
SOME CHARACTERISTIC PROBLEMS OF THE NEW HIGH DUTY CYCLE 

SACLAY ELECTRON LINAC 

H. Leboutet, G. Azam, R. Bensussan, Blaise, Delmon, Mangin, Soffer. 

The electron linac being manufac
tured for the Saclay center of the French 
Atomic Energy commission will be a high 
duty cycle machine: 1 % at550 MeV~nloa
ded energy, 2 % at 350 MeV. 

Figure 1 shows the V/I curves for 
different duty factors. An average beam 
power of 100 kW will be obtained with a 
peak current of 20 mA at 1 % duty and 14 mA 
at 2 % duty. 

Positrons will be accelerated to 
about 500 MeV at 1 % and 350 MeV at 2 %. A 
beam transport system allows to use the 
beam at 200 MeV. 

Energy definition must be better 
than %, both in spectrum width and long 
term stability. 

1- MAIN CHARACTERISTICS 

- The pulse duration is 1o~. How
ever, 0.2 r' pulses will be available for 
testing purpose. 

- repetition rate 1000 and 2000 
pulses/sec. 

This pulse rate may be changed to 
12.5c./~- 1600 cis. 

The machine uses 3D sections and 
15 klystrons according to the following 
layout. 

- section 1 is a 1.6 m buncher 
- section 2 is a short section of 

3 m, using the RF power left 
from 1 klystron feeding the bun
cher 

-sections 3 to 6 are 6~. long 
- the positron converter is located 

after section 6, at the 80 MeV 
electron energy level 

- following the positron converter, 
section 7 is high field section 
of 3 m length 

- sections 8 to 3D are 6 m long each 

The focussing uses the following : 
- 400 gauss solenoids up to section 

6 (for electrons only) 
- a 2800 gauss solenoid for section 

7 which follows immediately the 
positron converter 

- 2200 gauss solenoids for sections 
8 to 18 

- triplets of quadrupoles between 
sections 19 to 28. 

The characteristics of all the 
components of the machine derive directly 
from the high duty cycle and energy defi
nition required. In particular the narrow 
spectrum reflects on injections require
ments, RF pulse quality, RF beam phase and 
so on temperature homogeneity and stabili
ty of the sections. The high average beam 
power reflects on the RF power source de
sign and particularly careful beam control. 

11- CHOICE OF OPTIMUM RF 
POWER AND LENGTH 

The optimizations of RF power and 
length for lowest overall cost must be ba
sed on more elaborate arguments than the 
straightforward use of the relation 

P L = V l / As 
In particular, account must be taken of the 
duty factor, which reflects on the cost of 
the RF units, and of the maximum accelera
ted current required (corresponding to RF 
power exhaust at the end of the sections). 
A more elaborate optimization is then pos
sible, leading to a value of overall length 
but ~ls~ to the choice of the unitary sec
tion and RF power sources, if practical 
considerations are taken in. 

Fig. 2 shows the curves for RF 
power and accelerator total cost as a func
tion of length for a given zero residual 
power at 60 mAo 

It leads to : 
- overall electrical length: 170 m 
- number of sections: 3D, of which 

27 are 6 m long and 3 are shorter 
(high RF field) 

- internal impedance : 81 M.a 
- RF power : 1.8 MW into each sec-

tion 
- klystrons: 15 klystrons of 4 MW 

peak power, 60 kW average power 
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II 1- SECTIONS 

The main problems in such an acce
lerator come from the high average power 
which requires a great care in the control 
of the temperature of all elements, and 
also in the control of the beam. 

Then the first approach is to de
velop section of the best possible quality, 
in MeV per megawatt. This condition leads 
to the choice of the '" mode for the wave-

3 
guide, and to irises as thin as possible. 
Cooling of the iris, arcing on the edge, 
mechanical strength, set the lower limit. 
The value of 3 mm has been kept as for the 
Orsay Linac, but the conical transition 
from iris to cylinder has been increased 
to + 60Q on a 12 mm radial extension. 

As is known, the L...,= J!.t value 
Q 

depends on group velocity. It turns out 
that the product LGJ. Sr. is very close to a 
linear function of~v~ 

11"1 
For 3 mm irises, 

\ &~ 9 )2 factor 

Lw. _c_ 
Vg 

as compared to 

5.545 

including the 

(_C __ B) 

Vg 

Lw. _c_ 5. B20 (_c __ 9) for a ~ 
Vg Vg 

structure with 3 mm irises used for the 
Orsay Linac (These values are at 
299B Mc/s). 

The quality factor Q depends a 
little on group velocity, thus varies 
along the structure but remains close to 
13000 or over. 

For many reasons, one has advan
tage to reduce the number of RF feed points 
and use sections as long as possible. 6,3 m 
seems close to a practical limit. 

For a filling time of O,B5fS' then 
the group velocity has to vary from c to 

2B 
_c_ approximately, to give a constant RF 

B9 
field law for 15 rnA peak current loading, 
which is the typical operation. 

However, the total attenuation has 
been kept low, so that the current corres
ponding to total RF exhaust is 70 rnA for 
1 ,B MW input power, and to reduce the va-

~iation of energy due to beam loading va
riations, so that the stabilisation will 
be easier. 

This gives the compromise value of 
15 MeV per 1/2 MW per 6 section with a re
sidual power of 0.5 MW at zero current. 

If two of these sections are fed in 
parallel on one klystron, with 5 % power 
loss in the wav~guides, the net outcome is 
20,9 MeV per MWt per klystron. 

In fact, this value does not repre
sent the complete picture of the section. 
By reducing maximum possible peak current 
and increasing filling time, we could in
crease slightly the energy for the same 
power consumption. But this gives also 
smaller irises and then smaller positron 
beam, all things being equal. This fine 
arrangement of the structure can practical
ly be changed during the construction pro
cess, and will depend also on the solution 
which will be taken about beam blow up cor
rection. 

Mechanical characteristics 
Brazing : silver diffusion 
Cooling 10 pipes 0 12 mm 
Cooling capacity 25 watts/QO/centimeter 
Nominal water flow 3 litres/sec per sec
tion 
Figure 3 shows how the constant gradient 

law is approached by seven steps which al
lows the possibility, just by changing 
their length to modify the series impedance 
and filling time to match exactly the de
sign operating condition. 

Top view shows the shape of the indivi
dual cavities. 

Cooling problem 
For high average power, the coo

ling of the accelerator becomes a difficult 
problem, if one wants to insure a good 
uniformity of temperature along the acce
lerator. The number of RF penetrations is 
limited: one per section, or maximum 2 
(one at each end) and the same water cools 
a certain length of accelerator. Then in 
order to remove heat, the temperature of 
the water is lower than that of the copper 
and is not a constant along the waveguide. 
The overall transfer coefficient from cop
per to water is of the order of 1.3 watt 
per degree C per square centimeter, this 
coefficient depends on water pressure, and 
Reynolds number and even if the entire out
side area of the copper could be used for 
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cooling ; there would be a temperature dif
ference of 1 or 2 degrees between water 
and copper at each point. This difference 
is a function of the local rate of exchange 
then it is very important to control ac
curately the ( ~ ~ ) due to Joule effect. 

On the RFinput end, this factor 
depends only on the power given by the 
klystron. But on the opposite end, this 
factor can vary from a maximum value for 
no load to zero for current corresponding 
to RF exhaust. 

Then,differences of temperature of 
the order of 1 or 2 degrees, (more than 
can be tolerated without correction) can 
exist. 

In this accelerator, the cooling 
is made by 5 circuits in parallel, each 
one making one way and return along the 
cavities. 

This design gives all the water 
pipes penetrations on the same plate which 
makes easier some mechanical problems, for 
example difference in expension between 
copper waveguides and stainless steel va
cuum envelope. 

A little gain could be got by ha
ving one way pipes, but the general beha
viour will not be changed. 

A good increase in water to copper 
contact area is obtained by the grooves 
around the cavities in which the pipes are 
soldered. 

The temperature of the copper de~ 
pends on the water flow and the power den
si ty W(Z). To simplify the computation, 
one can assume that W(i) is a linear func
tion 

~ here is a parameter which repre
sents the effect of beam loading. For 
i = 0, and the actual design, one has ~% 0,1 
~ = 0 for i = 15 mA andr = -0,1 for i :;30mA 
approximately. 

Let : 
To be the temperature of the input 

water 
T (z)" " " 1/ copper c 
L the length of the section 
a the inverse of the cooling effi

ciency 
( f in watts per cm of waveguide per 

a 
degree C 

D the total water flow 

b 1 
4.18 Da 

For the chosen value of the water 
flow (3 litres per second) the temperature 
of the section varies then from 2,6 Q to 
3,1£ above temperature of input water, 
for i = 0, and 2,5 to 2,9 for i = 30 mAo 

By choosing the pick up point for 
temperature control at 3,7 meters from in
put it turns out that phase shifts due to 
these temperature differences cancel, and 
that the optimum phase for the input RF is 
independent of current. Thus no adjustement 
of phase shifts is needed when the current 
is changed. 

Beam blow up problem 
For 1o~ pulse duration and 180 m 

long accelerator, with only one RF feed 
every 20 feet, beam drift according the 
known results from Stanford, could occur 
at roughly 10 mA peak current, for non 
accelerated beam. The effect of accelera
tion, and the very strong focussing power 
which is installed-solenoids up to 100 me
ters, one triplet of quadrupoles every 20' 
up to the end - will give a substantial 
increase in critical current. However, some 
work is still on to investigate the propa
gation curves of the deflecting modes (fig. 
nQ 4) 

The condition of excitation of 
power in the deflection modes seems to be 
in the lower triangle between the propaga
tion curve of the TM11' i' :: T{ , and v c 
lines. 

The second beat frequency is a 
vanishing 2 n mode which can also interact 
with a modulated beam. One condition to 
avoid these modes would be that the propa
gations curves for all cavities be above 
the 4500 Mc/s line. -------

In the actual section, only the 
second half is in this case. The beaver 
shape of the cavity made mainly for mecha
nical strength and better cooling, dees not 
modify essentially the propagations curves 
of the TM1t mode, as was expected. 

S~nce this mode is well coupled to 
the input waveguide for polarisation paral
lel to the guid~ and uncoupled (then the 
power is trapped) for polarisation 90 Q to 
it, a 90 Q rotation of the beam form sec
tion by solenoid seems to be a good way to 
increase the critical current. Careful 
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misalignment of the input end of each sec
tion is also envisaged. 

IV- POSITRON GENERATOR 

It is installed after section 6 
at the level of 20 to 40 kW average pow~r, 
at 80 MeV.After some thinking we decided 
to use a water cooled rotating tungsten 
target instead of a variation cooled wheel. 

The movement of the target is el
liptical (6 X 2,5 cm) swept about 5 times 
a second, instead of circular. This gives 
a longer path for the same total mechani
cal stress on the membrane on which the 
target is attached. 

The tungsten is in 3 sheets and 
separed along the width to allow for dif
ference in expension and ~hange in shape. 

Copper is cast around the tungsten 
and water pipe as close to the beam as pos
sible. 

A set of two lenses is used focus 
as much of the positron output into the 
following sections. A separate control for 
the entrance of the solenoid to accurately 
control the matching of the positron beam 
to the solenoid is provided. It can be con
sidered as a "third lens" which controls 
the convergence of the beam. 

Great care has been given to ac
cessibility all parts, because no good in
formation is available on radiation damage 
in such a high flux of photons and neutrons. 

The high magnetic field region is obt 
obtained by an electro~magnet which can be 
separated in two parts for access to the 
beam pipe. 

V- RF POWER SOURCES 

The.klystrons used are made by 
Thomson Varlan, and have the following 
characteristics : 

- Peak outpur power (nominal value) 
4 MW (1 % d. c) 
2 MW (2 % d.c) 

Average output power : 60 kW 
- Per v e a n c e ~ t1 / v )1< : 1, 9 to 2, 1 

Efficiency : ~ 35 % (1 % and 2 % d.c) 
Gain : ~ 46 db 
Peak beam voltage 140 kV (max) 

- Peak beam current 91,5 A (max) 
Focussing current 50 to 160 A 
Heater power 500 W (max) 

The klystron body is water cooled. 
The output window feeds into pressurized 
waveguide. 

Among the different types of modu
lators which could envisaged delay line 
hard tube with or without pulse transfo~mer 
we had to consider the consequences of the 
high average power and the pulse quality. 

The delay line type modulator, wi
dely used now at low duty cycles is limited 
by the problem of the switching BBvice and 
the difficulty of tuning the pulse shape. 

In this particular case,two solu
tions were considered : 

- use of 3 spark gap systems of the 
type we deve1pped for our Euratom machine 

- use of two GHT6 thyratrons, of 
the Mo valve company 

- use of 3 or 2 delay lines and 
associated inductances and diodes 

Flat top of 0.2 % are attainable 
with delay lines but are a very difficult 
problem. Also, such stability is obtained 
only for given operating conditions and is 
not maintained when varying output voltage. 

This lead to the choice of hard 
tube modulators. A second choice was then 
to be made between direct triggering at 
140 kV or use of a pulse transformer. The 
triggering of 140 kV seemed a year ago to 
offer considerably less life and reliabi
lity and we chose a solution using a 4.5 
ratio pulse transformer and two F 6046 
trigger tubes, at 40 kV. 

The design characteristics of the 
modulators are the following 

Peak power output: 12 MW 
- Average power output: 135 kW 

Peak voltage: 140 kV 
Peak current : 91,5 A 
Load resistance : 1400 to 1900 ...0. 
Pulse flat top: 0.1 % on a 1ot-"'-' pulse 

1 oJ.. for the first ~ 
Long terme stability: 1 % 
Maximum backswing voltage : 55 kV 
Switch tubes: 2 CSF-F6046 at 40 kV 

_ Pulse transformer ratio: 4.6 at 1% duty 
3.4 at 20 Q duty 

- Leak inductance : 90 )-'- ~"-"~:1 
- Distributed capacitance (secondary) 100rF 
- Dynamic impedance of the hard 

tube (primary) : 75 S2. 
- capacitor bank : 3.75 I--'-- F 

Protection by crow bar I for : 
maximum energy release 800 Joules 
maximum energy current 1000 A 
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VI- BEAM INJECTION 

RF peak power is low in such ac
celerator, because of the high duty cycle. 
At 2 %, the maximum peak power available 
for a given section is 1 MW. Then the ac
celerating gradient is p~&ctically limited 
to a max between 3 to 4 MeV/meter. The 
bunching and preacceleration of the beam 
have to be made at low gradient, and a 
great care has to be taken to insure good 
beam quality. 

In this view, a chopper at 3000 
Mc/s is not absolutely necessary, but it 
helps to clean the beam and get all the 
charge concentrated in the bunches. This 
reduces beam losses along the accelerator. 
But then this chopper must not increase 
the beam radial phase space. 

In order to save the beam concen
tration to a maximum, a focussing axial 
magnetic field is used as a component of 
the chopping system. 

As shown by fig.S our chopper con
sists of a rectangular cavity resonant in 
TM011 mode at a frequency of ~ to which 

2Tt 
is applied adc magnetic field B parallel to 
its long axis Oz. The electron beam from 
the gun enters the cavity along Oz. 

If rf power is injected into the 
cavity, the electron beam is subjected to 
an alternating electric field parallel to 
o , and the X and Y components of motion 
a~e similar to those in a cyclotron. As no 
force is applied to electrons along Oz 
their speed ~ remains constant. As the 

dt 
beam progresses through the cavity, the 
amplitude of its circular transverse mo
tion increases to a radius R depending on 
geometrical length of the cavity and 
strength of the rf field. 

A V-shaped slot is cut in the end 
wall of the cavity, the apex of the V being 
on 0z' so that electrons between phase 
angles and cross the end wall while 
the others are stopped. Thus bunches are 
formed of monokinetic electrons within a 
well determined phase interval. 

A second cavity is arranged on the 
other side of the end wall driven by rf of 
opposite phase ; the motion of electrons 
tmrough the second cavity is inverse to 
that in the first cavity and at the exit 
aperture the bunches are ejected with ve
locity parallel to Oz. Thus it is possible 

to chop an electron beam without introdu
cing velocity modulation or increasing 
emittance. 

The analyses has been made as a 
Doctor's theses by Mrs Richoux. As a prac
tical figures, it leads in the present case 
to two coupled cavities of overall dimen
sions : 

2 d = 155 mm 
b 65.8 mm 
a 20 mm 

The cavity has a Q factor of 2000 
and the necessary RFpeak power is 7 kW. 
This is the minimum to ensure that the 
electron orbit radius is large enough com
pared to the beam cross section diameter. 

Under these conditions, beam in
terception by the median partition is about 
75 %. As this chopper cannot operate pro
perly at very short pulse durations, at 10 
"~for instance, a circular hole is provi
ded on the accelerator axis in the median 
partition for direct transmission of the 
beam. 

It should be pointed out that this 
chopper is very advantageous for the bunch 
formation. Instead of introducing a density 
distribution in the beam, it acts as a 
diaphragm, cutting out a 90 Q phase length 
of uniform density in the electron beam. 

This uniform bunch is then sent 
into a prebunching cavity of classical de
sign which contracts it into a 20 Q bunch. 

This enters the buncher section, 
which is about 2 m long, and which uses 
most of the first klystron power. 

The buncher has been designed for 
a constant relative phase for electrons at 
30Q from peak. Figures 6 and "1 give com
puted phase velocity and energy along the 
buncher, and bunch width as a function of 
time. These results come from a computing 
programm obtained by dividing the bunch 
into 9 smaller ones which are then consi
dered as charged flat discs of constant 
radius. The space charge field from all 
discs is computed, and the total field on 
each one is devided. 

The z movement of each disc is then 
calculated. 

The design we arrived at is parti
cularly insen$itive to injection voltage 
and beam current variations as far as re
lative output phase is concerned. 
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VII- STABILITY 

The high beam stability required 
has lead to a number of choices on the RF 
chain, temperature control, and other as
sociated parts. The machine is designed for 
operation without any corrections controls 
by the operator. 

All the control system is designed 
to be as stable as possible, and as trouble 
free as feasible, with a small number of 
adjustements and using minimum possible 
number of automatic loops. The idea is 
that the machine is naturally stable 
in itself. In order to achieve that goal, 
loops including the beam have been avoided. 
Only one is left final energy control. 

Master oscillator 
Choice has been made to use a re

flex klystron stabilized by a high Q ca
vity as a CW master oscillator, because of 
the automatic frequency control by tempe
rature. The first high power klystron is 
used for the buncher and section 2 and 
also for the feed line to the other ampli
fiers. 

Temperature control 
The principle is to use a "floating" 

temperature, the temperature of the main 
supply of water, as a fondamental tempera
ture reference against which the tempera
tures of the sections are stabilized about 
+ 2Q C. 

This water cools also the cavity of 
the master oscillator the operating fre
quency is displaced of a fixed value of 
100 Kc/s corresponding to the 2Q C diffe
rence between sections and water. 

Energy control 
Final energy control is made by 

the signal received on twi beam detectors 
placed in the focal plane of the final 
bending magnet. The energy is changed by 
changing the phases of two last klystrons 
of the same amount opposite one to the 
other. This minimizes the possible reac
tions but on the spectrum quality. 

Current control 
It is made by action on the tempe

rature of the emitting filament, then no 
change is made in the voltage of the gun, 
and so no action on the bunching of the 
beam. 

Phase control 
We try to design the buncher so that 

the output phase should be as insensitive 

as feasible to beam current. 

The actual state of computation is 
not yet satisfectory. 

It may be necessary to install an 
automatic phase control acting on the 
phase of the whole machine after the bun
cher so that adjustement of current may 
need no other adjustement. 

RF distribution 
One of the problems of a long ma

chine is to maintain phase synchronization 
between the beam and the RF of each section 
One solution is to provide correcting de
vices which time the phase of each RF po
wer source from an error signal taken on 
the sEction. 

We have preferred to design the RF 
distribution in such a way that most of the 
causes for deviation be compensated by the 
very behaviour of the components. These 
causes are mainly temperature variations 
and frequency drift of the master oscil
lator. This makes the whole system essen
tially temperature insensitive. Frequency 
sensitivity is greatly reduced by a proper 
device of the distance between the general 
distribution coupler and the first section. 

Althrough this should make the ma
chine stable enough, we are providing a RF 
reference line which may be used to intro
duce phase correcting devices. This line is 
a coaxial line fed by C.w.power. It is de
signed to give, at every point along the 
accelerator, a phase reference identical to 
the phase of the beam modulation. 

Energy and current regulation 
In order to ensure the 1 % energy 

stability, its variations due to frequency 
or temperature drift must be corrected. This 
is done by acting on the phases of the last 
two klystrons. Current regulation is 
ensured by acting on the gun heater ~urrent 
Both actions have to be triggered by error 
signals. These signals come from measure
ments made at a 1 % wide slit located after 
an analyzing magnet which takes sam pling 
pulses. 

If the current going through the 
1 % slit and those falling on the two sides 
are measured separately, as A, Band C,and 
assuming that the spectrum is symetrical 
around the energy Eo' A - C will give an 
error signal on energy, independent of 
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current stability to a second order ap
proximation B will give a signal measu
ring current stability, independent of 
energy variations to a second order appro
ximation. 

APPENDIX I- RF DI5TRIlJIITION (Fig 8-9) 

The first power klystron feeds the 
first section 51 and supplies the drive 
power to the other power klystrons through 
a coaxial line. We want to minimize the 
effects on beam to RF phase of : 

- The length of waveguide 
- Temperature variations 
- Frequency variations 

If we assume that waveguides 1, 2. 
n, n' are all of different types and dif
ferent temperaturES, th8 phase differenc~s 
between beam and wave at abcissa xn and 
xn + Lo are : 

\.P,." = 211 x." +211 ~+211 h - [2 11 ~ + 211 I 7\0 AO AG"., "G, 

For dispersive waveguide of length 

2rre (>'6)'1.. 
6'f = I\G ~ cx:bT 

For coaxial line 

If we separate the terms in To, T1 
T2, we have to minimize 

a) the effect of To 

fo (f'l1~'n-f'I\C?,)+(X~+-L'11- X,.,,) = e. \ (2) 

~o (e ~ .:1''l1 - e, flGlhLo+{ )<'';'+h - '/.rn) -. E. z. (3 ) 

b) the effect of T1 

P rn A G'l') - '2 e, fl G I + e''l1 X G'l1 -:: 0 (1 ) 

c) The term in T2 can be reduced 
only by reducing L::.. T 2 itself. 

(1) 5hows that an optium length 1" can be 
c~osen between the first klystron and sec
tion 51 to reduce to a minimum the effects 
ofL\.T1' 

(1) (2) 

e~ + 

(3) lead to two relations 

II G'l1 _ e'l1 1\ G'l1 ::: L 0 

1\0 1\0 

which can be satisfied by chosing 
rent dimensions for the waveguides 
two arms of the klystron 
The other relation is 

diffe
of the 

X'~ t· L'1'I- X,." = Lo For klystrons of 
-2- odd number 

X~ + L'l1 -)(,." 
Lo fol:' klystrons of = -2 even number 

These set the optimum location of 
the couplers to the klystrons on the dis
tribution line. 

For D T2' in order to avoid a 0.1 £C 
temperature regulation, expension joints 
can be inserted in the waveguide so that 
its overall length does not vary A 1 QC 
temperature stability is then acceptable. 

Fig. 1. 
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