles supply the strong focusing and the' .,/ 4ia1s/main . htul.

weak focusing of the dipoles is negligible. This leads to
symmetry between the focusing and defocusing quadrup Press Inc.. 1987
strengthskpl andkpl, such that stability in one plane im- .\ \1-1i0 0 and M. Betz, ‘Cosy Infinity’, NIM A, 427 (1999).
plies stability in the other plane. They are generally gldtt

in F and D space, wher® = (/{:Fl)Q andD — (—k‘Dl)2. [5] OPERA, http://www.cobham. com/about-cobham/
ESD lattices give very different stability plots. Cylindal ~ 2erospace and-sseurisy/abows-us/

ESDs have a radial field that falls off agr, which gives v & P -asp
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