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Summary

We have made an initial computer study of a re-
cycling method for increasing the final energy cf
heavy-ion beams from ORIC. The system involves simul-
taneous acceleration cf two beams. A first beam
originating either in an ion source or external in-
jector is accelerated, extracted, and reinjected in a
higher charge state obtained by means of a foil
located between the turns of the first-pass beam. For
example, with & 20 MV tandem injecting into ORIC the
energy for 208ph after the first pass would be 1.9 or
2.3 MeV/u and after the second pass 5.2 or 6.3 MeV/u
depending on the injection charge. The requirements
of this scheme are 1) sufficient dee voltage to over-
ride the differing mass increase factors of the 2
beams; 2) good beam quality and accelerator stability
to insure spatial separation of orbits; 3) an all-
magnetic extracticn system to assure identical paths
for the 2 beams; and 4) relatively standard external
tion and reinjection equipment.
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Introduction

a suitable number of electrons are stripped
ions after acceleration to full energy, the
icns can be reaccelerated in the same cyclotron on a
different harmonic, h = rf/

ortit

The energy gain in the second acceleration is
given by che square of the harmonic ratio,

5
EZ/EI = (hl/hz) .

In a scheme for dcuble acceleration proposed by
Dzhelepuv et al., the two beams emerging from the
cyclotron were separated by an electrostatic deflector
and the primary (first pass) beam was reinjected by
stripping 4 cyclotron. T\is method of
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Conditions Required for A
vera. conditicns must be met for a successiul
cling cvelotroa,
(i) The harmenics of the two accelerations and the
fon charge states for the {lzot 4 second accelora-
sicos (g:,7.) must meet the condition hogy = h qo.
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(2) For maximum beam intensity the equilibrium charge
state after stripping must be within a few charges of
the required charge, qo.”

(3

ciently

The energy gain per revolution must be suffi-
large so that the phase excursions during the
primary and recycle accelerations do not decome
excessive. This imposes a practical limit on the
final energy.

(&) After stripping the b»eam must enter the first
orbit of the second acceleration period at the proper
phase.

(5) There must be adequate turn separaticn at the

intermediate radius to provide turn separation at the
intermediate radius to provide space for the hardware
needed for the injection. In this study we have
assumed a stripping foil as the injection device.

1)

(6) Both the initial and recycled beams should arrive
at the septum with the same Bp, radius, and preferably

radial momentum (p )

Practical Configuration

To illustrate the concept of a recycling acceler-—
ator a possible configuration is shown in Fig. 1,
using ORIC as an example. The source of primary beam
can be either an internal ion source or an external
source such as a tandem Van de Graaff. If an external
source is used the injected beam passes through a
stripping foil located inside the cyclotron to achieve
the required charge and orbit for acceleration. The
primary beam is electrostatically separated Irom the
secondary beam after passing through the magnetic
extraction svstem. A 180° wmagnet is used to turn the
primary beam for reinjection into the eyclotron.
stripping foil, located between turns of the primary
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for ORIC is 90. The curves of Fig. 2 are for third
harmonic acceleration on the first pass and funda-
mental acceleration for the second pass (h; = 3h;).
The charge state for the primary beam was chosen so
that the charge after stripping (gq; = 3q1) would be
within cne charge state of the equilibrium charge, as
computed from the empirical formula of Nikolaev and
Dmitriev,”’

The dee vcltage required to limit the phase slip
to + ~50° has also been plotted (Fig. 2).% A single
180° dee has been assumed for this computation.
Existing cyclotrons use dee voltages from ~50-100 kV.
The use of multiple dees reduces the dee voltage re-
quired, and cyclotrons are now being constructed with
1000 to 2000 keV/turn using cavity acceleration.

Staying on the equilibrium charge will yield
aighest intensity beams. If a higher ion source
charge is chosen, resulting in a deviation of several
charge states from equilibrium after stripping 3:1,
the energy of the final beam will be substantially
higher - but at a lower intensity. Also showq Pnder
the shaded area are the energies obtainable without
recycle with an E; = 100 cyclotron, assuming a charge
state from the ion source corresponding to a total
ionization potential of 1200 volts (approximately the
limit of current ion source technology). It is
expected that the intensity as well as the energy will
be greater with recycle than without because a lower
ion source charge state will be used. We estimate
that the final beam intensity will be from 1 to 10%
of the primary extracted beam intensity if the equi-
librium charge after stripping is within + 1 charge
state of the required charge. The major losses are
expected in the stripping foil, in the extraction
system, and in charge exchange collisions with the
residual gas.

The required ion source charge states for 3:1
stripping are snown in Fig. 3. At an E, of 100
(approximately that of ORIC) the maximum required
charge is only 5+ which will give >10 micrcamperes
for reacceleration. The stripped charge in this case
would be 15+, which is well beyond present icn source
technclogy, and the final energy would be nine times
greater than the energy of the 5+ beam without
recycling.

Similar curves are shown for the harmonic ratio
7:3 (Figs. 4,5). For 7:3 the ion source charge
states are higher than that needed for 3:1 stripping,
resuiting in nigher final energy. However, the re-
cuired dee voltage is also higher by about a factor
of rwo at the same final energy. The E, 200 and
i = 250 curves require ion source charges well
teyond the present limits of technology. Hewever, an
external injector could be used to obtain the required
charge state by stripping as the beam is injected into
the cyvclotron.

Turn spacing is an important parameter of a
recveling system. The stripping foil for injecting
the secend pass bean must go between turns of the
first pass im.  The first pass turn spacing is

given by
///m o r. V_cos i;(r)
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where hj and Eg; are the harmonic number and final
energy per nucleon on the ith pass, m, is the nuclear
mass, ry the final radius, B the magnetic field
(radial variation neglected), V5 cos ; the energy
gain per tura per charge fcr a particle with phase
and ¢ the velocity of light.

'
R

Taking r to be the second pass injection radius
we have

o™
r he
hy © m et V. ocos i {r
Ar-{r Y = (-;- /// e e ’ ) .
- 7inj hs 2 Ef Be

This Ar is plotted in Fig. 6 vs Eg for various
values of A -
Figure 7 shows results of a detailed computer
study of a possible recycling system. The calculation

used exact equations of motion and the measured mag-
netic field data from the MSU cyclotron. A backward
tracking procedure was used so that identical extrac-
tion coordinates would be imposed as initial conditions.
the magnetic field was set between the isochronous
contours for the two beams in a way which produced
approximately equal and opposite phase slips for the
two beams as shown in Fig. 8. The calculation tracks
an injection orbit for a 3:1 charge change and a
reacceleration orbit for a 5:3 charge change. These
are shown in Fig. 7. Optical properties along both
these injection paths were checked by running dis-
placed rays. Table I gives orbit coordinates at sever-
al interesting points.

Problems Unique to Recycling

The most significant difficulty of such a re-
cycling system appears to be the control problem.
first beam must be injected, and its energy and
direction adjusted to give centered orbits. The
injection phase and the radio frequency must then
be set to fit the design negative phase slip [or the
first pass (Fig. 8), and the rf voltage set tc line
up the final turn on the extractor. Thais bean must
then be cycled through the recirculation transpoert

ipping

system, reinjected, and aimed at the second
Lf the energy is not an accurate match to the

The
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foil,
foil position (note the mismatch between "E" and "F"
in Table I) the exXtractor radius must be changed and
the dee voltage adjusted. It is important that the
secend pass bean be accurately centered. A partially
transparent probe would be required since a normal
stopping probe would see only the first pass beam.
The sccond beam must be lined up on the extractor

but any dee voltage adjustment shifts both beams and
hence is unsuitsble for this purpose. A frequency
shift has the desired cffect of moving one beam in
and the other one out. With such a shift the two
final turpms could be lined up and the extractor moved
to match the revised radius. This would, however,
dlsturb Lhe second pass injection orbit since the
energy would change and iterarion thru the alignment
cycle would be necessary.

In additicn to the control problem a recycling
system also involves greatly enhanced sensitivity to
field errors and hence reduced quality as compared

with a single pass system. The condition for minimizing



sensitivity to field errors® corresponds to main-
taining the phase as close to 0° as possible. A re-
cycling system, however, necessitates a large phase
excursion, as seen in Fig. 8, and so the sensitivity
integral will be large. An rf flat-top would like-
wise be of no help, since the phase slip would slide
the beam off the flat-top and lead tc increased rather
than decreased energy spread. Particles which sur-
vived the whole process would in fact clearly be
sharply grouped in time - a pulse length of 2 to 4 rf
degrees is likely.

Recycle provides a number of opportunities to
increase the heavy-ion energy of existing cyclotrons
and for integrating them into systems with higher
energy. These schemes include, but are not limited
to, simple recycling in an existing cyclotrom, in-
jection into a cyclotron from an external source
such as a Van de Graaff and then recycling, and in-
jection from an existing cyclotron into a new recy-
cling machine.

For example, the energy of a 58Ni beam from ORIC
could be raised approximately a factor of two to
6 MeV/u with simple recycling. T1f a 20 MV tandem
Van de Graaff were used as an injector for ORIC, and
the beam were then recycled, a ““°PbL beam of approxi-
mately 6 MeV/u could be obtained.

As a third example of recycle ORIC could be used
as an injector for a recycling machine. A 238t
beam from ORIC would strip to 12+ for injection into
a recycling separated sector cyclotron. If the Ej of
the second cyclotron were 330 the final energy wculd
be 7.5 MeV/u. If the initial charge state were 7+
the final energy would be 10.2 MeV/u. The beam in-
rensity is estimated to be 10! to 10'2? particles/sec.
Several other possibilities exist but have not been
explered in detail.
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Fig. 1.
(1) All-magnetic extraction system
(2) Electrostatic velocity selector
(3) First pass external beam
(4) 180° magnet
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Schematic of a recycling system for ORIC

(5) Stripping foil for beginning of sccond
acceleration

(6) Second pass external beam

{7) Beam from opticnal external injector

(8) Stripping foil for (7)
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Orbit patterns from exploratory computer study of recirculation system. Orbits
"A" are a part of the first pass through the machine and could originate either
from an internal ion source or from external injection along the path "B". The
injection orbit "B" is assumed to hit a stripping foil at 'C" which increases the
Z/A of the ion by a factor of 3 after which the ion is accelerated as indicated

by the solid line. After 28 turns the solid line orbit enters a magnetic extraction
system at "F'". Its position and magnetic rigidity are the same as on the first pass
and it therefore goes out along the same extraction trajectory. Values of the energy,

phase, and position coordinates of the orbit at labeled points are given in Table I.
The assumed acceleration system in this calculation consisted of two 45° dees
centered at + 90° relative to the angular reference line of the figure and operation
at 5 (3) times the orbital frequency of the first (second) pass beam. The results
are valid for any Z/A 1f the spatial scale is changed to be consistent with the

given magnetic field-energy relation and the dee to ground voltage is set at

(20 kv) (A/Z) where Z is the charge state on the first pass.
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