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Abstract

By means of the LEP II RF System the maximum circum-
ferential accelerating voltage will be increased from 350 MV

at present to about 2000 MV, required for the w pair
production at centre-of-mass energies around 180 GeV. The
accelerating voltage will be provided by the existing copper
RF cavity system (LEP Phase I) and 192 superconducting RF
cavities 1o be installed in LEP by 1995. These sc cavities will
be powered by 12 high power klystrons via junction circu-
lators and a WR 2300 waveguide power distribution system.
Compared to the existing LEP I installation the output power
of the LEP II klystrons has been increased from 1000 to
130C KW cw by making use of the full capacity of the HV
power converters, rated at 100 KV and 40 A. Simultaneously,
the power-handling capability of the junction circulators, when
operated into a sliding short, could also be enhanced by the
same amount. A description of the LEP II RF power
generation system is given and, in particular, the improved
performance of the high power klystrons, circulators, thyratron
crowbars and hard tube modulators is discussed.

INTRODUCTION

For the W* pair production in LEP a circumferential acce-
leration voltage of about 2000 MV is required. This will be
achieved by means of the LEP II RF system; i.c. in addition
to the existing LEP I RF system [1] 12 more RF units will
be installed in LEP by 1995. Each of these RF units consists
of one high power klystron with its HV interface, a junction
circulator, a WR 2300 waveguide power distribution system
with four Magic Tee splitting stages, four cryostat-modules,
cach of which houses four superconducting RF cavities, and
the associated controls and interlock electronics.

|7-' STSTROM  TUrNE
AN r\' 7

r— /
- 100kY —elov wiemiacrf—HRAIER 5 7300 W kLvSTRON
from v —CAIMODE .:.\ /

Pomer Convertsr)
P, P \‘
D300 AW } ----- —( -/) JUNCTION CIRCULATOR

iy
( L

B
'8

J‘ 4 )

P
Sl ko - weoute 1 L
L —_— o4 SC DAVTES )

o T T T

WR2300 WAVEGUIDES ‘

MAGIC TEE

CRYC - WMCDULES 2

Fig. 1 - RF Power Distribution of a LEP 1I RF Unit
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As can be seen from Fig. 1 the general layout of the
LEP II RF units is very similar to that of LEP I. The main
difference are the substitution of the copper cavities by super-
conducting ones and the need of only one klystron per
RF unit.

At a specified sc cavity voltage gradient of 5 MV/m a total
accelerating voltage of 136 MV will be produced by one RF
unit. At beam intensitics of about S mA/beam the required
RF power will be then 1300 KW.

By operating the klystrons at 100 KV and 20 A, the full
capacity of the HV power converters, the rated klystron output
power could be increased from 1000 to 1300 KW. Simul-
taneously the RF power handling capability of the circulators
could also be increased to 1300 KW, even when the output
signal is fully reflected at any RF phase angle.

The HV interface [2], consisting of a thyratron crowbar, a
hard tube modulator and a 2 pF smoothing capacitor, had to
be adapted to the enhanced HV operating voltage. The main
modification with respect to the original layout is the replace-
ment of the 5-gap EEV-CX 1194B thyratron by the 8-gap
model CX 2098B of the same firm and the controls and
interlock electronics associated to it.

GENERAL

For compatibility and cost reasons the general layout of
the LEP I1 RF units is very similar to that of a LEP I unit.
Beside the substitution of the copper cavities by super-
conducting ones [3], the use of only one high power klystron
with HV interface and one high power junction circulator, each
with improved performance, only minor changes were required.
In order to avoid cavity tuning errors, which can be caused by
cross coupling of the fundamental RF signal between adjacent
cavities [4], the isolation via the feeder lines had to be
increased. Improved intercavity isolation is achieved by
supplying the 100 KW coaxial water loads, required for the E-
port termination of the 12 Magic Tees of the two last power
splitting stages (see Fig. 1), with saltwater. The substitution
of demineralised water by doped water with a NaC# content of
1% decreases the reflection of the loads from -17 to -28 dB
and improves thus the fundamental signal isolation between
adjacent cavities via the feeder lines from -19 dB to -26 dB.

Another modification concerns the terminating load of the
junction circulator. In case of beam loss the incident RF
power is partly or fully reflected by the sc cavities, i.e. up to
1300 KW of RF power will be diverted by the junction
circulator into the terminating load at its port #3. Minor
cavity tuning errors also result in high reflected power levels.
For these reasons the port #3 of the circulator is terminated via
a specially developed waveguide-to-double coax transition with
two 300 KW coaxial loads. These loads, although limited to a
continuous absorption of 2 x 300 KW, are capable to absorb
up to 1300 KW for about 1 minute.

By April 1993 the klystrons, circulators, HV interfaces and
waveguide components had been installed in four LEP II
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RF units, but only in one unit two cryo-modules (8 sc
cavities) are in place. One of the four units is equipped with
two klystrons and circulators, i.e. 8 sc cavities will be
powered by one klystron, in order to gain experience for a
possible upgrade to two klystrons per 16 cavities (one
klystron per 8 cavities, but one HV power converter for two
klystrons) which might become necessary when the
accumulated beam intensitiecs in LEP would exceed
5 mA/beam. The HV power converters, which are of the same
type as those for the LEP I RF system, have a rated capacity
of 100 KV and 40 A [5] and could thus cope with the max.
HYV power requirement of two klystrons.

KLYSTRONS

In 1990 a programme was launched with industry to increase
the maximum klystron output power by making use of the
rated capacity of the HV power converters. The programme
resulted in a new series of high power klystrons with technical
specifications, the main parameters of which are listed in
table I. The main feature of the klystron operation at 100 KV
and 20 A is the maximum output power achieved, namely
1300 KW; corresponding to a DC-to-RF conversion efficiency
of 65% (see Fig. 2). This is to be compared with the LEP I
kiystron operation at 88 KV and about 18 A where a
maximum output power of 1000 KW is achieved.

Due to the generation of relatively high accelerating
voltages at low RF power the output of each klystron must be
reduced drastically during beam accumulation at 20 GeV.
Therefore, the specification calls for a minimum klystron
beam current of 2.5 A at an operating voltage of 100 KV.
The output power, which is exclusively controlled by the
klystron’s beam, is then below 1 KW. The focusing current
settings must be such that they can remain unchanged when
the beam current is varied between 2.5 and 20 A.

Ly e T I T T T Y

* KLYSTRON TESTS *
Ty e T

Date: Monday 18 04 93 Time: 15 317 0B

o mm————— + e A +
POWER | ELYSTRON | | LOAD
SUPPLY | = ememmemeeee s e
————————— +
RF IN 352.21 MHZ
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CURRENT 20.0 Amps RF FWD 1310. Kw TEMP 1IN 18.5 deg C
RF GAIN 43.55 dB TEMP OUT 35.9 deg C
DC POWER 1998. KW LOAD POWER 1305. KW *
Ptot 1992. KW 1 pPil 20.3 Amps {av  1309. KW)
Ptot=Pload+Pcoll+Pbody I ma 1.6 mA RF RFL 1.870 KW
1 gip 0.0 uA SWR 1.078
Uma 54.9 KV 1 Focl 9.38 Amps
Uma/Ucat 0.54 U Focl 210.8 Volts
1 Foc2 9.07 Amps
U Foc2 207.0 Volts
WINDOW AIR IN 38.1 Deg C
WINDOW AIR OUT 48.4 Deg C
WATER TEMP IN 24.1 Deg C
BEAM PER 0.633 wuP BODY POWER 15.3% KW {Body 4.01 KW/Cav 11.5 KwW)
GUN PER 1.554 up COLL POWER 672.0 KW (Water Flow 800. 1l/mn)

{(av 679.B KW)
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ELEC. EFF. ((Pfwd-Prfl)/Pdc)
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(av  65.27 %)

Note (av) is the average of the last 10 readings.
{*) Load Power * 1.005 ( waveguide losses )
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Fig. 2 : Computer Printout of a Klystron Acceptance Test (Sample)
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Rated Output Power 1300 KW cw
Operating Frequency (fo) 352.21 MHz
-1 db Output Bandwidth fo + 500 KHz
DC-to-RF Conversion Efficiency 65%
RF-Input-to-Output Gain 240 db
Max. Load VSWR 1.2
DC Operating Voltage 100 KV
DC Beam Current 20 A
Gun Perveance 1.5 pAv-1S
Body Dissipation < 30 KW
Focusing Coil Current <12 A
Modulation Anode Current <5 mA
Collector Dissipation Ability 2> 800 KW
Table I : Main Electrical Klystron Parameters
at Rated Output Power
CIRCULATORS

Contrary to the LEP copper cavities, at which the RF
reflection depends very little on the beam intensity, the
incident RF power is fully reflected by the strongly over-
coupled sc cavities at the absence of beam. Therefore, the
LEP II circulators are specified for 100% reflection, i.e.
Pforw = Prefl = 1300 KW cw. Prior to the installation in
LEP each circulator is power tested at full reflection and any
phase angle by terminating the output port with a sliding
short and port#3 with a 1500 KW waveguide load
(VSWR < 1.05). When at all RF phase angles of the reflected
signal no arcs occur, and the input reflection (Sy1), isolation
(S12) and insertion loss (So1) fulfil the specifications
(Table II) the circulator is provisionally accepted. Since the
insertion loss depends on the phase angle of the reflected
signal the external magnetic field has to be adjusted
accordingly by means of an electro-magnet [1] in order to
obtain the specified values for isolation and input reflection.
Prior to the high power test the specified values for the
isolation (S12) of -20 and -10 dB within the bandwidth of
fo +10 MHz and fo 16 MHz respectively are verified at
signal generator power level. The high power behaviour is
then simulated by the circulation of warm water in the ferrite
cooling channels which increases the ferrite temperature to
values as under high power operation conditions.

Rated RF Power at Input Port 1300 KW cw
Max. Reflected RF Power at Output Port 1300 KW cw
(at any RF phase angle with respect to

incident signal)

Operating Frequency (fo) 352.21 MHz
Output-to-Input-Port Isolation (S12)

a) atfo+ 10 MHz <£-20db
b) atfo+ 16 MHz <-10db
Input Reflection (S11) <-20db
Insertion Loss (S21) (at Pref] « Prorw) <£0.1db

Table IT : Main Y-Junction Circulator Parameters
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Circulators with clockwise and counterclock-wise
RF power flow are required in the LEP II RF system. (6 of
each). For reasons of compatibility the circulators must be
made such that they can be used for both rotation modes by
simply turning them by 180" around their horizontal plane.

HV INTERFACE

The HV interface of a LEP II RF unit [6] comprises a
commutator switch, a smoothing capacitor, a thyratron
crowbar, a hard tube modulator, protection resistors and
insulation transformers (see Fig.3). Since the above
mentioned components are immersed in oil they must be
housed in a fire-proof bunker which is located in the klystron
gallery. The high power klystron to be supplied with cathode,
filament and modulation anode voltage is installed at a distance
of about 20 m from this HV bunker whereas the distance to
the HV power converter at the surface is about 500 m.
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Fig. 3 : HV Interface of LEP II RF Unit

The higher klystron operating voltage does not necessitate
the replacement of the 2 uF smoothing capacitor including its
current limiting ceramic resistor since its rated voltage is
100 KV and a max. discharge current of 10000 A, which
occurs in the event of crowbar operation, is acceptable., A
wideband current transformer is inserted in the low voltage line
of the capacitor. Its output is connected to the thyristor control
unit of the HV power converter. At a discharge current of
about 500 A the thyristor will turn off the HV within 10 ms.

However, the 5-gap, double ended thyratron CX 1194B in
the crowbar tank had been replaced by the 8-gap model
CX 2098B of the same firm. By lowering the voltage per gap
to 12.5 KV the reliability of the HV interface is expected to
further improve. The electronic trigger circuit had been
simplified to a commercially available wideband current
transformer the output of which is connected to grid 2 of the
thyratron via a ceramic capacitor. The wideband transformer
with its incorporated integrator insures thyratron firing at
discharge currents 2500 A. when the grid 2 biasing voltage is
set to -150 V.

The cathode/grid 1 area is kept ionised by the +100V
grid 1 biasing power supply. A current of about 25 mA is
drawn, when the cathode is correctly heated, by which the
readiness of the thyratron to act as a rapid protection device is
indicated. This current is monitored and incorporated in the
interlock system via an optical link (see Fig. 3).

The output power of the klystron is controlled by the
modulator via the modulation anode voltage. The modulator
comprises mainly HV power resistors and the HV tetrode
TH 5186, which is suited for 100 KV operation. Its two grids
have been short-circuited and the tube acts thus as a triode,
requiring only one grid biasing supply. The function of the
tube is that of a variable high voltage resistor. By the resistors
R1, Ry and R3 the minimum and maximum modulation
anode voltage and thus the klystron output power (< 1 KW
and 1300 KW) are determinated. The tube represents then
either an infinite or a very small resistor value compared to
those of the above mentioned HV resistors. By means of a
variable grid supply which is controlled via an optical link the
internal impedance of the tube can be varied between these two
extremes.

An additional feature of the new resistive divider is the
attractive possibility to achieve a maximum klystron output
power of 1000 KW when operated at 77 KV only. This is to
be compared with 700 KW previously achievable. At the
77 KV operating point the RF system has demonstrated
proven reliability during the last years of LEP operation.
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