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CHAPTER 1

GENERAL INTRODUCTION

In the 1930's, the first MV ion accelerators have been developed,
initialized by the field of nuclear research. These were the Wideroe
accelerator, which is based on the principle of the radio frequency (rf) linear
accelerator [1] and dc accelerators, based on the Van de Graaff generator and
the Cockcroft Walton generator. In the course of time, a number of analyzing
techniques based on MeV particle beams have been developed. Some of the
important and widely-used analyzing techniques are Rutherford backscattering
spectrometry (RBS), elastic recoil detection (ERD), nuclear reaction analyzes
(NRA) and particle induced X-ray spectrometry (PIXE). For these applications,
beam currents in the micro-ampere range are sufficient. DC accelerator can
deliver these beam currents and these machines are, also because of their
uncomplicated construction, widely used.

In the last decade, MeV ion beams have become of importance for a
number of production techniques. The production of more complicated
electronic devices has led to the development of multi-layer structures, which
require deep implantation of the dopand ions [2], For example, by MeV ion
beams buried insulating [3], conductive [4] or doped [5] layers can be
fabricated several microns beneath the surface, i.e., layers with properties that
differ from the unmodified top layer. Furthermore, high-energy implantation
of nitrogen, carbon or titanium in metals and ceramics can be employed to
improve macroscopic properties such as hardness, friction wear and corrosion
resistance in a sufficiently thick surface layer [6]. As a possible future
application for MeV ion beams we mention plasma heating in fusion devices
and diagnostic techniques for these plasmas [7]. In the latter case a D- current
of some 0.1 A is needed while for plasma heating beam currents of more than
100 A are needed.

I An important difference between the analyzing techniques and the
| production applications is the required beam current. In the latter case implant
I doses of some 1018 ions/cm2 are needed. Beam current densities have to be in
| the order of some milli Amperes/cm2 to keep the irradiation time within

economical limits. The need for MeV energies and high beam currents has led
to the development of (linear) rf accelerators such as the Radio Frequency
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Quadrupole (RFQ) [8-10], the Multiple Electrostatic Quadrupole Array Linear
Accelerator (MEQALAC) [11] and the Variable Phase Linac [12]. In the
following, several characteristics of and differences between dc and rf
accelerators are discussed.

In dc accelerators, acceleration takes place by means of a longitudinally
directed electrostatic field and any charged particle is accelerated while the
particle energy can be varied easily and over ?• wide range. These are usually
advantages when the accelerator is used for research purposes and a large
variety of ion species, such as P+, B+, As+ and metal ions, have to be handled.
However, a disadvantage of the capability to accelerate any charged particle is
that secondary electrons are accelerated too. Upon impact on solid material of
the electrons hard X-rays are produced and MV dc accelerators have to be
shielded, when no precautions are taken.

In rf accelerators, acceleration takes place in a number of 'steps'. The
concept of rf acceleration is illustrated in fig. 1, which shows the MEQALAC
concept. In this device acceleration takes place in a number of gaps which
carry a rf voltage. Only during part of the rf period the electrical field is in
the direction of the beam propagation, so the particles should have specific
velocities in each gap to experience an accelerating field in all gaps. In other
words, linear rf accelerators have a so-called fixed-velocity profile. This
implies that, contrary to dc accelerators, for linear rf accelerators there is a
fixed relation between the mass-over-charge ratio of the particles, the ratio
between the entrance and exit energy, and the rf frequency. For a given ion
species to be accelerated the exit energy is fixed, which might be a
disadvantage. However, the impossibility to accelerate all kinds of charged

Q

Fig. 1. The MEQALAC concept. Longitudinal cross-sectional view which shows the rf
gaps (G) in which a (possibly large) number of beams is accelerated. Transverse focusing
is accomplished by means of electrostatic quadrupole lenses (Q), which are mounted in
the field-free regions (R). Each second cell (cell length LjJ contains a particle bunch (B).
The arrows indicate the direction of the electrical field at the time that the bunches are in
the gaps as shown.



particles has advantages too. Firstly, the accelerated beam is mass-selected and
secondly, no secondary electrons are accelerated to high energies; the rf
voltages are typically less than 100 keV. The X-ray level is usually sufficiently
low and no shielding is needed. Furthermore, due to the absence of high
voltages rf accelerators do not have to be mounted in a pressure vessel filled
with insulating gas and thus no gas handling system is needed. The latter are
always needed for MV dc accelerators.

A further advantage of rf accelerators is that transverse focusing elements
can be easily incorporated in the accelerating structure. Transverse focusing
counter acts space-charge induced blow up of the ion beam and therefore the
current limit is considerably higher than for dc accelerators. In the MEQALAC
concept the focusing elements are mounted in the field-free regions of the
accelerating structure, see fig. 1. Note that these field-free regions are at earth
potential and technological problems with respect to the power supplies of the
focusing elements are absent. In the RFQ [8-10], a widely-used rf accelerator
for MeV energies, a different approach is followed. This device consists of
four modulated electrodes which carry an rf voltage. Due to the modulation,
in the channel a transverse as well as a longitudinal electrical field is present.
The longitudinal field accelerates the ions and the transverse field transversely
focuses the beam, i.e., the electrodes form a rf quadrupole.

For the sake of completeness we mention several other MV accelerators
which are of importance for implantation and analyzing purposes.

A well known variation of the single-ended dc accelerator is the tandem
accelerator [13]. This apparatus consists of two coupled accelerating tubes.
Usually negative ions are injected in the first accelerating tube. In a high-
voltage terminal in between the two accelerating tubes, a charge exchange
device strips the negative ions and the produced positive ions are further
accelerated in the second accelerating tube. Advantages of the tandem
accelerator are that both the ion source and the target are at earth potential and
that a relatively low accelerating voltage is needed, especially when multiply
charged ions are produced in the charge exchange device. A disadvantage is
the poor charge exchange efficiency; beam currents are of the order of tens of
micro-amperes.

A dc accelerator which offers a high beam current and variable ion
energy is the so-called CCVV (constant-current, variable-voltage) accelerator
[14]. Like most dc accelerators, the accelerating tube consists of a number of
metal electrodes, separated by glass or ceramic insulators. The main difference
with conventional dc accelerators is that in the CCVV accelerator a (compli-
cated) system of electrostatic quadrupoles is mounted on the electrodes, which
opposes the space-charge induced beam blow up. Note that due to the
transversely directed quadrupole fields, secondary electrons are caught at a
low energy and no hard X-rays are produced. However, some disadvantages of



dc accelerators are still present; the ion source is at the high-voltage side of the
accelerator and the applied voltages are in the MV range.

A recently developed rf accelerator is the Variable Phase Linac [12]. This
device consists of a number of modules, which in turn consist of three
cylindrical electrodes. The outer electrodes of each module are at earth
potential while the central electrode is part of a resonator, i.e., each module
contains two accelerating gaps. The phase, frequency and amplitude of the
individual resonators can be varied and the accelerator can thus be tuned to
particles with various mass-over-charge ratios, while the ion energy is variable
too. However, note that for a given setting of the rf phases and amplitudes only
particles with one specific mass-over-charge ratio are accelerated, i.e., the
accelerator is tunable but does not accelerate unwanted particles. A current
limit in the milli-ampere range is reached by mounting quadrupole lenses in
between the accelerating modules.

This thesis deals with single-ended Van de Graaff accelerators and the
multiple beam rf accelerator MEQALAC. Chapter 2 gives a discussion of
several beam-envelope calculation techniques and describes the ion-optical
components of a 1 MV, high-current, heavy-ion implantation facility and a 2
MV facility for analyzing purposes [15,16]. These two compact accelerator
facilities, which have been developed in collaboration with High Voltage
Engineering Europa BV, are based on single-ended Van de Graaff accelerators.
The X-ray level of these accelerators is kept low, such that no shielding is
needed, by keeping the energy of secondary electrons sufficiently low [17].
The latter is accomplished by means of a system of small permanent magnets
which are built in the accelerating tubes. The suppression system is discussed
in chapter 3.

The chapters 4,5 and 6 cover various aspects of Stage II of the MEQALAC
project. This project, which is carried out in collaboration with the Institute
for Applied Physics of Frankfurt University, is divided into two stages. In
Stage I, a proof-of-principle experiment which was terminated in 1986, four
He+ beams were accelerated from 40 keV to 120 keV [18-25]. The time-
averaged beam current was 2.2 mA per channel. Stage II of the experiment
deals with the parallel acceleration of four high-current N+ beams from
40 keV to 1 MeV. Acceleration takes place in 32 rf gaps which are part of a
modified interdigital-H-resonator [26]. In between the accelerating gaps, small
electrostatic quadrupoles are mounted, which oppose the space charge forces
of the intense ion beams. The lenses are arranged in a so-called periodic
focusing structure. A bucket-type plasma ion source is used, which produces
both N+ and N£ ions. In between the ion source and the MEQALAC section, a
Low Energy Beam Transport (LEBT) section is mounted. This section, which
also consists of arrays of quadrupole lenses, provides for the drift space for a



buncher. The latter device transforms the extracted dc beams into bunched
beams which are accepted by the MEQALAC section.

In chapter 4 the transport of ion beams that contain both N+ and N^ ions,
so-called mixed beams, through the LEBT section is discussed and equations
for the current limit of a mixed beam are derived [27]. The investigation of
mixed beams is of importance because usually various ion species will be
extracted from a source and injected into the transport channels and rf
accelerator. Bunching of mixed N+, N2 beams is discussed in chapter 5. For
space-charge dominated beams this bunching process is essentially different
from the bunching of a mono-ion-species beam; the heavier ions slip back with
respect to the lighter ones and the formation of N+ bunches is influenced by
the N2 beam and vice versa [28].

Multichannel acceleration of N+ ions with the MEQALAC is discussed in
chapter 6. The transport and acceleration of the N+ ions, which have the
correct mass-over-charge ratio to be properly accelerated, and the N£ ions,
which do not have the correct mass-over-charge ratio, are investigated
analytically, numerically by means of PARMILA multi-particle simulations,
and experimentally. Various mechanisms that defocus the ion beam during
acceleration are investigated [29]. Measurements on the accelerated beam
current are presented.

In the Addendum a comparison is made of the MEQALAC and the RFQ
[30]. The current limit and rf power consumption of these accelerators are
compared theoretically. Design examples are presented for MEQALAC and
RFQ-type 1 MeV, 24 mA N+and 1.5 MeV, 100 mA D' accelerators, which
are specified to be used for implantation purposes and for fusion plasma
diagnostics, respectively.
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CHAPTER 2

ENVELOPE CALCULATIONS OF SPACE-CHARGE LOADED BEAMS

IN MeV dc ION-IMPLANTATION FACILITIES

1. Introduction

MV ion accelerators for research purposes are preferably of the dc type,
as explained in Chapter 1. These devices offer the possibility to accelerate any
charged particle, independent on its mass and charge state, to a wide range of
energies. In this chapter the designs for a high current, heavy ion, 1 MV
accelerator for ion-implantation purposes and a 2 MV accelerator for
analyzing techniques such as Rutherford backscattering spectrometry (RBS)
and elastic recoil detection (ERD) are presented. Both facilities are based on
single-ended Van de Graaff accelerators. The heavy ion facility can accelerate
a 300 |J.A beam to energies that range from 10 keV up to 1 MeV, for singly
charged ions. The switching/analyzing magnet of this facility can handle ions
with a mass-energy product up to 131 amu-MeV. The 2 MV analyzing facility
can accelerate low current ion beams to energies that range from 200 keV up
to 2 MeV, for singly-charged ions. The mass-energy product of the analyzing
magnet of this facility is 8 amu-MeV.

Several techniques for beam envelope and trajectory calculations are
employed to design the accelerator facilities. In the low-current, light-ion RBS
facility, space charge effects play a minor role and the beam envelope can be
calculated properly by means of a first-order matrix formalism. However, it
will be shown that in the ion-implantation facility transport of a heavy ion,
high current beam is space-charge dominated. Therefore, the beam envelope
has been calculated by means of a system of differential equations, based on the
Kapchinski-Vladimirski (KV) equations [1], which take space charge into
account. The KV-equations are modified such that the rms beam envelope can
be calculated as a function of the longitudinal coordinate, while a longitudinal
electrical field can be taken into account. So, the envelope of a space-charge
loaded beam with an arbitrary cross-section can be calculated through the
entire accelerator facility.



2. Theory of beam-envelope calculations

In order to get information about the beam behaviour, usually the beam
envelope is calculated rather than individual particle trajectories because the
envelope shows immediately the minimum required aperture radius of the
various ion-optical components. Various methods of calculation can be used,
such as for example the Kapchinski-Vladimirski (KV) equations [1] and the
matrix formalism, see for example ref. [2]. Both methods of calculation have
their specific advantages.

In the matrix formalism, all ion-optical elements of an accelerating
facility such as the accelerating tube, a switching magnet and quadrupole lenses
can be described in terms of transport matrices, which can be used to calculate
the beam envelope. However, space charge effects cannot be described
properly by means of a first-order matrix formalism. This is a disadvantage
when the beam envelope of a high current beam has to be calculated.

When space charge plays a significant role, the KV equations are more
appropriate to calculate the beam envelope. However, the equations as
originally proposed by Kapchinski and Vladimirski have several disadvantages.
Firstly, the equations are only valid for beams with a uniform space charge
distribution (a so-called KV distribution). Secondly, the KV equations give the
beam envelope as a function of time while it is usually more appropriate to
calculate the beam envelopes as a function of the longitudinal coordinate.
Further, beam transport through a bending magnet cannot be calculated
properly because the KV-equations assume that the transverse forces acting on
the particles are symmetrical with respect to the beam axis.

In order to describe the transport of a particle bean? with an arbitrary
space charge distribution, we use the time-dependent KV-like equations as
derived by Sacherer [3], which describe the beam envelope, as a function of
time, in terms of the rms envelope functions (Xs and Ys) and the
unnormalized rms emittances (exs and £ys)- The rms quantities Xs and exs are
defined as

Xs=V<x2> (1)

and

> - <xvx>2 , (2)

where <x2> is the mean value of x2. A proper choice of the rms values enables
one to calculate the envelope of ion beams with an arbitrary space charge
distribution. In fig. 1 the relation between the rms emittance and the beam
properties such as the beam envelope and its derivative is illustrated. The
equation which gives the rms envelope Xs as a function of time, yields



K x X s "
ql

Xs+Ys " XS3 (3)

where q, I and eo are the particle charge, the beam current and the dielectric
permittivity of vacuum, respectively. The particle mass and longitudinal
velocity are denoted as m and vz, respectively. The focusing parameter KX is
defined as KX = ±kxvz

2, where kx, -kx is the lens strength parameter for a
quadrupole lens in the focusing and the defocusing plane, respectively,

(4)

where aq, Vp and Vi are the quadrupole bore radius, the quadrupole voltage
and the acceleration voltage that the ions have experienced, respectively. Note
that the emittance is now also a function of time. When the particles are
accelerated the emittance is not constant. An equation similar to eq. (3)
describes the beam envelope in the y direction as a function of time.

The equations which describe the envelopes as a function of time are
usually of little interest. Therefore, eq. (3) is transformed to the z-domain, by
means of the following two substitutions:

dXs
dt

dXsdz_ dXs
dz d t ~ V z dz (5)

and

(6)

X'

Fig. 1. Four projections of the
four dimensional (x,x',y,y')
phase space ellipsoid of a
rotationally-symmetric divergent
beam with a KV-distribution.
The projection in the x-y plane
shows the beam cross section
and the beam envelopes, X and
Y. The mis emittance diagrams,
i.e., the projections in the x-x'
and y-y' planes, show the
corresponding beam envelope
derivatives, X' and Y1. The
areas enclosed by the rms
emittance ellipses are equal to
7tex and JiEy. The projection in
the x'-y1 plane gives the angular
distribution of the beam.



Here it is assumed that the longitudinal particle velocity is large with respect to
the transverse particle velocity. The term d2z/dt2 gives the longitudinal
acceleration of the particles and is equal to d2z/dt2 = qEz/m, where Ez is the
longitudinal electrical field strength. Substitution of the latter equation, eq. (5)
and eq. (6) into eq. (3) gives the differential equation for the rms envelope as a
function of the longitudinal coordinate, z, in the presence of a longitudinally
directed electrostatic field,

Primes denote differentiation with respect to z. The parameter K, which takes
space charge effects into account, is the so-called generalized perveance and is
defined as

K = ( 8 )

Further, in eq. (7) we have used the rms envelope and unnormalized rms
emittance as defined by Lejeune and Aubert [4] (X and eXo, respectively),
which are given as

X = 2Xs = 2V<x2> (9)

and

exo = 4 ̂ = 4V<x2xx'2> - <xx'>2 . (10)

The emittance varies with the particle energy, according to the relation

exoVqVo = exiVqVi. (11)

The emittances which correspond to beams of energy qVo and qVi (ion
velocity vzoand vzi) are denoted as eXo and exi, respectively. In eq. (7) the
variation of the emittance is taken into account via the term (vz0/vzi)

2.
Note that in longitudinal direction only the external forces have been

taken into account. Therefore, eq. (7) is only valid when the longitudinal space
charge forces are negligible with respect to the external longitudinal forces.
This assumption holds in dc accelerators.

By means of eqs. (7) and (8), which show that the beam envelope depends
on the particle mass and velocity and the beam emittance, a comparison can be
made between the emittance term and the space charge term of eq. (7). In this
way, it can be determined whether the beam is space-charge dominated or
emittance dominated [5]. The ratio between the space charge term and the
emittance term is expressed as the dimensionless parameter %,
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(12)

Here the beam is assumed to be cylindrical. As an example, fig. 2 shows the
ratio 4 for 300 (xA Xe+ and H+ beams for various beam radii, as a function of
the ion energy. For the emittance we have taken e = 35 n mm mrad for E =
30 keV, where E is the particle energy. For a low ion energy, the Xe+ beam is
space-charge dominated, whereas the H+ beam is, for the given beam radii,
always emittance dominated. It is obvious that for sufficiently large beam
envelopes the space charge term can always be larger than the emittance term.
However, note that both terms are then small and do not influence the beam
envelope.

In the 1 MV ion-implantation facility, the beam envelope at the entrance
of the accelerating tube is a few millimeter. At this position the ion energy is
only 30 keV and thus for high-current, heavy-ion beams, the envelope
calculations have to be performed by means of eq. (7). In the RBS facility H+

and He+ions are accelerated while the beam current is less than 100 p.A.
Envelope calculations can be performed by means of the matrix formalism.

0.6
[MeV]

0.8 1.0

Fig. 2. Comparison between the contributions of the space charge term and the
emittance term on the beam envelope, as a function of the- particle energy, E, for 300 uA
Xe+ and H+ beams. The dimensionless parameter % is defined as the ratio between the
space charge term and the emittance term of the envelope equations (see eqs. (7), (8) and
(12)). In this example (e = 35 TC mm mrad for E = 30 keV) the ratio \ is shown for H+

beams with radii of 2, 3 and 4 mm (curve a, b and c, respectively), which are emittance
dominated in the energy range from 30 keV to 1 MeV, and for Xe+ beams with radii of 2,
3 and 4 mm (curve d, e and f, respectively), which are space-charge dominated for lower
beam energies.

'•• i
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3. The 1 M V ion-implantation facility

A layout of the 1 MV ion-implantation facility is shown in fig. 3. The
figure shows the Van de Graaff accelerator, the quadrupole triplet lens, the
switching/analyzing magnet and the two beam lines. The implantation facility
is based on the HVEE K-type single-ended Van de Graaff accelerator [6,7]. In
the following we briefly discuss the various components of the beam lines.

3.1. The accelerating tube and the shorting rod

The optical properties of an accelerating tube, i.e., the positions of the
principal and focal planes, strongly depend on the ratio Q between the final
eueigy and injection energy of the ions [2]. The 1 MV implantation facility is
designed to accelerate ions to a final energy between 100 keV and 1 MeV, in
the case of singly charged ions. A high beam current is important for the
implantation facility, therefore the injection energy is usually set at maximum,
which is 30 keV. In other words, the ratio Q varies from Q = 3.3 to Q = 33.3.
Because of this large range, we briefly investigate the position of the principal
and focal planes of the accelerating tube.

Optically, an accelerating tube consists of three parts. The fringe fields at
the entrance and exit side form a relatively strong positive Calbick lens and a
relatively weak negative Calbick lens, respectively. The electrical field inside
the accelerating tube is in good approximation homogeneous and longitudinally
directed, i.e, this field has no focusing strength. However, ions follow
parabolic trajectories in the accelerating field, where the main axis of each
parabolic trajectory is parallel with the tube axis. The positions of the

source exchange
system

decelerating lens

mechanical scan system

magnet • L s m

quadrupole triplet

4.5 m

accelerating tube
'-Injector system

-high voltage terminal
Lion source

7m

Fig. 3. Schematic layout of the 1 MV ion-implantation facility. The position of the beam
profile monitor and extractable Faraday cup behind the accelerating tube is indicated by
BPM.
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principal and focal planes of the tube can be calculated by means of the matrix
formalism. Fig. 4 gives the position of these so-called cardinal planes,
expressed in the physical length of the accelerating tube (Lo), for a value of Q
which ranges from Q = 3.3 - 33.3. The figure illustrates that the position of
the various cardinal planes strongly depends on the ratio Q and thus the beam
envelope and its derivative will be strongly influenced by the final ion energy.
This limits the practical acceleration-voltage range. However, the variations in
the position of the cardinal planes can be strongly reduced by the use of a
shorting rod.

A shorting rod short-circuits part of the accelerating structure and is
(usually) inserted from the entrance side of the accelerator. The electrical field
is thus present between the entrance side of the accelerating tube and a position
somewhere in the tube while the rest of the tube has become a drift space. The
position of the principal and focal planes is also shown in fig. 4 for the
situation that a shorting rod is used such that the electrical field strength in the

object side image side

-1.0 -0.5 0.0 0.5 1.0 1.5
z—position of cardinal planes

Fig. 4. The position of the principal (H) and focal (F) planes, expressed in the physical
length of the accelerating tube (Lo), as a function of the voltage ratio Q. The position of
the cardinal planes at the object (index 1) and image (index 2) side are measured with
respect to the entrance side and the effective exit side of the tube, respectively, positive in
the directions as indicated. The electrical field is present between z = 0 and the dotted
curves (effective tube length), as indicated by the marks Ls and Lo for the shorted tube
and the not-shorted tube, respectively. The dashed curves refer to an accelerating tube
which is not shorted and the solid curves refer to an accelerating tube which is shorted
such that the electrical field strength in the tube is constant, independent of Q.
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not shorted part of the tube is constant, independent on Q, i.e., the length of
the not shorted part is proportional to the acceleration voltage. The position of
the cardinal planes is again expressed in the physical length of the accelerating
tube (Lo), and at the object side measured with respect to the entrance plane of
the accelerating tube. At the image side the position of the cardinal planes is
now measured with respect to the effective exit plane of the accelerating tube
because the electrical field is present between the entrance plane and this
effective exit plane. The principal plane at the object side, Hl5 is now even at a
fixed position, while the variation in position of the other cardinal planes is
strongly reduced.

In conclusion, the application of a shorting rod leads to better focusing
conditions over a larger exit-energy range. This type of accelerating tube is
used in the 1 MV ion-implantation facility. Another advantage of shorting part
of the accelerating tube is that the ions are accelerated to high energies within
a short longitudinal distance. In this way, space-charge induced beam blow up
is reduced.

3.2. The injector system

In the high-voltage terminal of the accelerator, the ion source, an Einzel
lens and a Wien filter are located. Various ion sources can be used, such as a
microwave ion source [8], a sputter ion source and a Penning ion source [9],
for example. The microwave ion source is especially suitable to ionize reactive
gases such as oxygen, because the source has no hot filament, while the sputter
ion source is used to ionize non-gaseous materials. The sources can be
exchanged via a load-lock system, without breaking the vacuum and opening
the pressure vessel.

There are several reasons to use a mass analyzing system in the high
voltage terminal of a Van de Graaff accelerator.

(i) A common problem in Van de Graaff accelerators is the limited belt
current [6]. This might cause problems when the ion source produces more
than one kind of ions and the current fraction of the desired ions is small. This
will often be the case when the accelerator is used for ion implantation in
semiconductors because in that case gases such as ASH3, PH3 or BF3 are fed
into the source to produce As+, P+ or B+ ions, respectively. A large variety of
ions is produced and the total ion current might be more man the belt current.
If mass separation takes place before the ions enter the accelerating tube not all
the ions produced will be accelerated and the desired ion current can be
higher. This argument holds even more when doubly charged ions have to be
produced.

(ii) The ions in the accelerating tube collide with gas molecules and
produce secondary electrons. These electrons produce X-rays and thus it is
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Fig. 5. Schematic drawing of the injector system which consists of the microwave ion
source (1), a valve (2), the Einzel lens (3), u^metal magnetic shorts (4), the Wien filter
(5) and the mass separating aperture (6).

important to keep the number of secondary electrons as small as possible. For
this reason the ion current in the accelerating tube should not be larger than
necessary and thus unwanted ions have to be separated from the desired ions
before the beam enters the accelerating tube.

(iii) When mass separation takes place before the ions are accelerated, the
ion energy is only 30 keV and a small and compact mass analyzer is required.
In the case that mass separation takes place after the ions are accelerated, a
large and expensive analyzing magnet is necessary. However, it has to be
mentioned that the mass resolution of such a magnet will generally be much
better than for our compact mass analyzer; when high-purity beams are
required an analyzing magnet is still needed.

In our injector system a Wien filter is used [10,11]. The advantage of this
type of mass filter in comparison with a bending magnet is that a Wien filter
can be switched off if one wants to accelerate the entire ion beam. In that case
the Wien filter has to be equipped with an electro magnet. Fig. 5 gives a
schematic diagram of the injector system with the ion source, the Wien filter,
the Einzel lens and the aperture where mass separation takes place. At both
ends of the Wien filter u.-metal magnetic shorts are mounted in order to get a
well defined magnetic and electrical field.

A typical mass spectrum as measured behind the mass-separating aperture
is shown in fig. 6. In this case argon gas was fed into the microwave ion
source because argon gives only Arn+, (n = 1, 2, 3, 4,) ions and no molecules;
a simple mass spectrum is expected. The figure gives the intensity of the
various Arn+ currents as a function of the voltage VWF between the Wien
filter plates. The mass resolution of the Wien filter, R, is defined as

mo D
Am AD

p ° ^ (13)

where D is the distance in the spectrum between mass m0 and mass mo+Am
and AD is the full width half maximum (FWHM) of the signal from mass mo.
In order to calculate the mass resolution from this spectrum the relation
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Fig. 6. A typical mass spectrum as measured behind the mass-separating aperture.
FWHM and D indicate the full width half maximum of the Ar+ beam and the distance
between the centers of the Ar* and the AT++ beam, respectively.

between the ion mass and the voltage VWF is derived. An ion which enters the
Wien filter on axis will be kept on axis when the velocity is equal to vz = E/B,
where E and B are the electrical and magnetic field strength in the Wien filter,
respectively. The electrical field strength is proportional to the voltage VWF
and the ion velocity is proportional to: vz ~ Vq/m. The proportionality
between the voltage VWF and the ion mass and charge is

AVwF 1
VWF ~?

Am_\
+ m j ' (14)

From the result presented in fig. 6 the mass resolution of this Wien filter is
calculated as R = 12. This is sufficient to separate for example boron ions
from BF+ ions.

The Einzel lens in between the ion source and the Wien filter is needed to
focus the ion beam on the mass-separating aperture because the Wien filter has
only weak focusing properties. The Einzel lens is of the decelerating-
accelerating type. In this case a relatively small 20 kV power supply is needed
for the central electrode of the Einzel lens while in the case that an
accelerating-decelerating type of lens is used, an 80 kV power supply is needed
to obtain an Einzel lens with the same focusing strength.
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3.3. The beam lines

Behind the accelerating tube, a symmetrical electrostatic quadrupole
triplet lens is mounted, which focuses the beam on the target. A symmetrical
triplet lens is used to maintain the rotational symmetry of the ion beam. It has
several advantages to use electrostatic rather than magnetic quadrupole lenses.
Firstly, the lens strength of electrostatic quadrupole lenses depends, for a given
geometry, only on the ratio between the acceleration voltage and the
quadrupole voltage (see eq. (4)). This is usually an advantage in operating the
accelerator facility; the quadrupole voltage does not have to be adjusted for
each specific ion mass. This is not the case for magnetic lenses because the lens
strength, which is proportional to the Lorenz force acting on the particles,
depends on the particle velocity and thus it depends on the experienced
acceleration voltage and on the ion mass and charge state. Moreover, when
apart from the desired ions also ions with a different mass over charge ratio
are accelerated, in magnetic lenses the latter ions might be focused such that
they collide with the vacuum tubes and focusing elements of the accelerator
facility. This might result in impurities in the ion beam. A further advantage
of electrostatic quadrupole lenses is that for 1 MeV, heavy ions electrostatic
quadrupole lenses are generally stronger than the magnetic types [12].

The switching/analyzing magnet bends the ion beam over 30° to the left
or right into one of the two beam lines. The magnet can handle ions with a
maximum mass-energy product of 131 amu-MeV. The pole gap and bending
radius of the magnet are 30 mm and 1.4 m, respectively. Ion species not
separated by the Wien filter can be separated by the magnet and the slit just in
front of the target; the mass resolution is roughly R « 70. Again, because of
the rotational symmetry of the ion beam, a so-called double (two-directional)
focusing magnet is used, i.e., the magnet edges are designed such that in the
radial and axial planes the image distances are identical [13]. The radial plane
is defined as the plane parallel to the pole pieces. The magnet has to bend the
beam both to the left and to the right and therefore the magnet is symmetrical

', with respect to the incoming ion beam; at the entrance side no edge focusing
- takes place.

The magnet is also part of the voltage-stabilizing system of the Van de
Graaff accelerator. A slit system detects the position of the ion beam behind

; the magnet, which depends on the ion mass, charge and energy and the field
| strength of the analyzing magnet. So, for a well defined magnetic field strength

and given particle mass and charge, the feed-back signal from the slit system
! can be used to control the high voltage of the Van de Graaff accelerator [14].
i In principle, electrostatic and mechanical scan systems can be used to
I scan a beam across a target. However, when a high mass resolution is required
[ and the target is quite large (say 100 mm diameter), a mechanical scan system
j is preferable, for the following reasons.
i
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(i) In a mechanical scan system the wafers are mounted on a fast rotating
disc which moves slowly to and fro in the transverse direction. The beam is
thus at a fixed position and a mass separating slit can be positioned just in front
of the target. This results in a relatively short beam line. Furthermore, in this
type of scan system the angle between the ion beam and the direction normal to
the target is fixed. This is required for ion-implantation purposes, in which
case this angle should be between 5° and 9°.

(ii) When an electrostatic scan system is used, the beam first has to be
focused on a slit where mass separation takes place, while a second lens system
focuses the beam on the target. In between the latter lens system and the target
the electrostatic scan system is mounted. It is obvious that this construction
results in a much longer beam line in comparison to the mechanical scan
system, especially in the case of a large target size because of the requirement
for the angle between the target and the ion beam.

The -30° beam line handles a batch of seven 100 mm diameter wafers and
has to provide for a high mass resolution. This beam line is equipped with the
mechanical scan system as described before, see fig. 3. This beam line also
provides for a decelerating lens just in front of the target which can reduce the
ion energy from 100 to 10 keV; thus the facility is also suitable for low energy
implantations. This decelerating lens system is needed because a high current,
10 keV ion beam cannot be transported through the entire beam line due to
space charge effects. Although a two cylinder lens can be used to reduce the
ion energy, a three cylinder lens has been used because the voltage on the
central cylinder offers the possibility to adjust the focal length of the lens [15],
so that the beam diameter on the target can be adjusted. The latter is discussed
in section 3.4.

The 30° beam line is used to handle 15x15 mm2 samples and is equipped
with an electrostatic scan system. The scan system is mounted directly behind
the magnet and is thus different from the electrostatic scan system described
before. It is obvious that a slit system which is part of the high voltage
regulation circuit, has to be located in front of the scan system, i.e., at a short
distance behind the magnet. Therefore, and because the beam has no waist at
this position, this slit cannot be used for mass separation. The beam line is
equipped with detectors for analyzing techniques such as RBS, RHEED, NRA
and a precision goniometer for channeling experiments. A neutral trap,
positioned behind the scan plates, bends the ion beam over 5° and serves to
separate the ion beam from fast neutral particles.

3.4. Beam envelope calculations

Beam envelope calculations have been performed for xenon ion beams, at
various acceleration voltages. For these heavy particles, space charge has a
considerable effect on the beam blow up, especially at low acceleration
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voltages, see fig. 2. The beam envelope has been calculated from the exit
aperture of the injector system up to the target. The beam parameters at the
exit aperture are the following: the rms beam envelope in x and y direction is
X = Y = 2.5 mm and the beam waist is located at this aperture, i.e., the
derivative of the beam envelope is equal to zero. The unnormalized rms
emittance of the beam is roughly 35 it mm mrad and the ion energy is 30 keV.
Fig 7.a and 7.b show the envelope of a 300 (xA, Xe+ beam for an acceleration
voltage of 200 kV and 1 MV, respectively. In the first case, a shorting rod is

Fig. 7. (a) The rms beam envelope in the 1 MV ion-implantation facility in the x-z (X)
and y-z (Y) plane of a 300 uA Xe+ beam, that is accelerated from 30 to 200 keV. Space
charge is taken into account. The dotted blocks indicate the accelerating tube (AT), the
quadrupole triplet lens (QT), the 30° switching-analyzing magnet (M) and the target (T).
Ls indicates the accelerating field region; the accelerating tube is partly shorted. The x-z
plane is the radial plane of the magnet. The unnormalized rms emittance at the exit
aperture of the injector system (z = 0) is 35 n mm mrad for both transverse directions,
while the rms beam radius is 2.5 mm. (b) The beam envelope of a 300 |0.A Xe+ beam
which is accelerated from 30 keV to 1 MeV. No shorting rod is used.
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used in the accelerating tube. The length of the shorted part of the tube is
optimized such that the beam envelope in the beam line is minimized; the beam
envelope maximum, which is in the center of the quadrupole triplet lens is
13 mm. This is 65% of the quadrupole channel radius, which is an acceptable
value. The quadrupole voltages are set such that the beam radius on the target,
which is roughly 6 mm, is minimized. In case of an acceleration voltage of
1 MV, the accelerating tube is not shorted. The high-energy beam can be
focused into a sharp spot (3 mm beam radius) on the target if desired.

As mentioned before, the bending magnet cannot be simulated by the KV-
like equations. In the calculations as shown in fig. 7, the magnet is simulated
by a drift space and a thin lens at the exit side. This approximation is accurate
for the axial plane, because focusing only takes place at the exit edge of the

. ; $ • • -

Earth 30 kV 90 kV

6.3 6.4
z [m]

Earth 30 kV

6.5

90 kV

6.2 6.5

Fig. 8. (a) Particle trajectories in the decelerating lens of a 300 |xA H+ beam, as
calculated by means of the Hermannsfeld code. The z-coordinates in these figures
correspond to the z-coordinates in fig. 7. The radius of the incoming beam is 6.5 mm.
The left, central and right cylinders are at earth potential, 30 kV and 90 kV, respectively.
Equipotential curves are drawn at &kV intervals, (b) Particle trajectories of a 300 JJ.A
Xe+ beam, for the same voltages of the electrodes as given in (a).
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semi-circular magnet, i.e., the axial principal planes of the object and image
side are both at the latter position. Although the radial principal planes at the
object and image side are at the magnet entrance and halfway the magnet,
respectively, the approximation is also quite accurate for the radial plane
because the focal length of the magnet, which is roughly 5 m [13], is large with
respect to the length of the beam line.

Trajectory calculations of the ion beam in the decelerating three cylinder
lens have been performed by means of the Hermannsfeld code [16]. This
computer code solves the Poisson equation, taking fringe fields and space
charge into account. The latter is especially important at the low energy of
10 keV, as is illustrated in fig. 8. Fig 8.a shows the trajectories of a 300 U.A
H+ beam, which is decelerated from 100 to 10 keV. The beam cross section is
assumed to be cylindrical. The left electrode is part of the beam line and is at
earth potential, while the voltage on the central and right electrode is 30 and
90 kV, respectively. The beam is focused on the target. For the same voltages
on the three electrodes, a 300 JJ.A, 10 keV Xe+ beam is not focused into a
sharp spot but the beam blows up due to space charge, as is illustrated in fig.
8.b. However, the beam radius on the target is still only 7 mm. Note that fig.
8.a is only shown for comparison; usually one does not want to focus the beam
into such a sharp spot and thus the voltage on the central electrode should have
another value.

4. The 2 MV analyzing facility

A layout of the 2 MV analyzing facility is shown in fig. 9. The facility
consists of the HVEE A-type 2 MV single-ended Van de Graaff accelerator, a
90° analyzing magnet and a target chamber. The accelerator is equipped with a
rf ion source, for H+ and He+ ions. The maximum beam current is roughly
100 jxA. The compact accelerator has no Wien filter in the high-voltage
terminal but the ion beam is mass-analyzed by means of the 90° analyzing
magnet behind the accelerator.

In this RBS facility, the acceleration voltage is in the range of 0.2 - 2 MV.
The accelerating tube is operated in a semi-constant-Q mode, which offers the
advantage that the cardinal planes of the accelerating tube are at fixed positions
(see fig. 4). A small power supply in the high-voltage terminal offers the
possibility to vary the energy of the extracted ion beam slightly, and is used
for fine-tuning of the position of the waist of the ion beam behind the
accelerating tube. The voltage ratio is chosen such (Q = 0.02) that the ion beam
is focused at the beam profile monitor behind the accelerating tube. At this
position is the object plane of the magnet, as will be discussed in the following.

In the RBS facility, 2 MeV He+ ions have to be transported through the
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Fig. 9. Schematic layout of the 2 MV analyzing facility. The beam profile monitor is
indicated as BPM. Each set of alignment plates can bend the beam both in x and y
direction. The 1-mm apertures in front of the target limit the beam divergence to 2 mrad.
The beam (not shown) is focused on the beam profile monitor and the image plane behind
the magnet (ip).

Fig. 10. The beam envelope of a He+ beam, in the x-z (X) and y-z (Y) plane, in the
2 MV RBS facility as calculated by means of a first-order matrix calculation. The dotted
blocks indicate the accelerating tube (AT), the 90° analyzing magnet (M), the 1 mm
apertures (AP) and the target (T). BPM gives the position of the beam profile monitor.
The x-z plane is the radial plane of the magnet. The beam is accelerated from 38 keV to
2 MeV. For both transverse directions the unnormalized rms emittance at the entrance
aperture is 30 it mm mrad and the diameter of the beam waist just behind the ion source is
roughly 0.5 mm. The apertures which limit the beam divergence are not taken into
account in the calculation.
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analyzing magnet; the mass-energy product of the magnet is 8 amu-MeV. The
pole gap and the bending radius (p) are 20 mm and 0.5 m, respectively. The
magnet is also of the double focusing type. The ion beam is only bent to the
left and thus no symmetrical magnet is needed. Edge focusing takes place at
both the entrance and exit side; the entrance and exit angles are: Pin = Pout =
26.6°. The accelerating tube focuses the beam at 1 m (2p) in front of the
magnet and thus a waist is also formed at 1 m behind the magnet. The latter
position is halfway between two 1-mm diameter apertures which limit the
beam divergence to less than 2 mrad, i.e., the maximum beam divergence
which is tolerated for channeling experiments. Behind the magnet a slit is
located, which separates various ion species and is also used in the voltage-
stabilizing system of the Van de Graaff accelerator. The mass resolution of the
magnet-slit system is roughly R « 100. In between the accelerating tube and
the magnet two sets of electrostatic x-y deflectors are located to align the beam
properly on the small apertures behind the magnet.

In this facility no extra focusing elements in the beam line are needed to
focus the beam on the appropriate positions, which makes the facility easy to
operate. The operator only has to adjust the magnetic field strength and the
acceleration voltage for a given ion mass and desired ion energy. When the
beam is focused on the slit and one wants to scan the ion energy, only the
magnetic field strength has to be varied; the acceleration voltage is then
automatically adjusted via the high-voltage control system.

Next we discuss the beam envelope calculations. In this accelerator, space
charge effects are negligible because of the relatively low beam current and
the low ion mass, see fig. 2. Beam envelope calculations have been performed
by means of a first-order matrix formalism. Fig. 10 shows the beam envelope
from the entrance side of the accelerating tube up to the target. The
unnormalized rms beam emittance at the entrance side is roughly 30 TC mm
mrad. The He+ ions are accelerated from 38 keV to 2 MeV. The figure shows
that at the entrance side of the accelerating tube, the beam radius is roughly
65% of the aperture radius of the accelerating tube. In the rest of the beam
line, the beam envelope is always small in comparison with the aperture radius
of the accelerating tube and the pole gap of the magnet.

5. Summary

The various methods to calculate beam envelopes and particle trajectories
and their specific advantages and disadvantages are summarized.

By means of the modified KV equations (eq. (7)), the beam envelope can
be calculated through the ion-optical elements of an implantation facility, such
as an accelerating tube and quadrupole lenses, as a function of the longitudinal
coordinate. Space charge effects are taken into account for beams with
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arbitrary cross sections, which are described in terms of the rms beam
parameters as defined by Lejeune and Aubert. A bending magnet cannot be
taken accurately into account because the lens forces acting on the particles are
not symmetrical with respect to the beam axis. However, when the focal length
of the magnet is large in comparison with the path length of the ions in the
magnet, it can be properly simulated by a thin lens.

By means of the matrix formalism also beam envelopes and particle
trajectories can be calculated. This formalism can handle quadrupole lenses,
accelerating tubes and bending magnets but space charge cannot be taken into
account properly. However, when beam transport is emittance dominated
rather than space-charge dominated the matrix formalism can give accurate
information on the beam envelope.

The disadvantage of the two formalisms mentioned above, is that fringe
fields cannot be taken into account accurately. For quadrupole lenses this
problem is usually circumvented by defining a so-called effective quadrupole
length [17], which is slightly longer than the physical length of the lens. This
extra length takes account for the fringe fields. In a similar way, effective
boundaries of a bending magnet are defined [13]. However, when the lens
action is performed by fringe fields only, which is for example the case for
Einzel lenses, the above mentioned formalisms do not give accurate results. In
that case, the electrical fields have to be calculated, for example via a finite-
difference method, after which ray-tracing can be performed [16].
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CHAPTER 3

REDUCTION OF THE X-RAY LEVEL OF dc ION ACCELERATORS

1. Introduction

A common problem of MV dc ion accelerators is the high X-ray intensity.
This strong radiation is caused by the fact that these accelerators accelerate any
charged particle; secondary electrons also reach MeV energies and hard X-
rays are produced up on impact with solid material. The secondary electrons
are produced by beam/gas collisions and by collisions between the ion beam
and the electrodes of the accelerating column, for example. When no
precautions are taken to suppress the X-ray production, the relatively compact
Van de Graaff accelerator (typical dimensions 1.5 x 4.0 m2) has to be shielded
by a huge concrete housing. However, by means of a transversely-directed
magnetic or electrostatic field [1-3] the secondary electrons can be swept into
the electrodes of the accelerating column. In this way, the energy of the
secondary electrons, and thus the X-ray level, can be drastically reduced.

This chapter describes a system of CoSm magnets that has been
incorporated in the accelerating tube of a 2 MV Van de Graaff accelerator,
which is used for RBS experiments [4]. A magnetic field is present along the
entire length of the accelerating tube. The magnets are mounted such that the
transversely-directed magnetic field vector rotates as a function of the z-
coordinate, where the latter is the coordinate in the direction of the beam
propagation. Computer simulations show that by applying a magnetic field that
rotates alternatively in clockwise and counter-clockwise direction, an ion that
is injected on axis (the so-called central ion trajectory) leaves the accelerating
tube on axis, i.e., independent on the ion mass, charge and energy both the
transverse displacement and the transverse velocity of the central ion
trajectory are equal to zero at the exit side of the accelerator. Furthermore,
the simulations show that at maximum accelerating voltage the maximum
energy of the secondary electrons is reduced to 140 keV, whereas without a
magnetic field the maximum electron energy would be 2 MeV. Measurements
show that at 100 mm outside the pressure-vessel wall the dose rate equivalent
of the 2 MV accelerator does not exceed 0.1 mrem/h, for an H+ ion beam
current of some 100 JLIA.
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2. Theoretical background
r,

2.1. Electrostatic and magnetic suppression systems

The number of secondary electrons, and thus the X-ray level, can be
reduced by the use of electrode material which has a low secondary electron
coefficient, like titanium for example. Furthermore, good vacuum conditions
reduce the number of beam/gas collisions. However, in single-ended Van de
Graaff accelerators usually no vacuum pump can be mounted in the high-
voltage terminal and a sufficiently low rest-gas pressure cannot be realized.
The number of secondary electrons and thus the radiation level will be too
high. Therefore, systems of electrostatic or magnetic fields, which limit the
electron energy, are needed such that only soft X-rays are produced.
Transversely directed magnetic as well as electrostatic fields can be applied to
deflect secondary electrons sideways into the accelerating structure.

A characteristic property of a magnetic field is the mass selectivity, which
discriminates between the secondary electrons and the ion beam, because the
Larmor radius of charged particles is proportional to their mass and velocity.
The initial electron velocity is negligible, and the electrons are, because of
their small mass, already strongly deflected behind a short distance. A
relatively weak magnetic field reduces the energy of the secondary electrons
sufficiently, while the ion beam trajectory is only slightly disturbed. However,
when the accelerating electrostatic field is such that secondary ions are
generated (for example by field emission), the energy of these ions can hardly
be suppressed by a relatively weak magnetic field because of the relatively
large Larmor radius. The secondary ions will be accelerated to high energies
and produce significant numbers of charged particles up on impact with solid
material. In this way, the number of secondary electrons and thus the X-ray
intensity level is further increased. In this situation, a transversely directed
electrostatic field (inclined field) will effect stronger suppression of the
secondary-ion energy than a magnetic field [1,2], because the particle

; trajectories in an electrostatic field are mass independent. The disadvantage of
.". this suppression system is obviously that the ion beam trajectory will also be
\. seriously disturbed, especially at the injection side of the accelerating tube

where the ion energy is relatively low. Therefore, inclined field tubes can only
t be used when the ion energy is already of the order of several MeV.
;, In dc ion accelerators that are used for ion-implantation purposes, the
i maximum longitudinal electrical field strength is typically less than 2 MV/m
| and field emission will not occur. The injection energy is usually less than
I 40 keV and therefore, in those accelerators magnetic suppression systems are
I used. These suppression systems have to meet the following demands:
| (i) At maximum accelerating voltage, the energy of the secondary
I. electrons has to be suppressed sufficiently. Therefore, a transversely directed
1
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magnetic field has to be present along the entire length of the accelerating
tube, instead of a discrete number of magnetic traps, as proposed earlier [3].
Only a continuous field sweeps all electrons sideways before they have gained
a high energy, whereas when magnetic traps are used, electrons produced in
between the traps gain a high energy before the magnetic field sweeps them
into the electrodes. These high-energetic electrons contribute most to the
radiation level.

(ii) For ease of operation, the accelerated ion beam should not be
disturbed by the magnetic field, i.e., both the transverse displacement and the
transverse velocity of the central ion trajectory have to be zero at the exit side
of the accelerating tube.

(iii) For future experiments the minimum ion energy of this 2 MV
accelerator is taken 200 keV. At this lowest accelerating voltage the transverse
excursion of the ion beam inside the accelerating tube should be sufficiently
small, such that beams of light ions do not collide with the electrodes. In that
case, beams of heavier ions and higher energy do not collide with the
electrodes either, because the Larmor radius of charged particles increases
proportionally to their mass and velocity. This will be discussed in section 2.3.

From the three demands with relation to the magnetic suppression system,
the following conclusions can be drawn:

(i) When the magnetic field is in one direction along the entire length of
the accelerating tube, the ion beam will be displaced. Therefore, the necessity
for a continuous magnetic field and an undisturbed accelerated ion beam
implies that a rotating magnetic field has to be applied. The magnetic field
vector rotates as a function of the z-coordinate and as a result the particles
travel alternatively away from and towards the axis.

(ii) The demand for a low secondary electron energy and for a small
excursion of the ion beam inside the tube sets contradictory demands with
respect to the magnetic field strength. On the one hand, the field strength has
to be sufficiently strong such that at maximum accelerating voltage the

4 secondary electron energy is sufficiently reduced, while on the other hand a
light ion, low energy ion beam should not collide with the electrodes of the

; accelerating column.
f • (iii) The demand for a low secondary electron energy also implies that the
.'! aperture diameter of the electrodes in the accelerating tube should be as small
|; as possible. This is illustrated in fig. 1, which shows schematically six
I' electrodes and two electron trajectories. One of the electrodes has a larger
I aperture diameter. In this example, both trajectories originate at identical
is radial positions, while in z-direction the positions of origins are two electrodes
| apart. The left trajectory, which passes the electrode with the larger aperture,
I is longer and thus the electron energy is higher. The figure also illustrates the
if need for a small distance between adjacent electrodes. Note that the demand
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electrodes

Fig. 1. Schematic drawing of a part of
an accelerating tube, which shows six
electrodes and two electron trajectories.
The electrode marked A has a larger
aperture. The electrostatic and magnetic
fields are indicated by Ez and Bj_,
respectively. The magnetic field is
directed perpendicular to the plane of the
figure. The electron trajectories originate
at identical radial positions (r), while in z
direction these positions are a distance 2d
apart, where d is the distance between
two electrodes. The trajectory marked b is
considerably longer (and thus the electron
energy is higher) in comparison with the
trajectory marked a, which illustrates the
need for a small aperture diameter to
reduce the electron energy.

for a small aperture diameter implies that the excursion of the ion beam in the
accelerating tube should be small.

2.2. Electron trajectory calculations

Experiments with low-voltage dc accelerators have shown that the
maximum secondary electron energy which may be tolerated, is of the order
of 150 keV when the ion beam current is of the order of some 100 nA. In that
case, only 2.5 cm of steel, i.e. the wall thickness of the pressure vessel of the
Van de Graaff accelerator, is sufficient for shielding. A beam current of the
order of 100 \iA is a typical value for a Van de Graaff accelerator.

For 150 keV electrons, the relativistic parameter Y = 1-3 and for first
order calculations relativistic effects can be neglected. The trajectories of
charged particles in a combined electrostatic/magnetic field are then described
by the following system of differential equations:

" = q(y fBz-z1By),

" = q(x'By-y1Bx

(La)

(l.b)

(l.c)

expressed in the magnetic field components and the longitudinal electrical field
strength, Ez, which are functions of z. The particle mass and charge are
denoted as m and q, respectively. Primes denote differentiation with respect to
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time. Both for the electron and for the ion trajectory calculations, this system
of differential equations can be reduced.

As a first approximation, we will calculate the electron trajectories in a
so-called 'block-shaped' rotating magnetic field. The transverse magnetic field
strength is then constant along the entire length of the accelerating tube and
equal to zero outside the tube. The longitudinal component of the magnetic
field is assumed to be equal to zero. The magnetic field vector rotates along
the axis. However, when the electron energy is reduced sufficiently the
electron trajectories are short with respect to the pitch length of the magnetic
field, i.e., the distance along which the magnetic field rotates 360°. The field
rotation can then be neglected and detailed information about this rotation is
not needed to calculate the electron trajectories. In this case, the electron
trajectories are described by the following system of differential equations,
which is a simplified form of the system given before (eq. (1)),

mx" = -qz'By , (2.a)

mz" = qx'By + qEz , (2.b)

where By is the magnetic field strength, pointing in the y direction. The
electrical field is assumed to be homogeneous along the entire length of the
accelerating tube.

In order to calculate the maximum and average electron energy, the
trajectories of a large number of electrons (typically 1000) have been
calculated. The initial positions of these electrons are generated by means of a '
random number generator and form a normal distribution, both in radial and
in longitudinal direction. In radial direction, the initial positions are generated
within 6 mm from the axis, i.e., up to a somewhat larger radius than the
maximum beam diameter [4]. For the calculations, the initial energy of the
electrons is set to zero. The result is shown in fig. 2, which gives the
maximum and average electron energy as a function of the magnetic field
strength. The electrical field strength and the distance between the electrodes
are 2 MV/m and 20 mm, respectively, i.e., typical values for a 2 MV •;
accelerator. When no magnetic field is applied, the maximum and average
electron energy are 2 and 1 MeV, respectively. Fig. 2 shows that the electron \
energy is roughly inversely proportional to the magnetic field strength, as
expected. Furthermore, a relatively weak magnetic field reduces the maximum :
electron energy sufficiently. A strong magnetic field is not needed and is in }
fact even disadvantageous because this increases the displacement of the ion
beam. ^

Note that the curves shown in fig. 2 depend on the configuration of the -i
accelerating tube. When, for example, the diameter of the apertures of the >
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Fig. 2. The average and maximum electron energy in a 2 MV accelerating tube as a
function of the magnetic field strength, as calculated from 1000 electron-trajectory
simulations. The initial position of the electrons are generated by means of a random
number generator. For this calculation the electrical field and the distance between the
electrodes are taken 2 MV/m and 20 mm, respectively. The data points are simulation
results, the curves are drawn to guide the eye.

electrodes is larger or a stronger electrical field is present, a stronger
magnetic field might be necessary to reduce the energy of the secondary
electrons sufficiently.

2.3. Ion trajectory calculations

In the case of a properly designed magnetic field the displacement of the
ion beam inside the accelerating tube is small, as mentioned before. This means
that the transverse velocity of the ions is small with respect to the longitudinal
velocity and the terms x'By and y'Bx in eq. (1) can be neglected, i.e., the beam
behaviour in the x-z plane and the y-z plane is not coupled. Furthermore, we
have assumed that the longitudinal magnetic field component is equal to zero
so that the terms x'Bz and y'Bz in eq. (1) are equal to zero.

Taking these approximations into account, a condition can be derived
which the magnetic field has to met such that the transverse velocity of the
central ion trajectory, which enters the magnetic field at z = z0, is equal to
zero after traveling to a position z = zi. For a magnetic field in the y-direction,
By, the trajectory in the x and z direction is now described by the following
two differential equations,

mx" = -qz'Bj (3.a)
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mz" = qEz. (3.b)

Integration of these equations shows that the transverse velocity is equal to
zero behind a distance Az when

(4)

where we have written By in the more general form Bj_, i.e., the magnetic
field component perpendicular to the plane of the ion trajectory. Note that, for
zero transverse velocity at z = zi, this condition has to be met for any plane
containing the z-axis. Furthermore, the integration shows that neither the
electrical field strength nor the ion mass or charge play a role in eq. (4). In
other words, when the magnetic field has been properly designed, the
transverse velocity will be equal to zero at the exit side of an accelerating tube,
independent on the ion mass, charge and energy.

Next, we discuss the ion trajectories in a block-shaped rotating magnetic
field (see section 2.2). In the case that the transverse ion velocity is small with
respect to the longitudinal velocity and that Bz = 0, eq. (1) is reduced to the
following system of differential equations:

sin h —
{Lm)

mx" = IBI sin f^ q z ' , (5.a)

my" = -IBI cos 7 ^ q z \ (5.b)

mz" = qEz , (5.c)

where IBIsin(2rcz/Lm) = By and IBIcos(27Cz/Lm) = Bx and the directions for x
and y are chosen (arbitrarily) such that at z = 0 the magnetic field points in x-

; direction. The pitch length of the magnetic field is denoted as Lm; along this
| length the magnetic field rotates 360°. An exact analytical solution of this
t system of equations can only be derived when Ez = 0, i.e., when no acceleration
'r takes place. In spite of the fact that this situation is of no interest for trajectory
i calculations in an accelerating tube, solving the system for Ez = 0 gives
I qualitatively useful information about the ion trajectories.
\ When a beam is injected on axis, the transverse velocity and the

i transverse displacement are equal to zero at the entrance of the accelerating
I tube, i.e., the boundary conditions for the trajectory calculations are x(0) = 0,
f y(0) = 0, vx(0) = 0 and vy(0) = 0. The solution of the system of eqs. (5.a) and
! (5.b) is then, for Ez = 0,
f
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-IBIqLm2 . (2ia\ IBIqLm

l^r^v7 sm(Lm"J+ 2 ^ v 7 Z ' (6.a)

-IBIqLvcf (6.b)

where the ion velocity, which is constant in this case, is denoted as vz.
The x-displacement of the ion trajectory is (for Ez = 0) a sinusoidal

oscillation superimposed on a linear drift; after one full revolution of the
magnetic field (z = Lm), the transverse velocity is equal to zero but the
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Fig. 3. The trajectory of a 40 keV H+ ion in the presence of a transversely directed,
rotating magnetic field, in the x-z and y-z plane (a) and the x-y plane (b). The ion is not
accelerated. The magnetic field starts at z = 95 mm and First rotates 360° clockwise,
followed by a full counter-clockwise revolution. The pitch lengths of the rotations are
identical (525 mm). The solid curves show the ion trajectory in the x-z and y-z plane,
indicated as X and Y, respectively. The dashed curves show the magnetic field
components Bx and By, as indicated.
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trajectory is not on axis. This is illustrated in fig. 3.a, which shows, as an
example, the trajectory of a 40 keV H+ ion in the x-z and the y-z plane. The
magnetic field vector first rotates 360° clockwise, followed by a full counter-
clockwise rotation. The pitch lengths of the two revolutions are identical. For
a counter-clockwise revolution of the magnetic field, the x-displacement is
contrary to the displacement for a clockwise revolution, as can be derived
from eq. (6.a). Therefore, after one clockwise and one counter-clockwise
revolution, the displacement in x direction is cancelled, as is also illustrated in
fig. 3.b, which shows the trajectory in the x-y plane. Note that in fig. 3.a, the

10

• i

-5

-10 -

T I
a.

LT

J 1 1 I I I L
0 200 400 600 800 1000 1200

z [mm]

I"2

- 6

- 2 0 2 4 6 8
x [mm]

10 12

Fig. 4. (a) The trajectory of a H+ ion, which is accelerated from 4 to 200 keV, in the
presence of a transversely-directed rotating magnetic field. The ion is injected on axis.
The electrical field is between z = 0 and z = 1145 mm, i.e. along the full length of the
accelerating tube (LT). For the magnetic field as given in fig. 3, the ion trajectory in the x-
z and y-z plane are shown as dashed curves. The vertical marks on the trajectories indicate
the pitch lengths of the magnetic field. The solid curves show the ion trajectory when the
pitch lengths of the magnetic fields are adjusted such that the x-displacement at the exit
side of the accelerating tube is equal to zero, (b) The two trajectories in the x-y plane.
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magnetic field starts at z = 95 mm. This is also the case in the following two
figures and will be explained in section 3.

The trajectory displacement in the y direction (eq. (6.b)) is a cosinusoidal
oscillation, which is shifted such that y(0) = 0. Note that this displacement is
identical for clockwise and counter-clockwise rotations, as is also illustrated in
fig. 3.a. So, after an integer number of full revolutions of the magnetic field,
the displacement in y direction and the transverse velocity are always equal to
zero. Therefore, after one clockwise and one counter-clockwise revolution, the
displacement in both x and y direction is cancelled and the transverse velocity
is equal to zero, i.e., the ion is back on axis.

When the ion velocity is constant, the Larmor radii in x and y direction
depend only on the magnetic field components in y and x direction,
respectively, for a given ion mass and charge. However, when the ions are
accelerated, the Larmor radius and thus the transverse displacement varies
with the ion energy. The trajectory of a H+ ion, which is accelerated from 4 to
200 keV, is shown in fig. 4. The ratio between the exit and entrance energy,
Q, is chosen 0.02 (see Chapter 2). This value for Q will also be used in all
further calculations. The trajectory is calculated by numerically solving eq.
(5). The magnetic field is identical to the field given in fig. 3.a. and the
electrical field is assumed homogeneous and is present along the entire length
of the accelerating tube (z = 0 to z = 1145 mm). Behind two revolutions the
transverse ion velocity is equal to zero but the beam is off-axis, both in x and y
direction.

The displacement in x direction at the exit of the tube can be reduced to
zero by chosing the proper pitch lengths for the magnetic field, as is also
illustrated in fig. 4. However, the trajectory does not meet all the demands
mentioned in section 2.1. Firstly, at the exit side of the accelerating tube the
trajectory is 1.5 mm displaced in y direction. This displacement cannot be
reduced to zero when the magnetic field is block-shaped and rotates over 360°
along each section, because the displacement in y direction is independent on
the direction of rotation of the field, as mentioned before. This problem will
be discussed in section 3. Secondly, the maximum excursion of the central
trajectory inside the accelerating tube is 7.9 mm, which is too large. This
excursion can be reduced by chosing shorter pitch lengths, as is illustrated in
fig. 5. These figures show the H+ trajectories in tubes which perform three
and four full revolutions of the magnetic field, which has the same strength as
the field given in fig. 3 and fig. 4. In the first case, the field first rotates
clockwise followed by two counter-clockwise revolutions. In the second case,
the field first rotates clockwise, followed by two counter-clockwise revolutions
while the last revolution is again in clockwise direction.

Comparison of fig. 5.b with fig. 4.b illustrates clearly the reduction of the
beam excursion when the number of revolutions is increased. For the tubes
which perform two, three and four revolutions of the magnetic field, the
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maximum transverse excursion of the central trajectory is 7.9, 5.5 and 2.3
mm, respectively, and the corresponding displacement in the y direction at the
exit side of the tube is -1.5, -0.9 and -0.4 mm, respectively. At this position,
the displacement in x direction is equal to zero, for each magnetic field
configuration.

Next, we discuss the starting position of the magnetic field. In the
previously shown examples, the magnetic field is equal to zero for z < 95 mm,
i.e., the first five electrodes are not equipped with magnets. In this way, the
ions already gain energy before they are deflected by the magnetic field and
the transverse beam displacement is reduced. When the length of the magnetic
field-free part is not too long, electrons generated in this area will not be
accelerated to high energies. In order to determine a suitable length of this
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Fig. 5. (a) The trajectory of a H+ ion which is accelerated from 4 to 200 keV, in the
presence of a transversely-directed rotating magnetic field. The dashed and solid curves
show the ion trajectory in the x-z and y-z plane for a magnetic field that rotates three times
and four times, respectively. The vertical marks indicate the pitch lengths of the magnetic
field. L j is the length of the accelerating tube, (b) The trajectories in the x-y plane.
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part of the tube, the maximum and average electron energy and the maximum
beam excursion have been calculated for various starting positions of the
magnetic field. Again, for the calculation of the electron energies, the
electrical field strength is set at maximum. The results are shown in fig. 6. The
beam excursion for the various starting positions of the magnetic field has
been normalized with respect to the beam excursion when the magnetic field is
present along the entire length of the accelerating tube. The curve has been
calculated for the accelerating tube which performs four revolutions (see fig.
5) but is, in good approximation, also valid for tubes which perform two or
three revolutions.

Fig. 6 also shows that the maximum electron energy increases only
significantly when more than six electrodes are not equipped with magnets.
Note that even when the magnetic field starts at the eleventh electrode, the
average electron energy hardly increases; in the greater part of the
accelerating tube a magnetic field is present and only a small number of
electrons are accelerated to higher energies. As mentioned before, we have
chosen the magnetic field to start at the sixth electrode. The beam displacement
is then reduced by roughly 30% with respect to an accelerating tube which has
a magnetic field along the entire length.

1.0 -

4 6 8
electrode number

10

Fig. 6. The maximum and average electron energy (squares and triangles) and the
maximum beam excursion inside the accelerating tube (circles), as a function of the
starting position of the magnetic field. The latter position is expressed in the distance
between two adjacent electrodes. The maximum beam excursion is normalized with
respect to the displacement of a beam which experiences a magnetic field along the full
length of the accelerating tube.
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3. Design of the rotating magnetic field

In a dc accelerating tube the distance and the maximum voltage between
adjacent electrodes is typically of the order of 20 mm and 30 - 40 kV,
respectively. Therefore, the magnets have to be relatively small (a few
millimeter) in longitudinal direction to prevent electrical breakdown between
the electrodes. Fig. 7 shows the transverse magnetic field component of one
pair of magnets as a function of the z-coordinate, measured at various
distances from the axis. At 8 mm from the axis the transverse field component
is only 10% weaker with respect to this component measured on axis; the
energy of secondary electrons, generated at the beam edge, is also sufficiently
reduced. The magnetic field can be approximated by a gaussian curve. The
curve, as shown in fig. 7, is fitted to the measured data at r = 0 and r = 8 mm.
This gaussian curve is used in the computer simulations. The total magnetic
field in x and y direction as a function of the z-coordinate is calculated by
adding up the magnetic field components in x and y direction of all pairs of
magnets, respectively. The field distribution is especially important at the
entrance side of the tube where the ion energy is relatively low. Therefore,
trajectory calculations have been performed, by numerically solving eq. (1),
which take this gaussian field shape into account.

For ease of construction of the accelerating tube, all electrodes are
equipped with identical magnets. For the same reason, along one section the
magnetic field rotates regularly, i.e., the angle between the positions of the

1.0

-30 -20 -10 0 10
z [mm]

20 30

Fig. 7. Comparison between the transverse components of the magnetic field of one pair
of magnets as measured on axis and at 8 mm from the axis, indicated by the squares and
circles, respectively. The gaussian curve is given, which is fitted to the measured data
both on axis and at r = 8 mm. This curve is used for the computer simulations.
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magnets in two adjacent electrodes is constant. So far, this is in fact the same
situation as shown in fig. 3, 4 and 5. However, the difference between the final
version of the magnetic field distribution and the previously shown examples is
that the magnetic field does not necessarily rotate 360° along one section. The
angle of rotation and the length of the sections are adjusted such that the
demands as mentioned in section 2.1 are met, i.e., the transverse displacement
and velocity of the central ion trajectory are equal to zero at the exit side of
the accelerating tube and the beam excursion inside the tube is minimized.

a

200 400 600 800
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1000 1200
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0.5

0.0 p
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Fig. 8. (a) The trajectory of a H+ ion in the x-z and y-z plane (solid curves), which is
accelerated from 4 to 200 keV. The dashed curves indicate the magnetic field components
Bx and By. The total magnetic field strength is given by the dotted curve (Btot). The
magnetic field first rotates clockwise, followed by two counter-clockwise and one
clockwise revolution. The section lengths of the magnetic field and the angle of rotation
are optimized such that the central ion trajectory leaves the tube on axis and the transverse
excursion inside the tube is minimized. The length of the accelerating tube is indicated by
Ly. (b) The ion trajectory in the x-y plane.
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In section 2.3 we have shown that the maximum transverse excursion is
only 2.3 mm when the magnetic field performs four revolutions. Therefore,
the magnetic field which is optimized by the computer program also performs
four revolutions. A typical result of the calculations is shown in fig. 8.a, which
gives the magnetic field components in x and y direction as well as the absolute
value of the total magnetic field. Integration of the magnetic field components
shows that both jBxdz = 0 and jBydz = 0. Note that the magnetic field does not
rotate exactly 360° along each section and that the field is not block-shaped. In
this example, again the first five electrodes are not equipped with magnets.
The figure also shows the central trajectory in the x-z and the y-z plane of a
H+ ion, which is accelerated from 4 to 200 keV. The transverse displacement
and velocity of the ion beam behind the accelerating tube are equal to zero,
both in x and y direction. Inside the tube, the maximum excursion of the beam
center is just 3.5 mm, as is shown in fig. 8.b, which is roughly one order of
magnitude smaller than the aperture diameter of the accelerating tube.

At maximum accelerating voltage, the magnetic field strength is sufficient
to suppress the energy of the secondary electrons. The electron-energy
distribution, as derived from electron-trajectory simulations, is shown in fig.
9; the maximum and average electron energy is 138 and 81 keV, respectively.

So far, we have assumed that the accelerating tube is operated in a
constant-Q mode, with Q = 0.02 [4], In that case, the entrance energy, which is
equal to the extraction energy of the ion source, is very low at a low
accelerating voltage, which might be a disadvantage for source operation.

100

50 100 150
electron energy [keV]

200

Fig. 9. The electron-energy distribution as derived from electron trajectory simulations
for the magnetic field as given in fig. 8. The accelerating voltage is 2 MV. The number of
electrons is counted in 1 keV intervals. The maximum and average electron energy is 138
and 81 keV, respectively.
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Therefore, trajectory calculations have also been performed for the same
magnetic field as presented in fig. 8.a and the same final energy of the H+ ions
(200 keV) but for various entrance energies, ranging from 1 to 20 keV, i.e.,
for a value of Q that ranges from 0.005 to 0.1. The simulations show that at
the exit side of the accelerating tube the beam displacement in x and y
direction and the beam angle are for these injection energies less than 0.1 mm
and 0.15 mrad, respectively, i.e., values which are of the same order as the
mechanical tolerances of the accelerating tube. Note that these small deviations
are partly due to the fact that the first five electrodes are not equipped with
magnets. Even at minimum accelerating voltage, the ions gain roughly 20 keV
energy before the magnetic field reaches its full strength.

4. Discussion and conclusions

The computer simulations show that when a continuous magnetic field is
applied, i.e., a field that is present along a large part of the accelerating tube,
the energy of secondary electrons can be sufficiently reduced. In this case only
a relatively weak magnetic field is needed. Continuous X-ray measurements
show that at 100 mm outside the wall of the pressure vessel of the 2 MV Van
de Graaff accelerator, the X-ray level is less than 0.1 mrem/h; no shielding is
needed around the 2 MV dc accelerator.

With respect to the ion beam behaviour the simulations showed that by
applying a continuous magnetic field that rotates alternatively in clockwise and
counter-clockwise direction the transverse displacement and velocity of the
central ion trajectory can be reduced to zero at the exit side of the accelerating
tube, independent on the ion mass, charge and energy. Furthermore, the
simulations show that it is advantageous not to equip the first part (roughly
10%) of the accelerating tube with magnets. In this way, the ions gain energy
before they enter the magnetic field, which results in a reduction of the
maximum ion beam displacement inside the accelerating tube by some 30%.
Moreover, the displacement of the beam at the exit side of the accelerating
tube is then less sensitive to the ratio between the injection energy and the final
energy of the ions.

A magnet system has been incorporated in a HVEE A-type accelerator,
according to the computer simulations. Behind the accelerating tube the ion
beam is only slightly off axis. So, in conclusion, the simulation model gives, in
spite if the approximations, a good insight in the ion beam behaviour in the
accelerating tube.
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CHAPTER 4

SIMULTANEOUS TRANSPORT OF N+ AND N£ IONS

THROUGH A PERIODIC FOCUSING QUADRUPOLE CHANNEL

1. Introduction

In Chapter 2 and 3, dc ion accelerators have been discussed. The Chapters
4, 5 and 6 cover various aspects of the beam behaviour in a high-current rf
accelerator, MEQALAC (Multiple Electrostatic Quadrupole Array Linear
Accelerator). The basic principle of the MEQALAC is to accelerate a number
of parallel beamlets by means of rf fields while strong electrostatic quadrupole
fields in between the accelerating gaps oppose the space-charge induced beam
blow up. A characteristic of the MEQALAC set-up is that the total accelerated
current increases proportionally to the number of beamlets. In Stage I of the
FOM-MEQALAC experiment, a proof-of-principle experiment which was
terminated in 1986, four He+ ion beams were accelerated from 40 to 120 keV
in a 40 MHz resonator. The time-averaged beam current was 2.2 mA per
channel [2]. In the Stage II experiment four N+ ion beams are accelerated from
40 keV to 1 MeV in a 25.4 MHz resonator. The maximum time-averaged beam
current is 1.1 mA per channel.

A schematic drawing of the experiment is shown in fig. 1. The ions are
extracted from a bucket-type plasma source. The Low Energy Beam Transport
(LEBT) section transports the beams from the high-pressure ion-source region
to the low-pressure resonator-cavity region, in which the beams are accelerated.
The quadrupole lenses of the LEBT section form a periodic focusing or F0D0
structure, where the symbols F, D and 0 indicate a focusing, a defocusing and
a drift region, respectively. The transverse cell length of the quadrupole
channel is thus equal to two times the length of a quadrupole lens plus two
times the length of a drift space. The LEBT section also provides for space for
a vacuum pump and for a drift space for a buncher. The latter device turns the
extracted dc beam into a bunched beam, which is accepted by the rf accelerator
[3]. The bunching process is discussed in Chapter 5. The LEBT section [4] and
buncher [5,6] are in principle the same as those in Stage I; only the rf
frequency of the buncher is adapted to the frequency of the Stage II
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Fig. 1. Schematic drawing of the MEQALAC experiment which shows the ion source
with the four grid extraction system, the LEBT section with the buncher, and the
MEQALAC section.

MEQALAC and the LEBT section is extended by 13 quadrupole sections. The
resonator is a so-called modified interdigital-H-resonator which resonance
frequency can be varied from 17.7 to 25.4 MHz. At these frequencies N+ ions
are accelerated from 20 to 500 keV and from 40 keV to 1 MeV, respectively.
Acceleration with the MEQALAC section is discussed in Chapter 6.

In this chapter the transport of dc ion beams, which contain N+ and N^
ions, so-called mixed beams, through the LEBT section is investigated.
Because the beams are not accelerated in this section, the beam behaviour can
be investigated in the presence of transverse forces only, when the buncher is
not excited. The investigation of the transport of mixed beams is of importance
because ion sources usually produce more than one ion species, while in high-
current multiple-beam devices mass separation is difficult to realize; all
extracted ion species are injected into the transport channels.

At the entrance and exit side and at positions halfway the transport
channel the transmitted current, the N+ and N2 current fractions and the beam
emittance have been measured for various injected currents, for 20 and 40 keV
beam energy and for a wide range of the zero-current phase advance per cell,
jio- The latter parameter is a measure for the external focusing forces. This
research work is an extension of the study of the transport of helium ion
beams by Siebenlist et al. [4,7]. A comparison has been made of the transport
of 40 keV nitrogen ion beams, 20 keV nitrogen ion beams and 40 keV helium
ion beams.

The current limit for a mixed beam has been derived by means of the
Kapchinski-Vladimirski equations [8] and the matrix formalism. Both the
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theory and experimental results show that, for certain initial conditions, dc ion
beams that contain various ion species are transported in essentially the same
way as ion beams which contain only one ion species. The dependency of the
current limit on the ion mass and energy, as predicted by the theory, is
confirmed experimentally. For high injected beam currents the maximum
transmission, which is more than 80%, is reached for jio = 60o-84°, independent
of the particle mass and energy.

2. Theoretical background

2.1. Current limit for a beam which contains various ion species

In order to calculate the maximum transportable current for a mixed ion
beam, i.e., an ion beam which contains various ion species, we will investigate
the external focusing forces and the space charge forces acting on such a mixed
beam. The influence of the various ion masses present will be discussed.

The forces that act on the individual particles are the sum of the external
focusing forces and the space charge forces of the partial ion beams, where a
partial ion beam is defined as a beam which contains only one of the ion
species present. Because electrostatic quadrupole lenses are used, the external
focusing forces are fully determined by the channel dimensions, the applied
quadrupole voltages and the extraction voltage; the ion mass plays no role. On
the other hand, the space charge forces are determined by the charge density
of the various partial ion beams, i.e., by the partial beam currents, the
transverse beam dimensions and the particle velocities.

In a homogeneously filled cylindrical ion beam, the electrical field is
proportional to the distance from the axis, r for r < R, where R is the beam
radius. Outside the beam the electrical field is proportional to 1/r. The
electrical field of a quadrupole lens is also proportional to the distance from
the axis. When the various partial ion beams have identical radii, all ions
experience electrostatic forces which are proportional to r, i.e., all ions,
irrespective of their mass, experience the same lens action. In general, when
the transverse dimensions and the emittances of the partial beams are identical
at the entrance of an electrostatic transport channel, the cross sections of the
various partial beams will remain identical with respect to each other during
transport. For this situation, a mixed beam behaves like a beam which contains
only a single ion species. No separation in phase space of the various partial
beams will take place.

On the other hand, when the partial beams do not have identical radii, the
ions in the region between the radius of the smaller beam and the radius of the
larger beam experience non-linear (de)focusing forces, (in the case of space-
charge loaded beams), which implies that these ions undergo weaker lens
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action than the ions within the beam with the smaller radius. Mass separation
and separation in phase space will occur. Moreover, due to the non-linear
transverse forces, the ion beam with the larger radius cannot be properly
focused; thus current losses will occur. Due to these current losses, for both
the partial beam with the smaller and the larger radius the external transverse
focusing forces cannot be matched to the space charge forces at any
longitudinal position in the channel. So, for both partial beams stable transport
is not possible. This situation, which does not occur in our experiment (see
section 4.1), will not be further discussed.

The transverse current limit for a mixed beam can be deduced from the
Kapchinski-Vladimirski (KV) equations [8]. The KV equation for the beam
envelope in the x-z plane, X, is

(1)

where kx is the quadrupole lens strength, K is the generalized perveance,
which accounts for the defocusing space charge forces, and e is the
unnormalized rms emittance. Primes denote differentiation with respect to z.
The quadrupole lens strength is defined as: kx = l/aq2 (Vq/Vp), where aq and
Vq are the quadrupole-channel radius and voltage, respectively. The particle
energy is denoted as qVp, where q is the particle charge. When the beam
contains only one type of ions K can be expressed as

K q i S L m

where I is the beam current, e0 is the dielectric permittivity of vacuum and m
and v are the particle mass and velocity, respectively. A similar equation as eq.
(1) gives the beam envelope in the y-z plane. Note that the generalized
perveance is proportional to I/v and thus proportional to the charge density p.
Therefore, for a beam which contains various ion species the expression for K
is, in the case that the partial beams have identical radii,

K ( 3 )

where Ii and v{ are the partial ion current and ion velocity, respectively, of the
beams which contain particles with mass mi.

The current limit for a FODO transport channel can be derived from eq.
(3) when we express K in the channel parameters. First, we will derive an
expression for the current limit for the case of a homogeneously-filled
cylindrical beam in an axisymmetric transport channel. In this case, the z-
dependent focusing parameters kx and ky are replaced by a continuous
focusing parameter <k>. Furthermore, we assume that the partial beams have
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a KV distribution, i.e., a homogeneous space charge distribution, and identical
radii.

The KV equation for a rotationally symmetric beam is

K e2

R" + < k > R - g - - p = 0 . (4)

In case of a constant beam radius, i.e., in case of a so-called 'matched'
cylindrical beam, the second derivative of the beam envelope is equal to zero
and eq. (4) then yields

(^} (5)
For an axisymmetric channel the zero-current phase advance per cell, poC, can
be expressed in the focusing parameter <k> and the transverse cell length LT
as jioc = LxV<k> [9] and the acceptance occ of an axisymmetric channel is
ac2 = <k>R4 = (HOC/LT^R4. Eq. (5) then yields

Combination of the eqs. (3) and (6) gives an expression for the transverse
current limit IT in an axisymmetric channel,

P^^^) (7)

with

Q = 2(rWrii) , (8)
i

where yi is the ratio of the partial-beam currents to the total-beam current and
T|j is the ratio of mi to mi. The velocity vi in eq. (7) is defined as the velocity
of the latter species. Further, mj can be any of the particle masses present,
however, usually one will take for mi the most abundant particle.

Eq. (7) shows that when the beam contains only ions with mass mi (y\ = 1
and Tji = 1) the equation for the current limit for dc beams in an axisymmetric
channel, as given by Reiser [10], is retained.

The transverse current limit for a matched beam, which is transported
through a periodic focusing quadrupole channel, can be calculated from eq. (7)
when we introduce the acceptance of such a channel, ocq. A beam is called
matched to the channel when the envelope trajectories show the same
periodicity as the channel. In that case, the maxima and minima of the
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envelope functions are halfway a quadrupole lens and all maxima are of the
same magnitude. Therefore, the beam envelope can be viewed as a constant
'average' beam radius with a quasi-sine-shaped modulation. This matched
beam envelope is called the periodic solution.

An expression for the acceptance of a FODO channel can be derived from
the transport matrix which describes the transport of charged particles,
neglecting space charge, from the center of one quadrupole to the center of the
adjacent quadrupole, i.e., through half a transverse cell of a FODO channel [9].
Steffen [9] gives this matrix in terms of the effective quadrupole length (leff)
the drift length in between the quadrupoles (deff) and a phase parameter (j),
which is defined as § = jleffVkx- By means of the general envelope equations,
the transfer matrix can also be written in terms of the envelope function X(z).
Taking into account that the derivative of the beam envelope is equal to zero
halfway a quadrupole lens, the transfer matrix can be written as:

M r m u m12
1 1 1 ^ m2 1 m2 2

Xi XoXi .
v~ cosO —-— sin<P

)

(9)

where the phase function <E> is defined as <!> = Je/X2dz and Xo and Xi are
the minimum and maximum of the beam envelope, respectively. For zero-
current beams the maximum emittance is equal to the acceptance, e = Oq, and
the equation for the acceptance is therefore

As mentioned before, the matrix elements mij can be expressed in the channel
dimensions and the phase parameter <j>. The acceptance can be expressed as a
function of the zero-current transverse phase advance per cell of a FODO
channel, jxo» by means of the definition for the lens strength parameter kx. The
following expression for jio is used [10]:

L ef
v 3 + leff J '

For our LEBT channel eq. (11) yields, with leff = 13 mm, aq = 3 mm and deff
= 4.5 mm: u,o = 17.3 Vq/Vp [rad]. By means of the latter equation and the
expression for kx, ocq can be expressed as a function of [io. The result is given
in fig. 2. The upper curve refers to a beam envelope maximum of 3.0 mm,
i.e., to a beam envelope maximum equal to the channel radius. However, due *z
to non-ideal quadrupole fields, mismatch and misalignment the useful channel
radius is necessarily smaller, as will be discussed in section 2.2. Therefore, the
acceptance is also given for useful channel radii (Xi) of 2.5 and 2.0 mm.
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Substitution of eq. (10) into eq. (7) gives the current limit for a F0D0
channel. In our experiment the beam contains 60% N+ current and 40% N2
current, see section 4.1. For this particular situation the current limit for the
LEBT section is shown in fig. 3, for a particle energy of 40 keV. As a typical
value, the unnormalized rms beam emittance is taken e = 30 % mm mrad (see
section 4.2). Like in fig. 2, the three curves refer to a beam envelope
maximum of 3.0, 2.5 and 2.0 mm.
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Fig. 2. The acceptance, ctq, of a LEBT channel as a function of n0, as calculated by
means of beam transport matrices, for a maximum beam envelope of 3.0, 2.5 and 2.0
mm. The channel radius, effective quadrupole length and effective drift length between
the quadrupoles is 3.0,13.0 and 4.5 mm, respectively.

3.0 mm

100 120

Fig. 3. The current limit, IT, for a single LEBT channel for 40 keV nitrogen ion beams
with an envelope maximum of 3.0, 2.5 and 2.0 mm, as a function of u0. For this figure,
the partial N+ and Nj ion current is 60% and 40%, respectively, and the unnormalized
rms beam emittance is 30 rc mm mrad.
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The current limit can also be expressed as a function of the current
fraction yj. The result is given in fig. 4, which shows the current limit of the
mixed beam and the current limit for the partial N+ and N2 beams, as a
function of the N+ current fraction, yi« The curves are normalized with
respect to the current limit for a beam which contains only N+ particles
(yi = 1). The figure shows that the total current limit decreases when the
fraction of heavier particles increases, as expected; the space charge density
increases for an increasing particle mass.

In view of these considerations, which show that a dc mixed beam behaves
similar to a beam that contains only one ion species, we can introduce a
substitute particle with mass mm, such that the substitute beam has the same
space charge density as the mixed beam. In this way, trajectory and envelope
calculations of mixed dc beams can be performed with computer codes written
to solve problems with only one ion species. Note that bunched beams cannot
be treated this way, since the heavier species slip back with respect to the
lighter species. In order to find an expression for the substitute mass, the first
part of the right hand side of eq. (7) is set equal to

(12)

where vm is the velocity of the hypothetical substitute particle. The particles
mi and mm have the same energy and thus the expression for the substitute
mass mm is

. (13)

0.0 0.8 1.0

Fig. 4. The current limit for the N+ beam, the N^ beam and the total ion beam, as a
function of the N+ current fraction, yj. The curves are normalized with respect to the
current limit for a beam which contains only N+ ions (yi = 1).
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For our particular situation, i.e., for two particle masses, we have Y2 = 1 - Yi;
and eq. (13) yields: mm = (YiVmT + (1 " YlWmD2. For a 60% N+, 40% N^
beam we find mm =19 AMU.

2.2. Mismatch and misalignment

In the ideal situation, when a beam is injected on axis into a perfectly
aligned quadrupole channel and the beam is matched to the acceptance of this
channel, the beam envelope maxima are all of the same magnitude, as
mentioned before. However, in practice the beam envelope can show various
types of oscillations. In this section we discuss two mechanisms that cause such
oscillations, known as misalignment and mismatch.

In the case of misalignment the channel axis does not coincide with the
beam axis. This is caused for example by off-axis injection of the beam into
the transport channel or by misalignment of the quadrupole elements.
Misalignment results in oscillations of the center of mass of the ion beam, as is
illustrated in fig. 5.a. This figure also shows the average radius of the matched
beam and the average envelope of the misaligned beam (the high frequency
modulation of the beam, which has the same periodicity as the quadrupole
structure, is not shown). A first-order perturbation analysis shows that
misalignment oscillations can be described by the equation for a single particle
trajectory in the absence of space charge [4,11]. This is expected because the
space charge forces are symmetrical with respect to the center of mass of the
ion beam. In the case of a single perturbation of the alignment of the transport
channel, the phase advance per cell of the oscillations of the center of mass
behind this perturbation is equal to Ho- For a large number of misalignment
perturbations, a phase advance per cell cannot be defined properly, because at
each perturbation the phase shifts, dependent on the perturbation.

I Mismatch occurs when the beam envelope deviates from the envelope of
• the periodic solution. In that case, the space charge forces deviate from the
; space charge forces that match to the external focusing forces and as a result,
-• the beam envelope oscillates around the periodic solution. This is illustrated
\ schematically in fig. 5.a. Note the difference with the misnlignment
\ oscillations, where the average beam envelope does not vary but the entire
| beam oscillates, whereas in the case of mismatch the average beam envelope

oscillates.
In view of the facts that there are only two degrees of freedom in the x-y

; plane and that the envelope behaviour in the x-z and the y-z plane is coupled
i through the space charge forces, mismatch oscillations can be seen as being
I composed of two fundamental oscillations, called the symmetrical (or stretch)
I and the antisymmetrical (or destretch) mode. The symmetrical mode occurs
I when the deviations from the periodic solution in X and Y direction, 5X and
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Fig. 5. (a) Schematic drawing of mismatched and misaligned beams. The 'average'
envelopes of the beams are shown, i.e., the high frequency beam modulation, which has
the same periodicity as the quadrupole structure, is not shown. The average envelope of a
matched and properly aligned beam is indicated by Xp, Beams that are either mismatched
or misaligned are indicated by Xm m and Xma, respectively. The curve marked 'center'
gives the center of mass of the misaligned beam. In this example only one type of
mismatch oscillation is taken into account, while G\ = 2\IQ. The x and z axis are scaled to
Xp and to the period of one misalignment oscillation, respectively,
(b) Schematic drawing of beams which are mismatched and misaligned. The envelope of
the matched, aligned beam is again indicated by Xp. The curves marked Xmax show the
beam envelope in the case that the maxima of the various oscillations coincide. For the
envelopes marked Xmin (solid curves) the maxima of the mismatch oscillations coincide
with the minima of the misalignment oscillations; the envelope maximum is considerably
smaller in comparison with the situation marked Xmax.
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SY, respectively, are symmetrical, 5X = 5Y, while the antisymmetrical mode
occurs when 8X = -8Y. The phase advance per cell for the symmetrical and
the antisymmetrical mode is given by [4,11],

*+2|i2 (14)

and

(J2 = A/(^O2+ 3JX2 , (15)

respectively, where u. is the current-depressed phase advance per cell for a
matched beam: n = eLj/Xp2, where Xp is the average radius for the periodic
solution [10]. Note that \i is by definition less or equal than u.o; Ho is the phase
advance per cell in the absence of space charge and thus a measure for the
external focusing field, while p. is a measure for the combined space charge
field and the external focusing field. Eqs. (14) and (15) show that for \i—»u.o
i.e., for zero beam current, <5\—>2|XO and 02—»2u,o. For this particular situation
the mismatch oscillations are shown in fig. 5.a. In this figure only one type of
mismatch oscillation is shown.

The envelope maximum of a beam which is mismatched and misaligned
depends on the positions of the maxima and minima of the various oscillations.
This is illustrated in fig. 5.b for the situation that n~>|j.o. Two extreme
situations are shown: when the maxima of the mismatch and misalignment
oscillations coincide, the envelope maximum is considerably larger than for
the situation that the maxima of the misalignment oscillations coincide with the
minima of the mismatch oscillations. In other words, mismatch of the beam
can partially compensate for the misalignment oscillations.

However, for space-charge loaded beams, [i * u.o and thus 01 * 02 * 2u.o-
Therefore, for a transport channel which is much longer than the wavelength
of the various types of oscillations, somewhere in the channel the maximum
envelope excursion will be the sum of the various mismatch and misalignment
amplitudes. On the other hand, when the length of the transport channel is
shorter than the wavelength of the oscillations, the maximum of the envelope
excursion is, for proper settings of the initial conditions of the oscillations,
smaller than the sum of the mismatch and misalignment amplitudes. This
situation can also occur when current is lost within a length of the transport
channel which is shorter than the wavelength of the mismatch and
misalignment oscillations. When current is lost, the beam envelope decreases.
In that case, in the first part of the transport channel (before current is lost)
the beam envelope can be minimized while the beam can be properly
transported through the second part because of the smaller envelope.
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3. Experimental arrangement

3.1. The ion source and the LEBT section

The ion source and the LEBT section are essentially the same as those
used in Stage I of the MEQALAC experiment. Here we give just some basic
information; more detailed information can be found in ref. [4,7].

The ion source is a so-called bucket-type plasma source. Rows of CoSm
magnets, mounted on the walls, form a line-cusp magnetic field which reduces
plasma losses to the walls. The front plate is approximately at the same
potential as the filaments, which is 60 to 150 V negative with respect to the
source wall; in this way, electron losses to the front plate are reduced. The
diameter of the four extraction apertures can be varied, up to 6 mm, by
mounting different aperture plates. Typical operating parameters are a gas
pressure between 1x10*3 and 6xlO"3 mbar, and an arc current of 10 A. The
extraction voltage is either 20 or 40 kV. The ions are extracted by means of a
four-grid extraction system, see fig. 6. It consists of an intermediate electrode
and an electron repelling plate which is mounted between two electrodes at
earth potential. The voltage on the intermediate electrode, which is typically
75-95% of the extraction voltage, strongly influences the beam emittance and
the beam envelope as well as the extracted ion current.

The LEBT section consists of a matching section and a periodic focusing
structure (see fig. 6). Each of the four channels is formed by 47 quadrupole
lenses. The channel radius, the physical quadrupole length and the drift space
in between the quadrupoles are aq = 3.0 mm, lq = 10.0 mm and dq = 7.5 mm,
respectively. The quadrupoles of the periodic focusing structure are all kept at
the same (absolute) potential.

SOURCE EXTHACT1ON SYSTEM MATCHING SECTION FODO CHANNEL
PCASMA

, A (5QUADSI e |29 QUADS) c [13 QUADS)

• • : • • DU 5 • • D\\ n •
19.7 10 3 10 3 10 5 10 5 10 7.5 10 7.5 10 7.5 465 7.5 10 7 5 10 75 185 7 5 10 3 75

, Fig. 6. Schematic drawing of (one channel of) the LEBT section, which shows the front
> plate of the ion source (plasma plate) 'a', the extraction system and the quadrupoles of the

.', LEBT section. The electrodes of the extraction system are: the intermediate electrode 'b',
I a grounded electrode 'c1, the electron repelling plate 'd\ which has a potential of -2.5 kV,
j and a second grounded electrode 'e'. The voltage on the electron catcher 'f is 100 V.

The first five quadrupoles form the matching section, the next 42 quadrupoles form the
periodic focusing structure. The typical dimensions of the quadrupole structure are given

t (in mm). The marks A, B, C and D indicate the positions where the beam current, the
f emittance and the N+ and N£ current fraction have been measured
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The voltage of the first five quadrupoles, which form the matching
section, can be biased independently in order to match the rotationally
symmetric beams, extracted from the source, to the acceptance of the periodic
focusing channel. In other words, the voltages of these quadrupoles are set
such that halfway the sixth quadrupole the beam envelope has its maximum and
minimum value in the x-z and y-z plane, respectively, or vice versa. This also
means that the derivatives of the beam envelope functions are zero at this
position. Therefore, four quadrupole lenses are needed to match the extracted
beam. However, when five quadrupoles are used also the beam envelope
maximum in the matching section can be minimized.

The five quadrupole voltages are calculated from the beam parameters as
measured behind the extraction system. For a chosen value for \io the
computer program first calculates the periodic solution from the current and
rms emittance as measured behind the extraction system, by means of the KV
equations and taking quadrupole fringe fields into account. The matching-
section voltages are then calculated such that the beam is matched and the beam
envelope in the matching section is minimized.

3.2. Diagnostic equipment

The beam-diagnostic equipment consists, apart from a Faraday cup to
measure the beam current, of an emittance measuring device and a beam sweep
device. The emittance measuring device has a movable entrance slit and an
array of 40 parallel wires, typically at some 110 mm behind the slit. The slit is {
scanned through the ion beam and the current measured on the wires gives
information about the beam envelope and its derivative, needed to determine
the beam emittance. The beam current and the emittance have been measured
at four positions of the LEBT section: behind the extraction system, halfway
between the sixth and seventh quadrupole, at half a drift length behind the 34th

quadrupole and at half a drift length behind the last (47*) quadrupole. These
positions are labelled A, B, C and D in fig. 6. In the following, the positions B,
C and D will be referred to as "behind the sixth quadrupole", "behind the 34*
quadrupole" and "behind the last quadrupole", respectively. Measurements
behind the 34* quadrupole have been done before the LEBT section was
extended by 13 quadrupoles.

By measuring the beam parameters at various positions, we can determine
in which part of the transport section emittance growth and current losses
occur. Furthermore, the emittance measuring device can be rotated in order to
measure the emittance diagrams in the x-x' and y-y' phase space. In this way,
asymmetries in the beam parameters can be detected. A comparison between -i
measurements behind the sixth, 34* and the last quadrupole indicates whether 4
the beam is matched. The emittance measuring device is not able to measure
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the beam position with respect to the channel axis, i.e., misalignment cannot be
detected.

The emittance measuring device is also used to measure the beam profiles
of the N+ and N2 partial beams. For this purpose, a small magnet system,
which consists of two CoSm magnets and a iron yoke, is mounted in front of
the device; a small rectangular aperture, 0.15x0.15 mm2, and slits limit the
beam divergence such that the N+ and N^ beams are separated at the wires. By
scanning the device across the beam, the beam profile can be determined.
However, because of technological constraints, the 40 wires are always kept at
earth potential and thus secondary electrons can escape. The secondary
electron yields for the two types of ions are not identical and, therefore, from
these measurements the N+ current fraction cannot be derived. For this reason
we have also used a beam-sweep device.

The beam sweep device is a thin wire scanned across the partial beams,
which are first separated by a magnetic field, as described above. The wire can
be set at a positive potential of 40 V. In this way, secondary electrons are kept
at the wire and the N+ and N2 current fractions can be measured properly.
However, the disadvantage of this method is that it gives only a rough
indication of the beam profile, because the wire integrates the current in one
direction. Therefore, the beam sweep device and the emittance measuring
device have been used together to give complementary information.

4. Experimental results

4.1. The N+ and N% current fraction

The N+ and N2 current fractions are measured for a wide range of source
parameters. For this measurement and all following measurements, only one
channel is used. A typical measurement performed with the beam sweep device
is given in fig. 7. The source parameters are in the center of their tuning
range, i.e., the arc voltage is 120 V, the arc current is 10 A and the gas
pressure is 3x10~3 mbar. The left and right peak correspond to the N2 and the
N+ beam, respectively. The figure shows that the partial beams are well
separated, i.e. the partial ion currents are measured properly. Integration of
the curves shows that the N+ current fraction is roughly 60%. Variation of the
source parameters only slightly influences the N+ current fraction; this
fraction varies from 55% to 65% when the source parameters are varied over
the full range, as given in section 3.1. Measurements show that the N+ current
fraction does not depend on the extraction voltage.

By means of the emittance measuring device the profiles of the partial ion
beams have been measured behind the extraction system and behind the 34th
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rated. Integration of the curves
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respectively. The source parameters
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Fig. 8. Beam profiles as measured with the emittance measuring device. Fig. 8.a and
8.b show the profiles of the N+ and the N£ beams, respectively, as measured behind the
extraction system. Fig 8.c and 8.d show the corresponding profiles as measured behind
the 34th quadrupole. The intensity contours, which are normalized with respect to the
maximum intensity of the N+ beam, are shown at 10% intervals. The outer contour is the
10% intensity contour.
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quadrupole. The device is scanned across the beam in steps of 0.15 mm, while
the beam diameter is between 1.2 and 2.4 mm. The figures 8.a and 8.b give the
profile of the N+ and the N^ ion beam, respectively, as measured behind the
extraction system. The 10% contour lines are normalized with respect to the
maximum intensity of the N+ beam. Note that these figures, which are not
corrected for secondary electrons, suggest that the ratio of the N+ to the N2

current fraction is roughly 1:1, instead of the real value of 3 : 2. The figures
8.c and 8.d show the beam profiles as measured behind the 34* quadrupole for
the N+ and the N2 beam, respectively. Measurements for various source
settings and various values of \io show that neither the beam current and
emittance nor the zero-current phase advance per cell influence the ratios of
the fractional currents during transport through the periodic focusing
structure. Naturally, these parameters strongly influence the total transported
current, as will be discussed next.

4.2. Current and emittance measurements

The current and emittance of the extracted ion beams (measured at
position A, see fig. 6) have been investigated as a function of the source
parameters. Typical results for 40 and 20 keV nitrogen ion beams and a 40
keV helium ion beam are given in fig. 9, which gives, for particular source
settings, the extracted ion current, the beam emittance, the beam envelope and
the derivative of the beam envelope, as a function of the voltage on the
intermediate electrode. The latter parameter is expressed as a fraction of the
extraction voltage, ctv. which is either 20 or 40 kV, as mentioned before. The
diameter of the extraction aperture is 4.2 mm. The source-gas pressure and
arc voltage are chosen such that, by optimizing the voltage on the intermediate
electrode, for each beam an unnormalized rms emittance of 20 K mm mrad or
less is obtained at a reasonable beam current.

Larger extraction apertures, which give a higher beam current, have not
been used for the following reason. The beam envelope in the F0D0 structure
is determined only by the beam current, beam emittance and no. However, the
beam envelope in the matching section is also determined by the beam radius
(R) and the divergence of the beam (R1) behind the extraction system. When a
6 mm extraction aperture is used, always at least one of the beam parameters
R, R' or e is too large. The beam then collides with the quadrupoles of the
matching section.

Behind the sixth, 34* and last quadrupole of the LEBT section (see fig. 6,
marks B, C and D) the transported current, the beam emittance, the beam
envelope and the derivative of the beam envelope have been measured for
various values of (XQ. Again, only one channel is used.
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Fig. 9. Beam parameters as measured behind the extraction system as a function of the
voltage on the intermediate electrode, which is expressed as a fraction, a v , of the
extraction voltage. The triangles, squares and circles refer to 40 and 20 keV nitrogen ion
beams and a 40 keV helium ion beam, respectively. The extracted beam current, I, the
unnormalized rms emittance, e, the rms beam envelope, R, and the derivative of the rms
beam envelope, R\ are given in fig. 9.a, b, c and d, respectively. The source parameters
are: 3x10-3 mbar and 120 V, lxlO'3 mbar and 60 V and 1x10-3 mbar and 120 V for the
40 and 20 keV nitrogen ion beams and the 40 keV helium ion beam, respectively. The arc
current is 10 A in all cases, the diameter of the extraction aperture is 4.2 mm.

The transmitted current through the LEBT section as a function of JXO is
shown in fig. lO.a. The measured beam current is the sum of the N+ current
and the N£ current. Three curves give results for 40 and 20 keV nitrogen ion
beams and a 40 keV helium ion beam as measured behind the 34th quadrupole;
the injected current is 5.1,1.8 and 12.0 mA, respectively. The latter curve has
been measured in Stage I of the project and is given here for comparison [4].
The fourth curve gives the result for a 40 keV nitrogen ion beam as measured
behind the last quadrupole; the injected current is again 5.1 mA. In all cases
the rms emittance of the injected beams (as measured behind the extraction
system) is of the order of 20 % mm mrad. Furthermore, by means of eq. (3) it
is easily shown that all beams have roughly the same generalized perveance.
Note that the transmitted current behind the 47th quadrupole is slightly higher
than behind the 34th quadrupole. This higher transmission is probably due to
the fact that the new extended LEBT section and matching section are better
aligned than the old version.
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Fig. 10. (a) The transmitted current, Iout, as measured behind the 34th quadrupole, as a
function of |io> for injected 40 keV, 5.1 mA and 20 keV, 1.8 mA nitrogen ion currents
and a 40 keV, 12.0 mA helium ion current, as indicated. For an injected 40 keV, 5.1 mA
nitrogen ion beam the transmitted current is also given as measured behind the 47th qua-
drupole (open squares), (b) TTie transmission, IOut/Iin» where Ijn is the injected current.

In fig. lO.b the transmission, IOut/Iin, for the various beams is given,
which shows that independent of the particle mass and energy the maximum
transmission is for | i 0 = 60°-84° and is more than 85% for the 40 keV ion
beams. For the 20 keV ion beam the maximum transmission is over 75%. For
jio = 45° the transmission is considerably smaller. This is most probably due to
the larger beam envelope maximum, which is roughly 2.5 mm, according to
calculations. The channel radius is 3 mm and thus a slight mismatch or
misalignment causes significant current losses. For jio = 105° the transmission
also strongly decreases, in spite of the smaller beam envelope maximum which

62



I

60 80 100

Ho [deg]
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a 5.1 mA, 40 keV nitrogen ion beam, as measured behind the 6 th, 34th and last (47th)
quadrupole of the LEBT section, respectively. The rms emittance as measured behind the
extraction system, £in, is 19 ic mm mrad. For £jn and eOui the average of the rms
emittances as measured in the x-x' and y-y1 phase space are taken.

is roughly 1.6 mm. Therefore, these current losses are most probably due to
beam instabilities, which can occur for Ho ̂  90° [11]; for space-charge loaded
beams, i.e., when the beam behaviour in the x-z and the y-z plane are strongly
coupled, the total current depressed phase advance per cell, Ht> is then the sum
of Hx and My- For the high current beams, ji. « 45° (in x and y-direction) for
Ho = 105° and thus for the total oscillation of individual particles, Hta 9CK>. In
that case, oscillations of the particles can occur, which are induced by higher
order modes of the periodic focusing structure. This mechanism can cause the
unstable beam behaviour.

Behind the sixth quadrupole of the LEBT section no loss of beam current
has been observed, for the same injected currents as given in fig. 10. This
result is expected because the beam parameters and voltages of the matching
section quadrupoles are chosen such that the beam envelope is sufficiently
small in the matching section, as mentioned before.

For injected currents about 5 times smaller than the currents mentioned
above, the transmission through the LEBT section is 100%, independent of Ho-
For these measurements the voltages of the matching section quadrupoles have
been varied over a wide range, without a significant effect on the transmission.
The envelope maximum of these low-current beams is less than 1.2 mm and
mismatch, misalignment as well as beam instabilities hardly influence the
transported current.

The growth of the rms emittance for the injected 5.1 mA, 40 keV
nitrogen ion beam is given in fig. 11. The rms emittance as measured behind
the extraction system is ein = 19 rc mm mrad. In fig. 11 the average value of
the rms emittances in the x-x' plane and the y-y' plane is given, in view of the
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fact that measurements showed that the difference between the rms emittances
in the two planes is always less than 15%. Behind the sixth quadrupole the rms
emittance has already grown by roughly 70%, independent of |XO- The
measurements performed behind the 34th quadrupole show that for no < 84°,
the rms emittance decreases during transport. These effects were also observed
in Stage I of the experiment [4]. Note that the reduction of the rms emittance is
larger for larger current losses. On the other hand, for u,o = 105°, rms
emittance growth is observed in spite of current losses. This is probably due to
instabilities, as remarked earlier. Behind the 47th quadrupole no significant
variation of the emittance has been observed in comparison with the emittance
as measured behind the 34th quadrupole.

5. Discussion

5./. Transmission through the LEBT section

For a beam that contains one type of ions, the expression for the
transverse current limit through a periodic focusing quadrupole channel shows
the following proportionality between the current limit on the one hand and
the ion mass and energy, Ep, on the other hand (see eq. (7)),

Ep3/2
IT ~ -p=" . (16)

Vm
Note that the mass m in eq. (16) is the substitute mass in case of the mixed
nitrogen beams, as given in section 2.1. The transmitted 40 keV nitrogen ion
current, 20 keV nitrogen ion current and 40 keV helium ion current, as
presented in fig. lO.a, are expected to be identical after being scaled with the
factor m1/2Ep"3/2, when (i) the injected current is equal to or larger than IT
and (ii) the beams have the same unnormalized rms emittance and the same
generalized perveance. The source and extraction parameters are set such that
this latter requirement is met, see section 4.2. In the following, currents scaled
with ml/2Ep"3/2 are referred to as 'scaled currents'.

The scaled injected currents are, expressed in arbitrary units, 0.88, 0.88
and 0.93 for the 5.1 mA, 40 keV and 1.8 mA, 20 keV nitrogen ion beams and
the 12.0 mA, 40 keV helium ion beam, respectively. The scaled transmitted
currents, as measured behind the 34th quadrupole, are presented in fig. 12.
The three curves more or less coincide, especially for larger values of JJ<J. The
figure also clearly shows that, independent on the particle mass and energy,
optimum transmission takes place for u.o = 60°-84°. A comparison between the
theoretical current limit and the experimental data for [io = 45° and 60°
indicates that the maximum possible beam radius is roughly 2 mm.
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5.2. The N+current fraction

As described in section 2.1, no mass separation or separation in phase
space takes place during transport of a space-charge loaded mixed beam,
provided that the radii and emittances of the partial beams are identical at the
entrance of the transport channel. This condition is met experimentally: the
beam profiles of the N+ and N£ beams as measured behind the extraction system
are quite similar, as is shown in fig. 8.a and 8.b. The measurements performed
behind the LEBT section (fig. 8.c and 8.d) show that at this position the two
partial beams have indeed, in good approximation, also the same profile. This
confirms that the two fractional beams are transported in the same way.

Integration over the beam profiles shows that the N+ current fraction has
not changed significantly during transport. These measurements have been
performed for a wide range of |4.<>. As mentioned before, severe current losses
occur for small values of Ho, while the measurements show that the N+ current
fraction does not change either in this case. This also indicates that an ion beam
which contains various ion species is transported in the same way as an ion
beam which contains only one type of ions.

5.3. Mismatch and misalignment

Measurements of the beam envelope behind the sixth quadrupole show
that optimum transport of high current beams through the LEBT section is
achieved only when the beam is slightly mismatched at the entrance of the
FODO channel, see fig. 13. As explained in section 2.2, this indicates that the

•i
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beam is also misaligned; oscillations of the beam envelope due to mismatch can
partially compensate misalignment oscillations. The mismatch parameters, i.e.,
the difference between the measured beam envelope and the envelope of a
beam that is matched, are deter-nined as follows. The measured data for the
envelope are derived from phase space measurements. Note that for the phase
space measurements the slit of the emittance measuring device is scanned
across the entire beam cross section and in this way, the influence of
misalignment is eliminated in the determination of the beam envelope. The
values for the envelope of a matched beam are calculated from the actual
current and rms emittance as measured behind the sixth quadrupole. The
support to compare the measured beam envelopes with these calculated values
is that behind the LEBT section, where the beam is properly matched (see
section 5.4), the deviation between the theoretical and the measured envelopes
is only a few percent.

From the mismatch parameters as determined behind the sixth quadrupole
an estimation of the misalignment at the entrance of the FODO channel can be
made. In order to make this estimation, we assume that the FODO channel is
perfectly aligned and that the beam is injected off-axis. This assumption is
quite realistic, because measurements showed indeed that the internal
alignment of the periodic focusing structure is much better than the alignment
of the extraction aperture and the matching section. The misalignment of the
latter parts is due to their mechanical construction. Furthermore, to calculate
the misalignment parameters we assume that for optimum transmission
through the LEBT section, the beam envelope in the transport channel is
minimized by proper settings of the mismatch oscillations. A computer
program, which calculates the beam envelope of a mismatched beam and the
center-of-mass oscillations of a misaligned beam by solving the KV equations,
can minimize the envelope maximum and calculates the misalignment
parameters at the entrance of the FODO channel. These are roughly 0.10 and
0.05 mm in position, and 10 and -5 mrad in angle, for the x and y direction,
respectively. These values are comparable with results obtained from
PARMILA multi-particle simulations [12]. In these simulations, the
misalignment parameters at the entrance of the LEBT section were set such
that the measured transmission agreed well with the simulation results for all
values of \i0.

5.4. RMS emittance growth

The phase space measurements show that in the first six quadrupoles of
the transport channel the rms emittance in the x-x' and y-y' phase space
increases by roughly 70% (see fig. 11). We emphasize that this is an increase
of the rms emittance [17], which can increase even when Liouvilles theorem is
met, i.e., when the emittance is unchanged.
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derivatives (AX' and AY1, (b)), as measured behind the sixth quadrupole of the LEBT
section, with respect to the corresponding theoretical values. The latter values are
calculated from the actual current and rms emittance as measured at this position.

A possible mechanism that causes rms emittance growth is charge
redistribution of the space-charge loaded beam [14,15], which is explained as
follows. The internal potential energy of a space-charge loaded beam is at
minimum when the beam has a so-called KV or uniform distribution, i.e.,
when the space charge is homogeneously distributed across the beam. So, in
beams with a nonhomogeneous space charge distribution (gaussian, hollow,
water bag), redistribution of space charge will take pkce until the lowest
energy state is reached. In fact this means that the space charge is distributed
such that the space charge field at any radial distance is in balance with the
external (linear) focusing field. The rms emittance growth is thus caused by
the reduction of the field energy which is transferred into kinetic energy. In
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space measurements. The curve labelled 'A' (dashed curve) and 'B' give the beam profile
as measured behind the extraction system and behind the sixth quadrupole, respectively.

the model described by Wangler [15] this mechanism for rms emittance
growth is given as a function of the reduction of the field energy and of the
tune depression fi/Uo.

As mentioned before, rms emittance growth takes place between the
extraction system and the sixth cell of the LEBT channel. The beam profiles as
measured at these two positions form approximately a gaussian and a KV
distribution, respectively, see fig. 14. According to the equations given by
Wangler, the rms emittance growth that can be caused by the observed charge
redistribution is of the order of 20% for all values of |io- This is much smaller
than the measured value, which is roughly 70%, independent of \io.

Possible explanations for the large rms emittance growth are (i)
misalignment of the beam and (ii) a strongly eccentric beam cross section in
the matching section [16]. When the beam is misaligned such that the maximum
envelope excursion is large with respect to the channel radius, the ions pass
regions where the focusing field deviates from the ideal (linear) quadrupole
field. This can lead to a growth of the rms emittance. However, we have seen
that rms emittance growth only occurs in the matching section and not in the
F0D0 channel, while in both section the beam is misaligned, see section 5.3.
Furthermore, the beam envelope in the matching section is minimized by a
proper setting of the quadrupole voltages, which is indicated by the fact that no
current losses occur in the matching section. So, misalignment is unlikely to be
the cause of the large rms emittance growth.

For the second mechanism, a strongly eccentric beam cross section, the
explanation for the rms emittance growth is that the eccentric beam profile can
manifest itself in a large variation of the space charge field of the beam, Ey, as
a function of the x coordinate, and vice versa. According to the beam envelope
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calculations, the eccentricity of the beam (the ratio between the beam envelope
maximum and minimum) in the matching section is roughly 1.5 to 2 times
larger than in the FODO channel. So, because of the fact that emittance growth
only occurs in the matching section and not in the FODO channel, this
mechanism is likely to cause most of the rms emittance growth.

6. Conclusions

The theoretical model as well as the experimental results show that, in an
electrostatic transport channel, an ion beam which contains various ion species
is transported in essentially the same way as an ion beam which contains only
one type of ions, provided that the beam radii and emittances of the partial
beams are identical at the entrance of the transport channel. This is confirmed
by measurements of the transmission through the periodic focusing structure.
For injected 40 and 20 keV mixed N+, N2 beams as well as for 40 keV He+

beams, the transmitted currents, scaled with respect to the mass and energy of
the ions, show roughly the same behaviour for all values of ji0. These
measurements show also that the current limit scales with Ep3/2nrl/2t as
predicted by the theory. Optimum transmission, which amounts to more than
85%, is always obtained for [io = 60°-84°, while the transmission for no = 45°
and Ho = 105° is always considerably smaller. The calculated beam envelope
maximum of the matched beams is smaller than the channel radius. Therefore,
it is likely that the current losses are caused by mismatch, misalignment and
non-ideal quadrupole fields. These losses occur in the first part (< 29
quadrupoles) of the periodic focusing transport channel. In the last 13
quadrupoles no further current losses are observed while the emittance does
not change too. This indicates that the beam is sufficiently matched at the 34*h

quadrupole, i.e., matched such that no further current losses occur during
transport. A comparison between the calculated maximum transportable
current and the measured data indicates that, due to small mismatch and
misalignment, the maximum possible beam envelope of the periodic solution is
roughly 2/3 of the 'physical' channel radius of 3 mm.
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CHAPTER 5

BUNCHING OF BEAMS WHICH CONTAIN VARIOUS ION SPECIES

1. Introduction

In view of the finite longitudinal acceptance of rf accelerators [1], a
significant fraction of the beam current would be lost when the extracted dc
beam would be injected. Therefore, the longitudinal phase space occupied by
the extracted beam must be compressed via either external bunching in front
of the accelerator or so-called 'gentle bunching1 inside the accelerator. The
first method uses an external resonator excited at the same frequency as the
accelerator. In each rf period the velocity of the continuous beam is modulated
such that during the first half period the ions are decelerated and during the
second half period they are accelerated. This velocity modulation leads to a
density modulation; as a result, a large part of the beam current occupies a
small length in phase space. With the second method, gentle bunching, the
bunch length in phase space is continuously decreased inside the accelerator
while the ions are being accelerated [2].

In a MEQALAC (Multiple Electrostatic Q_uadrupole Array Linear
Accelerator) [3] gentle bunching can be applied only marginally because of the
limited number of accelerating gaps [4]. Therefore, an external buncher,
which consists of two rf gaps, is used. The necessary drift space is provided by
the Low Energy Seam Transport (LEBT) section [5,6].

This chapter discusses the bunching of beams which contain N+ and N^
ions, so-called 'mixed' beams, which are both extracted from the source [6].
Due to the different masses, the velocity modulation is different for the two
species and consequently, their density modulations are different, i.e., the N+

and N2 bunches are longitudinally separated. For low-current beams the
resulting profile of the bunched mixed beam would be a trivial superposition
of two independent bunch formation processes. However, in space charge
dominated beams, the N+ and N£ bunch formation processes strongly influence
each other through electrostatic repulsion and the bunch profiles as measured
behind the LEBT section, which show a mixture of N+ and N^ bunches, are
difficult to interpret. For this purpose, a computer code has been developed
which simulates the bunching process under the influence of space charge.
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2. Theoretical background

2.1. The effective buncher voltage

A two-gap buncher (see fig. 1), in which each bunch gap carries a sine-
shaped rf voltage with an amplitude Ug, can be described as a single gap
buncher with a gap-voltage amplitude, i.e., an effective buncher voltage, 2Ug

when the particles travel in half a rf period (l/2To) from the first to the second
gap, see fig. 2. Here it is assumed that the transit-time it takes the particles to
move from the first to the second gap is roughly independent on the rf phase
of the electrical field, i.e., the energy modulation in the gaps is assumed to be
small with respect to the ion energy before modulation. In Stage I of the
MEQALAC experiment such a matched (40 MHz) buncher was used; in
12.5 ns the 40 keV He+ ions passed the 17.5 mm from the first to the second
gap [7]. In principle the same buncher is used in Stage II. The distance between
the two gaps is not changed but the resonance frequency is tuned to 25.4 MHz,
which is the resonance frequency of the Stage II MEQALAC. However,
40 keV N+ ions pass the distance between the two bunch gaps in 0.59To; the
buncher is no longer matched. This mismatch is even stronger for the slower
N^ ions, which pass the distance between the two bunch gaps in 0.84To.

In fig. 2 the energy gain in the first and second gap for 40 keV N+ and
N£ ions is illustrated. The total energy modulation, AET, in the buncher is

AET = AEi + AE2 = -qUgcos(o)0(t - |Tg)) + qUgcos(co0(t + (1)

t
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Fig. 1. (a) Schematic longitudinal cross-sectional view of the two-gap buncher, which
shows the two bunch gaps (G), some quadrupole elements (Q) of the LEBT section
channels and ion beams (b). The periodic modulation of the beams is not shown. The two
bunch gaps are formed by the inner and outer electrode (ie and oe, respectively) of the
terminating capacitance (see section 3). The width of these gaps is 1 mm. The dimensions
are given in mm. (b) Transverse cross-sectional view of the buncher.
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which can be written as

AET = -2 qUgCBsin(co0t), (2)

where AEi, AE2, q and (o0 are the energy variation in the first and second
bunch gap, the particle charge and the angular frequency, respectively. The
parameter t is defined such that the particle which does not gain energy in the
buncher is halfway the two bunch gaps at t = nTo, where n is an integer. The
ions enter the first and second gap at ti = t - Tg/2 and t2 = t+ T g /2 ,
respectively, where the ions travel in a time Tg from the first to the second
gap. Eq. (2) shows that the effective buncher voltage is reduced by a factor CB
with respect to a matched buncher, where CB is

(3)

For the 40 keV N+ and N£ ions we find CB(N+) = 0.96 and CBCNJ) = 0.48,
respectively, i.e., for the N+ ions the effective buncher voltage has hardly
decreased whereas for the N2 ions this voltage is reduced by a factor of two.
This has the following consequence for the bunch formation process.

For a zero-current ion beam the drift length, LD, behind a single-gap
buncher at which the minimum bunch length occurs can be calculated
analytically [8],
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Fig. 2. The electrical field in the first (Ugi, solid curve) and the second (Ug2, dashed
curve) bunch gap as a function of the phase (J)b of the rf field. The voltages Ugi and Ug2,
which are expressed in the normalized voltage, UN, are 180° out of phase. In the case that
the buncher is matched the ions travel in half a rf-period from the first to the second gap
and gain the same amount of energy (AEj and AE2a) in both gaps. In our experiment, the
40 keV N+ ions travel too slow and gain only an energy AE2b in the second gap, while
the 40 keV Nj ions even lose energy in the second gap (AE2C).
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where m, Eo and fo denote the ion mass, the ion energy before modulation (in
eV) and the if frequency, respectively. According to eq. (4), for the N+ ions
the longitudinal focus is formed behind a drift length which is roughly 0.7
times smaller than for the N2 ions. So, when the buncher voltage is such that
the N+ ions are properly bunched at the first accelerating gap, the N£ bunches
have not yet reached their minimum length. In our set-up the drift length
between the buncher and the first accelerating gap of the MEQALAC is 341
mm and the gap voltage amplitude of the buncher needed to obtain a
longitudinal focus of the N+ ions at the first accelerating gap is Ug = 700 V.

2.2. Simulation of the bunch formation process

In Stage I of the MEQALAC project it was shown that for high-current
beams the formation of short bunches is strongly opposed by the longitudinal
space charge forces [7]. In this experiment only He+ ions are transported and
the bunch formation process in the presence of space charge can be described
analytically because all bunches travel at the same velocity; the particle
behaviour in a particular bunch is hardly influenced by the other bunches.
However, in the Stage II experiment, two ion species are bunched. As
mentioned before, these two species have different velocities and thus the
formation of the N+ bunches is also influenced by the N^ bunches and vice
versa. The bunch formation process is simulated numerically. This cannot be
performed by existing particle simulation codes such as PARMILA because
these codes cannot deal with two different ion species.

A simulation code has been developed which can deal with two ion species
and which takes the external and internal electrostatic forces into account. In
order to reduce the computation time, (i) the simulation code only deals with
longitudinal forces and (ii) the bunches are approximated by homogeneously
filled cylinders. The radius of the cylindrical bunches is taken equal to the
average beam envelope of the periodically focused beam that is transported
through the LEBT section [6], i.e., the modulation of the beam is neglected and
the radius of the bunches is assumed to be constant during the bunching
process. The fact that the bunching process does not influence the transverse
dimensions of the bunches has been shown in Stage I of the MEQALAC
experiment [7]. For beams close to the current limit the cylindrical
approximation is quite accurate, but it is less accurate for low-current beams
because of the larger envelope modulation of these beams [5]. Further, because
the envelope modulation decreases for smaller values for the zero-current
transverse phase advance per cell, \\.o, which is a measure for the external
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transverse focusing forces [9], the approximation is more accurate for smaller
values for u<j [5].

The assumption that the space c.-arge is homogeneously distributed in the
beam is accurate, is as shown in Chapter 4, where the beam profile in the LHBT
section has been discussed. Here we also mention that experiments have shown
that the two ion species present in the beam, N+ and N2, are homogeneously
distributed; the partial N+ and N^ ion beams have equal radii [6].

With respect to the electrical forces acting on the particles we assume that
particles at equal longitudinal positions experience equal longitudinal forces.
So, particles that are initially at the same longitudinal positions will remain at
equal positions with respect to each other during transport, i.e., the beam is
represented by a cylinder consisting of a number of discs. However, note that
for small distances between the discs the behaviour of these discs cannot be
determined by calculating the electrical field between the various discs, which
are planar charges, because in reality ions behave as point charges. In the
simulation model, the behaviour of the discs is determined by a number of
macro particles, which are treated as point charges. The edge of the cubic
macro particles is chosen equal to the thickness of the cylinders, see fig. 3. So,
in other words, the discs represent the charge of the beam and the electrostatic
forces are taken into account through the macro particles. The charge of the
discs and the macro particles is calculated as follows.

For a single species the total charge, Q, in a cylinder with length LB is
given by

(5)

where the length LB is the distance which the particles travel in one rf period
(LB = voTo) and I, y and vo are the time-averaged total beam current, the
current fraction of the ion species in question and the ion velocity before
modulation, respectively. The cylinder is divided into nd discs with a thickness
Lfi/nd, see fig. 3, and the charge per disc is equal to Q/nd. Since the edge of
the cubic macro particles is chosen equal to the thickness of the discs, each

•W*LR

Fig. 3. The cylinder that represents
the ion beam, which consists of na
discs of thickness Le/nj. Each disc
consists of a number of cubic macro
particles. One of the macro particles,
which is used in the calculations to
determine the longitudinal behaviour
of the discs, is shown.
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macro particle thus occupies a volume (LB/nd)3 and consequently the charge
per macro particle is

1 m (6)

Note that the influence of the external transverse focusing forces is taken into
account via the beam radius, r, which is the average radius of the periodically
focused beam. Further, for all species present in the beam, the thickness of the

LB/nd

Fig. 4. A cross section in the
transverse plane of two discs (see
fig. 3) at the same axial position
with equal radii, charges, and grid
units LB/nd. but different radial
position of the grid. For the dis-
tinction between the discs the
charges of the two discs are indi-
cated by open and closed circles.
The distance, d, between two char-
ges of different discs is indicated.
In this example, the charges of one
disc are shifted along the dotted line
with respect to the charges of the
other disc.

UJ"

0.00 0.25 0.50 0.75 1.00 1.25

d [LB/nd]

Fig 5. The radial electrical field, Er, of two charged discs at the same axial position, as
shown in fig. 4, as a function of the radial distance d. The field is normalized to its
minimum value. It is calculated for two discs of 109 macro particles each.
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discs (Le/nd) is chosen equal. So, for two ion species with masses mi and m2,
which have the same energy, the lengths of the cells are related as LBI/LB2 =
Vm2/mi and thus the number of discs is also related as ndi/nd2 = 'v'm^mi.

In principle, it is now possible to calculate the mutual Coulomb forces
acting on the macro particles, and thus to calculate the longitudinal behaviour
of the discs. However, according to Coulomb's law the force between two
macro particles, which are treated as point charges, runs into a singularity for
zero distance (Az = 0), so that the discs cannot pass each other. Therefore, a
so-called 'truncated' Coulomb force is used to obtain a more realistic model
for the electrostatic forces in the beam. In order to calculate this truncated
coulomb force a number of macro particles are arranged on a square grid on
two discs that approach each other, but such that the grid of one disc is slightly
shifted in transverse direction with respect to the grid of the other disc, see
fig. 4. The shift d is a fraction of the grid unit Ls/nd and is chosen such that
the radial electrical field between two discs at equal z-positions is minimized,
d = LB/nd/V2 ~ 0.7LB/nd (see fig. 5); the average distance between the charges
on the two discs is then at maximum. The support for this shift of the macro
particles is that minimizing of the radial electrical field and thus minimizing of
the potential energy also occurs when real particle bunches pass each other.
Fig. 5 also shows that the electrical field is roughly constant for a wide range
of the shift d. Due to the finite value of the electrical field the discs can pass
each other. However, the truncated field needs one refinement, because the
corresponding axial electrostatic repelling force, IFZI, between both discs is
zero for Az = 0 and has a maximum for Az = ±0.7 Lfi/nd (see fig. 6.a). So, for
very small distances only a weak repelling force acts on the particles, which is
contrary to reality. Therefore, in the simulations we have taken the value of
IFZI constant between Az = -0.7L,B/nd and Az = 0.7LB/nd, see fig. 6.b.

In brief, the bunching simulations are performed as follows. First, the
Coulomb force between two discs is calculated as a function of the distance
between them. In order to reduce the calculation time (i) the Coulomb force is
neglected for large distances, where it is less than 10% of its maximum value,
and (ii) the obtained curve outside the region -0.7LB/nd < Az < 0.7Lfi/nd is
fitted by third order polynomials. These polynomials are used in all further
calculations (where the repelling forces between all discs are calculated) and
thus have to be calculated only once. Then the two homogeneous distributions
of the N+ and the N£ species are placed in front of the buncher, represented by
charged discs at equidistant positions. The energy increase or decrease of a
disc in passing through the buncher is taken into account in a straightforward
way (see eq. (1)). After calculating the (purely longitudinal) Coulomb force on
each disc as experienced from all other discs, its motion during a fixed time
interval At, which is roughly two orders of magnitude smaller than the rf
period To, is calculated. The Coulomb force is assumed to be constant during
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this interval. After all discs have arrived at their new position, this procedure
is repeated until the end of the transport section is reached.

The input parameters of the program are the buncher voltage, the
measured total beam current at a given focusing strength, the particle energy
(which is always 40 keV in this case), the corresponding average beam radius
and a chosen number of homogeneously charged discs which pass the buncher
during one rf period. Typically, the N+ and the N^ bunches are represented by
140 and 99 (=140/V2) discs, respectively. The data for the beam radius, r, as
used in the simulation program are the average beam radii as derived from the
rms phase space ellipses measured behind the LEBT section. In fig. 7 these
average radii are given for various injected currents and various values for fio.

- 3 -1 0

Az [LB/nd]

-2 -1
Az [LB/nd]

Fig. 6. (a) The axial electrical repelling force between two charged discs, IFZI, as a
function of the distance between the discs, Az. Hie radial distance is d = 0.7Ls/nd (see
fig. 4). (b) The adapted electrical repelling force as used in the simulations. The curves
are normalized to their maximum values.
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Fig. 7. The average beam radius, r, of mixed 40 keV N+ , N^ dc ion beams as a function
of Ho. The radii are derived form phase space measurements behind the 47 th quadrupole
of the LEBT section. Results are given for 0.4 and 0.8 mA beam current and for high
beam currents, which are 3.7, 4.7, 4.8, and 4.3 mA for Ho = 45°, 60°, 75° and 84°,
respectively.
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Fig. 8. The simulated current density profiles between the buncher (z = 0 mm) and the
accelerator entrance (z = 341 mm) for the N + and N | current fractions and the total beam
current. The buncher voltage is 700 V per gap. I j indicates the total beam current. The
'high-frequency fluctuations' in the figures are due to the small number of macro particles
used in the simulations.
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As a typical result of the simulations, the current density profile along the
transport channel is shown in fig. 8 for a zero-current beam and a beam
current of 4.8 mA. This figure can be seen as a 'photo' of the charge density
profile, i.e., the figure shows the charge density at a certain moment, which is
chosen such that a N+ bunch is at the first accelerating gap of the MEQALAC.
The buncher voltage is 700 V per gap. The bunching process can be followed
from the unmodulated beam just behind the buncher to the fully bunched beam
at the entrance of the accelerator. From the buncher to the accelerator the
partial beams as well as the mixed beam are increasingly modulated. Due to
the lower velocity of the heavier N£ ions the peaks of this partial beam are at
smaller distances than for the N+ beam. A comparison between the bunching
processes for zero-current and for 4.8 mA beam current shows that the space
charge forces broadens the bunch and reduces the peak height, as expected [7].

In fig. 9 the bunch profiles, i.e., the current as a function of time, at the
exit of the transport channel as calculated with the computer code are shown,

20 30 40

t[ns]

Fig. 9. The simulated bunch profile (the beam current, I, as a function of time, t) during
one rf period, at the exit of the transport section. The N+ and the N~ current fraction are
horizontally and vertically shaded, respectively. The sum of both indicates the total beam
current. The buncher voltage is 700 V per gap. The transverse focusing increases from
the left to right and the time-averaged beam current increases from the top to the bottom,
as indicated.
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again for a buncher voltage of 700 V per gap. The profiles are obtained by
sampling the charged discs arriving at the Faraday cup during a single rf
period. As expected, the modulation decreases with increasing external
focusing forces and with increasing beam current; when the beam becomes
radially compressed by stronger external focusing forces the charge density
inside the beam increases, and via the increased space charge forces the
longitudinal distribution of the particles 'smears out'. Analogously, the total
charge inside the beam is more dense for higher injected currents, thus the
longitudinal distribution of the particles becomes less modulated, too, and the
current gain decreases. The current gain is defined as the ratio between the dc
current and the peak current in the bunch, for one of the species.

The bunch profiles for the low currents show two distinct maxima, while
for the high currents a single, broad maximum is observed. In the upper row
of fig. 9, which addresses the low-current case, it is seen that the highest peak
contains the N+ ions, as intended; these particles have the proper mass over
charge ratio to be accelerated in the MEQALAC, as will be discussed in
Chapter 6. Further, the N^ peak is considerably lower and broader than the N+

peak, due to (i) the non-optimum drift length of the N^ ions (see section 2.1)
and (ii) the longer transit-time through the transport section, which increases
the effect of mutual repulsion.

3. Experimental set-up

The buncher cavity is a so-called capacitively-shorted X/4 resonator [7].
The resonator consists of two concentric cylindrical stainless steel tubes. The
terminating capacitance is formed by two hollow copper electrodes with a
rectangular cross section, see fig. 1; the inner and outer electrode of the
capacitance are connected to the inner and outer tube of the resonator,
respectively. The spacing between the two copper electrodes forms the two

': bunch gaps. The resonance frequency of the buncher can be tuned
mechanically by means of a clamp that can slightly deform the outer electrode.

;"' The tuning range is roughly 0.5 MHz. Inside the inner electrode one array of
quadrupole lenses is mounted to maintain the periodicity of the transport

l;, channels [6]. The two bunch gaps are mounted around the 2 8 t h quadrupole lens
;< of the LEBT section. The LEBT section consists of 47 quadrupole lenses and
; thus the drift space between the center of the buncher, i.e., the substitute
I single-gap buncher, and the first accelerating gap of the MEQALAC is
j ! ? 341 mm. This distance is in fact too large for obtaining short bunches for high
f, beam currents, as was found in Stage I [7]; for a long drift space behind the
| buncher the space charge forces defocus the bunches in longitudinal direction.
J? However, because of technical constrains a shorter drift space is not possible.
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The buncher resonator is made of stainless steel to obtain a low quality
factor, Q, for the following reason. The high-power MEQALAC resonator is
designed such that a high shunt impedance is obtained in order to keep the rf
loss-power low [1,10]. However, this results in a high quality factor (Q = 2500)
and thus a small band width (10 kHz). So, when the resonance frequency of the
MEQALAC drifts, for example due to thermal effects, the buncher has to
follow this frequency. Therefore, the band width of the buncher has to be
quite large, of the order of several 100 kHz, and thus a low quality factor is
needed, in this case Q = 250. The shunt impedance is then only 34 kfi and
200 W rf power is needed to obtain a gap voltage of 700 V.

4. Experimental results

The bunch length is measured behind the transport section by means of a
fast 50 £2 Faraday cup. The rf input power of the buncher is varied from
10W up to 1.5 kW, which correspond to gap voltages that range from 150 V
to 2 kV. In all cases the ion energy is 40 keV and the ratio between the N+ and
the N£ current fraction is 60% : 40% f6L Measurements are performed for
high and low beam currents, and for various values for jio.

With respect to the beam current, first we recall some results on the beam
transport measurements, which are performed behind the first, the 34th and
the 47th quadrupole of the LEBT section, see Chapter 4. These measurements
showed that current losses occur in the first part of the LEBT section
(dependent on u,o) but also showed that no further losses occur behind the 34th

quadrupole. The buncher is mounted around the 28 th quadrupole, so it is
reasonable to assume that no current is lost in the drift space between the
buncher and the accelerator; the current for the bunch profile measurements is
well known.

Bunch profile measurements behind the transport section for several
injected currents are given in fig. 10. The upper row of fig. 10 shows the
bunch profiles for a mixed N+, N2 current of 0.4 mA for Ho = 45°, 60°, and
84°. The central row gives measurements for 0.8 mA beam current and the
lower row shows the profiles for currents that are roughly a magnitude
higher. The different values of the current for the various values for jxo are
due to the differences in transmission from the entrance of the LEBT section
to the buncher [6].

Clearly, at low injected currents the N+ and Nj bunches can be
distinguished. For high injected currents similar phenomena were obtained as
in Stage I: the bunch formation process is obstructed by the strong space
charge forces. Indeed, at high currents a further increase of the buncher
power up to 1.5 kW hardly changes the bunch form as measured behind the
LEBT section.
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Fig. 10. Bunch profiles as measured behind the LEBT section for several injected time-
averaged currents and focusing strengths, as indicated. The buncher power is 200 W and
the gap voltage is 700 V per gap.

5. Discussion and conclusions

In all cases the similarity of the simulations (see fig. 9) with the
experimental results (see fig. 10) is qualitatively quite good. The relative
position of the various bunches is predicted accurately and for high currents
(> 3 mA) the discrepancy between the simulated and the measured peak height
is less than 10%. However, for low currents the simulations predict a better
bunching than measured; the discrepancy in the maximum current gain is some
50%. A possible explanation is that the cylindrical approximation for the low
currents is less accurate because of the stronger beam envelope modulation,
which results in a stronger modulation of the space charge density.

The maximum current gain of the real N+ and N^ fractions has been
determined as follows. Firstly, for each situation a correction factor has been
determined, which is the ratio of the measured (see fig. 9) and the simulated
(see fig. 10) peak height of the total beam. The real peak height of the two
current fractions is then determined by multiplying the peak heights of the
current fractions as obtained from the simulations by these correction factors.
The current gain i r the N+ current fraction is given in fig. 11. Again, like in
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Fig. 11. Maximum current gain of the real N+ beam as derived from the measured
bunch profiles (see fig. 10) and the simulations (see fig. 9). Result are given for 0.4 and
0.8 mA beam current, and for high beam currents, which are 3.7, 4.7 and 4.3 tnA for
Ho = 45°, 60° and 84°, respectively.

Stage I, it becomes visible that the utility of the buncher decreases with
increasing space charge forces. But e w , in the worst case (I = 4.3 mA, \i0 =
84°) the maximum current gain of the N+ beam is still some 30%, thus nearly
a third more current than without external bunching.

At u.o = 45°, in the case of the lowest current the peaks of the two
distributions are separated by 12 ns (for both the simulation and the
measurement), which corresponds to a phase separation of 108° (at a resonator
frequency of 25.4 MHz). For a realistic value of the synchronous phase in the
accelerator (-25° - -40°), most undesired ions are then outside the longitudinal
phase acceptance and will be lost rapidly in the accelerator. However, note that
these unwanted N2 ions will be lost anyway because they do not have the
correct mass over charge ratio to be accelerated in the MEQALAC, as will be
discussed in Chapter 6. At higher currents and stronger transverse focusing
forces there is much less separation between the two species; for I = 3.7 mA
and Ho = 45° the ratio of the two partial currents is 76% N+ and 24% N£, and
for 1= 4.3 mA and no = 84° it is decreased to 64% N+ and 36% N^, integrated
over the flat plateau of the bunch profiles. These measurements thus clearly
show the influence of the transverse focusing forces and the beam current; for
a stronger transverse focusing and higher beam current the space charge
density in the beam is higher and thus the formation of short bunches is
stronger obstructed.

Finally, it is concluded that the bunching of intense ion beams containing
several species can be simulated with a reasonable accuracy with a simple, one-
dimensional computer code. The use of such a code is essential for interpreting
measured current profiles of .mixed beams.
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CHAPTER 6

MULTICHANNEL ACCELERATION OF

HIGH-CURRENT N+
 ION BEAMS WITH A MEQALAC

1. Introduction

When high-current ion beams of MeV energies are needed, radio
frequency (rf) accelerators are preferable in comparison to dc accelerators, as
discussed in Chapter 1. The advantage of if accelerators in comparison to MV
dc accelerators is threefold: (i) no high voltages are present and thus these
accelerators do not need to be placed in a pressure vessel filled with insulating
gas, (ii) secondary electrons are not accelerated to high energies so that no
hard X-rays are produced and (iii) transverse focusing elements, which oppose
the space charge forces of the ion beams, can easily be incorporated in the
acceleration structure. RF accelerators which can deliver high current, MeV
ion beams are for example the R.adio Frequency Quadrupole (RFQ) [1-3], the
Multiple Electrostatic Q_uadrupole Array Linear Accelerator (MEQALAC) [4]
and the Variable Phase Linac [5],

This chapter addresses the acceleration section of Stage II of the FOM-
MEQALAC experiment. The basic principle of a MEQALAC is to accelerate a
number of parallel beamlets by means of rf fields while strong electrostatic
quadrupole fields in the field-free regions in between the acceleration gaps
oppose the space-charge induced beam blow up, see fig. 1.

The motivation to use a multichannel device is the following. The current
limit per channel increases with, amongst others, the ratio of the channel
radius to the drift length between adjacent rf gaps, as will be shown in section
3.1. The latter ratio is largely determined by the maximum tolerated aspect
ratio of the quadrupole lenses, which is the ratio of the channel radius to the
quadrupole length. For a large aspect ratio the so-called fringe fields
deteriorate proper focusing of the beams, which is expected to reduce the
current limit. So, for a given maximum aspect ratio the current limit does not
depend on the channel radius and it is thus advantageous to use a number of
small channels such that a high current limit is reached. Moreover, this way
the accelerator is kept compact.
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(a) (b)
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Fig. 1. The MEQALAC concept, (a) The longitudinal cross-sectional view shows the
rf gaps (G) in which a (possibly large) number of beams is accelerated. Transverse
focusing is accomplished by means of electrostatic quadrupole lenses (Q), which are
mounted in the field-free regions (R). Each second cell (cell length LL) contains a particle
bunch (B). The arrows indicate the direction of the electrical field at the time that the
bunches are in the gaps as shown.
(b) Transverse cross-sectional view of the four quadrupole channels, which illustrates
the possibility to stack many beams within a small area. The figure shows the beam cross
sections (shaded areas) at the center of a quadrupole singlet.

A possible industrial application of high energy ion beams is the
modification of materials, such as hardening of steel surfaces by implantation
of nitrogen ions [6,7]. At the FOM-Institute a MEQALAC has been developed
which accelerates four N+ ion beams from 40 keV to 1 MeV. The rf frequency
of the MEQALAC resonator is 25.4 MHz, but it can be varied to 17.7 MHz by
a variation of the resonator inductance [8]. At the latter frequency N+ions can
be accelerated from 20 to 500 keV, for example.

In this chapter first the operating principles of the MEQALAC are
discussed. The transverse and longitudinal beam behaviour are investigated
analytically, numerically by means of PARMILA multi-particle simulations,
and experimentally. Various effects that (de)focus the ion beam during
transport and acceleration are investigated. According to PARMILA multi-
particle simulations and a theoretical model the maximum time-averaged
accelerated N+ beam current is roughly 1.2 mA per channel.

The ion source delivers a 40 keV ion beam, which contains N+ and N£
ions, in a ratio of 60% of N+ current and 40% of N£ current, upto a maximum
total current of 5 mA per channel [9]. The N^ ions do not have the correct
mass-over-charge ratio to be accelerated in the fixed-velocity structure of the
rf accelerator and will be lost rapidly; according to PARMILA simulations
90% of the N^ ions are lost within five rf cells and less than 0.2% of the N^
current is transmitted through the accelerator, i.e., the accelerated ion beam is
mass-selected.
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2. Operating principles and experimental set-up

2.1. Operating principles of the MEQALAC

In a MEQALAC the accelerating fields are generated in a number of rf
gaps (32 in our case), see fig. 1. In adjacent gaps the electrical field is of
opposite polarity while the rf field is in the direction of the beam propagation
during half a rf period. The distance between two successive gaps, i.e., the
longitudinal cell length, LL, is equal to the distance which the so-called
synchronous particle travels in this half-period,

where vz, fo, p* and X, are the ion velocity, the rf frequency, the ion velocity
normalized with respect to the velocity of light in vacuum, c, and the vacuum
wavelength, respectively. The synchronous particle i<s at the center of the gap
at the synchronous phase, <j>s, of the rf-field.

Longitudinal beam stability is obtained by accelerating the particles at a
negative synchronous phase [10]. Due to the negative synchronous phase the
particles in a bunch are longitudinally focused towards the synchronous
particle. In between the gaps the particles drift and the accelerator forms a so-
called F0F0 structure, where the 'F and '0' stand for a focusing and a drift
region, respectively. A measure for the external focusing forces is the zero-
current longitudinal phase advance per cell, fiOL [11]. The stable region in
phase space is between 0 = -2I^SI and <|> = l<j>sl, and the length of the stable
region is thus A<j> « 3I<|>SI. So, for a large value for I0sl a high current limit is
obtained, as will be discussed further in section 3.1. However, in that case also
a large gap voltage, Ug, and thus a high rf loss power, Pm, is needed to build
up the required voltages; the relation between <|>s and the energy gain per gap,
ATg, is given as

ATg = qUgn t cos <t>s , (2)

where Fit is the transit-time factor. The relation between l<|>sl and the rf loss
power, Pm , i.e., the power needed to build up the accelerating fields, is given
as [12]

/ ATtl<|>sl * arccos A/ 5-5—, (3)

where ATt and Rp are the total energy gain in the accelerator and the shunt
impedance of the MEQALAC resonator, respectively.

With respect to the transit-time factor we note that the acceleration gaps
are small in comparison to the drift spaces because the latter have to contain
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the quadrupole lenses. During the time a particle travels from one gap to the
next one the electrical field in the gaps thus changes only slightly and as a
consequence, lit = 1.

The large length of the drift spaces in comparison to the gap width has
also the following consequence: the bunches are focused in the gaps but they
can, due to space charge forces for example, diverge in the relatively long
drift spaces. For this reason and because of the limited number of gaps, so-
called adiabatic bunching [1] can be applied only marginally in a MEQALAC,

(a)
4 G r i d Ext r o c t i on

Ma tch i

Bucket r~'
plasma [
s o u r c e

Turbo pump Turbo pump 2

space for quadrupoles

(b)

apertures

Fig. 2. (a) Schematic drawing cF the MEQALAC experiment which shows the ion
source with the extraction system, the LEBT section with the buncher, and the
MEQALAC section. Only a small number of acceleration gaps is drawn,
(b) Exploded view of the six parts of the acceleration structure. The four apertures for the
beams and the spaces for the quadrupole lenses are indicated. The total length of the
acceleration structure is 1.4 m.
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i.e., the synchronous phase can be varied only slightly through the accelerator
without current being lost [13]. This implies that at the entrance of the
accelerator l<t>sl has to be less than 90°, and the accelerator accepts only
bunched beams. In the MEQALAC set-up the extracted dc beam is matched to
the longitudinal acceptance of the accelerator by means of an external buncher,
which consists of two gaps which carry a sinusoidal rf voltage [14,15]. The rf
electrical field in the buncher accelerates and decelerates particles towards the
synchronous particle, which is in this case neither accelerated nor decelerated.
The necessary drift space between the buncher and the accelerator is provided
by the Low Energy Beam Transport (LEBT) section [9,16]. This is shown in
fig. 2, which shows the set-up of the MEQALAC experiment.

Transverse beam stability in the LEBT and MEQALAC sections is
provided by arrays of electrostatic quadrupole lenses, which form a periodic
focusing or so-called F0D0 structure. Here the 'D' indicates a defocusing
region. The transverse cell length, Lj, is thus equal to two times the length of
a quadrupole lens plus two times the length of a drift space, and Lj = 2LL. A
measure for the external focusing forces is the zero-current transverse phase
advance per cell, |aoi\ which is proportional to the quadrupole voltage [11].

Transverse matching of the extracted, rotationally symmetric beams to
the acceptance of the F0D0 channels is accomplished by means of a matching
section. This section consists of five quadrupole singlet lenses, which can be
biased independently [17]. A beam is called 'transversely matched' when the
beam envelope shows the same periodicity as the F0D0 channel.

2.2. RF properties of the resonator and gap voltage distribution

Before we discuss the current limits of the accelerator, we briefly discuss
the rf properties and the required gap voltage distribution of the MEQALAC
resonator, because this gap voltage distribution largely determines the beam
behaviour.

The MEQALAC acceleration section consists of 32 rf gaps (see fig 2.b),
which are part of a modified interdigital-H-resonator [8,12], see fig. 3. The
latter figure shows schematically the acceleration structure and the copper
plates which carry the rf current. The current circuit is closed via the side
plates. The entry and exit boxes provide for free space for the magnetic field
flowing around the support structure. Furthermore, since no rf field is present
in these boxes the incoming and outgoing beams can be properly transported to
and from the acceleration section. The length, height and width of the
resonator are 1.7, 1.0 and 0.5 m, respectively and the length of the acceleration
structure is 1.4 m.

The resonator has a rectangular cross section for the following reason. In
rf accelerators particles with various mass-over-charge ratios can be accelerated
to various energies when the if frequency can be varied, see eq. (1). The rf
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EX

Fig. 3. Schematic drawing of the MEQALAC Stage II resonator, which shows the
acceleration structure (A), the exit and entry boxes (EN and EX, respectively) and the
shorting plates (SP). The magnetic field (B) flows around the acceleration structure and
the copper support (CS), inducing a radial current (Ir). The path of the current is closed
via the side plates (S). The ion beam channels are indicated by (IB). In this figure only a
small number of acceleration gaps is shown.

rs- 60 -
£1

10 15 20 25

gap number

Fig. 4. The normalized gap voltage (UN) for the 32 gaps of the MEQALAC resonator.
Open and filled symbols refer to the resonator without shorting plates and the shorted
resonator, respectively. The curves are normalized with respect to the maximum gap
voltage of thf; not-shorted resonator, such that the gap voltages are given for the same
amount of rf power fed into the resonator.
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frequency, fo, is determined by the resonator capacitance, Cr, and inductance,
L r, via the Thomson relation: fo = (2jtVLrCr)"1. The capacitance is mainly
determined by the gaps and is a given quantity, but the resonator inductance is
mainly determined by the free space between the acceleration structure and the
side plates. The rectangular cross section offers the possibility to vary the
position of the side plates and thus to vary the rf frequency.

With respect to the gap-voltage amplitudes in the various gaps we mention
the following. PARMILA multi-particle simulations indicate that the energy
gain per gap, ATg, has to be small with respect to the particle energy, T:
ATg/T < 0.2; for higher values for ATg/T strong transverse current losses
occur, as was shown in a previous paper [18]. This effect will be further
discussed in sections 3.3 and 5.1. So, in our accelerator the energy gain in the
first gap should be less than 8 keV (the injection energy is 40 keV) and can
increase in the following gaps. This way, the number of gaps and the resonator
length are minimized.

The gap voltage distribution of the Stage II MEQALAC, see fig. 4, is
realized by mounting shorting plates in the resonator, as is shown in fig. 3.
For comparison, also the gap voltage distribution of the not-shorted resonator
is given in fig. 4, which is just the opposite of the required gap voltage
distribution. The quality factor and parallel resistance of the shorted resonator
are 2500 and 48 MQ, respectively, and the rf loss power is 28 kW, when the
synchronous phase in the first gap is some -40°. A detailed discussion of the rf
properties of the resonator and the influence of the shorting plates is given in
ref. [8].

3. Theory on beam transport and acceleration

3.1. Current limits

The current limit for a periodic focusing channel can be derived by
investigating the various transverse and longitudinal forces that act on the
bunches. As mentioned in section 2.1, the transverse space charge forces are
opposed by the quadrupole lenses and longitudinal focusing takes place in the
rf gaps. However, so far we have not taken space charge into account, which
couples the motion in the various planes. Due to this coupling, analytical
equations for the current limit are difficult to derive. Therefore, usually the
coupling is neglected, which means that the transverse modulation of the beam
is assumed to be small. In other words, analytical equations for the
longitudinal and transverse current limit of matched beams in a periodic
focusing channel are then derived for bunches which form cylindrically
symmetric ellipsoids with a homogeneous space charge density [11].

In the case that the transverse bunch axis is much smaller than its
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longitudinal axis, the equation for the time-averaged transverse current limit,
IT, as derived by Reiser [11] can in good approximation be written as,

IT = ^ I O P 3 rrn<weT^oT2GTVGL, (4)

where ab is the maximum beam radius. The particle mass and charge are taken
into account via Io, Io = 3.1X107 A/Z, where A and Z are the mass number
and charge state, respectively. The parameter 0 T takes the transverse tune
depression (M-T/^OT) into account via 0 T = 1 - (M-T/HOT)2. where |J.T is the
current-depressed transverse phase advance per cell. It is shown that 8 T can be
written also as 8 T = 1 - (BT/CCT)2 [19J, where ET and OCT are the unnormalized
transverse rms emittance of the ion beam and the transverse acceptance of the
FODO channel, respectively. Further, the functions G j and G L , which give the
ratio between the acceptances of a continuous focusing channel and the
acceptances of a periodic focusing channel, are given as

(5)

and

G L = V l - H O L / 4 . (6)

A more accurate equation for the transverse acceptance of a FODO channel is
given in Chapter 4 [9].

The expression for the longitudinal current limit as given by Reiser can
be written as

IL = 2eoUgn tf §;<t>s2 sinkW 6L VGT G L , (7)

where eo is the dielectric permittivity of vacuum. In the derivation of eq. (7)
we have used the following equation for the zero-current longitudinal phase
advance per cell [11],

/
(8)

where roo is the angular rf frequency. The parameter 6 L takes the longitudinal
tune depression into account: 8 L = 1 - (HL/JAOL)2. where JJ.L is the current-
depressed longitudinal phase advance per cell.

As mentioned before, the cell length (LT, LL) increase proportionally to
the particle velocity. This means that the bottle neck for the transverse current
limit is at the entrance of the accelerator; P 3 /Lj 2 has its minimum value at this
position. On the other hand, I I does not depend on the cell length because I I is
proportional to vz and inversely proportional to LL. Further, IT is proportional
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to l(j)sl, as expected, because the bunch length is proportional to l(j>sl; for a
given space charge density the total charge in a bunch is higher for higher
values for l<|>sl. According to eq. (7), the longitudinal current limit strongly
increases with \tys\: I I ~ (|is2sinl<|>sl. This strong increase of I I with l<|>sl is due
to the fact that I I is directly proportional to (XOL and that the longitudinal
acceptance is proportional to HoL<|>s2 [Ill-

Further, note that both I T and I I depend on the ratio aD/LT (or at>/LL).
This is in fact one of the motivations to build a multichannel device; the
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Fig. 5. (a) The longitudinal and transverse current limit (for one channel) of the first
acceleration gap as a function of fygl, for HOT = 45° and 84°, as indicated, according to
eqs. (4) and (7). The solid lines indicate the resulting total current limit,
(b) The longitudinal and transverse current limit (for one channel) of the first acceleration
gap as a function of HOT, for l<|>sl = 20°, 30° and 42°, as indicated. For \tys\ = 42° the
current is transversely limited.
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maximum ratio of ajj/Lx in the first cell is largely determined by the
maximum tolerated aspect ratio of the quadrupole lenses, which is roughly 0.3.
(The aspect ratio is the ratio of the quadrupole radius to the quadrupole
length.) So, for a given aspect ratio the current limit is independent on the
channel radius, i.e., it is advantageous to use a number of small channels such
that a high current limit is reached. Furthermore, when small channels are
used the resonance frequency is high (see eq. (1)), which means that the
resonator cavity is compact, both in transverse and in longitudinal direction.

For N+ ion beams, the transverse and longitudinal current limit of the
first acceleration gap are given in fig. 5.a, as a function of the synchronous
phase in this gap. Results are given for u,0T = 45° and u,ox = 84°. For the
calculation the following parameters are taken: the injection energy of the N+

ions is 40 keV, the maximum beam envelope (ab) is 1.8 mm, which is 60% of
the quadrupole channel radius of 3 mm [9,17,20], the unnormalized transverse
rms beam emittance (ex) is 30 K mm mrad, which is the value as measured
behind the LEBT section [9], the resonance frequency is 25.4 MHz, and the
energy gain in the first gap is 6.9 keV. The choice for this energy gain will be
explained in section 3.3. The figure clearly illustrates the strong increase of I I
with l<|>sl. Further, the figure shows that, like in the Stage I MEQALAC [20],
the current in the Stage II MEQALAC is longitudinally limited for small
values for l<j>sl, and that for typical operating values for (j)s (l(|>sl > 30°), the
current is transversely limited. This is also shown in fig. 5.b, which gives the
N+ current limit as a function of u.ox, for \§s\ = 20°, 30° and 42°. For l<j>sl =
42° the current is transversely limited over the whole range of u.ox shown in
the figure.

So far, in the calculation of the N+ current limit the influence of the N^
current fraction is not taken into account. The estimates for the N+ current
limit will be too high in the case that the injected N+ and N £ bunches are not
longitudinally separated. The latter occurs for high injected currents, as is
shown in Chapter 5 [15]. Therefore, the accelerated current is also investigated

'. by means of PARMILA multi-particle simulations.

' 3.2. Transverse defocusing of the bunches

i Transverse beam stability is obtained by means of arrays of quadrupole
> lenses such that a matched beam is periodically focused and is transported
I without current being transversely lost. However, there are several
fe mechanisms that deteriorate the periodic transverse focusing of the bunches
| and can cause transverse current losses.
| (i) As mentioned before, current losses occur when the energy gain per
ti gap is high in comparison to the particle energy [18]. This effect will be
| discussed further in section 3.3. Here we discus (de)focusing effects and
I transverse mismatch of the beams that are caused by the lens action of the rf

I %
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gaps and by energy spread.
(ii) Energy spread deteriorates the periodicity of the quadrupole focusing

structure because the strength of a quadrupole lens is proportional to the ratio
between the quadrupole voltage and the particle energy. So, due to energy
spread, which is a result of the sinusoidal accelerating fields in the if gaps, the
quadrupole lens strength is different for various parts of the bunch. The
transverse focusing forces are thus not periodical for all particles, i.e., parts of
the bunch are not transversely matched, and current losses can occur. Note that
the energy spread increases for larger gap voltages and for larger values for
l(j)sl because of the larger possible bunch length.

(iii) The particles are (de)focused in the gaps, for the following reason. In
the accelerator the particles pass successively through longitudinal field-free
regions and regions in which an accelerating field is present. Due to the fact
that the divergence of any electrical field is equal to zero, also radial electrical
fields are present at the entrance and exit of the gap. The bunches are radially
(de)focused by two 'Calbick' lenses. The focal length of a Calbick lens is given
by, fc = 4T/Eg, where T is the particle energy in eV and Eg is the electrical
field strength in the gap. Further, in the homogeneous electrical field of the
gap the particles are accelerated and their longitudinal velocity increases while
their transverse velocity is constant; this homogeneous longitudinal-field
region influences the strength of the rf-gap-lens too. In a first approximation,
the strength of the rf-gap-lens (1/fg) at the down-stream side of the gap is
given as

i.-.EjLL §£2
fg ~ 4Ti 4T2 "

where Ti and T2 are the particle energy on entrance and exit, respectively,
and dg is the gap width. The electrical field strength in a gap that the particles
experience on entrance and exit is denoted as Egi and Eg2, respectively:

Egi = Eo cos(<)>i - cOoAt/2),

Eg2 = Eo cos((|>2

where Eo and At are the peak electrical field strength and the time it takes the '
particles to pass the gap, respectively. At the phase <j>j (i=l,2) of the if field an
ion is at the center of the gap.

Eqs. (9) and (10) show that the focal length depends on the phase (j>i of the
particle via the time dependent electrical field strength Egi. This is illustrated J
in fig. 6, which shows the reciprocal focal length of the first gap as a function ..
of <))i. In this example curves are shown for a gap-voltage amplitude of 7.35, 5
9.3 and 13.8 kV, and a corresponding synchronous phase of -20°, -42° and '4
-60°, respectively. For Ug = 13.8 kV the particles at <j>i = -90°, which are

97 k



20 -

-100 50

Fig. 6. The reciprocal focal length of the first if gap lens (l/fg) as a function of the rf
phase (<J>i). At this phase a particle is at the center of the gap. Curves are given for \tys\ =
20°, 42° and 60°, as indicated. The corresponding gap voltages are 7.35, 9.3 and
13.8 kV, respectively. The solid part of the curves indicates the stable region in phase
space, which extends from -2I<|>SI to l<j)sl. The symbols indicate the synchronous particles.

near the front side of the bunch, and at (|>i = 30°, which are near the rear side
of the bunch, are strongly defocused and focused, respectively, i.e. part of the
bunch is focused while another part is defocused.

This is also illustrated in fig. 7, which shows the reciprocal focal length
for the 32 gaps of the resonator, for particles with a phase $i = l<t>sl, <|>i = -\tys\
and (|>i = -2I0SI. For the calculation of the focal length of the gap lenses the gap
voltage distribution as given in fig. 4 is used, where the maximum gap voltage
is taken 47.5 kV. For this value optimum transmission is reached, as will be
shown in the next section. The synchronous phase increases from -42° in the
first gap to -24» in the last gap. The particles that enter the gap at a phase fa =
l<j>sl and <)>i = -2I<|>SI, which are at the boundaries of the stable if bucket, are
focused and defocused, respectively. The synchronous particle is only weakly
focused or defocused, depending on the gap number. For comparison the
reciprocal focal length of the quadrupole lenses is given for U.OT = 84o and
450. The figure shows that for JJ.OT = 84<> the quadrupole lenses are more than
six times stronger than the corresponding gap lenses while for JXOT = 45° the
quadrupole lenses are still more than four times stronger than the
corresponding gap lenses. Note that because one part of the bunch is defocused
while another part is focused, the (minor) action of the gap lenses cannot be
compensated by adjusting the quadrupole strength.

In the next section we will investigate the influence of the gap lenses,
energy spread, and the gap voltage on the transported beam current by means
of multi-particle simulations.
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Fig. 7. The reciprocal focal length (1/f) of the rf gap lenses and the quadrupole lenses,
as a function of the gap number. The curves a, b and c refer to particles which are at the
center of a gap at a phase of the rf accelerating field <j>j = (|>s, <|>j = -(|>s and <J>i = 2tys,
respectively. In this case l<t>sl decreases from 42° in the first gap to 24° in the last gap. The
curves d and e give the reciprocal focal length of the quadrupole singlet lenses, which
correspond to HOT = 84° and |IOT = 45°, respectively.

3.3. PARMILA multi-particle simulations

The PARMILA multi-particle code, which can simulate the behaviour of
up to 5000 macro particles, can only accommodate beams that contain a single
ion species. However, a mixed beam that contains N+ and N£ ions is injected in
the MEQALAC section, and for space charge loaded beams the transport of
the N+ ions depends on the space charge of the N+ and the N^ current
fractions. The transmission of the N+ fraction cannot be properly simulated by
means of the PARMILA code for the following reasons. Firstly, the velocity
of the N2 bunches is lower than for the N+ bunches, i.e., the N£ bunches slip
back with respect to the N+ bunches [15]. Secondly, because of their lower
velocity the N2 ions cannot be accelerated in the fixed-velocity structure of the
MEQALAC and are lost within a few cell lengths, as will be shown next. So,
the space charge density of the N£ current fraction, which cannot be taken into
account properly when the behaviour of N+ ion beams is simulated, varies
strongly as a function of the longitudinal coordinate.

However, in the following way we can estimate the transmission of the N+
and N2 current fractions. In order to simulate the transmission of an injected
beam which contains 3 mA of N+ and 2 mA of N £ current (which is the
maximum current that can be transported through the LEBT section [9]) by
means of the PARMILA code, the transmission for injected 3 mA N+ and
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5.8 mA N+ current is simulated, for the following reason. For a 3 mA N+ ion
beam only the space charge of the N+ current fraction is taken into account. In
the case of a dc beam, the space charge density of a mixed 3 mA N+, 2 mA N£
ion beam is represented by a 5.8 mA N+ ion beam (because of the lower
velocity and thus higher space charge density of the N2 ions). At the positions
where the N+ and N2 bunches coincide the space charge is then also properly
represented by a bunched 5.8 mA N+ ion beam but the space charge of the N+
fraction is too high at all other positions. So, for 3 mA N+ current too little
space charge is taken into account and for 5.8 mA N+ current too much space
charge is taken into account; the transmission of the N+ current fraction will
be between the results of those two simulations. In a similar way, the
behaviour of the N2 current fraction can be estimated via simulation results
for injected 2 mA and 4.1 mA N£ ion beams.

As mentioned before, the transmitted current depends strongly on the
synchronous phase (see eqs. (4) and (7)). This is illustrated in fig. 8, which

.76

0.0

1.16

•Q-- zero-current
O-- 3.0 mA
•A— 5.8 mA

10 20 30 40

fosl [cleg]

50

Fig. 8. The transmission through the MEQALAC section (IOut/Iin) of the N+ current
fraction as a function of !<}>sl in the first cell, according to PARMILA multi-particle
simulations. The data are given for one channel. Filled symbols and solid lines refer to
beams that are bunched prior to injection, open symbols and dotted lines refer to injected
dc beams. The transmission for zero-current, 3 mA and 5.8 mA injected N+ current are
given, as indicated. For ex and UOT the values 30 n mm mrad and 84° are taken,
respectively. The upper scale gives the corresponding gap voltages, normalized with
respect to the gap voltages that give optimum transmission for high injected currents. The
latter values are Ug = 9.3 kV in the first gap and Ug = 47.5 kV in the 27th gap (see also
fig. 4).
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shows simulation results on the transmitted N+ ion current as a function of l<))sl
in the first gap. The energy gain in the first gap is 6.9 keV. The unnormalized
rms beam emittance is taken 30 n mm mrad, which is roughly the value as
measured behind the LEBT section [9]. For the zero-current phase advance per
cell |XoT = 84° is taken; for this value optimum transmission was reached in the
Stage I experiment [20]. For the injected 3 and 5.8 mA, 40 keV N+ ion beams
which are bunched prior to injection the transmission is 53% and 42%,
respectively, and is reached for a synchronous phase in the first gap of -42°.
The maximum gap voltage (in the 27 th gap, see fig. 4) is then 47.5 kV. So,
according to the PARMILA simulations, for an injected mixed 3 mA N+, 2
mA N£ ion beam that is bunched prior to injection the transmitted N+ current
is between 1.2 and 1.6 mA, which is 42% and 53% of the injected 3 mA N+
current fraction, respectively. Simulation results are also given for zero-
current injected beams, i.e., for the situation that space charge plays no role
and the behaviour of the N+ fraction is not influenced by the N £ fraction. For
the zero-current beam which is bunched prior to injection the transmission of
the N+ current fraction reaches 75%. Note that a transmission of 100% is not
reached because of the sinusoidal electrical field in the rf gaps of the buncher;
the injected beams are strongly current-modulated but are not transformed
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Fig. 9. The transmission (IOut/Iin) of N+ and N^ ions in the MEQALAC section as a
function of the gap number, for the optimum resonator excitation, according to
PARMILA multi-particle simulations. The data refer to one channel. The curves a, b and
c give the transmission for an injected zero-current, 3 mA and 5.8 mA N+ ion beam,
respectively. The beams are bunched prior to injection. The transmission of the N+

current fraction of an injected 60% N+, 40% N^ ion beam is between the curves b and c,
see text. The curves d and e give the transmission for injected 2 mA and 4.1 mA N~ ion
beams, respectively, for the optimum resonator excitation as given above. In all cases

84° and &r = 30 Jt mm mrad.
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into discreet bunches [15] and part of the injected current is thus always outside
the longitudinal acceptance of the accelerator.

For the optimum excitation of the resonator (47.5 kV in the 27 th gap, see
also fig. 4) the transmission through the various gaps is given in fig. 9 for
injected zero-current, 3 mA and 5.8 mA N+ ion beams. These simulations
show that N+ current losses mainly occur in the first seven cells; current is lost
at a relatively low energy (< 100 keV). This reduces demands on the cooling
of the acceleration structure and problems in overheating the quadrupoles,
which are not cooled. Also the N£ current fraction is lost at a relatively low
energy; according to the simulations for injected 2 and 4.1 mA N^ ion beams,
95% of the injected N£ current is lost within five cells and at the 10th cell less
than 0.2% of the injected N2 current is left. By means of the results given in
fig. 9 we can estimate the beam loss power, i.e., the power of the ions that are
lost in the accelerator. In the case of four injected 3 mA N+ , 2 mA N£ ion
beams the total beam loss power is roughly 0.4 kW. This is small in
comparison to the power of four transmitted 1.2 mA N+ ion beams, which is
roughly 4.6 kW.

The energy spread and bunch length of the transmitted N+ ion beam can
be estimated in the same way as the transmission has been estimated. In fig. 10
the phase-energy diagrams are given for injected 3 and 5.8 mA N+ ion beams.
From the diagrams it can be derived that roughly 90% of the bunch is within a
phase space area which is given by AT/TS = 8% and A(j>b = 40°, where AT/TS

is the energy spread relative to the energy of the synchronous particle and A<}>b
is the bunch length in phase space. The only difference between fig. lO.a and
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Fig. 10. Simulated phase-energy diagrams, at the exit side of the accelerator, of
accelerated N+ ion beams for an injected current of 3 and 5.8 mA, (a) and (b)
respectively. The energy spread, AT, is given as a fraction of the energy of the
synchronous particle, Ts. The phase 0b is the particle phase relative to the phase of the
synchronous particle. From these diagrams it can be derived that 90% of the bunch falls
within a phase space area given by AT/TS = 4% and A0b = 25°.
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lO.b is that for higher beam currents the phase space diagram becomes more
diffuse. This diffusing of the bunch in phase space is caused by electrostatic
repulsion of the particles, as is also observed for the bunch formation process
in the LEBT section [15]. The multi-particle simulations show that also for low
beam currents the energy spread is of the order of 8%.

4. Experimental results

4.1. Diagnostic equipment

A schematic drawing of the diagnostic equipment is given in fig. 11. The
beam current is measured by a large water-cooled Faraday cup that can accept
four 1 MeV, 2 mA beams. The Faraday cup can be positioned such that either
the current of all four beams together is measured or that the slit at the exit
side of the cup is aligned with one of the four beams. In this case, a low
current, low power beam passes the slit, and can be further analyzed. The
width of this slit is typically 0.15 mm. The bunch profile, i.e., the current as a
function of time, can be measured by means of four time-of-flight probes,
which consist of thin tungsten wires. The time-of-flight probes are mounted in
the Faraday cup, at a short distance behind the last acceleration gap. So, the
bunch length can be measured before the bunches are broadened as a result of
space charge and energy spread. By means of the time-of-flight probes also the
ion energy can be measured, via the ion velocity. The increase of the bunch
length during transport can be measured by means of an inductive pick-up
loop and a fast 50 Si Faraday cup, which can be mounted at various positions,
up to 350 mm behind the last acceleration gap. The inductive pick-up loop
consist of two concentric rings in which a signal is generated when the current,
which passes through the inner ring, changes.

Fig. 11. Schematic drawing of the diagnostic equipment, which shows the water-cooled
Faraday cup (FC), the fast 50 Cl Faraday cup (FFC), the time-of-flight probes (TOF) in
the large Faraday cup, the inductive pick-up (IP) and the electrostatic energy analyzer
(EA). When the energy analyzer is used (the 50 Ci Faraday cup and the phase probes are
then removed) the pencil angle of the ion beam is limited by the two slits (S). The energy-
analyzed current is measured on an array of 21 copper collectors (CC).
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The energy spread of the ion beam can be measured by means of an
electrostatic deflector. The maximum voltage on the inner and outer deflector
electrodes is -20 and 20 kV, respectively, and the path radius of a 1 MeV ion
is 1 m. The distance between the two deflector electrodes is 20 mm and beams
with energies between 0.9 and 1.1 MeV can pass through the analyzer. At
300 mm behind the analyzer the beam current is measured on an array of 21
1-mm thick copper collectors, mounted at 1 mm interspacing. The pencil angle
of the beam is limited by means of a second slit system, which is mounted just
in front of the electrostatic deflector, such that an energy resolution, AT/T, of
about 1 % is obtained.

4.2. Accelerated current

In this section we present first measurements on the accelerated beam
current for injected low-current beams. The total injected current is 0.8 mA
and the injected N+ current fraction is 0.5 mA. The buncher is not excited.
Current is injected into one channel, which gives in fact the same information
as current measurements for four channels.

The accelerated current is given in fig. 12.a, as a function of the if power
fed into the resonator. For these measurements JJ.OT = 60°. For convenience,
the accelerated current is also given as a function of the synchronous phase in
the first gap, see fig. 12.b. The latter value is estimated from the rf power and
the value for the shunt impedance for the resonator via eq. (3). This way, the
measured curve can be compared qualitatively with multi-particle simulation
results, as given in fig. 8.

u

Fig. 12.a. The accelerated N+ current (Iacc), for u o T = 60°, as a function of the rf
power fed into the resonator (Pm).
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Fig. 12.b. The accelerated N+ current (Iacc), for U«T = 60°, as a function of the
synchronous phase in the first gap, l<(>sl. The latter value is estimated from the value for
the rf power (see fig. 12.a) and the shunt impedance of the resonator.

In fig. 13 the energy of the accelerated beam is given. For this situation
the rf power fed into the resonator was some 27 kW. For this amount of rf
power optimum transmission was reached (see fig. 12.a). The energy spread is
determined by measuring the beam current on one of the copper collectors of
the energy analyzer and scanning the voltage of the electrostatic deflector
electrodes. The nominal energy of the accelerated beam is some 1 MeV and the
energy width is roughly 75 keV.
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Fig. 13. The energy spectrum of the accelerated N+ ion beam, which gives the current
(Iacc) as a function of the beam energy (T). The beam energy is roughly 1 MeV and the
energy spread is some 75 keV.
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5. Discussion and conclusions

5.7. Theory and PARMILA simulations

First we discuss the PARMILA multi-paiticle simulation results and the
various defocusing effects which act on the bunches, by a comparison of the
(simulated) transmission for injected zero-current and high-current beams.

For an injected zero-current dc beam, i.e., for the situation that space
charge plays no role, the transmission increases roughly proportionally to I<J>SI,
according to PARMILA multi-particle simulations (see fig. 8). This result is
expected because the transmitted current increases proportionally to the phase
width of the stable rf bucket in phase space when the current is not
transversely limited. For an injected zero-current beam which is bunched
prior to injection the transmission is roughly two times higher than for the
injected dc beam for l<|)sl < 20°. Further, for this bunched injected beam the
transmission increases only slightly for l<))sl > 35°. This result confirms that a
zero-current beam can be properly bunched such that most current is
compressed in a small phase space area [15]. In that case, an increase of the
stable region in phase space (I<J>SI > 35°) does not lead to a significantly higher
transmission.

For injected high-current (3 and 5.8 mA) dc beams the transmission is
roughly equal to the transmission for injected zero-current dc beams, for l<j)sl
< 42°, which indicates that longitudinal limitations for the beam current play a
dominant role. However, for injected bunched high-current beams the
transmission is now considerably smaller in comparison to the transmission for
zero-current bunched beams. This lower transmission for high-current beams
is due to two effects: (i) the beam envelope is larger than for the zero-current
beam; the current is now transversely limited, and (ii) high current beams
cannot be properly bunched [15]. Further, we note that for an injected 5.8 mA
beam bunching does not result in a significantly higher transmission. This
result is expected because the amount of current in the stable rf bucket already
exceeds the current limit in the case of an injected 5.8 mA dc beam (see fig.
5). So, in this case bunching cannot result in a higher transmission.

However, apart from the fact that the transmission for high current beams
which are bunched prior to injection is lower than for zero-current bunched
beams, the transmission for high current beams decreases for l<p>sl > 42°. This
phenomenon is not observed for low current beams for \§s\ > 42°, so this
decrease is due to space charge effects.

This phenomenon may be explained as follows. In the gaps the particles
are longitudinally focused, i.e., a particle with a phase that deviates from the
synchronous phase will be velocity modulated in such a way that its phase gets
a correction towards the phase of the synchronous particle, as mentioned in
section 2.1. In the linear approximation this represents an harmonic oscillation
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for the longitudinal motion. The relation between the amplitude of the velocity
modulation, Av, and the amplitude of the phase modulation, A§, is given by,

—-A/?v \ 4g 01)

where v is the particle velocity and co0 is the angular if frequency. This means
that for a given physical length of the bunch, i.e., a given phase width in phase
space, the bunch shows a given related energy spread for a fixed synchronous
phase. If we suppose that the injection conditions of the bunch correspond to
this phase width and energy spread and then take a higher synchronous phase
(by increasing the gap voltage for example), which results in a higher
longitudinal oscillation frequency (see eq. (8)), then the initial phase space area
will be transformed into a strongly elliptical phase space area. This is
illustrated in fig. 14. When <j)s is now kept fixed, during transport we will
observe in phase space a rotating ellipse, which shows after each half period of
the longitudinal oscillation a small phase width changing into a large phase
width and correspondingly a large energy spread changing into a small energy
spread, and vice versa. The beam is strongly 'bunched' and 'debunched'
alternatively. Debunching is not harmful, as long as part of the bunch does not
get outside the stable rf bucket, but strong bunching is serious since it gives
rise to enhanced space charge forces. As a result, for high current beams the
bunch will blow up in transverse direction, since in this case the longitudinal
and transverse motion of the bunch are coupled via the space charge forces.
This mechanism can resuit in current losses.

Fig. 14. Transformation of the phase-velocity diagram in phase space of an injected
beam as a result of (strong) bunching. The phase space occupied by the injected beam is
given by the hatched area (a); the phase width and Velocity width" are A-B and C-D,
respectively. When the frequency of the longitudinal oscillation is increased (UOL is
increased) during transport the positions A, B, C and D follow the flow lines (thick
ellipses) and reach the positions A1, B', C and D', respectively (b). The bunch is now
(strongly) compressed in a small longitudinal phase width C'-D'. During transport, for a
fixed value for <(»s, the phase-velocity diagram rotates and after half a period of the
longitudinal oscillation it reaches the situation as given in (c).
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Note that this effect, transverse current losses that are caused by a strong
longitudinal compression, is not predicted by the theory as given by Reiser
[12] (see section 3.1). The theory given by Reiser is only valid for the smooth
approximation, which means that the coupling between the longitudinal and
transverse planes is neglected.

As mentioned before, PARMILA multi-particle simulations have shown
that strong current losses occur when, as a rule of thumb, the ratio of the
energy gain per gap to the particle energy ATg/T > 0.2 [18]. By means of eq.
(11) a more accurate criterium can be derived. The amplitude of the velocity
modulation (Av) is proportional to the longitudinal focusing strength, which is
represented by \ioL- l*oL ~ VUg sinlfol and the relation between the gap voltage
amplitude and the energy gain per gap is given by eq. (2): ATg ~ Ug cos (j>s.
Combination of the eqs. (2), (8) and (11) and taking the results obtained by
multi-particle simulations into account (see fig. 8), we find as an heuristic but
non the less more accurate rule,

AT

^ l l l 0 2 (12)

which has to be fulfilled in order to prevent strong current losses. Here we have
taken the values for ATg, T and l<j>sl for the second gap, where most of the
current losses take place, see fig. 9: ATg =11 keV, T = 46 keV and l<|)sl ~ 40°.

Finally, with respect to the various defocusing effects as mentioned in
section 3.2, we note that a comparison between the transmission for high and
low current beams for l<j>sl > 42° clearly illustrates that the defocusing effects
of the rf gaps and improper transverse focusing due to energy spread are of
minor influence in comparison to the transverse beam blow up due to the
strong longitudinal compression of the bunches.

5.2. Experimental results

Fig. 12 shows that there is indeed an optimum value for the rf power fed
' ; into ihe resonator with respect to the accelerated beam current, as predicted by
\ multi-particle simulations, see fig. 8. According to these simulations, when
%- space charge plays a role optimum transmission is reached for a synchronous
f phase in the first gap of some 40° - 50°. The corresponding rf power is then
i some 30 kW. However, according to the measurements optimum transmission
| f is reached for an rf power of 27 kW. The (small) discrepancy can be explained
I as follows. Firstly, the rf power fed into the resonator is measured via a rather
| coarse coupling loop and the inaccuracy of the measured rf power is some 10 -
If, 2 0 % . Secondly , the shunt impedance of the resonator is determined by means
| of perturbat ion bal l measurements [8] and the inaccuracy of the va lue for the
if- shunt impedance is some 10%. So, for a given rf power fed into the resonator
f * the gap voltage is not accurately known. In other words , op t imum transmission
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can take place for a different (in this case lower) rf power. Taking these
inaccuracies into account it can be concluded that the measured data and the
results of PARMDLA multi-particle simulations agree qualitatively.

On the other hand, we note the following quantitative discrepancy
between the simulation results and the measurement data. According to the
multi-particle simulations for 0.5 mA injected N+ current a transmission of
roughly 40% is expected, for u,OT = 84° and l<̂ sl = 42°; the accelerated current
is expected to be 200 \xA. This value should be comparable to the measured
data, which are obtained for U,OT = 60°, since the injected current is below the
current limit (see section 3.1 and 3.3). However, we have measured an
accelerated current of 60 jxA only. So, the transmitted current is only 30% of
the expected value.

Possible explanations for the lower transmission are the following.
Firstly, good alignment of the quadrupole lenses and the beam apertures,
especially in transverse direction, is essential to obtain optimum transmission.
So far, optimum alignment has not been obtained. Secondly, part of the rf field
penetrates through the beam apertures and may change the voltage of the dc
quadrupole lenses slightly. Due to the construction of the quadrupole lenses
and the beam apertures the four central quadrupole rods, which are in between
two beam apertures, are likely to experience a stronger influence from the rf
field than the outer quadrupole rods, see fig. l.b. A dipole field can be present
in the channel which deflects the ion beam. In each cell the average dipole field
experienced by the bunches always points in the same transverse direction.
Along the full 1.4 m of the acceleration structure the beams are (slightly)
deflected, which can result in current losses.

Fig. 13 shows that the energy of the accelerated beam is 1 MeV, as
intended. In fact, a large deviation from this calculated value is not expected
since the MEQALAC is a fixed-velocity structure. The energy spread of the
accelerated beam is some 75 keV, which is 7.5% of the nominal energy of
1 MeV. The energy spread is slightly less than two times the maximum gap
voltage, which is 47 kV in this case. A comparable value for the energy spread
relative to the maximum gap voltage has been measured in Stage I of the
MEQALAC experiment [20]. Further, the measured energy spread is in good
agreement with the multi-particle simulation results, see fig. 10, and can also
be explained reasonably by means of eq. (11). According to the latter equation,
which is based on a linear approximation for the longitudinal particle motion,
the energy spread is some 6%.

Finally, as mentioned before the measurements given here are prelimi-
nary measurements, which are done for injected low-current dc beams only.
Further measurements have to be done for high beam currents, injected into
four channels, as a function of HoT, the rf power fed into the buncher, and the
rf power fed into the resonator. As a function of these parameters the
accelerated current, the energy width and the pulse shape have to be measured
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in order to get sufficient information on the acceleration of intense ion beams in
the Stage IIMEQALAC.
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ADDENDUM

COMPARISON O F TWO TYPES O F

Low-p RF-LINACS: MEQALAC AND RFQ

1. Introduction

A well known rf accelerator that offers high current, MeV ion beams, is
the Radio Frequency O_uadrupole (RFQ) [1-3]. In this device, four modulated
electrodes are placed in a resonator cavity. The electrodes are shaped such that
the rf power coupled into the resonator is transferred into an electrical field,
which has a transverse and a longitudinal component. The rf field is thus used
both for acceleration and for transverse focusing of the beams. This is one of
the differences in comparison to the MEQALAC (Multiple Electrostatic
Quadrupole Array Linear Accelerator) [4]; in which the rf field in the
acceleration gaps is used only to accelerate the beams while transverse focusing
is provided by electrostatic quadrupole lenses. Another difference is that in a
MEQALAC a large number of channels can be densely stacked in a resonator
cavity, so that the total accelerated current is increased. A dense stacking of a
large number of channels is not possible in a RFQ.

In this chapter a theoretical comparison is made between the current limit
and the rf power consumption of MEQALAC and RFQ devices. The operating
principles of the RFQ are discussed. The operating principles of the
MEQALAC have been described in Chapter 6. In order to illustrate
differences and similarities between the two types of accelerators, design
studies are presented for 1 MeV, 24 mA, N+ accelerators for ion-implantation
purposes, such as irradiation of metals for surface hardening [5], and for
1.5 MeV, 100 mA, D- accelerators. The latter accelerators are specified to be
used for plasma diagnostics in fusion devices [6]. The transmitted beam current
through the accelerators is investigated by means of PARMILA and
PARMTEQ multi-particle simulation codes.
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2. Theoretical background

2.1. Operating principles of the RFQ

The RFQ consists of four electrodes which carry an rf-voltage. The
electrodes are either formed by vanes or rods. In the latter case, alignment and
manufacturing of the electrodes is relatively easy [7], while this set-up also
offers the possibility of varying the resonance frequency [8]. This way,
particles with various mass-over-charge ratios can be accelerated, as has been
discussed in Chapter 1. In fig. 1 a schematic drawing of a 4-rod RFQ is given.
Fig. l.a illustrates the characteristic properties such as the modulation factor,
m, aperture radius, a, and cell length, LL, and shows the arrangement of the
four rods. The modulation of the rods results in a longitudinal field
component, which accelerates the ions. Fig. l.b. shows the construction of the
four rods and their supports.
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Fig. 1. (a) Schematic side view of (a part of) the electrodes of a 4-rod RFQ, which
shows the characteristic parameters like aperture radius, a, modulation factor, m, and cell
length, LL. The cross-sectional view, taken along the line C-C in the side view, shows
how the electrodes labeled A and B form the RFQ channel.
(b) Schematic drawing of a 4-rod RFQ, which shows the construction of the four rods
(R) and their supports (S). The modulation of the rods and the radial matching section are
not shown in this figure.
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Due to the large number of cells in a RFQ and due to the fact that the
particles are more or less continuously accelerated and longitudinally focused,
so-called gentle or 'adiabatic' bunching can be applied; in principle, the beam
is then bunched without current being lost. According to the Kapchinski-
Teplyakov criterium [1] a beam is called gently bunched when l<|>sl decreases
such that the longitudinal focusing forces and the physical bunch length are
kept constant through the various cells, where <j>s is the synchronous phase. It
is obvious that in that case the longitudinal electrical field increases towards
the exit of the accelerator, i.e., the modulation factor of the electrodes
increases. This adiabatic bunching takes place in the so-called gentle-buncher
section, in which l<j>sl decreases from 90° to a value of the order of 30° - 40°.
Because l<p>sl = 90° at the entrance, the entire injected dc beam can be accepted
and the transmission can be close to 100%, for low injected currents.
However, when l<j)sl is close to 90°, the variation of l<t>sl from one cell to the
next one is very small when adiabatic bunching is applied because the particle?
are hardly accelerated. This results in a long acceleration structure [1].
Therefore, a shaper section is used in front of the gentle-buncher section in
which the beam is quasi-adiabatically bunched, i.e., l<t>sl increases stronger than
set by the KT-criterium, which leads to a strong reduction of the total
structure length [9].

Behind the gentle-buncher section the aperture radius has reached its
minimum value and the modulation factor has reached its maximum value. The
acceleration parameter, A, which is defined as the ratio between the voltage
gain of one cell and the peak-voltage between adjacent electrodes, Ur, then also I
has reached its maximum value. At this position the accelerator section begins;
usually a and m are kept constant in this section. However, we note that other
approaches are also possible. For example, the aperture radius can be
decreased and the modulation factor can be increased because the beam
envelope decreases when the particle energy increases [10,11]. As a result, a
stronger longitudinal electrical field is obtained and the structure length is
reduced.

Due to the high acceleration parameter and the small value for l<t>sl in the ;
acceleration section, the particles are efficiently accelerated; in a RFQ the
energy gain per cell, ATC, is J

ATC = qAU rn t cos<)>s . (1)

The transit-time factor, Fit, is by definition equal to rc/4, which is the ratio
between the peak electrical field and the average electrical field along one i
transverse cell length. <*§

With respect to the rf electrical field in a MEQALAC and a RFQ we ^
mark the following difference. In a RFQ the acceleration parameter, A, is less *j
than unity. So, a fraction of the total rf electrical field is in the direction of the
beam propagation and part of the electrical field is in transverse direction; the t

113



rf field is used for acceleration and for transverse focusing of the beam. On
the other hand, in a MEQALAC the rf field in the gaps is in the direction of
the beam propagation and is used for acceleration only. Furthermore, in a
MEQALAC n t = 1 while in a RFQ n t = rc/4, i.e., the fraction of the potential
difference in an acceleration region experienced by the particles is higher in a
MEQALAC than in a RFQ.

In the RFQ transverse focusing forces are present along the entire length
of the device. The four electrodes of the RFQ form a so-called spatially-
continuous-focusing channel [1], which is in this case a FD (focusing-
defocusing) channel: after each half rf period, and thus after the particles have
passed through half a transverse cell length, the voltages on the four electrodes
have changed polarity.

Transverse matching of the initially time-invariant transverse emittance
of the extracted ion beam to the time-dependent transverse acceptance of the
RFQ channel is achieved in the so-called radial matching section. This
matching is accomplished by means of a decreasing distance between the four
electrodes, such that the transverse electrical field gently increases from zero
to its final value. The length of this section is typically equal to a few cell
lengths [12].

2.2. Current limits

In Chapter 6 (eqs. (4) and (7)) the transverse and longitudinal current
limits for a MEQALAC have been given [13]. These equations, or similar
equations as given in ref. [14,15] for example, also give the current limit for a
RFQ when the term Ug (the gap voltage of the MEQALAC; see Chapter 6, eq.
(7)), is replaced by the term AUr, i.e., the peak potential-difference along one
longitudinal cell of a RFQ.

In general, the following differences between MEQALAC and RFQ
accelerators can be distinguished with respect to the current limits, when we
take the same injection energy and the same minimum channel radius for the
two devices.

Firstly, because of the small number of acceleration gaps in a MEQALAC,
adiabatic bunching can be applied only marginally, i.e., the synchronous phase
can be varied only slightly through the accelerator [16]. Therefore, at the first
acceleration gap l<j>sl < 90° and an external buncher has to be used to match the
extracted dc beam to the longitudinal acceptance of the accelerator. Because of
the non-ideal bunching process of an external buncher, [17,18] the transmission
is in this case at the most some 70 - 75%, for small injected currents. On the
other hand, in a RFQ l<t>sl = 90° at the entrance and the entire injected dc beam
can be accepted, which results in a transmission of close to 100%, for low
injected currents, as mentioned before.
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A second difference between the two accelerators is the current limit at
the current bottle-neck of the devices, which is the position where the current
limit has its minimum value. First, we note that the current in a MEQALAC is
usually transversely limited [19] while a RFQ is usually designed such that
IT = I I [11], where IT and I I are the transverse and longitudinal current
limit, respectively. In a MEQALAC IT is proportional to the ratio P ^ / L T 2 (see
Chapter 6, eq. (4)), which has its minimum value at the entrance of a
MEQALAC, because p = v/c and L T ~ v, where P is the ion velocity, v,
normalized with respect to the velocity of light in vacuum. In the following P
will be referred to as the 'normalized velocity'. The other parameters that
determine the current limit are (roughly) fixed through the accelerator and
thus the bottle-neck for the current limit is at the entrance of the accelerator.
In a RFQ the term P3ab2l(t>sl/LT2 (see Chapter 6, eq. (4)) has a minimum value
at the entrance of the accelerator section because ab and \§s\ have their
minimum value at this position too, as mentioned before. However, an
important difference between the two accelerators is the ion energy at the
entrance of the accelerator section. In a MEQALAC the ion energy is still
identical to the energy of the ions upon extraction. In a RFQ the ions have
already been accelerated in the shaper and gentle-buncher sections (l<j>sl < 90°)
and the normalized velocity at the entrance of the accelerator section pace, is
roughly equal to Pace ~ Pext(100/<[>s,acc[deg]) [10], where pext and <i)s,acc are
the normalized ion velocity upon extraction and the synchronous phase at the
entrance of the accelerator section, respectively. So, for the same ion species,
channel radius and cell length, the current limit for a RFQ is considerably
higher than for one channel of a MEQALAC, namely roughly a factor

(100/l(!)s,accl)3.
Thirdly, the transverse current limit for a RFQ can be higher, again in

comparison with one channel of a MEQALAC, because the ratio ab/LT can be
higher. For both accelerators, the transverse current limit increases when the
ratio ab/LT increases. This ratio is largely determined by the aspect ratio of the
quadrupole lenses, which is defined as the ratio of the quadrupole channel
radius to the quadrupole length. For a RFQ we define the aspect ratio as the
ratio of the aperture radius to the longitudinal cell length. The use of discrete
quadrupole lenses in a MEQALAC sets a limit for the maximum aspect ratio,
which is roughly 0.3. For a larger aspect ratio the length along which the
quadrupole fringe fields are present is too long in comparison to the length
along which the ideal quadrupole field is present. Because LT = 2LL and space
is needed for the gaps, the ratio ab/LT is typically less than 0.1. On the other
hand, in the long electrodes of a RFQ quadrupole-end fringe fields are not
present. However, here the aspect ratio, and thus the ratio ab/LT, is limited by
either the maximum modulation factor, or the maximum electrode voltage.
The electrode voltage is related to the aspect ratio via the desired value for the
transverse phase advance per cell, |XOT> which also strongly determines the
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transverse current limit (see Chapter 6, eq 4), whereas |XOT is a function of the
particle energy, the electrode voltage, the channel radius and the cell length:
M̂oT ~ (U r LL 2 ) / (T <a>2). Here <a> is the average channel radius [15]. In
section 3 we will show that for our design examples, where the entrance
energy is 100 keV, the maximum aspect ratio is set by the electrode voltage.
However, when the minimum cell length is set by the maximum modulation
factor, which is of the order of 2, an aspect ratio of the order of a/LL ~ 0.5 is
allowed. The ratio ab/Lx is thus less than 0.25 because L T = 2 L L , but can be
considerably larger than 0.1, the value we found for a MEQALAC. So, the
current limit for the RFQ is higher in this case, in comparison to one channel
of a MEQALAC.

Fourthly, an important difference is the number of channels of the two
types of accelerators. In a MEQALAC a large number of channels can be
densely stacked in an area with a relatively small transverse cross section, as is
illustrated in fig. 2. The dense stacking is possible because all quadrupole
lenses, including those of the transverse matching section, have the same
diameter [20]. Also a multiple-channel RFQ has been designed [21]. However,
for constructional reasons no large number of RFQ channels can be stacked
together. Furthermore, the outwardly-bend electrodes of the radial matching
section of a RFQ prevent a dense stacking of the channels. The possibility to
stack many channels in a single MEQALAC resonator counteracts the lower
current limit per channel.

©%0#©%O,©
\ () (^) Fig. 2. Schematic cross-sectional view of a

possible set-up for a 16-channel
MEQALAC, which shows the quadrupole
lenses (circles) and the beams (shaded
areas). The beam cross sections are shown at

' J d > L \ Z / toe center of a quadrupole lens.

©000©

p 2.3. RF power consumption and acceleration efficiency

j The power consumption and acceleration efficiency of rf accelerators are
| determined by the power gain of the accelerated ion beam Pb, the power of the
I lost beam current, Pb-i, and the power needed to build up the accelerating
| field, i.e., the rf loss power, Prf. The acceleration efficiency, T|, is defined as
f: the ratio between the beam power gain and the total rf power consumption,
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„ Pb ( 2
11 - P b + Pb-1 + Prf * U '

Because of the many possible ways to build RFQ and MEQALAC devices,
which depend for example on the ion mass, beam current and resonance
frequency, no generally valid equations can be given which compare the power
consumption and acceleration efficiency of the two types of accelerators.
However, the following remarks can be made.

The beam power gain, Pb, is determined by the entrance and exit energy
and the required beam current, Pb = IoutTt. where IOut and T t are the
transmitted current and the total energy gain in the accelerator, respectively.
For given beam specifications this part of the total rf power is a given
quantity.

The power of the lost beam current depends, apart form the current
losses, on the energy of the particles upon loss. In both the MEQALAC and the
RFQ the current bottle-neck is at the entrance of the accelerator section and
most current will be lost at a relatively low energy. However, note that in the
RFQ the particles are already accelerated before they enter the acceleration
section, as mentioned before, which results in a higher beam loss power. This
will be illustrated in section 3 for several design examples.

The rf loss power, Prf, is determined by the accelerator voltage Urf and
the shunt impedance, Rp [22,23],

(3)

For both accelerators, the shunt impedance is in good approximation
proportional to

(4)

where L r and C r are the resonator inductance and the resonator capacitance,
respectively. The inductance and capacitance are coupled via the Thomson

',. relation, co0"
2 = LrCr, where (0o is the angular rf frequency. Eqs. (3) and (4)

I show that a high capacitance results in a high power consumption. However,
, the exact value for the shunt impedance is largely determined by the resonator
? geometry. For this reason and because the voltage Urf depends on the ';;
f accelerator design, no generally valid expressions can be given to compare the
I resonator loss powers.
f However, some remarks can be made with respect to the voltage Urf. In
[ (modified) interdigital-H resonators like MEQALAC, Urf is usually defined as A
I the sum of the voltage amplitudes of all rf gaps and can be expressed in the %->
| energy gain per gap, Tgi, the synchronous phase in each gap, <j)si, and the *
h number of gaps, ng (see also Chapter 6, eq. (2)), «
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Tei , (5)
1 = 1 i=l

with

I Tgi = Tt. (6)

For a RFQ it is common practice to define the shunt impedance as the
relation between the peak-voltage between the rods, Urf, and the rf loss power
(see eq. (3)). By means of eq. (1) the following relation between the electrode
voltage and the energy gain can be derived,

Urf = r— , (7)
nc

where nc is the number of cells, and Ai is the acceleration parameter in the
various cells.

As mentioned before, in a RFQ the acceleration parameter is always less
than unity, which means that the rf power is used for acceleration and for
transverse focusing. This is an important difference in comparison to the
MEQALAC. The electrostatic quadrupole lenses used in this device have a
negligible power consumption while the rf field in the gaps is in the direction
of the beam propagation and is used for acceleration only. Furthermore, in the
accelerator section of the RFQ l<|>sl is typically some 30° - 40°. Eqs. (3) and
(7) show that a small negative synchronous phase results in a relatively small
rf loss power. However, in the greater part of the RFQ, the shaper and gentle-
buncher section, l<p>sl has a much .larger value while the acceleration parameter
is small. This leads to a higher rf loss power; the rf power is for a large part
used to bunch the beam rather than to accelerate it. On the other hand, in a
MEQALAC an external buncher is used, which has a small power consumption,
typically a few percent of the power consumption of the MEQALAC resonator
[17,18]. For a low beam current, this buncher can transform the dc beam into
short bunches so that a small negative synchronous phase can be applied in the
accelerator. However, due to space charge effects, high current beams can not
be properly bunched [17,18]. In this case \ty$\ necessarily has a large value,
which results in a higher power consumption.

The differences of the rf power consumption of the MEQALAC and RFQ
will be illustrated in the next section, for several design examples.

118



3. Design studies of MEQALAC and RFQ devices

The designs for the MEQALAC N+ and D~ accelerators presented in this
section are of the same set-up as the FOM-MEQALAC experiments, and
consists of a LEBT (Low Energy Beam Transport) section [24,25] which
provides drift space for a two-gap buncher [17,18] and the MEQALAC
section. The MEQALAC sections are designed such that all gap voltages are
roughly equal, like in the FOM-MEQALAC Stage I experiment. The RFQ
designs are of the 4-rod type. The current transmission has been simulated
with the PARMILA and PARMTEQ multi-particle simulation codes, which
give a reasonable estimate of the maximum achievable beam current. However,
the values given for the shunt impedance and the rf power consumption are
rather coarse approximations. Further, we emphasize that the accelerators
presented in this section are preliminary design studies. More sophisticated
designs will possibly offer a higher transmission and a better acceleration
efficiency.

3.1. The 1 MeV, N+ accelerators

For implantation of nitrogen in metals for surface modification, a dose
rate of the order of 1018 ions/cm2 is needed [5]. Therefore, a beam current of
some tens of milli Amperes is required to keep the irradiation time within
economical limits. The ion energy should be of the order of 1 MeV. The
parameters of a possible device that meets these specifications are listed in
table 1. A 100 keV dc accelerator is used as injector/pre-accelerator. Note that,
because of the high beam current, this injector has to provide for transverse
focusing of the beams too. In the LEBT section, which is mounted in between
the pre-accelerator and the MEQALAC section, a buncher is mounted at 9 cell
lengths (LL) in front of the first acceleration gap. This relatively short distance
is chosen to obtain a better bunching for high current beams; due to the short
distance the longitudinal space charge forces do not severely defocus the bunch
[17,18]. For the zero-current transverse phase advance per cell nOT = 75° is
chosen because experiments show that maximum transmission is already
reached for this value [19].

The simulation results for the transmitted current are shown in fig. 3.a.
The data refer to a MEQALAC with 9 channels, which offers the same total
beam current as the 1 MeV RFQ, as will be discussed next. The beams are
bunched prior to injection. From the simulation results the transmission (the
ratio between the injected and the transmitted current), the beam power gain,
the beam loss power and the acceleration efficiency have been calculated for
various injected currents. For a small total injected current (4 mA) the
acceleration efficiency is small, as expected, see fig. 3.b; in this case, the rf
loss power, which is a given quantity (12 kW), is considerably larger than the
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beam power gain (3.6 kW). The optimum acceleration efficiency is reached
for a total injected current of some 40 - 60 mA ( = 4 - 6 mA per channel) and
decreases for higher injected currents. The latter is caused by the strong
increase of the current losses (see fig. 3.a).

Table 1. Parameters for the MEQALAC and the RFQ design studies.

Design parameters for 24 mA, 1 MeV N+ and 100 mA, 1.5 MeV D" RFQ and
MEQALAC devices. For the synchronous phase the values at the entrance and
at the exit side of the accelerators are given. In case of the RFQ the minimum
channel radius at the entrance and the exit of the device is given, while for the
MEQALAC the quadrupole channel radius is given, which is constant through
the accelerator. For the M^QALAC the structure length is the total length of
the LEBT section and the MEQALAC section. For the RFQ the total structure
length (the radial matching, shaper, gentle buncher and accelerator section) is
given. The beam power gain and the beam loss power are given for the
number of channels given in the table.

parameter

ion species
injection energy (Tin)
final energy (Tout)
resonance frequency (f0)
synchronous phase (!$$!)
number of cells
total structure length
channel radius (a)
injected current/channel (Ijn)
transmitted current/channel (lout)
transmission (Iout/Iin)
number of channels
total accelerated current (Itot)
beam power gain (Pt>)
beam loss power (Pw)
shunt impedance (Rp)
rf loss power (Prf)
total rf power (Ptot)
acceleration efficiency (r|)

MEQALAC

N+
100
1.0
30

60/42
25

1.37
3.0
4

2.7
67.5

9
24

21.5
3.2
203
12
37
58

RFQ

N+
100
1.0
54

90/40
84

1.53
5.0/3.8

36
24

66.6
1

24
21.5
6.5
0.3
21
49
44

MEQALAC

D-
200
1.5
27

60/48
19

4.23
10
30
20

66.6
5

100
130
44
84
59

233
56

RFQ

D"
200
1.5
108

90/40
91

2.80
9.5/7.1

150
98

65.3
1

98
127
34

0.09
220
381
34

dimension

-
keV
MeV
MHz
deg

-
m

mm
mA
mA
%
-

mA
kW
kW
Mi2
kW
kW
%
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For an injected current of 4 mA per channel the transmitted current is
2.7 mA per channel and for a MEQALAC with 9 channels, with a radius of
3 mm, a total accelerated current of 24 mA is reached. For the rf power
consumption we find Pb = 21.5 kW, Pb-l = 3.2 kW and Prf = 12 kW. The total
rf power consumption is some 37 kW and the acceleration efficiency is 58%.
The energy spread of a 2.7 mA, 1 MeV N+ beam is some 10%. This is roughly
equal to three times the maximum gap voltage, which is a typical value for a
MEQALAC [19].

20 40 60 80

0.0

Fig. 3. (a) The MEQALAC 1 MeV, N+ accelerator. PARMILA simulation results for
the transmitted N+ current, lout, (circles, left axis), the beam power gain, P5, (circles,
right axis) and the beam loss power, Pb-i, (triangles, right axis) for 9 channels, as a
function of the total injected current, Ijn. The beams are bunched prior to injection. The
data points are simulation results, the lines are drawn to guide the eye.
(b) The transmission, Ioui/Iin. and the acceleration efficiency, i\, as a function of the total
injected current, 1^. These results have been derived from the results given in (a) and the
value for the rf loss power, which is 12 kW.
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The data for the RFQ-type 1 MeV, N+ accelerator are listed in table 1.
For the RFQ the same injection energy is chosen as for the MEQALAC N+

accelerator. This high injection energy and an injected beam current of some
36 mA result in a small beam diameter and at the entrance a channel radius of
only 5 mm is needed. The length of the first cell is 10.9 mm and the resonance
frequency is 54 MHz. The evolution of some important parameters is given in
fig. 4. The shunt impedance is 300 kQ and the rf loss power needed to
generate the 80 kV rod voltage (rod to rod) is 21 kW.

Results of PARMTEQ simulations are given in fig. 5.a, which shows the
transmitted current as a function of the injected current. From these data the
beam power gain and the beam loss power have been estimated. The results are
given in the same figure. For 36 mA injected current the transmitted current is
24 mA, which is equal to the total beam current of the 9 channel MEQALAC.
For these currents die beam power gain and the beam loss power are 21.5 and
6.5 kW, respectively. The rf loss power is some 21 kW and the acceleration
efficiency is 44%. The acceleration efficiency and the transmission are given
in fig. 5.b. The energy spread of the 24 mA, 1 MeV N+ beam is some 30 keV,
which is slightly larger than the maximum energy gain per cell.

shaper gentle-buncher accelerator
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Fig. 4. The RFQ N+ accelerator. The aperture radius, a, modulation factor, m, energy
of the synchronous particle, T, and <|>s as a function of the cell number. The parameters
are not shown for the radial matching section. The shaper, gentle-buncher and accelerator
section of the RFQ are indicated.

3.2. The 1.5 MeV, D- accelerators

The accelerators discussed in this section are specified to be used for
diagnostic purposes in fusion devices [6]. The beam current and injection

122
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•m [mA]

50

50

Fig. 5. (a) The RFQ N+ accelerator. The transmitted current, IoUt, (circles, left axis) as
a function of the injected current, Ijn, according to PARMTEQ simulations. From these
data the beam power gain, Pt,, (circles, right axis) and the beam loss power, Pb-i,
(triangles, right axis) have been calculated.
(b) The transmission, Iout/lin, and the acceleration efficiency, r\, as a function of the
injected current, Ijn. These results have been derived from the results given in (a) and the
value for the rf loss power, which is 21 kW.

energy are specified to be 100 mA and 200 keV, respectively. The data for a
MEQALAC type D- accelerator are also listed in table 1. The quadrupole
channel radius and the resonance frequency are 10 mm and 27 MHz, as will be
discussed in the following. The parameters <j>s and |XOT are chosen identical to
those values for the 1 MeV N+ accelerator. Again, the buncher is positioned at
9 cell lengths in front of the first acceleration gap. The shunt impedance of this
resonator is 84 MQ and the rf loss power is 59 kW.

In fig. 6 PARMILA multi-particle simulation results for the transmitted
current through 5 channels are given. The optimum acceleration efficiency,
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500

Fig. 6. The MEQALAC D" accelerator. PARMILA simulation results for the transmitted
D" current, IOut» (circles, left axis), for 5 channels, as a function of the total injected
current, Ifo. The acceleration efficiency, t\, (triangles, right axis) is also given.
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Fig. 7. Basic parameters for the RFQ D" accelerator. The aperture radius a, modulation
factor m, energy of the synchronous particle T, and tys as a function of the cell number.
These parameters are not shown for the radial matching section.

which is 56%, is reached for a total injected current of 150 mA (see also fig.
6). The transmitted current is then 100 mA. The beam power gain and beam
loss power are 130 and 44 kW, respectively.

The total power losses in the accelerator, i.e., the sum of the beam loss
power and the rf loss power, amount to 103 kW and ample cooling of the
acceleration structure is needed. The space needed for cooling channels at all
sides of the acceleration structure, together with the required large gap width
to keep the gap capacitance and the rf loss power small, requires a large cell
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Fig. 8. The RFQ D" accelerator. The transmitted current, Iout, (circles), as a function of
the injected current, Ijn, according to PARMTEQ simulations. The acceleration efficiency,
TJ, (triangles, right axis) is also given.

length. Therefore, the resonance frequency is taken 27 MHz. Taking the
maximum aspect ratio of the quadrupole lenses of 0.3 into account, the channel
radius is taken 10 mm.

In fig. 7 the basic parameters for the 1.5 MeV, 100 mA, D- RFQ
accelerator are given. At the entrance of the shaper section, the aperture radius
is 9.5 mm. The length of the first cell is 20.3 mm and the resonance frequency
is 108 MHz. Due to the large aperture and the high injection energy, which
result in a large cell length, the total length of the 91 cell device is 2.8 m. This
large length in turn results in a large capacitance and a low shunt impedance of
90 kQ.; the rf loss power needed to generate the 140 kV rod voltage (rod to
rod) is 220 kW. The 100 mA transmitted current is reached for an injected
current of 150 mA, see fig. 8. The acceleration efficiency is 34%.

4. Discussion and conclusions

The theoretical study shows that the current limit is considerably larger
for a RFQ channel than for one channel of a MEQALAC, in the case that the
injection energy and the channel radius are identical for both accelerators. The
higher current limit is the result of the higher ion energy and (for low
injection energies) the smaller possible aspect ratio for the RFQ at the entrance
of the accelerator section, i.e., at the current bottle-neck. Furthermore, in the
RFQ adiabatic bunching can be applied while this is only marginally possible
in a MEQALAC. At the entrance of the RFQ l(j)sl» 90° and the transmission of
the RFQ can be close to 100% when the beam is adiabatically bunched and the
injected current is smaller than the theoretical current limit. Due to the not-
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ideal bunching of the injected dc beam by the external buncher used in a
MEQALAC, the transmission is in this device at the most some 70 - 75%, for
small injected currents. However, the multi-particle simulations show that for
injected high-current beams, the injected dc beams cannot be properly bunched
neither by the external buncher of the MEQALAC nor by the gentle-buncher
of the RFQ. For the operational values for the injected current chosen for
optimum acceleration efficiency, the transmission for the MEQALAC designs
is roughly equal to the transmission for the RFQ designs, and is some 65%. So,
for these operational values for the injected current, the fact that adiabatic
bunching can be applied in a RFQ is of minor importance.

From the design examples the following conclusions can be drawn with
respect to the rf power consumption and acceleration efficiency. We have
shown (see fig. 3, 5, 6 and 8) that for both accelerators optimum acceleration
efficiency is reached when some current losses are tolerated,, as expected: a
low loss of beam current is only reached for low injected currents. In this case
the beam power gain is small while the rf loss power is a given quantity, i.e.,
the acceleration efficiency is small. It is further shown that at optimum
transmission the acceleration efficiency for a MEQALAC is some 30 - 70%
higher than for a RFQ, both for the N+ and for the D" accelerators. However,
note that for the N+ accelerators the total rf power consumption, which is the
power that has to be delivered by a rf power supply, is for the MEQALAC
only 12 kW less than for the RFQ, i.e., in absolute value the difference is not
large. Further, for the D" accelerators the sum of the rf loss power and the
beam loss power, which is the power that heats the accelerator, is large; a total
of 103 kW for the MEQALAC and even 254 kW for the RFQ. This sets
severe demands on the cooling of the acceleration structure; in fact due to
technological constraints it will be difficult to realize these D" accelerators,
especially for cw operation.

With respect to the operation of the devices we mark the following. In a
MEQALAC the transverse and longitudinal focusing strengths are
independently adjusted (via the quadrupole voltage and the rf power,
respectively), whereas in a RFQ these parameters are coupled via the
modulation of the electrodes. Further, in a MEQALAC transverse matching
takes place by means of five quadrupole lenses which are biased independently;
for each value for the current and emittance of the extracted beam the
quadrupole voltages of the matching section have specific values. On the other
hand, in a RFQ transverse matching takes place via the outwardly-bend
electrode entrances, as mentioned before; independently on the injected current
and the emittance of the injected beam no parameters have to be set to match
the beam. In other words, the RFQ is a 'one-knob' device which makes it
easier to operate, in contrary to the MEQALAC for which a number of
parameters have to be set.
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So, as a final conclusion, for one channel the current limit of the
MEQALAC is smaller than for the RFQ, however, we emphasize again that
the MEQALAC is a multi-beam device, whereas a large number of channels
(for example 25) cannot be realized for the RFQ concept. The multiple beam
set-up (i) leads to a high total beam current and (ii) makes the MEQALAC
suitable for large area implantations, for example single-wafer processing.
However, we note that a MEQALAC device is rather complicated to realize,
mainly because of the small tolerances for the alignment of the (large number
of) quadrupole lenses, whereas the ion optical system of a RFQ consists of only
4 rods, which can each be machined from one piece of material.
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SUMMARY

This thesis deals with the transport and acceleration of intense ion beams
in dc and rf MeV accelerators. Firstly, in chapter 1 an overview of various
types of linear ion accelerators for MeV energies is given.

In chapter 2 the design of a heavy-ion implantation facility is presented,
which can accelerate 300 jxA beam current to a final energy that ranges from
10 keV upto 1 MeV. The facility is based on a single-ended Van de Graaff
accelerator. It is shown that the transport of low energy, high current beams
of heavy ions is largely determined by space charge forces. In order to
calculate the envelope of these space-charge loaded dc beams through the
entire accelerator facility, a set of differential equations has been derived
which takes the beam emittance, the space charge forces and external
longitudinal and transverse forces into account. In this chapter also the design
of a compact 2 MV accelerator for analyzing purposes is presented.

The radiation level of the dc accelerators is kept to less than 0.1 mrem/h
by drastically reducing the energy of secondary electrons. This is accom-

j plished by means of a transversely directed magnetic field which bends
secondary electrons sideways, into the accelerating structure, before they have

! gained a high energy. The system of permanent magnets which generates the
transverse field, and electron and ion trajectory calculations are presented in
chapter 3. It is shown that the magnetic field can be designed such that the ion
beam leaves the accelerating tube on axis.

The chapters 4 - 6 cover various aspects of Stage II of the MEQALAC
(Multiple Electrostatic Quadrupole Array Linear Accelerator) project. This
project deals with the multichannel rf acceleration of intense N+ ion beams

s from 40 keV to 1 MeV. The experiment consists of a bucket-type plasma source
! with a four-grid extraction system, a Low Energy Beam Transport (LEBT)
) section and the MEQALAC section which accelerates the ions. Both N+ and N^

current is extracted from the source, in a ratio of 3 to 2, upto a total beam
current of 5 mA per channel. The LEBT section serves to transport the ion
beams from the high-pressure source region to the low-pressure accelerator

! region and provides drift space for a buncher. The latter device, which
| consists of two rf gaps, transforms the four extracted dc beams into bunched
' beams, which are accepted by the rf accelerator. Through the entire device,

periodic focusing arrays of miniaturized electrostatic quadrupole lenses are
| used to provide for transverse stability of the intense ion beams.
i Chapter 4 deals with the transport of so-called multi-species beams, which
| contain N+ and N£ ions, through the LEBT section. In this section the beams
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are not accelerated, so the transport of (dc) beams can be studied in the
presence of transverse forces only. Both a theoretical model and measurements
show that the transport of multi-species dc beams is equal to the transport of
mono-species dc beams when (i) the transverse cross sections and (ii) the
emittances of the partial (N+ and N2) beams are equal at the entrance of the
channel. So, in this case for dc beams no separation in phase space takes place.

Bunching of mixed N+ , N2 beams is discussed in chapter 5. Due to their
higher mass, during transport the N2 bunches slip back with respect to the N+

bunches, i.e., the N+ and N^ bunches get longitudinally separated. This has
been investigated by measuring the bunch profile (the beam current as a
function of time) behind the LEBT section. However, these measured profiles
show a mixture of N+ and N£ bunches. The profile of the desired N+ bunches
is derived by means of a one-dimensional computer code which simulates the
bunching process of a mixed beam, taking space charge into account. A good
agreement is obtained between the measured and the simulated bunch profiles
for mixed beams. For low and high currents the current density in the N+

bunch has increased by a factor of 3.2 and 1.5, respectively, relative to the
current density of the dc beams. The small increase of the current density for
intense beams is due to space charge, which obstruct the formation of short
bunches. In this case the N+ and N2 bunches are not fully separated.

Acceleration of the N+ ions, which is discussed in chapter 6, takes place in
the 32 rf gaps of the MEQALAC resonator. The transmission and acceleration
of the N+ and N2 beam fractions has been investigated analytically, numerically
by means of PARMILA multi-particle simulations, and experimentally. The
multi-particle simulations show that for intense beams the accelerated N+
current first increases for an increase of the accelerating voltage, as expected
because the stable region in phase space then increases, but strongly decreases
above a certain voltage. This effect, which is confirmed experimentally, is
caused by a strong longitudinal compression of the bunches which results in
transverse beam blow up via the space charge forces. According to the multi-
particle simulations the N+ current limit is some 1.2 mA per channel. These
simulations further show that the N2 ions, which do not have the correct mass-
over-charge ratio to be accelerated, are lost within a few cells. First
measurements, performed for low injected currents, show that the energy of
the accelerated beam is some 1 MeV, as intended, and that the energy spread is
of the order of 75 keV.

Finally, in the Addendum a comparison is made between the current limit
and the rf power consumption of MEQALAC and Radio Frequency Quadrupole
(RFQ) devices. For design examples for 1 MeV, 24 mA N+ and 1.5 MeV,
100 mA D- accelerators, it is shown that (i) in a MEQALAC the rf power is
more efficiently converted into beam power than in a RFQ, and (ii) for
optimum conversion of the rf power both accelerators have roughly the same
current transmission, which is some 65%.
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SAMENVATTING

Dit proefschrift behandelt het transporteren en versnellen van intense
ionenbundels in de en rf MeV versnellers. In hoofdstuk 1 wordt eerst een
overzicht gegeven van de verschillende typen lineaire ionenversnellers voor
MeV energieën.

In hoofdstuk 2 wordt het ontwerp beschreven van een implantatiefaciliteit
voor zware ionen, welke een bundelstroom van 300 fiA kan versnellen naar
energieën tussen 10 keV en 1 MeV. De faciliteit is gebaseerd op een
zogenoemde 'single-ended' Van de Graaff versneller. Er wordt aangetoond dat
het transport van laag-energetische intense bundels van zware ionen groten-
deels bepaald wordt door de ruimteladingskrachten, i.e., de electrostatische
krachten van de bundel zelf. Teneinde de omhullende van deze ruimteladings-
gedomineerde bundels door de gehele versneller te kunnen berekenen is een
stelsel van differentiaalvergelijkingen afgeleid dat de emittantie, de ruimte-
ladingskrachten en longitudinaal en transversaal gerichte externe krachten in
rekening neemt. Verder wordt in dit hoofdstuk een ontwerp gegeven voor een
compacte 2 MeV versneller welke gebruikt wordt voor analytische doeleinden.

Het röntgenstralingsniveau van de de versnellers is laag gehouden, slechts
0.1 mrem/h, door de energie van secundaire electronen drastisch te reduceren.
Dit wordt bereikt door middel van een transversaal gericht magnetische veld
in de versnelbuis dat secundaire electronen zijdelings afbuigt, in de versnel-
structuur, voordat deze een hoge energie hebben bereikt. Het systeem van
permanente magneten dat het veld genereert, zowel als electronen- en ionen-
baanberekeningen worden gepresenteerd in hoofdstuk 3. Er wordt aangetoond
dat het magneetveld zodanig ontworpen kan worden dat de ionenbundel de
versneller op de as verlaat.

De hoofdstukken 4 - 6 behandelen verschillende aspecten van de tweede
fase van het MEQALAC (Multiple Electrostatic Quadrupole Array Linear
Accelerator) project. In deze rf versneller wordt onderzoek gedaan naar het
parallel versnellen van intense bundels N+ ionen van 40 keV naar 1 MeV. Het
experiment bestaat uit een 'bucket-type' ionenbron met een extractiesysteem
dat bestaat uit vier electroden, een transportsectie en de MEQALAC sectie
waarin de ionen worden versneld. Zowel N+ als N£ ionen worden uit de bron
geëxtraheerd, in een verhouding van 3 op 2, tot een totale ionenstroom van
5 mA per kanaal. De transportsectie dient om de ionen te transporteren van de
bron, waar de restgasdruk hoog is, naar de versneller, waar de restgasdruk
laag moet zijn, en voorziet in de nodige driftlengte voor een 'buncher'. Deze
buncher, welke uit twee rf-spleten bestaat, transformeert de vier geëxtraheerde
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de bundels in gepulste ('bunched') bundels, welke door de rf versneller
worden geaccepteerd. Vanwege de sterke (defocusserende) ruimteladings-
krachten van de intense ionenbundels worden geminiaturiseerde electrosta-
tische quadrupool lenzen gebruikt die de bundel periodiek focusseren.

In hoofdstuk 4 wordt het transport door de transportsectie behandeld van
bundels die meerdere soorten ionen (N+ en N2) bevatten, zogenoemde 'ge-
mengde' bundels. In deze sectie worden de ionenbundels niet versneld, en het
transport van (de) bundels kan hier dus worden onderzocht onder de invloed
van uitsluitend transversaal gerichte krachten. Zowel een theoretisch model als
metingen laten zien dat het transport van een gemengde bundel gelijk is aan het
transport van een bundel die slechts één soort ionen bevat, wanneer (i) de
transversale doorsneden en (ii) de emittanties van de partiële (N+ en N2)
bundels gelijk zijn aan de ingang van het transport kanaal. In dit geval treedt
er dus geen separatie in de faseruimte op.

Het transformeren van gemengde N+ , N2 de bundels in gepulste bundels
wordt behandeld in hoofdstuk 5. Tijdens dit proces gaan, door hun hogere
massa, de N2 bunches achterlopen ten opzichte van de N+ bunches; met andere
woorden, de N+ en N2 bunches worden nu longitudinaal gescheiden. Dit is
onderzocht door het bunch-profiel (de bundelstroom als functie van de tijd)
achter de transportsectie te meten. Echter, de gemeten bunch-profielen laten
een mengsel zien van N+ en N2 bunches. Het bunch-profiel van de gewenste
N+ fractie is uit de metingen afgeleid met behulp van een één-dimensionaal
computerprogramma, welke het bunch-proces van een gemengde bundel
simuleert, en daarbij ruimteladingskrachten in rekening neemt. De gesimu-
leerde gemengde bunches komen goed overeen met de gemeten bunches. Voor
lage en hoge bundelstromen neemt de stroomdichtheid in de N+ bunches toe
met een factor 3.2 en 1.5, respectievelijk, ten opzichte van de stroomdichtheid
van de de bundels. De geringe toename voor hoge stromen wordt veroorzaakt
door de ruimteladingskracht welke de vorming van korte bunches tegenwerkt.
In dit geval zijn de N+ en N£ bunches ook niet volledig gescheiden.

Het versnellen van N+ ionen, dat in hoofdstuk 6 wordt behandeld, vindt
plaats in de 32 spleten van de MEQALAC resonator. Het transporteren en
versnellen van de N+ en N2 bundelfracties is analytisch onderzocht, numeriek
met behulp van PARMILA veel-deeltjes simulaties, en experimenteel. De veel-
deeltjes simulaties laten zien dat voor intense ionenbundels de versnelde N+

stroom eerst toeneemt voor een toename van de rf spanning in de
versnelspleten, zoals verwacht want het stabiele gebied in de faseruimte neemt
dan toe, maar boven een bepaalde spanning sterk afneemt. Dit effect, dat
experimenteel is bevestigd, wordt veroorzaakt door een te sterke longitudinale
compressie van de bunches, wat via de ruimteladingskrachten resulteert in een
sterk opzwellen van de bundel in transversale richting. Volgens de veel-
deeltjes simulaties is de stroomlimiet 1.2 mA per kanaal. Deze simulaties laten
verder zien dat de N2 ionen, welke niet de juiste verhouding van massa en
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lading hebben om versneld te kunnen worden, al na een paar versnelspleten
verloren zijn, i.e., de versneller werkt als massa-selector, zoals verwacht.
Eerste metingen, welke zijn uitgevoerd voor lage geïnjecteerde bundelstromen,
laten zien dat de energie van de versnelde bundel inderdaad ongeveer 1 MeV
is. De energiebreedte van de bundel is van de orde van 75 keV, zoals
theoretisch is voorspeld.

Tenslotte wordt in het Addendum een vergelijking gemaakt tussen de
stroomlimiet en het benodigde rf vermogen van een MEQALAC en een Radio
Frequency Quadrupole (RFQ) type versneller. De verschillen en overeen-
komsten tussen de twee typen versnellers worden geïllustreerd aan de hand van
ontwerpvoorbeelden voor 1 MeV, 24 mA N+ en 1.5 MeV, 100 mA D' ver-
snellers. Voor deze ontwerpvoorbeelden geldt dat (i) in een MEQALAC het rf
vermogen efficiënter wordt omgezet in bundelvermogen dan in een RFQ, en
dat (ii) voor de optimale omzetting van rf vermogen in bundelvermogen de
stroomtransmissie voor de twee typen versnellers nagenoeg gelijk is, en
ongeveer 65% bedraagt.
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NAWOORD

Het werk beschreven in dit proefschrift gaat over twee technisch-
wetenschappelijke projecten, die gerealiseerd konden worden dankzij de
samenwerking met een groot aantal mensen binnen en buiten het AMOLF. Ik
noem hier enkelen daarvan, zonder alle niet genoemden tekort te willen doen.

Eerst wil ik mijn begeleiders Jan Bannenberg en Wim van Amersfoort
bedanken met wie ik menig uur over de verschillende aspecten van het
onderzoek en het schrijven van de publicaties waaruit dit proefschrift bestaat
heb kunnen praten.

Gedurende de samenwerking met High Voltage Engineering Europa,
welke resulteerde in de MeV versneller-faciliteit van het AMOLF, heb ik
vooral van René Koudijs en Piet Dubbelman veel geleerd over de technische
kant van de versnellers; een nuttige ervaring voor een promovendus.
Experimenten aan onderdelen van de versnellers heb ik samen met Simon
Doorn en Junzo Ishikawa, van de universiteit van Kyoto, uitgevoerd.

Bij het MEQALAC project hebben vooral de technici, constructeurs en
instrumentmakers een grote rol gespeeld, waarvoor ik hier mijn dank wil
uitspreken. Frans Giskes en André van Voorst hebben vele malen het apparaat
gemonteerd en gedemonteerd zodat alle onderdelen gepast en getest konden
worden, en experimenten aan delen van de MEQALAC uitgevoerd konden
worden. Ton Vijftigschild heeft de regelcircuits gebouwd waarmee de 75 kW
rf versterker in toom wordt gehouden. Het constructiewerk is verricht door
Herman Ficke, die een waar labyrinth heeft ontworpen van quadrupool lenzen,
versnelspleten en koelwater-leidingen, welke uiteindelijk de MEQALAC rf
versneller opleverde. Aan het fabriceren van de verschillende onderdelen heeft
in de loop der tijd bijna de hele werkplaats gewerkt; zonder anderen tekort te
willen doen noem ik hier Joop Ladru, Joop van Wel, Ruud Boddenberg, Cor
van der Zweep en Ton Neuteboom.

Verder wil ik Ruud Steenvoorden bedanken die als student een groot
aantal metingen heeft verricht, evenals de HTS-volontairs Roger Paffen en
Karine van der Werf, en natuurlijk mijn collega promovendus Ralf Wojke met
wie ik de laatste drie jaar heb samengewerkt. Voor het geven van praktische
aanwijzigingen en ook voor de begeleiding bij het schrijven van publicaties
dank ik Prof. H. Klein, Dr. A. Schempp, Dr. T. Weis en Dr. Rainer Thomae
van de Universiteit van Frankfurt.

Tenslotte wil ik de leden van de 'ex' TN-III groep en natuurlijk mijn
vrouw Alona en dochter Mariël danken voor de soms zo nodige morele steun.
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