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ABSTRACT

Ton sources produce beams used in accelerators and other applications. Both development and use of ion sources need beam diagnostics to
probe the plasma processes and beam formation for optimization purposes and to produce beam parameters needed for transport tuning.
These diagnostics include beam intensity measurements usually carried out with Faraday cups or inductive pickups, magnetic separation,
profile measurements with scintillation screens and wires, and phase space measurements with different types of emittance scanners.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0075110

I. INTRODUCTION

The basic purpose of an ion source is to produce a beam of
charged atoms or molecules. Therefore, perhaps the most funda-
mental diagnostic to be carried out on an ion source is the measure-
ment of the ion beam intensity, usually indicated as current or a rate
of charges, being extracted from the source. In the simplest case, the
measurement can be carried out directly by having the beam collide
with a Faraday cup (FC), a conductor grounded through an ammeter
recording the flow of charges. Other more advanced techniques for
beam intensity measurement are also widely in use, such as particle
counting, inductive measurement, and calorimetry. The beam inten-
sity measurement is, of course, important in itself, providing a probe
for characterizing the beam production and transport efficiency, but
it also forms a basis for many other diagnostics when combined
with spatial selectivity and electrostatic and magnetic bending. These
include the standard tools of the trade: species separation, profile
measurement, and phase space diagnostics. Many of these methods
are commonly in use also at higher energies, and therefore, they
are extensively covered in multiple materials."”” Therefore, in the
following chapters, these different techniques for ion beam based
diagnostics are reviewed, especially considering their use under ion
source relevant conditions.

Il. BEAM INTENSITY MEASUREMENT
A. The Faraday cup

A Faraday cup is an instrument for determining the instanta-
neous current of the beam of charged particles. It works by stopping

the beam in an insulated conductor and measuring the rate of
charges flowing to the ground through an ammeter. The principle
of operation is very simple, but the accuracy of such measurement
can be compromised by emission of secondary electrons, backscat-
tering of measured ions or their electrons, ghost signals due to stray
beams, and unidealities of the ammeter electronics.

The emission of secondary electrons (SEs) is the main source
of error in the typical ion source FC diagnostic. The electrons may
be emitted due to transfer of potential energy (potential emission)
and/or kinetic energy (kinetic emission) between the incoming ion
and the FC atoms and electrons.” The potential emission is related to
electronic transitions and an Auger-type process before impact and
is most abundant at energies < 10 keV/u.” At higher energies, the
kinetic emission, on the other hand, takes place within the FC mate-
rial by transferring enough kinetic energy to material electrons to
enable backscattering, transmission to the surface, and emission into
vacuum. As the process takes place close to the surface, the SE yield
Y, the number of emitted electrons divided by the number incom-
ing ions, is roughly proportional to the surface electronic stopping
power of the projectile in the FC material.* For protons, Y, peaks
at 100 keV, having a maximum of 1.7 for a copper target, which
goes down to 0.7 at 10 keV and at 1 MeV.° In many ion source rel-
evant cases, the energy of the incoming ion is ~10 keV/u, where the
potential emission and kinetic emission processes are interrelated,
and thus, the SE emission physics become quite complex, especially
for heavy ions. This can lead to Y, ranging from 0.1 for singly
charged ions to 100 for very high charge state heavy ions.”” The
yield is also dependent on surface purity and oxidation, making its
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prediction challenging under experimental conditions.® Regardless
of the incoming ion species, energy, and target material, the energy
distribution of the emitted electrons is peaked at a few eV with an
FWHM of the same magnitude. This main peak typically contains
about 90% of the emitted electrons, and their angular distribution
has a cosine shape with respect to the surface normal. The rest of
the SEs follow decaying exponential-like curves in energy and are a
result of more direct kinetic energy transfer from the incident ion
to the electrons. As such, the highest energy electrons are also emit-
ted mostly in the forward direction and are therefore emphasized
especially in the case of incident angles far from the surface normal.”
Nevertheless, the distribution also contains some backscattered high
energy electrons, making capturing of all the SEs challenging.

The standard solution for capturing the emitted SEs within the
FC and therefore avoiding the alteration of the measured ion beam
current signal is a so-called electron suppression electrode biased at
some tens or hundreds of volts of negative potential with respect to
the cup. Such construction produces an electric field, which pushes
the relatively low-energy electrons back to the FC. An example of
such a design is shown as a simulation plot, also presenting the
incoming ion beam, the suppressing field, and the SEs, in Fig. 1.
The simulation, made with IBSimu,” models the SEs with a typical
semi-empirical model,'’ reproducing the main features of the dis-
tribution. As such, the simulation is capable of predicting the effect
of the cup geometry, the electron suppression electrode voltage, and
the charge distribution on the suppression efficiency, which is >90%
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FIG. 1. Faraday cup simulation plot with incoming 80 keV, 100 yA Ar3* beams
(red), secondary electrons (cyan), electrodes (blue), and equipotential lines
(green). The electron suppression electrode (at z = 0 mm) is on —100 V poten-
tial, and the rest of the electrodes (collimator at z = —4 mm and FC and its shield
atz > 3) are on 0 V. The on-axis potential is overlaid with a black curve.
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for the presented case with incoming 80 keV, 100 uA Ar®* parallel
beams with a 2.5 mm rms radius and —100 V suppression voltage.
The efficiency drops with increasing beam potential as the beam
potential modifies the suppression potential barrier. As an exam-
ple, with the presented 100 yA incoming beam, the barrier has a
minimum of —13 V on-axis; with a 100 nA beam, the barrier is
—17 V, and with a 200 pA beam, it is only -9 V if all other parame-
ters are kept constant. It is therefore obvious that the presented FC
should only be used with low beam currents. In practice, the elec-
tron suppression can be tested by sweeping the suppression voltage
and verifying that the observed beam current saturates at high sup-
pression voltages. The electron suppression of the FC also performs
another function as it blocks the low-energy electrons trapped within
the positive ion beam potential from entering the cup and affecting
the measurement. On the other hand, the typically low suppression
voltages that are not capable of blocking the higher energy SEs emit-
ted in the forward angles of the grazing angle have an impact on the
FC collimator plate, a separate collimating device upstream of the
FC or on the beam pipe. Such electrons may therefore affect the FC
reading, but fortunately, they are not very abundant at ion source
relevant energies.

An alternative way of implementing the suppression is by using
a magnetic field to prevent the SEs from escaping. By integrating
SmCo permanent magnets in a compact FC, a 50 mT flux density can
be produced. With such a field, the ~10 eV secondary electrons have
a gyroradius of 0.2 mm, trapping them within the FC. The drawback
in using permanent magnets is that the temperature of the structure
housing the magnets has to be well controlled to avoid demagneti-
zation. Nevertheless, in most ion source related cases, FCs require
water cooling or use of a specifically engineered path for the heat to
be conducted out of vacuum. In such cases, the electric isolation of
the FC from the ground needs to be made without obstructing the
heat conduction. Methods include the use of high-heat-conductance
ceramic isolators (AIN and BeO), use of low-conductance water as
an electric isolator, and use of insulating vacuum breaks, and the
choice depends on the beam intensity range of the FC in question.

The beam intensities, which are usually measured with FCs in
ion source relevant energies, range from 1 A down to about 1 pA. In
the high-current end of the range, the applicability of the technique
is limited by the power handling capability of the collector and can
reach an average of tens of kW if directly water-cooled. The low cur-
rents, down to 1 pA, can be reached with careful mechanical and
electrical design, avoiding noise sources and leakage where possi-
ble.!! For example, the use of triaxial cabling to avoid microphonics
and electrical noise is absolutely necessary in a typical accelera-
tor laboratory setting. The choice of measurement electronics is
also crucial, and usually, technologies based on the picoammeter or
switched integrator transimpedance circuits are used. At the lowest
intensities, the fundamental noise sources, such as the shot noise,
are unavoidable and are therefore only limited by the measurement
bandwidth.

While the measurement bandwidth for most beam current
measurements is limited by the measurement electronics, in the
most time-critical applications, such as time-of-flight (TOF) mea-
surement, the whole measurement system should be impedance
matched. Impedance matching avoids formation of reflections in
the FC signal chain, which would cause difficulties in interpreting
fast signals. Typically, such a system is matched to 50 €, starting
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from the cylindrical geometry, with the FC collector and the shield
forming a coaxial transport line, which is then connected to a 50 Q
coaxial vacuum feedthrough and in the end connected to impedance
matched measurement electronics.'”

B. Non-destructive methods

Even though FCs are simple and robust, it is sometimes bene-
ficial to measure beam current without disturbing the beam propa-
gation. This is the case especially for operational ion sources where
the beam is being delivered to the accelerator, and for on-line tuning
of the source, measurement of the beam current would be needed.
In most cases, the total current flowing from the ion source can be
measured from the ion source high voltage bias supply. Unfortu-
nately, in many cases, this reading is not a good indication of the ion
beam current intensity. The beam current might be collimated in
the extraction, and the bias current may also include other compo-
nents such as backstreaming electrons or leakage currents due to the
source water cooling. The beam current of interest might as well be
only a part of the total beam extracted from the source as is the case
with the Electron Cyclotron Resonance Ion Source (ECRIS), which
always tends to produce a distribution of charge states.'” There-
fore, methods capable of measuring a propagating ion beam in a
non-destructive manner are often of interest.

The operation principle of non-destructive beam current mea-
surement is to take advantage of the electromagnetic field induced by
the beam, i.e., by measuring either the magnetic or the electric field
with capacitive or inductive pickups.'* Capacitive pickups are usu-
ally only used at high energies, but inductive measurement is useful
also at low energies even though most units described in the litera-
ture were developed for high energy accelerators. When measuring a
pulsed ion beam, the beam current transformer (BCT), which acts as
a classical transformer, can be used. The toroidal transformer core is
placed around the beam pipe, with an isolating gap stopping the wall
currents. The pulsed beam current produces a varying magnetic flux
in the transformer core, which induces a voltage on the secondary
wound around the same core producing the output signal. Such a
passive BCT suffers from rather high low-frequency cutoff, causing
a signal droop, which is why most BCTs are of an active type with
an additional feedback winding. The active feedback circuit shown
in Fig. 2 decreases the cutoff-frequency by the amplification factor
A of the operational amplifier used and provides a very good beam

Vout = Ibeam R/N

FIG. 2. Active feedback beam current transformer.
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Ifb=Ibeam
_l Feedback current I—

FIG. 3. DC current transformer.

pulse shape representation on the output.'” These devices have typ-
ical bandwidths from 1 Hz to 1 MHz and sensitivities in the gA
level.

With continuous beams, induction on the secondary does not
take place as the beam magnetic field is constant. Nevertheless,
inductive measurement of a DC beam current is possible with a
device known as the direct current transformer (DCCT).'® The
DCCT operates by exciting the transformer cores with a modulator
circuit, which drives the cores to saturation in positive and negative
directions (see Fig. 3). The beam current causes an imbalance in the
saturation visible on the secondary windings, which is used to drive
a feedback current through the cores to nullify the imbalance. The
feedback current then reproduces the beam current with a sensitiv-
ity of about 1 yA and a bandwidth starting from DC and going up
to some kHz. Modern DC transformers such as the parametric cur-
rent transformer combine the modulator circuit with the active pulse
transformer to provide a wider bandwidth response.'”

C. Particle multipliers

While beam currents down to the pA level can be measured
with an FC and an ammeter, it can be beneficial to be able to measure
even lower intensities even though such beams are not usually of
interest for beam production. They can, however, be useful for diag-
nostic purposes, especially when combined with spectrometry or
other scanning methods that limit the beam intensity. The measure-
ment of the lowest beam intensities is usually achieved by a particle
multiplier or a two dimensional multichannel plate (MCP).'* In both
of these devices, the primary ion produces secondary electrons in
a collision with an electrode, which then in subsequent collisions
generate a cascade of secondary electrons, effectively multiplying a
single charge by a factor of 10° or more. The final charge can then be
collected on an anode and read using an ammeter, or especially in
the case of an MCP, it can collide with a scintillating screen, produc-
ing visible light representing the original particle distribution. While
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these devices can be used in a continuous mode measuring the out-
put current, which is proportional to the incoming beam current,
the highest sensitivity is achieved by measuring single particles and
by making the intensity measurement using a pulse counter. Such
a measurement requires a very high gain and a sufficient incoming
particle energy to ensure generation of the electron cascade at every
particle. While such a measurement provides a very high sensitiv-
ity, it is not capable of measuring particle fluxes of more than 10°
particles/s.

lll. BEAM SPECTROMETRY

While beam intensity measurement is of interest on its own,
in many cases, the diagnostic possibilities broaden when it is com-
bined with magnetic and electrostatic bending or timing of particle
propagation for ion beam spectrometric purposes. In a typical ion
source application, the beam energy is mostly determined by the
source potential U relative to the beamline. If one assumes the
kinetic energy of charged particles is zero at U, the magnetic rigid-
ity Bp = p/q, where B is the magnetic field, p is the bending radius,
p is the particle momentum, and q is the particle charge, takes the

form Bp = \/2mU/q in the classical limit. The magnetic field, typi-
cally in a form of magnetic dipole, is capable of separating particles
extracted from the source by their differing m/q values. Such sep-
aration is routinely used, for example, in the negative ion plasma
sources to separate the ions of interest from the co-extracted elec-
trons using permanent magnets.'’ The electrons are usually dumped
within a cavity in an electrode, and the escape of secondary elec-
trons is suppressed by the dumping magnetic field itself. The control
of the secondaries is first important to avoid problems caused by
charging of extraction insulators and heating of electrodes and to
provide a meaningful diagnostic of the intensity of the co-extracted
electron beam. In some negative ion sources, electron dumping is
made immediately after the plasma electrode, with electrons ending
up between the plasma and puller electrodes.”””' In these cases, it is
quite possible that the current measured on the puller electrode does
not represent the fully extracted electron beam intensity as a part of
the electrons may end up on the plasma electrode.

Another application where magnetic separation is routinely
used is with ECR ion sources, in which the ion beam of interest with
selected mass and charge is separated from all other particle species.
In typical systems, a mass resolving power in the range of 1/100 is
sufficient and can be achieved with dipole magnets with a bend-
ing radius of about 500 mm. The separation of particle species is,
of course, important not only for beam production using the ECRIS
but also as a tool for diagnostics as it enables probing the plasma with
charge state distribution (CSD) measurements and by making other
diagnostics such as profile and emittance measurements and energy
analysis on the separated species.”” On typical CSD separation appli-
cation on the ECRIS, it is critical that the FC is well shielded on all
sides and therefore only measures the beam entering through the
front collimator. Otherwise, it is very easy to produce negative side
peaks on the spectrum due to secondary electrons produced in col-
lision with the vacuum chamber walls. The magnetic separation can
also be used for other types of spectrometry as the magnetic rigid-
ity is a function of particle momentum. As an example, in Ref. 23,
Izotov et al. used a magnetic dipole and an electron multiplier for

REVIEW scitation.orgljournal/rsi

measuring the energy distribution of electrons escaping the mag-
netic bottle of an ECR ion source, providing a unique probe for the
electron energy distribution in the plasma. In some extreme cases,
the magnetic separation does not provide a sufficient resolution. In
these cases, it may be possible to use a cyclotron to separate species
with close m/q values. By combining such separation with particle
counting, it is possible to separate and evaluate the production of
extremely high charge states and elements produced from plasma
chamber sputtering, which may be used for plasma diagnostics and
also for beam production in cases where only minute intensities are
required.”*

Electrostatic field alone does not separate particles as in a purely
electrostatic system, the particle trajectories are not dependent on
the particle mass or charge. By using an electrostatic field E, per-
pendicular to magnetic field By, with both being perpendicular to
the beam velocity v;, and observing the particles not bending in the
combined field, one can produce a so-called Wien filter.”> Particles
not bent have Lorentz force F = q(Ex — v.B,) = 0, making the fil-

ter a velocity selector, where v, = Ex/By = /2qU/m. Similar to the
magnetic separator, the Wien filter separates particles by m/q. For
example, in Ref. 26, a compact Wien filter was used to separate the
hydrogen species and impurities produced by a 2.45 GHz microwave
ion source. Another possibility for separating particle species emit-
ted by an ion source in a compact setting is to use time-of-flight
analysis.”” Such a system requires a method for fast chopping to
produce the beam pulse to be measured. A fast beam intensity mea-
surement placed at a distance L from the pulser is used to produce
a TOF spectrum, where flight time is inversely proportional to the
ion velocity t = L/v. Naturally, such analysis suits pulsed ion sources
well, but in many cases, the time to reach stable plasma condi-
tions and beam formation is not fast enough to allow TOF analysis
at high resolution. Therefore, additional pulsing with high voltage
electrodes acting on the beam is usually required.

IV. BEAM PROFILES

The knowledge of the transverse distribution of the beam is one
of the basic diagnostics and is essential for almost any ion source
or LEBT setup. The distribution gives essential information on the
beam formation, possible losses, and aberrations in the extraction
and aids in tuning the beam for further transport. The easiest and
most direct way of determining the beam profile is to use a scin-
tillation screen. The screen is exposed to the beam usually in a
45° angle, and the scintillation light is observed with a CCD cam-
era though a viewport in a transverse direction. The measurement
directly gives the two-dimensional beam distribution. Several scin-
tillation materials are commercially available, and many of them are
well characterized for use with high energy ion beams. Neverthe-
less, many of these materials are also beneficial at ion source relevant
energies.”"”’ The main disadvantages of the method are aging of the
screens’’ and saturation at high intensities. In addition, close to the
ion source, visible light emission from plasma may interfere with
the imaging. At high intensities, where scintillation screens are typi-
cally not used, it is possible to carry out 2D profiling of ion beams by
calorimetry. The hardware can be as simple as a metal sheet heated
by the beam and cooled mainly by radiation, which is then imaged
with an infrared (IR) camera.’! The calculation of the beam profile
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from such an image is unfortunately challenging due to heat con-
ductance within the sheet. The analysis can be simplified and the
spatial resolution can be improved by using a pixelized target. Such
profilometry is commonly used with ion sources for fusion and may
also be equipped with thermocouples and water calorimetry for bet-
ter absolute beam intensity accuracy.”” Nevertheless, none of the
2D profile measurement methods can compete with the accuracy
and convenience of direct current measurements of an FC with sec-
ondary electron suppression. One option to gain spatial resolution
is to have the FC collector segmented within a common cup body™
or to have an array of completely separated FCs in one structure.**
Wiring of such devices can become quite messy if compact high pixel
density 2D profiles are required. One option for such a device could
be a row of FCs in the x-direction and scanning with a stepper motor
in the y-direction.

Traditional alternatives for 1D beam profile measurement
include scanning wires or harps and grids. In these devices, the beam
is intercepted by one or multiple thin wires, usually with diameters
from 10 ym to some hundreds of ym. The wire-to-wire distance
is much greater, making the method almost non-destructive. The
beam particles at ion source relevant energies are stopped within
the wire, depositing their charge within, and similar to FCs, the
associated secondary electrons are emitted. The beam profile in one
transverse direction is reproduced from the current measured on
the wire, which is proportional to the ion beam density. Often the
diagnostic system contains separate or integrated wires in a sin-
gle motion feedthrough for profiling in both x and y directions.
A two-dimensional model of the beam profile can be numerically
reconstructed with limitations using Abel inversion. In high energy
positive ion accelerators where the beam particles are not stopped
within the wire, the measured signal of interest is produced only
by the secondary electrons. Hence, these devices are often known
as secondary electron monitors (SEMs). With positive ion beams at
low energies, the signal is simply a sum of the ion beam current and
the SEs as the electrons are accelerated away from the wire by the
beam potential, making the measured intensity proportional to the
intercepted beam. With negative ion beams, the SEs may be partially
suppressed by the beam potential depending on the beam intensity
and diameter. In such a case, a high quality signal can be produced
by using a separate SE suppression frame with a high voltage to reach
full suppression.”” The advantage of using wires as opposed to scin-
tillation screens for profile measurement is that the wires provide a
linear response to beam intensity over many orders of magnitude.
In the low-intensity end, the measurement is limited by noise, typ-
ically at some pA/wire level. At the high end, the limitation arises
from beam power. The cooling of a thin measurement wire is dom-
inated by radiation, and the peak temperatures are typically high.
The choice of wire material (usually refractory metals or carbon),
thickness, and the possible wire scanning speed should be made
taking into account the beam energy density and time structure to
not only avoid the melting point but also the thermionic emission,
which again would have an effect on the intensity measurement.*
An alternative method for wire scanners is to use an optical fiber
instead of a metallic wire. Scintillation light produced in a possibly
doped fiber can be led long distances to a noise-free environment
for detection. Using single photon counting, a measurement with
a sensitivity of <1 pA has been demonstrated.”” Higher beam cur-
rents can be detected simply with photodiodes. The optical fiber
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cannot withstand high power densities as metal wires, which limits
the method to low power beams. A modern, non-destructive alter-
native for acquiring a 1D beam profile is to use injected gas or even
residual gas to produce light via ionization or excitation to image
the particle distribution.”® The method is readily available with min-
imal need for hardware. Only a vacuum window is needed on the
beam pipe and a large sensor digital camera with a capability for long
exposures.

In many cases, the goal of the profile measurement is to pro-
vide a result, which somehow quantifies the size of the beam. One
of the most often used beam parameters describing the beam size
is the rms (root mean square) size, i.e., the standard deviation of the
beam distribution. The difficulty in its evaluation is usually the back-
ground noise and possible beam halo that might be insignificant for
the beam use but affects the rms size calculation significantly due
to its wide distribution. Usual tricks of the trade for coping with
such situations include thresholding (nullification of measurement
points with an intensity of less than a few percents of the maximum
intensity, for example) and/or fitting of a Gaussian to the measured
distribution. However, in many cases, especially at jon source rele-
vant energies, the beam distributions are far from Gaussian in shape,
and therefore, the use of a single number for describing the beam size
may not be purposeful.

V. PHASE SPACE DISTRIBUTION

The beam quality, often characterized with transverse emit-
tance, is usually the next figure of merit mentioned for ion sources
after beam intensity and energy. The importance of beam quality
arises from the fact that the beam intensity in itself is not of any
value unless the beam can be transported to its intended application,
and for optimizing the transport, the phase space distribution of the
beam should be known. While it may be possible in simulations used
for studying the beam transport to define the full six dimensional
phase space (x,p,,y P2 p,) distribution of the beam, measuring
all six degrees of freedom at once is very challenging. Therefore,
most often, the 2D projectional transverse phase space distributions
(xp,) and (3, p,) or 4d distribution (x,p,.y,p,) is measured on a
plane of constant z. Typically, in such measurements, the longitu-
dinal momentum p, (or the total momentum p,) is assumed to be
constant, allowing the transverse momenta to be calculated from the
trajectory angle 6 = arctanp_/p, or divergence x" = p_/p,. Thus, the
convention is that the transverse phase space distributions are rep-
resented in trace spaces (x,x'), (y,)'), and (x,x’,y,»"), where the
divergences are appended with a unit rad even if they are angles only
in the small-angle limit.

The 2D projectional transverse phase space measurements are
mostly based on using a movable collimating slit to select a slice of
the beam at x (or similarly y) for further analysis. The divergence
distribution within the selected slice can then be resolved using a
selection of techniques. The first class of systems take advantage of
the fact that divergence x’ of a particle produces a displacement Ax
= 'L on a drift length L. The divergence distribution can therefore
be scanned either with another movable slit or an SEM wire parallel
to the first slit screen at a distance L away in the z-direction. The 2D
scanning then provides the distribution of beam current I(x,x") in
the phase space. Typically such slitslit or slit-wire emittance meters
are quite slow as they require physical scanning through a 2D grid
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of points and are therefore not often used. A way to make such a
scanner faster is to replace the second wire with a grid of wires,
allowing the device to produce several divergence points simulta-
neously. In the development work of CERN’s Linac4 H™ ion source,
for example, such a slit-grid scanner is used to provide a 3.75 mrad
divergence resolution and a span of +86 mrad in one beam pulse by
using a 47 wire grid with a 0.75 mm spacing, 200 mm away from
the slit.”>”” The resolution can be doubled by moving the grid by
half the wire spacing between two pulses and thus spending dou-
ble the time for the scan. The scan speed gained with a grid system
compared to a single wire or slit is very significant as the Linac4
ion source is operated only with a 1 Hz repetition rate. In addi-
tion, by storing the recorded beam current on each grid wire as a
function of time, it is possible to analyze the evolution of the beam
phase space within the pulse, thus providing essential information
on the plasma startup transients and the applicability of the beam
for transport at different times. Another example of a fast emittance
measurement is from the J-PARC 2 MHz H™ RF ion source, where
a slit-slit scanner was used to resolve variations in the beam in the
RF excitation timescale, giving insight into the plasma heating and
beam formation processes.*’

Another method for resolving the beam divergence distribution
is to use electrostatic bending with parallel plates, as shown in Fig. 4.
The transverse electric field between the plates bends the beam slice
and selects a divergence going through a second slit into an FC with
electron suppression. The divergence selected is x" = Leff%, where
Leg is the effective plate length, d is the distance between the plates,
+V are the plate voltages, and U is the source potential. Such a con-
figuration is known as the Allison scanner,”""* and it provides fast
phase space scanning especially with continuous beams as scanning
the plate voltage is much faster than physical scanning of a slit-slit
or a slit-wire system.

Another possibility for resolving the divergence is to have a
scintillation screen or an MCP plate*’ follow the slit or even have
several slits on a single slit plate to sample several slices of the beam
at once. Such a system, of course, has to be designed to avoid over-
lapping of the distributions on the screen. Similarly, instead of a slit
plate, it is possible to use a grid of small apertures for sampling the
beam in both x and y simultaneously, as shown in Fig. 5. The beam-
lets passing through the holes then diverge while propagating to the
imaging screen and produce a 2D pattern, from which divergence

Electron
suppression

/
=

Slit 1 stic2 [

+V

. B

FIG. 4. Allison scanner with a single beamlet passing through to the FC.
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FIG. 5. Pepperpot phase space measurement.

distribution in the (x’,y") plane at each aperture location can be
extracted. Such a system, typically known as a pepperpot emittance
meter,” provides a full four dimensional transverse phase space
distribution with all cross-correlations such as (x,y"), (x,y"), etc.,
which cannot be resolved with slit-based phase space measurements.
The pepperpot method also has the advantage that the measurement
happens at once, while with other scanning methods, the accuracy
of the scan is highly dependent on the beam stability. This is not,
however, always the case as it is possible to build pepperpot sys-
tems with a row of apertures with an advantage of providing an
adjustable spatial resolution by means of scanning.”* With longer
phase space scans, it is customary to verify the stability of the ion
source by observing the beam intensity with a BCT, for example.
The longitudinal velocity distribution of the extracted ion beam
is often probed independently from the transverse distributions by
using a so-called retarding field (energy) analyzer (RFEA or RFA).
After collimation of the incoming beam in an RFA, the beam is
slowed down by a conducting grid with an adjustable potential
U + AU, where U is typically the ion source plasma chamber poten-
tial. Behind the grid, there is a collector connected to an ammeter
for recording the ion beam passing through the RFA as a function
of the voltage AU. Additional grids may be used to provide electron
suppression both at the entrance and at the collector.”” With such a
device, the longitudinal energy distribution of the ion beam and the
exact source potential, i.e., plasma potential, can be measured.”* *
The usual way has been to construct the six dimensional particle dis-
tribution for modeling purposes from partial data, especially without
correlation between the longitudinal and the transverse directions.
However, it has been recently demonstrated by Cathey et al. with a
pulsed H™ beam at 2.5 MeV that a straightforward but slow method
of scanning the full six dimensional distribution is applicable and
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may reveal previously unknown correlations.”””’ The method uses
a set of slits for choosing a small beamlet at (x, ), and after a drift,
there is another set of slits for choosing the divergence (x’,y’). The
selected beamlet then propagates though a bending magnet, provid-
ing the energy resolution, and by timing the beam intensity with
respect to the pulse reference, a full 6d distribution is resolved. The
method is understandably slow and cumbersome: The first scan took
32 h and produced over 5 - 10° data points. Nevertheless, the equip-
ment required for the measurement is relatively simple, and similar
measurements could be carried out in most laboratories if needed.
In most cases, an important part of the phase space measure-
ment is the data analysis and the removal of unidealities such as
background noise, ghost images, and amplifier bias. Several studies
on this subject have been made with different recommendations for
data processing,”’ >’ and even if the details vary, the basic recipe is
the same. In here, an example of such a process is described for a
2D phase space measurement using an artificially generated dataset
of 100 x 100 pixels with a bi-Gaussian phase space distribution with
emittance &ms = 100 mm mrad, Gaussian noise with an rms ampli-
tude of 1% of the peak beam signal, and a bias of 0.5%. First, the
background data should be analyzed. This is carried out by making
a histogram of the pixel values [see Fig. 6(a)] and fitting a Gaussian
to the background. The dominant peak should be the background
as in a typical scan, the beam occupies a minor phase space area of
the whole scan area. This results in the signal bias I.ye and the noise
standard deviation o. The data can then be unbiased by subtracting
Lve from every pixel after which a threshold level can be defined in
multiples of the noise 0. All pixels with signal less than the threshold
level are set to zero to remove the background noise. In Fig. 6(b),
the thresholded phase space distribution is shown with the 4-rms
ellipse yx2 + 2axx’ + ﬁx'z = 4¢&.m calculated from the first and second
moments of the data thresholded at 2.5¢ using well-known equa-
tions for the rms-quantities presented in several papers, such as, for
example, Ref. 56. The same calculation can be carried out as a func-
tion of the threshold level as presented in Fig. 6(c). In the plot, the
increase in computed emittance is observed as the threshold level
decreases to below 2.50 due to the contribution of the noise. The
emittance decreases linearly as the thresholding removes parts of the

10°
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distribution. By using a linear fit in this region and an extrapolation
to zero threshold, an estimate on the noise-free emittance value can
be produced. The extrapolated value is 96.5 mm mrad in this case, a
value quite close to the 100 mm mrad of the distribution. Similarly,
extrapolated values for the Twiss parameters «, 8, and y could be
produced, but often values simply calculated using a suitable thresh-
olding value, such as 2.5¢ in this case, are used. Nevertheless, one
should never blindly use emittance values calculated by such data
processing without eyeing the plots. The author has found it use-
ful to view the plots presented in Fig. 6 and a black-and-white mask
version of Fig. 6(b) identifying the non-zero pixels to avoid contribu-
tions even from very weak looking ghost signals. Such ghost signals
may have a strong contribution to the emittance value if they are far
away from the main distribution and may require manual removal
or the use of cluster analysis®® for automation.

While the use of rms-emittance and Twiss parameters are rec-
ommended for characterizing the quality of an ion beam with a
stated intensity, these values alone do not fully describe the suit-
ability of the beam for a certain application. The real phase space
distributions have non-elliptical shapes [see Fig. 7(b), for example],
and the beam density distribution varies (as demonstrated by the
typically used Kapchinskij-Vladimirskij, bi-Gaussian, and waterbag
phase space distribution models™). In many cases, the application
has a phase space acceptance within which the beam can be acceler-
ated or transported onward. Therefore, often the plots and numbers
presented above are accompanied by an analysis presenting the max-
imum fraction of the measured ion beam, which can fit inside a
hypothetical elliptical acceptance with a given product of half axes.
Such an analysis can be made either by keeping the acceptance ellipse
shape (orientation and aspect ratio) fixed and just scaling the size or
by optimizing the ellipse shape to find the largest fraction for each
ellipse size separately.” The latter method is more recommended as
it corresponds better to the practical case where the beam is tuned
by focusing elements to match the acceptance of the following accel-
erator or transport line (see Fig. 7). Even though often done, such
analysis only provides a simplified picture of the system. In most
applications, the final applicability of a beam produced should be
evaluated with simulations covering the whole beam transport line,
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FIG. 6. Example of emittance calculation using artificial data. In (a), a histogram of pixel levels is presented, with a Gaussian fit to the background noise presented in red and
a selected threshold level of 2.5¢ marked with a dashed line. In (b), the phase space distribution filtered at 2.5¢ is shown with the 4-rms ellipse. In (c), the rms-emittance
value as a function of threshold level is presented with an extrapolation to zero threshold. It can be seen that the noise starts contributing significantly to the value at

threshold levels below 2.5¢, which is marked with the dashed line.
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FIG. 7. Example of beam fraction contained within an elliptical acceptance using particle data from an extraction simulation. On the left (a), the red curve shows the fraction
with the ellipse shape being fixed to the rms shape, and the blue curve with an optimized shape. On the right (b), the particle distribution and the optimized ellipses with
half-axis products ems and 4ems are shown with a solid line and the rms-ellipse with a dashed line.

taking into account the aberrations, and by using the real non-
elliptical acceptance of the application, which in many cases is a
function of the beam current due to space-charge forces.

The phase space scan is a critically important diagnostic tool
not only because it provides the distribution of the beam to be used
for designing the beam transport downstream of the scan location
but also for studying the beam formation of the ion source either
by backtracking the beam toward the ion source’” or by comparing
beam phase space distributions from simulations to measurements,
for example. In the field of ECR ion sources, thorough character-
izations of the beams produced have been made with emittance
measurements of magnetically separated charge states by Leitner
et al.”>”® The measurements and their comparison to the conven-
tionally used model, predicting that emittance increases for each
element when charge state increases, indicate that the model does
not take into account all the relevant physics. Also here, the back-
tracking of the 4D phase space could provide direct information on
the conditions at the beam formation region, especially the spatial
distribution of each charge state at the extraction aperture and the
transverse velocity distribution, and therefore, it can provide insight
into the ion temperatures and distributions in the ECR plasma. With
H™ beam extraction systems, the emittance values have also been
used to evaluate the beam formation and its modeling. Systematic
emittance measurements made as a function of jon beam intensity
varied by adjusting the source plasma density have been shown to
act as a probe, which can be used to tune the boundary conditions
at the plasma sheath for achieving good predicting power for the
extraction modeling tools.”

VI. SUMMARY

An overview of the most common ion beam diagnostic tech-
niques used at ion sources is given in this paper. All of these
technologies are based on measurement of all or a part of the
extracted ion beam. The gauging of the beam current is typically

carried out by direct measurement of charges using a Faraday cup,
measurement of fields induced by the beam, particle counting, or
calorimetry. These technologies are used by themselves for probing
the total beam current produced or together with electromagnetic
separators to analyze beam mass and charge spectra. By further
adding spatial resolution via collimation, beam profiles and phase
space distributions can be scanned.
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