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Abstract. Linear accelerators and various kinds of cyclotrons are being used in
conventional and modern radiation therapy. Acceleration of charged particles is
accomplished through interaction of electromagnetic waves with the particle. The
electromagnetic waves are generated in RF and microwave range. The generation and
conduction of wave is managed with cavities and waveguides along with associated
high power high frequency circuits. In the present work, the structure of RF circuits in
medical accelerators is studied. Requirements and ratings of RF generators in various
kinds of accelerators are compared and the design principles are reviewed for both
LINAC and cyclotron. There are many delicate and interwoven engineering points and
tips in design, construction, selection and implementation of electrical and electronic
components with differences and similarities between LINACs and cyclotrons.
Key words: LINAC, cyclotron, RF circuit, loaded cavity, resonator.

1. RF FOR LINACS
In this paper, we describe the layout and the properties of the main linacs, in
which the electron and positron beams are accelerated from 5 to 250 GeV at a
gradient of Eacc= 23.4 MV/m. Some cell cavities in the linac are contained in
cryomodules, which also house the focusing quadrupoles, steering magnets, and
beam position monitors (BPM). The radio frequency (RF) system consists of a
number of 10 MW klystronsper linac (including overhead), which are installed in
connection to the pulsed power supplies (modulators) by high voltage cables. The
RF system consists of 286 stations each of which provides power at 1.3GHz to a
total of 36 accelerating the cavities. Peak RF power needed for one
superconducting cavity at full gradient and maximum beam current (23.4 MV/m
and 9.5 mA) is 231 kW. Taking into account a regulation reserve of 10% for phase
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and amplitude control and another 6% for circulator and waveguide losses, more
power would be required. The RF pulse length is 1.37ms, which includes the beam
pulse length of 950 µs. The main components of the RF system are the modulators
and klystrons. The modulator converts AC line power into high voltage pulse
power; its main components are a high voltage power supply, a high voltage pulser
unit and a pulse transformer. The klystron generates pulsed RF power from
(pulsed) high voltage power, which is then distributed to the cavities by a system of
waveguides. The circulators in the distribution system protect the klystron from
reflected power. The low level RF system controls the shape, amplitude and phase
of the RF. Various auxiliary devices for the klystron and modulator are also
required. An interlock system protects the linac and the RF stations in case of
malfunction. The connection between the pulser and pulse transformer will be
accomplished by high voltage pulse power cables. There will also be additional
cable connections for the interlock system between the halls and the tunnel. The
number of modulators per hall will be typically 100. TH1 801 multibeamc klystron
(without solenoid). Two are required to handle the RF power of 2 × 5 MW in the
output. Table 1 summarizes the design parameters and the parameters achieved
with the prototype tests. The gain of 48dB means that the drive power is below
160W, and solid state amplifiers can be used; they will be installed the klystrons.
The klystrons will be mounted horizontally together with the pulse transformer
inside a container. The goal for klystron lifetime is 60,000 h, but a conservative
40,000 h is used Modulator.
The modulator converts AC line voltage to pulsed high voltage in the 120 kV
range to be applied to the klystron cathode. The pulse shape must be as rectangular
as possible.

Fig. 1 – Cathode of the multibeam klystron.
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Fig. 2 – The Thomson TH1801 multibeam klystron.
Table 1
Design and measured parameters of the multibeam klystron

The flat top ripple should not exceed ± 0.5% in order to limit phase and
amplitude variations of the klystron RF output. The rise and fall times of the pulse
should be as short as possible to maximize the total efficiency. The pulse-to-pulse
stability must be better than ± 0.5%. In case of klystron gun sparking, the energy
deposited into the spark must be limited to a maximum of 20 J. These and other
requirements are summarized in Table 2.
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Table 2
Modulator requirements

1.1. BOUNCER PULSER
The bouncer modulator solution is sketched in Fig. 3 during operation the DC
power supply keeps capacitor C1charged to the 10 kV level. The output pulse is
started by closing S1, connecting C1 to the pulse transformer primary.
Semiconductor devices like Isolated Gate Transistors (IGBT) or Gate-Commutated
(IGCT) can be used for the switches. The pulse is terminated after 1.57 ms (1.37
ms flat top + ~0.2 ms rise time) by opening S1. The nominal current switched By
S1 is 1.56 kA.

Fig. 3 – Modulator circuit.
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The primary pulse of 10 kV is stepped up by the 1:12 pulse transformer to the
klystron operating level (maximum 120 kV). During the pulse, capacitor C1
discharges by 19% of its initial voltage putting an intolerable slope on the output
pulse. To correct the slope to the 1% level without resorting to a 29 mF capacitor at
the C1 location, a bouncer circuit is used: this is a resonant LC circuit, which
creates a single sine wave with a period of 5 ms and an amplitude at the 1 kV level.
The is bouncer triggered slightly before the main pulse so that the linear (bipolar)
portion of the cycle compensates the slope from C1. The size of the pulser units are
2.8m (L) ×1.6 m (W) × 2.0 m (H).
1.2. PULSE TRANSFORMER
The output pulse of the pulser unit has a maximum amplitude of 10 kV, and
must be transformed to the 120 kV level by means of a pulse transformer. The
transformer should not significantly distort the rectangular pulse. The rise time of
the high voltage pulse is mainly determined by the transformer's leakage
inductance, which must therefore be kept to a minimum. Several transformers with
leakage inductances slightly above 300 µH have been built and operated at TTF.
Some new transformers having even less than 200 µH are now available and will
be used at TTF. The voltage level of 120 kV requires the transformer to be installed
in a tank filled with transformer filled with transformer oil; the klystron socket
housing the cathode will be installed in the same tank. The pulse transformer tanks
have the dimensions 3.2 m (L)×1.2 m (W)×1.4 m (H), and weigh 6.5 t each.
1.3. PULSE CABLE
The cable construction is shown in Fig. 4. The cable impedance Z0 of the four
cables equals 6.45 Ω. Coaxial cables are used to prevent electromagnetic noise.The
inner lead is at high potential (12 kV); the outer lead is at the potential of the
bouncer circuit (± 2 kV). VPE will be used as insulation material, and an
aluminium foil shield and a protective outer coating help to minimise the risk of
fire. Additional line matching to the pulse transformer will be done via an RC
network. The power losses in the cable will be 2% on average. They will be cooled
by natural air convection regulation dynamics. In addition, the voltage at the
capacitor bank at the trigger time of the pulse will be regulated to within 0.5%. The
size of the high voltage power supply is 1.2 m (L) × 1.6 m (W) × 2.0 m (H).
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Fig. 4 – Construction of the pulse cable.

Power requirements. Table 3 summarises the power requirements for RF
generation in the main linac. An additional 6MW AC power must be added to these
numbers for the FEL operation.
Table 3
Efficiencies and power requirements of the RF system

1.4. MODULATOR AND KLYSTRON PROTECTION AND CONTROL
A comprehensive interlock system is required for the reliable and safe
operation of the RF system. In the event of a klystron gun spark, the energy
deposited in the spark must be kept below 20 J to avoid damage of the klystron
gun. The response to a spark will be an immediate opening of the relevant IG (B)
CT switch to disconnect the capacitor bank from the sparking klystron. The energy
stored in the transformer leakage inductance and power transmission cable is
dissipated in two networks: one at the cable end near the IG(B)CT consisting
essentially of a reverse diode and a resistor; the second made up by an 80Ω resistor
across the transformer primary and by a 100 µF capacitor which limits the peak
inverse voltage at the primary to 800 V when the IG (B) CT is opened. The
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technical interlock – which protects the linac and the RF station in case of
malfunction – will be realized using programmable logic controller (PLC) and
system-on-programmable-chip (SOPC) techniques. Both systems are industrial
standards, and help is available for planning, structure and programming. The
interlock system will be divided into two units: one installed in an electronic rack
in the tunnel near to the klystron, and another installed near to the pulser and the
high voltage power supply unit in the access hall. Connection and communication
between these two units are accomplished by glass fiber cables, allowing fast
transfer of the interlock signals. To reduce the number of interconnecting cables,
the interlocks of each unit are summarised into categories, and only these sum
interlocks will be exchanged between units. Each unit is connected via its own
VME bus to the main control system.
1.5. RF WAVEGUIDE DISTRIBUTION SYSTEM
Figure 5 illustrates the RF distribution concept. The 10 MW multibeam
klystron has two RF output windows and has to supply 36 9-cell cavities, installed
in three modules. The RF distribution is based on two symmetrical systems, each
supplying 18 cavities. A linear system branching off identical amounts of power
for each cavity from a single line by means of directional couplers will be used; it
matches the linear tunnel geometry best and leads to lower waveguide losses than a
tree-like distribution system, because long parallel waveguide lines can be avoided.
Such a system is already in use for the HERA superconducting RF system and has
also been successfully tested at TTF. Circulators are indispensable: they have to
protect the klystron against reflected power at the start and end of the RF pulse, and
during the filling time of the cavity. In conjunction with load resistors and the
power input coupler, the circulators define the loaded cavity impedance as seen by
the beam. Only 4% of the average power generated by one klystron is lost in the
waveguides, with an additional 2% in the circulators. Thermal expansion will result
in an RF phase shift of 6° and 12° for operation at full power and pulse duration at
5Hz and 10Hz respectively. Imposes demanding the phase shift can be compensated
easily by the waveguide transformers (three-stub waveguide transformer) installed

Fig. 5 – RF waveguide distribution of one RF station.
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between the circulators and each cavity. The waveguide transformers provide an
impedance matching range from 1/3 ZW to 3.0 ZW and the possibility of ±50°
phase adjustment. Each stub is equipped with a motor which is controlled by the
low level RF system. The RF distribution system will be equipped with several
interlock sensors, e.g. reflected power, sparking and RF leakage. Similar systems
are in use at TTF.
1.6. LOW LEVEL RF
Control requirements. The requirements for amplitude and phase stability
of the vector-sum of 36 cavities are driven by the maximum tolerable energy
spread in the beam. It is desirable to keep the bunch-to-bunch energy spread below
the single-bunch energy spread of 5·
in order to assure that the bunch-tobunch chromatic effects will not be a dominant emittance growth factor. The
bunch-to-bunch rms energy error due to systematic errors of all the klystrons can
be suppressed to the level of 3·
. The tolerance for the uncorrelated random
errors of each individual klystron is set such that the total rms error is not greater
than the systematic error. If Nk is the number of klystrons per linac (Nk = 280), then
the maximum allowed uncorrelated error for each klystron is N k × 3·10-4 ~ 5·10-3.
RF control design considerations. An important constraint is that the RF
power needed for control should be minimized. The RF control system must also
be robust against variations of system parameters such as beam loading and
klystron gain, especially close to klystron saturation. The pulsed structure of the RF
power and the beam current, which are shown in Fig. 6, requirements on the RF
control system. Amplitude and phase control is obviously needed during the flat
top of 950 µs when the beam is accelerated, but it is equally desirable to control the
field during cavity filling to ensure proper beam injection conditions and to
minimize the RF power during filling.

Fig. 6 – Various parameters related to the pulsed cavity fields in the superconducting cavities
of the TESLA Test Facility.
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Design of the TESLA RF control system. Fast amplitude and phase control
of the cavity field can only be accomplished by modulating the signal driving the
klystron, and hence systematically affects all the associated 36 cavities. A so-called
I/Q modulator is used to control both the in-phase (I) and quadrature (Q)
components of the cavity field. This scheme minimizes coupling between the loops
and guarantees control in all four quadrants. The overall scheme of the RF control
system is shown in Fig. 7.
Conclusion. Measured RF control performance at the TTF is to demonstrate
that all major accelerator sub-systems meet the technical and operational
requirements of the operational requirements of the TESLA linear collider.
Currently the TTF linac is operated with one klystron driving 16 cavities. The
cavities have been routinely operated at a gradient of 15 MV/m providing a beam

Fig. 7 – Schematic of the digital RF feedback system.

energy of 260 MeV. The requirements of σA /A < 2
for amplitude stability
and of
< 0.5° phase stability have been achieved with feedback only, the
stability being verified by beam measurements. The residual fluctuations are
dominated by a repetitive component which is further reduced using the adaptive
feedforward by about one order of magnitude, thereby exceeding the design goals
significantly. The high degree of field stability achieved is mainly due to the low
microphonic noise levels. A typical result of measured field stability with and
without the adaptive feedforward is shown in Fig. 8.
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Fig. 8 – Field stability with and without adaptive feed forward.

2. CYCLOTRON ELECTRONICS
Components over 200 cyclotrons have been built, to accelerate almost every
type of particle; from protons to uranium, to energies from a few MeV to 1 GeV.
Recently, the range has-been extended to include radioactive particles, as well.
Components for RF systems. Very high cavity acceleration voltages: from
several 100 kV increase to > 1 MV: →high Qo, low wall losses (high Rp) – Very high
power RF amplifiers are required (→1 MWRF) – Control systems demand very
high amplitude & phase stability under variable load conditions – Beam loading no
longer negligible, load matching difficult (strongly varying load!) – Power couplers
become critical components; > 600 kW (CW) per coupler – Flat-topping systems are
needed, they are even more demanding, because of (inverse) beam loading effects.
Increased reliability. →Much shorter unscheduled down-times required
→Improved maintainability and repair ability →Significant reduction in the of
cavity sparks and very fast recovery from such events (beam trips).
RF Power Amplifiers Operation mode. Mostly CW, pulsing can be used
for start-up (to overcome multipacting in cavities):
– Operating frequencies: from ≈ 2 MHzto ≈ 200 MHz – Variable frequency
amplifiers:→extensive mostly CW, pulsing can be used for start-up (to overcom
multipacting in cavities)
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– Operating frequencies: from ≈ 2 MHz to ≈ 200 MHz – Variable frequency
amplifiers: →extensive remote controlled tuning circuitry required! Frequency
range: if possible choose in commercial broadcasting domain (e.g. short wave
range, ≈ 6 –26 MHz; or low TV or FM) broadcasting range. (Simplification: no
high power modulators required!)
Advantages. Off-the-shelf' amplifier at chains available reasonable
conditions (costs, delivery time)-Wide Power range available (several 100kW is no
problem). Automatic (remote tuning controlled) frequency is usually included.
High reliability; long term availability of spare parts is often guaranteed. Fixed
operating frequency power amps: First, also look at commercial amps (TV, FM
broadcasting). Alternatively, have amplifiers custom built (very few manufacturers!)
or acquire ability to design and build yourself. Especially if you require 'exotic'
frequencies or very high power (knowledge base will be useful for improving and
modifying later).
Amplifying (active) components. Driver stages: solid state designs, used up
to 10 kW. Final stages: power tetrodes for communication: air or water cooled,
metal-ceramic constructions. Reliable (> 18'000 hrs operation time if properly
protected). Gain: ≈ 13dB in grounded grid configuration. Robust: Robust:
→sparking in cavities or Dees does not damage tube with proper protection
measures. High efficiency (60–70 %, defined on wide-band 50 Ω load). Important:
When specifying the required output power of final stage amplifier, sufficient
reserve (≈30%) should be included, to provide regulation range for the amplitude
control system (cavity voltage); and ageing!
Types of Power Amplifiers:
a) Discrete components, grounded cathode configuration Types of Power
Amplifiers (cont.)
b) Coaxial design, grounded grid configuration.
Cyclotron RF Control Systems. Some basic facts and prerequisites the key
control circuits in a cyclotron RF system are: Amplitude (= cavity / Dee-voltage)
control system. It includes the pulsing / ramping circuitry (if required), and also the
RF-, cyclotron – and safety interlock access ports. Typical stability values that can
be obtained are: Vnoise pp / VRes DC < 2 10-4 pp. Frequency tuning system
(might be split coarse-and fine tuning) different actuators can be used the most
popular types are: – Stepping motors (with or without gears), suitable if control
element (e.g. trimmer) is not Continuously Continuously moving (e.g. coarse
tuning). – Hydraulic actuators are used when fast, continuous correction are
required, or in case of heavy mechanical load (large mass, or vacuum forces).
Phase control system – required only if cyclotron consists of more than one
independent amplifier /Dee system and/or is used in a multistage configuration
(more than one accelerator connected in series). Phase noise (peak-peak) can be
held < 0.05 pp Block Diagram of a typical (generic) RF Control System.
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1

Discrete components, grounded cathode configuration.

2

Coaxial design, grounded grid configuration.

3

Block diagram of a generic RF control system. The main RF signal path is depicted with thick lines.
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Block diagram of the amplitude A control loop (depicted with thick lines).

5

Block diagram of the phase φ control loop (depicted with thick lines).

6

Block diagram of the resonance frequency tuning loop (depicted with thick lines).
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A few Notes on Cyclotron RF Control Systems Cavity voltage turn-on
procedures. Amplifiers with dynamic ranges of up to 60 dB became available, it
was possible to tune resonators at very low power levels (below multipacting
levels!), 'punch' rapidly through the multipacting regions, and continue to ramp is
shown below. To the required cavity operating voltage. Such a control signal

A few notes on cyclotron RF systems (cont). When control loops are
designed, gain-& Bandwidth – optimization is usually carried out according to the
rules for small signal (linear!) control theory. This is legitimate–contrary to
transmitter design, we usually do not want any modulation at all! Often though,
the theoretically possible suppression of the distortion, hum and noise can not be
reached. Mostly, this is due to ground loops – the concept is usually considered
only when most of the hardware is already in place. Below is an illustration of the
effect: shown are the frequency spectra of the demodulated cavity amplitude
signal. The same concept applies to all other high bandwidth control loops, of
course.
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3. CONCLUSION
In future applications of cyclotrons, availability and reliability become very
important issues. Issues like cavity voltage spark rate, repair ability and maintain
ability become of paramount importance. The reduction of the amount of activated
material (nuclear waste) produced when cyclotrons reach the end of their lifecycle
has to be designed into new machines from the beginning. (⇒remove as much
equipment as possible from cyclotron vaults!). The newer fields for cyclotron
applications, like compact SC medical cyclotrons, ADS; or new concepts, like fully
superconducting cyclotrons (including the RF cavities!) – will ask for up to now
unknown of operation, as well as utmost reliability – and voltage break-down
mechanisms as well as multipacting in cavities. Machines will have tobe designed
with higher efficiency aspect in cyclotron design and reduced operational costs
cyclotrons will be measured by the same criteria applied to other ‘high-tech’
industrial products (note: this is already the case in commercial cyclotrons!)
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