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Das Konzept des Linearbeschleunigers für die Spallations~eutronenquelle (SNQ)

Zusammenfassung
Der vorliegende Bericht ist eine übersetzung eines Auszugs
aus der SNQ-Realisierungsstudie. In ihm sind die wissenschaftlich-technischen Grundlagen zusammengefaßt, die den
Entwurf des Beschleunigers begründen.

Abstract
This report is a translation of an excerpt from the SNQ
project study. Basic considerations are summarized, which
justify the design of the linear accelerator.

Foreword
The SNQ study report will be issued in Jure 1981. lt will consist of 3
parts. Part I is a project summary with emphasis on the scientific
motivation. Part 11 contains the scientific and technical basis of
the project. Detailed technical information can be found in the laboratory notes compiled as part 111. The following contributions are an
excerpt of part 11. It is intended, to explain design aspects and choice
of parameters rather than discussing the aspects of engineering, construction and operation which are contained in chapter B of part 11.

References in this report include internal notes from laboratories,
which have participated to the SNQ-study. In ca se of unclear copyrights,
these references were designated as unpublished reports or as private
communications.

Within the SNQ cooperation, the accelerator design was worked out by
the KfK linear accelerator development group. We are grateful to our
consultants and guests, especially from GERN, GRNL, GSI and LANL and
from industry for their valuable contributions. The proposal was prepared
by members of the KfK-staff, whose work and cooperation is thankfully
acknowledged.

Our readers are cordially invited to comment on the proposed design and
to contact the authors or the editor for information from the parts of
the proposal which could not yet be translated.

J.E. Vetter
KfK, April 1981
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A 1

The Linear Accelerator

1.1

Basic Concept

1.1.1

Requirements and Discussion of Main Parameters

The Spallation Neutron Source (SNQ), under study in W.-Germany, is proposed
as an intense source of slow (meV) neutrons. Neutron fluxes are produced
by spallation of high energy protons on a heavy metal target and subsequent
moderation. Peak fluxes, more than ane order of magnitude higher than in
high flux reactors are the essential advantage of the SNQ; these fluxes
can be generated with a time structure optimized to the needs of the experiments.
Concerning the requirements of high time average and peak neutron fluxes
(7 x 10 14 / cm2 s and > 10 16 / cm2 s thermal neutron flux) an rf-linear
accelerator is considered as the only practicable source of high energy
protons.
Synchrotons are unable to produce beam currents of at least several mA
time averaged. Cyclotrons are, in principle, capable of accelerating the
time averaged currents required, but not the peak currents. For the purpose discussed here, induction linacs seem feasible, but will still need
fundamental development.
Requirements for the main application, neutron scattering research with
slow neutrons, are listed in table A 1.1-1. The parameters chosen for the
linac will be briefly outlined below, a more detailed discussion can be
found in the following chapters.
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,

requirements

parameters

options

chosen
particles

p, Ir

output energies

350 MeV,

Ir

p
1 GeV

350 MeV, 1.1 GeV

beam current

-

\

time average

5mA

- peak

the highest

5mA

10 mA

100 mA

possible
time structure
- beam pulse duration

500 lls

- repetition frequency

100 Hz

500 lls

1 ms

single pulses
to 100 Hz

Table A 1.1-1: Requirements and parameters chosen for the SNQ-Linac

Protons were chosen as particles to be accelerated. Operation with H--ions
was considered, but was rejected for immediate realization, as ion sources
of the required intensity are not available at present. Acceleration of Hhas the difficulty of stripping in residual gas and high magnetic fields.
The layout chosen does take into account H--operation at a later time.
Deuterons were proposed in studies for electro-breeders. They offer up to
30 % higher neutron production yields compared to protons /1/. As deuterons
activate

a~celerator

components from very low energies on (d-d-reaction),

the final choice was made in favour of protons.
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From the linac point of view, the final energy is a question of length
and cost. The high energy part of the accelerator consists of modules
of nearly identical geometry. No new effects or technical problems are
encountered with higher linac energy within the range discussed here
(600 to 1200 MeV). With the output energy of 1100 MeV chosen, the linac
pulses can be further increased in peak intensity by an optional compressor ring /2/. The choice of a high proton energy was supported by
targetconsiderations.
A time average beam current of 5 mA (option 10 mA) was required to produce
a neutron flux comparable to a high flux reactor.
For the majority of scattering experiments with thermal neutrons, proton
beam pulses of 500

~s

duration and arepetition frequency of 100 Hz are

the optimum compromise. As a result, the peak current of the proton pulse
A

is I = 100 mA. Pulse currents are a critical quantity for an rf-linac. The
A

higher I, the more beam dynamics and rf parameters are influenced by beam
loading and space charge effects.
As discussed in A 1.2, space charge forces have to be considered in the
choice of injection energies and operation frequencies of the rf accelerator and in the design of components for beam optics. Taking into
account possible beam loss and cosidering further the difficulty to
produce the high pulse power, the peak beam current was limited to 100 mA.
A linear accelerator with the properties mentioned, is a powerful source
of protons, fast neutrons, mesons

and neutrinos. The proton beam can be

split by fast switching and sent into different target areas. The time
structure of the beam fragments can be chosen according to the experiments
in the respective area (see ch. A 1.5).
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machine/

particle

laboratory
new Linac

final energy/
MeV

peak beam

duty factor

current/mA

of the beam

status

p

50

150

10- 4

operat.

p
H-

200

300

10- 4

operat.

46

10-3

CERN
p-Linac,
FNAL
LAMPF,
LANL
Unilac,
GSI
FMIT,HEDL/

p,
H-

12,

6 ... 12 %

800

0.1

schwere

10 MeV/

llA

25 %

Ionen

Nukleon
100

100 %

d

40

operat.

operat.

conc.
design,

LANL

prototyping
Electro-

p

1000

300

100 %

study,

breeder,

proto-

CRNL

typing

Proton Linac,

p

45

60

1100

100

10 %

constr.

New England
Nuclear
SNQ-Linac

p (H-)

5 (0) %

Table A 1.1-2: Linear Accelerators with high Intensities or high
Duty Factors as compared to the SNQ-Linac

study
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1.1.2

Experience, State of the Art

Proton linear accelerators have been built since about 15 years all over
the world as injectors for synchrotrons. These machines, two examples are
listed in table A 1.1-2, accelerate high peak beam currents to energies
of up to 200 MeV. Beam pulses of several hundred

~s

duration and inten-

sities up to 300 mA were demonstrated and correspond to the requirements
of the SNQ. The repitition frequency is, however, limited in these machines
as the following synchrotrons operate in slow cycles of typically 1 Hz.
Routine operation of these facilities demonstrates that production and
transport of particle beams with strong space charge influence is within
current practice. Design principles and methods of calculation have been
applied to the SNQ design. Although, the average beam current and hence
the average beam power are comparatively small in these injector machines.
In the early fifties proton and deuteron beams of 50 mA cm current had been
accelerated to several MeV with the aim to develop an electro-breeder at
Livermore, USA /3/. Several designs were recently worked out for linear
accelerators with high time averaged beam currents. These efforts were stimulated by growing interest in applications for isotope production, materials
irradiation, electro-breeding, and inertial confinement fusion with heavy
ions. Prototype work is done at present for electro-breeding and inertial
fusion. Beam currents of several hundred mA are proposed for accelerator
breeders. Design and component tests for the FMIT accelerator are in an advanced state /4/. FMIT is an accelerator-based intense neutron source for
irradiation of materials relevant for fusion. 100 mA of deuterons are accelerated to 40 MeV by the FMIT-linac. Another linear accelerator is under construction for commercial isotope production /5/. 5 mA of average proton
current and a final energy of 45 MeV are specified for this project. In all
accelerators mentioned so far, the particles are accelerated to their final
energy by an Alvarez structure.
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At energies higher than_ 100 MeV the Alvarez structure can be replaced
by more efficient types of structure. Multi-stage accelerators are state
of the art as e.g. demonstrated by the GSI-linac "Unilac". This machine
is a further example of high duty factor operation (25 %). Cavity loss at
reasonable field strengths and at a duty cycle of 10 %, as proposed for
the SNQ, is therefore not considered as a major problem.
Among the existing accelerators, the LAMPF machine, in operation at LANL,
Los Alamos, USA, offers most of applicable experience for this study.
Proton beam currents of 1.1 mA average, 12 mA peak can be accelerated
to 800 MeV. Compared to LAMPF, the following conclusion can be drawn
for the SNQ:
- The final energy of the SNQ is only modestly higher.
- The SNQ peak beam intensity is higher by a factor of 8,
the average intensity is increased by a factor of 5.
- The duty cycle is comparable.
The LAMPF accelerator has been developed to a very reliable machine.
Initial problems with beam handling and -loss and beam power loading are
understood and widely managed /6/. Experience gained in development of
operation of LAMPF could be favourably applied to the SNQ design.
It can be therefore concluded from comparison with existing facilities
that the SNQ requirements correspond to the state of the art in accelerator
development.

1.1.3

Design Aspects

Linear accelerators are built out of a large quantity of components in a
serial arrangement. High reliability of the single component is mandatory
to obtain a high availability of the overall system. The SNQ-linac is
scheduled for 6000 h of operation per year, i.e. 68 % of the total time.
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Components should be built within the state of the art, development should
be restricted to such cases where essential improvements of function or
considerable savings can be made. This applies to the klystrons, the
accelerator structure in the high energy part and to the fast kicker systems. The availability can be increased by careful inspection procedures,
early recognition of developing defects and preventive replacement within
scheduled service periods. Even in very complex accelerator systems, as
e.g. CERN or FNAL, operation time exceeds 90 % of scheduled time, which
proves, that very high availability can be obtained.
Operating personnel has to be protected from hazards by either spontaneous
radiation or remanent activity. In addition, machine components have to be
pro tee ted against impact of beam energy and excessive radiation. These
considerations have strongly influenced the design of buildings, cooling
circuits, air conditioning systems and controls, as reported elsewhere in
this study /7/.
Beam spill was considered as the highest possible risk for operation of the
accelerator. Excessive beam loss may cause local heating at low energies, where
the proton range is short. At higher energies, secondary radiation is produced,
which requires extensive shielding, in particular against fast neutrons. Permanent radiation will activate machine components, radiation damage has to be
minimized by proper choice of materials. Among these effects, remanent activity
merits particular attention.
The activity produced in air and water is short lived and can be handled
easily, whereas isotopes, building up in copper and steel, have long lifetimes. Service and repair can be difficult, if no provisions were made in
the design to cope with this situation.
Beam loss can be of different origin. The values of geometry, accelerating
field strengths and focusing fields can be predicted with uncertainties,
machining and mounting tolerances will add to these deviations. Most errors
can be cured in a particular start-up program without and with beam. This
procedure will require special instrumentation (see eh. A 1.3).

-
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relative beam loss

10 %
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p-energy/ MeV

Fig. A 1.1-1: Tolerable beam loss per m length of the accelerator to
maintain unlimited access to the machine after shut
down are shown as the curve. For the design of buildings
and utilities as well as for the choice of materials,
higher losses were assumed. As a worst case assumption,
point sources were placed at the upper end of an energy
interval, as shown above.
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Dynamic deviations from preset values are corrected by control mechanisms
or by adjustment within periodically repeated test phases.
Particular attention is required for stabilization of amplitude and phase
of the rf-field in the accelerator sections. It was shown in measurements
at the CERN new linac, that transient effects from beam loading contribute
to beam loss. These can be reduced by the control system proposed in
ch. A 1.7.
The beam loss, which can be expected, can beroughly estimated from experience: Beam loss in the LAMPF-linac allows for unlimited access to the
accelerator after shut down, including the high energy part. Peak and average currents of SNQ are higher by a factor of 6 to 8 compared to LAMPF.
With the experience accessible today, and making use of important improvements in methods of calculation and experimental techniques, it can be expected, that operation conditions as favourable as at LAMPF can be obtained.
For the design of the SNQ accelerator, however, higher losses were anticipated. Loss assumptions are shown in fig. A 1.1-1 together with the
limit for hands-on-maintenance. Design of buildings, layout of shielding,
choice of materials, maintenace concept and design of utilities were
based on these assumptions /8/. Local shielding and handling equipment
will be installed only if required. It adds only a few percent on the
accelerator cost.
Economic arguments play an important role in the design of alarge accelerator system. Part of these arguments hold for linacs in general. The
energy gain per meter of accelerator length, for example, is chosen by
optimizing capital and operation costs (fig. A 1.1-2).
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Fig. A 1.1-2: Capital and operation cost for the DAW-accelerator
as function of the energy gradient (energy gain per m
of technical length, including the intertank spaces).
The gradient chosen is 2.5 MeV/m.

Operation cost consists of expenditures for repair and maintenance, salaries
and electrical power. Only a weak dependence on the

gradi~nt

is seen. An upper

limit for the gradient due to sparking in the resonators should be taken into
account. A peak field of 18 MV/m was therefore assumed for the design which
corresponds to 2.5 MeV/m average acceleration rate, sufficiently close to the
economical optimum.
In an accelerator with a beam power of many MW, particular attention has to
be paid to minimize power consumption in various parts of the machine. Power
flow is shown in fig. A 1.1-3. One quarter of the mains power is consumed
by injection, beam transport, instrumentation, air conditioning and cooling
installations.
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proton bQam
power
5,5 MW

mains
power

40 MW

10 MW
injection,
magnets,
utilities

10.5 MW
loss in supplies cavity loss
power
and rf power
amplifiers
14 MW

Fig. A 1.1-3: Power flow in the SNQ-linae

About 30 MW are transfered to the power supplies of the rf-system. The
eonversion effieieney of de- into rf-power was optimized in the design
by ehoiee of high effieieney klystrons and appropriate modulation systems
(see eh. AI. 7) •
A major fraetion of the power fed into the aeeelerator seetions is spent
as wall losses. A high shunt impedanee is therefore required. This argument
is important for the ehoiee of aeeelerating struetures, operation frequeneies and the energy of transition into a high veloeity strueture (see
eh. A 1.5).
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The linear accelerator consists of injection, Alvarez- and Disk-and-Washeraccelerator parts and the high energy beam transport. Proton current is
extracted from a pulsed magnetic multipole ion source and preaccelerated
to an energy of 450 KeV. Beam pulses are formed precisely by an ultrafast
chopper system ( <10 ns rise-time) and transverse emittance is limited
in the low energy beam transport. Microstructure, as required for rf
acceleration, is formed by a 3-gap buncher system.
About 85 % of the particles injected are accelerated in the Alvarez structure
to a final energy of 105 MeV. Operation frequency of the Alvarez part amounts
to 108 MHz. Rf power is generated by 14 tetrode amplifiers, each delivering
1.75 MW of peak power. Beam properties are measured and beam parameters are
matched in the beam matching setion preceding the high energy part of the
accelerator. 57 tanks of Disk-and-Washer structure accelerate the beam to the
final energy of 1100 MeV. Tanks are separated by intermediate sections containing a quadrupole doublet for transverse focusing and, where required,
beam diagnostics and steering elements. A total number of 89 pulse power
klystron amplifiers of 3.75 MW saturation power each are installed to feed
the necessary rf power into the structures at a frequency of 324 MHz, three
times the Alvarez frequency.
The main beam is guided to the neutron target. Fractions of the beam can be
switched into separate target areas at 350 and 1100 MeV for nuclear physics
and medicine experiments. Future addition of a compressor ring is considered
in the design, further up-grading or completion can be planned in prolongation
of the accelerator axis.
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Only part of the rf-pulse can be used for beam acceleration. During buildup time of the accelerating fields t "waste power" is spent. The design of
the rf-system took care of optimizing the filling procedure and to stabilize the accelerating fields in phase and amplitude during the beam pulse
(eh. A 1.7).

Description of the Concept chosen
The following description of the concept chosen shall facilitate the understanding of the following chapters. A more complete description is contained elsewhere in the study (chapter B)t parameters are compiled in A 1.8.

tetrode

p.o..

klystron p.a.
105 MeV

1
I

1= 5mA
ion source
+400 kV
dcpreac.
,

85m alvarez
108 MHz

430m
disk &washer
324 MHz

buncher
and rf kicker

Fig. A 1.1-4: Principle Arrangement of the SNQ-linac

t=100mA

beam splitter
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1.2

Beam Dynamics

1.2.1

Introduction

In a linear accelerator a radiofrequency wave is generated whose electric
field is mainly in the direction of the accelerator axis. The wave velocity
is chosen to be equal to the average velocity of the particles to be accelerated. The fictitious partic1e moving with this velocity is ca11ed the

~

chronous partic1e. The difference between the rf phase of the synchronous
partic1e and the phase of the maximum of therf wave is the synchronous phase.
It is chosen such that partic1es trai1ing the synchronous partlc1e experience
a higher acce1erating fie1d

t

hence their velocity increases re1ative1y faster.

They overtake the synchronous partic1e t and are then effected by a re1atively
sma1ler acce1erating fie1d. In this manner the longitudinal phase osci1lations
develop: the acce1erating e1ectric wave focuses the protons 10ngitudinal1y
towards the synchronous phase. So the proton bunch (micropu1se) is kept 10ngitudinally together. This longitudinal focusing force is linear in first approximation. The bunches fo1low one another at the A1varez frequency. Idea11y
there are no protons in between the bunches. For the SNQ a macropulse
consists of about 105 micropu1ses.
Also the transverse bunch extension is finite. The acce1erating e1ectric wave
has a radial component offaxis t increasing approximate1y linearly with distance
from the axis. For phase stab1e longitudinal acce1eration this radial rf force
is a1ways defocusing t and has to be counteracted by focusing externa1 forces.
In the A1varez acce1erator this is achieved by magnetic quadrupole 1enses in
the drift tubes. Their action is "strong focusing" in böth transverse directions
by having a1ternating po1arities in consecutive quadrupoles. In the disk-andwasher acce1erator magnetic quadrupole doub1ets are insta11ed betweenthe accelerator tanks for transverse focusing. An important parameter of a periodic
focusing system is the tune. It measures what fraction of an osci11ation a partic1e experiences in a single focusing period. The square of the tune is approximate1y proportional to the a1gebraic sum of the gradients of all focusing and
defocusing forces averaged over a focusing period.
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focusing is necessary even without the action of defocusing forces, since
all particles in the bunch move on different trajectories, as the bunch
has a finite emittance. The phase volume spanned by the three space and the
three momentum coordinates of allparticles always has a finite size. The
projections on the two-dimensional space-momentum phase spaces are constants
of the motion, if coupling between them can be neglected. The normalized
emittances are proportional to these projections (e.g. Exn = TIßy~x~x' with
ß = proton velocity/light velocity, y = relativistic mass/rest mass, ~x =
space, and

~x'=

angle deviation).

At high beam current the Coulomb repulsion between the protons has to be
included in the balance of focusing and defocusing forces. A major problem
is the determination of the density distribution of the protons inside
the bunch, since also the six-dimensional phase space distributionis not
known exactly. Normally measurements can only reveal two-dimensional projections. Self consistent solutions of the differential equation for the distribution function (Vlasov-equation) are possible only for special cases. Hence
the treatment of the space charge forces has to be based on models which are
supported by theoretical calculations, as well as by emittance measurements
on real beams. In this connection the concept of the rms- (root mean square)
emittance is of importance. It is obtained by a proper quadratic average of
the phase space coordinates of all particles, and describes the behavior of
the bunch kernel. It was shown both theoretically /1/ and experimentally /2/
that beam dynamics calculations including space charge forces based on the
rms-emittance concept yield results that are nearly independent of the actual
phase space distribution.
During acceleration the transverse dimensions of the bunch remain constant
in first approximation. Tne geollletrical bunch length slowly increases. On
the other hand, the proton velocity increases relatively faster, such that
the bunch time extent measured in rf phase width decreases rapidly. This
longitudinal phase damping allows the transition in operating frequencies
between the Alvarei- and the disk-and-washer accelerator.
In the following paragraphs the accelerator design is discussed from the
beam dynamics standpoint. In comparison to the existing proton linear
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accelerators the SNQ linac has a high average beam current. Beam spill can
cause unwanted activation especially in the high energy part of the machine.
Hence the major guide line for the parameter choice was to minimize paricle
loss at high energies.
1.2.2

Choice of the Beam Current, the Injection Energies and the
Operating Frequencies for the Alvarez- and the Disk-andWasher Accelerators

The choice of the parameters beam current, operating frequencies, and injection energies is influenced by numerous different arguments concerning
injection, beam dynamics, accelerating structures, and rf engineering, which
are summarized in this section. Although these parameters are correlated
they will be treated one after the other for clarity.
Peak beam current
The peak beam current (beam current averaged over a macropulse) has been
fixed to 100 mA. It should be as high as possible for the majority of the
neutron experiments. The accelerator efficiency rises with the peak beam
current, as the power delivered to the beam increases relatively to the
fixed rf losses in the accelerator. On the other hand the installation of
additional rf pulsed power requires further investments for the rf sources.
For peak beam currents of much more than 100 mA the beam dynamics in the
Alvarez accelerator would be dominated by the space charge forces which
are known only approximately. Theoretical predictions would become uncertain.

Th~

beam matching between consecutative accelerator sections

would depend sensitivelyon the real density distribution in the bunch
especially at low energies. Resulting beam mismatches could cause large
emittance increases, and consequently also higher beam loss. The longitudinal acceptance would decrease towards zero, the phase focusing would
become highly non-linear /3/. The consequence would be a large longitudinal emittance increase, a reduced longitudinal phase damping resulting
in increased proton losses after the transition to the disk-and-washer

- 22 accelerator. Further, the probability would increase for transverse
emittance growth due to parametric space charge instabilities, and due
to space charge induced coupling between the longitudinal and the transverse motion.
Quantitatively the space charge influence on the beam dynamics can be
described by space charge factors

~l

and

~t

for each space direction,

which are the ratio of space charge force to the

SUfi

of the external

forces. The space charge factors are shown in Fig. A 1.2-1,2 for 100 mA
peak beam current at injection into the Alvarez accelerator as functions
of the injection energy, and the normalized transverse emittance lying
typically in the 1 to 3 TI mm mrad range. The space charge factors increase with the peak beam current, the value of 1 is the stability limit
for the particle motion. On the other hano, the focusing forces cannot
be increased much above the values on which the figures are based:An
increased transverse focusing leads for an 108 MHz Alvarez frequency
to parametric instabilities of the transverse motion. At 200 MHz the
quadrupole focusing is unsufficient for injection energies smaller than
750 keV, as there is not space in the short drift tubes for strong enough
quadrupoles. The longitudinal focusing force is proportional to the accelerating field, hence it is limited by sparking in between the drift
tubes.
I

I

I

I

!-LI

108 MHz

0,6

........ .... 200 MHz
....

0,4 -

-........

-

--------= -

~

_--~

108 MHz

0,2 I

450

I

-

I

0,6

----- -----200 MHz

0,4
0,2

I

750
E kin /keV

450

750
E kin /keV

Fig. A 1.2 - 1: Longitudinal (~l) and transverse (~t) space charge factor
as a function of injection energy Ekin (normalized emittance here 3 TI lum mrad, peak beam current 100 mA; parameter is the Alvarez frequency)
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A comparison is given in Tab. A 1.2-1 between the beam current chosen for
the SNQ, and beam currents achieved in operating proton linear accelerators. With the 800 MeV-accelerator in Los Alamos a 12 mA peak beam current
and a 1.1 mA average beam current is obtained /4/. This is the only existing proton linac in which there is a transition in operating frequency
between the Alvarez and the high energy part, and where special attention
has to be given to the longitudinal phase damping in the Alvarez part.
Other proton machines, as the new CERN-linac or the ones in Brookhaven
(BNL) or Argonne (FNAL) , achieve between 150 and 300 mA peak beam current
at final energies in the 50 to 200 MeV range, but at a comparatively much
smaller average beam current. Hence the beam spill problem is much relaxed
at these machines.
Summarizing: the choice of 100 mA peak beam current is a good compromise
between user demands, feasibility in the near future, and cost arguments;
the value chosen does not represent a sharp physical limit. However, a
peak beam current increase as an improvement program after realization of
the machine is difficult and would require high additional investments
especially in rf power sources. Therefore, this proposal has not been
considered for further machine options.
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new
Proton linear accelerator

SNQ

LAMPF

FNAL-

BNL-

CERN-

Linac

Linac

Linac

final energy / MeV

100

100

200

200

50

1100

800

--

--

--

100
5a )

12

300c )

220

150

1,l b )

0,046

0,44

0,015

- Alvarez accelerator

108

201

201

200

202

- high energyaccelerator

324

805

--

--

450

750

750

750

- Alvarez accelerator
- high energy accelerator
beam current during
macropulse / mA
average beam current /mA
operating frequency / MHz

--

injection energy for
the Alvarez accelerator/keV

750

a) option: 10 rnA, b) the limitation for operation to 0.6 mA results from
the capability of the meson target, c) short pulses, at present, the machine
accelerates H--ions
Tab. A 1.2 - 1: SNQ-linear accelerator parameters in comparison to similar
machines /4,5,6/
Injection energy
The injection energy was chosen to be 450 keV with consideration of the high
average beam current in the injector /7/. This choice reflects the state of
this technique (see Chap. A 1.4).
A higher injection energy would doubtlessly have been chosen by considering
solely beam dynamics arguments. Both the longitudinal and the transverse
acceptance get larger with increasing injection energy. This is shown in
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Fig. A 1.2-3. Here the longitudinally accepted beam current and the normalized transverse acceptance are plot ted as a function of the injection
energy. This estimate is based on the analytic formula which assumes constant focusing parameters and velocity, from which there result too small
values for the longitudinally accepted beam current and also for the
transverse acceptance; however, the parameter dependences obtained are
correct.
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Fig. A 1.2 - 3: Longitudinally accepted beam current 11 and normalized
transverse acceptance Atn as a function of the Alvarez
injection energy Ekin (assumed normalized emittance
here 3 TI mm mrad; parameter is the Alvarez frequency;
analytical estimate, higher beam currents can be accelerated in practice)
The drift tubes and the accelerating gaps at the beginning of the Alvarez
accelerator would be a lesser problem at a higher injection energy. Also,
the quadrupole strength required for sufficient transverse focusing could
realized more easily, especially so for a 200 MHz Alvarez frequency.
Further, the coupling decreases between the radial and the longitudinal
motion, hence also the associated emittance growth would be less.
The rf quadrupole structure (RFQ) /8/ is studied as an alternative to the
dc-preinjector. The proton beam would be injected into the RFQ with only
50 keV energy. The RFQ then takes the protons up to about 2 MeV energy
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over about 2 m length. At this injection energy into the Alvarez accelerator the beam dynamics problems are reduced considerably. The rf
quadrupole field on the RFQ axis is so shaped that it focuses the beam
both transversely and longitudinally, and in addition accelerates the
beam. Hence, the RFQ not only replaces the dc injector but also the
bunching system. Therefore, it looks very promising. Nevertheless, the
described reference concept does not include a RFQ since its development
is not finished as yet. Also, the problem of generating gaps in the macropulse with about nanosecond risetime would still have to be solved (see
Chap. A 1.6). This could probably not be achieved by a fast kicker system
in combination with slots at the 50 keV energy level, as the non-space
charge neutralized beam would diverge too much between the deflector and
the slot. A fast kicker system after the RFQ would have the disadvantage
that the bunches leaving the RFQ would diverge too much both in the
longitudinal and in the transverse direction. Further beam optics elements
as rebunchers and quadrupoles would be required for a rematching of the
beam.
The beam current accepted by the RFQ decreases with increasing frequency;
according to present knowledge 100mA peak beam current can be realized
at 108 MHz, but would be difficult at 200 MHz because of larger space
charge forces /9/.
Operating frequencies for the Alvarez and the disk-and-washer accelerator
The operating frequency for the Alvarez accelerator (108 MHz) and for the
disk-and-washer accelerator were chosen regarding the following arguments
/7,10,11/: The investment costs for the rf installation are lower for the
chosen frequencies than for the also considered alternative 200 MHz/600
MHz (see Chap. A 1.7). The efficiency of the rf accelerating structures
(shunt impedance) increases with frequency; the resulting saving of the
total rf power would be about 20 % at a factor of two higher frequency,
since a constant part is taken by the beam power. The structure construction cost did not show a strong frequency dependence (see Chap. A 1.5).
The handling of the rf tubes, the klystrons, and the accelerating
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structures would be easier at a higher frequency because of their smaller
size. In total, the smaller investment costs for the rf power installation is the dominating argument.
Next, the problems at the 450 keV injection into the Alvarez accelerator
are compared between the 108 MHz andthe more common 200 MHz solution. At
the higher frequency the lengths and gaps of the first drift tubes would
be rather small causing construction problems. The quadrupole gradients
achievable with cooled electromagnetic quadrupoles would not be sufficient.
Consequently, the transverse particle motion would be too close to the
stability limit resulting in a strong transverse emittance growth due to
the phase dependence of the rf defocusing force. Permanent quadrupoles
generate large enough gradients; however, just at the beginning of the
accelerator the quadrupoles should have changeable gradients to achieve
an optimum matching between the buncher system and the Alvarez accelerator
during operation.
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The longitudinal and transverse acceptances are more favourable at the
lower frequency (Fig. A

1.2-3~4)~

and the influence of the longitudinal

space charge force is smaller (Fig. A
for the bunching

system~

1.2··1~2).

The latter is also true

which would be more difficult to realize at

450 keV and 200 MHz /10/. On the other hand~ the transverse space charge
forces are more severe at the smaller frequency.
Summarizing: the problems at injection into the Alvarez accelerator are
easier to solve at 108 MHz than at 200 MHz. Analytical estimates show
that several parameters of a 108 MHz/450 keV solution are similar to
those of the more common 200 MHz/750 keV on /10/.
Next the particle motion in the accelerator after the injection is dealt
with

/7~10~11/.

The acceptances both longitudinally and transversely are

larger at the smaller frequency. Hence there is more clearance available
to accept particles outside the major part of the bunch.
The phase damping is independent of frequency if the accelerating gradient and the synchronous phase are

and if space charge

comparable~

forces can be neglected. The longitudinal space charge forces counteract
the phase damping. The longitudinal space charge factor
the Alvarez

accelerator~

~l

increases along

since the longitudinal focusing rf force de-

creases faster with increasing proton velocity than the longitudinal
space charge force. If

~l

approaches the value

1~

the nonlinearity of

the longitudinal focusing gains in importance: protons trailing the synchronous particle experience only small or even no longitudinal focusing
force any more; their phase damping gets smaller than without space
charge. This effect is more severe at a higher

frequency~

for which

higher proton beam spill would therefore be expected after the transition
to the disk-and-washer accelerator.
Things are different for the transverse particle
verse space chargefactor

~t

motion~

as the trans-

is smaller at the higher frequency. It

follows that the difference between the incoherent transverse tune
(equals the single particle tune) and the coherent tune

~o

~

(equals the

tune of the bunch center e.g. at a transverse beam displacement

=

single
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particle tune without space charge) is larger at the smaller frequency.
In order to avoid transverse parametric envelope resonances II 0 has to
be chosen smaller than 90 0 /12/. Transverse instabilities of third order
can be excited i f II < 60 0 but llo > 60 0 holds /12,13/. For a 200 MHz
Alvarez accelerator one would chose about II

= 35 0 , resulting in a llo

close to 60 0 for 100 mA peak beam current, so that the excitation of this
instability would be highly improbable. On the other hand, the 108 MHz SNQ
Alvarez accelerator has a II

=

40 0 and a llo of about 80 0

,

so that the

appearance of the third order instability is possible in principle.
Also, the transverse emittance growth caused by the phase dependence of
the transverse rf defocusing force is more pronounced at the lower than
at the higher frequency /10/. Detailed multiparticle simulations show for
the SNQ Alvarez accelerator only small transverse emittance growth and no
excitation of instabilities (see below).
In summary: For the Alvarez accelerator the 108 MHz frequency is preferred over that of 200 MHz because of the relatively small 450 keV injection energy. At a 750 keV injection energy or more the advantages
would not be so unequivocal. An accelerator of higher frequency is more
suitable to produce beams of high transverse brightness /14/. However,
an accelerator of a lower frequency can yield a rather higher peak beam
current at the expense of a smaller brightness. This statement is the
more true if a frequency transition is required between different accelerator parts, as is the case for the SNQ. The reserve in acceptance is
larger when lower frequencies are chosen, resulting in smaller beam spill
and activation of the accelerator.
Transition energy and frequency ratiobetween the Alvarez and the diskand-washer accelerator
The shunt impedance of the Alvarez structure decreases rapidly for proton
energies beyond 100 MeV (Chap. A 1.5). Therefore, a transition to an
accelerator type more efficient at higher proton velocities has to take
place in this energy range. This high energy accelerator could operate at
a three to five times higher frequency than the Alvarez accelerator. As
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an example, at the LAMPF accelerator the frequency is increased by a
factor of 4. At this transition the phase damping in the Alvarez accelerator must have progressed so far that all protons can be longitudinally
accepted by the disk-and-washer accelerator. At first, this problem was
studied analytically to resolve the parameter dependencies /7,11/. The
result is that in the energy ranges from 70 to 100 MeV and from 100 to
200 MeV the phase width decreases by about 10 % each. The phase acceptance decreases with increasing energy due to the more and more dominating longitudinal space charge force relative to tile phase focusing. The influence
of non-linearities increases as weil as the probability of longitudinal
emittance growth. Therefore, a 105 MeV transition energy was chosen, at
which the shuntimpedances of the Alvarez and disk-and-washer structures
are about equal. Besides, 105 MeV conveniently fits a practical solution consisting of seven Alvarez tanks.
The disk-and-washer frequency was chosen to be a factor of three higher
than the Alvarez one. To justify this choice the bunch phase width at the
Alvarez exit has to be compared with the disk-and-washer phase acceptance.
Multiparticle simulations yielded 18 0 phase width (measured at 108 MHz)
at the Alvarez output. Choosing a -30 0 synchronous phase for the disk-andwasher part its phase acceptance is about 54 0 at 324 MHz taking space
charge effects into account. This corresponds to 18 0 at 108 MHz which is
equal to the bunch phase width. In the ca se of a factor of four higher
frequency the acceptance would be reduced to 13 0

,

for a factor of five

to 11 0 measurect again at 108 MHz. Between the two accelerators there is a
beam matching section (see below). This contains two rebunchers by which
the bunch phase width could be further reduced, and a possible longitudinal emittance growth in the Alvarez part could be dealt with. The transverse acceptance is largest at the smallest frequency. A large acceptance
reserve is favourable in any case to be able to also transport the beam
halo which develops in the cause of the acceleration. These arguments are
supported by cost estimates for tIte rf installation.
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1.2.3

H--Acceleration

A beam of H--ions could be accelerated simultaneously with the protons
/15/ if they were displaced 1800 in phase. A low intensity H--beam
would represent no additional load to the rf sources, and it could be
separated from the proton beam by simple bending magnets. In case of a
high H--beam quality this concept would be especially suited to feed
nuclear physics experiments e.g. at 350 MeV.
The advantages of increased flexibility for the applications is in contrast to major limitations for the operation. The difficulties start at
the funneling section for thetwo bunches, 1800 displaced in phase.
The two beams differ considerably in emittance and space charge density.
Therefore, they put different requirements to the beam transport, especially also they have different matching parameters. There exists no
solution for the longitudinal and transverse matching to the Alvarez accelerator which is optimal for both beams. Further matching difficulties
exist between Alvarez tanks, and between the Alvarez and the disk-andwasher accelerator. Additional emittance growth and increased beam spill
would be the consequence.
Another problem originates from the fact that steering errors act differently on particles of opposite charge. Steering elements acting independentlyon both beams would be required in the disk-and-washer accelerator which are difficult to realize. A further difficulty consists in diagnosing the parasitic H--beam in the presence of the high intensity 1fT-one.
Simultaneous acceleration of lfI"- and H--beams has been achieved at LASL.
The experience reported indicate major problems: "The general problemof
matching simultaneously

rrr-

and H--beams is one of the major limitations

in machine performance" /16/. It is concluded that for the SNQ project a
simultaneous 1fT-/H--acceleration can only be achieved after having gained
sufficient operating experience.
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On the other hand, it would be feasible to change the operation from

JIl--

to H--ions keeping the beam specification. H--ions offer considerable
advantages for the improveulent of the SNQ: The beam switching to several
targets can be of especially simple design (Chap. A 1.6); H--beams can
more easily be collimateu, and hence they can yield a better beam quality.
Finally, the injection into an accumulator ring can be achieved by charge
exchange (Chap. D 2). However, care has to be taken not to lose the electron weakly bonded to the hydrogen atom by rest gas scatteringor by high
ma5netic fields (Lorentz stripping), because the neutral atom would be
lost from the beam causing activation. An accelerator designed to also
handle a H--beam therefore has to allow for good vacuum conditions, and
the guiding magnetic fields have to be kept below certain levels. These
aspects have been incorporated in the SNQ-design, such that the machine
can be switched to H--operation at a later date.

1.2.4

Low Energy Beam Transport System and Beam Matching to the Alvarez
Accelerator

The low energy beam transport system /17,18/ (Fig. A 1.2-5) has to fullfill
several tasks: First, the beam ha8 to be transported from the dc-injector to
the Alvarez accelerator. Quadrupole triplets produce the required transverse
focusing, keeping the beam cross section as circular as possible to minimize
space charge effects. A 75 cm drift space lies between the 45 cm long triplets.
This choice of spacing has been a compromise between two counteracting design
criteria:first, the drift space should be as large as possible to allow for
plenty of diagnostic and beam handling equipment; second, the drift space
should be as short as possible to yield a small average beam diameter, and
thereby obtaining beam optics dominated by finite emittance rather than space
charge effects; for the lengths chosen 1/3 of the defocusing stems from the
finite emittance, 2/3 from the space charge influence. The average transverse
tune of the triplet system is about 200

,

the beam diameter varies between 22

and 4 mm. The transverse beam envelope is sketched in Fig. A 1.2-5.
It is of great importance for a stable and predictable beam transport to exclude
uncertainties about the degree of neutralization. This requires a vacuum of
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Fig. A 1.2 - 5: Low energy beam transport system
about 10- 10 bar yielding a neutralisation below 1 % in the 500 ~s long
macropulse presenting no problem. This vacuum also would be adequate for
H--ions causing a negligible loss rate.
The following elements are positioned between the triplets (Fig. A 1.2-5):
The beam switch allows to use either of both injectors. A fast deflector
in combination with a slot makes the ends of the macropulse sharp and creates
gaps in the macropulse (Chap. A 1.6). Transverse emittance measurement devices exist between the injector and the bending magnet, in front of the
buncher system, and between the second and the third buncher. The transverse
emittances can be limited by collimators /18,19/. Further elements are beam
current ruonitors, electron traps, and steering magnets to correct the transverse beam position.
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Directly in front of the Alvarez accelerator the beam is matched both
longitudinally and transversely in about 1 m length. Matching means that
for all of the three beam emittances (xx', yy',

r W)

the axis ratios,

and their directions in the phase spaces have to correspond to the respective acceptance values. Hence there are two parameters to be matched
for each space direction. This is achieved by four magnetic quadrupoles
for the two transverse directions. The longitudinal beam matching is
considerably more complex, as the continuous beam has to be bunched to
micropulses: A first 108 MHz buncher produces a velocity modulation on
the longitudinal particle distribution, its amplitude being determined
by the matching requirements. Shortly thereafter a 216 MHz buncher takes
care that the particle distribution in the longitudinal phase space is as
hOIUogeneous as possible to minimize space charge effects. The third 108
MHz buncher directly in front of the Alvarez gives an additional energy
kick to the particles lying outside the longitudinal acceptance, such that
they will be lost at a low energy in the Alvarez accelerator. This is of
special importance for a machine with a high average beam current to keep
the activation low. The distance between the first buncher and the Alvarez
accelerator has been chosen such that the longitudinal focus is about at
the first accelerating gap. In front of the third buncher the beam density
modulation can be detected by a fast beam monitor.
The design and the calculation of the low energy transport system was guided
by a similar one operating successfully at CERN /2,17,18/. The check of the
design by the multiparticle simulation code BUNCH predicts a longitudinal
trapping efficiency between 82 and 87 % depending on the emittance analysis.
The emittances thus calculated are included in Fig. A 1.2-6 (plots at 0.45
MeV) •
At the first glance this bunching schemeseems to be rather sophisticated.
However, its function as weIl as its high reliabilitywas proven by
operating experience at

CEID~.

Due to the use of computer control its

operation presents no special problem despite of the many parameters
independently adjustable.
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1.2.5

Beam Dynamics in the Alvarez Accelerator

After the bunching system the 450 keV beam is injected into the Alvarez
accelerator which takes it up to an energy of 105 MeV. The calculations
forthe beam dynamics were done using computer codes of CERN origin
/20,21/, which were supplemented and further improved. The major parameters for the beam dynamics in the Alvarez accelerator are compiled
in Tab. A 1.2-2. In the following sections only those topics are discussed which are of special importance for a high peak and high average
beam current linear accelerator. Additional information is collected in
the reports /3,7,10,11,13,19,22,23/.
peak beam current/mA

100

frequency/MHz

108

,

energy/MeV

0,45

average axial electric field E/NV m- 1

2

transit time factor T

0,7

synchron.

-35

phase 's/o

105
2
0.87 ..- ....

---28

longitudinal tune/o

-

-35
f-'-'-'---~

2,5

"

transverse tune at 100 mA (ll)/o
transverse tune at

° mA (llo) /0

._----_._---- 1--.

40

40
~'-'''-

83

65

drift tube beam hole diameter/cm

2,8

6,6

100 % beam diameter in the quadrupole/cm

1,8

4,0

95 % beam diameter in the quadrupole/cm

1,4

1,5

rms - beam diameter in the <.J.uadrupole/cm

0,6

0,7

mm mrad

3

6

mrad

0,6

1,2

150

18

74

11

41

6

100 % normalized transverse emittance/

TI

rIllS - norlllalizeCl transverse emittance/
100 % phase width/ o

TI lllIll

95 % phase width/ o
rms - phase width/ o
100 % energy spread/MeV

0,12

1,4

95 % energy spread/MeV

0,10

0,8

rms - energy spread/MeV

0.05

° 35

Tab. A 1.2-2: Beam dynamics parameters of the Alvarez accelerator (results
of multiparticle simulation, only accepted particles taken into account)
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The drift tube beam hole diameter and the ratio of accelerating gap length
to ce11 length was chosen such that the transit time factor T is larger
than 0.7 all over the Alvarez. A smaller factor would result in a too low
accelerator efficiency, and the longitudinal acceptance would be reduced.
The influence of higher order transit time factors would increase, resulting in a less accurate theoretical prediction. The drift tube beam hole
diameter is increased along the Alvarez accelerator roughly proportional
to the third root of the velocity increase in order to take into account
a beam diameter increase due to transverse emittance growth, beam displacement resulting from alignment errors, and beam cross section modulations
caused by beam mismatches.
The synchronous phase

r

0
s is kept constant (-35 ) along the Alvarez accel-

erator for the reference concept to ensure a large longitudinal acceptance.
A decrease of the synchronous phase towards the Alvarez end might result
from a further optimization.
All beam dynamic parameters should vary smoothly along the Alvarez accelerator so that the emittances can adiabatically adjust to the new acceptances. All discontinuous parameter changes lead to beam envelope oscillations about the matched solutions resulting in emittance growth. This
holds especially for the quantities ET and

,S

(E

=

average axial electric

field). Also the Alvarez intertank sections should be as short as possible,
because the built-up of a longitudinal mismatch can scarcely be compensated
by another parameter choice. First estimates require not more than half a
cell length intertank spacing.
Fixing the transverse focusing parameters one especially has to take care
that, first, the focusing is strong enough to keep small the transverse
emittance growth due to the phase dependence of the rf defocusing /10/,
and, second, that the focusing is not so strong as to cause transverse
instabilities by the onset of parametrie resonances /12/. Keeping the tune
~

at full beam current as a fixed parameter, the phase dependence of the

rf defocusing does not depend on the transverse emittance in first approximation. Hence at first

~

=

40 0 was chosen for the synchronous particle

such that the bunch head is just stable transversely. Next, the tune

~o
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for negligible beam current was calculated by the computer code ADAPT as
a function of the transverse emittance;

~o

has to be smaller than 90 0 to

surely avoid the second order parametric resonance (envelope resonance)
/12,24/. The result is for
As

~

~

= 40 0 a

~o

= 83 0 for a 3

TI

mm mrad emittance.

cannot be chosen smaller because of the phase dependence of the rf

defocusing it follows that the transverse emittance at the Alvarez entrance
should not be much smaller than 3

TI

mm mrad.

The next dangerous third order parametric resonance can built up if

~

< 60 0

> 60 0 /12/. This instability region cannot be avoided for a 108 MHz
Alvarez frequency choice. Analytically the two most important properties
but

~o

of this resonance were estimated /13/ : the amplification factor is such that
at resonance aspace charge density modulation will be enhanced by a factor e in about eight Alvarez cells causing a large emittance growth; the
resonance width is relatively sharp namely + 4.5 0 around the 60 0 center. A
relatively small tune variation could therefore avoid this instability.
This conclusion indicates that for a high peak beam current linear accelerator the quadrupoles gradients must undoubtedly be variable to allow an
optimum setting of machine parameters to minimize beam spill.
Multiparticle simulations were carried through to check the Alvarez design.
A major problem in such calculations is the modelling of the space charge
forces by macroparticles carrying about 3 x 10 6 proton charges for the SNQ
case. Thereby the probability for the occurance of close collisions between
macroparticles is enhanced by the same factor compared to the proton beam,
and the computer results can get doubtful. In existing computer codes the
close collisions between macroparticles are avoided by limiting the forces
at small distances more or less arbitraryly. In the calculations reported
here, the macroparticle occupies a finite volume over which its charge is
assumed to be distributed homogeneously. This volume is chosen such that
the sum of all macroparticle volumes equals the bunch volume. Test runs
showed that the results based on this model depend only weakly on the model
parameters such as the number of macroparticles and the macroparticle
volume.
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In general symmetry assumptions for the space charge forces are made for
such calculations to save computing time. This is not allowed when looking
for instabilities depending strongly on asymmetries as is the case e.g.
for the parametric third order instability. No symmetries were assumed for
the calculations presented below. However, the beam at injection is assumed to be ideallyon the accelerator axis.
The results of the multiparticle simulations by the code MAPRO are shown
in Fig. A 1.2-6 to 9. The initial distribution at injection into the
Alvarez accelerator was obtained from the program BUNCH using parameters
of the bunching system /17,18/. The initial distribution at the beginning
of the bunching system was assumed to be ellipsoidal and hOIUogelleous in
the four-dimensional transverse phase space.
Two-dimensional phase space projections for the accepted particles are
shown in Fig. A 1.2-6 for different energies along the Alvarez accelerator.
The longitudinal phase damping can clearly be seen in the upper series,
the beam profile in the real space is presented in the lowest series. The
built-up of the beam halo is obvious; however, its extension is small relative to the apertures which are off scale in these pictures. This holds
especially also for the phase, so that no special problems are to be
expected at the frequency transition to the disk-and-washer accelerator.
No transverse instabilities are detected. The other pictures show the
decrease of the non-normalized emittances xx' and yy', and also of the
angles x'y' aue to the proton velocity increase along the accelerator.

The normalized rms-emittances along the Alvarez accelerator are shown in
Fig. A 1.2-7 calculated from the accepted particles only. The transverse
emittance increase is largest at low energies being relatively small beyond
20 MeV; longitudinally the situation is reversed which can be understood
by the extremely small longitudinal tune towards the Alvarez end. The
oscillations can be related to mismatches. One cause of mismatch is that
the Alvarez parameters were optimized for a 100 mA peak beam current;
however, for the calculations reported a 125 mA beam was injected into the
Alvarez accelerator to allow for bunching losses; from this 112 mA were
accepted and accelerated in the simulation.
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Hence 10 % beam loss results from the insufficient bunching. The heat load
caused by this loss inside the beam holes is at its maximum 110 Watt per
drift tube (Fig. 1.2-8). The last macroparticle loss in the calculation
happened at 13 MeV design energy with an 12 MeV actual energy. An accelerator
activation by this kind of particle loss is small; however, the beam tubes
have to be cooled.
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Fig. A 1.2 - 8: Beam power load PD per drift tube at 5 % duty cycle
resulting from particle losses due to insufficient
bunching as a function of thedrift tube number N and
the proton energy Ekin (multiparticle simulation with
2000 macro particles; large statistical errors above

2.5 MeV)
Information about the bunch density distribution is given in Fig. A 1.2-9
both for the transverse and the longitudinal direction. The relative large
transverse extension of the beam halo could be cut down effectively by apertures inside the drift tube beam hole in the energy range from 4 to 8 MeV:
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circular diaphragms with 1.2 cm hole radius would intercept only about 1 %
beam current (about 300 W), but thereby reduce the "maximtnn" beam radius in
the Alvarez accelerator from about 2 cm to about 1.5 cm. Also in the longitudinal phase space, that is in the phase and energy distribution functions,
a halo is detectable: at 105 HeV the phase width for "100 %" of the beam is
18 0

,

whereas for 95 % it is only 11 0

;

the energy width for "100 %" of the beam

is 1.4 MeV, whereas for 95 % it is down to 0.8 MeV.
1.2.6

Beam Matching at 105 and 350 MeV

The parameters of the longitudinal and the transverse particle motion change
discontinuously at the transition from the Alvarez to the disk-and-washer
accelerator at 105 MeV. Therefore, the axis ratios of the three emittances
and their directions in the three two-dimensional phase spaces (xx', yy',
yPW) have to be matched to the newacceptances /25/, in order to avoid
emittance growth due to mismatches which would cause increased particle loss
in the disk-and-washer accelerator. To this end, a precise measurement of
all beam parameters is necessary in the matching line. Hence there must
be sufficient space for the required diagnostic equipment (Chap. A 1.3),
and for a bending magnet to measure the energy spread followed by a beam
guidance system to a beam dtnnp.
The matching of the longitudinal parameters phase width and energy spread is
done by two rebuncher cavities operating at 324 MHz. They are similarto
the first disk-and-washer tank. The total length of the transition line is
27 m. The beam transport and the transverse matching procedure is done with
8 magnetic quadrupole doublets. For beam steering there are two pairs of
steering magnets. Each pair has two dipole magnets which are acting separately
on both transverse directions. In front of the second steering magnet there
is one beam position monitor, the second one is located further downstream.
All magnetic fields are below 1 T, such that Lorentz dissociation can be
neglected for the H--option /26/.

- 44 The position of the elements and the behaviour of the bunch envelopes are
shown in Fig. A 1.2-10. The calculations were done with the linear transport program ENVELO including space charge effects. The design is not
optimized as yet.

3
E

u
--..
2
(f)
Cl)

00
Cl)

>
c
Cl)

10m .1

201m

I
1

A

.

B

1

1

I

I

1

1

I

B

I
I

DW
I

I

I 1

~'-•.'.-•.·~-i.-·--t=j·~-J!~M·~
A

AI varez

M

bendin g magnet

Du

doublet

DWDisk-and-Washer

B

bunch er

J

'-'-'-,
"

steering magnet

Fig. A 1.2 - 10: 105 MeV beam matching section: beam envelopes and beam
line elements
At a proton energy of 350 MeV there is a fast ejection line for a small.
fraction of the beam to feed nuclear physics experiments (Chap. A 1.6),
and the transverse focusing periodicity of the disk-and-washer accelerator
is changed. For both reasons arematching of the beam is required. The
design of the matching line is similar to that at 105 MeV. Its total length
is 30 m. Besides two 324 MHz disk-and-washer rebunchers it contains magnetic quadrupole doublets, steering magnets, diagnostic equipment, and also
a fast beam kicker systeln. The bending magnet for the fast ejection line can
also be used for an energy spread measurement.

- 45 Some nuclear physics experiments require a small energy spread beam. This
can be achieved using the last three disk-and-washer tanks in front of
the 350 MeV transition line to rotate the longitudinal phase space
ellipse. By this means about a factor of five smaller energy spread can
be obtained at the expense of a larger phase width. After the ejection
line the next three disk-anu-washer tanks rotate the longitudinal
emittance back to match to the subsequent accelerator part.

1.2.7

Beam Dynamics in the Disk-and-Washer-Accelerator

After the 105 MeV beam matching section the beam is carried by the diskand-washer accelerator to 1.1 GeV energy. Theoretically this is a much
easier task than the beam matching and acceleration at the beginning of
the Alvarez accelerator. The reason is -chat the proton momentum has increased by about a factor of 15 compared to ttle start of acceleration.
Therefore, a given force causes a relatively smaller momentum change,
the beam has become stiffer. Furtller, a given moment um change causes the
same change in position only after a factor of 15 larger distance, as also
the proton velocity has increased by nearly the same factor. Next, the
bunch volume has increased due to emittance growth and longitudinal bunch
lengthening (proportional to (ß y)1/4); consequently, the space charge
forces are reduced. Also, the beam self-focusing by means of its own
magnetic field is more favourable (prolJortional to (1-ß)2). The rf field
forces do not depend on the proton velocity for a fixed accelerating
gradient. Altogether, the beam dynamics problems have decreased considerably.
These facts are taken advantage of by increasing the distance between the
transverse focusing elements and changing over to intertank focusing by
means of magnet doublets. The accelerating gradient can be optimized with
regard to cost optimization, peak electric fields or other constraints,
uisregarding beam dynamics (Chap. A 1.5). The transverse acceptance is
dOluinated by geometrical effects. Compared to the situation at the AIvarez injection the longitudinal to transverse coupling of the particle
motion 1s now only aperturbation of higher order, because of the higher
proton velocity, the higher frequency, and the smaller phase length of
the bunch /10/.
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Taking all arguments together the conclusion can be drawn that the beam
dynamics in the disk-and-washer accelerator can be described well by
fairly simple models with the exception of the particle loss problem.
The detailed arguments and results leading to the beam dynamics layout
of the disk-and-washer accelerator are compiled in the reports /11,26/.
Table A 1.2-3 collects the main results. At 350'MeV there is a change
in focusing periodicity, the rf tanks becoming twice as longe
The disk-and-washer accelerator design was checked by a multiparticle
program /27/. The matching parameters for this calculation were not
optimized as yet. Nevertheless, all macro particles were transported
through the disk-and-washer accelerator without any loss. Fig. 1.2-11
shows the transverse beam envelope as a function of the proton energy.
The beam diameter stays about a factor of 2 smaller than the beam hole
up to 350 MeV energy. In the present design the beam was not properly
matched to the change of the transverse focusing periodicity which
caused large envelope oscillations thereafter. This can be avoided in
an optimized design.
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Fig. A 1.2-11: Transverse beam envelope along the disk-and-washer
accelerator, Ekin
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Tab. A 1.2 - 3: Beam uynamies parameters of the disk-and-washer aeeelerator, analytieal estimates
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1.2.8

Tolerance Requirements for the Disk-and-Washer Accelerator

In the disk-and-washer accelerator even small deviations from the design
parameters could result in particle losses because of the large length
of this part. For this reason tne influence of realistic tolerances on
the transverse bearn motion was studied /28,29/. The following errors
were taken into account for quadrupoles, doublets, and rf tanks:
(i)

parallel displacement of the longitudinal axis and rotation
about the trausverse axis

(ii)

rotation about the longitudinal axis
(for quadrupoles anti doublets ouly, since rf tanks are rotationally
symmetrie)

(iii) field errors
(iv)

displacement in the longitudinal direction

For the calculation of the bearn displacement and of the beam size
increase, the beam optic elements were treated as thick lenses. Space
charge was neglected, as it has only a higher order effect. Two major
results were obtained:
- Parallel displacements and rotation of type (i) only cause a beam
displacement in linear approximation; the bearn cross section and
the emittance remain unchanged. The beam can be readjusted by means
of steering magnets.
- The errors of types (ii) to (iv) do not change the beam center, but
couple the two transverse emittances. Therefore the average beam radius
increases.

For the tolerances assumed below the main perturbation is caused by
parallel displacements and rotations (i) of the quadrupoles. The
quadrupoles have to be preadjusted with higher precision inside a
doublet than is necessary later for positioning the doublet relative
to the ideal beam axis. To obtain quantitative results the required
tolerances were estimated by statistical methods. The results quoted
below therefore are average standard deviations over the total diskand-washer length. The errors were assumed to be distributed
homogeneously both for each single error interval and along the
acce.Lerator.

- 49 The maximum error intervals on which the estimates are based can be realized in practice (Chap. A 1.5). They are for errors of type (i):
quadrupole deviation from the doublet axis: < + 0.3 mm
doublet deviation from the ideal beam axis: < + 0.5 mm
rf tank deviation from the ideal beam axis: < + 1.0 mm

An average quadratic beam deviation froIn the ideal axis of 18 mm results
from these errors at the disk-and-washer end. For comparison, the beam
radius is about 15 mm, the aperture radius 40 mm. In case a maximum beam
displacement of only 5 mm is desired, this could be achieved by 7 steering
magnet pairs.
The following maximum error intervals were used for errors of the types (ii),
(iii), and (iv):

-

quadrupole or doublet rotation about the ideal beam axis: < + 0.2 mrad
< + 0.1 %
magnetic field gradient deviation:
electric field deviation:
length tolerances:

< + 0.1 %
< + 0.2 %

From these error types results a beam radius increase of 1ess than 0.7 mm
at the disk-and-washer end.
Summarizing: errors of type (i) are of largest importance; however, they
only cause a beam displacement which can be counteracted relatively easily
by means of steering elements.

1.2.9

Beam Spill

The proton beam can be transported with a high reliability through the
linear accelerator. particle losses can result from the built-up of a halo
around the main part of the beam, whose density decreases more slowly than
theoretically expected with increasing distance from the bunch center /30/.
The causes for the halo built-up are manyfold: principal deficiencies of the
accelerator, non-optimal parameter choice because of approximate calculation
metnods, and the summation of many calculation deviations of accelerator
parameters from their design values. The most important metnods to minimize
the beam spill are control and adjustment of the accelerator parameters during
operation, beam limitations by aperture systems at weIl defined locations,
and beam apertures chosen to be about twice the size of the beam /19/.
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Beam spill due to principa1 deficiencies of the acce1erator
All beam optics elements have abberations which have to be kept be10w
predetermined limits by a proper design. This ho1ds for examp1e for the
acce1erating co1umn of the injector, for the magnetic quadrupoles, for
the bunchers, and especia11y also for the acce1erating structures.
Abberations lead to emittance growth through fi1amentation. The bunching
system creates an inhomogeneous density distribution in the longitudinal
phase space which can cause emittance growth via the space charge forces.
The longitudinal focusing force in the acce1erator is high1y non-linear,
especia11y for high space charge forces, resu1ting in further fi1amentations
in the longitudinal phase space /13/. The longitudinal temperature in the
bunch is for the SNQ parameter choice 1arger than the transverse onej
space charge coup1ing can yie1d a temperature exchange between the phase
spaces causing transverse emittance growth. The major parametric resonances
of the partic1e motion can be avoided by a proper parameter choice; those
of higher order cannot be exc1uded, however.
Each discountinuity of the longitudinal or of the transverse periodicity
requires a beam rematching. Resu1ting mismatches lead to emittance growth.
Examp1es for such discontinuities are the buncher system, the intertank
sections in the A1varez acce1erator, and the matching 1ines at 105 and
at 350 MeV.
The estimated transverse emittance growth caused by these effects will
be about a factor of 2 each between the ion source and the A1varez,
a10ng the A1varez, and also a10ng the disk-and-washer acce1erator.
Aperture systems in the 10w energy beam transport system, in the
A1varez acce1erator, and also in the matching sections at 105 and
350 MeV limit the transverse emittance, hence cut away the halo.

Despite these measures a new halo will bui1t-up slow1y after each aperture
system by means of the imperfections of the subsequent acce1erator part.
Partic1e 10ss due to proton - proton scattering inside the bunch is
neg1igib1e /23/.
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Approximate calculation methods
An exact beam dynamics calculation would require self consistent solutions
of the Vlasov equation under the real boundary conditions given by the
accelerator design. This is impossible to achieve in this generality,
solutions are only known for special cases under idealized assumptions.
Multiparticle simulations are not self-consistant, especially the initial
phase space distribution is idealized. Nevertheless, they allow a good
description of the rms-emittances /1/, whereas the predictions for the halo
are much more uncertain. The statistical accuracy for the halo can be
improved over that of existing multiparticle codes by tracing halo particles
in precalculated space charge fields. This method is under development.
Systematic errors can stem also from idealized models for the external
fields: higher order moments are neglected in the quadrupole fields; the
action of the rf fields is approximated by thin lenses, and taking
velocity changes over the element into account only up to first order.
The Justification for the idealizations is obtained from more accurate
test calculations.
It follows that the aim of the beam dynamics theory can only be to study
the influence of various effects on the beam spill separately, and to
develop methods to minimize the beam spill empirically during operation

/19/.
Beam spill due to finite parameter tolerances
In operating the accelerator deviations of actual parameters from their
design values are unavoidable. Some parameters of special importance
for the beam spill are: vacuum conditions; peak beam current; injector
voltage; buncher fields and phases; accelerating fields and phases;
quadrupole currents; mechanical alignment of the Alvarez drift tubes,
the Alvarez tanks, and the doublets between the disk-and-washer tanks.
The influence of such errors can be estimated by statistical methods
(1.2.8) from which the tolerance requirements can be deduced.

- 52 Methods to minimize beam spill during operation
To enable the miniluization of beam spill during the accelerator operation,
weil ueveloped diagnostic and feedback techniques are required for various
accelerator parameters (Chap. A 1.3). An unambiguous judgement of error
causes is only possible if the influence of given parameter changes on tlle
beam quality is weIl known. The computer system helps in the quick
analysis and localization of errors.
Operation experience
A prognoses about the beam spill and the resulting activation to be
expected for the SNQ accelerator can be guided by the operating experience
with the 800 MeV proton linear accelerator in Los Alamos

(L~WF)

/16,31/.

At present this accelerator routinely acltieves 0.6 mA average beam current.
The accelerator tunnel is accessable soon after machine shut-down. Beam
spill is no serious problem any more for this linear accelerator. Right
now it could accelerate already 1.1 mA average current, the limitation
being solely the meson target design.'
According to this experience there exists a good chance that beam spill
can be kept small also in the SNQ accelerator.
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- 59 A 1.3

Beam Diagnosis

1.3.1

Introduction and Design Fundamentals

The loss-free transport of the proton beam from the ion source to the target is of particular importance for this high current linear accelerator.
The problem can be solved only by means of an extensive beam diagnosis.
It must be expected that comprehensive beam diagnosis will be necessary
during the entire lifetime of the machine. It will initially play an important role in the first commissioning because the beam itself constitutes
the most accurate probe, testing the performance of the individual components. Subsequently, as in all big accelerator systems, a process will
start of many years of optimization during which tne characteristic parameters of the beam must be measured and a comparison made with the beam
dynamics calculations. Although for the subsequent routine operation of the
system less diagnostics elements will be used for monitoring, quite a considerable number of them must be employed during the start-up phases and,
in particular, for trouble shooting.
The diagnostics elements presented below have been selected on the basis
of studies of devices in comparable accelerators.
According to experience gathered, the following criteria are important in
selecting the techniques:
- no beam interrupting techniques
- no electronics close to the beam, use of radiation resistant materials
- low expenditure in terms of time for the measurements
- capability of convenient and quick re placement
- similar techniques to be applied over the entire range of energies
- suitability for processing by computer.
These conditions can be largely fulfilled with the familiar configurations.
However, it is pointed out here, that the accuracy of techniques presently
known will not be sufficient in most cases to assign the reasons for small
beam current losses (beam halos) in an unequivocal manner. However, diagnosis
is capable of examining the extent to which the hot spot (

95% of the inten-

- 60 sity) of the particle beam has been adapted in an optimum way to the accelerator structure.

1.3.2

1ntensity Heasurements

All intensity measurements are non interceptive. The measuring system described is used to fulfill the following tasks:

- intensity display in the control room
- detection of losses )10- 3 x 10 (fast shut-down)
- display of the time dependence of macro-pulses
- observation of variations in intensity
- standardization of other techniques of measurement (e.g., in emittance
measurements)
- controlling signals (e.g., for high frequency systems).
It is planned to perform non interceptive measurements of the intensity
and the macropulse shapes by providing current trans formers at about 20
locations along the accelerator. The measurement transducer is a toroidal
ferrite co re of high permeability (Fig. A 1.3-1) equiped with 100 windings
/1,2/. An additional winding is used for calibration.
The beam pulse passing througll induces a signal which is proportional to
the beam current Io(t). With modern ferrite cores transmission of the macropulse rise and decay times does not cause problems (bandwidth 1 Hz-35 MHz).
To obtain accurate measurements of intensity, the decay time constanttt
L/K o must be made to last as long as possible during the pulse maximum.
~Jith a typical inductivity (LN N2) of 0.5 Hand a total resistance of 5n..

this yields

~

=

0.1 s. To make very accurate measurements, an amplifier systeni

has been developed at Los Alamos (100 HHz bandwidth) in which the effective
input resistance was reduced by a factor of 50 so that the decay is 0.01 %
at

500~s

pulse length. The accuracy of current intensity measurements is

indicatect to be 0.01 % for this system /3/.
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/

Jf

BEAM

/

CALIBRATION SIGNAL

/

/

SIGNAL OUTPUT

/
FERRITE CORE

Fig. A 1.3-1: Principle of the toroidal current transformer for
intensity measurement

1.3.3

Heasurements in the Transverse

Phase Space

For an accelerator to be operated with extremely small losses of beam current
the measurements of the transverse.

(at right angles with respect to the

direction of acceleration) beam properties become special importance. Information derived frorn these measurements is used to solve the following
problems:

verification of beam quality (erl1ittance) in the low energy beam transport
system accordinb to the Alvarez aild according to the Disk- and Washerstructure
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- solving the beam matching problems
- focusing the beam on the nominal axis
- examination of the beam halo.
Transverse

Emittance

In accelerator physics the coordinates x, x', y, y' are normally used to
describe a particle beam in terms of space with the variables x', y'
constituting the angles with respect to the beam axis (z-axis). On given
assumptions the particles in the phase space can be represented in subspaces
decoupled from each other. The emittance is defined as

::. A 17'(
i.e. f

is the area in which the coordinates of the beam particles lie

(eh. A 1.2 uses the normalized emittance €n = t~E.). I t is implicitly assumed in this consideration that, within the area of emittance, all coordinates x, x' occur with the same abundance and that the boundary of emittance
constitutes at the same time a sharp edge of the beam.
But actually the particle densities averaged over time are very different
for different x, x' coordinates. The measurement of the shape and orientation (if the measured values are circumscribed by an ellipse) of the area
of emittance is so important because it is directly incorporated into the
beam dynamics calculations in this form (see eh. A 1.2).
Three methods exist of measuring transverse

emittances:

I.

The method of three spaces (tomography) /4/

11.

The gradient method /5/

111. The scanning method /6/
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I.

The method of the three spaces (Fig. A 1.3-2) calls for a measurement
of the beam profile at three points in a known achromatic transport
system (see following section). Assuming that the area of emittance
is elliptical and the transformations from P2 and P3 are known, the
forIn and orientation can be derived mathematically from the measured
beam cross section.

Ir.

In the gradient method the beam profile is measured as a function of
the excitation of a known (transfer matrix) quadrupole doublet (Fig.
A 1.3-3). Also here a mathematical formalizm exists which, under the
same assumptions as in r., allows the determination of the form and
orientation of the area of emittance.

111. The scanning method consists of collimating by means of a slit in the
x or y plane a small partial area from the main beam (Fig. A 1.3-4).
The position of the partial area shall be given by srnall xi. The related divergence is determined by measurement of the intensity distribution at a distance L.

POSITION FOR
PROFILE MEASURcMENT
),
x"IJ

1

SCANNING SLIT

~

X

~

--------

L
P1

: P2

Fig. A 1.3-4: Principle of the scanning method for lIleasurement
of the transverse

emittance

BEAM

~

,
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x·1
L

The shape and position of the areas of emittance can be calculated from the
geometric data and the rneasured current distribution. Since no additional
assilluptions are made beyond those of method I and 11, statements are also
possible concerning

- the density distribution in the phase space
- the fraction of total intensity in the surrounding
ellipse (normally 95 %).

But this method, except for tbe solved problem (e.g. at GERN) of controlling
the hit,h intensities at the defining slit, presents two physical complications
which are connected with the high beaUl current:

- Space charge effects influence the beam between the slit and the collector,
especially at low energies in the low energy transport system. This influence may be minimized by optimizing the distance L (in our case about 50 cm)

/8/.
- Secondary electrons genera ted at the defining slit call be accelerated back
into the incoming beam and have an impact there on space charge compensation.
At GERN /9/, the influence of this effect was reduced by application of a
bias voltage (in our case 1000 V).
Despite these complications the scanning method i8 currently the best method
of measuring the transverse.

emittance anti therefore two units of this type

are proposed for the low energy beam transport system. The technical details
from GERN can be cOlllpletely taken over (slit width: 0.1 mm, material: tungsten,
collector: 32 tungsten plates each of 0.1 mm thickness anti insulated (A1203)
with respect to each other).

- 66 A measurement unit working on the same technique will be provided at the
outlet of the Alvarez system at 105 MeV. It will be used as an alternative
to measurement by method I which can be made in addition. The unit was designed at Brookhaven /10/. The slits (1 mm wide) part1y absorb the beam
energy

(3~n

copper at 105 MeV imp1y a loss of energy of about 10 MeV). Due

to angle and energy stragge1ing, the beam outside the slit e1uminates homogeneous1y the plain of profile measurement (distance 7 m). On this background (1% of the maximum current signal at this point) the profile is
measured by a wire scanner (see be10w).
At present, intensive work is being carried out in order to further improve
and validate the a1gorithms for reconstruction techniques (method I). It can
be expected, that sufficient1y re1iab1e information about the emittance can
be extrated by this much more convenient method (in terms of performance,
activation) which, at the maximum energy according to the disk- and washerstructure, has no alternatives. All measurements performed under method 111
are made with a reduced beam pulse 1ength of

100~S,

at fu11 peak current,

and a frequency of about 1 Hz.

Beam Position and Profile Measurements
The most sensitive measuring system of the position and profile is the wire
scanner shown schematica11y in Fig. A 1.3-5 which is moved through the beam
plane via a stepping motor.
The wire scanner consists of a thin (1/10 mm) graphite wire through which
the beam passes practica11y without 10ss (energy 10ss at 10 MeV about 0.96
MeV; at 100 MeV about 0.13 MeV and at 1000 MeV about 0.02 MeV). The secondary
e1ectron current is measured which amounts to on1y some % of the proton current (3-4 % at 40 MeV; 1-2 % at 200 MeV) /13/. Although on account of the
missing moving devices the mu1ti-wire assemb1ies (harps) seem to be more
suitab1e at first sight, they are not proposed for app1ication in the accelerator zone for the fo110wing reasons:
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- The spacia1 resolution of harps is poorer by at least a factor

5~

- Since they interrupt the beam repeated1y, harps may cause a sensitive
10ss measuring system to react.
Harps may inf1uence the beam, especia11y at 10wer energies so that
simultaneous measurement at severa1 points is not possib1e.
- The secondary e1ectron yie1d is inf1uenced by surface effects i.e., different aging of the wires exerts an inf1uence on profile measurement /14/.

0,1 MM GRAPHITE WIRE

..-/ BEAM PROF I LE

SPRING

Fig. A 1.3-5: Princip1e of a beam profile measurement

- 68 Another very important property of these wire scanner consists of the fact
that beam halo measurements can be made with them. Intensities of
(10- 5 of our peakcurrent) can be detected /15/.

Non-intercepting Prob es for position Measurement
To focus the center of mass of a charged particle beam to the nominal axis
it is suitable to rneasure the position simultaneously at many points. For
this purpose an inuuctive decoupling of the beam signal, as shown in Fig.
A 1.3-6, is to be used. In the electronic system connected in series (according to the heterodyn principle) (Fig. A 1.3-7) the fundamental wave of the
Fourier spectrum of the micro-structure pulses is further processed. A very
similar configuration used at Los Alarnos /16/ allows beam deviations of
... 0.1 mm from the nominal axis to be detected. Also the connection with
aAt-probe (copper ring for decoupling of the time signal) shown in Fig.
A 1.3-6 was taken over from Los Alamos. This configuration offers the advantage for position measurements that their function can be verified by

DECOUPLING LOOPS FOR
MEASUREMENT OF BEAM
POSITION

BEAM

FAST CAPACITANCE
MEASUREMENT OF
PHASE POSITION
(L'lT-PROBE)

o
I

5

Fig. A 1.3-6: At-probe and non-interrupting position measurement
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Fig. A 1.3-7: Detection electronics for measurement of the position
(non-interrupting)

1.3.4

accordin~

to the heterodyn principle

Measurements in the Longitudinal Phase Space

1he accurate setting of the rf-accelerator structures, of the bunchers and
rebunchers, calls for the most accurate possible knowledge of the beam intensity distribution in the longitudinal phase space. On ac count of the
large expenditure, a complete measurement of the emittance in the (1-1,

Cf)-

space was dispensed with, which is e.6. performed at the 50 MeV Linac at
CEm~

/17/. With the help of the methods described the following tasks shall

be solved:
- adjusting the bunchers in the low energy aud beam matching ranges
- setting the rf-accelerator structures with respect to the arnplitude
and phase.

- 70 The requirements for measurement of the beam time structure result from the
fact that the beam at the input of the Alvarez structure is initially compressed by the buncher system to about 700 (1.8 ns). In the course of acceleration the phase width is reduced adiabatically. This means e.g., that
the beam behind the Alvarez accelerator has already been compressed to about
0.4 ns. To measure the real phase width adetector should be used whose rise
time reaches at least half the value of the variable to be measured. AssUluing
that the rise time ~A/ns and the band width fB/GHz are interconnected according to "tA x, f B ~ 0.35 the requirement of about 2 GHz bandwidth is obtained
for the detection behind the Alvarez unit. This constitutes the limit of fast
real time oscilloscope presently on the rnarket but it is no problem with
sampling oscilloscopes.
Capacitive probes are proposed as measurement transducers /18/. But in the
low energy range a coaxial Faraday cup should be u8ed during the building
up phase to have a cross check with the capacitive probe to be provided there.
Neither method is capable of furnishing quantitative statements concerning
"tails" in the longitudinal phase space. For this purpose a method employed
at Los Alamos, the so-called phase scallning, 8eems to be better suited. Therefore, it will also be described below.

Coaxial Faraday Cup for Measurement of Phase Profiles
The Faraday cup developed with GSI can be used after minor modifications have
been applied /19/. The ions (450 keV) directly hit the front face of a coaxial
cup inner conductor (50Slwave resistance). To suppress the secondary electrons
and to shield the leading electric field of non-relativistic charged particles,
an inner conductor will be provided and a grid which can be connected with a
low impedance high voltage source.

Capacitative Probe for Measurement of Phase Profile
The decoupled current can be calculated for a cylindrical probe of the length
Land the radius r o to be:
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-eH:
~

The following facts must be taken into account when fixing the optimum
probe geometry /20/.
If

~

and r o are given, the signal shape and amplitudes depend mainly on
L/~c At (probe length/geometric bunch length).
Shorter probes provide a better image of the bunch shape but a smaller
signal amplitude must be expected in this case.
In a high current accelerator the time resolution may be improved by a
short probe length (5 mm) at the expense of a relatively small signal
amplitude.
There are different possibilities of determining the bunch width At from
the signal development. For the bunch width of 1.8 ns at the input of the
Alvarez system the bunch width At can be determined with good accuracy
from the following relation:

where u max is the maximum value of the measured signal amplitudes and
(du/dt)u=O the slope at the point of signal zero crossing.
For pulse widths corresponding to that in the Alvarez accelerator it is
recommended to make a Fourier analysis of the probe signal by means of a
spectrum analysis and to determine At from the development of the amplitude
spectrum in the frequency range /20/.

- 72 phase Scanning for Measurement of Phase Profiles /21/
Linear accelerators posess a weil defined

(w,~

)-range in which they are

capable of accelerating particles (acceptance). Such a range has been represented in Fig. A 1.3-8. If one varies the phase of an accelerator tank
and measures at the same time the intensity at the nominal energy fixed
A 1.3-8 will be found. Signal differentiation along the front ABC yields
the phase width of the bunch. The nominal energy can be either determined
by introduction of an absorber layer behind the structure, which corresponds
to the nominal energy, or oy magnetic analysis of the beam. In our case it
is advisable to use the deflecting magnets to the beam catchers.

w

ACCELERATED BEAM

~WITHIN THE (W,tP) ZONE

INTENSITY OF THE
ACCELERATED BEAM IN
OF MAXIMUM VALUE

%

NOMINAL PHASE

100

INFORMAT10NABOUT
PHASE WIDTH

50

OL.----::..------L----..::....--~

Fi 6 • A 1.3-8: Principle of phase scanning for lueasurement of the
phase width and tne phase acceptance
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At-Probes /22/
At-probes are plain ring eapaeitors (Fig. A 1.3-6) whieh filter out the
fundamental wave from the microstrueture of the bunehes (signal amplitude
0.1 mW per 10 mA of peak eurrent). Preeise eomparative measurements of
phases relative to the phase axis (Fig. A 1.3-9) allow

the

measurement

of the energy gain, the phase position of the bunehes, and the absolute
energy in the respeetive aeeelerator tanK. The Ineasurement proeedure requires that all struetures preeeding the tank position No under eonsideration have already been adjusted and that all tasnks N > No have been
turned off. The interesting tünes tB and tc are determined from eomparative measurements with the tank No turned on and turned off, respeetively,
in ortder to eliminate the effeets of differenees in the delay times:

Where tAB and tAC are the times of flight of the buneh from A to B to C.
It ean be expeeted from experienee gathered at Los Alamos that the time tB
and tc ean be measured with the aeeuraey of 13 ps (Q 0.5 0 at 108 MHz) in
a reproctueible manner.
61- Probe
'-Tank N - '

+---·E

Tank

N+1---P'

-------i:-+-

_AMPLI FI ER
AND FILTER

108

MHZ
PHASE
REFERENCE

PHASE BRIDGE FOR
ZERO ADJUSTMENT
~ COMPUTER

fig. A 1.3-9: Prineiple of phase position measurement with the

~t-probes
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1.3.5

Beam Loss Measurements

Loss monitors are installed at significant points along the accelerator.
By detecting secondary radiation (fast neutrons and x-rays) these
monitors are to solve the following tasks:
- Measurement of the loss profile along the accelerator
fast (", 3

f

s response time) detec tion in case the tolerable current

los ses are exceeded
- precise measurement of the dependence on time of the beam current
losses in the macro structure (beam-loading-effects).
In principle, cheap ionization chambers or simple liquid scintillators
can be used as measurement transducers. Unequivocal arguments in favor
of one or the other system cannot be derived from experience gathered at
Brookhaven (ionization chambers) /23/ and at Los Alarnos (scintillators)

/24/. The major arguments in favor of the ionization chambers are:
- long-term stability of the response sensitivity due to the plateau

- the high resistance with respect to radiation damage.
At Los Alamos, where very extensive beam loss diagnosis is performed,
the arguments in favour of the scintillators are:
- fast response times

(~100

ns)

- simple variability (change of voltage at the photo multipliers) of
the sensitivity over several orders of magnitude.
The scintillator photo-multiplier system is more flexible in every case,
which is certainly an advantage in the adjusting and training phase at the
linear accelerator. Therefore, a simple system of this type is proposed
(Fig. A 1.3-10).
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Fig. A 1.3-10: Sirrp1e scinti11ation measuring system for lass
measurements.
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1.3.6

Arrangement of the Beam Diagnosis Elements along the Accelerator

The diagnostic elements compiled in Table A 1.3-1 have been arranged along
the accelerator as shown in Fig. A 1.3-11. An attempt was made to improve
the reliability of results by providing for some measurements to be made at
the same point using different techniques. Examples are:
- phase profile measurement at the input of tlle Alvarez accelerator
through a coaxial Faraday cup and a fast capacitance probe
- emittance measurement at tue output of the Alvarez accelerator through
a conventional slit detector configuration and tomography
position measurements in the DAW range through wire scanners and the
non-interrupting inductive techniques.
In the Alvarez zone several diagnostic elements had to be combined in a vacuum
chamber between the tanks (Fig. A 1.3-12). The consequence of this was that a
nwuber of measurements can be performed only as alternatives. For the DAW zone
a somewhat simpler but compatible vacuum box is planned. All diagnostic boxes
except for the boxes following the first two Alvarez-tanks can be replaced by
remote handling.
The beam lass monitors are installed in the upper part of thc shielding protecting the service tunnel.

1.3.7

Concluaing Remarks

The beam diagnostics for the linear accelerator can be largely performed by
instruments with which experience has been gatllered in operating comparable
facilities. It is not of major importance for the planned diagnostic elelemts
whether the facility is operated with H- or HT ions.
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Table A 1.3-1: List of Diagnostic Elements

Parameter

Method

Specifications

Beam current

Beam transformer

Bandwidth 10 MHz

2
5
7
3

Transversei
emittance

Slit system with
32 detectors

Angular range ,... 20 mrad
Angular resolution
1 mrad
Local resolution 0.1 mm
Sensitivity 1 nA
(detector)
Angular range ~ 15 mrad
Angular resolution
0.1 mrad
Local resolution 0.1 mm
Sensitivity 100 nA
(detector)
Local resolution 0.1 mm

2 low energy range

Energy degrading
slit with wire
scanner

Three locations
wire scanner
(tomography)

Location and Number
low energy range
Alvarez acc.
D -r- \l acc.
high energy beam
transport area

1 matching section
(lOS MeV)

2 matching section
(lOS MeV)
high
energy beam
1
transport area
i

I

position and
profile

Phase position
and phase
profile
Energy gain

I
Alvarez acc.
i
D + W acc.
high energy beam
transport area
D T W acc.
high energy beam
transport area

Wire scanner

Local resolution 0.1 mm
Sensitivity 100 nA

5
15
6

Inductive position measurement

Local resolution for
center of gravity 0.1 mm

16
6

Coaxial Faraday
cup

Time resolution 250 ps

1 low energy range

Fast capacitance
probe

Time resolution 250 ps

1 low energy range
2 matehing section
(lOS MeV)

phase scanning
t-probe

Time resolution 100 ps
Time resolution 13 ps

6 Alvarez acc.
57 D -j- W ace.
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But already it can be predicted that the aims of
- tneasurement with full scanning ratio
- increase in accuracy
- shortening of measuring time
call für the development of additional diagnostic elements parallel to
routine operation.

Contributors
W. Kneis, H. Schweickert
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A 1.4

Injector
Design Criteria

The part of the accelerator from the ion source up to the low energy beam
transport system (LEBT) is here refered as injector. The "injection" of
the rf-accelerator includes the LEBT, which was described in chapter A 1.2.
The injector in particular consists of an ion source of the magnetic multipole type, an extraction system, the ion source beam transport system, the
accelerating column, and the high voltage generator. The parameters of the
injection system were chosen in order to fulfill the requirements of the
rf-accelerator and to guarantee a reliable operation within the current
state-of-the-art. The stability of the beam parameters during a beampulse
is of special importance for low beam losses in the accelerator. A normalized transverse emittance of 1 to 3 t(mm mrad with a homogeneous intensity
distribution is required.
When changing the ion, source the beam parameters have to be reproducible in
a short time

(~a

few hours). The macropulses are finally formed by a fast kicker

in the LEBT (s. chapter A 1.7), but an additional pulsing of the ion source
is foreseen to reduce the loading of the source and of the components in the
beam line.
The parameters following from these requirements are summarized in Tab. A 1.4-1.
They will be justified in the following sections.

1.4.2

The Principal Arrangement of the Injector and the Choice of
Injection Energy

Limiting Effects
The experiences in the different laboratories (1,2,3) show that the number
of high voltage breakdowns increases with increasing ion current and with
increasing high voltage. High voltage breakdowns cause short interruptions
of the accelerator operation. A breakdown may happen between the high voltage
electrodes or along the surface of the ceramic insulator.
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Ion Species

Protons

Injection Energy

450 keV

Energy Stability

+ 2.5 • 10- 4

Proton Current at the
Entrance of the rf-

'V

120 mA

Accelerator
Pulse Length

500 llsec

Repetition Rate

100 Hz

Type of Ion Source

Magnetic Multipole Source

Required Proton Beam

150 mA

Current out of the Source
Total Ion Beam Current

250 mA

out of the Source
Proton Content in the

> 60 %

extracted Beam
Extraction Voltage

< 50 kV

Extracted Pulse Length

I'V

1000 llsec

Table A 1.4-1: Parameters of the Injector and of the Ion Source

- 87 Breakdowns between electrodes are induced by electrons or ions hitting
the surface of an electrode. Breakdowns along an insulator are related
to a charging of the insulator surface by production of photo-electrons
by bremsstrahlung from backstreaming electrons. The backstreaming electrons
result from ionization of the residual gas and from secondary electrons
caused by energetic particles striking the electrode surfaces. Designs of
an electrostatic preaccelerator for high ion currents must include good
vacuum conditions and a careful beam transport in the accelerating column
to reduce the number of backstreaming electrons.

The Arrangement of the Ion Source and the Accelerating Column
Electrostatic acceleration may be achieved in one or two stages. In a onestage arrangement the beam is extracted and accelerated up to the full
energy in the same accelerating column. In a two-stage accelerator, the ion
beam is extracted out of the source at low voltage

(~50

kV), separated

in a bending magnet, and then postaccelerated up to the desired energy in
a high voltage column. For accelerating higher currents, a two-stage acceleration seems to be more advantageous for the following reasons /4,5/:
- The extracted ion current can be matched to the ion beam transport system
by varying the extraction voltage (I ~U3/2). The total energy is kept
constant by a corresponding voltage change of the postaccelerator section.
- The ion beam transport system, which follows the extraction system, may be
used for matching the beam to the accelerating column. By removing the beam
halo at the entrance of the accelerating column, beam spill in the column
is reduced.
- Only the desired proton beam will be accelerated in the column. The parasitic ions,

Hi and Hj as

weIl as ions of impurities will be removed in an

analysing magnet after extraction.
A vacuum valve may separate the accelerating column from the ion source.
This improves maintenance of the ion source.
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A two-stage arrangement has the following disadvantages:
- At the low extraction energy

(~

50 keV) the beam can only be transported

with a high degree of neutralization. Transporting a neutralized beam especially through magnetic transport elements may result in an emittance
growth by beam-plasma oscillations /6,7/.
- A two-stage system is more complex. On the high voltage platform an extraction power supply, vacuum pumps and several beam transport elements
are needed in addition.
Summarizing the arguments, one can say, that a two-stage arrangement allows
safer operation mainly because of a reduction of the number of backflowing
electrons in the accelerating column. The possibility of matching the beam
to the different components also guarantees more reproducible beam properties.
Furthermore, use of a low noise ion source, for instance the magnetic multipole source, should reduce the risk of beam-plasma oscillations in the neutralized beam.
Injection Energy
A high injection energy is desirable to reduce the beam dynamic problems at
the beginning of the rf-accelerator (s. chapter A 1.2). As luentioned before,
an upper limit for the high voltage is given by the increased number of breakdowns reducing the availibility of the accelerator. Taking into ac count the
experience of other laboratories, the injection energy was chosen to be 450
keV for the discussed design. Table A 1.4-2 summarizes the parameters of some
typical electrostatic accelerators. The electrostatic injectors used for the
high energy accelerators, for example at GERN or at LANL, are opera ted at
750 keV /10/. The average current of these accelerators is up to a few orders
of magnitude lower than the values discussed here. Gonsequently, experiences
gained at these accelerators, are not directly transferable to our design.
Three electrostatic accelerators were uescribed /1,2,11/ which operate with
energies above 350 keV and with continuous currents Detween 40 and 300 mA.
The most reliable machine was opera ted about 10 years ago in the DGX 2 project
at Oak Ridge. Ion currents up to 300 mA were accelerated to 600 keV /11/. Unfortunately, this accelerator is no longer in operation and detailed
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Lab.
or
project

Achieved performances
Type of
Accelerated ion
accelerator
Voltage
drop/kV
beam/peak/average
resp. dc-values/
mA

Remarks on
operation

Pulsed machines witn low average current

CERN
/8,10/

750

500/0.05

LAMPF
/9/

750

28/2

!one stage

required values were
achieved, reliable
operation

one stage

required values were
achieved, reliable
operation, on average
1 breakuown per few
hours

Continuous hign current machines
OJiliL

600

100 - 300

one stage

at 100 mA stable operation for days, at
300 mA about 1 breakdown/hour. The facility is no longer operational

700

40

olle stage

about 1 breakdown/hour,
the breakduwn rate increases with increasinb
current or voltage

/11/

CRNL

/1/
!

I

LLL
/2,3/

380

80 - 100

SIN

860

15

Itwo stage

,

Pulsed machines witn 11igh average current
780

1)0/8

::WQ

450

140/10
option 10 %
140/20

Table A 1.4-2: Parameters of some

unJer construction
two stage

e~e~trostatic

i

acceleration of D+,
about 2 breaKdowns/hour !
facility ruutinely useu :
under construction

w:;u
/13/

i

study

accelerators

- 90 info' rmation is missing. Two accelerators, built later at Chalk River /1/
and at Livermore /2,4/ have not achieved the reliability of DCX 2. At Chalk
River, after a development work of several years, a 40 mA dc ion beam was
accelerated up to 700 keV although the design values were 120 mA and 750 keV.
In comparison, the electrostatic accelerator of the RTNS 11 source at Livermore works more reliably. Today)a cw-beam of 80 mA is accelerated up to about

380 keV. High voltage breakdowns appear every 1/2 hour on the average. A
further increase of the voltage or the currents results in an increased number
of breakdowns /3/.
Taking into ac count the stringent requirements on reliability for the SNQ
and considering especially the experiences at Chalk River and at Livermore,
we think that for the discussed project an injection energy of 450 keV can
be realized reliably. After an adequate development time, an increase of
the injection energy up to 600 to 800 keV should be possible which might
result in a bett er beam quality in the rf-accelerator. Valuable experience
for operation at higher voltages will be obtained from the SIN and NEN
projects /12, 13/.

1.4.3

Description of the Components

Ion Source
In order to get 100 mA protons at the entrance of the rf-accelerator, about

150 mA ~ have to be extracted out of the source (Table A 1.4-1), assuming
a buncher efficiency of 80 %. Additionally, 10 % beam losses result from
charge exchange processes with the residual gas and about 10 % of the beam
is scraped off as beam halo on collimators. For a proton fraction of 60 %
in the extracted ion beam a total current of 250 mA is required from the
ion source. Several ion sources are able to produce the required ion currents. For the SNQ-project a magnetic multipole source /14,15/ was chosen.
Some investigations on a duoplasmatron ion source for use at high duty cycles
have been done. The results are reported in /16/. The advantages of a magnetic multipole source compared to a duoplasmatron are the following:
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The are diseharge is quiet. The extraeted ion eurrent has a noise level
of less than 1 % (1 MHz bandwidth).
- The operation at high duty faetors up to a eontinuous operation does not
produee any problems. In an operating souree, ion eurrent densities up
to 500 mA/em2 have been eontinuously genera ted over a surfaee of about
25 em2 117/.

- The ion eurrent density is eonstant over the extraetion aperture. Therefore, the beam ean be extraeted nearly free of aber rat ions with reprodueible beam properties.

- The meehanieal set up and the operation of a magnetie multipole souree
is relatively simple. The fig, A 1.4-1 shows one of the ion souree tested.

Fig. A 1.4-1: A eylindrieal magnetie lnultipole souree. The
extraetion eleetrode was removed.

- n Fig. A 1.4-2 shows a souree with the extraetion system sehematieally.
In a eylindrieal vessel the are diseharge is ignited between anode and
eathode. To improve the ionization effieieney of the emitted eleetrons,
the anode is surrounded by permanent magnets. The magnets produee

a

magnetie multipole field on the inner side of the anode. The eathode
eonsists of heated tungsten filaments. Long term tests bave S!lown /18/
that a lifetime of a tungsten filament of at least 2 weeks, presumably
longer, is aehievable.

- 2.7 kV
(electron trap)
+

50 kV

Fig. A 1.4-2: A schematie view of a magnetie multipole souree
with a 3-eleetrode extraetion system.

- 93 Extraction
The 3 electrode accel-decel extraction system has been optimized with a
computer code

x).

A 250 mA ion beam will be extracted out of a 13 mm

aperture at an extraction voltage of about 50 kV. The maximum electric
field between the electrodes is 87 kV/cm. Fig. A 1.4-3 shows the calculated
trajectories.
+ 50 kV

- 2.7 k V

Ok V

QJ

U
'-:::l

o

l/)

c
o

o1-1- - - - - - - + - -5- - - - - - - - 4101mm
Fig. A 1.4-3: Beam forming in a 3 electrode extraction system.
Extraction voltage = 50 kV, ion current density
200 mAI cm2 , diameter of the aperture = 13 mm
The extracted beam has a divergence of less than 20 mrad. With an ion temperature of 0.7 eV 1201 a normalized rms-emittance of 0.05 1<rnm mrad was obtained.
The emittance will, however, increase in the ion beam transport system and
during theelectrostatic postacceleration. From previous results a growth by
a factor of 3 to 7 is expected. In case that the emittance at the entrance
of the rf-accelerator should be too small, a multiaperture extraction system
could be used. The emittance could then be varied by changing the diameter
and the distances of the extraction apertures. Furthermore, in a multiaperture
system the electric field could be lowered. Difficulties exist, however, to
introduce multiple beamlets into the codes describing beam transport and beam
dynamics. Preference was therefore given to a single aperture extraction.
x) ACEL-Code, CRNL-version, implemented by M.R. Shubaly, CRNL, and
M. Rutz-Hochstrate, KfK

- 94 pulsing of the Ion Source
The macropulse of the linear accelerator is produced by pulsing the discharge current of the ion source. To keep the beam parameters constant,
the ion source pulses have to be longer than 500fLs by the rise time of
the ion source. The final pulse will then be formed at the 450 keV by
a fast beam deflector (s. chapter A 1.7). Chopping at 50 keV must be excluded because of the high space charge forces at that energy.

Ion Source Beam Transport System
In fig. A 1.4 a possible beam transport system between the ion source and
the accelerating

s~stem

is shown schematically. The extracted divergent

bemn is matched to the transport system by a solenoid. Leaving the solenoid,
the beam is nearly parallel with a diameter of about 40 mm. The following
beam transport system transfers the beam in a 1:1 scale to the entrance
of the acceleration column. In addition to the solenoid, the system contains
two quadrupoles, a 90 0

-

bending magnet dnd two further quadrupoles. A com-

parable system was optimized with the TRACE program x).
Quadrupoles destroy the rotational symmetry of the extracted beam. In the
ideal case the rotational symmetry will be restored at the entrance of the
accelerated column. The rotational symmetry can be preserved in a transport system, containing only solenoids and a benuing magnet with a field
index of 0.5. In a further optimization such a system will be tested.
The calculations have shown that with the proposed system (fig. A 1.4-4),
at energies

50 keV, the ion beam can only be transported when the space

charge forces are neutralized by at least 90 %. The neutralization of the
beam results from the ionization of the residual gas /22/. The built-up
time for that neutralization is determined by the ionization cross section
as weIl as by the residual gas pressure. For a 50 keV proton beam the builtup time is about 30

sec at apressure of 3 x 10- 5 Torr. For a continuous ion

beam aspace charge neutralization of 95 to 99,9 % was observed /7,22/.
X) TRACE-calculations were carried out bei M. Weiss, CERN
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---.---

accelerating. column

o

1m

LI_~_~_--,-_--,_---,I

Fig. A 1.4-4: Ion source and the ion source beam transport system with
the accelerating column. TMP

= turbomolecular pump, S

solenoid, Q1-Q4 = quadrupoles, St = steering magnet,
M = 900 bending magnet, IM
beam position scanner, BI

= current transformer, Pos
= beam collimator, EM = emittance

measuring device
Estimations from our measurements have shown a neutralization of at least
97 %. The total length between the ion source and the accelerating column
is about 2.3 m. Ions are converted into energetic neutrals by charge exchange.
On the way from the sour ce to the column about 10 % of the ions are neutralizedat apressure of 3 x 10- 5 Torr. Righer beam losses by charge exchange
can be avoided by keeping the pressure low enough.

- 96 In addition to the focusing elements the beam line contains a steering
magnet and some diagnostic

elements for measuring the current, the profile

and the position of the beam. The halo of the beam will be cut off by collimators. vlith an emittance measuring device the emit tance of the total extracted beam can be measured. The proposed ion beam transport system is not
achromatic, since the energy stability of the extracted beam is better than
2 x 10- 3 •

The Accelerating Column
The proton beam will be postaccelerated to the energy of 450 keV in a high
voltage accelerating column. The RTNS 11 design of LLL was followed closely
/2/ for the following reasons: Acceleration takes place between electrodes
with large apertures of 10 cm diameter. This gives a high pumping speed and
minimizes beam spill on the electrodes. At the entrance of the column the
beam is collimated to a diameter of 5 cm. With a vacuum pump on the ground
side a vacuwn in the column of about 10- 6 Torr. is obtained. The total voltage
is distributed over 3 accelerating gaps producing a nearly constant accelerating field of about 30 kV/cm. An electron trap (-15 kV) prevents electrons
from flowing backwards. The beam transport inside the column was verified with
a computer code /24/. The trajectories of alSO mA, 50 keV proton beam, which
is parallel at the entrance of the column, are shown in fig. A 1.4-5.
The beam transport inside the column is not free of aberrations. The effective emittance of the beam leaving the column is of the order of 0.51"(mm mrad

(100 %, normalized).
Techniques developed at CEllli and for the RTNS 11 are suited for a detailed
design of the SNQ column.
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Fig. A 1.4-5: The trajectories of a 150 mA ~-beam passing the 400 kV
accelerating column
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High

Volta~e

Generator

The high val tage will be generated by a state-of-the-art Coekroft-\ial ton
generator. Operated with a pulsed beam astability of ~ 2.5 x 10- 4
can be aehieved by use of a bouneer with a eontrol time eonstant of about
60

rs

/25/.

1.4.4

Consideration of the Options

No significant problems with the eleetrostatie acceleration are expeeted
wnen increasing the duty eyele to 10 %. Iu order to generate a suitable
1000~s

beam pulse with the fast kicker, a pulse of about 1200 to 1500JAs

has to be extracted out of the souree and aecelerated up to 450 keV. The
corresponding average current in the accelerating eolumn is 18 to 22 mA.
The option of a higller averabe eurrent was considered as an argument for
a low injection energy. No additional problems are therefore expected in
the electrostatic aceelerator for the extended duty factar.

In converting

ttle

preaceelerator to H--operation, the main problems are seen

in the produetion of a suitable IC -beam /26,27/. In principle, magnetrons
/23,29/ and magnetic multipole sources /30/ can be applied. H--currents of
the required order of magnituue have already oeen extraeted from magnetron
sourees. But the properties of the extracted H--beam (puls shape, noise,
reproducibility) as well as tlle lifetime do not meet the requirements of the
SNQ. An encourac;ing new development is the H--source based on the magnetie
multJ.pole scheme /30/. First experimental results indicate that the SNQrequirements of beam properties and lifetime may be easier to fulfill. In
both case::> development work of several years is needed to produce a suitable
ii-~ion

source. Some modifications have to be made in the extraetion system

to match tlle

le -beam

to tlle ion beam transport

~nd

to the accelerating eolumn.

The chanöe of the polarity of the high volta6e generator does not eause any
prOblems. The vacuum requirements in the preaecelerator are similar as for
acceleration of protons.
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Design Aspects

An Alvarez structure was chosen to generate the accelerating fields in the
low energy peHt of the mactüne. At lligher energies, a DisK-and-Washer
structure (DAW) is used.

Hi 6 h

shuntimpedance~,

simple fabrication, and, at least for the DAW, low

üispersion were the major reasons for this choice. As particle losses can
not be completely excluded, simp.le handling of components was a llemana,
enabling remote handling, if neeued (eh. A 1.1).

Audition of an

o~tional

cOlupressor ring requires, that H--ions can be accelerated. A vacuwn of about 10- 8 mbar is needed to avoiu neutralization in this

case. These vacuum requirelllents have to be eonsidereci in the initial design.

1.5.2

Alvarez-Structure

The Alvarez accelerating structure is a "quasi-periouie" strueture, exeited
in an Eolo-field configuration. The "periodieity" arises from the drift tubes,
whieh shielcl the particles troIn the rf field when the particles would be deeelerated.

In order to get a nigh shunt impedance, the strueture is exeited in the
Q-mode. Ihus the disversion is very high, i.e. low group veloeity. Ihis
leads to a very stron b uependance of the field distribution on fabrieation
toleranees, on transients and beam Loading /1/.

1.5.3

Compensatlon of the Alvarez-Struc ture

In order to ceduee this dependance, Che operatinb ili0ue has to beeome a cent reband mode. Another passband has to be produeed which must be joined continuously
to the operating passbanti. The second passband is 6eneraced either by usln b
more than one stern per drift-tube Ca steIn-mode can tnen be exeited), or oy posts,
whieh extend from tile outer cylinder co ttle drift-tubes witllOut touehing the
drift-tubes.

-
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For "confluence" of the passbands the compensation-mode has to have the
same frequency as the operating-mode for all different cell geometries.
Using a multistem structure, confluence can be achieved by varying the diameters of ttle stems. In a post-coupled structure distance between posts and
drift-tubes is changed.
Though the compensation by stems seems to be more effective (the group
velocity can be as high as .35 of velocity of light /2/), for the spallation neutron source the post coupled structure is favoured (vg/c

=

.1).

Tnis enables simple installation of the drift tubes, because these are
supported by girders and can easily be removed from the tank (eh. B 2.1).
As a further advantage, field flatness can be controlled in a post coupled
structure. This is done by changing the coupling between adjacent cells by
rotating excentric tabs at the end of the posta.
In order to minimize the coupling between posts and stems and to get a
larger mode spacing around tne operating mode, the posts should be positioned at 900 with respect to the stems, each post alternating by 1800
from one drift to the next /2/.

Parameters of the Alvarez-Structure
Parameters of tile 7 Alvarez tanks are listed in table A 1.5-1. The geometry
and the rf-parameters were calculated with the computer-code "CLAS" of CERN
/3/. The lengths of the tanks are determined by the requirement of good
mechanical stability, of high shunt impedance and minimum interruption of
the periodicity.
At the length of about 12 m chosen, rf excitation by two combined amplifiers
is required, each producin6 an output power of 1.5 MW (eh. A 1.7).
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The Alvarez-aeeelerator is operated at a frequeney of 108 MHz. The reasons
for the ehoiee of this frequeney are beam dynamies, available rf-power
sources, and injeetion problems (eh. A 1.2).
Apart from the requirements of beam dynamics, by whieh the beam hole diameter
and the synchronous phase are fixed, the geometry of the tanks was chosen to
obtain a constant outer diameter for one tank and to optimize the shunt impedanee (a eonieal layout of the drift tubes, which increases the shunt impedanee
by about 10 % /4/, is not yet included). The optimization of the shunt impedanee requires a small diameter of the drift tubes. The outer diameter of the
drift tubes chosen is given by the dimensions of the quadrupoles, which are
installed in the drift tubes.
The accelerating field is defined by the maximum tolerable surface fields on
the drift tube. In order to avoid a break down by electrical discharge, the
eleetrieal field amplitudes on the surfaee were limited by the

Kilpatri~

eriterion. This defines, aeeording to present experienee , a very eonservative upper limit for eleetrieal surfaee fields.
Following this rule, the field amplitude on the drift tubes of the Alvarez
structure was limited to 12 MV/m, independent of the 6eometry.

1:

Tab. ALS -

Parameters of tile Alvarez-Structure

,---'

'-"'r--~

Tank-No.

.

i

._-.. .- .' . . ,.......·....·t··_··_·· _...

llljec tion ener 6Y

I NeV

Im

Tank lenbth

ITank uiameter

Im

,
T
\

t

4

I

5

6

I

62.4

77 .4

L.~-- ... '-I

91.7

2.

I

3

I
!

47.3

i _

i

--

....

I

! 0.45

i.

15.7

r

31.8

I 11.;W

1

11.48

I

11. 67

I

11.80

!

12.16

I

12.14

I

11.79

I 1. 76

I

1.68

I

1.60

I

1.60

I

1.60

I

1.60

I

1.6u

I 33. ()

i

30.0

I

30.0

I

30.0

I

30.0

I

3u.O

i

I
Drift tube diameterl
Cill

I

Beam hole diameterl
cm
Gap

I

I

1
2.3 •• 4.6
0.22 •• 0.35

cell length

lransit-time factor

0.69 •• 0.79

Number of cells

39

I

0.31..0.34

0.34 •• 0.37

0.37 •• 0.39

0.39 •• 0.411

0.83

0.80

0.76

u.73

0.7

19

15

13

12

11

10

2.

:z.

2

2

2

2

12.2

11

10 .5

10.5

llJ.5

10. ,5

1.55

I

1.55

0.23 •• 0.30

I

0.85

1

12.2

Dissipated lJower 'r)/Hwl 1.50

I 1.53

Gain of beam power/~ru

Length of 4u&~rulJolesl
cm
14.9 •• 13.6
IIl-

6.6

II

12 ... 2.2

MV m- 1

;Quad. bra~iellts/T

6.6

I

6.6

I

I

I

0.26 •• 0.31

I

Average accelerating
field I l1V m- 1
Peak field

6.6

5.6

I

I

6.6

I

I

I

30.0

1

, 41. .14.2

I

1.::50

I

1.60

I

1.56

I

27

I

I

6.7

I

1.43

I
I

1.52

I

1.51

I

1.49

I

1.43

I

1.34

Je.;

I

Jö

I

38

I

3ü

I

38

I

4.4

I

4.4

I

4.4

I 4.4

I

4.4

I

27.9

I

25.0

[

.~2.5

l

l

18.2
- _.

1.38

eff. shunt impedancel

1 25.9
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Alignment Requirements

Beam 10ss may activate structures and beam tunnel to a degree, that access is
limited or remote handling has to be provided. Under the design asswnptions
of thlS study (see Fig. A 1.1-1), activation beyond the limit for hands-onmaintenance is anticipated even for the Alvarez acce1erator.
The accuracy of the alignment of the quadrupole magnets and the surrounding
drift-tubes is of particular inf1uence on the beam losses. It is, however,
difficu1t to predict the magnitude of the beam losses due to misalignments.
Qualitatively, a transverse displacement of a quadrupole magnet leads to a
beam displacement, whereas a magnet ti1t about a transverse axis or a rotation
about the magnetic axis lead to an amplitude growth /6/.
Rotation of a quadrupole (by up to 25 mrad) can Oe easier tolerated as a radial
displacement /7/. The values uocumellted from experience /8,9,10/ differ, but
are within a few tenths of a mm.
For the SNQ-linac, a displacelllent of neighbouring magnets by .:! .2 mm is tolerated. Along a tank, deviations shall not exceed + .5 mm. A higher precision
for the alignment seems to be not realistic /8/, but presumably also not necessary.
Drift tubes are aligned individual1y by adjustment screws, situated on the
girder and acting on the stems. The girder itself will be adjusted optica1ly
using a laser beam (eh. B 2.1).
Remaining misalignments are corrected by steering magnets. The number of the
steering magnets and the distances between them have to be calculated in an
optimization procedure.

-
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Quadrupoles

The Alvarez-accelerator contains 112 drift tubes, each housing one quadrupole magnet. Another 14 magnets are placed in the half drift tubes of the
endplates. To facilitate fabrication,

the dimensions of the quadrupoles

should not differ too much. The quadrupoles of the first drift tubes can,
however, not be made identical, because of the varying diameters of the beam
hole. The other quadrupoles are comoined to three groups with different apertures.
About 10 magnets will be powered by one power supply. This makes it possible
to vary the quadrupole gradient of all the magnets over a wide range, but
also to vary the gradient of every quadrupole individually by about 10-20 %.
Hecause of the radiation, the windings of the magnets have to be insulated
by radiation-resistent material. Mineral-insulated copper windings, as for
example Al- or Mg-oxides, are a convenient choice /11,12/.
Use of permanent magnets /13,14/ from rare earth is not considered in this
study because 1) a variation of the field strength is possible only via a
mechanical device which looks complicated for a drift tube magnet and 2)
operation experience under radiation is lacking.

1.5.7

Vacuum

For acceleration of protons a vacuum of about 10- 6 mbar is sufficient. The
scattering of protons is negligible at this pressure.
A much better vacuum is required for the acceleration of H--ions. The electron
is bound very loosely and may be lost by scattering at the molecules of the
residual gas. The cross section for this neutralisation process is inversely
proportional to the energy. For an energy of 800 MeV, e.g. the cross section
is about 1.3 x 10- 18 cm2 /molecule /15,16/.

-
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The requirement that the losses due to neutralisation should be smaller
than 1 W/m, which corresponds to the remote handling limit, leads to a
vacuum of about 2 x 10-8 mb for the whole structure. Though the acceleration
of

~-ions

is foreseen only as a later stage, the demand for the vacuum has

to be kept in mind for the accelerator design in order to avoid major modifications. Measurements in different laboratories /17, 18/ have proven that this
vacuum can be obtained in the Alvarez-structure as well as in the DAW-structure,
as described below.
The method for producing the cop per surface was not yet decided. Two possibilities were discussed: either to use copper plated material /20,21/ or to
electroplate /19/ a copper surface on other material. Because of the small
penetration depth of the rf-field (about 7

m) a very small roughness is

required. Experiments at small cavities have shown that both methods copper plated material or an electroplated surface - are similar concerning
the required outgasing rates (a few 10- 11 mbar l/s cm2 ) /8, 19/.

1.5.8

Biperiodic Structures

The shunt impedance of the Alvarez-structure decreases with increasing energy
(Fig. A 1.5-1). Therefore, a aifferent accelerating structure should be used
at higher energies. This structure should have a high shunt impedance and a
low dispersion, i.e. a high group velocity.
The first demand could best be achieved by excitation of the 1r-mode (each
cell accelerates). But for this mode the group velocity vanishes. The second
requirement is fulfilled for the 1r/2-mode, but each second cell does not
accelerate. These "field-free" cells reduce the shunt impedance by a factor
of 2 compared to the 1r-mode. The advantages of both modes can be combined if
either the "field-free" cells will remain on the axis, but will be shortened
(on-axis-coupled), or if they will be removed from the axis (side-coupled,
ring-coupled structure).
The on-axis-coupled structure is developed at the Chalk River National
Laboratory. In particular the problem is studied how to achieve a high group
velocity without reducing the shunt impedance to an untolerable value /22,23/.

-
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The side coupled structure /24,25/ is used for the 800 MeV-proton accelerator
at Los Alamos. In principle it could also be used for this accelerator.

The Disk-and-Washer-structure was invented and first developed in the USSR
/18,26/. In this structure, the coupling cells are removed from the axis and
enclose the accelerating cells (Fig. A 1.5-1).

outer cylinder
disk

washer

------ accg[erating gap 9

cell
coupl ing cell

coupling [oop

Fig. A 1.5-1: DAW-structure

As seen in fig. A 1.5-1, coupling between accelerating and coupling cells
can be made very strüng, and, compared to other structures, it can be increased by a factor 5-10. The coupling cell has a different geometry. This
leads to the "bi-periodicity", for which the period length consists of two
different cells. For the operating mode, the rtr/2-mode, a stop band in the
dispersion diagram may occur (Fig. A 1.5-4). For this mode, two field distributions are possible. The frequency of the accelerating mode is determined
by field configuration and frequency of the accelerating cells, the frequency
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of the coupling mode is defined by the geometry of the coupling cell
(Fig. A 1.5-2). In an ideal configuration, only the accelerating mode
is excited. In areal accelerator, fields in the coupling cells are
established by beam loading (eh. A 1.5-15) and by consequence of fabrication tolerances.
The existence of a stop band leads to a low dispersion. This can be avoided
by choosing the eigenfrequencies of the coupling cells and the accelerating
cells identical. The frequency gap vanishes and a finite group velocity is
obtained.
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Fig. A 1.5-2: Absolute value of the electric field amplitude for the
accelerating mode (left) and for the coupling mode (right)
as function of distance r from the beam axis.

Choice of Structure for the High Energy Part
From 105 MeV up to the final energy of 1100 MeV the Disk-and-Washer structure
was chosen. Compared to the side-coupled structure, operated at LANL, the
following advatages are of importance:
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1) For

~>0.6,

the shunt impedance is higher /27/. This means: the dissi-

pated power is about 16 % less and the required input rf-power is about
10 % less.
2) The coupling constant between neighbouring cells is very high. Thus
the field amplitude is insensitive against manufacturing tolerances.
3) Apart from the supports of the washers, the structure has a rotational
sYmffietry. So manufacturing should be cheaper.
4) The vacuum-conductance is higher (this is important for acceleration of
H--ions).
These advantages have to be compared to the disadvantage, that the DAWstructure is not yet fully developed and that there is no experience of
operation with an intense beam.
The experiments performed until now do not indicate difficulties. In 1975
experiments with high power were done at the Radiotechnical Institute (Moscow)
with a 20-cell-model, operated at 900 MHz /18/. After a short period (15 hours)
of processing, an accelerating field of 3.6 MV/m was achieved and could be
maintained without difficulties. The vacuum pressure was about 3 x 10- 8 mbar.
Beam effects must be studied in future. First calculations show that a cavitybeam coupling, which decreases the beam quality to an intolerable extend, should
not occur (eh. A 1.5.17).
An experiment with electrons simulating an ion beam /28/ is very time consuming,
the extrapolation of the results to a real proton beam is difficult. Therefore,
it is proposed to study the influence of the beam theoretically.

-
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Transition Frequency; Transition Energy

The diameter of the DAW-structure, if operated at 108 MHz, would become
very large (N 4 m). Therefore, the DAW-structure has to be operated at a
higher frequency. In addition, the shunt impedance increases with the
square root of the frequency.
As discussed under beam dynamics (eh. A 1.2) a frequency step by a factor
3 is preferred
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Fig. A 1.5-3: Shunt impedance for the Alvarez-structure(f
and for the DAW-structure (f

= 108 MHz)

= 324 MHz) as function of the

energy

From fig. A 1.5-3 it can be seen that the transition energy should be at
about 100 MeV to get highest shunt impedance. Due to the modular design of
the Alvarez-structure the transition energy was chosen to be 105 MeV.
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Geometry of the Disk-and-Washer Structure

The geometry of the DAW-structure was calculated with the "Superfish" code
/29/. The supports for the washers were not taken into account. Their intluence has to be determined experimentally.
Shunt impedances were optimized in the design procedure. The main parameter
of influence is the ratio of gap to cell length g/L /23/. In addition, the
shunt impedance increases with the outer diameter of the tank. As a consequence of larger size, a decrease of the f(-mode frequency follows (Fig.
A 1.5-4), and mode-mixing with the operating mode may occur.
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Fig. A 1.5-4: Dispersion curve of a DAW-structure (points). The dashed
line shows a fitted dispersion curve that is used in the
equivalent circuit for the determination of the manufacturing
tolerances (eh. A 1.5.15).
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In the design of the accelerator for the spallation source the diameter
of the washers was chosen sma11er than that of the disks, in order to
fabricate the outer cy1inder inc1uding the disks as one part (in sections
of one fu11 tank or half a tank) and to insert the washers into this prefanricated unit (eh. B 2.1).
An outer diameter of 134.8 cm was chosen. With this diameter, the 10ss of
shunt impedance up to 600 MeV is less than 2 % and up to 1100 MeV it is
1ess than 5 %, compared to higher diameters. For this se1ection the decrease
of the j(-mode frequency is also tolerable.
The other dimensions are determined by the requirement that the frequency
gap be c10sed at the operating fre4uency of 324 MHz.
TaDle A 1.5-2 shows the parameters of the DAW-structure for different
energies /30,31/.

1.5.12

Supports of the Washers

In the Los Alamos National Laboratory, experiments were performed to determine suitab1e supports for the washers /27/.
The mechanica1 most stab1e and simp1est supports are radial stems connecting
the washers to the outer cy1inder. These sterns inf1uence the fie1d distribution considerab1y, because electrica1 fie1ds are short circuited. As a further
result, the experiments have snown,

that supports, assymetica1 with respect

to the disks or the washers, lead to different coup1ing constants and to a
perturbation of the field distribution. The most favourab1e support is the
"T"Asupport, where two washers are combined by one or more stems. Each stern
is radia11y fixed to a disk, the supports forming a T (Fig. A 1.5-1). Fig.
A 1.5-2 shows that the stems can be p1aced between the washers at a location
where the axial component of the electrical fie1d vanishes. Also the radial
part of the T can be p1aced in a region of zero electric field.

.-~_:.~-'

Tab. A 1.5 - 2:

Geometry of the DAW-structure

Energy / MeV

109

177

325

376

533

900

Velocity v/c

0.445

0.54

0.67

0.7

0.77

0.86

Beamhole diameter / cm

7.0

7.0

7.0

8.0

8.0

8.0

Gap / cell length

0.300

0.353

0.425

0.461

0.499

0.535

Tank diameter / cm

134.8

134.8

134.8

134.8

134.8

134.8

Disk diameter / cm

96.22

99.04

103.38

104.3

106.9

110.6

Washer diameter / cm

90.12

87.72

85.0

84.4

82.6

79.66

Disk thickness / cm

3.95

6.12

9.94

10.75

13.2

16.42

Washer thickness / cm

3.0

3.0

3.0

3.0

3.0

3.0

Cell length / cm

20.58

24.98

31.0

32.4

35.62

39.8

eff. shunt impedance /MQm- 1

22.9

29.0

35.9

35.2

38.25

41.8

Transit-time-factor

0.89

0.89

0.88

0.86

0.85

0.84

Unloaded q-value /10 3

44

54

69

72

82

95

Ep/E o

5.38

5.07

4.76

4.20

4.38

4.29

00

-

119 -

An influence on the electric field distribution - except in the nearest

vicinity of the stems - does not appear, the frequency of the structure
will only be changed slightly by perturbation from the magnetic field.
This effect can be calculated and corrected by a variation of the diskor the washer radii.

1.5.13

Tank Parameters, Field Gradients

Tanks shall be made as long as possible for two reasons:
1) to avoid additional losses by end plates
2) because a high coupling constant maintains fixed phase
and amplitude relations for acceleration.
Bridge couplers between the tanks are used in the PIGMI accelerator at LANL
/33/. These bridge couplers introduce strong coupling and, at the same time,
house focusing, tuning elements and rf-couplings.
For the SNQ design, care was taken that all elements in the vicinity of the
beam can be handled easily. Tlüscould not be garanteed if the elements were
part of the tank. Bridge couplers were therefore excluded and relatively short,
separate tanks were preferred.
The length of the SNQ tanks is determined by the allowable distance of the
focusing elements and by the power delivered by the klystrons. The field
gradient is again determined by the - conservative - Kilpatrick-criterion
which limits the surface fields to about 18 MV/m.
With a klystron power of 3 MW (eh. B 2.2),

the average length of the first 25

tanks (up to 350 MeV) is 3.4 m (Table A 1.5-3).
For higher energies (E

> 350

MeV), the distances between focusing elements may

be higher. In this range, 32 tanks with an average length of 7.5 mare installed.
A metallic wall divides them into two independent resonators (eh. A 1. 7) •

-
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rf-Coupling, Tuning

As shown in Fig. A 1.5-2, the field of the accelerating mode decays exponentially towards the outer tank. Radial coupling and tuning at the tank
wall is therefore excluded. These functions can be combined in a coaxial
stub line terminating the tank /27/. As the length of this line must be at
least a quarter of a wave length, this would lead to a prolongation of the
tanks without additional acceleration.
In the proposed accelerator, coupling and tuning elements are therefore
mounted axially to the end plates (see Fig. A 1.5-1).

1.5.15

Fabrication Tolerances

Tne limitation of the length of one resonator to

~3.4

m results in a low

number of cells. At injection energy, the number of cells per rf-unit is 15,
decreasing to 9 at the final energy. Fig. A 1.5-4 shows a dispersion diagram
of a DAW-structure tank containing 15 accelerating cells.
The low number of cells together with the high group velocity reduces the
requirements of manufacturing precision and simplifies fabrication.
In table A 1.5-4, parameters which are most important tor fabrication, are
listed. The influence on the frequency is also shown. The tolerances for the
out er diameter (cylinder, disks, washers) are chosen + 1 mm, tolerances for
the thicknesses of disks and washers should not exceed + .3 mm.
With these values, the frequency gap for one tank is less than 1.6 MHz, the
frequency deviation is less than .45 MHz.
To compensate this frequency deviation for 15 cells by a tuner in one end cell,
this single ce 11 must be detuned by about 7 MHz. For a compensated structure
(no frequency gap) the field amplitude in the accelerating cells remains unchanged.In the coupling cells a field amplitude less than one fourth of that
in the accelerating cells would follow /25, 34/.

Tab. A 1.5 - 3:
Energy

I

Parameters of the DAW-tanks

MeV

105

200

330

380

670

950

18.4

18.3

18.3

18.1

16.8

18.4

3.03

3.3

3.4

3.4

3.3

3.6

Synchronous phase

-30 0

-30 0

-30 0

-25 0

.".25 0

-25 0

Length of the tank Im

3.07

3.53

3.6

7.6

8.28

7.16

Nwnber of cells

15

13

11

22

22

18

1.3

1.3

1.3

1.3

1.3

1.3

3.3

3.3

3.3

4.0

4.0

4.0

2.05

1.96

1.85

3.64

3.44

3.46

0.81

1

1.07

2.3

2.4

2.3

Losses +)1 kW per cell on
- cylinder

0.01

0.03

0.11

0.15

0.36

0.63

- disk

1.26

3.0

5.06

5.91

9.5

15

- was her

133

143

156

154

137

160

23

23

23

18

18

16

0.15

0.15

0.15

0.2

0.2

0.25

0.4

0.4

0.4

0.5

0.5

0.6

Peak fields on surface

I

MV m- 1

EoTI

Accelerating field on axis
MV m- 1

Drift space between tanks
Beam hole radius

I

cm

Dissipated power ~)I
MW for one tank

Quadrupole length
Doublet length

Im

m

I

Change of beam power
MW for one tank

Quadrupole gradient

I

I

Tm-I

Im
-

-

~) Losses are calculated with a 25 % decrease of theoretical Q.

N
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For an uncompensated structure, the accelerating fields are influenced by
manufacturing errors as weIl /25/. For N cells, a frequency gap f g , and a
detuning ~f of one end cell, the change of amplitude is given by

with the group velocity

the period length L, and the phase shift ffor one period.
With the above mentioned detuning of one end cell and the group velocity
determined from fig. A 1.5-4, the change in amplitude for the accelerating
cells is less than 3 %.
For a practical case, the influence of fabrication tolerances is expected
to average over the tank. For compensation, two tuners in each end cell,
can be used. Tolerances of + 1 mm for the diameters and + 0.3 mm for
the thicknesses are therefore acceptable.

1.5.16

Coupling Constants

Besides of aperturbation of the eigenfrequencies, coupling constants between
cells are affected by manufacturing tolerances as weIl. The relative changes
of coupling constant between accelerating and coupling cells are of equal magnitude but opposite sign. A 2 % change of coupling constant yields a 2 % change
of field amplitude. The deviations can be either systematic or statistical.
A systematic variation of the coupling constants is caused by the washer
supports. This effect can be calculated and taken into account in the design.

Tab. A 1.5 - 4:
Parameter

Effect of Frequency Detennining Dimensions and 'Iblerance Requirements on Frequency
Deviation / mn

Effect on Frequency / kHz nm-I
Acceler.
rrode

Coupling
rrode

Difference

Frequency Deviation / kHz
Acceler.
rrode

Coupling

Difference

t"rl()d..e

-+ 1
-+ 1

0.33

-586

586

0.3

586

586

5.0

456

461

5

456

461

215

9

224

215

9

224

Disk thickness

-+ 1
-+ 0.3

lOS

12

117

32

4

36

Washer thickness

-+ 0.3

-638

316

954

191

95

286

M3.x. frequency deviation for one cell / kHz

443

1150

Average frequency deviation for one cell / kHz

289

748

OUter diameter
Disk diameter
Iwasher diameter

M3.x. frequence gap / kHz

1593

Average frequence gap / kHz

830

Max. frequency deviation for one tank / kHz

443

Average frequency deviation for 15 cells / kHz

75

N
W
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Statistical perturbations are caused by manufacturing errors. Their influence has to be determined experimentally. For the tolerances listed in
table A 1.5-4, changes of coupling constants by no more ot 2 % are anticipated. For axial sYmmetry, an amplitude error of at most 2 % follows. The
most essential influence on coupling constants results from axial displacements of the disks with respect to the washers. Adjustment after tabrication will greatly reduce this effect.

1.5.17

Beam-induced Effects

The following effects of a high intensity beam have to be considered:
1) A change of the accelerating field in amplitude and phase (beam loading).
This effect is less important for this design as the beam power is only
about 50 % of the dissipated power and the DA\"r-structure allows for a fast
energy flow.
2) Excitation of a dipole-mode for one rf-unit (regenerative break up) /35, 36/.
The excited mode leads to a deflection of the particles. Beam loss happens
at beam currents above a critical current I, which depends on the shunt impedance Z and the wave length

7\. D

of the dipole mode by

I : :.:
The critical current is inversely proportional to the square of the resonator length 1 and is lowest for low proton momenta p, Le. at the entrance
of the DAW-accelerator.
For a resonator length of about 3.4 m and a peak current of 100 mA, the shunt
impedance of the dipole mode has to be at least 750 Mt.L/m 1\o/m to excite an
instability.
At wavelengths beyonds cutoff (", 0.33 m corresponding to table A 1.5-2) the
shunt impedance has a minimum value of 250 Mn/rn to create instable conditions.
This value exceeds all measured values by far.

-
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For higher modes, or wavelengths shorter than twiee the distanee of the
disks, the energy transfered by the beam ean be dumped by eoupling elements,
seleetive for higher order modes.
3) Exeitation of a dipole mode for more than one resonator (eummulative beam
break-up). This effeet reduees the above mentioned eritieal eurrent for
eleetron aeeelerators, but not for proton aeeelerators where the frequeneies of the dipole mode differ from tank to tank due to a ehanging geometry.
Critieal eurrents are thus inereased essentially (up to 2-3 orders of magnitude /37/). Cummulative beam break-up is therefore not eonsidered important
for the SNQ-design.

Contributors:
E. Boltezar (CERN), G. Dammertz (KfK), N. Müneh (KfK).
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A 1.6

Pulse Forming J Beam Splitting and Beam Transport

1.6.1

Requirements for the Time Structure

Slow neutron experiments are tlle dominant use of the SNQ. Arepetition
frequency of 100 Hz and a pulse length of

500~s

were defined as useful

parameters for this kind of research /1/. Nuclear physics experiments
require time structures covering a wide range from continuous beam current
to intense pulses with

ns duration and up to MHz repetition frequencies.

A survey 1s given in table A 1.6-1.
Not all requirements can be fulfilled simultaneously. To operate the accelerator economicallYJ pulsed operation is necessary and a duty cycle of 5 %
was therefore selected. Pulse duration and repetition frequency can J however J
be chosen for the given duty cycle. Power supplies and line filters were
designed for a maximum repetition frequency of 100 HZ J lower frequencies
are possible. In a special mode of operation J as a testing procedure for
adjustment of acclerator parameters J single pulses can be produced.
From the duty cycle given and the maximum repetition frequencYJ a pulse length
of

500~S

foliows. After upgrading the power supplies J prolonged pulses of 1 ms
can be delivered. Superimposed on the macropulses is always the rf microstructure of 108 MHz. For most of the experiments J this substructure iS J however J of
no importance.

1.6.2

Method of Pulsing and Splitting of the Proton Beam

The peak current during a macropulse is fixed to 100 mA. This is an important alleviation of operation. All machine parameters which uepend on space
charge J can be ad]usted for this particular current. The time structure required is realized by fast switching of the beam at low energy. Fast switching
also helps to split the beam at high energies with virtually no beam loss.

------~._.-

experiment

pulse length

repetition

aver. intensity

,.--

peak intensity

proton energy

frequency
neutron scattering (therm.)
neutron scattering

=500 rs

100 meV

,tC..

r

s

neutrino physics

200 ns

n-n scattering (therm.)

4

SOOrs

I~100mA

> 500

50 ••• 200 Hz

mA

50 ••• 200 Hz

-

high

>

100 kHz

-

tligh

:>r 500 MeV

mA

high

1 GeV

-

high

,). 200 MeV

-

-

:>- 200

MeV

mA

high

>- 500

MeV

.L

100 Hz

HeV

1 GeV .)

fast p, n time of flight
J!'.
,..,

experiments

ns

:ff:..MHz

p, n nuclear physics
coincidence experiments

cont.

cont.

solid state research

cont.

cont.

tr-channeling

.6 2 ns

~

fsr

~

200 ns

10 MHz

650 kHz

Table A 1.6-1: Survey of users requirements of time structure and intensity

+) Energy chosen in view of a compressor ring

VJ
N

-
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250
mA

f-4--

(a )

ion current as
extracted hom
the source

(b)

proton current
in the Al varez
accelerator

( c)

beam channel to
350 MeV experimental
area

(d)

beam at linae
exit

5001-15

100
mA

11

(e)

beam ehannel to

1100 MeV exp. area

(f )

Fig. Al. 6-1 : Pulse formation and beam splitting

beam to neutron
target
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Short duration blanks are cut into the beam. Within these interruptions,
a beam deflector can be actuateo at the particular area where beam shall
be split off. Pulse shaping and beam splitting is schematicallyshown
in fig. A 1.6-1 which is explained as follows:
a) prolonged macropulses, 700 to

1000~s

long, are extracted from the ion

source. Beam current at this point consists of different ion species with
a total current of N250 mA. Pulsing of the ion source is done by switching
of the are power. After selecting the atomic ions out of the beam and after
preacceleration, a proton beam of 1V120 mA passes the low energy beam transport line. Before rf-bunching, a fast deflector (see eh. 1.6.3) cuts the
pulses into a rectangular shape, and, at the same time, provides for the
blanks within the pulse.
b)Macropulses are shown as accelerated in the Alvarez accelerator. After some
loss from imperfect bunching and collimation, the beam current amounts to 100 mA.
c) and d) The front part of the pulse is separated by a deflecting magnet and
guided into the 350 MeV experimental area for nuclear physics and medical experiments.
e) and f) Another fraction of the main beam is split off in the 1100 MeV beam
transport area for nuclear physics experiments.
When, as an upgrading option, the compressor ring will be added to the accelerator, beam can be split by a further defletor in a similar way. In this
case, H--ions are accelerated instead of protons. Moderate bending fields are
required as not to strip

of~

the loosely bound electron. Operation of the com-

pressor ring requires a special substructure within the macropulse. Pulses of
660 ns duration will be spaced by 100 ns intervals. This sequence is repeated
with the revolution frequency of the ring, which is operated in an isochronous
mode. The blanks are thus superimposed and preserved during the accumulation
procedure. A fast magnet can thus provide beam extraction with low losses /2/.
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1.6.3

Components for Beam Splitting and Pulse Forming

Deflection of the beam from the main line is achieved by combined action
of two components, kicker and septum. The kicker is a low field, fast
excited magnet which deflects the beam with an angle of

N

10mrad. The

deflected beam traverses the high field region of the septum magnet,
positioned a few meters downstream (Fig. A 1.6-2). The septum magnifies
this deflection by at least a factor of 10. This gives enough separation
that, in the channel of the deflected beam, normal bending and focusing
elements can be used. The combination of kicker and septum is used for
splitting the beam at 350 MeV and at the final energy.
During the switching time t s of the kicker, the beam current is interrupted for about 10/Ls to avoid loading of the septum magnet by beam spill.
These blanks in the beam are obtained by the fast deflector in the low energy
beam transport line, as described below.
The switching time is a compromise of different arguments: power requirements for the kicker critically depend on t s • On the other hand, prolonged
blanks cause more pronounced transient effects in the rf cavities. As during
switching the rf fields in the accelerator are maintained, but the beam is
suppressed, the overall efficiency decreases. Duration and frequency of the
switching intervals should therefore be kept to aminimum.

beam
kicker

I~----~ r::=J
~____

~

~ straight on beam
-:-===::::." - - "

"-"~

deflected 'beam

o

Im

Fig. A 1.6-2: Schematical arrangement of kicker and septum
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Fast Chopper /3/
Electric deflection can be applied to chop the beam in the low energy (450 keV)
beam transport area. The energy range, where an electric deflector can be used,
is, however, limited. At lower energies, e.g. behind the ion source, space
charge forces are too strong and the beam would be blown off within the drift
space.
Analoguous to magnetic deflection, a minimum product of voltage U and deflector length L can be calculated, which deflects the beam by twice
its divergence:

Ul
Wo

rest

energy,E~=

normalized emittance

~ = v/c particle velocity

An effective length L of 450 mm was chosen for the proposed system (see
fig. A 1.6-3). The deflector consists of two rows of electrode plates with
adjustable aperture. Single plates are connected to a delay line (meander
strip line) , which is subdivided into cells. Delay time between cells is
adjusted to the beam velocity of 0.9 cln/ns. With this traveling wave deflecting system, rise and fall times in the order of a few ns can be obtained. For the kicker magnet of the compressor ring, a time resolution of

10 ns

is required, to cut the "ejection hole" into the beam. To split the linac beam,
rise- and decay-times of 100 ns are adequate.
The deflected part of the beam is absorbed by slits, which are cooled by
a two phase flow of water and water vapour.
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(side view)

cover
aparture control

beam inlet

=

beam ouUet

"

pulse input

/

=
pulse output
pump

pulse input A
travelling wave
deflector

aparture control
pulse output A
cooling water

L
~rr
I
====

jaw

pulse input B

Fig. A 1.6.-3:

pulse output B

Fast chopper in the low energy beam transport area
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Kicker Magnet
The minimum deflection angle of the kicker shall be twice the beam divergence.
From a more detailed discussion /4/ foliows, that the normalized emittance

fu

is an important quantity: the product of ampere turns I and kicker length

L is proportional to en. A beam displacement of typically

0.5 cm within the

kicker has to be taken into ac count when choosing the aperture. More clearances have to be provided for misalignments and emittance growth of the beam.
In a practical situation, where stray fluxes are present, additional excitation current is needed. Without these additions, an IL of 280 Am is required
for a normalized emittance of 31fcm mrad. Including all effects, an aperture
of 50 mm and an IL of 1,1 kAm follow at an energy of 350 MeV. Assuming a further emittance blow-up by a factor of 2, from 350 MeV to 1100 MeV, IL

= 2.2 kAm

is obtained for the kicker in the high energy beam transport area.
Flux variation within

10~s

yields an induced voltage of 140 V (350 MeV kicker)

or 280 V (1100 MeV), respectively, for a quadratic aperture. The minimum switching power is thereby determined.
The kicker magnet is opera ted in a vacuum tank. Its length was assumed to be 2 m
at 350 MeV. The aperture is surrounded by high permeability ferrite (P10G)
with low conductivity ("" 10- 3 Sm-I). Construction as a comb-like structure without ferrites can be alternatively used, but requires twice the excitation current
because of stray fields /5/. Details have to be studied in prototype experiments.
The problem of producing a clearly pulsed excitation current merits particular
attention and early prototyping work. About 1 MW of active power is required
during the deflecting pulse, which corresponds to 50 kW of average power at a
duty cycle of 5 %. Solid state elements can be used to switch these power levels.
Pulse production by an LC-network with a high characteristic impedance and
consequent high voltage operation was alternatively considered. In this case,
the kicker magnet is divided into cells, each consisting of several turns /6/.
IgnitrollS have to be used as high voltage switches because of long pulse duration. At the high repetition rate of 100 Hz, alternating operation of several
groups of switches is feasible. To save power, the resistive load of the
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kicker magnet can be replaced by an LC-type delay line. Pulse power is
stored and fed back inbetween pulses. Losses are compensated by the rectifier /6,7/. A loading voltage of 30 kV, a characteristic impedance of 20052
for the delay line, and a cut-off frequency around 0.5 MHz are the essential parameters of the feedback load.
The kicker at 350 MeV will be built with a high current single loop whereas
at 1100 MeV, cascaded LC-units will be applied. Shorter switching times at
lower current levels are achieved with the latter system although it is
somewhat more expensive.
Septum·
A magnetic induction of 0.3 T was chosen for septum design to bend protons
or H--ions, respectively. The number of ampere turns required for an aperture
of 50 mm is 12 kA. At an energy of 350 MeV, adefleetion of 85 mrad per m
septum length can thus be obtained. A length of 1 m is sufficient. For 1100
MeV, twice the deflection is required. 4 units of 1 m length are positioned
on a bending radius of 20 m without spacing.

,------ vacuumve ssel
';4------;;.-.<R~~s+--~:---

not defleeted beam
in the field free apertur<?

:Bm~8:Bt----ff;1r---- wat Qr coo Ie d

co i I

:::::ill::::trm----lm-- d ef I ected beam in t h e
magnetic apertur<?
.:;;;:;:;J-...,...-jW--

Fig. A 1.6.-4: Lambertson-Septum

y 0 ke
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Fig. A 1.6-4 shows a sketch of the Lambertson-type septum, as proposed for
the SNQ. This component is used in major accelerator installations. Operation
reliability and radiation hardness are major advantages of this construction
/8/. Direction of the deflecting force and beam separation at the entrance of
the septum are orthogonal. Distance from the mediwn plane of the kicker to the
septum entrance is 3 m at 350 MeV, and 5 m at 1100 MeV, respectively.
Kicker and septum are constructed to be remotely handled. Connections for
vacuum and cooling pipes as weIl as current and signal leads are designed
for easiest handling with remotely handled tools. Experience from e.g. the
CERN-SPS target beam and beam dump magnets can be introduced into the design.
Kicker and septum are protected against impact of the particle beam by collimators.

1.6.4

General Aspects of Bearu Transport

Beam transport in the low energy region (LEBT) and in the matching sections
between acelerator parts was discussed in ch. A 1.2. Magnetic quadrupole
lenses are used for transverse focusing in the whole accelerator and beam
transport system. In the LEBT, quadrupoles are grouped as triplets to maintain an almost circular cross section of the beam. Space charge forces can
thus be reduced. In the Alvarez accelerator, singulets with alternating pola-'
rity are installed into the drift tubes. From 105 MeV on, intertank focusing greatly facilitates adjustrnent and maintenance of components. The focusing lattice of the high energy part of the DAW-accelerator extends to the
high energy beam transport (HEBT). Identical focusing elements can be used
in most of the beam channels.
Apertures of the quadrupoles are defined by beam dynamics (ch. A 1.2). In
order to take into account some emittance increase, the bore holes increase
along the accelerator. Large apertures within the machine are believed
essential to prevent the accelerator from impact of lost particles. As a
disadvantage, the magnet power increases drastically with larger apertures.
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Fields of focusing elements, or, at least groups of elements, are variable
to a certain degree to allow for adjustment. Radiation proof windings are
provided above 50 MeV. Provisions for remote handling are made .in the DAW
part and in all high energy beam channels.
To reduce cost of construction and operation, as many identicalelements as
possible are used.
Adjustment tolerances of beam optical elements to

±

0.1 mm are required and
can be obtained. Stability of the field gradients is specified to be 10- 3 in
the dipoles. Beam switcning magnets have to be built free of remanence.
Permanent magnets were further developed recently /9/. Low field errors and
variable gradients could be demonstrated in exverimental quadrupole modules.
Questions of radiation resistance and cost could, however, not yet be sufficiently answered within discussions of this study.
Current breaks and faults of the cooling system are themajor origins of
faults in operation. Time constants in both cases are long enough that
the beam can be stopped in a safe way. Beam shut-off in between macropulses
( 10 ms) is sufficient for protection of beam transport components.
Beam diagnostics correspond to those described in eh. A 1.3 for the DAW-acce•
lerator. Secondary radiation of x-rays and neutrons was found the most sensitive method of beam loss detection. Loss neutrons can be measured outside the
machine by sensitive counters, placed at fixed points or movable along the
tunnel. Time structure of the loss can also be monitored. Errors of magnet
fields and deviations of field amplitudes and phases of accelerating cavities can be detected and localized. The time dependent registration of the
beam loss during a macropulse is of particularvaluefor interpretation of
the origin of beam spill, as shown in experiments at the

CEID~

new linac /11/.

Vacuum requirements in the HEBT are the same as in the linac. 10- 6 mbar is
sufficient for acceleration of protons. In case of H--ions, pressures two
orders of magnitude lower have to be maintained. Within the neutron target
block higher pressures than 10- 6 are tolerable.
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1.6.5

High Energy Beam Transport and Beam Distribution (HEBT)

The HEBT system is shown in fig. A 1.6-5. From the exit of the accelerator
the beam is guided via a straight section of

50 m length 0) to the first

kicker-septum-unit. At this point (3), a defined fraction of the beam pulse
can be split off into the area for nuclear physics experiments. Further downstream, a magnet (8) switches the beam straight on to the beam dump (7) or
bends it to the neutron target (5/15). The HEBT-components are described below in more detail.
Straight Section
Beam diagnostic elements can be installed in the 50 m long drift length following the linac exit. They offer means to measure beam position, transverse and
longitudinal emittances. Within this drift space, beam can be split off for
the optional compressor ring as shown in fig. A 1.6-6 and described below.
The same quadrupoles as in the high energy part of the DAW-accelerator are
used for the strai6ht section. The parameters are as folIows:
effective length

leff

aperture radius

a

max. field

Bmax
g

gradient

=

25 cm
4.5 cm

=
=

0.7 T
15.6 Tm- 1

The focusing period from the DA\J of 10m is maintained to obtain smooth transition into the HEBT.

Beam Switch to the Nuclear Physics Area
The main components are a kicker (2) and a septum magnet which allow for fast
deflection of a fraction of the macropulse into the nuclear physics area. The
technical details of the system are described in part 111 of this study /6/.
The beam channel into the experimental area is 70 m long and is equiped with
the same quadrupoles as used in the main line.

-

endof linae
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quadrupole-dubletts
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3

kieker - magnet
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n - target
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Fig. Al. 6- 5: High Energy Beam Transport
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Beam Switch to Neutron Target and Beam Dump
This switching magnet operates in a stationary mode. It allows to· bend the
beam by 150 into the channel of the neutron target (normal operation) or,
for test purpose, to the beam dump. Field strength is B
is 1.31 m and the bending radius amounts to R

= 1.2

T, magnet length

= 5 m. The gap width was assumed

to be 8 cm, the precise value depends on a more detailed beam transport calculation. Again, the same quadrupoles are used as in the upstream channel.

Beam Dump
The beam dump is provided for absorption of the linac beam during test operation. It is designed to dump single macropulses of full length. The maximum
anticipated repetition frequency is 1 Hz.
The energy contained in a macropulse is 55 KJ, which, at 1 Hz repetition,
gives a target power of 55 kW. The beam dump is a coaxial arrangement. The
water cooled insert dumps about 50 % of the beam power. The high energy secondary radiation carries the other half of target power into the surrounding
radiation shielding. Such beam dumps were built with modified parameters but
with comparable or higher power capabilities at CERN, LANL, SIN and TRIUMF.
A quadrupole triplet precedes the beam dump to obtain stigmatic focusing with
a circular beam profile.

Bending Magnet and Beam Transport Line to the Neutron Target
Mabnet (9) bends the beam by 300

•

The orbit length is 2.62 m, construction

data correspond to magnet (8). Larger beam envelopes are expected in the target channel (10). As pointed out in A 1.2, the beam leaves the accelerator
with an energy spread of 1.8 MeV. The bending magnets (8) and (9) convert
this dispersion into an increase of the transverse emittance. An angular
spread of + 0.5 mrad is produced by magnet (9) only. For this study, no
change of quadrupole aperture was assumed, which may be revised after a detailed beam transport calculation.
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When the compressor ring will be added, larger apertures are needed anyhow
in the target channel. The emittance of the compressed beam will be 5 times
higher than the linac emittance /2/. The replaced elements can, however, be
used in that case for the injection channel to the ring.

Injection Channel to the Neutron Target
Particular requirements have to be considered in the neutron tar6et area with
respect to beam properties and beam loss. Beam spill shall be kept as low as
possible to reduce shielding thickness and to win space for the experiments
situated around the target block. Beam transport components are constructed
in a way that they can easily be removed to facilitate handling of the rotating
target insert. Neutrons and protons scattered back from the target and emerging
out of the beam tube have to be captured in a way that the bending magnet is
prevented from additional activation.
The 45 0 bending magnet is designed as an achromatic system. This takes into
account the emittance increase from former bending and the energy dispersion
in the beam. The bend is subdivided into two parts, separated by focusing
elements:
Bending magnet (11):

=

magnetic field stren6th

B

bending radius

R = 5 m

1.2 T

22.5 0

bending angle
aperture, height

g

orbit length

lm= 1.96 m

shape

lI-type, slanted poles

10 cm

2 quadrupole dublets (13):

aperture radius

a

eff. length (singulet)

leff

field gradient

g

max. pole field

Bmax

7.5 cm

=
=

39 cm

7.5 T/m

0.56 T
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Bending magnet (12) corresponds to (11) except that the yoke is C-shaped
to house a 15 cm straight channel passed by particles scattered back from
the neutron target. These particles are absorbed in some distance froru the
magnet in a controled way.
The magnet arrangement is followed by a quadrupole triplet (14). The beam
optics are thereby not only achromatic but also stigmatic, i.e. rotational
symmetric, as required on the neutron target. Beam profile at the target is
gaussian with 4 cm FWffi1. Tails beyond 4 cm radius are cut. The beam is
slightly convergent. If required, the current density of the beam can De
varied by means of the triplet. The singulets combined to this triplet are
identical with the ones situated in between the bending magnets (13).

1.6.6

Addition of a Compressor Ring and Changes for H--Operation

Changes for H--Operation
1'1agnetic field strengths of beam transport components haveto be limited to
avoid Lorentz-stripping. For the HEBT, 0.3 T are a safe value. Field limitation is strict because the probability of neutralization rises exponentially
with the field strength.
Liluitation of the field was taken into account in the bending magnets over the
wtlole aperture. For the quadrupoles, pole tip fields were assumed 0.7 T for
the reference concept to shorten the intertank drift spaces. As a consequence,
only half of the bore can be used

for stable beam transport in ca se of H--

ions. Calculations of beam dynamics in the DAW-accelerator have shown, that
the envelopes stay within this range, somewhat larger apertures were chosen
to cope with mismatches or misalignments. It is assumed, that with the experience gained in operation with protons, beam transport can be improved so that
the beam safely stays within half the aperture radius.
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Fast Beam Splitting by Charge Exchange
Dissociation of H--ions into HO and electrons by strong magnetic fields
can be applied advantageously for beam splitting. Charge exchange is partitioned into two steps Ir

~

HO and HO

~

p. Neutralization is done by Lorentz-

stripping in a small high field magnet, which can be switched fast. In a
fielct of 1.5 T, the medium decay length of the H--ions amounts to only 0.4 mm.
The difficult and expensive kicker magnet can thus be replaced in an elegant
way. Charged and neutral beams can then be separated by anormal bending magnet
instead of a septum. No blanks are needed in the beam pulse, as there is no
sweep which might cause beam spill; the two charge states are cleanly separated.
The second step of charge exchange into protons is achieved by foil stripping in
the weIl known manner /12/.
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A 1.7

Radio Frequency Generation and Control

1.7.1

Design Considerations

The function of the radio frequency system is to build up the accelerating
fields in each of the 96 resonators of the linear accelerator and to maintain accurate phase and amplitude values during the beam pulses. The stability of the accelerating voltage is an essential condition for the acceleration with small beam losses. The rf power required for acceleration of the
beam has to be generated with an optimized efficiency.
The Alvarez accelerator consists of 7 tanks, each with a pulse power demand
of 3 MW (+ 10% reserve) at a frequency of 108 MHz. The same power per unit
is required for each of a total of 89 disk-and-washer resonators,

operated

at 324 MHz. The rf system is already specified for the optional beam pulse
length of 1 ms at 100 Hz repetition rate, whereas the power supply allows
later upgrading and is specified for a pulse length of 500

~s.

The amplitude and phase tolerances of the rf fields are determined by the requirement to minimize beam loss (see also eh. A 1.2). The tolerance of existing
accelerators /1-3/ of typically

~

1 % in amplitude and

~

2 0 in phase is

considered insufficient to eliminate an influence on beam loss. Calculations
of beam behaviour with multiparticle codes cannot predict losses with the
precision required so that assumptions on the required field stability had
to be made. An amplitude error of

±

0.1 % and phase deviations of

T

0.2 0

were specified for the SNQ design.

The choice of the operating frequencies (108 and 324 MHz) - as discussed in
chapter A 1.2 - was strongly influenced by the aspects of economy and reliability of rf power generation. At 108 MHz, an approved amplifier design (GSI/
Herfurth) is already available. Klystrons opera ted for the PETRA storage ring
at DESY represent the state of the art and were used in this study as a basis
for the development of a 324 MHz rf power amplifier.

-

1.7.2
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Radio Frequency Supply at 108 MHz

Tank lengths of the Alvarez accelerator were determined by handling considerations. The Alvarez tanks are 12 m long. 3 MW of rf power are required for each
tank. To have a uniform energy flow during the beam pulse, two feeds were
provided for each tank, situated at 1/4 and 3/4 of the tank length. By
splitting the power, the requirements for the feedthroughs are reduced.
Rf windows at high power are still considered as a critical components, still
requiring development /4/.
Individual inputs to a common resonator have to be synchronized. This can be
accomplished either by symmetrical branching of the feed line or by adequate
control of separate amplifiers. Because of problems expected with separate
amvlifiers in particular during transients, branching of the feeding line was
chosen (see ch. A 1.7.4).

1.7.3

The 108 MHz Final Amplifier

Different concepts are feasible for the final stage of a 108 MHz amplifier
chain, using different species of tubes:
(1) Several tetrode amplifiers with output power accumulated by a
hybrid cascade.
(2) A high power tetrode amplifier.
(3) A single triode amplifier.
Applications of these concepts are compared in table A 1.7-1. The triode amplifier in operation e.g. at LAMPF has sufficient pulse power for the SNQ application, but its major disadvantages are the nonlinear amplitude control behavior,
low efficiency and the questionable long-term availability of these special tubes.
Tetrodes, presently operated at CERN and at GSI, are designed for broadcast
transmitters and are in long-term series production.
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Application

CERN-SPS

CERN-SPS

GSI

LAMPF

SNQ

201.25

108

Frequency /MHz

200

200

108

Power /MW

0.5

0.5

1.6

d.f. max / %

100

100

25

Tube species

Tetrode

Tetrode

NUIIlber

4 + 1
(1)

3.0

3.5

- 14

12.5

Tetrode

Triode

Tetrode

16 + 1

1

1

2

(l)

(2)

(3)

(2)

Concept
(see text)

Table A 1.7-1: High power tube amplifiers

The advantage of concept (1) using several tetrode amplifiers and cascaded
hybrids is a relatively small degradation of output power in ca se of a tube
failure, interruption of operation is therefore avoided. The expense for
maintainance and aligrrment of this system is evident. An amplifier system
with a minimUIIl nUIIlber of tubes should therefore be preferred.
This principle is followed in the concept of the rf supply for the GSI Alvarez
accelerator. Since initial problems with the high power tetrode amplifiers are
solved by a new design (see B 2.3). These amplifiers, suitable for SNQ, are now available for series production (fig. A 1.7-1). The new GSI final amplifier reliably
delivers

>1.6

MW of output power at 25 % duty factor.

At the smaller duty factor of the SNQ

rf system (6 to 12 %) even a slight in-

crease of output power can be achieved ( 2 MW). Two such amplifiers are combined by a hybrid to ·feed one Alvarez tank.
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Fig. A 1.7-7: Tetrode final amplifier for 2 MW pulse power

1.7.4

at 108 MHz

Hybria Combination of 108 MHz Final Amplifiers

Because of the extended geometry of high power tetrodes, the assembly of
two tubes in a cormnon rf circuit is difficult. In order to avoid problems of
synchronization, the output power of the individual amplifiers was combined
into a single transmission line by a 90 0 hybrid, as shown in fig. A 1.7-2.
Neglectin6 circuit losses, the addition of the forward power coming out of
both amplifiers appears at the hybrid output toward the resonator, if the
amplitudes are equal and the phase relation is 90 0

•

The wave reflected by the

- 157 resonator is divided into both input branches of the hybrid. Assuming equal
output impedances of the amplifiers, these waves are once more reflected and
finally absorbed by the load resistor.
Seen from the resonator, the combined amplifiers appear as a single generator,
matched to the impedance of the transmission line. The load mismatch seen by
the generators is considerably reduced.
A description of the hybria functions can be found in the literature, e.g. /32/ •
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Fig. A 1.7-2: Hybrid combination of 108 MHz final amplifiers

At the input of tlle final amplifiers, hybrid junctions are feasible, but
adequate control of amplitude and phase is difficult at the high levels of
drive power involved. In order to allow for electronic symmetrization at low
power levels, separate amplifier chains are provided.
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Radio Frequency Supply at 324 MHz

A total of 267 MW of vulse power is necessary to feed the 89 sections of the
DAW-structure. Additional requirements for the rf amplifiers are a suitable
control behaviour, high reliability and high efficiency. These attributes cannot be obtained with tube amplifiers. Gyrocons and Trirotrons proluise both high
output power and high efficiency, but are still under basic developruent and
can therefore not be considered for the SNq-design. The most suitable alternative are klystron aluplifiers. Extrapolating moderately tne present state of
the art, a saturated peak power of 3.7 MW per klystron can be obtained. In
order to achieve a high efficiency in the vartial-power region, fast and continous control of the electron beam of the klystron is necessary. Both the peak
power proposed and the control method

re~uire

some technological development,

which is justified with respect to the nurnber of klystrons required.
Based on the experience of development and construction of the PETRA-klystrons
/5/, a long-pulse klystron has been developed by Valvo for this study. This
klystron is a first approach towards the SNQ specifications, still limited in
its performance by existing production equipment and test facilities. Detailed
test results are compiled in /6/. Fig. A 1.7-3 Shows the study klystron during
the tests. Some essential results are compared to data of other high power
klystrons in table A 1.7-2.
By the klystron tests performed, the design parameters could be corroborated.
The intrinsic power capability of the klystron could not be verified so far
because ot limitations of the test equipment. In particular, the cathode
voltage supply and the rf power absorber were inadequate for operation at
higher power levels.

-
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Fig. A 1.7-3: The stUdy klystron assembled for tests
Table A 1.7-2: High power klystrons at low frequencies

Application

DESY/PETRA

SLAC/PEP

-----

LANL/LAMPF

SNQ 2

EISCAT

...

---~-..-~..-------_.-

- ~ ~ ~ - . . . - -~,..."""'

.f!'requency /MHz

500

353

805

225

324

Output Power/MW

0.6

0.5

1.25

51)

0.6

Duty factor /%

100

100

12

L5

30

Efficiency /%

60-65

65

45/55

50

70

Modulation

Anode

- J- - - - - - Anode

"'-"~-~~'---'._-

1) 2 klystrons
2) study klystron V 107 SK

Anode

Anode
___-..._T...........______

._~

---..,......,--...,.-~
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The heat load of the output window, absorbing

5 x 10- 4 of the output power,

was as low as expected. The transfer characteristic of the klystron amplifier,
which is important for the design of the control system, showed a signal
bandwith of 300 kHz. The bandwith should, however, be improved in a future
prototype klystron. Summarizing the experimental experience, the parameters of
the klystrons designed for the SNQ are considered reasonable and can be obtained without major development risks. Higher output power and introduction
of grid control are the next steps of development on the basis of the experience
gained with the test klystron during this study.

1.7.6

Modulation Methods

Klystron efficiency values reported (60 to 65 % with series products /5,7-9/ and
up to 75 % with laboratory samples /10/ describe the internalpower conversion
at saturation. A more significant information on the rf power supply is the
operational efficiency, which relates the rf power fed into the accelerating
resonator during the beam pulse to the total mains power consumption. This
definition takes into account also the klystron periphery and the pulsed
operation.
The traces of the rf pulse signals are shown in fig. A 1.7-4. During the
filling process, where the accelerating fields arebuilt up, the klystron
is opera ted in saturation, which shortens this period. During the particle
ueam pulse, the field amplitude has to be controlled and the klystron must
therefore be opera ted under partial-load conditions.
For optimization of the operational efficiency, the method of amplitude modulation is important.
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Fig. A 1.7-4: Traces of the rf pulse signals
a - filling process
b - nominal field operation
c - particle beam pulse
d - field decay
Alternative methods of modulation are:
1. Rf input modulation: The dc power input is completely independent from
the rf drive level, thus the efficiency decreases considerably below
saturation. The speed of the amplitude control is limited only by the
rf part of the klystron which acts as a band pass filter. This method
of modulation can be applied any type of klystron.

-
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2. Anode modulation: Klystrons commercially available mostly are equiped with a
modulation anode which allows for a control of the electron beam current.
Because of the high voltage swing required, only slow modulation (up to
1 kHz) or low switching times (up to 10fls) could be achieved. Since in this
case the dc input power depends on the rf output power, the efficiency
remains relatively high at reduced output power.
3. Grid modulation: Control of the electron beam current by
a control grid close to the cathode, which has a strong influence and consequently a low voltage swing, has not been applied at high power klystrons so
far. With a voltage swing of

5 kV and a grid capacity of

100 pF, a fast

analogue ( 5 MHz) and digital ( 1fts) control of the beam current can be
obtained, in accordance to the control requirements specified. Technological
problems and development risks connected with grid modulation are discussed
in chapter B 2.2.
4. Cathode voltage modulation: This method involving a hv series modulator
was excluded because of high cost and low efficiency.
The control of the rf pulse course can be either obtained with a combination
of anode and rf low-level modulation (i.e. anode pulsing and continous control
of rf-drive) or with grid modulation. Both methods differ significantly with
respect to efficiency (see fig. A 1.]-5). Grid modulation yields an operational
efficiency of 52 %, whereas by the combined anode and rf low-level modulation
only 45 % are achieved /11/. In aadition, anode modulators are expensive and,
according to experience at LANL, have to be considered as components of critical life time /1, 12/.
For these reasons, grid modulation was chosen for the SNQ-design. As stated by
industry, grid-modulated klystrons and suitable modulators can be developed in
time (see eh. B 2.2).
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Load Behaviour
For the klystron, the accelerating structure represents aresonant load
counteracting instantaneously any change of amplitude or phase by a heavy
mismatch, even if a matched condition exists in stationary operation. Further,
the influence of the particle beam must be considered, which represents an
complex load. For operation the resonator is tuned to resonance and coupling
is watched for the nominal beam current. Whe the beam current is decreased,
an increasing mismatch is obtained, as discussed in /13/. The power needed
to maintain the field amplitude, is lowered simultaneously. Reflection of
the rf power during the pulse is shown in Fig. A 1.7-4. In addition to these
regular reflections, statistical events (e.g. rf-arcing in the transmission
line or in the resonator) may occur, causing total reflection almost
instantaneously.

-
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The reflection during the pulse course may overload the klystron. In
particular, overvoltages are hazardous for the output cavity and the
rf window. More details on this problem are given in /14, 15/. The following
precautions may be considered to prevent damage of components.
A circulator in the transmission line leads the reverse power into an absorber and thus protects the klystron output. Circulators of the phase shifter
type are in operation at DESY, e.g. /16, 17/ with positive experience. Disadvantages are, however, considerable cost and space requirements. For the SNQ,
the more compact and less expensive type of a junction circulator is feasible
/18-20/.
Severe reflections during the filling process can be mitigated by slowing down
the procedure. According to /13/, the stationary mismatch of the resonator without beam loading remains tolerable. Protection of the klystron against irregular
reflections (i.e. arcing) may be obtained by fast switching of the rf drive.
Positive experiences with klystron operated without circulators under comparable
circumstances are reported by LANL /1/.
For operation of the SNQ klystrons no circulators are proposed. Development of
specific operational procedures and of protecting circuits without a penalty of
efficiency is anticipated. Verification of reliable operation has to be shown
by prototypes. Space for circulators was considered in the layout of the
SNQ-buildings.

1.7.8

The Control System

The stability requirement of

±

10- 3 for the amplitude and of + 0.2 0 for

the phase of the accelerating voltage in pulsed operation and the necessity
to economize the operational costs lead to the following strategy:
1. Optimized filling time of the resonator by separate control of amplitude
and phase.
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2. Optimized recovery time of the control loops by a small initial
error and by predetermining the controller.
3. Optimized control error during the beam pulse by an adaptive forward
control, compensating for repetitive disturbanees.
The pulse traces of the control signals are shoWIl.in fig. A 1.7-6. An ideal
rectangular beam pulse was assumed. For the discussion of the layout for the
control system, the step function at the beginning of the beam pulse is the
most universal test signal, considering the different pulse courses for
different tasks (see eh. A 1.6). In the following paragraphs, the control
system will be described in detail.

Amplitude
control sig nal

Control loop

closed

open

open

Phase
control sign al

Resonator
amplitude

O+-_ _-'E
----+1

a

+I--~--

b

------1----

c

Fig. A 1.7-6: Pulse course of the control signals
a - filling process
b - nominal field operation
c - particle beam pulse
d - field decay
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Amplitude and phase Control System

For the stabilization of the complex accelerating voltage two control loops
are required, which have to control either two orthogonal amplitudes or
amplitude and phase corresponding to a cartesian or apolar vector representation /21, 22/. Both alternatives are tested and are of equivalent effect
Because of grid modulation (amplitude coptrol) of the 324 MHz klystron, which
is essential for a high efficiency, the polar method was applied, which, for
simplification, was also used for the 108 MHz system. The basic circuit
diagram of this control system is shown in fig. A 1.7-7. A rough layout of
the controller starts from an analysis of the loop constituents (e.g. rf
amplifier, resonator) and leads to a synthesis of the controller based on
stability

considera~ions

Power amplifier

Phase-demodulator
Phase~.".......-J mC?dulator

Phaseforward controller

Fig. A 1.7-7: Basic circuit diagram of the control system
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In the time domain the resonator is represented by a lag having a
cut off frequency of 10 kHz. ·The rf transmission and measurement
lines form a delay of -{=300 ns. The power amplifiers (klystrons or
tetrode amplifiers can be represented by several lags with cut-off
frequencies in the 1 to 5 MHz range. With a safety morgin from the
stability limit included for the phase, a unity-gain frequency of
200 kHz results. The frequency response of this control loop is shown
in fig. A 1.7-8a as a Bode-plot. The limit for a sinusoidal disturbation
causing the highest tolerable error (+ 0.1 % or
0.2 0 ) is shown in

±

fig. A 1.7-8b. This frequency dependence is likewise valid for random
disturbances (noise of the beam current or amplifier gain fluctuations,
e.g.). Because of the equal behaviour of the amplitude and the phase
control loops, the following error consideration can be restricted to the
amplitude loop.
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Between pulses the rf generators are inactive. The control loops are therefore interrupted. However, each beam pulse must be preceded by the filling
process for the resonator and by the recovery time for the control system.
AstlOrt recovery tilne is achievable by forcing the controller, before switching
on, into astate close to the later steady state. An auxiliary loop, which is
active between pulses, allows for this function.
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Fig. A 1.7-9: Control error response to the beam pulse (without
forward control)

1.7.10

Fast Filling process

Considerations of the filling process start from the stationary beam loaded
resonator, which is matched for optimum utilization of the available
generator power. This requires resonant tuning and matching of the coupling
for the beam loaded case. Since the beam is a complex load related to the
accelerating field by the synchronous phase angle

(~s ~

30 0

),
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without beam, the resonator is detuned and overcoupled. In absence of the
beam, the excess power of the generator can be used to speed up the filling
of the resonator.
An optimized filling speed is obtained at saturation of the generator power.
When the nominal amplitude is achieved, the generator has to be switched down
instantaneously, as shown in fig. A 1.7-4. As the cavity is still unloaded
and therefore detuned, the field amplitude would start to oscillate. This
can be completely eliminated by stepping off the generator phase /25/.
Parameters of the rf system may fluctuate, which would cause excessive initial
errors for the control system. Automatie setting andrepeated correction by a
computer is therefore applied.
Calculations of the filling procedure have shown, that an optimum filling
time of 150fAS for the Alvarez- and

50~S

for the DAW-part of the accele-

rator can be obtained /26/.

1.7.11

Adaptive Forward Control

In general, the response on disturbances can be greatly improved by forward
control /27/. Disturbanees, which can be measured directly, are used to
drive the modulator, thus bypassing the controller. In the system discussed
here, a signal is derived from a nearby beam pick-up, conditioned and summed
up with the output of the controller at the input of the phase or amplitude
modulators. The slower path via the resonator is thus avoided.
The effect of this system, involving a proportional forward control, is demonstrated in fig. A 1.7-10.

~ithout

forward control, the amplitude error in

response to a step function for the beam transient was reduced by normal control
to 2.5 % (fig. a). With the proportional forward control, a further reduction

r

factor of 4 can be gained (fig. b). At the same time, the recovery time is
shortened from 40

fS

to 4

s,

-
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As the course of the pulse is known in advance, a preceding forward control
may be applied, which realizes a final reduction of the vontrol error to
0.12 %, provided that the lead time is optimized (fig. c). The information
required can be derived from the preceding pulse.

x 10- 3
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Time! IJs

Fig. A 1.7-10: The control error in response to the beam transient
a without, b with proportional and c with preceding
forward control
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Theoretically, by introducing a differentiating element, complete compensation of the beam induced control error could be obtained /28/. The transfer
characteristics of the modulator and the rf amplifier could be compensated
by this measure. For a step function of the beam current, infinite generator power would, however, be needed. For the system discussed here, an
excess power of 10 % over the nominal value is available. Full compensation of beam loading can therefore be only obtained, if the rise time of
the beam pulse is longer than 1 fS/29/.
Any repetitivexdisturbances can be

suppres~ed,

if the control signal is

derived from the control signals of the preceding pulses, rather than from
a beam current monitor.
Random disturbances, such as noise of the generator or noise of the beam
current can, however, not be cured by the forward control system. They have,
on the contrary, to be removed from the stored pulse course by averaging
over several pulse cycles. The suppression of noise remains to be done by
the normal control loops.
Forward control systems previously applied to linear accelerators /27/ suffered
from parameter fluctuations. A small control error could be adjusted at short
notice, but fluctuations in long-term operation and in numerous individual
systems involved, could not be corrected on-line.
The concept of the forward control for SNQ is based on digital storage of the
measured values, correction by computer and, finally, conversion to an analogue
control signal (fig. A 1.7-11). The computer correctiön. uses a strategy of error
minimization and enables a continous fit to slowly fluctuating system parameters

/29/.
The adaptive forward control system automatically compensates for non-linearities
in the loop. The polar control system, as proposed here, has from its principle
a non-linear response /30/. Non-linearities are also found in modulators and
amplifiers of the control loop. Non-linearities are different in the amplitude
and phase control loops. Two independent systems must, however, be used for
phase and amplitude, but by time multiplexing, several components can be used
in common.
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Controller

K'----4It---1

L -_ _, -
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Reference
Tim ing

Control I oop
------

Ad aptive
forward
con trot

Computer

Fig. A 1.7-11: Circuit diagram of the adaptive forwardcontrol

The forward control circuit discussed above, can be used in addition
to control the filling process (ch.A 1.7.9)
1.7.12

Tank Frequency Control

The resonant frequency of the accelerating tank varies depending on the temperature of the mechanical structure and on the atmospheric pressure by a few
bandwidths and in consequence must be corrected by a motor driven tuning piston
/31/. A coarse correction is achieved by control in relation to the cooling
water temperature and to the atmospheric pressure, whereas, within the bandwidth,
a fine correction is done by transmission phase control. The resonant tuning
refers to the beam loaded tank but is also achievable with the unloaded tank
by a specific phase off set simulating the beam induced detuning.
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1 .8.1

Basic Parameters of the Linear Accelerator

Protons (Ir) ..

Particle

-

Final energy / MeV

350

Total length / m

548

/ 1100

(Including intertank spaces
and matching sections)

-Accelerating structures

Alvarez (108 MHz) /

and rf-frequencies

Disk-and-Washer (324 MHz)

Peak beam current /mA

100

Time averaged beam current /mA

5 (10)

Max. repetition frequency / Hz

100

._"---_... _-

~-~---~-~_._---~~-

~_._-

_..... _--..--_._------

Beam pulse duration / ps

500 (1000)-

Mains power / MVA

44.3

... Brackets

refer to options

...

.~-----_

_~--
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1.8.2

Injection Parameters

Ion Source and Extraction
Type of ion source

Magnetic

multipol~

ion source
Total ion beam current extracted /mA

250

Pulse duration / ps

700 to 1000

-Proton content

~ 60

/ %

Normalized 100 % emittance at
extraction /

TI

mm mrad

0.2

Extraction voltage / kV

50

Stability of ion current

10- 2

Stability of extraction voltage

10- 2

Electrostatic Preacceleration
Type of preaccelerator

Cockcroft Wal ton

Accelerating voltage / kV

400

----

Stability of the ace. voltage

--Max. Proton current

10- 4
-+ 2.5 x
--

/ mA

135

---_-._._0______- - - -

-

.•- - - - - - - - - -

-----------~

Accelerator tube:
- Aperture diameter

/ cm

10

- Number of electrodes

4

- Max. field strength / kV cm- 1

34
-

Normalized 100% emittance at the exit
of the accelerator tube /

TI

mm mrad

0.5
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1.8.3

Beam Dynamics and Beam Properties
Alvarez-Acc.

Disk-and-Washer-Acc.

Energy / MeV

0.45

105

105

350

1 100

Av. accelerating field strength /
MV m- 1

2

2

3.4

3.9

4.2

Transit-time-factor

0.7

0.87

0.89

0.87

0.84

- 35

- 35

- 30

- 25

- 25

28

2.5

Synchronous phase

/

0

Longitudinal tune (100 mA)

/

0

Transverse tune (100 mA)

/0

~O

40

Transverse tune (0 mA)

0

63

65

Phase width

/0

/

45
55+

45
50+

30
32+

(full width)
44+

30+

20+

6

15+

10+

7+

0.12

1.4

1. 7+

2.5+

3.7+

0.10

0.8

0.05

0.35

0.4+

0.6+

1+

- 100 % of the particles

1.8

4.0

3+

3+

3+

-

1.4

1.5

- rms-value

0.6

0.7

0.7+

0.7+

0.7+

Aperture diameter / cm

2.8

6.6

7.0

8.0

8.0

- 100 % of the particles

3

6

6+

10+

15+

- rms-value

0.6

1.2

1.2+

2+

3+

- 100 % of the particles

-

150

18

74

11

41

100 % of the particles
95 % of the particles

95 % of the particles

- rms-value
Energy spread / MeV (full width)

-

- rms-value
Beam diameter in the quad rupoles / cm
95 % of the particles

Normalized transv. emittance /
TI

mm mrad

+ estimated from analytical calculations
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1.8.4

Parameters of the Alvarez Accelerating Structure

Tank no.

1

2

3

4

5

6

7

Injection energy / MeV

0.45

15.7

31.8

47.3

62.4

77 .4

91.7

Ei. length of tanks / m

11.20 11.48 11.67 11.80 12.16 12.14 11.79 82.24

Ei. diameter of tanks / m

1.76

total

1.68

1.60

1.60

1.60

1.60

1.60

25.0

35.0

42.5

42.5

42.5

42.5

230

39

19

15

13

12

11

10

119

min.:

7.37

39.29 52.52 59.26 63.92 67.38 69.95

max. :

32.36 49.02 58.46 63.26 66.85 59.52 71.52

Intertank length / cm
No. of cells
Length of drift tubes / cm

Diameter of drift tubes /
cm

33.8

30.0

30.0

30.0

30.0

30.0

30.0

min.:

0.28

0.31

0.36

0.45

0.52

0.59

0.65

max. :

0.52

0.42 {).44

0.51

0.58

0.64

0.69

6.6

6.6

6.6

6.6

6.6

1.33

1.28

1.18

1.13

Gap / cell length

Aperture diameter / cm
Accelerating gradient /
MeVm- 1

2.8 •• 4.6 5.6

1.36

1.4

-~~

-----~

1.23
r~--··---

.«

.-"._-+-,

EfL shunt impedance /
M ~ m- 1

25.9

32.0

27.9

25

22.5

20.2

18.2

Theor. Q-value / 10 3

110

97

97

95

94

93

92

Cavity loss / f'IIW

1.50

1.30

1.38

1.43

1.52

1.55

1.55

10.23

1.53

1.6

1.56

1.51

1.49

1.43

1.34

IO,Y-G

...
Beam power / MW

-

1.8.5

183 -

Parameters of the DAW Acce1erating Structure

Tank geometries

Injection energy / MeV

105.0

167.6

298. ~

350.0

487.9

753.9

tot.

No. of tanks

7

13

5

6

11

15

57

Eff. acce1erating rate /
MeV rn-I

2.6

2.8

3.1

3.1

~.O

3.2

E1. tank 1ength / m

ß.1. .3.6 3.2 •• 3.8 3.4

7.2 •• 7.5+ 7.8 ••8.3+ 7.2+

E1. tank diameter / m

1.35

1.35

1.35

1.35

1.35

1.35

No. of ce11s/tank

15

13

11

22

22

18

Diameter of aperture / cm

7.0

7.0

7.0

8.0

8.0

8.0

Cavity 10ss / MW

2.05

1.97

1.85

3.64+

3.6+

3.5+

Increase of beam power/M\ol

0.81

0.92

1.07

2.24

2.34

2.2

Intertank 1ength / m

1.3

1.3

1.3

1.3

1.3

1.3

,

.

+ Tanks consist of two resonators, separate1y fed with rf
from 350 MeV on.

328

72.8

-

1.8.6
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Ce!! Parameters of the DAW Structure

Energy I MeV

109

117

325

376

533

901

Re!. Proton velocity v/c

0.44

0.54

0.67

0.70

0.77

0.86

Gap / cell !ength

0.300

0.353

0.425

0.461

0.499

0.535

Tank diameter / cm

134.8

134.8

134.8

134.8

134.8

134.8

Diameters of aperture I cm

7.0

7.0

7.0

8.0

8.0

8.0

Diameters of disks / cm

96.22

99.04

103.28

104.3

106.9

110.6

Diameters of washers I cm

90.12

87.72

85.00

84.4

82.6

79.66

Thickness of disks I cm

3.95

6.12

9.94

10.75

13 .2

16.42

Thickness of washers / cm

3.0

3.0

3.0

3.0

3.0

3.0

Cell !ength / cm

20.58

24.98

31.00

32.4

35.62

39.8

M n m- l

22.9

29

35.9

35.2

38.25

41.8

Transit-time-factor

0.89

0.89

0.88

0.86

0.85

0.84

Q-value I 10 3

40

54

68.7

72.5

82

95

5.38

5.07

4.76

4.2

4.38

4.29

EfL shunt impedance /

Peak to acc. field ratio
Ep/Eo

-
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Foeusing Parameters of the rf-Linae

1.8.7

Eleetromagnetie quadrupoles

Foeusing elements

100 % duty eyele

Supplies

10- 3

Field stability

Alvarez-aeeelerator

Configuration

DAW-aeeelerator

singulets

dublets

F-Hf...,.D

FD-Hf

Periodieity

,

Energy / MeV

0.45

105

105

350

1 100

~ength

5

38

40

50

60

Diameter of aperture / em

3.2

7.0

8.0

9.0

9.0

Gradient / TM"" 1

47

4.0

23+

17.8+ 15.6+

Pole Tip field strength / T

0.8

0.1

0.9+

0.8+

of foe. element / em

+ estimated from analytieal ealeulations

0.7+

-

1.8.8
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Parameters of the rf-System

+ 0.1 %

Stability of ace. field amplitude

-

".."

+ 0.2

Phase

-

0

Total peak power / MW

288

Mains power / MVA

34 (54)
Alvarez-

Disk-and-Washer-

aeeeierator

aeeeierator

108

324

No. of power amplifiers

2 x 7

89

Peak power at amplifier exit / MW

2 x 1.8

3.5

Total rf power, time av. /MW

1. 62

16.9

Operational effieieney+) / %

39 (46)

52 (60)

No. of power feeds per resonator

2

1

Type of power amplifier

Tetrode

Klystron

Type of tube

8973 (Eimac)

V116SK (Valvo)

Amplitude modulation, type

via rf eontrol

grid

150

50

100

50

20

20

Frequeney / MHz

.-----,

_.-

Max. filling time / ps
Max. rise time / ps

+)

+)

Max. start-up time for operation / min
+) for definition see eh. A 1.7

