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Abstract

The beam optics for Phase I of the Argonne
Posltlve-Ion Injector llnac system have been studied
for a representative set of beam. The results of
this study Indicate that high charge state beans
froa an ECR source can be accelerated without
significantly Increasing the transverse or
longitudinal ealttance of the Initial beaa. It Is
expected that the beaa quality froa the PII-ATLAS
systea will be at least as good as presently
achieved with the tandem-ATLAS systea.

Introduction

The goals of the Argo.ine Positive-Ion
InJector(PIl) project are to Increase the beaa
currents by a factor of order 100 coapared to those
presently available and to provide heavy Ions of
energies of at least S MeV/A through uranium.
These goals should be aet while at the saae time
aa In tain Ing the present beaa quality and flexibility
of the systca.

To achieve these goals an accelerator
systea is being developed that consists of two major
coaponents: a) an electron-cyclotroi resonance
(ECR) Ion source1 on a 350-kV platfora and b) a low-
velocity aatched superconducting linac with an
uventual total effective voltage of about 12 HV.
The llnac Is Bade of short. Independently phased
superconducting resonators'' Interspersed with
superconducting solenoids to provide transverse
focusing for the beaa. The project will procede In
three phases.

The f irst phase of this project is
underway and will consist of the ECR Ion source and
a single cryostat with five resonators. This snail
systea is expected to provide a total voltage of
approximately 3 HV for a velocity aatched
particle.

We have Investigated the beam optics In
this Phase I configuration for light and medium mass
beaas. This paper presents the results of this
Investigation and describes the calculations! tools
used.

Method of Calculation

A ray tracing prograa with cylindrical
ayaaetry was used to Investigate the beaa optics of
the PII llnac. A total of ISO particles were
Initialized with a unlfora randoa distribution
within the assuaad Injected phase el l ipse. The
particles were then projected through the llnac
using two different algorithms.

Single particles were traced through the
resonant cavities by numerically integrating the
equations of aotlon with a step sic: of
approximately I aa. The electromagnetic fields in
these very-slow-wave structures can be accurately
represented near the drift tubes with s near-field,
electrostatic approximation. The quasi-static
fields were calculated nuaerlcally using a aatrix
approximation to Polsson's equation for the actual
drift-tube geoaetrtes. The fields were calculated
over a aesh of points on and near the beaa axis and

a look-up table waa foraed for each type of resonant
cavity. The particle tracing routine used the look-
up table to obtain electroaagnetic field values at
each particle position. The calculated field values
agree, wlthl.i an experimental error of several
percent, with dielectric perturbation measurements
of the field on the beaa axis. The calculated
values are estlaated to be accurate to a few parts
In 105, and are In fact the aost sccurate values
available for the actual electromagnetic fields.

The treatment of the solenoids and drift
regions wss by a first order aatrix formalism. Each
particle's Initial position and divergence was
transformed to an exit position and divergence.
Because cylindrical syaaetry was asauaed In these
calculations, the angular rotation of the ellipse in
the solenoid was Ignored.

Assumed Llnac Geoaetry and
Initial Beaa Properties Assumed

The extremely good longitudinal beaa
quality of the present ATLAS systea allows
experiments to be carried out using a resonator
either to fora a tlae waist on target which is
spproxlaately 150 ps FVHM or to debunch and produce
an energy resolution of the order of lO*"'. It la
Important that the PII-ATLAS systea continue to
provide beaas of very high quality.

In order to maintain, or possibly laprove,
the present level of beea quality, the nonlinear
acceleration and transport effects aust be alnlalzed
throughout the systea. The requlreaent that the
beam be captured in an RF bucket Is not a
sufficiently stringent condition. Rather It is
desired that acceleration occur without appreciable
ealttance growth. The ability of the llnac to
accelerate the Injected beaa in a linear fsshlon is
strongly dependent on the actual initial area of the
bean phase space and the shape of the Injected
ellipse.

The transverse phase space voluae occupied
by the beaa froa the ECR source syatea is deterained
by the Inherent source properties and second order
transport errors. The normalized ealttance of beaas
from ECR ion sources is not well known but recent
ealttance measurements5 are in the range for of 0.1
to 0.2* ea-ar. A value of 0.2* aa-ar has generally
been used for these calculations.

The DC beaa froa the ECR source will be
bunched in two stages in order to prepare i t for
Injection into the PII. The first stage of bunching
will occur on the high voltage platfora. Bunching
on the platfora is Important, not only to reduce the
voltage requirements for the f irst capture buncher,
but also to reduce the effect of instabilities In
the high voltage OSOkV) Ion source systea. The
beta transport to the llnac auat also be aade
Isochronous so that path length differences in the
magnet• do not add unduly to the tlae spread in the
beaa. When these various effects are considered, it
sppears that the longitudinal ealttance of the beaa
Injected Into the PII llnac will be between 10 and
20 keV-na for aost beaaa through mass (A) - 58. In
these calculations, longitudinal ealttance values
between 20 and 96 keV-ns have been studied.
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The llnac geometry tiiuaed in these
calculations It shown la Tig. 1. Resonators and
solenoids arc alternated through the f irs t three
short resonator! In order to maintain a small beam
diameter In the accelerating regions. After the
third resonator, the beam energy has Increased
enough to allow palra of resonators to be alternated
with a single solenoid. Even so our calculations
show that ionic longitudinal eralttance growth can
occur at this point for slower beans.

The solenoids modeled In this calculation
are shorter version of superconducting solenoids
used In the present ATLAS Unac. The solenoid
ef fect ive length Is assumed to be 7.5 cm and the
actual physical length Is assumed to be 18 en.
Theae assumptions Imply that field strengths of
about 10 T. wil l be required for some solenoids for
the heaviest beams.

Results of Calculations

The beams 1 6O7 + and 5 8 N1 1 5 + have been
atudled extensively for the 3-MV machine. The
heaviest beams such as uranium cannot be ef fect ively
accelerated until the remainder of the project' Is
completed. Therefor* only a curaory Investigation
of these heavier beasts has been undertaken. The
design study for the complete PII will be undertaken
later. A summary of the Important parameters for
the most informative cases Is given In Table I . The
beam e l l ipse* In radial and longitudinal sptce shown
In Figs. 2-3 correspond to the f i r s t 58N1 case In
Table I.

AR0ONNC POSITiVE ION INJECTOR SYSTEM

For a wide variety of aasuacd entrance
conditions and beam parameters, we find that the
linac provides acceleration without s ignif icant
( <IOI) growth In transverse emlttancc and with
growth In longitudinal emlttance of approximately
20-307. The longitudinal emlttanc* Is s ignif icantly
more sensit ive to the precise detai ls of the
acceleration process than la the transverse
emlttance.

One reason for the excellent l inearity of
the acceleration process In these early stages of
the llnac Is the modular nature of the design. The
use of small resonant cavi t ies which are flanked by
focusing solenoids means that the beam radius Is
extremely snail Inside a resonator where the
radially varying accelerating f ield Is located.
Therefore, the beaa not only experiences re lat ively
small radial forces but also the longitudinal
emlttance Is not badly distorted by the variation In
longitudinal accelerating f ie lds with radius.

Another Important point Is that these
resonators do not behave, in general, as simple
leases . The extremely rapid variation of velocity
for particles In a resonator and the four-gap
structure of the resonator produce a fora of
alternate phase focusing within each resonator.6

The result Is that, for the cases reported here, the
f i r s t resonator is strongly focusing In both
transverse and longitudinal phase space. The
transverse snd longitudinal focal length for the
f i r s t resonator la approxlaatcly 15cm. In the caae
of the Nl studies when operated at a phase angle
(e) of 22 degrees with respect to maximum energy
gain.

The detai ls of the ef fect are vary
strongly dependent on In i t ia l velocity and the
charge to mass ratio (q/A) of the particle .
Therefore, we do not plan to exploit thla feature in
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Fig. I
The geometry in PII llnac used in these studies.

the PII. Instead the choice of forming a radial
waist in each resonator minimizes the radial
focusing effects as well as the defocusing that
occurs la other sltuatlona. In fact, the variation
In resonator radial lens strength results in less
than a 10Z effect on the required solenoid field
strengths.

A aost important queatlon to address In
this study concerns what approximations msy be made
In obtaining a qualitative understanding of the
acceleration process in thla accelerator. For many
accelerators, It Is possible to derive useful
matching criteria using a uniform acceleration
model. This model and other requirements lead to
conditions on the shape of the beam ellipse
presented to the llnac which result In minimum
ealttance growth. For such a condition, the energy
spread at the entrance to the llnac for a beam of
eoittnuca (JUJL) il.ujl.ii be:

( I )6U - 11
where 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 lesser emlttance. The longitudinal
emlttance growth is dramatic In the 'poorly matched'
case. The use of the analytical model clearly gives
a useful guide to the proper shape of the
longitudinal emittance e l l ipse for minimum
distortion to occur during acceleration.

These studies predict that the problems of
beaa blowup In the low velocity region of the PII
wil l not be s ignif icant . Emlttance growth In the
accelerator for beams with the properties assumed
here should be small. This Is due to the separated
function dealgn of the linac and to alternating
phase focusing effects In each resonator. Other
sources of emlttanc* growth such as RF phase and
amplitude Ins tab i l i t i e s and second order path length
effects In the beaa transport systea are not
expected to be aerloua probleas in maintaining good
beam properties.



Table I

Beaa Optics Paraaeters for The Argonne Phase I PII

Ion I n l t . Final I n l t . Final I n l t . I n l t . I n l t . Final I n l t . I n l t .
Energy Transverse Had Dlv. Longitudinal DE DT

(MeV) -rBe(mm-mr) nm. mr. ET(keV-ns) keV ns .

Q
58H l15
58N 115

2.59
5.JO

16.20
42.33

5.50 42.35

0.32
0.22
0.22

5 8 N1 1 5 5.50 42.35 0.22

0.34
0 . 2 4

0.24
0.29

1.5
1.5
1.5
1.5

12.
12.
12.
12.

20 . 20.
3 3 . 4 0 .

100. 25 .
100. 300.

96. 0.2
92. 0.2

208. 0.5
480. 0.2
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1 (a) and longitudinal (b) phase ellipse Into (CO and out of (A) the first resonator
s case Is for Nl corresponding to t!ic second entry In Table I.
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