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BEAM DIAGNOSTICSFOR CYCLOTRONS
R. Ddlling, Paul Scherrer Institut, Villigen, Switzerland

Abstract

An overview of beam diagnostic systems for cyclotron
operation and development is presented. The focus is on
devices ingtalled within the cyclotron with its special
"environmental" conditions and limitations. Emphasis is
placed on the requirements of high current beams, as
produced by the PSI Injector 2 and Ring cyclotrons[1].

INTRODUCTION

The first operating cyclotron aready used a Faraday
cup to detect the accelerated beam current (Fig. 1). Since
then, both cyclotrons and beam diagnostic systems have
undergone several development cycles, leading to the
variety of cyclotrons in operation today at a number of
scientific, industrial and medical facilities[2, 3].
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Figure 1. Lawrence & Livingston 4-inch cyclotron which
delivered 80 keV protonsin 1931 (picture from [4]).

Most of the beam diagnostic techniques in use today at
cyclotrons were aready present in the 1970s. These are
reviewed in [5] and [6-9] and are further described in the
proceedings of this conference series (since 1959). In
addition, a weath of detailed information on beam
diagnostic techniques is available from the Proceedings of
the Beam Instrumentation Workshops (BIW, since 1989)
and the Beam Diagnostics and Instrumentation for
Particle Accelerators Conferences (DIPAC, since 1993)
and other accelerator conferences. Overviews are givenin,
e.g. [10-14].

Machine design and operation has profited over the
years from a number of theoretical and experimental
advances. These include improvements in the fields of
beam dynamics and magnetic field mapping, and in the
stability and reliability of machine components. The
experience gained has a so played a part. At the same time,
requirements to beam quality and availability have also
steadily increased. Beam diagnostic systems are thus
called on to deliver the missing € of information during
commissioning, beam development, setup and tuning, and
searches for anomalies. They are similarly required for
beam stabilization and machine protection during stan-
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dard operation and for the avoidance of excessive
activation.

Due to the large variation in cyclotron concepts, uses
and parameters, beam diagnostic systems have to adapt to
many different environments. Beam current, energy and
particle species and their variability, external or internal
ion source, sector-focusing or not, separate sectors or
compact, normal- or superconducting coils, separated or
non-separated turns at extraction as well as standalone or
coupled machines, unique or series cyclotron models and
the different demands to the availability of the facility -
all place their constraints on the requirements.

The boundary conditions within the cyclotron are
especially stringent. Already the simultaneous presence of
many turns, which eventually overlap, or exhibit beam
halo or provide a high power beam, is in itself a
complication to the 1-orbit case. The limited space, the
strong magnetic field and the presence of large RF fields,
beam losses and subsequent radiation, activation and
perturbing particles in the direct vicinity of sensor
elements, presents a formidable challenge. They hinder or
make impossible the use of certain diagnostic techniques
and detectors, demanding additional effort. Examples
which illustrate this point are shown in Figs. 2, 3.

Figure 2: Radia view into the PSI Ring Cyclotron with
RF and sector magnets switched on but without beam. A
thin plasma is sustained at lower machine radii in the gap
of the sector magnet by the RF leaking out from the
nearby cavities [15]. One can imagine that the plasma
(with associated currents well above the beam current)
effects probe measurements.
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Figure 3: Time-structure measurement of the first two
turns in the PSI Ring Cyclotron (left) and of the beam in
the injection line (right). Bunches as seen from above
move from right to left. The red bars indicate a 1 cm X
1cm area; contour lines at every 10% (and at the right
picture in addition every 10% divided by 125, single
event bins are visible). The similar detectors using the
same integration time were placed ~0.3 m from the beam.
While the measurement in the beam line exhibits mainly
shot noise, in the cyclotron a background pattern created
by beam losses at other points in the cyclotron
significantly decreases the resolution. (The FWHM time
resolution of the detector of ~35 ps corresponds to 4 mm
[16].) The few centimetres of lead shielding around the
detector are not effective against the energetic stray
particles.

TASKS

In the cyclotron as well as in the beam lines a
fundamental task of beam diagnostics is to deliver
information on the beams 6-dimensional (6D) phase space
distribution, to the extent that it allows a study of
differences in the beam profile/quality to that predicted by
beam dynamics simulations ("knowledge aspect"). This
involves matching the beam core from the ion source to
the injection line, and then into the cyclotron acceptance,
the beam path at injection and in the center region where
current setting, beam shaping, beam centering and
betatron oscillation setting are performed; the isochro-
nism, bunch length and centering in the acceleration
region, the beam path through the extraction elements, the
matching to the next transport line and the efficiency of
transport all along the way.

As a result the settings of magnetic and RF fields and
of mechanical elements can be adjusted. Introduced into
control loops this improves the beam stability
("stabilization aspect"). Also the sources of beam
parameter fluctuations, e.g. magnet power supply ripples,
can be traced back. Further important tasks are the
prevention of thermal beam damage and the avoidance of
excessive activation by monitoring the beam losses and
trigger beam abort if necessary (" protection aspect™).

At High Current Beams

In the case of high current beams, already a thin beam
halo contributes significantly to the beam losses. The
transport of the whole distribution is strongly influenced
by the beam space charge and the creation of new halo by
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scattering at collimators. Hence, aready small changes at
any location along the beam path can alter the total losses
strongly. This makes setup and tuning difficult and leads
to a tuning method mainly determined by examining the
losses of the beam along its path and "turning al available
knobs" to minimize losses at a given beam current level
[17]. With this concept, the diagnostics serving the
"knowledge aspect” are mainly needed to see "what is
different than before” in case of unexpected beam
behaviour. (The "stabilization aspect” is still needed, e. g.
the online beam centering for a ramping up of the beam
current within afew seconds.)

Although this empirical concept is useful for finding
the optimum operation for a given machine configuration,
well-directed changes of the machine configuration,
leading to significant improvement, cannot be initialized
by it. Also it is very difficult to find hidden causes in the
case of a persistently bad beam quality. To overcome this,
detailed numerical simulations [18-20] of the beam
transport and matching including the beam halo are
required together with detailed measurements of the 6D
phase space distribution. This revitalization of the
"knowledge aspect” should result in an improved beam
cleaning at low energies by additional dlits, a matched
beam core and halo, lower losses at higher energies, the
ability to setup the whole machine in one pass and the
ability to find sources of deteriorated beam by examining
the beam in detail.

Since the beam transport is strongly determined by
space charge, also the "knowledge aspect” diagnostics
must be operable at full beam current.

On the simulations side, fitting capabilities must be
included in order to find the best fitted detailed phase
space distribution to alarge set of profile and loss data.

UTILIZABLE EFFECTS

An attempt at categorizing the basic effects used by
beam diagnostics of hadron beams is given in Table 1.
Their use within cyclotrons is discussed in the following
sections separately for transversal and longitudinal
components.

TRANSVERSAL INFORMATION

Collimators and Radial Probes

Segmented aperture foils and fixed or movable
collimators use direct current measurement at lower
particle energies where the beam or a fraction of it is
stopped, while at higher energies only the secondary
electrons (SE) emitted from the hit surfaces contribute.
They help to guide the beam by defining its path and
detect beam loss. Sufficient cooling of these devices is
only needed if their cutting into the beam is intended,
since the switching off of the beam by interlock
generation is fast enough to prevent damage.

Most beam probes as well use direct or SE current
measurement. (Nevertheless temperature measurement
can be a dow but low-noise alternative.) The thermal
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Table 1. Categorization of effects that may be used to extract information from an ion beam. (Examples are given in
[24]). Indicated are the dimensions of delivered information, approximate beam current range, whether or not the beam
is destroyed, if usage within a cyclotron seems feasible (for the magnetic field separate sectors are assumed) and if
realized (asfar asthe author is aware) and if a usage is compatible with high vacuum requirements.

informatfion  |configuration |usable effectdevice usable desfructive |able |alrdy. |usabl|beam current range |comman names
1D: 1D-profile A) for machine safety fo uzed |at {assumed DC beam
2D 2D-profile B) permanently wark |insidelgood |at 70 MeY,
Dz long. prof C) for tuning inside|cyc! |vace |10 mm diameter,
Pos.. position D) at setup cycl. to be determined
E: energy E) for error search more precizely)
C full current F) only at commiss
beam self fields
Pos, Dz, C  pickups comparison of capacitively or inductively coupled RF currents ABCDE no X X X na . A pickup, BPM, phase probe
C, (Dz) transformer  [DC or AC current transformer, wall current monitors ABCDE no ? X nA LA DCCT, ACCT, wall curr. m
1D, C Dz} wire" electron {or ion) beam probe BCDE no X mA ... A electron beam probe
1D, C residual gas |residual gas ions {with beam space charge field) 7 no {x) ma . RA [21]
direct beam current
1D (/+Dz), C infull beam [probe finger: current of stopped beam fraction (/+500-readout) DE yes 3 X X nA o uA radial probe/Faraday cup
<1D beam edge  |colimator ABCD "o b3 X X pA . mA collimator
10, C wire wire - CDE ~no X X X - wire scanner
heating of introduced solid matter
1D, C in full beam |probe finger: direct {or cooling water) temperature measurement DE yes X X X nA . uh calorimeter probe
<1D beam edge  |collimator: BECD "no" X X X na .. mA
1D, C wire vibration resonance shift CDE ~no ? X pPA L UA vibrating wire scanner
1D wire wire: resistance CDE ~no b % uA . mA
E.C in full beam  |probe finger: 2 thermocouples + degrader CDE ves X X n& . mA 22
2D, C in full beam  |metal/carbon foil: thermal light emissiondthermionic emission ABF ~yes 3 3 X UA [23,6]
1D wire wire CDE ~no % % X ud . mA
changes to introduced solid matter
2D in full beam  |paperiKaptontdylar darkening, metal foil burn F yes b3 X na . uA fail burn
0, C in full beam  |radiochromic film F yes X X <pA . nA
2D, C in full beam  |foil activation analysis, autoradiograph F Ves 3 X X pA . UA autoradiograph
secondary particles from introduced solid matter
1D C wire wire: secondary emission current, direct measurement CDE ~no X X X pA L mA wire scanner
<10, C heam edge  |foil: - ABCDE "na” X X X PA L UA SEM foil, aperture foil
2D, C in full beam  |foil: secondary emission current + pulling + 2D-electron detector ABCDE ~no X X PA L UA
1D, Dz, C wire wire + detection of scattered or secondary particles CDE ~no * X X n& . omA time structure m fwire scanner
Dz C in full beam  |foil + detection of scattered or secondary particles CDE ~no 3 X X n& o mA fime structure measurement
2D, C in full beam  |scintillating screens + 2D-light detector CDE yes b3 X X pA . uA scintillator screenfviewer probef
1D, Dz, C "wirg" scintillating fibres + {external) PMT CDE ~no X X <pA . nA
Dz, C in full beam  |scintillator + (externalj PMT CDE yes X X X <pA time structure measurement
<=2D Dz EC infull beam |silicon/diamond bulk/strip/pixel detector CDE yes 3 3 X <pAS<nA silicon strip detector
secondary particles from introduced dense gases
1D, C "wirg" coaxial ionisation chamber CDE ~yes X X <pA ... UA
1D, C in full beam  |ionisation chamber + strip-electrode readout (in beam/not) (BICDE yesi~yes X X <pA ... UA strip ionisation chamber
2D, C in full beam  |ionisation chamber + pixel-electrode readout (in beam) CDE ves 3 X <pA . UA pixel ionisation chamber
1D in full beam |proportional chamber CDE ~Yes X <<pA . nA wire chamber
1D, 2D, C in full beam |GEM CDE yes X7 X <<pd,LnA GEM
secondary particles from residual or thin gas
2D, C gas curtain  |beam induced fluorescence + (exdernal) light detector ABCDE ~Nno na L 2A gas curtain
1D, C residual gas |beam induced fluorescence + (external) light detector ABCDE no X X [§3] ma . RA BIF monitor
1D (2D}, ©  residual gas |res. gas ions/electrons with external fields + strip{/+energy) det ABCDE ~no 3 3 uA A residual gas profile monitor
beam load sets limits to the use of any solid material  vertical segments have to be prevented by lateral off-set.

placed in the beam. Thin carbon fibres are most resistant
at higher particle energies (where the stopping power is
lower and the particles pass the wire) while water-cooled
tilted copper or carbon surfaces tolerate the highest beam
power densities at low energies. In between can be a gap
where only non-destructive methods are applicable with
high current beams, in order not to be thermally damaged
and to limit the activation by induced beam |osses.

Different types of radial probe heads are depicted in Fig.

4. Integra probes A - D provide the beam current
depending on radial position by fully stopping the beam
in the thick electrodes. Differential probes C - H yield the
radial beam current density. Probes B, C, G H, | give
infformation on the axial distribution by segmentation
[7,25] and F by a rough tomography [26]. At the thick
probes A - D the radius-defining face-side must be aligned
tangential to the beam direction to minimise the amount
of scattered particles and protruding axial end-caps (not
shown) are added to catch SE spiralling along the axial
magnetic field lines. Ideally these measures should result
in a probe efficiency near to 1, but this is often not the
case. At probes G | the interference of SE from different
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In some instances the electrodes are biased or electrodes
have been added for pulling away the SE [27, 7, 26]. RF
fields and stray particles (as SE or residual gas ions or
scattered or secondary beam particles) often disturb the
measurements. A closed shielding is only possible at low
beam current and at the expense of losing information at
the lowest energies, and is seldom used [28].

Radial probes are used for beam centering and provide
information on radial and axial coherent and incoherent
betatron oscillation amplitude and frequency [5].

Thick probes are convenient tools for "pulling" the
beam to larger radii at low current and directly indicate
current losses. If the turns are not separated, the "shadow
width" of the exchange of signal from a fixed integral
probe to a moving integral probe at a different azimuth
provides information on the amplitude of the incoherent
radial betatron oscillation and the radial turn profile
[29, 30]. The cross-over radii of both probes must be
equalized for centering ("50% method" [31]). At sepa
rated turns, the radial information is more easily obtained
by differential probes.
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In high current beams above ~20 MeV, (if at al) only
the thin probes E, F survive. They aso have the added
advantage that the increase to beam loss is only moderate.

A

turns

B

Figure 4. Schematic view of different radial probe heads.

Non-Destructive Profile Measurement

The effort for fully or nearly non-destructive methods
seems only justifiable in the case of high power beams.
Secondary emission monitors and residual gas ion
monitors [32], which in certain configurations can deliver
2D transversal profiles [33, 34], have only occasionally
been used within cyclotrons in 1D configuration [35, 36],
using the cyclotron magnetic field for particle guidance,
an electric pulling field and simple collecting electrodes.
(In beam lines usually detectors with inherent amplifi-
cation are used, but sensitivity is not an issue here and
furthermore many detectors, e.g. the multichannelplate,
are not usable in high magnetic fields.)

Beam-induced fluorescence profile monitors [37, 38]
are in use at the 0.87 MeV injection line to the Injector 2
cyclotron at PSI [26], and may be suitably used to provide
aradial profile of the inner turns in the cyclotron, which
are not accessible at full beam current to the radial wire
probes. Intensified CCD cameras may not be sufficiently
radiation hard. Photomultiplier tubes [26, 38] can be a
candidate because of their sensitivity, low noise and
radiation hardness, but must be magnetically shielded
(which is only possible in separate sector cyclotrons) or a
relay optic must be used to transfer the image to the
outside. Nevertheless the impact of stray light from
perturbing effects (see Fig. 2) is not clear. In any case it
will limit the dynamic range to less than ~1000.
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Halo Measurement

More detailed measurements of the beam halo are of
great interest for the understanding of the transport and
beam losses of high current beams. With thin wire probes
it isdifficult to achieve the required dynamic range (of the
order of 10° for a projected profile in the PSI facility) in
the environment of the cyclotron and with the above
mentioned non-destructive methods this seems even less
promising. Therefore the halo should be measured
separately from the beam core by moving an axial probe
finger radially and axially as far as the probe heating
allows. Encapsulated in the finger, a current or tempera-
ture measurement or, more sensitive, a small ionisation
chamber or diamond detector [39] could provide a very
large dynamic range since being shielded against RF
fields and low energy stray particles.

The same technique could also be applied to beam lines
by moving a finger or dlit transversely into the beam. At
higher energies also wire monitors with direct current
measurement or detection of scattered particles seem
feasible [40]. (In the 72-MeV injection line to the PSI ring
cyclotron, the present thin-wire scanners are read out with
logarithmic amplifiers which have a dynamic range from
50 pA to 1 mA. Nevertheless, their bandwidth at low
current is too low and hence changes in the beam profile
are indeed visible down to 10° levels of the maximum
signal, but the local signal depends also heavily on the
signal history below a10° level.)

Image-Based Methods

For commissioning, techniques such as foil burning
[6, 41] or autoradiographs, which deliver a 2D profile, are
often used. They alow for the initial adjustments of the
magnetic field at a minimum cost, but require the
machine to be opened severa times. More convenient are
viewer probes which insert a scintillator screen into the
beam, an image of which is recorded by an interna or
external camera[42].

Very Low Current Beams

In most machines the setup is usually done with an
initially low beam current, till giving sufficient signal,
but limited activation. The beam current is then increased
to the operation level. On the opposite for very low
current radioactive ion beams an aready low current pilot
beam of nearly equal charge to mass ratio is used to get
sufficient signal from essential monitors, before using the
particle species of interest. Here sensors with inherent
amplification are placed directly into the beam [14, 43].

PHASE AND TIME-STRUCTURE

The measurement of the "phase history”, the radial
dependency of the beam center phase with respect to the
RF in the radial or spira acceleration gap, alows to
control the isochronism of the bunches and to adjust main
field and trimcoils or trimrods accordingly.

The Garren-Smith method [29] measures the depen-
dence of the bunch center phase and phase width on the
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orbit radius by detuning the amplitude of the main
magnetic field or the RF frequency until both the phase
shift at the location of the radial probe reaches +90° and
the probe current decreases. This method is still widely in
use for low current beams.

Phase probes, formed by pairs of pickups above and
below the midplane coupling capacitively to the beam,
can detect the bunch center phase with high accuracy.
Usually ~10 probes are arranged along a machine radius,
each covering severa turns, but also a single radially
movable probe is often used. To suppress beam unrelated
RF, the probes are operated at higher harmonics or a
synchronous detection of a purposely introduced
modulation of the beam is used [44]. Usudly both
pickups of a par are directly connected, thereby
relinquishing the vertical position information. Also the
time-structure of the beam can be measured with phase
probes, but the resolution is limited due to the
longitudinal extensions of beam self fields and pickup.

From the turn numbers dependence on radius one can
determine the radial distribution of the accelerating gap
voltage. With phase probes the time-of-flight through the
cyclotron (or up to a certain radius [44]) can be deter-
mined, using cross-correlation and making use of alower-
frequency pulse structure [25] or the beam noise provided
by the ion source [45]. This gives the number of turnsin
the cyclotron even when the turns are not separated.

Time-structure probes are an alternative to phase probes.
At low beam currents a thick radia probeis placed in the
beam, while at high beam currents a thin wire or foil is
introduced and the arrival time of scattered beam particles,
gammas or secondary electrons is measured by an internal
or external detector with respect to the RF reference phase,
e.g. multi-channel plates [46], diamond detectors [47] or
scintillator-photomultiplier combinations [16] can be used
as detectors. The target precisely defines the location of
measurement and hence the time-structure even of short
bunches can be determined with good accuracy. Although
the pulse width from scintillator and photomultiplier is
quite large (=2 ns), its time-resolution can be excellent
due to the satistics from the many created photo-
electrons. However, the level of radiation background
from beam losses strongly determines the resolution and
dynamic range (Fig. 3)

Using a wire target has the additional advantage, that a
transversal coordinate is aso determined. By moving the
wire, a 2D profile can be measured (Fig. 3). Repeating
this with several wire orientations, does not yield the full
3D gpatial charge density distribution, but rather severa
2D-projections. Hence e.g. all 9 parameters describing
size and orientation of an ellipsoid representing the bunch
can be determined and used in beam transport simulations.
This type of measurement is under preparation for the PSI
Injector 2 cyclotron, the connection beam line to the Ring
cyclotron and its extraction line.

While time-structure probes need to sample over many
seconds, gridded Faraday cupsin 50 Q-geometry [48] or a
strip-line passed by the beam [49] can deliver the time-
structure of single bunches, but are destructive.
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PARTICLE ENERGY

In beam lines, beam energy and energy spread are
usually determined using spectrometers, time-of-flight
measurements, scattering or degrading methods. If in a
cyclotron severa particle species of similar charge to
mass ratio are accelerated simultaneously, their separation
by the cyclotron can be observed with a time-structure
measurement. If the mass resolution of the cyclotron is
not sufficient for a separation, the presence of different
particles can still be detected by a measurement of their
energy or stopping power with a thick or thin solid-state
detector. The energy spread is thereby also measured. For
low current beams this has been done by placing the
detector directly into the beam [43].

EMITTANCE

Emittance measurements deliver start and check point
information for beam transport simulations. In beam lines,
the beam emittance can be determined by several direct
(dit-glit, pepperpot and derived methods as e. g. Allison-
scanner [50]) and indirect methods (quadrupole variation
with 1 profile monitor behind, 3 profile monitors at
different places without focussing in between, beam
transport simulation fit to many profile monitors), with
the latter suitable for high current beams.

Within the cyclotron [51] or a test stand simulating its
center [52] the transversal emittance of an internal ion
source has been measured directly although the limited
space makes this difficult. At high beam currents, one
could think of something similar for the beam halo, but
for the beam core only the transport fit to radial or vertical
profiles of many turns remains. Nevertheless, since beam
width and angular distribution are coupled via the
incoherent betatron oscillation, the emittance can also be
approximately derived from beam width, orbit radius and
betatron frequency.

BEAM LOSS

Collimator and aperture-foil current readings and the
less sensitive comparison of full current measurements
("transmission measurement") amost directly determine
beam losses. In addition, at not too low beam energies,
beam losses are measured by detecting scattered beam
particles or secondary particles. A variety of loss monitors
are used mostly outside of the machine vacuum [53, 54].

A calibration of the sensitivity of these monitors can be
established by deliberately steering a low current beam
into the vacuum chamber at several locations [55]. This
gives only a rough estimate, because it strongly depends
on the relative position of loss and detector. Summing up
the signal currents for larger machine sections, weighted
also for beam energy, gives the operators an approximate
but fast indication of machine performance concerning
loss, activation and skyshine [56].

At PSI simple ionisation chambers filled with ambient
air are in use since decades. The response is linear up to
al dose rate levels of interest [57] and at excessive losses
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the beam is switched off by the machine-protection
system in the order of a millisecond.

Profiles measured by detecting externally the loss
induced by a radia probe may be distorted due to the fact
that particles, which are scattered at different parts of the
probe head or at different probe positions, can be stopped
at different places depending on the actual cyclotron
geometry. On the other hand, losses caused purposely at
known positions, e.g. from wire scanners or wire probes,
can provide a cross-check for beam dynamic simulations.

CONCLUSION

Although it has been possible to measure almost any
beam property of interest since many years [5],
uncertainties in the beam behaviour and the beam halo
nevertheless exist. Empirical tuning thus remains essential
in establishing and optimizing the beam. The continued
efforts in bettering beam dynamic simulations together
with beam diagnostic systems will further increase our
understanding of beam behaviour, ultimately alleviating
the overdependence on empirical tuning. This will
consequently lead to an improved machine performance,
and will also suggest improvements in equipment and
modes of operation or even completely new facilities.
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