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The SPS accelerating structure is essen-
t ia l ly a high energy proton linac, except for a
small frequency swing during the acceleration
cycle. I t is operated almost CW with a travelling
wave giving an energy gain around 0.1 MeV/m. The
guide-lines for the design of such a structure are
explained, and practical solutions are described.

Introduction

The SPS is the European proton synchrotron
of 400 GeV bui l t underground near Geneva. I t
reached i t s design energy for the f i r s t time on
June 17, 1976. The RF accelerating system was de-
signed to meet the specifications shown in Table I .

Although the relative frequency swing is

only 4.4 x 10 , i t would necessitate variable
tuning for a cavity operated with a standing wave
at a reasonable power level. On the other hand,
travelling wave operation easily provides the re-
quired bandwidth without any variable tuning .
It also presents another major advantage : the ca-
vity may be connected by a long feeder line to the
power amplifier, and continues to appear as a
matched load even with varying frequency and beam
loading. This is very important when the power amp-
l i f ie rs are located at the surface, whereas the ca-
vi t ies are in a tunnel, 60 m underground.

Requirements for the Accelerating Structure

Each accelerating cavity is essentially a

TABLE I

SPECIFICATIONS FOR THE SPS ACCELERATION SYSTEM

Frequency at t r a n s i t i o n energy (24 GeV) 200.222 MHz

Frequency swing from injec t ion energy (10 GeV) 199.526 MHz

to top energy (400 GeV) to 200.396 MHz

Number of c a v i t i e s a 2

Peak acce lera t ing voltage per cavi ty ]v| * 1.8 MV

Synchronous phase angle (from cres t of the wave) | t>s | > 45°

Energy gain per cavi ty for one t raversa l (at <t>s • 45°) eU = 1.27 MeV

Average beam current I o - 70 mA

Beam power per cavity (at * s - 45°) UIQ - 89 kW

Duty factor close to 1

The l a s t requirement in Table I stems from
the fact that the RF power i s needed during most of
the acceleration cycle.

At the present time, a 3rd cavity is being ordered.

loaded waveguide of length t, terminated in a

matched load for travelling wave operation. The im-

portant parameter for RF power is the series impe-

dance Rj of the structure, defined as

„ ,• Si . E2 ,,,
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where E is the peak value of the effective accele-
rating field on the axis (including the transit
tine factor), and P is the power flux of the tra-
velling wave.

The effective shunt impedance Rj per unit
length of the structure, defined as

Rj (in -) « E2/Power loss per unit length
of the structure (2)

is related to the series impedance by the equation

«. • $, ? • • *-. <3)

where Vg is the group velocity of the travelling

wave, and a is the field attenuation constant.
At 200 MHz, the attenuation length I/a is large
(several hundreds in); therefore, in the absence of
beam loading, the peak value of the effective acce-
lerating voltage per cavity is essentially E5.

If the RF component of the beam current is
I], and the particle velocity is v, the electric

field induced by the beam along the axis of the

cavity is given by
.0]

where z i s the distance along the cavity. The angle
T is the total phase slip between the travelling
wave and the proton bunches along the cavity :

1 —- (ID - u0) (5)

In eq. (5), uQ is the angular RF frequency at which
there is perfect synchronism between the wave and
the particles; it corresponds to a definite velo-
city (or energy) of the particles.

In all formulae, the group velocity v~

should be taken essentially as positive. The par-
ticle velocity v, on the other hand, should be ta-
ken as positive or negative according to whether
the passband used for acceleration is of the for̂ -
ward wave or of the backward wave type. In the first
case, the distance z in eq. (4) is taken from the
cavity end where the particles enter; in the second
case, z is taken from the end where the particles
leave the cavity.

With eq. (4), the effective voltage V seen
by the beam upon one traversal of t'ie cavity is

"it should be mentioned that eq. (1) represents
only that particular space-harmonic of the beam-
induced field, which is closest to perfect syn-
chronism with the beam. It is no longer valid
when the operating mode approaches the edge of a
passband, where vg vanishes.

where $ is the phase of the bunches with respect to

the crest of the axial electric field in the middle

of the cavity. The first term in eq. (6) is the RF

impressed voltage V'rf, while the last term repre-

sents the beam-induced voltage V^. For tightly

bunched beams, I5 is very close to 2IO.

For relativistic particles, the velocity
increase during one traversal of the cavity is very
small, which allows the loaded waveguide structure
to be exactly periodic, as for an electron linac.
On the other hand, the small increase of velocity
from turn to turn produces a cumulative increase
in the revolution frequency during the acceleration
cycle; this is the reason why the RF frequency must
also increase, in order to maintain an exact har-
monic relationship with the revolution frequency
of the particles.

Because of this slight change in RF fre-
quency, perfect synchronism cannot be maintained
throughout the acceleration cycle between the tra-
velling wave and the particles; the corresponding
reduction in accelerating voltage is given by
equations (5) and (6). Such a reduction, which
does not apply in a normal linac, is the small prire
to be paid in order to recirculate the beam some
100 000 times through the SPS "linac". On the other
hand, this recirculation allows the latter linac to
work with a rather low accelerating field E, about
10 times lower than in normal proton linacs.

Fig. 1 shows the phasor diagram for eq. (6).
At transition energy, ;s must abruptly change sign
(going from a negative to a positive value) while
|v| is K'.pt constant. If this is to be done without
changing the RF amplitude \F.Z\ but only the RF
phase $, then T must be zero at transition. In this
case, T and is have always the same sign throughout
the acceleration cycle.

Fig. 1. Hiasor diagram for eq. (6)

In order to limit the voltage reduction due
to T at other energies, it was decided that |T!
should not exceed ? radians in the worst case, i.e.
at injection. According to eq. (5), this condition
sets an upper limit for the filling time e/vg of
the cavity :

or — ^ 903 (7)



which may be rewritten as

I < (215 m) vg/c

To this condition should be added

e < 22.3 m

(8)

(9)

which is the maximum length available for a single

cavity in a long straight section of the SFS ring.

Optimization for power efficiency

For simplicity , we now assume T » 0 in

eq. (6), which then reduces to

V -

where
R 2£

2

8

(10)

(11)

is the beam-cavity coupling impedance.

The RF power is given by eq. (1) as

or, from fig. 1 when T • 0 :

p-.jjr [ivl2 + Ivb|
2
 + 2|v||vb|cos

This may be rewritten as

(12)

(13)

For |v|, 4>s and Ib fixed, P is minimum when

|V| - r cl b = |vbl (14)

hence with eq. (11), there is an optimum R2 H.
2

which provides maximum power efficiency at the no-

minal values of |v| and I o :

8 M = 4 M
J-b * o

But condition (7) yields, with eq. (3)
and (15) :

5ii
903 903

Jli
I o

(16)

Inserting |v| - 1.8 MV and I o • 70 mA, this yields

with the condition (9)

Ri/Q 2- 5000 Sl/m (17)

which is an extremely large value at 200 MHz.

This large value comes from the relatively small

nominal beam current I o in eq. (16).

Because T and $s have always the same sign, i t is
clear from fig. 1 chat T • 0 corresponds to a
larger |vrf| , i . e . to a maximum value of EH and of
the RF power.

1. The structure should be a wave-guide pe-

riodically loaded with identical cells.

2. The travelling wave should be exactly

synchronous with the beam at the transition frequen-

cy (200.222 MHz).

3. For optimum power efficiency at the de-

sign values of energy gain per turn and beam current,

I and R)/Q should verify conditions (8), (9) and

(16).

Choice of the accelerating structure

Among all structures suitable for accele-

rating relativistic protons , the cross-bar struc-

ture appears to have the largest Kj/Q and the lar-

gest bandwidth. This structure contains two sets of

drift tubes, supported alternately by horizontal and

vertical bars placed across a circular envelope.

The second set of bars is used to produce a large

bandwidth, and to provide a resonant coupling bet-

ween each set of parallel bars when the structure is

operated in IT mode (i.e. TT/2 between adjacent bars).

The bar passband is of the backward wave type.

Orders of magnitude are Rj/Q -500 JJ/n at

200 MHz and v«/c -0.2 at ir/2 mode between adjacent

bars. The maximum length £ allowed by eq. (8) vio-

lates condition (9) and still fails to verify condi-

tion (16). On the other hand, going to a simpler

structure where the second set of bars is parallel

to the first one, reduces Vg to v^/c -0.1 while

Rl̂ /Q remains pratically unchanged. Conditions (8j

and (9) are then easily fulfilled, while condition

(16) can still only be met with a beam current se-

veral times the nominal value.

Therefore, it was decided to use the simpler

structure with all bars parallel, and to optimize

it for maximum series impedance R2. Obviously, this

choice of accelerating structure does not provide

(nor could any other choice do) optimum power effi-

ciency at the design values of beam current and

energy gain per turn; but according to condition

(15) for maximum power efficiency, it could do

so in the future, if the beam current is increased3.

Consequently, the structure is made of a

cylindrical envelope containing a set of identical

and equally spaced drift tubes, all supported by

horizontal bars (Fig. 2). It was designed in such

a way that each drift tube assembly (Fig. 3)

can easily be taken out and replaced.

Already at present it is contemplated to increase

the beam current in the SPS by a factor 5, when

multipulsing its CPS injector. For such a beam

current, the final cavities described in Table II

come close to yielding maximum power efficiency;

while for still higher beam currents, the cavities

should be shortened.
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Fig. 2. Inside view of a cavity section

Fig. 3. Drift tube assembly

Many reduced scale (1:5) models of the stru-
cture have been measured, using a classical bead
perturbation technique. All geometrical dimensions
have been varied : drift tube diameter (determined
by the necessary beam aperture), drift tube length,
stem diameter, cavity diameter. Although a somewhat
larger cavity diameter would yield a slightly better
series-impedance, the inner cavity diameter had to
be limited to 750 ram in order to accommodate the ca-
vity and all the ancillary equipment in the SPS tun-
nel.

For manufacturing, the cavity had to be di-
vided into sections shorter than 4.5 m. With a maxi-
mum allowed length of 22.5 m, this corresponds to at
least 5 identical sections made of an integral num-
ber of cells. The total number of drift tubes is
chosen in such a way that the phase shift between
the two extreme drift tubes be a multiple of r; in
that case there is no impedance transformation by
the cavity between these drift tubes, and therefore
the matching of the couplers is less critical.

Once I is determined, R2 is optimized under

condition (8). Both n/2 and 2n/3 modes were inves-

tigated-, in tVve latter case Vg'<^ u a « at most .0674

and condition (8) was not fulfilled. For n/2 mode,

optimization has led to the set of parameters

shown in Table II. As usual, the optimum is very

flat.

Technology

Manufacturing of the cavities

The cylindrical envelope is made of ordina-
ry steel clad with OFHC copper : 5 mm of copper on
20 mm of steel. The flat steel sheets were clad
with copper by hot rolling. Afterwards, the sheets
were rolled to a cylinder and welded longitudinally.
In the final assembly, the weld line is turned to
the top of the cavity, where no electric current is
flowing. The surface finish of the copper is better
than 3 urn.

The drift tube assemblies are made of OFHC

copper pieces brazed together under vacuum. Since

half of the power dissipation occurs on the stems,

these are cooled by a high speed waterflow. In order

to insure perfect tightness against water, both

ends of the stems have been electron-beam welded.

On their outside ends, the stems are terminated by

stainless steel flanges.

The total waterflow per cavity is 550 li-

ters/minute, all cooling circuits being connected

in parallel; the same waterflow then cools the

matched load at the end of the cavity. At the no-

minal field level, the temperature difference along

a pedestal radius is 1.1° C; it is only 0.4° C

along a stem. The envelope itself is cooled suffi-

ciently by 8 waterpipes (with 120 mm2 bore) running

all along the structure and glued to it by an epoxy

resin with good thermal conductivity. The whole

cooling system is made of copper or stainless-steel

parts.

All RF contacts are provided by silver pla-
ted copper-beryllium springs, inserted in grooves
which are machined in the OFHC copper. This is the
case, for example, of the contacts between the pe-
destals and the envelope holes : they normally
carry a peak current of 3 A/cm, but they have been
tested successfully under a peak current of 30 A/cm
in a \/4 coaxial resonator.

Under normal working conditions, the vacuum

in the cavities is better than 2 x 1 0 ° Torr.

Tuning of the cavity sections

As mentioned, the original purpose of tra-
velling wave operation was to avoid any variable tu-
ning in the cavities. Nevertheless, they must be
tuned to the transition frequency ac rr/2 mode.
This was achieved by tuning each section indivi-
dually. The section envelope was fitted with a set
of 11 drift tubes especially used for this purpose,
and the TT/2 mode frequency was measured. The fre-
quency error was corrected by carefully adjusting
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the spacing between pedestals before brazing of the
final drift tube assemblies at CKRN. An overall,
fine tuning of ± 25 kHz is provided by the regula-
tion of the cooling water temperature to within
± 7.5° C.

axis) and will hopefully be suppressed once the
damping loops are installed.

TABLE II

PARAMETERS OF THE SPS TRAVELLING WAVE STRUCTURE

Operating mode at trans i t ion frequency (200.222 MHz)

Lower bar passband (0 mode

to u mode)

Cell length (BX/4)

Cavity inner diameter

Drift tube inner diameter

Drift tube outer diameter

Drift tube length

Stem diametera

Q (measured on the f i n a l , f u l l - s c a l e cavity)

v g / c

Series impedance R2

Cavity length : 5 sect ions of 11 c e l l s , including
2 h a l f - c e l l s for the input and output couplers

Interaction length t " 54 c e l l s

Beam cavity coupling impedance r c « RjJl2/8

Power attenuation 2ott - w£/(vgQ)

Axial e l e c t r i c f i e l d (without beam loading) Eo =• | v / « |

Power flux without beam loading Po - Eo/R2

Power d i s s ipat ion per cavity

"/2

221.6 MHz
to 191.2 MHz

374 ran

750 mm

130 ran

170 mm

150 tun

85 mm

611 n/m

19650

.0946

27.1 kSl/m2

20.570 m

20.196 m

1.4 Mft

.0456 neper

89 kV/m

293 kW

13 kW

Higher Modes of the Acce lerat ing Structure

In the higher passbands of the a c c e l e r a t i n g
s t r u c t u r e , many modes are synchronous with the
beam. I f the beam-cavity coupling impedance for
such a mode i s large enough, i t can drive the beam
into longitudinal or transverse instabil it ies. Since
the main couplers are not intended to couple to the
higher modes, they do not provide sufficient dam-
ping for them. Therefore, two special coupling loops
have been foreseen on each cavity end-plate; they
are terminated by 600 W, air-cooled loads. These
loops are designed in order to couple as l i t t l e as
possible to the main accelerating mode, and as
much as possible to all other modes.

Bunch to bunch dipole oscillations of the
beam have already been observed at high energy in
the SPS, together with a 628 MHz signal growing in
the cavities. This instability seems to be driven
by a longitudinal mode (with Ez i* 0 on the cavity

For practical reasons during brazing of the drift
tube assemblies, tlie stem diameter has been in-
creased from 85 nto to 86.5 mn.

Beam loading and RF power

From eq. (4), the beam induced field vani-
shes at z *= 0, i . e . at the cavity end which must be
fed by RF power in order that the phase velocity
(of the synchronous space-harmonic) of the travel-
ling wave be of the same sign as the particle velo-
city. Therefore, there is no RF power induced by
the beam towards the feeder line : the power ampli-
f iers ignore the presence of the beam, and the beam
power is merely subtracted from the power which
would otherwise go into the terminating load.

Nevertheless, the amplifiers must deliver
more power in order to maintain the same cavity
voltage V against beam loading, as shown clearly
by Fig. 1. Assuming again T * 0, we get from
eq. (12) with |vbj » rcl(,, t n e following maximum
value for the RF power which is required in the
presence of beam loading :

r c lb
2 + 2j V|Ib cos *s (18)
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The power Pj, - \ M l b c o s *s delivered to the beam
is most easily deduced from eq. (13), which yields
for the power efficiency

b

T • 4 cos
+ 2 cos • s (19)

For a given is, the power efficiency reaches its
maximum value

PjA 2 cos ts
P /max 1+cos * 3

(20)

when [v| » rcli,, which is exactly the same condi-
tion as eq. (14). This condition inserted in eq.
(18) determines the bean current which corresponds
to maximum power efficiency for given values of
P, rc and <ts :

J 2 " w i t h (21)

Inserting now the nominal values of jvj, j>s
and Ib in eq. (18) and (19) gives P * 340 kW with
a power efficiency Pb/P • .261. This is the power
required at the input of the cavity, for an average
beam current I o * 70 mA. With provision made for
the losses in the feeder lines, for the possible
increase of beam current in the future, and for
some safety factor, it was decided to specify a
power level of 500 kW per amplifier.

The nominal P • 340 kW inserted in eq. (21)

gives Ib - 0.754 A or Io =0.377 A for the beam

current which would yield maximum power efficiency

with the actual cavities. This current is 5.4 times

the present nominal value; from eq. (20), the cor-

responding power efficiency would be 0.828. From

eq. (21), the peak accelerating voltage per cavity

would then be 1.06 MV.

Input and output couplers

Both ends of the cavity are equipped with

identical couplers. They provide a matched transi-

tion between the cavity and the big coaxial lines

which connect the cavity to the power amplifier

at one end, and to a matched load at the other end.

The big 50 ft coaxial line splits at a T-junction

into two smaller ones, the central conductors of

which eventually end up into two coupling loops

connected to the pedestals of the first drift tube

assembly (Fig. 4 ) . The shape of the couplers was

determined by measurements on a 1:5 reduced scale

model with 16 cells; the final adjustments were

made by measurements on the first two sections of

the first cavity (with 22 cells) . The two short

coaxial lines from the windows to the coupling

loops are practically loaded with their 50 SI cha-

racteristic impedance by the structure. Each piece

of line from the windows to the T-junction is

essentially a cascade of two X/4 transformers which

transforms the 50 :1 impedance at the window into

100 n at the T-junction. Just above the T-junction,

HORIZONTAL CROSS SECTION OF AN ACCELERATING CAVITY AND CF ITS

OUTPUT COUPLER

At theo therend

Vertical coaxial line
to terminating load Beryllium oxide window Proton bunch Accelerating electric field

[Peak voIMgr JC kV j

Bar Drift tube

Fig. 4. Horizontal cross section of a cavity and a coupler
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4 high speed fans (working with 400 Hz A.C.) blow

air into the line. This air is forced down and flows

along the coaxial lines of the couplers, up to

outlets at the bottom of the big stubs (Fig. 5) .

I
Fig. 5. Cavities installed in the SPS tunnel

It was possible to make the matching of the
couplers broadband around the "/2 operating mode,
just because the latter is far from the passband-
edges. Consequently, the terminating load of the
cavity damps also the adjacent modes, thus reducing
their coupling impedance with the beam : this is
very important to prevent beam instabilities.

The most remarkable part of the couplers is
probably the RF window. The basic design principle
was to have it easily replaceable in case of break-
down. Instead of the usual ceramic disk, the win-
dow has been transformed into a short ceramic cylin-
der, by expanding the coaxial line radially in order
to form a big X/4 stub on the air side. The electric
field is roughly parallel to the ceramic, but it is
more uniform than in the usual ceramic disk, resul-
ting in more uniform dielectric losses. The ceramic
itself is beryllium oxide, because of its good ther-
mal conductivity (roughly 10 times higher than alu-
mina), rhe neighbouring metallic pieces of stainless
steel are covered at their ends by caps of a Fe-Ni-
Co alloy, which are brazed to the ceramic; these
caps jre water cooled (Fig. 6 ) . The caps and that

Fig. 6, RF window assembly

stainless steel cylinder which is exposed to RF

fields are coated, first with an electro-deposited

copper layer of 10 urn, then with a vacuum-deposited

copper layer of 2 urn. In the early windows, the

first copper layer was coated with an electro-depo-

sited gold layer of 2 urn, and the ceramic was left

uncoated. Under RF power, this gold coating was

sputtered onto the inner conductor of the line and

onto the ceramic, starting from the end close to

the coated stainless steel, and progressively

reaching the other end. This process resulted in a

nicely conducting window and a large reflection of

RF power. Afterwards, the gold coating was replaced

by a vacuum-deposited titanium layer of .5 um which

was also applied to the inner conductor of the line;

the inner side of the ceramic was vacuum flashed

with titanium (the D.C. resistance being at least

500 MS) measured in vacuum). Titanium has been cho-

sen for its low secondary emission coefficient and

its low sputtering yield. With the titanium coated

window assemblies, sputtering has totally disap-

peared.

As shown by the temperature rise at the win-

dow rings, multipactoring still occurs on the win-

dows, at a power level ranging from 10 to 50 kW.

Once the cavity has been conditioned, this power

range is being traversed very fast during the acce-

leration cycle, with no noticeable RF reflection.

On the other hand, the maximum power which can be

fed into a cavity seems to be limited by multipac-

toring between the end plate and the first drift

tube assembly. Progressive conditioning of the ca-

vity pushes this maximum level up to 550 kw; but

even when the cavity is being used for acceleration,

the maximum level steadily goes down to 350 kW

after one week. Two hours of hard conditioning are

then necessary in order to bring the cavity back

to the 550 kW leveia.

Terminating load

The output coupler must be terminated by a

load which is matched at 200 M!!z, and capable of

dissipating 500 kW of RF power. This is achieved

with a uniform 6!/g " coaxial line, 6 m long,

filled with water as dielectric (Fig. 7). Water is

both the dissipative and the pooling element of the

line; it is heated by dielectric and conduction

losses (the conductivity is increased by addition

of a small amount of sodium nitrite). The main pro-

blem is to produce an input window which stands the

static water pressure on one side (the water column

is 60 m high, and the test pressure is 15 atm), and

which provides a transition from the 5.8 (1 water

line to the 50 fi coupler on the other side. Finally

the two problems have been separated : the window

which stands the water pressure is an alumina disk,

30 mm thick, while the matching element is a X/4

coaxial transformer, the dielectric of which can

be either alumina or air. In the first case, the

X/4 transformer is water cuoleu; in tite second

case, it is air-cooled.

In order to avoid this periodic reconditioning of
the cavities, a reconditioning pulse of 600 kW du-
ring 300 Ms is now being inserted at the end of
each acceleration cycle.
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Fig. 7 Terminating load under test (in the fore-
ground.)

Feeder lines

The feeder lines are big 345 ran, 50 ft
coaxial lines, containing normal air. The inner con-
ductor is copper, the outer conductor is aluminium.
It can transport a CW travelling wave of 750 kW at
200 MHz, under natural cooling by air convection
and by heat radiation.

The line is made of sections 5.55 m long.

The different thermal expansions between inner and

outer conductor are compensated by sliding contacts

on the inner conductor at both ends of each line

section. At both ends also, the inner conductor is

supported by a triangular ceramic, which is radia-

tion resistant. With this shape, the ceramic can

stand a power level of 3 MW (travelling wave) be-

fore cracking under dielectric losses; but in order

to achieve this performance, the ceramic must be

moulded with a uniform hydrostatic pressure applied

from all sides. This ceramic is basically a magne-

sium silicate ("Frequenta", made by Rosenthal-

Stemag).

The total attenuation between the power
amplifier and the cavity is .037 neper for one line
and .043 neper for the other (the line lengths are
about 95 m and 110 m, respectively). In the frequen-
cy range used during acceleration, the VSWR of both
lines is always smaller than 1.05. For the complete
system, including feeder line, couplers, cavity and
load, the VSWR as measured at the amplifier output

is always less than 1.25 .

Power amplifiers

Each cavity is fed by an amplifier capable

S8S«w ,

Fig. B Diagran of a power amplifier
In fact, the amplifier interlock switches i t off
at a VSWR of 1.4.
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of delivering a CW output power of 500 kW at 200 MHz.
Because 200 MHz klystrons were not available on the
market, the choice fell on high power tetrodes.
Still it was necessary to combine the output power
of several tubes in order to reach the 500 kW level.
The final solution combir.es the output of four
tubes by using three coaxial hybrids (which are
3dB directional couplers) as shown in Fig. 8 and
Fig. 9.

Amplifier units and hybrid junctions.

The 3rd unit on the left hand side is used

as driver for the 4 units in the foreground

Among other advantages, the use of hybrids presents
the following ones :

1. If the Coat tubes have the same output

impedance, the cavity sees a matched load when

looking towards the amplifier.

2. If one out of the four tubes fails, ope-

ration may continue with the three other tubes. In

such a case, the accelerating voltage in the cavity

is reduced in proportionality to the number of tubes

left. Switching to the new operation mode may be

done at the end of the faulty acceleration cycle,

and acceleration can continue without interruption,

provided the remaining tubes of all amplifiers can

be stepped up in power so as to compensate for the

reduced accelerating voltage.

The four tubes of 125 kW each are driven by
another identical tube, the 50 kW output of which
is divided into 4 parts by using smaller hybrids.
The tubes were especially developed by Siemens as
tetrode type RS 2004 J, in order to meet the SPS
specifications. The tube lifetime as guaranteed by
the manufacturer is a total of 30 000 hours per set
of 6 tubes.

The amplifier units themselves allow a quick
replacement of the tubes (Fig. 10). They use a
grounded screen-grid configuration. As usual in high
power amplifiers, they had to be damped in order to
prevent higher mode oscillations. Two kinds of
ferrite were used in this respect : one of them is
the Siferrit (J-17 from Siemens, which has low losses
at 200 MHz but presents a large peak of magnetic
losses in the range from 400 to 2000 MHz; the other
is the Eccosorb ZN from Emerson and Cuming, which

Fig. 10 Replacement of a power tube

has large electric and magnetic losses in the full

range from 30 MHz to 50 GHz. The control grid cir-

cuit is fitted with U-17. The screen-grid circuit is

a very low impedance line terminated by the very los-

sy Eccosorb ZN, which keeps the input impedance of

this line, as seen between the control grid and the

screen grid, at a low value for all frequencies.

The anode circuit was fitted with U-17 ferrite in

order to prevent breakdown at the output coupling

loop. But this circuit also showed a most dangerous

oscillation on a H]| mode at 840 MHz, which killed

the first tubes. This mode was selectively damped

by 8 small coupling loops resonating at 840 MHz

and terminated by small 50 ii loads.

Finally, it should be mentioned that the

amplifier units can safely deliver a CW power of

140 kW, that is 10 % more than the nominal 125 kW.

The bandwidth of one unit, measured at the 3 dB

pointr, is 3 MYiz. The bandwidth of the whole ampli-

fier chain, from the low level to 500 kW, is 1 MHz.

Manufacturers

The power amplifier plant was made by
Siemens (Berlin, Erlangen and Munich). The hybrids
and the feeder lines were made by Spinner (Munich).
The accelerating cavities were made by Leybold-
Heraeus (Hanau, Germany). The terminating load was
made by Varian (Palo Alto, California). The coup-
lers were made at CERN except for the beryllium
oxide windows, which were first ordered directly
from the U.S.A. (Coors, Golden, Colorado), but
which are now delivered by l/uartex (Paris).
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