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Summary 

We have previously described a system for boosting 
the energy of heavy ions in isochronous cyclotrons by 
recycling.' This system requires simultaneous acceler- 
ation of tXo beams on different harmonics, all-magnetic 
extraction, external separation, and reinjection of the 
lower energy beam. The first three requirements have 
now been demonstrated on a limited scale using simul- 
taneous beams from an internal ion source, and without 
building a reinjection system. A 6Li1+ beam on the 
third harmonic at an energy of 4 MeV and a ‘Li3” beam 
on the fundamental at an energy of 36 MeV were simul- 
taneously accelerated on the Oak Ridge Isochronous 
Cyclotron (ORIC) , extracted and separated, demonstrat- 
ing the major principles of recycle without closing 
the loop. 

Introduction 

We have investigated the feasibility of simultane- 
ous harmonic acceleration of two beams (recycle) in the 
ORIC and found this acceleration mode theoretically 
possible.1 The harmonic acceleration concept and the 
engineering changes needed on ORIC to implement recycle 
acceleration are illustrated in Fig. 1. The high har- 
monic (or first pass) beam originates at the ion source 
located in the center of ORIC. This beam is acceler- 
ated to the extraction radius of the cyclotron and is 
extracted by an all-magnetic extraction system followed 
by a velocity selector. In the electrostatic velocity 
selector the first pass beam is deflected down and away 
from the present beam extraction path. An external 
septum magnet further separates the first pass beam 
and steers it to a beam transport system that is lo- 
cated approximately 25 cm above the floor of the ORJC 
vault. At this level the beam is transmitted to a 
three-component 180” bending magnet that controls the 
beam phase by varying its path length. .4t the exit of 
the 180’ magnet the beam enters the injection system 
path, 2 and passes through an inflection magnet and then 
stripped to a higher charge state by a carbon stripping 
foil, located between the turns of the first pass beam. 
‘The higher charge state that satisfies the harmonic 
requirements is reaccelerated, enters the extraction 
system, and is directed into the existing beam transport 
system of ORIC. The complete engineering cbnges needed 
to demonstrate recycle on ORIC require major modifica- 
tions. The septum magnet replaces the present electro- 
static deflector. A velocity selector and a beam trans- 
port system to reinject the first pass beam must be 
built. Experiments that T;erify the recycling accel er- 
.iting concepts have been made without modifying ORIC. 

Harmonic Beam L\ccelernting Experiment 

Beams of the sane mass and of a li ffcrent charge 
stiitc 
;t02+’ 

for exnmple, 1606+, on the first harmonic and 
on the tllird harmonic, were accelerated simul- 

taneously on OKIC. To accomplis!l the simultaneous 
.icceleration of tlvo beams from the ion source to full 
radius requires J special beam phase history1 because 
of the relativistic mass differonce between the two 
beams. 

Calculated transit times of harmonic beams 
crossins the ion source to dec g:;~pj are plotted in 
Fig. 7. Theso times indicate an initial phase shift 
that ;illows simulation of the proposed rccyclc phase 
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history with ions starting from the ion source. For 
example, a beam of 1602+ on the third harmonic re- 
quires a transit angle of b5’ during the first gap 
crossing, and its hase at the second gap crossing 
is 30”. A beam of E 606c on the first harmonic re- 
quires a transit angle of 30” during the first gap 
crossing , and its phase at the second gap crossing 
is -30”. Calculations using this initial phase shift 
indicated that 1606’ and 1602+ would be accelerated 
simultaneously to full radius on ORIC when starting 
from the ion source. 

In order to verify that two beams were being 
accelerated to the maximum radius of ORIC, the beams 
were extracted and scattered from a gold foil into 
a solid state detector where the energy deposited 
in the detector was used to identify the beams. The 
results of the first “two-beam” experiment on ORIC, 
where only the voltage of the electrostatic deflector 
was varied b the theoretical amount, is shown in 
Fig. 3. A ’ 0 ’ 2+ beam at the c orrect energy was ex- 
tracted with a deflector voltage of 15 kV and a 1606’ 
beam at the correct energy was extracted with a deflec- 
tor voltage of 45 kV. This experiment verified that 
the first and third harmonic beams are simultaneously 
accelerated from the ion source to the extractor of 
ORIC. 

Magnetic Extraction Experiment 

The extraction system of ORIC is composed of an 
electrostatic deflector and a two-component magnetic 
extractor. The first magnetic extraction component 
has a 3 mm septum. The electrostatic deflector was 
moved to a larger radius so that the entrance of the 
first magnetic extractor was exposed to the circu- 
lating beam of the cyclotron. Experiments with an 
all-magnetic extraction system were tested and beams 
that were magnetically extracted are listed in Table 1. 

Simultaneous Harmonic Acceleration 
and Magnetic Extraction 

Calculations indicated that “Li’+ on the third 
harmonic and 6Lijc on the first harmonic at the cy- 
clotron energy constant of E. = 24 MeV would both 
have the turn separation to clear the magnetic ex- 
tractor septum width. The phase requirement for 
simultaneous acceleration from the ion source to the 
extraction radius is easily met for these two beams. 
A high-intensity beam of 6Li1+ was magnetically ex- 
tracted and identified by energy and stripping maas- 
urements. Identification of the 6Li3* companion 
beam was difficult because of the high intensity of 
6Li’+, The normal method of reducing beam intensity 
is to add gas to the ion source, but adding gas to 
the ion source preferentially decreases the high 
charge state ions. The presence of 6Li3+ was estab- 
lished by inserting an al,uminum absorber to stop all 
of the 6Li1+ before it reached the energy detector. 
‘The simultaneous detection was achicvcd by dcfocus- 
ing the extracted beam with a quadrupole until an 
acceptable count rate was obtained. This gives a 
small count rate for 6Li3+; a spectrum obtained is 
shovn in Fig. 4. A 60 micron thick silicon detector 
was used in this experiment and partially stopped 
the energetic 6Li34 beam. ~hls experiment verified 
the simultaneous acceleration and magnetic extrac- 
tion of harmonic beams start iny from the ion source. 
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Beam Separation Experiment 

The difference in velocity (a factor of 3) be- 
tween the 6Li1* and 6Li3c allows the two beams to be 
separated easily by a velocity selector. An electro- 
static parallel plate deflector was installed in the 
external beam line. After the beams pass through the 
deflector they enter a steering magnet that redirects 
the beams onto two particle detectors separated by 
6.3 cm (Fig. 5). A collimator was placed in front 
of detector No. 1 to reduce the large beam intensity 
of 6Li’+. Figure 6 shows the energy spectra obtained 
simultaneously in the two detectors; 6Li1+ in detec- 
tor No. 1 and 6Li3+ in detector No. 2. This experi- 
ment verified simultaneous harmonic acceleration, 
magnetic extraction, and electrostatic beam separation 
where the two beams originated in the ion source. 
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Table 1. Magnetically extracted beams 

Particle 

4He2+ 

Energy (MeV) 

2-l 

6Lil+ 4 

6Li3+ 36 

12++ 
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1602+ 
10 
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Fig. 2. The transit angle in rf degrees as a function 
of X (a geometry parameter) for an initial 
starting phase of -60’. For a given geometry, 
X is related to a particular value of m/q. 
The transit angle for a given m/q value is 
larger for the higher harmonics. The harmonic 
curves (h) are given and the horizontal lines 
indicate 
for ORIC. 

the rf harmonic bands at E, = 90 

x:0. . . ,,/me 

Fig. 1. The engineering layout for implementing the harmonic beam acceleration concept 
on the ORIC is shown. The injection line from the 25 MV tandem accelerator 1s 
under construction. To complete the concept on ORIC would require the substi- 
tution of the septum magnet for the electrostatic deflector and the first pass 
beam transport system through the 180’ variable phase bending magnet. 
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Fig. 3. The energy spectrum obtained from two beams 
extracted at a voltage of 15 kV and 45 kV of 
the electrostatic deflector. The peaks are 
at the ri ht channel location to be identi- 
fied as lf02+ and 1606+. 
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Fig. 4. The energy spectrum of two beams from the 
scattering of a gold foil into a detector is 
shown. The beams were simultaneously acceler- 
ated and magnetically extracted, and are iden- 
tified as ‘Lil+ on the 3rd harmonic and 6Li3+ 
on the 1st harmonic. 

Fig. 5. The experimental configuration for confirming 
the separation of the simultaneous magnetic,- 
ally extracted harmonic beams of 6Li1+,3t is 
shown. After passing through the electrosta- 
tic plates, the beams are redirected by the 
switching magnet to two detectors separated 
by 6.3 cm. 

Fig. 6. 
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The energy spectra obtained simultaneously in 
detector No. 1 and No. 2 for the accelerated 
and electrostatically separated harmonic beams 
of lithium is shown. The 6Li1* is at an 
energy of 4 MeV and the 6Li3+ is at an energy 
of 36 XeV. 
of the No. 

A collimator was placed in front 

r . 1. detector to reduce the intensity 
of the bLil+ beam. 
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