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Summary

In the 530 VMeV SIN ring cyclotron a 150 Mhz
cavity cperating on the third harmcnic of the
funzarental accelerating voltage is now in
routine use at average beam currents up to
170 yA. Addition of this caviiy resulted in
ar incressed phase scceptancze fcr the single

turn extraction mode of over 40P compared to
o
go

without lattop system. The extraction
efficiency is improvad from a previous 99.9%

to 95.98% while the snergy spread is reduced

“g less than .05% or 300 keV (FWHM). The

150 MEz cavity has a voltage of 350 kV and
mmmdroe A0 LU Al DE m o Ar Smanrtant £ono
'equllres Su KW O7T o powel. o Imporiant vTea

ture is the tight tolzrance of .03% or the

phase stability.
Introduction

The addition of a flattop system for the 5IN
ring cyclotron! was studied in Ref. 2 and des-
cribed ir Ref. 3. In 19789 such a system came
into operation focr the first time on any cy-
clotron. Fig. 1 shows the effect oFf subtract-
ing an 11.5% third harmonic component from

the main RF voltsge in order to achieve a con-
stant acczleration over 2 broad phase rarge.
In Fig. 2 the locetion of the single flattop
cavity anc the four main cavities is indica-
tec., Thne radial voltage distribution of these
cavities is sirusaidal (sse Fig. 3). The peak
voltage of the flattop cavity is relatively
high due tz its shcrter lengih compared with
the main cavities (see the table below).

main cavities/flattap cavity

freguency 50 MHz 150 MHz
peak voltage 5C0 kv 350 kV
RF power/cavity 120 kW 40 kW
N 28'009 Z28'3000
Length L 5.2 m 2.7 m
Height H 2.8 m .96 m
can ¢ {(no 1ips) 45 m A m
cap ¢ {no iips) A5 m Ao
SV Y < 371070 < 16732
S¢q (50 MHz) < ,01°

Fig. 4 shows thz block diagram for the 150MHz
flattop system with the associated amplitude
ard ohasz feed cack loops. The voltage \/1 of
the 50 MHz cavities is kept constant

dent of oeam lozcing. Trhe summed up voltage of
four cavities serves as the refersnce
signal for the flattop parameters V- and L
The ratio V3/V1 can be varied with an atten-
uator for the 50 MHz amplitude signal. The
nhase @B cen 4e changed ar~d optimized with a
coaxial phzse shifter. The constraints on the
phase stability are very strong {(see Fig. 7)
znd measuremegnts hzve shown, that the actual
phassz stabilizy 8¢9 with respect to 50 MHz is
bettzr than .01° {cee Fig. 5). This is a fec-
ter 3 obetter than originally specified.
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Fig. 1 Effective accelerating voltage wave-
forms as a function of phase or time. 1 re-

system. 2 is the resulting
subtraction of a 11.5%
{ideal flattop). 3

mzin accelerating
waveform with the
third harmonic component

is the result with a 180° phaseshift of the
same third harmonic
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Fig. 2 Layout of 590 MsV ring cyclotreon. The
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cavities, 2 = 150 MHz flattop cavity, 3 = one

out of eight sector magnets. The present in-
jection path for the 72 MeV protcns is from
the left, the future inj=cticn from the new
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Fig. 3 Geometry of a rectanguler cavity opera-
ting in the Hygy-mode used for the 50 =nd
150 MHz system.
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Beam Tests and Operatiocnal Experience

Initially we had some problems with ths multi-
pacting effect. By coating the innsr alumi-
nium surface of the flattop cavity withr a
thirn layer of aquadac the secondary elsctron
emission could be partislly suppressed which
cured the multipacting problem.

There are only two fres parameters, amplitude
V3 and phase ¢3. These were optimized in a
series of beam measurements with a radial
current probe. The result is shown in Fig. 6
and 7 and was used to calibrate the voltage
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Fig. 4 Block diagram cf flattop RF-system

of ringcyclotrcn. The four 50 MHz cavities
have all their own amplitude =znd phase re-
gulaticn system (not shownrl. For the 150 MHz
flattoo cavity the control room operator

has access to amplituce V3 ant phase ¢3-
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Fig. 5 (with re-
spect to 50 MAz) between the flattop voltage
and the summed up voltage of the four 50 MHz
cavities.
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to better than .05%. Sirnce the present 72 MeV
injector cannot produce a bzam with a phase
width above 107 FWHM we had to measure the
phase acceptance by shifting the central phase
$5, of the whele beam at injection., The ob-
served phase acceptance of 407 corresponds

to a phase range of 30° at extraction due to
~he phase compression =ffect”.
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Fig. 6 Demonstration of large phase accep-
tance of flattop system. Shown are the lasc
11 out of 315 turns in the ring cyclotron for
different injection phases ¢:,. The phase
range for sirgle turn extraction is more than
40°, The clear distinction of separate turns
for the extrame phases proves the excellent
phase stability.
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Fig. 7 Radial positicn of fturn
inection phase Gip 0 eval

The curves feor turn 212 and 3 areg the ro-
ault of numerical orhit calculaticns. The
enerzy gain at extractior is 1.07 FeV. The
upper broken curve shows the extrars sensiti-

vity of the radial position agaeirst rhs
shifts. 8¢q is the phasec of the 50 Mkz
with respect to the 1°0 MHz sy
broken line =hows
without flattop.




The implementation of the flattop system had
a very beneficial effect on the daily opera-
tion of the cyclotrons with the following
CoNnsequences:
1. Minimum beam loss.
We obtain clearly separated turns from in-
jection to extraction as seen in Fig. 8.
Compared with an extraction rate of 99.8 to
38.9% without flattop we obtain now routine
values of 938.98% and better. Thz beam losses
and with it the activation of the ring cyclo-
tron have thus dropped by a factor 5 to 10
against previous values. It was even possible
to produce 100 pA with 3 main cavities only
and losses below 10°%:
2. Record beam intensity.
Thanks to the large phase acceptance of the
ring one could open up a bit the internal
phase slits of the injector cyclotron. This
together with improvements made in the cyclo-
tron center allowed the routine acceleration
of 170 pwA protcns to 5380 MeV. The short time
record stands now at 190 uA.
3. Minimum energy spread.
The energy spread AE of the extracted 5380 MeV
beam cannot be measured directly. From the
sharp turn pattern in Fig. 8 one can deduce
an upper limit of

AE (FWHM) < 300 KeV or AE/E < 5x107%
With such a practically monoenergetic beam
the beam loss in the proton channel betwesn
ring and target is below the detection limit
of the ionization monitors.
I+ we would have a high resolution spectro-
meter at hand we could probably tune the
cyclotron to an energy spread below 100 keV.
4. Short setup times.
With the flattop system the setting of the
ring parameter and especially the main mag-
netic field is much less critical. This has
made the setup of the cyclotron easier and
faster,
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Fig. B Turns 26-315 in the ring cyclotron

with flattop system. Shown is the current den-
sity on a .2mm thick secondary emission probe
as a function of radius between 100 and 5980
MeV. For traces 3-7 the radial scale has been
doubled against traces 1 and 2. For routine
production the beam is not es well centered

as in this example but injected excentrically.
This enhances the turnseparation at extrac-
tion and leacds to extraction efficiencies of
88.96%.

Future Developments

A new 72 MeV injector II for currents of more
than 1 mA is presently under constructicn?®.
For such high currents the longitudinal space
charge forces will start to smear out the
separated turn structure. It is possible o
compensate the linear part of this effect by
phase shifting the 3rd harmonic RF component
with respect to the funcamental harmonic.
Preliminary numerical studies have shown

that a flattop system is absolutely essential
in order to reach currents in the order of

1 mA.

With 17C pA on target the total beam power

at 590 MeV is 1C0 kW. The flattop cavity
absorbs about 1C kW from the beam, which
corresponds to a noticeable beam loading fac-
tor of 25%. With increasing current it be-
comes more and more difficult for the regu-
lation system to stabilize the cavity vol-
tage. For a current of about 60C wA there is
even no need to feed power from the trans-
mitter into the cavity. A further problem is
that the impedance of the coupling is current
dependent which results in a reflected RF
wave which could damage the power amplifier.
In order to soclve the above mentioned pro-
blems the following measures are under con-
sideration:

- increasing the cavity voltages of the
50 MHz and 15C MHz systems.

- lowering the § of the 150 MHz cavity

- loading the flattop cavity with an external
resistor which can bz matched to the vari-
able beam loading. This can be done by va-
rying the coupling or by electronically ad-
Justing the impedance.

- the RF power which is reflected from the
flattop cavity is coupled out and dumped to
a 50 Q resistor. With presently available
directional couplers cnly a fraction of the
reflected power can be diverted.

Detailed calculations anrd tests will be car-
ried out in the near future to see which meth-
od or combination of methods will be finally
adopted in order to cope with this beam load-
ing proolem.

Conclusion

We strongly recommend the addition of a flat-
top RF system for cyclotrons with a special
emphasis on high current or low snergy spread.
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