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0. WELCOME. (0. Barbalat)

I welcome our outside quests on behalf of the PS Divi-
sion Leader, Roy Billinge. After the very successful
oxygen run in September last year, there is now a strong
interest in heavier ions, and we hope to accelerate sulphur
ions next autumn. At present, there is no formal project
for a CERN lead linac. This could change, if, in the
future, there is enough interest and pressure from the
physicists. Therefore, I wish you a fruitful and interest-
ing workshop on the lead ion linac!

1. INTRODUCTION. (H. Haseroth)

First, I will trace the history of ions at CERN.
Deuterons were accelerated in Linac 1 for the first time in
1964, more like a curiosity. Some years later, the experi-
ment was repeated with higher beam currents and longer
pulses. This time the acceleration in the PS was also suc-
cessful, and a deuteron beam was delivered to ISR. The
physicists started to be interested, particularly Faessler
and his group, when they heard that we could also produce
alpha particles. However, what we thought to be an alpha
beam of decent intensity, turned out to be mostly
deuterons, even though we had fed the source for a few days
with helium! We finally managed to produce a good alpha
beam by making helium 1+ in the source, and stripping the
beam at 500 keV. At ISR, good stacked alpha beams were
then obtained at several runs.

Meanwhile, more physicists became interested, inside
and outside CERN, and they stressed the need for still
heavier particles. A collaboration was therefore started
with Frankfurt on an EBIS ion source. and some RF structure
work. A decline in interest, from the physics community,
unfortunately stopped this work. A revival of the interest
came after the several good alpha runs at ISR. A letter of
intent was accepted for experiments at CERN with heavier
ions. A collaboration started between GSI., LBL and CERN.
It was agreed that CERN should do the implementation, GSI
provide the ion source (constructed at Grenoble), and LBL
build the RFQ. At this time, we had dispensed with the
voluminous Cockroft-Walton preinjector at Linac 1, and in-
stalled a S00 keV RFQ as a replacement. This provided
space for the 1installation of an oxygen ion source with
RFQ, and their heavy power supplies, consuming several hun-
dred kW.

Last year, we made an oxygen beam finally after some
teething problems. The source produced oxygen 6+, and to



keep the RF synchronism, we had to increase the fields in
the linac tanks by 33 percent. This was indeed a feat with
such an o0ld machine, as our Linac 1. The oxygen run was
not the end, as GSI now will pay for a sulphur source from
Grenoble, which should run at CERN towards the end of 1987.
Some ideas exist also on how to make low intensity beams of
argon or calcium ions, by using the sulphur beam as a car-
rier.

However, to reach substantially heavier ions, such as
lead or uranium, we need a new accelerator. The 1lead
nucleus, being a more perfect sphere, is preferred over
uranium for the physicists‘’ experiments. So, Mario Weiss
has 1looked into the feasibility of building an inexpensive
lead linac., using, as far as possible, existing equipment
of the o0ld Linac 1. He will first review his work and
thereafter we should discuss his ideas, and any other
proposal that might turn up at this workshop. We must
though keep in mind, that the new facility has to fit into
the existing building.

There are some enthusiasts who even see the end goal
not being a lead beam on a fixed target at SPS, but rather
lead on 1lead in a future LHC accelerator! But then we
obviously will need much higher intensities. If we aim so
high, then there are some options which we must consider,
particularly for the low energy part of the linac.

2. FEASIBILITY STUDY FOR A LEAD LINAC. (M. Weiss)

The main specifications of the CERN lead linac are the
charge to mass ratio of the ions, q/m = 1/7, the final

energy, 8 MeV/nucleon, the overall length, less than or
equal to 35 m, and the requirement to operate at 200 MHz,
in order to reuse, as far as possible, the existing RF
equipment.

A low g/m value makes the acceleration and the focuss-
ing very inefficient. It 1is this latter problem, which 1is

preponderant and has a primary influence on the choice of
accelerators.

The Alvarez 1linac. which wusually operates in the
beta-lambda mode., can be designed for two beta-lambda
operation in order to ease the problem of focussing. A two
beta-lambda linac is, on the other hand, much 1less power
efficient.The problem of power in the Alvarez structure, in
the two modes of operation, has been studied recently by J.
Klabunde and J. Ungrin at Darmstadt. The work done at
CERN is somewhat complementary: we have analysed the ac-
celerators from the point of view of their focussing
capabilities. Simple formulae of smooth focussing were



derived and used, to 1link the synchrotron and betatron
phase advances to accelerator and focussing parameters.

The CERN 1lead injector, which will be composed of
several accelerators, would have an RFQ at the 1low energy
end, and a beta-lambda Alvarez at the high energy end. The
problem is the choice of accelerators at intermediate
energies of a few hundred keV/u. For that region it could
be interesting to consider a two beta-lambda Alvarez. or an
interdigital structure. We can . be guided also in our
choice by existing installations of heavy ion accelerators,
such as the Unilac at GSI, Darmstadt, or by the new
Japanese project, where the more than 7 meter 1long RFQ,
labelled TALL, accelerates ions with a q/m of 1/7 at a
frequency of 100 MHz to energies of 800 keV/u.

The smooth betatron phase advance per period is given
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where By# is the smooth focussing and (0. the synchrotron
phase advance per period. The first term on the right hand
side 1is preponderant, and can be expressed (for magnetic
focussing as in the Alvarez) by

Bfo(;f.”exq/l’ﬂz where

RF wave length
number of cells/period
magnetic gradient

relativistic factor

K D 0 = >

factor depending on the type of focussing
(+-, 4++-- or +++----) and on/A (quad
filling factor/cell)

The smooth focussing depends on B (more critical at
lower energies) and quadratically on A and N. Therefore,
lower energies and ++-- or +++--- focussing have to be used
in extreme cases. The quadrupole filling factor A is 0.5
in the BA - Alvarez, but is 0.75 in a 28A-Alvarez.

It 1is interesting to compare the Alvarez structures
designed for AA and 28A operation. (It should be
stressed that we talk out a Z/A. structure designed for
this operation, and not a /bk-structure run in a
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2 pA-mode.) To facilitate the comparison, we keep in both
cases the ratio

where g is the gap length. This means that

q 1

........... = - --- BA - Alvarez
cell lenath 4

= - -— ZIQA-Alvarez

Usually the ratio ‘g/cell length’ is adjusted to give
the best effective shunt impedance. The above values are
not far off. The accelerating efficiency is

57-:5:__2__ ._!_..7‘ where

hpA Ef
ES maximum surface field
h mode number (1 or 2)
Ef field enhancement factor (~ 1.5)
T transit time factor

Evidently, for the same Eg ., the accelerating ef-
ficiencies of both Alvarez modes stay in the ratio 2/1.
This 1is the price we have to pay for the better focussing
in the 2 fA-mode. Fig. 1A shows the effective shunt
impedance, ZT2 , as function of the enerqgy, q For W ¢
1MeV/u, even the AA - Alvarez has a rather low 2T , and, in
the 2/31 case, it starts to fall above 1 MeV/u.

The focussing situation is presented on Fig. 1B. If
one limits the magnetic flux density in the quadrupoles to
1.3 T, a pA-Alvarez with ++-- focussing is not possible
below 500 keV/u a 28A-Alvarez with +- focussing can, on
the contrary, start as 1low as 150 keV/u. The effective
shunt impedance, as seen from Fig. 1A, 1is very 1low at
these energies, but still more favourable than in the
RFQ‘s.



To conclude, the question is how to optimize the CERN
lead injector at intermediate energies, 200-500 keV/u and
what structure to choose for this reqion. Hopefully, this
will be more clear at the end of the workshop.

Discussion:

- "What would be the voltage required for the ion
source EHT platform?". (R.G.)

- "We took 100 kV as a reasonable assumption but, if
necessary, one could lower this value. (M.W.)

- "Is 200 MHz really imperative, or could we not
consider to go to lower frequencies?" (H.K.)

- "We can consider other frequencies, but we must
remember that we actually possess a lot of equipment for
this frequency, hence, if feasible, a 200 MHz linac is
obviously a less expensive project. However, if there are
good .technical reasons, we can certainly go to lower
frequencies." (H.H.)

- “"What is the pulse length of the beam?" (H.K.)
- "About 200 microseconds at 1-2 Hz." (H.H.)

- "What 1is the beam current you will need for fixed
target physics, and in the second stage for colliding 1lead
beams?" (H.K.)

- "“10 microamps (electric, not particle current) at 8
MeV/u after stripping to a q/m ratio of 1/3 seems to be the
lower limit which the booster can handle., if the beam phase
feedback controls should work properly. For the second
stage with the Large Hadron Collider, LHC, we take as a
crude gquess a factor of 100 times more. As a matter of
fact, there 1is the so called Weizsaecker-Williams effect.
In the LHC you have the relativistic compression of the
large field due to the fully stripped nucleus. That field
becomes at high gamma so strong that it shakes the neigbour
nucleus, and you may shake off a proton. Therefore, if you
have too high a luminosity, you destroy your beam, not by
interaction between particles by collision, but due to that
effect. Consequently, for relativistic beams, the attain-
able 1luminosity for the users might be 1limited, even
without considerations of space charge limits in the ac-
celerators. 0f course, one could in such a case envisage
to use calcium, or to lower the energy. Anyhow, a factor



of 100 in intensity seems a reasonable crude first quess
for stage two." (H.H.)

- "Can you give the g/m at the different stages of
acceleration?"(G.D.)

- “"We start with a q/m of 1/7 from the source. After
stripping at the end of the linac we should have 60+/207,
which then would be valid for the booster and the PS. Be-
fore entering the SPS we do a full stripping and arrive at
82+/207. This scheme should not be very different for
whatever option we choose for the lead linac." (H.H.)

3. SOURCES

3.1 ECR-source. (R. Geller)

- —— —— - — - - - - - - - - -

The possibility of building a satisfactory ion source
for your lead accelerator will, to a large extent, influ-
ence the cost of your project, and hence its feasibility.
I have tried to write down some scaling laws for the ECR
ion source, some are based on physical facts, others on
experience (Fig. 2). As you know, in plasma physics scal-
ing laws are sometimes very restricted, and a factor of two
might already be quite a 1lot. Scaling laws applied to
magnetic fields 1is also a source of worries, because with
permanent magnets we are rapidly limited to what can be
achieved in practice. I am also concerned about the
problem of microwave power generation, and the reliability
of microwave components.

If we call q the average charge of the ions coming out
from the source, it will be proportional to the 1logarithm
of n times tau, n being the electron density of the plasma,
and tau the ion 1lifetime in the plasma. The plasma
electron density 1is proportional to the square of the
microwave frequency, and the ion density is equal to the
electron density divided by the average charge q of the
plasma.

We must have plasma electrons available with an energy
of at least three times the ionisation potential of the
ions we want .to obtain. The values for particles of
interest to us are given in fig. 2A. For instance, for
oxygen 6+ we get 34Ip = 750 eV, for lead 30+ we require
3000 eV. You see that the necessary energy goes up fast.

Another scaling law is the life time of the ions. I
took it proportional to the magnetic field in the source,



raised to the power 1.5, instead of 2, as predicted by the
classical diffusion theory (which we never get). So this
is a compromise. It 1is 1interesting to note that the
electron - life time in the plasma is given by the ion 1life
time divided by the average charge. This follows, because
when you have one ion with charge q leaving the plasma, it
drags q electrons with it. Therefore, we must take into
account the life time of the electrons, and not the one of
the 1ions, if we are concerned about the life time of the
energy in the plasma. Only the plasma electrons are
energetic, so if you lose them rapidly, you have too feed a
lot of microwave power back into the plasma.

I now come to the first important question. What is
the necessary microwave power we need to feed into the
source? This power increases with the square of the
frequency, it is also proportional to the ionisation poten-
tial of the ions we want to obtain, as well as to the
volume of the plasma. It is proportional to the magnetic
field to the power -1.5, and to the average charge of the
ions.

The second important question: What are the available
ion currents coming out of the source? We have to forget
about the Child-Langmuir 1law, and look for the number of
ions incident on the extraction hole, since we can never
extract more than what arrives there. We find that this
current varies as the square of the frequency, 1like the
charge state divided by the average charge state, and,
unfortunately, it decreases with the mass of the ions. In
other words, everything else being equal, we get for lead
instead of neon ions, a 10 times lower current, since 1lead
is 10 times heavier than neon.

If we 1look on the ECRIS scaling graph (Fig. 2B), we
can see that it is a pity that there is not a demand for
mercury, since that element would probably be easier to
handle in the source than lead. The shape of its nucleus
is also spherical. Anyhow, if I take the 15 Ghz frequency,
which we delivered to CERN for the oxygen source, we have a
real point on the diagram, as well as the one for 10 GHz.
whereas the 20 and 30 GHz values are extrapolations. We
have already done oxygen 6, sulphur 12 and argon 13 . We
look now for xenon 25 and 1lead 30. The electron
temperature needed was earlier only 750 eV, here it is
nearly 2000 eV and what we need in the future for xenon and
lead is 3000 eV (Fig. 2A).

The plasma volume considered is always one litre. 1In
the table we see that the necessary microwave power in the
first source was 0.5 kiH, it amounts to 2 kW for the sulphur
source, it should be 6kiW at 20 GHz for the xenon and the
lead sources. At these frequency the necessary magnetic
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field is 0.84 T. 1In the table we can also see values for

the densities and the life times. We expect an ion current
of 30 microamp.

Assuming a high voltage installation of 25 kV we ar-
rive at a total cost of 11 M FFr. Three years of research
and development with three engineers is assumed. The price
of the microwave generator and components, as well as the
equipment for the magnetic field, are also given in the
table. I warn you that the figures could be 10-20 % wrong.

I have also 1looked on the case of 30 GHz. where
gyratrons can be used to generate the needed = 25 kW of
RF. It 1is difficult to build a superconducting field
around a one litre volume, because one cannot bend the
superconductors with such a small radius. Therefore you
need at least a diameter of 10-15 cm., giving a bigger
volume, say 10 1litres. You need in this case 1.25 T and
2250 kW of microwave power. This is really the 1limit for
gyratrons, and remember they are not very reliable and
their power tuning remains an open problem. In addition,
the power dissipation on the walls becomes troublesam. If

you want Pb 38+, like some people propose, it becomes unre-
alistic at 30 GHz.

I have also looked on another variant at 30 GHz, this
time a very small source of only 125 cubic centimetres. 1In
this case we could again try to use permanent magnets,
‘probably with Bitter coils for the solenoidal field. We
will need 3kW of microwave power, which is possible with
two or three extended wave generators, available in Europe

or Canada. This 1looks possible, but again the power
diipated on the wall becomes <critical. (20 W/cm?* ),
Therefore, I am glad to see that our first proposal falls
within the requirements discussed at this workshop.
Nevertheless, we are prepared to go further ahead if neces-
sary, and to take some risks. In this case we probably
will need 5 engineers during 5 years, of which the gyratron
itself permanently occupies three engineers. The life time
of. a gyratron is only about a few hundred hours, and every
time you kill it, it will cost you nearly 1 million dollars
to replace it! So, I do not say it cannot be done, but not
alone by us at Grenoble, rather as a joint effort.

Discussion:

- "What was the predicted current out of the source?*"
(H.K.)

- "30 microamps. out of the source (electrical), both
from the 1 litre and the 125 cm® source. The current
depends only on the plasma density, hence the number of
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ions which will reach the extraction hole." (R.G.)

- "What is then the interest to have a bigger source?"
‘P‘L.)

- "None, well perhaps you can expect a longer lifetime
of the ions., because the diffusion length of the plasma is
longer. This will have to be checked." (R.G.)

- “How much will one gain?" (P.L.)

- "“If you talk to Tokomak people they would say: The
bigger, the fatter, the better." (R.G.)

- “There is another factor, which I cannot scale, and
that is the influence of mixing gases. In these sources we
normally have a 1light support gas plus the useful gas,
therefore always a mixture. For instance, the oxygen
source works better when you put helium inside. This
depends on g-average, if it 1is 1lower you need 1less
microwave power. Say you have a source whith maximum 1 kW
power as limit. If you now put also a light gas into the
source, g-average goes down, and you need less microwave
power. You can therefore now reach a higher plasma density
with your available microwave power". (R.G.)

- "Why are we using helium and not hydrogen?" (H.H.)

- "Due to the hot electrons in the plasma, hydrogen
gas will deliver small amounts of HY and H,' (because the
ionization probabilities are bad) whereas with helium one
obtains many He* and He*'inside the plasma. Thus the
improvements due to the mixing gas effect are not due to
the chemistry but to the ion average charge. The average
ion charge decrease improves the lifetime of the plasma.
(R.G.)

- "A question to Mario Weiss, we have heard that we
can have 30 microamp. out of the source and about 10
microamp. out of the linac. Can you say something about
expected losses. (H.K.)

- "At such 1low currents the 1losses are extremely
small.(M.W.)

- "Can you say something about the emittance?" (H.K.)

- "It should be very similar to the present sources,
and they have a small emittance, something 1like 0.2
mmcmrad.” (R.G.)

- "Due td the magnetic field?" (P.L.)
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- “Probably due to the extraction region, magnetic
stray fields etc. It is not the ion temperature." (R.G.)

- “"What can you say about plasma oscillations and
stability.?" (P.T.)

- "When you see plasma oscillations and instabilities
you twiddle the knobs and they disappear. You should never
reach the cutoff frequency, hence no wave penetration into
the plasma. People working with the source learn to avoid
the turbulent zones. It is of no use to work there. since
yYou do not get the power into the plasma. The sulphur
source is not more troublesome than the others.®" (R.G.)

- "“There is no room, I gather, for normal electro-
magnets in your scheme?" (D.W.)

- "We have used electomagnets in our first source, but
we needed something like 2-3 MW. (R.G.)

- "To illustrate this point, the sulphur source itself

uses more electrical power than the rest of Linac 1.°
(H.H.)

- "We still wuse an electromagnet for the solenoidal
field, but not for the hexapolar field." (R.G.)

- "What is the power generator you are considering for
the 20 GHz source?" (G.D.)

- “"This 1is an important question. We cannot freely
increase the frequency, because there are generators avail-
able only for a few frequencies. Presently there is on the
market a 19 Ghz 10 kW watercooled klystron. Lifetime 1is
good, but they are expensive, whereas it is difficult to
give an opinion about the gyratrons. Some fusion people
say they only work for half an hour, others say that they
have to change the window every week. It certainly is
advanced technology which we should try to avoid, in order
to get a reliable source for this project." (R.G.)

- "Could one not use several magnetrons working in
parallel?" (F.C.)

- "Frankly, I have not considered that, but if one
needs a big number of them, it could perhaps be difficult
to produce a smooth RF-pulse, which gives a smooth plasma
current.” (R.G.)

- “What is the pulse 1length of such a magnetron?"
(P.L.)

- "Of the order of a microsecond." (F.C.)
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= “Could it not be difficult to phase the output from
several parallel magnetrons?" (P.L.)

- "It would certainly not be easy." (F.C.)

3.2 High Current Sources. (N. Angert)

We have so far discussed high charge state ion
sources, and we will now discuss high current sources. I
want to go the way from highly charged ions to medium and
low charge states, with correspondingly increasing source
currents. For that reason, I will describe the Penning, or
PIG source, the MEVVA and the CHORDIS ion sources, to give
you an impression of the their capabilities. For the PIG
source I refer to work by M. Mueller, for the MEVVA to
I.Brown and R. Keller, and for the CHORDIS also to R.
Keller.

You all know the principles of the PIG source with two
cathodes and a cylindrical hollow anode (Fig. 3h). You
can either feed the source with a gas or sputtered metal
ions. A typical charge state spectrum for uranium is shown
in figqg. 3B. If you would replace uranium with lead, you
should get a similar spectrum with one charge state 1less.
In other words, a Pb 8+ peak would correspond to the U 9+
peak. You see that this peak gives 30 microamps of beam
current, which compares to what we discussed for the ECR
source. In fig. 3C is a table of several elements and
charge states, which describes the capabilities of such a
PIG source. For high charge states you get about 100
microamps, for medium charge states about 1,5 ma, and for
low charge states, such as argon 3+, about 4 ma. For cur-
rents below a ma, the emittance is about 200-300 mm*mrad,
for higher currents the emittance blows up quickly. You
can get a higher current by increasing the extraction area,
but you will lose in beam brightness.

Instead of running the PIG source at S50 Hz with a 25 %
duty cycle, we did some recent tests with a low repetition
rate (Fig. 3D). We heated the cathode by an auxilliary
gas, every third pulse we made a sputter pulse of 1 ms. We
could then observe 1.4 ma of uranium 10+ in the injection
line of the Unilac, which shows that the PIG source can
deliver interesting results.

I will now switch to a really high current source,
MEVVA, which stands for Metal Vapour Vacuum Arc (Fig.4a).
It 1is a rather old development, but apparently Berkeley is
trying to use one with an accelerator. The results are
impressive, 77 ma of titanium 2+, 29 ma of uranium 4+ in an
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emittance of 200 mm*mrad. We have tried such a source on
our test-bench at GSI. The analysed currents after a beam
transport with quadrupoles and an analysing magnet are
shown 1in fig. 4B. This source has the advantage that you
immediately can make all metal ions. It is easy to
manufacture and wuse, and you get multiple charged ions,
which saves you a lot of accelerating voltage. The metal
arc is unfortunately not so stable and reproduceable as you
could wish for an accelerator source. Some developement
work 1is needed, but it is still an interesting alternative
to other high current sources. We have done some work with
a special extraction and an integrated preaccelerating
system. We could manage to get a very quiet beam with only
12 mm*mrad emittance at 159 kV with 15 ma of uranium, which
is not so bad.

Let me now switch to our own source work., CHORDIS, a
so called cold and hot reflex type ion source (Fig. SA).
It is simply a filament cathode and a cylindrical anode
with so called reflector electrodes. which also can be used
for sputtering techniques. We have a special multipole
magnetic field to get a very quiet plasma (Fig. 5C), which
is of importance to get a quiet beam without difficulties
for the beam transport. In the range of lithium to bismuth
we got several tens of milliamps, in an emittance of 250
mmnAmrad at 30-50 kV extraction (Fig. 5B). The CHORDIS
results are given on figq. 6A. We looked not only for
singly, but also for doubly charged ions, and what you can
get 1is 20-10 ma of doubly charged ions, as compared to
40-20 ma of singly charged ions. One could go still
higher, but we are limited in the current capabilities of
the EHT supply. We also looked for multiply charged ions
which can be reached under special discharge conditions.
For instance., xenon up to 5+, but the currents are 1low
compared with the MEVVA source. Anyhow, this source has a
quiet plasma and gives a beam of high brightness, which can
easily be transported. In the development stage at
present, we can operate with gases and high vapour pressure
materials. With sputtering technique we get, as indicated
in the table, only a few ma, so we are bound more or less
to the oven technique. However, to use mercury would be
very easy.

I should 1like to sum up with a comparison of the
sources I have described, as well as the ECR and EBIS
sources. The table (Fig. 6B) shows in a crude way their
equivalent stripping energy, which goes from 10 keV/u for
the PIG source to 10MeV/u for the EBIS source. At the same
time you go from high current and low charge states to 1low
current and high charge states. You can for instance reach
fully stripped xenon in an EBIS ion source. This table can
serve as matter of reflection in the difficult choice of an
appropriate source for a project.
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4. FOCUSSING AND ACCELERATION.
(Moderator: P. Lapostolle)

Before we can have a discussion it is useful that we
first get a presentation of the different subjects. A
problem 1is, what 1is focussing and what is acceleration?
They are interrelated and are difficult to separate.

4.1 RF Q . (H. Klein)

We will consider two possibel RF structures for the
RFQ, the 4-vane and the 4-rod RFQ (Fig. 7).

When you come in to the first part of the RFQ, the
shaper (SH), you do not accelerate, but only focus. You go
with a stable phase of -90 degrees. Then you slowly start
to modulate the vanes in the so called gentle buncher (GB).
In the first part of the buncher you do not bunch in real
space, but only in phase space, if you want a high bean
current. Slowly you come, as the vane modulation
increases, to a stable phase of -30 degrees, as in a normal
accelerator (AC). At the same time we have to look that
the focussing forces are not becoming too weak, since, if
you are modulating the vanes, a part of the focussing field
is used for the accelerating field.

In figqg. 8A, we have calculated, for ions with a q/m
in the range 1/1 to 1/50, the maximum current as function
of the phase advance for the horizontal and longitudinal
planes. Where the two curves of a given q/m cut each
other, you have a possible working point of the RFQ. This
particular case has been calculated on the assumption of a
constant emittance, injection energy of 25 keV/u, aperture
radius of 4 mm and 100 kV RF at 100 MHz. From the RF
- breakdown point of view, this corresponds roughly to 2
Kilpatrick. You can see that the maximum beam current
decreases as you go to higher masses.

The 1larger the RFQ aperture, the higher the voltage
must be. The RF power increases rapidly, so we prefer to
work with small apertures. The lower the frequency, the
higher the possible beam current (Fig. 8B). For 1lower
frequencies the bunch 1length increases, but also the
transverse dimension, since we like to keep a spherical
shape of the bunch, or close to it. The RF-power required
goes up so rapidly, that you cannot handle it. On the
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other hand, if you limit the radial bunch dimension to a

fixed value, then you get a clear maximum at a frequency,
as you can see on the graph.

For the HERA project (Fig. 9) the input energy of the
RFQ is 20keV, the output energy 750keV with a minimum beam
intensity of 20 ma H-. Since there was more confidence in
the vane RFQ at the time of decision, we built a vane RFQ
rather similar to the CERN proton RFQ, but we also took the
occasion to try out a 4-rod RFQ. Hence, we had the op-
portunity to compare the two different RFQ’'s under very
similar conditions. The RF frequency choosen for the two
RFQ’s is 200 MHz. We designed for a beam of 60 ma and ob-
tained 42 ma of accelerated beam with the 4-vane RFQ, and
35 ma with the 4-rod RFQ. The vane voltage is 70 kV, the
maximum field 22 MV/m (1.5 KP.), the minimum aperture
radius 2.5 mm. We have studied the region between the ion
source and the RFQ with the PARMTEC code. It gives the
maximum possible current as 43 ma, which is suprisingly
close to our results. That the 4-rod structure gives 7 ma
less than the vane RFQ, can be explained by the fact that
the rods were modulated in a simplified way. One can of
course do this in a more refined way by a numerically
controlled milling machine. We plan to try this out in the
future. Fig. 9 also shows the influence on the beam when
you vary the RF power on the 4-rod and 4-vane RFQ’s.

We have deviated from the CERN design of the vane RFQ
in several respects at HERA. The vanes are not made out of
copper but of chromium-copper. We have introduced vane
postioners, so the vane position can be adjusted from the
outside. We have only one RF-loop and only one RF- plunger
to tune the frequency, whereas at CERN you have eight.
This is possible, due to an invention by A. Schempp, which
diminishes the probability of exciting the disastrous
dipole mode (for the beam) in the cavity. This problem of
mode-mixing does not exist in the 4-rod structure.

At the moment we are looking into a design of an RFQ
for the CRYRING project at Stockholm. Schempp has proposed
to deviate from the principle of the gentle buncher, which
could permit us to build a shorter RFQ than the one if we
follow the previous designs.

The problems in building an RFQ are mainly mechanical.
You have to get the tolerances down to something 1like 10
micronetres. That was the main reason why we looked into
another solution, replacing the vanes with 4 rods and
lumped circuit elements. The rods are modulated in diame-
ter but the tolerances required are now only about 0.1 mnm,
ten times 1less sensitive. The RF excitation of this
structure is also quite different. From experience we
learned that we can expect a 2% change of the resonance
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frequency, when we move this structure into the cavity.

To sum wup, you can certainly build a 200 MHz RFQ for
the lead project, but if the length becomes equal to two
wavelengths it becomes critical. Another possibility is
then a 100 MHz RFQ, which should particularly be considered
for stage 2. One could go to 1 MeV/u, and at that stage
change to a 200 MHz structure of different type for further
acceleration.

Discussion:
- "What is the diameter of a rod ?" (M.W.)

- "About 6 mm diameter for the thinnest part, with a
hole inside for cooling." (H.K.)

- "It sounds 1like these rods could easily bend?"
‘MOWQ )

- "We had some problems in the beginning when we used
brazing at certain places. But after we fixed the parts
with screws, those problems disappeared." (H.K.)

- "Why the difference in tolerance between the vane
and the rod RFQ?" (G.D.)

- “"Because one structure is a resonant cavity, the
other a lumped circuit." (H.K.)

- "How far can one go with the final energy of an
RFQ?" (p.Lo) :

- "If you want to go to high energy, you have an
advantage to go as high as possible in frequency. However,
losses will increase and it seems to me that there is a
certain energy gap between the RFQ and the Alvarez where
other structures look more interesting.” (H.K.)

- "It could still be interesting to push the Alvarez
input energy down, at the price of lower efficiency, in
order to avoid the complication of an intermediate
structure."” (D.W.)

- "There exist certainly many solutions which have to
be evaluated in the design stage." (P.L.)

- "How does the acceptance influence the scaling of
the RFQ?" (N.A.)

- "If you increase the mean radius by 1.4, in order to

increase the acceptance, the RF power goes up by a factor
of two. Since the voltage goes up, you have to watch the
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Kilpatrick criterion, to avoid breakdown problems." (H.K.)

- "Instead of a q/m = 1/7, could we not consider to go

tg ;/}0 and simplify the requirements on the ion source.?"
( . L]

- "Yes, but in this case you must go to a lower

frequency in the RFQ, which is not so beneficial. because
it becomes longer." (H.K.)

Summary: ( P. Lapostolle)

The question of intensity seems to pose no problem.
There is a question of emittance and acceptance. That in-
fluences the voltage, and hence the required RF-power. It
might not be the most important criterion., but it should be
looked into. On the contrary, one important parameter is
the final energy of the RFQ. If you increase the final
energy, Yyou have to increase the length. Due to the modu-
lation, the energy goes up more and more slowly, it is not
linear 1like in the Alvarez, but rather similar to the
Wideroe. However, as we will see to-morrow, the Japanese
have succeeded to build a rather long RFQ. With the vane
RFQ there is an increased risk of getting mixed modes, but
I wonder if this risk is not minimized with the 4-rod
structure.

- "This point will be investigated by us in Frankfurt.
We also should like to push up the voltage, thereby making
the RFQ shorter and a more efficient accelerator. Anyhow,

we should remember that an Alvarez structure typically
has an effective shunt impedance of 50-60 Mohm/m, whereas

the RFQ only reaches about 10 Mohm/m." (H.K.)

Coming back to the final energy, we see that we have
to pay with proportionally more RF power when we increase
the final energy, due to the lower shunt impedance of the
RFQ. The length will probably not be such that mode-mixing
'will be a problem. One has to know better the effect of
the emittance on the RF voltage and the power, because in
this structure, the power needed depends very critically on
the emittance and the acceptance of the machine, which 1is
not the case for all structures. What is characteristic of
the RFQ, is that the power needed on the shunt impedance is
balanced against its acceptance. The higher the ac-
ceptance, the higher the power needed. Since we do not
want to go to several MeV/u, I do not expect any particular
problem with the length of the RFQ.
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The problem of focussing at low beta in an Alvarez
structure has been analysed, and the results are shown on
Fig. 1B, which we discussed already. We have seen, e.g.,
that a @A - Alvarez with ++-- focussing can be wused from
about 500 keV/nucleon. At still lower energies RFQ'’'s are
advantageous solutions.

When we design an RFQ, we choose always first a phase
advance per period for the synchrotron and betatron oscil-
lations, thereafter we work out the other parameters. Now
the question is, should we go as high as 500 keV/u with the
RFQ, or should we introduce another structure earlier?
This other structure could be a two beta-lamba Alvarez
structure. It should be noted that this structure is from
the beginning designed to work in the two beta-lambda mode
and not., as commonly done, designed for the beta-lambda
mode and later used in the two beta-lambda mode.We get a
sufficient space for the focussing magnets, but the average
accelerating field is of course low. The maximum effective
shunt impedance is obtained when g/1, the gap over the cell
length, is about 1/8, but at these low velocities, it is no
more than about 10 Mohms/m.

Conclusion: (P.L.)

For the RFQ, we discussed to increase its final
energy, and to specify where we have the limits. For the
Alvarez, we discussed to reduce the input energy, and there
we see that one of the problems is the shunt impedance,
which then becomes very 1low. So we need more and more
power as we go down with the energy. With the RFQ, if we
go up with the final energy, we need also more and more RF
power, so it is a similar problem.

In addition, in the Alvarez, since the surface field
goes up, it is not so much the power, but the length, which
has to be increased. This is because you cannot go too
high with the accelerating field, so you have less gaps and
more length to get the acceleration. Nevertheless, the
worst factor is, if you go down with the energy, the
required magnetic focussing, where fields will quickly
exceed what you practically can achieve. There is a way to
improve the situation, and that 1is to go to a two beta
lambda Alvarez, because here you have a longer period as
compared to the normal beta-lambda situation. Hence. there
is more space for the focussing elements, but you pay this
with a lower acceleration rate.
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Discussion:

- “If vou go to two beta-lambda. you give away ac-
celeration rate. It seems to me, that you should first
closely 1look at the parameters at the beginning of the
normal beta-lambda linac, and see what possible modifica-
tions you can make. For instance, you can go higher than
1,5 Tesla, if you pulse the focussing. VYou could gain 10%
on the quadrupole filling factor, (normally taken as 50%).
Safety factor on the aperture is not needed in the begin-
ning. The beginning of the linac is very special, but it
does not last very long. I would prefer to play around
with such modifications rather than having to switch from a
two beta-lambda structure to a beta 1lambda 1linac at a
higher energy." (D.W.)

- "I agree, we do not have to take a decision now."
(POLI ) [ ]

4.3 Two Beta-Lambda Alvarez versus Wideroe. (J. Klabunde)

First I will give you very briefly the parameters of
the operating Unilac, and then the modifications we are
planning. I will finish with some comments about the
subjects which we have discussed previously.

The first part of the Unilac is a 27 MHz Wideroe
RF-structure (Fiqg. 10A). The input energy is 11
keV/nucleon, and the output energy is, at the end of the
four Wideroe tanks, 1,4 MeV/u. The minimum charge to mass
ratio 1is 10/238, i.e. wuranium 10+. As stripper, we use a
foil or a gas. In the latter case, we can increase the
charge state to 28+ for uranium. The Wideroe structure is
followed by four 108 MHz Alvarez tanks, and a structure of
several single gap cavities. After the wupgradings in
1981-82. the output energy for uranium, and all other ions.
(if we only accelerate through the Alvarez tanks) is now
11,4 MeV/u.

The performance given is of the Unilac in its actual
state. For operation with our synchrotron, in the future ,
we have some new ideas. First, we should like to bring up
the intensity of the Unilac to the space charge 1limit of
our synchrotron. This work may be relevant for the discus-
sion of phase 2 of the lead injector. For the high current
injector, we will use the old beam line , but only three of
the Wideroe tanks fed from a high current RFQ injector,
(Fig. 10B). Another idea, visible on the same figure, is
to install a new injector for the Alvarez, starting with an
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ECR source delivering uranium 28+ or lead 26+, followed by
an RFQ at 108 MHz. The RFQ could feed an interdigital
structure with an output energy of 1,4 MeV. We can then
inject, without stripping, in the Alvarez part of the
Unilac. We see as an advantage of this scheme, that the
high current part of the operation is separated, and for
the rest of the machine we can remain with the output
intensities at their previous peak values. We. have the
luck to have Mr Ratzinger joining us. He worked on the so
called Schwein accelerator at Munich, where they used the
interdigital RF-structure for their tandem. His experience
will be useful for the design of our new injector, on which
I will now give some comments.

The parameters we are discussing for the new injector
is a 50 keV beam from the ECR source of uranium 28+ or lead
26+, followed by an RFQ to perhaps 200 kev/u. Designs are
available from Schempff at Frankfurt for energies up to 500
keV, but 200 kev seems a good value, since then the RF
power required is less than 200 kW, and we can wuse the
transmitters available for the single gap cavities. We
have already finished the first design for the interdigital
structure, a tank of 2.5 m length. The necessary RF-power
is again below 200kW, and the accelerating voltage is about
10 Mv. We can then obtain 1,4 MeV for the heaviest ele-
ments, i.e. wuranium 28+, so further acceleration is possi-
ble directly in the Alvarez. Space is sufficient between
the accelerators for matching elements. At Munich, they
fully debunched the beam with the help of a fundamental and
a harmonic frequency debuncher. Focussing might turn out
to be a problem. At Munich, the tanks are very short, and
they are capable of using an RF phase alternating scheme.
Probably this will not be sufficient in our case. particu-
larly at higher intensites, and Mr Ratzinger 1is 1looking
into some other solutions.

I will now come back to the Wideroe. At Unilac we
have in the first tank the 37 -7 structure, and then the
77 -% structure in the other tanks. In this region you have
a high shunt impedance as compared to the Alvarez
structure., which of course was the reason why we favoured
the low frequency Wideroe. At higher frequencies, I am not
sure that you can profit from the Wideroe structure. There
the interdigital structure looks more promising, even if
the focussing might pose a problem.

In 1984 there were plans for replacing the first tank
of the old CERN Linac 1, accelerating silicon 4+. Since
g/m = 1/7, the results are of interest here (Fig. 11).
We compared a real two beta-lambda Alvarez with the normal
beta-lambda structure, optimized for 2.5 MeV/u. An
important factor is the Kilpatrick limit. We also studied
the focussing. Taking the limits mentioned by Mario Weiss

- 21 -



-

for the gradient. acceptance and size of the quadrupoles,
we agree with his conclusions that you could go down to
about 130 keV/u for the two beta lambda case, and about 600
keV/u for the normal beta-lambda Alvarez. You can vary the
length of the structures, depending on the available space,
and you get different values for the required RF-power. We
took two cases. The first has the two-beta lambda
structure up to 2.5 MeV/u, and the second case up to 1
MeV/u., both followed by a beta-lambda structure. The cor-
responding K.P figures are 1.0 and 1.5. For a normal
beta-lambda Alvarez, this is quite high. At the Unilac
Alvarez, at 108 MHz, the field strength goes from 2.2 to
2.6 MV/m, corresponding to a K.P. figure of about 1. For
an RFQ 1.5 K.P. 1is nothing, but we have to ask ourselves
if this also applies in the case of an Alvarez.

I have made some preliminary calculations for the lead
injector, assuming 200 kev as RFQ output energy (Fig. 12).
For the 1low current case, one can use from 0.2 to 1 MeV a
two beta-lambda Alvarez at 200 MHz, switching over to a
beta-lambda Alvarez at 1 MeV. The total length of the
linac plus RFQ would be about 20 m.

For the high intensity case, I have assumed an 108 MHz
Alvarez, because then we have to use beams of a low charge
state, perhaps from a Penning source. Based on the Unilac
experience, you will have to strip with gas at 2 MeV/u, to
reach a charge state of 30+. It is therefore convenient
with a two beta lambda structure to 2 MeV, followed by a
beta lambda structure up to 8 MeV/u. The total length with
the RFQ should be about 30 m. This 1is a conventional
design, based on the normal Unilac quadrupoles. If you can
use your shorter quadrupoles, you might go lower with the
beta-lambda Alvarez, say to 400 keV, which can be reached
by an RFQ. However, if you have the space and the money,
the solution with first a two beta-lambda, followed by a
beta lambda Alvarez, is a no risk solution.

Discussion:

- “In your interdigital structure at 100 MHz, have you
already worked out a focussing system?" (P.L.)

- “No, we have just started on that. Concerning the
interdigital structure I should like to mention that we
have an RFQ .for xenon 1+ with an output energy of 170
keV/u. We would then like to come up to 1.4 MeV. We have
the Wideroe tank that could handle this kind of current.
but we were interested to compare it with an interdigital
structure with the same focussing and space charge limit.
When one introduces the quadrupoles in the interdigital
structure, the shunt impedance goes down and there is no
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improvement over the Wideroe." (J.K.)

- "What are you calling an interdigital structure?"
(G.D.)

- "For me, a Wideroe structure is a transmission line.
Its shunt impedance is different from an interdigital
structure. On this curve I like to show you how the shunt
impedance goes down when you increase the diameter of the
drift tube. We are looking for solutions where you do not
have to increase the diameter of all drift tubes in the
tank, in order to house the quadrupoles.” (J.K.)

= "What 1is clear, is that in the Wideroe and the
interdigital structure, the shunt impedance goes up at
lower energies, whereas in the Alvarez it goes down. The
reason is evident, when you go down in energy, in the
Alvarez structure, you keep the same accelerating field.
It even goes down due to the transit time factor, while in
the interdigital you increase the number of gaps and, since
you keep the voltage, you increase the acceleration. 1In an
Alvarez structure, when you go down with the energy, you
have also more gaps, but on the gaps you have less voltage.
At the other end in the RFQ when you go up with energy, you
keep, if you like, the same voltage per gap, but you have
less and less fields, while in the Alvarez, you have more
and more voltage per gap.“ (P.L.)

Conclusion: (P.L.)

To sum up, what we have to discuss further is how to
make a more efficient focussing, and maybe consider
electric focussing at low energies. The magnetic focussing
depends on the particle velocity, so it is obvious that it
will decrease in efficiency at low energies.

A very basic fact for heavy ion linacs, as well as for
any other accelerator, is the fundamental condition of
synchronism. If we take the RF current of a beam of parti-
cles of velocity v, we can write:

]':] . ed-w(f‘.f} =‘-j .ejwf-‘jkz

o
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The propagation constant of the particle beam:

h =wyy

Let L be the distance between neighbouring accelerat-
ing gaps and © the phase shift of the RF voltage between
those gaps, then the acceleration is based upon the condi-
tion of synchcronism:

é = f¥4l mod 2T

Since the beam loading 1is small with low intensity
heavy ions, the accelerating structure is operated, for
reasons of RF power economy, in the standing wave mode.

- If the cavities are of the type SINGLE GAP, fed by
independent RF amplifiers, the synchronism condition can
always be met by proper phasing of the amplifiers. This is
the most flexible, but probably also the most expensive
solution (last section of the UNILAC).

- If an accelerating cavity contains SEVERAL GAPS,

©=0 or

for maximum shunt impedance in the standing wave mode.

The synchronism condition becomes:

3
nn

2,4,... for @ =

0
1,3,... for @ = ar
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Higher values of n result in a lower transit-time fac-
tor. because

s (2 %) 1

w n- T
= and N =
v L

(4 %) 1,(% 8

A few words now about the longitudinal beam dynamics.
The energy gain per gap:

my c2. a4y = g V(v»)coep or AY= 7 V T(v)corp

m, C2

If B, A(/Sz) =2 ,j VT7(v) coap

Ocz

A(z) = ‘/2 I’ZCZ Z V. 7: (%) coa .

¢

V"

as a function of z, this quantity is determined by the
structure, up to a constant factor VR,oT where T =
(T (ve)d. '

A given structure can be used for different ions if

the function B (z) is maintained, except for a constant
factor. From the synchronism condition,
nv

- : \ 2 Jont
- = . - = Cons,
W r hence - g VRFT nslan

There are several ways to satisfy this condition:

a) Keep n,w and the product q/m,- Vea constant; the
last condition implies a large Vkﬁ when q/myis small.

b) Keep w constant, change n from 2 into 4 (when & = 0)
or from 1 into 3 (when@ =m)

This allows reducing the product q/m o'Vee-T by a fac-
tor 4 (when © = 0) or by a factor 9 when @ = a); but one
should not forget that T is reduced noticeably.

c) Keep n, Vgs and the ratio l/w V q/me constant; the

last condition implies varying the resonant frequency of
the structure (RILAC).
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Type of Accelerating Structures:

ONE GAP SRUCTURE: two half drift tubes tubes on two
parallel plates (a single Alvarez cell).

TWO GAP STRUCTURE:(@ =#): one drift tube in the mid-
dle space between two parallel plates. The drift tube is

the open end of a A/4 line which can be a straight stem
(Fig. 13A), or a spiral (Fig. 13B).

THREE GAP STRUCTURE:(® =T): two drift tubes between
two parallel plates. The drift tubes are the open ends of

two A/4 lines operated in push-pull, which can be straight
stems (Fig. 13A), or rings (Fig. 13C).

Remark: The more gaps in a structure, the more peaked
the overall transit time factor at the nominal particle
velocity, i.e. the less flexible the structure is for ac-
celerating ions with different velocities.

MANY GAP STRUCTURES:
a) RFQ : ideal for very low P - Considered elsewhere.
b) Helix : small dimensions.

¢) Wideroe (or Sloan - Lawrence) ( 6 = 1) :

L = 1/23A or 3/2 A . Drift tubes are connected
alternatively to the two conductors of a bifilar transmis-
sion line. (Fig. 14A). 1Ideal for low B , because there
is no lower limit on the operating frequency.

d) Interdigital line (& =m: L = 1/284 or 3/28A .

This is the wavequide version of the Wideroe accelera-
tor (Fig. 14B). Very high shunt impedance at low B , with
low resonant frequency.

If the structure is terminated by metallic plates in
the middle of drift tubes, the H;jpo mode cannot be exited.
The first mode that can be exited is the Hyyy mode, which
has a sin( 7r.z/1) variation of Ez.

If one wants to avoid such a E; variation, the
structure must be terminated at both ends by a space model-
ling of an open circuit.

Fig. 14C and 15A show variations on the interdigital
line concept.
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e) Alvarez (8 = 0): L = PL or 2pA (HILAC)

Supersedes the other structures when F.) 0.1

Finally, on Fig. 1S B , we see a comparison of
structures, with respect to their shunt impedance at dif-
ferent kinetic energies.

Discussion:

- "Which structure should we use between the RFQ and
the beta-lambda Alvarez?" (H.H.)

- "As you have seen, there is a big choice, interdigi-
tal line, a few gap cavities, spiral resonators, there are
indeed many possibilities.” (G.D.)

- "From Fig. 15B, we can see that for the Alvarez the
effective shunt impedance drops towards 1lower energies,
whereas for the interdigital line it increases. One may
discuss about the crossing point, as for the interdigital
line the size of the drift tubes will have a big influence.
The latter is in many ways similar to the RFQ, with which
we will have to start. If there is a gap between the RFQ
and the Alvarez, it is clear that some variant of the
interdigital 1line 1is a good candidate. What remains to
study is the focussing. Most of the machines that have
been built use magnetic focussing, but it is clear that at
low beta the electric focussing is more effective." (P.L.)

- “At Greenfield an Alvarez linac has been rebuilt to
become an interdigital stucture. One has never heard the
outcome of this operation, but it would be interesting to
find out what happened. They changed the quadrupoles and
the stems. The resonant frequency then of course went down
quite a lot.” (H.K.)

- “Yes, the interdigital 1line has basically a much
lower resonating frequency than the Alvarez, for the same
size of tanks, due to the fact that the stems and the
capacitance of the drift tubes are an important part of the
resonating circuit. (G.D.)

- "One could expect about half the frequency, in the
interdigital case." (P.L.)

- "You have to do something with the ends of an
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interdigital structure." (H.K.)

- "Yes, vyou have a sinusoidal variation of the field
along the length of an interdigital structure, provided you
close the ends with plates. You can change this by leaving
the ends open, as does Teplyakov.(G.D.)

- "The situation is very similar to what you have with
the RFQ." (G.N.)

- "But, to compare structures, if you take the Alvarez
you should use half the frequency, 100 instead of 200 MHz,
instead of 2 mode." (P.L.)

4.5 Alternating Phase Focussing. (P. Lapostolle)

Yesterday, we discussed various schemes and structures
for the lead linac, trying either to extend the RFQ up-
wards, or the Alvarez downwards, in order to fit them
together, or to join them by new intermediate structures.
The latter could have similarities with the Alvarez
structure. or be completely different.

On the RFQ, there was some kind of fear that a too

- long RFQ could be difficult. Horst Klein showed that with

the four-rod RFQ, the length was not so much of a problem.
Later to-day, Michel Olivier will speak about a Japanese
RFQ which 1is exceptionally long, and seems to work. So
perhaps our fear is exaggerated.

Many solutions seem to be available for our lead
linac, and I will add still another: Alternating Phase
Focussing. Here we find almost the normal Alvarez
structure, but without quadrupoles. This is of course an
advantage, although for the moment it is not clear where
the lower energy limit would be in this case. Horst Klein
did some work on the phase alternating scheme 10-12 years
ago, before the-event of the RFQ. The RFQ 1looked more
interesting, with the result that the other scheme was more
or less forgotten. It might, however, be worthwhile to see
what such a scheme can offer, without going too much into
the details.

Fig. 16A shows the o0ld wellknown diagram of the
focussing in a linac, where P and Q are in fact some kind
of focussing strength, due to the electric accelerating
field and the quadrupolar fields. #¢ 1is the phase advance
per period, i.e. it is the synchrotron phase oscillation.
A period covers the distance between two gaps in normal 2
qr operation. We then have that Py is proportional to the
enerqgy qain,aké, divided by the average energy, W, , and
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multiplied by the tangent of the stable phase:

B = (5= 2 or

7 Wi

(Rigorously tg# should be replaced by sin ¢ /cos ¥ ,
but if the phase is not far from the stable phase, the
result is similar.) This covers the longitudinal stability.
For the transverse case, if one assumes circular synnmetry,
we have, due to the divergence theorenm:

P =p - L=
R g 2

If Pz is longitudinally focussing, the transverse

Px and Py are defocussing. Therefore, in the normal linac,

you add some transverse focussing, usually produced by a
magnetic gradient,

_ e 8' (Aops)*
Q= S5 Lt

Since the gradient sometimes is positive, sometimes
negative, the sum of the focussing forces will be

—.éf or -Q - j;

and then you have on Fig. l6A, the familiar necktie
diagram of AG-focussing, but rotated. This is the normal
situation for focussing in linacs. P, the phase stability,
and Q, from the magnetic focussing, are similar, but the P
terms are much smaller than the Q terms. This means, that
to compensate for the defocussing of the electric fields,
you need a much larger quadrupole focussing.

Now, what are you doing with alternating phase
focussing? You replace the magnetic focussing with
electric focussing by quickly alternating the phase, either
abruptly or sinusoidally. You will then move between the
stable and unstable regions of the necktie diagram. In one
case, it is longitudinally stable but transversely unst-
able, 1in the other the situation is reversed, and overall
you get stability. However, since the focussing force 1in
the transverse direction is only half of the force in the
longitudinal direction, the corresponding necktie diagram
for the alternating phase focussing will be unsymmetrical
(Fig. 16B). Pl and P2 correspond to the positive and
negative RF phases.

In the original proposals, one was using symmetrical
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focussing in such a way that one had the classical
AG-focussing, but with different focussing in the
longitudinal and transverse directions. It is again the
factor of two, we mentioned earlier. Bunches. for equal
emittances, then tended to be “flat". However. there is no
need to have equal values, it can be varied. If you look
at what the P’'s stand for, you see that they represent the
phase advance for half a period. One could also imagine,
not to change the phase at each gap, but only after two or
three gaps. Then follows that gy is multiplied by n, the
number of gaps, and P by the square of n. So, if we take
three gaps, instead of one, P will be almost 10 times
stronger, and we get a much better stability. Since now we
have increased the focussing wavelength, the average
focussing is not increased correspondingly. Since we can-
not increase the aperture for a given frequency, we have a
smaller acceptance. If this situation is acceptable
remains to be studied.

Discussion:

- “"Looking into my ten year old papers, I find that we
assumed a q/m of 0.25. We started with 100 keV and went up
to 1 or 2.5 MeV/nucleon. The accelerator consisted of 6
tanks of spiral loaded cavities. It turned out that the
phase acceptance was reasonable, radial acceptance was
small, 4-5 mm*mrad, with an aperture radius of 0.8 cm.
This is not so bad, but my conclusion was, since quadrupole
focussing looked more advantageous with a factor of two
better acceptance, that APF, Alternating Phase Focussing,
was to be disregarded. At the time, we assumed a phase
change of only +- 20 degrees. Of course now we want q/m =
1/7, and if someone is interested, we could repeat the
calculations for the new conditions." (H.K.)

- "Did you ever study a combination?" (N.A.)
- "No, we did not." (H.K.)

- "By combination, I assume you mean that, since you
have drift tubes, you can still put quadrupoles in them.
If you have a marginal operation with only quadrupoles, you
could, by adding APF, reach a satisfactory operation. One
must remember that the structure itself does not raise any
technological problem, but still one has to study the size
of the drift tubes in order to have this change of phase,
which is not trivial. Then the drift tubes will not have
equal 1lengths and if you intend to put quadrupoles into
them, you will not always have the same space for them, and
sO on. It is not impossible to do this, but it is not
trivial." (P.L.) _
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- "In our case, we did not change the length of the
drift tubes, but with the six tanks we changed the phase

between tanks. The first two had three spirals, the others
seven spirals."” (H.K.)

= "Hork on the APF has been done at several places,
but now, with the success of the RFQ, more or less forgot-
ten. Perhaps the same has happened with the idea of
electric rather than magnetic focussing at low beta. For
instance. one Tesla at 500 keV/u, about c¢/30, corresponds
to 10MV/m, i.e. 100kV/cm, which is perhaps marginal, but
still possible. Somewhere there is a crossing point where
electric focussing becomes advantageous. Of course, there
are practical problems with electric focussing, such as
breakdowns, not only on the electric quadrupoles them-
selves, but also on feed-throughs and supports. But at low
velocities, say 100 kev/u, one should perhaps re-evalute
its advantage." (P.L.)

4.6 Break-Down Problems. (H. Klein)

I will not go into any theories, but give you some
practical results, and explain what the Kilpatrick 1limit
means. It 1is an assumption, not a theory, related to RF
electric breakdowns. If you accelerate protons between two
electrodes by RF, some protons will hit the second
electrode, liberate electrons and other particles, which
then bounce forth and back until you get a discharge. The
energy of the first particles is relevant, so you calculate
something 1like a transit time factor (Fig. 17A). If the
frequency is high and the gap is large, the result is dif-
ferent from if the gap is small, or the frequency is low.
Therefore, for the Kilpatrick value, the gap width and the
frequency always play a role. Both the maximum field
strength and the overall voltage have an influence.
Normally, you would say that only the field strength
matters. This is true if the frequency is high and the
gaps are large, but not if the gaps are small or the
frequency low.

The Kilpatrick equation

5

WE®. expC -1.7x 105 /E3 = 1.8 x 10'¢

where E (v/cm) is the field, and W (eV) the energy of
the bombarding particles, gives you a curve, (Fig. 17B),
with a region of no sparking and another region where
sparking possibly occurs. The points on the figure come
from measurements around 1952. If you want to follow this
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formula, you run into difficulties with the Fowler-Nordheim
expression, with discrepancies even by a factor of 1000.
Therefore, as said before, the Kilpatrick equation is an
assumption, not a theory.

On figqg. 18A, we have plotted the voltage as a func-
tion of the frequency, with the gap width as a parameter,
for the case of two times the Kilpatrick limit. As can be
seen, at smaller gap widths the breakdown voltage is
smaller, but the field strength is higher, than you can ap-
ply for wider gaps. The influence of the frequency is more
pronounced at larger gaps, due to the transit time factor.
As an example, at 200 MHz with a gap width of 3 mm, you can
apply just below 100 kV for a Kilpatrick figure of 2. Now,
an interesting question is: how far can you go above the
predictions of Kilpatrick before breakdown really occurs?
For that reason we have done a series of measurements with
a quarter wave structure at 108 MHz (Fig. 18B). You can
easily change the material, and the dimensions of the
electrodes. We have also explored 27 MHz, and plan to go,
in the future, to higher frequencies. Fig. 19A, shows the
influence of the pulse length, the situation is much better
for short pulses. Curves for two different pressures are
given, but, as you can see, the influence of the pressure
is not very important. The Kilpatrick limits for the dif-
ferent gap widths are also given, and obviously one can go
much higher before breakdowns do occur. This difference
between prediction and reality gets smaller as the gap
width increases.

The electrode material plays a role in breakdowns, due
to the different workfunctions. This is visible on figqg.
19B, where the work function has been 1lowered by the
introduction of cesium. Pure copper is about 10% better
than chromium copper, but the latter has better mechanical
properties. The choice therefore depends on the particular
application.

We have also looked what happens with the partial gas
pressures, when you increase the RF voltage in a gap. For
hydrogen the pressure first goes down, but then, as
microdischarges begin to appear, it goes up again. Even
though we looked on the partial pressure of several gases,
it is difficult to draw a general conclusion, or explana-
tion of the sparking phenomena, from this experiment.

Another important parameter, 4is the 'size of the
electrode. On fig. 20A we have drawn the Kilpatrick limit
for different gap widths, the measured figures for plane
electrodes and rods of a diameter of 20 mm. The enhance-
ment factor is important for small electrodes and gaps, and
goes down as the gap width or the electrode size increases.
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Fig. 20B shows the benificial result of a good condi-
tioning of the electrodes on the maximum voltage holding,

and the corresponding field strengths at various gap
widths.

The maximum electric fields in such experiments can be
determined either by perturbation methods in the cavity, or
by measurement of the x-rays coming out. Fig. 21A gives
an example of the latter method, using a germanium detec-
tor. From this curve you can work out the maximum energy
of the electrons, and hence the field strength. In this
case we reached 243 kV, corresponding to 4.9 Kilpatrick,
with 1 ms pulses at 108 Mhz, which is a fairly high value.
The electodes had in this case been carefully polished and
cleaned in an ultrasonic bath.

The 1lead project requires rather short pulses, so it
should be possible to go fairly high with the field
strength, without running into breakdown problems. The
situation at 200 MHz is also more favourable than at 108
Mhz, where we did our measurements.

Discussion:

- "How comes that you never see the effect of
multipactoring?"

- "This is another effect, which occurs at very low
field strengths. It is a resonance situation for the
electrons. What we have discussed here, is the effect of
ions or protons." (H.K.)

- "But the electrons must play an important role?"

- "Yes, in the final stage .when you get a gas
discharge, their role gets important. At 1least, this is
the theory. Not everyone believes it. There are many
other theories, such as the clump theory, they all lead to
rather similar results. The important thing is to do meas-
urements, but there you have to be very careful. Cleanli-
ness is important, as well as a good conditioning. You
have to raise the voltage very slowly." (H.K.)

- "Did you havé many sparks at 4.9 K.P.?"
- " 4.9 K.P. corresponded to 243 kV, at 238 kV we had
no sparks. If you get too many sparks, they will destroy

the surface of your electrodes, and the situation will
detoriate." (H.K.)
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4.7 High Intensity Aspects and Stripping. (J. Klabunde)

-—-_—_-————-.--—-——---——-—--—--------—----,_—--—------———-—

We assumed yesterday for the lead project, that we
should have at the end 8 MeV/u, and an electric current of
about 10 microamps of Pb 60+. I will now discuss what
you have to do if you go up to something 1like 1-20 mA.
High intensity means first of all, that we have to go to an
ion source producing the required intensity, for instance
the PIG source. Unfortunately, this means also that we
have to start with a beam of low charge state.

At GSI, we expect to start with xenon 1+. For
uranium, it would be to expensive to accelerate 1+, and we
hope to get enough intensity of uranium 2+. At the begin-
ning we have an RFQ. Its space charge limit is:

Lema) = 0'2'.?’4

where ¢ is the charge state. That means that for
lead or uranium 2+, we need about 20 ma of current. The
frequency of the RFQ structure is 13.5 MHz, its total
length 20m. The output energy is planned for 130 keV/u.
The reason for this choice is that it is too expensive to
continue the acceleration at this 1low charge state. We
therefore plan to do an intermediate stripping and continue
the acceleration with the 27 MHz Wideroe structure. Heavy
ions, 1like uranium, should have a charge state of at least
10+. We base the choice of stripping energy on low inten-
sity measurements, but we should repeat those at higher
intensities. The outcome might be that we have to go to
slightly higher energies. The Wideroe part of the Unilac
should be able to handle the intensity we get. Before we
enter the Alvarez structure, we need to do a second strip-
ping. So far, we have installed the first five tanks of
the RFQ. The output energy is 45 keV/u. Experiments with
argon beams gave us 5mA, instead of the expected 8 mA. We
would like to get more current and a higher brilliance. We
are also considering to go to 27 MHz for the RFQ.

The high current mode of the CERN lead injector will
need gas stripping, because the life time of foils would be
too short. I 'suggest a charge state of 30+ for the post
accelerator, i.e. the Alvarez part. Then we could come to
an injection energy of 2MeV/u for the Alvarez. One could
then copy the GSI front end design, with a 1low frequency
RFQ followed by a 27 MHz Wideroe structure. It is probably
necessary to lower the Alvarez frequency from 200 to 108
MHz. Otherwise the longitudinal emittance would become too
large.
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To summarize., if you stay with the low current option,
it is possible to go to 200 MHz for the Alvarez linac.
However, if you decide to go for high intensities, the
sources which can be considered only deliver low charge
state Dbeams. This requires lower frequencies for the RFQ
and the Alvarez. I think 27 MHz would be an upper limit
for the RFQ and the Wideroe. There is also a possibility
to start after the RFQ, and the first stripper, with a two
beta-lambda Alvarez linac at around 100 MHz, followed by a
beta-lambda Alvarez of the same frequency.

Discussion:

- “The figure you showed me earlier (Fig. 21B), giv-
ing charge state as function of stripping energy, was that
for lead, and was it based on experimental results? (H.H.)

- " Yes it is for lead. At Unilac we have the strip-
ping energy of 1,4 MeV/u and there one finds the maximum at
26+. We have done measurements at different energies, and
we have introduced these values in our computers, together
with fitting formulae for other energies." (J.K.)

- " For gas?" (P.L.)

- " Yes, for nitrogen. You must use a gas for higher
intensities. For uranium at 1,4 MeV, and a current of only
1 microamp., the energy will change if you use a carbon
foil, and you have problems with matching later. The life-
time in this case 1is only about two hours. So if you
consider higher intensities, you must go to gas stripping.*”
(J.K.)

4.8 The Japanese RFQ ‘TALL‘. (M. Olivier)

I will talk about the Japanese RFQ ‘TALL‘’ which has
been built a few years ago and installed in 198S. It 1is
said, even by the Japanese, that TALL stands for Too Ambi-
tious Long Linac! It is a 7.25 m long machine, which is
rather unusual for a wavelength of 3 m. The very first
beem was obtained in very good conditions in July 1985,
when I was there. The main parameters for this machine are
given in Fig. 22A. The input energy is 8 KeV/nucleon for
q/m of 1/7, the output energy 800 kev/u. The vanes are in
four tanks, each vane section of 1.81 m 1length is
longitudinally separated from the next by a small gap of
0.2 mm. At this junction,the vane edges have a radius of
curvature of 0.3 mm, to avoid excessive fields. Calcula-
tions show, that in this case, the crest values of the
fields do not exceed what is considered as normal in RFQ’s.
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Nevertheless, after the first power test we have observed

some sparking, due to misalignment of the vanes, but
without serious consequences.

.The duty factor, 16 %, is rather high for this
machine. There is only one coupling loop for RF, in one of
the quadrants, and no coupling ring for the stabilisation
of ?he field. The RF power is 226 kW for q/m of 1/7. The
cavity consists of copper plated aluminium, the thickness
of tye.plating is 100 microns. In the initial tests
a}umlnlum vanes were used, the Q-value obtained was above
7°000. Later. when copper vanes were installed, the

Q-value went wup to 10'000. SUPERFISH predicted a Q-value
of 10°100. _

For the RF tuning of this machine, longitudinally and
azimuthally, we used side tuners with a diameter of 100 mm.
Per tank, there was one moveable side tuner per quadrant,
three adjustable with motors. At the end of the machine.
we had four capacitive end tuners of 25 mm for a vane
thickness, at this place, of 20 mm.

The pumping was rather poor, we had difficulties to
reach 5%10-7 torr, with the two installed turbopumps of 500
1l/s. :

The PARMTEQ program was used to calculate the preci-
sion needed for the adjustment of the vanes. We concluded
that with a misalignment between two tanks, or two vanes,
of less than 0.2 mm, the transmission factor was not re-
duced significantly. This is the reason why we could use
this geometry for such a long machine with a rather short
wavelength. There is always the factor of £ /A? , which
causes problem with the potential distribution, longitudi-
nally and azimuthically. This factor 1is 5.9 for TALL,
which is very high, and twice the value we have for our RFQ
at Saclay. The latter is considered already , with its 2.3
m length, to be rather long for an RFQ without compensation
.rings. However, in the case of TALL, with its four
independent tanks, you could assume that this factor should

be divided by four. This was also confirmed by measure-
ments during the tuning process.

‘ The possibility of reaching the desired power level
was verified by building, before TALL, another accelerator,
LITL. This machine accelerated a beam to 138 keV/u with a
duty factor of 40 %, and it was possible to achieve without
sparking a Kilpatrick value of 1.8, corresponding to 62 KV
RF on the vanes. The operation was very stable, and this
machine was used for all measurements before the construc-
tion of TALL. Fig. 22B shows the TALL beam dynamic param-
eters of the four tanks.
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Calculations and measurements were done for the mode
separation in the cavity. As usual, this was done by vary-
ing the end inductance of the vanes by the so called cut-
back method (Fig. 23A). The desired mode 1is the TE210.
and by varying the ‘cutback area’ one can influence the
separation from the undesired modes. This effect 1is even
more pronounced in fig. 23B, where we have plotted, for
the different modes, the square-root of d/s (d= vane thick-
ness, s= surface 1left for the magnetic flux) against the
frequency. Similar work was done at Saclay earlier, and it
was found that you had to choose the distance between the
end plate and the vanes with care, in order to avoid a mix-
ing of the dipolar and the quadrupolar modes.

The influence from the variation of the end
capacitance on the longitudinal tuning, as measured by a
field perturbation method, is shown in fig. 23C. The ef-
fect of the variation of the coupling loop is shown in fig.
23D. The four curves correspond to the four quadrants.
The side tuners offer a very convenient method for adjust-
ing the cavity. If you adjust one tuner, the opposite
quadrant is also affected, but in the opposite direction,
whereas the other two quadrants are hardly affected. Fig.
24A shows the result of the final tuning. The deviations
are within 3% for the main part of TALL. In the beginning
is the matching section with a large gap between the vanes,
where the electric field gets larger and larger. Still,
there the deviations are within 6.5 % , a very satisfactory
result.

The beam tests have been performed with protons, using
two type of emittances. The power 1level was rather low
compared to the design figure. The result is given on fig.
24B, which shows the transmission as a function of input
power (arbitrary units). Unfortunately, TALL was poorly
equipped for matching the input beam transversely. My stay
at TALL was only five months. This included the design
phase, so there was not much time available for extensive
beam tests. o

(A set of slides were shown, illustrating the design
features of TALL.)

S. VACUUM CONSIDERATIONS (A. Poncet)

It 1is difficult to say something before one can have
the necessary information: ion life time (fully and par-
tially stripped), the RF power 1level, the high voltage
level, the RF accelerating technique and frequency (giving
the size of the cavities). The design average pressure,
operational aspects (pump down and conditioning times),
economic considerations, all this input will finally
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influence the design of the vacuum systenm. Anyhow, we will
be happy to design a new system once the necessary informa-
tion is available, because the present old 1linac vacuum
system represents a big work load on our section.

The Linac 2 1is now 10 years old, and represents the
evolution towards ion pumps: 11000 1/s, average pressure
2*10-7 torr. The pressure could probably have been lower,
if we would not have been plagued by virtual leaks from the
copper-steel boundary in the tanks. With a change of
technology, it therefore seems possible to aim for an order
of magnitude lower pressure with ion pumps on a new linac.

I Dbelieve however, that we should go to cryopumps for
the new lead linac. These pumps could be similar to the
one presently installed on tank 1 of Linac 1 (10°000 1/s,
Gifford-Macmahon cryogenerator, cryopanel and compressor.)
It requires no external handling of 1liquid helium or
nitrogen, and is of low cost and highly reliable. It would
then be possible to reach easily the 10 to -8 Torr region
with very low hydrocarbon content in the residual gas.

In figqg. 25A, I have given a figure of merit, with
respect to linac 1, for Linac 2 and an expected figure for
Linac 3 (the 1lead linac). This figure is simply the gas
load capacity per meter of the RF tanks, 15 for Linac 2 and
45 for Linac 3. This assumes two 10'000 1/s cryopumps for
Linac 3, better cleanliness and avoiding the virtual 1leaks
between copper plating and tanks. To reduce cost, we can

recuperate turbopumps and control rack equipment from Linac
1‘

The present proton RFQ at Linac 1 is pumped with
turbopumps and ion pumps. I find this system too
complicated and not very efficient. It should be possible
to innovate for the new RFQ, and also there use a combina-
tion of turbopumps and a cryopump. Even the best
turbopumps let a certain amount of hydrocarbons into the
vacuum system. It should be worthwhile to try to use also
a cryopunmp acting as a cryotrap during the initial pump-
down.

The cryopumps are getting more and more wused in
industries and laboratories. Their reliability has been
improved, and they combine high pumping speed with low
price. A price comparison with other pumps is given in
fig. 25B. The cryopump on Linac 1 has now more than
10’000 hours of operation, and apart from an initial ac-
cident, there has been no more problems. We have now 19
such installations at PS, and we have learnt that some of
them might be delivered with some defects which show up
early in their life. At 10°000 hours we apply the recom-
mended maintenance, an exchange of the charcoal filters of
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the compressors. At the Antiproton Accumulator, AA, we
have even been running cryopumps during four years wihout
any maintenance whatsoever. The future will show, if this
practice can be recommended!

As a conclusion, I would like to stress the importance
of a proper mechanical design for vacuum. This approach
has been beneficial for the new electron-positron accelera-
tor at PS. 1In accelerators where there is no substantial
gas load, or problems with RF breakdowns., the vacuum system
should not pose any particular problemn. One could fear
that there will be more problem with the vacuum system for
the machine coming after the lead linac, i.e. the Booster.
There is actually a study under way to see how we can
improve the vacuum in the Boster. It is too early to say
what this will cost. In the PS-ring, the vacuum chamber
has recently been overhauled, and one can hope that other
modifications, if necessary, should neither be difficult
nor expensive.

6. RF POWER. (F. Nitsch)

Let me start by making a few remarks about the
frequency. As was said yesterday, technically there should
not be any problem to design amplifiers for 100, 200 or
even 300 MHz. However, if there are not stringent needs
for a particular frequency, I would make a plea for our
standard frequency of 202,5 MHz. It is a good frequency to
use at CERN, since, to the best of my knowledge, there has
never been any problem with equipment using this frequency,
such as parasites or harmonics therefrom, interfering with
the airport services. The 114 MHz frequency, choosen for
the EPA cavity, happens to be very close to the RF beacon
frequency, used at the airport for navigation purposes. As
a consequence, it was necessary to put in a big shielding
effort at CERN, and to build the amplifiers in Faraday
cages, in order to reduce the radiated power to acceptable
levels.

If one thinks to replace Linac 1 by a lead linac, and
stays with the same frequency, it is possible to recuperate
a big number of elements of proven design and reliability.
This is the case for the big final cavity amplifiers, the
driver amplifiers, the smaller amplifiers, the so called
Frank James amplifiers, and transistor amplifiers. It
would not be . possible to modify the present equipment to
work at a very different frequency. Also on the low 1level
electronic side, phase shifters, phase and amplitude modu-
lators, detector boxes for automatic tuning and feedback,
etc., are of interest.

We have a considerable standardisation at our two
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linags: At Linac 1 we have eight, and at Linac 2 seven
amplifier chains in service. They are more or less
composed of identical elements. We start with a transistor
amplifier, giving 200 W of peak power. The next stage is a
pre-@river. typically delivering 2.5 kiW. The Frank James
am?llf;er, which follows, has typically 40 kW. The driver,
which is water cooled, gives up to 500 kW. For the final
stages, we have two different types. One is equipped with
the powerful TH-116 tube, giving up to 4 MW, but currently
used at about 3MW. At Linac 2, we use a slightly different
scheme fo; the final stages, with two smaller TH-170 tubes,
each having its own feeder loop in the tank. With this
standard list of amplifiers, one can compose any desired
arrangement. All drivers and amplifiers have amplitude and

phase feed-back, in order to remain stable wunder the
effect of the beam loading.

It 1is difficult to say something about prices, but I
have found a list that was established when a rebuild of
Linac 1 RF was envisaged. The feedback and control system
was about 600 kFr. in 1982. If one envisage another
frequency, then all the amplifier chains mentioned earlier
have to be re-built. Obviously this will be much more
expensive. More specific details must be known before we
can work out the price of such an operation.

7. BEAM INSTRUMENTATION.

7.1 Beam Instrumentation at the Unilac. (J. Klabunde)

The current situation we have at the Unilac is similar
to the lead linac low current situation, where we expect 30
microamps from the ECR source. At Unilac we have uranium
28+ after the gas stripper, or lead 26+ with a maximum
intensity of 10 microamps. (electrical). Many times we
also run with even lower intensities. Fig.26A gives you an
overview of our instrumentation. The difference with a
proton linac is that we frequently have to change the
energy and the ion species. We decided to have many dif-
ferent stages of acceleration and quite a 1lot of beam
diagnostic elements. What you see on the figure 26A was
the planning stage. If we take the post stripper section,
we find installed Faraday cups, profile harps and phase
probes (Fig 26B). This equipment exist after each tank,
and also at the end of the Unilac. There we also have ad-
ditional semiconductor detectors for the beam energy meas-
urements. Similar equipment could be used for the lead
linac.

A very important tool for the tuning is the phase
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probe. We are using for that purpose a capacitive ring, so
the bunch current will be differentiated. We can observe
on an oscilloscope a microbunch. In our case the time
difference between bunches is 36 nanosec.. due to the
Wideroe frequency. The bunch length half widths are in the
region of 0.8 to 1.5 nanosec. We can see the bunches for
intensities above 200 nanoamps of pulse current. That me-
ans that if we include the bunching factor of about 30, the
peak current will be in the microamp. region.

If we compare the situation of the lead linac, and
even the case of a 200 MHz bunch structure, then with a
bunching factor of about 20 for a current of 10 microamps.
it should be possible to see the bunch shape. We used our
equipment at CERN for the oxygen beam, and with 8
microamps. you could see the bunch shape. So it should be
possible to use a similar equipment also for the lead
linac, even in the low intenity case. An advantage of the
scheme we use at the Unilac is., that an energy measurement
can be done very quickly. It is therfore very easy to look
for the tuning of different sections of the accelerator.
We have several phase probes, and using a time of flight
method, we can measure the bunch distance on the oscillo-
scope. Therefrom we can calculate the energy (Fig. 27 ).
To tune the RF cavities, we pick up a signal from the
cavity and compares it with a signal from a phase probe 1in
front of the tank on an oscilloscope. The operator can
then from experience, or calculated figures, very easily
tune the tank.

Another very wuseful instrument at the Unilac is the
profile harp. We have between 16 to 48 wires for each
plane, the distance between the wires is in the range 1 to
1.5 mm. The sensitivity is very good, you can see beams
from a few nanoamps. Depending on beam energy, you can
destroy the wires for pulse currents above 50 microamps.
Faraday cups are also useful for checking the total beam
current, and represent no problem in their use.

As a conclusion I would say that beam instrumentation

should not present any particular problem at the 1lead
linac, apart from the constraints imposed by the budget.

Discussion:
- "When you talked about the profile harps, did you
include the secondary electron current in the figures?"

(H.H.)

- "Secondary electkons cause an amplification, but the
main effect comes from the ions." (J.K.)
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"Are you not using any beam transformers at the
Unilac?" (H.H.)

"With the help of our phase probes and amplifiers,
we can observe the beam envelope and measure the intensity
in a nondestructive way." (J.K.)

(H.K ; "What is the minimum current you can measure?"

- "As I said before, it is possible to see microamps
of uranium."(J.K.)

7.2 Instrumentation at the CERN linacs. (P. Tétu)

I do not intend to make a complete inventory of the
instrumentation at the CERN linacs, but talk about how we
adjust Linac 1. In the 1low energy part of Linac 1, we
adjust the source by observing the beam on a probe. After
that we adjust tank by tank, looking for the maximum inten-

sity with minimum energy spread in our measurement 1line
after the linac.

In the part of the beam line we share with Linac 2, we
have two semgrids installed. The semgrids work on a pulse
to pulse Dbasis. We use them for centering the beam with
magnetic steerings, and to measure the beam profile. We
can measure down to 0.1 microamps., and up to 200 mA.
Thereafter, we can go into the emittance or the spectrome-
ter measuring line. In the emittance line, on a pulse to
pulse basis, we can measure the emittance in 12 microsec.
and get the necessary parameters for matching the beam.
The mismatch in percent, in relation to the beam desired
for the booster, is automatically updated for each pulse.
Due to that the beam ranges in this line from one microamp.
to 150 mA, it is necessary to have the facility of changing
the gain in the amplifiers. We can also adjust the refer-
-ence value, to set a given equidensity level. Since we
work with sample and hold amplifiers, it is also possible
from pulse to pulse to vary the sampling time in the beam
pulse. In the future, it would be interesting to do four
measurements in one pulse, in order to get a good average
value.

To conclude, with the help of new amplifiers and local
treatment by microprocessors, it should be no problem, for
the intensities considered, to measure, on a pulse to pulse
basis, all interesting parameters.
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Discussion:

5 - "Are the arids not damaaged by intensive beams?"
(P.L.)

- "At a beam of 150 mA, it is necessary to limit the
repetition rate to one pulse every two seconds. We use
titanium of a thickness of 7 micrometers. A beam of 50 MeV
loses only about 40 keV". (P.T.)

= "Could it be used at low energy? (P.L.)

- “We could certainly not pass 150 mA at 1low
energies." (P.T.)

- "“Scattering could then also be a problem." (H.H.)

- "We have started an experiment to use the light com-
ing out from the residual gas, exited by the beam. It
seems to work for our proton beams, but I do not yet know
where the limit would be for low intensities." (P.T.)

8. CONCLUSIONS. (H. Haseroth)

Perhaps it is too early for a conclusion. Anyhow, it
seems that for beam instrumentation., we have practically
everything we need, it seems also that RF is not a problem,
certainly there is plea for staying with the 200 MHz, but
there 1is no catastrophe if we have to go to another
frequency. On the low energy side, it seems clear that we
should start with an RFQ, what type of RFQ structure
remains to be discussed. There is also an agreement, that
at higher energies we should have an Alvarez. The real
problem is what we do between the RFQ and the Alvarez. In
the opinion of Dave Warner, we should try to avoid having
another structure in between. Other people might favour a
two beta lambda Alvarez or an interdigital structure in
this place. For people who can stay longer, I would sug-
gest that we meet 1later to informally discuss these
subjects.

I should also like to thank all participants for hav-
ing participated in this workshop, and for all valuable
information we have collected. We will certainly stay in
contact, and we will keep you informed of any progress.
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