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Summary

A 1MV 9.5 MHz f system has been installed in the CERN
Antiproton Collector (AC) to process the incoming antiproton
bunches. The initial momentum spread (6%) is reduced by a factor 4
using bunch rotation followed by adiabatic debunching. Two capaci-
tively loaded cavities of compact design are used. Each cavity is
driven by a 700 kW pulsed rf generator using MOSFET cathode

switches for bias switching in the final stage. Fast (50 us) cavity
discharge is obtained by dissipating the stored energy back into the
generator through a A/4 feeder line. Closed loop control of the gap

voltage and phase during the 100 s flat top and the adiabatic de-
bunching ensures stable operation. The design principles and their
implementation, as well as performances and operating experience
are reported.

Introduction

The AC was designed to increase the accumulation rate of
the existing Antiproton Accumulator (AA) by a factor ten [1]. A sub-
stantial part of that increase comes from the fourfold improvement of
the momentum acceptance of the AC (6%) compared to that of the
AA (1.5%).

A dedicated rf system for bunch rotation and adiabatic de-
bunching is needed to reduce the momentum spread of the incoming
bunches by a factor four, so that the longitudinal cooling system can
take over. This technique has been preferred to adiabatic debunching
immediately after injection, because it reduces the maximum required
f volage by a factor 6-10 depending on initial bunch length.

The rf system requirements are (Fig. 1):

Frequency 9.537 MHz
Peak voltage during rotation 1.3 MY
Peak voltage for matching 130.0 kV
Rotation time 60.5 us
Fast discharge time 20.0 s
Adiabatic discharge time 10.0 ms
Repetition rate 2.4 s
Vv L.a ; b ¢ d !
(kv) for . - . r i T
1000 =3 s cawity Fi.ling
5 —b - fiat lop 3
. - - Fast Discharge
100 7 .M"V&r_jr Adiabatic U!*»nhiii‘_ﬂ"i
10 Bunch > e
f “Rotationt
1 by
1 U i | -
-100 0O 100 2 4 6 8 10t
Hs|ms

Toajection

Fig. 1: Typical voltage program

The 1f voltage is obtained using two independent cavities.
Each cavity is driven by a 700 kW power stage through a 19 meters
coaxial line. All the electronics (low and high power) are installed in
the AAC hall, which is accessible while antiprotons are circulating in
the AA ring but not during sccumulation and ejection,

The Cavity

The cavity is shown in Figs. 2 and 3. Its dimensions were
mainly dictated by the space available in the AC ring. To resonate the
relatively small cavity volume at the working frequency, reactive
loading 15 necessary. Because of the risk of exciting circumferential
mades and of electrical breakdown [1], ferrite was avoided in favour
of capacitive loading of the gap even though this choice undesirably
decreases the cavity R/Q and therefore increases the stored energy.

The capacitive electrodes were designed to keep the maximum
electric stress below the Kilpatrick limit, and to minimize the cavity
detuning due to temperature and pressure variations. Fine tuning is
achieved by adjusting the electrode spacing by means of a lever arm.

1 - Coupling loop window
2 - Monitoring windows

3 - Vacuum pumps holes

4 - Tuning system holes

5 - Fixed electrodes

6 - Tuning electrodes
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Fig. 2: Cavity cross-section.

In order to limit electrical losses whilst maintaining an ac-
ceptable weight and deformation under vacuum the cavity is specially
shaped, and is constructed of Anticorodal W [2]. Since the duty
cycle is low, no forced cooling is necessary. The strong coupling
between the two halves of the cavity permits feeding from the coaxial
line via a single loop. A conditioning time of about 1 day is
necessary before the cavity voltage can be driven past the
multipackting region (~500V) and up to full working voltage.

Parameters of the Cavity.

Parameter Units Cavity 1 Cavity 2
Resonant frequency MHz 9.537 9.537
Quality factor (Measured) 7000 4500™
Quality factor (Superfish) 8300 8300
Geometry factor (R/Q) ) 39 39
Gap voltage kv 650 520
Shunt impedance (R) kQ 275 175
Required power kW 770 770
Equivalent C pF 428 428
Equivalent L nH 651 651

Time constant T s 235 150

Fig. 3: Cavity in the AAC.

* . . . . . .
Q factor of cavily 2 is lower because of a stainless-steel part mounted inside
the cavity for vacuum reasons,



The rf Charge/Discharge Principle

A short cavity discharge time is essential for an efficient
beam manipulaticn. The natural cavity discharge time of about
500 us has been shortened by using the properties of a A/4 line in
combination with the final tube as a crowbar to absorb the cavity
stored energy during the discharge [3]. Referring to Fig. 4, the final
tube is connected to the cavity coupling loop via a A/4 line. The
coupling between cavity and loop is represented by a transformer of
ratio N = V¢/Vg; R is due to the cavity losses. When filling the cavity
the tube acts as the final stage of the rf generator. At the end of cavity
charge, with the cavity at resonance, the wbe anode current is in
phase with the driving voltage Vg ", and counterphase to V. To
maintain the voltage Vo during the flat-top the tube has to deliver a
power P given by:
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so that during the flat top the corresponding anode voltage and cur-
rent can be expressed as

‘]
[, == (3
NZ,
V.
and V,=—=+NZ, (4)
R
N=ye /s
R -
Tl Ll
e e IO
e A
I v : / ] 1 T
L - i S S

Fig_4: Simplified equivalent circuit.

During the discharge the tube anode is driven by the cavity
stored energy. To invert the direction of energy flow a fast reduction
of Vg is sufficient (fast compared to the cavity 7). Due to the A/4 line
the anode voltage during discharge is in phase with the current and
the tube behaves as a resistive load, adjustable by means of the driv-
ing voltage Vy. From Eq. (3), the power dissipated on the anode
during the discharge is

Pp=—te =y, (%)

where V, and I, are voltage and current during discharge.

o The value of N is constrained by the voltage breakdown
limit of the cavity loop vacuum window; the product NZg in Eq. (3)

is chosen so as not to exceed the maximum tube 2. at beginning of
discharge. For a given NZg the shortest discharge time is obtained

when V, is kept at roaximum during the whole discharge period. The

anode current [, and the cavity voltage V. then decrease linearly as
shown in Fig. 5.

The energy lost by the cavity during the discharge time t4 is
given by

AW = %(vj A (6)

** Voltages and currents are fundamental peak envelope values. All time con-
stants arc assumed to be negligible compared to the cavity 1.
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Fig. 5: Linear cavity discharge.

AW is the sum of the energy lost on the cavity itself (on R) and that
dissipated by the tube. This can be expressed as

di+ [ Pyt %

]

aw=["p

With constant V, during the discharge and noting that
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Equation 7 can be solved for tg and gives
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If the cavity natural discharge time is much longer than tg,
Eq. (9) simplifies to

(10)

Design and Development

With N set at 50 to give 13 kV at the cavity window, a Zy
of 60 € gives an anode current I; of 217 A and V, of 7.1 kV at the
end of cavity filling. From Eq. (10), a discharge time of 20 us

requires a V, of 75 kV.

The final tube is a Thomsen power triode type THI116
which has a V5 max of 75 kV and an Ia greater than 300 A
(fundamental rf component). The tube is operated in class B. To
avoid the need for a modulator to supply pulsed 10 kV anode voltage
during operation, the tube is auto biased into cut-off by opening a
power mosfet switch in the cathode circuit during the idle part of the
cycle. This method allows the use of a simple dc power supply (Fig.
6) whose capacitors recharge during the tube cut-off period.
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Fig. 6: Simplified system block diagram

The A/4 transformer coupling the final amplifier to the cavity consists
of a A/8  section L-C network in series with a A/8 coaxial line. To

cover the distance between the final tube and the cavity a further A/2
coaxial line has been added. By tuning the elements in the
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L-C = section located in the final amplifier, the A/4 transformer elec-
trical length and characteristic impedance can be adjusted.

The characteristic impedance of the A/8 section is 60 Q
whilst that of the A/2 line (16 Q) has been chosen 50 as to minimize
the VSWR cn the line during the discharge (Fig. 7). Both the A/8
and A/2 coaxial lines are constructed of aluminium tubing of large
diameter (0.1, 23.6 cm) so as to permit free air insulation, The inner
conductors, of appropriate diameter, are supported by ceramic rods

placed every 3 meters; the surface electric stress is less than
15 kV/cm.
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Fig. 7: Standing waves during the flat-top and discharge

During the cavity filling the rf amplitude modulation results
in an image impedance at the final tube which appears to be decreas-
ing as filling proceeds (Fig. 8). The product NZg which was selected
to give short discharge time, results in an anode load of about 35 Q
at the end of cavity filling. The final tube power gain is therefore low
(~4 dB ) and a driver power of 300 kW at cathode is necessary to
maintain 700 kW at the cavitv.
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Fig. 8: Gap, anode and final HT supply voltages

The three stage driver chain with 90 dB overall gain
consists of a 2 W solid state amplifier, a 1 kW narrow band tetrode
amplifier and a 25 dB, 300 kW narrow band power tetrode output
stage. This stage is coupled via a 50  line to the 50 Q 0 4 O
matching circuit on the final tube cathode.

During tests it was found that, without a servo system,
control of Vg during the discharge was difficult. In particular, at the
start of discharge even small drift of the V4 program caused exces-
sively high voltages which triggered the tube protection spark gap.
This problem was solved by employing a Metrosil non-linear resistor

stack, which gave good control of V, early in the discharge period
whilst dissipating negligible power during cavity filling. Towards the
end of the discharge period it was found that maximum final tube V,
cannot be maintained even with zero Vq drive, because of the low
tube output impedance (~500 Q). With the non-linear resistor in
place and a simple Vg discharge program the discharge time is 50 s

which is greater than the desired 20 [s but sufficient for good
operation.

Servo Systems

The electrical performance of the system is stabilized by the
action of 3 servo-loops (Fig. 6).

The tuning loop is of sampled type, because the speed of
the tuning motors is slow compared to the duration of the rf pulse. It
guaranties a resistive impedance for the final tube in stationary
conditions (bunch rotation), by cancelling the phase difference
between cathode and anode. For proton operation of the AC both
cavities can be detuned (+15 kHz) in order to avoid instabilities of
the higher intensity proton test beam.

The voltage and phase control loops are fast (15 kHz
bandwidth) and active all along the pulse, except during the dis-
charge. Low-pass networks are implemented to compensate the high-
pass-like transfer function for modulation, of the amplifier + cavity

assembly, due to the A/4 driving line. Special care is taken to mini-
mize the transient when switching from bunch rotation to discharge,
and from discharge to adiabatic debunching. The operational
dynamic range of voltage control (650 kV to 1 kV) results from a
logarithmic envelope detector, coupled with an antilog modulator to
maintain a constant open loop gain. The phase loop stabilizes the
phase shift of the complete system, from the low-level drive to the
gap voltage.

Stability of beam performance was greatly improved when
all these loops were properly working. The quality of the controlled
rf parameters can be noticed in Fig. 9.
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Fig. 9: Gap voltage and phase.
Operating Experience

Both cavities and associated rf generators were installed and
commissioned in the AC ring by early 1988. Since then, operational
experience has been very satisfactory with a total cavity voltage of

1.1 MV and discharge time of 50 ps. Bunch rotation efficiencies of
80% are obtained with typical injected bunch length of 18 ns. The
equipment failure rate is about 0.3%.
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