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Abstract

The beam optics for Phase I of the Argonne
Positive-Ion Injector linac system have been studied
for a representative set of beams. The results of
this study indicate that high charge state beams
from an ECR source can be accelerated without
aignificantly increasing the transverse or
longltudinal emittance of the initiail beam. It f{s
expected that the beam quality from the PLI-ATLAS
system will be at least as good as presently
achleved with the tandem-ATLAS system,

Introduction

The goals of the Argoane Positive-Ion
Injector{PIl) project are to increase the bean
currents by a factor of order 100 compared to those
presently available and to provide heavy flons of
energles of at least 8 MeV/A through uranium,

These goals should be met while at the same tinme
saintaining the present Leam quality and flexibility
of tha system,

To achleve these goals an accelerator
systea is being developed that consists of two major
components: a) an electron-cyclotron resonance
(ECR) fon source’ on a 350-kV platfors and b) a low-~
velocity matched superconducting linac® with an
eventual total effective voltage of about 12 MV,

The linac {s made of short, indepeandently phased
superconducting ruomtouj loterspersed with
superconducting aolenoids to provide transverse
focusing for the beam., The project will procede in
three phases.

The first phase of this project {s
undervay sud will consist of the ECR ion source and
a single cryostat with five resonators. This small
system {s expected to provide a total voltage of
approximately 3 MV for a velocity matched
particle,

Ve have fanvestigated the bezm optics in
this Phase I confliguration for light and medium mass
beams, This paper presents the results of this
investigation and describes the calculationai tools
used.

Method of Calculation

A tay tracing progras with cylindrical
symmetry was used to investigate the beam optics of
the PII linac. A total of 150 particles were
fnitialized with a uniform random distribution
within the assumed injected phase ellipse. The
particles were then projected through the linac
using two different algorithus,

Gingle particles were traced through the
resonant cavities by numerically integrating the
equations of motion with a step slzs of
approximately 1 mm., The electromagnetic fleids in
these very-slow-wave structures can be accurately
represented near the drift tubes with a near-field,
electrostatic approximation, The quasi-static
flelds were calculated numerically using a matrix
approximation to Polsson's equation for the actual
drift-tube geometries. The fields were calculated
over a mesh of points on and near the beam axis and
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a look-up table was formed for esch type of resonant
cavity. The particle tracing routine used the look-
up table to obtain electromagnetic field values st
each particle position. The calcuiated fileld values
agree, within an experimental error of several
percent, with dielectric perturbation measurements
of the field on the beam axis, The calculated
values are estimated to be accurate to a few parts
in 10°, and are in fact the most accurate values
available for the actual electromagnetic flelds,

The treatment of the solenolds and drift
regions was by a first order matrix formallam., Each
particle's initial position and divergence waa
transformed to an exit position and divergence,
Because cylindrical symmetry vas assumed in these
calculations, the angular rotation of the ellipse in
the solenoild was ignored.

Assumed Linac Geometry and
initial Beam Properties Assumed

The extremely good loangltudinal beam
quality of the present ATLAS system allows
experiments to be carried out using a resonator
either to form a time waist on target which is
spproximately 150 ps FWHM or to debunch and produce
an energy resolutfon of the order of 1077, It is
{mportant that the PII-ATLAS system continue to
provide besms of very high quality.

In order to maintaln, or possibly improve,
the present level of beem quallity, the nonlinear
acceleration and traunsport effects must be minimized
throughout the systes. The requirement that the
beam be captured in sn RF bucket is not a
sufficiently stringent condition. Rather it is
desired that acceleration occur without appreciable
emittance growth, The ability of the linac to
accelerate the injected beam in a linear fashion is
strongly dependent on the sctual initial area of the
beaa phase space and the shape of the injected
ellipse,

The transverse phase space volume occupled
by the beam from the ECR source system is determined
by the inherent source properties and second order
transport errors. The normalized emittance of beams
from ECR ion aocurces 1; oot well known but tvecent
emittance measurements” are in the range for of 0.1
to 0.2% ma-nr. A value of 0.2v mm-mr has generally
been used for these calzulations.

The DC beam from the ECR source will be
bunched in two stages in order to prepare it for
injection into the PII. The first stage of bumching
will occur on the high voltage platform. Bunching
on the platform s important, oot only to reduce the
voltage requirements for the first capture buncher,
but also to reduce the effect of inatabilitles in
the high voltage {350kV) lon source systes. The
beam transport to the linac wmust also be made
isochronous so that path length differences in the
magnets do not add unduly to the time spread Lln the
beam. When these various effects are considered, it
sppears that the longitudinal emittance of the beam
injected into the PII llnac will be betwveen 10 and
20 keV-ns for most beams through mass (A) ~ 58, In
these calculations, longitudinal emittance values
betveen 20 and 96 keV-ns have been studled.
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The linac geometry assumed in these
calculations is shown ia Fig. 1, Resonators and
solenoids are alternated through the flrst three
short resonators {n order to maintaln a small beaa
dlameter {n the accelerating reglons. After the
third resonator, the beam energy has increased
enough to allow pairs of resonators to be alternated
with a single solenoid. Even so our calculations
show that some longltudinal emlttance growth can
occur at this polnt for slower beams.

The solenoids modeled in this calculation
are shorter version of superconducting solenoids
used in the present ATLAS linsc. The solenoid
effective length {s assumed to be 7.5 cm snd the
actual physfcal length {s assumed to be 18 cm.
These assunptions imply that field strengths of
about 10 T. will be required for some solenoids for
the heaviest beams,

Results of Calculations

The beams 16O7+ and 38yyl5+ hsve been
studied extensively for the 3-MVY machine. The
heaviest beams such as uranium cannot be effectively
accelerated until the remainder of the project is
completed, Therefore only a cursory investigation
of these heavier besms has been undertaken, The
design study for the complete PII will be undertaken
fater. A summary of the important parametera for
the most {nformative cases is given in Table I, The
bean ellipses in radial and longitudinal space shoun
in Figs. 2-]) correspond to the flrst ““Ni case In
Table I.

For a wide varlety of sssumed entrance
conditions and beam parameters, ve find that the
linac provides acceleration without significant
(€0X) grouth in transverae emittance and with
grovth In longitudinal emittance of approximately
20-30Y., The longitudinal emittance is significantly
more sensitive to the precise details of the
acceleration process than {s the transverae
em{ttance.

One reason for the excellent linearfity of
the acceleration procesa in these early stages of
the linac is the modular nature of the design. The
use of small resonant cavities which are flanked by
focuslng solenolds means that the beam radius is
extremely swall inside a resonator where the
radially varying accelerating field is located.
Therefore, the beam not only experiences relatively
small radial forces but also the longitudinal
emlttance {s not badly distorted by the variation in
longleudinal accelerating flelds with radius.

Another {mportant point Is that these
resonators do not behave, in general, as simple
lenses, The extremely rapid variation of velocity
for particles in a resounator and the four-gap
structure of the resonator produce a form of
elternate phase focusing within each resonator.
The result is that, for the cases reported here, the
first resonator is strongly focusing in both
transverse and longltudinal phase space. The
transverse sand longitudinal focal length for the
first rgsonntor 1s approximately l5cm, in the case
of the "°Ni studies vhen operated at a phase angle
(8) of 22 degrees with respect to maximus energy
gain,

The detalls of the effect are vary
strongly dependent on initlal velocity and the
chatge to mass ratio (q/A) of the particle.
Therefore, wve do not plan to exploit this feature 1a
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Fig. 1
The geometry in PII linac used in these studies.

the PI1I. TIustead the choice of forming a radial
waist i{n each resonator minimizes the radial
focusing effecta as well as the defocusing that
occurs {n other situations, In fact, the variation
in resonator radial lens strength tresults in less
than a 10X effect on the required solenold field
strengths,

A most lmportant gueation to address in
this study concerns what approximations may be nmade
in obtaining a qualitative understanding of the
acceleration process in this accelerator. For many
accelerators, it is possible to derive useful
matching criteria using a uniform acceleration
model, This model aud other requirements lead to
conditions on the shape of the beam ellipse
preaented to the linac which reault in minimue
emnittance ygrowth. For such a condition, the energy
spread at the entrance to the linac for a beam of
ewittuuce {(dUdL) shiculd ba:

1
§U = 1150(q/A)*Freing) Y A3/8(auar) % 7 (1)
vhere F is the RF frequency.

The last two entries In Table I compare a
beam prepared according to equation (1) as opposed
to injection of a beam whose time width is the same
as for a beam of lasger emittance. The longitudinal
emittance growth is dramatic in the ‘poorly aatched'
cage, The use of the analytical model clearly zives
a useful guide to the proper shape of the
longitudinal emittance ellipse for minimua
distortion to occur during acceleration,

These studles predict that the problems of
beaa blowup in the low veloclity region of the PII
vwill not be significant, Emittance growth in the
accelerator for beams with the properties assumed
hare should ba ssall, This is due to the separated
function desfgn of the linac and to alternating
phase focusing effects In each resonator. Other
sourcea of emittance growth such as RF phase and
amplitude fastabilities and second order path length
effects in the beam transport system are not
axpected to be serious problems in maintaining good
beam properties.



Table 1

Beam Optics Parameters for The Argonne Phase I PIL

Ion Init, Final Init. Final Inft, TIait. 1Intt, Final Infe., Infc.
Energy Transverse Rad Div. Longitudinal DE DT
(MeV) YRe{mm-mr) nm, mr, ET{keV-ns) keV ns.
1657 2.59  16.20 0.3z 0.3 L.5 12.  20. 20. 9. 0.2
584415 550 42.35 0.22 0.26 1.5 12. 33. 4o0. 92, 0.2
S8y115  5.50 42.35  0.22 0.264 1.5 12. 100. 25. 208, 0.5
SByil5  s.s0 42.35  0.22 0.28 1.5 12, 100, 300. 480, 0.2
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The radial (a) and longfitudfpal (b} phase ellipse fato (D) and out of (A) the first resonator in the Phase 1
guise P
PII. This case s for “°Ni corresponding to the second entry in Table I,
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The radial (a) and loogitudinal (b) phaaa ellipse into ([P and out of (A) the fifth reaonator. The case is
the same as descridbed {n Fig. 2.
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